
GEOLOGY, February 2008 103

ABSTRACT
Erosion, river incision, and uplift rates in the northern and central 

Apennines, Italy, since 0.9 Ma, are determined from new cosmogenic 
nuclide data. Beryllium-10 concentrations in modern and middle 
Pleistocene sediments indicate erosion rates from 0.20 to 0.58 mm/yr. 
These rates are similar to estimates of sediment yield (0.12–0.44 mm/yr), 
river incision (0.35 mm/yr), and uplift (0.01–1.0 mm/yr) rates inferred 
from other methods that integrate landscape process rates since the 
early Pleistocene. These rates of landscape change are signifi cantly 
lower than long-term exhumation rates of ~1.2 mm/yr since ca. 4.5 Ma, 
inferred from thermochronometry. Collectively, these data suggest 
that hillslope erosion and river incision rates in the northern and cen-
tral Apennines have balanced local uplift rates for ~1 My, but that 
exhumation rates have slowed signifi cantly since emergence of the 
mountain chain in the Pliocene. This condition of dynamic equilib-
rium was potentially achieved within ca. 3 Ma, similar to some model 
predictions of hillslope and fl uvial system adjustment.

Keywords: Landscape evolution, dynamic equilibrium, cosmogenic 
nuclides, erosion, northern Apennines, Italy.

INTRODUCTION
Under conditions of steady uplift, many landscape evolution mod-

els predict a condition of steady state, in which erosion rates, river 
incision rates, and relief are everywhere adjusted to match local uplift 
rates. It has been argued that steady state is diffi cult to achieve in natural 
landscapes, primarily because the response times of hillslope and fl uvial 
systems are long with respect to variations in climate (e.g., Zhang et al., 
2001). Nonetheless, a dynamic equilibrium between erosion and uplift 
that refl ects prevailing climatic conditions may potentially be achieved 
(Hack, 1960; Howard, 1982; Whipple, 2001). Such a dynamic equilib-
rium, however, may only exist over limited spatial and temporal scales 
(Schumm and Lichty, 1965).

Dynamic equilibrium in mountain belts over time scales of 103 to 106 
years is supported by various cosmogenic nuclide studies, which show 
that spatially averaged millennial-scale erosion rates are comparable to 
exhumation rates over millions of years. This has been documented in a 
variety of tectonic environments (Riebe et al., 2000; Kirchner et al., 2001; 
Matmon et al., 2003; Vance et al., 2003; Safran et al., 2005). However, to 
ascertain over what time scales and spatial scales dynamic equilibrium can 
exist in an active orogen, a more comprehensive test, in which erosion 
rates, river incision rates, and uplift rates are determined by independent 
methods and over a range of time scales in the same landscape, is needed.

In this paper, we compare erosion, incision, and uplift rates inferred 
from nine different methods in the tectonically active northern and central 
Apennines. We use new cosmogenic nuclide data to infer (1) erosion rates, 
(2) middle Pleistocene paleoerosion rates, and (3) river incision rates. We 
then compare these to previous estimates of (4) short-term sediment yield 
determined from reservoir sedimentation, (5) long-term sediment yield from 
basin sedimentation, (6) fl uvial incision rates from terrace stratig raphy, 
(7) mountain uplift rates from geodetic re-leveling, (8) coastal uplift rates 
from uplifted shorelines, and (9) long-term exhumation from thermo-
chronometry. Together, these data indicate to what degree and over what 
scales this landscape has achieved steady state.

COSMOGENIC NUCLIDE METHODS
Millennial-Scale Erosion Rates

The concentration of 10Be in quartz-bearing fl uvial sediment refl ects 
the spatially averaged erosion rate of a watershed measured over the time 
scale required to erode one secondary cosmic-ray penetration length, 
~60 cm of rock (Lal, 1991; Brown et al., 1995; Bierman and Steig, 1996; 
Granger et al., 1996). Application of this method requires that (1) quartz 
is evenly distributed throughout the watershed, (2) sediment is well mixed 
and representative of hillslope erosion rates, and (3) sediment transport 
time is short relative to sediment residence time on hillslopes.

