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Very low-grade metamorphism in the Tuscan Nappe, Northern
Apennines, Italy: relationships between deformation and
metamorphic indicators in the La Spezia mega-fold

Rodolfo Carosit?, Leonardo Leonit, Chiara Montomoli* and Franco Sartori

Abstract

The metamorphic grade of the Tuscan Nappe in the La Spezia region of the Northern Apennines (NW Italy) is
investigated in shales and marls through mineral assemblages and “crystallinity” of illite and chlorite. In this area the
Tuscan Nappe is involved in a regional-scale fold (up to 15 km long and 4-5 km wide), affected by different condi-
tions of strain in the right way-up limb compared to the inverted limb or hinge zone. This geological setting allows
exploration of the relationship between tectonic strain and assemblages/properties of clay minerals. Illite and
chlorite “crystallinity” data point to middle anchizonal or to upper anchizonal conditions for the Tuscan Nappe,
depending on whether the CIS or the Kiibler’s scale is applied; the metamorphic grade estimated using Kiibler’s
scale seems more consistent with the paleo-thermal and structural evidence.

The most notable trend observed in the assemblages and properties of phyllosilicates from the different structural
positions of the mega-fold is the disappearance of both illite/smectite mixed-layer minerals and intermediate Na/K-
micas in the higher-strain zones; these phases are likely substituted by larger crystallites of discrete illite and
paragonite. The differences in the “crystallinity” of illite and chlorite main populations over the different structural
positions are, on the contrary, very small (on average 0.02° as A260), most of them being within error limits However
such differences are systematic: there is a constant trend exhibiting mica and chlorite peaks slightly narrower in the
most deformed zones than in the least deformed ones.

Keywords: Clay mineral assemblages, illite and chlorite “crystallinity”, tectonic strain, La Spezia megafold,

Tuscan Nappe, Northern Apennines.

1. Introduction

Crystal chemical changes affecting clay minerals
in the transition from diagenesis to epizone have
been extensively used to evaluate the conditions
of very low-grade metamorphism in phyllosili-
cate-bearing rocks (Frey, 1987; Merriman and
Peacor, 1999); among these, the changes referring
to illite (IC) and chlorite (ChC) “crystallinity” are
most widely applied. It is generally accepted that
both these parameters are mainly influenced by
temperature conditions (Merriman and Peacor,
1999), though other variables such as fluid pres-
sure, tectonic strain, time, lithology, and mineral
chemistry may play an additional role in their
control (Frey, 1987). The effect and weight of
these secondary factors is not yet completely
clear. In particular, the relationships between I1C
(and ChC) and tectonic strain are still debated, in
spite of the great efforts to produce a clearer pic-
ture of the matter (Arkai et al., 1997). Even more

scarce and less conclusive are the data concerning
the relationships between strain and such minera-
logical parameters as illite polytypism and clay
mineral assemblage.

The relationships between IC and strain have
been investigated on various scales by several re-
searchers. Kiibler (1967), Frey et al. (1973), Alda-
han and Morad (1986), and Franceschelli et al.
(1994) reported an improvement of illite “crystal-
linity” in tectonic shear zones, whereas Gutierrez-
Alonso and Nieto (1996) found regional-scale in-
verse correlation between finite strain and white
mica “crystallinity” indices. According to Mer-
riman et al. (1995),in low-grade metamorphic ter-
ranes tectonic strain appears to play an important
partin crystallization processes as grade increases
from the anchizone to the epizone, with signifi-
cant differences in crystal growth between illite
and chlorite. Recently Arkai et al. (1997) studied
two profiles traversing the Glarus overthrust
(Swiss Helvetic Alps); they reported small-scale
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Fig. 1 Left: schematic stratigraphic column of the Tuscan Nappe in the La Spezia region: the formations investi-

gated in the present study are marked by a star.

Right: Geological map of the La Spezia region showing the Tuscan Nappe formations folded into a W-facing, recum-
bent mega-anticline. Explanation: 1. Landslide deposits, slope debris and alluvium; 2. Ligurid Units; 3. Sub-Ligurid
Unit (Canetolo Unit); 4. Macigno; 5. Tuscan Scaglia; 6. Maiolica and Chert; 7. Posidonomya Marl and Cherty Lime-
stone; 8. Rosso Ammonitico Limestone and Angulati Limestone; 9. Massive Limestone; 10. Rhaetavicula contorta

Limestone and Marl as well as Coregna Dolomite.

IC variations, without notable trends as a function
of the distance from the thrust plane, in contrast
to an apparent mean crystallite size decrease and
lattice strain increase towards such a plane. Simi-
lar small-scale fluctuations were observed in ChC
values, but the chlorite mean crystallite size and
lattice strain were found to show a trend opposite
to that of illite. The authors explained the differ-
ent behaviour of the two phyllosilicates as due to

syn- and post-overthrusting recrystallization af-
fecting chlorite but not white K-mica.

Several authors investigated the role of strain
on illite crystallinity on outcrop-scale folds (Fleh-
mig and Langheinrich , 1974; Gruner, 1976; Teich-
miiller et al., 1979; Nyk, 1985) or on mega-scale
folds (Roberts and Merriman, 1985; Leoni et al.,
1992). Flehmig and Langheinrich, (1974) and Nyk
(1985) found no correlation between values of the
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Kiibler index and tectonic strain, whereas they
observed increasing Flehmig indices ( increasing
“crystallinity”) from the limbs towards the hinge.
Gruner (1976) and Teichmiiller et al. (1979) did
not find any correlation between I1C and deforma-
tion in single folds. Controversial are the conclu-
sions drawn from the study of the tight Cwm Pen-
nant anticline of Northern Wales; whereas Rob-
erts and Merriman (1985) claimed the existence
of a direct relationship between IC and tectonic
strain (evaluated through the intensity of cleav-
age formation), Robinson and Bevins (1986) did
not find this correlation for the same area. In con-
trast, a good positive correlation between IC and
strain intensity was pointed out by Leoni et al.
(1992) in a mega-fold (more than 1 km across and
up to 3 km from the root to the hinge zone) devel-
oped in the Ligurian Apennines (NW Italy).

