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Abstract
Sheeting joints (shallow, surfagarallel, openingnode rock fractures) are widespread
and have been studied for centuri@fieyare commonly attributed to removal of
overburden by erosion, batosion aloneannot open a sheeting joirittestan
altemativehypothesis thasheeting joints opeim response to surfagearallel
compression along convex topographic surfaasing field observations, a large
scalefracture map, and analyses of stresses, slopes, and stufaaturegderived from
aeriallaser altimetry data) for a dome along Ten@yeek in Yosemite National Park.
Approximately90% of the surface of detailed study is convex in at least one direction.
Existing stresses and topograghgrecanaccount for the nature and distribution of
sheeting joints on thdoubly-convexsurfaces Sheeting joints parallel and constitute the
surface where the surface is doubly convex. Elsewhere, sheeting joints daylight,
implying the surface has been eroded since the sheeting joints fokfyeithdings

support the hypothesis.
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Chapter 1. Introduction

Fractures in bedrock are an important factor in natural hazards (such -#alirackl
masswasting events), physical weathering, hydrology, and hydrocarbon migration.
Understanding the cause of fracture formation increases our ability to prepare for these
natural hazards, extract hydrocarbons, and site as well as design waste repositories and
dams. This thesis addresses sheeting joints at a dome in Yosemite Natibpal Pa
California. Sheeting joints are nesurface, curved fractures that develop-pakallel to
topography (Fig. 1). They are commonly referred to as exfoliation joints and occur in
many places around the world. Although the study is conducted in Yiles¢ne!

methods used are applicable to many other locations with sheeting joints.

1.1 Motivation

Sheeting joints have been studied for more than two centuries, yet the cause of their
formation remains unclear. The most commonly accepted hypothesigifoiormation

is unloading from removal of overburden by erosion, a possibility proposed by Gilbert
(1904). Erosion can certainly cause a decrease in confining pressure perpendicular to the
topographic surfaceBy itself,however, it cannot account ftre tension necessary to

open these fractures (Martel, 2006). My thesis helps test the hypothesis of Martel (2006)
that sheeting joints form in response to surparallel compressive stresses acting along

a curved topographic surfabg indudng a tende stress normal to the surface at shallow
depths. This thesis presents the first known analysis and description of sheeting joints in
three dimensions, augments existing documentation on sheeting joint characteristics, and
presents methods for analysleat can be applied to other study locations and geologic

problems.



1.2 Characteristics of sheeting joints

Sheeting joints divide rock bodies into sheets, much like the layers of an onion. They are
typically curved, and their curvature tends to decreasgedepth (Fig. 2). In general,

sheets tend to be thicker with depth (Dale, 1923; Jahns, 1943; Holzhausen, 1989) (Fig. 3),
though in some places thick sheets overly a series of thinner ones (Cadman, 1969).
Sheeting joints have been found at depths rtiae 100 meters below the ground surface
(Dale, 1923; Twidale, 1971). Multiple generations of sheeting joints have been observed
in places such as Yosemite National Park in California (Cadman, 1969) and quarries in
New England (Holzhausen, 1989). Hackiexture, or plumose structure, observed on
sheeting joint face@Cadman, 1969; Holzhausen, 197and the lack of slip across

mineral grains and dikes (Jahns, 1943; Cadman, 1969) suggest that sheeting joints
originate as openinmode cracks (e.gSegalland Pollard, 1983; Pollard and Aydin,

1988; Holzhausen, 1989). Sheeting joints in most locales are thought to be Pleistocene in
age (Gilbert, 1904; Bradley, 1963), although some have formed in historic times

(Cadman, 1969; Holzhausen, 1977).

Sheeting jants are geographically widespread. Although best known in granitic rocks,
they also occur in metamorphic rocks, mafic intrusions, and strong massive sandstone
(Bradley, 1963; Twidale, 1982). In many locales such as New England, the Colorado
Plateau, andYosemite National Park, sheeting joints have had a profound effect upon the
landscape (Gilbert, 1904; Matthes, 1930; Jahns, 1943; Bradley, 1963; Huber, 1987).

Sheeting joints are most prevalent in massive rock. Their geometry is strongly influenced



by pre-existing structures (Bradley, 1963; Cadman, 1969; Holzhausen, 1989). Sheeting
joints are most commonly observed on convex surfaces, such as domes, but they have

been observed on some concave surfaces suctshaped valleys (Gilbert, 1904).

1.3 Previaus work

Some of the most notable waok sheeting jointeas been done by Gilbert (1904), Dale
(1923),Matthes (1930)Jahns (1943), Bradley (1963), Cadman (2968d Holzhausen

(1977, 1989). These investigators provide careful descriptions of shemtitsy |

Gilbert (1904) studied the sheeting joints of Yosemite National Park. He observed that:
1) sheeting joints are curved; 2) sheeting joints are present on domes, walls of canyons,
sides of ridges, anldcally on valley wallsand 3) glacial polisis observed on sheets
suggesting that sheeting joints fofate the last glacial episode. Of the three hypotheses
Gilbert considered for sheeting joint formation (surficial thermal effects, weathering, and
unloading from erosion), his "unloading” hypotisdsas persisted and has become the
most commonly accepted mechanism (€forley,et. al., 1984; Goudie, 2004),

although Gilbert himself did not explicitly endorse this as his favored explanation.

Dale (1923) made several key observations of the commercial granites of New England.
He noted that sheeting joints are sarallel to topography, that sheets have a lenticular
shape, and that sheet thickness tends to increase with depth. The mosnimport
observation he made with respect to this thesis is that sheeting joints are present in areas

currently under high surfagearallel compressive stress. The importance of this



observation will be explained in detail in chapter 2. Among hypothesesd3tte and
rejected are that sheeting joints form from insolation, contraction from cooling of the host
intrusive body, tensile stress in the rift direction from cooling, and concentric weathering
due to changes in texture or mineral composition. He awatldeject surfaca@ormal

tension, surfac@arallel compressive stress, and some combination of insolation near the
surface and surfagearallel compressive stresses at depth as causes. He considered the

last of these hypotheses to be the most plaus#lse of sheeting joint formation.

Matthes (1930) studied sheeting joints in his seminal research on Yosemite National
Park. He observed that sheeting joints become less curved and more widely spaced with
depth. The sheets he observed vary in thickitess less than a meter to ~ 30 m.

Matthes recognized that older joints influenced the formation of sheeting joints. He
attributed the sheeting joints to stresses in the rock as opposed to weathering. Matthes
determined that thermal stresses influen@ethg at shallow depths but would not cause
sheeting at depths as great as 30 m. He concluded that Yosemite's famous domes owe
their rounded form to sheeting joints. Finally, Matthes estimated that at least half of the

landscape in Yosemite owed itsfoto sheeting joints.

Jahns (1943) also studied the granites of New England. He noted that the curvature of
sheeting joints decreases with increased depth; that sheeting joints form independent of
mineral grains, dikes, xenoliths, and country rock; thadl sheeting joints are best

developed in sparsely jointed rock masses. An important observation he, like Dale, made

is that New England granites are experiencing high lateral compressive stresses. He



postulated several causes for sheeting joint faomaincluding cooling; local or regional
compressive stress; insolation (daily and secular); hydration and or chemical alteration
(which he rejected); mechanical action of fire, frost, and vegetation; a decrease in
confining pressure by removal of overdan; or some combination of all previously

mentioned causes.

Bradley (1963) worked on sheeting joints of the Colorado Plateau. He observed that
sheeting joints are present there in rocks that were once deeply buried, are of Pleistocene
age, that prexsting fractures control the prevalence of sheeting joints, and that sheeting
joints are best displayed in thick massive rock units such as sandstones and limestones,
being less prevalent in thinly bedded units. He also noted that sheets exposed during th
construction of Glen Canyon Dam thickened with depth into the canyon wall. He
postulated that sheeting joints form as a result of differential stress from unequal

confining pressure release from erosion.

Cadman (1969) studied sheeting joints of Yosemiational Park in California. He
observed that some sheeting joint surfaces have plumose structure, alileateature
present on opening mode cracks. Cadman masiurstrain measurements to obtain
stress values at Tuolumne Meadows; these ackinghis thesis and will be discussed
further in later chapters. He postulated that sheeting joints result from spaiadiel

compressive stresses.



Holzhausen (1977, 1989) studied sheeting joints of New England. He observed that
multiple generationsf sheeting joints exist, that younger sheeting joint sheets are
influenced by preexisting structures, and that the hackle and rib marks like those found
on sheeting joint faces are also found on fbukst faces in quarries suggesting that
sheeting joits grow rapidly. Holzhausgii977)tested the hypothesis of Dale, that
sheeting joints fornm response to high compressive stregseallel to the ground

surface, andhe could not reject it. He concluded that sheeting joints form from high
differentialstress, dominated by high compressive stresses parallel to an exposed rock
surface. He also suggested that the cause of this high differential stress could be from

vertical unloading by erosion.

A recurring theme is that sheeting joints are most pnention domes experiencing
surfaceparallel compressive stresses (Martel, 2006). Holzhausen (1977) and Miller and
Dunne (1996) have suggested on theoretical grounds that sheeting joints are related to
strong compressive stresses parallel to topograptyhey did not test the idea with real

topographic data.

Martel (2006) derived a twdimensional expression of equilibrium to explain the

formation of sheeting joints. The key factors are surfmrallel stress, surface

curvature, and body forces. l#sted his hypothesis using topographic data and stress
values from 9 locales across the U. S. and concluded that the sheeting joints present at 7
of the 9 locales can be accounted for by a combination of highly compressive-surface

parallel stresses andgographic curvature.



1.4 Hypothesis to be tested

My research further tests Martel s (2006)
to surfaceparallel stresses acting along a curved topographic surface. This thesis will
address two items thatare not previously adequately addressed together: 1) a three
dimensional shape of sheeting joints and topography (based on surface curvature), and 2)
threedimensional mechanical analyses for sheeting joint formation. The main focus is

on whether sheetingints at a particular dome in Yosemite National Park, referred to

here as Tenaya Creek (TC) Dome, and the surrounding area be accounted for by modern

topography and stresses.

1.5 Study area

Yosemite National Park, located in easntral California (Fig4), is well known for its

vast expanses of granites and spectacular displays of sheeting joints (e.g., Matthes, 1930).
It was selected for study because of its high quality sheeting joint exposures. The Tenaya
Lake region extends over K’ near the center of the park (Figsadd5). Perhaps the

single most striking display of sheeting joints in the Tenaya Lake region occurs at TC
Dome along the northwest margin of Tenaya Canyon (Figadb). TC Dome is

located at UTM 282491 northing187365 eastingone 11(Fig. 6); its summit

elevation is 2491 m. TC Dome has a gross deubiwex shape (this will be discussed

further subsequently). It is bordered by a ridge to the mwttheast, Tenaya Canyon to

the eastoutheast, and immeday to the east by Tenaya Creek (Fig. 6). This thesis



focuses on the TC Dome study area, but also utilizes observations from elsewhere in the

Tenaya Lake region.

