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Abstract

The terms `gravity gliding' and `gravity spreading' have long been used to describe deformation driven by gravity alone. However, the

traditional de®nitions of these terms cannot be applied unambiguously in many situations. The primary dif®culties arise because rocks are not

ideally rigid, detachment surfaces may not be planar, substrates may be deformable, and rock bodies do not deform in isolation. The term

`gravity spreading' is still useful if it is simply de®ned as gravity-driven lateral extension and vertical contraction, regardless of basal slope

and coherence of the body. I suggest that the term `gravity gliding' should be used rarely, and only if the de®ning characteristics are clearly

stated and understood. In most cases, more detailed descriptions should be used instead of, or in addition to, either of these terms to capture

the behavior of rock masses deforming under gravity. q 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Most geologists researching orogenic belts, passive

margins, salt tectonics, and glaciology automatically

associate certain concepts with the terms `gravity gliding'

and `gravity spreading', or use them interchangeably (see

below). For example, the Gulf of Mexico is widely regarded

as a gravity-spreading system, based on the perceptive

reasoning of Worrall and Snelson (1989), whereas the

Angolan continental margin is thought by many to be a

gravity-gliding system (e.g. Mauduit et al., 1997). This

kind of pigeonholing can be unproductive or misleading if

misconceptions about the meaning of these terms become

uncritically built into our attempts to understand certain

regions. For the terms `gravity gliding' and `gravity spread-

ing' to be useful, they must de®ne identi®able processes,

and their distinction must be helpful for discussing gravity-

driven deformation. I have frequently found it dif®cult,

however, to unambiguously characterize deformation in

numerical and physical models using these terms. This

nagging dif®culty prompted a re-examination of the

concepts of gravity gliding and gravity spreading. I will

®rst brie¯y review previous usage, then proceed from

simple systems, in which the distinction between these

two types of deformation is clear, to more complex systems

that defy simple characterization. In the process, the major

responses of rock to gravity deformation will be reviewed

with special emphasis on aspects of salt tectonics, which

complicates the classical concepts of spreading and gliding.

2. Traditional de®nitions

Rock deformation is largely driven by gravity, whether

directly or indirectly. Of interest here is dominantly lateral

rock movement directly resulting in loss of potential gravi-

tational energy by the system. Such movement has long

been categorized by the terms gravity gliding and gravity

spreading. The terms have been de®ned as follows (De Jong

and Scholten, 1973a; Jackson and Talbot, 1991). Gravity

gliding is generally downslope movement of a rock mass

above a weak detachment surface or zone, although part of

the rock mass may move upslope if the entire system loses

gravitational energy by sliding. Gravity spreading moves

material across or up a sloping detachment by vertical ¯at-

tening of an internally deforming mass.

Gravity gliding (or sliding) requires a dipping basal slid-

ing surface to lower the body's center of gravity. Gravity

gliding has been commonly invoked to explain long transla-

tions of relatively thin nappes, overthrusts, and klippe (e.g.

Smoluchowski, 1909; Bull, 1950; de Sitter, 1954; Maxwell,

1959; Campana, 1963; Heezen and Drake, 1963; North,

1964; Carlisle, 1965; Van Bemmelen, 1966; Pierce, 1966;

Temple, 1968; Kay, 1969; Lemoine, 1973 and many other

papers in De Jong and Scholten, 1973b; Graham, 1981),

particularly prior to widespread acceptance of plate

tectonics. Folding, faulting, and chaotic mixing commonly

deformed these masses internally, but did not affect the
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underlying strata (`thin-skinned'). In fact, HsuÈ (1969)

contended that gravity sliding only applied to cohesionless

(broken) masses, as exempli®ed by the Heart Mountain

thrust, whose upper block he interpreted to be shattered.

Other authors distinguished between rigid-block and

deformable-block gliding (Voight, 1973), or even more

subclasses similarly based on coherency or correlatibility

(North, 1964). Later authors tended to apply gravity gliding

to rigid, or at least coherent, masses, in which internal defor-

mation is essentially restricted to accommodating motion

over an irregular detachment (e.g. Buetner, 1972; Todd,

1983; Mandl, 1988). The detachment may be a thick ductile

layer, such as the system of coherent blocks sliding down-

slope on salt toward the free surface of the Colorado River

canyon in Canyonlands National Park, Utah (McGill and

Stromquist, 1979).

