Modification of wavecut and
faulting related landforms

J Ramon Arrowsmith

School of Earth and Space Exploration
Arizona State University

Department of
U GEOLOGY & GEOPHYSICS
Christopher J. Crosby THE UNIVERSITY OF UTAH

UNAVCO

Tutorial notes

Applications of High Resolution Topography to Geologic Hazards in Utah
September, 2017, Salt Lake City, Utah

o OpenTopography

High-Resolution Topography Data and Tools



Biogenic transport—slope
dependent

Assume (.(x) = -kAh/AX

tree throw

(slope)
Modified from DiBiase, 2006

wdfw.wa.gov/wim/living/gophers.htm l


Presenter
Presentation Notes
For the areas being studied, the dominant method of soil transport is due to mantle creep and biogenic disturbance in the form of tree throw and burrowing by pocket gophers.

Both methods of transport can be thought of as ‘diffusive,’ in that the sediment flux qs is slope dependent as shown in the equation above.

Some things to think about…
The equation above implies that sediment is always being moved downslope (the negative z direction) and that sediment flux will be greater when the topographic gradient is steeper. Similar conditions and equations define the diffusion of heat, among other things.

How might the development of soil mantles be different in the absence of life?



Slope dependent transport law

<(X
ge(d)iment flux J K
Ah/Ax (slope) Soil creep
Biogenic processes
Thus, g.(x) = kAh/AX (burrowing, other
Assume k constant in time and animal induced
space disturbances)

Rainsplash, etc.



Combine continuity and transport rule

. ... AH Aqg AH
Continuity: = = ——= ) aH .&(—k &_x)
H —
Transport rule: g5 = _ka_x At Ax
AH
AH _ A (H)
At Ax

lim Ax — dx, At — dt

dH
dH _ d (ﬁ)
dt dx
dH kdzH
dt  dx?

“diffusion” erosion



Elevation (m)

Simple scarp diffusion: Vertical initial form

Vertical initial fault scarp erosion with time for k¥ 1=1,5,10,15 m?

Distance (m)

. x
H(x,t) = a ert + bx
| 2V kt

B =*fan” slope a = half-offset

“analytic solution”



Elevation (m)

Simple scarp diffusion: finite slope initial form

Finite initial fault scarp erosion with time for ¥ t=1,5,10,15 m?

Distance (m)

1/2 9 2
Kkt r+a/(@ —b xr—a/(8 —b
H(x,t) = (0 —b) (?) {exp (— 4/!515 )) — exp (— i}f_t )) }

0—b a x+ a/(@ —b) a x—a/(@ —D)
T orf — |z — orf
+ 2 { (.r + 0 — b) o ( (4rt)1/2 ) (.r 0 — b) . ( (4rt)1/2

+bx
0 = initial scarp slope
“analytic solution”



Spreadsheet to explore diffusion modeling

- f‘. v
A B C D E F G H | J K L M N 0 ?
1 Diffusion modeling spreadsheet for UGS September 2017 (J R. Arrowsmith) . . . )
2 Change cells that are bold Diffusion modeling of profile development
3 Constants: units
4 dx= 1m g
5 dt= 0.05 ky 8 -
6 k= 1 m¥/kyr 7 —-—
7 lambda = 0.05 Keep this below 0.5 or it will blow up! Es
8 Age= 10 ka 55
9 § 4
10 ModelFinal 2 3
Individual Yoo
change 1
per 0
11 timestep x, m Initial elevations. Change this column. x, m H, m dH/dx
e 0 0 8 0 8 Distance (m)
13 0 1 8 1 7.983583505 -0.01642
14 0 2 8 2 7.960946482 -0.02264
15 0 3 8 3 7.924772905 -0.03617
16 0 4 8 4 7.865725789 -0.05905 .
17 0 5 8 5 7.771904205 -0.09382 30
18 0 6 8 6 7.628943186 -0.14296 .
19 0 7 8 7 7.421008711 -0.20793
20 0 8 8 8 7.132814488 -0.28819
21 0 9 8 9 6.752520923 -0.38029
22 0 10 8 10 6.275017877  -0.4775 @
23 0 11 8 M 5.704769107 -0.57025 3’
24 0 12 8 12 505727634 -0.64749 “
25 0 13 8 13 4358431733 -0.69884
26 0 14 0 14 3.641568267 -0.71686
27 0 15 0 15 294272366 -0.69884
28 0 16 0 16 2295230893 -0.64749
20 n 17 n 17 1 724082123 N R7N25 o
4 4 » ¥ Interface ' Model Calculation Space *J 4 LAl
Ready | | EER |0 B 100% (— [ (+)

