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ABSTRACT

This study discusses the structural analysis of the tec-
tonic units outcropping in the Lagonegro Zone of SW-Lu-
cania (southern Italy). The Mesozoic sediments of the
Lagonegro and adjacent nappes have undergone a polyphase
deformation history, which is superposed on an already com-
plicated Middle Triassic to Lower Cretaceous palaeotecton-
ic evolution. Field mapping and structural analysis revealed
two main contractional deformation sequences in the
Lagonegro nappes. During the early stages of the D, defor-
mation sequence, the Mesozoic sediments of the Lagonegro
basin were detached from their substratum. Continued NE-
directed thrusting (in present-day co-ordinates) led to nappe
formation and to the regional juxtaposition of Lagonegro
Unit I over Unit I. Main folding within the two nappes was
essentially coeval with nappe emplacement. Further thrust-
ing occurred within Lagonegro Unit I, involving faulting of
already folded rocks with only limited displacements com-
pared to the main nappe transport. The fold geometry ap-
pears to have been often modified by movement over the
thrust surfaces: folds tighten and axial planes make progres-
sively lower angles with the thrust towards the thrust tip-line.
A discontinuously developed slaty cleavage (S,) formed in
the less competent lithologies during this deformation se-
quence. Refolding of the whole tectonic pile occurred as a
consequence of (present-day) N-S to NNE-SSW shortening
(D). In the less competent lithologies, a crenulation cleavage
(S,), usually in the form of conjugate kink bands, is as-
sociated with this deformation. Refolding produced differ-
ent types of interference structures at various scales. The most
commonly observed are transitional forms between Type 1
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and Type 2 interference patterns. Although these complex
structures never represent simple type end-members, at a first
approximation a pattern can be recognized consisting of
(dominant Type 1) dome-like structures developed on early
broad anticlines and of (dominant Type 2) tight synclinal
structures with folded axial surfaces developed on early
“‘pinched”’ synclines.

RIASSUNTO

In questo lavoro vengono presentati i risultati dell’ana-
lisi strutturale delle unita tettoniche Lagonegresi nell’area di
Lagonegro - Monte Sirino (Basilicata sud-occidentale). I1 ri-
levamento geologico-strutturale & stato effettuato alla scala
1:10.000, cartografando i singoli affioramenti; una versione
semplificata (alla scala 1:25.000) della carta geologica ¢ alle-
gata a questo lavoro.

Due principali deformazioni compressive sono state di-
stinte sulla base dell’analisi strutturale. La prima di esse (D)
non costituisce una singola fase di deformazione discreta, ben-
si una serie di eventi deformativi costituiti da sovrascorrimenti
e deformazione interna delle falde, con generale vergenza ver-
so I’avampaese apulo (NE in coordinate odierne). Detta “‘se-
quenza deformativa’ (D)) consiste nello scollamento dei se-
dimenti del bacino di Lagonegro dal loro basamento e nella
formazione delle principali falde lagonegresi ad estensione
regionale. Una prima fase di piegamento nelle falde lagone-
gresi risulta essere essenzialmente coeva con la messa in po-
sto delle falde stesse, come dimostrano i rapporti geometrici
tra le pieghe e le principali superfici di sovrascorrimento. So-
vrascorrimenti di minore entitd (break thrusts) all’interno del-
Punita tettonica inferiore (Lagonegro I) tagliano le pieghe gia
formate. La geometria delle pieghe appare essere modificata
dal movimento sulla superficie di thrust: esse diventano pro-
gressivamente pid chiuse e rovesciate (fino a coricate) verso
la parte frontale dei sovrascorrimenti. Una foliazione (S,) di
tipo slaty cleavage, sviluppata in maniera discontinua nell’area
rilevata, ¢ associata alle pieghe F, nelle litologie incompe-
tenti.

Un successivo raccorciamento (D,), con orientazione da
N-S a NNE-SSO (in coordinate odierne), & responsabile del
ripiegamento delle unita lagonegresi. Un clivaggio di crenu-
lazione (S,), nella maggior parte dei casi sviluppato in for-
ma di kink bands coniugati, & associato a questa deforma-
zione nelle litologie meno competenti. Il piegamento sovrap-
posto ha prodotto vari tipi di strutture d’interferenza a di-
verse scale. Quelle pit frequentemente sviluppate sone for-
me di transizione tra le geometrie d’interferenza di Tipo 1
e di Tipo 2. Nonostante queste siano strutture complesse che
non costituiscono mai semplici patterns puramente dell’uno
o dell’altro tipo, in prima approssimazione & possibile distin-
guere due modalita principali di sovrapposizione delle strut-
ture plicative: strutture a domo (o di predominante Tipo 1)
tendono a svilupparsi sulle ampie anticlinali di prima fase,
mentre strutture di predominante Tipo 2, con superfici as-
siali ripiegate, tendono a svilupparsi sulle strette sinclinali di
prima fase. Il piegamento sovrapposto & responsabile, alme-
no in parte, degli accentuati andamenti arcuati delle struttu-
re osservabili dalla carta geologica.
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INTRODUCTION AND REGIONAL SETTING

The Lagonegro area, situated in the Lucania
region SE of Naples (Fig. 1), represents a key area for
the understanding of the palacogeographic and tectonic
evolution of the southern Apennines and, more gener-
ally, of the whole peri-Adriatic region. In this area,

(Hawasina Basin) at least, a Permo-Triassic oceanic
basement is advocated (STAMPFLI ef alif, 1991).

In the present-day geometry of the southern Apen-
nines, the units derived from the Lagonegro basin tec-
tonically overlie units of the Apulia Platform of the
geological literature (eastern platform in Fig. 1), and
are themselves overlain by units derived from the more
internal ‘‘Apenninic Platform’’ (western platform in
Fig. 1) (e.g. MosTARDINT & MERLINI, 1986). The entire
sequence is capped by thrust sheets derived from more
internal domains, which include the Liguride Complex,
flysch deposits of Neotethyan origin with incorporat-
ed oceanic slices (KNoTT, 1987), and, more to the south,
the Calabrian nappes, units with a continental base-

Adriatic

% Quaternary volcanics

Pliocene-Recent sediments

Eastern platform

@ Lagonegro-Molise basin (Cenozoic
sequence) and Sicilide complex

] Lagonegro-Molise basin
(Mesozoic sequence)

] Western platform

Liguride ophiolitic complex

; _.; Calabrian nappes

f:.

Fig. 1 - Geologic map of the southern Apennines showing the main tectonostratigraphic units (after ROURE e a/ii 1991, modi-

fied) and location of the study area.

Mesozoic basin sediments as old as Middle Triassic out-
crop within a series of thrust sheets which are part of
the deformed remnants of the southern continental
margin of the Jurassic - Early Cretaceous Neoethyan
ocean (e.g. LAUBSCHER & BERNOULLI, 1977; CHANNELL
et alii, 1979; RoURE et alii, 1991). Mesozoic deep water
deposits resembling those of the Lagonegro Zone,
pelagic limestones, radiolarian cherts and carbonate
turbidites - sometimes associated with submarine vol-
canics - are known from many places along the Alpine-
Himalayan chain (BERNOULLI & JENKYNS, 1974). Dis-
continuosly preserved remnants of such basins can be
traced from Sicily (Sclafani Zone and Monti Sicani) and
the Lagonegro Zone in southern Italy through Greece
(Pindos), southern Turkey (Antalaya nappes), Cyprus
(Mamonia Complex), Iran (Pichakun Zone), and
Oman (Hawasina nappes) (BERNOULLI ef alii, 1990 and
references therein). They are interpreted to record the
existence of a Triassic seaway between the extensive car-
bonate platforms bordering the northern margin of
Gondwana (SCANDONE 1975a). The basement of these
Triassic basins is unknown; for the eastern occurrences
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ment considered to be remnants of the European plate
(i.e. north Tethyan margin; e.g. OGNIBEN, 1969; Bourr-
LIN ef alii, 1986; DIETRICH, 1988).

In the investigated area (Fig. 2), the units derived
from the Lagonegro basin outcrop in a tectonic win-
dow formed in correspondence of a culmination which
developed as an antiformal stack of the buried car-
bonate thrust sheets (CINQUE ef @lii, in press). Relatively
good surface outcrop over ca. 1500 m of vertical relief
formed the basis from which a carefully constrained
three-dimensional picture could be constructed. It
shows a polyphase history consisting of a sequence of
thrusting events propagating towards the Apulian fore-
land with associated internal deformation within the
thrust sheets (D)), followed by later refolding (D,) involv-
ing considerable distortion of the already formed structures
(Mazzotir, 1993a). The main tectonic framework suggested
by ScANDONE (1967, 1972), consisting of two superposed
nappes consisting of Mesozoic Lagonegro basin sediments,
is confirmed in the study area. The two Lagonegro nappes
are characterised by well defined, different but clearly cor-
relatable, Upper Triassic to ““middle”’ Cretaceous stratigra-




phies (summarised in Figs. 2 & 3). The oldest deposits at the scale 1:10,000, distinguishing exposed from un-

of the basin, those of the Middle Triassic Monte Faci- exposed regions and observed from inferred contacts.
to Formation, only outcrop at the base of the upper A simplified (1:25,000) version of the geological map
nappe, but it is probable that similar successions origi- with profiles is included in this paper. Most of the area

nally underlay the entire basin (e.g. Woob, 1981). The mapped in the present study consists of Mesozoic ter-
structurally upper nappe (Lagonegro Unit II) displays ranes of the two Lagonegro units. In the western sec-
more proximal basin facies, while the lower nappe tor, structurally higher thrust sheets of the M. Forapor-

(Lagonegro Unit I) shows more distal, deep basin fa- ta Unit and derived from the western carbonate plat-
cies. The thrust contact between the two units can be form (Alburno-Cervati Unit) also outcrop (Fig. 2).
observed at different localities, where kinematic indi- Four geological profiles - originally constructed at the
cators are also sometimes present. It represents a main scale 1: 10,000 - across the study area are shown in Fig.
structural feature of the study area, leading to a tec- 4. The terminology used in the text is shown in the ge-

tonic juxtaposition of different depositional areas on ological map of Fig. 2.
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Fig. 2 - Geological map of the study area showing terminology used in the text and location of the cross-sections of Fig.
4. Geographic co-ordinates refer to the International Ellipsoid oriented in Rome (M. Mario). Kilometric grid of the ‘“Foglio
210 della Carta d’Italia’” also shown. Framed area (a) partly after DE ALFIERI et alii (1986), framed area (b) partly after ToR-
RENTE (1990).

