ABSTRACT
ANCIENT SEDIMENTARY FILL OF THE WAUCOBI LAKE BEDS AS AN
ARCHIVE FOR OWENS VALLEY, CALIFORNIA
TECTONICS AND CLIMATE
By
Conni L. De Masi
August 2013
The Waucobi Lake Beds in Owens Valley, California contain two distinct facies
representing saline-alkaline and fresh water environments. The potential cause for the
change in lacustrine facies is examined through geomorphic, geochemical and
sedimentological analyses. An age range for the lake beds was constrained with the
dating and “fingerprinting” of 13 tuffs throughout the Waucobi Lake Bed exposures.
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Ar/39Ar dating completed for this study provides ages of 2.63 to 2.06 Ma for tuff layers

found within the lake beds, with the transition from saline-alkaline facies to fresh water
facies occurring around 2.5-2.4 Ma. Regional climate during the late Pliocene-early
Pleistocene is reflected by the saline-alkaline environment within Waucobi. However,
the Waucobi environment deviates from regional climate after 2.5 Ma, implying that the
fresh water facies represents a change in lacustrine hydrology. Given the coincidence
between a prominent seismite recorded in the lake beds with the facies change, tectonic
activity rather than climate is postulated as the cause for the transition in the lake
environment.
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CHAPTER 1
INTRODUCTION
Lakes respond to both climate and tectonic forcings, combining them into a
continuous, high-resolution archive of local and regional changes (Gierlowski-Kordesch
and Kelts, 2000). Over time, lakes become ephemeral systems that disappear through
outlet erosion and/or sediment in-filling (Ollier, 1981). Lakes with low ratios of
precipitation to evaporation can experience an increase in their duration by deepening of
the lacustrine basin through active tectonism (Garcia-Castellanos, 2006). Active
tectonism and/or climate change can affect the longevity of a lacustrine system by
increasing or decreasing the rate at which water and sediment accumulate, potentially
leading to an overfilled or underfilled lake.
Significance and Purpose of Study
The relationship of atmospheric and lithospheric processes in the evolution of
topographic changes can be reflected in lacustrine systems. The purpose of this study is
to examine the interrelationships between climate and tectonics by determining how each
may have influenced a significant facies change recorded in the Waucobi Lake Beds of
Owens Valley near Big Pine, California.
First recognized by Walcott (1897), the facies change marks a shift from a salinealkaline environment to a more fresh water environment (Hay, 1966; Bachman, 1974,
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1978; Osegura, 2012). Despite numerous descriptions, there have been no postulated
causes for this transition, and it is unknown whether the facies change is related to
regional climate or was tectonically induced. Central to exploring the cause of the
change, it is imperative to first determine when the change happened. Thus this project
focuses on linking environmental changes in the lake beds to known climate and tectonic
changes by first creating a robust chronology for the Waucobi Lake Beds. Twenty-one
rock samples were collected from tuff layers within the lake beds and 13 of those samples
were dated using the 40Ar/39Ar radiometric dating method. A “fingerprinting” method
was also used on fresh glass from several of the tuff samples to correlate tuff horizons
throughout the discontinuous lake bed exposures.
It has been proposed by Phillips (2008) and Reheis et al. (2002), that Waucobi
Lake is part of a chain of lakes along the eastern Sierra Nevada that are hydrologically
linked through an ancient Owens River. According to Phillips (2008), the ancient Owens
River most likely flowed north to south in the Owens valley during the Pliocene. The
northern-most basin draining into the river would have been paleolake Russell (currently
known as Mono Lake) with smaller tributaries coming from the Sierra Nevada as the
river worked its way south to terminate into Searles Lake. Phillips (2008) and Bachman
(1974) provide evidence of eastern flowing water currents in the Waucobi Lake Beds and
suggest that the lake drained eastward. They suggest that uplift of the surrounding
mountains may have closed the eastward drainage such that paleo Owens River flowed
southwestward. Thus, the timing of uplift along the White-Inyo Mountains is explored to
determine whether the shift in drainage is related to the facies change recorded in
Waucobi Lake Bed sediments.
2

I hypothesize that the driving mechanism for the facies change is regional
tectonics based on two lines of evidence: (1) the associated occurrence of a previously
undescribed, but major, seismite layer and (2) the disconnect between the potential
climatic interpretation from the lake bed relative to other regional lacustrine records.
Objectives
The overall goal of this project was to determine cause(s) for the environmental
changes within the Waucobi lake basin. Within this goal there were three major
objectives:
1. Determine paleoelevation of the White Mountains during the existence of the
ancient lake through GIS and geomorphic studies.
2. Reconstruct relative changes in hydraulic residence time of the lake water as
determined by hydrogen isotope values of diagenetic clay minerals formed from volcanic
glass.
3. Create a detailed chronology for the lake beds to determine the age of the lake
as well as the age of the facies change. This objective will help place the Waucobi record
within the larger climatic and tectonic framework in Owens Valley.
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CHAPTER 2
BACKGROUND
Site Description
The Waucobi Lake Beds, located at 37o 10’N and 118o11’W, are found in central
Owens Valley (Figure 1), leeward of the Sierra Nevada rain shadow and immediately
west of the White-Inyo Mountains. The lake beds can be seen to the east driving north on
U.S. Highway 395, leaving the town of Big Pine. They are recognizable by their badland
morphology and contrasting white layers against the darker overlying fanglomerate
(Figure 2). The beds consist of unconsolidated and consolidated sands, silts, clays and
muds (present study, Walcott, 1897; Trowbridge, 1911; Knopf and Kirk, 1918; Gilbert,
1938; Axelrod, 1962; Pakisier, 1964; Hay, 1966; Bachman, 1974, 1978; de Polo, 1989;
Gillispie, 1991; Lueddecke, 1998; Sarna-Wojcickie, 2005; Osegura, 2012), and have
been heavily segmented by late Pleistocene-Holocene faulting (de Polo, 1989). Faulting
has segmented the lake bed exposures making outcrop correlation difficult.
The Waucobi Lake Beds are comprised primarily of sediments derived from the
Sierra Nevada and White-Inyo Mountains (Walcott, 1897) and (Bachman, 1974, 1978).
The beds are alternating layers of easily weathered clays, silts, and sands. The beds are
within the Waucoba Embayment, which is bounded by the White Mountains to the north
and east, the Inyo Mountains to the south and east, Owens Valley to the west and
ultimately the Sierra Nevada Mountains across the valley. How far the beds once
extended into Owens Valley is unknown. The lake beds extend at least 16 kilometers
4