Burial Ages and Paleoerosion Rates
The burial age of quartz-bearing sediment can be determined 

from the differential radioactive decay of the cosmogenic nuclides 26Al 
(t1/2 = 0.72 My) and 10Be (t1/2 = 1.34 My). Quartz sediment initially acquires 
26Al and 10Be during hillslope erosion and transport. If the sediment is 
 buried deeply enough that it is shielded from secondary cosmic rays, then 
the 26Al/10Be ratio will decrease through time, and the age of sediment 
burial can be determined (Granger and Muzikar, 2001).

In addition to dating sediment burial, cosmogenic nuclides can be 
used to determine paleoerosion rates. By accounting for post-burial radio-
active decay, the original 26Al and/or 10Be concentrations can be deter-
mined, indicating the erosion rate in the watershed at the time of sediment 
deposition (Schaller et al., 2004; Balco and Stone, 2005). This paleo-
erosion rate represents the millennial-scale, catchment-averaged erosion 
rate of the watershed at the time of sediment deposition, rather than a 
long-term average. Paleoerosion rates are calculated simultaneously with 
26Al/10Be burial ages, but can also be determined using independently 
known ages and a single cosmogenic nuclide (Schaller et al., 2004). This 
method assumes that the mean elevation, latitude, and geometry of the 
drainage basin have not changed signifi cantly through time so that the mod-
ern catchment-averaged production rates of 26Al and 10Be can be applied.

River Incision Rates
River incision rates can be determined by measuring the elevation 

difference between a dated fl uvial terrace and the modern river channel. 
In special cases, incision rates can be constrained by using caves preserved 
in the walls of river gorges (e.g., Granger et al. 1997; Stock et al., 2004). 
We use burial dating of cave deposits and fl uvio-marine terraces to infer 
river incision rates in our study area.

SITE DESCRIPTIONS
The northern and central Apennines expose a Mesozoic to Pleisto-

cene sequence of sedimentary rocks that have been uplifted above the 
retreating Adriatic subduction zone since late Neogene time (Lucchi, 
1990). Our study area is limited to the Adriatic (northeastern) side of the 
mountain range, where rivers have similar drainage areas and share a com-
mon base level and uplift history. We present cosmogenic nuclide data to 
infer millennial-scale erosion, paleoerosion, and river incision rates from 
three separate areas (Fig. 1).

Romagna Apennines
We determined erosion rates using 10Be in quartz sediment from 

rivers  of the Romagna Apennines, in the central portion of our study area 
(Fig. 1). These mountains expose a spatially homogeneous, quartz-rich 
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turbidite sandstone (Lucchi, 1990). There is no evidence of glaciation in 
our sampled watersheds. Hillslope erosion is dominated by shallow land-
sliding (Simoni et al., 2003; Servizio Geologico, Sismico, e dei Suoli, 
2005) and rivers have bedrock channels with only a thin (<1-m), sand-
sized alluvial cover (Spagnolo and Pazzaglia, 2005).

To document the spatial distribution of millennial-scale, catchment-
averaged erosion rates across the Romagna Apennines, we collected eight 
samples from either the active channel or overbank deposits at locations in 
both the upper and lower reaches of three watersheds. All of the sampled 
watersheds are contained entirely within the turbidite sandstones to avoid 
lithologic control on the pattern of erosion rates.

Esino River Basin
We determined paleoerosion, river incision, and coastal uplift rates 

in the Esino River valley, in the southern part of our study area (Fig. 1). 
The middle portion of the Esino River has incised through a series of 
limestone-cored anticlines (Calamita et al., 1994). Caves in the lime-
stone were originally formed near the water table but are now perched 
high above the river and record long-term river incision rates. One of 
these caves, the Grotta della Madonna, is now 150 m above the modern 
channel and contains quartz-bearing fl uvial sediment, suitable for burial 
dating, that was washed into the cave by the Esino River. The lower por-
tion of the Esino River fl ows across an uplifted Plio-Pleistocene fl uvial  
and littoral sequence (Colalongo et al., 1979). The most laterally exten-
sive fl uvio-marine deposits stretch over much of the Adriatic coast and 
have been biostratigraphically correlated to the Early-Middle Pleisto-
cene. The Early-Middle Pleistocene terrace includes the Sabbie Gialle 
(next section); it has an age of 0.9 ± 0.1 Ma, inferred from its reversed 
magnetic polarity (Marabini et al., 1995) combined with electron spin 
resonance (ESR) dating (Falgueres, 2003). These deposits are currently 
~100 m above sea level in our study area.

