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THESIS ABSTRACT
Lauren Jean Austin
Master of Science
Department of Geological Sciences
September 2013
Title: Evolution of Regional Stress State Basedraualting and Folding Near the Pit
River, Shasta County, California
We investigate the evolution of the regional stiase near the Pit River,
northern California, in order to understand thdtfag style in a tectonic transition zone
and to inform the hazard analysis of Fault 3432 tiea Pit 3 Dam. By analyzing faults
and folds preserved in and adjacent to a diatomite north of the Pit River, we have
determined principal stress directions preservethduhe past million years. We find
that the stress state has evolved from predominantimal to strike slip and most
recently to reverse, which is consistent with regicstructures such as the extensional
Hat Creek Fault to the south and the compressiofdihg of Mushroom Rock to the
north. South of the Pit River, we still observemat and strike slip faults, suggesting

that changes in stress state are moving from norslouth through time.
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CHAPTER |
INTRODUCTION

1. Overview

For this project, | investigated surface deformat- faults and folds — in the Pit
River region of northern California to determine tiegional stress state and help inform
the hazard analysis of the Pit 3 Dam. In Chaptedéscribe the tectonic setting of the
study area and explain the motivation for the mrojin Chapter Il, | explain the
techniques | used in the field and in subsequealyars of field data; in Chapter 11l |
present the results from data analysis and shoprthtgable progression of regional
stresses. | discuss the structural and regiondldatmns of these results in Chapter IV.
2. Tectonic setting

The Pit River region of northern California isusited in a transition zone between
several significant volcanic and tectonic provinff@gure 1). Generally east-west
convergence of the Gorda and North American plassits in subduction of the Gorda
plate beneath North America. The resulting arc aoiem reaches as far south as the
intermediate and mixed volcanics of California’s b Shasta and Lassen Peak, which
bracket the Pit River region to the north and sprgbpectively (Figure 1). West of the
arc, east-west to north-south shortening occunsinvithe Klamath Mountains region.
East of the arc, extensional faulting and volumsbasaltic volcanism of the Modoc
Plateau make up the northwestern corner of thenBasl Range extensional province
(White and Crider, 2006). The Basin and Range,taradlesser extent the Modoc
Plateau, is characterized by east-west extensairptbduces north- to northeast-striking

normal faulting and distinctive horst and grabguography. To the south, interactions



between the Pacific and the North American platesidate the tectonics. The dextral
San Andreas Fault accommodates much of the relpl@te motion, but 15-25% of the
total motion is accommodated in the western GreairB and specifically in the Walker
Lane east of the Sierra Nevada (Figure 1; Fauli35p

The Sierra Nevada Mountains and the adjacent Malty to the west together
behave as a rigid block, with regional deformataourring on the margins between the
Sierra Nevada-Great Valley block and neighborirayjrces (McCaffrey, 2005).
Because deformation is concentrated on the wekldped San Andreas Fault margin,
dextral shear occurs at a faster rate on the waso$ the Sierra Nevada-Great Valley
block than on the east. This distribution of dextnation results in the entire Sierra
Nevada-Great Valley block being translated nortlilvaausing compression in the
Klamath Mountains and contributing to the clockwistion of the Oregon forearc
where the Sierran microplate and the Cascadiarot#acks meet (McCaffrey, 2007).
GPS measurements of strain have been particulsefulin resolving strain distribution
related to plate boundary motion. Geodetic measenésrshow that slip is concentrated
in the diffuse but discrete zone of Walker Land e&s$he rigid Sierran microplate and
provides high resolution strain rates (Hammond 5200cCaffrey, 2007). Some of the
Walker Lane shear propagates northwestward acaysisenn California, appearing to
pass through the Pit River region, and appearsriaect with the poorly defined zones
of deformation between the Gorda, Pacific, and IN&rherican plates near the Klamath
Mountains (Miller, 2001). Modern GPS data showistrates of ~11 mm/yr across
Walker Lane, compatible with rates determined by Veng baseline interferometry

(VLBI) and integrated net shear methods based ofogie data (Dokka, 1990; Argus,
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Figure 1. The greater tectonic setting of the Pit River oegi the western US - is a
complex zone of plate boundaries and interactiGaswvergence of the Juan de Fuca and
Gorda plates with the North American plate form @sscadia subduction zone and
associated Cascade arc volcanism; the Pit Riyasisiorth of the southernmost Cascade
arc volcano, Lassen Peak. The transform boundawelea the Pacific and North
American plates includes the dextral San Andreak #&d associated structures. The
Walker Lane zone of diffuse dextral shear sepathtgxtensional Basin and Range
from the Sierran microplate and projects northwatd the Pit River region. The Sierran
microplate pushes northward like a piston into Imem California and southern Oregon.
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1991; Sauber, 1994; Bennett, 1999; Dixon, 2000; Mand, 2007). Strain
accommodated in Walker Lane appears to be in theeps of consolidating onto a
smaller number of dominant structures in the saghand is more diffuse as it
propagates to the northwest (Hammond, 2007). ThRi¥er region experiences some
of this diffuse dextral shear related to PacificiioAmerican plate motion. Specifically,
at the boundary between the southern end of thea@asRange block and the northern
edge of Walker Lane, dextral shear is transferoeti¢ west, which results in Quaternary
compression in the northern Central Valley. Thesl@keek Fold Belt is an example of
this recent shortening (Sawyer, 2010), as welhagptoposed Mushroom Rock anticline
(Sawyer, 2011).

Crustal stresses related to these complex blodlonsand volcanic processes
drive regional seismicity and form the observedgyas of faulting around the Pit River.
Sequences of earthquakes near Lassen Peak andméddi&e demonstrate the link
between magmatic processes and seismicity. Forgramzurisin et al. (1991) find that
subsidence and seismicity occur contemporaneotshedicine Lake, and attribute it to
a combination of crustal loading, Basin and Randersion, and cooling and
crystallization of magma bodies. The clockwise tiotaof the Oregon forearc causes
extension at the block’s southeast edge and dtihneesubsidence observed at Medicine
Lake as well as the opening of the Oregon BasinRarthe (Poland, 2006). Three
clusters of earthquakes near Lassen Peak betw@&énab@ 1950, which included
mainshocks up to M 5.5, are attributed to BasinRadge extension, though a magmatic
trigger cannot be ruled out (Norris, 1997). Volsmnj magmatism, and plate motions

associated with different tectonic provinces atrénétrrelated and help shape the faulting
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patterns observed in the Pit River region. A restady of strain indicators from
seismicity in the Pit River region finds three npietable clusters of similar earthquakes
to the northwest, west, and southeast of the R@rRLahontan GeoSciences, 2012). All
three clusters appear to have a component of dektear, but the western cluster has a
component of compression while the northwest anth&ast clusters show a
combination of transtensional and pure dextrakstsiip. This confirms that faulting in
the Pit River region is complex, but that therelaoal zones of distinct stress.

The most prominent fault-related feature in theRver region is the Hat Creek
graben to the southeast, which is bounded on tstebgahe Hat Creek Fault and on the
west by the Rocky Ledge Fault and several othegu(€ 2). Figure 2 shows how
deformation morphology differs to the north andteaaf the Pit River; in particular, the
distinct normal scarps of the Hat Creek grabenatclearly continue to the north of the
river. Within the Hat Creek graben, bounding faoltsboth sides strike north to north-
northwest. On the west-dipping Hat Creek Faulgltstarp height exceeds 500 meters in
places (Muffler, 1994) and cuts flows as younghes24:6 ka Hat Creek basalt (Turrin,
2007). The Hat Creek Fault stretches ~50 km alariigesand is characterized by
numerous left-stepping segments connected by rataps and monoclines (Muffler,
1994). On the west side of the Hat Creek grabene#st-dipping Rocky Ledge fault
constitutes the largest member of the graben-bogrfdult system. The Rocky Ledge
Fault scarp stands 65-72 meters high, and the geesigp rate on the Rocky Ledge Fault
over the last ~200 ka is &@.2 mm/yr, an order of magnitude less than the late

Quaternary slip rate on the Hat Creek Fault (SavaperRamelli, 2012).



