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ABSTRACT

We present detailed data on channel morphology, valley width and grain size for three bedrock rivers
crossing active normal faults which di¡er in their rate, history and spatial distribution of uplift.We
evaluate the extent to which downstream changes in unit stream power correlate with footwall uplift,
and use this information to identify which of the channels are likely to be undergoing a transient
response to tectonics, and hence clarify the key geomorphic features associatedwith this signal.We
demonstrate that rivers responding transiently to fault slip-rate increase are characterised by
signi¢cant long-pro¢le convexities (over-steepened reaches), a loss of hydraulic scaling, channel
aspect ratios which are a strong non-linear function of slope, narrow valley widths, elevated coarse-
fraction grain-sizes and reduced downstreamvariability in channel planform geometry.We are also
able to quantify the steady-state con¢gurations of channels, that have adjusted to di¡ering spatial
uplift ¢elds.The results challenge the application of steady-state paradigms to transient settings and
show that assumptions of power-law width scaling are inappropriate for rivers, that have not reached
topographic steady state, whatever exponent is used.We also evaluate the likely evolution of bedrock
channels responding transiently to fault acceleration and show that the headwaters are vulnerable to
beheading if the rate of over-steepened reach migration is low.We estimate that in this setting the
response timescale to eliminate long-pro¢le convexity for these channels is �1Myr, and that typical
hydraulic scaling is regainedwithin 3Myr.

INTRODUCTION

Studymotivation

Bedrock streams in steep mountain catchments are one of
the most important agents that control landscape evolu-
tion (Howard & Kerby, 1983; Howard et al., 1994; Whipple
& Tucker, 2002). In the shorter term, these channels set
hillslope gradients and hence determine topographic re-
lief (Tucker & Bras, 1998; Tucker & Whipple, 2002), and
over longer timescales they control both the erosional
unloading of mountain belts (Whipple & Tucker, 1999;
Willett & Brandon, 2002), and the type, quantity, size, and
distribution of eroded sediment exported either towards
the ocean or to neighbouring basins (Milliman & Syvitski,
1992). Because the £uvial system is sensitive to tectonically
imposed boundary conditions, channel adjustment to

externally driven forcing can potentially o¡er insight into
phenomena as diverse as landscape response times (Sny-
der et al., 2000) and basin stratigraphy (Cowie et al., 2006)
andmay allow rates of tectonic uplift to be estimatedwhere
direct structural or geodetic data are unavailable (Lave¤
& Avouac, 2001; Finlayson et al., 2002; Kirby et al., 2003;
Wobus et al., 2006).

Landscape evolution models o¡er the most viable way
to improve our understanding of these issues, because
they allow forward modelling of £uvial systems coupled to
hillslope processes, over a range of timescales, and under a
suite of varying boundary conditions (Tucker et al., 2001a;
Willgoose, 2005). However, to model river incision suc-
cessfully, particularly in response to changes in boundary
conditions, we require the correct treatment of channel
geometry as well as the appropriate erosion law, as both of
these govern erosive power in any river system. Existing
landscape evolution models are only as a good as the algo-
rithms they employ and there remains considerable debate
over two fundamental issues: (a) which £uvial incision laws
to use within the models, e.g. ‘detachment-limited’ vs.
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‘transport-limited’ or various ‘hybrid models’ (see Whip-
ple, 2004 for a review), and (b) How best to parameterise
the downstream evolution of river morphology in upland
areas, because £uvial incision at any point is a function of
local channel geometry, grain-size andvalley form (Pazza-
glia et al., 1998; Duvall et al., 2004; Finnegan et al., 2005). In
this paper, we address both of these challenges using a un-
ique ¢eld study that characterises the hydraulic geometry
and sediment calibre of three rivers in the Central Apen-
nines of Italy, crossing active normal faults that di¡er in
terms of their spatial distribution of uplift and also in
terms of their temporal history of slip. We evaluate how
these channels have adjusted to their tectonic setting, and
the implications this has for understanding £uvial form in
rivers undergoing a transient response to tectonics, com-
paredwith channels that have reached topographic steady
state (i.e. where channel incision rate equals the tectonic
uplift rate).

Background and paper aims

Whipple & Tucker (2002) argued that to discriminate be-
tween competing £uvial incision laws, we need to examine
rivers undergoing a transient response to a change in
boundary conditions, because at topographic steady state,
many di¡erent erosion laws can produce similar looking
landscapes. In particular, they demonstrated that catch-
ments responding to an increase in uplift rate relative to
original base-level develop diagnostic morphologies de-
pending on the erosion law chosen: for example, detach-
ment-limited and hybrid rivers are predicted to develop a
‘knickpoint’ or convex reach in response to an increase in
uplift rate, whereas the long pro¢les of purely transport
limited channels tend to respond di¡usively to identical
conditions (Tucker & Whipple, 2002). This work led to a
number of studies attempting to model transient river re-
sponse to tectonic forcing, in the hope of obtaining de¢ni-
tive evidence for favouring one or more erosion laws (e.g.
Snyder et al., 2003; Tomkin et al., 2003; Van der Beek &
Bishop, 2003), to assess landscape response time (e.g. Sny-
der et al., 2000; Baldwin et al., 2003) or to model diagnostic
geomorphic signals of transience in the landscape (e.g.
Snyder et al., 2003; Bishop et al., 2005). So far these at-
tempts have met with only limited success: Van der Beek
& Bishop (2003) found it di⁄cult to de¢nitively ¢t any
one erosion model to the Lachlan catchment, SE Austra-
lia, although in part this is because their data may not ac-
tually resolve enough information about the transient
response. Snyder et al. (2003) evaluate channel response to
tectonic forcing in the Mendocino triple junction region,
but again do not de¢nitively identify transient conditions.
Baldwin et al. (2003) consider implications of a range of
stream-power models for post-orogenic decay in moun-
tain belts, and show, in theory, that the e¡ects of tectonic
uplift can persist in £uvially mediated landscapes over
very long periods. However, they do not actually seek to
identify modern day transient landscapes. Bishop et al.
(2005) do identify ‘knickpoints’ in rivers draining the east-

ern coast of Scotland which they interpret as a transient
response to post-glacial rebound of the coastline in the
last 18 ka, but they have poor control on the timing and
mode of knickpoint generation, and their interpretation
rests on assumptions of topographic steady state. Pub-
lished estimates of landscape response time also vary
by several orders of magnitude (Merrits & Vincent, 1989;
Snyder et al., 2000).

A key feature of the above studies is that they use tradi-
tional hydraulic scaling relations (Leopold & Maddock,
1953) to evaluate the evolution of channel width, W, and
depths,H, on a point by point basis downstream.The key
assumption is that channel geometry can be described by a
power law dependence on upstream drainage area, A, or
river discharge,Q , giving equations such as

W ¼ K1Ab ð1Þ

H ¼ K2Ac ð2Þ
where b �0.5 and c �0.35 (Knighton, 1998). Although
Eqns (1) and (2) were derived from data sets characterising
lowland alluvial rivers,Montgomery&Gran (2001) argued
that for mountain rivers in tectonically quiescent areas of
uniform terrain, similar relationships may apply, resulting
in the widespread adoption of these equations in land-
scape evolution models (albeit with varying values for ex-
ponents b and c). However, by using such relationships to
study river response to tectonic forcing, the implicit as-
sumption is that hydraulic geometry is insensitive to tran-
sient conditions. Conversely, valley and channel
adjustment are accepted to be key ways in which rivers re-
spond to spatial changes in boundary conditions because
channel shape fundamentally controls the distribution of
energy expenditure and frictional stresses, which are clo-
sely correlatedwith erosive force (Turowski etal., 2006). For
example, several studies document narrowing and/or stee-
pening in response to both harder lithologies (e.g. Pazza-
glia et al., 1998), and higher uplift rate (e.g. Duvall et al.,
2004; Whittaker et al., 2007) while Lave¤ & Avouac (2001)
show that £ood-plain widths also narrow in areas of high
uplift rate. Additionally, Harbor (1998), documents
changes in channel planform and grain size as the Sevier
river crosses a zone of transverse uplift in southern Utah.
In these examples, empirical relationships, such as Eqns
(1) and (2), are violated locally. Some authors (e.g. Kirby
et al., 2003) argue that, for systems in topographic steady
state, simple empirical relationships are valid although
the value of the exponent b Eqn. (1) may vary (see also Du-
vall et al., 2004; Wobus et al., 2006). However, channel ad-
justment has been shown numerically to occur as a
dynamic response to temporal variations in climatic and
tectonic conditions acting on bedrock rivers (Stark, 2006;
Wobus et al., 2006). Thus, hydraulic scaling relationships
may be inappropriate for characterising the transient re-
sponse of £uvial systems and by implementing them in
landscape evolution models, we may miss a crucial aspect
of the system’s adjustment to external perturbation.
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The above studies raise two key issues: ¢rstly, what cri-
teria can we use to detect, unambiguously, transient re-
sponses in a £uvial system? And secondly, to what extent
are widely used hydraulic scaling empiricisms, above, ap-
plicable for channels undergoing a transient response to
tectonics?We explicitly tackle these outstanding questions
using a unique dataset of three rivers crossing currently
active normal faults in the Central Apennines of Italy
(‘Background: structural and tectonic setting’), where ear-
lier studies (e.g.Whittaker etal., 2007) have alreadydemon-
strated that at least one river in the area is likely to be
undergoing a transient response to tectonics. Here, we
build on previous work by comparing and contrasting the
morphology of rivers crossing both back-tilting normal
faults and uniformly uplifting horsts that di¡er in terms
of their temporal history of slip accumulation (‘Data col-
lection andmethods’). In‘Study rivers’, we present detailed
¢eld observations of channel geometry and sediment cali-
bre in the three channels, to identify how the study rivers
are responding to their di¡ering tectonic settings.We then
consider how channel aspect ratios evolve downstream in
areas of active tectonics and evaluate the extent to which
typical hydraulic scaling assumptions are valid for rivers
perturbed by normal faults (‘Data analysis’).We also assess
which class of erosion laws is most appropriate for describ-
ing the long-term incision characteristics of the three riv-
ers in question, and by evaluating downstream changes in
Shields stress, we argue that all three channels must be
close to the detachment-limited end member.With these
observations in mind, we then consider explanations for
the three channels’ di¡ering behaviour (‘Discussion ^ ex-
planations for di¡ering channel behaviour’). By comparing
the distribution of unit stream power in each of the chan-
nels with our reconstructions of the tectonic uplift ¢eld
and base-level history experienced by each river, we evalu-
ate which of the channels are likely to be in topographic
steady state, andwhich are likely to be undergoing a transi-
ent response to tectonics. Finally, we assess how transient
landscapes progress towards steady state, and estimate the
response timescale of bedrock rivers in the area by con-
trasting channels that have been perturbed by tectonics at
di¡erent times in the past.The results enable us to charac-
terise, for the ¢rst time, the diagnostic ¢eld criteria of a
transient river response to tectonics, and provide unique
insights into the way in which the river system transmits
tectonic signals to the landscape.

BACKGROUND: STRUCTURAL AND
TECTONIC SETTING

The central Italian Apennines initially developed as a
north-east verging imbricate fold and thrust belt during
theMiocene along the margins of the Adriatic microplate,
in response to south-east retrograde motion of the Adria-
tic trench (Cavinato & De Celles, 1999). Compression lar-
gely ceased by the early Pliocene (Centamore & Nisio,
2003), and since �3Ma extensional deformation has mi-
grated eastward behind the thrust front (Lavecchia et al.,

1994; D’Agostino et al., 2001), producing a 150-km-long
network of high-angle normal faults (Fig. 1a) that accom-
modates stretching of �6mmyear�1 across central Italy
(Tozer etal., 2002;Hunstad etal., 2003; Roberts&Michetti,
2004). The faults uplift limestones of Jurassic to Palaeo-
cene age, while the downthrown hangingwalls expose
Miocene turbidite £ysch. (Fig. 1b) (Accordi et al., 1986).
The Apennines emerged above sea level by the Pliocene
(Centamore&Nisio, 2003) and the remnants of the low re-
lief land surfaces created then occur locally on the footwall
blocks of normal faults (Galadini et al., 2003).These faults
lie on the back of a long-wavelength topographic bulge in-
terpreted to have formed either in response to corner £ow
above the Adriatic slab (Cavinato & De Celles, 1999) or
mantle upwelling (D’Agostino et al., 2001).The combined
uplift and extension has resulted in the formation of nu-
merous half-graben basins which are now ¢lled with con-
tinental deposits dating from the Late Pliocene onwards,
considered penecontemporaneous with the onset of
extension across the Apennines (Cavinato, 1993; Cavinato
et al., 2002).

