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Abstract

This is a detailed study of hillside catchments in the Liri valley, central Apennines of
[taly. Various geomorphic parameters extracted from a 20-m digital elevation model
(DEM) are used to study the morphology of small drainage basins on two sides of the
valley: one side exhibiting a normal fault and the other an old inactive thrust fault, both
bounded by major lithological contacts. In addition, the axial Liri river is known to be
incising. The area is in a highly unsteady state, therefore, the motivation behind this
study is to understand the long-term evolution of channels in a tectonically active non-
equilibrium landscape. The objective is to identify patterns and possible variations along
strike, and try to point out possible explanations behind these changes. This is done by
combining knowledge of the local geology and contrasting it against the theoretical

analysis of long profiles.

Based on a method widely used in tectono-geomorphic studies, channel drainage area is
extracted from a DEM, and corresponding slopes are calculated along the extracted
channel, after which these data are plotted in logarithmic slope-drainage area space,
which yields the concavity (and steepness indices). The extracted values are then

compared to what other studies have associated similar concavities with.

The results show that the geomorphology is different between the two sides of the
valley. The inactive B-side catchments are controlled mainly by lithology, showing low
channel concavities (< 0.4) on the hillslopes and changing to a higher concavity where
the streams reach the valley bottom sediments, and also exhibit knickpoints at the
lithological boundaries. The active Liri fault side catchments seem to be responding
more to catchment size: the small catchments exhibit knickpoints at the fault/
lithological boundary and have in general lower concavities, whereas the larger
catchments are nonchalant to this contact and exhibit high concavities (>> 0.6). These
very high values may be explained by the southern end of the Liri fault being inactive at

present or that the slip rate is much lower than suggested.
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Chapter 1 — Introduction

Chapter 1 — Introduction

1.1 Background for the geomorphic studies of fluvial landscapes

In order to understand better the relative importance of tectonics and climate in
controlling landscape evolution, a great deal of geomorphological studies have been
made that focus on the mechanisms and rates of river incision (e.g. Whipple and Tucker,
1999; Whittaker et al., 2007a). Although rivers occupy a relatively small percentage of
the total land area, fluvial channel networks set the base-level in terrestrial non-
glaciated environments, and are the main controlling element behind how hillslope
processes vary over an area (Burbank et al., 1996). This is why rivers are responsible for

controlling the large-scale morphology of a landscape.

Most geomorphic studies start out considering the case of topographic steady state,
which is achieved when the erosion rate is in balance with the rock uplift rate. This
means that all streams are considered to incise at the same rate as the local uplift is
happening, and as a result there is not much change in topographic elevation over the
long term. Studies of river channels commonly focus on expressions of fluvial incision
models in steady state and the implications of these models for equilibrium river
profiles (e.g. Snyder et al., 2000). Hack (1957) was the first to notice how rivers often
have a graded profile that shows a power-law relationship between channel slope and
drainage area. Based on empirical studies of bedrock channels (Hack, 1957; Flint, 1974),

this scaling relation can be represented as
S=kA™ (Eq. 1)

where S is the local channel slope, A is the upstream contributing drainage area, and ks
and @ are parameters describing the relative steepness and concavity of the channel
respectively. Based on the work of Hack (1957) and Flint (1974), graded river profiles
have become a fundamental tool used widely in geomorphological analysis especially
after digital elevation models (DEMs) allowed easy slope and area data extraction.
[llustrations of what different concavities and steepnesses look like on a graded

longitudinal profile and slope-area plot are shown in Figure 1.

There are various models for river erosion considering different processes that might
effect erosion rate along the channel, but the majority of the publications work with a
generalized form of the stream-power erosion law that takes into account empirical
relations among discharge, drainage area and channel widths (Howard, 1994; Whipple,

2004):
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E = KAmSn (Eq.2)

Here erosion rate (E) is a function of drainage area (4), which is also considered as a
proxy for discharge, and slope (S), where n and m are positive empirical constants
(usually n is 1 and m is 0.5 for rivers), and K is an erodibility constant (e.g. Whipple and
Tucker, 1999; Snyder et al., 2000). This stream power-law in Equation 2 is an expression
for predicting the rate of channel incision into bedrock for detachment-limited channels.
The other end-member would be transport-limited conditions, which are not discussed

further in this study.

Application of Equation 2 has been undertaken in landscapes where a balance between
erosion and rock uplift seems to be attained (e.g. Snyder et al., 2000; Kirby and Whipple,
2001), but steady state landscapes are actually not that common. Instead, many
landscapes are noticed to be in a transient state, meaning they are still adjusting to

major changes caused by external factors like climate or tectonic activity.
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Figure 1. An illustration of channel profile form (from Kirby and Whipple, 2012; modified from Duvall et al.,
2004 and Whipple and Tucker, 1999): A is explaining how concavity index (&) influences profile shape and
slope-area scaling (small grey box). B shows how two profiles with the same concavity index can still have
different steepness indices (ksn).

Understanding the response of non-equilibrium landscapes to external changes is a hot
research topic. In particular, transient river profiles are often reported as proof of a
river’s response to disturbance with major knickpoints potentially providing evidence
for a change in tectonic base-level fall or a change in climate regime (e.g. precipitation),
although a clear distinguishion between the two may be a difficult task (Kirby and
Whipple, 2012). An example of how a river profile in a transient state might look like, as
well as the slope and area data extracted from this profile, are given in Figure 2.
Knickpoints similar to those shown in Figure 2 can in some cases relate to changes in the
erodability of the bedrock, but with good knowledge of the geology such "lithological

knickpoints” can be separated from those associated with transient landscape evolution.
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Figure 2. An example of a transient river long profile and its slope vs. drainage area logarithm plot from Ailao
Shan, Yunnan, China (Schoenbohm et al., 2004). The arrows are pointing at major knickpoints on the profile.

When considering steep upland valleys, as is done in this study, much of the drainage
area is dominated by hillslope processes, not by river channels (Stock and Dietrich,
2003). Stock and Dietrich (2003) combined field evidence with analysis of high-
resolution DEMs, and found that erosion on slopes above ~0.10 is often happening by
hillslope processes such as debris flows and landslides. They found that up to 80% of
mountain valley channel networks are actually dominated by debris flow erosion. Figure
3 illustrates the network pattern of debris flow channels as a time-transgressive cartoon
(Stock and Dietrich, 2006). Debris flows play a key role in landscape evolution because
they potentially restrict the relief of unglaciated steep mountain ranges to a greater
extent than fluvial incision (Whipple, 2004). Because of this, especially in the context of
understanding how active tectonics may be affecting the geomorphology of
mountainous areas, studying hillslopes can perhaps help with gaining a greater
understanding of landscape evolution than what would be achieved by only studying

rivers and fully fluvial processes.

Debris flows are still reasonably young field of study. There are various articles that
consentrate on debris flows (e.g. Montgomery and Buffington, 1997; Howard, 1998;
Stock and Dietrich, 2003 and 2006; Lague and Davy, 2003; Stock et al., 2005; Densmore
et al,, 2007; Lancaster, 2008). Many of them study the erosional processes of debris
flows, flow rheology, sediment transport and deposition, or are trying to understand the
mechanics of debris flow incision, and how well the existing fluvial power-laws apply to

debris flow channels.

Studies of how debris flows’ response to active tectonics are scarce. Stock and Dietrich
(2003) studied debris flows in steady state conditions. Densmore et al. (2007) studied
debris flow long profiles in the context of active faults in Idaho, western United States,

and Lague and Davy (2003) had done the same in Siwaliks Hills, Nepal. Both articles still
3
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concentrate on the assumption of a steady state, except that Densmore et al. (2007)

suggested that catchments at fault tips may be in transient state due to fault propagation

and linkage.
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Figure 3. An illustration by Stock and Dietrich (2006) of how debris flows incise steepland valleys, with an
explanation of the critical degree of slope above which debris flows are the dominating process. Rainfall
triggers single landslides mobilizing debris flows that erode valley floors and gain more material as they
move downstream. According to this, fast and frequent flows with granular mouths erode on slopes above
0.03-0.10, below which granular flows are rarely able to move, that marks the transition to fluvially
dominated processes.

To obtain information about tectonic impacts on fluvial landscapes, it is vital to
understand the erosional characteristics of fluvial systems (Whipple, 2004). Debris flow
erosion is observed to be essentially different from fluvial one due to debris flows’
sporadic nature (e.g. Howard, 1998; Stock et al., 2005). Unlike rivers, debris flow
channels do not have flowing water in them most of the time. The erosion is therefore
tightly controlled by short-term pulses of rapid delivery of water mixed with sediments.
In some ways, debris flow channels may be characterised as somewhat similar to
bedrock rivers as their channels are not composed of transportable sediments along the
whole length, but usually exhibit a channel consisting of bare rock instead. However,
unlike bedrock rivers, debris flows lack banks and other fluvial features that normally
define rivers, and their valleys are often covered by coarse, unsorted material arriving
from adjacent hillslopes (Stock and Dietrich, 2003). Davy and Crave (2000) explain that
the long-term evolution of a river bed is driven either by detachment-limited or
transport-limited conditions, or a mixture of the two. Debris flow catchments appear to
exhibit such wide range of processes that influence erosion and deposition in them, from
landslide-mobilized hillslope processes to colluvial channels to sometimes being more

fluvial in style (Montgomery and Buffington, 1997), that it is hard to point out what

4
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exactly is the dominant process that describes them best as there is uncertainty with
understaning in what degree these processes are partitioned in debris flow channels (e.g

Howard 1998; Lague and Davy, 2003).

1.2 Application of the power-law to debris flows
Because there are uncertainties in understanding all parameters that might be involved

in debris flow erosion, there is also disagreement around what kind of models would be
proper to use when studying them. According to some authors (Montgomery and
Foufoula-Georgiou., 1993; Sklar and Dietrich, 1998; Snyder et al., 2000; Stock and
Dietrich, 2003), the bedrock river incision models (e.g. Equation 2) are not applicable to
debris flows because of the clear break in scale in the power-law of slope on the
logarithmic plot, an example shown in Figure 4. The change in scaling can be either
gradual or very clear: a profile with segments of different values of ks and & (or both)
occurring over a drainage area that typically varies between 0.1-5 km?Z. This scaling
break marks a transition from fluvial processes to hillslope or debris flow processes that
are claimed to be fundamentally different from those of bedrock rivers, as discussed
above. These authors have suggested that for modeling debris flows, a separate model

should be used, an example of which is proposed e.g. by Stock and Dietrich (2006).
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Figure 4. Slope vs. area plot from a river in Honeydew valley, California (Stock and Dietrich, 2003) showing a
clear scaling break at ~0.4 km2, marking a change in power-law from fluvial processes to debris flows.

Other authors have suggested that if valleys modified by debris flows show a curved
profile when plotting log-slope against log-drainage area when data is measured from
adequately high-resolution DEMs, the stream-power law can be applied to study debris

flow valley network the same way as fluvial network (e.g Whipple and Tucker, 1999;
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Lague and Davy, 2003). According to this method, the trend above the scaling break

follows Equation 1 presenting only a lower concavity.

Whipple and Tucker (2002) tested the slope-area relationship against three different
sediment transport conditions, examining them in the light of different dependencies
between incision rate and sediment flux. They found that in nearly all of these models
the power-law between slope and drainage area predicted by Equation 1 holds true
despite the conditions being detachment or transport-limited or a mixture of the two. In
this sense the power-law slope-area plot (e.g. Figure 4) can be used as a tool for
examining debris flow channels, although the results may indicate a topographic
signature that is essentially different than predicted by the river incision models as

Snyder et al. (2000) and Stock and Dietrich (2003 and 2006) proposed.

There is still a lot of uncertainties remaining in question about how debris flows should
be presented in landscape evolution models; whether some of the debris flow processes
are not captured fully by fluvial models and therefore may significantly influence the
conclusions (Whipple, 2004; Kirby and Whipple, 2012). Therefore, further analysis of

debris flow channels and comparison to fluvial catchments is required.

1.3 Objectives of the project
This study uses a 20-m resolution DEM of the Liri valley in the central Italian Apennines,

and tries to resolve how tectonics are affecting geomorphology of hillside catchments in
the area. Based on the drainage area and slope measurements alone, catchments in the
Liri valley are expected to be dominated by debris flows (drainage area < 1-10 km?). In
addition, the area is influenced by active normal-faulting (e.g. Piccardi et al.,, 1999;
Roberts and Michetti, 2004) and Holocene climate change (e.g. Zolitschka and
Negendank, 1996; Allen et al, 1999 and 2000), which are also reasons why the Liri

valley is interesting.

The project uses the power-law approach (Equation 1), discussed above, to analyse
these catchments in a similar way as previous studies have done in different parts of the
world, e.g. by Lague and Davy (2003), Schoenbohm et al. (2004 ), Densmore et al. (2007)
or Hobley et al. (2010). The above mentioned papers are examples of tectono-
geomorphic studies made on debris flow catchments, or tributary catchments rather
than large rivers. This thesis differs from these previous studies by taking place in an
area that is known to be in a non-steady state (Whittaker et al, 2007b), and by
concentrating on catchments that are mostly quite a lot smaller than studied by these

previous authors.



Chapter 1 - Introduction
The deeper understanding of debris flow channels in relation to tectonics is still lacking,

since there has been relatively little research on them. Therefore, one of the objectives of
this study is to cast more light on the characteristics of catchments that can be expected
to be dominated by debris flows, comparing catchments that are bounded by a normal
fault to ones that do not cross an active fault. The purpose is not to interpret the results
in terms of erosion processes in detail, but rather to describe the patterns of the long
profiles of these catchments, and reflect the results against what is known from similar

studies made on fluvial channels.