Kilometers

Figure2. A regional hillshade map shows the location efHit 3 Dam and the Dicalite
diatomite quarry, marked with a star. Shown inaeglthe two most significant bounding
faults of the Hat Creek graben, the Hat Creek famlthe east and the Rocky Ledge fault
on the west. Numerous north-south faults southefRit River become far less common
north of the river, suggesting the transfer ofistta the west, perhaps via east-west
compressional structures. To the northeast, theod&diateau produces voluminous
volcanism that is likely related to both Cascadekbec spreading and Basin and Range
extension. High topography to the north of theRNter and northwest of Pit 3 Dam
exposes Klamath Mountains terrane rocks and isdexito the north by a pair of
potentially active folds near the Mushroom Roclgedsuggesting north-south
shortening consistent with the stress state ilkKtamath Mountains block. Gardner
(1960) mapped a syncline axis on the northern efligee high topography, and Sawyer
(2011) mapped a possible anticline axis bisectiegdeep canyon just to the south of the
Mushroom Rock ridge; both involve late TertiaryQaaternary age volcanics.

Northwest of the Rocky Ledge Fault lies Lake Bnitavhere laterally extensive

diatomite deposits are exposed, the thickest o€lwis excavated by the Dicalite



diatomite quarry (Figures 3 and 4). The diatomiterbes volcanic rocks as young as
1045.82.3 ka and is capped by the 9A318.3 ka Pole Creek Basalt, constraining the
age to roughly 1 Ma (Muffler et al, 2012). The diaite deposit formed when basalt
flows dammed the Pit River at the eastern edg@ofd 2, creating a large lake that
covered much of the Burney-Pit River region. Diatendeposits extend about 25 km to

the east and are exposed in roadcuts and quandesrethe shoreline of Lake Britton.

Figure 3. GoogleEarth imagery shows the Dicalite diatomuargy and adjacent Lake
Britton. Diatomite deposits are visible along thkd’s shoreline, and in one location
(LB) faults were sufficiently well exposed to allomeasurement; fault plane orientation
is consistent with faults in the Dicalite quarrydan the region. Three other external sites
afforded good exposure of faults: Clark Creek R@@AR) just north of the Pit 3 dam,
Forest Service Road 37NO5 (FSR), and the “Fiven@wst’ intersection of Clark Creek
Road and Forest Service Road 37N05 (5C).



Figure4. Aerial photography of
the Dicalite diatomite quarry
shows terracing that exposes faults.
Many faults can be traced from the
bench walls across the floor and
into other benches. | measured
faults along the entire outer
perimeter, as well as on the floor
where active mining was not
occurring. Small stereonets show
the distribution of faults in each
location. The spiral-patterned form
at the center of the quarry is a pile
of overburden, which conceals any
faults there. Photo credit: Dicalite
Minerals Corp.

3. Motivation and goalsfor research

The motivation for research into the regionalstrstate near the Pit River is two-
fold. First, we seek to understand faulting styled crustal stresses in a transition zone
between several distinct tectonic provinces. Winiech is understood about typical
faulting styles in adjacent provinces, little wdr&s been done at the intersection of these
provinces and in particular how these boundarieg migrate or change through time.
The Cascadia subduction zone and associated volaencreate compressive strain and
volcanism (Murray and Lisowski, 2000); the Paciflorth American plate boundary
produces right-lateral strike-slip motion concetgdaon the San Andreas Fault and the
Walker Lane-Eastern California Shear Zone (DixdQ® Faulds, 2005); and the
western Basin and Range is dominantly extensidtianimond and Thatcher, 2004;

Egger, 2011). All three styles of deformation — poession, extension, and horizontal
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translation — have been observed to some extéheiRit River region (Gardner, 1960;
Muffler, 1994), which leads to several importanesgtions. How are various deformation
regimes distributed throughout the transition zowéfich type of deformation is
currently dominant, and what has been the tempoogjression of dominant stress states
in the Pit River region? Which types of faults aff$ets are expected to be active in
future seismic events?

Second, faults in the region have the potentiastoface rupture, which poses a
potential hazard to people, buildings, and infrattire in the region. By quantifying the
regional stress state, we aim to help inform trmatdhanalysis of Fault 3432 (Figures 3
and 5), which projects northward toward the Pit&8rDnear Burney, California. By
determining the orientations of principal stresesaxve can infer the likely sense of slip
on a fault with similar orientation to Fault 3432Zior to this study, the sense of slip on
Fault 3432 was not well documented. Several faxdtth of the dam have been proposed
to be continuations of Fault 3432, so demonstraisgnilar — or dissimilar — style
informs the likelihood that Fault 3432 extends tlglo the dam. Active faults south of the
Pit River do not appear to continue across the (iWgure 2), suggesting a change in
tectonic style or level of activity. Documentingethtyle of faults north of the river and
how they compare with faults south of the river baip explain the apparent change at
the river. The principle goal of the project wasise a statistically significant set of
exposed faults from which to infer the regiona¢ss state. A related goal was to
determine if the stress state has evolved in steh Ma so that we could infer faults

that are inconsistent in style with the currentsdrstate to be inactive.



Lineament observed
in aerial photos east

“Five Corners Monocline” |
Sawyer, 2011

S

Figure 5. An oblique view of the western end of Lake Brit&gltows the proximity of the
Pit 3 Dam to the Dicalite diatomite quarry wherestnaf the fault measurements were
taken. Also shown is Fault 3432, which projectsdamhthe Pit 3 Dam, and the Lower
Road Fault, which is visible in a roadcut nortrited dam. In aerial imagery, a NNW-
trending lineament appears to bound the quarriggeetst. This is consistent with the
gently east-dipping beds on the eastern margineofiuarry. We also show Sawyer’s
(2011) Five Corners monocline, which trends nortiveend projects toward the
diatomite quarry.
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CHAPTER I
METHODS

1. Fault data collection

To determine the regional stress state, we meadshecorientation of ~240 faults
and 140 kinematic indicators on these fault sudgak@amematic indicators consist of
slickenlines, or lineations, and mullions, or gresthat show the line of slip. Generally a
unique direction, such as up or down a lineatiould not be determined, so additional
information such as bedding separation was requaré&afer a unique slip direction. In
order to infer the stress state for the greateRR#er region as opposed to a specific
location within it, the set of faults measured andlyzed must average out local
variations. We set out to find exposures of faultas wide an area as possible (Figure 3),
particularly in diatomite deposits because of tgeiuth and excellent preservation of
faults. By far the best exposures of faults aneiiatic indicators exist in the Dicalite
diatomite quarry, so we focused our efforts th&igure 4). The Dicalite quarry north of
Lake Britton and Pit 3 Dam is a ~100 meter-deep-ar@D0 meter- by 500 meter- wide
pit that provides excellent exposures of hundrddsrall faults (Figure 6). Because the
diatomite is underlain by volcanics as young asb1®&£2.3 ka and capped by the
973.6:12.3 ka Pole Creek Basalt (Muffler et al, 2012),approximate its age as ~1 Ma.
Thus all faulting recorded in the diatomite is yganthan ~1 Ma, which produces a
fairly complete record of recent Quaternary fagtiaty. The scale of faulting varies in
the quarry; several significant through-going fauan be traced for tens of meters across
the quarry floor and through bench walls, and hedsliof smaller faults and fractures

break up the areas in between.
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Figure 6. Relatively planar diatomite layers afford excell&ult exposures and preserve
fault plane features remarkably well. The diatorstsoft, making it easy to dig out one
side of each fault plane. Quarry walls were smawitil we dug out faults. Photo (a)
shows vertical benches that provide exposuresfséolbedding; photo credit Rocky
Torgrimson. The vast majority of faults observedhe quarry showed normal separation
(b) or no vertical separation. Photo (c) shows malmer of faults offsetting a dark ash
layer, highlighted in (d). The photos in (e) andstiow well-defined fault mullions.
Direction of slip on the fault surface as inferfeaim slickenlines and mullions is marked
with blue lines; in both of these examples, kinamiadicators are subhorizontal on
high-angle fault planes.

