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INTRODUCTION

Knowing the distribution of rock uplift 

rates across a landscape is important for iden-

tifying and understanding active tectonic struc-

tures, and for establishing the pace and pattern 

of mountain growth. Rock uplift rates can be 

determined geodetically over short (100–102 yr) 

time scales, or inferred from thermochrono-

meters over much longer (106 yr) time scales. 

Over intermediate (103–105 yr) time scales, 

rock uplift rates can be inferred from uplifted 

geomorphic markers such as marine or fl uvial 

terraces, provided that their ages can be deter-

mined. Each of these methods provides impor-

tant constraints but also suffers from limitations. 

Geodetic measurements only incorporate a frac-

tion of the seismic cycle and are limited to sites 

with existing surveys and where uplift rates are 

rapid enough to be measured precisely. Thermo-

chronology indicates the time taken to exhume 

rocks by kilometers and cannot typically resolve 

shorter-term patterns. Uplifted fl uvial strath ter-

races require the assumption that river incision 

is equilibrated with rock uplift, yet strath forma-

tion is often attributed to climatic fl uctuations, 

making it diffi cult to distinguish climatic from 

tectonic causes of river incision (e.g., Pazza-

glia and Gardner, 1993; Merritts et al., 1994; 

Hancock et al., 1999; Wegmann and Pazzaglia, 

2002; Pan et al., 2003).

Alternative methods for inferring local- to 

regional-scale rock uplift rates, such as stream-

channel morphometry and catchment-averaged 

erosion rates, have become increasingly used to 

measure relative differences in rock uplift rates 

across a region (Lague et al., 2000; Kirby and 

Whipple, 2001; Kobor and Roering, 2004; Fer-

rier et al., 2005; Wobus et al., 2005, 2006; Kirby 

et al., 2007). These methods are widely applica-

ble; however, they implicitly assume a landscape 

in steady state or dynamic equilibrium, in which 

erosion and river incision are equal to rock uplift. 

This assumption is diffi cult to test. Nevertheless, 

both channel steepness index, a proxy for river 

incision rate, and cosmogenic nuclide–deter-

mined erosion rates have become widely used 

with at least qualitative success. What remains 

to be demonstrated is a quantitative test of both 

channel steepness index and erosion rate as indi-

cators of rock uplift rates in a place where uplift 

rates are known independently.

In the following section, we briefl y intro-

duce the use of channel steepness index and 

erosion rate to determine rock uplift rates, with 

an emphasis on the assumptions and conditions 

necessary for their success. Channel steepness 

index is a measure of stream-channel gradi-

ent normalized to drainage area (see Wobus et 

al., 2006), and it has 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). We measured 

erosion rates using cosmogenic 10Be in quartz, 

which is produced in proportion to the residence 

time of mineral grains in the uppermost few 

meters of Earth’s surface. We then applied both 

of these methods to two different landscapes in 

Italy, where rock uplift rates are known indepen-

dently from marine terrace stratigraphy.

Channel Steepness Index

Bedrock river channel steepness index can 

be used to infer relative differences in rock uplift 

rates across a landscape, given uniform lithol-

ogy and climatic forcing. River incision, E, is 
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often cast as a function of basal shear stress, and 

can be expressed as (Howard and Kerby, 1983; 

Howard et al., 1994),

 E KA S
m n= , (1)

where S is local channel slope, A is the contrib-

uting drainage area that serves as a proxy for 

local discharge, K is a variable that incorpo-

rates incision process–, substrate-, climate-, and 

hydrology-dependent variables (see Whipple, 

2004), and m and n are positive constants that 

are functions of basin hydrology, channel geom-

etry, and specifi c incision process (Howard et 

al., 1994; Whipple and Tucker, 1999; Whipple 

et al., 2000a).

The change in channel bed elevation at any 

point along the longitudinal profi le with respect 

to time, dz/dt, refl ects a competition between 

the rates of rock uplift and channel incision with 

respect to base level. This can be expressed as,

 dz
dt

U E U KA S
m n= − = − , (2)

where U is the rock uplift rate. For a steady-state 

landscape, where river incision rate is equal to 

the rock uplift rate, dz/dt = 0, and Equation 2 can 

be solved for equilibrium channel slope, S, at a 

given drainage area, A,

 S k As= –θ
, (3a)

where k
s
 describes the channel steepness, and 

θ describes the channel concavity (the rate of 

change of local channel slope as a function of 

increasing drainage area; Hack, 1957; Flint, 

1974; Tarboton et al., 1989). The coeffi cient k
s
 

and the exponent θ are referred to as the channel 

steepness index and channel concavity index, 

respectively (Snyder et al., 2000). The chan-

nel steepness index, k
s
, is in turn a function of 

both rock uplift rate, U, and rock resistance to 

erosion, K, which is a variable that incorporates 

both process- and substrate-dependent variables 

(see Whipple, 2004), according to

 k U Ks

n
= ( )

1
, (3b)

 θ = m n . (3c)

The exponent n, which remains poorly con-

strained, relates incision rate to channel slope 

and is typically assigned a value of 2/3 (How-

ard and Kerby, 1983), 1 (Stock and Montgom-

ery, 1999), or somewhere between 0.2 and 0.6 

(Whipple et al., 2000b). Moreover, both m and 

n may or may not be process dependent (Whip-

ple et al., 2000b; Hancock et al., 1998). How-

ever, regardless of the specifi c values of m and 

n, based on theoretical (Whipple and Tucker, 

1999) and empirical (Howard and Kerby, 1983; 

Tarboton et al., 1991; Snyder et al., 2000) argu-

ments, their ratio (θ) should be between 0.35 

and 0.6.

Channel steepness index can be obtained by 

either surveying stream channels or by regres-

sion of local channel slopes and drainage areas 

obtained from digital elevation models (e.g., 

Wobus et al., 2006). Provided that K and n are 

uniform across the region of interest, then varia-

tions in k
s
 among channels or channel segments 

will track variations in uplift rate (Whipple and 

Tucker, 1999; Snyder et al., 2000). It is diffi cult 

to solve for rock uplift rates directly, because K 

is poorly constrained. For example, Stock and 

Montgomery (1999) suggested that K may vary 

over several orders of magnitude due to spatial 

differences in rock properties, as well as due to 

the frequency of discharge events signifi cant 

enough to initiate bedrock incision. Addition-

ally, in order for k
s
 to indicate relative changes in 

rock uplift rates, the channel longitudinal profi le 

must be in steady state and refl ect the current 

climatic and tectonic conditions. Both U and K 

must be uniform along the entire channel length.

