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Abstract

Normal faults occur in a variety of geodynamic environments, both in areas of subsidence and uplift. Normal faults may have slip
rates faster or slower than regional subsidence or uplift rates. The total subsidence may be defined as the sum of the hangingwall
subsidence generated by the normal fault and the regional subsidence or uplift rate. Positive total subsidence obviously increases the
accommodation space (e.g., passive margins and back-arc basins), in contrast with negative total subsidence (e.g.. orogens). Where
the hangingwall subsidence rate is faster than the sedimentation rate in cases of both positive and negative total subsidence. the
facies and thickness of the syntectonic stratigraphic package may vary from the hangingwall to the footwall. A hangingwall subsidence
rate slower than sedimentation rate only results in a larger thickness of the strata growing in the hangingwall, with no facies changes
and no morphological step at the surface. The isostatic footwall uplift is also proportional to the amount and density of the sediments
filling the half-graben and therefore it should be more significant when the hangingwall subsidence rate is higher than sedimentation

rate. .(; 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Extensional environments and associated normal
faults are usually regarded as a class of tectonic features
(e.g., Bally, 1983; Suppe, 1985), whatever their origin.
This paper considers geodynamic setting and sediment
supply as two factors that independently interfere with
normal faulting, thereby giving rise to a variety of geo-
logical architectures. This statement might appear as
obvious. However, while the interplay between normal
faulting, geodynamics and sedimentation is fairly well
understood, normal faults continue to be reported in the
literature as a single class of tectonic features, in spite of
very different regional associations of their independent
parameters. Normal faults develop in numerous and
different tectonic environments, such as passive con-
tinental margins, back-arc basins, intraplate rifts, etc.
Normal faults are also associated with orogenic wedges
or convergent zones in general, and they may form both
during and after subduction. Each tectonic environment,
where normal faults occur, may have particular sub-
sidence rates (or uplift rates), different depth and meaning
of the decollement planes, and a particular timespan of
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activity. Therefore different fluids may circulate along
fault planes, depending on regional context, geothermal
setting, etc. At least nine different types of convergent
geodynamic settings generate syn- or post-subduction
normal faults (Doglioni, 1995). Moreover. each geo-
dynamic setting has its own sedimentation rates. This
paper suggests a better definition of the interplay between
the slip rates of single normal faults, the regional sub-
sidence or uplift rates at which the faults develop, and
the sedimentation rates of a given area, as has been done
for convergent settings (Doglioni & Prosser, 1997).
Therefore, apart from eustasy and climate, the above
three parameters interfere with each other, thus gen-
erating a number of different relationships. This paper
represents a preliminary approach to the interplay
between these three factors, which may explain a number
of geological observations, e.g., the generation of mor-
phological gradients, facies changes, and differential foot-
wall uplift rates. Field examples from the Southern Alps
and seismic lines of other areas illustrate both facies chan-
ges and mere thickness variations across syn-sedimentary
normal faults.

2. Normal faulting vs regional subsidence or uplift

The subsidence of the hangingwall of a normal fault
is associated with the regional setting, which may have
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variable subsidence or even uplift rates. Regional sub-
sidence may be tectonic or thermal in passive margins
and back-arc basins (Tankard & Balkwill, 1989; Kastens
et al., 1988). Regional uplift may be due to orogens or
other geodynamic settings which experience uplift. The
total normal fault subsidence may be defined as the single
normal fault hangingwall subsidence rate and the
regional subsidence or uplift rate (Fig. 1). Therefore, the
total subsidence can be either positive or negative. It is
positive when the fault subsidence is incremented by the
regional subsidence, and it is negative when the normal
fault subsidence is exceeded by a faster regional uplift.
When the total normal fault subsidence is positive, the
fault subsidence may be either faster or slower than the

regional subsidence, or it may be faster than the regional
uplift. When the total subsidence is negative, the regional
uplift is clearly higher than the fault subsidence. The
geoid may be taken as a reference line.

Single normal faults may have variable vertical slip
rates, depending on hierarchy (e.g., length), dip, and geo-
dynamic setting in which they arise. Although the vertical
slip rates of single faults are variable, this paper assumes
an almost constant velocity of about 0.2 mm/year for the
sake of simplicity. This value was computed as an average
of multiple growth faults. For a recent review of normal
faults slip rates see Ravnds and Steel (1998). Single hang-
ingwall subsidence has to be added to or subtracted from
the regional subsidence or uplift rates which are deter-

Regional subsidence vs Extension

POSITIVE TOTAL SUBSIDENCE (i.e. dominant subsidence)=
Hangingwall subsidence + Regional subsidence- Footwall uplift

REGIONAL SUBSIDENCE > FAULT SLIP RATE

0.6 mm/yr vs 0.2 mm/yr - e.g. back-arc basins

REGIONAL SUBSIDENCE < FAULT SLIP RATE

0.1 mm/yr vs 0.2 mm/yr - e.g. passive margins
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Fig. 1. Regional subsidence may be faster or slower than the fault slip rate. Regional subsidence is faster in back-arc basins with respect to passive
continental margins. This might enhance an initially faster deepening-upward of the sedimentary succession in back-arc settings.