1.6 Outline

The remainder of this thesis presents field observations coupled with topograghi
mechanical analyses to determine whether or not sheeting joints at TC Dome may be
accounted for bthemodern stresstateandcurrent topography Two key factors in the
analyses are surfagmarallel stresses and surface curvature. The mechagpmathiesis

being tested is explained in detail in chapter 2. Chapter 3 presents a tutorial of surface
curvature, a concept from differential geometry that has only recently begun to be used in
geology (e.g.Bergbauer, 2002; Pearce et. al, 2006). Chappresents geologic
observations from the Tenaya Lake region and TC Dome, and describes the relative ages
of structural features at TC Dome and East Ridge (Fig. 6). Chapter 5 discusses the
collection, processing, and quality of aerial LIDAR data forftheaya Lake region. In
chapter 6, stress and topographic analyses are presented for the TC Dome study area.

Finally, chapter 7 discusses the findings and presents the key conclusions.



Chapter 2. Mechanical Hypothesis

Observations of sheeting joint & overwhelmingly favor an openimgode formation.
Openingmode, or mode I, fractures can open in one of two ways. Eitheffialthstress
normal to the fracture must be tensile, or the internal pressure (such as a fluid pressure)
acting within the frature must exceed the féeld compressive stress acting to clase

(e.g., Pollard and Segall, 1987). One would anticipakerchemical alteration on

sheeting joint facesr mineralization within the joint$ they were opened by fluid
pressure.Other than iron oxide stains along some sheeting joints, neither chemical
alteration nor mineralization was observed along sheeting joints at TC Dome. Therefore,

tension is required in order to open these joints.

The commonly accepted hypothesis thaesing joints form in response to removal of
overburden is not mechanically acceptable because removal of overburden, by itself,
merely decreases the compressive stress normal to the topographic surface. While this
reduction of vertical compressive streal lead to a positive elastic strain (extension)

normal to the surface, this does not equate to a tensile stress necessary to open a sheeting
joint. In contrast, tension perpendicular to sheeting joint walls can be induced by high

compressive stressesting parallel to a convex topographic surface (Martel, 2006).

Figure 7 illustrates in two dimensions how a compressive s#@sgiing parallel to an
infinitesimal convex surface element along the ground surface can induce a tension
normal to the surfe (N). Throughout the thesis, tension is considered as positive (hence

compression is negative). Curvature is positivancave (and negativieconvex). The



convex upper surface of the element in Fig. 7 is traction free, and no shear traktions (
exist on the boundaries of the element. The compressive (negative) tractions on the
element ends induce a force directed away from the center of cunijutlea must be
opposed by tensile tractiond)(perpendicular to the base of the element in cxer

maintain equilibrium (Martel, 2006).

Martel (2006) derived an expression using the equations of equilibrium that provide
insight into neassurface stress conditions when a body force due to gravity is present.

He showed that

e 5 @b o [1]

whereO N / ,Opis|the change in stress normi) ¢o the surface withespect talepth
(2), as evaluated at the surfakes surface curvaturel(r, or the inverse of the radius of
curvature) P is the normal stress acting parallel to the topographic surface. Thegerm
is the body force due to gravity

O " Ao [2]
wherey is density of the roclg is gravitational acceleration, abds the slope of the

surface. Substituting Equation (2) into Equation (1) yields

o, g Q0 " ano 3]
In order for sheeting joints to forml must be tensile (positive) near the surface. Since

N=0 at the surfacez(=0), a tension is guarteed in the shallow subsurface where

ON/ ;02 .

10



Equation (3) pertains strictly to a profile across cylindrical topography, but it may be
expanded to a thredimensional solution for use with topographic surfaces of arbitrary

shape (Martel, 2005):

T 4 @b Qb " airo [4]

wherek; andk; are principal curvature®; andP, are normal stresses acting along the
directions of the principal curvatures, dni theslope. Surface curvature will be
described in detail in the followindnapter. For now, it suffices to say that the shape of a
topographic surface at a point can be described by the maximum and minimum
curvaturek; andk,. Equation (4) allows one to predict conditions under which sheeting
joints could or should not nucleabased on topographic geometry and surfecallel

stresses.

Threshold conditions for sheeting joint formation are set by tges term of Equation
(4). Assuming that sheeting joints open in tension, a necessary condition for sheeting
joint nucleaion would be thak;Pi;+k,P, O  god). In other wordsthe stress gradient

acting to open the fracturk P;+k,P,) exceedthat acting to close the fractuge go%).

Table 1 illustrates topographic shapes based upon combinations of principal curvatures.
Those model landforms shown with an asterisk are most susceptible to developing
sheeting joints if surfaeparallel stressel; andP, are compressive (negative) arfd o

large magnitude, as is the case in the Tenaya Lake region (Cadman, 1969). For a dome,
both principal curvatures are negative kgen+k,P, would be positive, and sheeting

joints could develop if that sum excegdgo. Sheeting joints could developan

11



cylindrical ridge because even thougtequals Ok is negative, s&;P;+k,P, could still

be positive and excegdgos. For a bowl, however, both andk; are positive, hence

kiP1tk,P, would be negative. According to the conditions of Equation (4), sheeting

joints should not nucleate beneath a bowl. Sheeting joints should not nucleate beneath a
cylindrical valley either because is positive and; is zero, henck;P,+k,P, would be

negative. For a perfect plane (which is unlikely to exist in nature) both principal
curvaturesqual zerpso sheeting joints should not nucleate beneath a perfectly planar

surface. For a saddle, perhaps the most common topographiclstapt, have

opposite signs. Whether or not sheeting joints develop beneath a saddle depends on the
relative and absolute magnitudes of the prodk®sandk,P,. WherekP, ( t he fAconvex
contributionodo) kBt hieciieonicpavexceadsi buti on
could form. Thus, assuming surfgoarallel stresses are compressive, sheeting joints are

most likely to nucleate at domes, cylindrical ridges, and some saddles, but not at bowls,

cylindrical valleys, and pésct planes.

12



ko>0 ko=0 ko< 0
Bowl Cylindrical Valley *Saddle*
ki>0 A
N / \ -
_— _—~
~ \ - <
Doesnot Plane *Cylindrical Ridge*
kl =0 k H
1 is always> k, ~ ~
by definition . \
Doesndt Doesnot *Dome*
kl <0 ki .
11S always> k; kiis always> k,
. i -
by definition by definition y \
v

Tablel. The 6 topographic shapes formed by combinations of principal curvature
(modified from Bergbauer, 2002). Red elevations are high, and blue elevations are low.
Assuming that surfaeparallel stresse8; andP, are compressive (negative), topography

with asteriskss most likely to develop sheeting joints.

The predictions change if surfaparallel stresses are tensile (positive). For a bowl
kiP1+k2,P, would be positive, thus sheeting joints might form. Uraleylindrical valley,
wherek; is positive and; is zerok;P; is positive and,P, is zero; sheeting joints again
could form. At a dome, howevedP;1+k,P, would be negative, so sheeting joints should

not nucleate. Sheeting joints also should notlbe @ nucleate beneath cylindrical

13



ridges if surfacgparallel stresses are tensile becdyse zero and; is negative, s&;P;

would be zero ani,P, would be negative. Because perfect planes have principal

curvatures of zero, sheeting joints shoubdd mucleate regardless of whether surface

parallel stresses are compressive or tensile. Sheeting joints could still form beneath a
saddleifk,;P,(t he fAconcave contributiondo) sufficie
keP,(t he Aconvex contr i butparalelétlesses ar@tensie, assu
sheeting joints are most likely to nucleate at bowls, cylindrical valleys, and some saddles,

but not at domes, cylindrical ridges, and perfect planes. Sheeting joifgssali&ely to

form where surfac@arallel stresses are tensile rather than compressive, however. This is
because rocks are relatively weak in tension and hence are unlikely to be able to sustain
surfaceparallel tensile stresses large enough for theafuime kP products to be large

enough to promote the opening of sheeting joints.

In summary, according to Equation (4), sheeting joint nucleation depends upon surface
curvature, surfacparallel stresses, the unit weight of the ragcky@nd the slope. e

shape of the topographic surface can act to either permit or preclude the formation of
sheeting joints. Sheeting joints should not nucleate beneath a broad perfectly planar
surface, regardless of the sign of surfpaeallel stresses. Beneath saddiégeting

joints could nucleate regardless of the sign of surferallel stresses. In regions where
surfaceparallel stresses are tensile everywhere, sheeting joints could nucleate under
bowls, cylindrical valleys, and saddles; they are unlikely toeaielbeneath planes,
cylindrical ridges, and domes. Where surfpeeallel stresses are compressive (such as

in the Tenaya Lake region), sheeting joint nucleation is most likely beneath domes,
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cylindrical ridges, and saddles, and least likely beneateggifanes, bowls, and

cylindrical valleys. This thesis uses the 3d expression of equilibrium (Eqn. 4) derived by
Martel (2006) to test whether or not the current topography and the stresses parallel to the
topographic surface at TC Dome can accountiferformation of geologically young

sheeting joints.
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Chapter 3. Curvature Tutorial

This chapter presents a brief tutorial of curvature for plane curvesd{tnensional) and
surfaces (three dimensional), both of which were used for topograpdligses
throughout this research. Curvature formulas are not derived here but can be found
elsewhere (e.g., Struik, 1961; Bergbauer and Pollard, 2003; Mynatt et. al, 2007).
Common usage to the contrary, the curvature of a plane curve is not merelgahe s
derivative, and the curvature of a surface is not merely the Laplacian. The second

derivative and Laplacian provide good estimates of curvature only in special cases.

3.1 Curvature of a plane curve

The curvature at a point along a plane curve iseéeé as the rate of change of a unit
tangent, or unit normal, with respect to distance along a curve (e.g., Bergbauer, 2002).
The curvature at a point along a plane cyrwey(x)is (e.g., Leithold, 1976; Roberts,

2001)
P e g

wherey' andy" are the first and second derivatives/a¥ith respect toc. The second
derivative equals the curvature only where the first derivative equals zero (i.e., at a local

maximum or minimum along a plane curve).

Perhaps the simplest plane curve isreutar arc (Fig. 8). Using three points, the radius
(r) of a circular arc can be obtained by fitting a circle to the three points, with the center
being at the intersection of perpendicular bisectors between line segments connecting
pairs of points. Theurvature for a circular arc is the inverse of its radius. Another way
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to determine the curvature is with the segment helghdar(d chord length2¢), as shown

in Fig. 8:

o 1 0 i [6]

1 cdQ Q i [7]
O Q0 m [8]
' © 0 [9]

( cQ [10]

Assuming that the segment heighy is very small relative to the half chord lengt (

! CQ [11]

Q Q. [12]
Minor bumps or noise in real topography and uncertainty in topographic data can greatly
affect curvature values. The curvature of such short wavelength features can easily
dominate the curvature of longer wavelength topographic features. This carbeasily
demonstrated by examining the equation of a sinusoid
“ BAT O @, [13]

whereA is amplitudeandL is the wavelength. The first derivativeyofvith respect tx
is

W8y OET @ . [14]
The second derivative of y with respect tis x

@ 066 5 AT© @, [15]
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Since the curvature scales with the second derivative, Equation (15) indicates that the
curvature increases approximately as the square of the reciprocal of the wavelength.
Features with short wavelengths, therefore,leare high associated curvatures even if

their amplitudes are small.

