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Nots: all files referenced here can be found on the USGS CO ROM or on the magnetic
tape called ymflts.

Project: To build & 30 model of a Miocene tuff contact. the bottom of Terl,
and faults et Yuccs Mountain Nevada, concentrating on the Solitario
Canyon Fault.

Purpose: To unravel the kinematic development of the fault.

Methods (Plan):

Step 1: Build a model of the the bottom of Torl, based on surface
exposures of the contact.

-(a) Obtain surfece UTM coordinates (X, Y) along the bottom
of Tert from USGS CD-ROM by Day et sl. msap

-(b) Obtain elevation values for X, Y coordinates

-(c) Convert data points to a format suitable for EarthVision

-(d) Suiid model on Esrthvision

Step 2: Add faults as & simple model, in which the
dips are constant along the fault’'s length.

-{a) Obtain surface UTM coordinates of Solitario Canyon Fault
from USGS CD-ROM of Oay et al. map

-(b) Obtain elevation values for X, Y coordinates

-(e¢) Convert deta points to s format suitable for EarthVision

-{d) Suiid model on Earthvision

Step 3: Add available bed dip data where there are insufficient dats points
to determine bed dips from Ter!1 outcrops alone.

-(a) Obtein strike and dip data from USGS CD ROM
<(b) Incorporate data into the model.

Step 4: Add availsble rake and plunge data to the model.

-(a) Obtain rake and plunge data slong Soliterio Canyon Fault
from Simonds et. al. map at simons_view!.apr

-(b) Obtain additional rake snd plunge data from USQS CD ROM

<(¢c) Obtain points at depth of the Solitario Cenyon Fault
available through borehole data and cross section
interpretations from CD ROM

<(d) Incorporate data into the model.

-

Step 5: Consider the kinematic evolution of the fault. Build a model
that fits with current thoughts about fault evolution
(i.e. tncorporate skills from journal articles)

-(a) Collect length and throw values along Solitario Canyon
- N : and nefighboring fauits from the 30 model
-(b) Plot length versus throw on Microsoft Excel Charts
o -(c) Use throw profiles to eveluate fault behavior
-{d) modify wodel

1a. The CD ROM data was on the drive /bserl. on Biglend.
T T In arcedit, the bottom of Terl on the central block of Yucca

[



Mountain was visually compared to the mep lines

on the arc coverage CBCONT. To bring the coverage into the window

use the arc command "ae" to get into arcedit. Then use vedit CBCONT ™
wdrawenvironment arc.” and "draw.® “editfesture arc" must be used before

the arcs can be sdited. One area at a time was zoomed in on. and

ngalect all” selected all of the lines in that ares. The comsand "unsel many®
was used to unselect the lines representing the bottom of Teril.

npelete” deleted stl selected Lines, isaving aniy lower Terl. This file
was saved as an arc coverage CBCONT V3.

This only covered the central block of Yucca Mountain.

Whereas Solitario Canyon Fault was originally the primary interest, a

recent article by Ferrill et. al. raised an interesting question about the
interaction of nearby faults. Thus, snother map on the CD ROM, at a 1:24000
scale was used to gather spatial data over a larger area for the bottom of Terl
(labelied Cr1 on the 1:24000 map). This file was available at
/bscr1/sitegeol/sitegeol. dxf. The ".dxf" ending indicates that it was
orginaily creatad as an AUTOCAD fils. It was neccessary to convert it

into a ARC coverage so that the bottom of Tcri could be extracted as
described above for the larger scale map.

The command DXFINFO was used to describe the layers present in the CAD file.
The follawing output resulted: '

LAYER NAME ARCS POINTS TEXT ATTRIB [INSERT LEN COLOR L"‘ET“E

0 /] 0 0 ] 0 0 7 CONTINUOUS
DIKES 2 0 0 0 19 © 6 cowTINvOuS
BALL BAR 435 0 0 0 872 0 1 CONTINUOUS
ESF ;995 1 0 0 ] 0 0 6 CONTINUOUS
FAU:V 2155 1] 0 0 0 0 1 CONTINUOUS
FAULT_INFER 985 0 0 0 o o  1opor
FAULT_APPROX 934 0 0 1] 0 0 1 DASHED
CONTACT 5535 0 0 0 0 0 7 CONTINUOUS
mTACT_”PROX 704 0 0 V] 0 0 7 DASHED
CONTACT_INFER a9 0 0 0 1] 0 7 poT