The area has continuing seismicity, andmost of the nor-
mal faults are still active (Fig.1c) (Lavecchia etal.,1994;Ro-
berts & Michetti, 2004), with fault scarps o¡setting hill-
slopes that correspond to late glacial surfaces in the region
(Giraudi & Frezzotti, 1997; Roberts et al., 2004). This ex-
tensional fault array is one the best constrained in terms
of variation in displacement and slip rate, both between
faults and along individual fault segments (Roberts &
Michetti, 2004). Total displacements for the faults have
been calculated from o¡set of geological horizons, and
current throw rates have been calculated from scarp pro¢l-
ing of the o¡set of the late glacial surface.The size of this
o¡set decreases away from the fault centres, indicating a
spatial decline in displacement rate towards the fault
tips (Morewood & Roberts, 2002; Roberts & Michetti,
2004; Roberts et al., 2004). Throw rate data derived
from structural mapping agree well with data gained from
current geodetic observations (Hunstad et al., 2003),
trench sites across active fault strands (e.g. Michetti et al.,
1996; Pantosti et al., 1996 and references therein), seismic
surveys (Cavinato et al., 2002) and recent fault surface ex-
posure dating using cosmogenic nuclides (Palumbo et al.,
2004).

There is strong evidence that some of these faults have
undergone temporal variation in slip rates. Cowie & Ro-
berts (2001) show that those near the centre of the array,
such as the Fiamignano fault (F, Figs1c and 2) have current
throw rates which are large for their (relatively small) total
displacements, and imply a basin initiation age which is
too young comparedwith the known age of basin ¢ll sedi-
ments; consequently throw rates on central fault segments
must have increased. In contrast, faults nearer the edge of
the array, such as the Leonessa and South Cassino seg-
ments (L, SC, Fig.1c), have throw rates that are consistent
with their total displacement and consequently have not
undergone any throw rate acceleration (Fig. 2).The accel-
eration has been explained as a result of fault interaction
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(Cowie & Roberts, 2001). A synthesis of modelling and
empirical data strongly suggest the throw rate acceleration
occurred at �0.75Ma (Roberts & Michetti, 2004). This
interpretation is supported by seismic evidence and bore-
hole data from the centrally located Fucino basin (FC, Fig
1c) which show much thicker sediment sequences dipping
towards the active fault from the mid-Pleistocene onwards,
comparedwith that during late Pliocene^early Pleistocene
times (Cavinato et al., 2002).

We use this uniquely well-constrained data set to char-
acterise how perennial rivers respond to variations in both
spatial and temporal uplift rates on faults in three di¡ering
tectonic settings (shown on Fig. 1, and illustrated in detail
in Fig. 3):

(A)Horst (uniform) uplift, with constant throw rate: Fig. 1c ^
Rieti (R) and Leonessa (L) faults. We focus on the
Fosso Tascino channel (Fig. 3a), crossing the Leonessa
fault.

(B) Back-tilted fault block with constant throw rate: Fig. 1c,
South Cassino (SC) fault.We focus on the Valleluce river
(Fig. 3b)

(C) Back-tilted fault block with increased throw rate: Fig. 1c,
Fiamignano (F) and Sella di Corno faults (S). We focus
on the Rio Torto (Fig. 3c), which crosses the Fiamignano
fault.
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DATA COLLECTION ANDMETHODS

To document hydraulic adjustment to the imposed tec-
tonic boundary conditionswemeasured the following ¢eld
variables:

(i) high- £ow (bankfull) channel width,Wb,
(ii) maximum channel depth,H,
(iii) local channel slope, S,
(iv) valley width,Wv.

Additionally, we measured rock mass strength, sediment
calibre and ¢eld evidence for hanging-wall valley incision
in the three study areas to evaluate whether changing
lithology, varying channel roughness or external (i.e. non-
tectonic) control on base levels might also explain the sig-
nals seen. A 20mDEM, validated by ¢eld survey, was used
to extract river long pro¢les. Data characterising the tec-
tonic boundary conditions for the three cases are shown
in Table 1 and combine results from Roberts & Michetti
(2004) with new measurements to better constrain pre-
sent-day throw rates.

Hydraulic geometry was measured using a hand-held
laser range- ¢nder (precision ^ 1cm) so errors associated
with Wb and H are largely associated with selecting the
stage to measure: de¢ning such parameters must be with
respect to a reference; typically this is the bankful stage,
where the river channel tops out into the over-bank (Leo-
pold &Maddock, 1953; Knighton, 1998). Although the de-
¢nition of such a stage remains a subject of debate (e.g.
Copeland et al., 2000), widths and depths associated with
formative conditions are readily estimated from the limits
of active abrasion, vegetation boundaries, highest levels of
bleaching on boulders and water-washed surfaces and the
remains of high stage £ood debris.This approach is typi-
cally used to de¢ne bedrock channel geometry (e.g. Mon-
tgomery & Gran, 2001; Snyder et al., 2003) and based on
this precedent, we assume such measurements re£ect ac-
tive conditions in the channel. Moreover, the frequency of
measurement (every 300m downstream and substantially
smaller intervals in many instances) means we are con¢ -
dent of having gauged a constant reference frame down-
stream. In gorges with no recognisable over-bank, we
have measured the high- £ow stage, as deduced from the
same ¢eld indicators listed above. Channel slope measure-
ments are reach-representative and typically cover a dis-
tance of 20^30m as appropriate.Variation associated with
hitting the target positioned downstream gives an empiri-
cally determined error of � 0.21.Valley widths were mea-
sured at a reference height of 2m above the river; this was
above bankful depth in almost all cases. Where H was
42m,Wv was measured at 0.5m above this level. Rock re-
sistance to erosion was evaluated using the Selby mass
strength index (Selby,1980).This represents a semi-quan-
titative assessment of rock hardness; geometry, orienta-
tion and size of joints/bedding; and the degree of
weathering/groundwater saturation. Index values range
from 0 to 100 with soils corresponding to values o25. In
particular, the Selby index accommodates relative di¡er-

ences in intact rock strength and hardness (cf. Sklar&Die-
trich, 2001), and structural constraints on bedrock
resistance to erosion. This is important because intact
rock strength alone is a poor indicator of erodibility in
heavily jointed lithologies (Whipple et al., 2000a).
Coarse-fraction grain-size on the channel bed was
estimated by Wolman point counting of the major and
minor axes of 100^300 individual, randomly selected
particles41mm in size, mantling the channel (Wolman,
1954).The median value,D50, and theD84 of the individual
particles was taken to yield a representative measure of
sediment calibre at each locality. Ancillary measure-
ments indicate D50 estimates typically £uctuate by
o � 0.5mm with increasing number of measurements in
excess of100 grains.

STUDY RIVERS

In this section, we combine the uplift and base-level
histories for the three rivers with detailed observa-
tions of channel form, geometry and grain-size as a
function of downstream distance. Because there are good
reasons for believing that rivers responding to active
tectonics may not demonstrate typical hydraulic
scaling (see ‘Background and paper aims’) we present the
data on linear, rather than log scales, and return to the
applicability of power-law scaling relationships for
tectonically perturbed rivers in ‘Do channel widths
scale with drainage area for rivers crossing active
faults?’.

Case A ^ Horst uplift (FossoTascino,
Leonessa fault)

The FossoTascino is the trunk stream of a 45 km2 catch-
ment, draining the uplifted horst block between the Leo-
nessa and Rieti faults, which dip in opposite directions
(Fig. 3a). Both have similar maximum throw rates of
0.35mmyear�1. The river cuts across the Leonessa fault
500m SE of Leonessa village.Total throw on the fault here
is �1000m, and where it intersects the river, the current
throw rate is approximately 0.3mmyear�1. This rate is
consistent with both the total throw and the 3Ma initia-
tion age of faulting in this area (Fig. 2), indicating constant
throw rate through time. The river displays a concave up
pro¢le (concavity, y5 0.42, whereS �A� y, Fig. 4). It exhi-
bits a mixed cobble-gravel bedwith occasional exposure of
channel- £oor bedrock in the upper part of the catchment,
and wide open reaches which are largely alluviated in the
lower part of the catchment near the fault. Geological sur-
veying indicates the drainage is mono-lithologicMesozoic
limestone and in situ assessment of Selby rock mass
strength yielded no substantial di¡erences downstream,
with average values of �61; consequently there is little dif-
ference in rock resistance to erosion within the footwall.
The hangingwall basin is ¢lledwith Plio-Pleistocene sedi-
ments, which are �380m thick (Michetti & Serva, 1990).

r 2007 The Authors. Journal compilation r 2007 Blackwell Publishing Ltd,Basin Research, 10.1111/j.1365-2117.2007.00337.x6
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These are presently incised by �50m from the upper sur-
face, which is mid-Pleistocene in age (Michetti & Serva,
1990; Cavinato, 1993), indicating 50m of base-level fall
since 0.75Ma.The rate of this base-level fall is not known
precisely, but the succession of terraces inset within the
valley of the Fosso Tascino (Michetti & Serva, 1990) and
the lack of convex reaches on the FossoTascino, or on any
other channels in the Leonessa basin, argue for alternating
periods of incision with aggradational interludes.

Raw data for the channel geometry are shown in Fig. 5.
Bankful channel widths increase downstream fromo2m
in the headwaters to 420m where the river crosses the
fault. Channel slope is high in the headwaters and declines
downstream as would be expected in graded, equilibrium
channels (S typically o0.05 beyond 4 km downstream).
There is therefore no steepening in local stream-wise gra-
dient as the river nears the fault. The ratio of channel
width to valley width,Wb/Wv, gives us a measure of the ex-
tent to which erosion is concentrated within the valley
(Pazzaglia et al., 1998). Here,Wb/Wv is highly variable, with
no readily discernable trend with increasing distance
downstream. Generally, the river £ows through a valley
which is approximately 3� the width of the river itself
and, signi¢cantly, there is no appreciable valley narrowing
or gorge formation as the river nears the fault.There is also
negligible correlation between slope S andWb/Wv (corre-
lation coe⁄cient 5 � 0.03). Importantly, for each of these
measures, there is little evidence of the river systematically
adjusting its form as a function of distance from the
Leonessa fault, despite this being a zone of active uplift.
In fact, the variability in channel form over small
distances downstream is the most noticeable
feature.

Case B ^ tilted fault block with constant throw
rate (Valleluce river, South Cassino fault)

The Valleluce river is a catchment of �20 km2, crossing
the SouthCassino fault.This normal fault has a maximum
throw of 1200m, but where the river crosses the fault, the

throw is �950m and the current throw rate is estimated
to be 0.25^0.3mmyear�1similar to theRieti andLeonessa
faults above (Fig. 3b). This rate has been approximately
constant since fault initiation (Fig. 2). Because the normal
fault back-tilts to the NE, the uplift rate decays perpendi-
cularly away from the fault into the distal footwall (Roberts
& Michetti, 2004).The river thus £ows towards the locus
of maximum uplift as it approaches the fault rather than
crossing a uniformly uplifting block as in case A. The
hangingwall contains Miocene £ysch with thick Plio-
cene^Recent cover, and the footwall contains upliftedMe-
sozoic limestone, with average Selby mass strength values
of 60^65. However, one well-consolidated unit has Selby
values of �70 and there are also zones of carbonate cata-
clasite, where Selby strength falls to �40; these zones are
highlighted in the channel geometry data in Fig. 6. The
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long pro¢le (Fig. 4) shows that the river has a concave-up
long pro¢le (concavity5 0.51), with no prominent convex
reaches.There is no evidence for any incision in the prox-
imal hanging wall, indicating that externally driven base-
level falls have not exerted a signi¢cant control on the
development of the catchment.

Channel width increases slowly towards the fault from
o2.5m in the upper parts of the catchment to �10m near
the fault (Fig. 6a).Widths are higher beyond the fault, but
this is attributable to the fact there is a large con£uence
near the village of South Elia with other rivers draining

the hangingwall of the fault. Measured local slopes de-
crease downstream, with the exception of a high gradient
reach at 6 km downstreamwhich appears to correspond to
an area of increased rock mass strength (stipple in Fig. 6b).
The ratioWb/Wv, althoughwith some variability, increases
systematically towards the fault (Fig. 6c), meaning that in-
cision is being focussed in a narrower zone as the river ap-
proaches the zone of maximum uplift.Moreover, there is a
moderate positive correlation between areas of high slope
and lowered valley width (correlation coe⁄cient 5 0.44)
showing that steeper reaches are associated with areas
where the river is more tightly con¢ned between the
valley walls. This is particularly noticeable in the vicinity
of the fault, despite the general trend of decreasing slopes
with increasing downstream distance (Fig. 6b). Overall,
channel planform shows many similarities to case A.The
key di¡erences are the relative constriction of the valley as
the river approaches the fault (Fig. 6c), and the correlation
of high local channel slopes with low values for Wb/Wv

(Fig. 6b).