12



In the Dicalite quarry, diatomite is well indurajeshd bedding is distinct and
gently folded up to about 20 Bedding varies in color, making it possiblerace
specific beds along quarry walls, but there isualy no parting of bedding planes or
other evidence that it exerts a mechanical infleemt faulting. By contrast, faults form
discrete fractures along which the two sides casdparated, so it was easy to dig out
one side of a fault plane to expose the fault sertand kinematic indicators.

| identified faults by bedding separation, spallaigng the edge of the fractures,
or discolored planes; | subsequently dug out otie & reveal the fault surface. While
most faults broke out easily with a hand tool, fawith normal separation were difficult
to dig out. On each fault surface | took two measents, the orientation of the fault
plane and the orientation of any observable kinenadlicators on the fault plane. Some
faults were sinuous, in which the orientation ¢&alt plane varies over a short length
scale; for these | took multiple measurements fo@pwiately document the variation and
calculate an average. In many cases, centimeteneter-scale sinuosity of a fault plane
is parallel to the kinematic indicators presenttersurface. Though the majority of fault
planes display well-preserved slickenlines (two-elsional linear features; Figure 6f),
mullions (three-dimensional raised grooves; Fidagg or both, some faults show
poorly-developed kinematic indicators or none htlalthese cases, | only measured the
fault plane. In total, | took 430 measurements 48 faults, 231 within the Dicalite
quarry and 12 faults from four locations outsidehe quarry to confirm that the mine

was representative of the region (Figure 7).
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Clark Creek Road o

w8 Forest Service Road

5 |8

Sl IR Figure7. Of the four sites outside of the
: iy W 8 diatomite quarry, three are roadcuts and
R Sl MR B T == one is along the shoreline of Lake
Britton. The Clark Creek Road roadcut
exposes a large fault, the “Lower Road
fault,” which is part of the fault system
that projects towards the Pit 3 dam. The
roadcut on Forest Service Road 37N05
preserves two small faults that truncate
into a capping gravel unit. The “Five
_ Corners” intersection of Clark Creek
Road qnd ESR 37NO05 exposes faulted
T diatomite with many roots. Fault planes
T 4 o are likely acting as conduits for
moisture, so kinematic indicators were
poorly preserved on fault surfaces. The
northern shore of Lake Britton exposed
two faults whose orientations match two
of the dominant geometries of faults in
the mine. Lakeshore faults did not have
any resolvable kinematic indicators.

e
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The four sites outside of the diatomite mine arenXhe northern roadcut along
Clark Creek road adjacent to the Pit 3 Dam; 2hertorthern roadcut along Forest
Service road 37N05 above the previous site; 3engastern roadcut at the “Five
Corners” intersection of Clark Creek road and FoSesvice road 37NO05; and 4) along
the north shore of Lake Britton, east of the thyesvious sites and the Dicalite quarry
(Figures 4 and 7). Within the quarry, | measuredt$aexposed along the perimeter walls
on the north, east, and south sides (Figures Hantfherever faults intersected, we
attempted to determine if one fault offset anotbezstablish cross-cutting relationships.
At the center of the quarry, a large overburdee pilscures any measurable faults.
2. Fault stereonet analysis

We analyzed 430 fault plane and associated kinenmaticator measurements
using stereonets to calculate the orientationgiotipal stress axes. As a first order
analysis, we analyzed all high angle faults astarbgeneous set on a single stereonet
(Figure 8), excluding low angle faults, which wemnsiderably less common and clearly
inconsistent in likely stress orientation from hahgle faults; these will be discussed
separately below. We plotted all fault planes de$to great circles and contoured the
poles to find the orientation of the average faldne. As will be discussed in detail in
Chapter Ill, this average fault plane is consisteitih the regional faulting pattern (Figure
2). We then plotted the average fault plane agatgircle along with all kinematic
indicator measurements, which we refer to as gigars for our analysis; this enabled us
to find the slip vector that best fits the averémét plane (Figure 8c). Using the average
fault plane and slip vector, we can determine tientations of the principal stress axes.

The intermediate principal stress (sigma 2) i5f8@m the average slip vector along the
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average fault plane, and sigma 2 is the pole taitpaa 1-sigma 3 plane. The maximum
principal stress (sigma 1) is ~3fbom the average slip vector along the sigma ai@
plane, and the least principal stress (sigma 2)isrom sigma 1 on the sigma 1-sigma 3
plane (Figure 8). Because this leads to two pdgski— sigma 1 can be 3 either
direction — we used observations of bedding sejpar&h choose the correct one. A
subvertical sigma 2 and approximately north-soighma 1 suggests, on average, right
lateral faulting essentially consistent with thelkéa Lane zone, as will be discussed in
Chapters Il and IV.

To assess the spatial distribution of faults, vwatpd fault planes and slip vectors
from each individual location on separate sterep(@tamples in Figure 9). Because
similar orientations occurred at multiple sitesg{ife 9) and discrete clusters appear in
the contours of Figure 8, we subsequently plotid ¢rom all sites on one stereonet in
the form of poles to fault planes to determindnét fell into distinct sets based on fault
plane orientation. Distinct clusters were apparentye started by grouping faults with
obviously similar orientation, adding slip vectoosthe plots, and calculating the
principal stresses. We carried out several itematmf the grouping process, combining or
splitting groups to find the most robust groupingssome cases, we split groups that
contained more than one set of slip vectors wighgiven fault plane orientation, with the
goal of finding the best-defined groups of simiyarstiented faults from all of the
different regions. We settled on nine appropriateigings and found the average fault
plane and slip vector for each (Figures 10 and Gi9ups were principally selected by
fault orientation, but in a few cases, distinceatations of kinematic indicators were

used to separate similarly oriented faults. Onoeigs were chosen, we found the
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average fault plane and alpha-95 to check thagtbeps were actually distinct (Figure

10).
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Figure 8. Stereonet (a) shows all measured fault planeafgrecles) and their
associated slip vectors (blue dots) where kinenmiadiicators were present and
measurable (selected subgroups will be shown isespient figures). In stereonet (b), all
fault planes are represented as poles (black dotsontoured with Kamb contours. In
(c), low angle fault planes are removed and theareimg poles to planes are contoured.
The black great circle represents the overall geefault plane. Blue dots show slip
vectors from all faults, and the purple dot refieitte average slip vector that falls on the
average plane. Stereonet (d) shows the averagefaok and slip vector (as in (c)), and
the principal stresses that would produce a fduhat orientation with slip in the
direction of the average slip vector from (c). Ntitat most slip vectors in (c) fall on the
sigma 1-sigma 3 plane, as would be expected.
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(a) N side 2nd bench (b) N side lower bench

Figure 9. We originally grouped faults according to theicdtions within the diatomite
guarry. These are four examples of the distributibfaults in a specific location. Some
sites contain two groups of faults that appeaptmfa conjugate set.

For groupings determined by orientation, we fouridgipal stress directions
using two different methods. For each group, welike average plane and average slip

vector to find the principal stresses that wouldduce it, as described above. Six of the

groups can be paired into what appear to be cotguggs of faults; with this method, we
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only used fault plane orientation, allowing us taka use of fault planes that lack
kinematic indicators (Figure 12). In this methodnsa 2 is defined as the intersection of
the average planes of the conjugate set, sigmsettlsithe acute angle formed by the
average planes, and sigma 3 i$ 8#0m sigma 1 and sigma 2. Used together, these two
methods provide a good system of comparison. Fibr dicthese methods, the underlying
assumption is of Andersonian mechanics, that falaties break at ~3@rom the
maximum principal stress or sigma 1 or bisect thdeangle of a conjugate set that is

~6(° apart (eg. Twiss and Moores, 2007).

