3D Visualization of Seismic Activity Associated with the Nazca and
South American Plate Subduction Zone (Along Southwestern Chile)
Using RockWorks

Figure 1: Top of Nazca plate relative to coastline of western Chile.
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Abstract

James P. Reed
RockWare Incorporated
Golden, Colorado

The visualization of earthquake data in conjunction with surface imagery is an ideal application for three-
dimensional computer software. Downloading earthquake epicenter data, satellite imagery, and surface
topography from the Internet is a relatively simple process. To illustrate the downloading process and the
visualization techniques, this study provides a step-by-step analysis of the subduction zone along the
western coast of Chile. Within the study area, the eastern-moving Nazca plate is diving beneath the
western-moving South American plate (Figure 2).

Introduction

The purpose of this study is to visualize seismic activity along a portion of the western coast of Chile
(Figure 1) where the Nazca plate is subducting beneath the South American Plate. By fitting a
polynomial trend surface to the seismic events, it is possible to determine the geometry at the top of the
subducting plate (i.e. the angle of subduction).

Figure 2: Study area location.

Global topographic map courtesy of the Marine Geology and Geophysics Division of the National Geophysical Data Center
operated by the United States Department of Commerce, National Oceanic and Atmospheric Administration.

All data manipulations, unless otherwise stated, within this study were performed via the RockWorks
program from RockWare Incorporated, Golden, Colorado.

Downloading a “Synthetic” Satellite Image

The study was initiated by obtaining a cylindrical projection image (Figure 3) of the southwestern Chilean
coast from the Fourmilab web site (http://www.fourmilab.ch/cgi-bin/uncgi/Earth). This image is based
on “composite” satellite and topographic data that was created by The Living Earth, Inc. For more
information please visit their web site (http://www.earthimaging.com/). The study area coordinates are
summarized within Table 1.




Figure 3. Study Area "Synthetic" Image
© Copyright 2001 — The Living Earth, Inc.

Project Area Dimensions
(Longitude / Latitude)
Western Longitude (X-Min): -79 (79w)
Eastern Longitude (X-Max): -61 (61w)
Southern Latitude (Y-Min): -37 (37s)
Northern Latitude (Y-Max): -19 (19s)

Table 1: Project Area Dimensions (Longitude/Latitude)

Converting Project Dimensions to UTMs

Longitude and latitude coordinates are required when extracting imagery and earthquake data from the
related web sites. There are however, inappropriate when creating computer models in which geometries
and volumetrics are to be calculated. In other words, the vertical and horizontal units must be identical.
As a consequence, the project area dimensions were converted to UTM (Universal Transvererse
Mercator) meter coordinates. This was accomplished by creating a small datasheet with the RockWorks
program and then using the Utilities/Coords/LonLat->UTM program to populate the “Easting” and
“Northing” columns within the datasheet with the computed UTM coordinates (Figure 4). The results are
summarized within Table 2: .

Rows# | Comer | Longitude | Latiude | Eastng | Norhing | .
ey 9 a7 Initial datasheet
T Em— = = with longitude /
3| hwe T9 BT latitude corner
4|NE 51 ET points
T
Longitude/Latitude -> UTM Converter ... E@I&J
Input Colurng Output Colurnns
Longitude: UTH Easting 4+ Zone
|L0ngitude j |Easting j - UTM Units
L atitude: UTH Marthing &+ Meters
|Latitude j |N0rthing j " Feet

Decimal Plzces: [(]

« 0k | X Cancel | 2 Help | &+ =|

%

Final datasheet Rnw#1 Corner ‘ Lnngrtude79| L:atrtuﬂe37 EZ::anm En;l;ngcg
i SW ; 3 3 391, 5,858,259 |
with UTM corner —— 5%
int 2|5 -1 -37| 1,212,470 5,875,284
points 3| nw -79 -19] -556,756| 7,868,059
4|NE 51 -19] 1,344,183 7,880,023
5

Figure 4. Converting Longitude/Latitude to UTM Coordinates



Project Area Dimensions (Universal Transverse Mercator— Meters)

Image Corner Southwest Northwest Northeast Southeast
Easting (X) -391,040 -556,756 1,344,183 1,212,470
Northing (Y) 5,858,259 7,869,059 7,880,023 5,875,284

Table 2: Project Area Dimensions (UTM-Meters)

Creating a “Floating” Satellite Image

The Peruvian coastline image was then converted into a “floating” bitmap by using the Utilities / OpenGL
/ Images / Float program (Figure 5), displayed within the RockPlot3D program, and saved as “Chile
Satellite Image.xml” as shown by Figure 6.

