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ABSTRACT

FAYE LYNN MOSER.Spatial and temporal variance in rock dome é&a&fmn and
weatheringhear Twain Harte, California, USAUnder the direction of DR. MARTHA
CARY EPPES).

Largescale exfoliation crackand associated domes can strongly influence regional
landscape evolution, hydrology and hazards, but their formatemhaism(s)and longterm
evolution are poorly understood. Beginning in August 2014, in Twain Harte, California,
several rare, highlyapid, exfoliation crackingvents were observed and film@doviding a
unique opportunity to study the short t30.)- and long (18yr.)-term evolution of a rock
dome To do sodetailed mappingand morphologi@and weathering characterizatioh
exfoliation slabsvas conductedt Twain Harte and 15 other neasiies In addition,
previously collected dataas analyzedt the Twain Harte site includintpe monitoring of
crackingat the Twain Harte domfer 7 monthausingacoustic emission (AEensorsnear
surface temperatures and light intensiiethe same locationgndcrack meterst the Twain
Harte domeéo measue postevent deformatiorMapping revealed-2 generations of
exfoliationjoints at all sites, manifested as stacked slabs with characteristic thicknesses of ~
207 30 cm. Slabs exhibgtatistically differentveathering characteristiascluding
compressie strengthgrack length, and spalling height, with older slabs generally exhibiting
greater degrees of weatherif@pserved chronofunctions of weathering features provide
evidence of a recurrence interval of slab formation that may be similar through tim
Ongoing macroscale cracking appears limited to summer months suggestinga thgger
for observed event3.ogether, these data provide evidence of both spatial and temporal
continuity in exfoliation processes, and could be used to test hypottiesdsl@mtion slab

and dome formation mechanisms.
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INTRODUCTION

Exfoliation domes and their associated surfpeealkel exfoliation cracks (o
known assheeing joints or exfoliation jointg manifest all over the worl(Figure 1)
They influence landscape evolution, groundwater hydrologyhamdrd mitigation
(review in Martel, 2006), yet the exact mechanism(s) ang@aeah evolution of their
formation is still debate(e.g. Leith, 2014; Ziegler et al., 2013, 2014; Martel, 2006, 2011;
Stock et al., 2012; Bahat et al., 1999¥erall, very little data exists regarding the
morphologyor ratesof exfoliationin any localiy, despite the fact that such data could

provide key insight into the viability of these competing hypotheses.

BB Sk

Figure 1: Examples of exfoliation domes worldwideA: Diamond Rock and Paarl Rock, South Africa
Photo by Dr. John Diemer, UNC Charlotte. B: Half Dome, Yosemite National Park, CA. Photo by [
lliff, License: CGBY-SA 3.0. C: Corcovado Mountain, Rio de Janeiro,ZBr&hoto by Companhia da
Escalada, <www.companhia daescalada.com.br>. D: Stone Mountain, GA, USA. Photo by Patrici:
<s-mediacacte-ak0.pinimg.com/>.

In August 2014, in Twain Hart€alifornia,arare, highly rapidnajorexfoliation
cracking event was filmed (Dotysan, 201Bigure 3. This event andubsequently
documented cracking provideunique opportunityo study the short (10 yr.and long
(10° yr.)-term evolutiorfrom an exfoliation dome whose cracking timeline and

characteristics arexactlyknown and weldocumented.
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Figure 2: Stillsfrom Twain Harte Rock exfoliation recording. Stills from the 2014 YouTube video by
username Dotysan. The full redang is available hergroutu.be/yAZ1V_DJKVS.

The exfoliation cracking evesat Twain Harte also resulted in a dam fissure
(Figure 3, of which the expense to repair cost the Twain Harte Lake Association
approximately $900,0000HLA, 2016). Similar dam structures exist throughout the
Sierra Nevada raye (California Division of Safety of Dams, 2015), therefore, such
cracking has the potential to result in flooding, loss of tourism and economic revenue,
ercsion and deposition of sedimeartd
reduction or contamination of drinking wate .,
supply. Understandg the morphology (e.g.
depth of sheet joints as a functiof dome
geometry), evaluatioand recurrence interval

of exfoliation events such as that of Twain

Figure 3 Im oain art rupture
Harte presents an opportunity to provide  [2014]. From Condor Earth Technologies, Inc.
critical data to inform dam failure mitigation and pietatin.
The objective of this studg toconduct a fieldand sensebased survey of
cracking and dome weathering propertieth respect to quantifying exfoliation

periodicity and drivers at Twain Harte and other nearby comparable dOitiestely,

theintentis to produce a comprehensive data set documentingragg rock



characteristics tbetter understand the mecharé®xfoliation. No other data set of this
nature exists, andhus very little is known about exfoliation as a rock weathering
process. Existing exfoliation hypotheses will be substantiated or eliminated badex on
collected dato provide new insights into the morphologyolution, spatial distribution

and origins of exfoliation cracking and its associated landform



PREVIOUSSTUDIES OF EXFOLIATION AND EXFOLIATION DOMES

The focus of this project is on rock domes, whichga@logic landforms found
worldwide (Figure 1)Permany introductorygeology textbooks (i.&2lummer et al.,
2016; Tarbuck et al., 2016pssen, 2016; JgiR013),structuraldomesare symmetrical
anticlines that dip in every directi@wayfrom a summitFora landform to be a dome, it
is necessary that the structure be rewrdvalshapedn map viewand raised above the
surrounding elevatiorT heir formation is typically attributed to overburden unloading
and pressure relegsehich is discussed in more detail later in this section (Figurk i$)
important to understarttiata specific type of geologic donieknown as an exfoliation
dome, by which tl rock erodeby surfaceparallel crackinghat detachetabularsheets
(ak.a slabs)from the overall rock bodyThese sheets aoéten comparedb the layers of
an onionthatcan range in thickness from millimeters to mefdesn, 2013). The breaks
or cracks, themselves are ofteferred toas exfoliation joints or shaag joints, terms
thatwill be used intersangeably throughout this paper

The mechanics a#xfoliationjoints havebeen a longlebated and perplexing
topic for geomorphologist$ilbert (1904) presented initial observationgxfoliation
domesin the Sierra Nevada ren. He identifed that exfoliationoints most commonly
form subparallel to surfaces where topography is convex. He distinguished these sheet
joints from other rok fractures due to their distinct curvature associated with specific
landforms (i.e. domesilbert (1904)attributed exfoliation joints to thermal events such
as insolation or, especially, forest fires, where rapid expansion of the outermost surface
relative to the cool interior of the rock might cause crackitgpnamedi we at her i ngo

secondarynechanism of productioof exfoliation joinsi processes that he



differentiated from thermal weatheritigat includeshemical weathering, crystallization
of material in rock fissuresand freste d gi ng. Further, Gil bertos
comprised unloading from overburdéemhe temporal diminishing of compressive
stresses causes granitic expansive stresses to become opéliadivihiese processese
idertified by Gilbert as requiring further examination (as of 19@#y he does suggest
that one is probably dominamtven though not enough data exists to make the selection
of which.
One of the most referenced and extensive studies of sheet structprelogy

andsheet joinimechanics wasonductedy Holzhausen (1989). He defines exfoliation

as:
il €] formed by thin cracks, or sheet fr a
homogenous rock into | enses, pl attes or
wi despread in graniotic rock and gnei sse

Following a review of previous literature on similar joint studies, in addition to
assessment of exfoliation jogiwhich he refers to as sheeis}three locations (Norway,
Californiaand Massachusetts)polthauser{1989)came taseveralcomprehensive
conclusions that have been drawn upon in many subsequent studies. In addition to
providing a clear overall definition of exfoliation sheeting, otiyprcal morphological
features were identified, including:
1. Terminations (oendings) of fractures are gradational. Holzhau{$889)
observed the ends of fractures (in prof
becoming less distinct ungixtinction
2. Mostexfoliation sheetare observably parallel tbe orientation®f microcracks.

Granites have planes over which the rock may split or cleave more easily. The



revi ew mat er i d989paper pitdvadeszobsarvasorsrofbastrong
correlation of the orientation of microcracks along these exfoliation pleiees.
interpretstheseplanesasrepresenng weaknesses in the rock maasdtherefore,

the exfoliation jointslso follow these planes and share a parallel orientation with
microcracking.

3. The formation of new exfoliation sheets is still currently occurring. kizen
(1989)suggests the best evidence of ongoing fracturing is in granite quarries, with
the spalling of thin slabs and sheeting observable near quarry floors.

Holzhauser{1989)also characterized the stresses of rocks displagifaiation joints
sud as:

1. Most sheeted rocks are under higksitu compression parallel to the surrounding
topography. Holzhausgi989)states that the observable quality of granites
suggesting high compression are a manifestation of rockbursts and spontaneous
expansions imguarries.

2. He hypothesized that such high differential stresses associated with surface
parallel compression is critical for exfoliation sheet formation.

3. The production of the essential stress needed for exfoliation could be from
multiple sources, includmtectonic forces, surfaeceloadingand thermal
fluctuations. These natural agents aid in the creation of the synrdaakel
compression necessary to induce sheet fracturing. For example, he references the
aforementioned work of Gilbert (190dboutunloading due to the removal of

overburden.



More recent work has built on the N

foundational observations of Holzhaug&é889)and \ l /
Gilbert (1904) The formation of exfoliation domes
most commonly attributed to unloadimgvirtually

all introductory geolgy textbookgi.e. Fossen, 2016;

Jain, 2013 wherebypreviouslyconfined rock is

exposed via uplift or overburden removal, causing

pressures to release and the rock to exgaigtire

m 1

4). Leith et al. (2014) builds on this classically

Figure 4 Example of classical
exfoliation dome formation processes
Time 1: An intrusbn lithifies in a
joints and emphasizes the influence of the elastic pressure equilibrium state with
surrounding bedrock. Time 2: Erosior
exposes the intrusion and outward
pressure exceed equilibrium state,
causing exfoliation to occur. Photo
compressional stresses. For instance, if rapid sourcewww.geol.umd.edu/~jmerck/

accepted mechanismrfthe formation of exfoliation

response of exhumed bedrock with reduction of

unloading occurs (as in deglaciation), the removal of that load leads to $uef@and.
This rebound leads to an excesshafequilibrium microcrack initiation threshold and the
formationand lengtheningf fracturesvia subcritical crack growtfthe slow, steady
growth of fractures due to stresses lower in magnitude than ttreio€tritical strength,

as defined by parameters such as tensile strength or fracture toughness).

However, therrecent researcbuggests that is uncleaif unloading isnecessary
for dome exfoliation. Martel (200&011)proposeshatexfoliationjointing can occur
because of tectonic shortening of a curved surateut unloadingHe analyzed
exfoliationjoint structures in the context of surfagarallel compression stredsiag

curved surfaces, focusing time influence of the geometry of the e itself in



producing the joints. In other words, he investigated how compressivecinessed

with surface topography curvaturesults inthe development a#xfoliationjoints. He

rejects the widely accepted hypothesis thdbliationjoints are aused by erosion of
overburden through observable inconsistencies, such as their absence in exhumed rock
from great depths and their presenceaoks that were never deeply buried (Martel,

2011).

Using equilibrium equations, Martel quantitatively e\séd nearsurface
stresses. His modptedictsthat, in convex slopes, where the magnitude of curvadure
largest,surface parallefractures couldorm as long agompressive stress exceeds the
static equilibrium (all forces equadpsociated witthe suface curvaturéMartel, 2006.
Martel (2011) studied thaspect, topography, clature values (length and widtand in
situ compressive strefsr nine different locationsHe concludedhat a rock mass that

canbuild up sufficient tensile stressespimduce T(action-free upper surface

exfoliationjoints mustalso be able to withstand —

high compressive stress@sgure 5) This Compression

o _ o Tension
propositionexplainsthe presence of exfoliation Compression
jointsin strong rocks (i.e. granitegranodiorite}

that are found in the Sierra Nevada region (Mart _ o
Figure 5: Visualization of Martel's

curvature jointing theory. Per Martel
2006). (2011), if surfaceparallel compression
stresses exceed tension stresses, fract

Bui |l di ng geomethMaxfdliatidn dcan occur.
work, a granitic cliff in Yosemite Valley, California was monitored for fifteen months to
assess spatial and temporal patterns of rock fall sheeting (Stock et al., 2012). It was found

that timedependent mémnical weathering on rock faces (tlee subcritical growth of



cracks) can lead to structural instability and failddehough this study focuses on
vertical cliffs, which have the added complexity of gravitational stress on the exfoliating

slab,insigh s gained from these studies remain vVva

a b C is becauseher results suggest the geometry

..{.Ii-,s}l; { }cl:::r l;J between exfoliation joints is a main mechanism

LII'IIf ;‘,L ,.yﬁa;; to theconcentration of stresses tiahive

1M e 0 |

";l.f':’. rr']jﬂlﬁl L ’j:f"ﬁﬁ exfoliation. This geometris referred to by

FTTt T Stock et al. (whedr2) as fb
Tu T

Figure 6 lllustration of slab buckling orientations ofntersectingmicrocrack fans

mechanicsper Stock et al. (2012)a: ) ] o
Microfractures propagating from uniaxial lead to an internaeparation of the exfoliation

applied stresses on rock. b: Microfractures
coalesce into fans due to preferred orientatic g|gph from the rest of the rock badkhis relief

c: Slab splits and buckles away from rock bao

of stresses causes t thesurfateddrausesends bftheslabe 6 aw
remain intacor pinned(Figure 6)i creating a curved surface now experiencing similar

stresses to that described by Martel (2011) in Figure 5.

To furtherunderstand the exfoliation mechanics of granitic rockasemite
National Park, Bahat (1998) analyzed fracture surface morphology including critical
flaws, initial flaws, and fracture propagation. Findings of this study emphasized the
significance of subcritical fracture influence in the exfoliation. The fraghuocess is
identified adollows: if 1) subcritical fracture growth occurs befoogerallsheet failure,
then 2) fracture occurs teduce overburden pressuaned3) subcritical crack growth
continues as the slab-eguilibrates. This was deduced fndhe analysis of two large,

vertical granite faces that displayed a coalescence of exfoliation along planes where early

microcracks were present. These cracks consist of vertical fans parallel to thie cliffs



10

similar to the microfracture parallelism obseby Holzhausen (1989)and suggeghe
efficacy of lowstresgsfor the development of microcracksexfoliation settinggBahat,
1998).

Regardless of the stresglucing mechanism, theregsnsensug the literature
that largescale exfolation cracking is strongly influenced by smsdlale subcritical
crack growth (Leitlet al., 2014; Holzhausen, 198&ahat 1998; Stock et al., 20).2
Eppes et al.2016 and Warren et al. (2013) employ acoustic emission sensors to monitor
thesubcriticalpropagation of cracks on boulders and the relationship of those cracking
events to thenal stresses. Acoustic emissidata are collected in this context because
they represent a sudden release of strain energy and, therefore, a cracking event. Results
of monitoring this boulder resulted in an observable correlation between cracking events
and temporal peaks thermal cycles (i.e. miday and sunsesummer and wintgr

(Figure7).

Winter Spring Summer Fall Win.