ROADS are 0 0 0 77 o 30 conTINUOUS
DIPSYM 17 0 0 ] L] 0 7 CONTINUOUS
FOLSYM 47 0 L] 0 0 ] 7 CONTINUOUS
CORRELATION _CHAR 78 0 0 0 0 0 7 CONTINUOUS
UNIT LABELS- 1318 0 2002 0 24 4 7 CONTINUOUS
LEGEND 260 0 23 0 1 103 7 CONTINUOUS
BOUNDARY 37 0 21 0 0 [} 7 CONTINUOUS
BOREHOLES 1996 4 58 59 ] V] 7 CONTINUOUS
FAULT 3';0L3 22 0 50 0 198 1 1 CONTINUOUS
FAULT-LA.ELS 5 0 48 V] 0 21 7 CONTINUOUS
DIPSY; XY 0 0 64 0 0 2 7 CONTINUOUS
FOLSVI-TXT 0 0 167 0 1] 2 7 CONTINUOUS
FAULT ;"’ 2 0 102 0 10 2 1 CONTINUOUS
NTS - 3 0 2 0 1 21 35 CONTINUOUS
X SECTION LINES 4 1] 8 )] 2 7 CONTINUOUS
“;DQE LABELS 0 0 A 0 0 18 47 CONTINUOUS
LAT_LONG 8 0 . 0 0 12 32 CONTINUOUS
MAP INDEX 20 0 3 0 35 1 4 CONTINUOUS
ALL LAYERS 13474 58 2835 0 1328 103

The command DXFARC was used to perform the conversion from a dxf file to
an arc coverage. A prompt asked for
the layers to convert. The following coverages wers crested:

CNTS Structural Contour lines

RIS

N et

1b/c.

CNTLBL Structural Contour lsbels (ex: crl1, cpum)
FLTS Fault arcs
FLTOP Fault dip data
Nodes to fault dip vectors and dips (text)
FLTLBL Fault names (text)
FoLDIP Foliation dip data
Nodes to strike of compaction foliations
FOLTXT Foliation dip values (text)
SGEO_AA Cross-section line AA’
SGE0_BB Cross-section line BB’
SGEO_CC Cross-section line CC”
SITEGEOL Everything on 1:24000 sap

ALl of these are located in the "arcfiles" directory.

The Ter1 layer was extracted in the same manner as described for the central
block of Yucca Mountain. The old file was added to the new data with with the
command “get" under arcedit.

The data points were converted to a data points suitable for Earthvision

by Ronald Martin.

A problem was encountered.

Data points for the layer on EarthVision appeared to have an error.

Along the Solitaric Canyon scarp, dats points should be spproximately

100 ft higher than directly to the East. However, in the data set they

are lower than the points to the east. One possibility wes that the canyon is
very steep, and when over laying the points there could be error because

a slight offset laterally will make a large change in the verticat

direction. Also, the wrong layer could have been selected from the Arc coverage.

1 double-checked the layer saved in CBCONT_Y3 sgainst

the layers on the USGS computer and paper maps. The correct layers

had been selected.

The paper map shows different Z values than those

calculated for the data file. The digital map used to calculate Z values
(DEM, NAD83) appears to be offset about 200m horizontally and 20m
vertically from the Arc coverage by Day et al., 1968,

In order to find Z points, we use LATTICESPOT in arc. This function

tays the X, Y coordinates over an image with X, Y, and Z coordinates.

It assigns to the former the I coordinates in the latter corresponding

to the X, Y coordinates in the former. In order to gather the correct Z
values. it is critical that the images are aligned properly. This means

that the two images must be in the same North American Daturm (NAD)

when LATTICESPOT is performed. There are two NADs NAD27, from the year

1927, and NAD83, from the year 1883.

The digital elevation map (DEM) provided by the USGS is reported to be in
NAD83, while the CD-ROM values from which we obtained X and Y coordinates is
in NAD27. One must be converted before the calculstions can

begin. Ron Martin tried three different methods of converting only the four
tics (on the corners of the map) from NAD27 to NADS3:

NAOCON on arc, datum transformstion on arc from NAD27 TO state plane coordinates
in decimal degrees to NAD83, and referencing the location in North Americen
Datum of 1883 Map Data Conversion Tables, USGS Bull. 1875-B.

All three methods derived different NADB3 values. The values of the four

tic marks signifying the four corners of the map by the first two methods are:

NAD27:

Tic 1D XTI1C YTIC
1 551058.474189 4075227 .90230
2 §45725.23100 4075209.30528
3 545698.10932 4082980.92697




4 §51031.35223 4082998.55434

NADB3, by conversion from state plane:

Tic 10 XxT1C YTIC
1 551057.23579 4075430.81524
2 545724.12188 4075412.01923
3 545696 .99894 4003183.82520
4 551030.11225 4083202.45158

NADB3, with NADCON

Tie ID XTIC YTIc
1 550078.41185 4075424.75488
2 545845 .00881 4075408.15328
3 545817 .985801 4083177.82520
4 550951.30125 4083196.47096

Thus, we must find & method of converting NAD27 to NADB3 that will align the
two maps properly before we sample the Z values.