Numerical solution



Elevation (m)

Morphologic dating: Try to

date the landform by finding

the best fitting model profile

. Best fit is in terms of kt, so if
Distance (m) you know k, you can divide

-0 10 _ 20 through by it and get t.
Best fit at 1 m? 11
2 |
'*!“K.
20 50

Best fit at 19 m?

w&rﬁ_ﬁﬂoﬂﬁ
e S

" -‘1““- “h‘%.
Initial \ Final observed “\x. Modeled \

Arrowsmith, et al., 1998



Slope-offset analysis: a good
place to start
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T. C. Hanks

Slope-offset
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tanf, is the max scarp slope 5 @k R
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« is the initial scarp slope S

Kk is the transport rate or diffusivity
2a is the scarp offset
t 1s time

0.z} 1

tan@g — b

ot

5 1 |
o 1 2 3 4 S 6 g 8 9 10 11 12 13 14 15

2a, meters

Figure 2.6.3-4. Slope-offset representations of Bonneville (solid circles) and Lahontan (open symbols)

. shoreline scarps; Bonneville data are from Bucknam and Anderson (1979) and Hanks and others (1984),
a O ntan . - a_ and Lahontan data are from Hanks and Wallace (1985) (circles) and Hecker (1985) (triangles); (a) tan 6,
versus 2a and (b) tan ; — b versus 2a. In (a) and (b) the facing arrows are meant to indicate the “full

range” scatter in ; for several values of 2a; this full range scatter is 5°-6° for (a), 4° for (b). (¢) The data
C h kt — 1 6 m 2 in (b) are shown with evaluations of Equation (2.6.3-8b) for the three indicated values of & 7 and (a-b)=
Oose - 0.5. Note that the data at larger tan 6, - b and 2a require larger model values of x #, indicative of nonlin-
ear diffusive processes. From Hanks and Andrews (1989).

k =1.1m?%/kyr
SO y NUREG/CR 5562 2-506 Han kS’ 2000

|




Table 2. Diffusivity Estimates for Weakly Consolidated Materials

Location/Geologic Structure Age, ka k, m?ka! Range of 2a, m Reference H an ks :

BASIN AND RANGE, WESTERN U.S. 2 OO 2

Lake Bonneville shoreline, Utah 14.5 1.1 1-12 Hanks and others (1984)

Lake Lahontan shoreline, Nevada 12-14 1.1 1-7 Hanks and Wallace (1985),

Hecker (1985)

Combined Bonneville/Lahontan 0.64 =1 Hanks and Andrews (1989)
1.1 21/2-31/2 Hanks and Andrews (1989)
1.8 5-12 Hanks and Andrews (1989)

Fluvial terrace risers, SW Montana 7.1 2004 1.5-8 Nash (1984)

Lost River fault, antecedent scarps, Idaho 9-10 1.0-0.9 ~32 This study

Machette Constraint on the “unobservable” scarps 100 =12 <2 Hanks and others (1984)

Bare Mountain fault scarps, southern Nevada 100(7) ~0.1 0.4-19 L.W. Anderson (personal

communication)

ISRAEL

Lake Lisan recessional terraces, Dead Sea area 14 0.4 1-6 Bowman and Gerson (1986)

Fault scarps, northern Arava <14 >0.4 0.5-1 Bowman and Gross (1989)

Stream terraces, northern Negev Begin (1992)

higher level <10 >0.1 1-6
lower level <14 >0.2-0.7 1-2

Fault scarps, southern Arava ~ 30 0.2-0.3 2.6-5.6 Enzel and others (1995)

WESTERN CHINA

Fault scarps, Gansu Province 1.8 33+1.7 1.5-4.4 Tapponnier and others (1990)

Fluvial terrace risers, Dzungarian Basin 10 55+2 5.5-12 Avouac and others (1993)

Fluvial terrace risers, Tarim Basin 10 35+£1.2 2.5-10 Avouac and Peltzer (1993)

CALIFORNIA

Uplifted marine terraces, Santa Cruz 105-370 11 30-50 Hanks and others (1984)