More profoundly, the aim of this thesis is to try and find out whether the active Liri fault
(discussed in more detail in the next chapters) is affecting the geomorphic processes,
and if it is, what is the evidence. Is it related to the segmentation of the fault, or does it
vary within the suggested slip rate? This is done by making a detailed comparison with

long profiles of adjacent channels in the Liri valley.

1.4 Study area

Image Landsatts
Data 510, NOAA, U S Navy, NGA; GEBCO

Google earth

i - Nl S

Figure 5. General map of Italy showing the Apennines mountain chain (from Google Earth), and the general
tectonics with extensional faults drawn in red (inset). The small boxes indicate the location of the study area.

The locality examined in this study is situated on the border between the provinces of
Lazio and Abruzzo, central Apennines (Figure 5). It is an area of high mountains with
elevations reaching above 2000 m, and intersecting valleys with mean bottom elevations
around 500 m. Italy is an ideal place for examining geomorphological processes in
relation to tectonics, because the long-term displacement rates are well documented

(Roberts and Michetti, 2004).



Chapter 1 - Introduction
In the next few pages, the tectonic settings and geology of the western Mediterranean,

and more closely the central Apennines will be discussed. The main study locality, Liri

valley, will also be introduced in this context.

1.4.1 General tectonic setting
The geodynamic evolution of the Mediterranean region is complex. Although it is

generally accepted that the Mediterranean geology has been shaped by the interplay
between the African and Eurasian plates, reconstructions are not easy due to number of
intervening microplates involved and complicated tectonic patterns creating a jig-saw

puzzle that is still debated in many parts.

In a larger context, the area of interest in this study is located in the western
Mediterranean. The commonly accepted model that resulted in the present structures in
this region (established by the geophysical studies of Malinverno and Ryan, 1986;
Patacca et al., 1990; Doglioni 1995; Gueguen et al, 1998) is the opening of the
Tyrrhenian Sea and the contemporary eastwards retreating migration of the westward-
directed Apenninic subduction zone since the Late Cenozoic. The extension that is
characteristic of most of the western Medritterranean seems to contradict the context of
relative convergence between Africa and Europe. However, the relative N-S motion
between Africa and Europe appears to be much slower compared to the migration of the
Apenninic arc towards the east (Patacca et al., 1990; Lavecchia et al., 1994; Gueguen et
al,, 1998). The migration is considered to be a consequence of the Apennines subduction
rollback, which is driven by slab-pull or the eastward flow of the mantle relative to the
lithosphere, depicted in Figure 6 (Cavinato and DeCelles, 1999). The rollback is
suggested to be the cause of the extension, but mantle upwelling under the Apennines is

also regarded as a possible explanation (D’Agostino and McKenzie, 1999).

Extension _ . Contraction

Tyrrhenian Adriatic

Margin 4+ Margin
Corner
/ Flow
Mantle

Upwelling

Adriatic Plate

Retrograde
Slab Motion

Figure 6. A schematic picture of the dominating forces in the Apennines, showing the interpreted causes
behind the extension (Cavinato and De Celles, 1999).



Chapter 1 — Introduction

The Apennines are a mountain belt extending through the narrow Italian peninsula, that
has developed along the the margin of the Adriatic microplate (Malinvero and Ryan,
1986; Doglioni et al., 1998), and are one of the most seismically active regions in the
Mediterranean. The older formations in the Apennines record thrust faulting starting
from early Miocene, that has since slowed down and extensional deformation has
become more dominant (Patacca et al., 1990). Some compressional activity can still be
found in the outer parts of the northern Apennines (Frepoli & Amato, 2007), but in
general the NE-directed thrusting in the central parts of Italy came to an end in the
Pliocene (Patacca et al., 1990). Based on GPS measurements by Piccardi et al. (1999), the
extension across the Apennines happens at a rate of ~6 mmyr-1. It takes place over an
800 km long system of segmented normal faults in the central and southern Apennines
(see inset in Figure 5), that has experienced several large earthquakes with magnitudes

from 5.5 to 7 (Papanikolau et al., 2005).

1.4.2 Geology of the central Apennines
The bedrock of the central Apennines consists mainly of Mesozoic carbonate platforms

that have been uplifted by faults and create the high topography in the area, while the
bedrock in the half-grabens is Miocene flysch (Vezzani and Ghizetti, 1998; Centamore
and Nisio, 2003). Many of the larger intramontaine basins have been filled with synrift
fluvial and lacustrine deposits with ages older than 2.5 Ma in some places (Cavinato et
al., 2002). The smooth hillsides in the central Apennines represent a typical landscape

created by periglacial processes (Giraudi and Frezzotti, 1997).

There is stratigraphic evidence that some of the basins in the area were at sea level in
the beginning of the Pleistocene (Gliozzi and Mazzini, 1998; Centamore and Nisio, 2003),
but they have been later uplifted. D’Agostino et al. (2001a) display the indications of
widespread Quaternary surface uplift, that can be seen from the well exposed
Pleistocene shoreline in the Tiber river valley locating nowadays at elevations of 200-
400 m. There are also numerous geophysical studies that indicate the central Apennines
are still being uplifted on a long-wavelength topographic bulge, vertical GPS
measurements show an uplift rate up to 2 mm/ year (Serpelloni et al., 2013), that is
suggested to be maintained dynamically by mantle convection (D’Agostino and

McKenzie, 1999; D’Agostino et al.,, 2001a).

Cavinato and De Celles (1999) explain how a sequence of basin evolution since the
initiation of extension can be seen in different locations in the central Apennines: the

basins grow larger, deeper, and the depositional environments change from alluvial to

9
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fluvial to lacustrine to shallow marine. They connect these changes to the decreasing
elevation and extensional subsidence that is still in progress. They name the Fucino
basin - the largest intermontane basin of the Apennines located in the vicinity of Liri
valley (Figure 8), as an example of an extensional basin in a mature stage with the
lowest elevations (0-700 m) combined with a large area (> 250 km?), partially marine

fills, and well-integrated catchment area.

The normal fault systems in central Apennines is around 155 km long, segmented at a
length scale of ~5 to 15 km, with transfer zones or relay ramps separating them
(Roberts and Michetti, 2004). The faults strike mostly NW-SE, parallel to the mountain
chain as shown in the inset to Figure 5. It is a system of high-angle, usually west dipping
normal faults that are in many cases superimposed on older thrust faults (Cavinato and
De Celles, 1999). The deformation rates in the area have been constructed by Roberts
and Michetti (2004) using paleoseismological publications and geomorphic
observations of displaced glacial features. Papanikolau et al. (2005) have later done
further studies of the same faults, and revised the throw-rates using GPS measurements.
They have derived total throw rates, as well as throw rates and offset for the past 18 ka,
that corresponds to the time since the last major glacial retreat in the central Apennines
(Giraudi and Frezzotti, 1997). Papanikolau et al. (2005) propose the extension rate
across strike in Lazio-Abruzzo to be at maximum 3.9+0.8 mm/ year assuming a planar

fault geometry and a 45° fault dip.

10
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Figure 7. Development of post-glacial fault scarps in the study area (Roberts and Michetti, 2004): a) During
the Last Glacial Maximum (LGM) fault scarps become buried because erosion and sedimentation rates are
higher than throw rates. Cold climate inhibits vegetation’s ability of stabilizing the slopes. b) Throw rates
exceed sedimentation rates during the Holocene creating a successive offset of the previously gentle slopes.
Datable organic and volcanic richsediments are accumulated on the slopes, and milder temperatures allow
vegetation to stabilize the slopes. Holocene erosion rates are disintegrating the scarps, therefore throw rates
are measured elsewhere.

Giraudi and Frezzotti (1997) have studied the glaciation in Lazio-Abruzzo Apennines.
Moraines and glacial landforms reveal the presence of mountain valley glaciers during
the last glaciation, and periglacial conditions were found in ice-free areas experiencing
strong freeze-thaw action that provided large amounts of debris. Alluvial fans were
deposited along the mountain valleys and slopes during the high erosion and
sedimentation rates that sometimes even outpaced fault throwing rates during the last
glacial maximum (LGM), as can be seen from the hanging wall surfaces and colluvial
slopes along the active faults that are graded to the same gradient on both sides of the

fault scarp, depicted in Figure 7 (a) (Roberts and Michetti, 2004).

Tucker et al. (2011) have calculated that erosion rates on fault scarps in the central
Apennines show a strong reduction with Pleistocene average erosion being at least an
order of magnitude higher than the Holocene rates (reduction from 0.22-0.28 mm/ year
to 0.016 mm/ year). After the glaciation, the LGM fan surfaces and mountain slopes have
become stabilised by vegetation as the stream discharge diminished. The late glaciation
slopes and deposits have been extensively dated using paleo-vegetation and
tephrachronology, revealing the absolute and relative ages of these deposits (Giraudi

and Frezzotti, 1997). The vertical offset of these glacial surfaces have a close similarity
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Chapter 1 — Introduction
to the throw of the fault since the last glaciation, therefore it was possible to use scarp

profiling to obtain mean throw rates for the last 18 ka (Papanikolau et al., 2005). An

example of the method for doing this is presented in Figure 12 in the next section.

1.4.3 The Apennines — a transient landscape
Drawing together the last few sections explaining the geodynamical setting and

geological history of the Apennines, one could state the area of study being in a highly
non-steady state. There are strong tectonical forces: it has gone through a change in the
tectonic regime from thrusting to extension that is largely shaping the area to date, with
large parts of the central and southern Apennines being actively uplifted at the same
time (e.g. Patacca et al., 1990; Piccardi et al., 1999; D’Agostino and McKenzie, 1999;
Roberts and Michetti, 2004; Serpelloni et al, 2013). In addition, the central
Mediterranean has also gone through a major change in climate during and after the last
glacial period (e.g. Zolitschka and Negendank, 1996; Allen et al., 1999 and 2000). Taking
into account that transient landscapes can take millions of years to find the new steady
state (e.g. Whittaker et al, 2008), all this indicates that the Apennines are still

readjusting to a change in external boundary conditions.
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Chapter 1 - Introduction

1.4.4 The Liri Valley
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Figure 8. Elevation map over Liri valley and the surroundings, showing normal fault traces mapped by
Roberts and Michetti (2004). The simplified cross-cut of the valley (inset) explains the two different sides of

the valley that are studied in this thesis: the active normal fault side (A-side) and the inactive B-side with an
old thrust fault.
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Chapter 1 - Introduction
This study is concentrating on the Liri valley, shown in Figure 8. The ground elevation

ranges from around 300 m at the banks of the Liri river in the centre of the valley to
above 2000 m on top of the highest surrounding peaks. The climate is Mediterranean

with relatively low annual rainfall concentrated mostly in the winter season.

The geomorphology of Liri valley is marked by the wide half-graben created in the
extensional tectonic setting, later deepened by fluvial activity. The topography can be
described by gently sloping relief that is mostly covered in vegetation, with a few
exceptions in the higher parts along the drainage divide on both sides of the valley, or on

steeper sections of the slopes, showing clear signs of some type of earth flow.

The valley sides show stream deepening that cut through the calcarous slopes (Figure
9), with a few clear features of old fan deposits also visible in the satellite photos from
Google Earth. Previous field excursions in the area revealed that many of the small

catchments exhibit channels typical for debris flows (Figure 10 and Figure 11).

@,zmcoogle

Figure 9. Examples of debris flow activity on the hillslopes. Picture taken from Google Earth, facing towards
the unactive side of the valley (later on referred to as catchment B3). See the settlement for scale.

On the western side, an old remnant from the earlier tectonical regime is represented by
an exhumed thrust fault that is visible in many parts at the contact between the valley
fill and carbonate. The 40-km-long Liri fault is located on the eastern part of the valley. It
is characterized by bedrock fault scarps that position the carbonate bedrock in contact
with the flysch (Carrara et al.,, 1995). The history of the Liri fault appears to be quite
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Chapter 1 - Introduction
complex, with both strike-slip and normal movements (Serafini and Vittori, 1995).

Based on the kinematic indicators collected along the fault, the youngest deformation is
governed by normal movements (Serafini and Vittori, 1995). According to the
observations of Carrara et al. (1995), the extensional tectonics in Liri valley and

surrounding areas started in Late Pliocene.

Figure 10. Standing inside a debris flow path in one of the southern end catchments on the fault side, facing
towards the inactive side of the valley seen in the far distance. Photo courtesy of Alexander Whittaker.

Figure 11. Higher up in the same catchment as in the previous picture, now facing towards the top of the fault
side, a clear channel is cutting through the regolith. Photo courtesy of Alexander Whittaker.
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Chapter 1 - Introduction
1.4.5 The Liri fault — active or not?
There are disagreements about whether the Liri fault at present is actually active. Some

of the normal faults in the area that have been active in the past divide opinions if they
exhibit activity in the late Quaternary or if they have become inactive. There has been
strong discussion about the reliability of some bedrock scarps taken to be
representatives of active fault planes, but these might also be a misleading sign of
activity if the scarps have been exposed by landsliding (Galadini and Galli, 2000).
According to this some bedrock scarps, like the ones in Liri valley, could be a result from
differential erosional exhumation between carbonate and flysch, and not a sign of an
active fault (Galadini, 1999). The Liri fault is located in an area where GPS studies have
shown extension, but the presence of major active normal faults is missing according to
some publications (Galadini, 1999; D’Agostino et al, 2001b), mainly basing their
criticism on that they lack signs of displaced Late-Pliocene-Holocene lacustrine, fluvial
and slope deposits (Galadini and Galli, 2000). In contrast, Roberts and Michetti (2004)
find it strange that the scarp height variations, as well as the similar throw and slip-
direction variations along strike could be result of exhumation and not active tectonics.
Roberts and Michetti (2004) claim there are also other authors (referenced in their
paper) who have come to a conclusion that there are more active faults in the central
Apennines than presented by Galadini (1999) and D’Agostino et al. (2001b). Therefore
Roberts and Michetti (2004) consider the Liri valley fault to be active because post-

glacial scarps with throw rate and height variations along strike are present.