3.2 Curvature of surfaces

The concepts of curvature can be extended from plane curves to surfaces. The curvature
at a point along a plane curve equals the second derivative if theneddrame is

selected such that one of the reference frame axes is normal to the curve (the first
derivative term in the denominator of Equation (5) equals zero). A family ofcross
section planes that contain the normal to a surface intersect the saryssld a series of
plane curvesKig. 9. Two of the cross section planes yield plane curves with the
maximum and minimum principal curvaturé&gsandk,, respectively. These planes are
orthogonal to one another and a plane tangent to the surfagi,($961).

Conceptually, the magnitudes of the principal curvatures could be found by taking the
second partial derivatives of the surface Z(X,Y)as expressed in a local reference

frame where the two axesandY lie in the tangent plane and the third ax¥ié normal

to the tangent plane. These second partial derivatives can be arranged in a 2x2 matrix

o @ T wp

o

Hi ) T (:)T rn
Q 11 Y [16]
f ®© 1 O

g or J oV
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This real matrix is symmetric (the entry in tingper right matches the entry in the lower
left), and hence can be-expressed in the following form if the-axis is aligned with

thek;-direction (Strang, 1998):

Q [17]

Calculation of the magnitudes and directions of the principalatures is not trivial in
practice, however, and the interested reader should consult references for details (e.g.,

Struik, 1961;Bergbauer and Pollard, 2003; Pollard and Fletcher, 2005).

Two principal curvatures completely describe the shapesofface at a point.

Analogous to curvature for plane curves, the principal curvatures for a point on a surface
involve combinations of first and second partial derivatives of elevatjomith respect

to eastingX) and northingy); see Struik (1961) @ahBergbauer and Pollard (2003) for
details. The principal curvatures are orthogonal, with one direction marking the most
positive curvature and the other the most negative curvature (e.g., Struik, 1961).
Although principal curvature directions at a pan¢ orthogonal in a tangent plane, their
trends in map view are usually not. In the previous chapter, various combinati@ns of
andk, were used to illustrate topographic shapes (Table 1). Two other parameters based
on principal curvatures are frequisntised to describe topographic shapes as well: mean
curvature ) and Gaussian curvaturn€)( The mean curvaturéi] is the mean value of

ki andk,. Gaussian curvature is the produckpéndk,. Table 2 illustrates topographic

shapes based upon comdtiions of mean and Gaussian curvature.
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Table 2. The six topographic shapes formed by combinatiomgan H) and Gaussian
(K) curvatures (modified from Roberts, 2001; Mynatt, 2007). Assuming that surface
parallel stresse8; andP, are compressive (negative), as is the case in the Tenaya Lake

region, topography with asterisks are most likely to nucleate sheeting joints.

The shape of a topographic surface varies as a function of both position and wavelength.
Two simple exampledlustrate ths point. First, consider an aymmetric bellshaped

hill (Fig. 10. Although it has an overall domal shape, a closer look reveals that a true
dome only exists near its summit, with a saddle near its Bagel(b). Second, consider

a gof ball. At a large wavelength, it appears to be spherical and doubly convex

everywhere. However, if fine, shesavelength features are considered (e.g., the




dimples on the ball), then much of the surface would be seen to be doubly concave
(bowl-shaped).Sample spacing and wavelength thus play key roles in the determination

of curvature.
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Chapter 4. Geoloqgy

Yosemite National Park, located in easntral California (Fig. 4), is well known for its

vast expanses of granitic rock and spectaculatadispf sheeting joints (e.g., Matthes
1930). It was selected for study because of its quality of sheeting joint exposures. Aerial
LIDAR (Light Detection and Ranging) data were collected by NCALM (National Center
for Airborne Laser Mapping) over 77 Krof the Tenaya Lake region (Fig. 5) of

Yosemite stretching approximately from Tuolumne Meadows to Olmsted Point, in the
late summer of 2006. The LIDAR data were collected for topographic analyses, and in
the hope that sheeting joints could be mapped fr@setidata as well. Details of the

LIDAR data collection and its collection are presented in chapter 5.

4.1 Geologic overview of the Tenaya Lake region

Two igneous bodies from the Tuolumne Meadows Intrusive Suite underlie the Tenaya
Lake study area: the @eedral Peak Granodiorite and the Half Dome Granodiorite, (e.qg.
Huber, 1987).The Tuolumne Intrusive Suite was assembled over a period of roughly 10
m.y. between 95 Ma and 85 Ma, based eRliJdating (Glaznegt al.,2004). The Half

Dome Granodiorite was assembled over a period of nearly 4 m.y. from ~88 Ma to ~91
Ma (Coleman et al., ZBl). The Half Dome Granodiorite is mediugnained, lightgray

in color, and composed of plagioclase, quartz, orthoclase, biotiteoanklende

(Matthes, 1930). The Cathedral Peak Granodiorite was emplaced ~88a.

Cathedral Peak Granodiorite is easily recognized by its largeZ6 ) potassium

feldspar phenocrysts; its groundmass is composed of small grains of quartzyfelddpa
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minor amounts of biotite and hornblende (Matthes, 193@).Dome is composed of

Half Dome Granodiorite.

The uplift of the Sierra Nevada Range is a matter of renewed debatéiéaiy, 2009).

Some workers suggest that the Sierra Nevada waseaptitiring the late Cenozoic ~10

Ma (Unruh, 1991; Wakabayashi and Sawyer, 2001), mainly through a westward tilting of
the range.In contrast, others argue that the range was uplifted in the late Mesozoic and
remained high in the Cenozoic (Small and Anderd995; Wernicke et al., 1996)hey
postulate that subsidence of the Basin and Range is responsible for faulting on the eastern
flank of the Sierra Nevada, as opposed to uplift of the Si&ased on isotopic

evidence, Cassel et al. (2009) conclutlext the pale@levation of the northern
SierraNevada 3128 Ma was similar to what is observed today, providing support that
most uplift occurred in the Late Cretaceous to early Cenolhich of the current local
topography in the High Sierra, which indes Yosemite National Park, is nonetheless
likely to be of Quaternary age owing to extensive glaciation, @ageman and

Wahrhattig, 1966; Gillespie, 1982; Phillips et al., 1996).

4.2 Sheeting joints of the Tenaya Lake region

Sheeting joints are pronently exposed throughout much of the Tenaya Lake region.

Some of the most notable locations include Clouds Rest, Cathedral Peak, Tenaya Peak, a
dome located immediately southwest of Tenaya Lake (282290 northing, 4188130 easting,
with a summit elevation 0f2586 m), Matthes Crest, Olmsted Point, a bowl! (281355

northing, 4188295 easting) ~500m north of Olmsted Point, Tioga Road quarry and the
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ridge containing it (278943 northing, 4187788 easting) ~3 km west of Olmsted Point,

May Lake, and numerous other asedong Tioga Road (Fig. 5).

In many locales where sheeting joints are not immediately apparent they can be observed
upon closer examination. Pothole Dome and the dome near BM 8452 (285854 northing,
4193386 easting), both in the northeastern part ofttihdly area, appear to have few

sheeting joints. Pothole Dome has extensive glacial polish, potholes, and glacial flutes.
Sheeting joints crop out locally, but might have been more widespread and plucked away
by Pleistocene glaciers. Near the top of Bibome, sheeting joints decorate the west

side of a natural amphitheat&ii. 11a). Many of these joints do not parallel the modern
topography, indicating substantial erosion since the joints formed. At the dome near
benchmark 8452, across Tioga Rdan Medlicott Dome, the southeastern face appears
nearly devoid of sheeting joints, but the northwestern face has heavily weathered sheeting
joint steps Fig. 11b). Most of the southeastern face displays glacial polish and, upon

close examination, sheeg joint traces are observed there as well.

4.2.1 Characteristics

Sheeting joints and sheets in the Tenaya Lake region have many common characteristics.
Generally, sheets thicken with depth (gkgg. 3), consistent with the findings of Jahns

(1943) br New England. This is not the case everywhere, though. Some sheets near the
base of TC Dome and at readts along Tioga Road thin with depth. In squteces

multiple generations of sheeting joints exigtt Mount Hoffman, two sets of sheeting

joints are present on améte the older set parallels an ancient topographic surface prior
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to the last glacial erosion and the younger mimics modern topogf@8%/S, n.d.
Sheets tend to have a lenticular shape. In many locations, water stains dewatop
slope of where sheeting joints daylight, and in several locales water was observed
flowing out of sheeting jointdHg. 12. Sheeting joints and other fractures are a
particularly important factor in the shallow hydrology of the Yosemite region beche

host crystalline rock has virtually no intrinsic interconnected pore structure.

Sheeting joints of the Tenaya Lake region, like those stualssivherdyy other
researchers, exhibit evidence that they originate as opening mode (mode 1) fractures
(Holman, 1976; Holzhausen, 1989; Bahat et. al, 1999) ratheatisgrear (mode Il or

[I) fractures. Hackled sheeting joint faces exist in several locales, for example on the
southwest face of Pywiak Dome along Tioga Road, and on the northwest faceidge¢he
containing the Tioga Road quarfyig. 13. Where sheeting joints cut dikes, xenoliths,
and phenocrysts, no offset is visiblegs. 11and 14. All of these observations indicate
that sheeting joints in Tenaya Lake region formed as openodg factures. If sheeting
joints opened in response to elevated fluid pressures in the rock, therchgdnaal
alterationor mineralizatiormight be expected along the jointstesh keeting joint faces
in this region, however, generally are not chemicalilgred. These observations support

the idea that sheeting joints open in tension, not in response to elevated fluid pressure.

4.2.2 Age

Most sheeting joints mimic modern topography, and therefore are unlikely to be older

than the Pleistocene. Glacial polish burnishes many sheeting joint faces, demonstrating
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that at least some sheeting joints were formed and uncovered prior to theoféliegt:

age glaciers approximately 13,000 years ago (Clark, 1995). Other sheeting joints have
formed within the last few decades. Cadman (1969) deduced that sheeting joints near
Olmsted Point have formed since blasting occurred for the constructioogaf road,

which occurred between 1957 and 1961 (Trexler, 1961). Furthermore, seati@gh

joints terminate againstoreholes drilled in the quarry during the construction of Tioga

road, suggesting that sheeting joints may still be forming.

