Syracuse University

SURFACE
Theses - ALL
May 2018

Late-Quaternary Seismic Stratigraphic Framework and
Paleolimnology of Walker Lake, Nevada
Mattie Friday
Syracuse University

Follow this and additional works at: https://surface.syr.edu/thesis
Part of the Physical Sciences and Mathematics Commons

Recommended Citation
Friday, Mattie, "Late-Quaternary Seismic Stratigraphic Framework and Paleolimnology of Walker Lake,
Nevada" (2018). Theses - ALL. 207.
https://surface.syr.edu/thesis/207

This Thesis is brought to you for free and open access by SURFACE. It has been accepted for inclusion in Theses ALL by an authorized administrator of SURFACE. For more information, please contact surface@syr.edu.

Abstract
The western USA has experienced heightened sensitivity to drought in recent years, and these
conditions are compounded by a rapidly expanding population. Lake deposits are sensitive
archives useful for reconstructing past hydroclimate, and such paleorecords can provide
constraints for future planning. Walker Lake, Nevada is a terminal basin in the westernmost
Basin and Range province. It contains a long sediment record extending at least to the late
Pleistocene. Ten sediment cores, and ~300 km of CHIRP seismic reflection data were acquired
from the lake in 2013 to develop a detailed environmental history from the lake’s stratigraphic
record. Seven sequences were identified in the high-resolution seismic reflection data, with the
deepest sequence observed 30 m below lake floor. Sequences 1-5 exhibit an external wedgeshaped geometry, whereas sequences 6 and 7 drape the lower sequences and are sub-parallel to
the water-bottom. Four pairs of samples of bulk organic carbon and organic macrofossils, such as
seeds and wood, from the same stratigraphic depths were analyzed to assess influences of older
carbon on radiocarbon ages. These pair samples yielded age disparities between ~400 years to
~1900 years indicating that bulk material may be unreliable. Instead I used fossil pollen rather
than bulk or discrete macrofossils to date the sediment. Unlike lacustrine carbonates and mixed
bulk organic samples, pollen is terrestrial and is not directly influenced by lake water dissolved
DIC. Consequently, the pollen ages are used to develop the core chronologies. The oldest age
from the analysis of fossil pollen is ~7431 cal. years BP, which allows for reassessment of the
timing and magnitude of hydroclimate events in the region. Our integrated seismic stratigraphic
and sediment core analysis reveals a basin-wide angular unconformity at 3540 cal. years B.P.,
indicating a sustained period of low lake level (or desiccation) with localized erosion. The
geochemical, XRF, and physical property data from the sediment cores show limited variability

during this lowstand, suggesting protracted stability of the Walker Lake water column and
depositional system; only minor changes in values are observed at the depth of the angular
unconformity. Using these integrated seismic stratigraphic and sediment core analyses, Walker
Lake underwent three periods of lake-level drop during the Holocene: ~8600 cal. year B.P., 7630
cal. year B.P., and 3540 cal. year B.P.
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1

Introduction

Lake deposits are important archives for reconstructing past variations in regional and global
climate, and climate fluctuations are assessed through evaluating sediment depositional history,
facies development, and the stratigraphic framework of a basin. Studying temporal climate
pattern evolution by using sediment geochemical proxies is important because in the droughtprone western United States, climate-related changes have significant effects on human
populations (Yuan and Linsley 2004; Mensing et al., 2004). Moreover, estimating regional
responses to changes in paleoclimates provides insight into how water resources may be affected
by future climate change (Hatchett et al., 2015). Closed-basin lakes are especially important
study areas because they may record high-resolution climate variability (sub-decadal to multidecadal scales) (Yuan and Linsley, 2006).

Between 2000 and 2007, the Great Basin States, particularly Nevada, Utah and Arizona,
experienced a rapid population surge causing a strain on local resources, especially in urban
areas (Reinemann et al., 2009). There is high pressure on finite natural resources given the
population and economic growth in semiarid regions, making climate studies especially
important in these changing times. A principal concern due to changing climate is whether there
will be sufficient fresh water resources available in these areas in the future (Reinemann et al.,
2009; Hatchett et al., 2015).

Lakes in the Great Basin provide high-resolution climate records from the Western United
States. Deep water sedimentation rates average ~2 mm/yr allowing for the collection of decadal
scale climate records (Benson et al., 1991). High sedimentation rates in closed basin lakes
1

exhibit discernible variations in depositional histories, and also detailed histories of the region
are derived from a high-resolution paleoclimate proxies in the sediment. The terminal Walker
Lake basin allows for the recording of high-resolution small-scale changes in the sediments since
there is no outflow (Rice and Tuttle, 1989).

This study assesses the sediment record in the Walker Lake Basin in order to extract a detailed
history of environmental change. This study provides a continuous record of hydrologic changes
in the western Basin and Range and eastern Sierra Nevada mountains over the past ~9000 years.
Previous studies have attempted to constrain the timing of lake level fluctuations, but these
investigations yielded mixed results. To resolve these issues in mixed-siliciclastic carbonate
systems it is important to understand facies characteristic changes through time. Additionally, the
integration of seismic stratigraphy, lithological analysis, and geochemical analysis provides a
comprehensive record of the paleolimnology of the Walker Lake basin and paleoclimate of the
surrounding region. The data and samples used here consist of ~300 km of high-resolution
seismic reflection data, and ten sediment cores, three of which were used for this study. These
three cores were chosen because they contain the oldest sediments and most complete sediment
packages. Core analyses include total inorganic carbon via coulometry, organic carbon and
nitrogen abundances and isotopic signatures, and major and minor element geochemical data
acquired via split-core scanning x-ray fluorescence (XRF). The sediment cores and stratigraphic
section are dated by radiocarbon analyses using macrofossils, bulk organic mud, and fossil
pollen.

2

2
2.1

Study Area
Tectonic Setting

Walker Lake is situated in a fault-controlled basin in the westernmost region of the Basin and
Range province in the western United States (Figure 1). The lake occupies a half-graben basin
where rifting was initiated during late Cenozoic transtension that generated the Basin and Range
province. This region is characterized by north-south trending mountain ranges separated by
valleys (Bonham, 1969; Stewart, 1988; Lopes, 2005). During the Miocene normal faulting
occurred and resulted in the Walker Lake Basin and the adjacent uplifted Wassuk range that is
principally composed of quartz monzonite. The Triassic and Oligo-Miocene volcanic rocks of
the Gillis range to the east formed from the uplift of the hanging wall (Figure 2) (Minster and
Jordan, 1987; Blair and McPhearson, 1994; Dixon et al., 1995; Bennett et al., 1999).

The western margin of North American is a broad zone of distributed dextral shear (Surpless,
2008). Extension in the Basin and Range began in the Miocene as motion initiated along the San
Andreas Fault, relieving intraplate stresses within North America (Dickinson, 1981). The
majority of the motion between the North American and Pacific plates has been accommodated
by the San Andreas Fault, but recent GPS data indicate that the Walker Lane accommodates 25%
of the differential motion between these two plates. Walker Lake is located in the central region
of the Walker Lane tectonic corridor in the western region of the Basin and Range province east
of the Sierra Nevada mountain range. This area exhibits both dextral strike-slip motion and
extension associated with the Basin and Range (Minster and Jordan, 1987; Dixon et al., 1995;
Bennett et al., 1999; Surpless, 2008).

3

2.2

Limnology

Walker Lake is a north-south elongated, moderately saline (~12 ppt), endohereic, warm
monomictic lake located in west-central Nevada, and is the terminus of the Walker River (e.g.
Meyers and Benson, 1988; Blair and McPherson, 1994). The Walker River is the main source of
inflow, but there is also subsurface discharge from the surrounding mountain ranges (Thomas,
1995). The 4,050 square mile catchment area around Walker Lake receives negligible amounts
of rainfall (115-130 mm/year) from the North Pacific Jet Stream because it lies in the easternflank of the Sierra Nevada range rain shadow (Yuan and Linsley, 2006; USGS).

Over the last century water input has drastically decreased because of upstream diversion of
water from the Walker River for irrigation north of Walker Lake, resulting in a lake level drop of
50 m since the first elevation recording in 1868. Presently, the lake is on average 21 m deep, but
the water depth is rapidly declining and there are also periods when the Walker River isn’t
reaching the lake (Yuan and Linsley, 2006). Since it is a topographically closed basin the main
output is via evaporation, which modern studies have estimated at ~135 cm/year (Lopes and
Allander, 2009). The rapid decrease in lake level caused a major increase in total dissolved solids
(TDS), and increasing the water column pH (Figure 4). According to the U.S. climate database,
Walker Lake receives 4.48 in of rainfall each year (Lopes and Allander, 2009). The lake level
has decreased ~4.5 m over the last 6 years because of the lack of snow pack in the Sierra Nevada
(Figure 5).

Walker Lake lies on the hinge node of the El Niño/Southern Oscillation (ENSO) and the
individual ENSO effects alter regional climate; however regional precipitation and stream
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discharges do not necessarily correlate with the Southern Oscillation Index (SOI) (Redmond and
Koch, 1991; Yuan and Linsley, 2004). Precipitation in the Sierra Nevada is winter-centered and
is affected by the mean position of the Polar Jet Stream. The Walker River, which is the primary
source for Walker Lake, receives most water from the snowmelt in the Sierra Nevada mountain
range. If there is considerable snow pack in the mountains combined with low temperatures, the
Walker Lake water level is high. During times of moderate snow pack in the Sierra Nevada with
relatively low temperatures at Walker Lake, evaporation does not affect the lake level because
there is enough water flowing into the basin to balance evaporation (Sharpe, 2010). This balance
between temperature and snow pack allows for a simplified climate interpretation of the adjacent
area. About 90% of the water that reaches the lake comes from the Walker River, while the
remaining 10% comes from ground water.