X Group average

Alpha-95 for
group average

Groups
1 e 4
0 l1A O 5A
m2 5B
3A o 6
03B

Figure 10. Fault plane and slip vector data are broken inboigs of similar orientation
and slip vectors. Here fault planes are shown &ss@nd separated into ten groups,
marked with different colors and symbols. Becausecarried out several iterations of
groupings, some groups were created and subsegsgeiitlinto two (here, numbers with
A and B). For each group we calculate an averageafpha-95 using RockWare
StereoStat; groups are distinct if group averagesad fall into any other alpha-95
regions. We leave out questionable data pointgaies that do not clearly fit into a
group, which make up about 15% of the faults messuemoved points can be seen by
comparing to Figure 8b.
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Group 1

stimated ship vectod

Straw area
Upper road

énd beﬁ.c:}.a N side (a) (b)

Lower bench N side

ol

Group 5

avelage plane

Straw area
Upper road

2;#1 be.n;:.l-x N side (c) (d)

Lower bench N side

ol

estimated slip vector

Figure 11. Two examples of grouping by orientation are shovith ¥he solutions for
stress state. From the set of faults in steredagnd (c), we plot the average plane and
average slip vector to find principal stressedémnepnets (b) and (d). Different colors in
(a) and (c) reflect different locations where fawitere measured; a variety of locations
show similar fault orientations, supporting theadbat these faults are regionally
representative. Note that the main clusters ohaors in (a) and (c) scatter along the
sigma 1-sigma 3 planes in (b) and (d) respectivalpporting the inferred stress states.

20



3. Surveying in diatomite quarry and folding methods

To resolve folding within the diatomite quarry aadexplore how low angle
faults relate to bedding, we used high-precisianesying equipment, a Leica TCRP
1203 total station, to outline exposures of digtmarker beds throughout the quarry.
Using monuments with known coordinates, we post@ssed survey points by tying
them to the monuments with known coordinates aaustating them to their proper
positions. Because the quarry walls are flat, weested bedding around corners and
curves in order to get a three-dimensional exposare which we could extract a strike
and a dip.

We calculated local bedding orientations by plgttatevation versus northing and
elevation versus easting, and finding the slopeagh. From these slopes, we calculated
the distance to the north and to the east overtwibecls change one meter in elevation,
which yields a right triangle. From here, the asgléstrike and dip are easily found
using simple trigonometry. To add to the beddin@sket, we also used original pre-
mining drilling logs, provided by Dicalite, whicheluded bedding orientations at each
drill site. Some of the drilling log data were anglly recorded as approximate or
uncertain; we make note of these uncertain att#tohel use them sparingly in analysis.
For an overall understanding of bedding attitude calculated a strike and dip from all
survey points from a distinct layer exposed ondtlwiges of the quarry, the Dicalite-
named “Six Inch Ash” (Figure 18) We calculated fakks by plotting all bedding data
on a stereonet as poles to planes and fit a gires to two elongate groups (Figure 19).

The pole to this great circle is the orientatiorhed fold axis. We determined the position
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of each fold axis on the map by using bedding dgpa guide: for example, we place an

anticline axis between beds that dip away from edbbr in opposite directions.

Groups 1 & 4 Groups 1A & 5

I Grroup S

Groups 2 & 3B

Figure 12. In these stereonets, we solve for principal stoggstions using conjugate
sets of faults, obviating the need for slip vectétsre, the average planes of groups are
highlighted in blue. According to Andersonian mealka, the maximum principal stress
bisects the acute angle between conjugate fagtsl(giss and Moores, 2007). The
average planes intersect in sigma 2, and sigm®Q@ degrees from sigma 1 and sigma 2.
These three stereonets reflect faults from six ggaf faults separated by orientation.
Note that the stress state solution for groups dd\5agrees well with the solution for
group 5 alone (see Figure 10).
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CHAPTER Il
RESULTS

1. Structural analysis
1.1. Whole dataset analysis

Plotting all high angle fault planes on a singkraonet and finding the principal
stress directions yields a stress state that wanaduce right-lateral strike-slip faulting
on a moderately dipping ~168triking fault plane, with sigma 1 trending 22hd
plunging 2 (Figure 8). This orientation of fault plane is s@tent with the dominant
style of faulting observed in the region (Figuree&pecially south of the Pit River), and
we see evidence of right-lateral strike-slip fangtin our slip vector dataset (eg. Figure
6e and 6f) and on the Lower Road Fault south ofltatomite mine near Lake Britton
(Figure 7). The overall analysis of faults is cetent with a regional ~north-south sigma
1 associated with the Pacific-North American pladendary and the local style of
Walker Lane. However, many individual high anglelfa and clustering in the pole plots
(Figure 8) suggest that this average can be brd&am into several discrete stress states.
1.2. Grouped analysis

In breaking fault plane datasets into nine growugseld on orientation, we find that
group averages and alpha-95s are distinct andhdistd throughout the stereonet (Figure
10). Two of the high angle sets, groups 1 and bAtain a large portion of the dataset
with almost 40 faults in each, and both are clesteéightly around their respective
averages. These groups strike northeast and scstthwe are essentially parallel but dip
steeply in opposite directions (Figure 10). Sevgralps, 2 and 4, are more scattered but

still have distinct averages and alpha-95s. Twerosets, groups 3A and 6, are made up
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of very low angle faults and also form reasonalggttclusters (Figure 13). Both low
angle groups have fairly consistent slip vectonsl the average planes of the two groups
appear to form a conjugate set. In Figure 13, ti@ethe slip vectors for groups 3A and
6 cluster along the sigma 1-sigma 3 plane in thgugrate set. Stress states derived from
slip vectors and from the conjugate set are vengistent and show NNW shortening

(Figure 14).

low angle fault surface

@, bedding

bedding

Figure 13. Because low angle faults seemed to be spatiadlycasted with high angle
faults (a), we initially hypothesized that low amdaults could be forming as
accommodation structures for high angle faultsh@es breaking along bedding planes,
as illustrated in the diagram in (b). However, dhientations of fault planes and slip
vectors are compellingly consistent (c) and forooajugate set, suggesting that they
result from a different stress state than the nitgjof observed faults. Note that in both
groups, slip vectors cluster where the sigma 1-ai§rplane intersects fault planes,
which adds strength to the interpretation that émgle faults reflect a distinct stress
state. In addition, subsequent analysis of bedslraygved that low angle faults did not
parallel bedding.
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Figure 14. Summary plots of the principal stresses for eatlokfaults are shown in (a),
with maximum principal stresses (sigma 1s) in f&dess states cluster relatively well
among the different groups, with the exceptiorhef group 3A-6 conjugate set (see

Figure 12). In (b), (c), and (d), we hypothesize pinogression of each of the three
different stress states with arrows showing thdugiam of the stress field from oldest to

most recent.

Principal stress axes for individual groups andugaite sets are plotted in Figure
14. In general, there is good agreement betweeipal stresses determined from slip
vectors and those found with conjugate sets. Rratatress directions from all groups

and conjugate sets cluster along axes; the maxiprimoipal stresses (sigma 1s) cluster

25



along a north-south axis and are mostly low angith the exception of group 2 (Figure
15). Intermediate and least principal stressesn@igs and 3s) cluster along an east-west
axis. The stress state for group 2 differs sigaiiity from the majority of the groups’
principal stresses with sigma 1 close to vertiadlich indicates an extensional style of
faulting consistent with separations seen acrosgesu these faults. This is in contrast to
the majority of principal stresses, which havew-bngle sigma 1, suggesting strike-slip
or reverse motion (Figure 14).