from the western side of the White-Inyo Mountains to the eastern side of Owens Valley.
The western edge of the ancient lake beds have been down faulted into Owens Valley by
movement along the White Mountain Fault and are no longer seen above the valley floor
in the surrounding vicinity (Figure 3). The base of the lake beds has not been identified,
so the overall thickness of the lake unit is unknown.
Zeolites, evaporites, and fossils within the layers have been used to identify fresh
water and saline facies in the ancient lake (Bachman, 1974). A major change in facies
midway through the section is of particular importance as it marks a fundamental shift in
the paleoenvironment of the lake.
The age of the lake has been poorly constrained. The United States Geological
Survey (USGS) Tephrochronology Laboratory has correlated tuff layers in the lake beds
to match tephra from their database. The USGS tephra correlation dates the lake beds at
2.2 Ma confirming a general age of Early Pleistocene. However, there is debate on the
duration of sedimentation since there are no exposures of the base of the lake beds
(Sarna-Wojcicki, 2005). Hay (1966) reports a K/Ar date of 2.3 Ma from a single tuff
layer within the Waucobi Lake Beds, while Lueddecke (1998) dates the lake beds at 2.8
Ma by correlation with rhyoltic tuff underlying fanglomerate material. Lueddecke’s
study was located in Black Canyon just southeast of Bishop, California and assumed that
fanglomerate material in Black Canyon was the same as the fanglomerate material
overlying the Waucobi Lake Beds. These data do not provide chronological stratigraphic
age constrains for the lake.
The beds occur as multiple, unconnected exposures. This project focuses on an
east to west transect through the southern section of the lake beds along Waucoba/Death
5

Valley Road (Figure 4). Sediment and tuff samples were collected along this transect, as
well as throughout the lake beds (Figure 5). A 91.4 meter exposure at 37o10.628’N and
118o11.386’ W contains the largest outcrop of the Waucobi Lake Beds (Figure 6). Much
of the outcrop has poor access due to the steepness of the beds. There is another large
exposure of lake beds, roughly 71 meters in thickness, cropping out along the
Waucoba/Death Valley Road at elevation 1680 m. This exposure is not extensively
included in the study, however it is hypothesized that these lacustrine sediments are
stratigraphically below those exposed in Duchess Canyon. Panoramic photographs of the
project transect are located in Figure 7.
Regional Setting and Tectonics
Owens Valley is located on the eastern side of the Sierra Nevada Mountains and
is the most western valley within the Basin and Range extension zone. It is a northwestsoutheast trending trough containing a shallow western bedrock bench supporting alluvial
fans, and two well-developed deep and narrow grabens (Gillespie, 1991). The valley
extends from Montgomery Pass, north of Bishop at 37o24’N and 118o23’W, to the Coso
Range in the south at 36o7’N and 117o56’W. Owens Valley was formed through various
stages of crustal extension. Extension was initiated during the Middle to Late Miocene
and has continued episodically to present (Jones, Farmer, and Unruh, 2004; Jayko, 2009).
The direction of extensional migration is east to west, with normal faults striking north
and south (Phillips and Majkowaski, 2011). It has been hypothesized that Owens Valley
faulting accelerated ~3 Mya in response to the northwestern migration of the Mendocino
Triple Junction (Atwater, 1970; Hay, 1976).
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The formation of Owens Valley is directly linked to the history of the Sierra
Nevada, although the timing and extent of the uplift and exhumation of the Sierra Nevada
is still a matter of discussion. Geomorphic studies of tilted strata (Unruh, 1991, 2003)
and river incision patterns suggest some Late Cenozoic (3-5 Ma) surface uplift in the
southern and central Sierra Nevada (Mulch et al., 2008).
The Waucobi Lake Beds are located within the Big Pine graben of Owens Valley.
The Big Pine graben formed by two north-south trending discontinuous range-bounding
normal fault zones, which include the Southern Sierra Nevada Frontal fault and
Independence fault to the west and the oblique-dextral White and Inyo Mountain faults to
the east (Gillespie, 1991). The graben is separated down the axis of the valley by the
oblique-dextral Owens Valley fault and is divided into two micro-blocks by the east-west
trending Deep Springs Fault (Figure 8). East of the Big Pine graben is the Waucoba
Embayment. Dates of basalts from atop the White Mountains suggest that the White
Mountains and Inyo Mountains started to rise no earlier than 8-10 Mya (Taylor, 1963).
According to Taylor, the White-Inyo crustal block broke into smaller fault blocks as it
rose, creating the Waucoba Embayment, Deep Springs Valley, and much of the Panamint
Valley, around 4.0 Ma. This implies that the rate of uplift was slow if it took about 4-5
million years for smaller fault blocks to form.
Global Climates in the Late Pliocene and Early Pleistocene
During the Pliocene epoch (5.33 to 2.58 Ma), global climatic boundary conditions
were similar to today (Fedorov et al., 2006). However, the early and mid Pliocene were
about 2-4 degrees Celsius warmer than today (Murdock, 1997). Several hypotheses for
why conditions likely changed around 3 Ma are linked to Milkankovitch orbital changes
7

(Fedorov et al., 2006) and/or changes in continental configurations, such as the closing of
the Isthmus of Panama between North and South America (Haug and Tiedemann, 1998).
The closure most likely impacted ocean circulation and the transfer of heat, leading to an
increase of moisture into the atmosphere. This would have been a precondition for icesheet growth, triggered by incremental changes in the Earth's orbital obliquity (Haug and
Tiedemann, 1998). The major shift in ice sheet growth occurs at the Plio-Pleistocene
boundary (Lisiecki and Raymo, 2005).
Intense cooling along the eastern Pacific Ocean led to wide spread glaciation in North
America around 2.8 Ma (Huybers and Molnar, 2007). Western North America went from
relatively wetter and less seasonally variable climate in the late Pliocene, to lower
moisture and fluctuating seasonal climate in the early Pleistocene (Smith et al., 1993,
1984).
Regional Hydroclimate
Modern day Owens Valley receives most of its water from melting snows off the
Sierra Nevada (Smith and Street-Perrott, 1983). Significant fall storms typically
represent tropical cyclones that bring moisture to the Basin and Range from the
equatorial Pacific Ocean (Hansen, Schwartz, and Riedel, 1981; Kay, 1982). However,
these storms are topographically blocked by the Sierra Nevada Mountains. Moisture on
the leeward side of the mountains is limited due to the Sierra rain-shadow effect. Thus
climate in the Owens Valley is drier compared to that on the windward side of the Sierra
Nevada mountains. It has been proposed that the hydroclimate during the late-Pliocene
and early-Pleistocene was similar to that of today (Smith, 1984). Smith (1984) speculates
that regional precipitation was likely dominated by winter rainfall during the late8

