LIDAR Based Analysis of a Degraded Fault
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GAUSSIAN MODEL OF 1°T DERIVATIVE
M OTIVATIO N DATA P ROC ESSI N G Gaussian erosional model, using a least squares fit of measured profiles to synthetic profiles, RESU LTS

adjusting the parameters a, b, a, and t, in order to retrieve an evaluation of the uncertainty

i, g Scarp in Hector Mine, California.
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» Determination of k, mass diffusivity of fault scarps, is normally estimated > A CIO_rf:jmonhD;t(l)Jgg ,i:LrquUired for the two datasets. Datum shift and differential Geoid model [Avouac, 1993] . ANALYSIS OF TOPOGRAPHIC SWATH ALONG THE HECTOR MINE FAULT
- i - - - applied to the ataset. e S

using traditional survey methods (for example profile elevations of a fine > Rpeg,idual differences determined with the lterative Closest Point [Besl and McKay, 1992] Erosion s modelled by convolution with a Gaussian curve with variance 2kz. The analytical * viegan — I ]
p_erpendlcular to the scarp at each |0cat|_0n)_- _These m_etf_lods require Slgmflc_ant algorithm to account for uncertainty in datum for 2000 ALS. expression of the synthetic profiles is given by: 5| Nomaramettc emetsmooting dtytor i | e
f'EId_ Work_, but also tend_ to Introduce significant variations due to the varying » LIDAR filtering was performed for ground classification and outlier removal. U(x,t) = E(x, [ty t]) * 2aH (x)] + bx (14) e [y Il I
quality of input observations. » Smoothing of ground model and generation of surface model was also performed. 1 [UD) 9 Lb, |

> LiDAR (light detection and ranging) offers great potential to precisely B(x, [t t]) = 50 [757= ~ b] (15) ||| | “ |||| L MR Zﬂ‘ll- Middis
document and rigorously determine morphologic degradation of fault scarps. DIFFUSION MODEL This approach does not rely on the diffusion model; the degradation coefficient is defined _ I|| ||||| ‘l I
[Renard et al., 2006] first used modern TLS Imaglng of a fault surface and with a dimension of length squared as follows: Finite dlfference. K(statlstlcallyy est|mated) 7(m2/ay) SLM: K(statistically estimated) = 5.2 (m2/ay)

[Brodsky et al., 2011] calculated evolution of fault-surface roughness using The rate of downslope transfer of surface debris Q, is assumed to be proportional to the local E(x, [to, t]) = —— 0 262 (16) ° | | | °
TLS data. [Hilley et al., 2010] used DEM's to estimate scarp profiles and slope, given by the linear diffusion equation [Andrews and Hanks, 1985] : k21'[o'2 I - Al - | 5 Wi ]
landform evolution as well, but much remains to be done. 0=—k % (1) 7 (17) I e m—m————
- . . - _ : : : : 1095.5 : 3 33
» In order to automate mass diffusivity calculations we need to evaluate ere U s the vertical elevat R o " | et o dt P S S II ' :
- - - - - I I vert vation, X I rzon 1Stan IV n I m = ) = —b)?2 —b)?2 a1
different approaches to estimating k from airborne laser scanning data. ere U s the vertical elevation, x Is horizonta] distance (positive upslope) a > e Mass E s AR E o5 4 (tg6-D)"  UGA-b)" s | \ |
diffusivity. The conservation of mass in cross section yields the condition: g S |m||| || I” | I | T | il |
é% pr E% 7 i = n ‘ l ~M 1 ; u
BACKGROUND ow_ov _ o 2y B /e | fd /e T I S Sl b L
: : : : ot Ox 0x? 5 Em ~Modol Final S - /|- Starting and Ending Point ERF Fitting: K(statistically estimated) =11 (m%/ay) Gaussian: K(statistically estimated) = 5.4 (m2/ay)
» The Mw 7.1 right-lateral strike-slip Hector Mine earthquake occurred on e e | * _ _ . .
. _ 3 e g 109 Figure 5 Histogram plots and Kernel density estimation of k values for 71
10/16/1999 and generated an approximately 48 km long surface rupture: METHODS S representative profiles.
the and the central section of the and smaller 1093 O S DU 0 10985 N S SO 10 Semi-automatic extraction Is Implemented using elevation surface

fault ruptures on minor strands were involved, with main strand rupture Finite difference SLM generated from our point clouds by a natural neighborhood gridding
FINITE DIFFERENCE * | | | | | | | _ _ . "
characterized by maximum strike slip of 5. 25 +0 485 m [Trelman 2002] method with resolution of 0.1 m. The directional curvature of best fitting

