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Abstract: Eocene lakebed sediments at Stonerose Interpretive Center in Republic,
Washington, USA are one of the most important Cenozoic fossil sites in North America,
having gained international attention because of the abundance and diversity of plant,
insect, and fish fossils. This report describes the first detailed geologic investigation of this
unusual lagerstétten. Strata are gradationally divided into three units: Siliceous shale that
originated as diatomite, overlain by laminated mudstone, which is in turn overlain by
massive beds of lithic sandstone. The sedimentary sequence records topographic and
hydrologic changes that caused a deep lake to become progressively filled with
volcaniclastic detritus from earlier volcanic episodes. The location of the ancient lake
within an active graben suggests that displacements along the boundary faults were the
most likely trigger for changes in depositional processes.

Keywords: paleontology; paleolimnology; sedimentology; stratigraphy; Klondike
Mountain Formation

1. Introduction

Between 53 and 45 Ma, the southern Canadian Cordillera was cut by right-lateral faults that created
a mosaic of northwest-trending grabens and half-grabens [1-3]. The southern-most of these fault
basins is at Republic, Washington (Figure 1). A volcanic arc that extended over much of the region
contributed large amounts of volcaniclastic sediment and volcanic flows. Between eruptive events,
lacustrine and fluvial sediments preserved abundant remains of plants, insects, and fish that have
attracted international attention (Figure 2).
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Figure 1. Eocene lacustrine deposits in British Columbia and Washington.
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Figure 2. Republic Boot Hill locality fossils: (A) Macginitea gracilis (Stonerose Museum
SR010003004A); (B) Sequoia langsdorfi (SR-02027008A); (C) Eohiodon woodruffi
(Stone Rose museum, not curated); and (D) unidentified moth (University of Washington
Burke Museum specimen UWBM 6600B B2757, photographed by T.A. Dillhoff).

124°W 116°W

244

The Stonerose Interpretive Center is uniquely different from correlative Eocene fossil beds at
Driftwood Creek and McAbee, British Columbia, both protected heritage sites where collecting is
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limited to researchers who have obtained appropriate governmental permits. At Republic, Washington
fossiliferous strata are exposed within the city limits, and managed by the Stonerose Interpretive
Center. The center was created in 1989 as a cooperative effort that received enthusiastic support of the
Republic city council and numerous local residents [4]. Collecting by amateurs is welcome under
controlled conditions. Significant finds are retained for the center’s research collection, which is freely
open for study. The main Boot Hill site is periodically mechanically excavated to reveal fresh outcrop
surfaces that provide an excellent opportunity for studying the stratigraphy and sedimentology.
Stonerose maintains a well-cataloged research collection. The Burke Museum of History and Culture
at the University of Washington in Seattle is also a repository for Republic fossils. Several numbering
schemes have been used to catalog Republic fossil localities. The main Stonerose public collecting site
is commonly referred to as the Boot Hill locality (U.W. Burke Museum locality UWBM B4131;
USGS Paleobotany Site 8428). A smaller exposure in downtown Republic is informally called the
Corner Lot locality (UWBM A0307). Shale exposed along the main road near this site is identified as
UWBMA 0308.

2. Historical Background

Paleontology research at Republic, WA has a curious history. After gold-bearing quartz veins were
noticed by white visitors on 21 February 1896, the U.S. government disenfranchised Native Americans
by allowing prospectors to file claims on the northern half of the Colville Indian Reservation. During
the next eight days, 30 claims were staked, and within a year mineral rights were ceded to thousands of
additional properties [5,6]. When ore reserves were finally exhausted in 1995, the Republic deposits
had produced more than two million troy ounces of gold [7].