C. Doglioni et al.fMarine and Petroleum Geology 15 (1998) 737-750 739

mined by the geodynamic framework. For instance, the
Pliocene—Quaternary grabens of the Apennines belt were
formed during a general uplift of the chain; instead, the
grabens of the Tyrrhenian back-arc basin developed dur-
ing times of very fast regional subsidence rates. Sub-
sidence rates are usually very different in passive Atlantic-
type margins (0.1 mm/year) with respect to back-arc set-
tings, which feature much faster subsidence rates occur
(up to 0.6 mm/year, Doglioni, 1995). Therefore, single
normal faulting-related subsidence (e.g., 0.2 mm/year)
may be lower or higher than regional subsidence (Fig. 1).
In the first case, deepening-upward sequences may result
from the generalised high rate of positive total subsidence
of both the footwall and the hangingwall. Figure 2 is
an example of the Tyrrhenian back-arc setting, in the
hangingwall of the Apennine W-directed subduction
zone. The larger regional subsidence will generate wider
accommodation space in the entire basin as a whole. In
the second case (passive margin), where regional sub-
sidence is lower, a smaller accommodation space may be
formed. However this space is larger in the hangingwall
of the normal fault. Supposing a given value of sedi-
mentation rate, the stratigraphic package in a back-arc
basin should generally show a different upward evolution
with respect to a passive margin characterised by a lower
regional subsidence rate. Negative total subsidence may
take place along rift shoulders, where normal fault sub-
sidence competes with the regional uplift of the shoulders.

Normal faulting in a continental rift shows average

regional subsidence

hangingwall subsidence

horizontal extensional rates of 0.2 mm/year, whereas
once the continental crust is completely stretched and
the oceanic crust starts to form, the extensional rates
immediately rise to 20100 mm/year, more than one hun-
dred times faster. The 5-10 km of horizontal dis-
placement which were needed to open intraplate grabens
during a period of 10-40 Ma (e.g., the East-African rift,
the Rhine—Rhone graben system, the pre-Atlantic Late
Permian—Early Triassic continental rift) indicate that
complete stretching of the continental lithosphere enables
rift zones to drastically accelerate the relative plate
motion. This change occurs when the passive margin
switches from the rifting to the drifting stage; the latter
switch may originate from the differential drag that the
asthenosphere induces at the base of the lithosphere.
Normal faults within active or inactive thrust belts
have been widely described (e.g., Burchfield & Royden,
1985; Dewey, 1988; Selverstone, 1988; Ratschbacher et
al., 1989; Buck, 1991). Normal faults that form within
uplifting orogens (e.g., Andes, Himalayas, Alps) gen-
erally have hangingwall subsidence rates lower than the
regional uplift (Fig. 3). Active orogens may have regional
uplift rates higher than 10 mm/year. Uplift is recorded
also in the hangingwall of W-directed subduction zones,
west of the accretionary wedge, where extension prevails.
Figure 4 is the example of the Gubbio graben in the
Central Apennines in ltaly, where normal faulting
developed in a context of regional uplift. Here an east-
ward migrating wave with an uplift rate of about 1

TYRRHENIAN SEA

De Marchi Ridge -

Site 974

comes from the central Mediterrancan Tyrrhenian back-arc basin, where high subsidence rates developed from the Middle Miocene up to recent
times. Seismic section after Kastens et al. (1987).
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Regional uplift vs Extension

NEGATIVE TOTAL SUBSIDENCE (i.e. dominant uplift) =
Hangingwall subsidence - Regional uplift - Footwall uplift

REGIONAL UPLIFT >> FAULT SLIP RATE
10 mm/yr vs 0.1 mm/yr - e.g. Alpine type orogens

A-subduction: absent or scarse alluvial sedimentation (Alps, Himalayas)
B-subduction: possible basins (alluvial-evaporitic-lacustrine facies, e.g. Andes)

\"
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REGIONAL UPLIFT > FAULT SLIP RATE

1 mm/yrvs 02 mm/yr-eg. Apenninic type orogens

intramountain basins (alluvial & lacustrine facies)
or submarine basins
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Fig. 3. Normal faults that develop in uplifting geodynamic settings may compete with high or very high regional uplift. Usually, the footwall is being
eroded and the hangingwall may accommodate alluvial and lacustrine sedimentation.

mmy/year is reported. Grabens are regularly spaced in this
uplifting area. Clearly in these orogenic settings the total
subsidence (regional and normal fault) is negative.

The above discussion infers that normal faults orig-
inate from variable geodynamic settings, with different
regional subsidence or uplift rates (Fig. 5). As a result,
each setting should be treated separately.