For 1=1: N
20 m profiles (step distance of 0.2 m) across the major fault scarp (colored
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» Since this Is a remote and sparsely

. Z(t2) = Z;(t1) + A (Zip1 — 22 + Zi—y) (3) £ S0kt . o . . .
populated area of the Mojave Desert, § 10945 : In green in Figure.6) Is calculated along with RMSE of fit.
southern California, 1t Is favorable for A= kﬁ (4) < | _ Searn Profte 2 | TR SmmSg
fault scarp degradation studies because To minimize the RMS difference of observed model and calculated model: 5 8 02 fiing taraet L] o o]
- - - 1005.5 | | p —SirTgIe Gussian fitﬁing [ 40-
there .IS Ilttle Interference from _ Zliil(zi(observed)—Zi(model))z 0 ? Acrossf‘rscarp DistanceG(X) [m] ® 10 ° 0 2 Acrossflscarp Distance6(X) [m] 8 10 K :54 (mZ/ay)
vegetation or human activity. | \ 3 RMS= > (5) ERF Fitting Gaussian =30- Estimated using results
T —— A least squares nonlinear estimation method is applied to iterate the process until a minimum F1g. 4 A sample profile with diffusivity fits from all four profile based methods. § with RMSE < 0.5
Fig. 1 Hector Mine surface rupture after 1999 earthquake in southern California & . . . bl P Figure note: Numerical artifacts exist in all methods; the irregularities are not related to the <20
(Photo by Katherine Kendrick, U.S. Geological Survey) RMS threshold i1s met. This method introduces finite interval errors. degradation of the scarp:
RESEARCH OBJ ECTIVE SHAPE LAGRANGE MODELING (SLM) 1) Finite Difference can mitigate the artifacts because it doesn’t assume a particular profile al
: : : Maximum scarp slope g8 is considered to be the key geometric parameter. model and thereby guarantees_forwqrd_ direction estlmatlon. : . : % o5 1 15 2 25
» Temporally spaced ALS (Airborne Laser Scanning) is used to evaluate the _ e _ | 2) SLM and ERF (error function) fitting are both single profile estimation techniques and RMSE [m]
_ _ _ If there Is constant mass diffusivity, then (3) (4) derived as follows: therefore mav suffer from far-field topoaraphic irreqularities . .
rate of degradation of the Hector Mine fault scarp near Twenty-nine Palms, . > may Surer pographic irreg - o | Figure 7 Scatter plot of RMSE of fitting vs. k
CA Fora =90, tg¥6 =\/%+b (6) 3) Small irregularities in the slope distribution far from the scarp mid-height point, can
. : : cer e adversely effect the results from ERF fitting. .
» Comparison of four different profile based methods for mass diffusivity B a il . J- N » Threshold of RMSE is set to be 0.5,
o . . . _ ora#90, tgf = (tga—Db)er e Gaussian method locates singular points to constrain artifacts but at the expense o : o
F 90 0 =( b) erf +b (7) 4) The G thod locat I ts t t tifacts but at th f
estimation and one semi-automatic extraction procedure for selectively 2mr(tga—b) magenta points in Figure.7 are below

losing important details and biases the trend of the first derivative.

