Deriving rock uplift histories from data-driven inversion of river profiles
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ABSTRACT

Reconstructing the evolution of Earth’s landscape is a key to understanding its future evo-
lution and to identifying the driving forces that shape Earth’s surface. Cosmogenic nuclide
and thermochronological investigations are routinely used to quantify Earth surface processes
over 10>-10* yr and 10°-107 yr, respectively. A comparison of the rates of surface processes
derived from these methods is, however, hampered by the large difference in their time scales.
River profiles bridge this time gap and record the regional uplift history over 10>~10" yr. Here
I present an integrative inverse modeling approach to simultaneously reconstruct river pro-
files, model thermochronological and cosmogenic nuclide data, and derive robust information
about landscape evolution over thousands to millions of years. An efficient inversion routine
is used to solve the forward problem and find the best uplift history and erosional parameters
(such as the exponents of discharge [m] and slope [n] in the stream power equation) that
reproduce the observed data. I test the performance of the algorithm by inverting a synthetic
data set and a data set from the Sila massif (Italy). Results show that even complicated uplift
histories can be reliably retrieved by the combined interpretation of river profiles and thermo-

chronological and cosmogenic nuclide data.

INTRODUCTION

Earth’s surface is constantly evolving as a
response to changes in its boundary conditions,
such as changes in tectonic uplift and climate
change (e.g., England and Molnar, 1990). Dur-
ing recent decades, important questions in Earth
sciences have emerged from intense research
about the coupling between tectonics, climate,
and resulting landscape evolution. As such,
the potential response of climate to intensi-
fied mountain building by CO, drawdown via
increased chemical weathering is highly debated
(e.g., Raymo and Ruddiman, 1992; West, 2012;
Maher and Chamberlain, 2014). Analytical
methods such as thermochronological tools and
cosmogenic nuclide dating are routinely used
to quantify Earth surface processes (e.g., Rein-
ers and Ehlers, 2005; von Blanckenburg, 2005).
Resulting rates of surface processes are repre-
sentative over different time scales; e.g., a con-
stant erosion rate of 0.1 mm/yr yields an apatite
(U-Th)/He age of ca. 22 Ma (for a steady-state
one-dimensional [1-D] thermal model with 500
°C at 30 km depth and 10 °C at the surface)
and a '°Be age of ca. 6 ka (assuming an attenu-
ation length of 160 g/cm? and a density of 2.7
g/cm?), respectively. Although these methods
can be combined (e.g., Buscher et al., 2013;
Glotzbach et al., 2013), estimating virtually
continuous rates of landscape evolution across
these time scales remains a challenge and was
therefore identified as a high-priority research
task (National Research Council, 2010).

Inverse models for the interpretation of ther-
mochronological data use, in almost all applica-
tions, a simplistic approximation of topographic
evolution. The most widely applicable program,
Pecube, is flexible in incorporating changes in
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topography (e.g., Braun et al., 2012), but there
are only a few studies that model the complex
transient reaction of topography due to changes
in uplift rate (if not stated differently, “uplift”
means “rock uplift” herein) (e.g., Braun and
van der Beek, 2004; Fox et al., 2014a). Depend-
ing on the boundary conditions (e.g., erosional
coefficient, length of drainage system), transfer-
ring uplift signals through the entire landscape
requires as much as millions of years (e.g.,
Whipple, 2001). A single uplift pulse results in an
erosional upstream-migrating wave, which may
be misinterpreted as a long-lasting or migrating
uplift event if the transient evolution of landscape
is not taken into account. A potential method to

U: Uplift
E: Erosion
A: Drainage area

prevent such misinterpretation and bridge ana-
lytical time scales is the analysis of river profiles
(e.g., Pritchard et al., 2009). Rivers are dynamic
systems that react to changes in tectonic uplift
and climate conditions, which may be recorded
as distinct knickpoints in river profiles. An
increasing number of studies have inverted river
profiles to estimate uplift histories (e.g., Roberts
and White, 2010; Fox et al., 2014b; Paul et al.,
2014). These studies have incorporated analyti-
cal data to calibrate erosional models, but their
inversions are driven solely by river profiles. In
this study, I take a step forward and invert river
profiles and analytical data (cosmogenic nuclide
and thermochronological data) simultaneously.