We used the concentrations of cosmogenic 10Be and 26Al to infer 
the depositional age and paleoerosion rate of sediment collected from 
the Grotta della Madonna. We also determined paleoerosion rates from a 
fl uvial facies of the Early-Middle Pleistocene fl uvio-marine terrace. We 
collected samples from a depth of 27 m at a recently abandoned sand 
pit near the town of Castelfi dardo, and from a depth of 22 m at a similar 
pit on Monte San Pellegrino. Coastal uplift rates were inferred from the 

depositional age of the Castelfi dardo and Monte San Pellegrino deposits 
and the elevation of the sampling site above modern sea level. At this 
location, the river is graded to sea level; therefore, incision and uplift 
rates are equivalent.

Sabbie Gialle
We determined paleoerosion rates from an additional site on the 

Early-Middle Pleistocene marine terrace, in the Sabbie Gialle Formation 
near the city of Imola, at the northern limit of our study area (Fig. 1). 
The Sabbie Gialle is composed of poorly indurated, shallow marine and 
fl uvial sandstone and mudstone (Marabini et al., 1995). We collected four 
samples from depths of 8–20 m in an active sand pit.

RESULTS
Modern Erosion Rates in the Romagna Apennines

Catchment-averaged erosion rates across the Romagna Apen-
nines determined from 10Be in stream sediment are shown in Table DR1 
in the GSA Data Repository1 and Figures 1 and 2. They range from 
0.28 +0.02/!0.01 to 0.58 +0.11/!0.08 mm/yr, and display no pattern with respect 
to elevation within the watersheds or location within the mountain range. 
Variability is within a factor of two, both among sites and in replication. 
Two samples collected from the same location but at different times of 
the year yield erosion rates of 0.29 +0.03/!0.02 and 0.46 +0.10/!0.07 mm/yr. 
Such variability is not unexpected with cosmogenic nuclide-based ero-
sion rates, particularly in catchments dominated by landsliding (Niemi 
et al., 2005), where sediments may not be fully mixed from throughout 
the watershed.

Paleoerosion and Uplift Rates in the Esino River Basin
Paleoerosion, fl uvial incision, and coastal uplift rates deter-

mined from sedimentary deposits in the Esino River valley are shown 
in Table DR2 and Figures 1 and 2. Fluvial sand in the Grotta della 
Madonna has a burial age of 0.75 ± 0.26 Ma and a paleoerosion rate of 
0.20 ± 0.04 mm/yr. Considering that the Grotta della Madonna is now 
150 m above the modern channel, we infer an incision rate of the Esino 
River of 0.20 ± 0.1 mm/yr. We obtain similar paleoerosion rates from the 
Early Middle Pleistocene terrace. At both Castelfi dardo and at Monte San 
Pellegrino, we infer paleoerosion rates of 0.24 ± 0.06 mm/yr.

N

50 km

13"30° E

43"30° N

44"30° N

12"30° E

Uplift
rate

Erosion
rate

Incision
rate

Sediment
yield

Paleoerosion
rate

mm/yr

0.0 0.20.1 0.3 0.50.4 0.6 0.7 0.8 0.9 1.0

RA

SG

GDM
CD&MSP

Marecchia Valley

Esino Valley

Reno Valley

Figure 1. Shaded 90-m-resolution digital elevation model (source: 
Shuttle Radar Topography Mission [SRTM], U.S. Geological Survey, 
http://seamless.usgs.gov/) of the northern and central Apennines, 
Italy. Symbols show the spatial distribution of erosion, incision, 
and uplift rates from previously published research and new data 
from this study (bold symbols). Location abbreviations: SG—Sabbie 
Gialle; RA—Romagna Apennines; GDM—Grotta della Madonna; 
CD—Castelfi dardo; MSP—Monte San Pellegrino.
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Figure 2. Rates of denudation (white area), fl uvial incision (medium-
gray area), and uplift (dark-gray area) in the northern and central 
Apennines inferred from seven different techniques over decadal- to 
million-year time scales.