Empirical support for a correlation between 

channel steepness index and rock uplift rates 

is emerging from multiple landscapes around 

the globe. In two regions of coastal Califor-

nia, Snyder et al. (2000), working in the King 

Range, and Duvall et al. (2004), working in 

the Santa Ynez Range, found that the steepness 

index values of small bedrock channels were 

higher at higher rock uplift rates as inferred 

from the elevations of marine terraces (Mer-

ritts and Bull, 1989; Metcalf, 1994; Gurrola et 

al., 1998; Trecker et al., 1998). Multiple stud-

ies have demonstrated a similar relationship in 

the Siwalik Hills of central Nepal (Kirby and 

Whipple, 2001; Lague and Davy, 2003; Wobus 

et al., 2006) and in the northern Apennines, Italy 

(Wilson et al., 2009), where systematic changes 

in steepness index have been correlated with 

rock uplift rate across a fault-bend fold (Lavé 

and Avouac, 2001) and a fault-propagation fold 

(Wilson et al., 2009), respectively.

Erosion Rates

It is commonly assumed that over tectono-

geomorphic time scales (104–106 yr), landscapes 

approach a condition of dynamic equilibrium, in 

which erosion and river incision rates roughly 

balance rock uplift rates (e.g., Hack, 1960; 

Schumm and Lichty, 1965). A perfect match 

between rock uplift and erosion may never be 

achieved, because erosion rates will vary with 

climate change (e.g., Whipple et al., 1999). 

Nevertheless, isostasy alone dictates that in 

compensated orogens, erosion drives at least 

~80% of rock uplift, and in an orogen main-

taining a constant elevation, erosion must equal 

rock uplift (Molnar and England, 1990). In these 

cases, a measure of spatially averaged erosion 

rates over time scales of 103 to 105 yr should 

closely correspond to the regionally averaged 

rock uplift rate.

Spatially averaged erosion rates can be esti-

mated using cosmogenic nuclides such as 10Be 

in quartz-bearing alluvial sediment (Brown et 

al., 1995; Bierman and Steig, 1996; Granger et 

al., 1996). Beryllium-10 accumulates in quartz 

near Earth’s surface proportional to its local 

production rate and inversely proportional to the 

surface erosion rate. The cosmogenic nuclide 

method averages erosion rates over the time 

required to erode a catchment by about one 

secondary cosmic-ray penetration length, or 

~60 cm in rock of density 2.6 g/cm3 (Masarik 

and Reedy, 1995). In most landscapes, this is 

anywhere from 103 to 105 yr.

Several conditions must be met for cosmo-

genic nuclides to accurately indicate catch-

ment-averaged erosion rates. Quartz must be 

distributed evenly throughout the catchment, 

or else erosion rates will be biased to areas of 

higher quartz content. Sediment samples must 

be representative of the entire watershed, rather 

than be dominated by a single landslide. If ero-

sion occurs primarily by landsliding, then the 

watershed should be large enough that a sedi-

ment sample is likely to contain grains from 

many different landslides (Niemi et al., 2005; 

Yanites et al., 2009). The catchment should not 

be glaciated, since glaciation may disrupt sedi-

ment transport paths, making stream sediment 

unrepresentative of the catchment as a whole 

(von Blanckenburg, 2005; Wittmann et al., 

2007; Stock et al., 2009). Finally, erosion must 

occur at a nearly constant rate over the time 

taken to erode several secondary cosmic-ray 

penetration lengths (a few meters). If erosion 

rates change through time, cosmogenic nuclide 

concentrations will provide an average erosion 

rate (Schaller and Ehlers, 2006).

Empirical data from a variety of landscapes 

suggest a correlation between cosmogenic 

nuclide–determined erosion rates and rock uplift 

inferred by different methods. In both tectoni-

cally quiescent and tectonically active mountain 

ranges, cosmogenic nuclide–determined, mil-

lennial erosion rates are similar to longer-term 

(106 yr) exhumation rates as inferred from low-

temperature thermochronometry (e.g., Kirchner 

et al., 2001; Matmon et al., 2003; Vance et al., 

2003; Safran et al., 2005; Stock et al., 2009). 

Although rock exhumation does not necessarily 

equal rock uplift, these results are compelling 

when considered in the context of two recent 

studies in which cosmogenic nuclide erosion 
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rates were compared directly to uplift rates 

determined by geodetic methods. Wittmann et 

al. (2007) and Champagnac et al. (2009) docu-

mented erosion rates in the Swiss central Alps 

that were locally similar to decadal-scale uplift 

rates determined by Global Positioning System 

(GPS) and re-leveling. In a similar study in the 

northern and central Apennines, Italy, erosion 

rates were similar to both short-term rock uplift 

determined by geodetic methods and long-

term (105 yr) rock uplift rates determined from 

marine deposits and fl uvial terrace stratigraphy 

(Cyr and Granger, 2008). On the other hand, 

Ferrier et al. (2005) found that two catchments 

on the northern California coast are eroding 

substantially slower than uplift rates and river 

incision rates determined from marine terraces, 

indicating an increasing mean elevation across 

the area or that erosion by landslides is under-

represented. While these studies suggest that 

erosion rates may equal rock uplift rates, at 

least in some settings, a test of the sensitivity of 

erosion rates to a wide range of independently 

determined, long-term rock uplift rates has yet 

to be performed.

STUDY AREAS

To test the accuracy and sensitivity of bed-

rock channel steepness index and catchment-

averaged erosion rates as indicators of rock uplift 

rates, we chose two landscapes in Italy (Fig. 1) 

where rock uplift rates are known from marine 

and fl uvial terrace stratigraphy. The Romagna 

Apennines, northern Italy, have relatively low 

and uniform rock uplift rates (Cyr and Granger, 

2008; Picotti and Pazzaglia, 2008; Wegmann 

and Pazzaglia, 2009), whereas the Peloritani 

Mountains, northeastern Sicily, and the Aspro-

monte Massif, southern Italy, have higher and 

spatially variable rock uplift rates (Cosentino 

and Gliozzi, 1988; Miayuchi et al., 1994; Bor-

doni and Valensise, 1998; Ferranti et al., 2006).

Romagna Apennines

The Romagna Apennines have developed as 

a result of collision between the Adriatic prom-

ontory of the African plate and the southern 

margin of the European plate. They emerged 

above sea level ca. 4 Ma after the northern 

Apennines accretionary wedge overrode thicker, 

more buoyant Adriatic continental crust (Cas-

tellarin et al., 1985; Ricci-Lucchi, 1986; Zattin 

et al., 2002; Bartolini, 2003; Picotti and Pazza-

glia, 2008). Presently, the Romagna Apennines 

expose a Miocene-aged, uniform sequence of 

quartz-rich, shaly-arenaceous sandstone (Ricci 

Lucchi, 1986; Zattin et al., 2000; Feroni et al., 

2001). River channels have either bedrock or 

mixed alluvial-bedrock cover (Simoni et al., 

2003; Spagnolo and Pazzaglia, 2005), indicat-

ing that channel incision is likely detachment-

limited. Hillslopes in the Romagna Apennines are 

mantled by thin (<1 m) soil (Simoni et al., 2003; 

Spagnolo and Pazzaglia, 2005) and hillslope ero-

sion is dominated by shallow landsliding (Simoni 

et al., 2003; Del Maschio et al., 2005).