Pliocene, followed by increasing dryness across the Pleistocene boundary with severe
regional drying starting ~2.6-2.5 Ma.
Isotopes as Proxies for Environmental Change
Isotopes in lacustrine sediments reflect a number of factors: hydraulic residence
time, diagenesis, changes in mineralogy, air mass trajectory and atmospheric lapse rates.
The isotopic composition of any given endogenic mineral is determined by the isotopic
composition of the lake water and temperature. The isotopic composition of lake water
reflects several variables including changes in the value of precipitation. The isotopic
values of precipitation that ultimately feed a lake are a function of temperature, source,
evaporation and condensation (Dansgaard, 1964). An increase in air temperature will
have the effect of increasing the 18O and deuterium values of rain. Snow behaves in a
slightly different manner (Jouzel et al., 2007). The trajectory of air masses also impacts
the isotopic value of precipitation (Rozanski, Araguás-Araguás, and Gonfiantini, 1993).
As the δD in water vapor moves in an air mass from the oceans to the continents,
subsequent rain out events cause the isotopic value of the precipitation to decrease over
time. Precipitation becomes depleted in oxygen isotope, 18O, and deuterium with further
penetration into the continent and can be exacerbated when an air mass ascends in
altitude as occurs with mountain ranges (e.g., the continental and altitude effects of
Rozanski, Araguás-Araguás, and Gonfiantini, 1993). The isotopic changes result
primarily from Rayleigh distillation and the depletion of deuterium in precipitation and
vapor as a mass of air rises over a mountain and rains out moisture. As a result, the δD
value of precipitation will be much lower on the rain shadow side of the mountain. This
altitude effect is often expressed as an isotopic lapse rate and is given as a per mil change
9

in δD of precipitation per 100 meters of elevation change (Poage and Chamberlain,
2001).
The 18O and D values can also be altered by changes in the hydraulic residence
time, which is controlled by an increase or decrease in the flushing of a lake via an outlet
(Fritz, 1996). This flushing increases and decreases with aridity, making climate an
important factor for lake water composition. Conversely, tectonic activity can change the
lake basin morphology by raising an outlet and closing off the lake (Leng, 2006), which
will also impact the flushing rate. An increase in the length of time water spends in a
lake basin will increase the likelihood of evaporative removal of the lighter isotope.
Thus, increases in aridity are associated with increased 18O and D values.
Minerals forming in the lake water capture that isotopic composition provided
fractionation occurs in isotopic equilibrium (Savin and Hsieh, 1998). Some of these
minerals form through diagenetic recrystallization and some form in-situ through a
secondary mineralization phase. In this study, clay minerals formed in the ancient
Waucobi Lake are interpreted to reflect the isotopic signature of that lake water.
Lake Bed Tuff Layers
Volcanic activity during the late-Pliocene and early- Pleistocene in the Owens
Valley produced numerous tuff beds, although these have not been well studied. The
USGS used tephrochronlogy to correlate tuffs from the Waucobi Lake Beds with tuffs of
Blind Spring Valley and Glass Mountain (Sarna-Wojcicki, 2005). According to SarnaWojciki (2005), sanidine feldspars from the Blind Spring Valley tuff yield a weighted
mean age of 2.21 Ma and 1.92 Ma for Glass Mountain. Ages were obtained by the laserfusion 40Ar/39Ar method. The tephra that formed the Blind Spring Valley and Glass
10

Mountain layers erupted from a volcanic source near Glass Mountain, east-central
California. Benton Hot Springs tephra has been dated at 2.81 Ma (Sarna-Wojcicki, 2005)
and is found in surrounding valleys, but has not yet been matched to tuffs found within
the Waucobi Lake Beds.
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FIGURE 1. Shaded relief map of California and Nevada. The Southwestern Great Basin is
outlined in black and the Waucobi Lake Beds are located within the white dotted box.
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FIGURE 2. View of Waucobi Lake Beds looking east from Highway 395.
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FIGURE 3. Waucobi outcrops and local faults. Faults and outcrops mapped on a 10 m
DEM.
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FIGURE 4. Map of Project Transect. The transect runs through the Waucobi Lake Beds
from east to west with Duchess Canyon as the most eastern locality, followed by The
Mesa heading west and then the Ryser Tuff Mine.
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FIGURE 5. Map of Waucobi Lake Beds sample locations.
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FIGURE 6. Duchess Canyon Stratigraphy. A few major stratigraphic units are labeled
on the southwest facing slope.
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FIGURE 7. Panoramic photos of Project Transect. Transect travels east from the White-Inyo Mountains, west
towards the Owens Valley floor. Top picture connects Duchess Canyon (right side of photo) to The Mesa (left side of
photo). Bottom picture shows the hills south of The Mesa (right side of photo) to the Reyser Tuff Mine (left side of
photo).
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FIGURE 8. Fault block map of Owens Valley, California. Modified from Hollett et al.,
1991.
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CHAPTER 3
METHODS
Geochemical and mineralogical analyses of sediment presented and/or discussed
in this study were obtained by a variety of methods performed at California State
University Long Beach (CSULB) using The Institute for Integrated Research in
Materials, Environments, and Society (IIRMES), and the Signal Hill Petroleum
Environmental Geochemistry Lab. Geochronological analyses of tephra were conducted
at the Berkeley Geochronology Center (BGC) in collaboration with Alan Deino and at
California State University Long Beach.
Sample Collection
Sediment and tuff samples were collected along an east-west transect across the
southern lake bed exposures as well as one locality in the northern exposures (Figure 9).
Samples for mineralogy and dating were collected using a hand shovel. A 6”-8” deep
section of lake bed material was removed at the sample site to expose unaltered material.
The sample was then taken and placed in a quart-sized Ziploc TM bag. Samples were
brought to California State University Long Beach (CSULB) or the Berkeley
Geochronology Center (BGC) for analysis. Fifty-three samples were collected by
hammering in a poly-carbonate tube, 15 cm in length at an angle perpendicular to the
layers of unconsolidated beds to capture finer laminations and
21