This mining history is relevant to paleontology because the gold-bearing veins have Eocene lakebed
sediments as the host rock, and early prospectors discovered fossils during their quest for gold. In
1910, fossil fish were sent to the U.S. National Museum [8]. A few plant fossils were described [9,10]
but serious paleontology research did not begin until 1977 when Wes Wehr, paleobotany curator at the
University of Washington Burke Museum of History and Culture, began collecting fossils. The most
productive outcrop, the Boot Hill fossil bed, was not discovered until the mid-1980s. Wehr quickly
recognized the world-class importance of the site, and he began a highly successful effort to recruit
paleontologists to conduct research at Republic. One major accomplishment was the publication of a
detailed monograph on the plant fossils [11]. This was followed in 1996 by the Washington Geology
Republic Centennial Issue (volume 24, no. 2), and in 2005 by the Canadian Journal of Earth Sciences
Okanagan Highlands special issue (volume 42, no. 2), which contains articles on the regional geology
and paleontology of the fossil beds. The publication list of paleontology articles continues to expand.
Topics include plants [12-31], insects [32—40], fish [41], birds and crayfish [34], and more general
aspects [42—48].

3. Analytical Methods

Scanning electron photomicrographs were taken using a Tescan Vega SEM, with preliminary
elemental analyses performed with an EDAX nondispersive X-ray spectrometer running Genesis
software. More precise major element values (Table 1) were obtained using a Rigaku Model 2070
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XRF spectrometer, analyzing samples prepared by fusing 3.5 g of rock powder with 7 g lithium
tetraborate, fused at 1000 °C to produce glass discs. X-ray diffraction patterns were obtained from
packed powders using Ni-filtered Cu K-a radiation, employing a Rigaku Geigerflex diffractometer for
preliminary analyses, and a General Electric XRD-5 goniometer for final high-resolution patterns.

Table 1. Major element composition of samples from Stonerose Fossil Beds Boot Hill site.

SR-2 ash  SR-3 ash SR-5 SR-6 SR-7 SR-11
SR-B SR-1 SR-14
Lower Unit Lower Unit Silty Middle Middle Middle/upper
Oxide Basal Lower Upper Unit
Tephra Tephra Transition Unit Unit Transition
Sandstone  Unit Sandstone
Interbed  Interbed Zone Mudstone Mudstone Mudstone
SiO2 63.48%  91.49%  70.69% 67.43% 83.20% 65.31%  65.89% 72.55 67.17
ALO3 16.32 1.09 17.41 15.71 7.18 16.41 14.86 13.56 15.72
TiO2 0.92 0.07 0.68 0.18 0.27 0.88 0.91 0.69 0.87
Fe2O5* 6.20 4.21 3.40 4.39 3.24 7.93 6.20 5.69 7.27
MnO 0.20 0.01 0.00 0.03 0.04 0.06 0.07 0.04 0.04
CaO 5.45 0.24 2.89 1.75 1.94 3.72 3.01 2.56 3.36
K20 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 2.76 0.12 1.31 2.90 1.11 3.23 2.53 1.90 2.96
Naz0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Organic
2.82 2.67 335 6.41 1.90 2.10 6.27 1.95 222
matter **
Loss on
1.85 0.03 0.28 1.19 1.12 0.35 0.25 1.07 0.39

Ignition ***

* total iron calculated as Fe,0;; ** calculated from weight loss after 450° heating; *** calculated from weight loss after 900° heating.
4. Geologic Setting

Ore deposits at Republic have received much attention [5-8,49-51]. Otherwise, geologic research
has mostly been limited to regional studies [52—62]. Only one study focused on the geologic history of
the lakebed deposits [62].

Eocene sediments near Republic were deposited in the Republic graben and the adjacent Toroda
Creek half-graben, Stonerose fossil beds are located in the lower part of the Tom Thumb Tuff
Member, the lowest unit of the Klondike Mountain Formation, using the stratigraphic nomenclature
established by Meussig [52]. In the Republic basin, the Klondike Mountain Formation contains at least
900 m of volcaniclastic sediments and volcanic flows [54,55]. Andesitic flows of the underlying
Sanpoil Volcanics were the primary source of clastic sediment. These sediments are dominated by
breccia, conglomerate, and sandstone, suggesting rapid erosion and deposition, with steep-gradient
streams capable of transporting coarse lithic debris. The basin also contains fine-grained lacustrine
sediments that are the source of the prolific Stonerose fossil beds (Figure 3).