Alburno-Cervati Unit (western platform): neritic limestones, dolomitic limestones and dolomites (Upper Triassic - Miocene).
Monte Foraporta Unit: Tempa Pertusata slice; limestones, marly limestones, marls and shales (Liassic - Dogger); Carcuni
slice: black dolomites (Upper Triassic? - Lower Liassic?); Nizzullo slice: white to grey dolomites (Upper Triassic?). Lagonegro
Unit II: Galestri: alternating argillites, marls, graded calcarenites and calcilutites (Lower Cretaceous); Scisti silicei: polychrome
radiolarites and siliceous argillites with rare intercalations of (mostly silicified) graded calcarenites (Jurassic); Calcari con
selce: intraformational conglomerates, grey calcilutites with bands and nodules of chert (Norian - carnian); Monte Facito
Fm.: shales interbedded with shallow-water calcarenites and calcisiltites, siltites and micaceous sandstones, olistoliths of mas-
sive neritic limestone. Lagonegro Unit I: Galestri: alternating dark argillites and strongly siliceous calcilutites (Lower Creta-
ceous); Scisti silicei: polychrome radiolarites and siliceous argillites (Middle Tithonian - Upper Norian); Calcari con selce:
calcilutites with bands and nodules of chert (Norian p.p. - Carnian) As “‘Flysch are indicated chaotic terranes (outcropping
around the town of Lagonegro) consisting of argillites containing disrupted sandstones, calcilutites, cherts, microbreccias
with nummulites, Lepidocyclina, Amphistegina, Miogypsina.

a regional scale. The definition of two Lagonegro STRUCTURAL ELEMENTS OF THE MAIN (D)
nappes therefore appears to be appropriate and is main- DEFORMATION SEQUENCE
tained in this work.

In this paper, the main results of the structural D, does not represent a single discrete deforma-
analysis based on field observations are presented. Ge- tion phase, but rather a sequence of thrusting events
ological mapping of the study area has been carried out accompanied by internal deformation within the thrust
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sheets. The deformation sequence includes nappe em-
placement, main folding within the nappes and further
thrusting in the lower nappe. All these features appear
to be geometrically closely related, and probably result-
ed from continuing deformation with a general Apulian
(NE in present-day co-ordinates) vergence.

Lagonegro Unit IT

The upper Lagonegro nappe (Unit II) is only ex-
posed in a few small areas of the mapped region (Fig.
2). The Middle Triassic M. Facito formation outcrops
in the NE sector of the study area (Tempa di Roccaros-
sa) and forms an approximately N-S oriented tongue
between the ridges of M. Gurmara - M. Castagnareto
and M. Niella - Bramafarina. To the east, the Upper
Triassic ““Calcari con selce” of Unit II lie directly above
the thrust surface (klippe of Serra Giumenta). A late
normal fault brings part of these limestones into con-
tact with the ““Calcari con selce’” of the underlying
Lagonegro I nappe SW of Tempa S. Maria.

The thrust surface at the base of Unit II is gener-
ally gently bowed and is discordant with the structures
in the footwall; locally it also exhibits out-of-sequence
thrust relationships, as may be observed east of M.
Castagnareto where it cuts down-section in the foot-
wall in the direction of transport (cf. profile A-A’, Fig.
4). These observations contrast with those of SCANDONE
(1967, 1972), who describes a thrust contact confor-
mably folded with the structures within the nappes. On
the basis of such geometrical relationships, Scandone
suggested that early nappe emplacement was followed
by folding of the already imbricated sheets and of the
interposed thrust surface.
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Relatively good, although discontinuous outcrops
of limestones with cherts in the klippe of Serra Giu-
menta allow observation of the internal structures of
the upper Lagonegro nappe. Folds within the klippe
are generally gently plunging, with wavelengths of a
few tens of meters to about 100 m. Metric-scale para-
sitic folds are common, and show typical symmetric
(m) or asymmetric (s or z) shapes depending on their
structural position. A continuous transition can be ob-
served from gently inclined or even recumbent tight
folds (with sharp hinges) at the base of the nappe, to
more inclined and upright open folds (with rounded
hinges) moving upwards away from the thrust surface
(Figs. 5, 6 & 7). Axis azimuths vary from N-S to NE-
SW (Fig. 8a-c). A consistent departure from the cylin-
drical fold geometry (defined according to RAMSAY &
Huser, 1987) is shown by the structure of Serra Giu-
menta (Fig. 8b). The non-cylindrical geometry at Ser-
ra Giumenta is at least in part due to later refolding,
as moderately inclined, roughly E-W trending, gentle
to open folds of metric amplitude are observed in the
limbs of the major structure. All fold axes are oblique
to the thrusting direction as determined at Tempa S.
Maria (Fig. 5); most of them lie within few tens of
degrees to the mean transport direction (Fig. 8c).

At Tempa di Roccarossa (Fig. 2), the Middle Tri-
assic M. Facito Fm. (Lagonegro Unit II) tectonically
overlies Lower Cretaceous argillites and interbedded
limestones (‘‘Galestri’’) of Unit I (Fig. 9). The M. Faci-
to Fm. contains in this area a large neritic limestone
block of kilometric size resting above mainly ter-
rigenous sediments (Terrigenous Clastic Facies of
Woob, 1981). The latter comprise shales (mainly quart-
zose and subordinate calcareous mudstones and silt-
stones) and poorly-exposed, fine- to medium-grained
micaceous sandstones. Scattered outcrops of shallow-
water limestones (Neritic Limestone Facies of Woob,
1981) are also observed around the base of Tempa di
Roccarossa. All these lithologies show gently inclined
to recumbent tight folds and a flat lying cleavage in
the incompetent beds (Fig. 10). Incompetent layers
show class 3 fold geometries (RAMSAY, 1967), while
competent beds display class 1B or class 1C shapes.
Such thickness variations of the competent and in-
competent layers, together with the cleavage pattern in
the folds (divergent fans in the incompetent beds, con-
vergent fans, when developed, in the competent ones)
strongly suggest an origin of the folds by buckling
mechanisms (cf. Ramsay, 1981, 1989), that is the side-
ways deflection of a mechanically unstable competent
layer into neighbouring incompetent rock as a result
of layer shortening.

Discussion. - The transition from upright to
recumbent folding, with tightening of folds accompany-
ing the decreasing dip of the axial plane as observed
in the klippe of Serra Giumenta, is relatively common
in thrust sheets and high-level nappes (cf. SANDERSON,
1982). According to this author, this feature charac-
terises sheets emplaced by heterogeneous simple shear
(with shear strain v = 0 in the upper parts of the sheet,
increasing downwards toward the thrust surface) as-
sociated with a component of layer parallel shorten-
ing (Fig. 11). It must be noted that the combination
of strains shown in Fig. 11b is compatible in nappes
and thrust sheets as these are not subject to the con-
straint of continuity of strain (cf. RAMSAY & GRAHAM,
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Fig. 4 - Geological cross-sections (location in Fig. 2). In profile A-A’, ¢ is the main thrust between Lagonegro Unit II and

Lagonegro Unit 1.

1970) across the thrust plane, which represents there-
fore an “‘incoherent strain domain boundary’’ (MEANS,
1976).

The geometry of folds at the base of Tempa di
Roccarossa, showing shallow-dipping axial planes and
tight shapes (Fig. 10), is probably also due to the ef-
fect of high shear strain near the sole of the nappe. Such
a shear strain may also account for the pattern of ex-
tension veins and boudinage locally observed in the

folded limestones (Fig. 12). The inferred strain histo-
ry is very similar to that described by RAMSAY er alii
(1983) for the simple shear deformation of a compe-
tent layer initially oriented at a low angle to the shear
plane (Fig. 13). During initial folding, the layer lies in
the shortening field of the strain ellipse for the simple
shear deformation. During progressive simple shear,
the fold limbs rotate toward the axial plane as the struc-
ture tightens (Fig. 13a). When the fold limbs take up
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Fig. 5 - Geological map of the area of Serra Giumenta (kilo- ) '
metric grid of “Foglio 210 della Carta d’Italia’’). Folds in /LLL%

the ““Calcari con selce’” of the Lagonegro Unit II are recum- / j/
bent or gently inclined 'near the base of the nappe, and be- % %
come progressivly more inclined moving upwards (axial sur-

faces are sub-vertical at Costa di Milordo). Asterisk (lower Calcari con selce Rl
; . . : AGONEGRO UNIT I
left corner) shows site from which thrust-related kinematic L

indicators were measured; S-S’ shows trace of the cross-
section of Fig. 6. -

Galestri
LAGONEGRO UNIT I
Lagonegro Unit II (Calcari con seloe) Z~"2 -\ Fig. 7 - (a) Upper Triassic limestones (‘‘Calcari con selce’’)
R e g of Unit II tectonically overlying dark argillites (Galestri Fm.)

of Unit I at Tempa S. Maria (Fig. 5). Note gently inclined
synclinal fold in the limestones above the thrust surface (E
is to the right). (b) Line-drawing from (a).

m 1000 Lagonegro Unit I (Galestri Fm.) "~ Liosom

Fig. 6. Schematic cross-section showing the structure of the
““‘Calcari con selce” in the klippe of Serra Giumenta. Note
the decreasing dip of the fold axial surfaces towards the base
of the nappe.

a Costa di Milordo

Best Fit
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Fig. 8 - Orientation data for Serra Giumenta klippe (Lagonegro unit II): (a) Poles to bedding from open upright folds at
Costa di Milordo; pole of the best great circle through the poles to bedding (cf. MaNCcKkTELOW 1981) is also shown (larger
dot). (b) Poles to bedding from upright structure at Serra Giumenta; pole of the best great circle through the poles to bedding
is shown. (c) Fold axes orientations: 1, recumbent anticline at Costa di Milordo (base); 2, moderately inclined anticline at
Costa di Milordo (intermediate); 3, pole of the best great circle through the poles to bedding of upright folds at Costa di
Milordo (top); 4, gently inclined syncline at Tempa S. Maria; 5, steeply inclined anticline at Serra Giumenta. Mean thrust
transport direction was determined from mineral fibre lineations and slip vectors normal to the intersection of s-c structures
at Tempa S. Maria using Bingham statistics (cf. CHEENEY 1983); mean lineation plunges 26 towards 229.
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M. Facito Fm.

Galestri
LAGONEGRO UNIT I

Fig. 9 - (a) Middle Triassic shallow-water limestone block of
the M. Facito Fm. (Lagonegro Unit IT) tectonically overly-
ing Lower Cretaceous dark argillites of the Galestri Fm. (Unit
I) at Tempa di Roccarossa. (b) Line-drawing from (a).

positions parallel or perpendicular to the shear plane
(Fig. 13b), incremental shortening of the layer is instan-
taneously zero, but continued rotation of the fold limbs
eventually brings them into the extensional field of the
incremental strain ellipse (Fig. 13¢). The required ex-
tension is accommodated in the present case by exten-
sional veining and boudinage of the competent layers.

The orientation of the fold axes observed in the
““Calcari con selce’” of Serra Giumenta - oblique and
mostly within a few tens of degrees of the measured
direction of thrusting - is a feature commonly explained
in simple shear deformation by the reorientation of
folds initially formed sub-parallel to the Y axis of the
strain ellipsoid by rotation towards the direction of
transport, as originally suggested by BRIANT & REED
(1969) for thrust sheets of crystalline rocks. Accord-
ing to EsCHER & WATTERSON (1974), this mechanism
may also be important in moderately deformed
supracrustal rocks, as are considered here. In simple
shear, fold axes parallel to the Y axis would clearly
show no tendency to reorientation if deformation was
perfectly homogeneous. However, such a degree of
homogeneity must be rare in nature, and differential
flow is likely to realign fold axes sufficiently for reorien-
tation to be accomplished by the homogeneous com-
ponent of the deformation (ESCHER & WATTERSON,
1974). Furthermore, the very likely possibility of an
original variability of fold axis attitudes greatly reduces
the chances of individual folds being parallel to the Y
direction (e.g. SANDERSON, 1973).