The offset, and thus incorrect data values originally

obtained were due to performing latticespot under the wrong NAD.

The situation was corrected, and data points now iook correct.

A working hypothesis is that the USGS maps were actually in NADA3, rather

than NAD27. Either the DEM was really NAD27 or the USGS map was

really NADB3. I assumed the latter and the correct data points were

colliected.

Three arc coverages (located in the directory “arctoev") were converted to dates
points suitable to use in EarthVision. The key files include:

Arc files Earthvision file Description

FLTS flts.dat AlL feults on the 1:24000 digital map

MJFLTS mjflts.dat The major faults on the 1:24000 map,
to be used in the model.

TCR1 tert.dat The horizon of the bottom of Tcr1.

Example of commands:

Conversion of FLTS to fits.dat:
Note: “Arc:" and "Generate" indicate that the command is performed in Arc,
otherwise it is performed in an xterm.
Arc: precision double

Arc: UNGENERATE LINE FLTS flts.lin

Arc: quit

arc_lins2arc_pts.nawk fits.iin > flts.pnt

*Sets precision to double precision
“uses coverage to create .lin file (ex: flts.tin)
*exits Arc
*.nawk file uses .lin (ex: flts.lin) file with
information on nodes of lines
to create a .pnt file (ex: flts.pnt) with points
at the node locations.
*Sets precision to double precision
*Turns .pnt file (ex: flts.pnt)
*into a coverage (ex: FLTS_PNT) with points

Arc: precision double
Arc: Generate FLTS PNT

Generate: input fits.pnt

Generate: points

Generate: quit

Arc: PROJECT COVER FLTS_PNT FLTSPNT_u27 spes27_2_utm27.prj *uses coverage projected in State Plane coordinates,
NAD27, zone 2702 (ex: coverage FLTS_PNT) teo
create a coverage in
UTM NAD27, zone 11 (ex: coverage FLTSPNT_U27)

Arc: build FLTSPNT_U27 points *builds point attribute table for coverage

——
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1d.

2a-c.

2d.

{ex: FLTSPNT_U27)
*collects elevation values by comparison
with the DEM, ALLOUTMB3, and places elevations
in the point attribute table under the column
z_elev for the coverage
*creates a TIN (ex: FLTS_TIN) with the coverage
“creates a .lin and .pnt (ex: flts_xyz.pnt)
file from the tin.

Arc: LATTICESPOT ALLOUTMS3 FLTSPNT_U27 z_elev

Arc: ARCTIN FLTSPNT_u27 FLTS_TIN POINT z_slev
Arc: UNGENERATETIN FLTS_TIN flts_xyz

Arc: quit

tinpnt2ev.nawk flts_xyz.pnt > flts.dat “nawk code uses .pnt file to put X, Y, and 2

coordinates of points in a format suitable for
Earthvision.

ALl Earthvision data was copied into a new file called ymev. It

can be found on my home directory on the ONYX. A 20 grid was
calculated for Ter1, without any faults cutting it.

Steps: Under Modeling/2-0 Minimum Tension Gridding, scattered data
was listed as ter1.dat. Calculate/Normal Minimum tension calcu lated
the 2-0 grid.

Same procedure as la-c.

Data was organized as fallows:

The directory “ymev" contains data used in calculations of the 3D Earthvision

models. The directory "origblks" contains the original fault data points,

(".dat” files) and horizon points (tcr1.dat) gathered from Arcinfo.

The file "flts.dat" contains the data points for all faults on the 1:24000 "nap.

The file "mjfits.dat" contains the data points for all faults currently inciuded in the
model, and the file "flts.ann" contains the names used in both origblks and slopespec
for each fault. For example, "f1" indicates the Northern Windy wash fault.

The directory "slopespec™ contains altered data points (for exsmple, data points might be
added north or south of the extent of the fault to constrain its location).

The file tcri.dat was edited to remove data points very close to faults

because they cen mess up the caiculation of block models. The edited version

of tcri.dat is tcriedit.dat. It also includes 20 grids of each fault, 2D grid

reports, sequence files (.seq) used in the Geologic Structure Builder, and faces files
(-faces), which are the final models.

To see how each fault was added, see ymev/s lopespec/howtoaddf It . txt

To see how the horizon Tcr1 was added, see howtoaddhorizon.txt

The final figures used in the thesis are in ymev/slopespec/thesisfigs.

Other images of the model at earlier stages are shown in slopaspec/postscript,
slopespec/rgb, snd sl pec/sh

3a. Strike and dip data:

Arcedit was used to gather data on the strike and dip of beds. The

data was available under the arc coverage BEDDIP.