Thus, gravity gliding deformation is mostly by translation

rather than by strain in the rock body. Gravity gliding

commonly includes an extensional breakaway zone at the

head of a rock mass and a contractional zone at the toe (e.g.

Kehle, 1970; Ramberg, 1981; Mandl, 1988; Price and

Cosgrove, 1990; Cobbold et al., 1995), but these are not

required depending on the surroundings and detachment

pro®le. To qualify as gliding, the allowable size of the

distorting head and toe zones relative to that of the block

seems to implicitly depend on whether emphasis is on

downslope movement or distortion of the mass. Gravity

gliding is initially limited by the shear strength of the

basal detachment relative to the body's shear stress parallel

to the slope, and any impediment to movement at the toe of

the block. Higher basal friction or yield strength requires a

steeper slope to initiate gliding. The toe of the gliding mass

may move upslope (e.g. De Jong and Scholten, 1973a;

Turner, 1996), but such climb requires substantially

increased downward slope beneath the rest of the mass

(Raleigh and Griggs, 1963). The only shared characteristic

of all the gravity gliding usages is the inferred dominant

downslope translation of rocks, and the general implication

of tectonic erosion, thinning, or breakaway at the rear of the

gliding mass (e.g. Jackson and Hobday, 1980; Cooper,

1981; Mandl, 1988; Turner, 1996).

Gravity spreading has been applied to gravity-driven

internal distortion of a rock mass. If a body's overall center

of gravity drops, it may move up a basal slope (e.g. Bucher,

1956; Van Bemmelen, 1960; Price, 1973; Root, 1973;

Cooper, 1981; Ramberg, 1981; Janecke, 1992) or down-

slope (Talbot, 1993; Buetner and Craven, 1996). Movement

up a basal slope requires a top surface that slopes in the

spreading direction and a means for maintaining that slope

if deformation is to continue. At least part of the top surface

can subside independently of the basal slope or roughness if

the body can expand laterally. Classic model examples of

gravity spreading are the vertical collapse and lateral

expansion of an initial mound of molasses or silicone

putty. Gravity spreading is resisted by the strength of the

material. For spreading to begin, the differential stress that

gravity induces in the body must exceed any yield strength

in the rock. The spreading wedge has been mechanically

idealized as a time-dependent viscous ¯uid having no or

low shear strength (Ramberg, 1981; Platt, 1986), a wedge

at plastic or frictional-plastic failure above a weak base

(Elliot, 1976; Chapple, 1978; Davis et al., 1983; Siddans,

1984; Mandl, 1988; Dahlen, 1990; Martinod et al., 2000), or

a wedge weakened and uplifted by a welt at the rear spread-

ing on a weak decollement (Smith, 1981). During deforma-

tion, spreading dissipates the released kinetic energy

through viscous dissipation, friction, or other processes

such as diffusion-controlled creep or pressure solution.

The common characteristic of these usages is the pervasive

internal deformation as vertical contraction (thinning)

drives horizontal extension (stretching).

Gravity gliding and gravity spreading are generally

conceptualized by simple systems such as those in Ramberg

(1980, 1981) (Fig. 1). Gravity gliding characterizes a block

sliding down a slope. Gravity spreading characterizes a

mass collapsing vertically and extending laterally. Both

processes are driven by a loss of gravitational potential

energy as the center of gravity of the deforming body

drops in elevation. Most simple diagrams of these

processes isolate the deforming bodies from their

surroundings. I will discuss those examples, but also more

complete systems. To address the heart of the matter, here I

restrict our discussion to deformation driven directly by

gravity. Although the wedge of a fold-and-thrust belt

spreads under gravity, tectonic push from the rear

counteracts that by causing horizontal shortening and

vertical thickening.

For discussion, gravity gliding and spreading seem to be

generally distinguished by two characteristics: whether the

body internally distorts during movement, and whether the

basal slope is downhill or uphill in the direction of move-

ment. Therefore, gravity spreading can be provisionally

characterized as gravity-driven distortion of a rock

mass above a basal slope that is horizontal or uphill in the
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Fig. 1. Simple systems illustrating the generally accepted concepts of gravity gliding and gravity spreading (after Ramberg, 1980, 1981).



direction of spreading. Gravity gliding is dominantly rigid

downslope movement of a rock mass.