Itis obvious from the above review that a clear
relationship between strain and “crystallinity” has
yet to be established. As suggested by Arkai et al.
(1997), it seems likely that several factors may af-
fect the action of strain on phyllosilicate proper-
ties including (i) the modal ratio and the physical
and chemical differences between the phyllosili-
cates and the rock matrix (ii) the temperature of
the rock mass during deformation (iii) the fluid/
rock ratio in the deforming medium (iv) the time
relation of deformation and recrystallization.

The study presented here is aimed at assessing
the metamorphic grade of the Tuscan Nappe of
the Northern Apennines in the La Spezia region
(NW Italy) as well as at investigating the relation-
ships between strain and illite and chlorite “crys-
tallinity” in a regional-scale fold affecting this tec-
tonic unit. This fold, outcropping for 15 km along
its axis and up to 4-5 km wide, is far greater than
the mega-fold previously investigated by Leoni et
al. (1992) and is supposed to have been more in-
tensely deformed. Moreover, it shows significant
differences in tectonic fabric between the invert-
ed limb (and hinge zone) and the right way-up
(normal) limb, suggesting greater amounts of
strain in the former than in the latter (Montomoli,
1998). In order to investigate the relationships be-
tween deformation and illite and chlorite “crystal-
linity”, samples were collected from three litho-
logically favourable formations in fold positions
inferred to be significantly different as to the con-
ditions and degree of strain.

Within the predominantly carbonate sequence
of the Tuscan Nappe, the formations that best suit
the need of a relatively high clay content are the
“Rhaetavicula contorta Limestone and Marl”
(“Calcari e Marne a Rhaetavicula contorta”), the
“Posydonomia Marl” (*Marne a Posydonomia™),
and the “Tuscan Scaglia” (“Scaglia Toscana”).

2. Geological setting

The Northern Apennines represent a typical fold-
and-thrust belt made up of several tectonic units
belonging to different paleogeographic and tec-
tonic domains. In the Alpi Apuane region, where
the relationship among tectonic units is best un-
derstood, the tectono-stratigraphic units, in as-
cending structural order, are: (1) the Tuscan meta-
morphic units, (2) the Tuscan Nappe, (3) the sub-
Ligurid unit (Canetolo unit), and (4) the Ligurid
units (Elter et al., 1975; Carmignani et al., 1978
and references therein).

The Tuscan metamorphic sequences consist of
Triassic to Oligocene greenschist facies metasedi-
ments resting unconformably on a Paleozoic
basement (Kligfield, 1979). The Tuscan Nappe is
an allochthonous sheet of sedimentary rocks,
ranging in age from Triassic to Oligocene, which
now overlies the metamorphic sequences. The
rocks of both the Tuscan Nappe and the metamor-
phic units belong to the Adriatic paleo-continen-
tal margin (Bortolotti et al., 1970). The sub-Ligu-
rid unit (Canetolo unit) represents part of the
sedimentary cover of the ocean-continent transi-
tional area. The structurally highest Ligurid units,
consisting of ophiolites and their deep-water sed-
Imentary cover, are interpreted as remnants of an
oceanic lithosphere, Jurassic to Early Paleocene
in age (Elter et al., 1975).

In the La Spezia arca the Tuscan Nappe is ex-
posed below the Ligurid and the sub-Ligurid units
in a SW-facing recumbent mega-anticline, which
is characterized by a sub-horizontal axial plane
and a N140E trending axis, that is plunging a few
degrees to the north (Giammarino and Giglia,
1990). Such a mega-fold makes up the whole pe-
ninsula bordering the western side of the La Spe-
zia gulf (Fig. 1). In this area the nappe is up to 3000
m thick (Abbate, 1969; Ciarapica and Passeri,
1980a, 1980b) and consists of Mesozoic to Lower
Oligocene predominantly carbonate sediments
followed by Oligocene-Lower Miocene siliciclas-
tic flysch deposits. This succession records the
evolution from shallow- to deep-water marine en-
vironments.

In ascending order the sequence is represent-
ed by Coregna Dolomite (Carnian ), Rhaetavicula
contorta Limestone and Marl (Norian—Rhae-
tian), Massive Limestone (Hettangian), Angulati
Limestone (Upper Hettangian-Sinemurian),
Rosso Ammonitico Limestone (Sinemurian—
Pliensbachian), Cherty Limestone (Middle—Up-
per Lias), Posidonomya Marl (Aalenian—Callo-
vian), Chert (Callovian—-Kimmeridgian), Maiolica
(Tithonian—Valanginian), Tuscan Scaglia (Upper
Cretaceous—Oligocene), Macigno (Upper Rupe-
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Fig. 2 Superposed foliations (S1 and S2) in the
Posydonomia Marl (PM) formation (parallel nicols). S2
foliation is a crenulation cleavage, not associated with a
significant synkinematic recrystallization.

Fig. 3 Microstructure of the S1 foliation in the Tuscan
Scaglia (TS) formation from the hinge zone of the
megafold (parallel nicols). 81 appears as a well devel-
oped, continuous foliation, highlighted by flattened
clasts with quartz and calcite strain fringes. In the top
left, interpenetration between adjacent clasts is evident.