It must be noted that for the process described
above, the strongest reorientation of fold axes would
occur near the sole of the thrust sheet, where the shear
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Fig. 10 - Folds in terrigenous sediments and in neritic lime-
stones, lower part of the M. Facito Fm. (Middle Triassic) west
of Tempa di Roccarossa (ENE is to the right of the pictures).
(a) Recumbent folds in interbedded sandstones and shales.
Note divergent cleavage fan in thin shaly layer and finite neu-
tral point in the hinge zone. (b) Gently inclined asymmetric
folds in limestones. Note extension veins and boudinage (ar-
rowed) of the layers, showing extension parallel to bedding
and normal to the fold axis.

strain v is maximum, and would then decrease strong-
ly for the upper parts of the sheet where v is minimum.
This leads to a fold axis orientation sub-parallel to the
transport direction for tight recumbent folds at the base
of the sheet and sub-pependicular to the thrusting direc-
tion for open upright folds, as shown by BRYANT &
REED (1969) for the southern Appalachians. However,
this feature is not observed in the present case. Open
upright folds at Costa di Milordo show a very similar
orientation to that of tight recumbent folds at the base
of the nappe (Fig. 8¢), both being close to the thrust-
ing direction measured at Tempa S. Maria (cf. Fig. 5).
On the other hand, the gently inclined syncline immedi-



Fig. 11 - (a) Diagram of thrust sheet or nappe undergoing
heterogeneous simple shear. (b) Profile of thrust sheet or
nappe showing pattern of maximum strain trajectories
(cleavage?) and folds for deformation occurring by heter-
ogeneous simple shear and layer parallel shortening (from
SANDERSON, 1982).

Fig. 12 - Sketch of the folds of Fig. 11b showing pattern of
extension veins and boudinage.
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Fig. 13. - Strain history of buckled layers within a zone of
simple shear (modified after RaMsAY ez alii, 1983). Buckling
leads to rotations of fold limbs (sense shown by curved ar-
rows) and eventually to the rotation of fold limbs into posi-
tions where stretching takes place. Incremental strain ellipse
for simple shear is shown with its field of extension (white)
and shortening (dark).
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ately above the thrust surface at the latter locality (Fig.
7) shows a quite different fold axis attitude - i.e. at a
high angle (63) to the thrusting direction. Therefore,
if a reorientation of the fold axes occurred in this area,
it cannot be simply related to a shearing mechanism
alone. As will be seen later on, late refolding at a high
angle to the already formed structures may be partly
responsible for the observed variability of both fold
axes and axial trends of early-formed folds. In the
present case, this possibility can be only tentatively sug-
gested, as the very discontinuous outcrops do not al-
low the variations of structural trends between Tempa
S. Maria, Costa di Milordo and Serra Giumenta to be
followed in detail.

Lagonegro Unit I

Two-dimensional structural geometries of this
nappe can be observed in profiles A-A’, B-B”’, C-C”’
and D-D’ of Fig. 4. Major folds within this unit are
generally sub-horizontal to moderately plunging, up-
right to recumbent, and vary from open to tight. Folds
of smaller (metric to decametric) wavelength have a
polyharmonic interrelationship with major ones.
Although often observed also in the Upper Triassic
cherty limestones (‘‘Calcari con selce””), they are par-
ticularly common in the Jurassic cherts (‘‘Scisti silicei’’)
and in the alternating limestones and argillites of the
Lower Cretaceous ‘‘Galestri’’. Mesoscopic (F;) folds
within the latter formation are open to tight, with half
wavelengths of 0.5 - 10 m and amplitudes of 0.5 - 6
m. Fold geometry alternates between class 1 and class
3 (Ramsay 1967). Competent limestone layers have
rounded hinges and show class 1b or class 1¢ geome-
tries. Less competent argillites have angular to round-
ed hinges and typically exhibit class 3 geometries. Fold
shape varies from symmetric and upright to asymmet-
ric and overturned, with interlimb angles ranging from
12° to 95°. Striations and mineral fibre lineations,
oriented at high angles to hinges, occur along bedding
surfaces in Upper Triassic limestones and in Jurassic
bedded cherts. Shear veins in limestones and in radi-
olarites consist of calcite and quartz fibres, respective-
ly. They indicate a component of interlayer slip dur-
ing folding.

Cleavage. - The main (S;) cleavage is related to
these fold structures. The cleavage is of disjunctive type
- that is, cleavage domains, in contrast to crenulation
domains, cut across pre-existing (sedimentary) layer-
ing in the rock without reorienting it (PowELL, 1979).
Tectonic fabrics are best developed in the incompetent
beds. Here, cleavage is mainly planar, morphological-
ly ranging from the continuous (slaty) type to the
spaced type and from a rough to a smooth variety
(PoweLL, 1979). In most of the cases, the cleavage lies
at a low angle to bedding in the incompetent layers,
almost irrespective of fold tightness (MazzoL1 & CAR-
NEMOLLA, 1993). For this reason, due to the wide varia-
bility of fold limbs dip, the angle of dip of the cleavage
is also quite variable. Strike orientation of cleavage
planes are also variable across the region (cf. geologi-
cal map). However, bedding-cleavage intersection line-
ations generally parallel adjacent mesoscopic fold axes.

Locally, especially in some fold-hinge zones, the
planar fabric gives way to a linear fabric (pencil struc-
ture) also sub-parallel to local fold axes. The occurrence
of planar and linear fabrics in different parts of the




folds, the possible origin and the relationships of these
fabrics with structural position have been discussed in
MazzoLl & CARNEMOLLA (1993).

In the competent beds, a centimetrically spaced
cleavage is observed mainly in the zones of high strains,
e.g. in close proximity to thrust contacts or in the hinge
zone of tight folds (Fig. 14). Pressure solution surfaces
defining thin sutured cleavage domains are very com-
mon in competent beds (Fig. 15) and are best observed
in thin section (Mazzor1, 1993b).

Fig. 14 - Hinge zone of gently inclined, tight synclinal fold
in Lower Cretaceous ‘‘Galestri”’ NE of Varcovalle (E is to
the left). Note convergent spaced disjunctive cleavage in the
competent limestone bed and divergent slaty cleavage in the
argillites.

Fig. 15 - Polished surface of hinge zone of metric parasitic
fold from the uppermost ‘“Calcari con selce’”” SW of M. Papa.
Note thin sutured cleavage domains in the inner arc and
roughly radial calcite extension veins in the outer arc. These
structures are indicative of a buckling origin of the fold, with
deformation of the competent layer mainly accommodated
by tangential longitudinal strain.

Major folds and thrusts. - Internal deformation
of the Lagonegro Unit I can be best observed in the

125

M. Sirino group due to the strong vertical relief (Fig.
16a & b). In profile B-B”’ of Fig. 4, a gradual transi-
tion can be observed from upright folds to the west
(Mad. di Sirino), to steeply and then moderately in-
clined structures (M. Papa), to gently inclined folds to
the east (Serra Orticosa). A gently-dipping thrust fault
at the base of the eastern slope of the Sirino group
brings the overturned limb of the Serra Orticosa an-
ticline (consisting of ‘‘Calcari con selce’”) onto upright
““Galestri’’ in the footwall. In this area the thrust shows
its maximum displacement (of several hundreds of
meters). The thrust is cut to the north by a later nor-
mal fault; however, to the south the thrust displace-
ment can be observed to gradually decrease as the axi-
al plane of the anticline in the hangingwall becomes
steeper, until eventually the thrust dies out giving way
along strike to an anticline-syncline pair (west of C’ in
profile C-C””, Fig. 4). A similar feature also occurs for
the higher thrust fault shown (at B’) in profile B-B”’,
which can be observed to die out into folds at both
lateral tips. To the south, another thrust fault occurs
which shows an en-echelon relationship to the previ-
ous one (Fig. 2).

Discussion. - Thrust faults are often observed to
die out into folds at their lateral tips (e.g. COWARD &
Portts, 1983). This feature has been related to thrust
propagation into already folded rocks (e.g. ELLIOTT,
1976; CowARD & KM, 1981; FiscHER & COWARD, 1982;
CoOPER & TRAYNER, 1986). According to these authors,
a ductile bead of deformation would develop ahead of
- and would be faulted by - a propagating smooth-
trajectory thrust. A model for thrust-related folds
which evolved from an initial stage of sinusoidal buck-
ling has also been recently proposed by FISCHER et alii
(1992). These models are opposed to the traditional
models of staircase-trajectory thrust (e.g. RicH, 1934;
Bover & EiriiorT, 1982; Suppr, 1983) or flat lying
detachment (Jamrson, 1987), in which the thrust
propagates into undeformed rocks and the result of
thrust sheet motion is to produce rootless hangingwall
anticlines. Ideal detachment and staircase-trajectory
thrusts should preserve an undeformed footwall, while
hangingwall rocks should record only those strains due
to the formation of the rootless anticline which depend
largely on the preferred mechanism of folding. To
differentiate between the cases of thrusts propagating
into essentially undeformed rocks and smooth-trajec-
tory thrusts propagating into already folded rocks, two
main criteria are considered in the present study.