4.3 Geolodc structures of the TC Dome study area

TC Dome, located where the hanging valley of Tenaya Creek drops into Tenaya Canyon
(Figs. 5 and 6), displays a spectacular array of sheeting joints (F@8).14he UTM
coordinates of the summit of TC Dome areragpnately 282491 northingnd4187365
eastingwith a summit elevation of 2491 m. Tenaya Creek flows southeast between TC
Dome and a ridge to the northeast (the "East Ridge"). Both TC Dome and the East Ridge
display (1) an impressive array of sheetioipis Fig. 1518), and (2) large planar

fractures that define domains of sheeting joints (Figs. 15rid18). In addition to

these prominent features, dikes, glacial polish, and relatively Bawures (< 2 m long)

occur

The distribution, kinemats, and geometry of sheeting joints at TC Dome study area
were documented with photographs (gFggs. 1419), attitude measurements on
individual sheeting joint faces (appendix A), and a fracture a@p 20. The fracture

map was made from more thay200 points surveyed using a Topcon 206, 0°0'06" total
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station instrument. The total station occupied one base station location (282543.6
easting, 4187403.8 northingnd 2451.0n elev.) and a baeg&ight was set across Tenaya
Canyon (282754.4 eastingl87266.9 northingand 2432.6n elev.). The GPS

coordinates were recorded at the base station andsigitklocations using a Geneq
(SXBlue) GPS unit with 2.5 m accuracy. Figures-1® show dikes in red and other
fractures in blue. Circled numbers mark prominent features: domains of sheeting joints
(numbers 1 and 2) and a scarp (number 3)Fggpel6 The approximate extent of

mapping inFig. 20is shown in bright green in Figs.Gland 1.

4.3.1 Structural features older than the sheeting joints

Two aplite dikes (D1 and D2 shown in red on Figs18, and20) extend across Tenaya
Creek at TC Dome study area. They trend nodftheast, roughly paralléd Tenaya
Canyon. D1 strikes N67°W, dipping 21°NE and D2 strikes N63°W, dipping 34°NE.
Their lengtls exceed 60 meters atiteyare approximately 0.3 meters thick. Because D1
and D2 extend across both TC Dome and East Ridge and do not cut any frdetyres,

are likely to be the oldest geologitructuresof the study area.

Group F includes fractures 10 Fig. 20. They are present on either side of Tenaya
Creek, but none cross either the streambed or the steeply dipping fracture (F1) along the
streambed. Group F fractures are at least several meters long, with apertures of less than
5 cm. Fractures F2 and F4 exceed 40 meters in length. The fractures appear to lack

mineral fillings. No lateral slip was observed across fracture faces where trodesy
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but the geometry of both the dikes and F fractures are such that slip would not be easily

detectable. Orientation data for fracturesFAD are shown in Table 3 and Fij-

Group F fractures are younger than dikes D1 and D2 because tlibg dikes. The

relative ages of the-ffactures cannot be determined with certainty. Fracture F6
terminates against F4, suggesting that F4 is the older of the two fractures. Sheeting joints
terminate against F fractures but do not cross them, suggéstin~fractures are older

than sheeting joints at TC Dome study area.

Fracture| Orientation (strike, dip) Fracture Orientation (strike, dip)
F1 ~N40°W, ~90° F6 N45°W, 44°NE
F2 S13°W, 17°NW F7 S88°E, 14°S
3 NS1°E, 21°S F8 S67°E, 69°SW
F4 N40°W, 13°NE F9 S73°E, 60°SW
F5 N48°W, 50°NE F10 S86°W, 22°N

Table 3. Orientation of Group F fractures (5& 20

4.3.2 Sheeting joints

Virtually the entire upper twehirds of the topographic surface of TC Dome consist of

sheeting joint faces (Figs. 46). Where sheeting joints parallel the topographic surface,
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sheeting joint traces are sparseFig 2Q The situation differs sharphear the pond at
the base of the dome and ridge (Figs18% Sheeting joints there are expressed as
curvilinear traces as opposed to curved surfaégs 20. Sheeting joints at the base of

the dome dip less than 5°, whereas the topography theres sil8péd0° to the northeast.

Individual sheeting joint surfaces exhibit glacial polish and hackled texture. Some
display red water stains, but many do not. Aside from the relatively few sheeting joints
that are stained red, sheeting joint surfacds ddwious chemical alteration. The sparsity
of aqueous alteration combined with the presence of hackled texture suggests that the
sheeting joints opened in tension rather than in response to high fluid pressures. Some
sheeting joint surfaces are glagygtiolished, indicating that at least some sheeting joints

here formed prior to the retreat of Tiegge glaciers ~ 13,000 years ago (Clark, 1995).

Sheeting joints make up the topographic surface of the uppehiwis of TC Dome and

the surface of Eaftidge east of fracture F7 (i,sheeting joint surfaces and the

topographic surface are the same). In general, their shape is-douligx, though local
concavities are present. Some sheets are longer than 10 meters, and their thickness varies
between~0.30.5 meters.Kig. 22. No mineral fillings were observed in the sheeting

joints. Lateral slip across4place sheeting joints was not observed, although many

sheets are not4place, having slid dowslope. Sheeting joint apertures are generally

less than 2 cm where sheats in place. Sheeting joints cut dikes D1 and D2, and

terminate against fractures of group F; therefore sheeting joints must be younger than

dikes and fractures from group F.
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Sheeting joints near the pond, on both TC Dome and East Ridge, are Het {umatlae
topographic surface. The topographic surface slope$62@ the northeast at the base

of TC Dome, and ~30° to the southwest at East Ridge. Sheeting joint traces near the
pond trend nortmorthwest, suiparallel to Tenaya Creek. On TC Darséeeting joints

near the pond are divided into two domains based upon their geometry and location
relative to fracture F2. Sheeting joints beneath or east of F2, and north of F3 are in
domain 1. Domain 1 sheeting joints dip less than 5° and are chpsedgd< 0.2 m)

(Fig. 22. Domain 2 sheeting joints, west of F2, are spaced less than 0.5 meters apart,
and curve sharply toward fracture F2. The dihedral angle between F2 and the sheeting
joints is approximately 460°. Sheeting joints on East Ridgear the pond dip 1R0° to

the southwest and are spaced less than 0.5 meters apart. Their apertures are less than 2
cm. No lateral slip was observed across sheeting joints near the pond. Sheeting joints
near the pond cut dikes D1 and D2 and terming&énat fractures of group F, so sheeting

joints near the pond must be the youngest of these features.

4.3.3 Structural features younger than the sheeting joints

Group O fractures strike nortiortheast, dip steeply (~ &D°), and are relatively short

with lengths ranging from-8 meters. As with the other planar fracture groups,
O-fractures show no mineral fill and are not water stained. Group O fractures terminate
against Hractures, indicating that O fractures are younger thtmadtures and hence

younger than the dikes too. Some sheeting joints terminate against fractures from group
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O, however, at least oneftactureterminates against sheeting joints, so the relative ages

of O-fractures and sheeting joints are unclear.

At least one sheet orCTDome is fractured and buckled (B1 on Figs. 18 and 19).
Fracture B1 strikes N45°E along the hinge of the buckle and dips ~ 90. No lateral slip
was observed across B1, and aperture is ~ 1 cm. The presence of a buckled sheet
suggests that, at least rettgnthe area has been influenced by high surfzarallel

compression (Ericson and Olvmo, 2004).
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Chapter 5. Aerial LIDAR Data

Aerial LIDAR datg along with aeriaphotographswerecollected by NCALM over the
Tenaya Lake region. The objective wasise these data for topographic analyses, and
mapping of individual sheeting joints. An overview of NCALM's data collection and
pre-processing is presented belaadditionaldetails can be found in NCALM's

processing report.

5.1 Data collection

Aerial LIDAR data were collected iyCALM on September 18 and September 22,

2006. Spatial data were collected with an Optech 1233 ALTM (serial #99B112) mounted
in a turbocharged twin engine Cessna 337 (tail number N86539). Color images were
acquired using a Reake MS 4100 digital camerhowevey the photographs were
overexposed and are not used in this thesis. Flight line spacing was held constant at 200
m. Because the flight line spacing was held constant and the height above terrain varied,
overlap percentgges between swaths vary. The scan angle was held constant at £19°, and

scan frequency (mirror oscillation frequency) was fixed at 30 Hz.

For the Tenaya Lake region, flying heights averaged approximately 1,000 m above the
ground surface. At this heighihe crosgrack point spacing is 1.2 m. The aleingck

point spacing depends on the ground speed of the aircraft which averaged approximately
125 knots. The alontgack spacing is approximately 1.1 m at nadir and increases up to

2.2 m at the swath edg&wath width is 670 m and laser spot size is 0.30 m. Project
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flight lines were oriented eaabrtheast, with crosknes being flown perpendicular to

project flight lines.

GPS reference stations were set up at Olmsted Point and Pothole Dome. Altuiservy
were submitted to the NGS ine processor OPUS with solution files included in
Appendi x A of NCALMO6s processing report.
obtained from the OPUS solutions. Estimated horizontal errors are less than 8 cm, with

vertical errors less than 10 cm.

5.2 Calibration and point cloud data

The relative calibration procedure NCALM uses has eliogs flown for every flight

with a heading perpendicular to the project flight line heading. Small polygons

containing both the oss lines and project flight lines are processed using approximate
calibration values for heading, roll, pitch, and scanner mirror scale. All lines are

processed separatednd therfiltered to remove vegetation. Individual flight line

surfaces are thesreated. An iterative algorithm then computes the best fit between

overlapping flight line surfaces, simultaneously accounting for heading, roll, pitch, and
scanner mirror scale. The output is check
Eachflight is calibrated by comparing the height of the nearest neighbor laser point to the

height of a set of check points collected by vehinlmunted GPS.

The data received from NCALM include a 9 column ASCII file (space delimited), with

one file per fligh strip. The columns are: GPS time (seconds of week), easting last
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return, northing last return, height last return, intensity last return, easting first return,
northing first return, height first return, and intensity first return. Tael@mn ASCII

files have ellipsoid heights that do not match the orthometric heights (elevations) found
in 3-column ASCII files or imeter DEM gridded files. Therheter gridded files were

used throughout this researcifhe pointcloud (3column ASCII data set) datatss

shown inFigure 23 Holes in the point cloud data set could be due to "shadowing" where
the laser is blocked from hitting the ground surface by trees, shrubs, boulders, and other

obstacles.

5.3 Filtering and gridding by NCALM

NCALMOGs filtering and DEM production consi
ground classification, and below surface removal. Low points are points that are clearly
below the ground surface. The ground classification routine iteratively lauilds

triangulated surface model. The belsurface removal routine is ratfter theground

classification and identifies points which are below the true ground surface, effectively

fine tuning the results from the low point removal.

After classification, he ground points were interpolated onto 2 km x 2 km overlapping

tiles (60 m overlap) witlnemeter grid spacing. These ASCII formatted (XYZ) files

were created using Golden Softwarebds SURFE
transitions from onéle to an adjacent tile. The resultant Surfer grid tile set was exported

to ESRI Arclinfo floating point binary format. Then, using an NCALM C++ application,

the overlap was trimmed from each tile. The trimmed tiles were exported to ESRI
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Arcinfo GRID format and merged into one seamless raster dataset. A similar process
was used to generate the unfiltered seamless grids. Filtered, gridded aerial LIDAR data

are shown as a contoured, hillshade digital elevation modeagure 24
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Chapter 6. Stresses ath Topographic Analyses

Two keyfactors for testinghe hypothesis are surfaparallel stresses and topographic
geometry (surfaceurvature and slope). This chapter presents stress data, followed by
analyses of topography and stress gradie@N)/ Tbgographic analyses are performed

in order to determine the shape of the TC Dome study area topographic surface. The
stress gradient analysis illuminates whether the current topographic and stress conditions

are sufficient to account for sheeting jointserved there.

