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Thermochronology + thermal information
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Thermochronology + thermal information

But we are interested in kinematic information!

A When did exhumation occur, at what rate?

A At what time was this fault active?

A When did the current topography develop, what did it look like in the
past?

A What does the pattern of thermochronology ages tell me about the
tectonic history of this region?

A X



From thermal to kinematic reference frame
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Effect of
topography on
Isotherms
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Using thermochronology to derive exhumation and relief histories
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Using thermochronology to derive exhumation and relief histories

t solving the 3D transient heat-transport equation
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Heat transport by conduction and advection
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Using thermochronology to derive exhumation and relief histories

t solving the 3D transient heat-transport equation
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nat Pecube does

Input

A present-day topography (DEM)
A tectonic scenario (Vi y, 7. )

A geomorphic scenario (h,y, 1)

A (measured thermochronology data)

Output

A Predicted thermochronology data
(ages, €e) at sur f @
model and/or at specific locations

A (misfit w.r.t. measured

L C

thermochronology data)

A

A

b Run through tectonic/geomorphic scenario to calculate initial position of points ending up at the surface

[H Solve transient heat equation by time-stepping finite-element solution

b Track temperature/time paths for particles ending up at the surface

D Use kinetic models to predict thermochronology data

[H (calculate misfit with measured thermochronology data)




When isPecubeuseful ?

AWhen you have rapid (and variable) exhumation rates so
that Pe> 1 ¢ for at least part of the history
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Pecube: a new finite-element code to solve the 3D heat
transport equation including the effects of a time-varying,
finite amplitude surface topography*

Jean Braun*
Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200, Australia

Received 24 September 2001; received in revised form 30 September 2002; accepted 22 October 2002

Abstract

A robust finite-element code (Pecube) has been ped to solve the three-dimensional heat transport equation in a
ar heric block ing uplift and surface erosion, and characterized by an evolving, finite-amplitude
surface topography. The time derivative of the temperature field is approximated by a second-order accurate, mid-
point, implicit scheme that takes into account the changing geometry of the problem. The method is based on a mixed
Eulerian-Lagrangian approach that requires frequent re-interpolation of the temperature field in the vertical direction
to ensure accuracy. From the computed crustal thermal structure, the temperature history of rock particles that,
following an imposed tectonic scenario, are exhumed at the Earth’s surface, is derived. These 7 — ¢ paths can then be
used to compute apparent isotopic ages for a range of geochronometers. The usefulness of the code is demonstrated by
ing the predicted distribution of (U-Th)/He apatite ages in a high relief area of the Sierra Nevada, California,
for a range of tectonic scenarios and comparing them to existing data.
(© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Heat transfer equation; Numerical ing; Time-varying surface Low-T Relief evolution
1. Introduction topography affects the thermal structure of the
uppermost erust. Much work has already been devoled

Much effort has recently been devoted to under-  to this problem (Turcotte and Schubert, 1982
standing the coupling between tectonics and erosion  Stiwe et al, 1994; Mancktelow and Grasemann,

(Beaumont et al., 1999). Determining the rate at which
landforms adapt to a changing tectonic environment has
become an important problem to address. To achieve

1997), but only the case of a “static™ surface topography
has been considered so far. To derive information on the
rate of change of surface topography from thermo-

this, new low-t ure ic techni-

ques have been developed such as (U-Th)/He apatite
thermochronometry (Zeitler et al., 1987; Farley et al.,
1996; Wolf et al, 1996). To interpret age data from
systems characterized by closure temperatures as
low as 65°C, one must thus understand how surface

“Code available from server al itp:fwww.iamg.org/
CGEditorfindex htm
#Tel: +61-2-6125-5512; fax: +61-2-6125-5443.
E-mail address: jean.braun@anu,edu.au (J. Braun).

ic data requires us, however, to better
understand and quantify the effect of an evolving
surface topography on the shape of the underlying
isotherms.

Here, a new finite-element code is presented to solve
the heat transfer equation in a crustal block undergoing
uplift and denudation, and characterized by an evolving
surface topography. The code has been designed for
ease-of-use by non-specialists. It is available by contact-
ing the author, or may be downloaded from the IAMG
server.