Hydrology, sediment input, bedrock type, and temperature change are the major factors
controlling carbonate sedimentation patterns in lake basins. Climate and tectonics influence all
three of these factors (Alonso-Zarza and Tanner, 2009; Platt and Wright, 1991; Tucker and
Wright, 1990). Walker Lake is alkaline with a pH of 9 – 9.5, which facilitates the formation of
carbonates, and the major ions in the water column are Na, Cl, SO4, and HCO3 (Yuan and
Linsley, 2006). The historical drop in lake level exposed microbialites and oncolites on the
paleoshorelines of the gently dipping western side of Walker Lake, on the top and base of an
alluvial fan (Adams, 2007). The processes that control carbonate growth rate and lamination
formation are not well understood (Petryshyn et al., 2012). According to Petryshyn et al. (2012),
the growth of the 4-6 cm-thick stromatolite crusts that form on shoreline cobbles and boulders
initiated around 3300 cal yr B.P, when the lake was relatively deep (~40 m maximum depth).
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Stromatolite laminations are interpreted to record the periodic response of a microbial
community to daily, seasonal, or yearly environmental forcing. The growth of the stromatolites
responds to the local wet/dry climate variations within the region, which can reflect ENSO
events (Yuan and Linsley, 2006; Petryshyn et al., 2012). ENSO events significantly impact and
regulate rainfall in Southern California, however the Sierra Nevada is the least affected by these
events (Schonher and Nicholson, 1989).

Using information from tufa outcrops, sediment cores, and geochemical analysis, Benson et al.
1990 determined there were high lake levels in Walker Lake from 4800 – 2700 year B.P., 1250
year B.P., and within the last 300 years, although the causality of that variability is not
established. There is consistency in the lake level records derived from stable isotopes when
compared to the records from tufa and tree stump data. Many of the proxies used in this study
indicate periods of low lake level; however, none can be used to establish a reason for the
changes in the climate. Walker Lake size variations are not completely synchronous to other
lakes in the area (Benson et al., 1990). While wet and dry periods have been well studied, the
timings in different studies vary, and there is no specific conclusion as to why the climate in this
region changed.

2.3 Paleoclimate Context
There is a broad range of climate behavior in the western United States because of the variation
in topography and the oceanic system (Redmond and Koch, 1991). The Sierra Nevada Mountain
Range, which is the main source of water for Walker Lake, experienced large changes in
precipitation and temperature; however, this region was relatively arid at the same time during
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the Holocene. Past hydroclimate variability in the western United States since the middle
Holocene was driven by expansion of the east Pacific subtropical high-pressure system. In
addition, the summer radiation in the northern hemisphere increased because of variations in the
Earth’s tilt and timing of the perihelion (Mensing, et al., 2013; Whitlock et al., 1995; Whitlock
and Bartlein, 1997; Milspaugh et al., 2000). There is a myriad of evidence for a severe and
persistent drought during the Medieval Climate Anomaly such as increase in drought resistant
vegetation at Pyramid Lake, lowered water levels at Walker Lake, and increased temperature and
decreased precipitation reconstructed from eastern Sierra Nevada tree rings (e.g. Mensing, et al.,
2013). The specific cause for the period of drought is not well constrained.

Late Pleistocene climate in the Basin and Range province in the western United States was
greatly influenced by high latitude North American glaciation, which shifted the polar jet stream
southward, bringing moisture from the Pacific Ocean to the Basin and Range. The additional
moisture created a pluvial period in the western United States (Benson et al., 1995), where many
valleys in the Basin and Range province were filled with water and interconnected by streams
and subsurface flows (Anning and Koniecki, 2005). Lake Bonneville and Lake Lahontan were
two large pluvial lakes that formed as a result of the increased precipitation in the region. Lake
Lahontan, in the western region of the Basin and Range province, covered an area of ~22,000
km2, had a maximum depth of ~300 m, and a highstand elevation of 1338 m above sea level
(Figure 3) (Bereleson et al., 2008; Karow and Hampel, 2009; Morrison, 1991). Walker Lake was
one of seven sub-basins within Lake Lahontan until the retreat of the Laurentide ice sheet when
the jet stream shifted northward. This produced a drier climate in the region and forced the
regression of Lake Lahontan (Adams, 2007; Bradbury et al., 1989). Walker Lake has a spill point
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in the north at ~1310 m, which separated the lake from the other basins in the Lake Lahonton
system for the last ~12,000 kyr after the onset of arid conditions caused the water level to drop
(Bereleson et al., 2008; Karow and Hampel, 2009).

Great Basin paleotemperature information is limited, but wet, and dry periods are well
constrained using a number of proxies from the sedimentary record. From 9500 to 3500 cal yr
BP, the eastern Great Basin climate went from cool and moist to warmer and drier, with shortterm wet intervals, which resulted in the extinction of small mammals adapted to cool and moist
habitats (Mensing et al., 2013). Mensing et al., 2013 show extensive evidence of a persistent dry
period in the Western Great Basin between 2800 and 1850 cal yr. B.P., derived from pollen, lake
level, and tree line data sets from Walker Lake and Pyramid Lake (Benson et al., 2002; Mensing
et al., 2004). The evidence for this dry period is much stronger in the western Great Basin than in
the eastern area. The period from 2700 cal yr. B.P. to 2100 cal yr. B.P. is interpreted to have
been drier than modern day, with intermittent wet periods.

3
3.1

Materials and Methods
Seismic Reflection Data Acquisition

Seismic reflection profiles are useful for paleoenvironmental reconstruction because they provide
a two-dimensional perspective of the underlying stratigraphy, along with the thickness and
geometry of the deposits (Cohen, 2003). Variations in stratal geometry and acoustic properties in
the lake sediments are useful for interpretation of tectonic and depositional histories, along with
hydrologic fluctuations. High-resolution seismic data are especially valuable because they are
8

used to determine the locations for the collection of sediment cores. Seismic reflection data
combined with well-located sediment cores provide the best basis for robust paleolimnological
interpretations.

Seismic reflections in the sedimentary layers are effectively timelines demarcating basin wide
sedimentary deposition. These surfaces represent variations in the deposition due to changes in
energy level, sedimentation rates, depositional environment, input source, degree of diagenesis,
and pore fluid character (Veeken, 2007).

Approximately 300 km of high-resolution Compressed High Intensity Radar Pulse (CHIRP) 2D
seismic reflection data were collected in Walker Lake, Nevada in the spring of 2013 using an
EdgeTech SB424 acquisition system with Discover 3100 v 5.23 software. The seismic lines were
acquired in an orthogonal grid with E-W dip lines spaced 1.5 km apart and strike lines spaced 1
km apart (Figure 1). The high-resolution, subbottom-profiling system uses a Gaussian-shaped
swept bandwidth of 4-24 kHz with a dominant frequency of ~8 kHz (Schock et al., 1989). Due to
the maximum water depth of ~27 m, a strong water-bottom multiple is observed, and only the
upper ~27 m of sediment section are visible. Seismic profiles in more shallow waters imaged
only a few meters of sediment in some areas. The vertical resolution (i.e. minimal resolvable bed
thickness) in the high-resolution seismic reflection data collected with a CHIRP sounder is
calculated to be ~ 10 cm (Schock et al., 1989; Johnson and Clark, 1992). The calculated
wavelength using a velocity of 1500 m/s and a frequency of 4 kHz to 24 kHz ranges from 6.325.5 cm, and using the ¼ wavelength rule yields minimum resolvable bed thickness of 1.6 cm to
9.3 cm (Johnson and Clark, 1992; Widess, 1973)

9

The seismic data were digitally recorded at a sampling interval of 0.023 ms. ProMax software
was used to process the raw data files and the GPS navigation files were extracted from SEG-Y
formatted seismic files. A time-depth conversion was applied to the data based on the average
speed of sound in sediment to calculate depth and thickness of sedimentary packages. The ~1500
m/s velocity estimate used is based on acoustic P-wave data acquired from high frequency, noninvasive whole core scanning on the 10 Kullenberg piston sedimentary cores.

3.2

Seismic Reflection Data Interpretation

The structural and seismic stratigraphic interpretations were carried out using Landmark’s
DecisionSpace software. Seismic stratigraphic techniques presented by Vail et al. (1977) and
Vail (1987) were used to interpret and identify sedimentary sequences in 41 high-resolution
seismic reflection profiles. Sedimentary sequences were chosen based on two criteria:
sedimentary reflections, which represent bedding planes, and unconformities or discontinuities in
the sedimentary record, which represent gaps in time. Variations in seismic attributes, such as
amplitude and frequency of internal reflections, along with distinct depositional patterns and
sediment geometries are used to construct the depositional history of the basin. Changes in the
distinctive patterns of sedimentary packages observed in seismic reflection profiles are a function
of regional environmental conditions that affect water level and sedimentation rate. Within the
high-resolution images collected from Walker Lake, Nevada seven different depositional
sequences were identified based on stratigraphic relationships and seismic characteristics. These
sequences reflect paleoenvironmental changes within the Walker Lake sub-basin.

