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ARBSTRACT: ALEXANDER D.E., «Structural grain» in landscapes and its
relationship to large-scale slope deformations. {IT ISSN 0391-9838, 1997).

High relief is often endowed with a «structural grain» of topographic
highs and lows obtained by selective erosion of tectonic and structural li-
neaments. Rock-mass fracture patterns exert a major influence on slope
stability both at the surface and at various depths beneath it. This paper
discusses some of the endogenous causes of deep-seated gravitational
deformations and relates them to morphostructure and lithological weak-
nesses produced by tectonics. Using examples from peninsular ITraly, it
examines the structural and tectonic setting of deep (and associated shal-
low) slope movements on an anticline, at a mountain front, and on the rim
of an overthrust syncline. All of the movements occur in sedimentary ma-
terial of varied coherence and resistance to erosion. Lastly, a simple con-
ceptual model is proposed to relate deep-seated gravitational deformations
to shallow slope movements. It is concluded that morphotectonic condi-
tions must often be studied before deep-seated slope movements can be
understood, but the subitle interplay of forces between deep and shallow
mass movements leads to an equifinality that complicates the explanation
of both phenomena and obscures their relationship with crustal stresses.

* KEY WORDS: Deep-seated gravitational deformation, Lineament,
Mass movement, Rock slope, Sackung, Tectonic geomorphology.

RiaSSUNTO: ALEXANDER D.E., La «Patina strutturale» nel paesaggio
naturale e il suo rapporto con le deformazioni gravitative profonde. (IT
ISSN 0391-9838, 1997).

La fisiografia ad alto rilievo presenta spesso una «patina strutturale»
di alti e bassi topografici che deriva da un’erosione selettiva di lineamenti
tettonici e strutturali. L'assetto della fratturazione nelle masse rocciose
esercita un’effetto notevole sulla stabilita dei versanti sia in superficie che
a varie profondira nella litosfera. Questo articolo considera alcune delle
cause endogene della deformazione gravitativa profonda e le mette in rap-
porto con la morfostruitura e con le debolezze litologiche indotte dalla
tettonica. Utilizzando alcuni esempi provenienti dall’ltalia peninsulare,
questo studio esamina l'assetto strutturale e tettonico dei movimenti
profondi di versante, tenendo conto di associati movimenti superficiali.
Gli esempi s riferiscono a vari assetti litostrutrurali, compresi un asse an-
ticlinale, un piedimonte, e orlo di una struttura sinclinale accavallata per
via di un’eccesiva deformazione compressionale. Tutti questi movimenti
accadono in materiale sedimentario di varia coerenza e resistenza all’ero-
sione. Per concludere, viene proposto un semplice modello concettuale
per trarre un rapporto tra i movimenti gravitativi profondi e le instabilita
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superficiali di versante. In sintesi, un’accurata conoscenza delle cause dei
movimenti gravitativi profondi necessita di uno studio delle condizioni
morfotettoniche del sito, sebbene il sottile rapporto tra i meccanismi che
legano i movimenti di versante profondi con quelli superficiali comporti
un’equifinalita che complica la spiegazione di entrambi i fenomeni e che
oscura il loro rapporto con le forze della tetronica.

TERMINI CHIAVE: Deformazione gravitativa profonda, Geomorfologia
strutturale, Insaccamento, Lineamento, Movimento di massa, Versante in
roccia. .

INTRODUCTION

In many parts of the world the pattern of faulting and
jointing closely reflects the strength and direction of the
dominant tectonic forces (Hancock & Engelder, 1989). Di-
scontinuity patterns have two principal influences on local
geomorphology. First, at the land surface, selective erosion
tends to accentuate weaknesses and thus to create a «struc-
tural grain» of topographic highs and lows which reflects
the orientation, location and density of discontinuity"sy-
stems. At all scales landslides can be initiated or guided by
such physiography (Tricart, 1974). Secondly, subsurface
fracture traces may influence the size, rate and direction of
mass movement (Hencher, 1987). Thus the study of fami-
lies of discontinuities can illuminate, not only the characte-
ristics of tectonic stress fields, but also some of the funda-
mental causes of slope instability (Alexander & Formichi,
1993). This is especially the case regarding large, slow
deep-seated deformations that lack a elear and unified ba-
sal shear plane. The mechanisms governing such move-
ments are sufficiently endogenous to encourage careful
consideration of the role of rock mass discontinuities in
their genesis and evolution.

