The Geological Society of America
Special Paper 536

Records of late Quaternary environmental change from
high-elevation lakes in the Ruby Mountains and
East Humboldt Range, Nevada

Jeffrey S. Munroe*
Matthew F. Bigl
Annika E. Silverman
Geology Department, Middlebury College, Middlebury, Vermont 05753, USA

Benjamin J.C. Laabs
Department of Geosciences, North Dakota State University, Fargo, North Dakota 58102, USA

ABSTRACT

Sedimentary records were analyzed from three lakes in the Ruby Mountains and
East Humboldt Range of northeastern Nevada. Lakes are rare in the arid Great Basin,
and these represent the highest-elevation lacustrine records from this region. The
three cores cover overlapping time intervals: One, from a lake located just beyond
a moraine, is interpreted to represent the Last Glacial Maximum, extending back to
26 cal ka; another extends to deglaciation ca. 14 cal ka; and the third extends to
deposition of the Mazama ash, ca. 7.7 cal ka. Multiproxy analysis focused on mea-
surements of bulk density, organic matter content, C:N ratio, biogenic silica abun-
dance, and grain-size distribution. Depth-age models were developed using optically
stimulated luminescence (OSL) dating, along with accelerator mass spectrometry
(AMS) "C dating of terrestrial macrofossils (wood and conifer needles), charcoal,
and pollen concentrates (for deep sediment in one lake). Collectively, the three lakes
record a series of discrete intervals spanning an unusually long stretch of time. These
include the local Last Glacial Maximum (26.0-18.5 cal ka), local deglaciation (18.5—
13.8 cal ka), the onset of biologic productivity (13.8—11.3 cal ka), early Holocene arid-
ity (11.3-7.8 cal ka), deposition and reworking of the Mazama ash (7.8-5.5 cal ka), a
neopluvial interval (5.5-3.8 cal ka), a variable late Holocene climate (3.8-0.25 cal ka),
and a latest Holocene productivity spike (250 yr B.P. to the present) that may be
anthropogenic. Data from all three lakes are presented, and the collective record
of climate and environmental change for the Ruby Mountains and East Humboldt
Range is compared with other paleorecords from the Great Basin.
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INTRODUCTION

Long, continuous records of Pleistocene and Holocene envi-
ronmental change are rare from the Great Basin of the southwest-
ern United States because lakes are uncommon features in this
arid landscape. Nonetheless, lakes are present in formerly gla-
ciated ranges such as the contiguous Ruby Mountains and East
Humboldt Range of northeastern Nevada. Striking alpine glacial
geomorphology testifies to the former presence of cirque and val-
ley glaciers in these mountains, which hosted the largest concen-
tration of glacial ice between the Sierra Nevada and the Wasatch
Range during the Last Glacial Maximum (Sharp, 1938). Lakes
impounded by moraines and occupying depressions carved into
bedrock by glacial erosion presumably formed soon after degla-
ciation in the Ruby Mountains and East Humboldt Range, offer-
ing the potential for long, continuous records of paleoclimate and
paleoenvironmental variability.

Given the unusual abundance of lakes in the Ruby Moun-
tains and East Humboldt Range, and the dearth of lacustrine-
based paleoclimate and paleoenvironmental records for high
elevations of the Great Basin, this study was designed to develop
a composite lacustrine-based paleorecord for these mountains
using cores from multiple lakes. Cores were retrieved from three
lakes, none of which had been studied previously, and all of
which were located in the headwaters of glaciated drainages on
the east side of the mountains. Cores were analyzed for an array
of proxies sensitive to conditions both within the lake, as well
as within the surrounding watershed. Proxy measurements were
converted to time series using depth-age models constructed
through accelerator mass spectrometry (AMS) C dating, geo-
chemical fingerprinting of the Mazama ash, and (for one lake)
optically stimulated luminescence (OSL) dating of basal sedi-
ment. Results from the three lakes were integrated as a collec-
tive record of climatic and environmental change in northeastern
Nevada during and since the last glaciation. This record was then
compared with previously published interpretations from else-
where in the region.