Short- and long-term rock uplift rates in the 

Romagna Apennines have been constrained 

by a recent geodetic re-leveling survey and by 

marine deposit and fl uvial terrace stratigraphy. 

D’Anastasio et al. (2006) used geodetic re-

leveling of a network of benchmarks in place 

since 1870 to measure rock uplift rates within 

major river valleys and along the crest of the 

northern and central Apennines. Relative to 

a benchmark at Genoa (sea level), mean rock 

uplift rates in the Reno River valley, at the north-

ern edge of the Romagna Apennines, are 1.0 

± 0.2 mm/yr, and those in the Marecchia valley, 

at the southern edge of the Romagna Apennines, 

are 0.41 ± 0.26 mm/yr since 1870. The stated 

uncertainties refl ect the standard deviation of 

all D’Anastasio et al.’s (2006) uplift rate deter-

minations along a given re-leveling transect. 

We refer the interested reader to D’Anastasio 

et al. (2006) for a detailed description of how 

they handled uncertainties in each re-leveling 

measurement. Higher rock uplift rates in the 

Reno River valley likely refl ect actively grow-

ing structures at the mountain front (Picotti and 

Pazzaglia, 2008). Longer-term (103–105 yr) rock 

uplift rates can be inferred from the ages and 

elevations of uplifted fl uvial-deltaic/nearshore 

deposits exposed along the northern and cen-

tral Apennines mountain front, and from fl uvial 

strath terrace stratigraphy upstream of the moun-

tain front. Paleomagnetic, biostratigraphic, and 

electron spin resonance (ESR) data constrain 

the age of the Sabbie Gialle, an uplifted fl uvial-

deltaic/nearshore sequence of sandstones and 

mudstones exposed along the mountain front 

(Marabini et al., 1995) to between 0.78 and 

1.0 Ma (Colalongo et al., 1979; Gagnepain et 

al., 1996; Falguères, 2003). Assuming a deposi-

tion age of ca. 0.9 Ma and the modern elevation 

of the Sabbie Gialle (200–300 m; Marabini et 

al., 1995), the rock uplift rate of the Romagna 

Apennines front since 0.9 Ma is between 0.22 

and 0.36 mm/yr. Beginning ~3–5 km upstream 

of the mountain front, strath terraces in the Reno 

Figure 1. Simplifi ed map of Italy showing the locations of the Romagna Apennines, Peloritani 

Mountains, and Aspromonte Massif study areas. Elevations are SRTM 3 arc-second (~90 m) data.

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/2/3/188/3044578/188.pdf
by guest
on 20 August 2022



LITHOSPHERE | Volume 2 | Number 3 | www.gsapubs.org 191

Quantifying rock uplift rates using channel steepness and erosion rates | RESEARCH

River valley (Picotti and Pazzaglia, 2008), on 

the northern edge of the Romagna Apennines, 

and in the Bidente and Musone River valleys 

(Wegmann and Pazzaglia, 2009), on the south-

ern edge of the study area, both dated using 

radiocarbon, indicate uplift rates between 0.2 

and 0.5 mm/yr between 900 and 140 ka in the 

area where 10Be samples were collected.

Peloritani Mountains and Aspromonte 

Massif

The Peloritani Mountains and Aspro-

monte Massif expose Mesozoic sedimentary 

cover rocks and late Paleozoic–aged quartzo-

feldspathic, crystalline igneous, and metamor-

phic rocks (Amodio-Morelli et al., 1976; Cata-

lano and D’Argenio, 1978; Bonardi et al., 1980; 

Nigro, 1996) that were exhumed to within a few 

kilometers of the surface (temperatures between 

250 °C and 70 °C) between ca. 35 and 15 Ma 

due to a combination of accelerated surface 

erosion (Thomson, 1994, 1998) and localized 

late-orogenic extension (Platt and Compagnoni, 

1990). They attained their geographic position 

and elevation due to a pulse of rapid rock uplift 

during the late Pliocene to early Pleistocene 

(between 1.0 and 0.8 Ma), likely in response 

to a change in the axis of backarc spreading in 

the Tyrrhenian Sea (Hippolyte et al., 1994) and/

or delamination and rollback of the subducting 

Ionian slab (Faccenna et al., 2001, 2004). These 

mountain ranges support a deeply dissected, 

generally high-relief landscape that has small 

patches of low-relief, relict landscape preserved 

at the highest elevations, generally greater than 

~1800 m above sea level. These patches of rel-

ict landscape typically display deep weather-

ing profi les, with saprolite between 5 and 10 m 

thick, mantled by organic soils (Ietto et al., 

2007). The fl anks of the Peloritani and Aspro-

monte are drained by small catchments charac-

terized by steep channel and hillslope gradients 

(Le Pera and Sorriso-Valvo, 2000). Channels 

are fl oored by either bedrock or coarse sand– to 

cobble-sized sediment, but they are typically 

incising their beds and undercutting hillslopes 

(Le Pera and Sorriso-Valvo, 2000; Ietto et al., 

2007). Hillslope erosion occurs primarily by 

shallow landsliding (Le Pera and Sorriso-Valvo, 

2000; Ietto et al., 2007), although deep-seated 

bedrock landslides have been observed in the 

steepest upper reaches of some drainages dur-

ing either heavy rainfall or large seismic events 

(Pellegrino and Prestininzi, 2007).

Long-term rock uplift rates in the Peloritani 

and Aspromonte are constrained by marine ter-

races, the most extensive of which have been 

attributed to the marine isotope stage (MIS) 5e 

highstand (ca. 125 ka) based on the presence of 

a unique and short-lived faunal assemblage,  and 

radiometric and electron spin resonance ages 

(see Ferranti et al., 2006). Rock uplift rates vary 

spatially, with the highest rates of 1.63 mm/yr 

near the Messina Strait, decreasing to ~0.6 mm/

yr at the eastern end of our study area (Cosentino 

and Gliozzi, 1988; Miayuchi et al., 1994; Bor-

doni and Valensise, 1998; Ferranti et al., 2006).

METHODS

Channel Morphologic Analysis

Channel longitudinal profi les were extracted 

from 3 arc-second (~90 m) shuttle radar topogra-

phy mission (SRTM) data and analyzed in Mat-

Lab using the Stream Profi ler codes developed 

by Snyder et al. (2000) and Kirby and Whipple 

(2001), and detailed in Wobus et al. (2006) and 

Whipple et al. (2007). These codes are publicly 

available at http://geomorphtools.org. Channel 

longitudinal profi les derived from SRTM data 

contain several segments with zero slope, which 

are the result of nonphysical artifacts in the 

SRTM data and the ArcGIS pit-fi lling routine. 