details. Elevation and location of sites and lake bed outcrops were measured by Jacob’s
Staff and Trimble GeoExplorer 3000 GPS with TerraSync.
Method for Mineral Identification
Identification of lake bed minerals was conducted using a benchtop Rigaku
MiniflexTM powder X-Ray Defractometer (XRD) located in the Signal Hill Petroleum
Environmental Geochemistry Lab at CSULB. HighScore Plus software by PANalytica
was used for mineral identification. Once minerals were identified, a second analysis on
the XRD was repeated for the montmorillonite using ethylene glycol in order to view a
peak at the 002 position.
Isotope analysis and clay separation
Clays were first separated from both tuff and the lacustrine sediment matrix. Clay
extraction was done with a method created for this project (Appendix A). Sediment was
wet sieved with high purity deionized water through a 53 micron sieve to remove siltsized and larger particles. Grain sizes were fractioned from the sample producing four
ranges; >53 μm, 53-20 μm, 20-3 μm, and <3 μm. Size ranges from the wet sieving were
confirmed with a Saturn DigiSizer II 5205 V1.01 Particle Size Analyzer at IIRMES. The
<3 μm sample was then analyzed on the XRD to determine the clay mineralogy and
purity. Samples with a uniform composition were considered suitable for deuterium
analysis.
Clay samples were prebaked at 120oC in a National Appliance Vacuum Oven for
16 hours at ~16.9 kPa to remove pore water. The clay samples were then immediately
enclosed in silver foil and placed in an autosampler chamber for deuterium analysis.
Instrumental purging took place as soon as all samples were loaded on the Autosampler
22

to prevent atmospheric water from re-entering clay pores. Hydrogen isotopes were
measured with a Thermo Combustion Elemental Analyzer coupled to a Finnigan MAT
Delta-XP Stable Isotope Gas-ratio Mass Spectrometer and followed the procedure
outlined by Sharp et al. (2001). Analytical error was <2‰. NBS-19 was used for
standard materials and replicates were run every 5 samples.
Paleoaltimetry
The paleoelevation of the White-Inyo Mountains during the Plio-Pleistocene was
reconstructed using projection methods of geomorphic features, similar to methods of
Bachman (1974). The height of the mountains was calculated by subtracting the highest
lake bed exposure from the current height of the White-Inyo Mountains. This gives a
minimum value for the height of the White and Inyo Mountains surrounding the
Waucoba Embayment since the time of lacustrine sediment deposition. A line is
projected along a ~6o dip, matching that of the current dip of the lake beds, in an easterly
direction into the White-Inyo Mountains. The projected line represents the height of lake
sediment in comparison to the height of the mountains.
40

Ar/39Ar Radiometric Dating

Fourteen tuff samples were collected in the field with Alan Deino of the Berkeley
Geochronology Center. Samples were taken to the Berkeley Geochronology Center
(BGC) and followed BGC protocol for 40Ar/39Ar radiometric dating using the single
crystal, laser-fusion 40Ar/39Ar method on individual crystals of sanidine. Irradiation
parameters determined a precision of ± 0.01 by CO2 laser-fusion of 4 to 10 single
sanidine crystals per tuff layer.
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Trace Element Fingerprinting of Tephra
A fingerprinting method was used to correlate tuffs from around the Waucobi
Lake Beds. First, volcanic glass shards were separated from the tuff matrix and treated
with 10 % HCl following the USGS Volcanic Glass Separatory Technique by Janet Slate
and Jose River, revised by Elmira Wan (Wan, 2011). Once volcanic shards were
separated and treated, single shards were hand selected and analyzed for trace element
composition with a GBC OptiMass 8000 Laser Ablation Time of Flight Inductively
Coupled Mass Spectrometer connected to a New Wave UP-213 Laser Ablator at the
Institute for Integrated Research on Materials, Environment and Society (IIRMES) at
CSU Long Beach. SRM 612, SRM 614 and Glass Buttes were used for standard
materials. Four to ten glass shards were measured for each sample, with each shard
ablated three times with the laser. A set of replicates were run after every sixth sample
set. Data are reported as elemental intensities in ppb or ppm.
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FIGURE 9. Enlarged map of Waucobi sample locations.
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CHAPTER 4
RESULTS
Sedimentology of Lacustrine Deposits
The studied portion of the Waucobi Lake Beds are a series of alternating beds
categorized into two major units, lower saline-alkaline and upper freshwater facies
(Figure 6). These units are comprised of a minimum of 25 beds consisting of tuffs,
mudstones, claystones, siltstones, and sandstones. The beds record a transition in the
depositional environment from 2.5 Ma to 2.0 Ma and are similar to those described by
Bachman (1974). This study focuses on the facies change from saline-alkaline to fresh
water dated to ~2.5-2.4 Ma (this study).
The Duchess Canyon outcrop has a total thickness of ~96.4 meters (Figure 10). It
can be divided into two major units: the lower saline-alkaline (51.9 meters in thickness)
and the upper freshwater (44.5 meters in thickness). A disturbed layer, 1.5 meters in
thickness, separates the two units. This disturbed layer is flat lying and is bounded by
undeformed layers above and below (Figure 26). The layer contains silty, well-sorted
loose sediment and sedimentary structures characteristic of folds.
The lithology of the lower saline-alkaline unit in Duchess Canyon consists of
about 75% siltstone, 20% claystone and 5% sandstone. A total of 15 inversely graded
beds are found within this unit, which is also located in the second locality, The Mesa, of
the project transect (Figure 4). The bottom layers of the lower saline-alkaline unit
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measure 14.3 meters in thickness and consists of interbedded siltstones and sandstones,
overlain by 30.6 meters of alternating siltstone and claystone with a 7 meter thick layer of
calcareous claystone interbedded with gypsum (Figure 10). The layers above the 1.5
meter disturbed layer are 51.6 meters thick and contain three massive layers of claystone,
siltstone and sandstone. These sediments begin the transition to the upper freshwater
unit. The uppermost section of the Duchess Canyon outcrop contains a thick sandstone
layer overlain by a fanglomerate and consists of alternating beds of fine sand coarsening
upward. The Duchess Canyon outcrop contains, in stratigraphic order, three cycles of
alternating siltstone and sandstone, four cycles of alternating claystone and siltstone, and
a set of claystone, siltstone and sandstone layers topped by a massive fanglomerate.
Clay rich beds in the lower unit are greenish-blue to gray and are very compact.
Siltstone layers are green to greenish-gray and are friable. Tuffs found within the lower
unit are light greenish gray, very light gray and white. Sandstone layers in this unit
consist of grains that range from fine to coarse and are mostly well sorted and rounded.
Water ripples are sedimentary structures found in layers toward the upper portion of this
unit (Figure 11).
The Ryser Tuff Mine outcrop, which is the third section of the project transect, is
~ 25 meters in thickness and is mostly a freshwater unit. Based on the current tilt of the
beds and likely proximity to the depocenter of the lake, the beds in this outcrop are
believed to be the uppermost beds of the exposed lake sediments (Figure 12). An
explanation for the configuration of the lake bed sediments is included in the Discussion
section of this thesis. This uppermost portion of the lake bed is divided into 10 beds with
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alternating sandstone, siltstone and mudstone. This set of beds consists of 45%
sandstone, 28% siltstone and 27% mudstone based on field estimations.
Mudstone beds in the fresh water unit are greenish-blue, blue, gray and white, and
are very blocky and flakey. Siltstone layers are grayish-green to greenish-blue. The
sandstone in this unit is inversely graded, consisting of angular and coarse to rounded and
fine clasts. Planar cross bedding is visible in the lower two sandstone layers of this unit.
Tuffs are very light gray to white. Figure 13 shows the correlation for the two major
units representing the saline-alkaline to fresh water facies change.
Seven tuff layers have been identified within the saline-alkaline water facies
located in the first and second localities of the project transect and are numbered 4 to 10
in Figure 10. Tuff is also found toward the middle of the fresh water facies as many thin
alternating layers (Figure 14). Tuff 6 and 7 bound a disturbed layer that separates the
alkaline-saline facies unit from the freshwater unit.
Lake Bed Mineralogy
The lower unit of the lake beds has been interpreted as an alkaline-saline
environment due to zeolites, evaporites, and a lack of fossils. Tuffs within the alkalinesaline facies have mostly zeolitized to phillipsite. Furthermore, the tuff layers, as well
as the siltstone and sandstone layers, are interbedded with gypsum and halite. The upper
unit is interpreted as a fresh water environment, based on fresh (non-zeolitized) volcanic
glass shards and pumice within the tuff, an abundance of gastropods and ostracods
(Osegura, 2012), and montmorillonite. The mixed clay, illite-montmorillonite, has been
found near the transition zone of the saline-alkaline to fresh water facies. Results from
clay mineral identification using X-Ray Diffraction are presented in Appendix B.
28