6.1 Stresses

Existing measurements show surfgpaaallel compressive stresses of several MPa or
greater in Yosemite National Park. Using the es@ing method, Cadman (1969)
obtained principal stress values in Tuolumne Meadows (~11 kamedhkeast of TC
Dome) ofll; = -7.6 MPa oriented N60°W andg = -13.9 MPa oriented N30°E. The most
compressive stresgy in Tuolumne Meadows is roughly aligned with major topographic
features nearby (e.g., Tenaya Peak, Tenaya Lake, and Tenaya Canyon). Hickman
(personal communication, 3/2008) obtained similar magnitudes, but different
orientations, from hydrofracturing two test holes near Wawona (~30 km south of TC
Dome). For test hole 1 (50 m below the ground surfage);6.5 MPa at ~N49°Eand

Up =-13 MPa at N51°W. For test hole 2 (25 m below the ground surface}5.5 MPa

at ~N22°E, andl, = -9 MPa at N68°W.Trends of principal stresses near Wawona also
roughly coincide with large local topographic features. Although the methods used by

Hickman and Cadman differ, the least compressive stigssafiges from ~6 to ~-8
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MPa and most compressiv@) stresganges from9 to ~-14 MPa, with principal stress

trends roughly corresponding to major nearby topographic features.

Figure 25llustrates a horizontal force balance in cross section through a hill and valley.

If horizontal compressive stresses areliappo the sides of the section, therizontal
compressivetresses at the valley bottom must on average exceed those beneath the hill
to maintain a force balance. Tuolumne Meadows is a few hundred meters higher than the
top of TC Dome; the normal stess at TC Dome are likely to be at least as compressive

as those at Tuolumne Meadow$3.9 MPa).

The conformamapping solution of Savage, at (1984) was utilized to evaluate possible
stress variations along a profile that trends N60°E from the td @dome to its base

(profile D-D' onFig. 24. This solution may be used to evaluate stresses at depth (Savage
and Swolfs, 1986; Martel, 2000) as well as at the topographic surface, but the focus here
is on stresses at the sacé. The solution of Sava@tal. (1984) conformally maps a
half-space with a horizontal surface to one with a symmetric topographic surface. The
topographic surface is defined by two parametedb, whereb is the maximum ridge
height or valley depth aratb/2 is the distane from the centerline of a ridge or valley to

the inflection point on the topographic surface. Positive valubyield a ridge,

negative values a valley. For a vallaynust exceed the absolute valuéof

Figure 26shows the model topography, the actual topography, and stress calculations for

a=65m, and =-65 m. The faffield horizontal stress was set to a constadtMPa,
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and vertical stress varies as a function of deptly(-2.7x1d Pa/m). InFig. 26, the
topography used by the conformal mapping solution is shown as a solid line overlain on a
topographic profile trending N60°E derived from aerial LIDAR d&ig.(24. The

values ofP (surfaceparallel stress) vary betweetd MPa at the shoulder of thalley

and-25 MPa at the bottont{g. 2@). The compressive stresses at the base of TC dome

thus could be about twice those at the top.

6.2 Curvature of an ellipsoidal surface

In order to approximate the curvature range for TC Dome as a whole, aoidHip

surface with similar dimensions to TC Dome is evaluatdelgn27. At 180 meters along
the long axis (trending nortsouth), 100 meters wide along the short axis, and 40 meters
high, the ellipsoid has the following range of principal curvatureesl
ki=-53x10°mt0-4.2 x 10°m?, andk, =-1.6 x 10* m*t0-9.8 x 16 m™. Vertical
uncertainty in the aerial LIDAR data could be as much as 10 cm, so normally distributed
noise of up to 10 cm is added to times on a-in grid used to define thalipsoidal
surfacein orderto gain insight into how much the vertical uncertainty can affect
curvature. Curvatures were calculated using an unpublished numerical code by Martel
(personal communication, 6/2007). r&ature of the noisy surface varies between
1.7x10" m*and 1.8x1d m™ for k;, and-2.0x10* m™* and-1.4x10" m™ for k.. These

values are much higher than those for the original surface and inidhatfgétering is
necessary in order to obtain tnerall surface curvature at TC Dome from the aerial

LIDAR data.
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6.3 Analyses of unsmoothed topographic data

The slopes on TC Dome generally range fror68°, with locally steeper slopes at the
"risers" between sheeting jointsig. 28. The 1 ngridded aerial LIDAR data are too
coarse to identify each individual sheeting joint on TC Dome, but the trend of groups of

sheeting joints can be seen as bandspsullel to the topographic contours.

The most positive curvaturg on TC Dome as calcatled from unsmoothed aerial

LIDAR data using points on a 1 m grid shows a speckled or noisy p&tigri29.

Values ofk; range from-4.3x10" m™ to 9.0 x10' m™. The magnitude, based on results
from the ellipsoidal surface, is too large to repretlemoverall surface of TC Dome.

The least positive curvaturky] also shows a noisy pattern, as do the mean and Gaussian

curvatures.

6.4 Spectral filtering

Spectral filtering allows one to evaluate a topographic surface at different wavelengths
(e.g, Bergbauer, 2002; Perron et. al., 2008) and highlight or subdue various features. For
example, to evaluate the overall surface and eliminate noise, short wavelength features
can be filtered out. Conversely, to emphasize short wavelength features (e.qg.
streambeds), longer wavelength features can be filtered out. For spectral filtering, the
topographic surface is decomposed into a series of sine and cosine waves using a Fourier
transform (e.g.Smith, 1997; Smith, 2007), then evaluated and filtered invihe

number domain.The wave number is &' whereavis the wavelength, and not/2- The
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wave number thus similar to frequency except that we are dealing with amplitude as a

function of space rather than time.

Several steps are required in ordera@di@rm spectral filtering. First, a leasfjuares

bestfit plane must be removed from the topographic data to remove the mean. The mean
elevation after dérending should be zero. Fast Fourier transforms can introduce ringing,
particularly at the edgesf a topographic data set. This can be mitigated by windowing

the data set and transforming an area larger than the area of interest.

Spectral analyses and lowpass filtering are performed on aerial LIDAR data for TC
Dome study area using a Matlab cadedified from Perron et al. (2008). The area
analyzedFig. 30 is greatly extended to minimize edge effects. The extended area will
be referred to as the greater TC Dome area. A best fit plane striking 316° and dipping
14°NE is subtracted from TC Dome and the greater area elevation data to remove the
mean trend ofite topographic surface. Figui@k and31b show the topographic

surface of TC Dome and the greater area and TC Dome studyesmectively, after the

best fit trend is removed, but before windowing the greater area. Elevations now vary
abouta mean @vation of zero. Adanning (raised cosine) window is applied to the
topographic data and the data are then transformed to the wave number domain using a
fast Fourier transform.Figure 32is a periodogram showing the mean amplitude as a
function of radiawave numberdr inversewavelength). Vertical uncertainty in the

aerial LIDAR data is ~10 cm; amplitudes less than this could represent noise rather than

true variations in the topographic surface. The width of TC Dome from the summit to the
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pond is ~B m; wavelengths less than this are unlikely to represent-doaie

topography. The lowpass filter was selected such that wavelengths less than ~70 m are
filtered out. This greatly smoath the topographic surface such that sraalplitude and
shortwavelength noise are removed while the overall topographic shape is maintained.
To evaluate topographic shape (istope and surfaeeurvature) correctly, the data are
transformed back into the spatial domain and thefitggtine is added back in. ke

bestfit plane were not included, slopes could be much too low and curvature values

greatly affected.

6.5 Topographic geometry of filtered data

The retrended filtered topographic datad. 33 show the same major topographic

features as the unfilted data. Smaller wavelength features such as the gully northwest
of TC Dome have been filtered out. Topographic contours here are much smoother than
they were inFig. 30 Tenaya Creek streambed has a shorter wavelength inserctasn

than what was asen for the filter and has thus been smoothed considerably.

The filtered slopef) map Fig. 39 has a noticeably smoother appearance than the map
from the unfiltered data (Fi@6). Many short wavelength features such as those
exceeding 40° ifrig. 28 were removed in the filtering process, so patterns corresponding
to features such as the gully and steps in topography caused by sheeting joints or other
features irFig. 28are no longer visible ifig. 34 The steepest portions of the unfiltered
slope map Fig. 34 correspond to the steepest portions in the filtered slope FRE2Q.

The area near the summit of TC Dome has a relatively gentle slope between ~0 and 25°,
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while the flank of TC Dome is much steepearying between ~25 and 28°. Thevkr
portions of TC Dome, pond, and East Ridge hgamtler slopes, once again between ~0

and 25°.

Maximum principal curvaturek() is shown in Figs.3and 3. Figure 35showsk; of the
greater TC Dome area and illustrates the extent of edge effdutse edge effects are
visible in a border approximately 50 m widefigy. 35 The area of interest, TC Dome
study area (outlined in a white box) is far from the influence of edge effects. The
curvature of the overall topographic surface is much morarepphereKig. 36 than it

was on the unfiltered surfacgig. 29, varying betweerl.63x10° m™*and 4.04 x18 m™.
These are within one order of magnitude of those for the ellipsoidal surface grossly
representing the dom€&if. 27. The summit of TC Dome and a portion of East Ridge
are identified as convex topographic shapes seen in the southwest and northeast corners
of Fig. 36 respectively. Three locations in whikiwvalues arenearly zero are: TC

Dome, East Ridge, and a simaiea in the southeastern corner (~4187340 northing,
282560 easting). The green "réiground TC Dome and TC ridge represent points
wherek; is approximately zero. e green area in the southeastern corner does not
correspond to a real topographic feat The point cloud aerial LIDAR data set has a
hole in this location and values were interpolated for the 1 m gridded dafégs&;

the process likely introduced some error. Because filtering removed small wavelength
features, the pond and strdaed were greatly smoothed and do not hakevalue of

zero as one might anticipate. Tick marks representing the directiemahe tangent

plane are reasonable, being alignedgatallel or roughly orthogonal to topographic
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contours. Interesting)ysheeting joints fronkrig. 20are located in a positive or concave

area.

Minimum principal curvaturekg) is shown inFig. 37, varying betweer4.0x10° m™* and
1.2 x10° m™. As with the maximum principal curvature, minimum principal curvature
values shown here depict large topographic shapes and range within an order of
magnitude of the ellipsoidal model. An area of positive curvature in the-north
northwestern portion dfig. 37is west ofwhere the Tenaya Creek streambed changes
orientation from nortfsouth to northwessoutheast anatherethe gully ofFig. 15drops
down to the streambed. The topographic contours here are concave toward the east
whereas contours furtheowth are concave towards the west. Additionally, the-long
wavelength topography across the streambed is concave. The green "ring" represents
pointswherek; is approximately zeroThe green area in the southwest corner is
artificial, caused by interpation of dataKig. 22. In all other areas of this plét is

negative (convex). This represents 90% of the study area.