Case C ^ tilted fault block, increased throw
rate (RioTorto, Fiamignano fault)

TheRioTorto is the major river draining the footwall of the
Fiamignano fault, with a catchment area 465 km2. The
normal fault is 25 km long, trends to the SE and dips SW;
it has a displacement of �1800m at its centre near the
Fiamignano village, and is here estimated to have a throw
rate �1.1mmyear�1 (Fig. 3c). The fault uplifts Mesozoic
limestone of relatively uniform competence and juxta-
poses it against Miocene £ysch in the hanging wall (Fig
7a).The RioTorto’s headwaters lie near the tip of the Sella
di Corno fault, and it then £ows towards the Fiamignano
fault, crossing SE of Fiamignano village, where the throw
rate is �0.9mmyear�1.The upper parts of the RioTorto
are downthrown in the hanging wall of Sella di Corno
fault, a 24-km-long segment with a total displacement of
�1000m and a maximum throw rate �0.3mmyear�1

(Roberts & Michetti, 2004). In addition, the Fiamignano
fault underwent a throw rate acceleration from
�0.3mmyear�1 at 0.75Ma, to �1mmyear�1 (Fig. 2;
Roberts &Michetti, 2004).

At present there is no signi¢cant accumulation of Pleis-
tocene sediments on the hanging wall side of the Fia-
mignano fault, with which to constrain the baselevel
history in the vicinity of the RioTorto. However, there are
conglomerates and lacustrine deposits of late-Pliocene age
(1.8Ma) preserved as a fault-bounded sliver, � 100m
thick, within the proximal footwall (location X, Fig. 3c).
These deposits are structurally perched at �1000m ele-
vation whereas the elevation of the Rio Torto where it
emerges onto the hanging wall is �720m. From these ob-
servations we infer that the amount of incision since
1.8Ma must be in the range 100^280m, depending on
when these deposits were entrained within the fault zone.
Mid-Pleistocene deposits near the village of South Pietro
(locationY, Fig. 3c) crop out at elevations of up to �770m.
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These deposits are the lateral equivalent of the classicVil-
lafranchian sequence in theCittaDucale gorge (also shown
in Fig. 3c) (Accordi et al., 1986; Cavinato, 1993). If these se-
diments extended as far as the RioTorto at Fiamignano, it
implies maximum aggradation of �50mbetween theLate
Pliocene and the Mid-Pleistocene, and subsequent re-
moval of this material from 0.75Ma.

Unlike the other rivers (cases A and B), the Rio Torto
channel has a prominent convexity in the long pro¢le,
which starts directly upstream of the fault and covers aver-
tical distance of 4400m in o5 km (Figs 4 and 7a). This

convexity cannot be attributed to lithology alone because
there is no change in rock type or Selby mass strength un-
til the river crosses into the hanging wall basin (Fig. 7a).
There are also striking downstream changes in channel
type within the RioTorto as it £ows towards the throw rate
maximumwhere the river crosses the Fiamignano fault. In
the headwaters (i.e. above the convex reach), the channel is
shallow, partially alluviated and £ows through awide, open
valley (photo1, Fig. 7b). Downstream of the break in slope,
in the convex reach, the channel forms a narrow gorge,
with steep side slopes, and exposures of limestone bedrock
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in the base (photo 2, Fig. 7b). Once into the hanging wall,
the river widens and alluviates, producing a channel mor-
phology similar to that in the headwaters (photo 3, Fig. 7b).

Concomitantly with the morphological changes de-
scribed above, there are signi¢cant variations in down-
stream channel geometry as the RioTorto approaches the
fault (Fig.8).High £owchannelwidth rises to �10mwith-
in the ¢rst 3 km of the headwaters, but then remains ap-
proximately constant downstream towards the fault,
despite the joining of a major tributary at �8.5 km down-
stream (Figs 7a and 8a). Channel widths widen markedly
again as the river crosses from the uplifted footwall block
to the hanging wall basin. Local channel slopes are gener-

ally low in the headwaters and before the convex reach
(most values o0.05), whereas slopes are generally 40.05
(31) between the break in slope at 6 km and the fault.Max-
imum slopes here can reach 40.3, and minimum docu-
mented slopes increase all the way to the fault. Slopes
decline rapidly to valueso0.04 on crossing into the hang-
ingwall.The variation in channel slope is positively corre-
latedwith the ratio of high- £owwidth to valley width,Wb/
Wv (correlation coe⁄cient5 0.5). Low channel slopes oc-
cur where the RioTorto £ows throughwide open valleys in
the upper part of the catchment, but the increase in slope
in the convex reach is immediately matched by narrowing
of the valley, forming a deeply incised gorge where
Wb �Wv. This focuses £uvial erosion into a corridor
o10mwide through the footwall, and permits incision di-
rectly into bedrock as the river approaches the fault.Wb/
Wv falls to very low values as the river enters the hanging-
wall basin.The correlation between S andWb/Wv suggests
that channel steepening is directly linked to incision and
gorge formation near the fault. Additionally, Whittaker
et al. (2007) show that this signal is transmitted to the hill-
slopes throughout the over-steepened reach, giving hill-
slope gradients 4301, wherever local channel slopes are
high and valley widths low.

These data indicate that the RioTorto shows systematic
changes in key hydraulic geometry variables as the river
approaches the fault, in contrast to the FossoTascino and
Valleluce rivers above.These geomorphological signals are
dramatic, and are clearly evidenced by the fact that it
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would be easy to predict the likely position of the Fia-
mignano fault at 10.5 km downstream using the channel
data inFig.8 alone.This suggests that rivers crossing faults
develop diagnostic signals in some circumstances, but ap-
parently not in others, and we discuss the causes of this
phenomenon in ‘Discussion ^ explanations for di¡ering
channel behaviour’.

Grain size

Figure 9 shows sediment calibre (Wolman, 1954), for each
of the three rivers, against downstream distance, L, nor-
malised by distance to the fault, Lf.While the Rio Torto,
Fiamignano, has the coarsest median grainsize (twice as
large as the Valleluce river, Cassino), it is noticeable that
for all three channels,D50does notvary greatly as the rivers
£ow towards the active faults. On average,D50 �3.5 cm for
theRioTorto, �1.9 cm for theFossoTascino, near theLeo-
nessa fault, and �1cm for the Valleluce river crossing the
Cassino fault. HoweverD84 responds di¡erently: while the
rivers crossing the constant slip-rate faults (FossoTascino
andValleluce)maintain constant coarse fraction grain-size
within the footwall of the fault, D84 increases in the Rio
Torto from �6 cm near the start of the convex reach to
�9.5 cm near the fault. It decreases again to �2 cm once
the river enters the hangingwall of the fault.This therefore
means that the spread in sediment size-distribution in-
creases downstream in the Rio Torto as the river £ows
through the incised gorge upstream of the fault. Because
the hillslopes in the RioTorto are directly coupled to the
incised channel, and there are a number of landslides di-
rectly entering the channel in the gorge, we interpret the
increase in D84, but not D50, to represent an increase in
coarse sediment input sourced directly from the neigh-
bouring hillslopes. This is an additional component to
the ¢ner material sourced from upstream in the case of
the Rio Torto, whereas coarse landslide-derived debris
does not appear to be a signi¢cant input in either of the
channels crossing the Cassino or Leonessa faults.

DATA ANALYSIS

Howdoes channelaspect ratiovary in areasof
active tectonics?
It has recently been hypothesised, with support from sim-
ple hydrological and erosional models, that the channel as-
pect ratio,Wb/H, is constant downstream in bedrock rivers
(Finnegan et al., 2005). However, if channel narrowing is a
ubiquitous way in which rivers respond to steeper slopes
(Turowski et al., 2006;Whittaker et al., 2007), then for rec-
tangular channels (e.g. in gorges) for aspect ratio to remain
constant, channel depthwould have to also decrease by the
same amount, which would consequently require £ow ve-
locity to increase by the square of the di¡erence in order to
maintain constant discharge. Figure 10 shows Wb/H as
function of local channel slope for the three channels con-
sidered. Most striking is the data for the Rio Torto, Fia-
mignano: here, we see a strong non-linear dependence of
aspect ratio on slope, with high slopes40.1 typically cor-
related with low-aspect ratios (Wb/H o6).This implies a
deepening and a narrowing of the channel in the steep
gorge as the river approaches the fault, as this is the zone
of maximum slope (Fig 8b.) The relationship can be em-
pirically ¢tted with a power law, giving Wb/H, �S� 0.34,
and underlines the signi¢cant e¡ect that active faulting
has on hydraulic geometry in this setting, by controlling
local channel slopes. In contrast, the signals for the con-
stant slip-rate faults are much less clear.The FossoTasci-
no, crossing the Leonessa fault, exhibits a much wider
scatter inWb/H: average slopes in the catchment are con-
siderably lower,o0.05 and this is associatedwith 6oWb/
H o14. Despite this variability, there is a trend towards
lower aspect ratio at higher slopes, as shown by the two
data points taken in the steep headwaters where S 40.3.
For theValleluce river, crossing theCassino fault, recorded
slopes do not exceed 0.13, and averageWb/H �5, but again
there is a trend towards lower aspect ratios as local channel
slope increases. All of these data suggest that there is an
underlying tendency for channel aspect ratio to lower in
areas of higher slope, as one might expect in the head-
waters of the channel.However, in areas of tectonic activity,
as shown here, slopes can be high even at relatively large
drainage areas (410 km2), and in the Rio Torto case C,
Wb/H is much more tightly constrained as a function of
slope, indicating that local channel gradient changes are
transmitted directly to channel aspect ratio.That is to say, a
functional dependence of channel aspect ratio on local
slope is not necessarily a product of a transient response to
tectonics, but is most clearly seen under transient condi-
tions, because high channel slopes are more abundant
downstream. Consequently, the results suggest that in tec-
tonically perturbed areas, it is not justi¢ed to assume a con-
stant aspect ratio. For the RioTorto, width varies by a factor
of �10 downstream, whereas depth varies by a factor of
�2, somost of the signal lies inWb variation.This study sug-
gests that understanding the evolution of downstream
channel width is therefore vital to understanding river re-
sponse to tectonics.
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Do channel widths scale with drainage area
for rivers crossing active faults?

As we show in ‘Background and paper aims’, knowledge of
channel width is required to predict £uvial erosivity at any
point downstream in a channel and hydraulic scaling
(Leopold & Maddock, 1953) is therefore used in most
models to constrainWb Eqn. (1).Typically, the scaling ex-
ponent b5 0.5, although some studies make use of ¢eld
data which indicate that b values may di¡er from this as
uplift rate increases (e.g. Duvall et al., 2004). However, the
raw data presented in ‘Study rivers’, and the discussion of

aspect ratio, above, raise the issue of whether it is reason-
able to assume that channel dimensions, such as width,
can be expressed in terms of a simple power-law depen-
dency on discharge, regardless of exponent used.We there-
fore assess the applicability of the W �Qb paradigm by
comparing predictions of high £ow channel width yielded
from best- ¢t power-law scaling relationships deduced
using the real ¢eld measurementswith downstream evolu-
tion of measured widths on the scale of the uplifted foot-
wall block itself, binned in �500-m intervals (Fig. 11).
Drainage areas are obtained from a 20-m resolution
DEM.
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For the FossoTascino, Leonessa, non-linear regression
of measured Wb and A yields Wb �A0.55 � 0.05, r25 0.8
(Fig. 11d).When width predictions from this relationship
are compared with measured Wb values as they evolve
downstream in the uplifted horst, we ¢nd that the hydrau-
lic scaling approach does give a reasonable ¢t to measured
values (Fig. 11a). Similar conclusions can be drawn for the
Valleluce river crossing the South Cassino fault: here, we
obtain Wb �A0.51 � 0.03, r25 0.97 (Fig. 11e) and when we
compare width predictions made from this relationship
with the real data again we see a good agreement between
the deduced hydraulic scaling relationship and the distri-
bution of real channel widths (Fig. 11b): i.e. predictions
from hydraulic scaling lie within the error bars inWb con-
sidered over distances of � 500m. In these cases power-
law scaling is adequate to describe the evolution of channel
planform downstream; indeed we produce values very si-
milar to the expected exponent of b5 0.5 (Montgomery &
Gran, 2001).

