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1. Introduction

Quantitative geomorphology, studying Earth's suface landforms.
and processes, hns evalved significantly in the modemn era due 1o ad-

2012)
I regions characterized by active or recent tectonies, drainage sys-
tems offex significant insights i characterzing the tectonie 1egimes and

betwesn edogenous i s e v th g v
(Burbanic and Anderson, 2001; Keller and Pinter

ot oo, e 4y
lithological characteristics of exposed landscapes

primarly bedsoc  extibit suong sensitviy 0 fluc-
ntions in bus-level full, s in e divides, nd

s, whih may be riven by o aciviy (G Deldo
Veldia 2020;Paand and Galln, 2021 Racano .l 2023, limatie

Masder and G: 3 Gallen, 2015). Inthe

Whipple, 2004). Within this framework,
s ‘primary role in investigating the evul\mm\ of e Gty
sutface, identifying the dominant forces

 comepondng
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i o v andthe poion o h g o i i
equilibrium with pasc configuations. The analysis of these incision
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echnologis.
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i the Alessandria Basin, 4 thrust-t0p basin of the Monferrato Thiust
Front (tace et al, 2015; Forno et al, 2018),
Ouw xescarch aims to explore how tectonic processes have contrib-

northern Apenmine and the tining at which the
active. We applied the 1iver invession techmique developed
01T e e ometomed ot of s cxmens
draining into the Alessanduia Basin. Then, by estinating exodibility
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Alps with the o basins, hosted deliaic-continental deposics snce Late
Pliocene (bisncorti, 1979), Then, Pleistocene climate variations
eahanced the development of the river nenvorks with tenigenous
sstimenation of i il pasy il depsits rcsived by

‘Savigliano and Alessandria Basin (Gabert, 1960), However, althongh
o i v e e el b eeeiics
Quaternary variations of drainage syscems (3ancort, 1979), Quater-
syt vyl pon et i s

setof
al-western sector of the northern Apennines (¢1lasger, 2020
Coilenn et a1, 2022, and references therein), we calculated base-l
fll e variations over tine. Thiough s approach, we seek 1o
establish conneetions between temporal vasfations i base-level fall
rates and the ey tectonic events that shaped the landscape of the study
atea duing the Plio-Quatemary. Ous goal s o idenify possible diffr-

system linked 1o the uplift and subsidence processes that shaped the
of the north over the

2. Geological settings

The Westemn Po Plain (WPP) in cental-south Piedmont Region may

the Southwestern Alps to the Tuin HIL in the Nowth, and by the Tanara
througlh the Linghe, Roero, and Mo
ferrato hills 10 reach the Alessandria Basin, t0 the south (7iz 1). The
w

features ave stlctly seomor
Dol proves el v ustoniy o acl s
(Bonasera ecal, 2019)

connected wi

the justaposiion at a crustalscale between the Alpine metamorphic
Units and the Apennine Ligewian Units (Laubscher ¢t 41, 1902),In this
region, late Eocene-Holorene predominanily siliiclasic sedimentary
deposics overlay carlier deformed Alpine and Apenaine foumations.
@t ¢ a1, 1995). Distinet late Eocene 1o late Miocene marine suc-

Tuin Their

of spac lyesof evpores wxd gy, cting back (0 e

2015,

T ectonocdimetoy v wes domiated by e roprgion

of nonveging Sauciace overhustng the Padane ot unts

since Middle/Upper Miocene (Falleti e 41, 1995 Piana and Folino,
2000),

1995

e swgiao B s Alessandria Basin ot el s
subsiding basins hosting_Pliocene-to-Hol

i ks of st 2000 and 2500 m respctvly These

basins are divided by the Langhe-Roero hilly region, where these suc-

cenions are 43 han 500 ek (s, 20063 il 1 2010, me

e south and Inpaaticulas,

Ut s gl e depe, oo o o e pr-

s a region characterized by low

of two factors: sy, he Distorical arthquake ecoud, which diplays &
elatively limited numiber of moderate-to-ligh magnitude evens, widy
the most recent occurring duing the Middle Ages (onssers ot a1,
2021 seondy the iy of ddiued s o et
ology in While numerous studies have highlighted local
Qnalemaly Lectonies, vy e have itepreed the obseved ovdence
in texms of seismic hazard. Nonecheless, recent reseaich provides in-
dications of active Faltug and potental paleoselsuiic activity dulig
e Middle Pleiscocene to Holocene epochs (%iigerio i al, 2017
Bonasera et al, 2022),