Floating Image Options ... E@g

-
- Elevation: [0.0]
=t Lower-Left (SW)
- Easting(¥): [-391,040.0
- Northing(Y):[6.868.269.0
=t Upper-Left (NW)
 Easting(X): [556 756.0
 Northing(Y):[7.869.059.
=t Upper-Right (NE)
 Easting(¥): [1.344.183.9
- Northing(v):[7.880,023.0
=t Lower-Right (SE)
- Easting(¥): [1.212470.9
- Northing(Y):[1.212470.
----- Layer Name: [ Satellite Image]

=t [ Set Transparent Color
“.Transparent Color: |:|
+ [~ Reference Cage

[ S0k | Xcancel | 2 Help | &=

Figure 5. Float Program Menu Settings

Figure 6. Float Program Output




Downloading Seismic Data from the National Earthquake Information Center

The next step was to download the seismic data from the NEIC (National Earthquake Information Center)
web site (http://neic.usgs.gov/neis/epic/epic_rect.nhtml) and entering the information shown within Figure
7.

Select Output File Type:

7 1. Expanded File Format with Headers and Spaces

) 2. Compressed File Format

") 3. Screen File Format {80 columns)

) 4. Generate Map (This option takes time; please be patient.)
@ 5. Spreadsheet Format (comma delimited)

Search Parameters

Select the Data Base:

@ USGS/NEIC (PDE) 1973 - Present
7 USGS/NEIC (PDE-Q) Most Recent Events { 2007 04 02 - 2007 0512 )
* Significant Worldwide Earthquakes (2150 B.C. - 1994 A.D.)
_ significant U.S. Earthquakes (1568 - 1989)
_) California, 1735 -1974
7 Canada, 1568 - 1992
_ India, 1063 - 1984
7 Mexico, Central America, Caribbean, 1900 - 1979
' South America, 1471 - 1981
' Eastern, Central and Mountain States of U.S., 1534 - 1986

Input Rectangular Area Search Parameters:

Input SOUTH Latitudes and WEST Longitudes as NEGATIVE numbers.
Input latitude and longtitude in decimal degrees.

-19 Top Latitude of Rectangle
-37 Bottom Latitude of Rectangle
61 Right Longitude of Rectangle
-9 Left Longitude of Rectangle
{ Submit Search I I Clear form I

Figure 7. NEIC Web Site Extraction Parameters.

Unfortunately, the NEIC web site does not save the data to a file. Instead, the data is displayed in a new
web page (Figure 8). As a consequence, the Microsoft Internet Explorer Copy command was used to
copy this data to the Windows clipboard and then pasted into the Microsoft Notepad program. The data
was then saved within an ASCII (American Standard Code for Information Interchange) file called
“neic_chile_data.txt”.

Note: Rather than highlighting the block on the NEIC page, it’s much easier to use the Edit/Select-All
command to copy everything on the page to the Windows NotePad program. Then, just edit-out the
header and footer garbage.

& NEIC: Earthquake Search Re:

~ A
@\J' % hips cr.usgs.gov/neic/cgi-bin/epic/epic.cgitSEARCHMETHOD=28.CLAT=0.0&CLOI

s 4 [35]+ 2B NEC Esthquake Searc.. ¥

aUSGS

science for a changing world

NEIC: Earthquake Search Results

Year,Month, Day, Time (hhnmss .mm) UIC, Latitude, Longicude, Magnitude, Depth
1973,01,01,092857.20,-22.16, -65.79,4.8,205