These artifacts mean that some smoothing of the 

original SRTM data must be applied. Channel 

profi les were smoothed using a moving window 

average of ~11 pixels (1000 m). This method 

effectively minimizes noise in the SRTM data 

while maintaining the form of the longitudi-

nal profi le. It has been shown that longitudinal 

profi les extracted from digital elevation data 

according to these methods are similar to pro-

fi les determined by digitizing topographic maps 

(e.g., Snyder et al., 2000) and from detailed sur-

veys of channel elevations (e.g., Snyder et al., 

2000; Kirby and Whipple, 2001). Local channel 

gradients were calculated over a constant verti-

cal interval of 10 m from the smoothed elevation 

data (Snyder et al., 2000; Kirby and Whipple, 

2001; Wobus et al., 2006), and linear regressions 

of these local channel slopes and their respec-

tive drainage areas in log-log space were used 

to determine the values of the channel concav-

ity (θ, the slope of the regression) and channel 

steepness (k
s
, the y-intercept of the regression) 

index values (Eq. 3). A recent review by Wobus 

et al. (2006) provides a detailed description of 

data handling and processing procedures, as 

well as analytical techniques.

Slope-area relationships described by Equa-

tion 3 are only valid for detachment-limited, 

bedrock fl uvial channels. The transition from 

unchannelized headwaters or debris fl ow–domi-

nated channels to those characterized by fl uvial 

processes has been identifi ed from digital eleva-

tion data by many workers (e.g., Dietrich et al., 

1993; Montgomery and Foufoula-Georgiou, 

1993; Stock and Dietrich, 2003; Wobus et al., 

2006), where the slope-area data of unchan-

nelized or debris fl ow–dominated reaches have 

local slopes that do not vary as a function of 

increasing drainage area. This transition is 

well defi ned in all of the catchments examined 

in the Romagna Apennines and Peloritani and 

Aspromonte, and it typically occurs in drain-

age areas between 1 and 10 km2 (Fig. 2). It is 

likely that this is actually a gradual transition 

and that many upper reaches of our fl uvial 

channels may periodically be better character-

ized by debris-fl ow processes (e.g., Stock and 

Dietrich, 1998); however, differences in chan-

nel longitudinal profi le form along the observed 

spatial gradient in rock uplift rate are not likely 

to signifi cantly alter these analyses (Kirby et 

al., 2007). Regressions of slope-area data were 

not extended beyond the downstream transition 

to alluvial-fan and coastal-plain deposits in the 

lower reaches of Romagna Apennines and Pelo-

ritani-Aspromonte rivers, respectively.

Direct comparisons of the k
s
 values of one 

channel to another can be problematic because 

of the autocorrelation between k
s
 and θ (e.g., 

Sklar and Dietrich, 1998). In order to compare 

the channel steepness index values of drainages 

that have different concavities, a normalized 

channel steepness index, k
sn

, is calculated using 

a reference concavity, θ
ref

 (e.g., Snyder et al., 

2000; Kirby et al., 2003; Wobus et al., 2006). 

Typically, θ
ref

 is taken as the mean of observed 

θ values in a given fi eld area; however, relative 

differences in k
s
 should be maintained regardless 

of the specifi c choice of θ
ref

 (Wobus et al., 2006). 

We calculated k
sn

 values using θ
ref

 = 0.45. While 

this θ
ref

 is different from the average concavi-

ties for the Romagna Apennines and Peloritani-

Aspromonte (Table 1), it allows immediate 

direct comparisons to k
sn

 values determined in 

other studies (e.g., Snyder et al., 2003; Duvall et 

al., 2004; Wobus et al., 2006; Kirby et al., 2007; 

Ouimet et al., 2009) and does not change the 

results of our analysis (Table DR2; Fig. DR4).1

Erosion Rates

We calculated catchment-averaged erosion 

rates from cosmogenic 10Be in quartz-bearing 

stream sediments (Brown et al., 1995; Bierman 

and Steig, 1996; Granger et al., 1996). Samples 

for 10Be analysis were collected from either the 

active channels or overbank deposits of both 

main-stem and tributary channels of three catch-

ments in the Romagna and fi ve catchments in 

1GSA Data Repository Item 2010137, Figures DR1–
DR4 and Tables DR1–DR2, is available at www
.geosociety.org/pubs/ft2010.htm, or on request from 
editing@geosociety.org, Documents Secretary, GSA, 
P.O. Box 9140, Boulder, CO 80301-9140, USA.
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the Peloritani and Aspromonte. Samples were 

collected from upstream of the mountain front 

in the Romagna Apennines, whereas in the 

Peloritani and Aspromonte, they were collected 

upstream of the observed downstream transition 

to completely alluviated channels. In addition to 

minimizing the potential for older fl uvial sedi-

ments to affect cosmogenic 10Be concentrations, 

this sampling strategy ensures that catchment-

averaged erosion rates are being compared over 

the channel segments where k
sn

 values were cal-

culated. Catchments upstream of sampling loca-

tions drain either a single, lithologically uniform 

formation (Romagna Apennines) or lithology 

(Peloritani and Aspromonte), which should 

minimize the effects of nonuniform quartz 

concentrations on our calculated erosion rates. 

In both regions, hillslope erosion is dominated 

by shallow landsliding; however, the sampled 

catchments are suffi ciently large that landslide-

derived sediment should be well mixed and 

representative of long-term catchment-wide 

erosion rates (Niemi et al., 2005; Yanites et al., 

2009). Hillslope erosion rates calculated from 

the 10Be concentrations of sediment from some 

catchments draining the Aspromonte Massif 

could potentially be biased by quartz enrich-

ment in the soils and saprolite present on the 

relict landscape (Granger et al., 2001; Riebe et 

al., 2001). However, these areas are small and 

are not sampled by the selected drainage basins. 

The procedures used to physically separate 

quartz and chemically isolate 10Be are detailed 

in Appendix DR1 (see footnote 1).

Erosion rates, ε, were calculated from the 

concentrations of 10Be produced by both spall-

ation reactions (the fi rst term) and muogenic 

processes (the last three terms) according to

N
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(Granger et al., 2001), where P
n
, P

µ1
, P

µ2
, and 

P
µ3

, are the production rates of 10Be by spall-

ation and muon processes, τ is the radioactive 

mean-life of 10Be, ρ is the material density, Λ 

is the attenuation length for 10Be production 

by spallation, and L
1
, L

2
, and L

3
 are the attenu-

ation lengths for 10Be production by muon 

reactions. Local production rates of 10Be were 

scaled from sea-level, high-latitude values 

given in Table DR1 (see footnote 1; Granger 

and Smith, 2000) according to Stone (2000), 

and using the area-weighted, catchment-aver-

aged production rate. Snow depth records are 

not available for all of the examined catch-

ments, and so we did not adjust local produc-

tion rates for snow shielding.