This paper will first present some reflections on the
causes and development of gravitational deformations.
Next, lineaments will be considered in terms of their po-
tential contribution to mass movement and their geo-
morphological role as the creators of a structural pattern

that may influence slope stability. Causal links will be hy-
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pothesized between lineament patterns, structural grain
and gravitational deformations, and several examples of
deep mass movements in the Italian Apennines will be pre-
sented to illustrate them. Lastly, the experience gained
from analysis of field examples will be adduced into a mo-
del of the relationship between deep-seated movements
and associated variables of slopc and environment,

THE NATURE OF DEEP-SEATED GRAVITATIONAL
DEFORMATIONS

Deep-seated gravitational deformations (Sackungen, Zi-
schinsky, 1969; spreading ridges, Radbruch-Hall, 1978;

TABLE 1 - Elements of a mass movement classification

COHERENT A rock (massive unit)
AA rock column (e.g., vertically
jointed)
AB rock wedge (e.g., defined by
inclined joints)
AC rock block (e.g., defined by
orthogonal joints)
AD rock mass {fractured)
DETRITAL B debris
| BA talus (scree)
GRANULAR C sediment
CA sand
CBsilt
CC loess
D regolith
DA earth
DB soil
COHESIVE DC mud
1 fall
2 topple
21 buckle
3 slide (translational, planar)
4 slump (rotational, arcuate)
41 gravitational fault
42 Sackung
5 creep
51 shear deformation
52 intergranular creep
6 camber
61 spread
62 glide
7 avalanche
8 flow
81 solifluction
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depth creep, Ter-Stepanian, 1974) have tended to confound
the taxonomists of mass movement. Varnes (1978) placed
them in several categories of his well-known classification,
including bedrock slides, spreads and flows, earth block
slides, and complex slump-flow-topple phenomena. Nem-
cock & aliz (1972) included them in landslide classes invol-
ving creep and sliding motions; while Goodman & Bray
(1976) placed them in the block flexure toppling category.
The root of the problem is the difficulty of defining mode
of movement in the field, and the vagueness of these classi-
fications regarding the size and velocity of the mass move-
ments that they deal with. Table 1 gives some of the ele-
ments of a classification (Alexander, currently unpubli-
shed) in which deep-seated gravitational movements most
naturally fall into the categories fractured rock (AD - sce
tab. 1), dry or unhydrated conditions (41, 42 - see tab. 1),
and translational or roto-translational movement. Given
that they occur in ductile but relatively coherent solids, su-
ch movements are likely to fall into Varnes’s «very slows
to «extremely slow» categories (Varnes, 1978).

Causally, gravitational deformations belong to a class of
phenomenon that falls inconveniently between several mo-
re straightforward and clearly identifiable end members.
At one extreme, faulting and jointing can usually be rela-
ted to particular stress regimes that have produced regio-
nal and local patterns of fracturing (Hancock & Engelder,
1989). At the other, mudflows and slumps can generally be
correlated with aspects of climate and the erosional deve-
lopment of slopes (fig. 1), even though there is increasing
evidence that they may be conditioned indirectly by tecto-
nic factors. Sand boils caused by liquefaction can be attri-
buted to seismic forces, while rock topples from an evol-
ving cliff face can be related to stress release and undercut-
ting (Evans, 1981). However, Sackungen and other forms
of gravitational deformation do not fit into a simple
mould, for in most cases they are neither overtly tectonic
nor the direct result of climatic inputs of kinetic energy.
They result instead from gravitational influences upon ter-
ranes that have been conditioned structurally by tectonics
(and other forms of diastrophism) and landscapes that ha-