10

3.3

Sediment Core Acquisition

Ten sediment cores were collected in Walker Lake, Nevada using a Kullenberg piston coring
system, and the core lengths range from ~2 m to ~10 m (Table 1, Figure 1). The locations of the
cores were selected based on stratal relationships and sediment packages observed in the CHIRP
seismic reflection data. The seismic reflection profiles from the northern half of the Walker
Lake basin exhibit a shallow gas curtain, so nine of the ten sediment cores were acquired in the
southern half of the Walker Lake basin. Cores 1A - 8A, and Core 10A were successfully
recovered. The core barrel from the site of core 9A was discarded because it was bent due to a
very hard, shallow subsurface horizon.

3.4

Physical Properties and Core Descriptions

Sediment cores were described and interpreted at National Lacustrine Core Facility (LacCore)
using the sediment classification scheme presented in Schnurrenberger et al. (2012). This
classification scheme is used to: 1) obtain a general understanding of the composition and
variability of the core material; 2) recognize major sedimentary units; and, 3) create a guide for
discrete sampling near deposits such as unconformities, turbidites, and sedimentary structures. In
this study piston cores 1A, 2A, and 4A were the primary cores used for analysis; they are
detailed in the appendix.

Non-invasive whole core physical property measurements of bulk gamma density, magnetic
susceptibility, acoustic velocity, and electrical resistivity were measured at the National
Lacustrine Core Facility (LacCore) using a GEOTEK Multi-Sensor Core Logger (MSCL).
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Saturated bulk density is a function of lithology, density of the sediment, and water content
within the sediment cores.

Continuous measurements of the physical properties were taken at 0.5-cm intervals. The cores
were split and then high-resolution images were gathered together with a Gretag-Macbeth
Minichecker color card that contains 18 calibrated color patches and 6 calibrated grayscale
patches. The lithologies were immediately described on the working halves of the cores after the
splitting to avoid effects of oxidation and color change of the sediments. The archive half of the
split core was placed into a GEOTEK MSCL-XYZ scanner and continuous physical property
measurements were taken at 0.5 cm intervals. The MSCL-XYZ instrument yielded magnetic
susceptibility, grey-scale reflectance, CIE L*a*b color data, and reflectance values.

3.5

Sediment Core Geochemistry

Down core geochemical data yield information about paleolimnological conditions. Paleoclimate
histories are inferred from measurements of changes in past ecology, productivity, sediment
input, and hydrology of a specific region. The working halves of the Walker Lake Kullenberg
piston cores were subsampled at 8-centimeter intervals, frozen, and then freeze-dried. From the
dry samples ~20 mg of sediment was extracted and analyzed at Syracuse University for
determining µg of total C, and percent total inorganic carbon (TIC) by using a UIC CO2
Coulometer. These values were converted to percentage of CaCO3 for a complete downcore
calcium carbonate production record. Bulk geochemical properties of organic matter, including
total organic carbon (TOC) content, and carbon (δ13Corganic) and nitrogen (δ15N) isotopes are
typically measured for paleoenvironmental studies (e.g. Castañeda and Schouten, 2011).
12

Total organic carbon (TOC) and total nitrogen abundances were measured using an Elementar
Vario Isotope Cube elemental analyzer. Carbon (δ13Cbulk organics) and nitrogen (δ15N) isotope
ratios were measured using an Isoprime100 mass spectrometer. Organic geochemical analyses
were run on samples from cores 1A, 2A, 4A, and 5A. Reference standard samples with known
isotopic values were used to calculate any offset in the core samples. Each run of samples in the
EA/IRMS instruments included 8 samples of the following reference standards, with known
values of known values of δ13Corganic and δ15N for comparison: sulfanilamide, peach leaves,
atropine, acetanilide, sucrose, IAEA-N1/ammonium sulfate, and IAEA-N2/ammonium sulfate.

Scanning x-ray fluorescence was used to determine major and minor element abundances using
an ITRAX scanner at the Large Lakes Observatory at the University of Minnesota-Duluth.
Archive-core halves were scanned using a molybdenum-source and continuous measurements
were taken at 0.5-centimeter intervals. The elemental counts from the scanning XRF are valuable
proxies for interpretation of past environmental conditions (Weltje and Tjallingii, 2008).
Scanning XRF allows for near-continuous records of elemental abundances from sediment cores
and are noninvasive (Weltje and Tjallingii, 2008).

3.6

Geochronology Methods/AMS Radiocarbon

Age dating of sedimentary deposits is important for assigning a timeline to past environmental
conditions, and sedimentary deposits can record periods of abrupt and extreme climate change
(Tennant et al., 2013). Events such as lake desiccation, and mass wasting and flooding alter the
pristine sedimentary record by mixing sediments or completely eroding sediments causing a gap
in the stratigraphy. Also, 14C dates are susceptible to systematic age-offsets due to older carbon
13

transported to the lake system that mixes in and contaminates younger sediments (Blaauw,
2010). There are many ways for contamination to occur: hard-water effects, reservoir effect,
sediment recycling, and the incorporation of more recent carbon introduced to deeper sediments
through bioturbation (Tennant, 2013). To mitigate these issues, samples were taken at set
intervals in the sediment cores, and at depths adjacent to where unconformities were observed in
the seismic reflection data. Uniform spacing of samples creates a complete record of sediment
ages from oldest to youngest from top to bottom. Using this technique, any unconformities or
mixing of sediments will be observed in an age model. Developing an age model places the
sedimentary archives in a temporal framework that can be directly correlated to regional or
global climate systems.

Twenty-four radiocarbon dates were obtained from core subsamples of pollen, bulk organic
matter, and macrofossils. Samples were analyzed at The Center for Acceleration Mass
Spectrometry (CAMS) at Lawrence Livermore National Laboratory in California. Initially, bulk
organic mud was dated using accelerator mass spectrometry. Macrofossils that were found in the
sediment cores during the initial core splitting and processing were removed from the cores using
sterile tools and preserved in uncontaminated glass jars filled with deionized water. These
macrofossils, including wood, seeds, and macrophytes, preserve the radiocarbon signature of the
atmosphere when the plant dies and is no longer able to incorporate other sources of carbon from
the lake water or the atmosphere. The quantity of macrofossils was insufficient in the deep basin
cores to fully constrain the ages of the cored sections using that preferred material. To determine
if bulk mud was a viable option for radiocarbon analyses, the macrofossil sample ages were
compared to ages of bulk mud from the same horizon in the sediment cores. This test yielded
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major age disparities between samples, and are interpreted as a carbon reservoir effect in Walker
Lake (Table 2)

Tennant (2013) introduced a new, rapid extraction technique to separate pollen from lake mud
using flow cytometry to distinguish, sort and collect large quantities of fossil pollen. Fossil
pollen is a direct measurement of atmospheric carbon incorporated into grains at the time of
formation (Tennant et al., 2013). Reworked fossil pollen that alters the radiocarbon ages is easily
identifiable as damaged or degraded. The damaged grains are filtered out during the cell sorting
procedure because they are smaller than the filters used for analysis (Tennant et al., 2013).

Samples of bulk mud were sent to University of Minnesota National Lacustrine Core Facility
(LacCore) for pollen processing. Processed samples were sent to Indiana University for pollen
extraction. A minimum of ~20,000 pollen grains from each sample was needed for Accelerator
Mass Spectrometer (AMS) radiocarbon dating. The pollen concentrates were analyzed at
Lawrence Livermore National Laboratory for 14C age dates. Cores 2A and 4A were tied together
using the magnetic susceptibility and bulk density curves, and then the ages were project onto
these curves and seismic reflection data to produce a more robust age model.

An age-depth model was created using the software “BACON” created by Blaauw and Christen,
2013. BACON is an open-source computer program that uses Bayesian accumulation histories of
sedimentary deposits and radiocarbon dates to yield an accurate age-depth model that considers
accumulation rates and variability over time. Bayesian statistics produce a best estimate of time-
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depth relationship curves by accounting for accumulation rates and their variabilities throughout
time, and this program can account for sediment hiatuses.

BACON uses Markov Chain Monte Carlo (MCMC) iterations to estimate accumulation rates by
dividing the sediment cores into vertical slices (Blaauw and Christen, 2013). The MCMC uses a
Gaussian distribution for accumulation rates combined with the radiocarbon dates to determine
sediment accumulation (Blaauw and Christen, 2013). The radiocarbon dates were calibrated
using the IntCal13 atmosphere radiocarbon curve reserved for mid-latitude terrestrial northern
hemisphere material (Reimer et al., 2013). This curve used 14C measurements from tree rings,
plant macrofossils, speleothems, corals, and foraminifera to represent an atmospheric reservoir
and a hypothetical marine reservoir to serve as a baseline for marine variations in oceanic
processes (Reimer et al., 2013). These curves are used to correct for the global carbon cycle’s
effect on 14C dates from sedimentary deposits. Estimated sediment hiatus times are added to the
model to more accurately replicate depositional history. In this study, sediment was sampled just
above and below the erosion surface, which is the boundary between sequence 2 and sequence 3,
to estimate the erosional time gap.
4
4.1

Results
Basin Framework and Seismic Stratigraphy

The CHIRP seismic reflection data reveal up to 30 m of sediment directly below the waterbottom (Figure 6). Seven sequences were identified and interpreted in the CHIRP data, and are
best observed in the data profiles from the south-central part of the basin. The most
representative seismic lines are the EW trending ones in the southern half of the basin because
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they show the complete stratigraphy described herein. A water-bottom multiple obstructs the
seismic reflection profiles below that point in the deepest part of the lake (Figure 6).