The coverage was displayed in an arcedit window. The draw environment
was set to all features using "de a{l." Next to the window I placed

a text file. The nodes did not have attributes, so I could not select
them automatically to get X and Y coordinate data until I crested
attributes by using the arcedit comsands "ef node" and “createattributes.”
The arcedit command "ef node" and "se!™ allowed me to seiect a node at the
center of the strike and dip symbol. Arcedit showed the X, Y coordinates
(NAD27), and they were copied into the text file. To get each strike value,
1 would use the rotate function. MHowever, nodes could not be




rotated, so I first added points at each node to the file with the arcedit commands

vof label" and "add." snd saved the file with these labels. In each case. there

were two labels, at the end of each strike line. I selected a label with "sel" (any lsbel,
it does not matter which is chosen), and used "rot" to rotate it the same angle from

north that the strike makes. I selected from one end of the strike line then the other,
chosing the order that would create the smallest angle out of 380 degrees. Arcedit

telis you the rotation of that Line counterclockwise from north. In order to

get the accurate strike, i.e. clockwise from north instead of counterctockwise,

the values were changed to 380-strike. The dips were ]

printed next to the symbols, and simply typed into the text file.

Data on the strike and dip of beds is located in dipdat/beds.

4a. Rake and plunge data:

Universal Transverse Mercator coordinates, azimuth, and plunge data of fault dip vectors wers

obteined from "Map Showing Fault Activity in the Yucca Mountain

Area, Nye County, Nevada" by Simonds et al., 1885. The data was gathered in the

same manner as described for gathering the strike and dip data in 2a.

The data values are ilocated in dipdat/fltplans.

The data was plotted for Northern Windy Wash, Fatigue Wash, SBoomerang Point, Solitario
Canyon, and lron Ridge faults to look for consistent patterns along the tength of
faults.

Other than Northern Windy Wash, which steepens from north to south, there

were not any patterns for the faults.

4b. Rake and plunge data was also gathered from the USGS CD ROM. The coverage
used was FLTOP (located in arcfiles/unedited).

The fault dip data is located in dipdat/fitplane.
Stickenside dats was also gathered from both maps (Simonds et al., 1995:
Day et al., 1898). Oata are located in dipdat/fltslick.

4c. Cross section data

Ron Martin did most of this for me.

We used DXFARC to extract arcs from the dxf image sitegeal. We
then saved each line as a separate file in an arc coverage.

We located the beginning and ending

points of the three cross section lines on the 1:24000 map by
zooming in very close an arc coverages.

Ron wrote a shell script to collect points along the surface every
S0m. It did not simply gather every 50m in the x direction, but

a code was written to gather it based on the siope of the cross
section line, so points are approximately every 50m on a

string if you layed a string across the surface. We then

went through a conversion process to get the Z values for each point
and format the data for EerthVision. These data points are in
state plane NAD 83,

They need to be converted to UTM NAD83 before they can be incorporated into
the model. Data is located in xsecvalueswrongNAD.

Sa-b. A cumulative throw profile was drawn for the Solitario Canyon-Iron Ridge
fault systems.
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Abstract--A three-dimensional model of five major faults, several smaller faults, and the contact

between crystal-rich (Cr) and crystal-poor (Cp) Tiva Canyon Tuff was developed to reveal the

geometry of fault blocks and unravel the kinematic development of major fault systems on
western Yucca Mountain, Nevada. Geometry of fault blocks and net disblacement afong fault
surfaces indicates that the western Yucca Mountain fault system is in an advanced state of fault
development by segment linkage. Linkage has occurred by both curved tip propagation and
connecting fault formation and has produced breached relay ramps. A cumulative throw profile

reveals two local minima, where there are probably additional fault segments and/or deformation

within relay ramps buried beneath Quaternary alluvium.

Northem Windy Wash, Solitario Canyon, and Iron Ridge faults. Orientation data for the
Northern Windy Wash fault displays an increase in fault dip to the sc_)uth, but other faults do not
show a pronounced increase or decrease to the south. Solitario Canyon gnd Iron Ridge fault dips
vary widely within short distances (e.g. 25° in 200m). Due to the lack of data along some faults
and the high variance of dip along other faults, the average dip for each fault was calculated, and

each fault in the 3D model is portrayed with its average dip value along the éntire length of the

fault.