Radiometric Dating and Tuff Correlation
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Ar/39Ar dates from 13 tuff samples are listed in Table 1. According to Deino et

al. (2006) weighted-mean ages of the tuffs are calculated hierarchically. Aliquots are
combined to give a weighted-mean sample age, and the weighted-mean age of the tuff
horizon is calculated from the individual sample ages. Dates on the tuffs indicate that the
ancient Waucobi Lake existed between 2.64 and 2.06 Ma, although the true duration of
the lake is unknown as the bottom-most and top-most layers are not exposed in the
project transect. Because tuff samples were collected from multiple outcrops, it is
possible that two separate tuffs could be from the same event.
Elemental intensities for Pb, U, and Th were selected to fingerprint 10 out of 22
tuff samples for correlation across the Waucobi Lake Bed exposures, of which 13 were
dated with 40Ar/39Ar. Pb, U, and Th were chosen under the assumption that their
elemental concentrations are representative of the tuff from crystallization and that
mobility of the elements has not occurred which could have reset the concentrations.
Samples were picked based on their abundance of fresh glass shards. Ternary diagrams
were used to categorize the relative concentrations of these three elements (Figures 1921). Results indicate that tuff 6 and tuff 16 may correlate, as well as tuffs 11 and 12.
Appendix C contains the elemental intensities for the tuffs analyzed with the Time of
Flight LA-ICPMS. Tuffs 11 and 12 were also matched to the USGS Tephrochronlogy
database and may correlate to the Blind Spring Valley and Glass Mountain events.
Sedimentation Rates
Sedimentation rates were calculated using the assumption of constant
sedimentation between dated tuff layers (Figure 15). Waucobi Lake experienced rapid
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deposition between 2.63 and 2.55 Ma followed by a period of slower deposition between
2.55 and 2.33 Ma. Another sequence of rapid deposition occurred between 2.36 and 2.18
Ma, followed by slower deposition between 2.18 and 2.06 Ma. The average
sedimentation rate for sediments between 2.64 and 2.55 Ma is ~0.34 mm/yr, followed by
~0.08 mm/yr for sediments between 2.55 and 2.36 Ma. The 1.5 meter disturbed layer
dated between 2.549 Ma and 2.542 Ma has a sedimentation rate of 4.7mm/yr. This layer
is not factored in with the previous rate, because deformation of the sediments may be
associated with severe compaction of the layer and/or an instantaneous slump. The
sedimentation rate increases to ~0.27 mm/yr from 2.24 to 2.21 Ma, then decreases to
~0.04 mm/yr from 2.18 to 2.06 Ma. Faster sedimentation rates are associated with sand
layers while slower rates are associated with clay layers.
Hydrogen Isotope Data
Hydrogen isotope values on the clays extracted from tuff layers are shown in
Figure 16. The isotopic range is -70.5 to -98.2 ‰, -75.6 to -79.7 ‰ and -60.9 to -104.1
‰ for montmorillonite, mont-illite mixed layer and phillipsite, respectively. Within the
montmorillonite there is a general trend of decreasing δD values from ~2.24 to 2.2 Ma.
Then around 2.06 Ma, δD values increase. Montmorillonite extracted from the tuff layer
bounding the fanglomerate at 1.04 Ma contains a δD value of -81.7 ‰, a decrease in δD
by ~5 ‰ compared to the montmorillonite from 2.06 Ma. There are two older
montmorillonite δD values of -94.9 ‰ and -98.2 ‰, around 2.56 Ma, however
montmorillonite is not found in abundance during this time interval. The
montmorillonite-illite mixed layer contains δD values of -75.6 ‰ and -79.7 ‰ at 2.63 Ma
and 2.21 Ma. Phillipsite records a shift to increasing δD values between 2.56 and 2.54
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Ma. An older phillipsite sample has a heavier value of -64.8‰ at 2.62 Ma and a younger
sample has a value at -64.7 ‰ at 2.36 Ma.
Hydrogen isotope values on clay collected from non-tuff layers are shown in
Figure 17. Montmorillonite shows a decreasing then increasing trend between 2.30 and
2.06 Ma, similar to that of the montmorillonite extracted from tuffs. The
montmorillonite-illite mixed layer shows δD values at -61.8 ‰ around ~2.45 Ma and 84.9 ‰ around ~ 2.0 Ma. δD values for non-tuff phillipsite are -71.2 ‰ at ~2.72 Ma and
-83.6 ‰ at ~2.55 Ma, expressing a possible decreasing then increasing trend.
Geomorphic Evaluation
Data from the projected height calculations indicate that the White-Inyo
Mountains stood at a minimum elevation of 562 meters above the ancient lake sediments,
results similar to those of Bachman, 1974 (Figure 18). The minimum thickness of the
lake bed sediments is ~251.3 meters, which is the sum of lake bed exposures measured
from the highest outcrop along Waucoba/Death Valley Road, Duchess Canyon, and the
hills towards Ryser Tuff Mine. The base of the highest large exposure along
Waucoba/Death Valley Road is located at an elevation of 1680 meters. The current
height of the White-Inyo Mountains within the Waucoba Embayment is 2493 meters.
The minimum thickness of lake bed sediments added to the highest exposure puts a
minimum height of lake bed sediments at 1931 meters. This is to compensate for
erosion, though erosional loss of the mountains was not calculated as it is beyond the
scope of this work.
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FIGURE 10. Duchess Canyon stratigraphic column.
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FIGURE 11. Photo of water ripple layer. This layer is found above the sandy siltstone
layer in the saline-alkaline facies.
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FIGURE 12. Ryser Tuff Mine stratigraphic column.
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Figure 13. Correlated stratigraphic columns
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FIGURE 14. Tuff laminations at Ryser Tuff Mine.
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TABLE 1. Analytical Data for 40Ar/39Ar Dates. Project ID = field sample identification,
Sample = lab sample identification, ID = sample position in analysis, Irrad. = Irradiation
sequence number, Age (Ma) = age x106, MSWD = mean square weighted deviation,
Prob. = probability that Age is accurate
Project ID