1973, pass
1973,{ | earthquakes.txt - Notepad
iz:zv File Edit Format View Help
Tovs | 1973,01,01,092857.20,-22.16, -65.79,4.8,205
3| 1973,01,03,025816. 2, -63.26,5.6,563
1973,8| 1973,01,06,061852. , -69.31,4.9, 83
1973,{| 1973,01,08,204323.60, . -70.47,4.4, 53
la73,{| 1973,01,10,050128.20,-27.85, -66.59,4.3,159
B 1973,01,17,192549. 50, , -69.40,4.5, 57
_Z71l 1973,01,18,051700.70, -66.63,4.3, 45
1973,8 | 1973]01,19,103350.40, -66.12,4.6,272
1973,4| 1973,01,22,022105.40, 71.61,4.8, 10
1973,{| 1973,01,22,095053.40, 71.50,4.6, 68
e 1973,01,24,090336.70,-20.76, -69.65,4.7, 40
271l 1973,01,29,073943.70,-32.61, -70.69,3.7,120
1873, 1973,01,29,200013. 80,-30.10, -71.43,3.5, 33
1973,4| 1973,02,01,051420.60,-22.66, -66.19,6.7,229
1973,4| 1973,02,02,045119.40,-21.48, -68.50,4.6,122
1973.{| 1973,02,06,025054.40,-20.65, -68.95,3.9,112
s 1973.02.06.062731  .-25.54. -70.57.4.6. 23

Figure 8. Saving NEIC Data in Text File
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Importing NEIC Data Into RockWorks

Next, the File / Import / NEIC program was used to import the NEIC output into the Utilities data sheet
called “chile_earthquakes.atd”. The settings that were used for this operation and the corresponding
output are depicted within Figure 9. Note how the maximum depth was set to 648 kilometers. This
number is used by the program to determine the colors that will be used later on within this study to
depict the depth of the seismic events. Specifically, the colors will range from cold (dark blue) to hot
(red) as determined by the depth of the earthquake focii.

Mational Earthquake Information Center Data Importer ... =[5 [ |
=+ [
BNEIC File: | C:\1Work\RockWaorks2006\case studies\Chilean\earthquakes.txd]
4| Latitude
+- Longitude
#- Depth

#-"ME" Magnitude
A "Ms" Magnitude
#- Magnitude
- Magnitude2

4 Coordinate Projections
= Output
Symbol-[@]
¥ Depth Coloring
Maximum Depth:
Row# | Longitude | Latitude | Color | Symbol Depth Magnitude | Easting Northing Elgvation Size
|: -70.35 I e 3.0 970 -18737% 6324507 3000 30,000
— 702z -G ¢ 2.2 60 179577 6307270 2300 17,000
773 el o 35 110 -328803 6460583 3500 30,000
7028 By o 25 1060 173214 6217182 2500 30,000
7088 T ¢ 4.5 330 279,779 7244088 4500 30,000
044 -RT ¢ 22 140 -197629 6,349,597 2200 30,000
BT 43 510 -279603 6723021 4300 30,000
EOVEE-T: 3.3 117.0 -162877 63255909 3300 30,000
71 -Re I © 22 3.0 -318265 6354905 2200 5,000
ECEEE 0 34 1470 40697 6488802 3400 30,000
6874 303 ¢ -3.8 167.0 52339 6632859 3800 30,000
1.3 <l o -3.1 101.0 -257918 6,047,145 3100 30,000
EETEEE: 34 570 -281542 6456445 3400 30,000
724 I o 3.4 440 -366,117 6160856 3400 30,000
1 Zn oo D — - an Ao o Annnaca o oaac oo oon  onnonn

Figure 9. NEIC Import Menu & Output

The output from the NEIC import program includes the original data (longitude, latitude, depth,
magnitude) plus some additional, calculated fields such as color (scaled in proportion to the depth), UTM
northings/eastings (in meters), and size (scaled in proportion to the magnitude). The “Size” parameter is
used to define the radii of three-dimensional spheres that are used in the RockPlot3D diagrams. The
computation of the size parameter is based on the data depicted within Table 3.

Magnitude Size
0-1 2,000
1-2 3,000
2-3 5,000
34 8,000
4-5 12,000
5-6 17,000
6-7 23,000
>7 30,000

Table 3: Sphere Magnitude/Radii Assignments

Once the NEIC data was imported into the Utilities datagrid, the Map / 3D Points program was used to
generate a three-dimensional sphere diagram in which each sphere represents an earthquake focus. The
settings that were used are shown in Figure 10. The output from the 3D Points program is shown in
Figure 11. Note how the radii of the earthquake spheres are based on the data in the magnitude column.
This means that the size of a given sphere is proportional to the associated earthquake magnitude.