Raymond Hill fault, Pasadena 230 16 25 Hanks and others (1984)

San Andreas fault, Carrizo Plain 17-30 8.5 8-20 Arrowsmith (1995)

MICHIGAN

Lake Algonquin shoreline 10.5 12 10-20 Nash (1980

Lake Nipissing shoreline 4 12 15-40 Nash (1980)

Netherlands
Bree fault scarp <14-19 2-10 1 Camelbeeck, et al. 2001



Profile modeling: example 1

1.8~ — 3

20—

1.8}~ _ g ° 6 o
1.4
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PRE-1983 SCARP ELEVATION, m

0.6 |—

0.4

0.2

Using k= 1.1 m2/kyr, t = 8.2 ka.
Confirmed with trenching nearby.

Hanks, 2000



Profile modellng example 2

Hurricane Fault, NW
Arizona

ﬁé Amoroso, 2001

Lo Observed profile

_ See also Avouac,
1993 for evaulation

z ' 6 | - of errors In
morphologic dating.

———15.45m2
s ISR

Elevation, m

-20

Distance, m
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Organize ¥ New folder

A
#t Quick access
W Desktop o4
‘ Downloads #
Documents #
[& Pictures o
|| 1TUtzh_ShortCo
| bin
|| HRT Short Cours
|| SCARPDATER

@ OneDrive

[ This PC.
& Nehwnrk ~

File name: | (=R

v ﬂ » ThisPC » Desktop » HRT Short Course Working » SCARPDATER

Profile Graph Title

Hansen Canyon

1,320

1319+
138+
1317

1,316
1,313

1314

1313
1312

7 Export Dialog

Picture  Native [Data

Incude  QOptions Format

Name

[]Paint Index
B omsquared 10232016 118PM T Format: .
E : . Point Label
2| scarpdaterlnstructions 10/23/20161:13PM T ‘Fr e P L A : ®Text [lraint Labei
. ']‘ui"' P il O [ |Header
o A
- : oMM [oint Colors
. F L b ) able
Save the .txt file
OFxeel
into the .
DPrewew

SCARPDATER folder _
Export .txt; don’t include

Point labels and header

Save as type:

Tab delimited text files (*.td)

T om [T | [ | [ |

=




4\ MATLAB R2016b - acadenmic use

{b = ﬁ (o] Find Files

2/ Compare =

New Open Save
- * - B Print
FILE

PUBLISH VE)

7/ O\
nsert =1 fx Iyl D @ ‘ L
= . (2] Run Section 04
o[ GoTo v Comment % 5 1
— - Breakpoints ~ Run  Aunand l% Advance  Runand
W Find v hdent 5] b s v v Advance Time
MAVIGATE EDIT BREAKPOINTS RUN

€A

Current Folder
Nameg »

B finitescarp.m

d Hansen.bet

d hxSmsquared.tet

@ illuminate.m

ﬂ runfinite.m

ﬂ runslip.m

ﬂ runvert.m

?a scarpdater_contour3dmatrix.m

fﬂ scarpdater_createisosurface.m

fﬂ scarpdater_defaultformatstruct.m

ﬁ scarpdater_findminRMS.m

?a scarpdater_finitescarperror.m

| scarpdater_gui.m

fﬂ scarpdater_makeformatstruct.m

@ scarpdater_plotfs.m

?a scarpdater_readgsifile.m

T scarpdaterlnstructions.xt

Double click on %m

Scarpdater_gui and then click run

)\.ﬂlPUEIC[_UCICIUIUUIIIIEIQL[ULL

scarpdater_findminRMS

scarpdater_plotfs

scarpdater readgsifile

b b Users b wB016030 » Desktop » HRT Short Course Working » SCARPDATER

GOM F Editor 016030 rpdater_gui.m
| scarpdater quim ¥ | + |
1 I:Eanctian scarpdater_gui (functioncall)
2
3= if(nargin >= 1)
4 - switch functioncall
Fl= case 'file guit'
(e answer = questdlg({'Really quit Scarp Dater?','','Yes','No','No'):
7= if (strcmp (answer, 'Yes'))
8- mainfig = FigHandle;
9 - delete (mainfig);
10 - end
11
12 - case 'file new'
L= answer = guestdlg('Really clear all variables?','','Yes' K 'Ho','No');
14 - if (strcmp (answer, 'Yes'))
15|= mainfig = FigHandle;
16 = delete (mainfig)
17= clear
8- scarpdater_gui
198 - end
20
2l - case 'file open'
B = variableload;
23
4 - case 'file save'
= variablesave;
26
anl= case 'file importoptions'
28 - changeimportoptions;
29

Command Window

New to MATLABT See resources for Getting Started,

Your MATLAB license will expire in 12 days.