ACKHHD

E000

2000

=2nd of data 5118/2011

O T T
0 day of tha year 100 | 2 30 -

Figure 7: Annual cracking activity trends. From Eppes et al. (2016), crackingdigity increases in
summer and winter, which are annual temper a
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This relationship islso supported by * =, . . ,

*Aacke

)

the results of Collins and St0€2016), who

|
|
similarly attributed cliff face deformation and ‘30‘ |
8 | ~ Upper_ |
.95 AN 2 \,\\/\ J N Win
fracturing peaksmeasured by crack metets, 20 { 1
be coincident with incoming solar radiation * “] . =
) . n :5] | ; f :f. ”l //7 |
peaksFigure §. Collectively, these results g of [l [} J\ f “\ " \' Nl
-!f’ 1 \v \ { I | \ .K \ [ \ \
_ oL\ [} \J\;\‘. \
support the hypothesis that background £ ) \ | VN —
prort e e ; EARARARSARARE
thermalinduced stesses contribute to . | I :a

cracking events, potentially regardless of the o o o o o o o

loading stress that ultimately triggersacre Figure 8: Relationship between crack

. deformation and daily thermal cycling. From

fracture (Eppes et aR016. Acoustic Collins and Stock (2016), crack deformation
activity (a) is fluctuating with temperature (b;

emission techniques were also used in a stured) and light (b; yellow) cycles.
by Girard (2012) to monitor frost crackinghich assess thermal freeze cycles and the
effects of them on theeterioratiorof rock surfaces. It was found that both freezing and
thawedconditions generated acoustic emission activity, and tieit
expansion/contractooor r el at ed t o t hee rleagsitodractutei ¢ e mi s
propagation (Girard, 2012). Thetseermal deformatiostudiessuggest that exfoliation

may be at least in padtiven or influenced bgubcritical crack growtkdue tothermal

cycling.
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Another possible contribution the 2014exfoliation at Twain Harte may be
unloadingdriven by water tabldrawdownfrom the recent drought. In California,
vertical motion of the Eartho6és surface i
water: it subsides with the loading of water/sreovd uplifts when these loads are
depleted (Argus et al., 2014). Borsa et al. (2014) and Argus et al. (2014) employed the
use of global positioning system (GPS) stations to record surficial vetispdacement
in the wetern United States. Thedata allaved for estimations ofater mass lossnd
indicated anedian uplift of the regionf 5 mmover 11 yearsComparatively
Cal i f or ni a0 sregmomalyexpeaenad a mddianwplift of 15 mmduring the
sameperiodA lowering of the watetable as @roductof the drought will induce sudden

vertical and horizontal displacements from elastic deformékayure 9 that could be

B
% \,_LJ' sufficient to produce exfoliation
- {

R ‘% b cracking.The results of this
/_ \ ol
\ .
1 ML study showed a maximum
3 ;éé k vertical crustal displacement in
10 % \

the cantral Siera Nevada

1t displacement (mm)
°
4

Loading (mm H,0)
|

£ 0 ' % - . . .

s, equivalent to a fiftycentimeter
Figure 9@ Water mass loss and vertical displacement in the weste
US. From Borsa (2014), A displays the water loading in millimetel
where red is deficit and blue is surplus. B displays the projected
surficial displacerant because of the water mass loss (as of 2014

Notice the approximate location of Twain Harte, the black stahe 2014). This rapid and substantial
most extreme location

water mass loss (Borsa al,

unloading of stressdsom groundwater pumping and extreme droughl be drigger
for the observed exfoliation events at Twain Hé@Gesg Stock, pers. commnigllowing
the model of Leith (2014} owever, to date, no studies have relded | i f drought a 6 s

to the observeéxfoliationevents.
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TESTABLE HYPOTHESES-ROM PREVIOUSSTUDIES

As is evident from a range of studies on exfatiatreviewed in the above
sections Gilbert, 1904; Holzhausen, 1989; Leith et al., 2014; Martel, 2005; Martel, 2011;
Stock et al., 2012; Bahat, 1998; Eppes et al., 2016; Warren et al., 2013; Collins and
Stock, 2016; Girard, 2012; Argus et al., 2012; Botsa.e2014, thedriving factors that
inducesheet jointand their associated exfoliation slabsstill ambiguous and require
further investigationSeveraluntested predictions arise from existing models:

1. Dome curvature should correlate wékfoliation slab thickness (Martel, 2011).
2. Cracking rates over short timescales should decrease following an exfoliation
event (Stock et al., 2012), but, over long (Quaternary) timescales, may be

predictably paodic (Martel, 20052011).

3. Crack deformation shouldcour coincidentally with annual afuat daily

temperature cyclin@Eppes et al2016; Collins and Stock, 2016

4. |If crustal unloading (via either deglaciation or watssle lowering) triggered

cracking, other such events should be evident regionally.

Littl e (if any) data currently exists regardithg morphologigropertiesof
exfoliation crack$ which could addressome of thesexisting compgng hypotheses
(Wakasa et al2006).The purpose of thistudyis to collect, for the first time, detailed
exfoliation slabmorphologyandrelative agalatathat will be used talirectly explore
potential mechanistic links between exfoliation processeshemdorcing mechanisms
For example, if measured exfation slabs areonsistent in their thicknesses and
recurrence through time, then thesults would be at odds with unloadiredated

exfoliation triggered by glacial erosion, which should be reducing though time (Ziegler et
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al., 2013). Or, measured recurrence intervals that vary with time or in proportion to
exfoliation slab thickness would imply forcing mechanisms that similarly changed in
magnitude anfr timing (Wakasa et al2006), such as curvatunefluenced tectonic
stresses (Martel, 2006), or changing thermal stresses due ttectineage (Eppes al,
2016).Thus,through fieldbased observations ekfoliation slabs, this studyill be
providing some of the first documentationtloé spatial antemporal evolution of sheet

joint cracking processes.
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STUDY AREA

7 california

Twain Harte is in

Paeatello |
B

Sat Lakg City |
Reno +

the westerroothills of the

Sierra Nevada geomorphit
province in central
California(38.0385° N,

120.2296° W)Figure P S ;

Figure 10: Location of study area: Twain Harte, California, USA.
A: Photo fresRlaceperl ingds B

B: Google Earth image with geomorphic province boundary overlay
(represented by bold black lines). Overlay from the California Geolc
National Forest in Survey.

10A). Thetown skirts the

border of Stanislaus

Tuolumne CountyThe Sierra Nevada mountain range on theseafce of this
geonorphicprovince gives way westerly to gentle slsp&hich can be seen in kige
10B. Twain Harte is central to the transition from the high, rugged scarp to the western
Great Valley province (CGS, 2002).

The exfoliation dome in Twain Harte is locallykrwn as A The Rock, 0
focal point of the small town. Built into The Rock is af@@ter multiplearch dam with a
recreational reservoir behind it
(Figure 1). Twain Harte Lake is
of constantly variable depths due
to drought conditions

(supplementarylionate data

available inFigure 13, but

Figure 11: Aerial drone photo of Twain Harte Rock, Dam,
and Lake. From a drone video created by Craig Mullins. surface water usually covers
www.youtube.com/watch?v=_-EARaWa9M
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about 12 acres and the lake has a maximum capacity of 176,000 cubic meters (THLA,

2016).

82522833 I3JF3
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Figure 12: Tuolumne County climate data annual
s C averages 19507 2004.Graphs generated by the
U.S. Climate Resilience Toolkit (toolkit.climate.gc
Grey bars are measured seasonal averages
: surrounded by the grey shadihgvhich is what the
climate model projection was at the time. A: Meal

t;ll : r’ daily maximum temperature. Blue is projected

i temperaturefiglobal emissions do not change. Re
P projected temperature if global emissions increas
200 Number of days below freezing, annual averages

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Daily precipitation, annual averages.

an Daily Average Precipitation (in/d)

Me
g

Perthe California Geological Sure y 6 s
1981 Geologic Map of the Sacramento Quadrangle
(see Appendix A for complete map), the country
rock around Twain Harte is an interfingering of
three similar rock typedhe primary bedrock is
Mesozoic aggranite or dioritgred units in Figure

13) i bothfisilicaterich igneous intrusive

b a s e me n(®hleman etlalg 2000The other

Figure 13: Expanded view of Twain
Harte area bedrock geologyFrom the  ynit presen{orangeunitin Figure B) is the
1981 California G
1:250,000 map of the Sacramento are.
The full map is available in Appendix
A. The location of Twain Harte Rock is
indicated by the black star.

Pliocene/Miocene age Mehrten Formatioa

fisandstone, |l ami nated s

t

S
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tuff breccia composed al most ent00)yThe y of
composition of Twain Harte Ro&nd other regionally mapped domes were consistently
of thegranodioriticunit.

Given the potential importance of compressional stresses in leading to the

formation of the Twain Harte

121° -120° _119°

l i 39°00'

39°00'

exfoliation (e.g. Martel, 208)
2011) it is important to
understand theegional
tectonic stressesround Twain

Harte to begin to interpret

Pinecrest Lake

exfoliation stress

Twain Harte Rock
*

environments. Based on the

37°30' 4 37°30'

2016 World Stress Map
dat abase, whi « L

compilation of information on

the crustal presa-day stress '
fieldo (Hei db: it
the immediate region of Twair & .
. . . ~ £ A
Harte is not experiencing any p. 7
#
documentedrustal stresses 1200 o

Figure 14. That is, within the
(Fig 3 Figure 14 Documented crustal stresses compiled by the

. . World Stress Map DatabaseThis data was pulled from the
scale of the region as defined |atest iteration of the database (2016). As can be seen, ther
no documented crustal stress information for the study area
by this project within 1% km The closest documented stresses are 1970s earthquake foc
km to the south (ithe green).

a
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of Twain Harte Rock, andhtee additional sites 40 km to the northeast around Pinecrest
Lake. The closest measured tectonic stresses are approximai€l9 & away from the
study ared and show a range of motion (compression and shear). The absence of any

crustal stress is higjyhunlikely, however, the lack of pertinent stress map data near the

subject precludes drawing sound conclusions.

The California

Geol ogi cal Sur v

Strawberry

2010 Fault Activity

Map (Figure 1pwas

IMi-Wuk

.,‘|Ilagv:

Soulsbyville

also consultedb
guantify any tectonic
stress pound Twain

Harte. It was

< - %, "’"/‘//l, ~e B
Esri, HERE ‘Delorme, USGS, NGA, EPA, USDA. N ‘f‘\?[ A

discovered that

Figure15:Cal i f orni a Geol ogi cal Sur ve:

Twain Harte, CA region. Zoomed out so that it is possible to observe th CalaverasShoo Fly
behavior of the Calavergshoo Fly Thrust, and its absence from the study

area. Most likely, this thust zone does not have crustal stress effects on

Harte Rock and the other nearby study sites. The red circle indicates th Thrust Fault passes
location of Twain Harte. The green lines are Late Quaternary fault .
displacements (during the past 700,000 years) and the pugsdeare near Twain Harte, but
Quaternary faults of undifferentiated age.

not through. Upon further research into this crosscutting of the fault, avasfpundin

the 1985 dissertation of Charles Merguerian showing thatriTMarte is positioned on

the eastern side of the Standard Pluton, which forcefully intruded into this thrust zone and
overturned the Calaver&hoo Fly Thrusin the MiddleJurassic (Figure 36This

geologic history of the thrust deformation shows thatthrust has not been active since

before it was truncated by the Standard Pluton, and theldeledoes not contribute to
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a quantifiable tectonic stress that can be used in the surface curvature models of Martel

(2006, 2011).

o e o ! ot 18, = A
R B s AT DAl
T EHAR Rty
\_}‘1‘ r VAR
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N 4 1 / Jrp =
; .
o
Graat Yalley Seauencs W
] w2 A0km

Figure 16:"Geologic map of the southern end of the foothills metamorphic
belt in Calaveras, Tuolumne,adl Mar i posa Counti es
Merguerian, 1985.The red circle indicates the locationTofain Harte on the
Standard Pluton.
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METHODS

Overview
When conducting a preliminary field ass
apparent that there were multipdgrersof exfoliation These manifested as
stratigraphically differentiated slabso{ored boundariesn Figure 17, whose

characterlsts became of key interest to this study.

Google earth

Imagery Date: 5/31/2016  lat 38.027830° lon -120.243382° elev 1074 m eye alt 1.16 km

Flgure 17 Twain Harte Rock Prellmlnary surficial assessment and sensor locatioriBhis figure
displays the locations of the six acoustic emission sensors, temperature sensors, and the fot
identifiable exfoliation @b boundariesAlso, displays relative dam fissure locatibmage generate
in Google Earth.

These preliminary discoveries prompted a formulation of research questidns
methodologynecessary to address the existiygothesesnentioned on page 18 this
document.

1) What ar eexfdiatignslabaratiraéking characteristi@nd do they

changehrough time and space? Tlgsgestion is relevanh the context of

shortterm evolution (10 yr.) of cracking that has occurrethse tre Twain
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Harte exfoliation event, as well astime context ofong-term evolution (1C
yr.) viaexamination of the visible generatgoofexfoliation
2) Are similar exfoliation events occurring regionally? If so, are the

characteristics of domes/slabs consistent with others in the area?
To address these questionbservable chacteristicaverecollected from each of the
stratigraphically manifested exfoliation slabs addition to slab morphology, slab
weathering characteristics were also obseased proxy for relative agbecause the
degree of rock weathering increases \eixjposureage(e.g. Birkeland, 1999)These
weatheringand slab morphologgharacteristicsvere theremployed to understand the

spatial and temporal evolution exfoliation in arnl around Twain Harte.
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Field Methods

The first portion of this study idéified other domegroundTwain Harte that
exhibitedsimilar characteristics to that of Twain Harte Rogirimarily viathe
granodioritic composition and tlaparenpresence of the stacked exfoliation slabs.
After field reconnaissance, accesasngaind to fifteen othesteson exfoliation domes
in the region (Figure )8The domes were centralized anal Twain Harte Rock (Figure
18A) and Pinecredtake, to the northeast (FigureB)8 Each sitewas assigned a
respective number for identificatigourposes.

N =Y %
Site 16y Site 2
Strawbprry ©

“Glold Springs

““Long Barr
‘Mi-WuKk Village H

hoenix:Lake-Cedar Ridge
¢Colimbia

* 993 km e . © 2016'Google
fh?lono Vista

3 LA i

Figure 18: Site locations around study areaA: Zoom in locations in the Twain Harte area. B: Zoorm
locations in the Pinecrest Lake area. Images generated in Google Earth.

Imagery Date: 6/22/2016  lat 38.106289° lon -120.149563° elev 1406 m  eye alt 44.00 km

Detailedtopographic surveying and slab mappvwas conducted at eachtbke 15
sites(Appendix B) To capture the overall surfatspographyand relative exfoliation

slab stratigraphic relationships, two perpendicular transects were made esxiste
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Transecs were not always perfectly perpendicular, becatseptopography or
adjacency to cliff faces made data collection difficult or hazarfmasicularly atSites
14 and 15)Topographic profiles were mapped in the field by recordmegdistance
between two points where a change in slope was observed, then redoedregical
change using a Brunton compass inclinoméibe latter was executed by spotting a
predetermined eykevel point between the person with the compass and anpéngon
standing at theoint where a slopehange occurredppendix C is a compilation of all
the collected dome topographic profiles.
The followinggeneral observations of slabrface werealsomadefor each
mappedexfoliation slab at each site
1T Suf ace |ichen percent coverage was esti ma
Estimating Percent age QBilngap(®85).t i ono from T
1 Percent vegetation coverage was similarly quantified thighTerry andChilingar
(1955)method and attempts we made to divide that percentage into types (i.e.
grasses, shrubs, trees).
1 If a preferred surface orientation was appgrére facing aspect of the slalas
collected using a Brunton compass.
1 Overall surface relief range was estimated by identifyin@ttegage vertical
difference between depressions and elevations on the surface.
1 A minimum of three surface slope measurememe collectedising a Brunton
compass inclinometeEach slope measurement was accompanied by a slab thickness

measurement whenewpossible.
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1 Utilizing the Terry andChilingar(1955)method once again, an estimation was made
of the surface percentage that displayed granular disintegratibere grains have
become loose from the solid rock surface.

1 A scale was developed to quantifie presence of spalls on the surface of the slab. A
spall is aroniontlike exfoliation sheet featurdéike the slabs, but on a smaller scale
(Figure D). This scale categorized spalls into length buclets (F; 17 10 cm),
medium (M; 10 30 cm), cosse (C; 30+ cm)and aesignated a number system to
estimate theidensityin a representativiz x %2 meter square. The scale was weighted
to account for the fact that coarse spalls covered more surface area than fine spalls,
even though fine spalls were neqiredominant (Table 1fror example, one coarse
spall (over 30 cm long) may cover the same surface area as three fine spalls (1 to 10
cm long each).

1 A semiquantitative index was developed to characterize the morphology of surface
dissectiorof each slab (0 4, see Figure 9Gandto quantifyits density(A: rare, B:
occasional, C: abundant).

Tablel: Spalling density estimation method

ID QUANTITYOF SPALLS IN SQUARE

Fine Spall | Medium Spall Coarse Spal 2
(17 10cm)| (107 30 cm) | (30+cm) 4

0 None None None
1 17 4 172 1
2 5710 314 2 , :
o W o T : 2% - % AR 5 , "", F:
3 110 14 12 Figure 19: Example of spalls from Site#5.

Photo by Ephrum Schwartzaubhann, 2015.
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ID MORPHOLOGY EXAMPLE

0

No dissection.

1 G W N

Dissected, but not througdoing.
Relatively sharp edges.

2 X Y

Dissected, but not througgoing. Rounded.

3

Throughgoing dissection separating
slab into bloks.

. OO0

Throughgoing dissection separating
slab into rounded boulders.

Figure 20: Depiction of dissection scaleA semiquantitate indexo documenslab
dissection All photos by Ephrum SchwarHzaubhann, 2015.

Occasionally, designated slabs wouldnifest in multiple locations ahe samesite, in
which case this entire data set would be collected in Hateg (i.e. Slab 3A and Slab

3B).
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Using a random stratified sampling scheme, another transegios@®ned on each
slabat eightof the sixteersites These transects were of variable lengths and meant to be
representative of all observed morphological features on théeslample inFigure 2).

The intent here wa®
collect data pertaining to
sleb surface
microtopographyand

characeristics of every

linear void greater than two =R ‘
Figure 21:Example of a microtopography slab transect.This
transect is | ocat ed edRbck. Ggnerdtesli

centimeters lon@see Google Earth.

Appendix Dfor a sampldield data sheet)Each slab athe eightsites had one of these
transects, for which the following was collected.
1 A directioral bearingof the transeatising a Brunton compass.
1 Microtopographyalong the transect by:
1. Identifying where slope changes occurred.
2. Placing a flat object on the surface of the slab between eachwier slope
changes.
3. Collecting the strike and dip dfi¢ flat object using the rigitandrule
method and Brunton compass as a proxy for the surface.
1 For every linear void greater than two centimeters in length (henceforth referred to as
a crack), a consecutive numerical identifier was assigned. The subkeque

characteristics were evaluated for each crack.
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. The distance from the staot the transedhat the crack intersected the tape
measure identifying the transect position.