The throw heights and rates for the Liri fault are constructed by Roberts and Michetti
(2004) and Papanikolau et al. (2005). The last referred publication measured the throws
from the Holocene fault scarps as shown in Figure 12, yielding slip rates averaged over
the last 18 ka. The total throw profiles were also constructed by Roberts and Michetti
(2004). This was done by drawing cross sections based on geological and topographical
maps, tracing pre-rift horizons across the valley as described in Figure 13. These
horizons express the total extension across the structures, representing the size of the
total fault throw in the area, which they suggest to be around 2000 m at the maximum
displacement. Roberts and Michetti (2004) note that there might be many errors as they
were correlating the lithological elements that nowadays exist both above and below the
current ground level, even though they tried to use structural styles that are compatible
with what was exposed in the outcrops on both sides of the valleys. They further mark
the possibility of errors in these throw values to be somewhat lower than +200 m. The

throw rates re-measured by Papanikolau et al. (2005) cover only the NW half of the Liri
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Chapter 1 - Introduction
valley (Figure 12), the last measurement located roughly half-way between the towns of

Capistrello and Bolsorano, and do not extend further along the fault to the SE.
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Figure 12. From Papanikolau et al., (2005), showing how they measured the fault throws in the study area. i)
topographic map of the Liri fault with measurement locations, ii) profile from location 5 with iii) a close-up
photo of the scarp. iv) profile at location 7.

Figure 13. Constructing the total throw for Liri fault by Roberts and Michetti (2004). The labelled strata are
presenting the pre-rift stratigraphy and interpreted as recorders of the total throw across the faults. The
small map in the upper-left corner shows the locations of the cross sections.

A great deal of the study area is nevertheless concentrated exactly on the part where
throw rates are less well constrained. Roberts and Michetti (2004) measurements from
this part are not regarded as very reliable since they are only based on visual

evaluations of heights of post-glacial scarps instead of accurate measurements by
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construction of scarp profiles. Therefore, the throw rates at the southern part of Liri

fault are referred to with caution.

Chapter 2 — Methods

The main instrument used in this study was ArcGIS, in which the catchments were first
created and information extracted for further analysis. The longitudinal profiles were
created through a combination of ArcGIS and Matlab. A more detailed explanation of
these procedures, as well a description of the analysis and accessory work, are given in

this chapter.

2.1 ArcGIS
A 20-m digital elevation model (DEM) of Lazio-Abruzzo was used to study the

geomorphology in ArcMap 10.1., which is the latest version of ArcGIS (Geographical
Information System). Slope and area data of the catchments along the Liri valley were

extracted in ArcMap, which also allowed the results to be visualized in an effective way.

[t is important to keep in mind that the data in GIS is only a generalized expression of the
real world, not able to fully cover the complexity of the actual geomorphology of the
studied location in detail. A lot of information is missing to begin with due to required
simplifications when creating the spatial data structure. As an example, in this thesis, the
data used to study the Liri Valley is based on a 20-m DEM, which sets the limits for
information being tied to grids of 20x20 m cells that have only one value or attribute
each. This resolution is too coarse for acquiring knowledge of any features smaller than
20 x 20 m. Nevertheless, for examining how tectonical processes influence
geomorphology, this resolution is thought to be good enough, since the changes in
features are relatively large in scale. Some artifacts that occurred in this project will be
discussed in the following chapters. The working steps for creating the long profiles are
explained next. Note the illustration on page 20 which summarises the main working

steps in a nutshell.

ArcGIS 10.1 was first used for preparing the 20-m DEM by filling possible gaps (raster
cells with no data) and clipping the DEM to a smaller study area to speed up the analysis.

After this, rasters of flow direction and flow accumulation were created.

For defining the stream network, the flow accumulation grid was conditioned to take
into account only pixels with flow accumulation values > 200, which represents a

drainage threshold for a stream to form. All other grid cells are assigned a null value.
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"Larger than 200” was thought to be enough for taking into account also larger debris

flow channels with this resolution of the DEM. This threshold corresponds to
catchments with a drainage area = 0,08 kmZ2. A higher threshold value would take only
larger rivers into account. A smaller threshold value of > 50 was also considered (see
Figure 14) since it would have allowed streams that reach the upper slopes to be
extracted that could be regarded as the initiation points of potential debris flows.
However, a threshold value > 50 does not change the extracted long profiles to a
significant degree, and just makes the stream network more complicated by adding tiny
tributaries that in most places seemed to be very artificial. For being able to examine
small active debris flow channels for purpose of hazard assessments one would, in any
case, need a much more detailed DEM of 10 or 5 m. As the aims of this project were to
investigate geodynamic processes affecting the streams over a range of scales, a larger

threshold value was therefore chosen.

Streams VALUE > 200
Streams VALUE > 50

Figure 14. Representing streams with different threshold values (orange > 200; green > 50), and how this
changes the extent of the streams when overlaying them on a basemap in ArcGIS.

For describing the stream network, stream order was defined after the Strahler method.
This characterizes the streams by how many tributaries they have: first order streams
have none, and order increases downstream when two streams of the same order meet
each other (Strahler, 1957). This stream order raster was afterwards converted into a

vector stream line.

From the layers created in the previous steps, catchment boundaries were defined next.
This was started by defining pour points, which mark the downstream limit of the
watersheds located as close to the Liri river as possible. The pour points calculate all the

drainage to that point from the adjacent pixels, in other words the number of pixels
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flowing in to that pixel. In addition, the pour points were snapped to accumulation grid

to ensure that they are located on it. Then watersheds were created by using the flow
direction raster and the snapped pour points, and the result was converted into a vector.
These pour point and watershed extraction was done by systematically choosing
adjacent catchments with streams that reached above the Liri fault trace and/ or the

main lithological contacts (see section 3.1).

Once the watersheds were created, the original DEM and flow accumulation DEM were
clipped using the watersheds as boundary lines, as these are needed when drawing the
long profiles. Slope maps, hillshades and contour lines were also created for the new

watersheds (see the work flow below).

2.1.1 Work flow for creating watersheds in ArcGIS

Preparing the s ‘ ‘ :
DEM 4 ) Creating stream

order

*Filling in gaps in the *Flow direction DEM «Strahler method
DEM *Flow accumulation

«Clipping the DEM to DEM -Af'terwards turned
a wanted area this network raster

into a polygon

§ Extracting " 4 Extracting watersheds '
watersheds | AL J

*Defining pour points susing flow direction raster — Ml «Slope maps
(outfrow point of a Converting the watershed *Hillshades
catchment) rasters into polygons *Contour maps

*Snapping the pour points «Clipping the elevation &
so that they are located flow accumulation DEMs
on the flow accumulation to the new watersheds
grid
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2.2 Working steps behind extracting long profiles created in Matlab
After creating the watersheds in ArcMap, the next step was to export the flow

accumulation grid and the original elevation DEM to ASCII files. These are .txt files that

can be further converted into .mat data files, which are readable in MATLAB.

The Stream Profiler toolbar (provided by http://geomorphtools.org) was used in
ArcMap to select headwater points. Matlab uses these as starting points and traces them
down the stream creating a long profile for each channel using the flow accumulation
and elevation grids. In Matlab, long profiles and log-slope vs. log-drainage area plots
were extracted (see e.g. Figure 15), and used further to extract the values for channel

concavity and steepness, which were introduced in the previous chapter (Equation 1).

First step was to extract the long profiles for all of the catchments, from as close to the
drainage divide as possible down to the Liri river. From these elevation vs. distance
plots, a few channels with the smoothest profiles were chosen, to start the analysis with
the simplest and clearest ones before having a closer look at the other, more

complicated channels.

2.2.1 Channel steepness and concavity indices
The analysis of the long profiles starts with specifying linear regression limits on the log-

log plot of slope against drainage area, in order to determine the concavity index (&) and
steepness index (ks) from Equation 1 (Wobus et al., 2006). Figure 15 and Figure 16 show
examples how the regression limits for calculating these indices were chosen from the
slope-area log-log plot. This was done with the mindset of finding clear linear trends on
the log-log plot with as many points on the line as possible. It also allows the best fit for
concavity when separating individual linear segments that were a common feature on
most of these plots (e.g. Figure 15 and Figure 16). The process was started with the ten
smoothest profiles mentioned above, that gave an insight to how the dataset works and

how the concavities reflect to different regression limits.

Because channel slopes are dependent on basin shape, or variations in how discharge is
accumulating downstream, small differencies or uncertainties in the concavity index (6)
can cause great variations in the steepness index (ks) in Equation 1, therefore a
normalized index is often presented for the purpose of comparison. There are a couple
of methods for doing this, for example as reviewed in Kirby and Whipple (2012). The
one used in this study starts out from a general view that fluvial channels in steady state
should have quite a narrow range of concavity indices (0.4 < 8 < 0.6) (Whipple and

Tucker, 1999). With this in the background, a normalized steepness index (ksn), that
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suits for comparing stream profiles from different sized catchments, can be determined

by evaluating slope-area regressions using reference concavity index (&7 (Wobus et al.,

2006):
S = ksnA s (Eq. 3)

This method does take into account the dependency of profile gradient on drainage area
(Wobus et al,, 2006). It has been found out from experiments that values for reference
concavity between 0.4 and 0.5 describe well most mountain streams (Kirby and
Whipple, 2012). Most literature until now use 8. of 0.45, which was also used in this
study.
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Figure 15. An example of long profile and log-of-slope vs. log-of-drainage area plot created in MATLAB from
the Liri fault side, located NE in the Liri valley (A-side). The pink colour represents data extracted from the
DEMs. The dark blue colour shows profiles and trends predicted by the regressed channel concavity, 8 and
the cyan ones represent the specified reference concavity, G.r= 0.45. Red squares are log-bin averages of the
slope-area data. The red dashed line indicates the position of the Liri fault. Note the typically assumed fluvial-
debris flow transition (e.g. Stock and Dietrich, 2003) marked on the log-log plot.
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Figure 16. An example of a channel long profile and log-of-slope vs. log-of-drainage area plot from the inactive
side of the Liri valley (SW side; B-side). The plus mark along the profile points out the location of a knickpoint,
or any other user specified point that is wanted for further examination, appearing in the lower plot as a
circle. Other explanations as in Figure 15.

2.2.2 Background noise and data scatter
The channel gradient analysis is dependent on digital elevation models (DEMs), that can

have random fluctuations obscuring the data. Different data handling methods have
been developed for reducing the background noise from pixel-to-pixel slope estimates
from DEMs (Wobus et al, 2006). Often some insignificant noise in the long profiles
extracted from DEMs can result in large scatter in channel slope estimates, and when
taking the spatial derivative, the noise becomes even greater. There are various
procedures for trying to reduce this noise, explained e.g. in Wobus et al. (2006) and
Kirby and Whipple (2012), but the one used by Matlab in this study involves averaging
the logarithm of the slope values and using logarithmic binning of the drainage area data

(Figure 15).

A positive outcome of log-bin averaging is that the smoothing window size grows the
further downstream you go. In addition to that it does not create any averaging of slope

values that are very different from each other across tributary stream junctions where
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there may be a large change in drainage area (Wobus et al,, 2006). But log-bin averaging

has its weaknesses too, since the it is likely to be influenced by outliers that might draw
the result in one way or the other significantly, a problem often faced when using rough

data from low-resolution DEMs (Wobus et al., 2006).

Results of all long profiles and log-log plots in are presented in the Appendix A. All
analyzed long profiles and concavities are visualised in graphs and figures in the next

chapter, where they are also discussed in more detail.

Some of the log-log plots were extremely scattered, which made the extraction of a
reliable concavity index really difficult. These are presented in Appendix B. The scatter
is distorting the concavity measured, especially when there are not enough data points
(needs minimum three) for it to function properly. This appeared to be a problem
expecially in some of the smallest catchments (e.g. A2, A18, see Appendix B). There was
a lot of scatter in some bigger catchments as well, especially when the profile was very
terraced. Sometimes it would have involved taking more than three different
regressions (e.g. catchments B1, B5) due to the bumpyness of the profile. These kind of
catchments, or parts of the profiles that were too complicated or had something
suspicious with the data, were either left out of the slope-area analysis, or presented in

grey in the final figure presenting concavity measurements (see Figure 34).

2.2.3 Explanations of the used concavity groups and quality check on the regression limits
Figure 17 shows how the concavities were grouped in this study, with indications to the

position of the linear line on a log-log plot representing negative (pale blue), low (blue),

moderate (yellow) and high concavities (purple).
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Figure 17. An example of a log-slope vs. log- draiange area plot with indications of the concavities in Figure 34
(in the Results), how they look on a log-log plot. The blue lines indicate the concavities for 0, 0.5 and 1

respectively. The coloured dashed lines show the margins for high, moderate, low or negative concavities,
coloured as in the final concavity map (Figure 34) .
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How the catchments were defined and how the regression limits were chosen in this

project differ slightly from other studies. Therefore, a quality-check of extracted
concavities was performed on the channels on the the faulted side of the Liri valley (A-

side).