3. Methods
31, Strean power model framenwork

“The model that desexibes the evoluion of iver profiles i based on
the relation between erosion (£) and rock wplif (U) that defines the
change in clevation of a poin alon the chanuel thiough tine:

i)
@

= Ultx) - Bit.x) )

The exosion rate of a bedrock hannel can be defined by the sttean
‘power equation:

B KALS(0 ) @

whese A i the upsuiean drainage area, §is the channel slope, and K is
gty . :

il ock dfomtion, and i, and 2 bt posiveco-

o passetens 6t 10 b byl and csion po-

cesses i the chamel (mw.m 1994 Whipple and Tucker, 1999). For
hat describe 2

sate equilbriun between rock vplit: ax eroson procsses (U — )

power i berween
channe sope 5)and upsveam drsinage s (4

Blort) \ 1,2

( o )w @
e conspond o e concaty s n enpicl et

whose values ate commonly between 0.3 and 0.6 in seady-states pro-
e condion (s and Whipie, 2003 iyt Wi 2015
Eq. ) can be used to derive the chanmnel steepness index (k)

(E)t @

k= saft

e obtain

ession e 10 novsa

& eggession Led 10 the presentseing ofthe WPP. A progiessive uplit

1084; Caivaio, 199 and teferences dherein). The absence of Early
Pliocene layers on the foothils of Ligurian Alps led 10 assume that the
boundasy between TPB and Ligwian Alps was also mosphologieal,

Ligurian Sea basin. The low-angle pedineat, which conneets Liguian

plying

e momalized steepness index (), which i a 10bust mmeasue of
reltive channel steepricss throvghont a vegion (Wobis ¢ 41, 2005),

For n equal to 1 (linearity between channel slope and exosion pro-

cesses), steady-state conditions (U — F), no substantal changes in the

drainage basin aren through time (e.g, via drainage capue), and

spatially and temporally wniform K, Bq. (2) can be integrated for the
upstream duainage aea to predict the elevation of the river profile

Ve e

Lgurian Aps
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Waves can furnish valuable insights into the tinving and the rates of
events that wiggered them (Sovian, 2027, and refetences therein).

In tectonically active areas, and negligible custaric Muctuations,
lnges i sl s cun el o both il of et
s o subiden o he e ol G 20213 Fisher

fiom the late Oligocene to the late Miocene and resulied flom
compression folowing the reeat of the Adiia slab subduction (<~
cenni et al, 1997, 2007; Patacea et al, 1993; Royden, 1003 Wortel and
Spdan, 2001 The s phase occused i he e e -
Lower Bektcene (b

e e of s rofies o vt
Wi, 20105 Goren e 41, 2014). These methods enable the quantf-
14 Gallen,
(For ecal, 2014 Rudge et al, 2015; Racano e al 2023) variatons in
base-level fal rate, thereby providing quantitative estimations of the
sates and timing of processes iprinted within drainage systems
T s, Apie st e s el sl -

o 2030 Pl e 2055 g P, 052 and i kly
finked o manie dymmics produeing apif, noml fuling, and
opening of intermontane basias (Faccetina et al, 201% Lanaii et 4l
2029). However, while the relationship between tectonics and topog-
raphy evolution, as well as the timing of these processes, are vell-
saudied and established for the eastern part of the northern Apennines
(Fisher el 2022; Lanari et a1, 2025, litle i known abor the rates of
he tectonic episodes i the westermmost part of the tegian, whete the