SETTING

The Great Basin is an extensive area of internal drainage
spanning from Oregon to southern California, and from western
Utah to the eastern slope of the Sierra Nevada (Fig. 1). Uplift of
the Sierra Nevada in the Cenozoic cast a progressively deeper

rain shadow over this region by significantly limiting delivery of
moisture from the Pacific Ocean by westerly winds (Poage and
Chamberlain, 2002). At the same time, profound crustal exten-
sion promoted the formation of a horst-and-graben landscape
in which north-south—oriented mountain ranges were separated
from one another by relatively low-lying valleys (Stewart, 1971).
Maximum summit elevations are in excess of 4 km above sea
level (asl) in many ranges, whereas most valley floors are at ele-
vations of <2 km asl. As a result, the Basin and Range landscape
is characterized by pronounced local gradients in elevation and
moisture (Grayson, 2011).

Many of the higher mountain ranges hosted alpine glaciers
during the Pleistocene, and although these glaciers were gener-
ally small (<20 km long), they produced typical alpine glacial
landforms focused at higher (>2.2 km asl) elevations (Sharp,
1938, 1940; Osborn and Bevis, 2001; Wayne, 1984). Tarns are
now present in some of the cirques eroded by these glaciers, and
in some places, lakes are dammed behind cirque-floor moraines.
The greatest concentration of glacial lakes is in the Ruby Moun-
tains and East Humboldt Range (Fig. 1), and this project involved
retrieving and analyzing sediment cores from three of them:
Angel, Overland, and Soldier Lakes (Fig. 1).

Angel Lake is the northernmost of the three studied lakes
(Fig. 1) and is located in a deep cirque at the head of Willow
Creek (Fig. 2). The surface of the lake was raised slightly (<2 m)
by a dam built in the 1930s, but most of the lake is impounded
behind a recessional moraine (Munroe and Laabs, 2011). The
Angel Lake area was designated as the type locality for the local
Last Glacial Maximum (marine oxygen isotope stage [MIS] 2)
Angel Lake glaciation in the Great Basin (Sharp, 1938). Cos-
mogenic surface-exposure ages for erratic boulders on the ter-
minal moraine down valley from the lake indicate that the maxi-
mum advance of the Angel Lake glaciation occurred ca. 19 ka
B.P. (Munroe and Laabs, 2011; Munroe et al., 2015) and that the
moraine damming the lake was abandoned ca. 16 ka (Munroe et
al., 2015). Angel Lake has a surface area of 6.4 ha and a maxi-
mum depth of 11 m and is fed by a perennial stream draining a
higher cirque to the west (Table 1).

Overland Lake is the southernmost of the lakes considered
in this study (Fig. 1), and it is located at the head of Overland
Creek. The lake is a tarn on the floor of a deep cirque, and it
does not appear to be dammed by a moraine (Fig. 2). Moraines
representing the Angel Lake glaciation are found ~2 km down
the valley, whereas a cirque above the lake contains talus and

TABLE 1. PROPERTIES OF LAKES AND CORES IN THE RUBY MOUNTAINS AND EAST HUMBOLDT RANGE

Lake Maximum Mean  Watershed Lake area Ratio Lake Volume/  Core latitude Core longitude Core Water
name depth depth area (m2) volume* watershed (°N) (°W) length  depth
(m) (m) (m?) (m°) (m) (cm) (m)
Angel 11.0 6.5 1,539,000 64,400 23.6 371,000 0.24 41.02590 115.08690 454 9.1
Overland 18.0 8.3 564,000 53,400 10.5 403,000 0.71 40.45958 115.45632 470 16.5
Soldier 3.1 0.8 248,000 20,900 11.9 17,000 0.07 40.73395 115.27402 415 3.0

*Calculated from interpolated bathymetry.
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rockfall deposits. The lake is fed by a perennial stream and sev-
eral seasonal inflows. The lake outlet has been slightly modified,
making it difficult to determine whether overflow was originally
perennial or seasonal. Overland Lake has a surface area of 5.3 ha
and a maximum depth of 18 m (Table 1).