(1) Fold origin. Two main groups of folds may be
used to explain the kinematics of thrust-related fold-
ing: kink-like hangingwall folds and buckle folds. Three
geometric types of thrust-related kink-like hangingwall
folds are generally recognized in foreland fold and
thrust belts: ramp-flat folds, detachment folds and tip-
line folds. Ramp-flat folds result from stratigraphic
duplication at a thrust ramp where hangingwall ramps
overlie footwall flats (Rica, 1934). Detachment folds
commonly develop above a detachment that is sub-
parallel to bedding and are cored by incompetent, often
disharmonically folded strata (DamisTROM, 1970;
LAUBSCHER, 1976). Tip-line folds develop as a result
of enhanced compression and shortening above, or in
front of, the tip line of a blind thrust (ErriorT, 1976).
Ramp-flat folds do not form at blind thrust tips and
therefore cannot be tip-line folds. In contrast, detach-



Fig. 16 - Structural features of Lagonegro Unit 1, M. Sirino group (E is to the right of the pictures). (a) View of the southeastern
slope of M. Papa (background) showing moderately inclined NE-verging tight folds (vertical relief is about 400 m). The area
corresponds to that in the hangingwall of the thrust shown at B’ in profile B-B” (Fig. 4). Jurassic cherts (“*Scisti silicei’’)
in the foreground belong to the footwall. (b) Eastern slope of M. Sirino group. Note gently inclined chevron folds in the
““Calcari con selce’” on upper left (Serra Orticosa) and overturned Jurassic cherts below (white). Folds along the slope to
the right correspond to those shown in the eastern part of the profile B-B”’.

ment folds may form at the tip line of a thrust that is been discussed by RaMsay (1992) who also emphasized,
sub-parallel to bedding and therefore may be tip-line based on the original work of Heim in the Helvetic
folds (Jamison, 1987). Asymmetric, open to close, often nappes, that thrust surfaces may develop in some cases
overturned thrust-related folds that verge toward the as a secondary feature of folds as the result of the shear-
foreland are- commonly suggested to have formed as ing out of the middle limbs of antiform-synform pairs.
tip-line folds (FISCHER ef alii, 1992 and references there- In the present case, pervasive folding at different
in). The kinematics of formation of these folds has been scales is observed both in the hangingwall and in the
explained using fault-propagation fold (e.g. SuppE, footwall of thrust faults (Figs. 16 & 18). Analysis of
1985) or detachment fold (Jamison, 1987) models (Fig. the thickness variations of the competent and incompe-
17a & b). In all these models, folding is essentially a tent beds, small-scale structures and the cleavage pat-
passive process occurring in the hangingwall of a thrust tern (i.e. finite strain trajectories) in beds of differing
surface. Fold geometry is a function of fault shape and competence all indicate an origin of the folds by buck-
displacement in the cases of ramp-flat folds and fault- ling mechanisms (Figs. 14, 18b & c). The overall
propagation folds (e.g. SupPE, 1983, 1985), while fold cuspate-lobate geometry shown by major folds (Fig.
amplitude is related to the thickness of a basal detach- 2), with tight, sharp hinged (‘‘pinched’’) synclines of
ment layer in the case of detachment folds. These “‘Galestri® and radiolarian cherts between broader an-
models assume that structures evolve passively as ticlines of competent ‘‘Calcari con selce’’ also suggests
migrating-hinge kink folds deformed only by slip on that layers were mechanically active during folding.
bedding planes between fold hinges, and imply that cu- This is in contrast with the idea of passive fold develop-
mulative strain is constant and homogeneously dis- ment implied by fault-bend, fault-propagation or
tributed in the fold limbs. The problems related to such detachment fold models. However, although single
passive kink-like thrust-related folding models have folds have a buckling origin, the large-scale structural
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Fig. 17 - Thrust-related fold models (a & b from FIscHER et
alii, 1992). (a) Staircase-trajectory thrust with fault-propa-
gation fold. (b) Flat-lying thrust with detachment fold. (c)
Smooth-trajectory thrust cutting through previously folded
beds (after CooPER & TRAYNER, 1986).

geometry may have been modified by transport of the
thrust sheet over an irregular ramp-flat morphology in
its underlying thrust surface. For instance, the large an-
ticlinorium defined by the Upper Triassic limestones
in profile B-B”’ (Fig. 2) could result from an overall
upward deflection of the hangingwall due to movement
above a ramp in the thrust surface at the base. Evidence
for this is provided by the progressive shallowing of
the axial surfaces and fold tightening towards the front
of the thrust sheets. These features closely resemble the
geometry shown by Ramsay (1989) for buckle folds de-
veloped above irregular ramp-flat thrust surfaces as the
result of shear strains within the sheets (Fig. 19).

(2) Footwall deformation. In its footwall, an ideal
staircase-trajectory thrust should show no fabric or
strain developed during its propagation and the stair-
case geometry should be preserved; the beds in the foot-
wall should be planar and unfolded. In the case of an
ideal smooth-trajectory thrust (Fig. 17¢), the footwall
should display strain and/or fabrics developed prior
to and during thrust propagation. In the present case,
the footwall of the thrusts is usually highly strained,
showing pervasive tight folding and cleavage fabrics
(Fig. 20a & b). Furthermore, minor reverse fault planes
associated with the thrusts can be observed to clearly
postdate fold formation in the footwall.

On the basis of the foregoing considerations, the
structural evolution for the Lagonegro Unit I during
the main (D;) deformation sequence may be envisaged
as follows:

(1) Buckling of the multilayer succession occurs
with the M. Facito Fm. acting as the main décollement
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level. First-order wavelength during buckling is main-
ly controlled by the 500 m-thick competent limestones
of the ““Calcari con selce’” which represent the mechan-
ically dominant member in the succession. The M. Faci-
to Fm. mostly consists of several hundreds of meters
of shales (Fig. 3), representing a thick incompetent level
at the base of the multilayer. Moreover, the up to sever-
al kilometers large neritic limestone blocks observed wi-
thin this formation in the upper Lagonegro nappe - in-
terpreted as olistoliths derived from the progressive col-
lapse, during Middle Triassic rifting, of a pre-existing
carbonate platform (Woob, 1981) - are likely to be ab-
sent in the more distal sediments of Unit I.

(2) Smooth-trajectory thrust faults propagate into
the already deformed multylayer cutting through
steep/inverted fold limbs (‘‘break thrusts’’).

(3) Fold geometry is modified by the shear strains
due to the riding of thrust sheets over irregular thrust
surfaces with ramp-flat footwall topography.

ORIENTATION ANALYSIS FOR LAGONEGRO
UNIT I

Although most of the early (F,) fold structures
are sub-horizontal to moderately plunging, a strong
variability is displayed by fold axial traces and axial
trends within the whole study area (cf. geological map).
As an example, F, fold axis azimuths from the central
part of the M. Sirino group are shown in Fig. 21, us-
ing both minor fold hinges and the strike of vertical
beds. Orientations lie in the whole range of angles from
NW-SE to NE-SW, and appear not to be related to
different thrust sheets. In fact, structurally homogene-
ous domains include parts of different thrust sheets
(Fig. 21). The change in structural orientation may ap-
pear to be quite abrupt, as for example between the
NW-SE-oriented folds of M. Papa and the area to the
northeast, where a large NE-SW-trending anticline is
observed (Fig. 22). However, where rock outcrop is
more continuous, the orientation of structural elements
can be observed to change progressively, defining ar-
cuate features with lengths of several hundreds of
meters to two kilometers at most. For instance, struc-
tural trends in the area of Mad. di Sirino can be ob-
served gradually changing orientation from NW-SE to
NE-SW within a few hundreds of meters, moving from
north to south (Fig. 23). Due to their limited dimen-
sions and to the absence of a direct relationship to the
thrusts, these arcuate geometries appear not to be
primary - i.e. thrust-related - features. They are inter-
preted to result from later (D,-related) distortion of
originally less arcuate and more continuous structures,
as will be discussed below. Extreme variability of ear-
ly fold orientations is observed in the southern sector
of Fig. 21 (La Coddatella). This variability results from
pervasive D, deformation in this area, shown by
numerous roughly E-W oriented F, folds (Fig. 24).

STRUCTURAL ELEMENTS OF THE D, DEFOR-
MATION PHASE

Outcrop-scale structures related to this deforma-
tion phase are discontinuously developed in all the
lithologies, but are more common in rock units com-
prising alternations of competent and incompetent
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Fig. 18 - Minor fold structures in Lagonegro unit I. (a) Tight anticlinal fold (hinge on the upper right) in “‘Calcari con selce’’
SE of Mad. di Sirino (E is to the right). (b) Cuspate-lobate folds in interbedded cherts, calcilutites with chert nodules and
argillites, upper part of the ““Calcari con selce’” SE of Mad. di Sirino. (c) Recumbent folds in radiolarian cherts (**Scisti silicei’”)
NE of Varcovalle (E is to the left). Note parallel fold geometry and convergent cleavage fan in more competent layers, and
class 3 fold geometry associated with divergent cleavage in less competent layers.

beds, such as the ““Galestri’’ and the argillite-rich mem-

T ber in the lower part of the ‘‘Calcari con selce’’. The

[ structures related to this deformation fold both bed-

ding and slaty cleavage associated with the principal

Fig. 19 - Schematic diagram to illustrate fold geometry result- period of deformation found in these rocks (Fig. 25).
ing from shear strains within a thrust sheet moving above an Mesoscopic F, folds in competent limestone beds
irregular ramp-flat thrust surface (from Ramsay, 1989). of the ““Galestri’’ have wavelengths of several cen-
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Fig. 20 - Thrust fault about 1 km ESE of M. del Papa (east
is to the left). Location is approximately B’ in profile B-B”’
(Fig. 4). (a) Upper Triassic ‘‘Calcari con selce’’ in the han-
gingwall belong to the normal limb of a syncline; Jurassic
cherts (“‘Scisti silicei’’) in the footwall belong to the inverted
limb of a syncline (note z-shaped chevron folds). (b) Tight
folds and well-developed axial plane cleavage in overturned
argillites in the footwall (basal part of the “‘Scisti silicei’’).

timeters to 2.5 m and amplitudes from few centimeters
to 1.5 m. They are mostly symmetric, open to tight,
with rounded hinge zones (Fig. 25a & b). Fold plunges
vary depending on structural position relative to early
(F)) folds; however, most of the F, are sub-horizontal
to moderately plunging (Fig. 26a). This feature reflects
field outcrop frequency: F, folds superposed on shal-
low dipping normal limbs of F; structures are exposed
over much larger areas than those developed on
steep/inverted limbs of early folds (Fig. 27). This bias
on the sampling probably contributes to the consistency
of axial directions measured over the whole study area
(Fig. 26a). The stability of axial directions of second
phase folds is probably also enhanced by the high an-
gle between the axial surface of F, and the surfaces be-
ing folded (Ramsay, 1967).

The wavelength of mesoscopic F, folds developed
in S, slaty cleavage is controlled by the wavelength of
adjacent buckled competent layers. Due to their cross
cutting relationships, bedding and early cleavage are
expected to undergo refolding in different axial orien-
tations (RAMSAY & HUBER, 1987). In the studied rocks,
however, axial orientations of both meso- and
microscopic folds developed in slaty cleavage (Fig. 26b
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& ¢) are similar to those developed in refolded compe-
tent beds (Fig. 26a). This feature is probably related
to the generally small angle between cleavage and bed-
ding (Mazzoi1r & CARNEMOLLA, 1993).

Centimetric to sub-millimetric folding of the ear-
1y slaty cleavage fabric produces heterogeneous crenu-
lation cleavages (S,) discontinuously developed in the
argillites (Fig. 25¢ & d). Where crenulation cleavage is
more intensely developed, attaining a discrete charac-
ter, the rock may be easily split in the directions of the
fissile surfaces defined by S; and S, and a pencil fabric
develops. The orientation of such pencils is generally
sub-parallel to F, axes measured in adjacent folded
competent beds.