Late-Quaternary deformation in deeper basin sediments or crystalline basement is evidenced by
extensional fault-related folds in the upper ~30 m of sediment (Figure 6). However, none of
these deeper faults propagate through the sedimentary sequences in the high-resolution seismic
reflection profiles. The major structural deformation in the basin is observed along the NSstriking border fault on the western side of the lake. An asymmetric syncline along the border
fault is observed with a maximum amplitude of ~12 m in the westernmost 1.5 km of sediment,
below the top two sequences. Minor areas of slumping with a maximum relief of less than a
meter are observed in the central and eastern parts of the basin, possibly due to synthetic faults
associated with the main border fault (Figure 6).

4.2

Sedimentary Sequences

The external form of sequences 1-5 shows a wedge-shaped geometry with marked thickening on
the western side relative to the eastern side of the basin (Figure 6). Sequences 6 and 7, the
uppermost two sequences, drape the lower deposits and are more uniform in thickness across the
basin, unlike the sequences below (Figure 6). Sequence 1 is the deepest sequence observed in the
seismic reflection profiles and was only observed in five out of the 33 E-W seismic reflection
profiles. The thickest of the studied sequences is sequence 4, which is~15 m thick along the
border fault in the west-central part of the basin.
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Profile W13-30 best displays all seven sequences and is the most representative cross-section of
basin sediments and structures (Figure 6). Most of the CHIRP seismic data from Walker Lake
are of very high fidelity. However, a gas curtain primarily in the northern half of the basin,
obscures many of the sedimentary sequences. Additionally, water-bottom multiples obstruct the
deep parts of the northernmost seismic profiles near the Walker River delta because the lake is
less than 2 m deep there. Penetration is limited below some horizons because of dense
sedimentary deposits as described below, particularly along edges of the lake.

4.2.1 Sequence 1
Basal Sequence 1 is a group of sedimentary deposits mainly observed on the eastern margin of
the basin, but is not laterally continuous in all of the seismic reflection profiles (Figure 7). This
sedimentary package comprises multiple changes in geometry and sediment deposition. Horizons
were not assigned to the different deposits because the seismic characteristics in the different
strata are sparsely observed in seismic lines W13-03, W13-05a, W13-28, W13-30, W13-32,
W13-34, and W13-36. (Figure 7). Sequence 1 is at least 9 m thick, although it is obscured by the
water-bottom multiple at its deepest point on line W13-30. The top of the sequence contains
moderately continuous, low-amplitude reflections, but the amplitude and frequency of internal
reflections decrease from the top to the bottom of the package. Approximately 2 km off of the
eastern shore a distinctive 700 m-long west-dipping clinoform package is observed in the center
of the basin, and is observed ~1 m below the upper sequence boundary (Figure 7). The irregular
surface that defines the top of the sequence is reflected in the geometry of the overlying
sediments (Figure 7).
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4.2.2 Sequence 2
Sequence 2 is observed as much as ~25 m below the lake floor in the central part of the lake
(Figure 8). This sequence spans the entire width of the basin and displays a wedge-shaped
geometry with thicknesses ranging from 5 m on the eastern side to ~14 m on the western edge.
This sequence is draped over sequence 1, and thins and pinches out 0.5 km off of the eastern
shoreline (Figure 8). The sequence is acoustically transparent, with two low-amplitude,
discontinuous internal reflections except for reflections located right above basal the seismic
sequence boundary (Figure 8).

4.2.3 Sequence 3
Sequence 3 onlaps sequence 2 in the south-central and eastern parts of the basin. The upper
surface is defined by a continuous, low amplitude horizon with internal reflections that truncate
on the upper sequence boundary (Figure 9). This sequence is deposited ~1.2 km off of the
eastern side of the lake and is observed in the seismic line in figure 10 to range in thickness from
0.25 m on the flexural margin to 3 m on the western side of the basin. Three distinct internal
reflections are observed in sequence 3, and higher amplitude internal reflectors are on the eastern
side of the basin where the sediments are more condensed on the flexural margin (Figure 9).

4.2.4 Sequence 4
Sequence 4 onlaps sequence 3, and it also contains internal reflections that truncate on the upper
boundary (Figure 10). The easternmost 1.2 km of sediments in sequence 3 is missing and
sequence 4 drapes over sequence 2 in this area (Figure 10). Two high-amplitude reflections in
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the lower portion of the unit extend sub-parallel to the sequence boundary between sequences 4
and 3. The other internal reflections are very low amplitude and discontinuous. Sequence 4
spans the entire width of the basin and ranges in thickness from 0.5 m on the eastern side to 4 m
in the west. On the western side of the basin two horizons within the sequence are folded, due to
deeper faulting (Figure 10). Two low-amplitude, continuous, internal reflections truncate at the
upper sequence boundary, creating an angular unconformity, possibly due to erosion from a
change in lake level.

4.2.5 Sequence 5
Sedimentary sequence 5 spans the width of the entire basin, and ranges in thickness from 1 m in
the eastern region to 15 m thick on the western margin (Figure 11). This sequence follows the
same geometry as the sequence deposited below. The internal reflections are high amplitude on
the western side of the basin, but are very low amplitude and barely detectable on the eastern
side. The fault-induced folding on the western side forms synclines in the strata (Figure 11).
There is maximum relief of ~3 m observed in the sediment due to deeper faulting, and syndepositional faulting results in strata that dip westward towards the basin-bounding fault (Figure
11). Reflections near the top of sequence 5 are truncated by another angular unconformity
(Figure 11). This angular unconformity is interpreted as produced during an interval of very low
lake level which resulted in widespread erosion across the basin.
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4.2.6 Sequence 6
This sedimentary sequence was deposited after the drag fold deformed underlying sediments
(Figure 12). Sequence 6 is laterally continuous across the lake, maintains a consistent thickness
of ~2 m, and is parallel to sub-parallel to the sediment-water interface. This sequence shows a
draping external geometry with faint, sparse, discontinuous internal reflectors. The upper
bounding surface of this sequence is the highest amplitude horizon observed in these data and is
associated with a ~5 cm thick tephra deposit (see lithostratigraphic section below).

4.2.7 Sequence 7
Sedimentary sequence 7 is the upper most sedimentary unit deposited in Walker Lake. Its high
amplitude internal reflections are highly continuous across the basin. The thickness varies
slightly on the western side, but averages ~3 m across the basin (Figure 13). In western area of
the sequence there is a ~5 cm thick tephra deposit that generates the high amplitude reflections of
middle horizons in the sequence. Another high-amplitude reflection is observed in the middle of
the seismic sequence that pinches out ~3 km off of the western side of the basin. This reflection
is produced by a 0.5 cm coarse black sand deposit observed in the sediment cores.

4.3

AMS Radiocarbon Ages

This study provides improved radiocarbon dating of Walker Lake sediments using fossil pollen,
including a more precise timing of events, and is used to compare the relative chronology to
recorded events of previous studies. Test beds were first analyzed to determine the accuracy of
ages from the organic sediment, and if so how the reservoir effect had altered the absolute ages.
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Macrofossil, such as wood and seeds, and 1 cm3 of bulk mud samples were collected from the
same horizons in the sediment cores to analyze the organic carbon for 14C. The macrofossil
sample from core 11A-1K has a calibrated age of 4663 ± 112, and the bulk organic mud sample
has a calibrated age of 6570 ± 50 (Table 2). This 1907-year age disparity between the two
samples clearly exhibits a carbon reservoir effect of which was not taken into account in
previous studies. The age offsets in the paired macrofossil and organic mud samples range from
468 to 1907 cal. years B.P. with an average reservoir effect of 1300 years. This is a significant
error given the overall length of this record (Table 2). This comparison confirms that bulk
organic mud is not suitable for radiocarbon dating.

The sediment from cores 2A and 4A was used to obtain sediment ages. Core 2A is ~9 m long
and the deepest sample taken for age analysis was at 8.1 m, and yielded an age of 7431 ± 113
cal. years B.P. (Figure 15). The stratigraphically deepest 3 of 20 samples from core 4A-1K were
destroyed in the graphitization, so the dates were extrapolated to the bottom of this core to yield
the oldest age of ~8600 cal. years B.P. (Table 3).

Accumulation rates were variable during the Holocene depositional history in the Walker Lake
basin. Sediment core ages are projected over the seismic reflection data in figure 15, showing the
age-depth correlation. This projection was used to calculate sedimentation rates, determine the
length of sediment hiatuses, and assess the timing of environmental variations. Sequence 3 has a
sedimentation rate of 1.0 m per 970 years; sequence 4 is 1.0 m per every 1045 years; sequence 5
is 1.0 m per every 1388 years; and sequence 6 has 1.0 m of sediment deposited every 492 years.
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4.4

BACON Age Model

The BACON age model runs in the R-project statistical software, and uses 34 Markov Chain
Monte Carlo (MCMC) iterations per 5 cm slice of the sediment core 2A (Figure 14). The
radiocarbon dates from the fossil pollen analyses best fit within the confidence intervals using 34
iterations. Iterations of 19, 50, 75, 122, and 150 were also tested, but all variations yielded agedepth curves with confidence intervals where the samples were outside of the predicted agedepth curve. A sedimentation rate of ~.96 mm/yr was calculated from the BACON calculations.

The BACON model provides a better representation of age-depth relations than a simple linear
regression. The BACON approach can accommodate deposition hiatuses and other variations
such as erosion. Subsamples from core 2A were obtained immediately above and below the
angular unconformity to determine how much time was missing due to erosion. A date for the
sediment hiatus did not need to be calculated into the BACON model because the samples were
taken so close to this unconformable surface. It is apparent in the age-depth curve at which depth
the gap in time is located, which correlates to the angular unconformity observed in the seismic
data (Figure 14).