. A generalassessment of crageometry relative to the rock surfa€racks
could ke assigned as parallel to the surf¢gl parallel to the rockabric (F)

(i.e. joints, bedding)parallel to some other rock feature (O), or parallel to
none of these.

. A measurement of the toti@ngth of the crack, end to end, until the crack tips
wereno longer visibleCrack length is defined as the length of the long side
of the plane defining the cracReamstress tape was used along the entire
exposed length of each crack to collect this measurement.

If present, a measurementficfack heighd (also referred to in this document
as spalling thickness/height), which would be the difference between the
heights of theock surface on either side of the crack. This measurement was
collected using digital calipers.

. Whenever possible, a strike and dip suweament of the void. To collect this,
a flat surface was used to project the crack orientaieome which was
subsequently measured using a Brunton compakghe righthandrule
method

If the crackwas adjacent tan exposed edge face, the aspethaf edge was
collected using a Brunton compdssnilar to the strike of a cliff face).

In the immediate of the vicinity of the crackyasnotedwhether granular
disintegration, micrespalls, and/or micraracks (less than two centimeters in

length) were present.
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8. A weathering index was assignedeiachcrack toapproximate the overall
extentof weathering. This weathering indexaseis as followsand is
illustrated in Appendix H)

A 0: fresh crack, no signs of oxidation or weathering.

>\

1: fresh crack wth less than 50% of the face oxidized.

>\

2: fresh crack with greater than 50% of the face oxidized.

>\

3: sharpedged crack, fully oxidized.

>

4: roundedged crack, fully oxidized.

>

5: roundedged crack, sealed (i.e. lichen, loose sediment).

>

6: no void presentyut obvious i T

for test
Sies toward test object

Body

paleccrack location. Identified Latch

Indicator

Hammer is Hammer
released rebounds

via a drastic change in surface e

relief.

Further a minimum of 100 Schmidt hamme

@) (b) © (d)

rebound R) values were collected equidistantly
along eachmicro-topographidransecto measure
rock strength, no more than teaentimeters to the
right or left of the transect tap€he Schmidt
hammer is aorintrusivetool that measures

conpressive strength byuantifying the rebound of

e Ry
Figure 22: Schmidt hammer schematic
and field testing use Schmidt hammer
schematic image from Nawry, Edward
Concrete Construction Engineering
utilized the Schmidt hamm®&-valueas a relative  Handbook 2" edition. Photo of field

testing with the Schmidt hammer by.D
Martha Cary Eppes, 2015.

a springloaded hammer off a surfa¢igure 23.

Many previous geomorphological studies &av
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agedating technique (reviewed in Mes et al., 2014 Table 2) because rock strength
decreases as weathering influences incréesthat Schmidt hammer readings are
negatively affected by increasedfaize roughness (Moses et &014), it was necessary
to collect readings from relatively smooth areas of the surface, which may have
introduced some sampling bign approximate total of 550R-values were collected
from the exfoliation slabs.

Additionally, a fistsized rock hand sample was collected freach slab where
micro-transect data were collectéithese samples wedsslodgedusing a rock hammer,
and were collected no closer th#ty centimeters tanyslabedge to have the most
representative sample of in situ weathering and avoid accelerated weathering properties
characteristic of rock edgebhe hand samples from all slabs at four sites were
subsequently mailed to National Petrographic Service, Inc. to be prepared as thin sections
for future petrographic analysiBlue epoxy was added to the samples to highlight micro
porosity. Orientation was retained using a notching system to indicate which direction on
the thin secti onWhianstinsludedantthis@malgsftuie workii u p . 0
will analyze theltin sectiondor the total proportion of minerals (quartz, plagioclase
feldspar, orthoclase feldspar, micas, chlorite and amphibole), whether or not those

minerals appeared to have experienced alteration and pore space.
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Sensorand MeteMethods

Following the2014exfoliation events at Twain Hartgix acoustic emissiofAE)
sensors and two temperature sensors were deptyyPd MarthaCaryEppesto monitor
rock surface activitygpproximae locations mapped in Figuit&). Thesesensors
continuouslyrecorded dia for seven consecutive months, except for instances of
equipment failurer people disturbing the surfacehesdime spansare not included in
the analysis hereilThe AE sensorgPK151, manufactured by Physidscoustics
Corporation)were employed to monitor cracking activifg in previous rock fracture
experimentation by Warren et al. (2013), Girard et al. (2013), and Eppes et al. (2016). AE
sensors serve to detect elastic waves that are generated bya oéls@ain energy in a
solid material. As reviewed by Eppes et al. (2016), thorough laboratory research has been
conducted on AE detection as a proxy for crack propagation in brittle materials, including
rock. Nearsurface temperatures and lightensity sensors (HOBO Pendant ®
Temperature/Light Data Loggenserealsodeployed byDrs. Gregory Stock (National
Park Service) and Brian Collirfg/nited States Geological Survey) on the ddarehe
same timespan

Finally, postevent deformation was monitareising a deployment of crack
meters and subsurface extensometer instrumentation installed under the freshly exfoliated
slabby Drs. Stock and Collins.He crack meter data was utilizedreinas aproxy for
crack openingo compare to the other sensorajamcluding temperature, light and

acoustic emission hits.
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RESULTS

Detailed mapping of all sites revealed two to four generations of exfoliation,
manifested as stratigraphically stacked slabs with distinctly different degrees of
weathering. As a evention, numerical identifiers were assigned to these sladerved
in the field (Figure28 wher e t he | alveas tlearshbtahbse slabs A1 0, e

demarcated exfoliation events that had occurredoanken away parf the dome.

Figure 23: Example field observation of slab stratigraphic differentiation.Numbers are an example of the slab
identifiers. Photo by EphrurSchwartzLaubhann 2015.

Twain HarteRockand adjacent sitemn the same dome were the only sites to
exhibitfour generationsfeexfoliation slabsThis wasdue to the presence thfe lowest
slab exposed by the 2014 cracking evéihie majority (nearly 70%) of all other sites had
three generations afabs(Figure 21). 12% of the sites only had two, from which the data

was not intuded in the following analysis due to the ambiguity of slab identification.

There was no immediate way to knbaw the
age of those slala other siteselated to the four

generations at Twain Harte

o 3

SLAB GENERATION COUNT, ALL DOMES 69%
Figure 24:Slab generation distribution.
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Section 1: Summaryadistics across all slabs

A standard statistical analysis Table2: Statistics calculated for genere
observations of all slabs at all site
was completed for thgeneralklab N Mean StdDev Min Max

. . . . i ()
surface characteristics, including Hehen (%) 58 616 317 0 100

Vegetation (%)| 58 9.7 16.2 0 80
Schmidt hammer rebound values, Granular Disintegration (%)| 58 23.9 31.7 0 90

observedor all mapped slabgrable Relief (cm)| 58 49 41 1 20

S| op¢ 58 16.3 7.5 2.7 45
2). A more detailed analysis of the Schmidt (R) 58  28.8 88 139 553

Schmidt hammer data can be found Thickness (cm) 41 314~ 284 7.2 1102

in subsection 1D.

A multivariate correlation was compiled in JMP ® 10 software to quantify the
relationships between thedifferent variablegor each slab. Table 3 is a summary of the
computed strength of linear relationships betweenvav@bles by evaktingthe

Pearson correlation coefficient (r) using the following equation:

Equationl: Pearson correlation coefficient K)

Slx-x)y-y)

r =
"2 -
e zu-w’

If the linear relationship is exactly 1:1, thgalue is either 1 (positively correlated) -dr

(negdively correlated). If no correlation exists, thealue will be closeto 0.
Rdationships will be considered significant with r values betw8&eh- -0.5 and 0.5

0.9.
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Table3: Pearson correlation coefficient ® values fogeneral slab surface characteristicsPositively
correlated valuesarein blue gradient scale amggativelycorrelated values are in rédvith color
intensity increasing with correlation strength.

Slab # Lichen (%)Vegetation (% )Granular Disintigration (%) Relief (cm) Aspect(*)  Slope (°)Schmidt (R) Thickness (cm)

Slab # 1.0000 0.2836 0.4438 0.6290 0.0773 0.0314 01436 II8141 02192
Lichen (%) 02836 1.0000 0.0231 01040  -0.0809 -0.1698 02136
Vegetation (%) 0.4438 0.0231 1. UUU[] 04737 0.0871 0.1030 -0.0168 506
Granular Disintigration (%) 0 6290 D 1EI4EI 1.0000 0.1464 0 HIJ:uS 0o7 3
Relief (cm) 0.1464 1.0000 01266 -0.2556 7 0. 30.-:3
Aspect (%) . 0.065 0.1266 ‘1 UUUU -0.2739 -0.0729 0.0965
Slope (°) -0.1436 0.1 -0.2556 1.0000 0.1540 0.0751
Schmidt (R) -0.8141  -0.3160 -0.1077 0.1540 1.0000 -0.2380
Thickness (cm) 0.2192 0.2136 03675 0.0751 -0.2380 1.0000

1A: Vegetation

In-field vegetation identificatiowaslimited to simple categorical buckets. Observed
vegetation types included mosses, grasses, shrubs (young and mature), ferns, succulents,
and trees (young and mature). As can be seen in Table 3, percent vegetation coverage has
a positive correlation whit slab number (i.e. Slab 4 would have the highest percentage of
coverage). Slab 1 at all sites did not possess any vegetation. Slab 2 had vegetation
coveragebetween 5 10% at only three sites that included primarily grasses and

succulents, with one anoioas site having 5% mature tree coveragegetation

10 percentage and

9

8 variability increased
[%2]
g _—
2 significantly for Slab 3
o
z°
g 4 ard Slab 4 at all sites
& 3

5 (Figure 25, with

1

0 - .I .. o .I grasses and mature

S S
o% @% & & & xx“\ <& &* shrubs being the
< & & S > o & g
= OQQ @{5\\& *0\‘ @‘fr&

dominant type.
m Slab 3, All Sites mSlab 4, All Sites

Figure 25:Distribution of vegetation across Slabs 3 and 4 at all gtly sites.It should be noted here th
some sites were counted more than once because they exhibited multiple types of vegetation.



34

1B: Aspect

Slab aspects were plotted usinga@a® 4 (Kovach Computing Services), with

the intent of later correlating orientation to incoming sunlight. Direction data is reported

in azimuths (@ 36C°) and plotted uniaxially (Figure6.

All Slabs, All Sites Slab 1, All Sites Slab 2, All Sites
0

90

Slab 3, All Sites

Figure 26:Uniaxial azimuth
plots of slab aspectsThe bold,
black lines show the mean azim
for each graph. There is a
confident trend to the southeast
all slabs (13816 8 U) .

1C: Slab Thickness

A standard statistical analysiss/completed on the entire slab thickness)

population as well as each slab division (@) (Table 4).

Table4: Standard statisticalanalysesof slab thicknesg(cm).

Slabs 2 4, All Slab 2, All Slab 3, All Sab 4, All

Sites Sites Sites Sites
Mean 36 45 36 34
Median 25 22 26 25
Mode 30 124 30 28
Std Dev 37 45 37 34

Range 183 122 174 182
Minimum 2 2 3 3

Maximum 185 124 177 185
Count 134 17 65 52
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The thickness of these slabs has a wide range distribution, as notedeid Tidbwever,
Slabs 2 4 at all sites exhibited a characteristic thickness most frequently within the

range of 20 30 centimeters (Figurerp

40 35
35 31
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25 21
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AN ,-»Q %Q N 5% S N N qQ \QQ \\Q \%Q \%Q \D‘Q \5Q \(QQ \/\Q \OOQ \QQ %QQ

SLAB THICKNESS (CM)

Figure 27: Slab thickness frequencyThis histogram displays all thickness measurements of Slahsap
all sites(n =41). Slab 1 thickness could not be measured

Furtheranalysis was performed on the slab thickness data to address whether each
slab population was statistically different @aingle factor ongvay analysis of variance
(ANOVA) and aS't u csétest. The single factor ANOVA tests the null hypothesis that
the difference between the means of multiple populations are statistically the same using
the following equation:

Equation2: Single factor ANOVA test
Hgp: g =iy = fg = = iy
Where:

[ = population mean k = number of populations

This function was executed in Microsoft Excel ® 2013 to generateaLié, by which a
value less than 0.05 implies that the populations are statistically different. Slab 2, Slab 3,
and Slab 4 thicknesses werakiated and produced an overaN#&ue of 0.582.

Therefore, the null hypothesis was accepted, showing that the populations means are
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statistically the same (see Appenéixor complete ANOVA table). To find out if all

population means were statisticadlyg u al or j ust sel etestswgreop ul at
performed to assess all relationships between médiredab data populations were

deemed as unpaired due to different sample sizes, and variance was evakwaied

different conditionsunequal different variances) anelqual (same/very similar

variances)Also, statistical significance was evaluated in both@ailed and twetailed

distribution scenariogJnder these assumptions, the statistic is calculatedtiath

following set of equations:

Equation 3:Equal variance Student's ttest Equation 4:Unequal variance Student's itest

t:(x‘—)‘-‘)—(w—py) ‘e E-M = (1)

1 1 : 52
5[+ [
_‘Jﬂx My dnx Ty

LAY

S 55

n, Ny
m= "

=1+ n, —1) (Sg)g (ﬁ)ﬁ

has distribution T(n, + n, — 2) where has distribution T(m) where

L (me—1Ds2+ (n,—1)s2
s2=

UMYV
ny—1 n,—1

Where:

X bar = sample 1 mean y bar = sample 2 mean §’1= sample 1 variance

% = sample 2 variance 1 = sample 1 size M2 = sample 2 size

This function waslsoe x ecut ed i n Mi cr osof t-vake bye | E 201
which a value less than 0.08plies that the populations asttistically different. As that

this equation is only functional for two populations, it was repeated until all slabs had

been compared to one another. This showed that all slab thickness populations have p

values greatethan 0.05Table 5)and, thereforeall population meanare statistically

equal(see Appendix Eor complete test tables



Table5: Summary Student's ttest results for slab thickneszomparisons

Distribution | p-value

Slab 2: Slab 3

Equal Variances | One Tailed | 0.1882
Two Tailed | 0.3764

Unequal Variancey One Tailed | 0.2181
Two Tailed | 0.4362

Slab 2 : Slab 4

Equal Variances | One Tailed | 0.1563
Two Tailed | 0.3125

Unequal Variancey One Tailed | 0.1933
Two Tailed | 0.3866

Slab 3 : Slab 4

Equal Variances | One Tailed | 0.4336
Two Tailed | 0.8672

Unequal Variance{ One Tailed | 0.4330
Two Tailed | 0.8660

1D: Schmidt Hammer

Schmidt hammer rebound vakwere analyzed for each slab (Table 6)

Table6: Standard statisticalanalysesof all Schmidt hammer rebound values.

37

All Slabs, All Slab 1, All Slab 2, All Slab 3, All Slab 4, All

Sites Sites Sites Sites Sites

Mean 28.48 49.63 34.00 28.03 19.17
Median 27 52 34 28 18
Mode 18 52 38 18 18

Std Dev 12.53 10.81 10.84 10.64 7.46
Range 60 57 54 50 40
Minimum 7 10 10 10 10
Maximum 67 67 64 60 50

Count 5505 298 1707 1906 1594

Further,single factor ANOVA (Equation 2) arfit u d etests(Equations 3 and 4)

were performed on the pelab poplations of Rvalues,again in Microsoft Excel ®
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2013.When analyzing all slabs as a group, the single factor ANOVA produrced a
interestingresult of P = 0, which would indicate trattleast two of the Schmidt hammer
R-value populations are significandyt at i st i cal | y d itebtswereein t
to assess each statistical slab relationship to fgemtiere these differences are. With all
p-values being less th&n05, all Schmidt hammer-fRaluesfor all slab relationships are
statisticallyvery different. The results of these tests are included in Taptedépth

statisti@l tables included in Appendix) E

Table7: Summary Student's ttest results for Schmidt hammer Rvalue populations.

Distribution | p-value Distrib ution | p-value
Slab 1: Slab 2 Slab 2 : Slab 3
Equal Variances One Tail 4.2E104 | Equal Variances One Tail 1.24E60
Two Tail 8.4E104 Two Tall 2.49E60
Unequal Variance:s  One Tail 5.13e76 | Unequal Variancey One Tall 1.77E60
Two Tail 1.03E75 Two Tall 3.54E60
Slab 1: Slab 3 Slab 2 : Slab 4
Equal Variances One Tail 3.9E190 | Equal Variances One Tail 0
Two Tail 7.9E190 Two Tall 0
Unequal Variances  One Tail 3.3E112 | Unequal Variancey One Talil 0
Two Tail 6.6E112 Two Tal 0
Slab 1: Slab 4 Slab 3 : Slab 4
Equal Variances One Tail 0 Equal Variances One Tail 4.4E156
Two Tail 0 Two Tall 8.7E156
Unequal Variances  One Tail 6.2E153 | Unequal Variancey  One Tall 2.7E164
Two Tail 1.2E152 Two Tail 5.3E164

For all slabs at all sites, Schmidt hammer rebound values were, generally, highest at the
stratigraphicalljowest slab (Slab 1), and lowest at the stratigraplgbest slab (Slab
4). Figure 8 shows the frequency distribution of Schmidt hammeaaRies hat were

retrieved from all slab at all sites.