by 1o the Alpine bel

e A gt and busied Our tesearehy focuses on the mwm.mmy ot v

actie it b he Po Pl wscied with e oo Apemine r
alenictal E etal,

9; Boces
P ——

I Il
(Fig. 1). This xegion s unique because, wnlike other close areas where

s popagation of e Gont (11140 21, 201)
Like most of the Apennine belt, che north ave expe-

i 5
Thrust Front and Tarin

deneed

V. ke Toar

the belt
B, Pisi and Groppi, 1983; Bertott and Mosea, 2009), and subsidence:
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i 2 . ant
aiyzed catchments with  paticua focus on thelrbousaes and thei divides
0= [ uoa ©

whers ¢ th negrud quandey defning e vk o  petu-
bation along a river profle (Whigple and Tucker, 1990):

[ o ®
2.2 Bae vl ul Hsaris from e rofle e verion

9.5 can b smpified 10 define the eqation of he =plot
) =) »

equation is the baserlevel fall rate, tepresented by U (Gallen, 2015;
Racano et al, 2021).

This equation can be laverted o extract temporal (P1ichiard et 4l
0% Goren ot al, 2014 Gllen, 2016) o ptorengern Gox ot .,

2014; Mab e a1, 201 Quye-Savyer e 4l 2020) variations n base-
Hevel i (calnt 1o catcment iockaplif eltive o the
outlen) e

Ko estimiate v

Eq. (5) can be simplified in a K-independent form of + caled , ob-
ained by removing K from Bq. (6) (Perion and Royden, 2015, Royden
and Penion, 2013)

Index
010 0.2),

o[ () ©

2l s of el Ag s veference dralage mea. Thds e
sial s used to define the y-p]

m(fw)a ®

y raking the slope of Eq. (%) s represented by che xiver
eepmens e i 15057 and e b st o

200) = 2(30) +Kos a0

Where ki 2 non-dimensional estinate of U,
ollowing Gorer et al. (2014), we can estimate the non-dimension
baseievel £l iy of s ek o st el wing
. (10) and assuming block-uplit condicions. The data organization
ks that N da peots o #a § long the il ok o

a conmion rock-uplit history at the sae 7 value (Goren ot o, 2014
Gallen, 2018). By th K i maaic

fom:
Rt an
Where A% s an N x gmai, g i the nuiber o  intervals, U i the.

), and 2 s the elevation.
This is an overdetermined Inverse problem, a5 there axe mote known
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i 3.
Va2 datbese (Codilen e 41 2022) ud Gom e

ety e crors

of - provi
20720, used for the calcultion of the exodibilty pameter (). Tiasges ndicate the location of T

e, e o et o o e e Genmdnin st X e ey s i e s comets

colowe by et classfeation.

for U is et

w

Ut (7K +01) K 0= A ) a2

where 1" is a dampening coefficient that determines the smoothness
nposed o the solurion, 1is the q identity manix and U 1epie-
sents the prior guess for U* estinated fram the average slope of the
Zaplot

Alessandria Basin from the Alps-Apennine junction, aiming (0 recon-

exal present (F. 2) and past (over the last 3 My, Lasar] e 41, 2025)
divide stabilit,  conditian needed to apply siver fnveision (Racano
vl 2021, 2023), We extracted stream channels by sing the MAT-
LAB® toalbox TopoToolbosx (Schwanghart and Scherles, 2014) as well

Eq.(
fall ate (Gallen, 2018; Racano et 1, 2021). The use of = instead of ¢
allows not only the direet estimation of the rack uplft from linear
inversion,

and xiver profle inversions. The distinction bérween geologial and
traint ikpoia wa ndebued on the sy of e ik

selation to the rocks that channels cur (Gallen, 2015,
Fishes, 2022; Piser et al, 2022)

Once estimated K, 7 and U can be converted in ¢ and base-level fall
1ate by the equations:

() = URAT ax

wzagia and

an
Where K can be deived fom Eq. (4
0
T =

3.3, River nversion setup and estmation of K

We applied Linear inversions i six catchments that drein nto the

V. ke Toar

i (m o7

point ). The concavity Index used 10

e e bren et by g e bt e o . 1

that minimize the scatter i the y-plots of the nverted catchments

Gorcn . 2000, andcompuig e et s, g
e 1, Fig. St

n
noise of the results ffom the Inversions, we imposed a minimum
e elevations of the longi
4 Swmoothing (CRS) method

(Sehanghart and Scherler, 2014). The z-increments to apply the iner
inversion (7steps — 11) has been estimated by fnding the mauber of
seps that minimize the misfi between real and modeled river eleva-
tions (Fig. $6, Fg. §7) (Recano et al,, 2023; Clementucci e al, 2023),
wted the exodibility parameter (K) by a set of '*Be- derived
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T et N =
e ey o s o
o
< K, = 20345107 g
g H
i B
P } -=- _{_ 2, 2 —
} { K=201710
et S Sators Tras Nore Toro Bogwa P Enia g T emen N
i 4 :
e ofthe vork ol a

sate pot, The colous of the isles follows the weseto-est Longiad radien,

s fither evident in Fig. 5. Lithalogical knickpoints do not appear ta

exent a strong influence on base-level fall rends, and the shape of rver

profiles ks evidens slope breaks where Lihalogical knickpo!

wapped. Conversely, wansient kuickpoints, pruticalaly in Bomvids,
rba, L

o main base-level all vauiations. All hese features support, n the case
of cacchments draining into the Alessandsia Basi, the suitability of
using a catchment average K for calibrating Hiver inversions

52 subsidence ustory o the Alessandria

Junetion with the Alp
O results are also supparted by local tectonic and statigraphic
imtexpretations from published scientfic leranue. The mea alieady

Phiocene, while the cutrent alluvial plains, Savigliano and Alessandsia

Basins, were occupled by the remains of the ancient Ligurian Sea (a1~

410, 1996). A Zanclean shoreline (5.3-3.6 Ma) was located along the

cunrent Torino and Monfertato relefs (Ronusera e 2, 2019), inter-

secting th il parts of some of the analyzed catchments in this

sty (F1z 74), at a cusrencaverage altcude of 240 = 80 m.a.s.. Duriag
5,

Monferrato Thrust Front evalntior

While & sigaifcant uplifc phase has been documented i the
northerm-cens

200 ino et al, 2017; San Jose et al, 2020; Fellin et al, 2022
Pazaaglin and Fisher, 2022), there is a Jack of datn regarding the po-

western sector of TPB and the compressive NW-verging Torino and

Monteto s rnt ocated at » cutent e e of 215 =
010). Th

Caeetsed by th widspend depostion o et dene. hom

(e etal, 201

v dnes, at least iming of the evens.

follow

he Pl
h ed by a sequence of wasgressive-
regiessive Muctuations with the presence of decp matine clays,
slnaine systens, snds from delic exviomment and cont

westward decteasing et mggum\g: porentl dercase i the -

otler aneas of the Apesmine belt whese botly stzatigiaphic (Coscr
1,201

A, 202 el o o 203> Supon e o e il

after 3 Ma, the combined basedesel all hiscory fom al the analyzed

custment (g ) mgget tht i accelsted g, event o
e the westrnmost part of the morthen Apesnine bt and the

95 (Carato, 1996; Vigna et al, 201
ey o et 21 i o, st i sstion
show exosional unconformities of fluvil units along the soucharn
g of the b i e A st wiion b 25
and 2,56 Ma (race ci 41, 2015)