Figure 15. Group 2 shows a markedly
different stress state than the other
groups. Here we show how we derived
the average slip vector and subsequently
the stress state. The blue great circle on
the right represents the average fault
plane; black dots are all slip vectors from
faults in group 2 (faults not pictured for
clarity). We chose the average slip vector
as the closest to the center of the cluster
that lands on the average plane. From
here, we find the principal stress
directions based on Anderson’s Theory of
Faulting. Note that the stress state derived
from group 2 alone differs from the stress
state found from the conjugate pair of
groups 2 and 3B (Figure 12).

Many of the faults that we observe to have strikglsnematic indicators dip at
angles more typical of normal faults, and faultshef same orientation are observed to
have both normal and strike-slip slickenlines. &texal outcrops there appear to be
conjugate normal faults from their orientations bave horizontal (strike-slip)
slickenlines; this implies a shift in dominant sges from normal to strike-slip. In Figure
14 we hypothesize the progression of regional séewith normal faulting first, strike-

slip second, and reverse faulting most recently.
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Close examination of interactions between diffdyeoriented faults does not
give a consistent set of cross-cutting relationsliiifable 1). In most cases, faults did not
actually intersect; most clustered faults were swdlfel or simply petered out before
meeting another fault. And although many faultsysé@ interact in some way, we found
no compelling evidence for one set of faults cdesily cutting another set. When we
observed two faults intersecting, the most commuseovation was that neither cut the
other; they appear to pass directly through onéhemnavith no clear evidence for offset
on either strand, indicating a conjugate set inyr@ases (Figure 16). Another interaction
observed multiple times was a linear feature orfahe of a high angle fault where a low
angle fault intersects. We observe only one clgample of cross cutting relationships in
the diatomite quarry (Figure 17), where a low ariglét offsets a high angle fault by
several centimeters; also the high angle faultrigledfsets bedding subparallel to the
low angle fault by several centimeters, so if tighlangle fault moved after the low
angle fault, it should be observable (Table 1 aigdre 17).

Table 1. Cross-cutting relationships from field notes. Heredocument all locations in
the quarry where faults intersect. Although manytfaseem to interact in some way,
there is little evidence for one set of faults gstently cutting another set. When two
faults intersect, the most common observation wasrieither cut the other; they appear
to pass directly through one another with no evigdior offset on either strand. This
suggests contemporaneous faulting, often as a gatgjset. Another interaction
observed multiple times is a linear feature onfétoe of a high angle fault where a low
angle fault intersects. While this is possibly segjgye of more recent low angle faulting,
it could also reflect a remnant of low angle fandtpreserved on a younger high angle
fault. Either way, the linear feature is inconclgsiWe observe only one clear example

of cross cutting relations in the quarry, wherewa &ngle fault offsets a high angle fault
by several centimeters; the high angle fault off$etdding by several centimeters.
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Location

Fault names

Intersect? Offset?

Comments

East area

62412M & 62412N

No

No

Project toward each other but do not ntersect.
Both high angle oblique; appears that north-
striking fault dies out.

East area

62412P, unnamed

Yes

Floor of east area. Faults pass through each
other but do not offset at all. Unnamed is E-W
with many en echelon steps; both high angle
with no kinematic indicators.

N side 2nd bench

62712K

Yes

Conjugate-looking set but w/ sub-horizontal
slicks. No offset. Appear to have only minor
slip below intersection.

N side 2nd bench

628121 & 62812]

Yes

No

Conjugate set? Intersect but no offset. Bedding
offset normal on I; I difficult to dig outo. J has
strike-slip indicators.

N side 2nd bench

62812K & 628121

Yes

Possibly

Linear feature on high angle K where low
angle L intersects, but minimal to no offset.
Small offset of K by L?

N side 2nd bench

62812M & 62812N

Yes

No

Low angle N does not project straight across
high angle M, possibly resulting from low
angle N forming after existence of M.

N side 2nd bench

628120 & 62812P

Yes

Low angle O bends and forks at high angle P,
as if P was already there when O formed. Beds
not offset by P.

N side 2nd bench

62812Q & 62812R

Yes

Low angle Q deflected/folded at high angle, as
if high angle R was already there. See photo
in figure 17.

N side 2nd bench

628128 & 62812T

No

Low angle T stops at high angle S. Both faults
offset bedding only minimally.

N side 2nd bench

628127 & 62812A

Yes

Linear feature on high angle fault A where low
angle 7 infersects; no offset. Neither has
significant bedding offset.

N side 2nd bench

62812C & 62812D

Yes

Linear feature on C where low angle D
intersects, but no separation/offset.

N side 2nd bench

62812GG, HH

Yes

Low angle conjugate. No offset.

NE comer

62912X. Y, Z

Yes

Higher angle Y separates low angle X by 4 cm.|
Y and low angle 7 intersect; linear feature on
Y where 7 intersects, but no offset. Conjugate?

NE comer

629121 & 62912]

Yes

Yes

Low angle I offsets high angle fault J that has
normal separation. Only clear example of
cross-cutting.

28



Figure 16. Photos of conjugate faults in the diatomite quahgw several things. In (a)
and (b), faults appear to be conjugate normaldahkt formed during an extensional
regime. In both cases, faults have been reactiagetrike-slip or very low angle
oblique; both faults in (a) have subhorizontal kiragic indicators, and the fault on the
right in (b) has subhorizontal kinematic indicatdfe could not obtain a slip vector for
the left fault in (b), as it did not dig out easilyhe two faults in (c) represent a low angle
conjugate set. This particular wall faced westnauh is to the left in the photo and south
is to the right; this is significant because thiemtation of faults implies north-south
shortening, which we see further evidence of intfeets and folds.
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2. Surveying and folding results

Bedding data calculated from survey points agriively well with bedding
data extracted from many of the Dicalite drillimg$ (Figure 18 and 19) and show
evidence for at least seven subtle folds in twtirdis orientations (Figure 20). Two
synclines correspond with the paleochannel fillgdliatomite (Figure 21), which has led
mine operators to speculate that folding is dugréping or compaction into
paleotopography. However, the consistency of thiolsis with others that do not follow
paleotopography suggests that this relationshipiiscidence, and that folding is instead
due to tectonics. In addition, units thicken to MW (Figure 18), not into the troughs
of synclines as would be expected if folds reflddtee draping of diatomite onto
paleotopography.

The overall bedding attitude calculated from thex‘18ch Ash” has a strike of
38 and a dip of § meaning that overall the bedding dips slightlyite southeast; this is
confirmed by correlating composite drill logs frahe quarry, which show beds thinning
and dipping to the southeast. Fold axes deternbyesiereonet analysis of poles to

bedding data occur in two sets, one set, F1, tngnt87 and plunging 4, and a second

Figure 17 (next page). Examination of cross cutting relatiops does not reveal any
consistent relationship; however, we emphasizeratiaportant observations. 1) Low
angle faults seem to be associated with high aaglés: rarely do they occur without the
presence of adjacent higher angle faults. 2) Bantéract in some way, and many tend
to intersect and not obviously continue on the iosige (c). In particular, the presence of
high angle faults affects the geometry of low arfgldts (a), possibly suggesting that the
high angle fault was there when the low angle faurlned. 3) Low angle faults are not
parallel to bedding. (b) is the only clear exangfleross cutting that we observed in the
guarry. In this case, the lower angle fault offseeshigher angle fault, which in turn has
offset bedding. More common are two intersectindtfathat appear to pass directly
through one another with no evidence of any kirad tme existed first (c). Bedding is
offset on the floor of the quarry by a fault in.(d)
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set, F2, trending 22Gnd plunging 2 (Figure 20). When fold axes are untilted by
returning the average bedding to flat, F1 becorssesrdially flat, and F2 does not change
significantly. Since F1 folds become flat and threrage dip across the entire mine is
consistent with the folding of F2, we infer that édcurred first and F2 occurred more

recently.

pruL ing RE/R1

3040 — SSE

3020 —

3000 — -

2980

2960 —

2940 —

Elevation (feet)