However, a very di¡erent picture emerges when we use
the same method on the RioTorto crossing the Fiamigna-
no fault. Regression ofWb taken over �3 orders of magni-
tude gives Wb �A0.45 � 0.04, r25 0.9 (Fig. 11f). This is a
somewhat lower b-value, but is similar to those documen-
ted in other studies for rivers in tectonically active areas
(e.g. Duvall et al., 2004). However, when we look in detail
at the predictions of this relationship with the actual
downstream evolution of channel widths, it becomes
immediately apparent that this scaling analysis is not e¡ec-
tive for describing downstream channel evolution in the
Rio Torto catchment. In particular, at a major tributary
where the drainage area doubles at 8.5 km downstream,
there is no immediate increase in channel width in the
gorge: instead it remains at o10m and even narrows
slightly until the river crosses the fault. Beyond this, chan-
nel widths recover to nearer the predicted values of
�18m. Near the fault the channel is �3� narrower than
empirical predictions of width from traditional hydraulic
scaling might imply. Consequently, in the zone of maxi-
mum uplift just upstream of the fault, Wb is clearly de-
coupled from drainage area, and hence the hydraulic
scaling paradigm is at its least e¡ective in the regionwhere
the river is most sensitive to tectonics.

This analysis shows that even if one does calculate a b
exponent from ¢eld data, much information about down-
stream evolution of channel widths can be lost. The pro-
blem is that for a single drainage area of �7 � 108m2,
widths range from o5m to 420m, as shown in Fig. 11f.
However, what cannot be deduced from Fig.11f, but which
is clearly apparent inFig.11c is that this variation is actually
systematic downstream, despite there being little change in
drainage area.This means that a single b exponent, regard-
less of magnitude, cannot realistically describe channel
evolution downstream.The measuredwidth values are in-
formative, and tell us about how the river is responding to
fault-induced uplift, whereas the predicted widths mask
this signal in the gorge. This loss of scaling (Fig. 11c) is
due to the strong non-linear dependence that aspect ratio

has on channel gradient, and shows that local slopes may
be as important as discharge or drainage area in determin-
ing W. We therefore argue that power-law predictions of
channel width must be used with caution in tectonically
disturbed areas, even if they are generated from real ¢eld
data (cf. Duvall et al., 2004), and in ‘From transient land-
scape to topographic steady state’ we evaluate the time-
scale over which such a loss of hydraulic scaling may be
regainedwithin the £uvial network.

What role does grain-size play in governing
process and form in channels shaped by
active tectonics?

A crucial aspect of the £uvial system is the sediment that
the channel carries. Detachment-limited models of ero-
sion (cf. Howard &Kerby, 1983) parameterise bedrock ero-
sion as a function of bed shear stress, and do not explicitly
include sediment £ux from upstream.The assumption in
this case is that the transport capacity of the £ow is � se-
diment supply. Alternatively, if sediment supply is in ex-
cess of the river’s capacity to transport, then the river is
said to be transport-limited, and incision can be modelled
as being proportional to the downstream divergence of se-
diment £ux (Tucker & Whipple, 2002). Systems governed
by these end-members respond di¡erently to transient
forcing, because they are underlain by very di¡erent
mathematics (Whipple & Tucker, 2002). In general, trans-
port limited systems tend to respond di¡usively, whereas
systems close to the detachment limited end-member
show a more ‘wave-like’ response, with convexities in long
pro¢les common. Di¡ering channel responses could
therefore be explained bydi¡ering long-term erosional dy-
namics. Unfortunately, although often attempted, predict-
ing the dominant process from channel observations
alone is non-trivial; for example a channelwith100%allu-
vial cover could be scouring bedrock at high stage if the se-
diment is merely a thin, ephemeral veneer; moreover, the
propensity of sediment to act as tools or cover within a riv-
er depends on the distribution frequency of high £ow
events throughout the year, and the peakedness of the
storm hydrograph (Knighton, 1998; Sklar & Dietrich,
2001).

We do not aim to quantitatively test erosion models
here, but rather to assess whether it is likely that the three
channels could be transport-limited, or whether detach-
ment-limited processes may govern long-term erosion
rates. Initial observations of bed characteristics for the
FossoTascino channel (case A, near Leonessa), show expo-
sures of some bedrock in the headwaters of the channel,
but downstream of this the bed is covered by an alluvial ve-
neer of 40.2m thickness. In contrast, in the Rio Torto
(case C), bedrock exposure is approximately 10^20% in
the headwaters of the river, but downstream of the slope
increase at L5 6 km, typical exposure is 450%, with
some reaches exposing considerably more than this. Allu-
vium, where present, never appears to be more than 0.5m
thick. Bedrock in the base of the channel is polished,
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showing signs of abrasive wear, and jointed horizons show
evidence for plucking.The Valleluce river at Cassino (case
B) has small exposures of bedrock, usually o20% of the
channel bed, and never more than 50% at any site. Again
there is evidence for scour in the base of the channel.
Although these observations suggest that the Valleluce
and Rio Torto channels (cases B and C) are strongly
under-supplied (closer to the detachment limited
end-member) they cannot provide a de¢nitive answer
alone. However, we can assess this issue quantitatively by
looking at the Shields stress, tn (Mueller & Pitlick, 2005),
which represents the ratio of the basal shear stress
(tb 5 rwgRS) to the excess sediment density and size, and
is evaluated as:

t� ¼ rwRS
ðrs � rwÞD50

ð3Þ

whereR is the hydraulic radius of the channel, S is the lo-
cal channel slope, rs is the density of the sediment
(�2650kg m� 3) and rw is the density of water
(�1000 kg m� 3). Importantly, for transport-limited gravel-
bed rivers, where the predominant transport mechanism
is bed-load saltation rather than suspension, channels
con¢gure themselves so as to maintain a critical dimen-
sionless shear stress downstream, t�cr, which has typically
been measured to lie in the range 0.047^0.06 (Dade &
Friend, 1998; Dade, 2000) Data also suggest that in these
cases, Shields stresses do not exceed critical values
by more than 20% (Mueller & Pitlick, 2005) In other
words, for gravel bed rivers, grain-size helps to control
channel slope. However, these relationships have been
derived for alluvial rivers, and channels, which are
not transport limited are not constrained into any such
range.

Figure 12 shows Shields stress as a function of normal-
ised fault distance,L/Lf for the (a) the FossoTascino, Leo-
nessa, (b) the Valleluce river, Cassino and (c) the RioTorto,
Fiamignano.We calculate values using D50 (black circles)
and also using D84 (open circles) to assess whether the
coarsest grain-sizes in the channel are also likely to be mo-
bilised at high £ow. BecauseD50 andD84 values do not vary
greatly downstream in each of the three rivers (Fig. 9) we
take measured grain-sizes to be representative of sedi-
ment calibre both up- and downstream from the local
measuring site. (The one exception isD84 for theRioTorto,
where we extrapolate the grain-size trend for 0.7oL/
Lfo1.2.)

It is immediately apparent for all of the channels that
values for tn are considerably in excess of the typical
threshold for self-formed gravel bed rivers: and lie in the
range 0.5otno8.This is between nine and 80 times the ty-
pical gravel bed threshold, and for transport-limited allu-
vial systems has only been documented for lowland rivers,
withvery ¢ne grain sizes, where the dominant mode of en-
trainment is suspension (Dade & Friend, 1998).The high
values obtained are the result of relatively small and
homogeneous gravel supply in theFossoTassino andValle-

luce rivers, and by the high slopes seen upstream of the ac-
tive fault in the RioTorto, near Fiamignano. Consequently,
most of the sediment will be moving at bankful £ow and
this would be the case even if we had under-estimated
D50 by an order of magnitude. Moreover, the data suggest
that the increase in coarse grain-size fraction found in the
RioTorto is unlikely to result in the break-down of hydrau-
lic scaling, documented, because of large, immobile clasts
blocking the channel as suggested by Wohl (2004):
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Wolman D84 is only two to four times larger than D50

values, and it is highly improbable that we have under
estimated this value by the amount required to produce
tn 5 0.06. Indeed, it is only in the headwaters of the Rio
Torto, where the river lies in the hangingwall of the Sella
di Corno fault, that we see Shields stresses approaching
typical ‘transport-limited’ values previously documented
for gravel bed rivers in alluvial settings. It is, therefore, un-
likely that sediment size is the dominant control on local
channel slopes; instead in the case of theRioTorto, Shields
stress is closely correlated with slope, suggesting that the
channel does not respond to steepening by increasing
grain size in order to maintain constant critical Shields
stresses (cf.Harbor,1998).These data, in combinationwith
more qualitative observations of channel process and bed-
rock exposure, allow us to reject the idea that these chan-
nels are transport limited, and we therefore suggest that
they are all likely to be under supplied to a greater or lesser
extent. Furthermore, the data suggest that the loss of hy-
draulic scaling in seen in the RioTorto gorge, upstream of
the Fiamignano fault, cannot be explained in terms of a
grain-size or roughness e¡ect (cf.Wohl, 2004)

DISCUSSION ^ EXPLANATIONS FOR
DIFFERING CHANNEL BEHAVIOUR

The data sets presented above are the ¢rst to compare
channel geometries developed in response to active
tectonic forcing where we know the spatial and temporal
boundary conditions explicitly.The three rivers, although
located in the same region, £owing over very similar
lithologies, and all crossing active faults, demonstrate con-
trasting £uvial responses to the imposed tectonic regimes
they face. In particular, the Rio Torto exhibits a convex
reach above the fault, and shows systematic deviations in
hydraulic geometry, valley width and aspect ratio with
proximity to the fault, elevated coarse fraction grainsize, a
break-down in width scaling and a reduced variability in
channel planform over short length-scales.The three riv-
ers all appear to approach the detachment limited end-
member, and the fact that these features are not generally
seen on the other two channels suggests that neither
can the downstream presence of an active fault, nor the
structural style of a back-tilted fault-block be a su⁄cient
explanation for the di¡erences.We, therefore, need a more
sophisticated interpretation if we are to account for why
some rivers crossing faults have convex reaches above
them and others do not. It is true that theFiamignano fault
has a slip rate, which is �3 � higher than either the Leo-
nessa or Cassino cases, so it could be suggested that the
Rio Torto cannot keep up with the higher uplift rate on
the fault. We doubt this explanation is correct because
there is no bedrock scarp preserved in the channel where
the river crosses the Fiamignano fault, suggesting that at
that point at least, the rate of £uvial incision is at least
equal to the rate of uplift in the channel.

However, convex river pro¢les have been modelled to
develop as a transient response to a change in uplift rate for
channels approaching the detachment limited end-mem-
ber model for river incision. (Tucker & Whipple, 2002;
Whipple & Tucker, 2002). This exactly describes the Rio
Torto situation, where a bedrock channel, which is not
limited by its ability to transport sediment, crosses an ac-
tive fault, which underwent a three-fold increase in slip
rate at 0.75Ma.We, therefore, make the interpretation that
the development of a convex reach and the systematic de-
viations in channel form are a transient response of the
£uvial system draining the footwall of theFiamignano fault
to the documented slip rate increase (Cowie & Roberts,
2001).

Defining landscape state

To demonstrate this interpretation, we need to show both
that the long pro¢le and channel geometry of theRioTorto
are indeed transient forms that will evolve away from their
current con¢guration over time, and that the response
seen is controlled by fault acceleration, and not, for exam-
ple, by regional base-level fall.To address the ¢rst issue,we
need to be clear about what we mean by the terms ‘equili-
brium’, ‘steady state’ and ‘transient response’ with respect
to rivers.Hydrologists talk about rivers being in equilibrium
if theyhave reached an optimal state by obeying energy con-
siderations such as constant energy dissipation per unit
area of channel, and minimised global energy dissipation
across the network (Rinaldo et al., 1992; Rodriguez-Iturbe
et al., 1992). Deviations from this norm could be thought of
as a disequilibrium condition fromwhich rivers may (over a
presumably long timescale) attempt to recover.

In contrast, the issue of equilibrium for tectonic geo-
morphologists is more often cast in the language of topo-
graphic steady state (e.g. Lave¤ & Avouac, 2001; Tomkin
et al., 2003). For example, a river crossing a zone of active
uplift could adjust itself so that its incisional capability
matches the range of rock uplift rates at all points. Such a
river would then have reached a topographic equilibrium
or steady state (sensuWillett & Brandon, 2002). However,
assuming that the ability of a channel to incise is a function
of energy expenditure on the bed (Finlayson et al., 2002;
Finnegan etal., 2005) such a river would not be in hydraulic
energy equilibrium. A third class of £uvial systems, meet-
ing neither of these conditions would be in disequilibrium
with respect to both, and might be expected to show tran-
sient behaviour. These three sets of conditions (energy
equilibrium, topographic steady state, and transient re-
sponse) could clearly produce rivers systems with very dif-
ferent geomorphic characteristics.We therefore, explicitly
test whether the three rivers crossing faults in this study
have achieved (i) energy dissipation equilibrium, (ii) topo-
graphic steady state or (iii) neither. We then investigate
whether the di¡ering temporal history of slip on the three
faults is indeed the best explanation for the varying £uvial
responses seen.
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Do the rivers have constant dissipation of
energy downstream?