Mean curvatug of the filtered topographghown in Fig.38, varies between

-2.6 x10° m* and 2.1 x1& m™*. As expectedthe mean curvature of the upper portion of

TC Dome and a portion of East Ridge is negative, and it is positive where Tenaya Creek
changes course near the north edge of the study aredelfpesitive mean curvature
extends alongenaya CreekRig. 3). Themean curvature ranges froix10° m™ to

nearly O it where sheeting joints make up the topographic surface of TC Dome.
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Interestingly, the sheeting joints ig. 20lie in an area of positive (concave) mean

curvature.

Gaussian curvature, the product of principal curvatures, can help identify topographic
shapes. Positive Gaussian curvature occurs either when a surface isodowiely or
domeshaped (bothk; andk; are negative) or doublgoncave or bowshaped (botlk;

andk; are positive). Negative Gaussian curvature occurs only at sakdiep@sitive

andk; is negative).Gaussiarcurvatureof zero occurs onylindrical ridges K is zero

andk; is negative), cylindrical valley¥k{ is positive and; is zero), o planes (bothk;

andk; are zero). One would expect that the Gaussian curvature plot for TC Dome study
area should have at least two large areas of positive Gaussian curvature corresponding to
TC Dome and East Ridge, with an area between the two havaelgethat is either zero

or negative.

Gaussian curvature for the filtered data is plotte@ign39and varies between

-3.8 x10* m?and 5.3 x1d m?. The color scale has changed magnitude from the

previous plots okj, kp, and mean curvature, but warm colors still represent positive

values, cool colors represent negative values, and green represents values near zero. The
two large, ovakhaped, positive regions on the western side of the plot correspond to the
doubly-conwex upper portion of TC Dome (southern oval) and the decbhcave area

in which Tenaya Creek changes trend (northern oval). The portion of East Ridge that has
positiveky, k,, and mean curvature has positive Gaussian curvature values as well.

Sheetinggints mapped ofig. 20lie in an area of negative Gaussian curvature. The
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distribution of sheeting joints compared to topographic shape will be discussed in the

next chapter.

The gross topographic forms are apparent using the filteredrdgt&(). As mentioned

in chapter 2, areas of positive (concakeandk; curvature are classified as bowls,
negative (convexj; andk; as domes, and positike and negativé;, as saddles. No
location in the TC Dome study area is plaaathe tm resolution of k. 40 The upper
portion of TC Dome and a portion of TC ridge are dotdaypvex or domehaped. The
doubly-concaveaegion on the west side of Tenaya Creek and naottheast of TC

Domeis classified as a bowl. The lower portion of TC Dome, East Ralgk Tenaya
Creek streambed are technically classified as sat@diped. The small blaeain the
southwest cornesf Fig. 40 is classified as a dome, bufFig. 39 this are& colored

green anadpparently has negative Gaussian curvatiifeés discr@ancy arises because

the boundary between green and yellow colors in Fig. 39 actually occurs at’~#%10
instead of zero and the Gaussian curvature for the cells in questidk0iSm™. The
sheeting joints mapped Fig. 20lie in a saddle, but sheeting joints are present above the
area mapped (Figs6419). The relationship between sheeting joints shown here and the

topographic geometry will be discussed in detail in the following chapter.

6.6 Stress gradient analyses

According to the hypothesis, sheeting joints can nucleate where the suofacal stress
gradient,O N /, i© gositive at the surface. This gradient, evaluated using Eq. (4), requires

that surface parallel stresses be evaluated in the same directions as the respective
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principal curvatures. Alternatively, this gradient can be bracketed in a way that does not

rely on the principal directions (Martel, personal communication, 5/2010)

R, 0O, N0 [18]

wherel; and(, are principal stresses. Equation (18) is used to model the stress gradient
(O N /) & the TC Dome study area using the principal stresses obfairiBablumne
Meadows by Cadman (196%); = -6.5 MPa andl, = -13.9 MPa. These stress

magnitudes will be considered as constant across the study area. The vadtuasdiy

in the stress gradient calculations are shown in Figs. 37 and 38, respectively.

Figure 41 shows the lower bound on the stress gradient, and Fig. 42 the upper bound.
Positive values of stress gradient in each figure are shown in warm colors (yellow
through red), values near zero in green, and negative values are shown in cool colors
(cyan through purple). On both figures the minimum stress gradient is-@b®MPa/m,

and the maximum stress gradient is about 1 MPa/m. The overall patterns of the stress
gradients in Figs. 41 and 42 are similar. The upperttwds of TC Dome has a positive
stress gradient, as does a portion of East Ridge. Sheeting joints form the topographic
surface here. Tenaya Creek lies within a belt with a negative stress grasli@nthe

lower portions of TC Dome and East Ridge. The biggest difference occurs near 282540
easting, between 4187330 and 4187360 northing, where stress gradient changes from
negative in Fig. 41 to positive in Fig. 42. This location corresponds to librskope

along Tenaya Canyon.
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Most of the mapped sheeting joimtsFig. 20lie in areas of negative stress gradient.
Additional sheeting joints are observed throughout much of TC Dome study area (Figs.
14-18), but outside the area mapped in Fig. 2@oMding to the hypothes@ N / sBauld

be positive in order for sheeting joints to nucleate. Reasons for this discrepancy will be

discussed in detail in the following chapter.

The range of the stress gradients in Figs. 41 and 42 is revealing. ThefrargMBa/m

is roughly two orders of magnitude greater than the valyegfhis means that the

stress gradient contribution from the products of the curvatures and the qarfalbel
stresses dwarf the contribution due to the gravitational body folldes.has two key
implications. First, scaling the stresses up or down by a constant factor will result in a
nearly commensurate scaling of the stress gradient. Doubling (or halving) the stress
magnitudes would effectively double (or halve) the streadignts while maintaining the
shape of the stress gradient field. This means that the results here regarding the shape of
the stress gradient field are robust, assuming the stptaedel stresses are constant

over the study area. Second, since thgature magnitudes and slopes in the study area
are not particularly remarkable, the signs of the principal curvatures are decisive factors
in dictating the stress gradient, given the large magnitudes of the compressive stresses.
This explains why doublyanvex surfaces in the study area, and probably throughout the

park as a whole, are decorated by sheeting joints.
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Chapter 7. Discussion and Conclusions

This thesis tests the hypothesis that the presence or absence of recent sheeting joints can
be predictd based on the current topography and the current stress state. To address this,
| first discuss the scale of sheeting joints and topography in the Tenaya Lake region. This
sets the stage for focusing on the central hypothesis, that the existing tbyagndp

stress state can account for sheeting joints formed in the recent past.

7.1 Scale of sheeting joints and topography

Sheeting joints in the Tenaya Lake region typically are visible on domes, ridges and

saddles less than 1 km in length. No single sheeting joints were observed extending

across an entire dome, ridge or saddle in the region. TC Dome, for example, is

approxmately 90 m wide and 180 m long, but its sheeting joints are several tens of

meters long, approximately 200 % of TC Domeds | engt h. Lonog
observed in the region occur on the ridge immediately east of Olietetiand the

ridge contaimg Tioga Road quarry. Some sheeting joint trace lengths at these locales

exceed 90 m, but they are still short relative to the scale of the topography. All of these

observations are consistent with local topographic control on sheeting joint formation.

If sheeting joints were controlled primarily by regional topography (as opposed to local,
domescaled topography), one would expect sheeting joints to extend through individual
domesand across adjacent topograph@anyon wall exposures in the Tenaya Lake

region, however, indicate that sheeting joints do not cross large canyons. For example,

even though sheeting joint surfaces make up virtually the entire surface of TC Dome,
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they do not extend from TC Dome throufinaya Canyon, nor do they cross from TC
Dome to East Ridge across Tenaya Creek. These observations further suggest that
sheeting joints are controlled by local (iiedividual domes, ridges, saddles, etc.) rather

than regional topography.

Quantitativeanalysis also shows that sheeting joints arecantrolled bycurvature at a
regional scale (i.etopography with length scales greater than a few Koonsider a
profile E-E' trending N45°E through TC Dome and Tuolumne Meadows (Figisd83).
The bpographic relief over a distance of 8 km is ~ 0.3 km. A sinusoid with these
attributes exhibits curvatures ranging freébx10° m™ to 5x10°> m™. Assuming the most
compressive stress at Tuolumne Meadowd 4fMPa (Cadman, 1969) can be applied
uniformly to the most highly convex points of the profile, the curvature must be negative
and have an absolute value of at least 1.9x@0 for sheeting joints to nucleate (see
Equation (3)). The peak curvatures along the sinusoidal fit are less théantnbat
value. For sheeting joints to form where the curvatus8x$0° m™ the surfaceparallel
stress must b&40 MPa, more than twice the unconfined compressive strehgtiong
granite (e.g., Carmichael, 1989). Sheeting joints at TC Dome studgaarmeat be

accounted for by regionalcale topography.

7.2 Modern conditions for sheeting joint nucleation at TC Dome study area

The aerial LIDAR data and Tuolumne Meadow stress measurements can be used to test

whether sheeting joints are controlled by local topography (e.g., ridges) in two
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dimensions using Equation (3). Maximum principal curvature valyeat{ TC Dome

for filtered topography vary betweeh.6x10° m™ and 4.0x1¢ m™ (Fig. 39. For

sheeting joints to nucleate where the curvaturé.Bx10° m™, surfaceparallel stress

(P1) valuesneed not be more compressive tharT MPa. The most compressive stresses
repoted by Cadman (1969) for Tuolumne Meadows are nearly an order of magnitude
greater than this; the vads reported for Wawona (Hickmagwersonal communication
3/200§ are several times greater as well. Results from the conformal mapping solution
(see sectin 6.1) show that surfagearallel compressive stresses as grea2adIPa may

be present at the base of TC Dome. All suHaaerallel stress estimates at TC Dome far
exceed the levels necessary to nucleate shgetig there based on twalimensional

analysis.

The concept that sheeting joint formation is controlled by local topography can be
explored in three dimensions using the filtered aerial LIDAR data at the TC Dome study
area and the distributions for the stress gradient in Figs. 41 and 42. Figure 44 show
histograms o N / v@lzes at points on a square grid with 1 m spacing. These nodes
could be considered to represénh / fé 2 nf cells. Columns to the left of the dashed

line represent locations where the stress grad@t () IS megative and shteg joints

are predicted not to nucleate. Columns to the right of the dashed line represent locations
where the stress gradient is positive and sheeting joints are predicted to nucleate. In Fig.
44a, which represents the stress gradient in Fig. 41,036% Dome study area exceeds

the threshold for nucleating sheeting joints. In Fig. 44b, which represents the stress

gradient in Fig. 42, 64% of TC Dome study area exceeds the threshold for nucleating
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sheeting joints. The histograms together suggesthibaturrent topographic and stress
conditions in the study area as a whole cluster on the verge of being able to nucleate

sheeting joints.