A3-Dimen;ionaIPoint Plotting Options ... El@

File View Help

Input Celumns

X (Easting)
Y (Northing)

BeJe) e 7)2]

- Simple
+0
Group Name | Earthquakes

=} Symbol Type
@ Spheres / Oblates

MNorthing A *) Cubes / Parallelepipeds

Z (Elevation) =} Symbol Size & Color

1@ Independent (Size & Color Defined Separately)
Elevation = Symbol Dimensions
=t Uniform (All Symbols Have Same Size)

Size (% of Project Size)

=t-@ Variable (Size Based On User-Defined Data Column)
Magnitude Column (Used To Define Size)
Minirmum Size (% of Project Size)
Maximum Size (% of Project Size)

=} Symbaol Colors

=) Fixed {All Symbols Have Same Color)
Fixed Color

=@ Column (Based on User-Specified Color Column)

Color Column

=ty Automatic (Cold-to-Hot Colors)

Magnitude Column Used To Define Color Range| V-Magnitude

+l-(7) Table-Based (Size & Color Defined Within Lookup-Table)

Vertical S(alar
+-[] Labels
+1-[] Connectors (Draw Lines Connecting Symbols With Surface)

+1-[7] Reference Cage

@l = Continue ...

Figure 10. 3D Points Program Menu Settings

Figure 11. Earthquake Epicenters Depicted As Spheres

Combining Satellite Imagery with Epicenter Spheres

The floating satellite image was then combined with the 3D epicenter diagram in order to produce the
image below. In order to see through the satellite image, the opacity was decreased to 30%.



Figure 12. Semi-Transparent Satellite Image Floating Above Epicenter Spheres

Fitting a Surface Model to the Earthquake Epicenters (Delineating a Plate
Boundary?)

The next step utilized the Map / Grid-Based Map program (see Figure 13) to interpolate a surface model
based on the epicenter XYZ coordinates. This was accomplished by using a inverse-distance squared
algorithm with a 1*-order polynomial enhancement. This means that a first-order polynomial was
initially “best-fit” to the data via a regression algorithm. The residuals (differences) between the observed
elevations and the predicted elevations were then gridding using an inverse-distance-squared algorithm.
Finally, the two surfaces were combined in order to create a surface that shows both the regional trend as

well as the higher-frequency anomalies.

Figure 13. Surface Model Fitted to Epicenter Points

The parameters that were used to interpolate this model are shown within Figure 14. Until informed
otherwise, the author will assume that this surface represents a rough approximation of the plate boundary
(the benefits of not publishing in peer-reviewed journals).



/) Grid-Based Map Options .. =« = E)
p Opl

Input Calumns ~| @& Create New Grid -
X [Easting Grid Mame: [ C:\Users\Documents\RockWorks20061S
Easting hd = Model Dimensions
v [Morthing] =} ¢ "Hardwire” Project Dimensions
Narthing 2 I @ Variable (Data Specific) Dimensions |
Z [Elevation | Grid Dimensions
Elevation hd © 4 " Average Minimum Distance

- 4 & Manual

: ©* Current

;l Solid Dimensions

[~ Confirm Model Dimensions

- Method ({Algorithm)

+ [~ Decluster Points

[~ Logarithmic

[~ High-Fidelity

= ¥ Polyenhancement

" Automatic

« 2nd Order

« 3rd Order

" 4th Order

" &th Order

" Gth Order

# I~ Smooth Grid

# I~ Densify

+ [~ Maximum Distance Filter

# ¢ Use Existing Grid

=t |7 Create Grid Diagram —
#f ¢ 2-Dimensional
-} & 3-Dimensional

I + [ Flat Surface

m

+ ™ Rnnlaan Calare
< m 3

[ ok | Xoancel| Prein | 4=

Figure 14. Plate Boundary Grid Parameters
Truncating the Plate Boundary Surface Model

As shown in Figure 15, the best-fit surface projects above the ground surface. As a consequence, the
Utilities / Grid-Filters / Range-Filter was used to set all elevations below the ground surface to zero. The
settings that were used within the Range-Filter are shown within Figure 16. The scientific validity of
truncating a surface in this fashion is admittedly questionable especially in light of the curvilinear
geometry of the trench that is plainly visible within the synthetic satellite imagery.