The chosen regression limits differ from previous studies (e.g. Densmore et al., 2007),
which defined the catchment areas only upstream of the active fault traces, the
assumption being that downstream of a fault there may be a change from erosion to
deposition. However, in this study the extracted catchments have been defined all the
way down to the Liri river as it is not obvious where the change from incision to
deposition occurs in this area. Nevertheless, it does not necessarily mean these two
approaches give completely different results. In this study, the catchment area is slightly
bigger than it would be if it was limited only to upstream of the fault, but it does not
seem to change the concavity values significantly. A check-up of concavities were taken
choosing the regressions on the long profiles limiting only upstream of the Liri fault
trace. An example of this is represented in Figure 18, which shows how the concavity
changes (from 1.7 to 0.96), but can still be regarded to be in the same classification of

high concavity (> 0.7, see Figure 17).

One big effect of the catchment area extending so far down is that effects of the valley
bottom sedimentation may also be recorded in the concavities. This is noted here to
demostrate the awareness of this effect already at this early stage, but it is discussed

further in the sections 4.2 and 4.3.
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Figure 18. Displaying the long profile and log of slope vs. log of drainage area plot of stream A23 that is used
as an example of how different regression limits change the concavity value. Colours and explanations are the
same as in Figure 15. A. shows the results when choosing as many points as possible inside the regression
limits, covering more or less the total length of the profile. B. shows the regression limits if the calculation
was done only to where the stream crosses the fault trace. Note how quite a large portion of the long profile is
actually recorded as few data points in the log-log plot (rest of the profile after the fault).
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2.2.4 Challenges considering long profiles and log-log plots
The log-log plot is highly sensitive to small variations in how the regression limits are

chosen. While working extracting the long profiles, it was necessary to return to some of
the catchments multiple times to reconsider the defined regression limits. It was noticed
that when choosing the regression limits it was difficult to repeat the same regression of
the same catchments again and get same results, i.e. same value for concavity. For
example, a concavity could change from 0 to 0.12 to 0.35 in the same catchment
depending on exactly which regression limits were specified. The ks, values were
fluctuating more persistently (see e.g. Figure 18 values). These changes in & and ks,
were more apparent the fewer points there were within the regression limits. In the
stream profiler tool, it is not possible to choose individually which points the regression
calculation should include, only an approximation of group of points can be selected
based on visual examination of the graphical data. Therefore, the program can output
quite different regression results, that are changing depending on small variations less
than a millimeter on the graphical images, and thus which points are included to define
the line for the power-law fit, which is the output of the regression calculation. The

scatter in the data increased this phenomenon even more.

Despite this phenomenon, the concavity values were still inside the group they were
originally defined belonging to. A change of representative concavity group was only
noticed to happen in two of the catchments studied here, and this hardly affects the

overall concavity trends that were observed (see section 3.6).

The regressed channel concavity (i.e. the dark blue lines in the examined elevation vs.
distance plots in Figures 15, 16 and 18, and in the Appendix A) in most of the channels
do not always sit perfectly on top of the long profile extracted form the DEM (the pink
lines in the same plots), meaning the concavities measured might not be as
representative as first thought when choosing as many points on the log-log plot as
possible to cover as much of the profile in the regression calculation as possible. While
making a quality-check for some channels and choosing shorter regression limits
extending only to the fault, it was noticed that these regressions sit better on the actual
profile, as in Figure 18 (b). However, this quality check also shows that although the
concavities changed to some degree, they were still representatives of the same
concavity group (i.e. negative, low, moderate, high) as obtained using the first method
described above. Thus, as this study was interested in showing the overall patterns

rather than finding exact concavity values, these minor changes in the concavity values
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depending on the fit between the profile and regressions are not considered very

important.

2.3 Accessory work
All the watersheds were given names to help to identify them later on. A number of

characteristics of the newly created watersheds were collected and noted down. These
include drainage area, elevation of the drainage divide, and stream order that could be
plotted to compare the differencies. Based on the characteristics of the watersheds, they

were divided into groups to make the further comparison clearer.

Aspect ratios were also calculated for each catchment by dividing the length of the
catchment by the width. These were measured in ArcMap, taking approximately the
longest dimension parallel to mainstream channel for the length and the widest part of
the catchment to obtain the width. An aspect ratio expresses the form or shape of the
catchment with respect to a circle that has an aspect ratio value of 1. The bigger the
aspect ratio is, the longer and thinner the catchment form is, and vice versa, smaller

number indicates shorter and wider form.

To help understand what might be causing changes in the channel long profiles and
topography, a simplified map of the basic geological elements in Liri valley were drawn
in ArcMap. The result was a map representing structural and lithological variations in
the area, based on the geological maps of Vezzani and Ghisetti (1998) and Carta
Geologica d'Italia (1967; 151 & 152) with scales of 1:100 000. The locations used for the
normal fault segments in the Liri valley on A-side (NE-side) are based on the field
mapping done by Roberts and Michetti (2004). In this study, some of these fault
segments were linked in ArcMap by freehand drawing, simultaneously comparing it to
the geological map provided by Vezzani and Ghisetti (1998), who presented a more
continuous, but perhaps not as detailed fault trace in their map. The old thrust fault that
is visible in the inactive side was also drawn in based on the map of Vezzani and Ghisetti

(1998)

The fault location on the active A-side (and lithological contact on the inactive B-side)
was measured from the DEM in ArcMap by taking the elevation where extracted streams
cross the fault trace, and then plotting a point at this elevation on the long profiles in
Excel. On the active side, the freehand-drawn fault locations were used in places where
the fault trace might be suspected to be present but had not actually been mapped by
Roberts and Michetti (2004). This was done in order to check whether long profiles of

such channel crossings included knickpoints that could indicate the trace of the fault.
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Also a slope map representing the changes in the degree of topographic slope was

created in ArcMap. Finally, all the abrupt slope changes or knickpoints in the channel

long profiles were individually compared to these geological and slope variation maps.

Because the Liri river is the primary controlling factor over the smaller catchments in
the valley, a short analysis of the river profile was carried out. This included also
examining the largest cemented fan in the southern part of the valley, that shows clear

incision on its edges.

Chapter 3 — Results

In this chapter, maps and plots from the project will be layed out in the following order:

* starting from the working names of the catchments

* comparing their geomorphological features extracted from the DEM

e examining the geology of the area from the constructed geological map

* examining the changes in the slope steepness

* showing the long profiles and examining them in the light of the local variations
in geology

e presenting final maps where the channel concavity and steepness indices are
overlain on the previously explained geological elements

* examining the long profile and evidence for incision along the Liri river

At the end of this chapter, the reader will hopefully have a better idea of the differencies
between the catchments and the data extracted from them, thus giving background for

the discussion of what might be the causes behind these differencies.

3.1 Working names for the catchments
A total 30 catchments on the NE side, supposed active Liri fault side (referred to as A-

side) and 22 catchments on the old thrust fault side, the SW side (referred to as B-side)
of the Liri valley were extracted in ArcMap. Each of these catchments was given a name

to help locate them as well as to help the future referencing.

Drainage area seemed like a natural way of dividing the catchments into groups. The
grouping helped to manage the data for further queries and made visualizing of the
catchments easier. This categorization was made between big (drainage area > 3 km?),

small (drainage area < 3 km?) and tiny (~1 km?) respectively. The names and grouping
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of the catchments are shown in Figure 19. This is the basic figure that helps identify the

catchments in the following results.

The Liri fault side is also divided into two different sections for the purposes of this
study, pointed out with arrows in Figure 19: Section 1 and Section 2. This division comes
mainly from the distinct differencies between the long profiles, as shown below, but also
the morphologies of the catchments are quite different in these two sections (see section

3.5.1).

/== Normal faults studied
} posunes Normal faults traced

l-——~ Exposed old thrust faulif .

| ] Aside BIG group
y : A side BIG group Il
'f‘ I.: B side BIG
‘T ]As&BSMALL

| |a&BTINY

Figure 19. Showing the working names of the catchments with colour indicating the drainage area size. The
thicker blue line depicts the Liri river, and the Liri fault is the one cutting across the A-side catchments. The
division of big watersheds on the active Liri fault side (A) in to group I and II was made because of the clear
difference in catchment shape and longitudinal profiles.
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3.2 Variations in catchment characteristics along the Liri valley
The graphs in Figure 20 and Figure 21 show the elevation change along the drainage

divide and drainage area variation from watershed to watershed when moving from
north to south along both sides of the Liri valley. In these graphs only catchments that
reach the drainage divide are displayed for revealing a clearer trend. This means that

some of the tiniest catchments (~1 km?) are excluded from these plots.

These graphs show quite clearly how the inactive side (B-side) has a higher drainage
divide elevation and larger drainage areas in the catchments in the northern end of the
valley compared to the active Liri fault side (A-side). The huge catchment B5
exaggerates this drainage area pattern to some degree. Towards the southern end, the
drainage divide elevation increases in the active side compared to the inactive side,

whereas the drainage area variations become more similar.

Figure 22 and Figure 23 represent the aspect ratio and stream order in all catchments
on both sides of Liri valley. The catchment form appears quite equally mixed on both
sides when looking at the length-width ratio, but the inactive side (B-side) has overall
more rounder catchment forms compared to the active side (A-side). In addition, both
sides of the valley seem to be dominated by 2nd and 3rd order streams, although the
bigger catchments in the northern end of the inactive side naturally have higher order
than the small catchments on the active side. The active side catchments have some

higher order catchments (order 4) towards the southern end of the valley.

The drainage area and stream order are considerably larger in the inactive side,
especially in the northern end. This is mainly a result of choosing the outlet point of the
catchments to reach the junction with the Liri river, since the river is located closer to

the active side of the valley.

31



Chapter 3 — Results

2500

Elevation along the drainage divide

2000 -

g

Elevation (m)
@

e Active side (A)
Unactive side (B)

T T T

10 15 20

Distance downstream Liri River (km)

25

30

Figure 20. Plot showing the elevation change along the drainage divide on both sides of Liri Valley. Only the
catchments reaching up to the main divide are included in the graph.
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Figure 21. Plot showing the same catchments as in the previous graph, but this time showing the drainage

area of those catchments.

@

Aspectratio (L/W)
IN

[

 Active side (A)
Unactive side (B)

Distance downstream Liri River (km)

Catchment form
°
°
®e o
O % ® .
3 '} . 5
q e © o . ° ° )
2{e ° P
0 5 10 15 20 25

30

Figure 22. Showing the variation in the catchment form, measured as an aspect ratio (length divided by
width). All catchments are plotted. Higher number indicates longer and thinner catchments related to its own

form, and vice versa.
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Figure 23. Depicting the stream order of all the catchments at the point where they meet the Liri river, based

on method by Strahler (1957).
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3.3 Geological map of the Liri valley
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Figure 24. A schematic map of the geological elements in Liri valley and surroundings. Note especially the
measured throw rates in Liri fault, starting from the north-west corner and growing towards the center of the
study area. 0.82 mm/ year in the center of the map is indicating the last re-checked throw-measurement, after
which the red signs show the area where the rates are not as well constrained (as will be explained in the text
below).

Figure 24 shows the main geological elements in Liri valley. The lithology is based on the
geological maps provided by Vezzani and Ghisetti (1998) and Carta Geologica d’Italia
(1967; 151, 152) with scales of 1:100 000. Dark green colour represents Cretaceous
granular limestone. The lighter green is also limestone, but more massive and from the
Jurassic period, and is in general more dolomitic in consistence. Exposures in the bottom
of the Liri valley in the map is filled with Miocene flysch, indicated by yellow. The

southern part of the Liri fault side is also highly dolomitic, indicated by bluish colours.
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Some relatively young (Holocene) alluvial fans and loose debris material at the foot of

the hills is also drawn on the map, represented by reddish-pink colours. These consist
mainly of calcareous scree. There are also a couple of older (Pleistocene), cemented
alluvial fans depicted on the map with brown. Light grey shows the Fucino plain which is

filled mostly with peaty silt interbedded with sand and volcanic products.

The locations used for constraining the location of the normal fault segments in Liri
valley were published by Roberts and Michetti (2004), who checked the locations of
faults given in older geological maps of Italy (Robets and Michetti, 2004 and references
therein). They note that there might be errors in these fault traces, because vegetation
covered the actual locations of the faults in some places. Due to this they used
geomorphic features and the older published maps, that might contain errors as well, to
construct the fault traces. According to them this error is within around 100-200 m
perpendicular to the fault strike. They also explain that recognizing the lengths of

individual fault segments was even harder.

Connected segments of the faults are shown in dashed lines. These dashed lines are
meant only for estimating where the actual faults could be located. This was done to help
identify where the channel long profiles are crossing the potential faults, and to see if the
profiles show any changes, even if the faults have not been actually mapped there. The
old thrust fault on the SW side of the valley (B-side), as well as the lithology in the study
area were constructed using a geological map of Italy with a scale of 1:100 000, provided
by Vezzani and Ghizetti (1998). The old thrust fault is inactive, exhumed, and represents
a major lithological boundary between the valley fill and carbonate rocks. These
lithological boundaries are also clearly visible in the slope map (Figure 25) which
emphasises where steepest slopes end and gentler valley bottom slopes begin on both

sides of the Liri valley.

Due to the complexity and poor resolution of the geological reference maps — with no
georeferenced and projected form of them available, it was difficult to visualize the exact
locations of the faults in relation to the examined streams and watersheds. The same
problem was faced when examining lithological changes in the valley. Therefore, the
lithological change, as well as fault traces depicted in this thesis are considered to be
where a clear change can be seen in the DEM in the degree of slope on the valley sides,
coinciding with the mapped fault traces of Roberts and Michetti (2004). Additional
fieldwork for mapping the faults and bedrock was beyond the scope of this project. It is

thus highlighted that these elements depicted in the resulted geological map of Liri
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valley are simplifications and should be considered as a guidlines with an uncertainty of

up to a few hundred meters.