To calculate energydissipation (Watts) per unit channel area
(Wm� 2), we use the unit stream power,o, expressed as

o ¼ rgQS=Wb ð4Þ
where is r is the density of water, g is the acceleration due
to gravity.Unit stream power is commonly used as an inci-
sion rate proxy for channels at (or near) the detachment-
limited end-member, and has been used to trackvariations
in erosivity in both quiescent and tectonically active areas
(Dadson et al., 2003; Duvall et al., 2004).We use the mea-
sured width data (‘Study rivers’) to calculate unit stream
power.To derive discharge estimates for each river, we ap-
plyManning’s equation (Manning,1891) to channel cross-
sections measured near the faults, allowing us to predict
£uid velocity and hence a characteristic discharge at the
fault.We scale this estimate forQwith drainage area to cal-
culate discharge both up and downstream of the fault.This
assumes that A is proportional to Q , which is reasonable
for catchments of limited area (cf. Solyom & Tucker,
2004). We obtain discharges at the fault of 100, 110,
60m3 s�1, for the Fosso Tascino, Rio Torto and Valleluce
channels, respectively.These values represent storm run-
o¡ rates on the order of 10mmh�1, and are comparable
with £ood discharges measured on gauged rivers in the
Italian Apennines with similar drainage areas (e.g. Ratto
et al., 2003).

The three rivers considered show remarkably di¡erent
energy expenditure patterns (Fig. 13).While they have si-
milar values in the headwaters, the RioTorto (Fig 13c) has
unit stream powers 420 000Wm� 2 as the fault is ap-
proached, and shows a very large increase between 8 and
10.5 km downstream.This channel is evidently not distri-
buting its potential energy uniformlydownstream.The in-
crease in unit stream power is driven by high channel
slopes between 6 and 10.5 km downstream, and by re-
stricted channel widths, particularly beyond 8 km down-
stream, where widths remain low despite a large increase
in drainage area. Therefore, the increase in stream power
is a direct result of the loss of hydraulic scaling, and the
convex long pro¢le. In contrast, the FossoTascino, cross-
ing the Leonessa fault (Fig.13a) shows hardly any increase,
with unit stream powers varying only from 1000o
oo3000Wm� 2 downstream; there is no marked change
in these values as the fault is neared and the distribution
could be adequately modelled as being approximately con-
stant downstream. This is consistent with the fact that
W �A0.5 (Fig.11) andS �A� 0.5 (Fig. 4) for this river,which
would produce constant values of o if these relationships
alone were substituted in Eqn. (4).

The Valleluce river, Cassino (Fig 13b) shows consider-
able scatter, but on average there is an increase in stream
powers from o2000Wm� 2 in the headwaters to values
which plateau around 4000^6000Wm� 2 near the fault.
Energy expenditure falls again in the hangingwall. How-
ever, the river also has a concave up pro¢le and apparently

goodwidth scaling.This means that the emergence of ele-
vated stream powers in the proximal footwall must be re-
lated to unevenly distributed residuals in width or local
channel slope, despite the apparently good scaling
overall.To test this, we consider the downstream distribu-
tion of the ratiosWb/Wpredicted, S/Spredicted (Fig.14), where
Wpredicted are width predictions from non-linear regres-
sion of Wb and A (Fig. 11), and Spredicted is predicted
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stream power trends.
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channel slope, also derived from regression of S and A.
The data indicate that whileWb/Wpredicted cluster around
a value of 1, showing that the scaling relationship in Fig
11e is a good approximation,S/Spredicted is low in the head-
waters, suggesting that power-law scaling over-predicts
slopes here. S/Spredicted gradually increases downstream,
meaning that the channel is steeper near the fault than
slope predictions would suggest. Moreover, S/Spredicted is
highly correlated with unit stream power (correlation
coe⁄cient5 0.91). Consequently, it is variation in local
channel gradient, and not high- £ow widths which enables
the Valleluce river to increase its stream power in the vici-
nity of the Cassino fault; we note that these local slope
changes are superimposed upon a river pro¢le with a typi-
cal concavity overall (0.51) (cf. Kirby et al., 2003). Small-
scale changes in slope,where the rate of change of drainage
area is low can thus be an importantway inwhich channels
adjust to fault-induced uplift. These adjustments might
easily be missed on log^log plots of slope and area but are
clearly visible on a linear plot of slope vs. downstream dis-
tance.The observations suggest that only the FossoTasci-
no (Fig.13a) approaches energy dissipation equilibrium as
de¢ned above, and if stream power is taken to be a proxy
for erosion rate (cf. Dadson et al., 2003) only this channel
would have an appoximately constant erosion rate
downstream.

Are these catchments in topographic
steady state?

To investigate the extent of topographic steady state we
need to (a) reconstruct the distribution of uplift in the foot-
wall blocks drained by the rivers, and (b) take account of
any externally driven base-level changes as summarised
in ‘Study rivers’. An indication of whether any of the chan-
nels have reached topographic steady state can be assessed
by comparing the distribution and wavelength of unit
stream power with the calculated tectonic uplift ¢eld.

One issue is the division of uplift between the footwall
and the downthrown hangingwall for each of the faults. Es-
timates of this range from ratio of1 : 6 (Stein &Barrientos,
1985) to values of 1 : 1 for ‘domino’ blocks in the Basin and
Range (Anders et al., 1993). However, as rivers crossing
faults detect only the relative di¡erence in uplift rate (i.e. of
the footwall to the hangingwall) as the fault is crossed
(Tucker & Whipple, 2002), the precise distribution is not
important for our purposes. Indeed, theabsolute base-level
change experienced by the river as it crosses the fault must
be the di¡erence in tectonic uplift rate (footwall to hang-
ingwall), minus any sediment aggradation or alternatively,
plus any incision in the half-graben basin bounded by the
fault. In the following sections, we apportion the uplift
¢eld equally between the hangingwall and the footwall,
andwe explicitly account for documented sediment aggra-
dation and incision in the hangingwall (‘Study rivers’), al-
lowing us to reconstruct the absolute base-level changes
a¡ecting the catchments. Anders et al. (1993) also showed
that a £exural model for footwall uplift is indistinguishable
from that of a rigid tilted block when the fault spacing is
� 3 times the £exural wavelength. For central Italy where
fault spacing is on averageo12 km and the £exural wave-
length is �10 km (cf. D’Agostino & McKenzie, 1999) the
tilted block model is thus an adequate model to recon-
struct a footwall uplift pro¢le. We therefore use linear
extrapolation to calculate the distribution of footwall uplift
from the fault to the fulcrum of the normal fault. This is
consistent with seismic pro¢les across the Apennines (e.g.
Cavinato et al., 2002).

Case A ^FossoTascino (Leonessa fault)

Because the river incises the central section of an uplifting
horst this is the simplest uplift ¢eld to constrain. To ¢rst
order, the river is experiencing a spatially and temporally
uniform tectonic uplift rate of �0.3mmyear�1 (Fig. 3a).
The hangingwall has also undergone aggradation of
�320m since fault initiation ( �3Ma) followed by up to
50m of incision since 0.75Ma (‘Case A ^ Horst uplift’).
Combining this information (Fig. 15a), it implies that
where the Fosso Tascino crosses the Leoessa fault it has
experienced a relative uplift rate di¡erence of
�0.25mmyear�1 until 0.75Ma. If the incision since
0.75Ma has taken place uniformly since, and has only af-
fected the hangingwall, a maximum estimate of the relative
uplift rate di¡erence seen by the river of �0.4mmyear�1

for the period from mid-Pleistocene to present can be
generated.

In Fig.13a, we compare the tectonic uplift ¢eldwith the
distribution of stream power from the headwaters to be-
yond the fault. Within error, energy expenditure is
constant downstream, implying a constant incision rate
assuming the river lies near the detachment-limited
end-member (‘Do the rivers have constant dissipation of
energy downstream?’). Moreover, as the river also experi-
ences a constant tectonic uplift rate and has the typical
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morphology of an equilibrium channel, then these obser-
vations together suggest that the river has reached topo-
graphic steady state, where the rate of uplift balances the
rate of incision, despite the 50m base-level fall in the last
0.75Ma.

There are two ways of reconciling this apparent topo-
graphic steady state with the documented base-level
fall: ¢rstly, that the timescale of response to relatively
small (i.e. 50m) base-level falls is rapid and has already
been transmitted through the system. Alternatively, it
could be argued that these river systems are relatively
insensitive to small changes in the base-level of the hang-
ingwall: i.e. that relative uplift rate perturbations of
less than 2 times are not su⁄cient to force signi¢cant
catchment steepening or narrowing. Moreover, any
residual knickpoint produced from this base-level fallmust
beo50m tall (which is what one would obtain from an in-
stantaneous base-level drop of this magnitude at the river
outlet; in reality the process would likely have been more
gradual). As such, a knickzone would also degrade as it
migrated upstream, it would, therefore, be di⁄cult to
identify unambiguously, and would be unlikely to impact
signi¢cantly on catchment-wide estimates of unit stream
power.

Case B ^Valleluce river (South Cassino fault)

As in the Leonessa example, above, we model the river as
having experienced a constant �0.3mmyear�1 vertical
uplift rate at the fault. However, for this back-tilting case
the uplift decays away to the NE, in a direction perpendi-
cular to the fault.We assume the fulcrum of the fault is po-
sitioned at 6 km into the footwall as this is half the typical
fault spacing in the Southern part of the array.There is lit-
tle evidence for any incision in the Cassino hangingwall
since the Pliocene; instead base-level has remained the ag-
gredational hangingwall plain that leads out to the sea
(‘Study rivers’). If sedimentation ¢lled all the available
hangingwall accommodation space, then the river would
only be a¡ected by the footwall uplift signal. In fact, the
elevation di¡erence between the hangingwall and the foot-
wall observed today is generally 4600m (Fig 3b), while
there is good evidence that this area was a marine plana-
tion surface in the early Pliocene (Galadini et al., 2003).
Hence, the Valleluce river is likely to have experienced a
constant relative uplift of at least 0.2mmyear�1 since the
initiation of faulting.

Stream powers in the Valleluce river (Fig. 13b) suggest
that the channel cannot be in energy equilibrium: instead,
incisional capability apparently increases towards the zone
of maximum relative uplift rate near the fault. In general,
the wavelength and pattern of tectonic uplift is similar to
the stream power distribution along the river so the river
appears to have reached topographic steady state. Never-
theless, it is noticeable that near the fault the stream power
signal, although elevated on average, is quite di¡use, with
individual values covering a range of 3000^7000Wm� 2

in the 2 km upstream of the fault. However, we also docu-
mented a progressive decrease in valley width near the
fault (Fig. 6c, where Wb/Wv increases from �0.3 in the
headwaters of the channel to �0.7 near the fault). This
means that £uvial erosion processes will be concentrated,
over long timescales, in a narrower zone near the fault than
in the headwaters of the channel. If we normalise unit
stream powers by this ratio [i.e. (oWb)/Wv,5QS/Wv] as
suggested by Pazzaglia et al. (1998), then we do ¢nd the in-
creasing stream power more clearly mirrors the uplift dis-
tribution in the hanging wall (open diamonds, Fig.13b) i.e.
we see that ‘valley width’ stream powers decrease by
�50% from the fault to a point 4 km upstream, and this is
mirrored by the uplift pro¢le which declines from
�0.14 to �0.07mmyear�1 over a similar distance. In par-
ticular, the range of stream powers values near the fault
spans approximately 2000Wm� 2, which is half that of
the values calculated with bank-full width measurements.
In other words, valley narrowing helps the river to keep
pace with fault uplift.

These data therefore indicate that uplift on the Cassino
fault is likely balanced by long-term incision in the
footwall (i.e. topographic steady state), and that valley
width adjustments are also a key component of the way in
which rivers adapt to tectonic forcing to maintain topo-
graphic steady state. Note that neither Wv changes nor
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the higher local slopes (Fig. 14) would be resolved using
traditional hydraulic scaling approaches to predict inci-
sion rate.