Direct Indirect Indirect Direct
Geomorphological gravitational gravitational gravitational gravitational
response response to response to response o response to
tectonics tectonics climate climate
Stepped - Single or
Manifestation Normal array of Indistinet Shear multiple
zone of
at depth fault normal . zone shear
deformation
faults planes
Surface Fault Deformation Detachment Landslide
manifestation scarp(s) zone zone headscarp{s}
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Phenomenon block gravitational .
. landslide
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F1G. 1 - Morphogenetic position of deep-seated gravitational deformarion
between faulting and landsliding.
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FIG. 2 - Influences on deep-seated gravitational deformation.

ve been prepared morphologically by erosion. They thus
pertain neither wholly to tectonic nor entirely to climatic
geomorphology (see fig. 2). They are instead a function of
the ways in which gravity can act upon rocks of given resi-
stances and particular diastrophic and morphoclimatic hi-
stories. Hence, and given their ostensible similarity to
blocks disturbed by faulting, they may more accurately be
described as pseudo-morphotectonic processes (fig. 3)
(Guerricchio & Melidoro, 1981).

There are grounds for arguing that tectonic forces are
the principal influence upon gravitational deformation.
Though major tectonic pulses are periodic, rather than
continuous, they not only account for the presence of sur-
face relief, but also leave behind residual forces in the neo-
tectonic stress field which continue to influence morpho-
genesis long after orogeny has abated. Contemporary or
recent stress fields create or remobilize faults, joints and
fractures in brittle rocks, folds in ductile ones and overth-
rust fronts in semi-rigid terranes. Given their relationship
to the stress field, folds and lineaments show a high degree
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FiG. 3 - The family of diastrophic and gravirational morphotectonic
processes, with particular reference to the position of deep-seated gravi-
tational deformation.

of preferred orientation, and the latter tend to exhibit
spatial clustering.

THE RELATIONSHIP OF DEEP-SEATED SLOPE
DEFORMATION TO LINEAMENTS AN
STRUCTURAL GRAIN :

Lineaments can be divided into those that result direc-
tly from tectonic stress in its compressional, extensional or
relaxational modes, those that represent a delayed respon-
se to past phases of tectonic activity, and those that result
simply from erosional activity (e.g. stress-release joints in
cliffs). The last of these may also respond to tectonics, in
the sense that the presence of relief or landforms (such as
stream valleys) conducive to stress-release may be a result
of tectonic conditioning of the landscape.

One way of considering lineaments geomorphologically,
rather than purely as tectonic elements, is to conceptualize
them as structural grain. This represents the erosional re-
sponse of the landscape to selective erosion of discrete
weaknesses in geological materials (Gerber’s selectivity prin-
ciple, Scheidegger, 1985). Thanks to tectonics, linear weak-
nesses such as joints and faults (and often associated fol-
ding) tend to be aligned in sets that follow particular direc-
tions. Selective erosion attacks these preferentially and hen-
ce gives a topographic emphasis to the directions imposed
by past and present tectonic stresses. The result will be par-
ticularly evident where fractures are the principal source of
weakness in the landscape, where discontinuities are nume-
rous, deep-seated, and well-aligned with each other, where
climatic agents favour erosion over deposition (e.g. slope
development is weathering-limited, Carson & Kirkby,
1972), and where fractures and folds have a parallel or
orthogonal relationship with each other. Structural grain is
often the surface expression of tectonic compression, ex-
tension or wrenching, but it can also be induced by topo-
graphy if stress-release occurs, or by lithological contact if
weaker layers weather out preferentially. Figure 4 offers a
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tentative classification of types of structural grain, and figu-
re 5 shows the pattern and dominant directions of structu-
ral grain in the hard Silurian slates of the Andean Fastern
Cordillera of Peru, where both deep and shallow gravitatio-
nal movements tend to be guided by the dominant direc-
tion of lineaments.