Fig. 4 Microstructure of the S1 foliation in the Tuscan
Scaglia (TS) formation from the normal limb of the
megafold (parallel nicols). 81 is only highlighted by fee-
ble dark solution seams around clasts, while strain
fringes appear poorly developed.

lian—Upper Oligocene). The presence of Massive
Limestone in the Tuscan Nappe of the investigat-
ed zone is a controversial subject. According to
Ciarapica and Passeri (1980a, 1980b) and Fazzuoli
et al. (1983) this formation, which is well developed
in the more eastern outcrops of the Tuscan Nappe,
is completely lacking in the La Spezia area.

The La Spezia mega-fold shows the opposite
direction of tectonic transport to that of other
Northern Apennines structures, most of which are
E-verging. The interpretation of this particular re-
gional-scale fold 1s much debated and several tec-
tonic models have been proposed. Some of these
regard the structure as a post-collisional exten-
sional feature that overprints an earlier Apennine
thrust event (Elter, 1960; Giammarino and Giglia,
1990; Carmignani and Kligfield, 1990; Carteret al.,
1991; Carter, 1992). Others explain the structure
as an early compressional feature (Federici and
Raggi, 1975; Reutter et al., 1978) , which may be
related with an important backthrust surface
(Bernini, 1991; Bernini et al., 1991, 1997).

As already pointed out, the La Spezia struc-
ture shows evidence of greater strain in both the
inverted limb and the hinge zone than in the nor-
mal limb (Montomoli, 1998). At the mega-scale
the following features are apparent: (a) a strong
lamination affects the inverted limb, whereas it is
feeble or absent in the normal one; (b) sheared
zones are relatively common in the inverted limb,
but occur sporadically in the normal limb; (c) syn-
tectonic veins are very frequent in the hinge zone,
but are relatively rare in other parts of the fold.

Information on the metamorphism of the Tus-
can Nappe in the La Spezia areais scarce. Reutter
et al. (1980), who investigated the distribution of
vitrinite reflectance in clastic formations from
several units of the Northern Apennines, reported
high anchizone/low epizone conditions for the
Macigno of this zone. Cerrina Feroni et al. (1983)
found rather contrasting IC values in “Rhaetavi-
cula contorta Limestone and Marl *“ and in “Tus-
can Scaglia” formations of the La Spezia mega-
fold. Illite “crystallinity” indicates high anchizonal
conditions (average 1C index: 0.26 °A20) in the
“Rhaetavicula contorta Limestone and Marl”,
whereas late diagenetic conditions (average IC
index: 0.44 °A20) were indicated in the “Tuscan
Scaglia”. However, Cerrina Feroni’s study (Cerri-
na Feroni et al., 1983) only refers to a small
number of samples, collected with no record of
their position in the mega-structure; furthermore,
in the same study IC measurements were exclu-
sively performed on ethylene glycol-solvated
specimens and never were calibrated with respect
to Kiibler’s (1990) or to Warr and Rice (1994)
standards. More reliable are the preliminary data



Deformation and metamorphic indicators in the Tuscan Nappe 15

on the same formations presented by Montomoli
(1998), who suggests a strong control of metamor-
phicindicators by the deformation.

3. Strain pattern and deformation mechanisms

Recent works combining new geological surveys
with meso- to micro-structural analyses (Monto-
moli, 1998; Montomoli, 2002; Carosi et al., 2002)
provide a picture of the deformation history of
the La Spezia structure more complex than that
previously suggested (Giammarino and Giglia,
1990; Carter, 1992). The area shows evidence of
three deformation events, all of them resulting in
the development of folds with associated axial
plane foliations. The most prominent deformation
features are associated with an early phase (D1)
which produced micro-, meso-, and mega-scale F1
folds, characterized by gently dipping axial planes
and by different geometries which appear rheo-
logically controlled. Montomoli (1998, 2002) and
Montomoli et al. (2001) interpret this phase as re-
lated with the Northern Apennine main collision-
al event, which would also be responsible for the
development of the whole La Spezia mega-struc-
ture. The F1 folds are associated with an S§1 axial
plane foliation, whose morphology varies in rela-
tion with lithology. According to the scheme pro-
posed by Passchier and Trouw (1996), it may be
classified as a spaced foliation varying from rough
to stylolytic in the more competent, mainly calcar-
eous lithologies, whereas it is a continuous folia-
tion in the less competent, essentially pelitic
lithologies. In these latter the S1 foliation is char-
acterized by the growth of the mineral assem-
blage: quartz + calcite & albite + illite + chlorite +
opaque minerals (iron oxides or sulfides), while in
the former (carbonate-rich rocks) the cleavage
surfaces appear to have been chiefly affected by
pressure-solution processes, followed by a minor
growth of illite.

The D1 phase was followed by a weaker D2
deformation, which produced steeply dipping F2
folds, a few meters to some hundred meters wide,
with an associated S2 axial plane foliation. In the
pelites the S2 foliation has the characters of a
crenulation cleavage, not associated with a signif-
icant synkynematic recrystallization (Fig. 2). This
phase has been interpreted as having developed
during the late stages of the main collisional
event.

The D2 phase was followed by a late, weak
phase, referred to as D3 by Montomoli (1998;
2002), who interpreted it as equivalent to the sec-
ond deformation phase commonly recognized by
the previous authors (Giammarino and Giglia,

1990; Carmignani et al., 1991, 1992, 1993; Carter,
1992). This phase produced cylindrical F3 folds, a
few meters wide, characterized by horizontal to
gently dipping axial planes, associated with a dis-
crete crenulation cleavage with no crystal growth.
The D3 phase is probably related to the final
stages of the Tuscan Nappe exhumation (Monto-
moli, 1998; Montomoli, 2002; Montomoli et al.,
2001; Carosi et al., 2002).