Sample

ID

Irrad.

Age(Ma) MSWD

Prob.

WStuff3

WAC11-1

25831 406C

1.044

0.5

0.76

WStuff14

WAC11-12

25844 406C

2.062

0.2

0.99

WStuff15

WAC11-13

25845 406C

2.188

0.9

0.53

WStuff12

WAC11-10

25843 406C

2.206

0.7

0.62

WStuff11

WAC11-8

25840 406C

2.218

0.3

0.92

WSlapilli3 WAC11-14

25846 406C

2.239

0.4

0.85

WSlapilli1 WAC11-9

25841 406C

2.242

0.3

0.91

WStuff4/5

WAC11-2

25832 406C

2.363

2.9

0.05

WStuff6

WAC11-3

25852 406C

2.542

0.3

0.99

WStuff7

WAC11-4

25835 406C

2.549

0.4

0.74

WStuff8

WAC11-5

25836 406C

2.555

0.3

0.91

WStuff9

WAC11-6

25837 406C

2.628

0.2

0.95

WStuff10

WAC11-7

25839 406C

2.634

0.7

0.65

Tuff samples with an age probability over .90 = over 90% accuracy. Sanidine
selected from the tuff samples were used for laser-fusion material.
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FIGURE 15. Lake bed sedimentation rate. This graph shows an increase in
sedimentation from 2.5 Ma to ~2.2 Ma. Error bars are + 0.01Ma.
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FIGURE 16. Hydrogen isotopes from tuff clay. Graph of δD over time for clay minerals
phillipsite, montmorillonite and illite-montmorillonite mixed layer, with associated
environments.
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FIGURE 17. Hydrogen isotopes from non-tuff clay. Graph of δD over time for the clay
minerals phillipsite, montmorillonite and illite-montmorillonite mixed layer, with their
associated environments.
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FIGURE 18. Paleoelevation model for the White-Inyo Mountains. Projected height of the White-Inyo Mountains compared to
the Waucobi Lake Beds.
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Figure 19. Results of Laser Ablation-Time of Flight Analysis of glass shards from tuff layers Set A
Ternary Diagrams. Ten samples were analyzed with the LA-TOF ICPMS at IIRMES. Uranium,
thorium and lead were used for comparison for each tuff sample. This “fingerprinting” technique is a
tool used for matching tuff layers within the lake bed exposures.
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Figure 20. Results of Laser Ablation-Time of Flight Analysis of glass shards from tuff layers Set B
Ternary Diagrams.
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Figure 21. Results of Laser Ablation-Time of Flight Analysis of glass shards from tuff layers Set C
Ternary Diagrams.