The age of the lacustrine strata can be estimated by radiometric ages obtained from the underlying
Sanpoil Volcanics and volcanic flows within the Klondike Mountain Formation. These dates suggest
the age of the Stonerose fossil beds to be approximately 48—49 Ma [15].
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Figure 3. Geologic map of Republic area showing Stonerose Fossil Beds localities.
Adapted from [7].

5. Stratigraphy and Petrology

The Boot Hill locality exposes approximately 15 m of strata, divided into three main divisions
(Figure 4).
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Figure 4. Stratigraphy at Stonerose Boot Hill locality (lower Tom Thumb Member).
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5.1. Lower Unit

The lowest unit consists of thin-bedded brown siliceous shale. Approximately 6 m are exposed at
the Boot Hill site, but the overall thickness probably exceeds 10 m. The basal contact is visible along
the road a few hundred meters north of the fossil site, where siliceous shale was deposited on an
undulating erosion surface of coarse-grained lithic sandstone composed mostly of volcaniclastic debris
(Figure 5).

Figure 5. Unconformable basal contact of siliceous shale with underlying
volcaniclastic sandstone. The underlying strata are hydrothermally altered, in contrast to the
overlying shale.

Shales in Eocene lakebeds in British Columbia and northeast Washington have long been
considered to represent accumulations of fine volcaniclastic sediment, but some of these shales
originated as diatomite that was converted to opal-CT during diagenesis [63]. Although shales in a few
localities preserve relict diatom frustules [63,64], mineralogic alteration commonly obliterates these
microfossils. The clearest evidence of diatomaceous origin comes from elemental analysis [63,65].
Ordinary clastic shales commonly have alumina values in the range 14%-16% by weight, and silica
from 60% to 72%. In contrast, Eocene diatomaceous shales have compositions that resemble modern
diatom deposits, with silica as the major constituent. Oxide % values for Republic samples are shown
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in Table 1. The 91.49% silica sample from SR-1, collected near the bottom of the lower shale unit, is
clear evidence of its origin as diatomite. Other shale samples from this unit have similar siliceous
composition. Petrographic thin sections reveal that the shale was deposited as annual varves (Figure 6B).
Varved sediments have previously been described from Eocene lakebeds at Horsefly, McAbee, and
Princeton, British Columbia [63,66]. Holocene and Recent varves typically originated in cool
temperate climates where lakes are ice covered each winter. This ice blocks the influx of clastic
sediment, and a thin dark lamina results from the degradation of organic matter. Warm spring weather
brings both a resumption of clastic deposition and a diatom bloom that combine to produce a light-colored
lamina. At Republic and correlative localities in British Columbia, varve genesis could not have
involved ice covering a common phenomenon for Holocene varves, because the Eocene regional
climate was significantly warmer than at present [15,45,46]. The cyclic variations in sedimentation
most likely represent seasonal variations in nutrients availability. Each light/dark couplet represents
one year of deposition. Warm spring and summer conditions favored phytoplankton growth, causing
sedimentation to be dominated by diatom deposits. During winter, rain and wind caused an influx of
clastic sediment. These seasonal changes are evidenced by the microtextures of the varved sediment.
Commonly, each light-colored lamina is bicolored, with the lower section being nearly white, and the
upper section light tan. This zonation originates because the spring diatom bloom may consist of a
single species of diatom that explosively proliferates, replaced later in the season by a more diverse
diatom population. The abundance of hyaloclastic material may have played an important role, where
the presence of glass shards provided a silica reserve that kept biogenic silica from being dissolved.

Diatomaceous sediments in BC Eocene lakebeds were converted during diagenesis to opal-CT
(poorly ordered cristobalite/tridymite), but X-ray diffraction patterns (Figure 7) show that the Republic
siliceous shales consist of microcrystalline quartz. This transition sequence has previously been
described for siliceous hot spring sinter [67,68] and diatomite [69,70]. Eocene lakebeds in the southern
Canadian Cordillera are similar in approximate age, but diagenetic conditions were not uniform owing
to regional variations in tectonic and igneous processes. The conversion biogenic of opal-A
(amorphous opal) to microcrystalline quartz at Republic most likely resulted from higher temperatures
during diagenesis, compared to correlative lacustrine beds at Horesfly and McAbee B.C., where relict
diatom frustules are preserved [63,64]. The remineralized texture of the siliceous shale is evident at
high magnification. Clasts consist of a multitude of polygons (Figure 6C); SEM/EDX spectra show the
individual grains consist of silicon and oxygen as the only detectable constituents.