The dominant deformation mechanism active
during the main D1 phase is pressure solution,
with subordinate intracrystalline deformation, in-
dicated by the undulose extinction of quartz
grains and the deformation twinning of calcite
crystals (Burkhard, 1993).

The pressure solution mechanism is attested
by characteristic micro-structures which are more
or less conspicuous in relation to the structural
position in the megafold. In the inverted limb and
hinge zone they include the flat surfaces between
major grains and foliation planes, the solution
seams of insoluble material concentrated around
the grains and the interpenetration of adjacent
clasts. In these micro-structural positions, re-dep-
osition or crystallization of dissolved material
mainly occurred in strain shadows around rigid
objects such as detrital quartz and microfossils
(Fig. 3).

In the normal limb, pressure solution is attest-
ed by feeble dark solution seams around rigid ob-
jects and poorly developed strain fringes (Fig. 4).

Quantitative measurements of the strain vari-
ation in a selected stratigraphic level over the var-
ious parts of the megatold would have been desir-
able, but they have proved to be impracticable,
essentially because of the scarcity of reliable
markers. An attempt to estimate the finite strain
in the Tuscan Scaglia formation along the fold
profile by applying the “center-to-center” method
(Fry, 1979) did not produce reliable results both
because of the inhomogeneous distribution of the
centers of the strain markers (quartz grains and
microfossils) and the heterogeneity of rock com-
position. Therefore the strain distribution can be
only qualitatively inferred from some micro-
structural features. Among them, the spacing of
the S1 foliation is particularly indicative; in a giv-
en lithotype this foliation is better developed and
much more closely spaced in the hinge zone and
the inverted limb than in the normal limb. The
number of foliation planes per unit area is about
two times greater in the former than in the latter
structural position. The major amount of shorten-
ing in the inverted limb and hinge zone is also at-
tested by a greater length and continuity of solu-
tion seams, by better developed strain fringes and
by a greater frequency of clasts showing interpe-
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netration effects in the direction perpendicular to
the foliation (compare Fig. 3 with Fig. 4).

4. Sampling and analytical methods

For the present study the following three forma-
tions, belonging to the Tuscan Nappe sequence,
have been selected on the basis of their favoura-
ble lithology: “Rhaetavicula contorta Limestone
and Marl”, “Posydonomia Marl”, and “Tuscan
Scaglia”.

The first one is known as “Rhaetavicula con-
torta Limestone and Marl” in the oldest literature
(Capellini, 1862; Zaccagna, 1935; Federici and
Raggi, 1975) and on Italian Geological Survey
sheet 95, butwas renamed “La Spezia Formation”
by Ciarapica and Passeri (1980a, 1980b). In the
present paper the name used in the map of the
[talian Geological Survey is maintained and the
formation will be hereafter referred to as RcLM
formation. It consists of limestone beds alternat-
ing with marly layers, rich in bivalve and gastro-
pod shells (lower member), and thin black lime-
stones alternating with fine-grained dolomites or
black marls (upper member).

The Posidonomya Marl (hereafter referred to
as PM formation) is mostly made up of greenish-
grey marls and clayey marls which alternate with
subordinate beds of a brownish marly limestone
or a grey to pink limestone; these sediments are
considered to have been deposited in a pelagic
environment near to the carbonate compensation
depth.

The Tuscan Scaglia (hereafter referred to as
TS formation) consists of varicoloured shales and
marls alternating with subordinate beds of mic-
ritic limestones and calcarenites; these sediments
are also interpreted as deep pelagic deposits. The
Tuscan Scaglia is also referred to as Scisti Poli-
cromi (Polychrome Shales) (Abbate, 1969; Ciara-
pica and Passeri, 1980a).

A suite of 67 samples was collected from the
clay-rich beds of the three formations. For each
formation sampling was carried out on both limbs
of the mega-anticline, wherever possible (RcLM
formation), or on both the normal limb and the
hinge zone (PM and TS formations).

These samples were analysed for bulk miner-
alogy on randomly oriented powders of whole
rock, while the <2 um fraction mineralogy was in-
vestigated both on oriented aggregates and ran-
domly oriented powders, using standard X-ray
powder techniques on a Philips PW 1710 auto-
matic diffractometer equipped with a long fine-
focus Cu tube. The <2 um (“clay”) fraction was
prepared by sedimentation from powders ob-

tained after gentle grinding of rock chips for short
times; this avoided appreciable comminution of
clastic phyllosilicates and their inclusion in the
clay fraction. No preliminary treatment has been
applied to remove carbonates, which are more or
less common in all the collected samples, or or-
ganic matter, present in significant amounts in
some samples from the RcLM formation. These
treatments were avoided since they may have del-
eterious effects on the small-sized phyllosilicates.