Th
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7 Schmidt R-value Frequency: All Readings

Schmidt R-Value

Figure 28: Schmidt hammer Rvalue frequency- all slabs, all sites.

Results may be slightly skewed in that the
slabs than older generations of exfoliation. To edslthis, frequency analyses were
divided by their slab identification number (i.ei 4) (Figure ).
1E: Slope and Bearing

For each surface that a transect was collected, a slope of that surface was also
collected. These slopes were plotted in slalugsdo identify any observable correlation
between slope and slab age. This plot is included in Appendix K. As can be seen at all
sites,slope is constant except for some outliers on Surfaeds Zhis may be a potential
source of bias, in that transewtsre not possible to complete on ovestgep surfaces.

In this context, the bearings of the transects were plotted to see if directional bias
was introduced when collecting transect data. These diagrams are included in Appendix
L. Transect direction iseemingly random on all slabs at all sites, except for a slight trend

to the southwest on Surface 2.
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Figure 29:Schmidt hammer R-value frequency distributions, separated by slab identification.
Histograms Bow frequency of value readings, standard distribution curves, medians, and outliers.
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Section 2: Microtransect Variables

2A: Crack Face Aspects

Crack faceaspectgas in the direction the exfoliated crack edge faveste
plotted into rose diagrams using Oriana® 4 (Kovach Computing Services), with the
intent of later correlating orientation to identsunlight. Direction data is reported in

azimuths (G 360°) and plotted urixially. Figure 3G6shows the azimuths afl cracks at

all sites as well as all cracks at all sites divided up into sl&bdiagram was also created

for each slab at each si@nd those dgrams can be found in Appendix F

Slab 1 at all Slab 2 at all Slab 3 at all
sites sites sites

0

90 270

Slab 4 at dl All slabs at
sites all sites

Figure 30:Uniaxial azimuth plots of crack face aspectsThe bold, black lines show the mean azimt
for each graphMost of the groups display a trend towards the northeast.
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2B: Crack Length

A standard statistical analysisas completed othe collected lengths of every
linear void longer than 2 centimeters. The data set was evahsgetbtal population and
divided up by slab (1 4) (Table §.

Table8: Summary statistics for crack(all > 2 cm)lengths (millimeters).

All Slabs, All  Slab 1, Al Slab 2, All  Slab 3, All Slab 4, All

Sites Sites Sites Sites Sites
Mean 253.90 200.18 260.87 269.87 226.18
Median 62.00 46.00 76.00 52.00 61.00
Mode 42.00 38.00 42.00 27.00 22.00
Std Dev 734.67 539.86 69202 905.68 590.62
Range 7996.50 3849.80 7991.30 7166.50 4842.50
Minimum 3.50 20.20 8.70 3.50 7.50
Maximum 8000.00 3870.00 8000.00 7170.00 4850.00
Count 1049.00 67.00 522.00 291.00 169.00

Further, single factor A#OYEHuatorks@amt i on
4) were performed on the pslab populations of crack length, again in Microsoft Excel
® 2013.When analyzing all slabs as a group, shegle factor ANOVA produced i@sult
of P = 0853811 which would indicate that at least two of ttrack lengthpopulations
arestatistically equall h e St dtabte weredum to assess each statistical slab
relationship to identify where thesenilaritiesare. With all pvalues beingreaterthan
0.05,all the crack length populations are statially the sameThe results of these tests

are included in Table @n depth statistial tables included in Appendix) E

Table9: Summary Student's ttest results for crack length (nillimeters) populations.

Distribution ‘ p-value

Slab 1 : Slab 2

Equal Variances One Tall 0.244875
Two Tail 0.489749

Unequal Variances One Tall 0.202564
Two Tail 0.405128
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Slab 1: Slab 3

Equal Variances One Tall 0.272724
Two Tail 0.545449

Unequal Variances One Tall 0.205825
Two Tail 0.411649

Slab 1: Slab 4

Equal Variances One Tall 0.377588
Two Tail 0.755176

Unequal Variances One Tall 0.373008
Two Tail 0.746017

Slab 2 : Slab 3

Equal Variances One Tall 0.436959
Two Tall 0.873917

Unequal Variances One Tall 0.441486
Two Tail 0.882972

Slab 2 : Slab 4

Equal Variances One Tall 0.278969
Two Tall 0.557937

Unequal Variances One Tall 0.262814
Two Tall 0.525628

Slab 3: Slab 4

Equal Variances One Tall 0.28735
Two Tall 0.574699

Unequal Variances OneTail 0.266038
Two Tail 0.532077

Crack length values were plotted in a bivariate correlation to understand the

8000.00

strength of the relationship R? = 3E06
7000.00
between slab maber and g 6000.00
_ = 5000.00
crack length (Figure 31 S)
$ 4000.00
-
The R value (which § 3000.00
B o 3 2000.00
guantifies the statistical 1000.00
; : 0.00
relationshipbetween two 0.00 100 500 300 4,00 £ 00

. . Slab Number
variables) is very close to 0 o
Figure 31:Bivariate correlation plot relating slab identification to

crack length (mm).
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indicating that slab number and crack length are not correlated. These values were also
plotted in histograms to visualize the distribution of lengths found in each sliilsia¢s
(Figure 33. Being that all cack length populations are statistically equak ot

unexpected thatll of these populations display a characteristic length range of

approximately 40 80 millimeters
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Figure 32:Crack length distribution per slab. In these histograms, theaxis is frequency and theaxis
is crack length in millimeters.

Finally, all measured crack lengths were summed and then divided lntith
of the transect. This produced a s estimation of crack density for each slab, per

site. The results of this are reported in Appendix I.
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2C: Crack Height / Spall Thickness

Crack height, in this case, is synonymous with spalling thicksessd these
terms will be used interchangeably throughout the rest of this docuinstaindard
statistical analysis was completedtbe collected heightsf every linear void longer
than 2 centimetersf a fiheight was presenfThe data set was evatad as a total

population and divided up by slabi(#) (Table 10.

Table10: Summary statistics for microtransect spalithicknesses / crack heights (millimeters)

All Slabs, All  Slab 1, All  Slab 2, All  Slab 3All Slab 4, All

Sites Sites Sites Sites Sites

Mean 11.0 5.5 8.8 8.0 25.4
Median 55 3.8 5.7 4.7 7.8
Mode 0.0 3.5 5.0 0.0 0.0
Std Dev 34.9 6.2 13.2 18.4 78.8

Range 915.0 39.0 120.0 265.0 915.0
Minimum 0.0 0.0 0.0 0.0 0.0

Maximum 915.0 390 1200 265.0 915.0

Count 1049.0 67.0 522.0 291.0 169.0

Further, single factor A&V Bquaidigduaadt i o n
4) were performed on the pslab populations of spalling thicknesses, again in Microsoft
Excel ® 2013When analyzing all slabs as a group, dingle factor ANOVA produced a
P-value of 0.000000113yhich would indicate that at least two of #alling thickness
populations arsignificantlystatisticallydifferent T h e  S-tesisdvere murdte  t
assess each statistical slab relationship tatiijewvhere theselifferencesare. These
results were varied. The spalling thicknesSlabs 1 and 4 appear to be distinct from
each other and from Slabs 2 and 3, whichsarglar toeach otherThe results of these

tests are included in Table 11 (in tteptatistical tables included in Appendix E).



Table11: Summary Student's ttest results for crack height / spall thickness (millimeters)

populations.

Distribution | p-value
Slab 1: Slab 2
Equal Variances One Tall 0.021505
Two Tail 0.043009
Unequal Variances One Tall 0.000312
Two Tail 0.000624
Slab 1: Slab 3
Equal Variances One Tall 0.132858
Two Tail 0.265717
Unequal Variances One Tall 0.027359
Two Tail 0.054717
Slab1: Slab 4
Equal Variances One Tal 0.020001
Two Tail 0.040002
Unequal Variances One Tall 0.000664
Two Tall 0.001329
Slab 2 : Slab 3
Equal Variances One Tall 0.241307
Two Tail 0.482614
Unequal Variances One Tall 0.260773
Two Tail 0.521547
Slab 2 : Slab 4
Equal Varimces One Tall 2.25E06
Two Tall 4.5E06
Unequal Variances One Tall 0.003528
Two Tail 0.007057
Slab 3 : Slab 4
Equal Variances One Tall 0.000175
Two Tail 0.00035
Unequal Variances One Tall 0.002635
Two Tail 0.00527

46



47

Crack height
2 =
200,00 R? = 0.0286
val were pl in €
alues were plotted E 950,00
a bivariate correlation @ 200.00
3
to understand the £ 15000
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strength of the T
& 50.00
relationship between 0.00
0.00 1.00 2.00 3.00 4.00 5.00
slab number and otk Slab Number

) ) Figure 33:Bivariate correlation plot relating slab identification to
height (Figure 38 The  crack height (mm).

R? value (0.0286) indicates a slight positive correlation betweanslab number and

crackheight Thesevalues were also plotted in histograms to visualize the distribution of
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Figure 34:Crack height distribu tion per slab. In these histograms, theaxis is frequency and theaxis
is crack height in millimeters.
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heights found in &h slab at all sites (Figure)3Although most of the populations are

statistically different, spalling thicknesses display a characteristitOmillimeters.

2D: Evidence of other cracking

As stated earliernithe immediate of the vicinity of each crack, it was noted
whether granular disintegration, miespalls, and/or micraracks (less than two
centimeters in length) were present. All cracks were groupgdher pesslab to find a

percentage of each Vvariablesdé presence (Fi

SLAB 1 SLAB 2 SLAB 3 SLAB 4
Presence of Ilinear voids < 2 c¢cm |long (fAmic
(0)%) o Opo 10
100 97 100 99
% % % %
OYes ONo OYes ONo OYes ONo OYes ONo

Presence of granular disintegration:

85 86 81
% % %

OYes ONo OYes ONo OYes ONo OYes ONo
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Presence of microspalling:

0 % ( l

100 98 99 8
%

% % %

OYes ONo OYes ONo OYes ONo OYes ONo

Figure 3&: Percentof observed weathering variables.Noted weathering characteristics near every
measured crack in the microtransect. Grouped by slab.

2E: Weathering Index

A standard statistical analysis was completed on the collective assigned
weathering indicesf every linear voidonger han twocentimetersOccasionally, the
cracks would manifest as a range of weathering indices. In those situations, the
weathering index values were averaged for the crauk.dhta set was evaluated as a

total population and divided up by slabi(#) (Teble 12).

Tablel12: Summary statistics for assigned crack weathering index

All Slabs, All  Slab 1, Al Slab 2, All  Slab 3, All Slab 4, All

Sites Sites Sites Sites Sites
Mean 4.62166 4.265152 470977 4.591379 4541176
Median 4.5 4 5 4.5 4.5
Mode 4 4 4 4 4
Std Dev 0.925206 0.924952 0.97402 0.840844 0.871005
Range 5 4 5 3 3
Minimum 1 2 1 3 3
Maximum 6 6 6 6 6
Count 1048 66 522 290 170

Further, single factor A& Bquatidag3duaadt i on

4) were peiormed on the peslab populations of weathering index averages, again in
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Microsoft Excel ® 2013When analyzing all slabs as a group, shgle factor ANOVA
produced &-value of 0.001023xhich would indicate that at least two of @alling
thicknesgopulations are statisticaltifferent TheSt u d etestsviese ruh to assess
each statistical slab relationship to identify where thig$erencesare.Most of the
relationships produced avyalue of less than 0.05, indicating that they were stedibfi
different,except forSlab 2 and Slab 3iKe the results of thetiests performed on spalling
thicknesses)The results of thegests are included in Table (i depth statistical tables

included in Appendix E).

Table13 Summary Student's ttest results forweathering indexpopulations.

Distribution | p-value

Slab 1: Slab 2

Equal Variances One Tall 0.000238
Two Tail 0.000477

Unequal Variances One Tall 0.000222
Two Tail 0.000444

Slab1:Slab 3

Equal Variances One Tall 0.002766
Two Tail 0.005531

Unequal Variances One Tail 0.00503
Two Tall 0.01006

Slab1:Slab 4

Equal Variances One Tall 0.016398
Two Tail 0.032795

Unequal Variances One Tall 0.019394
Two Tall 0.038788

Slab2 : Slab 3

Equal Variances One Tall 0.041066
Two Talil 0.082133

Unequal Variances One Tall 0.034995
Two Tail 0.069989

Slab 2 : Slab 4

Equal Variances One Tall 0.022408
Two Talil 0.044815

Unequal Variances One Tall 0.017076
Two Talil 0.034153
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Slab 3 : Slab 4

Equal Variances One Tall 0.271104
Two Tail 0.542207

Unequal Variances One Tall 0.273007
Two Tail 0.546014

Weathering index density was plotted in a bivariate correlation between slab
number and weathering index averagbetter understand the relationsbetween these

two variablegFigure ¥).
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Figure 36: Bivariate correlative heat map of crack weathering indexColor intensity increases as
frequencyof that weathering index number increases.



Section 3: Sems Readings

Daily temperature, lighaind acoustic emission sensiata can be found in

Appendix G They are discussed in the following section.

52
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DISCUSSION

In this section, théield and sensodata from Twain Harte will be interpreted and

synthesizedn the context of hypotheses derived from previous studies.

If crustal unloading (via deglaciation or watggible lowering) triggered cracking, other
such events should be evident regionally.

i While the highlands
of the Sierras were heavily
glaciatedduring the Last
Glacial Maximum (Figure
37), the region of Twain
Harte remained untouched
by the maximum extent of
100 ) & : » N Vi, 2] X ™, Quaternary glaciers

. DR 58 .\ "1 | (Gillespie and Clark, 2011).

Personal communication
. from Gillespie (2017) also
#4.u. ... confirms that postast
Figure 37:Maximum extent of Quaternary glaciation. The star ] ]

indicates the approximate location of Twain Harte and the study GlaciatMaximum

Map fromSierra Nevada Photos
http://www.sierranevadaphotos.com/geography/glaciation.asp downstream incision of the

granitic bedrock in the Twain Harte regiorlikely minimal (on the order of meters

only). These daténdicate that glacial scour did not contributestgnificantcrustal

unloadingin the vicinity of Twain Harte
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Further, mly Twain Harte and its immediatelgj@acent sites had fresh
(weathering index of ©1) cracking based oobservations of the weathering of crack
edgegqFigure 3§. No fresh cracks were found at any other sites, suggesting tzQ14e
macrofracturing eveniare to date, uniqueo Twain HarteWere it the case that large
scale relatively sudderregional crustal unloading due to dightinduced water table
lowering or glacial scour causéus exfoliation, more fresh cracks woluikely have
been found in ther places near Twain Haméere crustal lowering is of a similar
magnitude according Borsa, 2014 (Figure 9Rlternatively, therecould besomething
unique about Twain Harte causing the rapid exfoliation that happened in the video
recording (Dotysar?014) however the data presented herein suggests that domes in the
region are similar in both their overall morphology as well as the characteristics of their
associated exfoliation slabs.

Dome curvature should correlate with slab thickness (Martel 120

If localized stress data were available (i.e. Figi#e it would set the stage for
testing Martel 6s (2006, 2 (Aftefseveralattempsttour e me
utilize the available data, it was found that the regional scale at wheds stata is
currently available is insufficient to pro
recommended thatip continue testing the Martel mod#élwould be necessary to utilize
the extensometer data collected by Dr. Collins and Dr. Stoak,enthey continuously
monitoredthe near surface stresgain environment of Twain Harte Rodk further
application of the extensometer data would be to interpret whether the stress levels at
Twain Harte Rock are considerably higher than that foundmefijo If it was found that

they were, this would be supporting evidence for the implication that Twain Harte Rock



55

has a unique intermingling of multiple exfoliation drivers (i.e. anthropogenic influences,
dam/reservoir stress enhancement) when compatée tther more remote regional
sites.Using this data would be essential to understand how surface morphology

influences the formation of sheet joints.

Spatial andemporal variancen exfoliation processes.

Overall, macroscale (slab) and microscajfmally exfoliation thicknesses were
consistent across all sites. All slab thickness populations were found to be statistically the
same (Table 5), with a characteristic thickness df 30 centimeters on all slabs at all
sites Figure 27. All measured spkng thickness (a.k.a. crack height) populations were
also statistically the same (Table 10), with the exception of the relationship between Slab
2 and Slab 3A complication that may explain this variance could lie in the correlation
between slabs acrosiesi for example, stratigraphic Slab 3 at one site could be the
same age as Slab 4 at another site. Regardless, becausstatistie equalitypetween
spalling thickness populationis is significant hat spalls had a characterigtiickness of
571 10 millimeters (Figure 34). Based on the macroscale (slabs) and microscale (spalls)
exfoliation thickness consistenayijs likely that the drivers of exfoliation processes are
temporally and spatially continuous in this region.

The timeline of crackig occurring at all sites appeared consistent as well. In
efforts to quantify this periodicity, weatheripgoxy field data was collected from each
slab. The Schmidt hammerRlues were utilized as an age proxy to provide a general
understanding of the iaive ages between these sldbigiire 3§. In the case of the
Twain Harte region, a strong negative correlation was found betwseaiuR (rock

strength) and slab age. Being that all Schmidt hammealire populations are
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statistically different, this rationship is significant. Therefore, this confirms that each

slab was exposed at a distinctly different interval from its-ameanderlying neighbor.