The siliceous shale contains thin interbeds of tephra (Figure 8), evidence of active volcanism during
this early phase of lacustrine deposition. Major element concentrations (Table 1) show the rhyolitic
composition of the tephra.
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Figure 6. Lower siliceous shale unit: (A) outcrop view; (B) thin section view under
polarized light; and (C) SEM photomicrograph (specimen WWU SR-1). Diagenetic
recrystallization has produced a granular texture that obliterates the original diatom frustules.
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Figure 8. Tephra interbed in siliceous shale: (A) Optical photomicrograph shows the
undulating lower tephra contact where tephra grains have deformed the soft underlying
diatomaceous varves. The upper contact is less distinct, with overlying diatomaceous
sediment containing many fine tephra grains. (B) SEM photomicrograph of tephra. Clastic
grains mostly consist of devitrified glass, relict phenocrysts, and clay minerals formed
during diagenesis of the volcaniclastic debris.

5.2. Middle Unit

Siliceous shale grades upward into laminated mudstone, which comprises the 7.5 m thick middle
unit of the Boot Hill stratigraphic section (Figure 9). Fine volcaniclastic sediment is a major
constituent of this mudstone; the absence of tephra interbeds indicates that regional volcanism had
ceased during this phase of lacustrine deposition. One transitional bed (WWU SR-5) has a composition
intermediate between the underlying siliceous shale and the more alumina-rich volcaniclastic debris
that is the main constituent of higher strata (Table 1). SEM images show this mudstone contains
euhedral phenocrysts of feldspar, as well as clay minerals derived from diagenetic alteration of feldspar
and pyroxene. X-ray diffraction patterns show similar trends. Transition zone sample WWU-SR-5,
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contains 83% silica and 7.18% alumina, with quartz as the major constituent, with only a trace of
feldspar. In contrast, higher mudstone layers WWU SR-6 and WWU SR-7 both contain significant
feldspar peaks, smaller quartz peaks, and small amounts of clay. Major element data (Table 1) suggest
that these mudstones are composed of rhyolitic detritus. This middle mudstone zone is the richest

source of fossils, as discussed later.

R s -

Figure 9. Middle laminated mudstone unit: (A) outcrop view; (B) thin section view under
polarized light; and (C) SEM photomicrograph (specimen WWU SR-7). Blocky grains are
relict phenocrysts from volcaniclastic debris; diagenetic clay minerals are visible as a
crinkly zone in the right central area of the photo.
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5.3. Upper Unit

The mudstone unit grades upward into the 1.4 m thick upper stratigraphic unit (Figure 10). The
transition zone is a coarsening-upward sequence where the mudstone becomes increasingly silt-rich.
Sample WWU SR-11 is somewhat more siliceous than most middle unit mudstone beds, containing
72.55% silica and 13.36% alumina. This anomalous composition perhaps represents a diatomaceous
component, but the coarser grain size of this transitional unit suggests that the elevated silica content is
more likely due to the presence of quartz clasts that originated as detrital phenocrysts from rhyolitic

parent material.

Figure 10. Upper lithic sandstone unit: (A) outcrop view; (B) thin section view under
polarized light; and (C) SEM photomicrograph (specimen WWU SR-14). Clasts consist of
volcaniclastic debris.
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The upper mudstone has prominent zones of soft-sediment deposition, including rip-up clasts and
flame structures. Identical sediment is present at the Corner Lot locality in downtown Republic,
suggesting that this site is a lateral extension of the mudstone sequence at the much larger Boot Hill
site (Figure 11). The most striking feature of the transitional zone between the middle and upper units
is a 0.6 m thick zone of cyclic deposition. Each cycle consists of a fining-upward sequence created
when an influx of volcaniclastic sediment settled under quiescent conditions (Figure 12). This cyclic
zone shows an abrupt transition to a 1 m thick bed of massive lithic sandstone. A silty layer separates
to first sandstone from a second massive sandstone bed. Above this, the outcrop is covered by young
alluvium. The sandstone beds have elemental compositions similar to the basal sandstone that
unconformably underlies the siliceous shale. Photomicrographs show the sandstone to consist of coarse

rhyolitic debris (Figure 10).