The illite and chlorite “crystallinity” indices
(half-height peak width expressed as A20 of the
basal reflections) were measured on experimen-
tal XRD patterns collected on the <2 um fraction
samples sedimented on glass slides. Care was tak-
en to avoid thin slides: the amount of clay on each
slide was at least 3mg/cm? (Lezzerini et al., 1995).
Whenever peak intensity was high enough, both
(001) and (002) reflections were measured for
mica as well as for chlorite and the relative para-
meters referred to as ICyp4 and ICs; , and ChCyy4
and ChC,4 , respectively (indices of reflections
will be hereafter referred to 1-layer polytypes).
For mica, the measurements were performed on
air-dried specimens (AD) and also after ethylene
glycol solvation (EG); for chlorite only measure-
ments on air-dried specimens were effected, after
a preliminary survey showed that no change oc-
curs in the basal peaks in response to glycolation.
For “crystallinity” measurements each sample
was run at the following instrumental setting:
CuKa Ni-filtered radiation; 40 kKV; 20 mA,; slits: 1/
2° divergence and scatter, 0.2 mm receiving; con-
tinuous scanning; scan speed: 0.25° 20 per minute;
time constant: 4 s. Experimental profiles were
analysed using Krumm’s WINFIT program
(Krumm, 1996), that determines the crystallinity
by first subtracting the background from the raw
data, then operating the peak fitting through an
asymmetrical Pearson VII function. Single peak
fits of the 14 A, 10 A and 7 A profiles have been
carried out; in contrast, the 5 A peak was fitted
simultancously with all the other peaks in the an-
gular range 16-19.5 °20, because in some raw
XRD patterns it appeared partially overlapped
by a large band which extended to the chlorite
(003) reflection. Although these peaks are slightly
asymmetrical, their fitting was performed through
a symmetrical Pearson VII function in order to
reduce the number of parameters to be refined.
Various peak-fitting trials, in which Ko, wave-
length was retained, were performed; this pro-
duced suitable fitted profiles, on which the “crys-
tallinity” was measured. Experimental data were
then converted to calibrated CIS data using the
procedure and standards (SW1, SW2, SW4, SW6,
and MF1) of Warr and Rice (1994) and applying
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the calibration equation: ICqg = 1Cp,, X 1.09 +
0.05 (°A20); (R? = 1.0; o = 3.5% ; Leoni, 2001).
This regression equation, obtained for the I1C;y4
parameter, was also applied to the calibration of
ICs4 as well as ChCy, 4 and ChC, 4 values.

The distribution of CIS-scale-normalized IC
and ChC values in the three formations is shown
as histograms in Figs. 5, 6, 8 and 9 and discussed in
paragraphs 5.2.1 and 5.2.2. Only for the sake of a
more reliable assessment of the Tuscan Nappe’s
metamorphic grade, the 1C;;5 values were also
calibrated with respect to the standard rock slab
series provided by Kiibler (samples 32, 34, 35).
Conversion of our 1C,4 data to the Kiibler scale
was achieved by applying the calibration equa-
tion: ICNeuchater = [Cpisa X 1.08 + 0.01 (°A20); (R? =
0.98 o0 = 5% ; Leoni, 2001). These Kiibler-scale-
normalized IC,,; data, which are about 0.04° (as
A20) smaller than the CIS-scale-normalized val-
ues, are not reported throughout most of the
paper; only in the discussion, their average value
in the PM formation is given and used in connec-
tion with the assessment of the Tuscan Nappe’s
metamorphic grade.

Composition of calcite coexisting with dolo-
mite was determined in 7 samples from the ReLM
formation. Microanalyses were carried out on car-
bon-coated polished thin sections using a X-ray
energy-dispersive system (EDAX PV 9900) at-
tached to a Philips 515 scanning electron micro-
scope (SEM). The general analytical conditions
were: acceleration voltage, 15 kV; excitation cur-
rent, 20 mA; beam spot size (and selected area of
analysis), 0.5 um; counting time, 100 s. Standard
minerals used were: diopside, calcite, and Fe-poor
dolomite (FeO 0.50 wt%). Data were corrected
by applying the ZAF correction program pro-
posed by Mikledust et al. (1978) and processed
through a PV SUPQ program, which gives miner-
al compositions recalculated to a 100% content
on a CO,-free basis.

5. Results and discussion
5.1. Petrography and mineral assemblages

Samples collected in the RcLM formation consist
of grey to black marls, which have a composition
dominated by carbonates (chiefly calcite, in some
cases accompanied by dolomite), associated with
important amounts of quartz and clay minerals.
K-feldspar and plagioclase occur as widespread,
but minor components; accessory minerals are
apatite and pyrite. In addition, traces of gypsum,
probably of secondary origin, appear in few sam-
ples. The clay minerals are mainly illite and chlo-

rite; in the fold’s normal limb some samples with
small amounts of illite/smectite mixed-layer min-
erals and intermediate sodium potassium micas
(Jiang and Peacor, 1993; Merriman and Peacor,
1999) have been found.

Within the same specimen, white K-mica,
chlorite, quartz and calcite occur both as detrital
(usually in moderate amounts) and D1-metamor-
phic minerals. K-feldspar and plagioclase are de-
trital minerals; almost pure albite, observed in
sporadic small grains, is the only newly formed
feldspar.

The materials collected in the PM formation
are greenish-grey clayey marls, whose bulk miner-
alogy is similar to that observed in the RcLM for-
mation; the main differences with respect to this
latter are a significantly lower content of calcite,
very rare occurrence of kaolinite (observed only
in small amounts in two samples), and the total
absence of any mixed-layer mineral or intermedi-
ate Na/K-mica. The PM formation does not show
any difference in mineralogical composition in
the different structural positions.

Samples from the TS formation are shales,
grey, green or red, characterized by the following
bulk mineralogy: calcite (scarce), quartz, clay
minerals, feldspars (traces); the most common ac-
cessory mineral is hematite. The clay mineral as-
semblage is dominated by illite and chlorite, fol-
lowed by intermediate sodium potassium micas
and illite/smectite mixed-layer minerals; the pres-
ence of very small amounts of paragonite is
doubtful.

The mineralogy of the TS formation is clearly
differentiated over the two structural positions of
the hinge and the normal limb. Mixed-layer min-
erals and intermediate Na/K-micas, which are
present in significant amounts in the normal limb,
completely disappear in the hinge, possibly re-
placed, at least in part, by the small amounts of
paragonite (whose identification, however, is not
certain).