3 Ma in every catchment, except for Bormida catchment, where the

Ve e

Table 1

e e e v () e 1) e e e "0 deived
demndtion tes have been estmated (©) OCTOPUS

Gmaphcgy 162 (2026) 10527

Clastic nabiditic xocks compared 10 other catchments (Figs. 5, 4a)
Howeves, even though clastic tubidice rocks exhibic a sightly higher

el 2072, @ Eil. i i

daa (Goren et al, 2019,

higher
i of all other lichalogies (Fig. a).
“The erodibilty paremeter X, estimated for each catchment with
paptey

over the average. Only Belbo, Scrivia, and Baganza catchments show

0
The average K estimated fiom the individual carchment aligns
closely with the slape of the lincar it derived from plocting the catch-
‘ment average k; against the correspanding demudation rates (2117
=225 10 %) (Fig. 40). The daca indicates a good linear it

wit
Scvia and Baganza carchments deviariag ouside the linear it

s inversion results evea] comparable estmates of ©
o Vo b v . e o oo g
‘erween 2.5 and 3.5 My, exeept for the Bormida catchmiens, the largest
one located on the western margin of the Alessandsia Basin, which ex-
hibits the oldest base-level fal hisory, seaching back 1o 5.65 Ma,

All base-Jevel fll ates vange fiom a minimun of 0.1 0 meximum
0f 0.9 man/y, displaying (o peaks between 3 and 2.5 My, and be-
tween 2 and 1.5 Myr. These base-level full peaks are less prominen for
the Bomida cacmin, whee th olderpeak pettes tise i ot

NI contast,th eascennostcatclaents (Curone

Most of the catchments (Orba, Lemime, Scrivia, and Steffora) also.

Cachens Comviy | Memat Demiaion | (o
oum) @ e v =
g oa 4 f
011
Bomidnh 047 20 wp w o wo
n3e
omab 04 2 o w o wo
s+
e 037 5 w w
s o0k a3 221
Savaab 03 5756 o s e 4.2 Fuwial imversion
Guoner 034 s7 wo
Suttova B 0monn Les
b om ' 0°
es Daw—oom s
Tatbiaa 03 I
mas
Twoa 03 o1
2
[r— sa
e 02 e ey 4
s
e os 59 Tl Bl e
1027, nd the

stow a slight increase in base-level fal 1ates around ar shordy afer 1

Plain (Fig. 3, Table 1), We applied Eq. (15) (sssuming n equal o 1) to
v K 1t cach achment b i dendtion i e

the yousger ages
w/y. Transient knickpoints along river profes
Jevel all rates in

never exceeding 0.2
il amodrat coneadon wilh vtk i b

i e 3 ot s e e by eighting e
exrors both an x and y (Vork 1, 2001). Plots of kep and K hiave been
made by using RStudio. Finally, we converted ¢ in = and U in base-level
fall tate by applying the estimated K values 10 Egs. (13) and (1),
Unlike Fishes et 4l (2022), who employ a lithology-based binning of

Apennines, we opted for the mechod of averaging K values actoss the
st s Thi cice was e Ly wo iy o
sderations. Fisly, 1*Be._denudation rates ae tied o lithologies

most of ending to cluster
with the peaks of the base-level curves (Fg. 5

5. Discussion
5.1, Relibilty of the iver profile Hnear imversion
el o the by . deton e (1 ) pes g

he axis origin without forcing. This is concordant with a linear core-
Jation betweea erosional pm«msandd\am\e} radiens, nd upports

g K o ook withot s (s inesones) B, 51
Secondly, the lithological K-dependent

Doiss Beteen Fologies i sabe ves i, Fwesc e
condition is easily violated s the positions o rock boundaies depend
on thelr geometry, and Lithological knickpoiats can even migrate over
time. »

0 1 (Racano etal, 2021, 2023).