Soldier Lake is located roughly midway between Angel and
Overland Lakes (Fig. 1). The lake is positioned on a relatively
flat plateau that backs up against higher topography (Fig. 2). The
lake is impounded behind a belt of moraines thought to date to
the penultimate (MIS 6) glaciation, known in this region as the
Lamoille glaciation after moraines on the western side of the
Ruby Mountains at the mouth of Lamoille Canyon (Sharp, 1938;
Wayne, 1984). Immediately upslope from Soldier Lake, there is
a series of sharp-crested moraines with a fresher appearance and
relatively unweathered erratic boulders that are inferred to rep-
resent the maximum extent of the Angel Lake glacial advance.
Soldier Lake has a surface area of 2.1 ha and a maximum depth
of 3.1 m (Table 1). The lake is fed by a few small springs, and
Soldier Creek leaves the lake through an ephemeral outlet cut
across the impounding moraine.
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Figure 1. Shaded relief image showing the locations of the three
lakes cored in this study, the Ruby Mountains and East Humboldt
Range, and the former extents of pluvial Lakes Clover and Franklin
(white), north and south, respectively (Munroe and Laabs, 2013a,
2013b; Mifflin and Wheat, 1979). Inset shows the location of the
Great Basin (gray) in the southwestern United States and the area
of the enlargement (black).

METHODS
Field Methods

Cores were collected from Angel, Soldier, and Overland
Lakes using a combination of techniques. All three lakes were
cored from a floating platform, anchored over the depocenter
after completion of a bathymetric survey using a global position-
ing system (GPS)—enabled sonar device. Given the shallow water
depth, the sedimentary record from Soldier Lake was collected
entirely with a 5-cm-diameter Livingstone corer (Livingstone,
1955). For Angel Lake, the uppermost ~80 cm section, including
an intact sediment-water interface, was retrieved using a Living-
stone corer fitted with a clear plastic tube. Near-surface sediment
(<80 cm) was collected from Overland Lake using a UWITEC
Complete Corer (UWITEC, Mondsee, Austria). In both lakes,
a Livingstone corer was then used to collect more-consolidated
sediment between ~0.5 and 1.5 m below the sediment-water
interface. Finally, a modified Reasoner-type percussion corer
(Reasoner, 1993) with an ~30 kg driving weight was used to col-
lect sediment down to the point of refusal. The percussion corer
utilized a 6-m-long barrel of 7.5-cm-diameter polyvinyl chlo-
ride (PVC) pipe. Driving of the percussion corer began at the
sediment-water interface, but it was not possible to retrieve the
unconsolidated near-surface sediment with this technique.

Cores of near-surface sediment (Livingstone clear tube and
UWITEC) were subsampled on the lakeshore at 1 cm intervals
into Whirlpak bags. Deeper Livingstone drives were extruded,
wrapped in plastic film and aluminum foil, and transported in
collapsible core boxes. Percussion cores were cut to ~0.8 m
lengths with a hacksaw, capped, and shipped in hard-sided
boxes. All core sections and subsamples were stored at 4 °C
until processing.

Laboratory Methods

The Livingstone cores from Soldier Lake were opened in the
Geography Department at The Ohio State University, and sub-
samples (at 1-cm intervals) were delivered to Middlebury Col-
lege, Middlebury, Vermont. Surface, Livingstone, and percussion
cores from Angel and Overland Lakes were shipped directly to
Middlebury College. Before opening, percussion core sections
were X-rayed and run through a Bartington magnetic susceptibil-
ity (MS) meter connected to a 12-cm-diameter loop for measure-
ment of volume magnetic susceptibility at 1 cm intervals. The
MS meter was re-zeroed every 50 cm, and a drift correction was
applied to all measurements. MS measurements were not made
on near-surface sediments collected with the UWITEC (Overland
Lake) or Livingstone clear tube (Angel Lake) that were subsam-
pled in the field. Percussion core sections were opened by cutting
the PVC lengthwise with a circular saw and pulling a thin wire
from top to bottom. Livingstone core sections were unwrapped
and split with a knife. Freshly opened cores were photographed,
and visual stratigraphy was recorded. Half of each core section
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Figure 2. Bathymetric maps for the cored lakes with Universal Transverse Mercator (UTM) coordinates given within Zone
11N. Depths are in meters, and the white star marks the coring location. Perennial inlets and outlets to Angel and Overland
Lakes (solid arrows), and the ephemeral inlet and outlet to Solder Lake (dashed arrows) are shown, along with submerged
channels visible on the floor of Solder Lake (thin dotted arrows). Moraines impounding Angel and Soldier Lakes are denoted
by thick dashed lines. Right column presents photographs of each lake: Angel Lake view is to the east (photo by J. Munroe on
15 June 2010, taken from a point 300 m west of Angel Lake), Overland Lake view is to the north (photo by J. Munroe on 11
July 20009, taken from a point 100 m south of Overland Lake), and Soldier Lake view is to the southeast (photo by J. Munroe
on 26 June 2012, taken from a point 200 m northwest of Soldier Lake).
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was wrapped in 46 gauge Saran 8 and heat-sealed inside a shrink-
wrap sleeve before being archived at 4 °C. The other half of each
section was subsampled at 1 cm resolution in quadruplicate.