5.2. IC and CHC data

5.2.1. Illite “crystallinity”

The distribution of air-dried IC, 4 and ICs; values
in the three formations is shown as histograms in
Figs 5 and 6 respectively; IC average values and
standard deviations are given for both the air-
dried (AD) and the ethylene glycol-solvated
(EG) samples.

For each formation the distribution is ana-
lyzed both in the whole data set, that is in the
mega-fold as a whole (Figs. 5a and 6a), and in two
sub-sets of data, which refer to sample groups col-
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Fig. 7 Examples of raw and deconvoluted (through the WINFIT program of Krumm, 1996) X-ray diffraction pat-
terns in the range 16-20° 20 of two TS shale samples. (a) Sample from the mega-fold’s normal limb, containing
significant amounts of an intermediate sodium potassium mica: the first peak (at about 17.70° 20) corresponds to the
illite (002) reflection, the large band centered around 18.25° 20 is due to the intermediate Na/K-mica, the last peak
(at about 18.70° 20) corresponds to the chlorite (003) reflection. (b) Sample from the mega-fold’s hinge zone, where
no intermediate mica is present: it is evident the absence of any diffraction effect between the illite (002) and chlorite
(003) peaks.
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lected in the megastructure’s most deformed
(Figs. 5b and 6b) and less deformed (Figs. 5¢ and
6c) zones, respectively.

Considering the whole mega-fold, IC;5
presents average values distinctly different in the
three formations (Fig.5a); the largest value (IC;ox
= 0.48° A20) characterizes the TS formation,
where a bimodal distribution is apparent. This
pattern is clearly related to the presence, within
the whole sample set, of two different sample
populations, having quite distinct 1C;;4 values.
The samples from the more deformed zones are
characterized by low values of the index, and
hence by higher “crystallinities” of mica (Fig. 5b),
whereas in the samples from the less deformed
zones the index is comparatively high (Fig. 5¢). A
similar pattern seems to characterize the RcLM
samples, which exhibit a relatively large 1C,g4 av-
erage value (IC;y4 = 0.35° A20), associated with a
large standard deviation; also in this formation,
significantly different I1C,4 values over the differ-
ent structural positions are evident.

In contrast, PM formation shows a strictly uni-
modal distribution, characterized by the smallest
average “crystallinity” index (IC;p4 = 0.31° A20)
and standard deviation (¢ = 0.02) values (Fig. 5a).
Ethylene glycol solvation does not produce any
significant effect in the samples from this forma-
tion, while it results in a distinct sharpening of the
mica (001) peak in samples from the other two
formations, mostly in those from the lower strain
zones. This pattern has been interpreted as due to
the small amounts of illite/smectite mixed layer
minerals, which are present in these formations
within the megastructure’s normal limb, but lack-
ing in the other zones.

However, in terms of data from glycolated
mounts (EG values of Fig. 5), relatively large dif-
ferences persist between the different formations
and between the different structural positions.
Such ditferences, which can not be ascribed to any
swelling component, are chiefly explainable on
the basis of the distribution of intermediate sodi-
um potassium micas (Jiang and Peacor, 1993). As
for illite/smectite, these phases accompany the
illite main population in the TS and RcLM forma-
tions, though only within the normal limb. Their
first order-basal peak completely overlaps the 10-
A reflection of illite, greatly contributing to its
broadening. On the contrary, their second order
reflection appears partially separated from illite
5-A peak and may be fully resolved from the lat-
ter through application of the curve fitting/peak
deconvolution WINFIT program (Krumm, 1996).
This is clearly shown in Fig. 7, where examples of
raw and deconvoluted X-ray diffraction patterns
in the range 16-20° 20 are given for two TS shale

samples. Figure 7a, which refers to a sample from
the megastructure’s normal limb, show a broad
band connecting and partially overlapping illite
(002) and chlorite (003) reflections. Application
of the fitting program resolves the cluster of dif-
fraction effects into sharp illite and chlorite peaks
and a broad band, centered around 4.86 A (18.25°
20), which is due to intermediate Na/K-micas.
Figure 7b, which refers to a sample from the
megastructure hinge, illustrates the case of a clay
mineral assemblage lacking any mixed layer
phase or intermediate Na/K-mica: illite (002) and
chlorite (003) peaks are sharp and well-resolved
even in the raw diffraction curve.

Since the illite (002) peak is virtually free of
any effect of interference by mixed-layer minerals
and may be stripped of the intermediate Na/K-
mica contribution (when present) through fitting
programs, the ICs; values appear significantly
smaller than those of IC,y4 and slightly different
in the various formations and the various structur-
al positions (Fig. 6). In most cases the difference
between average 1Csq values from the higher
strain zones (inverted limb and hinge) and aver-
age [Csx values from the lower strain zones (nor-
mal limb) is only 0.02 °A20, close to the error lim-
its; in TS formation such a difference rises to a val-
ue of 0.05 °A20. However, these small deviations
are systematic, with more narrow mica peaks in
the more deformed zones than in the less de-
formed ones.

Another significant observation on ICsj is that
the width of the second order peak constantly ap-
pears narrower than that of the first order reflec-
tion, even where no mixed-layer mineral nor in-
termediate Na/K-mica occurs (that is all over the
PM formation and within the most deformed
zones of the other formations). This feature has
been also observed by Warr (1996) in XRD pro-
files of the higher-grade metamorphic samples
(IC;p4 about 0.3 “A20 or lower); it is regarded as
deriving in part from the combined effect of the
Lorentz-polarization factor and structure factor,
which has a different impact on the two peaks, in
partit may be a consequence of a strong size grad-
ing of the clay specimen (Warr, 1996; Krumm and
Buggish, 1991).