R-value @® Average Trendline
70
y =-8.3764x + 52.535

60 R? = 0.3577
2 50 °
g
x 40 1
S
= 30 P
=
& 20 »

10

0 |
0 1 2 3 4 5

Slab Number
Figure 38: Schmidt hammer R-value bivariate correlation with slab number.

Generally, observed craddngth values increased with slab age and levelled off
with the oldest slab (Figui@?). This trendis attributedo a concomitant increase in
granular disintegration, where the rock weathering is so advanced that is it falling apart
along grain boundarszather than maintaining enough strength for cracking to occur.
This is further supported in Figure 35: for all Slab 4, the presence of granular
disintegration increases to 81% and microspalling decreases to 78%. Also, cracks on
older slabs exhibited higi degrees of weathering. dfaaverage index population was
found to be statistically different from the slab neighbor except for the relationship
between Slab 3 and Slab 4 (Table 13), again suggesting that a maximum weathering is

reacledat A S| a &sis3ypitaliofmegth@ring processes (Birkeland, 1999).
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Based on thesseatheringproxy variablesit is possible to assign relative age
relationships to the different slal#ss can beseen inFigure 39 a dramatichange occurs
between Slab 1 and Sl&li which is understandable being that Slab 1 is a freshly
exposed surface that has not been subjected to any form of weathering. The transition
between Slab 2 and Slab 3 is more consistent with a slight increase in weathering. This
data representing thisansition could be a bit sked, as mentioned previouslyt is
possible that these two slabs could be stratigraphically differeptagsites (with Twain
Harte Rock as a baseline), but the satmsoluteage. A significant increase in weathering
variables occurs between Slab 3 and Slab 4. This is in support of the aforementioned idea
thatother weathering procesdassides simple cracking, like granuthsintegrationare

starting to contribute to weathering

4 - Schmidt (R) ~ -A~ - Spalling Thickness (mm) Crack Length (mm)
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Figure 39: Multiple weathering variabl es and the percent change between slabs.

There is no difference, however, in slab thickness through time at any site. Thus,
these data suggest that exfoliation events are happening periodically through time and

that the driver of exfoliation has not chawalg Overall, the collected data support the
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hypothesis initially proposed by Martel (2006, 2011) that exfoliation eveniterng
periodicity can be predictable.

Although overall timing of exfoliatioseemedsimilar at all sites, the event at
Twain Harteappeared unique, as previously mentioned. Based on the observations of
Stock et al. (2012), rapid rock exfoliation resulted in imbalanced stresses as the exfoliated
slab gravitationally adjusted to ideal equilibrium stress balance. The 2014 Twain Harte
Rodk exfoliation events occurred on Auguét, Rugust &', August 28", and September
4™ (THLA, 2016). Just from this timeline, it can be seen that as time progressed, the
interval between exfoliation events increased. It is possible that events subsedoent
original August 3 event represented adjustments to the original event, similar to
earthquake aftershocks. Another exfoliation event occurred at Twain Harte Rock on July
2274 2016 (THLA, 2016) expanding the timeline of exfoliation even furth@s a side
note, the 2016 exfoliation event was generally not included in this discussion due to its
occurrence podield-study, but seemed particularly relevant to understanding this
concept.) This event could have been triggered by stressesl bgrexpansion of the
slab duringvarm weather (i.e. Collinand Stock, 2016) thatfluencedthe new
configuration of the slab.

From this, a conceptual model for exfoliation can be proposed whereby rapid
exfoliation events ultimately culminate in a return t@ss$ equilibrium. The resulting
detached exfoliation slab is then left to weather and erode without subsequent
deformation All the other sites included in the regional survey displayed at least two of
these stratigraphicaHglifferentiated slabs, sugsgng spatially and roughly temporally

consistent exfoliation activity. Martel (2006, 2011) indicated that-tengy exfoliation
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may be predictably periodic, whereby exfoliation is triggered similar to that of faulting
through accumulation of elastic strand then release. However, the timing of the Twain
Harte eventgbelow)suggest that the actual trigger of exfoliation is environmentally

related.

Exfoliationis triggeredby daily temperature cycling (Eppes et al., 2016; Collins and
Stock, 2016).

Weathering data on different generations of exfoliation slabs indicates that
exfoliation events are happening episodically through time. The similar morphology of
exfoliation slabs suggests that exfoliation processes have remained temporally constant.
Here,the possible thermal triggers of sudden exfoliation observed at Twain Harte are
evaluated.

Local weather station data was collected from MOUC1 Weather Station in Mount
Elizabeth, Californid seventeen miles northeast of Twain Harte. This weather station
was established in 1999, so climatic aver ac¢
The Mount Elizabeth Weather Station climate data was consistent with the recorded
temperature sensor data from the rock surfapi(e40), therefore it was possible t
correlate the climate data directly with Twain Harte exfoliation events and with measured
AE activity. Figure 40 shows that Mount Elizabeth tends to be hotter than Twain Harte,
so the Twain Harte temperatures were adjusted to more accurately represent th
surrounding climate. This was done using the regression equation produced by Figure 40,

and these adjustments can be viewed in Appendix J.
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Figure 40: Average daily temperature comparison between Twain Harte Rocks' temperature senso
and the Mount Elizabeth weather station.The Mount Elizabeth values are-§6ar daily averages. The
is a strong potive correlation between the two temperature populations, indicating that they are
comparable.

The four exfoliation events began in early August, which had the highest average
temperatures in Twain Harte 2014perhistorical Weather Underground recorésgire

41). It was the peak of the hottest part of the year.

Temperature  Dew Point ” I l “
32

Jan Feh har Lpr hay Jun Jul Luy Sep Ot Mo Dec:

Figure 41 Twain Harte average monthly temperature and dew point, 2014Graph generated by
Weather Undergroundhttps://www.wundeground.comArrows indicate approximate exfoliation event
dates.

Based on the climate data from the Mount Elizabeth weather station, all four 2014
exfoliation events occurred on dhgtdayswith conditions similato the 16year
averaggTable 14. 2014was not the driest year based on the precipitation data from

Mount Elizabeth, however it was below the climate average amidst a slight overall
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decline Figure 43. Incoming solar radiation was also average, indicating that cloudiness

was not increased ohég exfoliation event dates in 2014.

Tablel4: T w a

in Harte Rocksod6 exfoliation

Elizabeth weather station.

AIR TEMPERATUI RELATIVE HUMIDI

event

weat her

Figure 42:Annual precipitation averages from the Mount Elizabeth
weather station.

Solar Rad Precip
Total Ave. Max. Min. Ave. Max. Min. Total
kW-hr/m2 Deg. C percent mm
August 3rd Climate Avg 6.18 22.3 283 17.6 355 474 250 0.0
Climate Std De\ 353 23 28 24 127 155 107 0.0
8/3/2014 3.77 223 26,7 18.9 31.0 41.0 24.0 0.0
August 6th Climate Avg 552 208 27.0 16,5 384 524 259 0.0
Climate Std De\ 354 43 49 43 151 191 10.9 0.0
8/6/2014 8.18 20.9 26.7 16.1 49.0 70.0 34.0 0.0
August 20th Climate Avg 5.17 222 285 175 314 420 209 0.0
Climate Std De\ 316 28 33 28 54 80 43 0.0
8/20/2014 7.69 19.8 256 16.1 43.0 51.0 32.0 0.0
September 4th Climate Avg 353 21.0 272 165 33.3 450 226 0.0
Climate Std De\ 309 39 50 36 139 183 11.7 0.0
9/4/2014 721 228 294 183 340 440 23.0 0.0
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Further utilizing his Mount Elizabeth data, it was of interest to also explore the
relationship between Twain Har t-gearRliomatk 0 s
average and AE activity. That is, if the rock surface temperature is much hotter or colder
than the typial average daily temperature, will AE iatyy peak? This will address
influences ofelative temperature extremitiea the recorded subsurface deformation.

This comparison resulted in seeminglyléitcorrelation, however the threensors vih

the mos activity (Channel 1Channel Zand Channel ¥peaked when the temperature
difference between Twain Harte Rock and theyéér average was low/zergigure 43.

To paint a clearer picture of the distribution of each individual sensor, AE occurrences
wereplaced into buckets based on the standard deviation from tyeat@&verage daily
temperatureKigure 44. If events are occurring at random in the context of temperature,
then approximately 32% of events should fall outside of one standard deviation from
average temperature for that day. Channels 2 and 3 were the only sensors to experience

disproportioned events during weather outside the limits of standard deviation.
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Figure 43: Acoustic emission activity in relation toTH Rock relative temperature extremities
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Figure 44: AE activity and the standard deviation from 16year average daily temperature.

Due to the engineering activity and construction to repair the dam, the AE and
temperature sensors were only deployed from October 2014 through Mar¢wh@1b
is the colder part of the year. As can be sedfigare 45 total AE hits and average
monthly temperature had an almost inverse relationship. AE activity was lowest in
October, rapidly increasing to peak activity in January. Then, AE hits dedragam
from February to March. This is exactly correlative with the monthly average
temperatures with December and January being the coldest months duringettiad
From this, it is apparent that margensetemperatures (those outside the tsvof +£
one standard deviation) increase the amount of crack activity overall. To ensure that this
is the case, if would be necessary to monitor the warmer season in this region to see if the

warmer temperatures do, in fact, have similar influence oraatvity.
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Over diurnal time scales, additional observations can be made for cracking and
insolation Figure 46is an example of a sigay span during March, 2015. While
temperature peaks (red) and light intensity (yellow) are following théy piedictable

cycles, crack deformation (black) is emulating the same form. Acoustic emission hits are

Deformation Temp. Light « AEHits
40
148
35 | §
2000 1462
3 3011448
n < ‘l.__.l 1]
2 a 259|142 £
T+ 5 Ne
w = 200 = 7]
< g 20 £-1400
sS4 a
QT 15 £
£ [
.9 20
= 10
5

39 30 3 3 33 3IA

Date

Figure 48 Thermal influences on acoustic emissiorCrack deformation (represented by the black, s¢
line) is occurring with temperature change peaks (in red) and light intensity (in yellow).
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primarily showing that times of peak cracking are occurring around sunrise and sunset (if
the linear background noise below twenty is ignored). Imptytasunrise and sunset
have been suggested by other studies (i.e. Eppes et al., 2016) to be times of peak stresses
associated with solar thermal cycling.

From surveying the domes around the study area, it is now understood that there
are longterm exfoliation slabs and stt-term exfoliation spalls. Being that thermal
cycling has been addressed here in a variety of different scales (i.e. daily, monthly,
seasonally), it was of interest to understand which degree of thermal cycling is affecting
which scale of exfoliation. eneral penetration depth of the diurnal cycle was
calculated using the following equation:

Equation 5:Thermal penetration depth

OEAOI Al DPAT ACBEGEDDEREDC

where the diffusivity of granite/gneissi24E7 n?/s (Eppelbaum et al., 2014) and the
period is one day (a.k.a. 86,400 seconds). The result is that thaldhermal cycle can
penetrate to approximately 25 centimeters, wimtielates with the characteristic slab
thickness (Figure 27).

Overall, the acoustic emission data provide strong evidence that cracking is
related, at least in part, to thermal stessarising in Twain Harte Rock and its exfoliation
slabs. In this case, these data have been interpreted as reflecting cracking events due to
both thermakelated stresses and the settling of the exfoliated slab due to temperature.
For example, Channelsahd 3 were both placed on the underlying dome, below the slab
that was loosened by the 2014 exfoliation events. Thus, these sensors may be reflecting

stresses due to overall heating of the dome suliftecthe measurements made on eliff
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face slabst Yosemite National Park (Collins and Stock, 2016). Channels 4 and 6 were
placed next to the terminations of vertical cracks that cut the 201Aesdabvhere it rolls

over to a more vertical orientation. Consequently, the increases in AE activity theing
cold weathe might reflect the cooling and associated settling of the slab that extended
those fractures. Channel 1 was located closest to where the slab ruptured again in 2016.
Therefore, its activity recorded in 2014/2015 might reflect precursooonaxking

leading into the newest exfoliation event.
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CONCLUSIONSAND IMPLICATONS

The morphology of exfoliation slabs and domes in the Twain Harte region
provides insight into the processes responsible for exfoliation sheet formation, its
recurrencehrough time and the weathering/erosion history of exfoliated slabs. In
particular, regional consistency in Schmidt hammemaRies and slab thicknesses
suggest that stacked slabs represent recurring exfoliation caused by similar magnitudes
and/or mechanismof forcing over long time scales. Differences in weathering
characteristics of subsequent slab generations suggest that the periodicity of these events
is generally consistent assuming that the rate of mechanical weathering processes on
dome surfaces wughly constant through time. The generations of exfoliation slabs
provide evidence of temporal continuityvhile nearby domes suggest spatial continuity
T of exfoliation processes overall in this region.

Therefore, it can be concluded that lelegm (10°) exfoliation processes are
consistent through time and space in the western Sierra Nevada foothills region. Further,
at least at short time scales #1.0major episodes of cracking appear to be triggered by
thermal cycling. However, based on the datapiled here and the existing
documentation of the cracking event, this rapid exfoliation is, asiyefie to Twain
Harte Rock. One potential possibility is that the stresses of Twain Harte Rock are just
fundamentally different from the other local domesAnot her coul d be t ha
exfoliation event is just the first of many and other future events are possible in the other
nearby domes. Other events are likely given @liahe other surveyed domes have
evidence of recurring cracking. To werdtand this uniqueness, it is recommended that

future research on the Twain Harte exfoliation focus on revisiting/monitoring nearby
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domes as well as grasping the anthropogenic influences and disruption of Twain Harte
Rockod6s natur al processes.

Finally, these data also contribute to the overall understanding of continental
evolution over geologic time. Erosion of bedrock potentially limits {tergn landscape
evolution (i.e. Hancock and Kirwan, 2007), the understanding of which is, in turn, critical
to interpreting crust and mantle deformation (i.e. Gallen et al., 2013). Further, if
exfoliation can be linked to tectonic compression and surface curvature (Martel, 2011), or
to climatic parameters associated with ongoing global warming, there are important
implications for similar sutsurface regolith production and associated erosion processes
dependent on rock brealp (i.e. Heimsath, 1997ror examplethe data presented herein
showthat crack deformatiomaximizeswith more intense temperaturiesvhich suggsts
that bedrock erosion may increase as overall global temperatures increase. Therefore,
with this insight intoexfoliation periodicity at Twain Harfeve are one step closer to
understandingpng-termgeomorphological processé&3verall this study is ae of the
first to document the morplogic characteristicef exfoliation in granite domes, and
provides field-based insight into the formation mechanisms of these enigmatic, but

ubiquitous landforms.
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APPENDIX B: COLLECTION OF SKETCHED FIELD MAPS OF EACHSITE
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Figure B- 1: Color key for field maps.| ndi cates the different
of other observed surface variables in the field map sketches.
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Figure B- 2: Site 0O field sketch- Twain Harte Rock. ‘
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Figure B- 12: Site 11
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APPENDIX C: TOPOGRAPHIC LONGITUDINAL PROFILES OF ALL SITES

Macrotransect Longitudinal Profile:

Dome #0, Bearing 168 °
38.027959,-120.243446
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Macrotransect Longitudinal Profile:
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Macrotransect Longitudinal Profile**:

Dome #14, Bearing 0 A
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** Only one macrotransect was collected from Domes 14 and 15 due to difficult terrain
conditions.
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APPENDIX D. SAMPLE MICROTRANSECT DATA SHEET
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APPENDIX E STATISTICAL TABLES

SectionE-1: Slab thickness statistics

100

TableE - 1: Single factor ANOVA results for thickness ofSlabs 2, 3, and 4.