The entire collection of subsamples from all three lakes was
analyzed for a consistent set of physical and chemical proper-
ties, most at 1 cm intervals. Water content and loss-on-ignition at
550 °C were determined with a Leco TGA 701 thermogravimet-
ric analyzer. Loss-on-ignition is considered a proxy for organic
matter (OM) content (Dean, 1974). Water content, which reflects
bulk density (Menounos, 1997), was determined from the mass
lost during heating to 105 °C under a full nitrogen atmosphere
for 4 h. Abundance of OM was determined from mass lost from
the dried sample over 3 h at 550 °C under ambient atmosphere.

Biogenic silica (bSi) content was determined for freeze-dried
samples (1 cm intervals in Overland Lake, and 2 cm intervals in
Angel and Soldier Lakes) by sequential extraction while leaching
in 0.1 M NaOH for 5 h at 85 °C (DeMaster, 1981). Dissolved Si
content was determined for each aliquot by spectrophotometry at
812 nm after addition of reagents for a molybdate blue reaction
(Strickland and Parsons, 1965). The bSi (in wt%) was calculated
from the y intercept of a linear function fit to the results for extrac-
tions for hours 2 through 5. Analysis of replicates indicated that
this method has a reproducibility of 10%. The abundance of bSi
was added to the OM value determined through loss-on-ignition
and subtracted from 100 to yield an estimate for the abundance of
terrestrial mineral material in the sediment (% clastic).

The abundance of carbon and nitrogen in each sample was
determined with a Thermo Flash 2000 elemental analyzer cali-
brated with aspartic acid. No detectable change was observed in
measured carbon values after a subset of samples was acidified
and reanalyzed, and so all carbon in these samples was inferred
to be organic.

Wet bulk density (BD) was determined from the wet vol-
ume and freeze-dried mass of samples from Overland Lake
using a Quantachrome pentapycnometer. A fourth-order polyno-
mial describing the relationship between water content and BD
(R* = 0.9032) was then used to estimate values of BD for sam-
ples from Angel and Soldier Lakes from their measured water
contents. The possible limitations of this indirect approach were
considered acceptable because interpretation was focused on BD
trends, rather than absolute values. Furthermore, measurements
of wet BD were not possible on the Soldier Lake core, which had
dried before analysis.

Grain size (GS) distribution was determined with laser scat-
tering in a Horiba LA-950 after treatment with 35% H,O, (three
additions of 10 mL over 7-10 d) to remove OM and 0.1 M NaOH
(1 h, 85 °C) to remove biogenic silica. This instrument has an
effective range from 10 nm to 3 mm. Sodium hexametaphosphate
(3%) was used as a dispersant.

Interpretive Framework

Each of the proxies measured in this study is equivocal in iso-
lation, but together they can be used to infer the type of environ-

mental changes they represent. For instance, proxies such as MS
and GS represent the type and amount of terrestrial clastic sedi-
ment delivered by inflowing streams. Both Angel and Overland
Lakes are fed by perennial streams with considerable discharge.
Both are located in steep-walled basins, and both overflow freely
across wide sills (in its natural state, Angel Lake would have
overflowed, although outflow is now controlled by the dam and
associated spillway). Thus, during times of increased precipita-
tion, both of these lakes would flush more regularly, but their
water levels would not have risen appreciably, and their areas
would have remained more or less constant. In contrast, Soldier
Lake sits in a gently sloping basin, lacks an integrated inflow,
and drains through a narrow boulder-armored notch cut across a
moraine. Thus, increases in precipitation would likely drive Sol-
dier Lake to a greatly expanded lake area. Because the bedrock
upslope from each lake contains Fe-bearing minerals, inwash-
ing of detrital sediment would increase MS and the average GS
of the sediment. Inwashing to Angel and Overland Lakes would
increase with enhanced precipitation; given its position, small
watershed, and lack of inflowing streams, inwashing to Soldier
Lake would increase with glacial advance.