0098-3004/03/$ - see front matter © 2003 Elsevier Science Lid. All rights reserved.

doiz10.1016/S0098-3004(03)00052-9
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Quantifying rates of landscape evolution and tectonic processes by
thermochronology and numerical modeling of crustal heat transport using PECUBE
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ARTICLE INFO ABSTRACT

Artice history: PECUBE is a three-dimensional thermal-kinematic codz capable of solving the heat production-diffusion-
Received 15 March 2011 advection equation under a temporally varying surface boundary condition. It was initially developed to
Received in revised form 14 November 2011 assess the effects of time-varying surface topography (relief) on low-temperature thermochronalogical
x‘;ﬁ‘: ::Jai‘;;‘”;:zi;rm” datasets. Thermochranometric ages are predicted by tracking the time-temperature histories of rock-

particles ending up at the surface and by combining these with various age-prediction models. In the

Keywards

eywor
Quantitative thermochronalogy
PECUBE

Numerical modeling

Heat transfer in the erust
Low-temperature thermachronology

Contents

1. Intreduction .
Initial version of PECUBE
3. Basic developments

3.1.  Partial differential equation .

32 Age prediction models

33
34, Bilinear IADIl& function
4. Inversion

41 Inversion Example 1: A synthetic pmhlem

411 Problem setup
412 Results

decade since its inception, the PECUBE code has been under continuous development as its use became
wider and addressed different tectonic-geomorphic problems. This paper describes several major recent
improvements in the code, including its integration with an inverse-modeling package based on the

Algorithm, the i of fauls lled kinematics, several different ways to address
tapographic and drainage change through time, the ability to predict subsurface (tunnel or borehole) data,
prediction of detrital thermochronology data and a method to compare these with observations, and the
coupling I I {or ) models. Each described together
with one or several applications, so that the reader and potential user can clearly assess and make use of the
capabilities of PECUBE. We end with describing some developments that are currently underway or should
take place in the foreseeable future.

© 2012 Elsevier B. All rights reserved.
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Pecube: a new finite-element code to solve the 3D heat
transport equation including the effects of a time-varying,
finite amplitude surface topography*

Jean Braun*

Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200, Australia

Received 24 September 2001; rec

ed in revised form 30 September 2002; aceepted 22 October 2002

Abstract

A robust finite-element code (Pecube) has been ped to solve the three-dimensional heat transport equation in a
crustal/lithospheric block undergoing uplift and surface erosion, and characterized by an evolving, finite-amplitude
surface topography. The time derivative of the temperature field is approximated by a second-order accurate, mid-
point, implicit scheme that takes into account the changing geometry of the problem. The method is based on a mixed
Eulerian-Lagrangian approach that requires frequent re-interpolation of the temperature field in the vertical direction
to ensure accuracy. From the computed crustal thermal structure, the temperature history of rock particles that,
following an imposed tectonic scenario, are exhumed at the Earth’s surface, is derived. These 7 — ¢ paths can then be
used to compute apparent isotopic ages for a range of geochronometers. The usefulness of the code is demonstrated by
computing the predicted distribution of (U-Th)/He apatite ages in a high relief area of the Sierra Nevada, California,
for a range of tectonic scenarios and comparing them to existing data.

(© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Heat tran

or equation; Numerical modelling; Time-varying surface topography; Low-T geochronology; Relicf evolution

1. Introduction topography affects the thermal structure of the
uppermost crust. Much work has already been devoted

Much effort has recently been devoted to under- to this problem (Turcotte and Schubert, 1982
standing the coupling between tectonics and erosion Stiwe et al, 1994; Mancktelow and Grasemann,
(Beaumont et al., 1999). Determining the rate at which 1997), but only the case of a “static™ surface topography

landforms adapt to a changing tectonic environment has
become an important problem to address. To achieve
this, new low-temperature thermochronometric techni-
ques have been developed such as (U-Th)/He apatite
thermochronometry (Zeitler et al., 1987; Farley et al.,
1996; Wolf et al., 1996). To interpret age data from
systems characterized by closure temperatures as
low as 65°C, one must thus understand how surface

“ode available from server at  hitp://www.iamg.org/
CGEditor/index him

*Tel: +61-26125-5512; fax: +61-2-6125-5443.

E-mail address: jean braun@anu.edu.au (J. Braun).

0098-3004/03/
doi:10.1016/S0098-3004(03)00052-9

has been considered so far. To derive information on the
rate of change of surface topography from thermo-
chronometric data requires us, however, to better
understand and quantify the effect of an evolving
surface topography on the shape of the underlying
isotherms.

Here, a new finite-element code is presented to solve
the heat transfer equation in a crustal block undergoing
uplift and denudation, and characterized by an evolving
surface topography. The code has been designed for
ease-of-use by non-specialists. It is available by contact-
ing the author, or may be downloaded from the IAMG
server.