SUMMARY
Groups Count Sum Average Variance
Slab 2 17 765.5 45.02941 2021.077
Slab 3 65 2317.1 35.64769 1368.773
Slab 4 52 1795.8 34.53462 1156.196
ANOVA
Source of Variatior SS df MS F P-value F crit
Between Groups  1483.66 2 741.83 0.543193 0.58219332 3.065296
Within Groups 178904.7 131 1365.685
Total 180388.4 133

TableE - 2: Slab 2 and Slab 3hicknesscomparative Student's ttest results.

t-Test: TweSample Assuming Unequal

t-Test: TweSample Assuming Equal Variances Variances
Slab 2 Slab 3 Slab2 Slab 3

Mean 45.029 35.647 Mean 45.029 35.647
2021.07 1368.77 2021.0 1368.7

Variance 7 3 Variance 7 7

Observations 17 65 Observations 17 65
1499.23 Hypothesized Mean

Pooled Variance 3 Difference 0

Hypothesized Mean

Difference 0 df 22

df 80 t Stat 0.7930

t Stat 0.8894 P(T<=t) on4alil 0.2181

P(T<=t) on&ail 0.1882 t Critical onetalil 1.7171

t Critical onetail 1.6641 P(T<=t) twetail 0.4362

P(T<=t) twetall 0.3764 t Critical twotail 2.0738

t Critical twotail

1.9900
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TableE - 3: Slab 2 and Slab 4 thicknes comparative Student's-test results.

t-Test: TweSample Assuming Equal Variances  t-Test: TweSample Assuming Unequal Varianc

Slab2 Slab 4 Slab2 Slab 4
Mean 45.029 34.534 Mean 45.029 34.534
2021.0 1156.1 2021.0 1156.1
Variance 7 9 Variance 7 9
Observations 17 52 Observations 17 52
1362.7 Hypothesized Mean
Pooled Variance 3 Difference 0
Hypothesized Mean
Difference 0 df 22
df 67 t Stat 0.8834
1.0175
t Stat 8 P(T<=t) ondail 0.1932
P(T<=t) ongail 0.1562 t Critical me-tail 1.7171
t Critical onetalil 1.6679 P(T<=t) twetall 0.3865
P(T<=t) twetail 0.3125 t Critical twetail 2.0738
t Critical twotail 1.9960

TableE - 4: Slab 3 and Slab 4 thickness comparative Studenttstest results.

t-Test: TweSample Assuming Equal Variances t-Test: TweSample Assuming Unequal Variance:

Slab3 Slab 4 Slab3 Slab 4
35.6476
Mean 35.647 34.534 Mean 9 34.534
1368.7 1156.1 1156.1
Variance 7 9 Variance 1368.77 9
Observations 65 52 Observations 65 52
Hypothesized Mean
Pooled Variance 1274.5 Difference 0
Hypothesized Mean
Difference 0 df 113
df 115 t Stat 0.1691
t Stat 0.1675 P(T<=t) ondail 0.4329
P(T<=t) ondail 0.4336 t Critical onetalil 1.6584
t Critical onetail 1.6582 P(T<=t) twetall 0.8659
P(T<=t) twetail 0.8672 t Critical twotail 1.9811

t Critical twotail 1.9808




SectionE-2: Schmidt hammer statistics

TableE - 5: Single factor ANOVA results for Slabs 1- 4 Schmidt hammer R-values

SUMMARY
Groups Count Sum  Average Variance
Slabl 298 14790 49.63087 116.9407
Slab2 1707 58041 34.00176 117.5973
Slab3 1906 53423 28.02886 113.1829
Slab4 1594 30555 19.16876 55.57791
ANOVA
Source of
Variation SS df MS F P-value F crit
Between Groups 323945.6 3 107981.9 1101.032 0 2.606523
Within Groups  539501.4 5501 98.07333
Total 863447 5504

TableE - 6: Slab 1 & Slab 2 Sudent's t-test results for Schmidt hammer Rvalues.

t-Test: TweSample Assuming Equal Variances
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t-Test: TweSample Assuming Unequal Variances

Slab1l Slab 2 Slab1l Slab 2
Mean 49.63 34.00 Mean 49.63 34.00
Variance 116.94 117.59 Variance 116.94 117.59
Observations 298 1707 Observations 298 1707
Pooled Variance 117.4999 Hypothesized Mean Difference 0
Hypothesized Mean Difference 0 df 408
df 2003 t Stat 23.0111
t Stat 22.9658 P(T<=t) oneail 5.13E76
P(T<=t) oneail 4.2E104 t Critical onetail 1.648597
t Critical onetall 1.645615 P(T<=t) twetail 1.03E75
P(T<=t) twetail 8.4E104 t Critical twotall 1.9657

t Critical twotail

1.9611




TableE - 7: Slab 1 & Slab 3 Studet's t-test results for Schmidt hammer Rvalues.

t-Test: TweSample Assuming Equal Variances
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t-Test: TweSample Assuming Unequal Variances

Slab 1 Slab 3 Slab 1 Slab 3
Mean 49.63 28.028 Mean 49.63 28.02
Variance 116.94 113.18 Variance 11694  113.18
Observations 298 1906 Observations 298 1906
Pooled Variance 113.68 Hypothesized Mean Differenc: 0
Hypothesized Mean Differenc: 0 df 392
df 2202 t Stat 32.13814
t Stat 32.5235 P(T<=t) ongalil 3.3E112
P(T<=t) ongail 3.9E190 t Critical onetall 1.64875
t Critical onetail 1.645546 P(T<=t) twetail 6.6E112
P(T<=t) twetail 7.9E190 t Critical twotail 1.966034
t Critical twotail 1.9610

TableE - 8: Slab 1 & Slab 4 Student's-test results for Schmidt hammer Rvalues.

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Variances

Slabl Slab 4 Slab 1 Slab 4
Mean 49.63 19.16 Mean 49.63087 19.16876
Variance 116.94  55.57 Variance 116.9907 55.57791
Observations 298 1594 Observations 298 1594
Pooled Variance 65.22063 Hypothesized Mean Differenc 0
Hypothesized Mean Differenc 0 df 352
df 1890 t Stat 46.60162
t Stat 59.7667 P(T<=t) onaalil 6.2E153
P(T<=t) onealil 0 t Critical onetail 1.649194
t Critical onetail 1.64566 P(T<=t) twetall 1.2E152
P(T<=t) twetail 0 t Critical twotail 1.966726

t Critical twotail 1.96122




TableE - 9: Slab 2 & Slab 3 Student's ttest results for Schmidt hammer Rvalues.

t-Test: TweSample Assuming Equal Variances
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t-Test: TweSample Assuming Unequal Variances

Slab2 Slab 3 Slab 2 Slab 3

Mean 34.00 28.02 Mean 34.00176 28.02886
Variance 117.59 113.18 Variance 117.598 113.1829
Observations 1707 1906 Observations 1707 1906
Pooled Variance 115.2685 Hypothesized Mean Differenc 0
Hypothesized Mean Differenc: 0 df 3552

df 3611 t Stat 16.67695

t Stat 16.69453 P(T<=t) ongall 1.77E60

P(T<=t) onealil 1.24E60 t Critical onetail 1.645283

t Critical onetail 1.645276 P(T<=t) twetall 3.54E60

P(T<=t) twetail 2.49E60 t Critical twotail 1.960632

t Critical twotail 1.960621

TableE - 10: Slab 2 & Slab4 Student's ttest results for Schmidt hammer Rvalues.

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Variances

Slab2 Slab 4 Slab 2 Slab 4

Mean 34.00 19.16 Mean 34.00176 19.16876
Variance 117.59 55.57 Variance 117.5973 55.57791
Observations 1707 1594 Observations 1707 1594
Pooled Variance 87.64977 Hypothesized Mean Differenc 0
Hypothesized Mean Differenc: 0 df 3037

df 3299 t Stat 46.04875

t Stat 45.48747 P(T<=t) oneall 0

P(T<=t) oneail 0 t Critical onetail 1.645356

t Critical onetall 1.645316 P(T<=t) twetail 0

P(T<=t) twetail 0 t Critical twotail 1.960745

t Critical twotail 1.960683
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TableE - 11: Slab 3 & Slab 4 Studens t-test results for Schmidt hammer Rvalues.

t-Test: TweSample Assuming Equal Variances t-Test: TweSample Assuming Unequal Variances
Slab 3 Slab 4 Slab 3 Slab 4

Mean 28.02 19.16 Mean 28.02886 19.16876
Variance 113.18 55.57 Variance 113.1829 55.57791
Observations 1906 1594 Observations 1906 1594
Pooled Variance 86.9494 Hypothesized Mean Differenc 0
Hypothesized Mean Differenc: 0 df 3398

df 3498 t Stat 28.8602

t Stat 27.99476 P(T<=t) ongall 2.7E164

P(T<=t) onealil 4.4E156 t Critical onetail 1.645302

t Critical onetail 1.645289 P(T<=t) twetall 5.3E164

P(T<=t) twetail 8.7E156 t Critical twotail 1.960662

t Critical twotail 1.960642




SectionE-3: Crack length statistics

TableE - 12 Single factor ANOVA results for crack length (millimeters) of Slabs 1i 4.
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SUMMARY
Groups Count Sum Average Variance
Slab 1 67 13412.1 200.1806 291450.8
Slab 2 522 136173.3 260.8684 478898.4
Slab 3 291 78532.4 269.87@ 820251.9
Slab 4 169  38223.6 226.1751 348831.6
ANOVA
Source of Variatior SS df MS F P-value F crit
Between Groups  422823.4 3 140941.1 0.260578 0.853811 2.61342
Within Groups 5.65E+08 1045 540879
Total 5.66E+08 1048

Table E- 13: Slab 1 & Slab 2 Student's #ted results for crack length (millimeters).

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab1l Slab 2 Slabl Sab2
Mean 200.18 260.86 Mean 200.18 260.86
291450. 478898. 291450. 478898.
Variance 8 4 Variance 8 4
Observations 67 522 Observations 67 522
457822. Hypothesized Mean
Pooled Variance 5 Difference 0
Hypothesized Mean
Difference 0 df 96
df 587 t Stat -0.836
t Stat -0.691 P(T<=t) ondail 0.2025
P(T<=t) ongalil 0.2448 t Critical onetail 1.6608
t Critical onetail 1.6474 P(T<=t) twetall 0.4051
P(T<=t) twetall 0.4897 t Critical twotail 1.9849

t Critical twotail

1.9640




Table E- 14: Slab 1 & Slab 3 Student's #ted results for crack length (millimeters).

t-Test: TweSample Assuming Equal Variances
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t-Test: TweSample Assuming Unequal Variances

Slab 1 Slab 3

Slab 1 Slab 3

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) on&ail

t Critical onetail
P(T<=t) twetail

t Critical twotalil

200.18 269.87
291450 820252
67 201

722215.7

0
356
-0.60517

0.272724
1.649145
0.545449

1.96665

Mean
Variance

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) oneall
t Critical onetail
P(T<=t) twetail
t Critical twotail

200.18 269.87
291450 820252
67 201

0

164
-0.8231
0.20582
1.65419
0.41164
1.97453

Table E- 15: Slab 1 & Slab 4 Student's ftestresults for crack lengths (milimeters).

t-Test: TweSample Assuming Unequal

t-Test: TweSample Assuming Equal Variances Variances
Slab1l Slab4 Slab1 Slab 4
Mean 200.18 226.17 Mean 200.18 226.17
34883 29145 34883
Variance 291450 1 Variance 0 1
Observations 67 169 Observations 67 169
332647. Hypothesized Mean
Pooled Variance 3 Difference 0
Hypothesized Mean
Difference 0 df 132
df 234 t Stat -0.324
t Stat -0.3121 P(T<=t) ondail 0.3730
P(T<=t) ondail 0.37758 t Critical onetalil 1.6564
t Critical onetail 1.65139 P(T<=t) twetall 0.7460
P(T<=t) twetall 0.75517 t Critical twotail 1.9780
t Critical twotail 1.97015




Table E- 16: Slab 2 & Slab 3 Student's #teg results for crack lengths (millimeters).

t-Test: TweSample Assuming Equal Variances
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t-Test: TweSample Assuming Unequal Varianci

Slab 2 Slab 3 Slab 2 Slab 3

Mean 260.868 269870 Mean 260.86 269.87
820251.
Variance 478898 820252 Variance 478898.4 9
Observations 522 291 Observations 522 291
Hypothesized Mean

Pooled Variance 600960.7 Difference 0
Hypothesized Mean
Difference 0 df 481
df 811 t Stat -0.14728
t Sta -0.15873 P(T<=t) ondail 0.441486
P(T<=t) ondail 0.436959 t Critical onetalil 1.648028
t Critical onetail 1.646735 P(T<=t) twetail 0.882972
P(T<=t) twetail 0.873917 t Critical twotail 1.964908
t Critical twotail 1.962893

Table E- 17: Slab 2 & Slab 4 Student's ftestresults for crack lengths (milimeters).

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 2 Slab 4 Slab 2 Slab 4
Mean 260.86 226.17 Mean 260.86 226.17
Variance 478898 348831 Variance 478898 348831
Observations 522 169 Observations 522 169

Hypothesized Mean

Pooled Variance 447184 Difference 0
Hypothesized Mean
Difference 0 df 330
df 689 t Stat 0.635369
t Stat 0.586194 P(T<=t) onssail 0.262814
P(T<=t) ongalil 0.278969 t Critical onetail 1.649484
t Critical onetail 1.647068 P(T<=t) twetail 0.525628
P(T<=t) twetail 0.557937 t Critical twotail 1.967179
t Critical twotail 1.963413




Table E- 18 Slab 3 & Slab 4 Student's #teg results for crack lengths (millimeters).

t-Test: TweSample Assuming Equal Variances
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t-Test: TweSample Assuming Unequal Varianc

Slab 3 Slab 4 Slab 3 Slab 4
Mean 269.870 226.175 Mean 269.870 226.175
Variance 820252 348831 Variance 820252 348831
Observations 291 169 Observations 291 169

Hypothesized Mean

Pooled Variance 647329.2 Difference 0
Hypothesized Mean
Difference 0 df 452
df 458 t Stat 0.62532
t Stat 0.561547 P(T<=t) on4ail 0.266038
P(T<=t) ongail 0.28735 t Critical onetail 1.648232
t Critical onetail 1.648187 P(T<=t) twetail 0.532077
P(T<=t) twetail 0.574699 t Critical twotail 1.965226
t Critical twetail 1.965157




Section E4: Crack height / Spall thickness statistics

Table E- 19: Single factor ANOVA results for crack height (millimeters).
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SUMMARY
Groups Count Sum  Average Variance
Slab 1 67 367 5.477612 38.3751
Slab 2 522 4595.9 8.804406 175.1656
Slab 3 291 23335 8.0189 338.7248
Slab 4 169 4294.6 25.41183 6210.967
ANOVA
Source of
Variation SS df MS F P-value F crit

Between Groups 42244

.64

Within Groups 1235467

Total 1277711

3 14081.55 11.91065 1.13E07 2.6134198%

1045 1182.265

1048

TableE - 20: Slab 1 & Slab 2 Student's #test results for crack height (millimeters).

t-Test: TweSample Assuming Equal Variances

t-Test: TweSanple Assuming Unequal Varianct

Slab 1 Slab 2 Slab 1 Slab 2
Mean 5.47761 8.80440 Mean 5.47761 8.80440
Variance 38.3751 175.165 Variance 38.3751 175.165
Observations 67 522 Observations 67 522
159.785 Hypothesized Mea
Pooled Variance 4 Difference 0
Hypothesized Mean
Difference 0 df 159
df 587 t Stat -3.49063
t Stat -2.0280 P(T<=t) on4ail 0.000312
P(T<=t) ondail 0.02150 t Critical onetail 1.654494
t Critical onetail 1.64745 P(T<=t) twetail 0.000624
P(T<=t)wo-tail 0.04300 t Critical twotail 1.974996
t Critical twotail 1.96401




111

Table E- 21: Slab 1 & Slab 3 Student's ttest results for crack height (millimeters).

t-Test: TweSample Assuming Equal Variances

t-Test TwoSample Assuming Unequal Varianc

Slabl Slab 3 Slab 1 Slab 3
Mean 5.47761  8.0189 Mean 5.47761 8.0189
Variance 38.3751 338.724 Variance 38.3751 338.724
Observations 67 291 Observations 67 291

Hypothesizd Mean

Pooled Variance 283.042 Difference 0
Hypothesized Mean
Difference 0 df 313
Df 356 t Stat -1.92834
t Stat -1.11473 P(T<=t) oneail 0.027359
P(T<=t) ondail 0.132858 t Critical onetalil 1.649736
t Critical onetail 1.649145 P(T<=t) twetail 0.054717
P(T<=t) twetall 0.265717 t Critical twotail 1.967572
t Critical twotail 1.96665

Table E- 22 Slab 1 & Slab 4 Student's ttest results for crack height (millimeters).

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 1 Slab 4

Slab 1 Slab 4

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) oneail
t Critical onetail
P(T<=t) twetall

t Critical twotail

547761 25.4118
38.3751 6210.96
67 169

4469.98

0

234
-2.0652
0.02000
1.65139
0.04000

1.97015

Mean
Variance

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) ondail
t Critical onetalil
P(T<=t) twetall
t Critical twotail

5.47761 25.4118
38.3751 6210.96
67 169

0

173
-3.26291
0.000664
1.653709
0.00129
1.973771
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Table E- 23: Slab 2 & Slab 3 Student's #test results for crack height illimeters).

t-Test: TweSample Assuming Equaniances

t-Test: TweSample Assuming Unequal Varianc

Slab 2 Slab 3 Slab 2 Slab 3
Mean 8.80440 8.0189 Mean 8.80440 8.0189
Variance 175.165 338.724 Variance 175.165 338.724
Observations 522 291 Observations 522 291

Hypothesized Mean

Pooled Variance 2336516 Difference 0
Hypothesized Mean
Difference 0 df 460
df 811 t Stat 0.641455
t Stat 0.702427 P(T<=t) on4ail 0.260773
P(T<=t) onésail 0.241307 t Critical onetail 1.648173
t Critical onetail 1.646735 P(T<=t) twetail 0.521547
P(T<=t) twetail 0.482614 t Critical twotail 1.965134
t Critical twotail 1.962893

TableE - 24: Slab 2 & Slab 4 Student's ttest results for crack height (millimeters).

t-Test: TweSample Assuing Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 2 Slab 4

Slab 2 Slab 4

Mean
Variance
Observations

PooledVariance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) ondail
t Critical onetalil
P(T<=t) twetail

t Critical twotail

8.80440 25.4118
175.165 6210.96
522 169

1646.885

0

689
-4.62392

2.25E06
1.647068

4.5E06

1.963413

Mean
Variance

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) onesail
t Critical onetail
P(T<=t) twetall
t Critical twotail

8.80440 25.4118
175.165 6210.96
522 169

0

171
-2.72705
0.003528
1.653813
0.007057
1.973934
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Table E- 25: Slab 3 & Slab 4 Student's {test results for crack height (millimeters).

t-Test:Two-Sample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 3 Slab 4 Slab 3 Slab 4
Mean 8.0189 25.411 Mean 8.0189 25.4118
Variance 338.724 6210.9 Variance 338.724 6210.96
Observations 291 169 Observations 291 169

Hypothesized Mean

Pooled Variance 2492.735 Difference 0
Hypothesized Mean
Difference 0 df 179
df 458 t Stat -2.82466
t Stat -3.60202 P(T<=t) on4ail 0.002635
P(T<=t) ongail 0.000175 t Critical onetail 1.653411
t Critical onetall 1.648187 P(T<=t) twetail 0.00527
P(T<=t) twetall 0.00035 t Critical twotail 1.973305
t Critical twotail 1.965157




Section E5: Weathering index

statistics

Table E- 26: Single factor ANOVA for weathering index averages.