Details

T S

Please contact your system administrator or
MathWorks to renew thisz license.

.y



| Select File to Open

0K ¢+ ThisPC » Desktop » HRT Short Course Working » SCARPDATER

Organize = Mew folder
Name
3t Quick access
Y i
initescarp
I Desktop

A
; Downloads ~ #
@ Documents & &
=/ Pictures #
17Utah_ShortCours
bin
HRT Short Course W
SCARPDATER

@ Onelnive
E This PC

|:_} Metwork

i T B s B T B i B i BB i I i I s B i B s B

File name:

|] Hansen1
|] hxSmsquared

illuminate

runfinite

runslip

runvert
scarpdater_contourddmatrix
scarpdater_createisosurface
scarpdater_defaultformatstruct
scarpdater_findminRMS
scarpdater finitescarperror
scarpdater_gui
scarpdater_makeformatstruct
scarpdater_plotfs

crarnrater reardncifils

Date modified

10/23/2016 1:18 PM
9/18/2017 6:41 PM
10/23/2016 1:12 PM
10/23/2016 1:12 PM
10/23/2016 1:18 PM
10/23/2016 1:18 PM
10/23/2016 1:18 PM
10/23/2016 1:18 PM
10/23/2016 1:18 PM
10/23/2016 1:18 PM
10/23/2016 1:18 PM
10/23/2016 1:18 PM
9/18/2017 3:24 PM
10/23/2016 1:12 PM
10/23/2016 1:12 PM
NIINMNA 118 PRI

Type

MATLAE Code
Text Document
Text Document
MATLAE Code
MATLAB Code
MATLAE Code
MATLAE Code
MATLAR Code
MATLAE Code
MATLAE Code
MATLAE Code
MATLAE Code
MATLAE Code
MATLAE Code

MATLAE Code
MATI AR Cnde

File

Edit

Calculate

Plot

Hansenl

Diffusion Scarp Dater

written by George Hilley
Universitaet Potsdam
(C) 2002

File->Import->Text X-Z format

Elevation of FProfile

1320

13197}

1387

17y

.
[
—
(=]
T

—
[
—
on
T

1347

1313

1312

1311

0 20 30 40 B0 60 70
Distance along Profile

80



File Edit Calculate Plot

Diffusion Scarp Dater

written by George Hilley
Universitaet Potsdam
(C) 2002

Edit->Offset Data

1320

1319r

13187

17T

Elevation of Profile

13147

1313r

13127

1311

13167

131571

10 20 30 40 50 60 70
Distance along Profile

Bl

File

Edit

View Inset Tools Desktop Window Help

Adde 3 ARO9E A S| 0| nl

Elevation

Offset Profile Correction

-20 -10 0 10 20 30 40
Distance Along Profile

Parameters

Axiz Scaling:

Mormal

Flip Profile

Center

Interactiv
ely flip,
center,
and
determin
eagand b



File Edit View Insert Tools Desktop Window Help ~ | |4 Diffusion profiles -

]ﬂ dde| k& {frp @ ';E ﬂ - @j O @ File Edit View Inset Tools Desktop Window Help
Single event — - NDdde M RRODELHL- 2 06 e
Profile Diffusion Modeling —
Ingile aven - - -
. Profile Diffusion Modeling
Variable definitions Show data
- v Variable definitions Show data
half-offset (m);a= g a0 0.2 20 _ _ . ¥
e - = = Azxis scaling and half-offset (mja= 15 20 021 | 20
an slope (degrees); b= xmin (m mj  xmax (m Axis scaling and
¢ S LR fan slope (degrees); b= 4 xmin (m)  dx(m) xmax (m) figure ov:rlay
scarp slope (degrees), theta = e axis
3 equal v : = c )
Restore defautts e kS axisequal v
Kt (m'2); kt= 30 — Restore defauts
hold on v kt(m2)kt= 39 hold on v
T T
il 7
10r 1
2071 7
1 .
5 i
0r 7

.....
R LT

Elevation {m)
o
T
Elewvation (m)

A E

5+ -
A0 .
151 .