Geological structure (represented by faults, folds and
rock-unit blocks) will be discordant with structural grain
in only a few cases, of limited spatial extent, where the for-
ces that created it were anomalous, smaller than, or asyn-
chronous with those that give rise to the structural grain.
Topography will be discordant with structural grain where
selective erosion is unimportant in forming the contempo-
rary landscape, when selective erosion responds to a diffe-
rent phase of tectonics to the one that produced the domi-
nant fracture pattern, where weak sediments produce few
or only muted fractures, and where a sedimentary cover
obscures the structural imprint, as occurs when deposition
dominates over erosion.

There are several reasons why lineaments can be asso-
ciated with mass movements in general and deep-seated
gravitational deformations in particular. First, they are
usually low-strength discontinuities and thus can lead to
selective erosion. Secondly, through the migration and
concentration of groundwater, they give rise to high pore
and cleft pressures, especially where faulting brings rock
units of differing permeability into juxtaposition. Thirdly,
where sapping, tunnelling, piping or karstic development
occur, fractures can harbour deep sources of weathering.
Lastly, faulting can abruptly define scarps, horst blocks or
graben and thus create local relief that is inherently unsta-
ble. Research by Scheidegger & /7 (1986) and Alexander
& Formichi (1993) has suggested that shallow landslides
tend to be orientated in relation to the dominant neogene
tectonic stress field (opinions differ concerning whether
the axes of slides are parallel or orthogonal to the main

horizontal stress). It therefore follows that deeper move-
ments are even more likely to be conditioned by the pat-
terns and recent histories of tectonic forces observed at
the local scale. Moreover, deep-seated gravitational defor-
mations may take place in areas of widespread surface in-
stability (e.g. a Sackung may occur in concert with talus
production, debris flows or slumps). Either the surficial
phenomena result from instability produced by the deeper
movement, or the two are joint manifestations of an exter-
nal cause.

Deep-seated gravitational deformations are common
throughout Iraly (e.g., Cancelli & alii, 1987; Casagli & alii,
1993; Colombelli & Tosatti, 1987; Dramis, 1984; Dramis
& alii, 1983; Guerricchio & Melidoro, 1979) and have
been documented in a variety of other places (e.g., Holmes
& Jarvis, 1985; Nemcok & Baliak, 1972; Radbruch-Hall
& alig, 1976, 1977). Some Italian examples will now be
considered.

AN EXAMPLE OF GRAVITATIONAL
DEFORMATION IN THE GEOMORPHIC
EVOLUTION OF AN ANTICLINE

In models of anticlinal evolution propounded by Gian-
nini (1951), Harrison & Falcon (1934) and Schultz (1986)
topographic adjustment to folding occurs relatively rapidly
by mass movements that are sometimes very large (Schultz,
op. cit., documented Appalachian examples up to 400 mil-
lion m’ in size). These require a layer of relatively soft ma-
terial, such as a plastic clay, upon which more coherent
materials can slide. Slope angles (i.e. the inclination of the
anticline’s limbs) must be sufficient to permit mass move-
ment to take place, but tectonic activity does not have to
continue for topography to adjust, though if it does the
geomorphic activity will generally be enhanced.
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FIG. 5 - Structural grain in Silurian sla-
tes of the Sandia Formation in the Ea-
stern Cordillera of the Peruvian Andes.
The dominant lineaments condition
wedge failures and deep-seated listric
gravitational faulting in the main valleys.