THREE-DIMENSIONSL MODEL DEVELOPMENT

INTRODUCTION A 3D model was developed to study the geometry of faults and fault blocks along
western Yucca Mountan. The five major faults in the study area are the Northern Windy Wash,
Yucca Mountain is a faulted east-dipping cuesta in southwest Nevada composed of Fatigue Wash, Boomerang Point, Solitario Canyon, and Iron Ridge faults. The bottom of the Cr
Miocene ash flow tuff layers. Yucca Mountain is in the western Basin and Range Province, an unit, a crystal-rich member of the Tiva Canyon Tuff, was the horizon selected from a 1:24,000
area with complex Miocene to present extensional and strike-slip faulting (Scott, 1990; Ferrill e &* - scale map of Yucca Mountain as the horizon with maximum outcrop exposure data to constrain
al., 1996; Morris et al., 1996). The ridge capping layers at Yucca Mountain consist of various e+—_ : the 3D horizon model (Day et al., 1998). The map was available in digital format as a “dxf” file,
thermomechanical units of the Miocene Tiva Canyon Tuff (Day et al., 1998). The faults at Yucca IQH'“ indicating its origin as an AutoCad file. With ArcInfo version 7.0.2 software, the “dxf” file was
Mountain have been carefully mapped, however the relationships between major throughgoing Z:‘ converted to coverages containing the coordinates of fault dips, faults, and structural contour
faults and smaller faults or fault branches remains poorly constrained. Three-dimensional (3D) - lines, all projected in State Plane coordinates, NADS3.
models of fault blocks in Yucca Mountain have been of relatively low resolution, limited by the B ArcEdit version 7.0.2 was used to delete from coverages all structural contour arcs except
number of faults included and data density on faulted horizons (Stirewalt er al., 1994). The gross j“ - the bottom of Cr, and all faults except the five major faults listed above. The data would
structural history of Yucca Mountain is fairly well known (Ferrill et al., 1997; Stirewalt et al., S ultimately be modeled with EarthVision version 4.0.3 software, in which acceptable input
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includes lines with a constant elevation and points. Points along each Cr-Cp contact varied in
elevation. Thus, individual data points with unique elevations were necessary for the
EarthVision model. Arcs were converted to sets of data points sampled along each arc.
Elevations for each data point along arcs were sampled from a digital elevation map (DEM) of
Yucca Mountain, with map coordinates and elevations sampled on a 30 meter grid. The DEM
was projected in UTM zone 11, NAD83. The structural contour, fault, and fault dip maps were
converted to UTM zone 11, NAD83 with the “NADCON” command in ArcInfo. Then, the
“LATTICESPOT” command in ArcInfo was used to calculate each point elevation by reference
to the DEM. A nawk code (written by Ronald Martin, CNWRA) was used to convert the file to .
a format suitable for EarthVision.

In EarthVision, several specific data points and the overall morphology of the horizon
were checked by visual comparison to the 1:24,000 scale map. Individual faults were stored in
separate data files. Two-dimensional (2D) grids were drawn for each fault. The grids accurately
fit the data points for the fault; however control points were necessary to constrain the fault
location at depth and height above the surface. To constrain 3D fault geometry, a nawk code
was written to extrapolate each fault data point both up and down the fault surface based on the
strike and dip of each fault. For each fault, this was performed to heights of 200m and 1000m,
and to a depth of 1000m from the original data. The data at these three locations were
concatenated to the original data, and the points were connected by 2D gridding. Since 2D grids
cover the entire range of the model, EarthVision’s Graphic Editor was used to draw clipping
polygons which specified the range of fauits to be used in further calculations, such as horizon

gridding. For example, the Boomerang Point fault is contained in approximately the middle third

[
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(from north to south) of the model. Some faults extend beyond the range of the model. For
example, the Iron Ridge fault continues south of the model. In this case, a clipping polygon was
drawn for the fault to continue north until it no longer appears at the surface, and terminate at
some distance south of the model. EarthVision Geologic Structure Builder was used to establish
a fault tree hierarchy, in which faulting order was specified. For example, Iron Ridge fault was
set to terminate at the intersection of Iron Ridge and Solitario Canyon faults, A 3D model was
calculated as specified by the fault tree hierarchy.

The contact between Cr and Cp was then edited and added to the model. Horizon data
points along fault surfaces were removed as required in EarthVision to ensure calculation of a

reasonable plane. Points along fault surfaces, if not removed, might be used within the wrong
block during calculations and the resulting horizon can make steep, unsuitable curves to connect
those points. Information about the horizon was added in the Geologic Structure Builder, and a
horizon was calculated to fit the data points within the 3D fault structure previously built.
Distinct curves in the horizon surface remained at this point. For example, the data
points between Solitario Canyon fault and Iron Ridge fault had several relatively abrupt
decreases in elevation, indicative of fault offset. Faults in these locations were also mapped by
Day et al. (1998) on the 1:24,000 scale geologic map. The largest of these faults was gathered
from the converted Arc coverage by Day et al. (1998) and converted to EarthVision data points.
No dip values were available for this fault. Other faults oriented in the same direction (NW)
commonly have dips of 80 degrees. Thus, an 80 degree dip was applied to this fault. Another