Case C ^ RioTorto (Fiamignano fault)

Because the Fiamignano fault is bounded to theNE by the
Sella di Corno fault, its footwall constitutes the hanging
wall of this latter fault. We again model the footwall as
being a rotating, rigid block (cf. Anders et al., 1993). Fault
spacing in this area is only 7^8 km, so if they had similar
displacements and throw rates, we would expect the point
of zero uplift, i.e. the fulcrum, to be at 3.5^4 km into the
footwall of the Fiamignano fault. In reality, the Fiamignano
footwall is bounded by the tip of the Sella di Corno fault
(where throw and throw rates are lower), so we estimate
that the fulcrum to be �5 km into the footwall.We there-
fore permit the uplift ¢eld across the footwall block to
decline linearly to zero over 5 km in a direction perpendi-
cular to the fault- strike, and use this to calculate the rela-
tive tectonic uplift ¢eld as a function of downstream
distance in the RioTorto, as shown in Fig.13c.

Aswe have seen, the RioTorto shows dramatic increases
in unit stream power within the gorge developed near the
fault and clearly does not dissipate energy evenly down-
stream.More importantly, it is unlikely to be in steady state
because the wavelength and magnitude of the stream
power increase does not match footwall uplift rate: average
o increases by 45 times in a downstream distance of
2.5 km, and over an order of magnitude from the head-
waters. In contrast, footwall uplift only decreases by 20%
in the 2.5 km upstream of the fault assuming linear de-
crease in uplift rate. To get the uplift ¢eld to decline by a
factor 45 over 2.5 km, would require unrealistically low
values of elastic thickness, i.e.o1km,much lower thanva-
lues that have been estimated for this area ( �4 km,
D’Agostino & McKenzie, 1999). Consequently, we infer
that the Rio Torto is exhibiting a transient response, be-
cause uplift is not balanced by incision at all points along
the channel. Incorporating valley width does not make
much di¡erence to the stream powers achieved in the
gorge because Wb5Wv, but it does signi¢cantly reduce
stream powers downstream of the faultwhere valley widths
are very high. Thus, incorporating valley widths only
serves to enhance the disparity between the uplift ¢eld on
the fault and the distribution of stream power along the
river.

Is this transient response due to slip acceleration on the
Fiamignano fault at 0.75Ma or it could be due to (regional)
base-level fall in the hangingwall of the fault? As argued in
‘CaseC^ tilted fault block, increased throw rate (Rio torto,
Fiamignano fault’), between the initiation of faulting at
3Ma and the late Pliocene, approximately 100m of sedi-
ment aggraded near the exit of the Rio Torto from the
gorge.This sediment was then incised by 100^280m, and
probably in- ¢lled subsequently by up to 50m of Villafran-
chian sediment by the Mid-Pleistocene.These sediments
have been stripped away since then. Figure 15b sum-

marises the cumulative e¡ect of these base-level changes:
we assume that all the incision took place in the hanging-
wall (whichwould maximise the rate di¡erence at the fault)
and use an average estimate of incision for between1.8 and
0.75Ma of 200m. For the period of 3^0.8Ma, we can ¢t an
increase in relative uplift rate of o2 times, but given the
assumptions made in calculating both base-level and
throw on the fault through time, it is hard to argue that this
is materially di¡erent from using a constant relative uplift
rate of 0.35mmyear�1 for this period. From 0.75Ma to
present, the relative rate seen by the channel largely tracks
the total (tectonic) accumulation of throw. The following
observations therefore suggest that the transient response
above is due to tectonics, and not due to externally con-
trolled base-level change:

(1) Although the acceleration in throw rate coincides with
incision of mid-Pleistocene hangingwall sediments,
this would only enhance the signature by approxi-
mately 20%.

(2) Other rivers entering the hangingwall basin that do
not cross the Fiamignano fault do not show over-stee-
pened reaches, despite the same base-level history.

(3) The rate of base-level fall seen by the RioTorto before
0.75Ma appears to be virtually the same as in theFosso
Tascino, and this has not resulted in a signi¢cant over-
steepened reach.

(4) Even if the total base-level change due to externally
driven hangingwall incision were preserved in the
long-pro¢le of the river, the over-steepened reach
would have an elevation di¡erence considerably less
than the 400m observed, demonstrating that tectonics
is the dominant control.

We, therefore, feel con¢dent in asserting that the Fia-
mignano fault (a) is not in energy equilibrium (b) has not
reached topographic steady state and (c) is undergoing a
transient response to fault acceleration at 0.75Ma.

From transient landscape to topographic
steady state

By comparing ¢eld observations between the studied
catchments we can gain new insights into the processes
and timescales by which transient landscapes evolve to-
wards topographic steady state.We use the RioTorto as an
exemplar to quantify the propagation of topographic stea-
dy state and by comparison with the £uvial geometries
evolved in the Fosso Tascino and Valleluce river (‘Geo-
morphic transition to topographic steady state; response
timescales’) we draw some generic conclusions as to me-
chanisms by which topographic steady state is achieved
within the landscape.

Figure 16a explicitly compares the tectonic uplift ¢eld
on theFiamignano footwallwith the distribution of stream
power, while Fig. 16b shows the current river long pro¢le
(labelled 1).We calibrated the uplift rate values to the unit
stream power using the Valleluce river, Cassino (case B),
where topographic steady state is achieved with
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�0.3mmyear�155 kWm� 2.We used these values to in-
fer that �15 kWm� 2 equates to �1mmyear�1, which is
the uplift rate seen by the RioTorto.We also allow for the
1.5� increase in coarse sediment calibre (dotted line) im-
mediately upstream of the fault to give a peak of
�25 kWm� 2 and we assume an incision rate at the Fia-
mignano fault of 1mmyear�1 as there is no scarp pre-
served in the channel at this point. The stippled zone
between these lines in Fig.16a indicates the stream powers
thatwe infer from this calibration to be required to achieve
topographic steady state in the gorge. These peak values
coincide with the position of the gorge near the fault (zone
D, Fig. 16a and b), where the channel has steepened and
narrowed to match the increased rate of slip on the fault.
According to this calibration, we predict therefore that in
zone (C), between 6.5 and 8 km upstream, erosion rates are
a little less than relative uplift rates although the river is
beginning to adjust to the acceleration signal. Contrast-
ingly, in zone (B) unit stream powers are considerably low-
er than at equivalent points in theValleluce channel ^ only
300^1500Wm� 2.This strongly suggests that erosion rates
are not su⁄cient to balance uplift in this portion of the
channel, and indicates that the channel elevation is actu-
ally increasing here.The top of the catchment [zone (A)] is
being back tilted in the hangingwall tip of the Sella di Cor-
no fault, so it is likely that the uppermost part of the river is
being actively downthrown, especially considering the lack
of aggradation observed in the upper catchment (Figs 7b
and16a).

In Fig. 16c, we normalise the tectonic uplift rate (U) by
the incision rate (E) using the calibrated values outlined
above. Near the fault, estimates of the ratio (U/E) must lie
near 1 i.e. topographic steady state, consistent with there
being no scarp preserved in the channel. At distances
o8 km from the channel head, U/E values rise, peaking
at �5 km upstream of the fault with values of U/E �5.
The maximum U/E value lies just upstream of the slope
break in river long pro¢le (labelled 1 in Fig. 16b) where
channel gradients are very low as a result of the tectonic
back-tilt, but the uplift rate is relativelyhigh.This is the lo-
cality where the channel is most vulnerable to defeat, i.e.
whereU/E is a maximum. In theFiamignano case this dan-
ger is enhanced as U/E falls to negative values upstream,
because the upper catchment of the RioTorto is being ac-
tively down-thrown into the Sella Di Corno fault.

Propagation of topographic steady state

In ‘Case C ^ RioTorto (Fiamignano fault)’, we interpreted
the disparity between stream power and uplift pattern as a
transient response initiated in response to fault accelera-
tion.The transient response is characterised by a wave of
incision that migrates upstream over time (cf. Tucker &
Whipple, 2002;Whipple &Tucker 2002). Given that zones
(A) and (B), above the break in slope in the long pro¢le, are
characterised by lower channel gradients, wide valleys and
low stream powers, it is reasonable to conclude that they
have not yet felt the e¡ects of this incisional wave.This in-

terpretation is also consistent with recent modelling re-
sults by Cowie et al. (2006). Our ¢eld observations enable
us to address the following question: how long will it take
for the headwaters to detect the e¡ects of the increase in
uplift rate? The wavelength of the stream power spike is
2.5 km (Fig. 16a), indicating topographic steady state has
propagated this distance upstream (Fig.16c), but the break
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in slope in channel gradient on the present-day long pro-
¢le is �4.5 km back from the fault (Fig. 16b, pro¢le 1) so
the geomorphic expression of fault acceleration propa-
gates �1.5 � faster than the zone of steady state, assum-
ing an initiation age of 0.75Ma. If the top of the convex
reach represents the total distance travelled by the inci-
sional wave, this gives a rate of propagation of
�6mmyear�1 upstream (4.5 km/0.75Ma). At this rate the
wave will take an additional 1Myr to travel the remaining
6 km to the catchment headwaters, assuming constant ve-
locity [a minimum time estimate as incision wave velocity
is a function of drainage area (Tucker & Whipple, 2002)].
As full topographic steady state is achieved 1.5 � more
slowly than the ¢rst geomorphic expression of fault accel-
eration the total response time would be �2.25Ma. How-
ever, as the elevation di¡erence over the ¢rst 3.5 km
downstream in the RioTorto is only 80m, and the upper
catchment is actively back-tilting (see uplift ¢eld in Figs
13c and16a), the headwaters are much more likely to be be-
headed before thewave of incision arrives (due to back-tilt-
ing on the fault forming an interior drainage), and we
calculate that this could take place in 200^300 yr (see Ap-
pendix A for derivation).The river is beheaded where U/E
peaks, just upstream of the break in slope (pro¢le 2, Fig.
16b and c) at �4km downstream.The result is a foreshor-
tened pro¢le (e.g. shown schematically in pro¢le 3, Fig.16b)
which will then decay to topographic steady state within a
further 100yr. This serves as a ¢eld demonstration of the
fact that rivers in this tectonic setting, whose erosion pro-
cesses lie towards the detachment limited end of the
spectrum, are vulnerable to loss of the upper part of
the catchment during a transient response unless the
ate of propagation of the migratory wave upstream is
rapid, as proposed by recent modelling work (Cowie et al.,
2006).

Geomorphic transition to topographic steady state;
response timescales

The development of topographic steady state (e.g.Valleluce
river) from transient conditions (e.g. RioTorto) involves a
range of geomorphic adjustments, which do not necessa-
rily have the same response timescale. In the Rio Torto,
channel slopes have steepened in response to fault throw-
rate increase, and this steepening has propagated up-
stream, which in turn has led to reduced channel widths,
reduced valley widths and low Wb/H aspect ratios. The
analysis above, and ¢eld observations in this paper give
fundamental insights into how these perturbations evolve
towards topographic steady state. Firstly, loss of the upper
headwaters, such as has been witnessed in the RioTorto,
can shorten detachment-limited channels signi¢cantly
[by �40% at the rate of knickpoint migration documen-
ted here (Appendix A)], eliminating the major convexities
in long pro¢les, and allowing amore typical concavity to be
regained relatively quickly. This process acts to limit re-
sponse timescales for rivers in this tectonic setting so that
it could occur within 0.4Myr, giving a total response time

of this process to slip-rate acceleration of1.1^1.2Myr. Sec-
ondly, as the Valleluce river has typical downstream width
scaling, although incising across a constant slip-rate fault
initiated at 3Ma, then hydraulic geometry must also re-
cover over this period: this process is aided substantially
by loss of the headwaters, because catchment drainage
areas are reduced, so that channel widths at the fault are
no longer substantially lower than predicted by Eqn. (1).
Channel widths in the new headwaters will narrow as the
upstream drainage area is now low.The response timescale
for this process is therefore between 1.2 and 3Myr (age
of fault inception). Finally, channel steepening and
narrowing in response to fault slip-rate increase is also
followed by decreased valley widths, which allows incision
to be focussed into a narrow zone in the proximal footwall
(Pazzaglia et al., 1998; Whittaker et al., 2007). For the
simple example of block uplift (Fosso Tascino, case A),
valleywidths do appear to have relaxed, giving a maximum
response timescale of 3Myr (age of fault inception in this
area). However, in the Valleluce river (tilted block, case B)
these reduced valley widths near the fault are retained as
part of the steady-state landscape, and help the river to bal-
ance the higher rate of uplift in the proximal footwall (Fig.
13b). Consequently, altered valley geometry can persist for
several million years following a transient response to tec-
tonics, as an alternative to signi¢cant long-pro¢le concavity
or channel width variations, when the tectonic uplift ¢eld
has a non-uniform spatial distribution.