On the western [imb of the boxfold anticline at Monte
Nerone (PS) scaglia units of the Umbro-Marchean Con-
densed Pre-Miocene Sequence have moved as discrete pla-
ques on the more plastic, impermeable beds of fucoidal
marls that underlie them. The principal joint and fault sets,
which run parallel and orthogonal to the fold, define the
moveable blocks of scaglia rosata and scaglia bianca and
orthogonal faults guide the process of movement. As the
scaglia tend to be flaggy or highly brecciated, bedding
shows a general angle of inclination conversant with that of
the fold (i.e., 20-35° degrees) but no preferred orientation
(eigenvector tests on 471 bedding measurements yielded
no significant clustering around the principal poles,
Alexander, 1988). As the sheets of scaglia beds detach
themselves from the hinge of the fold and slide slowly
down the limb, they compress and therefore buckle into a
corrugated or concertina form (¢fr. Hu & Cruden, 1993).
No basal shear planes can be observed, but the fracture
patterns that define the blocks are clearly outlined in the
morphology and stratigraphy of the area. They have Apen-
nine and anti-Apennine strikes and thus represent a fairly
straightforward structural cross-grain. By governing the di-
rection of streams that are actively dissecting the anticline’s
limbs, anti-Appenine faults guide the movement of deta-
ched scaglia blocks (fig. 6; Alexander, 1988).

AN EXAMPLE OF GRAVITATIONAL
DEFORMATION IN THE EVOLUTION OF
PIEDMONT LANDFORM

The margins of tectonically active graben structures are
often the sites of alluvial fans. In many cases these emanate
from the mouths of valleys which are guided by faults that
conjugate with the set represented by the graben master
fault. This is the case at Senerchia (AV), where the remnants

MONTE
NERONE

FIG. 6 - Detachment and buckling of a
block of Scaglia bianca and Scaglia rosa-
ta (Condensed Pre-Miocene Umbro-
Marchean Series) on the western limb of
the Monte Nerone anticline (modified
from ALEXANDER, 1988, fig. 18).

of a largely relict alluvial fan, currently 0.75 km® in size, are
being dismantled by slow, deep processes of deformation.
Plio-Quaternary tectonics have been responsible for the ra-
pidity of deposition and dissection of the fan. Young nor-
mal faults form two sets striking respectively ESE and NNE
(i.e., approximately orthogonal to each other). Structural
analysis (Alexander & Coppola, 1989) showed that neotec-
tonic extension has occurred in both directions. Antiappen-
nine faults feed groundwater to the alluvial fan, where it
concentrates at the base of the fan sediments above the un-
derlying allochthonous variegated clays unit. Plastic defor-
mation of the clays occurs under the lithostatic pressure of
an overburden of 50-55 m of fan sediments and a phreatic
zone tens of metres thick, This has caused subsidence of
parts of the fan, lending it a stepped morphology and a pro-
nouncedly steep distal end. Faults with an Apennine strike
that cross the fan have guided the subsidence of parts of it
and have indirectly acquired a surface expression through
the pseudo-segmentation of fan morphology (cf. Bull,
1977). In this instance, the driving force of surface instabi-
lity is much more tectonic than it is gravitational, though
gravitational pull is the instantaneous cause of slope subsi-
dence (fig. 7; Alexander & Coppola, 1989).

AN EXAMPLE OF GRAVITATIONAL
DEFORMATION IN THE DISSECTION OF
A SYNCLINE

The urban core of Tricarico (MT) is located on the rim
of an exposed syncline in weakly-cemented Plio-Pleistoce-
ne organigenic calcarenite strata. Neotectonic activity shor-
tly after deposition deranged the bedding of the calcareni-
te unit, which already exhibited strong clinostratification,
and thrust it onto blueish-grey marly clays. Together with
subsidence of the Fossa Bradanica foretrough, several pha-
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FiG. 7 - Topographic and geological
sections through the Senerchia alluvial
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ses of Quaternary uplift have resulted in the incision of the
rim of the syncline by affluents of the River Bradano and
the development of stress release joints some tens of me-
tres deep in the calcarenite.