The fault throw rates in Figure 24 for the active NE side of the Liri valley are based on
the work by Papanikolau et al. (2005) who revised the observations made by Roberts
and Michetti (2004). These new measurements given in black indicate 30-40% lower
values of throw rates in the locations they covered, e.g. 0.82 mm/ year instead of 1.11
mm/ year (Papanikolau et al., 2005). The throw rates given in red are taken from
Roberts and Michetti (2004). As mentioned before, these throw rates shown in red are
not regarded as totally reliable since they are only based on visual evaluations of heights
of inferred post-glacial topographic breaks in slope instead of accurate measurements

by construction of fault scarp profiles.

3.4 Slope map
The slope map presented in Figure 25 was the most practical map when analysing the

channel long profiles in addition to the geological map. This map helps explain the
sudden changes in the elevation, i.e. knickpoints on the long profiles, coinciding with the
sudden changes in slope gradient. A really interesting aspect of this map is how in some
of the larger catchments you can clearly see incised channels, e.g. A-side BIG group I
catchments. Also the flatter top part of those A-side BIG group I catchments is visible,
marking the change from Jurassic to Cretaceous limestones. Some of the old alluvial fans

are also visible, i.e. between the catchments of A24 and A25.

The map also shows how the Liri river is changing its course along the valley. The
location of the river seems to change when moving from the northern end of the valley
towards the south: in the north it is located closer to the active fault side (A-side), where
the catchments are smaller making the inactive side catchments look large in
comparison, even though the parts of the catchments that are on the steepest slopes are
not that different in comparison. The river changes its path the further down south,
moving further from the active fault side (A-side) towards the inactive side (B-side). The
inactive side catchments towards the southern end of the valley are small and skinny
and mostly restricted by the one big catchment (B6), with the exception of two the big
round ones (B16 and B19). In comparison, the active side catchments become more
longitudinal in form (aspect ratio >> 1), and many of them have a flat part at the top,
indicated with arrows in Figure 25. In the following paragraphs where the long profiles

and concavities are discussed, this map is also very useful to have at the side.
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Figure 25. Visualizing steepness of the slopes and the surrounding areas, given in degrees. The black polygons
represent the catchment boundaries, and blue lines are the fault traces (both the active side faults and the old
thrust fault on the other side) respectively. Comparing this to the long profiles of each watershed helped to
further understand the changes in the profile. Note how some of the streams are visible in this map as incised
channels.
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3.5 Long profiles

The two sides of the valley will be discussed separately. The Liri fault side (A-side) is
divided into two sections that had distinctly different long profiles along the tributary

channels.

3.5.1 The Liri fault side

Chapter 3 — Results
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Figure 26. Long profiles of the streams from the northern part of the Liri fault side.
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Figure 27. All the long profiles further south on the Liri fault side.

The Liri fault side is dominated by shorter channels in the northern end, referred to as

A-side Section 1, compared to the channels further south, referred to as A-side Section 2.
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Figure 26 and Figure 27 show all the long profiles studied on the fault side. The major

differencies in the profile shapes between these two sections are visible in these figures.

Figure 28 and Figure 29 show the long profiles and where the active segments of the Liri
fault are located, in catchments that are crossing or are suspected to cross faults. The

freehand drawn dashed lines in the geolgical map indicate what is meant by the latter.

The first ten channels on the active fault side (A-side Section 1) seem to have an obvious
knickpoint at the fault (Figure 28). The long profiles are also relatively linear or even
convex above the fault. These catchments are either < 3 km? in terms of their drainage
area with a few bigger ones (A5, A7, A8 and A10), but the drainage area before crossing
the fault is small in all of them (< 2 km?2).

The rest of the channels crossing the fault on this side (Figure 29, Section 2 channels) do
not show an obvious knickpoint at the fault, marked again by the red dashed line.
Instead, all the longest ones of them show a clear convex or flat part at the top with more
or less abrupt change to a curve that becomes highly concave further downstream.
These streams appear to be indifferent to the fault, i.e. no knickpoints are observed.
Furthermore, they are incising downstream of the mapped fault because previously

deposited hanging wall fans show evidence for erosion (see Figure 37).

The smaller ones (A12, A14, A15, A21, A26) in the same Figure 29 are also concave in
form, but do have a subtle change in the long profile somewhere around the elevation
for the marked fault (except for A12 that does not show any change). This change is not
perhaps as visible in this figure because the bigger streams distort the smaller profiles.
When looking at the original plot extraced from Matlab the knick is clearer. The fault
location does not necessarily sit perfectly on the knickpoint, but this could be due to the
uncertainty of the fault traces since the knick lies within 100-200 m from the fault,
which is inside the error range that Roberts and Michetti (2004) announce in their
paper. Considering this, also the lithological change from limestone to flysch would sit
on the same elevation as the, since the fault traces coincide with the lithology boundary

in the geological map.

The common feature for the bigger streams in Figure 29 is that they also gain a larger
drainage area (> 2 km?) before reaching the fault compared to the streams in the Section
1. This is obvious when looking at Figure 19 and comparing the drainage area of the
catchment above the fault. The smaller streams in Section 2 (Figure 29) have smaller

drainage area above the fault similar to the streams in the Section 1.
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Figure 28. Showing the long profiles of the cathcments A1-A10 on the active Liri fault side (see Figure 12) with
the fault crossing elevation indicated by the red dashed line. The profiles have been shifted both vertically
and laterally to align the position where each channel crosses the active fault.
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Figure 29. Further down the Liri valley on the active side, majority of the catchments grow in lengthand
appear to be unresponsive to the fault (indicated by the dashed red line). Smaller channels do show a slight
change around the fault, but exhibit still higher concavities than channels of similar length in the first section
(see previous figure).

Figure 30 summarizes the observations from the active fault side (A-side) by comparing

two different long profiles to the bedrock geology. As previously described, Section 1
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streams (Figure 28), represented here by long profile A5, have a clear knick at the fault

that also coincides with the lithological boundary between Jurassic limestone and
Miocene flysch. These streams are also steeper above this contact in general, and shorter
in length, similar to the shorter streams in Section 2. The longer streams from Section 2
(Figure 29), here represented by A17, extend further up into the Cretaceous limestone
and have a knickpoint at this contact between the two limestones. These streams are
more concave downstream from this point, and do not show any change in slope when

crossing the fault at the boundary between limestone and flysch.
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Figure 30. Comparing the streams on active Liri fault side, with A5 representing streams from section 1 and
A17 from section 2 from the previous figures. The lithological boundaries are shown in dashed lines, and the
fault trace as a red box.

3.5.2 The inactive side
The profiles from the other side of the valley (B-side) show more variation in shapes and

sizes. It was not as easy to see trends between different sections, so the division for
better visualization was done between large and small catchments, shown in Figure 31

and Figure 32.

All of these streams are either quite linear or have very irregular long profiles. This
phenomena does not seem to be connected to the size of the catchment. Many of them
also have more than one knickpoint on the profile (e.g. B5, B20), making them quite

complex especially when visualised on the log-log plots.
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Figure 31. Displaying the small and tiny streams from the whole length of the inactive B-side.
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Figure 32. Displaying all the bigger streams on the inactive B-side. Note the great length of B5 in comparison
to the other streams, and the variable forms of all the long profiles of these channels.
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Figure 33. Selected streams from all the different size groups from the inactive B-side, lining up the profiles at
the lithological boundary between limeston and flysch (the old thrust fault trace).

The streams on the inactive side clearly show a change in the profile around the
lithological contact, as can be seen from Figure 33. If the lithological contact does not
coincide exactly on the knickpoint it is most likely due to the unaccuracy of the
geological map that was used in this study. As explained earlier (section 3.3), the contact
was drawn following the slope gradient change from Figure 25, and this contact line is
probably a rather coarse estimate of the actual location pointed out in the 1:100 000

geological map of Vezzani and Ghizetti (1998).

Especially the larger streams on the inactive side show more obvious change in the long
profile at the crossing from limestone to flysch than the smaller ones. The tiny channels
were often lacking a knickpoint at the inferred location of the lithological contact, but
after more close examination of these channels in ArcMap it became clear that most of
these channels have a knickpoint a bit further up that matches with the slope change,
meaning that might be the actual correct place of the lithological contact instead of the
less accurate line drawn based on interpretation of large-scale maps. Some of the
streams that did not exhibit knicks at the lithological contact on the inactive side had

eroded a deep gully visible in the slope map when zooming closer into these channels.
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3.6 Final map with concavities
The map in Figure 34 shows the measured channel concavities in each catchment in

relation to the active fault, published fault throw rates and bedrock lithological changes.

This summarises the different features from previous maps and plots.

© Jurassic limestone

- et iasions “ Negative concavity <0

1 Dolomite (jurassic) == Low concavity 0-0.4

0 Jurassic rbedded with “ Moderate concavity 0.4-0.6
11 Miocene flysch “= High concavity >0.6 (>>0.6)
1 Debris material = Excluded

- Peatysilt, volcanic etc. ®  Knickpoint

Figure 34. Final map with watersheds and studied streams inside them, compared to the changes in lithology
as well as the fault. The grey streams were excluded from the concavity measurements because they were too
complicated due to scattered data or with many knickpoints (black dots) on the profile, making the concavity
extraction difficult.

The concavities shown as coloured streams are corresponding to the length inside the
regression limits used in the concavity estimation for each long profile (see the plots
given in Appendix A), and the stream lines may therefore have some gaps depending on
the lengths of these chosen regressions. As explained in the methods (section 2.2.1), the
regressions were chosen this way because it is not always best to use the simplest and
most common approach (e.g. Snyder et al., 2000) of using only one regression from top
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of the catchment to the channel mouth, since many channels are segmented due to

variations in lithology and/or uplift rate (Kirby and Whipple, 2012). Therefore, it is
better to choose the regression limits separately for each segments in the log-log plot

that have clearly different concavities.

The values for the derived concavity indices in Figure 34 can change dramatically
between different sections of the long profile, sometimes giving negative or extreme
(>>1) values. Some channels were left out of the analysis due to the complexity of them
or bad data, as was explained in the methods. For easier comparison, the concavities
were divided into four groups, indicated by different colours (see Figure 17, that also
shows what these different concavity values would look like on a log-log plot). A range
between 0.4-0.6 was used to express moderate concavities (indicated by orange colour)
because channel concavities in a steady state normally plot somewhere inside this range

(e.g. Whipple and Tucker, 1999).

3.6.1 Description of patterns in the final map
A clear change can be seen in the concavity results between the northern and southern

ends of the Liri valley, corresponding to Section 1 and Section 2 as described above.
When looking at the NE end of the study area, the concavities are low (values < 0.4) on
the active fault side, referring to the channels in Section 1 (see the long profile plots in
Figure 28). These low concavity values are located where the fault throw rates were
double-checked by Papanikolau et al. (2005). Most of the active side streams in this
northern (Section 1) part showed a knick at the fault but had still low concavities
upstream and downstream from the fault, despite the lithological change. On the other
hand, the inactive side streams of the same part of Liri valley also show low concavities
on the limestone part of the profiles, but below the knickpoint they are characterised by
high concavities where the lithology changes to flysch. Some of these streams on B-side
(e.g. catchment B3) are also the ones that show signs of fairly recent debris flow activity
in their upper reaches. A key difference between the two sides of the valley here is that
they have a different limestone lithology: on the active fault side (A-side) is Jurassic of

age, whereas the inactive side is Cretaceous (B-side).

Moving to further to the SE towards the center in the study area (start of the Section 2 in
Figure 34), the streams along the A-side begin to show a change: they express high
concavities at their lower reaches and there are no knicks on the profiles at the fault
trace despite the fact that the lithology changes between limestone and flysch - the

profiles are smoothly running over this boundary. If there are knickpoints, they seem to
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coincide with the lithological contact between the different limestones instead, a long

way upstream from the fault.

The inactive B-side at the center part of the valley is dominated by the large catchment
of B5, with a drainage area over 30 km?, that was left out of the concavity analysis.
Another large catchment, B6, with a low concavity along its whole profile, appears to be
controlling the morphology of the adjacent channels (up to B12). All of these have a
short and relatively steep lower concavity part on the limestone and the concavity

increases on the flysch part, except for the B8 that becomes convex towards the end.

It is hard to compare the channels on both sides in the center part of Liri valley because
of the different morphologies of the catchments. But on the active Liri fault side this part
could be characterised as a transition zone where the channels become less influenced
by the mapped fault. This is also a part of the valley where the fault throws are less well
constrained. Based on the fault trace along this part, the last catchment (A13) drains
through a discontinuity in the mapped trace of the Liri fault, a pattern that could indicate
a relay ramp between two fault segments. However, it is difficult to determine whether

this pattern is simply a result of poor exposure of the fault in the field.

In the southern part of the A-side, the channels exhibit in general high concavities (> 0.6,
up to > 1.0) continuous across the fault trace and the limestone-flysch contact without
any change in the long profile. The smaller catchments also imitate this low concavity
upper reach and change to a high concavity further down, but none of them seem to
have a change in slope coinciding with the fault trace, but rather upstream or
downstream from it. As mentioned when discussing the long profile forms, this subtle
change could also be at the change between lithologies, that is just not recorded
properly when making the geological map that might include errors between the actual
lithological boundaries. Any apparent changes in the concavities of the bigger channels,
as well as knickpoints, coincide with the Jurassic-Cretaceous limestone contact. These
big catchments have well-developed, clear channels, and even though the majority of
them are covered in vegetation, the southernmost catchments located on the highly
dolomitic limestone exhibit recent debris-flow-style erosion (Figure 35). At the very
end of this Section 2, where the mapped fault trace ends, the streams still act the same

way with a high concavity in the lower parts (A28-A30 in Figure 34).
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Figure 35. Satellite image from Google Earth of the catchments on the Liri fault side that have indications of
recent erosion, marked by non-vegetated regions close to the catchment labels. Note the habitation for scale.
The red line indicates where Roberts and Michetti (2004) have traced the fault. The blue line shows the
lithological boundary between the two limestones, and the shadowed area where the more the highly
dolomitic limestone is. The dashed white line represents the drainage divide.