Applying the preceding concepts of gravity gliding and

gravity spreading to more general and realistic geological

situations requires consideration of several factors, namely:

(1) rheology of the body, (2) shape of the detachment, (3)

deformable substrate, and (4) deformation surrounding the

block. Each of these factors will be discussed in detail

below. I generally discuss the two-dimensional (plane

strain) simpli®cation here. Extrapolation of the ideas to

three dimensions is straightforward.

3. Rheology of the body

According to the working de®nitions presented here,

gravity gliding requires a relatively rigid block to distin-

guish it from the pervasive strain of a collapsing block in

gravity spreading. Gliding of a viscous block has been

proposed (Fig. 2a; Kehle, 1970). But as Brun and Merle

(1985) note, a viscous block gliding down a slope would

concurrently collapse and spread under its own weight (Fig.

2b). Therefore, pure viscous gliding is impossible, and

downslope movement of a viscous mass would be a combi-

nation of gravity gliding and spreading. By the same reason-

ing, pure gravity spreading requires a horizontal or uphill

basal slope in the direction of spreading. Otherwise, a

component of gravity gliding may be present. If gravity

gliding is restricted to glide above a thin detachment, then

a block that moves downslope by shape change above a

stuck base would be properly classed as gravity spreading

rather than gliding. Under this restriction, `viscous gliding'

(Kehle, 1970) is actually gravity spreading. Therefore, the

distinction between gravity gliding and spreading may

depend on two factors: (1) whether the block strains, and

(2) whether basal shear occurs across an arbitrarily-de®ned

`thin' detachment. The problem of de®ning the basal

detachment will be further discussed in the section on a

deformable substrate.

A spreading block may strain by several processes. The

strain need not be penetrative in the body, but it must cause

the entire block to change shape. Few rock bodies actually

¯ow viscously in the shallow crust, so the strain could be

due to processes such as distributed faulting, movement

across deformation bands or shear zones, or pressure solu-

tion. If the strain is by faulting, at some scale it will make

more sense to consider the rock mass as individual fault

blocks rather than a coherent mass. This problem of scale

will be addressed in the section on deformation surrounding

a block.

No block of rock is truly rigidÐsuf®ciently high differ-

ential stress will inevitably cause failure. A de®nition of

gravity gliding that requires rigidity of the block will tend

to be limited to smaller-scale gravity-driven processes.

Larger bodies tend to be proportionally weaker than small

ones because of the greater possibility of including fractures

and inhomogeneities (e.g. Pusch, 1995; Schultz, 1996).

Thus, coherent blocks a meter in size are common, but

undistorted blocks many kilometers in size are unusual.

Preservation of large coherent blocks is favored by a high

cohesion, high friction coef®cient, low differential stress

before downslope restraint is removed, low density, no

strain weakening or a high strain threshold for it, and high

yield stress or friction coef®cient on the basal detachment.

4. Shape of the detachment

The basic concept of gravity gliding assumes a rigid

block translating down a constant slope. Gravity cannot

move a rock mass up a constant slope unless it distorts,

and downslope movement of a distorting mass implies a

component of gravity spreading. Curved detachments

further muddy the distinction between gravity gliding and

spreading. Fig. 3 shows a series of con®gurations for the

gliding block and its underlying detachment surface. Fig.

3a, which has a planar detachment, is clearly gravity glid-

ing. Fig. 3b shows rigid rotation above a curved detachment,
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Fig. 2. Behavior of viscous bodies gliding down a slope. (a) Viscous gliding as envisioned by Kehle (1970). (b) More realistic combination of gliding and

spreading by collapse and extension.

Fig. 3. A block gliding down detachments having various curvatures. (a) Planar detachment. (b) Curved detachment sloping entirely downhill. (c) Curved

detachment sloping uphill near base. (d) Likely distortion of block moving on detachment of (c).



but the motion still ®ts the general concept of gravity glid-

ing. This type of curved fault commonly appears beneath

slumps. A similar curved detachment in Fig. 3c raises

problems with the de®nition of gliding. Although the

block loses gravity potential by rigid motion, it moves up

a basal slope at its toe. As shown here, a block can glide

under gravity up a curved fault if the surface on the block

initially slopes downward in the direction of motion. If

Fig. 3c is termed gravity gliding because of its similarity

with Fig. 3b, that removes the distinguishing characteristic

of only gravity spreading being able to move up a

basal slope. The remaining common characteristics in

Fig. 3 (a through c) are that the blocks are rigid and the

detachment must emerge at a higher point upslope than

downslope for gliding by rigid translation or rotation to be

possible.