4.5

Geochemistry and XRF

Measurements of organic matter in sediments reflect paleoecology, primary organic productivity,
sediment input, and hydrology of the region surround Walker Lake (Meyers and Ishiwatari,
1993). Carbon is preserved in lake sediments in both organic matter and inorganic carbonate
minerals and both phases provide isotopic information reflective of sediment sources and
processes. The δ13Cbulk organics record is useful for determining external and internal input of
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organic matter into the lake sediments, which has significant climatic implications. The δ13C
from different sources or organic material, such as C3 and C4 plants, and aquatic organic matter,
yield a specific isotopic signature (Meyers and Ishiwatari, 1993).

4.5.1 Core 2A
The abundance of CaCO3 in core 4A ranges from 2% to 28%, with a mean of 16%. The δ13C of
organic matter ranges from -35‰ to -28‰ with a mean of -24‰. The elemental abundance of
organic carbon for core 2A ranges from 0% at the bottom of the core to 3.5% to 4% closer to the
top (Figure 16). The values for all the geochemical analyses are consistent down the core except
for the bottom 32 cm where the CaCO3 is reduced to ~1. The excursions observed in the organic
elemental abundances and isotopic values correlate to the depth of the basin-wide angular
unconformity at 4.5 m to 3.7 m, but lithology changes are not observed in the sediment at the
same depth (see appendix).

4.5.2 Core 4A
The percentage of CaCO3 in core 4A ranges from 3% to 35%, comparable to core 2A. The
δ13Corganic isotope values range from -21.0‰ to -25.3‰ indicating the organic matter is of
aquatic origin (Figure 17). A basin-wide angular unconformity is observed in the seismic
reflection profiles at ~3.7 m depth (Figure 6) and is reflected in the geochemical and the physical
property data, but not in the lithology of the sediment cores. From 3.7 to 7.5 m depth, the
geochemical data are surprisingly consistent down core and may be the result of a protracted
water column stability in the lake over the length of this record. Below 7.5 m depth the carbon
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and nitrogen abundances are lower, as are CaCO3 and δ13Corganic values. These signatures
reflect the low stand observed in the seismic reflection profiles in sequence 3.

The average value for K is 2680 counts, and the values range from 618 to 8007. Calcium does
not completely follow the same down-core trend of decreasing from the bottom to the top, and
has an inverse relationship to the K values (Figure 17). The Ca values range from 1260 counts to
38571 with an average of 14818 counts. The high amplitude reflection (green sequence
boundary) in the seismic reflection data near the sediment core site correlates with the increases
in density, and K from the tephra deposit (Figure 17). The transition above the angular
unconformity is reflected as an increase in organic carbon abundance, a decrease in Ca counts,
and a slight increase in gamma ray density values.

5
5.1

Interpretation and Discussion
Radiocarbon and Reservoir Effect

New interpretations of ages and sediment changes were enabled by acquisition of a new
radiocarbon age dates through AMS of fossil pollen and the application of a Bayesian Statistical
analysis for a radiocarbon age-depth relationship. This study collected samples from depths
similar to previous study’s samples for a thorough comparison of radiocarbon methods and
results. Benson et al., (1988) collected a 150 m sediment core from the southwest-central part of
Walker Lake and completed radiocarbon analysis on the top ~45 m of core using separates of
inorganic and organic material from specific intervals of the core. These dates were used in all of
the published studies following these analyses, with the exception of tufa and stromatolite data
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(Yuan and Linsley, 2004; Yuan and Linsley, 2006; Meyers and Benson, 1988; Mensing, et al.,
Lopes and Allander, 2006; Bradbury, et al., 1989; Blair and McPhearson, 1994; Benson, et al.,
1991). Benson et al., (1991) produced a radiocarbon age model using a linear regression of
sample age vs. depth. This method excludes the basin-wide angular unconformity observed in
our CHIRP seismic profiles or the reservoir/hard-water effect that is evident from the test bed
analysis of paired bulk mud and macrofossils. As our Walker Lake study shows, organic and
inorganic fractions of the sediment may not be reliable material from which to build a
trustworthy age model. The BACON model can incorporate variations in sedimentation, and
major erosional episodes that make a linear fit between ages inappropriate.

Previous studies used a static shift of ~200 years to adjust for reservoir and hard water effects
that alter the carbon in the material sample and used for an age model. Our study compared the
ages of macrofossils and bulk organic mud from the same horizons in a sediment core, and the
ages indicate there are disparities from ~400 years to ~1900 years, deeming these materials
unreliable. However, previous studies only used the organic and inorganic fractions of the
sediment, which are at risk for alteration. The top boundary of sequence 5 in figure 18 is
estimated at 3450 cal. years B.P. based on our age model; however, Dong et al., (2013)
interpolated ages from the Benson et al., (1988) cores and suggest that the age of that same
surface is only 3000 cal. years B.P. The results of our radiocarbon data compared with the 200year static shift used by previous studies shows there needs to be a more dynamic approach for
age dating the sediment. Our data show a much broader range of age offset proving a static shift
is not sufficient to yield accurate ages.
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5.2

Sequence Character, Climate and Lake Level Interpretation

A paleolimnological reconstruction of Walker Lake was achieved by integrating seismic,
geochemical, and radiocarbon data to create a continuous record of the last ~7431 years of
depositional and environmental changes. There are marked shifts in geochemistry of the
sediments where sequence changes occur. The environmental and climatic variations reflected in
the sediment from Walker Lake are tightly constrained using the new fossil pollen radiocarbon
method. Previous studies did not have seismic reflection data for which to compare the
geochemical and sedimentary proxies. Our study integrated all of these types of data which
allowed for “ground-truthing” of the geochemical data. These data and sequence interpretations
together permit an analysis of an evolving lacustrine sedimentary system.

5.2.1 Sequence 1 (>15,000 to ~12,000 Cal. Years B.P.)
Sequence 1 is a mix of deposits of unknown lithology with different geometries and seismic
characteristics (Figure 6; Figure 7). The age of the youngest deposit in this sequence is estimated
by extrapolating the fossil pollen radiocarbon dates to be ~15,000 cal. years B.P. The average
rate of deposition was used combined with depths calculated from the seismic data. Walker Lake
became disconnected from the Lake Lahontan system around ~12,000 kyr so it is interpreted that
these deposits are were laid down during a period when lake level was above the 1307 m sill.

5.2.2 Sequence 2 (~12,000 to ~9,000 Cal. Years B.P.)
Sequence 2 consists mainly of a massive, homogenous, reflection-free seismic package, and
extends across the entire lake. None of the sediment cores from this study penetrated to sufficient
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depths to sample this sequence however (Figure 6; Figure 8). A maximum age of ~12,000 cal.
years B.P. is estimated for this sequence based upon extrapolation of the 14C fossil pollen dates
obtained from the BACON age model. A sedimentation rate ~0.96 m/kyr was calculated using
core lengths and radiocarbon ages. This sequence is enigmatic because the lack of internal
seismic reflections and no sediment was recovered to confirm the lithology. The most
parsimonious interpretation of this seismic facies is that it was a result of a mass wasting event or
there was in increase in hydrologic activity, rapidly flushing sediments into the lake basin.

5.2.3 Sequence 3 (~9000 to ~8000 years Cal. Years B.P.)
Sequence 3 onlaps sequence 2, which indicates a rise in lake level at the time. The base of core
2A penetrated into the uppermost sediments of this sequence (Figure 6; Figure 9). The youngest
sediments of the sequence have an estimated age of ~9000 cal. years. B.P. extrapolated from the
fossil pollen age model. This sequence is interpreted to have formed during the onset of a wetter
climate ~9000 cal. years B.P. (Figure 18), which caused a rise in lake level observed in the
seismic reflection data (Figure 6). Previous studies (Mensing et al., 2013) show this to be a
transition period from moist and cool to dry and hot. Geochemical and XRF data (Figure 16)
indicate an increase in the deposition of terrestrial material, whereas the TIC values and Ca
counts decrease up-core due to a lack of water that would bring these ions in the basin.
Additionally, the seismic reflection data show high amplitude reflections within and bounding
the sequence. These are likely due to increased bulk density increase during this time, driven by
a decrease in water content that is observed in the sediment cores.
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5.2.4 Sequence 4 (~8,000 to ~7,600 Cal. Years B.P.)
Sequence 4 onlaps sequence 3, but the deposit pinches out and is not present in the eastern 1.2
km of the basin (Figure 6; Figure 10). The internal reflections are truncated on the upper
sequence boundary, indicating erosion due to lower lake level. The geochemical, physical
property, and XRF data covary with the TIC, bulk density, and Ca counts from sequence 3
(Figure 17), indicating input of terrestrial material, possibly eolian due to a dryer climate.