1GSA Data Repository item 2008031, cosmogenic nuclide data, landscape 
process rates inferred from cosmogenic nuclide data, and a comparison of our 
results with previous estimates of landscape process rates in Tables DR1–DR3, 
is available online at www.geosociety.org/pubs/ft2008.htm, or on request from 
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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Paleoerosion Rates from the Sabbie Gialle
Paleoerosion rates inferred from the Sabbie Gialle are shown in 

Table DR2 and Figures 1 and 2. We infer a weighted mean paleoerosion 
rate of 0.23 ± 0.03 mm/yr.

DISCUSSION
Our cosmogenic nuclide data show that millennial-scale erosion 

rates, paleoerosion rates, fl uvial incision rates, and coastal uplift rates 
are all similar to within a factor of two (Figs. 1 and 2, Table DR3). Col-
lectively, these data suggest that catchments within the northern and 
central Apennines are in a state of dynamic equilibrium. If this is true, 
then we would expect similar results from other methods that measure 
erosion, incision, and uplift rates over different time scales, but over a 
similar spatial scale.

Short- and Long-Term Sediment Yield
Sediment yields from northern and central Apennines catchment 

basins have been estimated for both decadal and million-year time 
scales (Table DR3). Estimates of the sediment yield of over 40 Ital-
ian catchments have been compiled by deVente et al. (2006) using res-
ervoir sedimentation data. Assuming a rock density of 2.6 g/cm3, their 
data indicate catchment-averaged erosion rates between 0.12 ± 0.01 and 
0.53 ± 0.09 mm/yr over the past ~50 yr.

Long-term sedimentation rates have also been estimated for this 
part of the Apennines chain. Bartolini et al. (1996) used the volumes of 
sedimentary basin fi lls to estimate denudation rates of the watersheds 
feeding the Po Plain and northern Adriatic Sea, including the northern 
and central Apennines. Erosion rates of 0.44 ± 0.04 mm/yr during the 
Pleistocene and 0.44 ± 0.11 mm/yr during the Holocene are similar to 
both our millennial-scale and paleoerosion rates inferred from cosmo-
genic nuclide data.

Fluvial Incision Rates
The incision rate of the Lamone River in the Romagna Apennines 

has been determined from a 15-ka fl uvial terrace (Table DR3). Simoni 
et al. (2003) estimate an incision rate of 0.35 ± 0.02 mm/yr, comparable 
to our millennial-scale erosion rates in the same watershed as well as 
the longer-term incision rate over the past 750 ka at the Grotta della 
Madonna (although we cannot rule out fl uctuations in river incision rates 
over intermediate time scales).

Short- and Long-Term Uplift Rates
Short- and long-term estimates of uplift rate across the northern and 

central Apennines have been determined using two different methods. 
D’Anastasio et al. (2006) used geodetic re-leveling to estimate uplift 
rates along three transects in our study area normal to the crest of the 
Apennines (Table DR3). They infer mean uplift rates of 1.0 ± 0.2 mm/yr 
to the north of our study area, in the Reno valley near Bologna, 
0.41 ± 0.26 mm/yr in the Marécchia valley at the southern edge of the 
Romagna Apennines, and 0.54 ± 0.05 mm/yr in the Esino River valley, 
relative to a benchmark at Genoa. The uncertainties stated in this paper 
refl ect the standard deviation across the re-leveling transect. Variability 
in uplift rate may refl ect actively growing structures in the north.

Coastal uplift rates can be inferred over a longer time scale from the 
elevation of a marine terrace assigned to marine isotope stage (MIS) 5e 
at 125 ka. Vannoli et al. (2004) infer coastal uplift rates between 0.01 
and 0.08 mm/yr. However, they suggest that uplift rates farther inland 
may be signifi cantly faster. Fluvial terraces correlated with the MIS 5e 
marine terrace in six central Apennines river valleys suggest that 
uplift rates at the central Apennines mountain front may be as high as 
0.3 mm/yr (Vannoli et al., 2004).