7.3 Stress gradient and the distribution and nature of sheeting joints at TC Dome

Sheeting joints make up virtualtige entire surface of TC Dome, the exception being the

steg face at its base (domain 1kifs. 6 and B) where sheeting joints are not sub

parallel to the present topographic surface. The analyses account for sheeting joints

(ON/ O yabove tide eleation of the uppermost traces Biy. 2Q but predict sheeting
joints should not be able to nucleate belo
suggest that the distribution of sheeting joints is not entirely explained by nucleation sites

controlled by the current stress and topographic conditions.

Where sheeting joint nucleati is predicted (e.qg., Figs. 41 and 4Rost sheeting joints

are subparallel the surface (Figs. 48B). In contrast, near the pond, wh&®&/ Oz < 0
and joint nucleatiofis not predicted, the sheeting joints are nearly horizontal (dipping <
5°), very closely spaced (42D cm) Fig. 22, and do not lie suparallel to the

topographic surface of TC Dome (~3%0° slope). Their character is very different from

the rest of TMome, and their geometry cannot be accounted for by the modern

topography.

At least three no®xclusive factors may account for these apparent discrepancies without

violating theproposed mechanical explanation for theeleation okheeting joints First,
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sheeting joints could have nucleated whers / i€ppsitive and propagated into and
terminated within regionwhereO N / i€negative Second, the topography could have
been altered since sheeting joints formed. Third, the mechanical efféetstore
interaction could account for the change in the nature of the joints. A treatment of the
first possibility is beyond the scope of this thesis, but | do explore the latter two options

below.

A small amount of material added to TC Dome in cissstion would be sufficient to

create a positive stress gradient. The thickness of material required can be estimated
using Equation (8) Figure 45shows a topographic profile-D' trending N60OE (Fig24),

the same profile used in surfaparallel stresanalyses in chapter 5. The solid line
represents the current topography, the dotted line shows a surface where the curvature
would be zero, and the dashed line shows a surface with curvature sufficient to achieve a
positive stress gradient. Assuming thmimum surfaceparallel stress at the top of TC
Dome is-14 MPa (i; from Tuolumne Meadows), the curvatuk® fequired for sheeting

joint nucleation is1.9x10° m™. The chord lengtt2c, of the dotted line is 60 m. The
minimum thickness of (presumaldyoded) material between the dotted line to the

current topography is 3.4 meters. Using Equati@), @n additional 0.9 meters of

material would be needed to achieve a curvaturé.8k10° m™. Thus, removal of 4.3
meters of rock by glacial erosigsmsufficient to account for the discrepancy between
stress gradient values and sheeting joint surface traces observed on TC Dome near the

pond. This amount of erosion could easily be accommodated by Tioga glaciation.
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Glacial erosiorcould explain thediscrepancies betwestress gradient N /) Glues

and the distribution of sheeting joint traces near the base of TC.Doineg do not,

however, completely account for the nearly horizontal and closely spaced sheeting joints
obligue to the topographicigace there (Figs.6land B). One way the closely spaced
sheeting joints there could be accounted for is by a stress concentration along the base of
a paleestreambed. Consideracusphaped vall ey, grossl-y repr
section througd@ C Dome, Tenaya Creek, and the EastgRi(Fig.46). Thestresses are
modeled using the conformal mapping method of Savage et al. (1984), assuming a
uniform farfield horizontal stress ¢fl4 MPa, ambient vertical stress that varies as a
function of depthat a rate of gwhere} is density (2750 kg/fiwas used), with

parametera andb of 65 m and65 m respectivelyFigure 46shows the most tensile

stress for this hypothetical cuspaped valley representing Tenaya Creek prior to
glaciation. The most tensile stress is contoured, and the least tensile (most compressive)
stress trajectories are shown as a proxy for sheetinggoentations. Near the valley

bottom cusp, the stress trajectories change orientation as stresses become more
compressive. They are no longer garallel to topography; instead they flatten and
become nearly horizontdlke the sheeting joints do wo The joints thus might have

formed in a strearout valley that was convex on both sides prior to glaciation. Erosion
along Tenaya Creek, both glacial and fluvial, could have exposeldosidontal joints

formed earlier.Fluvial erosion could have exgpted fracture F1.This scenario relies on

the jointsnucleating ima region wher® N / i€ypsitiveand propagating to a region

whereO N / inegative.Gilbert (1904) noted that sheeting joints occur in some valleys
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in the Sierra, and the analysig&dshows how sheeting joints could develop nearly to the

valley bottoms.

An entirely different process could also account for the close spacing of sheeting joints in
domain 1 and the differences in sheeting joint geometry between domains 1 and 2 across
fracture F2ig. 18. Fracture F2 dips obliglyeto the surface and under higurfacé

parallel stresses might have slipped as a thrust fault prior to sheeting joint formation.
Using a linearly elastic boundary element model (Crouch and Starfield, 428t and

Muller, 2000, fracture F2 is modeled as a 100 meter lomggidnless thrust faulthat

breaks the surface and fmmaximumof ~0.25 meters slip, with the walls remaining in
contact. The fafield horizontal stress is assumed to-b@ MPa (mean nornhatress

from Tuolumne Meadows), and tkiertical stress varies as a function of depth at a rate of

} g (Jwi2@50kg/m). Figure 47shows results of the model: (a) the displacement

field; (b) trajectories of most compressive stress; and (c) the most tensile stress. Sheeting
joints tend to grow perpendicular to the most terstilesstherefore trajectories of most
compressie stress may be used as a proxy for sheeting joint orientation. Trajectories
shown in (b) are very similar to what is observed today at the base of TC Dome, with
sheeting joints of domain 1 (left of fracture F2) being nearly horizontal whereas those of
domain 2 (right of F2) roll steeply toward the fracture. The close spacing of sheeting
joints in domain 1 auld be accounted for by the tensile stress concentration near the fault
in this scenario Tensile stresses on the left side of the fault are graateextend deeper

than those on the right. Slip of 0.25 m would be very difficult to detect given the nature
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of the outcrops and markers near F2. Similar effects could be achieved with an even

shorter fault with less slip.

Geologic evidence suggestatisufficient time for topographic modification helapsed
since sheeting joints near the pond formed. Glacial polish on the surface of some
sheeting joints at TC Dome indicates that at least some of them formed, and were
uncovered, prior to thretreabf Tioga glaciation,~ 13,000 years ago (Clark, 1995).
Fracture Fland the closely spaced sheeting joints make the region near the pond

particularly susceptible to glacial and fluvial erosion.

7.4 Other lessons

My research illuminated two otheanportant points. First, filtering of the LIDAR data

was essential to calculate curvatures relevant to this project. Otherwise the curvatures
were dominated by short wavelength effects
although sheeting jointsave been noted for more than a century (Gilbert, 1904) as being
characteristically curved, their curvature was never measured. The sheeting joints at TC
Dome have curvatures with absolute values as great as-34xit®ver lengtls of a few

tens of meters

7.5 Suggestions for future work

The stress analyses for this project are based on the nearest stress measurement (Cadman,
1969), at Tuolumne Meadows ~ 11 km away from TC Dome. This measurement is the

only one within Tenaya Lake region. Additional sgeneasurements could greatly
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enhance the project. If additional stress measurements were made available, one might

use a mechanical numerical model to help interpolate the stresses in the region.

The approach applied at TC Dome could be extended to artsas. Researdgrade

aerial LIDAR data have been collected across the whole 7Tkmaya Lake region by
NCALM. NCALM also has collected aerial LIDAR data across other regions of

Yosemite for the National Park Service. Analyses similar to those pedgarthis thesis

could be performed for these regions. Hundreds of photographs have been taken, by the
author and others, of the topography and individual sheeting joints in the Tenaya Lake
region. A map marking the location where many of these phqtbgnaere taken has

been made by the author in ArcGIS along with a database that could be useful for future
analyses. Highesolution topographic contour and hillshade digital elevation maps at a
scale of 1:10,000 have also been made by the author, hasedia LIDAR data gridded

to 1 m resolution, for the entire Tenaya Lake region.

At least six specific locations are suggested for further study in the Tenaya Lake region:

1) The ridge containing the quarry near the road to May Lake, 2) Tenaya Canyon,

Olmsted Point, 4) the bowl immediately north of Olmsted Point, 5) the ridge immediately
east of Olmsted Point, and 6) a dome above the southwest shore of Tenaya Lake (Fig. 5).
Data available for the quarry include: terrestrial LIDAR data collected@L¥,

photographs, slab thickness measurements, and strike and dip measurements collected by
the author. Tenaya Canyon is an ideal place to study the effects of curvature on sheeting

joint formation because so few sheeting joints exist there. The bovgisatioga Road
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from Olmsted Point features displays numerous sheeting joints. High resolutigh (~ 5
cm) tripodmounted LIDAR data were collected at the bowl! by Ole Kaven (Stanford) and
Nicholas VanDerElst (UC Santa Cruz) uwsequipment loaned by EmiBrodsky (UC

Santa Cruz). The ridge east of Olmsted Point displays large sheeting joints with a unique
geometry on its NW slope. Further study of this ridge may yield insight into the
propagation and bifurcation of individual sheeting joints. Finally,dbme (elev. 2491

m) just east of Tenaya Lake has many sheeting joints. Sheeting joints there could be
mapped and characterized easily. The suggested study locations include each of the
major topographic features: domes (Olmsted Point), ridges (quatmydge east of

Olmsted Point), saddlesrfe atthe top ofa bowl 0.7 km north oDImstedPointandone

along Tenaya Canyon), bowl8.{ km north of Olmsted Pontand valleys (Tenaya

Canyon).

Although the aerial LIDAR data set was collected spedifica test the hypothesis
presented in this thesis, it could be used in many other ways. For example,
geomorphologists could use these data to explore glacial extent, ice volume, and fluvial
geomorphology.Structural geologists could examine the Id@egrockfractures easily

seen in the data set as well.

7.6 Conclusions

The hypothesis that sheeting joints open in tension as a result of high, gafalbel
compressive stresses acting parallel to a convex topographic surface is supported by field

evidence in Tenaya Lake region. The presence of sheeting joints on didiges, and
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saddles less than 1 km long indicate local topographic control of the joints rather than
regional topographic control because the local topographic curvature is sufficient for
sheeting joints to form, whereas the regional curvature is notprésence of hackles on
sheeting joint faces and the lack of slip across features cut by sheeting jointskesg.

veins, xenoliths, phenocrysts, and fractures) indidatassheeting joints are tensile

fractures. The general lack of chemical alteratbn sheeting joint faces suggests that
sheeting joints do not open from fluid pressure, but rather from a tension induced by high
compressive stresses acting parallel to a curved topographic surface. Further evidence of
high, surfaceparallel compressas/stresses is present in the form of buckled sheeting joint
slabs. Measurements by Cadman (1969) and Hickman (personal communication, 3/2008)
indicate that surfacparallel stresses are highly compressive (on the ordd0d¥iPa) in

the Yosemite regionThe study area is on the verge of nucleating additional sheeting

joints given stresses of this magnitude and the curvature and slope of the topography.