major flaw in the horizon was due to a complex system of faults between Northern Windy Wash

and Fatigue Wash faults. Although there are many faults in that area, no single one was isolated
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for the model. Instead, a connecting fault was modeled in the approximate area of the faults, and
it was added to the model with a constant dip of 80 degrees. The resulting fault model showed
connections between major faults (Fig. 2). The horizon was regridded, and revealed the largest
undulations in the horizon surface had been removed by the addition of these faults (Fig. 3).
There are several less pronounced steps remaining in the fault surface. For example, there are
indications of faults in two areas north of Boomerang Point fault, These cof;'espond in position

to clusters of faults north of Boomerang Point fault on the 1:24,000 scale g;:ologic map by

Simonds et al. (1995).

FAULT GROWTH BY SEGMENT LINKAGE

During the last decade, there have been major advances in the understanding of the
evolution and interaction of normal faults and fault Systems (Childs er al., 1997; Peacock and
Sanderson, 1994; Trudgill and Cartwright, 1994) and scaling relationships for normal faults
(Scholz et al., 1993; Dawers and Anders, 1995; Dawers et al., 1993). There are two end-member
conceptual models of fault development. One isa single fault that grows larger as slip increases.
The other is fault growth by segment linkage (Willemese ez al., 1995). Trudgill and Cartwright
(1994) and Peacock and Sanderson ( 1994) describe the process of segment linkage, based on
field work on faults varying from the meter scale to the kilometer scale. First, segments are
unconnected and do not interact. The fault segments grow, and when interaction occurs near the

tips, the segments are “soft-linked” by an area of complex deformation, such as a relay ramp. A

relay ramp is the volume of rock between two overlapping fault segments that show

13
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displacement transfer (Childs et al., 1995). The relay ramp area experiences rotation (tilting)
about an axis nearly perpendicular to the fault planes. The rock is often tilted toward the hanging
wall and fractured. Both overlapping and underlapping “soft-linked” faults tend to show the
steepest displacement gradients off-centered, toward relay structures (Willemese, 1997). As
segment displacement continues, relay ramps develop faults. A “hard-linked” fault system exists
when one or more connecting faults have developed between the original faults segments, or a
fault tip curves until joining the other segment, directly transferring displacement between the
two faults. Breakthrough by curved lateral propagation can leave only one relict fault tip in the
area of overlap, whereas breakthrough by connecting fault formation can leave two relict fault
tips. In both cases, relict relay ramps can remain on the hangingwall or footwall (Fig. 4) (Ferrill
etal., 1998).

Examples of segment linkage both by connecting fault formation and curved lateral
propagation are present at Yucca Mountain. For example, the Northem Windy Wash and
Fatigue Wash faults are joined by a complex system of connecting faults, and Iron Ridge joins
Solitario Canyon by curved tip propagation (Ferrill ez al., 1998).

The Solitario Canyon fault can be divided into three segments separated by cusps:
northern, middle, and southern segments. Where the segments join, the westward triangular
protrusions are referred to as a “cusps.” We interpret that the Solitario Canyon northern segment
and splay formed as a single fault, isolated from the middle segment. The northern tip of middle
segment grew to connect with the northern segment and splay. Once the two faults were “hard-

linked” and the relay ramp was breached, the splay probably became relatively inactive.
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The Iron Ridge fault seems to be in an earlier stage of the same process. Displacement
on the southern segment of Solitario Canyon fault might decline or cease as the Iron Ridge
accumulates more displacement. Over time, Iron Ridge fault would develop a larger net
displacement, while the southern segment of the Solitario Canyon fault would experience
decreased faulting activity until only a inactive relict tip may exist. Aside from a relict tip,
another noticeable feature is the cusp where the faults intersect.

Northern Windy Wash and Fatigue Wash faults are connected by a éomplex area of
faulting, with an overall trend to the NW (Fermrill et al., 1998). Although these two faults are now
connected by a throughgoing connecting fault system, the fault linkage has apparently not led to

segment abandonment on Northern Windy Wash fault. Mapping by Simonds ez al. (1995)

suggests that the segments of the Northern Windy Wash fault, both north and south of the

connecting fault system, and the Fatigue Wash fault south of the connecting fault system, have .
been active in the late Quaternary. The northern part of the Fatigue Wash fault is interpreted by o
Simonds et al.(1995) to display no evidence of Quaternary displacement, consistent with an 1