If the ground surface was initially smooth, rigid rotation

above a curved fault will create an overhang at the uplifted

toe of the rotated block (Fig. 3b and c). Such an overhang of

any appreciable size would likely collapse and create the

more realistic con®guration shown in Fig. 3d. That distor-

tion further blurs the distinction between gliding and spread-

ing. Although the block initially moves rigidly, parts of it

collapse under its own weight. Similarly, if the underlying

detachment is neither planar nor circular, the block must

distort as it slides.

Given the problems of distinguishing between gliding and

spreading on the basis of detachment shape, it seems more

meaningful and distinctive (at this point) to de®ne gravity

gliding only as movement along a detachment of undistorted

blocks directly driven by gravity.

5. Deformable substrate

Addition of a deformable substrate, such as salt, creates

more dif®culty for unambiguously distinguishing between

gravity gliding and spreading. A rigid block may simply

subside into salt, but more commonly it translates laterally

at the same time (Fig. 4, where arrows show motion of roof

block). If a fault bounding the block has a dip other than

vertical, the fault heave is the lateral translation. As shown

by Fig. 4, the base of the block may slope entirely upward in

the direction of motion, but the block may still translate

under gravity as a relatively rigid block. This type of

behavior appears in the roofs of smaller salt sheets (e.g.

Wu et al., 1990, Diegel et al., 1995). If gravity gliding is

simply de®ned as rigid motion of the block, the situation in

Fig. 4 must be gravity gliding even though the process could

be characterized as vertical collapse and lateral extension.

The orientation of the base of the block is not useful for

distinguishing gliding from spreading above a deformable

substrate. The roof of the salt sheet can be described as

either gliding or spreading depending on whether the rigid

movement or the vertical collapse and lateral extension is

emphasized.

Again, the remaining useful characteristic of gliding is

that the block remains undistorted during movement. But,

the roof block above larger salt sheets rarely remains

coherent and rigid (e.g. see ®gures in Diegel et al., 1995;

Schuster, 1995; Mann and Schultz-Ela, 1997). Instead, the

roof commonly segments into individual, largely undis-

torted blocks separated by extensional zones. The front of

the block may contract laterally. Therefore, the entire roof is

not deforming by gravity gliding, even though some parts of

it may be. The following section addresses this problem of

the relation of the blocks to their surroundings.

6. Deformation surrounding the block

Most of the preceding discussion focuses on deformation

of a single block. Similarly, most diagrams that illustrate

gravity gliding show only a single block (note how relations
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Fig. 4. Block subsiding and translating by gravity into a deformable substrate such as salt. Full arrows indicate movement directions at different locations in

roof block.

Fig. 5. Gravity deformation of multiple blocks. (a) Individual blocks are gravity gliding, but on a larger scale the system is thinning and extending by gravity

spreading. (b) Gravity spreading commonly consists of numerous smaller-scale blocks deforming by gravity gliding.



with the surroundings are ignored in Fig. 1). Salt tectonics

invariably considers more comprehensive systemsÐat least

of salt and some surrounding rock. Thus, a de®nition of

gliding versus spreading that relies on individual bodies

will have very limited applicability. Fig. 5a illustrates the

crux of this problem. A series of blocks are gliding down-

slope on a thin detachment. Considered in isolation, each of

these blocks is clearly gravity gliding. However, they are

also progressively separating from each other. When

considered as a bulk system, then the blocks are spreading

laterally and thinning vertically. From that viewpoint, the

system has a component of gravity spreading. Hence the

confusion of terms where Voight (1973) describes a system

of separating and diverging blocks above a nearly horizontal

base as block gliding, whereas Buetner and Craven (1996)

describe the analogous Heart Mountain system as gravity

spreading. Both authors use both terms in their papers,

generally depending on whether movement of a single

undistorted block or the whole system is considered. Thus,

the scale of the deformation is essential to de®ning gliding

versus spreading. A bulk behavior of gravity spreading will

commonly consist of many individual gravity-gliding

blocks, particularly if the bulk spreading is by faulting

rather than penetrative ¯ow (e.g. Fig. 5b). Indeed, it is dif®-

cult to conceive of gravity gliding of a single block in isola-

tion, outside of the geomorphologic realm of individual

boulders and slabs. Therefore, any block undergoing gravity

gliding will invariably be part of a larger system of gravity

spreading. Conversely, on some scale many gravity spread-

ing systems can be viewed as an amalgam of gravity-gliding

blocks.