-see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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of Thermochronological Data
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ARTICLE INFO ABSTRACT

Article history: PECUBE is a three-dimensional thermal-kinematic code capable of solving the heat production-diffusion.
Received 15 March 2011 advection equation under a temporally varying surface boundary condition. It was initially developed to
Received in revised form 14 November 2011 assess the effects of time-varying surface topography (relief) on low-temperature thermochronological
e 200 ot datasets. Thermochronometric ages are predicted by tracking the time-temperature histories of rock
particles ending up at the surface and by combining these with various age-prediction models. In the
decade since its inception, the PECUBE code has been under continuous development as its use became

tiie thesmochronology wider and addressed different tectonic-geomorphic problems. This paper deseribes several major racent
PECURE improvements in the code, including its integration with an inverse-modeling package based on the
Numerical modeting Neighborhood Algorithm, the incorporation of fult-controlled kinematics, several different ways to address
Heat transfer in the erust topographic and drainage change through time, the ability to predict subsurface (tunnel or borehole) data,

Low-temperature thermachranology prediction of detrital thermochronology data and a method to compare these with observations, and the
coupling with landscape-evolution {or surface-process) models. Each new development is described together
with one or several applications, so that the reader and potential user can clearly assess and make use of the
capabilities of PECUBE. We end with describing some developments that are currently underway or should
take place in the foreseeable future.

© 2012 Elsevier BV. All rights reserved.
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Pecubecitations

Braun, van der Beek & Batt, Quantitative
Thermochronology, CUP 2006
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Challenges

A Not very user friendly (complex inpfite structure, norintuitive units for input parameters, no prior verification of
model setup);

A Need to develop preand postprocessing tools;

A No multikinetic ageprediction models; no possibility of obtaining sampfgecificthermochronometricpredictions.
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A Pythonbased interface (PyQT5)

A Handles preand postprocessing for

Pecube

A Separatedhermochronometricage
predictions fromPecubecore to
provide more flexibility

AC2NJ) 2 AyR264a
al Oh{ o6 mMMO

A Online documentation available

0 X

PecubeGUI

User interface (1) RunPecube Pecube
Core: [ Core:
-PyQT5 P - Fortran90 Pe
- Pyvista PyVista Input parameters
. > Usage:
Usage: - Compute 3D thermal field evolution
-Provide input parameters for Pecube | - Predict thermochronological data
- Plot and export model results - Forward and inverse modelling
Quanti dicted b d dat Model results
- Quantify predicted vs observed data Time-temperature paths
2 A\YR25 & F YR
Ages, "He/*He spectra, ...
@ Compute ages Shared routines
Time-temperature paths
Grain’s kinetics parameters External program
Core:
- Fortran90

- Finite-element scheme

Usage:
- Compute ages at sample locations

- ‘He/*He release spectra




PecubeGUI versus most recerfRecubeversion

Pecubev4 PecubeGUI

User interface X V
Sam ifi

_pl_especmc y y
predictions
Grainspecific kinetics X y
Various kinetic models y y
(AHe ZHe AFT, OSL)
Graphical output X V

Usage for teaching X V




PecubeGUI website

PecubeGUI

What is PecubeGUI

PecubeGUI is a python-based program that uses PyQt5 to build the GUL. It is an open-source
software distributed under the GNU license (soon released!)

The graphical user interface (GUI) aims to help any Pecube’s user to set up their models with a user-
friendly interface to provide the relevant input parameters. It also enables the users to directly plot the
results within the interface, manipulate the characteristics of the plots, and export images. Finally, the
PecubeGUI facilitates the coupling between Pecube and the glacial landscape evolution model
iISOSIA (Egholm et al., 2011), by enabling the user to load iISOSIA output files, that can be read and
used by Pecube. However, output files from other surface processes models can also be loaded.

PecubeGUI comes with a new version of Pecube that enables to predict (U-Th)/He ages on apatite
for specific locations. It also includes some radiation damage models, alpha ejection distances, the

possibility to set the characteristics of each grain (i.e., grain size, uranium and thorium concentration),

and to predict 4He/3He profiles.