—+
interpretation that formation of the current fault system has led to abandonment of the northern o .
segment of the Fatigue Wash fault. — —J — -

-
THROW VERSUS DISTANCE DIAGRAMS L
-+
. . . . .
Throw versus distance diagrams can be used to interpret fault interactions. Generally,

S W
faults may be unlinked, or linked by a branch point or a branch line (Childs et al., 1997). ]
Linked faults can be plotted on a throw versus distance diagram to study displacement patterns R

4+

“_'"ﬂ}»m’
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for the fault system. For a linked fault system, the curves for each linked fault are added together
to form a cumulative profile. The cumulative profile generally resembles the profile expected
for one fault; maximum displacement occurs near the center, with zero displacement on the ends.
The cumulative fault throw profile for a segmented fault system, however, is more complex than
a single fault throw profile (Dawers and Anders, 1995). If deformations within relay ramps are
not included in the cumulative profile, there are often, but not always, local minima of
cumulative throw at relay ramp locations (Peacock and Sanderson, 1994).

Solitario Canyon and Iron Ridge faults were plotted on a distance-throw graph (Fig. 5).
The Solitario Canyon fault shows local displacement minima where Iron Ridge fault joins
Solitario Canyon fault, and south of this intersection where NW trending faults are present.
These minima can be explained by deformation within the relay ramp between Solitario Canyon
and Iron Ridge faults and displacement transfer to Iron Ridge Fault. Individual faults normaily
have a bow or C-shaped throw profile, with maximum displacement near the center and zero
displacement at the ends. The Iron Ridge fault does not show zero displacement at its northern
end. The Iron Ridge fault, however, is no longer isolated. Instead it is physically linked (hard-
linked) to Solitario Canyon faults.

Fault throws on the model were added to form a cumulative throw profile. The
cumulative throw profile has non-zero displacement at the southern end because faults continue
beyond the model range to the north and south. Local throw minima at approximately 4.8km,
5.9km, and 7km correspond to the following fault (or segment) intersections, respectively: the
northern and middle sections of the Solitario Canyon fault, the Solitario Canyon and the Iron

Ridge faults, and the middle and southern sections of the Solitario Canyon fault.
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CONCLUSIONS

Other than Northern Windy Wash, which steepens from north to south, faults on western
Yucca Mountain between UTM 544040 and 549000 do not show a correlation between dip angle
and latitude. Large-scale fault-plane corrugations are evident on the Iron Ridge-Solitario
Canyon fault system. Connecting faults are present between the Fatigue Wash and Northern
Windy Wash faults. Connecting faults and curved tips trend NW (Ferrill ef al., 1998). The fault
throw profile of Iron Ridge fault does not have a C-shape. It shows non-zero displacement at the
northern end, where displacement is directly transferred to Solitario Canyon fault. Fault throw is
high at cusps on Solitario Canyon and along connecting faults to the west, indicating an

advanced state of fault interaction in which relay ramps have been breached.
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FIGURE CAPTIONS
Table 1. Fault orientation data for Northern Windy Wash, Fatigue Wash, Boomerang Point,
Solitario Canyon, Iron Ridge faults, complied from maps by Simonds et al. (1995) and Day et al.

(1998). Coordinates are in UTM zone 11, NADS3.

Fig 1. Fault dip versus latitude for (a) Northern Windy Wash, (b) Fatigue Wash, (c) Boomerang
Point, (d) Solitario Canyon, and (e) Iron Ridge fauits. Orientation data for the Northern Windy
Wash fault show an increase in fault dip to the south, whereas orientation data for Fatigue Wash,

Boomerang Point, Solitario Canyon, and Iron Ridge faults show no pronounced along-strike

trend.

Fig 2. Three-dimensional model of major faults of western Yucca Mountain. The five major N-
S faults are, from west to east, Northern Windy Wash, Fatigue Wash, Boomerang Point, Solitario
Canyon, and Iron Ridge faults. Only the west-dipping portion of Solitario Canyon Fault is
included. Fault dips are the average dips shown in Table 1. Also shown with 80 degree dips are
a fault between Northern Windy Wash and Fatigue Wash faults, and a fault within the relay ramp
between Iron Ridge and Solitario Canyon faults. Coordinates labeled on the model are in meters.
Long horizontal dimension of model = 14900m, short horizontal dimension of model = 4954m,

vertical dimension of model = 1340m.

Fig. 3. (a) White points indicate data points used to build the 3D model of the bottom of Cr in the

Miocene Tiva Canyon Tuff. At each point, the bottom of Cr, a crystal-rich member of the Tiva

! W7l 7[00
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Canyon Tuff is exposed at the Earth’s surface. (b) Three-dimensional model of major faults

shown in Figure 2 and the horizon defined by the bottom of Cr. Block dimensions are the same

as in Figure 2.