‘\ e oy Cm

Figure 11. Sawn surface of mudstone from Corner Lot locality showing soft sediment
deformation. (specimen WWU-SR-CL).
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Figure 12. Cyclic sedimentation in Boot Hill locality transition zone between middle
mudstone unit and upper lithic sandstone unit (specimen WWU SR-12).

6. Discussion

Gaylord et al. [55,62] described the paleolimnology as follows: Early in the developmental history
of the Republic graben, during the eruption of the Sanpoil Volcanics, topographic and volcano-tectonic
depressions became the sites of hot springs and localized lakes. These early lacustrine deposits became
silicified, and mineralized to become the host material for gold-bearing veins. Later, lake levels rose as
a result of volcano-tectonic subsidence or damming of outlet streams by lava flows. Hydrothermally
altered detritus remaining from earlier eruptions and more recently eroded volcaniclastic debris were
transported to the lake by debris flows and alluvial transport. The ancient lake had an area of at least
25 km?, based on the present geographic extent of lacustrine deposits. Episodic subsidence of the
graben floor allowed eventual deposition of a 300 m thick sedimentary sequence in a lake that any
given time had a shallower depth.

Mudstone, sandstone, and conglomerate accumulated by suspension settling, turbidity currents, and
debris flows, suggesting that plant fossils at Stonerose fossil beds mostly originated from botanical
material transported into the lake by feeder streams, with wind also providing a transport mechanism
for pollen and some leaves. As the drainage basin continued to enlarge, lacustrine sediments became
increasingly dominated by sand-rich detritus. Ultimately, deposition became dominated by gravel-rich
deposition, and the lake eventually filled with sediment. New volcanic activity covered the region with
rhyolite and basaltic andesite.

This study provides several new insights into the paleolimnology of the ancient lake. In particular,
the recognition that the lower strata originated as diatomaceous sediment rather than tuffaceous or
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volcaniclastic detritus is evidence of a period of tectonic and volcanic quiescence, in contrast to the
energetic depositional environments that preceded and succeeded this time of calm deposition.
Siliceous shale has not been described from other sites in the Republic or Toroda basins, and the
diatomaceous origin is a new discovery. The varved structure of this shale provides a means of
estimating the deposition rate: Assuming an average of eight varves per millimeter, the lower
stratigraphic unit represents at least 80,000 years of deposition. This diatomaceous sediment is
evidence that the ancient lake was large and deep. The accumulation of diatomite requires a paucity of
clastic sediment, evidence that this deposition did not take place near shore.

The transition from siliceous shale to mudstone is evidence of fundamental changes in the
paleoenvironment. The absence of tephra layers in the mudstone indicates that volcanic activity had
ceased. Coarser sediment and thicker laminations resulted from more active fluvial deposition, where
inlet streams carried more volcaniclastic debris into the lake, and diatomaceous sediment became a
minor component. Gradational contacts between the three lithologic units are evidence of topographic
evolution caused by vertical motion on the graben’s boundary faults. Tilting of floodplains as a result
of fault-related uplift or subsidence can be observed at many modern locations [71-74]. The Eocene
Allenby Formation of southern British Columbia, correlative in age and paleontology with the
Republic deposits, provides an ancient example [75]. Increasing the gradient of streams draining into
the lake would have magnified their ability to transport larger sediment sizes, and larger volumes of
sediment. As this phase of deposition continued, storm-triggered flood events caused pulses of
sedimentation in the form of turbidity currents that extended far out into the lake. The cyclic pattern of
graded beds in the upper mudstone unit is evidence that these turbidity currents were regular events.
The high energy of the depositional environment is demonstrated by the fact that muddy beds were
intensely deformed by subsequent current flows.