3. Normal faulting vs sedimentation rate
The stratigraphic architecture of rift-basins is clearly

controlled by the interference of tectonics and sedi-
mentation. Ravnds and Steel (1998) recently provided a

useful summary of this interplay. A sketch of two differ-
ent subsidence/sedimentation relationships is displayed
in Fig. 6. When fault movement rate is faster than sedi-
mentation, the fault becomes a significant morphological
step which affects the facies and thickness of the two
walls. On the other hand if the subsidence rate does not
exceed the sedimentation rate, the same facies is main-
tained across the fault. In the latter case the growth fault
will only control the differential thickness between the
two walls of the fault, because the sediments are con-
tinuously levelling the fault scarp (Fig. 6). Examples and
a discussion of this topic may be found in Christiansen
(1983) and Xiao and Suppe (1992).

The occurrence of lateral facies variations within syn-
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Fig. 4. Cross-section of the Gubbio half-graben, Central Italy, after Menichetti and Minelli (1991). Regional uplift was higher than the hangingwall
subsidence and resulted into a negative total subsidence. The footwall of the normal fault is deeply eroded and the half-graben presents a limited
thickness of the alluvial-lacustrine sedimentary fill. (a) Pleistocene fluvial-lacustrine continental deposits; (b) Langhian-Serravailian Marnoso Arenacea
Formation; (c) Liassic-Oligocene Umbro-Machean pelagic carbonate sequence; (d) Triassic Burano evaporites.

POSITIVE TOTAL SUBSIDENCE

Passive margin
regional subsidence rate up to 100m/Ma

Back-arc basin
regional subsidence rate up to 600m/Ma

Normal faulting versus regional subsidence or uplift

NEGATIVE TOTAL SUBSIDENCE

Apenninic type orogen
regional uplift rate < 1000m/Ma

Alpine type orogen
regional uplift rate > 1000m/Ma

5 km

Fig. 5. Normal faults should be differentiated on the basis of their original geodynamic setting, because they may form in areas with different regional
subsidence or uplift rates with respect to the geoid. Back-arc basins experience the fastest subsidence rates, whereas the Alpine-Himalayan type of

orogens has the fastest uplift rates.

tectonic deposits is mainly related to the superficial effects
of a growing tectonic structure. Lateral facies variations
are controlled by variegated topography. When the sedi-
mentation rate is lower than the total subsidence rate,
submarine depositional environments may develop a car-
bonate platform in the footwall and pelagic sedi-
mentation in the hangingwall (Fig. 6). A subaerial

environment with negative total subsidence may experi-
ence erosion of the footwall and alluvial or lacustrine
sedimentation in the hangingwall. Figure 7 is the example
of the Sulmona graben in the Central Apennines. Narrow
facies distribution and boundaries characterise subaerial
settings of grabens where sedimentation does not com-
pensate the tectonic offset. Where the sedimentation rate
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subsidence controlling only thickness variation

3 km

Fig. 6. Subsidence rates and sediment supply are independent factors that have different values in different geodynamic settings. When the subsidence
rate along a fault is larger than the sedimentation rate, there is a morphological step at the fault and this may generate lateral facies changes. When
the subsidence rate is lower than the sedimentation rate, the fault only controls the thickness of the syntectonic sediments and the morphological
gradient is absent in any kind of sedimentary environment, e.g., both subaerial and shallow or deep marine facies. In the former case. a higher
footwall uplift should be expected due to the mass deficit. Interbedded debris flows may be sourced both by the fault scarp and by the limb of the

rollover anticline.

is higher than the subsidence rate, the topographic gradi-
ents are levelled by sediments, both in subaerial and sub-
marine environments. As the sedimentation exceeds the
tectonic rates, the topography becomes less and less
irregular. The sedimentation rate controls the surface
morphology during the growth of different tectonic struc-
tures. This feature may be easily analysed by considering
the relationship between the sedimentation rate and the
development of normal faults. Examples may be the lis-
tric normal growth faults in the northern margin of the
Gulf of Mexico where high sedimentation rates sourced
by the Mississippi and adjacent rivers have exceeded the
total subsidence rate of the active normal faults. No sig-
nificant morphological steps are observed in this setting,

at the superficial expression either of the fault or of the
related normal fault-propagation fold. Active faults
cross-cutting the Earth’s surface in subaerial environ-
ments generate significant topographic scarps (e.g., Cello
et al., 1998), particularly in areas where the total sub-
stdence is negative (see example of the Southern Apen-
nines, Fig. 8).

Sediment supply and consequent sedimentation rate
primarily depend on morphological gradient, climate,
erosion rate and organic productivity (carbonate, silica,
etc.). These parameters are variable all over the Earth
and may interfere with the different subsidence rates of
the various geodynamic settings. The Tyrrhenian sea,
which is the back-arc basin of Apennine subduction