5.2.5 Sequence 5 (~7,600 to ~3,450 Cal. Years B.P.)
The seismic reflection data show low amplitude, continuous internal reflections, while the
geochemical, TIC, and XRF data suggest a steady state water column (Figure 6; Figure 11).
However, the top of the section has strata that truncate on the upper sequence boundary,
indicating at least a brief episode of a dryer climate that induced a major drop in lake level, and
possibly even desiccation inferred from the basin-wide angular unconformity (Figure 18). This
hiatus is apparent in the geochemical plots (Figure 16) as brief excursions in the TIC values and
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C isotopic ratios. Sequence 5 shows the longest span of steady deposition, interpreted from

seismic characteristics, of ~4 m of sediment from ~6200 cal. years B.P. to ~3700 cal. years. B.P.
with little lithologic variation, as lake level was rising during this time (Figure 15, Figure 18). A
stratigraphic gap of ~1500 years was estimated from radiocarbon samples that were taken from
above and below the erosional surface.
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5.2.6 Sequence 6 and Sequence 7 (~3,450 Cal. Years B.P. to present)
Sequence 6 and sequence 7 display the beginning of steady state deposition observed in the
sediment in Walker Lake over the last ~3700 years (Figure 6; Figure 12; Figure 13). These
sequences exhibit low amplitude internal reflections with no significant change in seismic
character except for a high amplitude reflection related to a tephra deposit. This sequence does
not exhibit the wedge-shaped geometry like the underlying sequences below indicating no
deformation from tectonics or erosion.

5.3

Conditions of Stromatolite Formation

Part of this study was to determine what lake conditions influenced stromatolite formation on the
lake margins. The sediment core geochemical data from times that correlate to the periods of
stromatolite formation show no marked change in geochemical signatures. Petryshyn et al.,
(2012) sampled and dated one stromatolite from a paleoshoreline to determine ages and span of
growth periods. They determined four zones of formation that occurred 3307 and 2275 yr. B.P.
that are interpreted as growth episodes influenced by wet-dry ENSO cycles. We correlated the
Petryshyn et al. (2012) time frame to core geochemical and seismic reflection data (Figure 18).
Four distinct growth periods described in Petryshyn et al., 2012 are shown in figure 21, and are
overlain on the data collected in this study. The only significant factor apparent is that these
stromatolites started forming after the desiccation or dramatic lowering of lake level. With the
low lake level, the water was saturated with available carbonate, enhancing stromatolite
precipitation. Additionally, around 2300 cal. years. B.P., there is an increase in TOC above 3%
between growth periods 3 and 4. The data collected in this study don’t seem to be high enough
resolution to determine what lake changes influence the precipitation of the stromatolites.
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Further analyses, such as higher resolution geochemical analyses, are needed to determine what
other components of the lake trigger growth and morphology changes in these deposits.

6

Conclusions

This study presents integrated data sets that elucidate the rates and mechanisms of environmental
and depositional processes due to hydroclimate variations in part of the western Basin and Range
and eastern Sierra Nevada. The Late-Quaternary Walker Lake system is characterized by ~300
km of high-resolution centimeter-scale seismic reflection data, inorganic and organic
geochemical analyses from 10 Kullenberg piston sediment cores, and whole-core physical
property data, along with major and minor elemental abundances from scanning XRF. The most
notable finding from a new AMS radiocarbon dating protocol using fossil pollen is a carbon
reservoir effect offset with a range of 400 to ~1900 years, which is much greater than in previous
studies. Accordingly, the timing and magnitude of large-scale hydrologic and climate changes in
the region require reinterpretation. This is important because the misinterpretation of the timing
of regional events tied to global variations can affect modern climate analyses and model
analogs.

This study paired samples of macrofossils and bulk organic mud from the same horizons in the
sediment cores to determine the accuracy of radiocarbon analyses, and to assess the age offset
due to a carbon reservoir effect. A static shift of ~200-years was used in previous studies to
offset the error in sediment ages affected by reservoir effects from older carbon. New Walker
Lake data show there is not one set value that needs to be applied to adjust for reworking of older
sediment or incorporation of older carbon, but rather the values range from ~400 to ~1900 years.
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Fossil pollen is used to construct a reliable age model since its carbon signature cannot be altered
making it a reliable source to constrain ages for a radiocarbon age model that can be applied to
future studies. Because this is a newer method, fossil pollen has not been used for Walker Lake,
or any surrounding areas. This lends to the opportunity of further constraining and providing new
insight into the timing and magnitude of climate variations in this region.

Seven distinct sedimentary sequences are observed in the CHIRP data. Pairing the sequence
boundaries with the new radiocarbon ages shows Walker Lake experienced three extreme lowstand intervals at ~8600 cal. year B.P., 7630 cal. year B.P., and 3540 cal. year B.P. A basin-wide
angular unconformity occurs at 3540 cal. years B.P., indicating the most extreme period of low
lake level or desiccation with localized erosion. Paradoxically, there are minimal physical
property or geochemical signals in the offshore sediment cores that reflect the environmental
changes causing an unconformity in the sediment. Radiocarbon ages from previous studies
interpret this surface as 3000 years old (Benson, 1988; Benson et al., 1991; Dong et. al., 2013).
The new age model allows for reinterpretation of the timing and magnitude of the regional
hydroclimate that affects the sediment deposition in the basin.

Mensing et al., 2013 found evidence for an extended dry period occurring from 2800 to 1850 cal
yr B.P. Sedimentary, mollusk, diatom, and pollen evidence in their study was compared with
multiple proxy records in this area, which show there was a regional dry period across the Great
Basin. The proxy records from multiple areas across this region have variable start and end dates
for this dry period, but there was certain overlap between 2500 and 1900 cal yr. B.P. These
drought conditions are referred to as the Late Holocene Dry Period. Other studies in this area
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also suggest a dry period within this time. Benson et al., 1991 recorded a low-stand period in
Walker Lake associated with a dry climate from 2700 – 2100 yr B.P. by using various organic
and inorganic proxies. This study aimed to compare our data with previous studies and try to
further constrain this dry period using seismic data and sedimentary proxies. Based upon the
depths derived from the CHIRP seismic velocities, it was determined that the angular
unconformity observed in the seismic data from this study was at ~3.5 m depth in the deepest
part of the lake. The geochemical data revealed little to no signal indicating an unconformity, so
this sampling depth had to be estimated. Radiocarbon samples were taken directly above and
below to constrain the timing of low-stand or desiccation. This study shows that Walker Lake
was low or desiccated from ~3450 – 1250 cal yr. B.P. This is a longer drier period than what has
been previously recorded in this region and across the Great Basin. This new method using fossil
pollen for constructing a radiocarbon age model, instead of a material susceptible to carbon
reservoir effect, lends confidence in these recorded dates associated with the drier periods.

Variations in hydroclimate affect the geochemistry of Walker Lake water and sediments.
Petryshyn et al. (2012) collected and dated stromatolites from paleoshorelines and analyzed the
morphology, and timing and rate of growth. One aspect of the current study was to determine the
conditions that facilitated this 1032-year period (3307 – 2275 cal. year B.P.) of rapid stromatolite
growth and carbonate precipitation, by pairing geochemical data with the new age model. The
processes that control nearshore stromatolite growth and morphology are complex and poorly
understood. The data from the offshore sediment cores did not reveal geochemical variations that
indicated specific environmental changes that could have promoted this growth (Figure 17).
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It appears that varying environmental conditions and lake level fluctuations at Walker Lake
never halted the precipitation of authigenic carbonate; however, these variations caused ranges in
abundance of Ca from 5 to 40% in distal offshore sediments. Lake level has been rapidly
dropping for the past 150 years and the TDS data from Sharpe et al., (2010) show an increase in
all TDS except for Ca, which steadily decreases. Over the past 300 years the TIC fraction
increased, but the Ca counts from the XRF data have decreased, possibly due to a different form
of carbonate precipitation. Magnesium cannot be measured by XRF due to interference with the
Mo measuring tube, but it is hypothesized that there are Mg-rich carbonates being precipitated
causing the TIC values to remain high.

The sediment record from the past ~8000 years from the offshore Walker Lake cores suggests
that water column geochemical changes were minimal. The XRF, physical property data, and
geochemical properties suggest protracted stability in the system during the studied interval. The
only time a minor change in the data occurred was during lower lake levels and desiccation
periods, which saturated the geochemical and XRF measurements. Lake level has fluctuated on a
large scale, but that change and the hydroclimate variability has not forced any major shifts in
the overall lacustrine setting.

Additional studies would allow for further constraint of the basin history. I recommend obtaining
deeper penetrating sediment cores from the same locations, multi-channel seismic data for
deeper seismic reflection profiles, and additional higher-resolution geochemical and radiocarbon
analyses. Longer sediment cores would penetrate into material that was deposited while Walker
Lake was part of the Lake Lahontan system, possibly even LGM sediments. Expanded
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geochemical analyses, including oxygen isotopes, would yield and elucidate hydroclimate and
environmental variations that possibly that affected the formation and retreat of the Lake
Lahontan system.
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Fig. 1: Bathymetry of Walker Lake and digital elevation model of the catchment area. The bathymetric contours were generated
from CHIRP seismic data, and the data were converted from TWTT (ms) to m depth. The green bullseyes are the locations of ten
Kullenburg piston cores acquired for this study. The Wassuk Range is in the west with a maximum elevation of 3407, and the
Gillis Range, not shown here, is in the east. The blue outline of the lake shows lake level from 2013.
36

[East]