MODELING APPROACH

This study, for the first time, presents a fully
coupled landscape evolution modeling (LEM)
approach that simultaneously fits river profiles
and independent analytical data that quantify
short- to long-term Earth surface processes
(Fig. 1). The major benefit of the presented mod-
eling approach is the possibility to extract an
uplift history that is consistent with (1) analytical
data sensitive to different time scales, and (2) the
shape of river profiles and thus topography. Pre-
vious approaches based on river profiles used
independent geological data, including thermo-
chronological and cosmogenic observations, to
check the consistency between uplift histories
derived from river inversion and to tune model
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Figure 1. Principal model setup and equations. River evolution is modeled with a stream
power equation, where drainage area is used to approximate discharge. Hillslope evolution
is modeled assuming a slope-dependent erosion law, where k is assumed to be constant
along the hillslope. Temperature evolution is modeled with the one-dimensional heat-trans-
fer equation, and surface and basal temperatures are used as boundary conditions.
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parameterization (e.g., Paul et al., 2014). The
philosophy of the presented integrated modeling
approach is different; parameters controlling the
pace of erosion, such as the erosional coefficient
(k) and the exponents of discharge () and slope
(n) in the stream power equation are free param-
eters during inversion (Fig. 1). Tuning of these
parameters occurs during the inversion and eval-
uation of the fit between modeled and observed
data. A corresponding program is implemented
in MATLAB and consists of (1) a forward func-
tion that models river profiles and analytical data
for a specified uplift history, and (2) an inversion
routine that solves the forward problem with the
objective of maximizing the fit between observa-
tion and model.

The program extracts the drainage system
from a digital elevation model and calculates
the river evolution at distinct river nodes with
constant spacing using the stream power equa-
tion (e.g., Whipple and Tucker, 1999) (Fig. 1).
Hillslopes are modeled with a constant length
and spacing assuming a slope-dependent ero-
sion law, a diffusion coefficient of 0.01 m/s, and
exponents of distance (r,) and slope (m,) of 0 and
1 respectively (e.g., Kirkby, 1971), whereas the
change in elevation of the connected river node
is used as a boundary condition, and the maxi-
mum slope between hillslope nodes is limited to
a critical hillslope (e.g., 30°). A standard finite-
element technique is used to solve the stream
power and hillslope equations, and the stability
(uplift > erosion) is guaranteed by choosing an
appropriate time step (<1 k.y.). The elevation,
uplift, and erosion history of each river and
hillslope node is recorded during modeling and
used as input to calculate cosmogenic nuclide
concentrations and thermochronological data.
Cosmogenic nuclide concentrations are numeri-
cally integrated from great depth (several tens of
meters) to the surface using depth- and latitude-

dependent spallogenic (Psp) and muonic (Pu)
production rates of Stone (2000) and Braucher
etal. (2013):

N@)=[NG@=D+(P,[z]+PB,[z])-dt |- e, (1)

where N(z) is the nuclide concentration at depth
z, A is the decay constant of '"Be, and df is the
time step of the integration, which is 100 yr
in all presented calculations. Note that z is the
product of the site-specific erosion rate and the
time step, and thus might vary from node to
node. Catchment-wide '"Be concentrations (N)
are calculated with:

N - %.i(Eij,t:o .Nij.z:() ),

@

i=1
where E, _ is the erosion rate at node ij at model
end, and N, _, is the corresponding '"Be concen-
tration at the surface. At thermochronological
sample locations, the 1-D heat-transfer equation
is solved numerically with a finite-difference
technique and standard thermal parameters
(thermal diffusivity of 1 x 10-° m?s, heat pro-
duction of 9.6 x 107! W/kg, density of 2700
kg/m?, specific heat capacity of 800 J/[kg K]).
The heat production is temporally stable and
decreases exponentially with depth, reaching
1/e of the surface production in 10 km depth.
The upper thermal boundary is calculated with
an atmospheric lapse rate of 5 °C/km, a sea-
level temperature of 20 °C, and the site-specific
elevation history of the thermochronological
sample location. The basal thermal boundary
is at 30 km depth for all models and calculated
with an initial geothermal gradient (e.g., 20
°C/km, which yields 600 °C at 30 km depth).
A stable geotherm is used as an initial condi-
tion, and the surface and basal temperatures are
used as boundary conditions. Extracted time-
temperature (¢7) paths are used to calculate

apatite (U-Th)/He and fission-track ages and
track length distributions with the annealing and
diffusion models of Farley (2000) and Ketcham
et al. (1999). The fit between observed and
modeled data drives a neighborhood algorithm
inversion, which efficiently solves the inverse
problem and extracts statistical parameters such
as posterior marginal probability density func-
tions of free parameters (see Section DR1 in the
GSA Data Repository' for additional method-
ological details). The performance and sensitiv-
ity of the model was tested via inversion of two
synthetically generated data sets consisting of
river profile and thermochronological and cos-
mogenic nuclide data (Section DR2 in the Data
Repository). The synthetic models converge to
the correct solution, i.e., all free parameters are
correctly predicted.