The C:N ratio provides information about the composition
of OM accumulating in the lake, with higher values indicative
of terrestrial (woody) vegetation and lower values representing
algal material (Meyers and Ishiwatari, 1993). Increases in bio-
genic silica and OM content, particularly when combined with
low C:N values indicative of aquatic OM, are interpreted as sig-
nals of elevated in-lake productivity. Given that these lakes are
located at high elevations in environments dominated for much
of the year by snow and ice, increased aquatic productivity is
considered to be a sign of increased summer temperatures, lead-
ing to warmer water temperatures and/or an increase in the dura-
tion of the ice-free period (McKay et al., 2008).

Sediment bulk density and % clastic integrate the abundance
of relatively low-density OM (from within and around the lake)
and relatively high-density mineral material (primarily from the
watershed). As a result, these proxies incorporate both sediment
inwashing and organic productivity.

Geochronology

Depth-age models were derived for these cores using radio-
carbon dating, tephrachronology, and OSL (for Angel Lake). In
total, 16 AMS “C ages were determined at the National Ocean
Sciences Acceleratory Mass Spectrometry facility on samples
of wood, conifer needles, charcoal, and concentrated pollen
(Table 2). Depth-age models were developed using the smoothed-
spline function in CLAM (Blaauw, 2010), which utilizes the
Intcal13 calibration curve (Reimer et al., 2013). Calibrated radio-
carbon ages are designated as “cal” ka. Samples of a prominent
ash layer encountered at a depth of ~330 cm in the Overland Lake
core, and at 195 cm in the core from Soldier Lake, were sub-
mitted to the U.S. Geological Survey (USGS) Tephrochronology
Laboratory for geochemical fingerprinting. These samples were
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identified as Mazama ash, and an age of 7627 = 150 yr B.P. for
the Mazama ash was used in the depth-age models (Zdanowicz
etal., 1999). A sample from the base of the Angel Lake core was
submitted to the Luminescence Laboratory at Utah State Univer-
sity. This sample yielded a single aliquot regenerative (SAR)—
OSL age of 7940 + 900 yr B.P. Given this result, tephra encoun-
tered at the base of this core was also assumed to be Mazama ash.

RESULTS
Angel Lake

Coring efforts at Angel Lake generated a complete stratigra-
phy down to the Mazama ash layer. The 74-cm-long surface core
preserved an intact sediment-water interface with live chirono-
mids. Sediment below the flocculent surface layer (1 cm thick)
was primarily massive gyttja, with a Munsell color of 2.5Y 2.5/1
(black). The surface core overlapped stratigraphically with the
percussion core, which penetrated to a depth of ~450 cm. Visual
inspection, supplemented by X-radiography, revealed that much
of the percussion core features sub-centimeter-scale laminations
defined by contrasts in GS distribution, primarily sand content
(Fig. 3). The upper ~80 cm section of the percussion core is gen-
erally massive and vesicular; however, alternations in lightness/
darkness, concentrations of large sand grains, flecks of white
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mica, and small pebbles become increasingly common with
depth (Fig. 3). Sediment generally has Munsell colors of 2.5Y
2.5/1 (black) to 5Y 2.5/1 (black). Minimal down-warping of
sedimentary layers along the edges of the core tube indicates that
disturbance during coring was limited.

Six samples of terrestrial OM were radiocarbon dated from
the Angel Lake percussion core, yielding calibrated ages ranging
from ca. 6.7 to ca. 0.6 cal ka (Table 2). One age, 4420 + 30 yr B.P.
at a true depth of 225 cm, was stratigraphically reversed (Table 2).
The remaining five ages were combined with the SAR-OSL age
of 7940 = 900 B.P. for the core bottom, the 7627 + 150 yr B.P.
age for the Mazama ash, and an estimate of A.D. 2007 for the sur-
face to construct a smoothed spline depth-age model in CLAM
(Fig. 3). The model is nearly linear, and the width of the 95%
error envelope is minimal (<200 yr) through most of the record,
although it widens to a maximum of 550 yr approaching the core
base (Fig. 3). The overall average sedimentation rate through
the core is 6.15 cm/century. The stratigraphically reversed age
was obtained on a wood fragment from a notably coarse, poorly
sorted layer that likely represents a mass-wasting event that trans-
ported dead wood from the watershed into the lake.

‘When compared with the other two lakes, the physical prox-
ies measured in the Angel Lake core tend to have intermediate
values (Table 3). Mean values of OM, BD, bSi, % clastic, and MS
are all between average values in Overland and Soldier Lakes.