CONCLUSIONS: IDENTIFYING
TRANSIENT RESPONSES IN
LANDSCAPE

The data presented above enable us to characterise for the
¢rst time the response of channels to tectonic forcing
where the boundary conditions are known explicitly. By
considering the hydraulic geometry, grain-size and uplift
history we show that rivers near the detachment limited
erosional end-member, and crossing active faults in the
central Apennines of Italy have reached three di¡erent
con¢gurations that re£ect di¡erences in the space-time
pattern of relative uplift:

(a) Equilibrium energy expenditure and topographic steady
state for a channel incising an uplifting horst, and crossing
a normal fault that has been slipping at a constant rate
since 3Ma (Fig.17a).

(b)Topographic steady state but uneven downstream energy ex-
penditure for a river crossing a back-tilting normal fault,
with a constant slip rate since 3Ma (Fig.17b).

(c) A transient form where the river is neither in energy equili-
briumnor topographic steady state, caused by fault acceleration
after a linkage event at 0.75Ma (Fig.17c).

The three channels, shown schematically in Fig. 17, are
characterised by disparate geomorphic signatures, and
their form cannot be explained by appeal to di¡ering
lithology, erosion process, or hangingwall incision/aggra-
dation.We are able to identify new diagnostic features of
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the transient £uvial response in addition to the oft-cited
development of long-pro¢le convexities,which do not cor-
relate with changes in rock mass strength. In particular,
rivers undergoing a transient response to fault acceleration
display channel steepening and gorge formation near the
fault, a breakdown in hydraulic scaling, and a reduced
variability in channel planform over small length-scales
which peaks near the fault. Additionally, we document a
strong coupling of channel form to valley sides, which is

linked to the input of coarse grain-sizes directly to the
channel, and a strong non-linear dependence of channel
aspect ratio on slope.The data indicate that the response
timescale to fault acceleration is �1Myr to re-equilibrate
local channel slopes, ando3Myr to attain good hydraulic
scaling.Transient conditions can thus persist for long per-
iods in the landscape.Moreover, we show that a major risk
for systems approaching the detachment limited end-
member, and perturbed by normal-fault acceleration, is

two sediment
source areas
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Fig.17. Schematic diagram showing landscape evolved during (a) energy equilibrium and topographic steady state on a horst block (e.g.
Leonessa and Rieti faults (b) topographic steady state on a single footwall block (e.g. South Cassino fault) and (c) a transient response to
fault acceleration (e.g. Fiamignano).
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that they are vulnerable to the loss of their headwaters if
they are back-tilted before the over-steepened reach pro-
pagates upstream to the headwaters.This acts as a signi¢ -
cant negative feedback on the response time of the £uvial
network by physically shortening the active channel. For
rivers crossing active faults which appear to have reached
steady state, we also show that narrowing of valley widths
in zones of higher uplift rate is a key way in which rivers
maintain topographic steady state, even for those which
exhibit good hydraulic scaling.

The characteristics identi¢ed in this study have impor-
tant implications for anyone seeking to understand the
transient response of channels to tectonics. These data
challenge the current generation of £uvial algorithms in
landscape evolution models by demonstrating that stea-
dy-state assumptions of hydraulic scaling and constant as-
pect ratio cannot be used if we are to successfully model
channel response to transient conditions, because narrow-
ing in response to tectonically driven steepening is an in-
trinsic way that channels adjust to changing boundary
conditions. Moreover, we show that calculated scaling ex-
ponents from log^log plots, even when derived from ¢eld
surveys, are likely to bemisleading and local slope is shown
to be as important a predictor of channelwidth as drainage
area.

Because the three scenarios shown in Fig. 17 do di¡er
signi¢cantly in terms of their geomorphic signatures, this
study also provides key ¢eld criteria for workers attempt-
ing to identify transient signals in landscapes where the
tectonic regime is less well constrained andwe summarise
these key di¡erences in Table 2. Consequently, this study
provides an important step towards being able to quantify
tectonic forcing from landscape response, and while this
goal remains an outstanding challenge facing workers in
the ¢eld of £uvial geomorphology, we stress the value of
detailed ¢eld data in achieving this aim.

ACKNOWLEDGEMENTS

This work was supported by NERC Research Grants
NER/S/A/2002/10359 (Whittaker), NE/B504165/1 (Cowie,
Roberts, Attal,Tucker), and ARO Grant 47033EV (Tucker).
We thank Zana Conway and Richard Granville for their
help in collecting ¢eld data and EutizioVittori for supply-
ing theDEM.The manuscript bene¢ted from detailed re-
views by Eric Kirby, Nicole Gasparini and Philip Allen.

References

Accordi,G.,Carbone,F.,Civitelli,G.,Corda,L.,De Rita,
D., Esu, D., Funicello, R., Kotsakis,T., Mariotti, G. &
Sposato, A. (1986) Lithofacies map of Latium-Abruzzo and
neighbouring areas,ConsiglioNazionale delle Ricerche, Italy.

Anders, A.H., Speigelman, M. & Rodgers, D.W. (1993) The
growth of fault bonded tilt blocks.Tectonics, 12, 1451^1459.

Baldwin, J.A.,Whipple,K.X. &Tucker,G.E. (2003) Implica-
tions of the shear stress river incision model for the timescale

of post-orogenic decay of topography. J.Geophys.Res., 108(B3),
2158, doi: 10.1029/2001JB0550.

Bishop,P.,Hoey,T.B., Jansen, J.D.&Artza, I.L. (2005)Knick-
point recession rate and catchment area: the case of uplift
rivers in Eastern Scotland. Earth Surf. Process Landforms, 30,
767^778.

Cavinato,G.P. (1993) Recent tectonic evolution of the quatern-
ary deposits of the Rieti Basin (Central Apennines, Italy):
Southern part.Geol. Romana, 29, 411^434.

Cavinato, G.P., Carusi, C., Dall’Asta, M., Miccadei, E. &
Piacentini,T. (2002) Sedimentary and tectonic evolution of
Plio-Pleistocene alluvial and lacustrine deposits of Fucino Ba-
sin (central Italy). Sediment. Geol., 148, 29^59.

Cavinato,G.P. &De Celles, P.G. (1999) Extensional basins in
tectonically bi-modal central Apennines fold-thrust belt,
Italy: response to corner £ow above a subducting slab in retro-
grade motion.Geology, 27, 955^958.

Centamore, E.&Nisio, S. (2003) E¡ects of uplift and tilting in
the Central-Northern Apennines, Italy. Quatern. Int., 101^102,
93^101.

Copeland, R.R., Biedenharn, D.S. & Fischenhein, J.C.
(2000) Channel forming discharge. US Army Corps Eng. Rep.,
ERDC/CHLCHETN-VIII-5, 1^11.

Cowie, P.A.,Attal,M.,Tucker,G.E.,Whittaker,A.C.,Nay-
lor,M.,Ganas, A. & Roberts,G.P. (2006) Investigating the
surface process response to fault interaction and linkage using
a numerical modeling approach.Basin Res., 18, 231^266.

Cowie, P.A. & Roberts, G.P. (2001) Constraining slip rates
and spacings for active normal faults. J. Struct. Geol., 23,
1901^1915.

Dade,W.B. (2000) Grain size, sediment transport and channel
pattern in alluvial rivers.Geomorphology, 35, 119^126.

Dade,W.B. & Friend, P.F. (1998) Grain-size, sediment trans-
port regime and channel slope of alluvial rivers. J. Geol., 106,
661^675.

D’Agostino, N., Jackson, J.A., Dramis, F. & Funiciello, R.
(2001) Interactions between mantle upwelling, drainage evolu-
tion and active normal faulting: an example from the central
Apennines (Italy).Geophys. J. Int., 147, 475^497.

D’Agostino,N. &McKenzie,D. (1999) Convective support of
long-wavelength topography in the central Apennines (Italy).
TerraNova, 11, 234^238.

Dadson, S.J., Hovius, N., Chen, H., Dade,W.B., Hsieh, M.,
Willett,S.D,Hu, J.,Horng, J.,Chen,M.,Stark,C.P.,La-
gue, D. & Lin, J. (2003) Links between erosion, runo¡
variability and seismicity in the Taiwan orogen. Nature, 426,
648^651.

Duvall, A., Kirby, E. & Burbank, D.W. (2004) Tectonic and
lithologic controls on channel pro¢les and processes in coastal
California. J. Geophys. Res., 109(F3), doi: 10.1029/2003JF086.

Finlayson, D.P., Montgomery, D.R. & Hallet, B. (2002)
Spatial co-incidence of rapid inferred erosionwithyour meta-
morphic massifs in the Himalayas.Geology, 30, 219^222.

Finnegan, N.J., Roe, G., Montgomery, D.R. & Hallet, B.
(2005) Controls on the channel width of rivers: implications
for modelling £uvial incision of bedrock. Geology, 33,
229^232.

Galadini, F., Messina, P., Giacco, B. & Sposato, A. (2003)
Early uplift history of the Abruzzi Apennines (Central Italy):
available geomorphological constraints. Quat. Int., 101^102,
125^135.

Giraudi, C. & Frezzotti, M. (1997) Late pleistocene glacial
events in the Central Apennines, Italy.Quat. Res., 48, 280^290.

r 2007 The Authors. Journal compilation r 2007 Blackwell Publishing Ltd,Basin Research, 10.1111/j.1365-2117.2007.00337.x 25

Transient response of rivers crossing active normal faults



Harbor,D. (1998)Dynamic equilibriumbetween an active uplift
and the Sevier River, Utah. J. Geol., 106, 181^193.

Howard,A.D.,Dietrich,W.E.&Seidl,M.A. (1994)Modelling
£uvial erosion on regional to continental scales. J. Geophys.
Res., 99, 13997^13986.

Howard,A.D.&Kerby,G. (1983) Channel changes in badlands.
Geol. Soc. Am. Bull., 94, 739^752.

Hunstad, I., Selvaggi, G., D’Agostino, N., England, P.,
Clarke,P.&Pierozzi,M. (2003)Geodetic strain in peninsu-
lar Italy between 1875 and 2001. Geophys. Res. Lett., 30(4), 1181,
doi: 10.1029/2002GL016447.

Kirby, E.,Whipple,K.X.,Tang,W. & Chen, Z. (2003) Distri-
bution of active rock uplift along the eastern margin of the
Tibetan Plateau: inferences from bedrock channel longitudi-
nal pro¢les. J. Geophys. Res., 108(B4), 2217, doi: 10.129/
2001JB0861.

Knighton,D. (1998)Fluvial Forms and Processes. Edward Arnold,
London, UK, 383 pp.

Lave¤ , J.&Avouac, J.P. (2001) Fluvial incision and tectonic uplift
across the Himalayas of central Nepal. J. Geophys. Res., 106,
26561^26591.

Lavecchia,G., Brozzetti, F., Barchi,M.,Menichetti,M. &
Keller, J.V.A. (1994) Seismotectonic zoning in east-central
Italy deduced from analysis of the Neogeneto present defor-
mations and related stress ¢elds. Geol. Soc. Am. Bull., 106,
1107^1120.

Leopold, L.B. &Maddock,T. (1953) The hydraulic geometry
of stream channels and some physiographic implications.Uni-
ted States Geological Survey Professional Paper, 252.

Manning, R. (1891) On the £ow of water in open channels and
pipes. Inst. Civil Eng. Ireland, 20, 161^207.

Merrits,D.J.&Vincent,K.R. (1989) Geomorphic response of
coastal streams to low, intermediate and high rates of uplift,
Mendocino triple junction region, northern California. Geol.
Soc. Am. Bull., 101, 1372^1388.

Michetti, A.M., Brunamonte, F., Serva, L. & Vittori, E.
(1996) Trench investigations of the 1915 Fucino earthquake
fault scarps (Abruzzo, Central Italy): geological evidence of
large historical events. J. Geophys. Res., 101, 5921^5936.

Michetti,A.M.& Serva,L. (1990) Newdata on the seismotec-
tonic potential of the Leonessa fault area, (Reiti, Central Italy).
Rendiconti della Soc. Geol. Italiana, 13, 37^46.

Milliman, J.D. & Syvitski, J.P. (1992) Geomorphic control of
sediment discharge to the ocean; the importance of small
mountain rivers. J. Geol., 100, 525^544.

Montgomery, D.R. & Gran, K.B. (2001) Downstream varia-
tions in the width of bedrock channels. Water Res. Res., 31,
1841^1846.

Morewood,N.C.&Roberts,G.P. (2002) Surface observations
of active normal fault propagation: implications for growth. J.
Geol. Soc., London, 159, 263^272.

Mueller, E.R. & Pitlick, J. (2005) Morphologically based
model of bed load transport capacity in a headwater stream. J.
Geophys. Res., 110, F02016, doi: 10.1029/2003JF0117.