Along the inactive B-side at this southern of the Liri valley the catchments become more
similar to the northern of the B-side, with low concavity upper reach and higher
concavity further down. There are differencies though: knickpoints are becoming more
an exception than a rule. If there is a knick it is not necessarily as obviously located at
the lithological contact, but this could be due to the uncertainty in the position of the
lithological boundary inferred in this study, as described earlier when discussing how
the geological map was constructed. And if there is a change in concavity, it appears to
be more in the upper part of the channel and possibly related to change between

Jurassic-Cretaceous limestone rather than limestone-flysch.
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3.7 Final map with normalized steepness indices

Ksn

- <40 extra low
=== 41-80 low
=== 81-120 moderate
« 121-160 high

== >160 extra high

Figure 36. Depicting the normalized steepness indices for the same regression limits as in the concavity map
Figure 34. The grey streams are the more complicated ones that were left out of the slope-area analysis. Note
that the streams A9 and A25 are also represented in grey because some error in the data prevented the
extraction of ks» from them. The geological map is also shown, with the same legend as in Figure 34.

The map presented in Figure 36 plots the normalized steepness indices, which vary from
20 to 250 between the channels in the Liri valley. The grouping shown in the key was
chosen based on an analysis of the range and frequency of the ks, values obtained, and
was necessary for simplifying and revealing potential trends. Due to the wide range of
ksn values, using a smaller range for each grouping would have resulted in a rainbow of
colours obscuring any correlation between adjacent streams and between the
underlying geology. In the chosen grouping (see key to Figure 36) the channels show
some consistency between the different parts of the valley in relation to each other, as in

the concavity map (Figure 34). The usefulness of this map will be discussed later.
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Channel steepness index is a measure of stream gradient normalized to a specified

drainage area (Wobus et al.,, 2006). Some studies (e.g. Densmore et al, 2007) have
calculated the reference concavity separately by first finding the mean concavity from all
channels in the area and using that as a reference concavity as a function for the ksn.
Duvall et al. (2004) had done an experiment with different reference concavities from
0.2-0.7 and found that the ratio of normalized steepness index between two stream did
not change radically (< 2%). Therefore, despite the ks, values being really different when
choosing different ., if one reference concavity is consistently used the ks, results are
comparable. This study was more interested in comparing the spatial variations in
stream characteristics relative to each other, not in trying to specify absolute values for
steepness indices. Therefore, the chosen value of 0.45 for reference concavity still shows
the relative steepness ratio in the Liri valley, although the . used is not the average

concavity of the area.

One problem related to the accuracy of normalized steepness indices is in their
sensitivity to how the regression limits are chosen. Even small changes in the chosen
regressions led to quite large variations in the resulting ks, values, e.g. from 130 to 153
depending on the regression limits. A reasonably large range inside which the ks, values

were given in the final map (Figure 36) was used in order to reduce this effect.

3.8 The Liri river and valley profile analysis
Since the Liri river can be expected to set the overall base-level in the whole valley,

including the hillslopes, an analysis was done on the Liri river as well. A raw-elevation
long profile was extracted the same way as explained earlier for the other catchments, in
the interests of finding out whether there are any apparent knickpoints that might

reveal something more about what is happening in the Liri valley on a larger scale.

The Liri river is a meandering, low-gradient perennial river that runs on the footwall
side of the Liri fault. Figure 38 shows how the studied catchments of this project are
located on a reasonably smooth part of the long profile, downstream from the apparent
knickpoint. Locations of Section 1 and Section 2 of the A-side are indicated by yellow
and orange colours. Based on the changes in the topography in the valley bottom seen in
Google Earth, the river appears to have changed its course in the northern part of the

study area, leaving behind small ridges in the middle of the valley bottom flysch.

Previous field work done in the area, as well as Google Earth images and the DEM itself

indicate that the Liri river is currently incising. This incision is the result of the regional
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uplift of the Italian peninsula with a rate of approximately 1 mm/ year (Mancini et al,,

2007). The rate of incision upstream from the coast, i.e. the Liri river must be something
< 1 mm/ year. To find out how much incision has occurred, the most prominant
cemented Pleistocene alluvial fan (Figure 37) was used to measure this. This particular
fan has been abandoned by the stream that fed sediments to it, but later changed course
and is now running on the side of the fan (catchment A24). In addition, this fan seems to
have been eroded by the Liri river, indicating that the river was located at a higher
elevation in the past. It seems likely that much of the incision occurred during the
Holocene, although without a precise age for the fan surface it is not possible to place

tight constraints on the timing and thus the rate of the incision.

Figure 37. Google Earth image of the cemented Pleistocene fan indicated with the red arrow. The yellow
arrow is pointing at the eroded end of the fan. The meandering modern-day Liri river is also visible.

Figure 38 shows the long profile of the Liri river, and visualizes how the incision depth
was calculated (see inset to this figure). The location where the valley cross-section was
taken is shown in Figure 39. Projecting the top slope of the fan to the center of the valley
where the Liri river is located today, is at an elevation of 425 m. This gives a minimum
incision depth (h1) of 100 m as the modern river bed is at an elevation of ~325 m. This
minimum estimate implies that the fan was graded all the way down to the Liri river,
that the surface slope of the fan is constant and that the position of the river has not
shifted laterally. For an upper limit estimate, the top of the fan where the upper eroded

edge is located at present (525 m), was used to calculate the maximum depth of incision,

49



Chapter 3 — Results
because it is not known where the river was located in the past. This gives an incision

depth (h2) of 200 m.

In order to visualize how far the incision of 100-200 m would approximately have
proceeded upstream along the valley, the contour lines for 425 m and 525 m were
drawn in ArcMap and shown in Figure 39 with green and purple colours. These indicate

roughly where the base-level was before the river incision.

Long profile of the Liri river
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Figure 38. The raw elevation profile along the Liri river, and an explanation of how the incision height was
calculated using the fan surface (inset). See Figure 37and Figure 39 for location of the fan. The inset depicts
how the minimum and maximum incision depths were measured, starting elevations before the incision
shown in purple (hz) and green lines (h1) respectively and corresponding to the contour lines marked in the
map view shown in Figure 39. These elevations are also plotted next to the long profile in the main part of the
figure, to show where they would sit in relation to the current river level and where they intersect the
modern river upstream.

Figure 39. A topographic map of the Liri valley, showing the Liri river in blue with its major knickpoint and
the location where the valley profile in Figure 38 was taken. The purple and green colours represent the
contour lines at 425 and 525 m in Figure 38, marking the elevation before the incision. Note also the location
of the Capistrello wind gap.
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Chapter 4 — Discussion

What are different concavities related to, and what can they possibly tell us about
erosion or tectonics? This is the main launching point for the discussion about the
catchments in the Liri valley, framed by the major change in the climate conditions and
the tectonic influence. Some further uncertainties of this analysis, as well as how those
uncertainties were treated to minimize their influence are explained. The uncertainty of
what is actually recorded when trying to reveal channel morphology based on a digital
elevation model is discussed, in addition to facing the question how much of the
concavity results of these small catchments, that were expected to be dominated by
debris flows, were actually shaped by past flow regimes. Furthermore, the effects of the

Liri river incision are considered, and the activity of the Liri fault is debated.

4.1 Data analysis and uncertainties of the method
An effect of the data scatter was that extreme values of concavities sometimes were

inferred for some of these channels. This appeared once more to be a problem that
occurred when there were too few data points in the log-log plot for it to be able to
define the regression profile in a way that would describe both the profile shape and the
log-log plot in a rationalistic manner, an example of which is given in Figure 40. In these
channels it was hard to make a decision whether to use the concavity value that seemed
ridiculously high, based on two data points, even though the computer program shows
in the long profile that it supposedly describes that part of the profile very well as the
regression blue and original red long profile lines are almost identical (Figure 40). This
was one reason why the exact concavity values are not presented or given too much
attention in this thesis but rather a range is given, e.g., 0.4-0.6. Showing the exact values
on plots (e.g. = 0.42) made very little sense. And choosing to take only one regression
on that part of the plot that seemed to have the best power-law fit, and letting it to be the
only result presented and saying it describes the whole long profile, felt like

manipulating the results.

If examining the long profiles’ shape only, they were often very smooth and unchanging
at first sight especially in the smaller channels, but the log-log plot showed variation that
subsequently was also visible on the profile. The method was applied first on the active
fault side of the valley (A-side), where all channels were treated carefully, even the
smallest ones, and regressions were chosen from a log-log plot following each apparent

trend fitting the original long profile more or less. This same procedure was then used
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on the other side, where these changes were perhaps not as visible in the log-logs or
long profiles (see e.g. catchment B12 in Appendix B, facing the problem whether to
choose one or two regressions). In order to be consistent, this method of focusing on the
changes in the log-log plot was kept so that both sides were treated equally. The author
of this study still admits there are profiles that perhaps should have been treated
differently - either a more detailed analysis could have been done, or tried to fit the
regression better - but whether this would have changed the overall patterns is still

doubtful.

B22; spikes removed; smoothing window=50m; contour=12.192m
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Figure 40. The tiny channel of B22 representing an example of extreme concavities that occurred when
extracting the concavities. When the regression (dark blue line) describes nicely the form of the original long
profile, on the log-log plot of the same distance is described as 6=4, which is extremely high and hardly close
to the truth of how concave that particular profile is. When choosing a more linear line from the log-log plot

(including the last two data points, the resulting concavity was low (< 0.4), but the regression did not sit on
the long profile.

In the end, these are all problems related to working with log-log plots which record the
data over orders of magnitude. Small changes on a log-log plot can reflect vast distances
in the actual profile. When adding the scatter of the data to this problem, finding the best
fit for the power-law sometimes becomes quite challenging. The log-bin averaging used
in the stream profiler tool is helping to reduce the scatter, by gathering together the data
points having the same drainage area, but the binned data points can still be scattered in

a way that makes power-law extraction difficult.

One way to reduce the scatter effect is to use smoothing of the profile, which can be
defined in ArcMap before extracting the profiles. The higher the smoothing value the
smoother the long profile will become, which is also apparent in the log-log which shows
less scatter. The problem when working with small catchments especially is that when
adding too much smoothing the small changes in the long profile will disappear. Thus, a
smoothing window of 50 m was used in this study, which was helping to clarify the
trends a little bit in the log-log plots while still keeping the original shape of the profile,

similar to if working with a raw-data profile without any smoothing.
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4.2 Longitudinal profile form & concavities — what is recognized by studying fluvial
channels
A typical stream profile is a concave longitudinal curve that captures alterations in the

hydraulic factors along the stream from the drainage divide all the way down to the
base-level. When there are no sudden changes in the profile, i.e. steep parts or abrupt
steps, the streams show usually a gradually concave-up curve that is described by

Equation 1 as explained in the introduction.

If the long profile has sudden steep parts, or is deviating from a typical concave curve, it
can reflect changes in lithology or rock uplift rate (Snyder et al., 2000; Kirby et al., 2003).
Therefore, overlaying the parts of the streams that display different values in steepness
or concavity indices with important lithologic contacts is a useful method in determining
whether these changes correlate with lithological boundaries instead of a tectonic signal
(e.g. Hack, 1957; Kirby et al., 2003). It is still important to remember that lithology is not
the same as rock properties: a well-cemented sandstone can behave stronger than
weathered granite, and the quality of one unit can vary along strike (Wobus et al., 2006).
All in all, if lithological boundaries are detected corresponding with the knickpoints in
channel gradient, it can often rule out changes in rock uplift rate as the cause for the

sudden steepening.

The concavity index () in steady state bedrock river profiles is constant if rock uplift
rate, climate or substrate lithology are uniform along the length of the channel (e.g.
Whipple and Tucker, 1999; Kirby and Whipple, 2001; Wobus et al., 2006). If there are
any systematic changes downstream in uplift rate or erodibility (e.g. sediment supply
and cover), the concavity index might change, for example, if uplift rate is increasing
downstream concavities will be lower, and decreasing uplift rate downstream will lead

to higher concavities (Whipple and Tucker, 1999; Kirby and Whipple, 2001).

Whipple (2004) has summed up different river profile concavities together with typical
perceptions of what they are related to. Referring to different studies listed in more
detail by Whipple (2004), the general key conclusions from the identified concavities

reflecting different geological conditions are:

e Low concavities (< 0.4) are related to short and steep drainages significantly
shaped by debris flows, or downstream increases in either incision rate or rock
strength, usually in the presence of knickpoints.

* Moderate concavities (0.4-0.7) can be associated with actively uplifting bedrock

channels with invariable substrates going through approximately constant uplift.
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e High concavities (> 0.7-1) are observed either when rock uplift rate or rock
strength decreases downstream, at a downstream changeover of conditions to
fully alluvial, or disequilibrium conditions resulting from a temporal decline in
rock uplift rate.

* Extreme concavities (negative or > 1) are associated with steep knickpoints
caused either by distinct along-stream changes in substrate properties or by
spatial or temporal differences in rock uplift rate, as well as transitions from

incisional to depositional conditions.