A0F .
il | Zoom in with the magnifying glass
25T 7

-15 -10 -5 0 5 10 15
L ! ! I | | | | Distance along profile (m)
-30 -20 -10 0 10 20 30 40

Distance along profile (m)




File Edit Calculate Plot Ny

Diffusion Scarp Datel

written by George Hilley
Universitaet Potsdam
(C) 2002

Calculate->Finite Scarp RMS

Single Event Scarp Parameters

" “Ll -
- Morpheologic Age (kt)
e : Best Fit
ol anac= o o » Parameters:
n= Kl a= 15
1318 7T ;
Y, ) b= 377
/ Fan Slope (b) [deg] i 1.3 theta= 45
o 17T d b min = 3 one
= : offset= 0,16
G : b max = 6 Linear W
L 1316 ]
3 : oL
5
= 1315 Hz Offset (O) theta = 4 L
o
o ¢
m i off. min = £
134 | ’
s off. max 5 Linear ¥
1313} " d
1312}
Cancel 0K
1311

0 10 20 30 40 50 60 70
Distance along Profile



Direct dating of fault scarps

 Mitchell, et al., 2001

— Cosmogenic dating of progressive fault scarp
exposure

e Also:

— Benedetti, et al., Zreda and Noller, and Phillips,
et al.

* Promising, but be cautious and Its expensive
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Mitchell, et al., 2001
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Figure 11. Three different displacement scenarios with resulting model *Cl values and residuals (percent differ-
ence between measured and model *°Cl values). Model **Cl are open circles; measured *°Cl data are small dots. (a)

Steady creep from 9 to 1 kyr B.P. results in model -

El

®Cl values that are too low for much of the scarp. (b) A single

rupture event occurring at 6.5 kyr B.P. results in model €1 values that are too low at the top of the scarp and too
high at the base. (c) The best fit scenario from the six-event series (with maximum displacement in the mid-Holo-
cene) results in a reasonable fit down the entire profile.

Mitchell, et al., 2001



® Normalized F
v 95% confidence
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Figure 12. Lowest residual (¥) value for each displacement his-
tory series. For comparison, F' values have been normalized to the
lowest residual. Higher numbers of events result in better F val-
ues; however, the change in F decreases with an increasing num-
ber of events. .
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— 4 Events
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Figure 14, Cumulative displacement versus time for best fit
histories of four, five, and six events. All three of these histories
show most displacement occurs in a relatively short period of
time, centered around 5 kyr BP. Lesser amounts of displacement
occur in the time periods 13-11 and 2.5-0.5 kyr B.P.

Mitchell, et al., 2001



Fault scarp erosion monitoring
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Gully 3 Survey locations
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Evidence for nonlinear, diffusive sediment
transport on hillslopes and implications for ~ Mattson and Bruhn,
landscape morphology 2001:

Joshua J. Roering, James W. Kirchner, and Calibrated K, = 1.2

WATER RESOURCES RESEARCH, v. 35, p. 0.9 for Lake
853-870, 1999 Bonneville

B KVz shoreline scarp.
T 1T = ([Vz]/S)?

Nonlinear approach

(A) nonlinear model (eqn. 8)

E Improves model fits
g by removing most
E
E .. dependence of K,
73] e -
- on scarp height.
(B) l(igcelg.r :r)wdel g;gigfgm‘ .. i

gradient

Figure 3. Theoretical relationships between sediment flux and gradient. (curve a) Nonlinear transport law
(equation (8)); (line b) linear diffusion law (equation (1)). The critical gradient S_. is the gradient at which flux
becomes infinite for the nonlinear transport law.



Distributed deformation

* Block faulting versus distributed
deformation

« Simple 2D dislocation models as sources of
deformation

« Activation of secondary fractures in the
near surface









Elevation (H/L)

no fractures
/L =0.025
————— /L =0.05

-0.08 0 0.08 20.08 0 0.08

Distance (x/L)

Slip along main normal fault activates shallow fractures,

modifying the deformation at the surface Hilley, et al., 2001



Transport vs. Production limited?

« Simple models of fault scarp development
can be extended by accounting for regolith
production and thus the availability of
transportable material.