5.2.2. Chiorite “crystallinity”
The distribution of ChC,44 and ChC54 in the three
formations is shown in histograms of Fig. 8 and
Fig. 9. Since ethylene glycol treatment does not
appear to appreciably influence the two indices,
averages have been calculated only for air-dried
(AD) values. In the whole mega-fold, both
ChCy 4 and ChC,4 exhibit a distribution which
closely conforms to the trend shown by ICs4 (and,
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for PM formation, also by IC,,4 ), i.e., the values
recorded in the most deformed zones are always
slightly smaller (on average, 0.02 °A26) than
those from the least deformed ones.

As with illite, the index measured on the sec-
ond order basal reflection is always smaller than
that measured on the first, the two parameters
showing a good linear correlation (ChC,5 =
(ChCyu4 - 0.985) — 0.027; v = 0.85); this feature is
probably to be ascribed to the same effects indi-
cated for mica reflections.

5.3. Calcite-Daolomite geothermometry

The occurrence of calcite-dolomite-bearing as-
semblages in 7 samples from the RcLM formation
allows the thermal conditions which affected the
Tuscan Nappe in La Spezia area to be estimated
using carbonate thermometry. Despite the uncer-
tainties inherent in the method (Turner, 1981), its
application has been regarded as worthwhile in
order to check the temperatures estimated by
Montomoli et al. (2001) within the “Macigno”
formation through fluid inclusion analysis.

The amounts of MgCO; in calcite have been
determined in crystals coexisting with dolomite.
In these crystals the contents of FeCO; and
MnCOj; are always below detection limits (<0.05
mol % ); therefore no correction for the iron and
manganese contents is necessary for application
of the Bickle and Powell’s (1977) equation. The
data collected are plotted as a frequency distribu-
tion diagram in Fig. 10, in which a temperature
scale is also reported. This scale has been calculat-
ed from Bickle and Powell’s (1977) equation, as-
suming a lithostatic pressure of 2.5 kb (P, =
Pio) as suggested by the thickness of the Tuscan
Nappe’s overburden at the time of the metamor-
phic peak (Carmignani et al., 1992). The distribu-
tion of MgCOj; contents clearly shows that the
probable metamorphic temperature ranges from
250 to 315 °C. The observed scatter of tempera-
tures may be partially due to analytical errors
and/or it may partially reflect re-equilibration ef-
fects during cooling. From Fig. 10 it is evident that,
within the limits of the method, no clear separa-
tion of values between the normal limb and m-
verted limb (or hinge zone) can be pointed out.
This suggests that the mega-fold’s various struc-
tural elements have been affected by roughly the
same thermal conditions.

If the overall average MgCO; content is as-
sumed, a mean temperature of 294 + 15 °C is de-
rived, that is a value in good agreement with that
proposed by Montomoli et al. (2001). Using fluid
inclusion analyses of quartz crystals from syntec-

tonic veins of Macigno, these authors determined
a temperature value of 280 °C for the end of the
D1 tectonic phase. This is also in full agreement
with the metamorphic conditions suggested by the
vitrinite reflectance data, which point to the an-
chizone/epizone boundary (Reutter et al., 1980).

6. Discussion

It is obvious that establishing the metamorphic
grade of the Tuscan Nappe through illite and chlo-
rite “crystallinities” requires use of data not af-
fected by interferences by associated mixed-layer
minerals and/or intermediate Na/K-micas. There-
fore only data from PM samples have been ap-
plied to this purpose. On the basis of the CIS scale
(Warr, 1996), that adopts the same values of Kii-
bler’s scale (Kiibler, 1984, 1990) for the diagenesis
zonefanchizone and anchizone/epizone transi-
tions (0.42 and 0.25° A20, respectively), the aver-
age IC index value of this sample set ( (AD) IC;4
= 0.31 “A20; Fig. 5) suggests middle anchizonal
conditions for “Posidonomya Marl” (PM) forma-
tion. The same metamorphic grade can be reason-
ably ascribed to the other formations owing to the
small difference in their structural depths (see
Fig. 1). This grade matches only approximatively
the metamorphic conditions suggested by the
geothermometric data. In fact, if we assume for
the anchizone the temperature range indicated by
most metamorphic petrologists, that is ~ 200 °C to
~300 °C (Kisch, 1987; Merriman and Frey, 1999),
the temperature derived in the present work
through carbonate thermometry (~290 °C) and
by Montomoli et al. (2001) through fluid inclusion
analysis (280 °C) would rather suggest an upper
anchizonal grade, not far from the conditions of
the boundary anchizone/epizone. This grade
would be also expected on the basis of both the
structural features (deformation mechanisms and
cleavage fabrics) of the Tuscan Nappe in the La
Spezia area, and the data on vitrinite reflectance
collected by Reutter et al. (1980) on the Macigno
formation. In our opinion such inconsistency is
most likely due to the inadequacy of the CIS scale
to work as a precise indicator of metamorphic
grade. The problem is discussed at length in a
paper by Leoni (2001), who essentially points out
that the CIS scale is an excellent tool for inter-lab-
oratory calibration of IC data, but it would re-
quire an appropriate resetting of the boundary
values of the anchizone to work also as a precise
indicator of the metamorphic grade. Probably
these limits ought merely to be shifted towards
higher values of 0.04 °A20 (Leoni, 2001). When
the Kiibler-scale-normalized data are considered,
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an average 1Cy 4 value 0of 0.27 °A20 (AD value) is
obtained for PM formation; the subsequent appli-
cation of Kiibler’s illite “crystallinity” boundary
limits ( Kiibler, 1984, 1990) would shift the PM
formation metamorphic grade towards the anchi-
zone/epizone boundary, that is in the upper anchi-
zonal grade, which is much more consistent with
the geothermometric and structural evidence.
The most detailed studies on chlorite “crystal-
linity” (ChC) are those of Arkai (Arkai, 1991;
Arkaietal., 1995, 1996), who asserts that the ChC
method is a tool as trustworthy as the IC method,
though less sensitive than the latter for identifying
differences in metamorphic grade (Arkai et al.,
1995). In particular, chlorite “crystallinity” can be
considered a useful complementary tool where
the interpretation of illite “crystallinity” is hin-
dered by disturbing factors. The anchizone ChC
boundaries proposed by Arkai et al. (1995) were
established by linear correlation between IC and
ChC and based on IC boundaries of Kiibler’s
scale; the values of these boundaries, appropriate-
ly re-calculated according to interlaboratory (Bu-
dapest-Neuchétel) calibration equations, are
0.390-0.266 °A20 and 0.307-0.244 °A20 for
ChC,,3 and ChC,; indices, respectively (measure-
ments at low goniometer speed). Application of
this scale to the chlorite indices of the present
study produces results largely coincident with
those given by IC Kiibler’s scale. In fact, the aver-
age values of ChCy4 and ChC54 indices for PM
samples, re-calculated according to interlabora-
tory (Pisa—Neuchitel) calibration equation, are
0.27 °A20 and 0.24 °A20, respectively. These val-