2920

2900 —

2880 —

2860 —

2840 —

| Basement ket el i L
2820 55

2800 —

Figure 18. Correlation of original composite drill logs fromet Dicalite mine shows beds
both dipping and thinning to the SSE. Each compdeij is the combination of two or
three adjacent drill sites with similar stratigrgpBlue and green lines represent distinct
beds that can be traced throughout the mine, ahtepresents basement rock. The tops
of each section were removed by erosion to varitgyghs and are not indicative of
bedding thickness. Composite log R46/P6/95-4 &slatv in the bedrock where a
tributary joined the paleochannel and shows then#st stratigraphy. The averaged
locations of the three composite drill logs arevehan Figures 19 and 21.
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Figure 19. Survey data from the quarry are shown as purple #ge followed distinct
units where exposed, focusing on corners and cunvesler to calculate bedding
attitudes. Blue bedding symbols represent measunisncalculated from the survey data;
green bedding symbols indicate robust measurenfremisdrill logs; red bedding
symbols represent questionable or uncertain measunts from drill logs. Stars show
average location of composite drill logs from Fig8.
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(a) Folding set F1 (b) Folding set F2

average
bedding dip

fold axis
216/2

average
bedding dip

Figure 20. Plot of poles to bedding planes from the quarryiclviive acquired through
surveying and from drilling records. We find thiaéy fall neatly into two sets: F1, with
poles clustered along a NE-trending plane and 8, poles clustered along a NW-
trending plane. The poles to these planes corstitgt fold axes and trend *3and

216. Bedding orientations consistent with F1 are noar@mon and more widely
distributed than F2, which are found only in thestngentral part of the quarry. Using the
surveyed Six Inch Ash across the entire mine, wadahe average orientation of
bedding, which strikes 3&nd dips 5. This is consistent with a limb of F2. If we urdol
F1 based on F2, the axis of F1 becomes flat.
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Figure 21. Basement contours from original Dicalite drilliragk are shown in brown.
Labeled units are in feet; contour interval is 86tf Stars show the average locations of
composite drill logs from Figure 18. Bedding atti&és are overlain with same color
scheme as previous figure (survey measurementsen tobust drill logs measurements
in green; uncertain drill log measurements in r@dg-diatomite drainage pattern is
shown in light blue. We find two generations ofd®lcalculated as shown in Figure 20),
one with an axis that trends ~23d one trending ~216Bedding orientations from the
majority of the quarry fit into the first set, whibedding matching the second set is
confined to the central section (the westernmoskeghsection).

35




CHAPTER IV
DISCUSSION: STRESS STATE EVOLUTION

In this chapter we discuss the likely evolutioriltd stress state immediately
north of the Pit River from normal faulting to &&islip to reverse. Because we found
few compelling cross-cutting relationships, we nalginly on evidence of reactivation of
faults, the overall pattern seen in the range efstiness states we document, and the
tentative evidence suggesting that the low anglédaepresent the most recent stress
state preserved in the diatomite.

Group 2, with a vertical sigma 1 and east-west ai@nreflects an extensional
stress state that we argue is no longer activenddt regional evidence exists in
support of a long period of extension, with muctit @fustering on the south side of the
study area near the Hat Creek and Rocky Ledged=&duth of the Pit River, the period
of extensional faulting extends at least back éotiime of the diatomite deposition.
Diatomite clearly was deposited into the Hat Crée&ben and likely across the Hat
Creek Fault zone. The lack of obvious extensioaalting in the area covered by
diatomite is likely due in part to the burial ofepexisting faults. In and adjacent to the
diatomite quarry, we find a few high angle faulishwdip-slip indicators on their fault
planes. While most high angle faults have dips estige of normal faults, almost all
have subhorizontal slip indicators, which is whatwiould expect to see if the stress state
had been predominantly extensional and subsequamdlyged to a strike-slip dominated
regime. While the orientations of fault planes ioup 2 scatter somewhat (Figure 10),
their slip vectors cluster well and allow a confileelection of an average slip vector for

analysis (Figure 15). We interpret group 2 as ewédor a purely normal stress state

36



that existed in the last million years — henceitizéusion of group 2 faults in the 1 Ma
diatomite — but is no longer active. When groug 2ambined with group 3B and
analyzed as a conjugate set, the result differa tiee individual analyses of the groups.
While it would be easy to dismiss the groups ascoajugate, | argue that some of the
scattered group 2 faults formed contemporaneoustygroup 3B faults or were
reactivated where appropriately oriented into gugate set. Analyzed alone, group 3B
gives a stress state that is still more extensithvaad all other groups, so associating
groups 2 and 3B makes sense. Assuming that thes dtate changes through time in a
tectonically active transition zone, groups 2 aBdiBcleanly into the progression
(Figure 14). Given the progression shown in Figi#tetwo possibilities exist, normal to
strike slip to reverse, or reverse to strike imormal. Abundant field evidence of
normal faults reactivated as strike slip faultsoi@vthe former sequence, as does folding
and tentative cross cutting evidence for late casgion discussed below.

In the analysis of all measured faults togetherfimek a right-lateral strike-slip
stress state, which is consistent with the majaityneasured faults and many regional
structures, including the Lower Road Fault adjaterhe diatomite mine to the south.
Stress states for the dominant groups 1 and 1Astge whole set analysis, and we
infer that a dominant signal for high angle fawith strike-slip to obligue motion
reflects a significant and regional stress stadéigimore recent than the extensional
stress state that produced faults in group 2,900t currently the active stress state north
of the Pit River. Given the ample evidence fork&tslip faulting, it is likely that a strike
slip regime dominated for most of the one millicays since the diatomite was

deposited. On either end of the stress state @sigie we can resolve different stress
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states: we see the end of normal faulting earthéendiatomite’s history, and we see the
beginnings of a reverse overprint on top of stakp faulting.

Two sets of tightly clustered low angle faults, gpe 3A and 6, are evidence of
what we infer to be the most recent stress stdieeiPit River region, which suggests
NNW compression and shortening. Fault planes amenkatic indicators for low angle
groups 3A and 6 cluster tightly (Figure 13). Intmadar, slip vectors for each set cluster
at the intersections between the sigma 1-sigmadephnd the groups’ respective fault
planes. This would be very unlikely to occur if fla@lts were random accommodation
structures or due to landsliding or compaction imithe mine. Additionally, the average
bedding dip in the mine — to the southeast — doésarrelate with either low angle
group, which means that low angle faults were mopby exploiting bedding planes. In
detail, individual low angle faults dip in opposdgections to local bedding. Regional
evidence of large-scale folding in the Mushroom IR@gion to the north of the Pit River
(Figure 2; Gardner, 1960; Sawyer, 2011) also hahtsorth-south shortening. The ridge
along Mushroom Rock, which runs generally east-weshought to be the axis of a
growing anticline (Sawyer, 2011); this is consisteith a syncline axis mapped parallel
to Mushroom Rock ridge to the north where the slogets the plateau (Gardner, 1960).

While most cross-cutting relationships observethexmine are inconclusive, the
single clear example of cross-cutting involveswa émgle fault offsetting a high angle
fault by several centimeters; the high angle fatftets bedding by several centimeters
(Figure 17). This supports the progression of laggle obligue normal to strike-slip
faulting to low angle compressional faulting. Thejanity of cross-cutting relationships

are between high angle faults and suggest contemeous faulting, sometimes as
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conjugate sets of faults (Figure 16). In a regibtha intersection of such diverse tectonic
provinces, it is reasonable to expect that, withdbntinuous evolution of stress states
and overwhelming dominance of the intermediat&estsiip regime, one might expect a
lack of clear cross-cutting relationships.