Production Rate 1

Bb =0.001
0.1

/
< ||
o
Q@ ||
o

I

I

I

I
where, B,

and Bb

—— 09 4
10

1000

Narrnalized soil production rate

0B
o = _B,e Be(H-B)

is the production rate of regolith when bedrock is exposed (L/T),
is the thickness sensitivity of production rates (1/L).



Main subroutines:

SET-UP: PROFILE CHANGES:
inputparams -- dislocDisp --
reads & writes basic geomorphic paramaters and determines the horizontal and vertical components of displacement
in Broqram boundary condition types and constants subject to the fault parameters. It adds the displacement vectors to | o
prog # the topographic and soil/bedrock interface profiles, and then
inputprof -- reinterpolates, determining a new dx and new regularly discretized
START inputs the initial topographic profile, discretizes it profiles
into nx space steps, and then determines the ‘
v initial soil/bedrock interface profile
! ArbVertDisp --
SET-UP calcparams -- Adds increment of total vertical displacement specified in vertdisp by
determine & write stable number of iterations user. Best used in cases of small horizontal displacement and for L
! (nf), and thus a stable time step (df), and /ambda. variable elevation boundary conditions. n: :tl:
PROFILE ilialize ¥ ¥ times
CHANGES initializes vectors mlist and nlist; nlist(i) = n, and ;‘5‘:"23:?:& - isoiacement of the solllbedrock interface over th
miist(i) = 0 if channel growth is simulated or m if etermi e displacement of the SO rock interia e
L 4 not_ for all nodes. time increment due to soil production
OUTPUT _ ) !
vertdisp -- ubcfn -- geomDisp -- Ibcfn --
! reads a specified total vertigal displacement Determine applies the continuity Determine
profile and discretizes it in time and space geomorphic equation for material geomorphic
STOP displacement »|transport to geomorphic displacement
T—— A and flux elevation change along the and flux —
writeprofs — , change at profile (interior nodes), change at
writes the initial profiles in a compact column upper including evaluation of lower
format I boundary channel head growth boundary
faultsetup-- o
reads & writes the faultin rameters, and _—
determines omega (angkg,'::m vertical axis) and Each of the above starts at node 1 and runs along the profile
the coordinates of lower dislocation to node nx +1

igure B.12. Flow chart for PENCK. Main program flow is shown on left, and flow of main subroutines in the middle and on the right.

ach routine of PROFILECHANGES determines elevation change along the profile from upper end to lower end and the entire loop is
epeated nt times.




,T Penck 1D Fault Scarp Simulation Program
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model developed and written by George Hilley and J Ramaon Arowsmith
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A= [ oE

= | 2.E|1 = 1390

o) = 100,7000,10000

1aximum stable t-ste

Geomorphic Boundary Conditions:
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Model Parameters:

Tectonic Rates and Geometries:
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Fzo=
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I
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MATLAB
modeling tools

Hilley, 2001;

Hilley and
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2001, 2002
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Relative elevation, H
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B) Production- limited erosion C) Supply limited deposition
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4 |Model Resuilts
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Adding another spatial dimension and more processes

A) Original form of

fault scarp (t = 0 ka) B) t=10ka C) t=30ka D) t=50ka

)
N
|

Elevation (m
—'y
|

]
o
(8)]

10 -
Northing (m) Easting (m)

Simulation of the development of landforms resulting from incision into a fault scarp. In this model, two
channels are specified in order to transport material across the scarp. The surrounding hillslopes respond to the

incision by processes such as creep and rainsplash (diffusive). This model includes the processes of
channelization, rainsplash and creep, and the interaction between these processes. Values for the diffusivity of

hillslope materials is 10 m*/ka, the horizontal and vertical unit scales is 10 meters.

-Hilley and Arrowsmith unpublished



Prospects and cautions

Tectonic geomorphology studies provide important information
about the timing and distribution of past earthquakes when used
as a part of integrated studies.

The theoretical basis for these studies continues to develop;
however, morphological modeling is useful for better
Interpreting the processes responsible for observed fault scarps.

True morphologic dating remains challenging because of the
difficulty in calibrating geomorphic transport rate constants.

When considering the plan-view development of scarps, two
dimensional studies may be useful; however, realistic models
require the inclusion of fluvial processes whose rates must be
calibrated for each site if a meaningful morphologic age is to be
calculated.
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