A single non-conjugate set of crenulation cleavage
planes, approximately parallel to the axial surfaces of
adjacent F, folds in competent beds, is occasionally
observed (Fig. 28). In most of the cases, however, an
S, fabric is developed in these rocks in the form of
crossing conjugate cleavage planes (Fig. 25d). Con-
jugate cleavages have different attitudes depending on
the orientation of the early slaty cleavage fabric (which
varies from sub-horizontal to sub-vertical). They always
show contractional kink band geometries, recording lo- .
cal layer parallel shortening of the early fabric. Kink
bands have widths from few tens of microns to few cen-
timeters and lengths of up to more than 1 m; they com-
monly terminate abruptly against bedding surfaces of
adjacent competent layers. The angle between the two
differently oriented kink band arrays which faces the
inferred shortening direction is invariably obtuse, vary-
ing from 126° to 159° (mean dihedral angle is 142°).
Conjugate kink folds vary from symmetric to asym-
metric. Comparison with experimental work suggests
that symmetric conjugate folds arise when the principal
compressive stress is aligned parallel to the folded pla-
nar fabric, while asymmetric relationships develop
when this stress direction is obliquely inclined to the
early fabric (e.g. Ramsay & HuBer, 1987). In the
majority of the outcrops analysed, both sets of kink
bands are observed. Although in some cases conjugate
kinks show different degrees of development with one
set being dominant over the other, it is only rarely that
one set of kinks alone is developed. According to Ram-
SAY & HUBER (1987) this feature would suggest that in
most of the cases the principal directions of the over-
all (D,-related) bulk strain were close to parallel and
perpendicular to the general trend of the early fabric.
It must be noted, however, that the effect of stress
refraction due to anisotropy could lead to the develop-
ment of conjugate structures even when such conditions
of sub-parallelism and sub-perpendicularity do not oc-
cur (CoBBoLD, 1976).

In thin section, S, cleavages consist of small sym-
metric to asymmetric crenulations folding a continu-
ous cleavage defined by very fine grained phyllosilicates
and clastic grains (Fig. 29). Both discrete and zonal
crenulation cleavage types of Gray (1977a) are deve-
loped. Discrete crenulation cleavages are thin, dark pla-
nar discontinuities which have sharp distinct bound-
aries that truncate the crenulated preexisting fabric;
zonal crenulation cleavages are laminar domains rich
in phyllosilicates, coincident with differentiated limbs
of microfolds. The two cleavage types may be observed
progressivly grading into one another and into un-
differentiated microfold limbs, confirming that they
represent different stages in the process of crenulation
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Fig. 21 - Azimuths of F, fold axes determined from minor F, fold hinges and strike of vertical beds in the central area of
the M. Sirino group (kilometric grid of the ‘‘Foglio 210 della Carta d’Italia’’ is shown). Orientation data from the three do-

mains defined in the area also shown.

Fig. 22 - View of the SE-verging anticline NE of M. Papa.
Sub-vertical SE limb in the foreground, shallow dipping NW
limb in the background right (note chair lift for scale).

cleavage development (e.g. GrAY, 1979a). This main-
ly consists in the progressive tightening of buckle
microfolds followed by differentiation by solution-
transfer: the most soluble minerals (quartz, calcite) are
removed from the limbs of ‘“locked up’’ microfolds and
reprecipitated in the hinge zones (e.g. GRAY & DURNEY,
1979).
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From SEM observations, the conjugate structures
are defined by the axial planes of conjugate kink folds
in the undifferentiated fabric domains, or by more dis-
crete domains of preferentially oriented phyllosilicates
derived from the rotation and differentiation of
microfold limbs (Fig. 30a-d).

Crenulation cleavage is only rarely developed as
true crossing conjugate sets as it is observed here (e.g.
CosGROVE, 1976; RamsAY & HUBER, 1987). Based on
the comparison with theoretical and experimental work
on internal buckling within a confined anisotropic
medium, Gray (1979b) suggested that the development
of single or crossing conjugate axial planes depends on
the parameter ¢ = L/2H, where L microfold
wavelength and H = confinement distance (that is the
thickness of the layer in which the microfolds are de-
veloped). Experimental data show that small values of
¢ favour single parallel sets developed approximately
normal to loading, while conjugate sets oblique to the
loading direction may arise if ¢ is appreciable. In the
study area, the majority of the crenulation folds ana-
lysed have conjugate axial plane cleavages. In terms of
frequency of occurrence, single parallel sets are scarce.
This indicates that the wavelenghts of these natural
crenulations, which are dependent on the fabric
parameters (GrRay, 1977b), are comparatevely large
with respect to the thickness of the layers in which they
are developed.




o (f,“‘ P

) :
42 o 075 bs’é"‘w“\a{o\{\ Y [ —
- ® \‘5 \4{\\" 55 \Jm . K
o \u”wu 7“‘ FU
P \ 3 5“’2 / 0;;.':
",,‘25-} /n o5 u‘A"’"”’ \\0‘;;2/; /}‘:,)\ {1‘111 é
o4 27 B \\,’3 ~ ‘-0" £ \::;‘)/zn\% iz t
Ny {Azu O\ 3 e Moy + \: !
v e N IR
RN foe ok o4 ”];w” w
2N P L « A i i kA
S A L2
30 f H*m 13
%) 0

N
ARV T A
i '!’ 49 "3 ;/(’ ‘j;_rw
s mk wl? ¥ rw

Ty O b7y
’) I

W P
w ¥
rS AN ;
15 YR -
R e
2% ;o
W/ |
0 500 m

normal \;

Bedding overtumned -\’

Minor fold axis  \ f f¢
Cleavage {

Fig. 23 - Geological map and orientation data (poles to bed-

ding) for the area of Mad. di Sirino. CS = Calcari con selce,

Upper Triassic; SS = Scisti silicei, Jurassic; G = Galestri,

Lower Cretaceous. Kilometric grid of the ““Foglio 210 della

Carta d’Ttalia’’ is shown.

Dy-related strains

The geometry and orientation of conjugate folds
and kink bands is often used to determine the direc-
tions of principal stresses acting during the formation
of these structures (e.g. RaMsay, 1962; RAMSAY &
Huser, 1987). However, as folds represent states of
heteogeneous strain in anistropic rocks, they provide
information about directions of principal strains and
not stresses (e.g. RAMsAy, 1967; PATERSON, 1989).
Stresses could have been variable during fold develop-
ment as, in general, stress and strain axes do not main-
tain parallelism in anisotropic rocks (e.g. COBBOLD,
1976). Therefore, the geometrical relationships of con-
jugate structures are used in this study to infer direc-
tions of principal strain axes (X=Y =Z). By reinter-
pretaton of the ‘“‘conjugate bisector’’ method of Ram-
SAY (1962), the intermediate strain axis (Y) is approxi-
mately parallel to the intersection of conjugate kink
planes and the maximum and minimum strains bisect
the kink planes (Fig. 31). According to STUBLEY (1990)
the accuracy of the orientations determined by this
method is probably of +20°, based on the compari-
son with experimental results.

Orientations of the minimum strain axis (Z) cal-
culated by the conjugate bisector method are plotted
in Fig. 32a, while areal distribution of the data is shown
in Fig. 32b. Mean shortening direction obtained by the
analysis plunges 20° towards 198° and shows a gener-
al good agreement with the orientation of associated
fold structures (Fig. 26).

Minimum estimates of D,-related shortening were
obtained from seven different localities by the analy-
sis of competent layer folds. Single layer buckles
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Fig. 24 - Geological map of the area of La Coddatella. CS = Calcari con selce, Upper Triassic; SS = Scisti-silicei, Jurassic;
G = Galestri, Lower Cretaceous. Kilometric grid of the “‘Foglio 210 della Carta d’Italia”’ is shown.




Fig. 25 - Mesoscopic F, folds in interbedded limestones and argillites of the Lower cretaceous ““Galestri”’. (a) Open steeply
inclined folds NE of Serra Orticosa. (b) Close to tight moderately inclined folds S of M. Papa. (c) Folded slaty cleavage
at I Gavitone. Note conjugate sets of crenulation cleavages. (d) Crenulation cleavages forming conjugate kink bands in the

argillites E of Serra Orticosa.

Fig. 26 - Orientation data for F, folds (whole study area).
Contoured at 1, 3, S5... times uniform distribution. (a)
Mesoscopic fold hinges in bedding (186 data). (b) Mesoscopic
fold hinges in folded S, (36 data). () S,-S, intersection line-
ations and microfold hinges (111 data).
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Fig. 27 - Schematic diagram of F-F, geometrical relation-
ships. Note Type 1 interference patterns developed on earli-
er broad anticline and Type 2 patterns developed on earlier
tight syncline. F, deamplification towards the early anticli-
nal crest is to show schematically the heterogeneous develop-
ment of these folds.

(shown by disharmonic folding of adjacent competent
layers) were used. The ptygmatic shape of folded com-
petent layers (Fig. 25a & b) suggests a considerable com-
petence contrast and implies a small amount of layer
parallel shortening (e.g. Ramsay & HUBer, 1987). In
this situation, the comparison between the arc length
of the central line of the competent layer and the length
of the median surface of the fold wave can be used to




Fig. 28 - Buckled bedding-parallel calcite veins in the inner
arc of F, fold in interbedded limestones and argillites (‘‘Cal-
cari con selce’” E of M. Niella). Note crenulation cleavage
(developed in a single parallel set axial planar to F,).

Fig. 29 - Microphotograph of thin section showing one of
two conjugate crenulations deforming pre-existing slaty
cleavage (roughly horizontal). Note discrete (d) and zonal
crenulation (g) cleavages, and crenulation microfolds. Pic-
ture is 3.4 mm across.

Fig. 30 - (a) SEM photograph of polished surface showing conjugate microfolds and crenulation cleavages deforming early
slaty cleavage fabric (roughly horizontal). (b) Detail of (a) showing symmetric conjugate kink folds. (c) Detail of (a) showing
incipient zonal cleavage development along steeply dipping narrow fold limbs. (d) Detail of (a) showing zonal cleavage formed
by the reorientation of phyllosilicates along a former fold limb.

estimate minimum amounts of shortening. Values de-
termined by this method range from 1% to 52% (mean
28%). Considering the heterogeneous character and the
discontinuous development of D, structures, however,
it is difficult to assess an average amount of shorten-
ing on the regional scale.
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TIMING OF THE DEFORMATIONS

The onset of thrusting leading to the emplacement
of Lagonegro Unit IT onto Lagonegro Unit I cannot
be directly dated, as the youngest sediments on top of
the lower nappe in the study area are Lower Cretaceous



Fig. 31 - Schematic diagram of conjugate kinks and relation-
ship to the strain ellipsoid axes X=Y=Z (from Ramsay,
1962, modified after PATERSON, 1989).

tonian-Messinian) for the onset of deformation within
the Mesozoic Lagonegro units; this deformation was
preceded by the detachment of the Tertiary sedimen-
tary covers from their Mesozoic substratum (LENTINI
et alii 1990; RoURE et alii, 1991).

For the same reason as above (the youngest
Lagonegro basin sediments within the study area are
of Lower Cretaceous age), also the later (D,) shorten-
ing cannot be directly dated. Dominant N-S to NNE-
SSW compression, thus with a similar orientation to
the shortening determined from D,-related structures
in the study area, has been shown in the nearby San-
t’Arcangelo basin and dated as Early-Middle Pliocene
(HrppoLITE et alii, 1991). However, it has to be noted
that NNE-SSW shortening characterises the youngest
(Early Pleistocene) structures throughout the whole
southern sector (Campania-Lucania segment) of the
southern Apennines (CINQUE ef alii, in press).
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Fig. 32 - Orientation of maximum shortening axes from conjugate kink bands (conjugate bisector method). (a) Plotted data
represent mean values from 35 locations around M. Sirino (mostly Lower Cretaceous argillites). The data were treated by
Bingham statistics, giving the three eigenvectors which estimate the directions of the principal axes of symmetry of the parent
population. The mean direction for the maximum shortening plunges 20° towards 198° (95% confidence cones are shown).