Seepage down the joints concentrates at the base of the
calcarenites, where these contact the underlying blue clays.
Systems of intersecting subvertical joints strike N/NNE
and E. They can be related to the pattern of tectonic stres-
ses that developed at the end of the Calabrian period (o,
sub-vertical, o, subhorizontal at N148°E, 0, subhorizontal
at NO58°E). Later, extensional tectonics created fractu-
res and reactivated earlier structures orientated in the
NO020+20°E direction. These correlate well with the attitu-
de of bedding only at the rim of the syncline, but it is here
that mass movement is slowly dismantling the structure.
This is also where subvertical jointing most closely ap-
proximates an orthogonal pattern (fig. 8). Cambering (or
valley rebounding, Hawkins & Privett, 1981) is enlarging
the joints into gu/ls, and the resulting blocks, some of them
tens of metres in width and depth, are slowly being tran-
sported downslope on the plastic clays which are squeezed
out beneath by the weight of their overburden. This has
led to notable damage in the urban area (Bromhead & a/i,
1994), and to the development of a band of calcarenite de-
tritus around the outer margin of the elevated synclinal
ridge (Alexander & Rendell, 1986; Rendell, 1985).

CONCLUSIONS

None of the movements described above is short term
with a clearly defined beginning and end. Hence it is diffi-
cult to consider them in terms of thresholds of movement
crossed and equilibria regained (Francis, 1987). Most oc-
cur with smaller, faster and more surficial movements such
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as mudflows, debris flows and blockfalls: for example, de-
tachment zones are commonly prey to columnar rock top-
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FIG. 8 - Jointing and cambering at Tricarico (partly after ALEXANDER &
RENDELL, 1986, fig. 6).



ples, and deep subsidence may cause slumping by locally
oversteepening a slope. Thus, where upland rock units are
unstable at depth, the selective erosion of structural grain
occurs by a dual process of endogenous deformation and
exogenous erosion, a pair of processes which cannot be
dissociated from one another. While deep-seated deforma-
tion alters the form of slopes and hence their susceptibility
to surficial mass movement, landslides alter the balance of
forces that affect the slope’s propensity to undergo deep-
seated deformation. This leads to considerable equifinality.
In one notorious instance, the concerted movement of 3.4
km? of land at Ancona on 12-13 December 1982, the slight
deformation of blue clays at depth appears to have occur-
red in concert with a considerable variety of more surficial
movements in more highly weathered material. The net re-
sult is a situation that has defied unequivocal geomorphic
interpretation (Coltorti & a/iz, 1955; Dramis & Sorriso-
Valvo, 1994), as a result of the complex influence of deep
movement on the threshold parameters for shallow move-
ments, and vice-versa.

Figure 9 illustrates the dual role of deep and shallow
movement in slope evolution under tectonic and gravita-
tional duress. At Monte Nerone, fractured limestones are
sliding and buckling on a base of plastic fucoidal marls,
giving rise to debris flows, falls and topples. At Sener-
chia, deep movements in disturbed and highly plastic va-
riegated clays give rise to shallower slumps and debris sli-
de-flows that are slowly dismantling an alluvial fan. At
Tricarico, deep weathering, stream incision and post-tec-
tonic adjustment of fissured blue clays have resulted in
cambering, slumping and block falls. The common th-
read that links these examples is the clear and relatively
simple relationship of slope evolution to structural grain,
which at its simplest is conceptualized by directions that
are parallel and orthogonal to the orogen and are manife-
st in the selective erosion of folds, thrusts and associated
fractures.
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FiG. 9 - A simple conceptual systems model of the place of deep-seated
gravitational deformations in slope evolution.

afteration of endogenous conditions
of slope influencing surficial movement

ion of of instability
leading to bi-directional equifinality

Lastly, given that there are so often intimate links
berween deep and surficial movements, if follows that
Sackungen and other forms of endogenous slope deforma-
tion are hardest to interpret in morphological and
morphogenetic terms where lithology is highly varied,
especially where unstable plastic rocks are overlain by mo-
re coherent units, which is so often the case in the recent
sedimentary terranes of peninsular Italy (¢fr. Casagli &

alii, 1993).
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