PyPIVoT (PecubeGUI Visualization Tools) are a collection of newly developed Python- and
Matlab-based visualization scripts designed to help users of PecubeGUI better their
understanding of inversion parameter interdependence and the parameter space explored in
inversion. PecubeGUI is a thermal-kinematic modelling software used in thermochronology.
[learn more]

https://erc-cooler.eu/pecubequi/

Download PecubeGUI

PecubeGU-beta is now available!
Download from Zenodo

PecubeGUI works for MacOs > 11.0
(BigSur) and Windows. Please
download the package that matches
your chip (MacOS M1/M2 or Intel,
Windows_exe)

PecubeGUI Documentation
You can access the documentation,
here: PecubeGUI = Documentation

Example input files

« Forward modelling_(zip-file, 24 MB)

« Inversion (zip-file, 4,7 MB)
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Misfit

There are MANY different misfibl§jective) Fdzy O A2y a k RSTFAYAIL

o ho)

The original version d?ecubeused: % — (B
\

Since Pecube v2 (2012) thestatistic is used: f = misfit

N = number of data

a; mog= Modelled age af" datapoint

% (' h | h ) a; 4 = Observed age o datapoint
S; = uncertainty oft" datapoint




Misfit f = misfit
N = number of data
- a; mog= Modelled age af" datapoint
) : a, 4 = Observed age aof" datapoint
S; = uncertainty oft" datapoint
p = number of free parameters

Advantages of the?-statistic%. B (ﬁ

1. It can be easily transformed into thheducedc?-statistic:

% B(ﬁ ﬁ)

Which gives insight into how well the data are fitf ik 1 then all datapoints are fit to
within 1s error (if £, < 2 then fit within 3, etc.)



Misfit

Advantages of the2-statistic%. B ( h h ):

1. It can be easily transformed into thheducedc?-statistic.

2. We can use It to calculate theg-likelihood

N

o GE ) m(l s

Ic “

f = misfit

N = number of data

a; mog= Modelled age af" datapoint
a, 4 = Observed age aof" datapoint
S; = uncertainty oft" datapoint

p = number of free parameters

C

K )

3. Which can be used to calculate tBayesian Information Criterion

BIC=-2 log(L) + plog (N)

TheBICinforms us about the appropriate level of model complexity




Misfit
Objective functions / what we try to achieve:
A Minimisethe ¢2/ reducedc?
A Maximisethe loglikelihood (notelog(L) < 0 by definition)

A Minimisethe BIC



Misfit

1400 A

A simple case:

1200 - @ Predicted
fr < 1, 1000 - O Observed
f small;

=800 A 50
og (L) O _

600 - >0

S
C
o
©
>
o
: L 40 £
Good fit to data 400 - 3
305
(V)
200 - 20
. . 10
1o .
I I I I I I \/
0 50 100 150 200 250 300 350
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A simple case:

f.>1;
f large;
log (L)L O

Bad fit to data

Elevation, m

1400

1200

1000

800 -

600 -

400 A

200 A

0_

Misfit

0

150 200
Age, Ma

250

300

350

Predicted

O Observed

29



Misfit

_ 1400 -
BUt' Smaller uncertainties
1200 - § Predicted
fr > 1, 1000 - @ O Observed
f larger,; _
800 -
log (L) <O € *0
T 400- >0
m 40 =
Not such a good ‘00 -
fit to data? E
200 - 20
10
0_
. . . . . . vV
0 50 100 150 200 250 300 350

Age, Ma 30



Elevation, m

Misfit
Working with sampleverage versus singgain data

Sampleaverage dates Singlegrain dates
1400 A 1400 -
- .
200 ] 200 @g | W Predicted
. O
1000 1 1000 - Q Observec
800 - E 8001 60
c
S
600 - S 600 - >0
K
L 40 g
400 - . 400 - g
f <1 *3
200 - f small; 200 - 20
log(L) O | 10
0 - 0
T T T T T T T T T T T T \/
0 50 100 150 200 250 300 35 0 50 100 150 200 250 300 350

Age, Ma Age, Ma



The role of outliers

f,>1;
f large;
log (L)L O

Elevation, m

1400 A
1200 -
1000 -
800 -
600 -
400 -
200 -

0 -

Misfit

50

100

150 200
Age, Ma

250

300

350
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The role of outliers

f, > 1 but smaller;
f smaller:
log (L) <0

Elevation, m

1400 A

1200 A

1000 A

800 -

600 -

400 A

200 A

Misfit

50

100

150 200
Age, Ma

250

300

350

33



Inversion inPecubeGUI

Forwardmodel: model data Inversemodel: data model
A Scenario testing; A What does the data say about my
A How well does this model fit my data? model?

A How well can the data resolve
contrasting scenarios?