(b) Areal data distribution.

in age and thrusting is certainly much younger. Accord-
ing to SCANDONE (1972, 1975b), deformation proba-
bly initiated in Langhian time based on the observa-
tion of Numidian Flysch on top of Lagonegro Unit II.
A Langhian age is also suggested by MOSTARDINT &
MERLINT (1986) and by HiiL & HAYWARD (1988) based
on section balancing of seismic reflection profiles across
the whole chain and of geological cross sections
calibrated by well data. CASERO ef alii (1988) indicate
a similar age for the initiation of thrusting in the inter-
nal part of the basin. However, recent geodynamic
reconstruction suggest a younger age (i.e. Upper Tor-

INTERFERENCE PATTERNS

Different types of the interference patterns defined by
RawMsay (1967) developed in the study area as a result of
fold superposition. Transitional forms between Type 1 and
Type 2 interference patterns are most commonly observed,
indicating that later shortening was sub-parallel or at a
small angle to early fold hinges. True (end member) Type
1 or Type 2 patterns are never observed, as fold superpo-
sition in this area produced mostly transitional forms be-
tween the two. For this reason, the structural descriptions
below refer to ‘““dominant interference patterns”.
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Dominant Type 1 interference patterns. Through-
out the Lagonegro - M. Sirino area several dome-
shaped structures can be seen (cf. geological map). M.
Sirino itself represents a large dome-like structure, com-
plicated by further interference structures on a smaller
scale in its interior. The large dome is bounded by steep
normal faults on its northern and northeastern sides,
but in its southern sector the southern plunge of the
structure can be clearly observed (Figs. 24 & 33).
Around M. Sirino, several broad anticlines show a
dome-like shape. Some, like those of M. Gurmara and
M. Castagnareto (Fig. 34) are short and nearly circu-
lar. Others, like those of M. Milego and Bramafarina,
although showing closed outcrop patterns, have a more
elongated shape (Fig. 2). These structures are also
sometimes partially fault-bounded. This feature is
probably due to the fact that the behavior of the rock
units during superposed deformations at very low-grade
metamorphic conditions (MazzoLi, 1993b) was not
completely ductile. Partially fault-bounded interference
structures similar to those mapped at Lagonegro have
been described by Dk Srrter (1952) in non-
metamorphic Mesozoic sediments in the Atlas Moun-
tains of Morocco. According to Ramsay (1967), in non-
metamorphic terranes the adaption of curvature of the
sedimentary beds into the interference forms may lead
to the setting up of a complex stress system in the lay-
ers and to the brittle fracture of the rocks in a com-
plex series of faults. Recently LisLE ef alii (1990) showed
how, during refolding, consistent geometrical problems
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arise in the accommodation of curvature of competent
layers if high competence contrasts occur in the se-
quence.

Outcrop-scale examples of dome and basin inter-
fence structures are seen at different localities from
major dome-shaped structures (for instance, on top of
M. Milego). They are best developed in the Jurassic
radiolarian cherts (Fig. 35) but may be observed also
in the cherty limestones (Fig. 36a & b).

Dominant Type 2 interference patterns. In this
type of fold superposition, the axial surface and both
limbs of the early folds are folded together. These in-
terference structures are (at least in part) responsible
for the arcuate patterns of F,; hinges in map-view (Fig.
21). They mainly affect tight, sharp hinged synclines,
as in the case of Mad. di Sirino (Fig. 23), La Coddatella
(Fig. 24), Il Gavitone (Figs. 37 & 38). Associated
outcrop-scale structures consist of F, folds at a high
angle to F, hinge orientation, showing variable plunge
depending on their position relative to earlier structures
(Fig. 39). :

Discussion. - On the basis of the observations above,
it appears that early fold shape is the major controlling
factor onthetype of interference pattern which developed
in the study area. The axial surfaces of tight sharp hinged
folds are folded, forming dominant Type 2 patterns of
interference, whereas folds with larger interlimb angles
and rounded hinges tend to develop Type 1 patterns. The
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Fig. 34 - Geological map of M. Castagnareto dome. CS =
Calcari con selce, Upper Triassic; SS = Scisti silicei, Juras-
sic; G = Galestri, Lower Cretaceous. Kilometric grid of the
“Foglio 210 della Carta d’Italia’’ is shown.

Fig. 36 - Gently inclined F, anticline in cherty limestones at
thrust tip east of B’ (cf. profile B-B’*). (a) View approximately
normal to F, axis (E is to the right). (b) Oblique view at a
high angle to F, axis. Note elongated dome shape with
major axis oriented roughly N-S.

the fact that most studies on superposed folding have
been carried out in high grade metamorphic rocks. Ac-
cording to WATKINSON (1981), the best areas to observe
the predominant mechanical effects of early folds on
later folds are areas that do not have markedly high strain
values, that is away from areas such as the deep-level in-
terior zones of orogenic belts where bulk strain effects
may predominate. The most common types of terrane
to develop such features are those of rocks folded under
low grade metamorphic conditions, where the bedding
has a strong mechanical control on folding. One such
areaisin the Cantabrian Mountains of NW Spain, where

Fig. 35. Minor structure associated with dominant Type 1
fold superposition: dome-shaped anticline from the crest
region of broad anticlinal fold NW of Mad. di Sirino (radi-
olarian cherts).

overall cuspate-lobate geometry of early folds, consist- large-scale interference patterns have been described
ing of tight, sharp-hinged synclines between broader (JULIVERT & MARCoOS, 1973). These authors were able to
anticlines, results in a pattern of large domes surround- show the difference in interference pattern between folds
ed by tight synclines showing arcuate axial trends (Fig. superposed on earlier tight antiforms and folds super-

27). This pattern is further complicated by the presence posed on earlier open synforms. Basins (Type 1 patterns)
of thrust faults (predating F,) and of the fold- form on open folds, whereas the axial planes of tight

bounding faults discussed above (cf. geological map). folds are folded, forming Type 2 patterns of interfer-
Experimental analogue models of superposed buck- ence (Fig. 40). Striking similarities with these patterns
ling suggest that early fold geometry exerts a major in- of interference are observed in the Lagonegro - M. Siri-

fluence on the patterns of interference (¢.g. WATKINSON, no area where, however, they are reversed due to earlier
1981; GHosH ef alii, 1992). The parameters of the early open antiforms and tight synforms, confirming the
folds which mostly affect the geometry of the superposed strong mechanical control exerted by the bedding dur-
folds are fold amplitude and fold tightness (Gruzic, 1992). ing superposed folding at very low-grade conditions.
For a given early fold amplitude, compression parallel

to the hinge lines of the first fold set (F,) produces a tran-

sition in observed interference patterns from Type 1 to KINEMATIC ANALYSIS OF THE LAGONEGRO

Type 2 with increasing tightness of early folds. AND ADJACENT NAPPES
Field-based studies showing such interference rela-
tionships are not numerous. This is probably due to As thrust faults related to D, shortening are not
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Fig. 37 - Type 2 interference patterns at 11 Gavitone (Lower
Cretaceous ““Galestri’’). (a) Steeply plunging F, folds super-
posed on the W overturned limb of F; syncline (N is to the
right). (b) Schematic outcrop map (angle of dip of bedding
and cleavage is indicated). As a result of refolding the steep
western limb of F, shows a changing polarity in the three
different sectors defined by F, axial planes. Bedding-clea-
vage relationships indicate a change of polarity from over-
turned to normal to overturned again moving from north to
south.

Fig. 38 - Schematic diagram of the refolds of Fig. 37.
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Fig. 39 - Minor structures associated with dominant Type 2
fold superposition. (a) Steeply plunging, upright open F,
folds from the western limb of tight earlier syncline of Mad.
di Sirino (NNW is to the right). Jurassic radiolarian cherts.
(b) Upright open F, folds superposed on tight F; syncline,
footwall of the thrust fault E of Serra Ortcosa (N is to the
right). Lower Cretaceous ‘‘Galestri’’. (c) Line drawing from

(b).

observed, the kinematic analysis is restricted to the
main (D;) deformation sequence. Thrust-related
kinematic indicators are observed only at few locali-
ties from the main contact between the two Lagonegro
nappes and from thrust faults within the lower nappe.
Kinematic indicators from the M. Foraporta units out-
cropping in the western sector of the study area (Fig.
2) have also been included in the analysis (Fig. 41). The
imbrication of these units probably also occurred wi-
thin the D, deformation sequence, with a general
transport direction towards the Apulian foreland.
Kinematic indicators may have been reoriented by
later (D,) deformation. Therefore, the data of Fig. 41
must be interpreted with caution, as it is not possible
to specify to what extent later deformation influenced



fem
—

(b)

Fig. 40 - Superposed folding with Type 1 patterns on earlier
open folds and Type 2 patterns on earlier tight folds (from Wat-
kinson 1981). (a) Cantabrian refolds (cf. JULIVERT & MARCOS
1973). (b) Analogue model experiment (WATKINSON, 1981).

@ Alburno-Cervati unit
[:] M. Foraporta units
Lagonegro Unit I
E:l Lagonegro Unit 1

“Flvsch™

Fig. 41 - Thrust transport direction of the different tectonic
units in the Lagonegro area (arrow indicates the relative move-
ment of the upper block). Kinematic data are derived from
shear bands, s-c tectonites, striac and shear vein fibres on fault
planes. Data refer to: 1, 2, M.Foraporta Unit; 3, 4, Lagonegro
Unit II; 5, 6, Lagonegro Unit 1.

the primary range of movement directions. In any case,
overthrusting directions reconstructed for the differ-
ent tectonic units are reasonably consistent, varying
from NNE- to ENE-oriented in present-day co-ordi-
nates.

The kinematic indicators used at the different lo-
calities shown in Fig. 41 are briefly discussed below.
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The results of the kinematic analysis are summarized
in Table 1.

Monte Foraporta Unit

West of the town of Lagonegro, Triassic-Jurassic
carbonate slope or proximal basin sediments outcrop
within a series of small tectonic slices intercalated be-
tween the Alburno-Cervati Unit (western platform) and
the underlying Lagonegro units (Fig. 2).

The contact between the limestones of Tempa Per-
tusata slice and the black dolomites of Carcuni slice
is well exposed along the road ¢‘S.S. delle Calabrie (N.
19)’’ at km 109, SSE of M. Cervaro. At this locality
(site 1 in Fig. 41), calcite shear-vein fibres and striae
on fault surface indicate an overthrusting direction to
the NNE.