LANDSCAPE EVOLUTION OF THE SILA
MASSIF

The presented data-driven inverse modeling
is applied to reconstruct the landscape evolution
of the Trionto river in the northern Sila mas-
sif in southern Italy (Fig. 2). This river basin
was selected based on the following criteria:
(1) availability of thermochronological data and
sub-basin cosmogenic nuclide data (Olivetti et
al., 2012; Vignaroli et al., 2012), (2) indepen-
dent information about the uplift history from
dated terraces (e.g., Robustelli et al., 2009),
and (3) the visible absence of river captures
and nearly identical } values across drainage
divides (Fig. 2B), indicating a near equilibrium
of the river network and basin size (Willett et al.,
2014). The Sila massif is a fault-bounded massif
with a low-relief relict landscape at 1000-1600
m elevation separated by distinct river profile
knickpoints from actively incising gorges at the
massif flanks (Olivetti et al., 2012). The steep-
ness of river segments and the position of knick-
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Figure 2. Topography, drainage network, and sample locations of northern Sila massif, southern Italy. A: Shaded relief (see loca-
tion on inset map of Italy) with drainage network of Trionto river and published apatite fission-track (Vignaroli et al., 2012) and
cosmogenic '°Be sample locations (Olivetti et al., 2012). Some rivers are labeled with bold black numbers to facilitate locating
them in Figure 3A. B: Lithological map with drainage network color coded with yvalue, which is a measure of the dynamic state
of the river network (Willett et al., 2014).

!GSA Data Repository item 2015166, methodological details, performance testing of the model, inversion results of the Sila massif taking into account isostasy,
and river profile evolution of the Trionto river, is available online at www.geosociety.org/pubs/ft2015.htm, or on request from editing @ geosociety.org or Documents
Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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points are not controlled by lithology (Figs.
2B and 3A), suggesting that erodibilities of
outcropping lithologies (granite, metamorphic
rocks, and sediments) can be approximated and
modeled with a single erosional coefficient.

The massif experienced a major exhumation
pulse between 25 and 15 Ma (e.g., Vignaroli et
al., 2012), followed by a phase of tectonic qui-
escence that may have led to the development
of a low-relief landscape. Renewed uplift likely
initiated not before the late Pliocene with rates
of 0.6-1.0 mm/yr since 300—400 ka as recorded
by early Pleistocene erosional debris and dated
terraces (e.g., Westaway, 1993; Robustelli et
al., 2009; Olivetti et al., 2012). The well-con-
strained uplift history of the Sila massif and
available analytical data enable the performance
of the numerical modeling approach to be tested
and the local uplift history to be constrained.
The inversion is based on the river profile of
the Trionto river drainage system and available
cosmogenic °Be and apatite fission-track data
(Figs. 2 and 3A). 1-D marginals of the posterior
probability distribution are more or less Gauss-
ian (P4) or skewed (P2, P3, P5, P7, P8) distrib-
uted, whereas some pairs of parameters reveal
clear trade-offs (Figs. 3B and 3C), such as the
trade-off between exponent n_and the concav-
ity index (m/n). A good fit is obtained with
an erosional coefficient of 5.0 + 2.6 x 10°, an
exponent 1, of 0.93 = 0.16, a concavity index
(m/n) of 0.47 +0.06, and a geothermal gradient
of 28.7 £ 5.5 °C/km. According to the interpre-
tation of the analytical data, a three-step uplift
history was modeled. The inversion results sug-
gest that the initial uplift occurred with a rate
of 1.20 = 0.45 km/m.y. and lasted until 15.7 +
2.1 Ma (Fig. 3B). Afterward, uplift decreased to
0.09 + 0.04 km/m.y. until 0.86 + 0.44 Ma, and
finally increased to 0.88 + 0.44 km/m.y. The fast
Miocene cooling recorded in the apatite fission-
track data forces the inversion to predict fast
uplift, which may have produced significant
Miocene topography and relief. The succeeding
slow uplift (0.09 + 0.04 km/m.y.) is likely the
consequence of isostatic compensation due to
erosional unloading and the decay of topogra-
phy. Taking into account the isostatic response
to changes in topography, however, results in
a comparable uplift history (P1: 16 + 2.4 Ma;
P2:1.05 £+ 0.48 Ma; P3: 0.07 £ 0.06 km/m.y.;
P4: 0.82 £ 0.43 km/m.y; see Section DR3 in the
Data Repository).