The two generations of folding in the diatomiteaqy also reflect two different
stress regimes. F1 occurred first, possibly as rores associated with buried normal
faults in an extensional stress state, and F2 ocedwubsequently, folding F1 and
diatomite beds gently to the southeast. F1 foltsngarallel to other regional normal
faults and monoclines and clearly predates F2rigldThis progression of stress states
supports the progression found by analyzing faarts shows recent compressional
stresses forming characteristic faults and foldsofbedding determined by surveying is

not consistent with the idea that low angle faakploit bedding as planes of weakness.
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CHAPTER V
CONCLUSION

Through the analysis of faults and folds neaRhdRiver, we determine that the
regional stress state has evolved over the pasbmylears. Four main observations
allow us to infer the progression of stress statas extensional to translational to
compressional: (1) evidence of normal faults reatéid as strike-slip faults (Figure 16),
(2) the overall pattern seen in the range of stsees (figure 14), (3) the sequence of
folding determined from surveying in the mine (figi21), and (4) one clear example of a
low angle fault cutting a high angle fault (figur@).

Evidence for an oldest extensional regime consisésset of northwest-striking
high angle faults with dip-slip kinematic indicagothis is consistent with structures like
the Hat Creek graben in the greater area. The gptes regime transitioned to a strike-
slip dominant regime that is consistent with Walkane, and many high angle faults that
originally had normal slip were reactivated askstislip or oblique faults. During this
time the Lower Road Fault was active; howeverpgginot cut late gravels that overlie it,
implying that the stress state has continued toghaTwo sets of low angle faults, one
clear example of a cross-cutting relationship, amggneration of compressional folding
are evidence of a recent shift to a more compreakgiress regime. While it is certain
that the regional stress state has evolved thraow) it is also likely that the stress state
varies spatially on the scale of a few to tensiloihketers based on crustal structure and
lithology, making it possible for normal faulting bccur on the Hat Creek Fault
contemporaneously with oblique faulting on the Rockdge Fault and compressional

faulting and folding near the Dicalite diatomiteagry and Mushroom Rock to the north.
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The pattern of faulting observed in the Pit Rivegion forms a continuum with distinct
sets of faults: to the southeast, NNW-striking nalrfaults are dominant; south of the Pit
River near Fault 3432, north-south-striking rightelal strike-slip faulting dominates;
north of the Pit River near the diatomite mine,abserve north-south compression
beginning to overprint previous stress states.tR382 likely formed in a normal stress
state and slipped as a strike-slip to oblique feulimost of its history. Its current activity
likely terminates at the Pit River because itsrdagon is such that it cannot slip in the
current stress state north of the river. As redite@onic stresses evolve in the future,
faults will continue to reactivate in different weagnd accommodate strain through a
variety of orientations of faults and folds.

Within our dataset of faults less than 1 Ma inuteenity of the Dicalite diatomite
quarry and the Pit 3 Dam, the majority occur agestslip to slightly oblique, with a
small percentage of normal and reverse faultsftimat distinct sets. This signifies that
for most of the last million years, the regionaéss state has been largely transcurrent,

producing strike-slip faults, with short but distiperiods of extension and compression.
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APPENDIX A

FAULT MEASUREMENT FIELD DATA

Clark
Creek
Road 2-Apr-12
Fault Dip Comments/ quality
plane L ocation Strike Dip | direction | Trend Plunge | of kin. indicator
4a N58W 89 W N74W 57N Lower surface
Furthest east in series| Upper - plunge not
4b of faults along roadcut, N75W 87 NE N78W 48N great
3a N65W 79 W N74W 29N Upper - good
3b Several meters west of N99W 75 W N69W 26N Lower - not great
3c fault 4. N73W 83 E N72W 34N Left fracture
2a East of fault 1 by N48W | 76 | W Lower
several meters (right
2b when facing outcrop). | N42wW 79 W N74W 58N Upper - poor
Adjacent to fault 5,
la several meters to east| N8OW 80 W N86W 34N Top - decent
(right when facing
1b outcrop). N38W 71 W S76W 62N Lower - okay
5a N56W 63 W S36E 31S Upper - okay
5a N47W | 88 W Lower - not visible
Middle, slightly to
5al Adjacent to main fault| N44w | 66 w the left
5b (fault 6), several NO3W | 47 | W S48W | 34S Good quality
meters to the east -
5c (right when facing N72W 89 W S82E 76S Poor quality
5d outcrop). N51W 75 W S48E 24S Upper - okay
. Middle, very good
6a Main fault. Furthest | N45wW | 73 E N50W 8N quality
west of series of faults
6b (left when facing N50W 69 E N46W 13N Lower - good
6C outcrop). N47W 74 E N46W 6N Top - good
Five
Corners 20-Jun-12
Kinematic
Fault Location | Strike | Dip Trend Plunge | Photono. | indicator Comments
N of Five
62012A1 | Corners 155 84 330 1D Mullions High
N of Five
62012A1.5| Corners 155 84 156 1p Mullions High-mid
N of Five
62012A2 | Corners 151 83 331 B 237-240 Mullions Low-mid
N of Five Large scale| Parallel plane or
62012A3 | Corners 153 84 154 16 241-243| mullions fault
N of Five
Corners -
62012B1 | eastof A 198 90 198 54 Faint slicks  Mid-high
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N of Five Photo 246:
Corners - 3 good overview of
62012B2 | eastof A 196 87 20 60 244-245| mullions outcrop
Upper
FS Road 1-Jul-12
Photo | Kinematic
Fault L ocation Strike | Dip | Trend | Plunge | no. indicator Comments
Large roadcut
on slight left
curve. Above Part of network of
& slightly east several larger faults
of lower road 774- | Shape of | and some smaller
Al fault. 328 87 332 36 787 fault faults/fractures
774- covering the roadcut,
A2 Same as above 1590 54 788 Same lithology as
774- | Slicks? or | lower road
A3 Same as above 120 64 252 5689 | roots? (tuffaceous
- sandstone), capped
| 774- | Mullions - | o, oravel/colluvium.
B1 Same as above 321 83 3p4 3890 decent These faults do not
774- | Mullions - | cut the capping
B2 Same as above 308 84 3p8 2291 decent gravel/colluvium.
Lake
Britton 2-Jul-12
Photo
Fault L ocation Strike | Dip | no. Comments
: Significant faults in sandstones
L 3261 66 Right (south) | -/ierbedded with silty diatomite.
Northern shore of ) Parallel, distinct structures with no
2 | central Lake 325| 66 Middle kinematic indicators due to roots
Britton, west- and hydrologic exploitation of fault
3 | facing outcrop 326 66 870 | Left (north) planes.
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Kinematic
Photo no. indicator Comments










62712F1

62712G1

62712H1

62712H2

62712H3

"East wall" -
north side 2nd
bench

10.9 8 75 348 56 | 508-510 Slicks Nice fault. Relatively no separation.
Slicks + small
mullions - Total 5 cm separation over 3-4 different
decent to strands. G1 roughly middle strand. West sid¢
77.8 16 80 0 42 | 511-512 good down (apparent).
Fault system H is a system of diagonal faultg,
subparallel, that offest dark bed ~25 cm with
92.0, Mullions- west side down separation. Overall photos 5.3,
93.2 189 88 186 16 514 | nice 516.
92.0, Mullions-
93.3 8 84 181 16 515 | decent
92.0, Slicks &
93.4 347 75 158 16 517 | mullions-
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decent