CHAPTER 5
DISCUSSION
Changes in Water Chemistry
A facies change from saline-alkaline to fresh water in the Waucobi Lake Beds
was noted as early as 1964 (Hay, 1964) and reconfirmed by Bachman (1974) and others.
The transition from phillipsite to montmorillonite documented in this study support this
general finding. Dates on the lake bed tuff place the facies transition event between 2.52.4 Ma. The clays within the tuffs are better metrics of water composition as they could
not have been transported from other environments and therefore, formed in situ. The
majority of samples older than 2.5 Ma are comprised of phillipsite, which is associated
with alkaline-saline environments (Hay, 1964). One clay sample dated ~2.55 Ma had
measurable amounts of montmorillonite, which is associated with fresher water (Hay,
1964). Thus it is possible that the lake fluctuated in alkalinity. Most of the
montmorillonite is found in tuffs 2.30 Ma and younger. The lake bed mineralogy implies
a shift from drier to wetter conditions, which is the opposite of global and regional
climate patterns during the late Pliocene and early Pleistocene.
Hydrogen isotopes from clay extracted from tuff layers only offer snapshots of the
lakes conditions over relatively short intervals. Unfortunately without a fractionation
factor for phillipsite, the isotopes between the two facies cannot be directly compared.
The deuterium values in the saline-alkaline facies show a slight increase from 2.62 Ma to
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2.542 Ma, though the values are generally the same as those for phillipsite in the fresh
water facies at ~2.2 Ma. The increase is consistent with a general increase in aridity
which is consistent with global climate change. One tuff at 2.55 Ma has depleted
deuterium values, which seems to suggest possible oscillations in the isotopic values of
the water.
The scatter in the δD in the montmorillonite of the freshwater unit implies an
unstable and fluctuating hydrologic system. However, between 2.25 and 2.18 (a ~70,000
yr period) there is a distinct and consistent decrease in δD, which might be climatic or
hydrologic in nature.
Paleoclimate and Paleohydrology
The duration of the Waucobi Lake Beds indicate deposition across the PlioPleistocene boundary, in which many climate records demonstrate a decrease in effective
moisture. Paleoclimatic interpretations of the mineralogy and isotopic composition of
clays offer opposing views within this framework. The clay mineralogy implies a
transition from a drier to wetter climate. Given that phillipsite requires alkaline waters, it
is reasonable to conclude that the lake had higher salinity as well as higher alkalinity
before 2.5 Ma. The disappearance of zeolite and formation of montmorillonite indicates
deeper, fresh water (Hay, 1964). Furthermore, the overall decrese in the δD values of the
phillipsite between the alkaline facies and fresh water facies is a decrease, which implies
an increase in lake flushing rate, possibly due to a wetter climate.
In contrast, the δD values of the non-tuff clays show the opposite trend with lower
values prior to 2.5 Ma than after, although this is between two different clay species with
different fractionation factors, and the same relationship is seen among the
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montmorillonite samples that span the two facies. These changes seem to imply a drying
of the lake, which is consistent with regional and global climate change but
counterintuitive to the mineralogical change.
The inferred hydroclimate from Waucobi Lake was compared to other lake
systems in the Owens Valley region (Figure 22) to aid in determining if the facies change
recorded in the Waucobi Lake Beds at ~2.5-2.4 Ma followed regional climate changes or
if the facies change was related to a hydrologic shift influenced by tectonic activity.
Based on mineralogy, the Waucobi Lake Beds record a relatively dry period
which occurred from 2.63 Ma until 2.55 Ma. This result is consistent with that described
for Searles Lake (Figure 23), which transitioned from higher levels of moisture and little
climate variations from 3.3 to 2.6 Ma (Smith, 1984). Tule Lake, to the north, was also a
moderately deep lake from 3.0 to 2.65 Ma (Bradbury, 1992), but began drying ~2.6 Ma.
Mineralogy from both Tule Lake and Searles Lake, which form a north-south transect
east of the Sierra Nevada, suggest a dryer climate during the latest Pliocene.
Then from 2.55 to 2.35 Ma, clay mineralogy recorded in the Waucobi Lake Beds
indicate a transition from alkaline-lower moisture conditions to more freshwater
conditions. The timing is similar to the shift to regional drying experienced by Searles
Lake and Tule Lake of California. In fact, Searles Lake is interpreted as undergoing
increasing dryness at 2.6 Ma followed by a period of complete desiccation from 2.50 to
2.0 Ma (Smith, 1984), whereas Waucobi appears to be deep and fresh. Tule Lake also
underwent drying, similar to that of Searles Lake from 2.65 to 2.35 Ma (Bradubury,
1992).
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Between 2.35 to 2.05 Ma the mineralogy of the Waucobi Lake Beds shifts to
montmorillonite, indicative of fresher water. This period of fresher water and possibly
enhanced moisture availability is not synchronous with the drying patterns exhibited by
the other lakes (Figure 23). If the other lakes are following a regional climate
aridification, and Waucobi is getting wetter, then the possible explanations for the
difference are: 1) climate was significantly different at the Waucoba Embayment during
this interval or 2) tectonic activity resulted in an alteration of the hydrologic system such
that Waucobi received more run-off or ground water input despite the overall drying
trend. The latter possibility must also take into consideration the role of the paleo-Owens
River. According to Phillips (2008) and Reheis et al. (2002) several Pliocene and Early
to Mid Pleistocene lakes in the Western Great Basin were hydrologically connected.
Specifically lakes on the eastern side of the Sierra Nevada located in the surrounding
Owens Valley region were possibly linked through the paleo-Owens River (Figure 22)
and these lakes include Waucobi and Searles. Shifts in the routing of the paleo-Owens
River could feed one lake while depriving another.
Possible Tectonic Control on Lake Hydrology
To understand how hydrology of the lake could be altered by tectonics, it is
critical to know to some degree the size and shape of the original lacustrine basin. This is
very difficult due to the uplift of the White-Inyo Mountains and subsidence of Owens
Valley. Faulting along the Waucoba Embayment, active during the late Pliocene-early
Pleistocene, would likely have allowed for a longer residence time for water within the
lake. Water was present enough for sediment to accumulate over the course of at least

48

one Ma, implying that active faulting provided sufficient subsidence to keep the basin in
existence.
The youngest layers of the Waucobi Lake Bed are truncated by the White
Mountain Fault and have either been eroded away or lie beneath Owens Valley fill
(Figure 24). It is unclear how far into the valley the lake beds extend, though a possible
contiguous section of lacustrine deposits has been mapped by Hollett et al. (1991) near
Big Pine, California between depths 974 m and 1219 m under the Owens Valley
immediately west of the Waucobi Lake exposures outlined here. No known correlation
has been made between these lacustrine units other than the speculation in this paper.
Further investigation of those deposits is needed before any direct correlation can be
made, but if they do represent Waucobi Lake beds then this would help to provide a size
and shape for the lacustrine basin.
Regardless of size, an ancient Owens River was probably a major source of water
input for Waucobi Lake. Phillips (2008) postulates that one possible path of the Owens
River flowed through the Waucoba Embayment and eastward over into Saline Valley
(Figure 22). Evidence supporting this idea was found within the lake beds by Bachman
(1974) and this project, in the form of interference patterned water ripples topped by
ripples of a southeastward flowing current in carbonate sediment between ~2.5-2.35 Ma.
The interference patterned water ripples imply a change in current direction, from a
south-easterly flow to a north-westerly flow. This north-western flow is captured as
current ripples in the overlying layer. It is possible that an outflow of the Owens River
went through the embayment and through a gap in the proto-White-Inyo Mountains
during this time period. A change in the direction of that outflow would have deprived
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Searles Lake from river input, hastening its desiccation. It also would account for the
high flushing rate and related freshwater of Waucobi Lake.
I propose that an increase in subsidence of Owens Valley along the White
Mountain Fault after 2.05 Ma may have dropped the western edge of the lake allowing
the basin to migrate more toward the valley and away from the White-Inyo Mountains.
This time period may coincide with the inception of Owens Valley Fault. I speculate
that oblique movement along the Owens Valley Fault and vertical movement along the
White Mountain Fault could have shifted the depocenter of the lake westward, re-routing
the drainage of the lake towards the west and south towards the location of Pleistocene
Owens Lake. It is probable that ~13km horizontal offset along the Owens Valley Fault
(Lee et al., 2009) since ~2 Ma has separated the lake basin into a minimum of two
sections and in doing so, created a new path for the Owens River while subsequently
draining Waucobi Lake. If this is the case then the western margin of the lacustrine
basin would be located near Round Valley northwest of Bishop, California and the
eastern margin of the lacustrine basin would be located in the Waucoba Embayment.
Fault scarps are found throughout the Waucoba Embayment and within the lake
beds. Geomorphic observations suggest that the White-Inyo Mountains surrounding the
Waucoba Embayment were ~562 m above the minimum depth of the lake bed exposures
in Duchess Canyon dated between 2.63 and 2.05 Ma (personal calculations and
Bachman, 1974). Given the increase in elevation of the White-Inyo Mountains since the
deposition of the lake beds and the new ages defined in this paper, most of the uplift
along the White-Inyo Mountains seems to have occurred after 2.05 Ma, in opposition to
the previously adopted age of 2.8 Ma by Lee et al. (2009). The overlying alluvial fans
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have a base age of 1.18 Ma giving rise to the idea that rapid uplift in the White-Inyo
Mountains did not occur until that time. These data imply that the mountains
surrounding the Waucoba Embayment were not rising or at least not at a significant
enough rate to supply large amounts of sediment to the lake.
Seismite
Of importance to the facies shift and the interpretation of the cause of this shift is
the fact it coincides with a distinctly disturbed mass layer, 1.5 meters in thickness (Figure
25), which has been interpreted as a seismite. The seismite is the overlying silty layer to
a phillipsite-rich layer at ~2.55 Ma and is described as fluidized, resulting in
unrecognizable primary structures, some recognizable flame structures, and folding.
Disturbed layer characteristics were applied using Bezarra’s (2001) general seismite
descriptions. The seismite is bounded above and below by horizontal layers each capped
by tuff layers (Figure 26). This seismite layer is evidence of a near and/or strong
earthquake, possibly associated with volcanism in the area or an early rupture event along
the White Mountain and Owens Valley Faults. Magnitude and velocity for the event that
could have caused the seismite have not yet been calculated. It is possible that the event
that triggered the seismite was strong enough to also trigger a mega-landslide, damming
Waucobi Lake so that draining of the lake from westward faulting was slowed. The
Poverty Hills, just south of Big Pine, could contain remnants of an ancient landslide
(Bishop and Clements, 2006) that once dammed a portion of the lake. I speculate that
faulting along the White Mountain and Owens Valley Fault zones, with the assistance of
an ancient Owens River, would have dominated over the landslide at ~2 Ma and cut
through, eventually leading to the end of Waucobi Lake.
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FIGURE 22. Eastern Sierra Nevada lake systems map.
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FIGURE 23. Pliocene-Pleistocene lakes of the Western Great Basin.