ues are actually very close to the ChC limit estab-
lished by Arkai et al. (1995) for the anchizone/epi-
zone boundary.

Relative differences and trends in assemb-
lages and properties of phyllosilicates from the
different structural positions of the mega-fold
must be taken into consideration to evaluate the
influence of strain on crystal structural features of
illite and chlorite. The most notable trend ob-
served is the disappearance of both the mixed-
layer minerals and the intermediate Na/K-micas
in the higher-strain zones, where the latter phases
are probably replaced by discrete illite and para-
gonite. Where mixed-layer minerals and interme-
diate micas are absent (as in PM formation) or
their effect is resolved from the measured XRPD
reflections (as in the cases of ICsx, ChCy, 4, and
ChC,4 peaks), the differences in the “crystallini-
ty” of illite main population as well as in the “crys-
tallinity” of chlorite over the different structural
positions are actually very small, most of them
being within error limits. However such differenc-
es are systematic: there is a constant trend exhibit-
ing mica and chlorite peaks slightly narrower in
the most deformed zones than in the least de-
formed ones. This pattern is likely justifiable on
the basis of the following considerations: (a)
strain (and, subordinately, lithology) seems to be
an important factor in the development of cleav-
age in the rocks sampled (all of which are an-
chizonal in grade), where a cleavage more closely
spaced in the inverted limb and in the hinge zone
of the megastructure than in the normal limb is
observed; (b) according to Merriman et al. (1990)

o B Normal limb % =113
. Whole o=0.11
4. Oinverted limb
mega-fold n=7
3. T=294°C +15°
n
) ~ X=1.10
Norma| o=012
- limb n=4
(_T=290°C £ 15°
D = X 1
08 10 12 14 16 18 % =118
MgCOj3 (mole %) Inverted o=008
1 1 ] ¥ 1§ 1 T oC hmb n= 3
250 275 300 325 350 _T=300°C £5°

Fig. 10 Frequency distribution of MgCO;contents (mol% ) in calcite crystals coexisting with dolomite in 7 samples
from RcLM formation. The temperature scale reported as a line graph below the histogram was calculated from the

equation in Bickle and Powell (1977).
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and Roberts et al. (1991) the increase of phyllo-
silicate crystallite size may be accelerated by
cleavage development as cleavage contributes to
the simultaneous dissolution and growth of larger
crystals at the expense of the smaller ones; (c)
mixed-layer minerals and intermediate Na/K-mi-
cas are the more unstable phases from equilibri-
um considerations (Jiang and Peacor, 1993; Velde,
1995; Merriman and Peacor, 1999);it is then obvi-
ous that such phases are the first to be dissolved
to produce larger, homogeneous phyllosilicate
crystallites; (d) in the present case study the input
of strain energy into the sequence of rocks in-
volved in the La Spezia mega-fold, already under-
going syntectonic very low grade crystallization,
went on only to the stage of a full dissolution of
mixed-layer minerals and intermediate Na/K-mi-
cas and a moderate acceleration of illite and chlo-
rite growth rates.

7. Conclusions

1) In most cases the IC,;; index values meas-
ured on rocks of the Tuscan Nappe involved in the
La Spezia megastructure are greatly influenced
by the distribution of illite/smectite mixed-layer
minerals and intermediate sodium potassium
micas, which, in turn, are strongly controlled by the
intensity of deformation. This explains the high
scattering of values of the mica “crystallinity” in-
dex observed in the previous studies of this unit in
the La Spezia area and the highly variable meta-
morphic grade that was inferred from them.

2)The CIS scale introduced by Warr and Rice
(1994) and currently used by several workers re-
presents an excellent tool for inter-laboratory
calibration of clay mineral “crystallinity” data, but
it would require an appropriate resetting of the
anchizone boundary limits to work also as a pre-
cise indicator of metamorphic grade; in our opin-
ion, a shift towards higher values of 0.04 *°A20 of
both the anchizone’s upper and lower limits
would be adequate (Leoni, 2001).

3) In the La Spezia mega-fold the effect of tec-
tonic strain on crystal structural features of illite
and chlorite manifests itself as small-scale varia-
tions in IC and ChC as a function of structural
position; in contrast, tectonic strain appears to pro-
mote the dissolution / recrystallization of illite/
smectite mixed-layer minerals and intermediate
Na/K-micas.
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