RESULTS

Channel Morphometry

Normalized channel steepness index val-

ues were determined for seven channels in the 

Romagna Apennines, and fi ve channels in the 

Peloritani and Aspromonte. The results of the 

channel morphologic analyses are presented 

in Table 1, Figure 3, and Figures DR1–DR3 

(see footnote 1). Normalized channel steep-

ness index values in the Romagna Apennines 

fall within a narrow range between 46.0 ± 1.0 

and 63.7 ± 1.5 m0.9, with a regional mean of 

57.5 ± 2.4 (SE) m0.9. Channel steepness values 

of the lower-elevation channel segments are 

slightly higher than higher-elevation segments, 

although the observed variability is not differ-

ent from similar studies where rock uplift rates 

are uniform (e.g., Snyder et al., 2000; Duvall et 

al., 2004). In the Peloritani and Aspromonte, k
sn

 

values are all higher than those in the Romagna 

Apennines, ranging from 75.3 ± 1.0 to 108.4 

± 5.4 m0.9, with a regional mean of 97.6 ± 14.5 

(SE) m0.9, and increase in proportion to rock 

uplift rates (Figs. 3 and 4).

Cosmogenic Nuclides

Millennial-scale, catchment-averaged hill-

slope erosion rates determined from the 10Be 
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Figure 2. Examples of stream-channel longitudinal profi les (left and bottom axes) and slope-area 

data (top and right axes) from the Romagna Apennines (A) and Aspromonte Massif (B) used to 

determine k
sn

 values. Channel longitudinal profi les: black solid line—smoothed channel profi le; gray 

dashed line—best-fi t channel profi le calculated from k
sn

 and best-fi t θ, white circles—limits of chan-

nel data used in the regression. Slope/area data: gray crosses—log-binned slope-area data; dashed 

black line—best-fi t slope-area regression; solid black line—slope-area regression using θ
ref

. The black 

arrow denotes the mapped transition from detachment-limited to transport-limited channels. The 

gray arrows show the transition from channels dominated by unchannelized hillslope and/or debris-

fl ow processes to those characterized by fl uvial processes inferred from the slope-area relationships. 

Numbers before stream name and sample location correspond to those in Figure 3 and Tables 1 and 2.
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concentrations of stream sediments from 

the Romagna Apennines and Peloritani-

Aspromonte are presented in Table 2 and Fig-

ures 3 and 4. Erosion rates in the Romagna 

Apennines range from 0.36 ± 0.04 to 0.72 

± 0.14 mm/yr and have a regional mean of 0.46 

± 0.04 (SE) mm/yr. These erosion rates are 

slightly higher than those reported in Cyr and 

Granger (2008) because of the muogenic con-

tribution to 10Be concentrations, which was not 

accounted for in their calculations. Catchment-

averaged erosion rates in the Romagna Apen-

nines do not show any pattern with respect to 

elevation within watersheds or location within 

the mountain range. Two samples collected 

from the same location (Table 2, samples 3A 

and 3B), but at different times of the year, 

yield erosion rates of 0.36 ± 0.04 mm/yr and 

0.57 ± 0.12 mm/yr. This degree of variability 

is not unexpected with cosmogenic nuclide–

based erosion rates, particularly in catchments 

where hillslope erosion is dominated by mass 

wasting and where sediments may not be fully 

mixed (e.g., Granger et al., 1996; Niemi et al., 

2005; Yanites et al., 2009). Erosion rates in the 

Peloritani-Aspromonte are higher than those 

in the Romagna Apennines and have greater 

variability, ranging from 0.62 ± 0.06 to 2.01 

± 0.27 mm/yr with a regional mean of 1.21 

± 0.23 (SE) mm/yr. Erosion rates are higher in 

catchments closest to the Messina Strait, where 

rock uplift rates are highest (Fig. 3).

DISCUSSION

Both the k
sn

 values of stream channels and 
10Be hillslope erosion rates in the Romagna 

Apennines and Peloritani-Aspromonte increase 

as a function of increasing rock uplift rates 

(Fig. 4). The correlation of both k
sn

 values and 
10Be erosion rates with rock uplift rates (1) vali-

dates our assumption that the Romagna Apen-

nines and Peloritani-Aspromonte landscapes 

approach steady state, and (2) indicates that 

both k
sn

 indices and catchment-averaged ero-

sion rates might be useful for quantifying rock 

uplift rates. However, while both k
sn

 values and 

catchment-averaged erosion rates increase with 

increasing rock uplift rates, the nature of these 

relationships warrants further discussion.

Channel Steepness Values and Rock 

Uplift Rates

Normalized channel steepness index val-

ues in the Romagna Apennines and Peloritani-

Aspromonte are compared to long-term rock 

uplift rates in Figure 4A. In general, k
sn

 values 

in the Romagna Apennines, which have been 

uplifting at 0.2–0.5 mm/yr since ca. 0.9 Ma 

Figure 3. Maps of the Romagna Apennines (A) and Peloritani-Aspromonte (B) study areas showing the 

distribution of 10Be erosion rates (arrows indicate sample location) and k
sn

 values. White triangles show 

the locations of marine terraces and associated uplift rates since ca. 125 ka used in our analysis, and 

hatched areas show the distribution of uplifted relict landscape (refer to text for details).

12
o
E 12.5

o
E

11.5
o
E

44
o
N

Legend

0 - 25

>95

75 - 95

45 - 75

25 - 45

local ksn

Erosion rate (mm/yr)
0.72

1
Channel number

(Tables 1 & 2)

Uplift indicator location

and rate (mm/yr)

0 3 6 12 18 24 30

kilometers

N

Relict landscape

1.07 mm/yr

0.99 mm/yr

0.63

mm/yr

38
o
N38

o
N

38.25
o
N

15.5
o
E 16

o
E

0 5 10 20 30

kilometers

N

1.63 mm/yr

1.35 mm/yr

Romagna Apennines

1

12

11
10

9

8

7
6

5
4

3
2

0.39

0.45

0.39 0.47

0.72
0.36
0.57

0.39

0.97

1.44

0.622.01 2.00 (gravel)
1.02 (sand)

A

B

Peloritani Mountains/

Aspromonte Massif

Messina

Strait

TABLE 1. RESULTS OF MORPHOMETRIC ANALYSES IN THE ROMAGNA APENNINES, 
PELORITANI MOUNTAINS, AND CALABRIAN ARC

River
(river at location)*

Amin

(km2)
Amax

(km2)
θ†

(dS/dA)
ksn

§

(m0.9)
Mean basin slope#

(m/m)