South of Tempa Foraporta (site 2 in Fig. 41) the
black dolomites of Carcuni slice can be observed tec-
tonically overriding the white dolomites of Nizzullo
slice. The fault contact at this locality is very sharp and
shows a highly polished and striated surface. Dolomites
above and below the contact are strongly fractured and
brecciated. Striae on the slickenside surface show an
overthrusting direction to the ENE. It must be noted,
however, that striations on slickensides generally record
the last movement on the fault plane (e.g. RAMSAY &
Huszr, 1987). These data must therefore be interpret-
ed with caution.

Lagonegro Unit 11

At Tempa di Roccarossa (site 3 in Fig. 41), sever-
al meters thick green chloritic claystones are found close
to the basal thrust underlying the large neritic limestone
block (M. Facito Fm.; Fig. 9). They show a well-
developed shallow-dipping foliation and contain
broken and often rotated fragments of laminated cal-
carenite, micaceous sandstone cobbles and rounded
neritic limestone fragments. Many of the clasts show
tails of calcite fibres developed in pressure shadows
(Fig. 42a). The orientation of these fibres is parallel to
that of the calcite fibre lineation observed on the foli-
ation plane (i.e. NE-SW; Fig. 42b). These pressure-
fringe structures show a very similar geometry to that
of g,-type structures developed around porphyroclasts
in mylonitic rocks (where, however, pressure shadow
tails are dynamically recrystallized; e.g. PASSCHIER &
SmMPSON, 1986). As in the case of o-structures (Fig. 43),
the tails on either side of the clast *‘step up’’ to the op-
posite side of the reference plane (parallel to the main
foliation), so that an overall sigmoidal shape is attained
(Figs. 42a, ¢ & d). The asymmetry of the pressure
shadows on either side of the clast is the result of a rota-
tional deformation history and can serve as a valuable
indicator of the sense of vorticity (MALAVIEILLE ef alii,
1982). Deflection of the foliation occurs in a small dis-
torted zone adjacent to the clast, where the foliation
gradually changes in orientation to become roughly
parallel to the clast margins in a similar fashion to that
of Fig. 43b. The sense of shear given by these struc-
tures is invariably top to the NE. The same sense of
shear is obtained by shear bands which deflect the foli-
ation in the argillites (Fig. 44). These structures
represent small-scale ductile shear zones that form wi-
thin shear zones of larger dimensions. They are consi-
dered to represent one of the most reliable shear-sense
indicators (SMPSON & ScEMID, 1983). Shear bands form
a weakly penetrative foliation at a low angle to a pre-




Table 1 - Thrust-related kinematic data from Lagonegro and adjacent nappes.

Movement direction of

Site Tectonic unit Lithology Kinematic indicator upper block (azimuth)

1 T. Pertusata Limestones Shear vein fibres, striae 031°

2 Carcuni Dolomites Striae 068°

3 Lagonegro 11 Argillites Shear bands, pressure fringes, shear vein fibres 042°

4 Lagonegro I1 Argillites Shear vein fibres 049°
Limestones s-c tectonites

5 Lagonegro I Argillites Shear bands 063°
Limestones s-c tectonites, shear vein fibres

6 Lagonegro I Argillites Shear bands 077°

Fig. 42. Structural features from the shear zone at the base of Lagonegro Unit IT at Tempa di Roccarossa (M. Facito Fm.)
showing top-to-the-NE sense of shear (excluding (b), NE is to the right of all the pictures). (a) Calcite fibres (arrowed) at
one end of a sigmoidally-shaped limestone clast (pressure-fringe structure). (b) Calcite shear vein fibres on foliation plane.

(c) Ellipsoidal o,-type clasts. (d) Oblong o,-type clast.

existing foliation; the geometric relationship between
the two foliations indicates the overall sense of shear.
The intersection line between the early foliation and
the shear bands is generally perpendicular to the stretch-
ing lineation in the rock (in the present case it is per-
pendicular to the mineral fibre lineation). Shear bands
only occur locally, with limited lateral continuity, and
never form a pervasive feature in rocks. They are con-

139

sidered to develop during the final stages of high-strain
deformation in homogeneously foliated sheared rocks
(WHITE ef alii., 1980; SMPSON & SCHMID, 1983). In the
present case, the pre-existing foliation in the argillites
is defined by a pervasive preferred orientation of phyl-
losilicates. In Fig. 44 it can be observed how the ge-
ometry of the clasts is modified by the heterogeneous
fabric due to the development of the shear bands. The
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Fig. 43 - Geometry of o-type porphyroclast systems with sinis-
tral sense of vorticity (from Passchier & Simpson, 1986). (a)
o-type system (X; shows reference plane). (b) Foliation
deflection around o-type systems. (c) o,-type (equidimen-
sional, ellipsoidal, oblong); pressure fringes. (d) oy-type as-
sociated with shear bands.

Fig. 44 - Shear bands (showing top-to-the-NE sense of shear)
in green argillites of M. Facito Fm. close to the thrust con-
tact at the base of Tempa di Roccarossa (NE is to the right
of the picture). Note how the geometry of the clasts on the
right side of the picture is influenced by the shear band fabric,
attaining a g,-type geometry.
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clasts are rotated and sheared along the NE-dipping
shear bands, and attain a geometry similar to that of
op-type porphyroclast systems in mylonites (Fig. 43d).

Scattered E-W trending minor folds of centimet-
ric amplitude are also observed folding the foliation
in the argillites; they most probably relate to the later
(D,) contractional deformation phase.

The presence of a well-developed foliation and of
shear bands in the argillites, together with the geome-
try of limestone and sandstone clasts imbedded in the
matrix, suggest that these rocks have been strongly
sheared. They are interpreted as the product of the
deformation of terrigenous and calciclastic sediments
of the lower M. Facito Fm. (cf. Woob,1981) within a
several meters thick shear zone that developed at the
base of the large neritic limestone block during nappe
emplacement.

At Tempa S. Maria (site 4 in Fig. 41), the Upper
Triassic ‘“Calcari con selce’” of Unit IT overthrust the
Lower Cretaceous ‘‘Galestri’’ of Unit I (Fig. 5). The
argillites in the footwall show calcite shear vein fibres
on the cleavage surface indicating NE-directed over-
thrusting. The shallow dipping limestones immediate-
ly above the thrust surface show a curved pressure so-
lution cleavage which defines sigmoidally-shaped li-
thons. The overall geometry is similar to that of s-c
structures (BERTHE ef alii, 1979; SiMPSON & ScHMID,
1983; LisTER & SNOKE, 1984), with the sigmoidal pres-
sure solution cleavage defining the s-structure and the
shear banding (c-structure) being sub-parallel to bed-
ding (which is, in turn, sub-parallel to the thrust plane).

Lagonegro Unit 1

Although thrust faults within this unit are some-
times well exposed (Fig. 20a), reliable kinematic indi-
cators have only been found at a few localities. One
such locality is about 800 m NNE of the village of Var-
covalle (site 5 in Fig. 41), along a thrust fault which
brings the Upper Triassic ‘“Calcari con selce’” onto the
Lower Cretaceous ‘‘Galestri” (Fig. 2). Here, calcite
shear fibres and s-c tectonites are developed in the lime-
stones in the hangingwall, indicating a relative move-
ment of the upper block towards present-day ENE. In
the ““Galestri’’ of the footwall, shallow dipping shear
bands are observed which deflect the S, slaty cleavage
in the argillites. Although no mineral-fibre lineation is
developed in these rocks, the movement direction of
the shear bands is assumed to be approximately per-
pendicular to the intersection lineation of the shear
bands and the S; cleavage. The constructed movement
direction of the shear bands indicates an ENE over-
thrusting direction, consistent with that obtained from
the limestones in the hangingwall.

Shear bands which deflect the S1 slaty cleavage in
the argillites of the ‘“Galestri’’ are observed also at site
6 of Fig. 41, in the footwall of the thrust fault east of
Serra Orticosa (Fig. 2). The constructed movement
direction for these shear bands indicates ENE-directed
overthrusting.

CONJUGATE SHEAR ZONES

Conjugate sets of en-echelon veins are observed
at several localities in the Jurassic radiolarian cherts
and more commonly in the Upper Triassic limestones.
The veins generally lie at a high angle to the local bed-



ding. They are usually filled with calcite fibres in the
limestones, whereas they can be either quartz- or cal-
cite filled in the cherts. The arrays consist of straight
" (Fig. 45a) or, much more commonly, sigmoidally-
shaped veins (Fig. 45b), showing the typical geometry
of brittle-ductile shear zones; the conjugate relation-

Fig. 45 - Conjugate sets of en-echelon calcite filled veins (N
is to the left for both pictures). (a) Jurassic cherts along the
road “‘S.S. delle Calabrie’’ west of Tempa Forapora. (b) Up-
per Triassic limestones (‘“Calcari con selce’’) SE of Mad. di
Sirino.

ships can be used to evaluate the orientation of the bulk
strain axes using the methods well established in the
literature (RaMsAY & HUBER, 1987). The analysis has
been carried out from locations where the two con-
jugate vein systems were equally developed, so that the
maximum (X) and minimum (Z) bulk strains are found
at the dihedral angle bisectors, and the intermediate axis
(Y) is located at the intersection of the conjugate sets.
The angle between the conjugate systems is quite vari-
able, ranging from 20° to 73° (mean dihedral angle
from 28 measured conjugate sets is 46°). The acute an-
gle between the shear zones always faces the direction
of bulk shortening determined from their relative sense
of displacement. Orientation of the bulk shortening
axes determined by this method throughout the whole
study area are shown in Fig. 46. Two groups of con-
jugate shear zones have been distinguished on the ba-
sis of the bulk shortening direction indicated by them.
Fig. 46a & b show roughly E-W and N-S shortening
obtained from the analysis of groups I and 2, respec-
tively. In a few cases, cross-cutting relationships be-
tween the two families cbuld be observed, with con-
jugate shear zones belonging to group 2 overprinting
zones related to group 1. This relative timing of shear
zones development shows a general good agreement

Group 1

22 Data 6 Data

Fig. 46 - Orientation data for minimum bulk strain axis (Z)
determined from the analysis of conjugate en-echelon vein
systems (whole study area). (a) Data from group 1 shear
zones. (b) Data from group 2 shear zones.

with the superposed D; and D, deformations
described above. In most of the cases, however, only
one of the two families is developed at each outcrop.
In these cases the attribution to one or the other group
of structures was based exclusively on orientation, and
therefore must be taken with caution.