SUMMARY
Groups Count Sum Average Variance
Slab 1 66 281.5 4.265152 0.855536
Slab 2 522 24585 4.70977 0.948714
Slab 3 290 1331.5 4.591379 0.707019
Slab 4 170 772 4.541176 0.758649
ANOVA
Sourceof
Variation SS df MS F P-value F crit

Between Groups 13.80808

3 4.602692 5.445429 0.001023 2.613428

Within Groups  882.4302 1044 0.84524

Total 896.2383 1047

Table E- 27: Slab 1 & Slab 2 Student's #ted results for weathering index averages.

t-Test: TweSample Assuming Equal Variances
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t-Test: TweSample Assuming Unequal Varianc

Slab 1 Slab 2 Slab 1 Slab 2
Mean 4.26515 4.70977 Mean 4.26515 4.70977
Variance 0.85553 0.94871 Variance 0.85553 0.94871
Observations 66 522 Observations 66 522
Hypothesized Mean

Pooled Variance 0.938379 Difference 0
Hypothesized Mean

Difference 0 df 84

df 586 t Stat -3.6572

t Stat -3.51331 P(T<=t) onssail 0.000222

P(T<=t) ondail 0.000238 t Critical onetail 1.663197

t Critical onetalil 1.647458 P(T<=t) twetall 0.000444

P(T<=t) twetail 0.000477 t Critical twotail 1.98861

t Critical twotail 1.96402
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Table E- 28 Slab 1 & Slab 3 Students t-test results for weathering index average.

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 1 Slab3

Slab 1 Slab 3

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) onesail
t Critical onetail
P(T<=t) twetall
t Critical twotail

4.26515 4.59137
0.85553 0.70701
66 290

0.734289

0

354
-2.79147
0.02766
1.649169
0.005531

1.966688

Mean
Variarce

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) ongail
t Critical onetalil
P(T<=t) twetall
t Critical twotail

4.26515 4.59137
0.85553 0.70701
66 290

0

91
-2.62876
0.00503
1.661771
0.01006
1.986377

Table E- 29: Slab 1 & Slab 4 Stuent's t-test results for weathering index averages.

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 1 Slab 4

Slab 1 Slab 4

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) on&alil
t Critical onetail
P(T<=t) twetail
t Critical twotail

4.26515 4.54117
0.85553 0.75864
66 170

0.785562

0

234
-2.14733
0.016398
1.651391
0.032795

1.970154

Mean
Variance

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) ondail
t Critical onetalil
P(T<=t) twetall
t Critical twotail

4.26515 4.54117
0.85553 0.75864
66 170

0

112
-2.09102
0.019394
1.658573
0.038788
1.981372
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Table E- 30: Slab2 & Slab 3 Student's ttest results for weathering index averages.

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 2 Slab 3

Slab 2 Slab 3

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) ongail
t Critical onetalil
P(T<=t) twetall
t Critical twetail

470977 4.59137
0.94871 0.70701
522 290

0.86248

0

810
1.740603
0.041066
1.646737
0.082133
1.962897

Mean
Variance

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) onesail
t Critical onetail
P(T<=t) twetall
t Critical twotail

470977 4.59137
0.94871 0.70701
522 290

0

673
1.814867
0.034995
1.647121
0.069989
1.963495

Table E- 31 Slab 2 & Slab 4 Student's #test results for weathering index averages.

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 2 Slab 4

Slab 2 Slab 4

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) oneail
t Critical onetail
P(T<=t) twetail
t Critical twotail

470977 4.54117
0.94871 0.75864
522 170

0.902162

0

690
2.010044
0.022408
1.647065
0.044815

1.963408

Mean
Variance

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) ondall
t Critical onetalil
P(T<=t) twetail
t Critical twotail

470977 4.54117
0.94871 0.75864
522 170

0

318
2.127442
0.017076
1.649659
0.034153
1.967452
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Table E- 32 Slab 3 & Slab 4 Student's #test results for weathering index averages.

t-Test: TweSample Assuming Equal Variances

t-Test: TweSample Assuming Unequal Varianc

Slab 3 Slab 4

Slab 3 Slab 4

Mean
Variance
Observations

Pooled Variance
Hypothesized Mean
Difference

df

t Stat

P(T<=t) ongail
t Critical onetail
P(T<=t) twetall
t Critical twetail

459137 4.54117
0.70701 0.75864
290 170

0.72607

0

458
0.609935
0.271104
1.648187
0.542207
1.965157

Mean
Variance

Observations
Hypothesized Mean
Difference

df

t Stat

P(T<=t) onetail
t Critical onetail
P(T<=t) twetall
t Critical twetail

45937 4.54117
0.70701 0.75864
290 170

0

344
0.604343
0.273007
1.649295
0.546014
1.966884
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APPENDIX F ROSE DIAGRAMS PER SITE

Section F1 : Site 0 ATwain Harte RockOo

Uniaxial

Slab 1

Slab 2

Slab 3

Slab 4

180
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Uniaxial

All Slabs

Section F2: Site 2

Slab 1

Slab 2

Slab 3




Uniaxial

Slab 4

All Slabs 20—t

=)

180

Section F3: Site 3

Slab 2

Slab 3 270

120
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Uniaxial

Slab 4

All Slabs

Section F4: Site 5

Slab 2

Slab 3
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Uniaxial

Slab 4

All Slabs

180

SectionF-5: Site 6

Slab 2

270

Slab 3
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Uniaxial

Slab 4

All Slabs

SectionF-6: Site 12

Slab 2

Slab 3
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Uniaxial

Slab 4

All Slabs

Section F7: Site 13

Slab 2

Slab 3




125

Uniaxial

90

o
R
~

Slab 4

0
Q
o
0
<

SectionF-8: Site 14

270

Slab 2

270—

Slab 3
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Uniaxial

Slab 4

All Slab
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APPENDIX G: SENSOR RESULTS

Table G- 1: Summary of acoustic emission hitsThis table sums all recorded hits per day. This was done
daily for each individual AE sensor (fAchannel 0 or

DateValue | SumOfchl| SumOfch2| SumOfch3| SumOfch4 SumOfch5| SumOfchG‘ SumOfaII‘

04-Oct-14 17 230 1132 1354 123 126 2982
05-Oct-14 30 88 757 1087 79 85 2126
06-Oct-14 10 239 403 1045 39 52 1788
07-Oct-14 113 484 357 1369 115 90 2528
08-Oct-14 1076 1921 1421 3411 355 292 8476
09-Oct-14 41 106 306 1394 30 25 1902
10-Oct14 25 22 251 1017 19 13 1347
11-Oct14 59 24 155 879 34 14 1165
12-Oct-14 62 22 156 990 21 22 1273
13-Oct14 2 9 158 8 2 8 187
14-Oct-14 1 9 139 4 8 8 169
15Oct-14 27 28 50 24 9 1 139
16-Oct-14 0 0 43 3 3 4 53
17-Oct14 3 8 487 18 16 23 555
18-Oct-14 7 72 1201 897 13 22 2212
19-Oct-14 7 24 825 751 13 20 1640
20-Oct-14 50 19 285 41 9 2 406
21-Oct-14 1 3 152 42 10 10 218
22-Oct-14 1 5 193 10 6 5 220
23-Oct-14 20 0 166 11 3 5 205
24-Oct-14 18 16 334 345 37 20 770
250ct-14 5546 23502 4624 4113 472 77 38334
26-Oct-14 14 15 136 73769 69 125 74128
27-Oct-14 9 1 24 587 25 4 650
28-Oct-14 1 0 66 39 6 11 123
29-Oct-14 0 0 54 42 4 8 108
30-Oct-14 0 0 41 10 6 6 63
31-Oct-14 25391 35928 20561 28291 2856 295 113322
01-Nov-14 87107 97244 61582 106705 15465 1236 369339
02-Nov-14 65 17 205 8851 8063 37 17238
03-Nov-14 7 6 205 10214 19468 11 29911
04-Nov-14 35 21 340 2777 4695 55 7923
05-Nov-14 16 1 125 376 18 60 596
06-Nov-14 7 1 94 254 8 6 370

07-Nov-14 1 2 80 193 1 7 284



08-Nov-14
09-Nov-14
10-Nov-14
11-Nov-14
12-Nov-14
13-Nov-14
14-Nov-14
15-Nov-14
16-Nov-14
17-Nov-14
18-Nov-14
19-Nov-14
20-Nov-14
21-Nov-14
22-Nov-14
23Nov-14
24-Nov-14
25-Nov-14
26-Nov-14
27-Nov-14
28-Nov-14
29-Nov-14
30-Nov-14
01-Dec14
02-Dec14
03-Dec14
04-Dec14
05-Dec14
06-Dec-14
07-Dec-14
08-Dec14
09-Dec14
10-Dec14
11-Dec14
12-Dec14
13-Dec14
14-Dec14
15-Dec14
16-Dec14
17-Dec14
18-Dec14

0

12

3

8
4755
20038
26
25
545

4944
2371
39
5261
30
27

11694
4351

4172
12124
2218
58

46

0

3
95090
19544
2398
8422
121244
313775
148209
266309
733876
1492371

1
0
1
0

2479
17561
3570
8

3

1

0
1212
625

25909
73
32

143
443
71
114
20947
3184
6789

29403

82102

17711

2493
3251
643
787
840
723
2248
4580
550
331
6687
14877
12333
565

78
6
59
18
3037
10892
40
9479
1166
207176
183569
7882
51867
67229
74719
18967
2332
2508
504
1141
859
48225
21337
107
27498
59104
10170
1088
1416
25
64
23
80
25747
95605
36
44
10598
21960
17235
20

139

4

82

28
6477
23020
2295
694
870
27

12
6720
6052
6300
16645
4558
784
732
485
300
176
55607
29201
5416
39237
96352
18276
2314
3235
1022
482
85
106
39200
145573
11543
8781
36643
73818
32408
17725

o A~ B O

879
2027
11
14
265
17

1164
454

1348
27

10
27
20
4869
2602
17
3876
7916
1663
124
212
38
36
21
23
3482
12893

1438
2851
2425

135
133

5413
16743
13
30
832

3172
1638

15
7146

54

52
15657
7734

8987
17001
2793
252
327

284
8145
18192

1657
3346
4149

225
158
282

68
23040
90281
5955
10250
3681
207226
183588
25094
63007
73594
131028
23656
3233
3398
1446
1543
1221
156999
68409
12330
113173
274600
52831
6329
8487
1733
1380
96060
20760
81220
285265
133386
322934
205232
383161
802426
1510686
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19-Dec14
20-Dec14
21-Decl4
22-Dec14
23-Decl4
24-Decl4
25-Dec14
26-Dec14
27-Dec14
28-Decl4
29-Dec14
30-Dec14
31-Decl4
01-Janl5
02-Janl5
03-Janl5
04-Janl5
05-Janl5
06-Janl5
07-Janl5
08-Janl5
09-Janl5
10-Janl5
11-Jan15
12-Janl5
13-Janl5
14-Janrl5
15-Janl5
16-Janrl5
17-Janrl5
18-Janl5
19-Janl5
20-Janl5
21-Janrl5
22-Jan15
23-Janl5
24-Janl5
25Janl5
26-Janl5
27-Jan15
28-Janl5

1185862
1196905
1978188
2386139
42734
227487
462959
316849
151963
496400
1092440
734635
8093
25551
379041
6877
4847
18441
32102
26292
202606
192340
6667
1576
802
176310
1538B6
1047791
1026541
1024707
1751791
818414
1222192
2480654
1657244
87151
300268
264943
849776
39
12

8274
6059
37
2476
1102
639
253
323
603
7229
856
449
15861
1209
906
328
529
1498
1921
3514
5977
3955
4981
2861
5489
10737
25596
9974
79030
1122852
216585
32
1008
178255
32936
75429
4217
228
145
4365
27574

11808
3712
107
24
22
11143
99
95
59
38
109
3327
139
123
114
194
344
257
326
208
101
80
67
37
27
59
50
33
130
95
26
23
112
86
51
46
45
68
22
1411
29

10466
9826
7885
8470
98592
204352
112103
9232
0

0

3

OOOOOOOOOOOOOO&

N
\l

155

O N O O O O O O O o o o b

1704
516
35
29

1042
32
74

4624
3184
933
15

10

30

20

14
17

10

13

o

11

O B O O W

96

683
212

362
14

34

1744
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o R

13
22
27

0

1218797
1217230
1986252
2397138
142459
445025
575460
326577
152631
508325
1096594
741131
24110
26887
380069
7409
5733
20226
34369
30028
208706
196379
11722
4477
6324
187116
1563782
1057955
1105713
2147667
1968405
818471
1223356
2659006
1690234
162626
304531
265253
849965
5940
27622

129



29-Janl5
30-Janl5
31-Janl5
01-Feb15
02-Feb 15
03-Feb15
04-Feb15
05-Feb15
06-Feb15
07-Feb15
08-Feb15
09-Feb15
10-Feb15
11-Feb15
12-Feb15
13-Feb15
14-Feb15
15Feb15
16-Feb15
17-Feb15
18-Feb15
19-Feb15
20-Feb15
21-Feb15
22-Feb15
23Feb15
24-Feb15
25-Feb15
26-Feb15
27-Feb15
28Feb15
01-Mar-15
02-Mar-15
03-Mar-15
04-Mar-15
05-Mar-15
06-Mar-15
07-Mar-15
08-Mar-15
09-Mar-15
10-Mar-15

5
10
29

17
70
188
7666
577
8577

573165
511982
197197
32231
19007
71601
491580
575155
257869
10157
30904
63927
353473
26277
153610
493150
211414
650

1

147
417

408214

26

6

30

13

12
306
143053
497273
201823
477845
851680
1231575
270145
284923
260123
66693
222527
167544
305955
406044
396021
510229
468319
159912
41061
43030
52388
45754
113340
333370
89005
1292914
799039
210247
47995
2596

0

0
0
0

16
22
23
19
34
21
31
72
46500
8908
54050
411
59
22
12
17
32
70
20
34
63
37
22
33
1924
10
36
17
31
8664
45163
15688
9337
18
8
289
203
16
19
21
77

o O O o o o o

10
13680
3745
11882

o O O O O O o o o O Fr Fr Bk

[EnY
o N

530
1735
301
68

839
55

o O O o

42

W A~ N 0

22
3940
615
6064

PR NN
N 0 o ©
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217

1979
6584
3543
1021

12

24

~N N A WO

120
608
685
81
1646

o O O »r N O

272
198
15

1

0

4
1880
4505
2677
1171
4

1

0
261

o O O o

408243
100

66

62

60

54
411
143348
570527
215754
560602
852208
1231780
270794
285632
260224
68371
237896
167571
316117
979274
908040
707448
500855
181270
112694
534648
627560
303659
136550
422261
175141
1657984
825350
363868
542297
214534
669
24
170
501
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11-Mar-15 935 0 3027 0 152 0 4114
12-Mar-15 0 22 0 28 0 53
13-Mar-15 0 45 0 21 0 71
14-Mar-15 8 0 36 0 1 0 45
15-Mar-15 69 0 57 0 23 0 149
16-Mar-15 0 0 53 0 46 0 99
17-Mar-15 2 0 8 0 136 0 146
18-Mar-15 3 0 43 0 104 0 150
19-Mar-15 7 0 25 0 756 0 788
20-Mar-15 3 0 21 0 578 0 602
21-Mar-15 7 0 107 0 896 0 1010
22-Mar-15 19402 0 8006 0 7747 0 35155
23-Mar-15 14599 0 687 0 153 0 15439
24-Mar-15 9773 0 28 0 221 0 10022
25-Mar-15 14461 0 16 0 89 0 14566

Table G- 22 Summary of temperature readings.These are the recorded average, maximum and
minimum tempertres from the surface of Twain Harte Rock, in Farenheit.