The interpretation of concavities from debris flow streams are often disregarded with
simply stating that fairly linear, low-concavity values in catchments usually imply the
dominance of debris flow erosion in that part of the channel (e.g. Montgomery and
Foufoula-Georgiou, 1993; Stock and Dietrich, 2003). Most work done on debris flow
power-law has mainly been concerned with the scaling-break at the upper end of the
log-log plot power-law relation in Equation 1 (e.g. Stock and Dietrich, 2003). It has been
suggested channel incision by debris flows produces linear, low-concavity channel
profiles (Montgomery and Foufoula-Georgiou, 1993; Howard, 1998; Stock and Dietrich,
2003). Other authors that have used long profiles and log-log plots for studying debris
flow dominated channels show their concavity values to fall mostly somewhere between
0.3 to 0.6 (Densmore et al., 2007). Since so little is known about concavities related
directly to debris flows along the whole length of a channel, and what they eventually
might imply about tectonics, this study will simply compare these in relation to what is
known from studying rivers. This does not mean the concavities in this study are
necessarily fully explained by this comparison, but at least it can help place it in some
kind of context in relation to what the possible controlling factor behind the erosion in

them could be, or possible linkage to tectonics.
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4.3 Concavity trends in the Liri valley
The smallest catchments not reaching to the drainage divide are left out from the

discussion, mainly because they are either expected to be controlled by the adjacent
catchments, or are suspected to be artificial catchments created in the extraction

process in ArcMap.

Figure 41. The extracted channel concavities for the Liri valley in Google Earth, showing only the catchments
reaching up to drainage divide.

In the result section the extracted channel concavities were presented, and are once
more visualized in situ in Figure 41 after importing them to Google Earth. The most
striking feature of these concavities is that hardly any of them fall into what is expected
to be a "normal” concavity of 0.4-0.6 (represented by orange colour) for streams in
erosional steady state. When looking only at the channel reaches on the limestone (i.e.
disregarding the valley bottom), the majority of the smaller channels on both A- and B-
side exhibit low concavities as could expected of such steep short parts of the drainages
mostly dominated by hillslope processes such as debris flows. Most of these same
catchments also show a change in concavity to a higher value when moving to the valley
bottom flysch, which for some cases is likely to represent the depositional part of the
catchments before joining the main Liri river, but in some cases it might simply reflect

the change in the erodibility of the bed becoming easier in the flysch.
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The second clear feature is the high concavity values of channels that extend far above

the fault in the bigger A-side Section 2 catchments. In these catchments, a low concavity
part is located at the top close to the drainage divide, separated by an obvious
knickpoint where the limestone properties change (Jurassic vs. Cretaceous limestone),
and from there on downstream a much higher concavity that does not change when
crossing the Liri fault. Double-checking the regression limits for these concavities
making them extend only to the fault did not change the results: the concavities were

still high (Figure 18).

These two marked differencies on the A-side: low concavities in smaller catchments
(meaning all catchments that have not gained much drainage area when meeting the
change in lithology from limestone to flysch at the Liri fault) and the higher concavities
of the bigger catchments, could be explained by the increase in the drainage area. If
drainage area is small, the discharge will also be smaller and therefore erosion is most
likely to be connected to hillslope processes, i.e. debris flows characterized by low
concavity. As the drainage area grows, the effects of increased discharge can be expected
to grow as well, leading to more fluvial dominated processes and in general higher
concavities. At greater drainage areas the channels could be expected to have more
freedom to adjust channel width and sinuosity, and likewise at smaller drainage areas
they could have more variability in the portion of exposed bedrock, hydraulic roughness,
and the relative influence of debris flows (Wobus et al., 2006). This could also explain
why the smaller catchments (especially Section 1 on the A-side) exhibit a knickpoint in
their profiles if hillslope processes at smaller drainage areas can be expected to be more

sensitive to lithology changes.

Another feature of Figure 41 is the number of high concavity values, i.e.,, > 0.6 or >> 1.
These are particularly obvious in catchments A11, A17, A20, A23, and A25 (see
Appendix A for the extracted plots and exact concavity values). Various authors attribute
high concavities to decreases in uplift rate downstream (Kirby and Whipple, 2001; Kirby
et al,, 2003) or temporal decline in rock uplift rate due to disequilibrium conditions
(Whipple, 2004). Schoenbohm et al. (2004) have also recorded extreme (>> 1)
concavities similar to those in this study, and link these to be a result of a major drop in
base-level or climate triggered incision. These possibilities are thus discussed in the

following sections.

The B-side catchments seem to be controlled more directly by lithology alone. Both

small and bigger catchments change channel concavity and exhibit knickpoints where
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the limestone and valley bottom flysch are in contact, and at least for the streams that

were used in the concavity analysis, the larger catchments, too, exhibit a low channel
concavity in the limestone part. This is the main difference between the larger
catchments on A- and B-side: the A-side big streams have in general higher channel
concavity values that extend also above the Liri fault/ lithological contact whereas B-
side big streams do not exhibit higher channel concavities upstream from lithological

change between limestone and flysch (if at all).

4.4 Steepness indices
The steepness indices have been shown to be directly proportional to rock uplift rates

in a variety of landscapes (e.g. Snyder et al., 2000; Lague and Davy, 2003; Duvall et al.,
2004). However, as the slopes are dependent on basin shape, small changes in the
concavity index can cause great changes in steepness index (ks), a normalized steepness
index (ksn) fixed to a certain reference concavity (Equation 3) is often used, allowing the
comparison of the values. Knickpoint migration and subsequent changes in normalized
steepness indices are widely used to interpret tectonics from river profiles, a short and
consistent summary of how this is done, both the implications as well as the challenges,
are presented e.g. by Whittaker (2012). However, studies made on transient landscapes
show how interpreting these ks, values as in steady state can easily lead to wrong
conclusions that are inconsistent with the real tectonic situation, as e.g. Whittaker et al.
(2008) have demonstrated in the central Apennines. This is particularly true if there is a

small range of values of drainage area being considered, as is the case in this study.

In addition to differencies in rock uplift rate, the steepness indices can reflect other
effects as well. These complexities include nonlinearities in the incision process, climatic
erosivity, channel bed resistance, width scaling and basin hydrology, sediment flux, and
critically if the channel is in changing or steady state (e.g. Sklar and Dietrich, 1998;
Snyder et al., 2000; Whipple and Tucker, 2002; Whipple, 2004; Wobus et al., 2006). For
instance, strong lithological contrasts have been noted to create differencies in
steepness index that are comparable to ones associated with large gradients in rock
uplift rate (e.g. Snyder et al., 2000; Duvall et al., 2004). Due to the possible influence of
these complexities, the connection between steepness index and uplift rate can be

expected to change depending on the geological setting (Wobus et al., 2006).

When extracting tectonic information from long profiles, the results from concavity and
steepness indices will often give similar information, i.e. downstream transitions

betweeen distinct steepness values will commonly show up also in different concavity
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values (Wobus et al., 2006). Any change in the controls of ks can also cause variations in
the measured channel concavity (e.g. Wobus et al., 2006). However, the concavity data
are often more useful for rough description of zones where uplift rates might be

systematically changing along a profile (e.g. Kirby and Whipple, 2001; Kirby et al., 2003).

Considering the uncertainties involved with the normalized steepness indices, this study
chose to present ks, data, but not to use it any further. Ks;, is shown here for
completeness, since it is present in Equation 1. The ks» results show that it is very
sensitive to small variations (due to the logarithmic scale) in the selection of regression
limits, therefore great significance is not placed on specific ks» values. In addition, it is
not possible to make direct comparisons with other studies without additional
constraints available for this area needed for calibration. Because significant variations
in measured channel concavities are present, using a fixed reference concavity to show

variations in steepness becomes meaningless.

4.5 Uncertainty of what actually was recorded
The difficulty of really pointing a finger on what erosional process is the dominant one

(e.g. debris flow or fluvial incision) in specific catchments was faced in this study, and
has also been recognized by others (e.g. Lague and Davy, 2003). A typical change in
power-law slope (Figure 4) is inferred to occur over a range of critical drainage
threshold (Acrit) that typically varies between 0.1-5 km? and marks a transition from
fluvial dominated processes to hillslopes where colluvial channels are regarded to be
carved mostly by processes like debris flows (e.g. Montgomery and Foufoula-Georgiou,
1993; Sklar and Dietrich, 1998). In this study, over 50% the concavities that were
included in the analysis on the Liri fault side and over 70% of the inactive side came
from catchment drainage areas with data plotting totally inside or very close to 0.1-1
km?2. Majority of the profiles also show a change in the power-law slope trend inside this
drainage area. If considering catchments with drainage areas < 5 km?, the answer is 70%
for both sides. Stock and Dietrich (2003) remark that debris flows may play a significant
role in shaping the channel profile even in far larger drainage areas (A < 10 km?) and
lower gradients (S = 0.03-0.10) than the apparent change at ~1 km? in the slope-area
plot normally suggests. On the Liri fault side all of the catchments lie under 10 km?, and
of the remaining 30% of the inactive side catchments included in the concavity analysis
plotting above 5 km?2 only two catchments, B3 and B6, have total drainage areas > 10

km2. As most of the catchments in this study have a drainage area below 10 km?, and
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show indications of debris flow type activity, it is at least very likely that in these

channels erosion is happening through debris flow processes at present.

A study based on digital elevation models only without field observations inescapably
leads to uncertainties that might affect the results. This study started out with an
assumption that the catchments in Liri valley are debris flows, as they could be defined
based on the drainage areas of the catchments alone (see section 1.3 in the
introduction). Since there is no data from any of the catchments of the last time a flow
event happened, vegetation is covering most of the channels obscuring clear debris flow
channels if there even are some, and the morphology of the hillside itself does not
confirm any channels or active fans in its vicinity, it is impossible to determine for sure

that all of the catchments are debris flows.

Some of them could be just irregular hillslopes that are defined as "catchments” in the
watershed extraction process in ArcMap simply because the model assumes the water
will drain this way due to the elevation grid. This might be the case in reality as well,
that water flows in this pattern over that area, but it does not necessarily make it a
debris flow - past or present. This kind of uncertainty is highlighted considering the
smallest catchments on both sides of the Liri valley, especially those ones that do not
reach to the drainage divide and have a small drainage area before reaching the valley

bottom flysch.

Due to the fact that the area has gone through a major climate change (e.g. Zolitschka
and Negendank, 1996; Allen et al., 1999 and 2000) at the end of the Pleistocene, not so
long ago in the past on a geological time-scale, it is likely that some of the bigger
catchments may have been influenced by fluvial processes, and that these later became
less fluvially active when runoff decreased during interglacial periods when hillslope
vegetation was re-established. Some of the largest catchments on the B-side (e.g. B5, B6,
B16, B19), as well as on the A-side of the valley (e.g. A16, A17, A19, A20, A22) could be

examples that have gone through this kind of evolution.

Also the catchments that were noticed to have on-going hillslope processes from the
satellite pictures (Figure 35) cannot be completely ruled out from being partly fluvial.
Although these ones can be defined as debris flow channels with most certainty
compared to all the examined channels, it cannot be totally ruled out that they exhibited
fluvial activity during the last glacial period, and only later started to show signs of

debris flow activity. The geological maps referred to in the previous sections show
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cemented alluvial fans and debris cones of Pleistocene age and these clearly indicate
that there was a downstream transition to deposition in some of these catchments.
However, a closer look at the satellite pictures indicate these fans have not been very
active lately based on the vegetation cover and the present day channel drains around
the edge of the fan directly into the Liri river. Without any well-constrained ages of the

deposition of these fans it is hard to say when exactly they were abandoned.

As there are uncertainties in the dominant erosion process, using fluvial process rules in
order to understand the response of channel long profiles at drainage areas less than
~10 km? should be carried out with caution, because so little is still known about debris
flows and how this style of erosion affects the measured slopes (Whipple, 2004).
Whipple (2004) warns that especially the transitional part from debris flows to fluvial
channels might have different way of responding to uplift, climate and lithology.
According to Whipple (2004) it could be expected that systematical changes exist in

channel concavity with these variables in a way that has not yet been documented.

Despite the uncertainty of the original creation process of the channels in Figure 35,
many of these have a drainage area higher than the typical A¢ri: 0.1-5 km?2 and in some
cases there is clear debris flow erosion at present (see Figure 35), which supports the
observations of debris flow erosion happening in larger drainages than Acri:. Another
way of approachig this would be that the results of this study indicate Acric sSimply being
different for catchments that have gone through a major climate change: catchments
that have been fluvial in the past, might become debris flow dominated after the climate

change.

4.6 The Liri river incision
As the adjacent slopes are influenced by what is going on in the main river in the valley,

involving the Liri river in the analysis was thought to be appropriate. The results of the
long profile analysis along the Liri river show a knickpoint higher up from the area
where this study was concentrating (see Figure 38). Back in time, the Fucino basin used
to be a lake that may have been draining out through the Capistrello wind gap (see
Figure 39). The lake has later been artificially drained, but the effects of the previous
adding to drainage area could be one reason why the knickpoint is located in the vicinity

of where the Liri river was joined by drainage out of the Fucino basin.

The other explanation is that this knickpoint represents the upstream limit of incision

driven by base-level changes where the Liri river emerges at the coastline. The change in
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base-level at the coast is the result of regional uplift of the Italian peninsula that has

been ongoing for at least the last 1 Ma (Mancini et al., 2007; Serpelloni et al., 2013).

The long profile of the main Liri river downstream from that major knickpoint, i.e. at the
length of the study area, shows no prominent knickpoints or change in slope.
Nevertheless, the elevation changes in the DEM indicate that the river has started to
incise, confirmed by erosion marks along the edge of the cemented Pleistocene fan and
the pattern of elevation contours plotted in Figure 42. In order to examine whether the
incision is visible in other parts of the valley, a set of similar profiles were taken towards

both north and south from the studied fan, locations given in Figure 42 and cross-cuts

shown in Figure 43.