Romagna Apennines

1. Visano at Palazzuolo 1.12 8.81 0.42 ± 0.04 55.7 ± 0.5 0.358

2. Senio at Palazzuolo 1.12 17.37 0.56 ± 0.06 52.7 ± 1.4 0.346

3. Senio at Casola 1.12 114.41 0.64 ± 0.33 62.4 ± 1.3 0.349

4. Lamone at Biforco 1.47 44.28 0.41 ± 0.10 58.9 ± 0.7 0.370

5. Lamone at San Eufemia 1.47 114.41 0.70 ± 0.07 63.7 ± 1.5 0.348

6. Montone at San Benedetto 1.17 52.08 0.50 ± 0.11 46.0 ± 1.0 0.346

7. Montone at Davadola 1.17 183.46 0.65 ± 0.09 63.4 ± 2.0 0.321

84.2 ± 5.7540.0 ± 55.0**rorre dradnats 1 dna naeM

Peloritani Mountains

8. Pagliara at Roccalumera 1.28 22.69 0.41 ± 0.04 75.3 ± 1.0 0.424

9. Fiumedinisi at Nizza di Sicilia 1.10 45.64 0.51 ± 0.04 85.4 ± 0.5 0.440

Aspromonte Massif

10. San Elia at Pentedátillo 1.45 23.96 0.40 ± 0.05 81.8 ± 0.8 0.298

11. San Pasquale at Palizzi 1.85 18.48 1.10 ± 0.12 155.0 ± 5.4 0.337

12. Torno at Burzzano Zeffírio 1.01 34.28 0.59 ± 0.12 90.5 ± 11.5 0.294

5.41 ± 6.7931.0 ± 06.0rorre dradnats 1 dna naeM

*Location is name of the town nearest to where the sample was collected, according to the Millennial edition of 
Atlante Stradale d’Italia by the Touring Club Italiano.

†Best-fi t channel concavity.
§Normalized channel steepness index calculated using θ

ref
 = 0.45.

#Calculated using standard algorithms in the River Tools software package.
**Calculated as (1σ / N ), where σ is the standard deviation, and N is the number of data points.
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(Picotti and Pazzaglia, 2008; Wegmann and 

Pazzaglia, 2009), are lower than k
sn

 values in the 

Peloritani-Aspromonte, where rock uplift rates 

are between 0.69 and 1.63 mm/yr since at least 

125 ka (Cosentino and Gliozzi, 1988; Miayu-

chi et al., 1994; Bordoni and Valensise, 1998; 

Ferranti et al., 2006). This relationship is con-

sistent with both theoretical predictions (e.g., 

Whipple and Tucker, 1999), as well as previous 

fi eld studies (e.g., Snyder et al., 2000; Kirby and 

Whipple, 2001; Lague and Davy, 2003; Duvall 

et al., 2004; Wobus et al., 2006), which all docu-

ment higher k
sn

 values at increasingly rapid rock 

uplift rates.

In the Romagna Apennines (46.0 ± 1.0 ≤ 

k
sn

 ≤ 63.7 ± 1.5 m0.9), k
sn

 values are generally 

higher in downstream channel reaches closest 

to the mountain front. Systematic downstream 

increases in k
sn

 values could be the result of a 

variety of factors (e.g., Whipple, 2004), includ-

ing (1) downstream increases in grain size, 

bed load, and/or channel width, (2) orographi-

cally enhanced precipitation, or (3) higher rock 

uplift rates, U, in the downstream portions of 

the analyzed channels. In the case of either 

downstream increases in sediment caliber or 

channel width, or of orographically enhanced 

precipitation at higher catchment elevations, k
sn

 

values would decrease downstream, whereas 

if U increases downstream, k
sn

 values should 

also increase (e.g., Whipple and Tucker, 1999; 

Snyder et al., 2000; Kirby and Whipple, 2001; 

Lague and Davy, 2003; Duvall et al., 2004; 

Whipple, 2004; Wobus et al., 2006). Although it 

is likely that the Romagna Apennines approach 

steady state (Cyr and Granger, 2008), fl uvial 

terrace stratigraphy elsewhere in the northern 

and central Apennines indicates that rock uplift 

rates are higher at the mountain front and have 

accelerated since ca. 140 ka due to active fold 

growth (Picotti and Pazzaglia, 2008; Wegmann 

and Pazzaglia, 2009). While variations in bed 

state or channel width cannot be ruled out as a 

possible cause for the observed variation in k
sn

 

across the Romagna Apennines and Peloritani-

Aspromonte, it is more likely that the observed 

k
sn

 values refl ect actively growing structures 

at the Apennines mountain front (e.g., Picotti 

and Pazzaglia, 2008; Wegmann and Pazzaglia, 

2009). In the Peloritani-Aspromonte region, k
sn

 

values increase as a function of rock uplift rate 

(Figs. 3 and 4; Tables 1 and 2). This is consis-

tent with both the relationship between U and 

k
sn

 predicted by Equation 3, as well as empiri-

cal studies conducted in landscapes where rock 

uplift rates are known.

It is also possible that the patterns of k
sn

 val-

ues observed in both landscapes are the result 

of the chosen value of θ
ref

. Normalized chan-

nel steepness index values calculated using a 

range of θ
ref

 between 0.2 and 0.7 are presented 

in Table DR2 and Figure DR4 (see footnote 1). 

Although the absolute values of k
sn

 vary over 

several orders of magnitude depending on the 

selected value of θ
ref

 (Table DR2 [see footnote 

1]), the relationship between k
sn

 and rock uplift 

rates is maintained (Fig. DR4 [see footnote 1]).

Regardless of the chosen value of θ
ref

, our 

data indicate that the k
sn

 values of detachment-

limited stream channels in the Romagna Apen-

nines and Peloritani-Aspromonte do increase as 

a function of increasing rock uplift rates, which 

is consistent with both theoretical predictions 

and fi eld observations. It also appears that the 

relationship between k
sn

 and rock uplift rate is 

nonlinear, with k
sn

 reaching a threshold at rock 

uplift rates greater than ~1 mm/yr. The small 

number of our k
sn

 data points makes a quantita-

tive relationship between k
sn

 and rock uplift rates 

in the Romagna Apennines and Peloritani and 

Aspromonte Massif diffi cult to defi ne. How-

ever, if we assume a linear relationship between 

k
sn

 values and rock uplift rate, the threshold k
sn

 

required to initiate channel incision is 43.15 

± 12.20 m0.9 (assuming θ
ref

 = 0.45).