Thermal history models = inverse models

3 0
0.30 _ n=100
5 5 20
g 0.20 E- a0
g I o
5
0.00 E z .
H e FTy 6 8 10 12 14 16 18 20 g -
Length
gth (um) § i
MTL | AFT age | AHe
ag age o
Measured | 134210 | 102+7 | 55%5 ,
1
Modelled  13.3:1.1 102 59 140, 260 120 = s ,

== max likelihood
== max posterior 0.002
== expected model
max mode model
L] I L] L] L] T I L] L] L] T I
: : Modelled =0 160 S0 .
FromVermeescl& Tian, Earth Sci. Rev. 2014 123209 J02%5]59%4 Time (Ma)

Length (um)

: 0
300 F
_ s 20 0.008
@ 200 |
g %0 0.006
=} Py .
100 F O
= [ r < 60
X o
QIQt O £ &0 0.004
5 10 15 20 g
£
kS

MTL | AFT age | AHe age 120

Measured [ 13.4 £ 1.2| 102+ 7| 55%5 140

Probability



Inverse modelling strategies

...many models later, random
new models are investigated

MONTE CARLO first model randomly chosen ...second model... irrespective of the current
in parameter space... best (lowest misfit) model.
pastmodels o | |
current model #/ — T~~~
misfit —/B’y\_ ~
14
higher |.||__|
1
lower =
lowest misfit model A %
X PARAMETER 1 a




MONTE CARLO

Inverse modelling strategies

first model randomly chosen
in parameter space...

...second model...

...many models later, random
new models are investigated
irrespective of the current
best (lowest misfit) model.

past models °
current model %/
misfit

higher

lower

. =y
lowest misfit model

>i

'.

3

PARAMETER 2

PARAMETER 1

nodes nodes

nodes

ITERATIONS / COMPUTATION TIME :>

T eccccoo00oe

v

no. models / time

T ........ﬁ‘/

v

no. models / time

T ......";L/

no. models [ time

running random models in parallel
reduces computation time
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Inverse modelling strategies

MONTE CARLO

MARKOV CHAIN
MONTE CARLO

NEIGHBORHOOD
ALGORITHM

past models °

current model #/

misfit
higher
lower

lowest misfit model

next step based on
misfit of previous step

e.g.,QTOt

successful neighborhoods
explored more

e.g.,Pecube

38



Parameter 2

Inversion iInPecubeGUI:

Definenearest neighboursand divide up
model space usingoronoi cells

Random initial 300 Yoronoi cells

1':"- T 1 — Y L _.,l 1':'
@  Initial 300 Samples [/
L] .':.___J -___;/
. [/ T
@ R}'J"vl— @ __‘:-' M
/ . II| . 1 D
084 A |/ 0.8
(] N
\'\._“. 2a
o e 8-
0.6 1 "'"‘f'J*{[;:-—l L 06
L]
[ & g =
mhi I_. L { z %
et q e, 5
'—-‘ P
0.4 4 /\5_1 - - 0.4
_,____. o
o %7
iy !
] *‘\-1{
0.2 - ;t_ 0.2
'x,_g
t/s
e
0.0 e 0.0
0.0

Parametar 1

Neighbourhood Algorithm (NA)

Parameter 2

1.0

Step 1)n: search i Voronoi cells that
containj best models from previous step

First iteration: 15 best samples

7 ) N //' .‘l. ] \ o~ .| /, |\ 1.0
Initial 300 Samples \ < \ / \. N
i Best 15 Samples 1/7\ 7—-""«\“ J—f‘ e SR Sy | \'»\
@ Best 15 Samples e | ST e) ™\ Yo}
\ ‘,r'”’ < ‘|' g \ " \ =
> / 7 [°VLa %
/ /-’. AE~ — 4 4 0.8
B >
- 0.6
&=
B
=
- 0.4
0.2
0.0

Parameter 1

39



Parameter 2

Inversion inPecubeGUI: Neighbourhood Algorithm (NA)

Step 1)n: search i Voronoi cells that
containj best models from previous step

First iteration: 15 best Voronoi cells

1.0
Initial 300 Samples ‘ | &
Best 15 Samples N ~ < . |
© 20 newsamples (in 15 bestcells) "~ 3
08 1A |/ HOTa o~/ e s e {
’ X \ - { .
" _; A o @ ~ pod Y | ! /
o 7 A o i ‘- “r. ‘ | = ,._r:— ’ P |
T e ,‘ D=1 N ST e
oe{ L 13 | { - S
g T " N< 7
p! > { r 1‘ = :v_ o -~
0.4 4 P : bl A o0 O { O [e]
y p-Xo /. O [ o\Zo
\ / /o0 @
. , ? r
1 )/ AT e S g
< of \ < ° A~
024 \ 7% -0 N2
-, < Y I
A /"‘ o, .‘,\ f~ s ."“ <
S <5 TN
<2\Y | % fo
0.0 +—= ; [ £/ \ |
0.0 0.2 04 0.6 08 1.0