The use of a catchment average K, and not linked co the eroded 1
o, stunds a1 sssomble spprointion, The tpreseaive
average Ky, values for the main outciopping lishologies (¢ 44) shoy
ow vauibilit, even when comparing cxystalline rocks with sedimer-

wry ones. Ony sicklasic awbidis show a sigifcany bighe

4. Results

4.1, Rock average normalized steepness index (k) and erodiilty
coeffcient (K) estmation

“The average denuation rates (51 uier, 20205 Codiles e, 2022)
10ss the nine catchments considered for escmating the K value range
from 0,185 10 0.608 ma/yr (Tabile 1, P %), This trend generally ex-

o apes o s o

‘Among dhe three catehments with relaively highes K values (Belbo,
St s Bt 0 ol e Bl et s
nanly composed of slcilastc trbidites (55 ther twa
e domared by mived shikclatc and caonati rbidies Belbo
and Baganza catchments shase a narow shape and the highest demm-
dation tates (Fig. ), despite the other catchmencs that have wider
cachmenaes. i st ok el difre K e 1 e
different geomenic characterisccsthey have. Hoveves, his argunent

in the catehment average ke values (7iz 10). In general, carchments

no significantly diffesent from the others.

V. ke Toar

“The miiual impa s profileshpes.
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Bomids o Lommo

oy o )

5.
e o Kvnlus ol frech dendodon e 1 s, (0 et of e erce 1 oot I s e gt e de 1
of this article)

tefeted to the web version of

o T 2 B A B s
Time (Ma)
Fig 6.

e 1epresented by ihe e L, whereas e enors by the dsted lie. (Fo
iatetpretarion of the teferences 1 colont in this Sgure legend, the reader is
efetted (0 the web vession of this el

of unconfornuities in Auvial mits along the southern masgin, likely
assaciated with the subsidence of the Alessandria Basin during this
ia Basin vepresents the thrust-top basin
of the Monfertato Thrust Front, the uplift of the Zanclean shoreline of
e T HIlL (P 72) conespords to the onset of e older acceleration
i the base-devel al ate. This confirns a conpling bereen subsidence
i the Alessandria Basin and the uplift of che Monferrato Thrust Front as
also suggested Ly the modeled top - Zanclean susface (Vg 7, Soniasers
41, 201, Moreover, base-level fall episodes recorded by Curone and
Staffora ave more promtinent than in the
exnmost catchments in the scudy area dia
and close o the thrust Gont (51g1 1 <1, 1990), xather than the Ales
sandria Basin, dhese Digher basedlevel peals may st subsi-
dence in the flexure foreland compared o the thrust-top basin, or faster

ll the chain a that time (Cosentino et 21, 2017; San Jose et al, 2020
Felli et 41, 2022). In general, aceording to the hypothesis that the
boundary berween the Pliocene and Pleistocene represens the moment
1 most of the noxthervcennal Ap

nime (Lot ex a1, 2025, and references therein), the concurent ac-
ecleration of the base-level fall rate in the Piedmont segion could

potentially be influenced by this event. Notably, during the Eadly
Plcistocene, while most of the north-central Apennines were experi-

belt,




Ve e
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\\alf’;m f

Main tectonic structures
Drainage network
Zanclean shoreline
Piacenzian shoreline

Analyzed catchments

Elevation (meters)

00 o
o
e
o 3500
Fig. 7. 2019, fihe
) Curone; (6) safor.
 and

histories (Fi.
and 15 Ma

1o ool pavs e scoried n e s of e

il A 2-15 baselevel fall

nd vplift

and Savigliano Basins dated to the upper Pliocene (7iz 75,
5512, Th two s were dsconmeted by  pogiaphi igh kly
linked to the previons activation of the Manferrato Thrust Fi
(s 70 Sine the AlesandsiaBasin sl epresents  depocemes o he
imestgaed cathment the yourge baseleve fall pe ean be
potenally linked 0 4 local tectonic event nggered Ly the
of i Alemtia Do~ ot Tt rut sy aier
investigations are needed to support chis hypothest
After clewd vt e general rend indicates 2
sease in rates over time. Some catchments (Orba, Lemme, Scrivia,
S (12 necord  base el peak avound 1 i, bt

V. ke Toar

G Detgad, ., Vot

evets have cither stapped or are 1o longer as szong (o prodice sig-
ificant perurbations in the drainage systemn

6. Conclusions

‘The study we cartied out on the catchments draining the Ligurien
Al the westnnstt o e Nosten e 0 e Ales
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