Erosion Rates and Rock Uplift Rates

Erosion rate data from both the Romagna 

Apennines and Peloritani-Aspromonte sug-

gest a correlation with local rock uplift rates 

as determined from fl uvial and marine ter-

race stratigraphy (Figs. 3 and 4; Table 2). In 

both of these landscapes, catchment-averaged 

hillslope erosion rates are similar to local 

rock uplift rates to within a factor of ~2. This 

variability might be related to either (1) the 

stochastic nature of hillslope landsliding and 

insuffi cient mixing of landslide-derived sedi-

ment in the sampled stream channels (e.g., 

Granger et al., 1996; Niemi et al., 2005; 

Yanites et al., 2009), and/or (2) the observed 
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Figure 4. Comparison of k
sn

 values (A) and 10Be erosion rates (B) to rock 

uplift rates in the Romagna Apennines (fi lled diamonds) and Peloritani-

Aspromonte (open diamonds) study areas. Uncertainties for k
sn

 and ero-

sion rates are 1σ analytical uncertainty. Uncertainties in rock uplift rates 

are from the literature (see text for references). Gray squares indicate 

the regional mean k
sn

 values and erosion rates compared to regional 

mean rock uplift rates and are surrounded by one standard error (calcu-

lated as σ ⁄ N , where σ is one standard deviation of the measurements, 

and N is the number of measurements used to calculate the mean).
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spatial pattern of Quaternary rock uplift rates. 

This variability makes it unlikely that any one 

erosion rate from a single drainage basin will 

accurately quantify millennial-scale rock uplift 

rates. However, in catchments where hillslope 

erosion is dominated by shallow landslid-

ing, determinations of erosion rates from 10Be 

concentrations of sediment samples collected 

from multiple non-nested catchments should 

converge on the long-term average concentra-

tion of 10Be and refl ect true millennial-scale 

catchment-averaged erosion rates (Niemi et al., 

2005; Yanites et al., 2009).

In this case, the data can be considered as 

two groups of catchments representing land-

scapes where rock uplift rates are relatively slow 

(the Romagna) and relatively rapid (the Pelori-

tani-Aspromonte). If the data are treated in this 

way, the regional mean hillslope erosion rates 

are indistinguishable from the regional mean 

rock uplift rates within one standard error of the 

mean (Fig. 4). This result is perhaps not surpris-

ing, given the predictions of various conceptual 

and numerical landscape evolution models that 

have described a similar functional relationship 

between hillslope erosion rates and rock uplift 

rates, and it demonstrates the potential for 10Be-

determined, catchment-averaged hillslope ero-

sion rates to be used as a proxy for millennial-

scale rock uplift rates.

Steady-State Assumption in the Romagna 

Apennines and Peloritani-Aspromonte

Our use of k
sn

 values and 10Be catchment-

averaged erosion rates to quantify absolute rock 

uplift rates depends on the underlying assump-

tion that the Romagna Apennines and Peloritani-

Aspromonte landscapes approach steady state. 

Some studies have demonstrated that a variety 

of landscapes around the world may approach 

steady-state conditions by demonstrating that 

erosion rates are similar to long-term exhuma-

tion rates (e.g., Matmon et al., 2003; Vance et al., 

2003; Safran et al., 2005), or that one or both k
sn

 

values and 10Be erosion rates are sensitive to spa-

tially variable tectonic forcing (e.g., Wobus et 

al., 2005, 2006). However, it has also been sug-

gested that steady-state conditions may never be 

reached, since the adjustment time scales of hill-

slope and channel systems may be longer than 

either the climatic (e.g., Zhang et al., 2001) or 

tectonic fl uctuations to which they respond.

Despite the argument that steady state may 

be diffi cult to achieve and/or maintain over 

geologic time scales (>104 yr), there is evi-

dence that some of our fi eld areas do approach 

steady state. In a comparison of 10Be erosion 

and paleoerosion rates to long- and short-term 

erosion, channel incision, and rock uplift rates, 

Cyr and Granger (2008) demonstrated that the 

Romagna Apennines approach steady state. In 

this case, erosion and paleoerosion rates were 

similar to (1) short-term (decadal) sediment 

yield determined from reservoir sedimenta-

tion, (2) long-term (106 yr) sediment yield 

determined from basin sedimentation, (3) fl u-

vial incision rates determined from terrace 

stratigraphy (over 105 yr), (4) mountain uplift 

rates from geodetic re-leveling (over 102 yr), 

(5) coastal uplift rates from uplifted shorelines 

(over 105 yr), and (6) long-term (106 yr) exhu-

mation rates from thermochronometry, indi-

cating steady-state conditions in the Romagna 

Apennines since at least 0.9 Ma.

There are no similar data indicating that the 

Peloritani-Aspromonte approach steady state, 

besides making the qualitative argument that 

the channel morphology exhibits no clear sign 

of disequilibrium over the examined portions 

of channel longitudinal profi les. Regardless, the 

fact that both k
sn

 values and catchment-averaged 

erosion vary in proportion to rock uplift rates 

in the Peloritani-Aspromonte, as well as in the 

Romagna Apennines, both tests and confi rms 

our initial steady-state assumption. This sort of 

integrated approach, combining both k
sn

 analy-

sis and 10Be erosion rate determinations, may be 

useful for identifying possible steady-state con-

ditions in landscapes where the degree of steady 

state is unknown.

TABLE 2. COSMOGENIC NUCLIDE DATA, MILLENNIAL-SCALE EROSION RATES, AND ROCK UPLIFT RATES IN THE ROMAGNA APENNINES, PELORITANI 
MOUNTAINS, AND ASPROMONTE MASSIF

Sample
(river at location)

Location*
(DD °N/°E)

[10Be]†

(103 at/g quartz)
Elevation§

(m)
Production rate#

(at/g quartz/yr)
Erosion rate**

(mm/yr)
Rock uplift rate††

(mm/yr)