92.0, Slicks-
62712H4 93.5 10 71 182 11 518 | ok/decent
Can follow only a little (~20cm) in each
110.5, Great direction of wall. Appears as part of a greate
6271211 113.6 139 11 176 10 | 519-523 mullions! system of similarly oriented faults & fractured.
Slicks &
mullions- Nice fault; can follow to base & top of wall.
62712J1 122.9 173 67 176 20 | 524-526 decent Fairly planar. Slicks & mullions agree.
Beautiful conjugate faults 60 degrees apart.
Both have subhorizontal slicks and mullions,
and break out nicely. Faults merge at base
where they meet; both continue above with
62712K1 149.4 24 68 205 3 529 | Big mullion slight change in orientation. Photos 527-530
Big mullion +
62712K2 149.7 175 57 359 4 530 | slicks
Very distinct fault; traceable up and down. N
6271211 153.4 7 79 531-532 kinematic indicators.
62712-1 344 60 1 & 2 appear to be conjugate faults
62712-2 205 54
62712-3 352 64 Subhorizontal slicks? Not well defined
In berm- followed on floor. Subvertical slicks
62712-4 326 71 Could also be lines of water flow.
In berm- followed on floor. Subvertical slicks
62712-5 East area, 330 65 Could also be lines of water flow.
62712-6 south side 333 72
62712-7 floor 339 73
Decent Smallish fault with nicely defined plane. <1 ¢
mullion & ok | separation. Extends up and down several
62812F1 282.9 182 84 185 16 | 583-584 slicks meters but is not a dominant structure.
Mullions-
62812G1 291.2 315 78 308 5 586 | small, ok
G1 and G2 same strand; G2 1.5m below G1
Mullions & Large scale mullions & sinuosity agree with
62812G2 291.2 302 77 304 6 587 | slicks - faint | measured value (roughly). Photos 585, 588.
"East wall" - Mullions- H continues to top of wall with one step ~1m
62812H1 north side 2nd 304.1 322 64 318 1 591 | good above measurements. Photos 589-590.
62812H2 bench 304.1 312 77 318 11 592 | Mulions-
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good

No good kinematic indicators. Many
subparallel planes- crumbly. Separation acrgss

e

6281211 329.8 186 53 595 | fault zone is 7 cm over several small steps.
Faults | & J appear to be a conjugate pair;
neither offsets/separates the other, and theylare

62812J1 332.1 308 73 312 0 596 | Nice mullions | at ~60 degrees to each other. Photos 593-595.

62812J2 332.1 314 75 316 3 597 | Slicks- decent| ~1m lower than J1, straight across from I1.

Mullions-
62812K1 371.9 191 74 12 3 600 | decent 2 cm separation, west side down.
370.5,
371.9

6281211 (below) 222 11 601 Measurement taken with book extension.

No good kinematic indicators on either plang] of
L. K and L1 intersect; L appears to break the
plane surface of K, but no significant offset

6281212 177 18 602 (<1cm). Photos 598-602.

376.4, Mullions- Subvertical N intersects and subtly offsets M|
380.5 decent to which is lower angle. Face of N is cut; <lcm
62812M1 (below) 106 15 173 12 | 603-606 good separation.

62812N1 378.8 13 68 No good kinematic indicators on N.

Fault O is low angle, well developed plane ciit
by high angle P. Offset of O by P creates Iar];
mullion consistent with other kinematic

395.2, Good indicators. Several smaller faults make smaller

6281201 401.4 123 35 350 21| 607-610 mullions mullions with similar orientation.

P has poorly developed plane but offsets O Ry
1 cm, consistent with layers above & below.
62812P1 396.9 608 No good plane, but steep and dipping ~75
Another set of cross-cutting faults. Q is low
Small angle; R higher angle with 2 strands that megt
403.1, mullions, above Q; left side continues through Q but hfs
62812Q1 408.4 110 24 171 22 | 611-614 decent no apparent offset.
62812R1 405.6 190 49 No good kinematic indicators.
Fault S is a major fault that extends to top &
base of wall and breaks out easily. Lower anple
Large, wavy | T ends at S and does not cut surface. Photo
62812S1 "East wall" - 413.9 318 82 317 6 617 | mullions 615-616.
north side 2nd| 412.5, Small
62812T1 bench 413.9 17 9 333 5 618 | mullions,
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okay

Mullions & Fault U is one of consistently trending
62812U1 425 135 90 136 26 | 619-622 slicks - okay | significant faults that cuts to top of bench.
62812U2 425 142 88 619-622 Not great kinematic indicators.

Alternate & lower quality kinematic indicatorg
(mullions) suggest 013/17. Mullions on V1 nqt

Mullions- great, seem to be incorrect w/ 28 cm west-
62812V1 427.3 190 83 319 1| 623-625 better down separation.
62812V2 427.3| ~155 ~89 Barely a plane. 10cm of west-down separatign.

Both faults W & X are dominant,
throughgoing, breaking out faults that show o
62812W1 432.1 321 83 626 separation and possibly subhorizontal mulliops.
62812X1 "East wall" - 437.3 319 80 626
north side 2nd Similar to W and X; no visible kinematic
62812Y1 bench 449.8 321 80 627 indicators.
Fault Z is significant, throughgoing, and low
angle. Fault system A is steeper and intersegts
Z. Al (left) disappears in Z; A2 appears to b
affected by Z: not offset, but plane is broken,
6281271 460 191 17 9 5 629 Photo 628
62812A1 460 345 78 630 No good indicators
"East wall" - **Note: Corner of 2nd bench is pretty choppdd
2nd bench up, with lots of loose/not in place blocks. No
62812A2 corner 460 356 71 630 clean fault planes, but many big fractures.
521, Another large, traceable fault. No kinematic
62812B1 524.5 340 56 631 indicators.
62812C1 541.5 332 87 633 C1 & C2 parallel and similar orientation.
62812C2 544.5 331 82 634
Fault D visibly cuts C1 & C2 planes, but no
obvious separation. No discernible, consisteft
541.5, kinematic indicators on any plane. Photos 632-
62812D1 544.5 33 17 632-635 635.

Mullions &

slicks - E extends up and south to almost top of bengh -
62812E/1 554.1 223 27 268 22 | 636-637 decent/good | can't tell because top is covered.

Reverse separation! 2cm vertical. More
"East wall" - convinced of slicks after seeing this- could it pe
62812FF1 | 2nd bench eas| 565.2 228 26 346 26 | 638-641 Slicks water flow?
62812GG1 | side 577, 584 346 63 108 52 644 | Mullions- ok | G & H are intersecting low angle faults (at leqst
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appear to be low angle cut as they are by pl3
of wall). Mullions just okay for both. Do not

gh

62812HH1 579, 585 130 14 188 11 645 | Mullions- ok | offset each other. Photos 642-645.
590, Mullions-
62812111 592.5 342 71 146 45 | 646-647 ok/decent Mullions could be a different feature.
62812JJ1 601, 602 57 18 648 Faults JJ, KK, LL are part of a system of
62812KK1 615.4 61 23 649 similarly oriented throughgoing faults that
break out with some difficulty and do not shaw
62812LL1 618.5 60 30 649 separation or kinematic indicators.
Mullions &
62812MM1 621.5 91 29 150 28 | 650-651 slicks - good
630.2, Mullions -
62812NN1 635.5 344 70 115 59 653 | great
630.2, Mullions- NN1 and NN2 are parallel/associated cracks
62812NN2 635.5 344 72 100 62 654 | great NN1 left; NN2 right. Photos 652-654.
652.7, Traceable several meters on wall; no visible
62812001 655.2 264 21 655 kinematic indicators.
676.1,
62812PP1 679.2 252 23 656 Just a fracture? Extends several meters, tho
699.5,
62812001 701.8 242 24 657 Similar to OO and PP.
705.5,
62812RR1 708.2 329 63 129 25 659 | Nice mullions Faults RR & SS are close and Simi|ar|y
710.8, oriented. No visible separation, however.
62812SS1 | "East wall" - 712.1 329 52 106 41 660 | Nice mullions | Photos 658-660.
2nd bench eas| 738.4,
62812TT1 | side 740 223 10 661 No kinematic indicators.
Slicks & Traceable up wall several meters; covered
458.5, mullions - above. Subvertical kinematic indicators- or
62912U1 461.5 203 67 284 63 | 662-663 okay water lines?
62912V1 490.5 87 28 665
Mullions-
62912V2 102 29 160 25 665 | decent
"East wall" - Slicks- On corner- affected by topography of terracels?
62912V3 lower bench 107 32 135 19 666 | oxidized Photos 664-666.
Mullions &
62912W1 NE corner - 86 28 161 28 674 | slicks - good
working from Mullions &
62912W2 | west to east 82 33 160 33 675 | slicks - good

51





















58



APPENDIX B

STEREONET GROUPINGS
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