Figure 4. Evolution of fault growth and relay ramp development. (a) Breakthrough of an en
echelon array by curved lateral propagation causes large scale corrugations: Relict fault tips are
depicted on the hangingwall. Only one relict fault tip occurs in the area ot: fault overlap. (b)
Breakthrough by connecting fault formation eventually leads to individual segments with large
centers and small relict tips. Connecting faults are often nearly as large as segments. Here, two

relict fault tips occur per area of fault overlap. Fault tips are shown in both the hangingwall and

the footwall. From Ferrill et al., 1998.

Figure 5. Yucca Mountain distance versus throw profiles. Solitario Canyon fault is the
heavy solid line, and Iron Ridge fault is the light solid line. The cumulative throw profile
(dashed line) is the sum of throws of Solitario Canyon and Iron Ridge faults. Local throw
minima at approximately 4.8km, 5.9km, and 7km correspond to the following fault (or segment)
intersections, respectively: the northern and middle sections of the Solitario Canyon fault, the

Solitario Canyon and Iron Ridge faults, and the middle and southern sections of the Solitario

Canyon fault.
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. — ! Data Source  |UTM Coordinates iStrike Dip | !DataSource ;UTM Coordinates | Strike ‘Dip
Data Source iUTM Coordi’nates 1‘Strike f‘Dlpi '?Data Source  |UTM Coordinates iStrike fDip | ! l i 1 ; ;
[ ' r — — - Solitario Canyon (continued) “ | @Ridge l : i l
Northem Windy Wash : | [Sotario Canyon (continued) Simonds et al |546855.41 |4076663.5 81 70 | 'Dayetal 54767473 40731453 359 65
Dayetal 54513955 4083696 309 8 Dayetal 54661402 40738683 |35 » Simonds et. al |546834.25 (4076798.5 134 180 | iSimonds et. al |547779.61 ;4071683 351 8
Dayetal 54510771 |40820087 If %5 Dayetal 546612.11 40736345 354 86 Simonds et. al 1546871.38 4076882.1 21 '85 | 'Simonds et. al |547808.25 4071495.6 |15 170
Dayetal 54512131 40827182 353 S5 Dayelal 54658565 40732542 1354 4 Simonds et. al |547125.15 |4077241.3 28 75 | Simonds et. al |547781.36 |4071299.7 23 72
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. [Payetal 54494863 4081652 25 05 Dayetal  |s4654458 40726518 |4 2 Simonds et. al_|547142.48 |4077468.8 1338 80 | |Simonds et al |547800.9 |4070867.6 |311 55
TR0 mmrre A T e e
— Simonds et. al |547228.75 |4077809.8 |9 80 | |Simonds et. al |547777.75 |4070210.8 |357 70
Dayetal 54503451 |4080953.5 350 % Simondset.al 546249.72 |4071594.8 |63 80 Simonds et. al |547236.57 |4077832.4 |31 75 | ISimondset. al |547770.2 |4070096.7 |20 75
, Dlp average 65 | Simondset. al 54627633 |4071705.8 |352 52 Simonds et al |547247.4 |4077878.9 1353 75 | |Simonds et al |547728.7 |4069808.7 |7 75
_ | ‘ ;sf'“°"d‘°‘ et al ;546319.67 |4071760.6 |1 8 Simonds et. al |547287.95 |4078353.5 |13 80 | [Simondsetal |547700 14069658.5 |10 80
Fatigue Wash Faut _Simonds et. al |546318.59 |4071761.5 |5 85 Simonds et. al |547402.71 |4080381.7 |9 85 | ISimondset. al [547655.79 |4069432.5 |4 65
;k : . Simonds et al 546349.59 |4071848.3 |5 .50 Simonds et. al |547436 4080570 |13 60 | |Simonds et. al |547606.16 |4069191.8 |4 73
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Day et. al 547407.46 |4079222.3 |15 70 | :Simondset. al |546597.88 4073923 339 161
Dayet.al  [547209.3 |4078357.7 |358 80 |  Simonds et. al |546839.55 |4074441.6 |7 60
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Dayetal  |546843.15 |4076738.2 |8 80 | Simondset. al |547001.74 |4075775.2 |4 57 -
Dayet.al  |546887.93 |4076340.4 |331 55 |  ISimonds et al |547011.25 |4075978.1 |9 's4 7
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B Table 1 (continued)
Table 1
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| have reviewed scientific notebook 2.47 and find it in compliance with QAP-001. There is sufficient
information regarding procedure used for conducting the research and acquiring and analyzing the data
so that another qualified scientist could repeat the activity or activities recorded in this scientific
notebook
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