Long-Term Dynamic Equilibrium of the Northern and 
Central Apennines

Together, these data, compiled for a broad swath of the northern and 
central Apennines, suggest that erosion, river incision, and uplift have main-
tained a dynamic equilibrium to within roughly a factor of two over the 
past 900 ky. With few exceptions, erosion, incision, and uplift rates deter-
mined for the past ~1 My are constrained within a narrow range of 0.2 to 
0.5 mm/yr (Figs. 1 and 2, Table DR3). The Apennines are a young and tec-
tonically active mountain range, having been uplifted above sea level pri-
marily within the Pliocene (Lucchi, 1990). This raises the question of the 
time scale required to achieve dynamic equilibrium. One way that we can 
address this problem is to compare our erosion rate data to exhumation rates 
over a longer time scale, comparable to the emergence of the Apennines.

Exhumation rates in the Romagna Apennines have been inferred 
from apatite fi ssion track (AFT) thermochronometry (Zattin et al., 
2002). Using AFT, minimum ages from across the Romagna Apennines, 
and a geothermal gradient inferred from vitrinite refl ectance and modern 
heat-fl ow measurements, Zattin et al. (2002) estimate rapid exhumation 
of ~1.2 mm/yr since ~4.5 m.y. ago (Table DR3).

The exhumation rate inferred by Zattin et al. (2002) is signifi cantly 
faster than our cosmogenic nuclide erosion and paleoerosion rates. 
Although uncertainties may exist in the geothermal gradient or thermal 
evolution of the mountain range as a result of changes in exhumation 
rates, the AFT data suggest that erosion rates in the Apennines have 
decreased over time. One explanation may be that the thermochrono-
metric data indicate more rapid erosion of relatively weak lithologies 
soon after emergence of the Apennines. If so, then the transition to a 
slower erosion rate occurred within ~3 My.

Although a variety of data suggests that steady state among erosion, 
incision, and uplift has existed since the Middle Pleistocene, the discrep-
ancy with long-term exhumation rates indicates that this is probably a 
dynamic equilibrium and that relief is changing over longer time scales. It 
is important to realize that dynamic equilibrium between landscape com-
ponents can exist over one spatial and temporal scale, while other elements 
of the landscape may have transient behavior over longer or shorter time 
scales (e.g., Schumm and Lichty, 1965). One way to understand this is 
through the response times of various components of the landscape. For 
example, hillslopes that are eroding by diffusive processes have a response 
time proportional to the time taken to erode one hillslope height (Fernandes 
and Dietrich, 1997). Rivers that are incising according to the stream power 
law have a response time approximately equal to the time required to 
incise through one fl uvial relief (Whipple and Tucker, 1999). Mountain 
belts evolving according to critical wedge theory have a response time pro-
portional to the time required to erode one wedge volume (Whipple and 
Meade, 2004). Using these simple scaling arguments and values appropri-
ate for the northern and central Apennines, we expect that the time scale for 
localized hillslope adjustment to changes in river incision rates is ~0.1 My, 
the time scale for adjustment of river profi les is ~2–3 My, and the response 
time for the entire wedge is ~20–60 My. Our conclusion that watersheds 
within the northern and central Apennines have achieved dynamic equilib-
rium within only a few million years, but that orogenic relief may be chang-
ing over longer time scales, is consistent with these estimates.

One potential implication of this work is that millennial-scale erosion 
rates determined from cosmogenic nuclides may be used to infer uplift 
and incision rates in other landscapes where there is good evidence for 
dynamic equilibrium (e.g., Wobus et al., 2005).

CONCLUSIONS
Our cosmogenic nuclide data from the northern and central Apen-

nines show that millennial-scale erosion rates, paleoerosion rates, fl uvial 
incision rates, and coastal uplift rates are similar to one another to within 
a factor of two. Comparison with incision and uplift rates, and sediment 
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yield data from other studies, suggests that dynamic equilibrium of the 
hillslopes and fl uvial network has existed in this part of the Apennines for 
~1 My. In contrast, thermochronometric data show rapid exhumation over 
the past 5 My. We suggest that dynamic equilibrium between uplift rates 
and both the hillslope and fl uvial systems was achieved within a few mil-
lion years from emergence of the Apennines.
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