AvgOfTemp, °F (LGR S/N
10012381, SEN S/N: MaxOfTemp, °F (LGR S/N: MinOfTemp, °F (LGR S/N:
DateValue 10012381) 10012381, SEN S/N: 1001238 10012381, SEN S/N: 1001238
04-Oct14 71.03135889 107.47 50.113
05-Oct14 71.32472569 108.108 51.523
06-Oct14 71.24098611 107.258 51.874
07-Oct14 70.44694792 105.161 52.75
08-Oct14 70.13122569 105.161 50.819
09-Oct14 66.82523264 99.687 49.404
10-Oct14 66.36887847 99.687 48.339
11-Oct14 66.71703472 99.093 49.404
12-Oct14 66.14577083 98.699 48.695
13-Oct14 68.31644097 103.512 49.937
14-Oct14 67.74668403 99.885 50.819
15Oct14 60.18759722 86.459 49.228
16-Oct14 60.19995139 89.938 45.828
17-Oct14 53.86634272 81.975 45.648
18-Oct14 59.2333969 92.174 42.363
19-Oct14 60.81601389 92.926 44,195
20-Oct14 59.90078819 87.186 44,742
21-Oct14 56.43151736 85.554 41.81

22-Oct14 47.76034921 75.484 42.179



23-Oct14
24-Oct14
250ct14
26-Oct14
27-Oct14
28-0Oct14
29-Oct14
30-Oct14
31-Oct14
01-Now14
02-Now-14
03-Now-14
04-Now-14
05-Now-14
06-Now14
07-Now-14
08-Now14
09-Now-14
10-Now14
11-Now14
12-Now-14
13-Now14
14-Now-14
15-Now14
16-Now14
17-Now-14
18-Now14
19-Now14
20-Now14
21-Now14
22-Now14
23-Now14
24-Now14
25-Now14
26-Now14
27-Now14
28-Now14
29-Now14
30-Now14
01-Dec14
02-Decl14

49.44059146
58.68171362
51.95616319

51.48366899
40.47263415

54.40188235
45.35568493

46.24534028
45.90041522
45.08605014
50.96120198
54.53820486
56.74580903
56.88991667
57.56501736
57.61921875
55.19547687
53.34552778
50.28561905
49.3005969
49.71778125
47.29268056
44.35735@8
35.24671739
39.62724138
46.32620486
43.03679514
45.32976573
46.62926042
41.4789%86
43.999875
47.28973611
51.30087153
53.20094444
50.07963889
43.24052778
42.91071528
48.58590625
46.67986806

74.446
93.873
81.266

81.09
41.994

81.442
46.908

73.062
73.926
76.354
80.735
86.459
90.124
89.938
90.124
90.495
86.823
78.975
50.466
60.883
75.659
78.274
76.181
47.982
61.227
58.993
55.364
68.248
56.577
60.195
75.139
80.911
86.277
88.833
84.654
47.266
50.819
77.749
50.995
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45.286
43.466
42.732

38.44
39.573

47.088
44.379

36.145
31.617
31.012
35.951
39.573
43.282
42.179
42.732
44.013
41.625
40.134
50.113
44.013
39.573
36.531
30.198
31.213
32.418

37.87
35.175
33.013

38.25
33.411
31.816
34.002
37.297
40.509
37.297
39.573

37.87
38.818

39.76



03-Dec14
04-Decl4
05-Dec14
06-Dec14
07-Dec14
08-Decl14
09-Dec14
10-Decl4
11-Decl4
12-Decl4
13-Decl4
14-Decl4
15Decl4
16-Decl4
17-Decl4
18-Decl4
19-Decl4
20-Dec14
21-Decl4
22-Decl4
23-Decl4
24-Decl4
25-Decl4
26-Decl4
27-Decl4
28-Decl4
29-Decl4
30-Decl4
31-Decl4
01-Janl5
02-Janrl5
03-Janrls
04-Janl5
05-Janrl5
06-Janl5
07-JanlS5
08-Janl5
09-Janl5
10-Janrl5
11-Janl5
12-Janl5

49.81712153
50.27237778
48.46661111
50.63222222
46.3114097
46.64557986
46.39028819
47.39092708
49.98422028
41.67354514
39.92184028
38.37313889
41.52336806
45.14200694
41.28889236
41.88557986
40.90094792
45.09720139
50.1840694
47.5473871
45.99414236
41.92760764
36.50815278
34.21640278
35.45186111
37.445D764
37.12851042
35.43079167
31.79396875
32.54301042
34.11500694
36.53902778
40.4819222
43.93677431
47.57782292
49.37539583
47.51553472
48.28097569
49.17622917
46.8898%B56
45.44948958

57.785
65.167
56.057
74.098
64.481
75.139
69.964
67.735
54.322
45.466
63.968
57.441
53.1
69.278
48.517
63.282
44.922
49.582
67.392
73.58
69.449
51.874
56.923
55.884
58.131
61.569
59.68
53.1
58.476
57.614
59.68
61.741
67.906
72.372
76.876
79.678
77.05
62.769
73.407
68.934
68.592
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48.16
41.994
41.439
41.625

38.25
36.338

38.25
38.818
43.648
35.951
32.218
31.816
36.338

39.76
37.107
33.411
36.531
41.994
41.994
37.679
35.564
34.002

27.93

24.96
25.819
28.555
26.245
22.552
20.529
21.209
24.093
26.245
28.969
33.411
36.531

37.87
37.107
41.994

39.76
37.107
35.564



13-Jan15
14-Janl5
15-Janl5
16-Janl5
17-Janl5
18-Janl5
19-Jan15
20-Janl5
21-Janrl5
22-Janl5
23-Janls
24-Janl5
25-Janrl5
26-Janrl5
27-Janl5
28-Janl5
29-Jan15
30-Janl5
31-Janl5
01-Febl15
02-Feb15
03-Feb15
04-Feb15
05-Feb15
06-Feb15
07-Feb15
08-Feb15
09-Feb15
10-Feb15
11-Feb15
12-Feb15
13-Feb15
14-Feb15
15Feb15
16-Feb15
17-Feb15
18-Feb15
19-Feb15
20-Feb15
21-Feb15
22-Feb15

41.64283681
43.11523843
44.49689931
46.66952431
49.67701736
50.24759028
50.15909375
45.36989583
43.29688889
44.03010417
46.35638889
47.90380903
51.33057986
48.98417361
46.65725
46.54218403
48.27638889
47.41577778
48.48930556
47.272B958
50.53851042
52.32549434
52.81042708
55.36363194
53.41841667
51.97539931
50.50413542
51.37840278
45.617
50.63655208
54.81457986
56.44996528
57.78726389
54.8787463
56.3705625
56.17170139
56.20250694
55.3345625
54.20032986
51.14736806
44.24889931

68.421
69.793
72.545
68.763
78.624
79.151

77.05
72.028
71.168
72.891
75.312
78.098
84.474
82.864
57.441
72.372

77.05
75.832
80.735
81.797
80.911
83.757
86.823
79.502
65.167
61.741

59.68
77.225
78.098
82.864
87.552
93.115
93.873
86.641

88.65

88.65
86.459
85.915
83.399
80.206
67.564
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30.607
30.808
30.403
33.607
39.573

38.44
39.007
33.411
29.174
32.617
32.815
33.213
36.145

37.87
37.107
34.394

35.37
34.002
34.198
31.816
36.723
39.573
38.818
40.696
45.104
46.908
45.104
36.914

29.79
35.564

38.25
39.007
41.439
39.196
39.573
40.696
40.881
41.625

38.44
38.061
33.013



23-Feb15
24-Feb15
25Feb15
26-Feb15
27-Feb15
28-Feb15
01-Mar-15
02-Mar-15
03-Mar-15
04-Mar-15
05-Mar-15
06-Mar-15
07-Mar-15
08-Mar-15
09-Mar-15
10-Mar-15
11-Mar-15
12-Mar-15
13-Mar-15
14-Mar-15
15-Mar-15
16-Mar-15
17-Mar-15
18-Mar-15
19-Mar-15
20-Mar-15
21-Mar-15
22-Mar-15
23-Mar-15
24-Mar-15
25-Mar-15

44.48880556
45.17508364
47.46335069
49.434375
45.86680903
41.82968403
43.39009028
43.71165278
43.83642361
45.54635417
51.15684698
51.3000669
55.23453125
57.45507@9
57.73603819
58.67711111
52.74835764
56.44785764
61.72442014
64.39200694
65.362857@
61.335375
62.01815972
60.17121528
60.8413125
58.88536806
59.15528125
59.19770833
56.31105556
55.18661111
51.58316084

70.137
77.05
79.151
78.975
64.652
66.022
72.199
74.098
74.964
77.923
87.552
87.186
89.755
89.384
90.68
90.68
75.312
89.017
96.748
97.916
95.4
91.8
90.68
91.425
96.168
94.062
91.053
88.282
84.654
85.735
82.864
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30.808
27.721
30.808
33.607
38.061
33.213
30.607
33.411
30.198
29.995
32.018
31.213
36.145
39.384

38.25
40.509
43.466

38.44
41.067
46.908
49.937
46.728
47.802
41.254
39.196
42.915

41.81
44.195

44.56

39.76
39.384



136

Table G- 3: Summary of incoming light results.Includes the average, maximum, and minimum daily
light intensity.

MinOflntensity,
AvgOfintensity, lum/ft2 (LGR  MaxOflIntensity, lum/ft? lum/ft2 (LGR S/N:
S/N: 10012381, SEN S/N:| (LGR S/N: 10012381, SE|l 10012381, SEN

DateValue 10012381) S/N: 10012381) S/N: 10012381)
04-Oct-14 4371.585366 18432 0
05-Oct-14 4287.284722 18432 0
06-Oct-14 4206.90625 17408 0
07-Oct-14 4076.614583 17408 0
08-Oct-14 4156.1875 17408 0
09-Oct-14 4111.21875 17408 0
10-Oct14 4021.78125 17408 0
11-Oct14 3741.715278 16384 0
12-Oct14 3994.652778 17408 0
13-Oct14 3928.07639 16384 0
14-Oct14 3793.756944 16384 0
15-Oct14 2129.0625 18432 0
16-Oct14 3333.229167 17408 0
17-Oct14 928.8685446 10752 0
18-Oct14 3594.267361 15872 0
19-Oct14 3525.944444 15872 0
20-Oct-14 3367.461806 14848 0
21-Oct14 3358.197917 15360 0
22-Oct-14 149.8518519 2048 0
23-0Oct-14 30.12804878 1152 0
24-Oct14 1650.746479 14336 0
25-0ct-14 1556.489583 16384 0
26-Oct-14 3173.275261 15360 0
27-Oct-14 8.573170732 184 0
28-0Oct-14
29-Oct14 176.3823529 3840 0
30-Oct-14 0 0 0
31-Oct14
01-Now14 2103.427083 18432 0
02-Now-14 3114.785467 13824 0
03-Now14 2381.470752 13824 0
04-Now14 2940.312871 13312 0
05-Now14 2877.9375 13312 0
06-Now14 2303.065972 14848 0
07-Now-14 2822.934028 13312 0
08-Now14 2693.756944 13312 0



09-Now-14
10-Now14
11-Now14
12-Now-14
13-Now14
14-Now-14
15Now14
16-Now-14
17-Now-14
18-Now14
19-Now14
20-Now14
21-Now14
22-Now-14
23-Now14
24-Now-14
25Now14
26-Now14
27-Now-14
28Now14
29-Now14
30-Now14
01-Decl4
02-Decl4
03-Decl4
04-Decl4
05-Dec14
06-Decl4
07-Decl4
08-Decl4
09-Dec14
10-Decl4
11-Decl4
12-Decl4
13-Decl4
14-Decl4
15Decl4
16-Decl4
17-Decl4
18-Decl4
19-Decl4

2735.052083
2619.47331
1052.572917
0

382.6627907
1135.927083
1175.611111
1140.34386
29.42934783
78.57635468
516.3333333
594.65625
2015.125874
424.0451389
975.4444444
1454.552083
1411.788194
1417.364583
1444.621528
1331.357639
271.6944444
394.3194444
1177.864583
289.1666667
272.3368056
726.562963
554.15625
1049.065972
892.4965278
1150.03125
798.5833333
751.7534722
66.54545455
412.6909722
687.6909722
681.7673611
416.9097222
925.2708333
519.5694444
1007.520833
241.6701389

12800
12800
6400

3840
8192
7936
7936
2816
1664
3072
3712
21504
3840
7936
7168
6912
6912
8192
7168
2432
3584
8704
3968
4096
8704
3840
6144
5888
6912
6144
6656
480
2688
7680
6656
3584
7936
3840
6144
1536
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20-Decl14
21-Decl4
22-Decl4
23-Decl4
24-Decl4
25-Decl4
26-Decl14
27-Decl4
28-Decl4
29-Decl4
30-Dec14
31-Dec-14
01-Janl5
02-Jan15
03-Jan15
04-Janl5
05-Jan15
06-Janl5
07-Jan15
08-Janl5
09-Janl5
10-Janl5
11-Janl5
12-Jan15
13-Janl5
14-Jan15
15-Janl5
16-Janl5
17-Jan15
18-Janl5
19-Janl5
20-Janlb
21-Janl5
22-Janl5
23-Janlb
24-Jan15
25-Janlb
26-Janl5
27-Jan15
28-Janlb
29-Janl5

234.2569444
599.4340278
729.0646161
1100.243056
455.4652778
1201.034722
1189.857639
1215.0625
1197.767361
1196.128472
1288.159722
1256.357639
1245.934028
1243.979167
1225.736111
1276.572917
1195.069444
1262.170139
1287.631944
1155.576389
661.7916667
1263.291667
1272.055556
1253.038194
1323.993056
2848.427046
2799.125
1056.868056
2021.381944
2918.725694
3051.434028
2727.225694
3070.517361
1710.576389
3244.90625
3327.829861
3327.28B75
1683.548611
801.7777778
3156.069444
2929.309028

1920
3712
3200
7680
3456
6656
6656
6656
6656
6912
6912
6912
6912
6912
6656
8704
7680
6912
6912
7680
3968
7936
6656
7680
7168
12800
13312
8192
15872
15360
13824
15360
14848
14848
14336
14848
14848
16384
4608
14848
16384
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30-Janrl5
31-Janl5
01-Feb15
02-Feb15
03-Feb15
04-Feb15
05-Feb15
06-Feb15
07-Feb15
08-Feb15
09-Feb15
10-Feb15
11-Febl15
12-Feb15
13-Feb15
14-Febl5
15Feb15
16-Feb15
17-Feb15
18Feb15
19-Feb15
20-Feb15
21-Febl15
22-Feb15
23-Feb15
24-Feb15
25-Feb15
26-Feb15
27-Feb15
28-Feb15
01-Mar-15
02-Mar-15
03-Mar-15
04-Mar-15
05-Mar-15
06-Mar-15
07-Mar-15
08-Mar-15
09-Mar-15
10-Mar-15
11-Mar-15

3433.069444
3565.069444
2977.326389
2762.982639
3168.064151
2680.256944
2055.340278
366.0173611
563.0555556
426.1284722
3495.333333
3863.975694
3959.6875
4553.958333
4529.3125
4645.708333
3873
4669.458333
4629.125
4605.25
4092.361111
4754.836806
4548.3125
1872.461806
3311.149306
5099.676364
2363.21875
2296.145833
1058.642361
1247.989583
2256.940972
1751.590278
2233.871528
2608.868056
3249.017794
2503.492958
2845.173611
2800.993056
2936.104167
2275.743056
895.6631944

14848
15872
16384
16384
15872
17408
16384

3456

9728

5376
23552
21504
19456
19456
19456
19456
19456
19456
19456
19456
21504
19456
18432
25600
25600
20480
11776
12288
16384
14336
16384
18432
17408
15360
14848
11264
11776
12800
12288
12288

9216
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12-Mar-15
13-Mar-15
14-Mar-15
15-Mar-15
16-Mar-15
17-Mar-15
18-Mar-15
19-Mar-15
20-Mar-15
21-Mar-15
22-Mar-15
23-Mar-15
24-Mar-15
25-Mar-15

3000.489583
3028.111111
2608.645833
2776.645833
2349.194444
2718.201389
3320.107639
3373.354167
2410.881944
3165.017361
3090.371528
2592.472222
2519.489583
3039.412587

12800
14848
13824
12800
13824
14336
13312
13824
12288
14336
14336
16384
13312
12800
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APPENDIX H: WEATHERING INDEX MORPHOLOGY

0

fresh crack, no signs of
oxidation or weathering,
extremely sharp edges and

MORPHOL/O

|y

evidence of recent detachment I

1

fresh crack with less
than 50% of the face
oxidized

2

fresh crack with greater
than 50% of the face
oxidized

3

sharpedged crack, fully
oxidized

4

roundedged crack, fully
oxidized

3}

roundedged crack,
sealed

6

no void present, obvious
paleacrack location

—

D)
D

—\Daleocrack
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Crack Density (length/length)
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APPENDIX I: UNITLESS CRACK DENSITY RESULTS
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APPENDIX J: ADJUSTED TWAIN HARTE CLIMATE GRAPH

MT Eliza, TH ADJUSTED
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APPENDIX K: TRANSECT SURFACE SLOPES
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APPENDIX L: TRANSECT BEARINGS

Figure L- 1: Surface 2 Transect Bearings

Figure L- 2: Surface 3 Transect Beengs