Wassuk Mtns - [West]
Walker Lake Half-Graben Basin

~17 m water depth
n
rgi

r
rde

Bo

a
lm
a
r
xu
Fle

lt

fau

depth of sediment ~600 - 1000 m

Triassic and Oligo-Miocene Volcanics
Cretaceous Bald Mtn.
Qtz Monzanite

~3 kilometers

Fig. 2. West-east conceptualized cross section of the Walker Lake Basin. Walker Lake sediments fill an asymmetrical half-graben basin with input from the
Walker River in the north and sediment from the Wassuk and Gillis mountain ranges. The eastern side of the Wassuk range is the uplifted footwall block, and
the flexural margin is on the eastern side in the Gillis Range (not shown). The maximum thickness estimated for basin-fill is 600-1000 m of sedi-ment; adapted
from Blair and McPherson (1994).
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Fig. 3: Pleistocene pluvial highstand of Lake Lahontan. Lake Bonneville, to the east, was the other pluvial lake in the Great Basin. The
dark blue represents the highstand of pluvial Lake Lahontan, which receded from its most recent highstand ~13,000 - 13,600 kyr. The
highstand of Lahontan reached 1335 m, and covered an area of 22,780 km2. The present day lakes that were some of the interconnected
sub-basins in the Lahontan system are Walker Lake (this study), Lake Tahoe, Pyramid Lake, Winnemucca dry lake bed, Carson Lake, and
Honey Lake. Walker Lake is the southern-most basin in the eastern Lake Lahontan System boxed in red; adapted from Morrison [1991].
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Fig. 4. Changes in Walker Lake total dissolved solids (TDS) from 1882-2003. Measurements taken from Rush (1974),
Boyle Engineering (1976), Benson and Spencer (1983), and Nevada Department of Wildlife, and Nevada Department
of Environmental Protection. The drop in lake level (Figure 7) throughout the last century has increased all the TDS in
the lake. However, Ca has decreased because it is preferentially incorporated into authigenic CaCO3. Adapted from
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Fig. 5. (A) USGS Lake level data for Walker Lake. Readings were taken every 15 minutes from 2007 through present day
in 2016. The drought in the western US, plus the upstream diversion of water from the Walker River caused an ~8 m drop
in lake level in the past 9 years. From 2009 to 2011 there was ~25 foot average increase in snowfall in the Sierra Nevada
causing the ~2 m rise in lake level. (B) Photo of Walker Lake strandlines taken in the summer of 2014. The red dashed lines
indicate a few of the paleoshorelines from when lake level was higher. On the strandlines there are carbonate encrusted
boulders.
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Fig. 6. Representative high-resolution seismic line W13-30 from Walker Lake, NV. This west-east line shows the 7 major depositional sequences chose based on stratal
relationships observed in the seismic reflection data. There is ~23 m of sediment visible above the water-bottom multiple. The red arrows indicate onlapping strata, and
truncation of strata on an upper sequence boundary. The Wassuk Range border fault is located on the western side of the lake, and a drag fold comprises the synrift
sediments of sequence 1 to sequence 5. The top boundary of sequence 1 shows folding and slumping due to faulting deeper within the basin, which is not observed in the
seismic reflection data.
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this deposit. This sequence is only observed in the eastern end of seven seismic lines, and comprises multiple changes in
geometry and depositional periods. Horizons were not assigned to the different packages within sequence 1 because the
sequence boundaries are sparse in the seismic reflection profiles. The irregular surface that defines the top of the
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eastern side to ~4 m on the western side. There are 2 high-amplitude reflections in the bottom of the unit that have the same geometry as sequence 3 below, and the
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pinched out below.
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Fig. 11. Sequence 5 is bounded on the top by the blue horizon, and on the bottom by the purple horizon. The internal
reflections are high-frequency, low-amplitude, and continuous. The strata have higher amplitudes at the base, and transition
to a lower amplitude towards the top of the sequence. The package spans the entire width of the basin and ranges in thickness
from ~1 m in the eastern region to ~15 m in the western end; this is the thickest section of sediment in all of the seven
sequences. (A) The western side of the basin exhibits fault-induced folding of the synrift sediments, which were eroded to
form a sediment lens. (B) The eastern margin of the basin sediments exhibit trunction of internal reflections on the top blue
horizon, as indicated b-y the red arrows. The angular unconformity spans the entire basin and is easily identified in all of the
high-resolution seismic reflection data.
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and the bottom boundary is the erosional surface that caused the angular unconformity. This sequence has very sparse low-amplitude
discontinuous internal reflections near the basal layer. There is a relatively constant thickness of ~2 m across the basin and is sub-paralled to the
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the green horizon on the bottom. (A) The internal reflections are high-amplitude and are continuous across the basin, but the amplitude decreases towards the
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Fig. 14. Age-depth BACON model using 34 Markov Chain Monte Carlo (MCMC) iterations per every 5 cm slice of core 2A.
The intitial ages are from eight fossil pollen samples analyzed for 14C. Thirty-four iterations yeilded the most accurate agedepth curve that matched with the radiocarbon dates. All of the samples fall within the confidence intervals. BACON models
take into account sediment hiatuses or erosional events, which is reflected above with the vertial dashed line around 350 cm
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Fig. 15. Calibrated cal. years B.P. from radiocabon analyses of fossil pollen run through the BACON age model projected on the seismic reflection data
from where core 2A was acquired. The ages were correlated with the depths in the seismic reflection data based upon magnetic susceptibility data curves.
The BACON model interpolates ages for every cm, so for the most accurate age-depth profile, the ages were correlated with the horizons in the seismic
reflection data that showed a strong magnetic susceptibili-ty signal. The deepest age or 8600 cal. years B.P. was extrapolated using the average
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Fig. 16. Physical property, whole-core scanning CRF, organic and inorganic geochemistry, and a panel of seismic reflection data representing from where core 2A was
extracted. All the core data correlates with boundaries in the seismic data. The bottom of core 2A has the highest density and covaries with the K counts, which
represents the clay fraction of the sediment. From 7.5 m to the bottom of the core, the sediment lost pore fluids resulting in a higher density and an increase in K counts
because the clay fraction has filled the pore spaces. The blue horizon represents the basin-wide angular unconformity caused by desiccation of Walker Lake and
localized erosion of the sediment. The organic carbon abundance increases from the bottom to the top of the core while the d13Corg values indicate water column
generated organic material. The abundance of CaCO3 and Ca counts covary in the whole core indicating the calcium fraction is from authigenic carbonate precipitation,
which is confirmed by sediment analysis on smear slides. The top section of core was not scanned because the sediment was not pristine due to high water content.
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Fig. 17. Physical property, whole-core scanning CRF, organic and inorganic geochemistry, and a panel of seismic reflection data representing from where core
4A was extracted. All the core data correlates with boundaries in the seismic data. The bottom of core 4A has the highest density and covaries with the K counts,
which represents the clay fraction of the sediment. From 8 m to the bottom of the core, the sediment lost pore fluids resulting in a higher density and an increase
in K counts because the clay fraction has filled the pore spaces. The blue horizon represents the basin-wide angular unconformity caused by desiccation of
Walker Lake and localized erosion of the sediment, and there are signals obvserved in all of the data presented at ~3.75 m. The organic carbon abundance
increases from the bottom to the top of the core while the d13Corg values indicate water column generated organic material. The abundance of CaCO3 and Ca
counts covary in the whole core indicating the calcium fraction is from authigenic carbonate precipitation, which is confirmed by sediment analysis on smear
slides. The top section of core was not scanned because the sediment was not pristine due to high water content.
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Fig. 18. Ti XRF counts, %TOC, GRAPE density, %TIC, a seismic strip from 2A, and an interpreted hydroclimate and lake
level curve are plotted against the radiocarbon ages acquired from fossil pollen. The orange, purple, blue and green vertical
lines represent the interpreted seismic sequence boundaries. The Ti proxy was used for an indication of increased hydrologic
activity and a flux of terrestrial sediment into the basin. Before 8000 years ago, hydrologic activity was increasing, as
indicated by the mass wasting deposited observed in sequence 1 in the seismic data, and lake level was low since that deposit
was laterally continuous across the basin. Below the orange sequence there is an increase in Ti and density, and low TIC
because the water volume in the lake was rapidly increasing so the TDS became diluted and there was a lag in TIC
precipitation. Between the orange and blue sequence boundaries lake level was rising causing constant and stable
precipitation of sediments. The blue sequence boundary represents a desiccation event in the lake. The transparent pink,
purple, green, and blue bars represent the four periods of distinct growth of stromatolites and part of this study was to
determine what changes in the lake influenced these growth periods. The data do not show any major limnologic variations
that would have affected the growth rate or morphology of these stromatolites.
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Sediment core lengths, water depth of collection, and locations
Core #

Length (m)
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NAPALM-WALK13-1A-1K
NAPALM-WALK13-2A-1K
NAPALM-WALK13-3A-1K
NAPALM-WALK13-4A-1K
NAPALM-WALK13-5A-1K
NAPALM-WALK13-6A-1K
NAPALM-WALK13-7A-1K
NAPALM-WALK13-8A-IK
NAPALM-WALK13-10A-1K
NAPALM-WALK13-11A-1K

10.15
8.95
7.47
9.19
9.33
7.97
3.31
2.3
1.71
8.94

Water Depth (m)
17.4
17.4
16.5
17.5
17.8
16.3
10.5
17.5
9.1
14.5

Latitude

Longitude

38.610
38.6775
38.6775
38.6636
38.6812
38.6775
38.6447
38.7313
38.6368
38.6686

-118.7568
-118.7022
-118.6939
-118.7271
-118.7465
-118.6925
-118.7455
-118.7114
-118.7007
-118.6898

Table. 1. This table shows the Kullenberg pistons cores collected, the lengths, and locations of the cores in Walker Lake

Radiocarbon ages of bulk organic matter and macrofossils from the sediment cores from Walker Lake
Sample ID

Dated Material a 14C age
(yr BP)

1A-4-93
1A-1K-4-93
5A-3-146
5A-1K-3-146
11A-6-60
11A-1K-6-60
11A-1K-6-60 (rep)
4A-3-65
11A-5-117
a