The presence of many sheeting joints at TC Dome study area is consistent with modern
topographic andtress conditions. Compressive stresses parallel to the surface are likely
to have absolute magnitudes of at least 14 MPa and could be as BigiVi#a. The

upper portion of TC Dome is doubbpnvex howevemuch of the lower surface is
saddleshapedlikely the result of glacial erosion. Sheeting joints at the lower portion of
TC Dome requires no more than 4.3 meters of erosion of the topographic surface since

the joints formed. Glacial erosion could have accomplished this.
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The sheeting joint digbution everywhere at TC Dome cannot be accounted for entirely
by current topographic and regional stress conditions. The sheeting joints on the doubly
convex upper portions of the dome can be accounted for, both in terms of their
distribution and the @entation parallel to topography. Current topography and stress
conditions do not account for sheeting joints at the base of the dome in domains 1 and 2.
Sheeting joints of domain 1 are closely spaced, nearly horizontal, and are oblique to the
topographicsurface. In domain 2, sheeting joints have an unusual geometry, dipping
steeply towards fracture F2. Both differences can be accounted for by plausible local
stress variations and erosion. The nearly horizontal sheeting joints in domain 1 can be
accoured for, at least in parif the topography across Tenaya Creek were doubly convex
when the joints formed. The strasgjectoriesbeneath a cusghaped vallenre

consistent wittsub-horizontal sheeting joints develop near the cusp. With a few meters
of glacial and stream erosion, the flat sheeting joints would be exposed. The close
spacing of sheeting joints in domain 1 and unusual geometry in domain 2 can be
accounted for if fracture F2 were activated as a thrust fault prior to sheeting joint
formation. A tensile stress concentration caused by the fault could account for the
closely spaced sheeting joints in domain 1. Trajectories of most compressive stress (a
proxy for sheeting joint orientation) roll toward the fault, thus accounting for thersipeet
joints in domain 2 steeply dipping toward fracture F2. Subtle geologic factors and
topographic modification need to be considered to account for the sheeting joints low on

TC Dome; presumably they would need to be considered in other places as well.
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Figures

79|

. '7 e ’ / B =
Figurel. Sheetlng joints suparallel to topography on Shuteye Peak Callfornla (USGS n.d.).
Photograph taken by N.K. Huber.

Figure 2. Sketch depicting sheeting joints in cression (from Martel, 2006). Thgray band

represents a dike.
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http://libraryphoto.cr.usgs.gov/cgi-bin/show_picture.cgi?ID=ID. Huber, N.K.  50ct&SIZE=medium

Figure 3. Photograph looking south at Tioga R@dighway 120)quarry wall near Olmsted
Point, Yosemite National Park. As seen in this photograph, sheets generally tend to be thicker
with increasing depth below the suacA geologist can be seen above the quarry for scale.

Yosemite

TENAYA LAKE
STUDY AREA

Figure 4. Location of Yosemite National Park and the Tenaya Lake study area (modified from
Wikipedia 2007%.
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Figure 5. Shaded relief map of Tenaya Lake study areR. i€the line of crossection inFig.
43. The star at TC Dome marks the site of detailed field investigation.
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Figure 6. Shaded relief map of region surrounding TC Dome study area (outlinkiigh w
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Traction-free upper surface

Figure 7. Free body diagram showing a rock element with a convex, trireonpper surface,
compressive end loadB)( and a lower surface subject to normal tractidN)s (f body forceg g
are absent, andis compressive, thel must be tensile for the forces to be in equilibrium

(adapted from Martel, 2006).

r-h

Figure 8. Diagram of a segment bounded by a circular arc of radijsanid(a chord of half
length €). The segment heightlis The curvature may be calculategsing the half chord length

and the segment height (equation 8).
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normal to surface
k'l >0

Figure 9 Diagram of a saddighaped surfaceGray planeshowncontain the surface normal
andintersect the saddle in plane curves that yield the principal curvatures for the surface.
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Figure 10 Geometry of a behaped hill (a) Topographic contour map. (b) Topographic
shapes on the hill. The hill is doultpnvex, or domehaped. At points within the green band
ki is zero and; is negative, thus the local geometry is akin to that of a cylindrical ridge. The
base of the hill is a saddle becalkses positive and; is negative. (c) Maximum principal
curvature K;), with ticks showing the direction of maximum curvature. (d) Mimmyrincipal
curvature K;), with ticks showing the direction of minimum curvature. This-befped hill

resembles several domes in Yosemite National Park (e.g., Lembert Dome).
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Figure 11 Photographs of heavily weathered sheeting joints in the porphyritic Cathedral Peak
Granodiorite. Much of the topographic surface in both locations is glacially polished. (a)
Sheeting joints on Pothole Dome that are notatallel to the topographsurface. (b) A
sheeting joint cutting phenocrysts and a small dike on a dome near BM 8452, with no visible
offset. Note pencil for scale. The lack of offset suggests that sheeting jointeded (tensile)

fractures rather thamode Il or 11l (sheaj fractures.
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Figure 12 Photographs of sheeting joints seeping water. Photograptjsaf@ takemortheast
of OlmstedPoint, below Tioga Road{d and e) show roadutsalong Tioga roadand (f) shows

TC Dome the day after a heavy rainstorm.
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Figure 13 Photographs of hackles on sheeting joint faces. (a) View southeast toward the
northwestern face of "Quarry Ridge". (b) View northeast to Pywiak Dome.
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Figure 14 Sheeting joint cutting (but not offsetting) a xenolith and a vein near the top of TC
Dome. A pencil above the xenolith is shown for scale.

Figure 15 View south from Tenaya Creek to TC Dome. Virtually the entire north face of the
domeconsists of sheeting joint faces or sheeting joint traces.
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Fracture F2 o Small cliff
Fracture F3

Fracture B1 O Geologists (for scale)
(Buckle)

==== Extent of domain 2

Figure 16 View southeast of TC Dome from East Ridge. Fractures F2 and F3 divide the lower
portionof the domento domains (1) and (2), in which sheeting joint geometry is nepaudllel

to topography. Sheeting joints on the upper-thiods of the dome are sygarallel to

topography, hence fewer sheeting joint traces are observed there than near the base of the dome.

The spacing of sheeting joints is smaller at (1) than at (2).
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= = = Approx. Map Area

Dike D1
Fracture F7

Al

Figure 17 View northeast to East Ridge. The green line marks the approximate extent of fracture
map onFigure 20 Dike D1 extends further than shown. The east side of the ridge faces Tenaya
Canyon and displays extensive glacial polish. Sheets on theeiudjé be more heavily

fractured than those on TC Dome.
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Dike D1

Fracture F2

o Domain 1
e Domain 2

Figure 18 View southsoutheast of the base of TC Dome. Sheeting joints in domain 1 tend to be
nearly horizontal Their geometry changes little as they approach fracture F2. The sheeting
jointsin domain 2, however, curve as they approach F2.
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Fracture F2 =
Fracture B1 (Buckle)

o Domain 1

=

Domain 2

Figure 19 View looking soutksouthwest to the Isa of TC Dome. Fracture Fvides sheeting

joints into domains 1 and 2 is shown in blue. A buckled sheet (fracture B1) is shown as a dashed
blue line, near the bear. The presence of buckled she@tates that the area has experienced

high surfaceparallel compressive stress#sce glaciation.
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Figure 20 Fracture map of TOome studyarea. The bottom edgef sheets were mapped.
Sheeting joints are shown in black, dikesadand other fractures in blu&tructures in the
explanatiorare listed from oldest (dikes) t@oyngest (buckle). Fractures from this map are

shown in many subsequent figures for reference.

74



Figure2l. Stereographic projection of poles to fracturds-10.
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Figure 22 Topographic profiles (froririg. 20 and sheet thickness at TC Dors¢éeps marking
the dosely spaced, horizontal sheeting joints of domain 1 are seeB®ith&ow 2452 m

elevation Steps markingamain 2 sheeting joints are shown irfOCbelow 2454 m elevation.
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Figure 23 LIDAR point cloud data coverage (grey dots) for TC Dome study area. Large white
patches indicate areas with no data. FracturesfignR0are overlain for reference.
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Figure 24 Topographic contour magverlain on shaded relief digital elevatioodel from
filtered aerial LIDAR data on a-th grid. Profile D-D' is shown in Fig. 45.
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Figure 25 Lateral force balance diagram. The horizontal stresses below the valley must be more

compressive on average than those below the hill in order to maaritaioce balance.
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Figure 26 Topography and modeled ssedong the surface. (a) Shows a convex surface grossly

representing a topographic profile trending N60°E at TC Dome. (biribldeledsurfaceparallel

stressalong the surfaceP) rangedrom -14 MPa at the top of the dome-25 MPa at the

streambed.
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Figure 27 Curvature of an ellipsoidal surface grossly representing TC Done. Djgital
elevation modelk;, andk, of a smooth ellipsoidal surface, respectively-f)(Bigital elevation
model,k;, andk, of an ellipsoidal surface with 10 cm vertical uncertainty, respectively. The
results in (e) and (f) indicate that aerial LIDAR data requires smoothing in ordataia to

obtain the overall surfaesurvature in TC Dome study area.
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Figure 28 Slope map of TC Dome study area from unfiltered aerial LIDAR data. The slopes

vary between 0° and 62°. Identifiable topograpeaturesnclude the gully Fig. 15 trending

N45E in the northwestern corner, the pond in dark blue near the centefigliteesteep steps in

topography such as small cliffised), and sheeting joint stefgellow) seen in Figures 148.
Contours represent elevation in meters.
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Figure 29 Maximum principal curvature{) map of TC Dome study area fromfiltered aerial
LIDAR data. Curvature values shown here vary betw8et8 and 0.90 th The results are
noisy. Contours represent elevation in meters.
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Figure30. Unfiltered topography at TC Dome study area with elevation in meters. (a)
Topography of tharea tabe analyzed (TC Dome and greater area) in order to reduce edge
effects on TC Dome study area (white outlined box). (b) Enlarged view of TC Domeastady
Fractures frontrig. 20are shown for reference. Contours represent elevation in meters.
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Figure 31 Unfiltered topography of TC Dome with the best nt plane removed: (a) TC Dome and
the greater area (TC Dome study area outlined in wéiitd)p) enlarged view of TC Dome study
area. Contours represent elevation in meters.
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Figure 32 Log-log radialperiodogram of unfiltered topographic data (after trend wamved),
and the lowpass filter (dashed curve) tlas used to remove highequency, shortvavelength
signals. The circles represent mean amplitude from th&dastertransform, binned byadial
wave number (or inverse wavelength). Data to the left and beneath the fikepadata to the

right and above the filter agdfectivelyremoved during the filtering process.
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Figure 33 Filtered and rdérended digital elevation map of T@bme study area. The overall
topographic shape remains, but smaller features such as theFigll$5 are no longer visible.

Contours represent elevation in meters.
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