Palumbo, L., Benedetti, L., Bourles,D., Cinque, A. & Fin-

kel, R. (2004) Slip history of the Magnola fault (Apennines,
Central Italy) from Cl-36 surface exposure dating: evidence
for strong earthquakes over the Holocene. Earth Planet. Sci.
Lett., 225, 163^176.

Pantosti,D.,D’Addezio,G. & Cinti, F. (1996) Paleoseismicity
of the Ovindoli^Pezza fault, central Apennines, Italy: a
history including a large, previously unrecorded earthquake

in the Middle Ages (860^1300 A.D.). J. Geophys. Res., 101,
5937^5960.

Pazzaglia,F.J.,Gardner,T.W.&Merrits,D.J. (1998) Bedrock
£uvial incision and longitudinal pro¢le development over geo-
logic time scales determined by £uvial terraces. In:RiversOver
Rock (Ed. by K.J. Tinkler & E.E. Wohl), Am. Geophys. Union
Monogr. 107, 207^235.

Ratto, S., Bonetto, F. & Comoglio, C. (2003) The October
2000 £ooding in Valle d’Aosta (Italy): event description and
land planning measures for the risk mitigation. Int. J. RiverBa-
sinManage., 1, 105^116.

Rinaldo,A.,Rodriguez-Iturbe, I.,Rigon,R.,Bras,R.L., Ij-
jasz-Vasquez, E. &Marani, E. (1992) Minimum energy and
fractal structures of drainage networks. Water Resources Res.,
28, 2183^2195.

Roberts,G.P.,Cowie,P.,Papanikolaou, I.&Michetti,A.M.

(2004) Fault scaling relationships, deformation rates and seis-
mic hazards. An example from Lazio-Abruzzo, central Italy. J.
Struct. Geol., 26, 377^398.

Roberts, G.P. & Michetti, A.M. (2004) Spatial and temporal
variations in growth rates along active normal fault systems:
an example from Lazio-Abruzzo, central Italy. J. Struct. Geol.,
26, 339^376.

Rodriguez-Iturbe, I., Rinaldo, A., Rigon, R., Bras, R.L. &
Ijjasz-Vasquez, E. (1992) Energy dissipation, run-o¡ produc-
tion and the three dimensional structure of channel networks.
Water Resources Res., 28, 1095^1103.

Selby, M.J. (1980) A rock mass strength classi¢cation for geo-
morphic purposes, with tests from Antarctica and New Zeal-
and. Z.Geomorphol., 24, 31^51.

Sklar, L. & Dietrich, W.E. (2001) Sediment and rock
strength controls on river incision into bedrock. Geology, 29,
1087^1090.

Snyder, N.P.,Whipple, K.X.,Tucker, G.E. & Merrits, D.J.
(2000) Landscape response to tectonic forcing: digital eleva-
tion model analysis of stream pro¢les in theMendocino triple
junction region, Northern California.Geol. Soc. Am. Bull., 112,
1250^1263.

Snyder, N.P.,Whipple, K.X.,Tucker, G.E. & Merrits, D.J.
(2003) Channel response to tectonic forcing: ¢eld analysis of
stream morphology and hydrology in the Mendocino triple
junction region, Northern California. Geomorphology, 53,
97^127.

Solyom, P. & Tucker, G.E. (2004) The e¡ect of limited storm
duration on landscape evolution, drainage basin geometry
and hydrograph shapes. J. Geophys. Res., 109, F03012, doi:
10.1029/2003JF032.

Stein, R.S. & Barrientos, S.E. (1985) Planar high angle fault-
ing in the Basin and Range: geodetic analysis of the 1983
Borah Peak, Idaho earthquake. J. Geophys. Res., 93, 11355
^11366.

Tomkin, J.H., Brandon,M.T., Pazzaglia, F.J., Barbour, J.R.
& Willett, S.D. (2003) Quantitative testing of bedrock
incision models for the Clearwater River, NW Washington
State. J. Geophys. Res., 108(B6), 2308, doi: 10.1029/2001JB0862.

Tozer, R.S.J., Butler, R.W.H. & Corrado, S. (2002) Compar-
ing thin and thick skinned thrust tectonic models of the Cen-
tral Apennines, Italy. EGU Stephan Mueller Spec. Publ. Ser., 1,
181^194.

Tucker,G.E. & Bras, R.L. (1998) Hillslope processes, drainage
density and landscape morphology. Water Resources Res., 34,
2751^2764.

r 2007 The Authors. Journal compilation r 2007 Blackwell Publishing Ltd,Basin Research, 10.1111/j.1365-2117.2007.00337.x26

A. C.Whittakeret al.



Tucker,G.E.,Lancaster, S.T.,Gasparini,N.M.&Bras,R.L.
(2001a) The Channel-Hillslope integrated landscape develop-
ment (CHILD) model. In: Landscape Erosion and Evolution
Modeling (Ed. by R.S. Harmon & W.W. Doe III), pp. 349^388.
Kluwer Academic/Plenum Publishers.

Tucker, G.E. & Whipple, K.X. (2002) Topographic outcomes
predicted by stream erosion models: sensitivity analysis and
inter-model comparison. J. Geophys. Res., 107(B9), 2179, doi:
10.129/2001JB0162.

Turowski, J.M.,Lague,D.,Crave,A.&Hovius,N. (2006) Ex-
perimental channel response to tectonic uplift. J.Geophys.Res.,
111, F03008, doi: 10.1029/2005JF0306.

Van der Beek, P. & Bishop, P. (2003) Cenozoic river pro¢le de-
velopment in the upper lachan catchment (SE Australia) as a
test of quantitative £uvial incision models. J. Geophys. Res.,
108(B6), 2309, doi: 10.1029/2002JB02125.

Whipple,K.X. (2004) Bedrock rivers and the geomorphology of
active orogens.Ann. Rev. Earth Planet. Sci., 32, 151^185.

Whipple, K.X., Hancock, G.S. & Anderson, R.S. (2000a)
River incision into bedrock: mechanics and relative e⁄cacy
of plucking, abrasion and cavitation. Geol. Soc. Am. Bull., 112,
490^503.

Whipple,K.X. &Tucker,G.E. (1999) Dynamics of the stream
power incision model: implications for the height limits of
mountain ranges, landscape response timescales and research
needs. J. Geophys. Res., 104, 17661^17674.

Whipple, K.X. & Tucker, G.E. (2002) Implications of sedi-
ment- £ux dependent river incision models for landscape evo-
lution. J. Geophys. Res., 107(B2), doi: 10.1029/2000JB044.

Whittaker,A.C.,Cowie,P.A.,Attal,M.,Tucker,G.E.&Ro-

berts,G. (2007) Bedrock channel adjustment to tectonic for-
cing: implications for predicting river incision rates. Geology,
35, 103^106.

Willett, S.D. & Brandon, M.T. (2002) On steady states in
mountain belts.Geology, 30, 175^178.

Willgoose, G. (2005) Mathematical modelling of whole land-
scape evolution.Ann. Rev. Earth Planet. Sci., 33, 443^459.

Wobus, C.W., Tucker, G.E. & Anderson, R.S. (2006) Self-
formed bedrock channels. Geophys. Res. Lett., 33, L18408, doi:
10.1029/2006GL027182.

Wolman, M.G. (1954) A method of sampling coarse river-bed
material.Trans. Am. Geophys. Union, 35, 951^956.

Wohl, E. (2004) Limits of downstream hydraulic geometry.
Geology, 32, 897^900.

Manuscript received 11 January 2007; Manuscript accepted 23
July 2007

APPENDIX A

Below we outline a simple numerical calculation to assess
the time and position at which the RioTorto is likely to be
defeated by uplift on the fault.The change in long pro¢le
over time in the upper part of the catchment, in response
to the tectonic setting can be expressed as:

Zt
f ðLÞ ¼ Zt¼0

f ðLÞ þ ðUf ðLÞ � Ef ðLÞÞt ðA:1Þ

whereZt¼0
f ðLÞ is the current long pro¢le,Uf ðLÞis the distribu-

tion of uplift rates as a function of downstream length,

Ef ðLÞis the distribution of erosion as a function of down-
stream distance, t is the time period considered, and
Zt
f ðLÞis the long pro¢le at that time. Clearly, at any point

in time, txwhere the following condition applies,

dZtx
f ðLÞ
dL

¼ 0 ðA:2Þ

the channel starts to be defeated and begins to form an in-
ternally drained basin.This equation can be solved to ¢nd
the downstream length, Lx, at which the defeat occurs.
However, the over-steepened reach is also migrating up-
stream, from its present position downstream at 6 km.
Therefore the position of the break in slope, Lk at any
time, tk, is given by:

Lk ¼ 6000� Vtk ðA:3Þ
whereV is the migration rate of the ‘knickpoint’ upstream,
which we estimate in this case to be 6mmyear�1 (‘From
transient landscape to topographic steady state’). For sim-
plicity we keepV constant; in reality the migration rate of
the over-steepened reach will decline as the upstream
drainage area falls, so these calculations are conservative
estimates. We also consider that for cases where L4Lk

the river is capable of adjusting so as to keep pace with
fault uplift. Consequently, the question is whether there is
a solution of Eqn A.2 for LxoLk and tx 5 tk We can solve
Eqn A.1 using numerical iteration from our DEM ex-
tracted long pro¢le and estimated uplift function on the
Fiamignano fault, shown in Fig. 13. For each time step, we
testwhether Eqn. (A.2) is satis¢ed. First, we assess the sim-
ple case where erosion in the upper part of the catchment
can be neglected, as shown in Fig. A.1. In this instance that
the river starts to be defeated at 4 km downstream in only
100 kyr, in which time the migrating wave of incision, as
indicated by the top of the convex reach, has only travelled
600m upstream (i.e. Lk5 5.4 km). By 300 kyr, the upper
catchment elevation gradient has disappeared forming a
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Fig. A.1. Long pro¢le evolution of the upper catchment of the
RioTorto, neglecting £uvial erosion. t5 0 is the present day long
pro¢le, and graph shows the calculated pro¢le for100 ka time-
steps.The star represents the position of the top of the over-
steepened reach at each time, taken to be the upstream extent of
the e¡ect of the migrating wave of incision.
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substantial internal basin, and the top of the over-stee-
pened reach is still at a distance of 4.3 km downstream,
con¢rming that the upper catchment is likely to be de-
feated.

Of course, the above calculation does not include £uvial
erosion; however we can include this by using erosion
rates, scaled to unit stream powers, for the upper part of
the catchment: We calculate a downstream increase from
�500Wm� 2 to 2000Wm� 2 between 1.5 and 6 km down-
stream (Fig. 13) and if we use the calibration of
15 kWm� 251mmyear�1, (‘From transient landscape to
topographic steady state’) this would give an erosion rate

increase from 0.03 to 0.12mmyear�1 over this distance.
We make the simplifying assumption that the distribution
of stream power does not change through time, upstream
of the break in slope; in reality erosion rates will decline as
the catchment is back-tilted and the river gradient low-
ered, so the results below are a maximum estimate for the
response time. In this instance, (Fig. A.2) we predict the
formation of a small internally drained basin within
200 kyrs, bounded by a lip at 4.1km downstream, by which
time Lk � 4.8 km. By 365 kyr, the elevation gradient of the
upper catchment is already lost before the top of the over-
steepened reach arrives, producing a fore-shortened long
pro¢le.

These simple calculations demonstrate that the head-
waters of the RioTorto are very likely to be defeated in the
time period of 200^300 kyr and in this case the top of
the over-steepened reach would be expected to arrive in
the new headwaters in o400 kyr, giving a total response
time to the slip rate increase of �1.1Myr. We note that
the migration rate of the over-steepened reachwould have
to be approximately twice as fast (�12mmyear�1) to en-
sure the survival of the headwaters.

These results underline the propensity for detachment
limited systems to be beheaded unless knickpoint migra-
tion rates are rapid as argued by Cowie et al. (2006). More-
over, we note that the top of the Vallone Stretta, the main
tributary to theRioTorto, does indeed have a small intern-
ally drained basin (the Rascino plain) sitting just beyond
the present headwaters of the channel (Z on Fig. 3c); This
plain is separated from the current channel by a lip of just
10m andwe interpret this to represent the old headwaters,
which have now been defeated, presumably because the
£uvial erosion rate on the tributarywas insu⁄cient to keep
pace with down-throw on the Sella di Corno fault.
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Fig. A.2. Long pro¢le evolution of the upper catchment of the
RioTorto, including £uvial erosion scaled to current unit stream
power values. t5 0 is the present day long pro¢le, andwe show
predicted pro¢les for 200 and 365 ka into the future.The star
represents the position of the top of the over-steepened reach at
each time, taken to be the upstream extent of the e¡ect of the
migrating wave of incision.
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