Parameter 1

1.0
- 0.8
- 0.6
=
2
=
- 0.4
- 0.2
-~ 0.0

Parameter 2

Step 1)n: search i Voronoi cells that
containj best models from previous step

Iteration 2: 15 best Voronoi cells highlighted over 320 samples total

@ 20 new samples (in 15 best cells)

[ - . . == |
Iteration 2: all points = 320 |
Best 15 Samples /K\J— — /\ll

\ .\ 1\
| T !

1.0

0.8

0.6

0.4

0.2

0.0

Misfit
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1

o
N

param2: First uplift (mm/yr)

o
N

param3: Second uplift rate (mm/yr)

BAT12: (3 params; 10100 models)
Iteration 0/100

o
co
1

oy
o
1

o
Y
]

o
o o
1 1

- 4000
- 3500
- 3000
- 2500

Misfit

- 2000
- 1500

- 1000

A simple example

O
co
1

=
o
1

o
=Y
]

=
o
1

0

5 10 15 20
paraml: Inflection age (Ma)

0.00 0.25 0.50 0.75
param2: First uplift (mm/yr)

1.00

3-parameter modek; tectonic
scenario only

A Initial rockuplift rate (param 2)
A Final rockuplift rate (param 3)
A Time of change (param 1)
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Param Value Param Value

Misfit

Param \alue

0.75 4

0.50 1

0.25

0.75 4

0.50 1

0.25 4

A simple example

Param 1: Tectonic uplift inflection age (Ma)

Param 1: Tectonic uplift inflection age (Ma)
Best Param 1 (Min Misfit)

best value: 1.8
inversion range: 0.0 - 22.0

Param 2: First uplift rate (mm/yr)

Param 2: First uplift rate (mm/yr)
Best Param 2 (Min Misfit)

best value: 0.3
imversion range: 0.0 - 1.0

Param 3: Second uplift rate (mm/yr)

o e s e

Param 3. Second uplift rate {(mm/yr)
Best Param 3 (Min Misfit)

best value: 0.9
inversion range: 0.0 - 1.0

Misfit

i Misfit

! Cumulative Min Misfit

I

H lowest misfit: 696.9

' first iteration: 100

: all iterations: 100

: cells resampled: 95
L: total number of iterations: 100
3 ' | | ' il ymbar of mnﬂlcﬁ' ‘H'\‘h"‘n"‘lI
0 2000 4000 6000 8000 10000

Model Number (Row)
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BAB12: (6 params; 20100 models)
Iteration 0/200

A more complex example

4000

o o r
o ® o
Misfit

[=]
S
. L

o
N

r 2000

6-parameter model: tectonic and
geomorphic scenario

| g
o o
| L

| =

o
=Y
|

w
pxs

A Initial rockuplift rate (param 5)

A Final rockuplift rate (param 6)

A Time of tectonic change (param 4)

A Time of geomorphic change (param 1

A Initial topographic amplification
(param 2)

A Initial topographic offset (param 3)

IS
N

o
o
|

N
o
L

iy
w
L

plift inflection age (Ma) Param3: Offset (km) param?2: Second amplification (%)

=
o
L

=
o o v
L . L |

o o
(o]

ram5: First uplift (MM/Yg}ama4: Tectonic u
(<)}

o o
N =
.

o
o

(mm/yr) pa
o -
© o

plift rate

d ft
o o
ES o

i |3 e W Fohagl TN Uewele| | F 8 Lo
?» 0.2,

§ 0.0,

g 0 10 20 30 0.0 0.5 1.0 0.0 0.5 10 O 10 20 0.0 0.5 1.0 43
param1: Topographic inflection age pdegm2: Second amplification (%) param3: Offset (km) param4: Tectonic uplift inflection age (Magram5: First uplift (mm/yr)




A more complex example

6-parameter model: tectonic and
geomorphic scenario

A Initial rockuplift rate (param 5)

A Final rockuplift rate (param 6)

A Time of tectonic change (param 4)

A Time of geomorphic change (param 1

A Initial topographic amplification
(param 2)

A Initial topographic offset (param 3)