FINITE STRAIN DATA

Finite strain states associated with the deforma-
tion have been measured from ellipsoidal iron-reduc-
tion bodies (e.g. Woob et alii, 1976) which occur wi-
thin the red mudstones at the base of the Jurassic radi-
olarian cherts (Fig. 47a). These natural strain indica-

Fig. 47 - Reduction spots from red mudstones at the base of .,
the Jurassic “‘Scisti silicei”’. (a) Cleavage surface (XY prin-
cipal plane). (b) Thin section showing XZ principal plane.




tors are perfect triaxial ellipsoids which have their XY
principal plane parallel to the plane of slaty cleavage,
irrespective of the varying angular relations between
the cleavage and the primary sedimentary layering.
Their size varies in the study area from less than 1 mil-
limeter to more than 1 centimeter across. According
to Woob ef alii (1976) these indicators, first described
as “‘reduction spots”’, are ellipsoidal bodies in which
the total iron content of the rock is drastically deplet-
ed rather than being in a different oxidation state com-
pared to the enclosing rock. The ellipsoids are the result
of iron diffusion from point sources that are small com-
pared to the volume of each ellipsoidal body. As such,
they are at one end of a development spectrum, the op-
positg end of which consists of continuous planar zones
of iron depletion along the primary sedimentary layer-
ing. Such zones, as well as discontinuous and irregu-
lar ones, are commonly observed in the red mudstones
where the strain markers are found. The iron which has
been depleted was mainly fine-grained haematite and
its removal permits the otherwise masked pale green
colour of chlorite to contrast with the purple and red
colours of the non-depleted bulk of the rock.

Methodology. - Surfaces parallel to the cleavage
were first analysed in order to determine the exact
orientation of the long (X) and intermediate (Y) axes
of the finite strain ellipsoid. The deformed reduction
bodies were analysed with a Macintosh based digitiza-
tion and morphology measurement system - Image
Analyst (v. 7.2, Automatix Inc, Billerica, Mass., USA).
This system, originally developed for and often em-
ployed in industrial robot vision applications, automat-
ically detects the exterior outlines of objects and gener-
atesit large suite of morphology metrics for each out-
line detected. A subset of these parameters was used

Table 2 - Finite strain data from reduction spots. X =Y=Z are the

for strain determinations: axial ratio (R¢) and orienta-
tion (¢) of the longest diameter with respect to the strike
of the cleavage. Mean ellipticity (R,) was determined
by the harmonic mean (H) of the measured axial ra-
tios (Rp) (e.g. Ramsay & Husgr, 1983; LisLE, 1985)

1
H =N/ R}
N

while the vector mean ¢ was obtained according
to LIsLE (1985):

_ 1 1
¢ = 1 arctan (X sin 2¢ / X cos 2¢)
N N

The specimens were subsequently cut normal to
the cleavage and parallel to the maximum extension
direction determined as above in order to perform im-
age analysis and Ry/¢ measurements on the XZ prin-
cipal section of the finite strain ellipsoid (Fig. 47b).

Results. - Three-dimensional finite strain data de-
termined from different sites in the M. Sirino group
(Lagonegro Unit I) are shown in Table 2 (parameters
of individual ellipses measured by image analysis are
listed in Mazzoli, 1993a). The measured strains appear
not to be influenced by the later (D,) deformation as:
(1) no S, fabrics were observed deforming S; from the
sites where the spots were sampled, (2) the XY prin-
cipal plane of the finite strain ellipsid is always parallel
to the S, cleavage.

Most of the data plot in the apparent flattening
field (Fig. 48). Dip angle (Table 2) of the maximum
extension direction (X) varies from 3° to 50°, but is
generally shallow (mean = 21°, standard deviation s

principal axes of the finite strain ellipsoid. ¢ is the

angle betweer} X and the strike of the cleavage (anticlockwise: + ve, clockwise: -ve). K = (¢, - e)/(e- €3); D = [(g, - eZ)2 +

+ (e - &)1

Cleavage Axis orientation

AXis rati

Sample attitude X Y Z (dq;g) X Y . Z K D

S8 275/38 189/03 282/38 095/52 4 1.32:1: 041 0.32 0.92
S107 155/12 175/12 075/02 335/78 -70 2.14:1:0.33 0.69 1.34
S149 295/50 295/50 025/00 115/40 89 246 :1:0.38 0.93 1.32
S154 050/80 323/19 113/69 230/10 19 146 : 1:0.50 0.54 0.79
S155 245/48 312/24 202/40 065/42 -31 1.85:1:0.54 1.00 0.87
S156 265/55 353/03 260/55 085/65 -3 1.46 : 1:0.30 0.31 1.26
S158 252/58 313/37 189/37 072/32 -44 1.32:1:0.19 0.17 1.65
S159 245/65 173/33 305/47 065/25 35 1.49 : 1 :0.56 0.70 0.70
S160 270/40 201/18 304/34 090/50 26 2.05:1:0.89 6.24 0.73
S161 230/38 311/06 216/37 050/52 -9 2.63:1:0.57 1.73 1.12
S162 235/32 292/18 194/25 055/58 -34 1.52:1:0.44 0.51 0.91
S164 245/68 175740 314/42 065/22 42 1.42 : 1 :0.58 0.65 0.64
S165 237/20 192/15 286/13 057/70 44 2.08:1:0.52 1.14 0.97
S166 260/26 210/18 305/18 080/64 40 1.66 : 1 : 0.40 0.55 1.05
S168 198/43 279/09 181/42 048/17 -12 1.53 : 1 : 0.46 0.54 0.89
S172 210/50 256/40 143/26 030/40 -56 1.61 : 1 :0.60 0.92 0.70
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Fig. 48 - Logarithmic deformation plot of finite strain data
from reduction spots. -¢, = 1n Ryy; €65 = 1n Ry,.

= 14°). The intermediate (Y) axis shows a mean dip
of 33° and a larger variability (s = 18°), while the mini-
mum extension (Z) is generally moderately plunging
(mean = 45°, s = 20°). Considering such orientation
features, the representation of the finite strains has been
carried out by drawing the shapes of the XY principal
plane strain ellipses on the map (Fig. 49). As the inter-
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Fig. 49 - Map showing the shapes of XY principal plane strain
ellipses from the area of M. Sirino. The angle of dip of the
intermediate (Y) axis is shown beside each ellipse (on the side
of the direction of dip).

mediate (Y) axis is generally not sub-horizontal and
shows a variable dip, the angle of dip of the Y axis is
shown beside the corresponding ellipse. In Fig. 3.48 it
can be seen that there is a tendency for the maximum
extension direction (X) to align either sub-parallel or
sub-perpendicular to the main structural trends (axial

143

traces, thrust faults). Therefore, the shapes of either
the XZ or the YZ principal plane strain ellipses is
represented in cross-section (Fig. 50), depending on the
orientation of the X axis (sub-parallel or sub-
perpendicular to the profile, respectively).

Discussion. - The strain features shown in Figs.
49 & 50 do not allow a simple strightforward interpre-
tation. Although they do not appear to record any
D,-related deformation, measured finite strains prob-
ably do reflect superposed deformations. In fact, the
data were obtained from mudstone lithologies in which
compactional effects may have a major influence on
finite strain states (OERTEL, 1970; RAMSAY & WooD,
1973; SANDERSON, 1976; RaMsAY & HUBER, 1983; BEUuT-
NER & CHARLES, 1985; WRIGHT & HENDERSON, 1992).
As has been observed above, a pattern to the orienta-
tion of the maximum extension axis (X) can be recog-
nized, as it tends to align either sub-parallel or sub-
perpendicular to the main structures. A more detailed’
analysis has been carried out by measuring the angle
between the X direction of the finite strain ellipsoid and
the local fold axis (given by the bedding-cleavage in-
tersection lineation) at each locality (Fig. 51). This an-
gle shows a roughly bimodal distribution, confirming
the general trends observed on the map of Fig. 49. This
type of distribution, with maxima at a low and at a high
angle to the local fold axes, can be the result of a defor-
mational history involving the superposition of tectonic
strain on consistent volume loss related to diagenetic
compaction (MazzoL1 & CARNEMOLLA, 1993). This type
of superposition may also account for the oblate shape
of most of the measured finite strain ellipsoids (Fig.
48). It has to be noted, however, that locally a compo-
nent of true tectonic extension sub-parallel to the fold
axes cannot be ruled out. Definite evidence on this point
is lacking as no absolute length change markers were
available.

SUMMARY AND CONCLUDING REMARKS

Fieldwork in the Lagonegro - M. Sirino area has
allowed the reconstruction of a structural evolution in-
volving a sequence of superposed deformations. The
main points of such evolution are summarized below.

(1) The earliest deformation recorded by the
Mesozoic Lagonegro sediments is that related to di-
agenetic compaction. This is important especially in the
less competent lithologies (mudstones and argillites),
as shown by the finite strain data above and by the
deformation fabrics (Mazzorr & CARNEMOLLA, 1993).

(2) Folding in the upper Lagonegro unit (II) ap-
pears to have been essentially coeval with nappe em-
placement, as shown by the relation between fold ge-
ometry and structural position within the nappe.

(3) The main nappe contact is itself gently bowed,
but is discordant to the structures in the footwall. Lo-
cally it also cuts down-section in the direction of trans-
port into the underlying Lagonegro Unit I. When the
results of the kinematic analysis of the present study
are considered, such out-of-sequence features can be
observed also from the map and the profiles of Tor-
RENTE (1990) from an adjacent area north of M. Gur-
mara, and from SCANDONE (1972) on a more regional
scale. The gentle folds defined by the thrust surface
roughly show a correspondence to structures in the
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Fig. 50 - Cross-sections showing the shapes of the XZ or YZ (indicated) principal plane strain ellipses.
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Fig. 51 - Angle between axis of maximum finite extension
(X) and bedding-cleavage intersection lineation measured at
each locality in Fig. 49.

footwall, although folds in the footwall are much tight-
er. For instance, the klippe between M. Gurmara and
M. Niella is preserved in a syncline of the underlying
Lagonegro Unit I (profile A-A’ in Fig. 4). All these fea-
tures suggest that folding within the lower nappe (Unit
I) was also essentially coeval with the emplacement of
the upper nappe. Movement of Unit II over an already
deforming footwall would have caused the observed
cut-off relationships of the nappe contact at different
stratigraphic levels in the footwall. Continued fold de-
.velopment and tightening led to gentle folding of the
thrust surface itself.
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(4) Further thrusting occurred within Lagonegro
Unit I, involving faulting of already folded rocks with
only limited displacements compared to the main nappe
transport. Where such displacements were more con-
sistent, however, fold geometry appears to have been
modified by movement over the thrust surfaces: folds
tighten and axial planes become progressively shallower
towards the thrust tip-line (profile B-B’ in Fig. 4).

(5) Kinematic analysis of the Lagonegro and ad-
jacent nappes indicates (present-day) E- to NE-directed
overthrusting throughout the whole deformation se-
quence (D,) described in (2) to (4) above.

(6) Refolding of the whole tectonic pile occurred
as a consequence of (present-day) N-S to NNE-SSW
shortening (D). This event produced different types
of interference structures at various scales. The most
commonly observed are transitional forms between
Type 1 and Type 2 interference patterns of RAMSAY
(1967). Although these are complex structures that
never represent simple end-members, at a first approx-
imation a pattern can be recognized consisting of
(dominant Type 1) dome-like structures developed on
early broad anticlines and of (dominant Type 2) tight
synclinal structures with folded axial surfaces developed
on early ‘‘pinched’’ synclines.

(7) Folding of the axial surfaces of early structures is
at least partly responsible for the markedly arcuate F,
structural trends. It must be noted, however, that it is not
possible to determine how much of this curvature was
preexisting (i.e. related to D, thrusting), and how much
was accentuated or newly formed by D,-related strains.
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