Romagna Apennines§§

1. Visano at Palazzuolo 44.115359/11.541561 16.8 ± 1.8 703 9.18 0.39 ± 0.05 0.40 ± 0.15

2. Senio at Palazzuolo 44.109322/11.537214 14.9 ± 2.4 723 9.34 0.45 ± 0.09 0.40 ± 0.15

3. Senio at Casola (A) 44.221099/11.621287 16.1 ± 1.3 517 7.86 0.36 ± 0.04 0.40 ± 0.15

3. Senio at Casola (B) 44.221099/11.621287 10.2 ± 1.8 517 7.86 0.57 ± 0.12 0.40 ± 0.15

4. Lamone at Biforco 44.064788/11.598059 17.7 ± 0.9 743 9.49 0.39 ± 0.02 0.40 ± 0.15

5. Lamone at San Eufemia 44.169898/11.686457 16.1 ± 0.8 646 8.76 0.39 ± 0.03 0.40 ± 0.15

6. Montone at San Benedetto in Alpi 43.981741/11.688390 15.6 ± 2.4 835 10.24 0.47 ± 0.09 0.40 ± 0.15

7. Montone at Davadola 44.118721/11.884911   8.4 ± 1.3 570 8.22 0.72 ± 0.14 0.40 ± 0.15

Peloritani Mountains

8. Pagliara at Roccalumera 37.966618/15.38116   5.9 ± 0.4 604 7.82 0.97 ± 0.11 1.07 ± 0.02

9. Fiumedinisi at Nizza di Sicilia 38.00270/15.40523   4.2 ± 1.1 666 8.21 1.44 ± 0.40 1.07 ± 0.02

Aspromonte Massif

10. San Elia at Pentedáttilo 37.94329/15.75762   2.8 ± 0.3 571 7.61 2.01 ± 0.27 1.35 ± 0.03

11. San Pasquale at Palizzi (sand) 37.94841/15.96210   5.4 ± 0.6 531 7.36 1.02 ± 0.27 1.35 ± 0.03

11. San Pasquale at Palizzi (gravel) 37.94841/15.96210   2.8 ± 0.9 531 7.36 2.00 ± 0.65 1.35 ± 0.03

12. Torno at Bruzzano Zeffírio 38.00476/16.08362   7.9 ± 0.5 397 6.61 0.62 ± 0.06 0.69 ± 0.02

*WGS84 datum.
†[10Be] measured by accelerator mass spectrometry at Prime Laboratory, Purdue University, against standards prepared by K. Nishiizumi. Concentrations have been 

decreased by 14% to correct for a 10Be half-life of 1.34 m.y. (Nishiizumi et al., 2007).
§Elevation is the area-weighted catchment-averaged elevation of the catchment above the sample location.
#Production rate is the spatially averaged production rate over the catchment, scaled for elevation and latitude according to Stone (2000), using a sea-level, high-latitude 

production rate of 5.1 at/g/yr decreased by 14% based on a 10Be half-life of 1.34 m.y. (Nishiizumi et al., 2007).
**Quoted uncertainty is the analytical uncertainty only and does not include an ~7% uncertainty in the sea-level, high-latitude 10Be production rate. 
††Refer to text for uplift rate sources.
§§Location is the name of the town nearest to where the sample was collected, according to the Millennial edition of Atlante Stradale d’Italia by the Touring Club Italiano.
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Comparing Channel Steepness and 

Erosion Rates

Individually, both calculated k
sn

 values and 
10Be-determined hillslope erosion rates have 

limitations as tools for describing absolute rock 

uplift rates. Determinations of the k
sn

 values of 

channels draining the Romagna Apennines and 

Peloritani-Aspromonte, while broadly indicative 

of relative differences in rock uplift rates across 

a given area, do not appear to increase indefi -

nitely with increasing rock uplift rates. This 

potentially limits the utility of k
sn

 for quantify-

ing spatial variations in rock uplift rates in rap-

idly uplifting landscapes. Catchment-averaged 

hillslope erosion rates, on the other hand, are 

locally similar to long-term (105 yr) rock uplift 

rates in both relatively slowly and relatively rap-

idly uplifting landscapes. Erosion rates appear 

to increase roughly linearly with rock uplift 

rates in all cases. However, based on repeat 

erosion rate determinations at one sampling 

location (Table 2), any single erosion rate mea-

surement is different from the local rock uplift 

rate by up to a factor of ~2, making it unlikely 

that any single determination of an erosion rate 

in an individual catchment can be used to reli-

ably quantify rock uplift rate. The combination 

of detachment-limited channel profi le analysis 

and determinations of catchment-averaged hill-

slope erosion rates using 10Be might be a more 

effective way to (1) establish that a landscape 

approaches steady state with tectonically driven 

rock uplift; (2) identify landscapes where rock 

uplift rates might be similar; and (3) quantify 

rock uplift rates by using the erosion rates of 

several catchments across a region and averag-

ing those rates together.

Lithologically uniform drainage basins that 

approach steady state should exhibit uniform k
sn

 

values and catchment-averaged erosion rates. 

Catchments where all segments of the drainage 

network have similar k
sn

 values suggest spatially 

uniform K and U (Eq. 1). In these cases, channel 

incision rates should scale with rock uplift rates, 

and an average of 10Be erosion rates in these 

catchments should equal the regional average 

rock uplift rate. The distributions of k
sn

 values 

and catchment-averaged hillslope erosion rates 

might also be useful for distinguishing land-

scapes with different tectonic forcing. In addi-

tion to determining whether channel incision 

rates approach steady state with rock uplift 

rates, channel steepness analyses could be used 

to identify where changes in tectonic forcing 

might occur. Catchments with internally simi-

lar k
sn

 values in one landscape that are different 

from those in another landscape, such as those 

between the Romagna Apennines and Pelori-

tani-Aspromonte, suggest that the two drainage 

networks have equilibrated to different sets of K 

and/or U values. Assuming steady-state condi-

tions, the spatial pattern of k
sn

 values could be 

used to inform cosmogenic nuclide sampling 

strategies with the goal of using the average ero-

sion rates of several catchments across a region 

to quantify regional average rock uplift rates.

CONCLUSIONS

The Romagna Apennines, northern Italy, 

and the Peloritani Mountains and Aspromonte 

Massif, southern Italy, are landscapes that have 

broadly similar climate and lithologic resistance 

to erosion, but that record markedly different 

rock uplift rates over at least the past 125 k.y., as 

indicated by fl uvial and marine terrace stratig-

raphy. We calculated normalized channel steep-

ness index (k
sn

) values and cosmogenic 10Be ero-

sion rates in eight catchments where rock uplift 

rates inferred from fl uvial and marine terrace 

stratigraphy increase from 0.40 ± 0.15 mm/yr to 

1.35 ± 0.03 mm/yr. We fi nd that:

(1) k
sn

 values increase with rock uplift rates 

up to ~1 mm/yr, above which they appear to 

reach a threshold value; and

(2) 10Be erosion rates increase linearly with 

increasing rock uplift rates. Based on repeat 

measurements, individual determinations of 

erosion rate are only similar to local rock uplift 

rates to within a factor of ~2. However, regional 

average erosion rates in each of our landscapes 

are indistinguishable from the regional mean 

rock uplift rates.

Collectively, our k
sn

 and erosion rate data 

indicate that these methods can be combined 

as a tool to quantify rock uplift rates. Chan-

nel steepness index calculations could be used 

to inform fi eld mapping in order to assess the 

effects of changes in channel width, bed cover, 

rock resistance to erosion, etc., and sediment 

sampling for the determination of erosion rates 

using cosmogenic nuclides. This would allow 

the determination of regionally (≥100 km2) 

averaged rock uplift rates using catchment-

averaged erosion rates by maximizing the 

effects of tectonically driven rock uplift rates 

on the sampled catchments, while simultane-

ously minimizing the complications inherent 

in both methods.
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