assessing fault scarp degradation. where the initial scarp slope is tga, a being the angle of repose of the material. The product this threshold and used to estimate k.
of the numerical age by the mass diffusivity constant kt may then be estimated directly from SEMI'AQTOMAT!C EXTRACTIQN _ o > k estimates are color coded in Fiaure.
g
TEST DATAS ETS one scarp using equation (4). Measurement of the regional slope b, half scarp offset a, and Using a high resolution digital elevation surface generated from point clouds, the directional : .
, , > o > . . . . 6. The profiles used for calculation are
maximum scarp slope tg & may then be performed. [Colman and Watson, 1983] second derivative (directional curvature) of best fitting profiles (with predefined step distance) _ _
l;'mmﬁz‘ﬁ R san G 2 . . | across the major fault scarp is calculated using an approach similar to [Hilley et al., 2010], along scaled proportionally using RMSE.
% MOJAVED‘E&EF%I 1 - ALS 2000 colored in pink: kt = _— [(tge-b)z — (tga—b)z] (8) with an examination of RMSE of fit to identify areas containing fault and/or scarp-like
e i”"‘* S5 s Laee| NADS83, Epoch:4, 19, 2000 a2 1 1 topography. ‘
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. _ kAt =k(t, —1¢) = | — ] (9) ) 100 200 300 400 M
- ALS 2012 colored in green: 2 "V an Yege,-by)2  (tg6i—by)? : . . . " .
IGS08, Epoch:5, 27, 2012 Figure 6. Location of profiles with best fitting error functions
/ ERF (GAUSS ERROR FUNCTION) MODEL
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For a=90° Usyn(x: t) = aerf( X ) (10) Andrews, D. J., and T. C. Hanks (1985), Scarp degraded by linear diffusion: Inverse solution for age, J. Co N CLU SION S
2Vkt Geophys. Res., 90, 10193.
S e e e, P For a#90° Arrowsmith, J. R., D. D. Rhodes, and D. D. Pollard (1998), morphologic dating of scarps formed by : . :
"" o repeated slip events along the San Andreas Fault, Carrizo Plain, California, J. Geophys. Res., 103(B5), » LIDAR _a“OWS repeated documentation of fault scarp degradatlon Over
s e} Usyn(x, 1) = a [erf (x‘gjz_tga) +erf (xsz_tg“)] +a [0y tgae” e dx'(11) 10,141-10,160. areas of interest.
a4 20 P Loy ;‘:‘Q f" . et of t (b t N ) " ot t o _ g od at the dat - Avgl;zg, 27-5P4 (1993), Analysis of Scarp Profiles: Evaluation of Errors in Morphologic Dating, , 98(1), > Finite Difference shows the best Consistency among all of the proﬁle
or each set of parameters (b, a, kt) the synthetic profile U, Is sampled at the data points - . fitti . . - .
T o N Itting methods we studied; assessed using manually scrutinized sample
\ abscesses (X:),i-y and the standard deviation SD(b, a, kt) between synthetic points and Besl, P., and N. McKay (1992), A Method for Registration of 3-D Shapes, IEEE Trans. Pattern Anal. I‘Ofilges g y P
% 00 measured points is evaluated. Mach. Intell., 14, 239-256. - _ I L . . . .
. ) Broo!sky, E.E.,JJ Gll(_:hrlst, A. Sagy, and C. Collettini (2011), Faults smooth gradually as a function of » Final k estimation using our semi-automatic topography analysis with best
2 a0y LB e i _ _ _ _ Colman, S. M., and K. Watson (1983), Ages estimated from a diffusion equation model for scarp > Short ti 12 het ALS ob fi t K
AT AT00 1640 1620 11600 The geometric parameters derived from a scarp profile are regional slope b, half scarp offset degradation., Science, 221(4607), 263-265. ort time span ( _year_s)_ etween obsérvations appears 10 make
1Sl koo o el 185 curce b Sy noae a=d/2, and kt. The diffusion age thus takes into account the width of the scarp slope Renard, F., C. Voisin, D. Marsan, and J. Schmittbuhl (2006), High resolution 3D laser scanner estimation of mass diffusivity difficult. Longer temporal spacing is likely
1 ERETERACE) distribution and the global shape of the scarp profile, and not only the maximum scarp-slope. rlj‘eaSU;ga()?nthozg g;t“ke-S“p fault quantify its morphological anisotropy at all scales, Geophys. Res. required for more consistent estimates.
- - Fig. 3 ALS Datasets Coverage : ett., ! ' 1l 1 ' ' '
Fig. 2 M7.1 Hector Mine Earthquake of 16 October 1999 ’ ’ Again, kAt = k1 — k14 (13) Treiman, J. a. (2002), Primary Surface Rupture Associated with the Mw 7.1 16 October 1999 Hector Mine > Future work _WIII Investigate a 3D approach to estimate k value using
( ) Earthquake, San Bernardino County, California, Bull. Seismol. Soc. Am., 92(4), 1171-1191. repeat-pass LIDAR.
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http://www.data.scec.org/significant/hectormine1999.html
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