FIGURE 24. White Mountain fault scarp. The Waucobi Lake Beds are down dropped
below Owens Valley fill at the White Mountain Fault.
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FIGURE 25. Tuff layers in Duchess Canyon. Tuff ages are reported to the left of the figure and are assigned to the
tuff layer represented by the dashed line.
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FIGURE 26. Photos of Seismite. The top photo shows the sedimentary characters
associated with the seismite, while the bottom photo shows the seismite as a dominate
cliff forming layer.
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CHAPTER 6
CONCLUSION
The main conclusion for this thesis project is that the Waucobi Lake Beds is an
example of sedimentary deposition controlled by tectonics rather than climate.
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Ar/39Ar

dates on 13 tephra layers from within the lake beds provide the first absolute chronology
for the Waucobi sediments and an age for a previously un-described paleoseismic event,
interpreted in this study to be the seismite layer. The chemical composition of the tuffs
also allow for correlation of segmented lake bed outcrops. Finally, the chronology,
combined with calculations of crest height of the White-Inyo Mountains, constrain the
timing of major uplift to post 2.05 Ma and most likely to 1.18 Ma, when the major
fanglomerate formed. These ages are significantly different than previous reports. The
effect of the White-Inyo Mountains as a topographic barrier toward air-masses coming
over the Sierra Nevada would have been minimal given that they were roughly 562
meters above Waucobi Lake Bed sediments.
The hydroclimate of the Waucobi Lake Beds appears to be out of phase with other
regional climate records. A transition from alkaline-saline water to fresh water at ~2.4
Ma is opposite the global trend in aridification and the regional climate of increased
drying at Searles Lake. However both lakes are considered part of the drainage pathway
for the paleo-Owens River (Phillips, 2008). Given that climatic interpretation of the
Waucobi Lake Bed sediment using clay mineralogy is out of phase with other lakes, such
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as Searles Lake, the present conclusion is that the facies shift is hydrological, possibly
due to re-routing of the paleo-Owens River to the east through Waucobi Lake, which
deprived Searles of it inflow. The re-routing may have been tectonic in origin. The
facies change is coincident with a 1.5 m thick disturbed layer that I infer to be a seismite.
I speculate that an earthquake induced a mega-landslide, such as the proposal for the
Poverty Hills (Bishop and Clements, 2006), damming the ancient lake and eventually
causing the major facies transition from saline lacustrine to fresh water lacustrine
recorded in the lake beds. However, no event has been documented unequivocally.
More work is needed regarding the seismite and potential landslide dam to confirm the
potential of this idea for the cause of environmental change recorded in the ancient
Waucobi Lake Bed sediments.
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APPENDIX A
CLAY EXTRACTION METHOD
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Clay Extraction Method
By Conni L. De Masi
1. Loose soil or fine, uncemented sediments may be processed without crushing.
However, most sediment must be crushed before individual minerals can be
separated.
2. Extraction sample size will vary depending on the abundance of clays or zeolites in
the sediment. For clay enriched materials a few grams may suffice. Clay- or zeolitepoor materials may require several tens of grams of the parent material.
3. Sediment is wet sieved with high purity deionized water through a 53 micron sieve to
remove silt-size and larger particles. Grain sizes were fractioned from the sample
producing four ranges; >53 μm, 53-20 μm, 20-3 μm, and <3 μm.
4. Once a 500ml beaker is full to 400ml with suspended material and high purity
deionized water, shake/stir for 30 seconds and let settle for one minute. Siphon off
supernatant into 50ml centrifuge tubes (usually 8 tubes).
5. Remaining sediment in beaker is at mineral size 53-20 μm. Sediment in sieve is >53
μm.
6. Once all supernatant is in the 50ml centrifuge tubes, shake for 30 seconds and let
settle for one hour, undisturbed.
7. Again, siphon off suspended minerals and water into another set of 50ml centrifuge
tubes. Silt size fraction of 20-3 μm is left in the first set of centrifuge tubes.
8. Now, place the 50ml centrifuge tubes with remaining supernatant into a centrifuge set
at ~3300RPM for 8 minutes. The length of centrifuging may vary depending on
centrifuge diameter and settings. This material is <3 μm and results in a fairly pure
clay or zeolite if the parent material was enriched.
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APPENDIX C
ELEMENTAL DATA FROM TIME OF FLIGHT ANALYSIS FOR TUFF SAMPLES
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Table 2. Elemental data from Waucobi tuff TOF analysis. Elemental intensities have been
recorded in ppm.
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