OM
M
OM
M
OM
M
M
OM
OM

1780 ± 25
1280 ± 30
2720 ± 30
1350 ± 30
5760 ± 30
4095 ± 30
4170 ± 30
1455 ± 25
4235 ± 30

Cal. age
Age Dis(cal. yr BP) parity
1698 ± 51
1230 ± 36
2818 ± 30
1286 ± 14
6570 ± 50
4663 ± 112
4727 ± 77
1347 ± 23
4235 ± 30

468
1532
1907

Lab #
168429
168430
168431
168432
168435
168434
168436
168437
168433

M = Macrofossil; OM = Organic Mud

Table 2. This table shows AMS radiocarbon ages acquired form Lawrence Livermore National Labora-tory. Previous work
has published radiocarbon dates based on analyses of organic mud and carbon-ate, but this analyses show this is a significant
disparity between the organic mud and correlative macrofossil ages because of a carbon reservoir effect in Walker Lake. This
was the first round of radio-carbon analyses, pollen was extracted because the radiocarbon signal is locked in fossil pollen and
can not be contaminated by older or younger carbon.
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Radiocarbon ages for fossil pollen from sediment cores from
Walker Lake
Sample ID
2A-2-1
2A-3-25
2A-3-97
2A-4-49
2A-5-33
2A-6-41
2A-6-137
2A-7-65
4A-1-69
4A-2-25
4A-3-81
4A-4-34
4A-5-9

Dated Material a 14C age
(yr BP)
P
750 ± 60
P
970 ± 35
P
1280 ± 90
3320 ± 35
P
3630 ± 45
P
4270 ± 100
P
P
4600 ± 100
P
6530 ± 130
P
470 ± 45
1015 ± 45
P
2435 ± 50
P
P
3605 ± 45
P
3880 ± 70

Cal. age
(cal. yr BP)
701± 36
875 ± 49
1186 ± 91
3551± 52
3967 ± 72
4821 ± 158
5278 ± 160
7431± 113
571± 20
912 ± 57
2531± 128
3921± 55
4299 ± 101

Lab #
171760
171761
171762
171763
171764
171765
171766
171767
171768
171769
171770
171771
171772

Table 3. This table shows AMS radiocarbon ages acquired form Lawrence Livermore National Labora-tory. This table shows
the radiocarbon ages for the second run of analyses using fossil pollen. This age model is used for this student because there
is no possiblity of reservoir effect in the pollen grains. There were three samples lost from the bottom of core 4A due to the
graphitization process.
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Appendix A
A.1. Sediment Core Lithostratigraphy
Cores 1A, 2A, and 4A yield the most complete lithostratigraphic records. These cores were taken
from the southern end of the basin (Figure 1). The locations were chosen based on interpreted
sequences in the seismic reflection data with the purpose to capture sediments from these
deposits for further interpretations of the paleolimnological history.

A.1.1. Core 1A
Core 1A is 10.1 m long and was acquired from the western side of the lake in 16.6 m of water
(Table 1; Figure 1). The bottom 5 cm is massive dark gray carbonate-rich (22% CaCO3) mud.
From 10.1 m to 6.3 m there are very thin to thin alternating dark grey and black laminations with
very thin (0.2 cm) white laminae unevenly interspersed, and a dark gray fine-grained sand layer
at 6.98 m that is 0.5 cm thick (Figure A1). The density and magnetic susceptibility data in this
section are consistent measuring 4.3 to 13.8 with an average of 6.7, and 0.9 to 1.5 with an
average of 1.26 respectively. From 6.3 m to 4.78 m massive bedded gray to dark grey mud is
observed with very fine grained black sand at 6.14 m that caused an amplitude increase on a
reflection in the western side of sequence 6. This section has relatively fixed carbonate level
showing little to no change in the amount of CaCO3, which averages 23%. The section from
4.78 m to 4.0 m consists mainly of light gray massive carbonate rich (~20%) mud with locally
occurring medium gray mud. There are very thinly laminated beds from 4.39 m to 4.36 m that
are light green, yellow, and gray in color. From 4.78 m to the top of the core the sediments are
composed of very finely laminated green, brown, gray, and yellow beds with recurrent thin to
massive dark gray beds. The sediments are mottled with diffuse contacts between laminations. A
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coarse grained white tephra glass deposit is observed from 2.64 m to 2.62m and a black tephra
deposit is observed at 2.53 m. There is a coarse-grained sand deposit at 2.17 m that washed in
from the Wassuk Range, as it is not seen in the central of eastern side of the basin. The top 0.29
m of the core has high water content and has green, gray, and yellow thin laminations (Figure
A1). Down the entire length of the sediment core diatoms and framboidal pyrite are consistently
observed.

A.1.2. Core 2A
Mottle dry mud is observed from the base of the core at 8.94 m to 7.57 m starting with very light
gray sediment at the bottom transitioning to almost completely black mud at 7.57 m (Figure A2).
Coarse grain sand deposits are observed at 8.27 m, 8.24 m, and one deposit of very coarse
grained sand fining upwards at 8.15 m to 8.12 m. From 7.57 to 7.50 m observed is a massive
dark gray mud with black mottling, but there are no grain size changes or laminations. Above
this one observed unit there is a distinct contact with a finely laminated section at 6.80 with very
fine mud with fine dark gray and green laminations, with some areas that are slightly mottled.
Between 6.80 m to 3.44 m black and dark gray indistinct laminations with mottle gray mud is
observed. These are interpreted as primary features and not an artifact of oxidation, as the core
was imaged immediately after splitting. There are very fine green, gray, and yellow very fine
laminations near the top of core 2A-1K-2 at 1.51 m with some areas of mottled gray and black
with the same gray spots seen in the sediment section below. The same two tephra deposits that
were observed in core 1A are observed at depths of 2.59 m to 2.53 m, and 2.47 m. The top core
section of 2A (1.51 m long) was not described due excess water that destroyed any sedimentary
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structures (Figure A2). Fossil pollen samples were collected from this core for radiocarbon
dating, because this core was in an ideal location to aid in basin correlations (Table 3).

A.1.3. Core 4A
Core 4A is centrally located in the basin, is 9.16 m long, and was collected from 16.7 m of water
(Table 1; Figure 1; Figure A3). From the bottom of the core at 9.16 m to 7.80 m, the sediment is
very dry and mottled, with many color variations ranging from black to dark gray to white.
Numerous very fine laminations are observed that appear to have been disturbed or bioturbated.
Density and magnetic susceptibility very significantly, ranging from 1 to 8 and 0 to 30
respectively, but there are no grain size changes in this section of the core. A wood macrofossil
was collected from the bottom of the core for initial radiocarbon analyses. From 7.80 m to 3.55
the sediment are composed of mostly medium gray mud with very faint laminations of lighter
and darker gray mud, but as in the bottom part of the core the laminations appear to be very
mottled. This disruption of the laminations was not due to the piston coring process, as this
lithofacies is observed in all of the cores taken from central locations in the basin. From 3.55 m
and to 2.97 m there are massive beds of dark and light gray mud, and also white mud. The
deposit from 3.27 m to 3.24 m is fine grained white carbonate rich (~25%) mud. Very fine to
finely laminated green, gray, and yellow sediment comprise the section from 2.97 m to 2.75 m
and is slightly disturbed, but compared to the other mottled deposits of the core it looks pristine.
From 2.97 m to 1.03 m the sediment varies in color from dark to medium gray with some green
and yellow fine laminations. The contacts between laminations are very diffuse and the sediment
is somewhat mottled. The two basin-wide tephras described previously were deposited at 2.03 m
to 1.99m and 1.90 m, and the interpreted flood deposit observed in core 2A is at 1.62 m depth.
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The top of the core (1.03 m to 0.06 m) has thin to very thing laminae ranging in color from dark
gray to green and yellow. The top of the core is organic-carbon rich and has only 10% carbonate
in the sediment (Figure A3). Core 4A was the second of two cores used for fossil pollen
extraction to yield a radiocarbon age model for the lake basin (Table 3).
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Lithostratigraphy for core 1A-1K-1
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Fig A1. Lithostratigraphic record for core 1A with calcium carbonate percentages,and gamma ray density and magnetic
susceptibility measurements from whole core loop scanning. One macrofossil for the first radiocarbon age model analyses was
taken from this core. The black horizontal lines correlated the most positive or most negative points in each data set, which
was used to correlate sediment cores across the lake basin.
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Lithostratigraphy for core 2A-1K-1
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Fig. A2. Lithostratigraphic
.
record for core 2A with calcium carbonate percentages,and gamma ray density and magnetic
susceptibility measurements from whole core loop scanning. Core 2A is one of two cores used for contructing a
radiocarbon age model by analyzing fossil pollen. The samples were spaced evenly down the entire legth of the core at
depths: 1.51 m; 2.35 m; 3.07 m; 4.095 m; 5.13 m; 6.37 m; 7.33 m; 8.11 m. About half of the sediment in this core was
very mottled with very little to no discernible laminations in those sections.
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Lithostratigraphy for core 4A-1K-1
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Fig. A3. Lithostratigraphic record for core 4A with calcium carbonate percentages,and gamma ray density and magnetic susceptibility
measurements from whole core loop scanning. Core 44 is one of two cores used for contructing a radiocarbon age model by analyzing
fossil pollen. The samples were spaced evenly down the entire legth of the core at depths: 0.69 m; 2.13 m; 3.12 m; 4.095 m; 5.26 m;
6.06 m; 6.99 m; 8.49 m. The three bottom-most samples were not able to be run because they were completely destoryed through the
graphitization process.
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