__——Plate Bouisdary Exlends
Above Ground Surlace

Plate Boundary
Truncated Just .
Babow Ground
Surfacm

Figure 15. Original and Non-Truncated Plate Boundary Surfaces



Grid Range Filter Options ... E@Q
Rp—

B Input (Grid) Model: | C:\Users\ROCKWARE\Documents'\RockWorks2006\Sar
B Output (Grid) Model: | C:\Users\ROCKWARE \Documents\RockWorks2006\S
-Threshold:

| -Replacement Value:

=+t [~ Low-Stop/High-Pass Filter

=i ¥ Create Grid Diagram

_}j ¢ 2-Dimensional

;} * 3-Dimensional

4 | i

[ ok | %Cancal | P Help | o|=|

Figure 16. Range Filter Settings used to Truncate Plate Boundary Surface Model

Smoothing the Plate Boundary Surface Model

Once the surface model was generated, the Utilities / Grid / Smooth option was used to smooth the
surface to eliminate spurious noise. The smoothed model is depicted within Figure 17.

Figure 17: Effects of Grid Smoothing Filter

[ Grid Smoothing Options ... @@g
Input (Grid) Model: C:\case studies\chileltruncated plate contact.grd
& Output (Grid) Model: | C:\case studies\chileltruncated plate smoothed. grd

- Filter Size:[1]
- Iterations:
+ [ Create Grid Diagram

L}

<

[ Ok | Xcancel| PHelp | 4=
=

Figure 18: Grid Smoothing Menu Setting

Computing The Subduction Angle

Once the surface model was generated a program called Slope/Aspect (located within the Utilities/Grid
menu) was used to generate three new grid models; slope, aspect, and second-derivative. The first model,
called a “Slope Model”, contains grid nodes that define the slope at any given node. A two-dimensional
color-coded version of this model is depicted within Figure 19. Note that most of the surface ranges
between 20 and 30 degrees. If we assume that the original surface represents the plate boundary (a
guestionable assumption as previously mentioned), We can therefore say that the angle of subduction is
approximately 25 degrees. The settings that were used within the Slope/Aspect program are depicted

within Figure 20.
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Figure 19: Slope Map Depicting Angles of Subduction

(TA] Slope/Aspect Options .. (= B [t
5----Blnput File:[C:\case studies\chile\truncated plate smoothed._grd |
=t Output
~| ¥ Slope

5----Fi|e:|C:‘u:ase studies‘chileMtruncated plate slupe_qrd|
+ ¥ Aspect
+ ¥ 2nd-Derivative
=} Units
- @ Degrees
- " Percent
“ " Radians

4 T | [

vz Oé_l X Cancel | ? Help ﬂj

Figure 20: Slope/Aspect Menu Settings

Creating a Solid Model Based on Earthquake Magnitudes

The Utilities / Solid / Model program was then used to create a solid model based on the earthquake
magnitude values. The menu settings are depicted within Figure 21 while the graphic output is shown
within Figure 22 and Figure 23.

11



Create Solid Model ... = | B %)
Input Columng =t Solid Model

# [Easting] =] o Create New Model
Easting :I' &) Solid Model Name: [C-\case studies\chile\earthquakes mod
* [Morthing] - Data Source
Horthing < @ Datasheet
Z [Elevation} + © ASCI File
[ | Elevation hd [~ Spatial (XYZ) Filtering

(At

G [Grade} [~ Filter Based On G-Values
Magritude - Decimation Interval: [1]
[~ Show Filtering / Sampling Report
Model Dimensions
Algorithm {(Modeling Method)
¥ Declustering
[~ Tilted Maodeling
[~ Warp Model Based On Grid
Stratabound
[~ Logarithmic
[~ High-Fidelity
+ [ Maximum Distance Filter
+ [ Smooth Solid
+ ¢ Use Existing Model
+ ¥ Create Solid Diagram

L

bk

4|

m
o Ok X Cancel | ? Help | ﬂj

Figure 21: Solid Modeling Parameters

|

= 4

I'h & I 'K

e

Figure 22: Block Model Based On Earthquake Magnitude Values

Figure 23: Block model showing voxels with magnitudes greater than 3.6.

Combined with data spheres (original earthquake points) and interpolated plate boundary surface.
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