The latter uplift rate derived for the hanging
wall of the San Nicola fault excellently fits inde-
pendent estimates derived from uplifted marine
terraces in the footwall, suggesting that rapid
uplift has occurred with ~1 km/m.y. at least
since 300400 ka (e.g., Robustelli et al., 2009).
Therefore, negligible relative vertical movement
has occurred along the fault since 300400 ka.
The exact timing and rate of the earlier uplift
is not well constrained, but the inversion sug-
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Figure 3. Results of inverse-modeled Trionto river (southern ltaly) profile thermochrono-
logical and cosmogenic '°Be data. A: Observed and best-fit river profile, apatite fission-track
(AFT) age, mean apatite fission-track length (MTL), and cosmogenic °Be nuclide concen-
trations of sample localities. Observed river profile is color coded according to lithology
(green, metamorphic rocks; blue, Mesozoic—Eocene sediments; red, granite). Black and red
dots in the inset diagrams represent observed and modeled (best-fit) analytical data. Best-fit
model yields normalized misfit of 18 for the following parameters (P1-P9): 15.8 Ma, 0.51 Ma,
1.36 mm/yr, 0.13 mm/yr, 1.74 mml/yr, 8.44 x 1077, 0.91, 0.64, and 23.0 °C/km. Some rivers are
labeled with bold black numbers to facilitate locating them in Figure 2. B: One-dimensional
marginal distributions of posterior probability distributions with their mean values (9) and
standard deviations (SD). Note that limit of x-axis corresponds to the limit to which free
parameters were allowed to vary. Lower right diagram shows two-dimensional marginal dis-
tribution of uplift history derived by combining parameters P1-P5. Eros.—erosion; Conc.—
concentration; GG—geothermal gradient. C: Two-dimensional marginal distributions of pos-
terior probability distribution of parameter pairs that show obvious trade-offs.

gests that rapid uplift of the footwall may have
initiated already in early Pleistocene times (Fig.
3B), in accordance with the transition from a
shelf-type to a Gilbert-type fan delta in late early
Pleistocene times in the Crati Basin bounding
the Sila massif to the east and north (Colella,
1988). The estimated uplift fits well the timing
of an overall change in the tectonic and mag-
matic setting in southern Italy (e.g., Westaway,
1993), and thus is likely related to deep-seated
crustal or mantle changes (e.g., Gvirtzman and
Nur, 2001). Assuming that rapid uplift continues
in future times, the upstream river segments of
the Trionto river will increase in elevation from
~1100 m at present to ~1700 m in 2 m.y. when
they will reach a steady state (Section DR4 in
the Data Repository).

DISCUSSION AND CONCLUSIONS
The application of the integrated model-
ing approach to synthetic and natural data sets
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demonstrates its functionality and performance,
especially the ability to resolve precise and
accurate uplift histories. In the case of the Sila
massif, the uplift is mainly regional, but part
of it is accommodated along distinct fault seg-
ments (e.g., Westaway, 1993). Comparing the
inversion-derived uplift rate for the Sila massif
in the footwall of the San Nicola fault (0.88 =
0.44 km/m.y.) with that derived from uplifted
marine terraces in the hanging wall (1.0 = 0.1
km/m.y.) suggests that only minor relative
uplift, if any, occurs by footwall uplift. Thus the
presented approach may also be applied to quan-
tify the timing and pace of vertical fault move-
ments that are otherwise difficult to determine.
I further envision that the increasing amount of
available analytical data will make the presented
approach widely applicable to many fluvial
landscape environments. Resulting uplift histo-
ries can be used to study the coupling between
tectonics, climate, and Earth’s surface processes
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in the past and to predict how Earth’s surface
may respond to such change in the future.
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