Physical models simulating raft tectonics by Mauduit et

al. (1997) further illustrate the problem of distinguishing

gliding from spreading in systems of multiple fault blocks.

Their models had a horizontal basal slope and a thin salt

layer, above which the overburden was deformed by block

faulting. Slip on the faults caused overall vertical thinning

and horizontal extension: apparently a case of gravity

spreading accommodated by movement of many blocks.

However, even though the top and base of the salt were

horizontal, Mauduit et al. (1997) considered this to be

gravity gliding because similar structures developed for

basal slopes of 1 and 28, and in those models the blocks

glided downslope. The deformation patterns show progres-

sive changes at steeper basal angles, but there is no clear

distinction between gliding and spreading effects as tradi-

tionally de®ned.

Focusing on the behavior of a single block may not be

particularly useful. Above the scale of tens of meters, indi-

vidual blocks that move and stay truly rigid are extremely

rare. Some component of bending, extension, or contraction

is nearly always present. Therefore, it may be dif®cult, or

even impossible to unambiguously identify zones of

pure gravity gliding. Moreover, it is not obvious how to

relax the de®nition of gravity gliding to be more inclusive

and useful.

7. More comprehensive classi®cations

Geomorphologists also study movement of surface

material. A brief perusal of a geomorphology text (Chorley

et al., 1984) shows several approaches to classifying

gravity-driven mass movement. One classi®cation is based

on direction of movement (vertical, lateral, or downslope),

presence of a transporting agent (mud, water, ice), and

coherence of the ¯ow. Another classi®cation proposes a

ternary diagram having slide, ¯ow, and heave at its apices.

These classi®cation schemes are useful because they

systematize many common terms, such as rock fall, soil

creep, landslide, etc. Gravity-driven movements in salt

tectonics do not have similar descriptive terms, and they

add the complication of a thick ductile substrate and a larger

scale. The larger scale reduces the likelihood that a block

will remain undistorted during deformation. A more

comprehensive terminology might be more useful than

trying to assign gravity-driven tectonic movements to only

two pigeonholes represented by the ambiguously de®ned

concepts of gliding and spreading. An approach based on

typical fault patterns found in salt tectonics appears in

Rowan et al. (1999). Although based on non-generic

descriptions, that classi®cation tends to separate families

of faults and surrounding rock into systems with different

characteristic behaviors and histories.

8. Summary

The concepts of gravity gliding and gravity spreading are

typically de®ned by the general rigidity of the mass and the

orientation of an underlying detachment. The examples

discussed here demonstrate dif®culties in using detachment

con®guration as a de®ning characteristic. Lack of strain in a

moving block seems to be the most objective characteristic

of gravity gliding. Whether a block is rigid depends on the

scale of observation and the amount of strain allowed. On

some scale, most gravity-spreading systems that include

brittle rocks contain gravity-gliding blocks. Trying to

identify zones of rigidity merely for the sake of identifying

gravity gliding does not explain much about the dynamics of

the overall system. Other examples can be cited that demon-

strate dif®culties in classifying systems in terms of gliding

and spreading.

The term `gravity spreading' is the most defensible and

useful of the two, if it is simply de®ned as gravity-driven

lateral extension and vertical contraction, regardless of

basal slope and coherence of the body. I suggest that the

term `gravity gliding' is rarely useful by itself. It should be

used sparingly, and only if it is clearly de®ned when used. If

the de®ning characteristics are not explicitly stated and

understood, the term may be burdened with its ambiguities,

contradictions, and implications accumulated over many

years. In most cases, more detailed descriptions should be

used in addition to, or instead of, either of these terms to
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capture the behavior of rock masses deforming under

gravity.

The terms gravity gliding and gravity spreading seem to

be most useful for describing the initial tendency of a

system to deform: whether the dominant response to gravity

appears to be downslope gliding or vertical thinning and

lateral extension. But because the two responses are gener-

ally not unambiguously separable or distinguishable, the

terms should be used in a qualitative, not quantitative, sense.
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