Figure 42. Location and length of the valley cross-cuts along the Liri river, also showing the contour lines for
the estimated minimum and maximum incision. The purple dot represents the knickpoint on the long profile
given in Figure 38.

Valley cross-cuts along the Liri river

Liri river

200 m{

1000 m

Figure 43. Illustrating the different profiles lined along the Liri river from north to south, colours indicating
the location in the map above. The black one is the originally studied fan-profile. The green and purple
dashed lines mark the elevation of the estimated minimum and maximum incision contours on the profiles.

Finding similar well-preserved fans was difficult, since they are not as prominant or

have been altered by human activity (infrastructure, agriculture). The preservation of
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any signs of the assumed Liri river incision is also dependent on whether the old river

banks are preserved, e.g. have not been eroded away by streams coming from the
hillsides or removed by other factors. The green profile in Figure 43 is an example
where the uneveness due to humans and not only the Liri river activity is definitely
recorded in the lowermost parts (below the green minimum incision contour).
Nevertheless, it is interesting how these profiles also exhibit very irregular slopes below
these old base-levels, the effect disappearing further north which lies above the extent of

the estimated incision.

These results imply that the Liri river is going through a base-level fall that has probably
generated a wave of incision migrating upstream, thus affecting the southern part of the
valley more than the northern part. The rate of incision at the coast is approximately < 1
mm/ year (Mancini et al., 2007) driven by the uplift of the entire Italian peninsula, thus
upstream along the Liri river the rate of incision may be less than this, decreasing to

zero near the northern end of the study area.

4.7 Incision in the catchments and the transient effect
Based on the above analysis of incision in the Liri river itself, the current erosion rate in

the catchments that are tributaries to the Liri river must be << 1 mm/ year. The main
conclusion from this is that these catchments are at the moment incising very slowly.
This is supporting the idea that the catchment morphologies may have been carved
when the weathering and erosion rates were higher, most likely in a period of high

precipitation and runoff during the Pleistocene.

Zolitschka and Negendank (1996) made sedimentological and microstratigraphical
analysis of lake sediments in Lago Grande di Monticchio, southern Italy, and interpreted
the paleoclimate based on dry density records, that are known to correlate with
magnetic susceptibility as well as 6180 records from Greenland ice cores, and negatively
correlate with organic carbon content. The glacial record of the lake sediments was
characterized by higher dry density values with two distinct peaks around ca. 30 ka and
60 ka, which Zolitschka and Negendank (1996) relate to lower temperature conditions
during the glacial period. Although this is disagreeing with Allen et al. (2000) paper
saying ~30 ka ago it was either warmer and less dry or cold and dry (depending what
age of the pollens you look at, in their Table 2.), they do not really specify what is
“warm” and what “dry” means in terms of changes in annual precipitation. Zolitschka
and Negendank (1996) also marked the presence of dominating clastic varves and

increased tree pollen coinciding with high dry density and magnetic susceptibility at

62



Chapter 4 — Discussion

~30 ka ago, which they link to indicate a closed plant cover and high runoff. Zolitschka
and Negendank (1996) suggest this to be a result of high precipitation favouring tree
expansion as well as soil erosion and runoff processes. However, a less dense vegetation
cover in the drainage basin would also make clastic material more available to erosional
processes. Allen et al. (2000) made pollen analysis for sediment samples from the same
lake, and their results indicate dry conditions with steppe dominated vegetation.
Considering the results of Tucker et al. (2011) which indicated higher erosion rates
during the last glaciation, the high clastic sediment records of Zolitschka and Negendank
(1996), despite what the vegetation cover has been, would favour the interpretation of
the studied catchments’ morphology in the Liri valley being mostly carved during a time
of higher erosion rates. If the interpretations of Zolitschka and Negendank (1996) are to
be considered valid enough for a rough estimate of when these kind of high erosion
conditions prevailed, then a minimum age of ~30 ka is inferred for the big cemented

alluvial fans.

According to the geological maps of the area (Carta Geologica d’Italia, 1967, 152; Vezzani
and Ghisetti, 1998) the southern part of the Liri fault side exhibits more old alluvial fans
around the most prominent one (see Figure 44). Because the modern-day channel in this
particular catchment 24 that used to feed into the most prominent fan has later changed
its course, now running at the side of the fan, it can be estimated that the maximum
incision in the channel since the fan was abandoned is around 100 to 200 m (Figure 45).
This is assuming that the fan extended all the way to the Liri river, and the 3D shape of
the fan was something similar to the cartoon in Figure 45. Averaging the 100-200 m of
incision over the time span since 30 ka ago, it would give an upper estimate of the
average annual erosion rate of approximately 3-6 mm/ year (100 or 200 m divided by
30 ka) since the abandoning of the fan. If the fan is older (e.g. 200 ka), then this rate is
lower and more consistent with the rate of base-level fall in the Liri river (< 1 mm/ year)
discussed above. An older age might reflect an additional period of high erosion rate not

recorded by previous authors.
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Figure 44. Close-up picture from Carta Geologica d’Italia (1967, 152) showing the fan used in

measurements, and the neighbouring fans. Notice also the modern Liri river flood plain.
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Figure 45. Examining erosion in the A-side catchment A24 by overlapping the big fan and the stream that fed

into it before changing its course.
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4.8 Is the Liri fault an active fault?
The high channel concavities of the southern Section 2 streams of the Liri fault side (A-

side) give a reason to question the throw rates of 1.1 mm/ year measured by Roberts

and Michetti (2004). The following observations have led to this conclusion:

1. The concavities in this part of the valley are either high (> 0.6) or extreme (> 1) at
the crossing of the fault. These kind of values are normally related to declining
rock uplift rate (e.g. Whipple, 2004). Moreover, Pleistocene fans that were
developed downstream of the Liri fault are no longer active, i.e., there is no longer
a downstream transition from incision to deposition.

2. The channels do not exhibit any sudden change in slope in the vicinity of the
mapped fault trace. They are smoothly running across the fault, with clear
channel forms even on the hangingwall side of the fault. The fact that the
channels have not reacted to the supposed continuing faulting, and since the
erosion is unlikely to be as efficient as in the past (during the Pleistocene), would
speak for very little or no tectonic activity at this part of the Liri fault.

3. The larger drainage area of these catchments compared to Section 1 further
north in the valley could suggest that the erosion in them is efficient enough for
masking the slip rate as well as change in the substrate properties, but would
depend on them incising at at least 1.1 mm/ year (to keep pace with the fault),
and the field evidence for little active erosion in these channels suggests that this
is highly unlikely.

4. The cemented Pleistocene alluvial fans and their top depositional surfaces show

no evidence of faulting offsets.

These conclusions suggest that activity at least in the southern part of the Liri fault has
ceased or been strongly reduced since the late Pleistocene. Taking into account the
possibility of these channels experiencing a greater fluvial influence in the past, it is
most likely that the morphology of these bigger channels has been defined when they
were still acting mainly fluvial. This would also allow the explanation of the high
concavities and the lack of knickpoints at the fault in these channels being a result of
fluvial response to decrease in the fault slip rate. Figure 46 illustrates how the increase
or decrease in slip rate has been observed to affect fluvial channels, as explained e.g. in
Whipple and Tucker (1999), Whipple (2004), Kirby and Whipple (2012). An increase in
slip rate would lead to a situation where the channels need to adjust to the new slope

created by the accelerated faulting. The stream profile concavity would diminish and a
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knickpoint would mark this adjusting process along the channel. If slip rate has
decreased, the channel does not need to erode as fast to keep pace with the faulting. In
this case the profile would become unaffected by the fault with time, and the shape

would gradually also become more concave.

The scenario Il in Figure 46 is one possible explanation to the high concavities in the Liri
fault side Section 2 streams. It is consistent with the observations of high concavities in
channels that are located where there has been a decrease in rock uplift rate (Whipple,
2004). Therefore, the high concavities of these channels also create the strongest
counter argument to the > 1 mm/ year Holocene throw rate suggested by Roberts and

Michetti (2004).

\ Increase in slip rate

Figure 46. Two scenarios explaining different profile shapes. The dashed blue line represents a moderate
concavity stream in a steady-state crossing a fault with a constant slip rate of 3 mm/ year. The upper blue
lines are depicting what can be expected to happen to that stream if the slip rate increases or decreases in
time.

The northern part of the Liri fault is known to have experienced earthquakes at least in
the early 1900’s, but these are poorly recorded in publications. This is nevertheless
supporting Roberts and Michetti (2004) and Papanikolau et al.’s (2005) interpretation
of the fault activity in the northern part. Whether this activity reaches the southern end
is challenged by the findings of this study. Highlighting the fact that the Liri fault is
segmented, it could be that the southern segment has become less active (i.e. << 1.1mm/
year) or even inactive. The changing characteristics of the studied catchments SE of
catchment A10, as well as other factors listed above, together suggest that to the SE of
the last well-constrained throw rate of Papanikolau et al. (2005), the rest of the Liri fault
segments are most likely significantly less active during the Holocene than Roberts and

Michetti (2004) suggested (Figure 47).
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Figure 47. Google Earth photo showing the part of the Liri fault that is suggested to become either inactive or
decreased in slip rate during the Holocene (dashed lines).

4.9 Comparing the two sides of the valley
The most intriguing question is why the catchments on the two sides of the valley

behave so differently. The inactive B-side is dominated by a few major catchments with
complicated long profiles that are thought to reflect mainly changes in the substrate
properties and lithology. The channel concavities in these big catchments are in general
low in the upper reaches and higher once entering the valley bottom. On the contrary,
the bigger catchments on the A-side reach are characterized by higher concavity reaches

that extend much further upstream into the limestone, above the valley bottom flysch.

In order to compare the two sides more closely, and consider the major differencies in
these catchments that have gone through same climatic history and experienced the
same base-level fall introduced by the Liri river, two samples from both sides from the
southern end of Liri valley are taken into closer comparison. The main differencies

between the these are depicted in Figure 48.

From this figure it is apparent how the long profiles differ remarkably, even though the
drainage area is similar in all of them, so the discharge could be assumed to be very
similar. The A-side profiles exhibit low or negative concavities in the upper reaches
before the lithological contact betwen the Cretaceous and Jurassic limestones, and

become highly concave further downstream. The B-side profiles are more linear with
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low concavities in the upper reaches, but then have knickpoints where they enter the

valley bottom flysch and become more concave. This is typical for rivers crossing major
lithological contacts (Whipple, 2004). The reason to why the A-side profiles are not
exhibiting similar reaction to the change in lithology, and are missing Holocene offset of
the Liri fault, is suspected to be a result of the erosion both upstream and downstream
from the fault caused by the Liri river incision, concealing any movement of the fault if it
is happening at the same rate or slower than the erosion in these catchments.
Schoenbohm et al. (2004) suggest that such high concavity values may be the transient
response to a major, rapid base-level fall. However, the required amount of incision that
this mechanism implies (over 1000 m for this area) is much greater than the 100 to 200
m observed along the Liri river. In addition, this kind of rapid base-level fall would be
expected to affect both sides of the valley to the same degree, which is not what is

observed in the Liri valley (see asymmetry in Figure 48).

B-side A-side

Lithological
contact,
knickpoint

Lithological
contact,

knickpoint Fault trace/
lithological

Jurassic

limestone Liri river

Jurassic
limestone

5000 4000 3000 1000 2000 0 1000 2000 3000 4000 5000 6000

Distance from the mouth (m)

Figure 48. Comparing streams from the different sides of the valley (southern part, more or less opposite
streams that can be expected to have gone through same climatic history and base-level fall), marking the
lithological contacts as well as the Liri fault.

Therefore, it remains a question why the B-side streams appear to be more sensitive to
lithology and less sensitive to the Liri river incision, assuming the previously discussed
erosion in these catchments caused by base-level fall is valid, since the catchments on

both sides could be expected to react similarly to the incision of the Liri river.
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Conclusions

Conclusions

In this study the geomorphology of the Liri valley in the tectonically active central
Apennines of Italy was examined using a 20-m DEM, comparing the two sides of the

valley with similar lithologies but one side bounded by an active normal fault.

The slope-drainage area analysis, used here, is widely used in steady state fluvial
landscape to estimate values for channel concavity and normalized steepness index.
Here it was applied to a non-steady state case where the landscape is responding to
active tectonics, climate change and changes in base-level driven by regional uplift of the
[talian peninsula. It was found that these parameters are strongly dependent on how the
regression limits are chosen, and the accuracy depends on how many data points are
used to construct the power-law regression. After careful checking of the regression for
each channel spatial variations of these parameters were interpreted to be reflecting
spatially or temporally varying relative rock uplift rates, temporally varying climatic
conditions, or spatially varying rock mass strength. The steepness index is more
sensitive to complexities in the data, whereas the concavity is easier to compare with
previous studies and was therefore mainly used for interpreting the geomorphic and

tectonic history.

The results show that the long profiles clearly differ between the two sides of the valley.
The inactive B-side streams are controlled mainly by lithology, showing low channel
concavities (< 0.4) on the hillslopes and changing to a higher concavity where the
streams reach the valley bottom sediments, and also exhibit knickpoints at the
lithological boundaries. The active Liri fault side streams (A-side) seem to be more
controlled by catchment size: the small catchments exhibit knickpoints at the fault/
lithological boundary between limestone and flysch and have in general lower
concavities, whereas the larger catchments are nonchalant to this contact and exhibit
high concavities (>> 0.6). These very high values may be explained if the southern part
of the Liri fault is not active at present or that the slip rate is much lower than previous

authors have suggested.
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Appendix A. Longitudinal profiles of analyzed streams
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Appendix B. Streams or parts of them left out of the concavity analysis
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