In the upper zone, the transition from mudstone to sandstone corresponds to the final episode of
deposition, where lacustrine deposition was replaced by fluviatile deposition in the form of deltaic
deposits. Once a deep, calm lake, the body of water was now relatively shallow. Similarity of upper
sandstone to basal sandstone suggests that this sediment was derived from volcaniclastic debris in the
watershed that was transported by increasingly energetic depositional conditions, rather than being
evidence of a new eruptive episode.

Occurrences of fossils correspond to the differing depositional environments. Varved diatomaceous
sediment is a rich source of leaf, insect, and fish fossils at McAbee and Horsefly, BC, and
diatomaceous and clastic shales at Princeton contain abundant fossils. At Republic, the lower
diatomaceous sediments yield relatively few fossils because the brittle, thinly bedded sediment does
not split to yield large specimens, and remineralization of the biogenic sediment to microcrystalline
quartz probably destroyed fossilized material. At Republic, the richest fossil beds are in the middle
level mudstone, which offers very favorable conditions for preserving organic remains. The relatively
rapid rate of sediment accumulation increased the probability that organic remains would become
entombed rather than decomposed, and the fissile nature of the laminated mudstone allows the rock to
be split to expose large bedding plane surfaces. Large leaves are commonly preserved intact, and a
single slab may contain multiple taxa. Fossils came from a variety of sources: Plant materials
transported from the adjacent watershed by streams, leaves falling into the lake from bank-dwelling
vegetation, remains of in situ aqueous plants, fish that lived in the water column, bottom-dwelling
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organisms such as crawfish and insect larvae, and insects, leaves and pollen transported by wind. The
fine lake bottom mud produced anaerobic conditions that protected organic remains from decay, and
fossils commonly have dark carbonized tissues that stand out in attractive contrast to the light-colored
matrix (Figure 13). With some leaf samples, destruction of the matrix using hydrofluoric acid yields
well-preserved cuticle [26].

Figure 13. Leaf compressions from middle unit mudstone preserving relict carbonized
tissue: (A) unidentified dicot (WWU SR-02-2714B) with thin cuticle layer; and (B) SEM
Backscattered electron image of Metasequoia occidentalis, WWU specimen, showing
thick, fragmented carbonized cuticle.

Fossils in the upper sandstone-dominated unit are scarce, and generally consist of macerated leaves
and carbonized wood fragments. These commonly have been hydraulically sorted so that they are
found clustered on bedding planes.

7. Conclusions

Paleontologists have long assumed that the richly fossiliferous lacustrine deposits at Stonerose
Fossil Beds were an “ashbed flora”, where plant remains were preserved when airfall tephra entered a
shallow lake during episodic volcanic eruptions. Sedimentologic evidence indicates a much different
origin. The overall trend is a coarsening-upward sequence, beginning with biogenic sediments at the
base, and transitioning to clastic younger units. The lowest strata are varved diatomaceous beds that
accumulated in a deep, calm lake. Middle strata are dominated by laminated mudstone, representing
fine volcaniclastic debris introduced by streams. Upper layers are primarily comprised of sandstone.
Thin tephra layers in the biogenic shale are evidence of volcanic eruptions, but the overlying units
were deposited during a time of volcanic quiescence. Weathered volcanic debris on adjacent slopes
was the source of this clastic sediment. The upward coarsening of the sediment represents several
processes. The ancient lake was located within an active graben; episodic motion of the boundary fault
likely caused tilting that increased the gradient of the watershed, increasing the energy of streamflow
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into the lake. This increased sedimentation caused shallowing of the lake, producing extensive deltaic
deposits. A second phenomenon was the emergence of turbidity flows triggered by episodic storms.
These pulses of sedimentation account for the dominance of thick sandstone beds in the upper strata,
the presence of graded bedding, and the turbulent disturbance of underlying layers. The occurrence of
fossils relates to the evolving sedimentology. Diagenetic remineralization of the lower diatomaceous
layers results in brittle fracturing that limits collecting opportunities. The easily-split middle zone
mudstones are rich in fossils; leaf remains are particularly abundant in this zone because plant material
was transported into the lake by streams. Fossils in the sandy sediments in the highest zone are mostly
limited to transported woody debris.
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