Soldier Lake
Age (cal yr BP)
10,|OOO 20,|OOO

Overland Lake
Age (cal yr BP)
| 10,|000 0

Figure 3. Depth-age models derived for Angel, Overland, and Soldier Lakes determined using CLAM (Blaauw, 2010).
Black diamonds mark the median age for each calibrated “C date. The open diamond denotes a date that was ignored in
constructing the depth-age model for Angel Lake. “M” marks the Mazama ash (Zdanowicz et al., 1999). The open circle
with error bars represents the optically stimulated luminescence (OSL) age from the base of the Angel Lake core. Gray
shading illustrates the error range of the age model at different depths; in many places, this narrow range is obscured by
the line denoting the age model itself. X-radiographs of the Angel and Overland Lake cores are shown along the y axis
(after removal of the Mazama ash layer); the core from Soldier Lake was not X-rayed.
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TABLE 3. SUMMARY STATISTICS FOR LAKE SEDIMENT CORES FROM THE RUBY MOUNTAINS
AND EAST HUMBOLDT RANGE

Angel Lake Overland Lake Soldier Lake
Mean 13.1 12.7 141
Median 12.8 12.9 14.8
Organic matter (%) St. dev. 2.7 2.7 10.3
Range 4.8-20.0 4.2-26.4 1.6-54.4
Number 454 452 410
Mean 0.66 0.41 0.87
Median 0.67 0.40 0.60
Bulk density (g/cm?) St. dev. 0.21 0.13 0.61
Range 0.21-1.41 0.02-1.30 0.02-1.75
Number 454 452 406
Mean 5.3 20.0 2.0
Median 5.3 20.8 1.2
Biogenic silica, bSi (%) St. dev. 1.6 4.6 1.7
Range 0.0-9.9 2.1-30.4 0.0-8.3
Number 247 227 206
Mean 80.4 67.3 84.0
Median 80.4 66.5 84.0
Clastic sediment (%) St. dev. 3.7 6.6 11.7
Range 72.3-92.7 48.5-93.6 37.3-98.0
Number 247 227 206
Mean 11.4 11.1 9.7
Median 11.3 11.1 12.2
C:N St. dev. 1.0 0.8 4.7
Range 7.8-15.5 6.9-13.6 1.9-16.1
Number 247 452 406
Mean 6.3 9.5 17.7
M i bt Median 6.0 9.3 6.5
MS 10581 uris) St. dev. 28 3.1 21.0
Range 2.0-14.0 4.2-17.9 0-96.2
Number 415 353 335
Mean 371 11.2 171
Median 235 10.8 16.0
Median grain size (um) St. dev. 33.4 2.7 9.6
Range 6.4-192.0 5.7-32.2 5.0-96.6
Number 454 452 410
Accumulation rate (cm/century) Mean 6.15 3.14 1.58

Values of C:N in Angel Lake average slightly higher than in the
other lakes, although this likely reflects the relative shortness of
the record, which lacks sediment that accumulated before the sur-
rounding watershed was vegetated. The most-striking difference
about the Angel Lake record is the very high average for median
GS (37 um), which is almost that of Soldier Lake, the next coars-
est (Table 3).

The proxies measured in Angel Lake also exhibit consider-
able fine-scale variability superimposed on long-term trends. BD,
MS, and % clastic all decrease over time (Fig. 4). In contrast,
OM increases upward through the core. Values of C:N oscillate
around 12 for most of the record, but they drop dramatically in

the most recent centuries to ~8. Median GS is highly variable,
with fluctuations driven primarily by abrupt spikes in the abun-
dance of sand. Maximum values of median GS range up to 192
um, the highest values obtained in these three lakes. To further
investigate the timing of these GS spikes, which are unique to
the Angel Lake record, a 1000 yr running average was calculated
for the median GS time series, and increases in median GS rising
above this baseline were identified (Fig. 4). Temporal clustering
of the coarse layers identified through this approach was assessed
by calculating the number of coarse layers per century (Fig. 4).
Values were highest in the middle Holocene, generally low from
4.0 to 1.5 cal ka, and rose again ca. 1.0 cal ka (Fig. 4).



Records of late Quaternary environmental change from high-elevation lakes, Nevada

| Neo- | Mazama ash
luvial, reworking

Variable

< 100 .
o cSiit
5 75 '\ mSilt
g 50

fSilt
i 25
= vSilt
v

O 100
- 75
- 50 3%
Coarse - T i __ 25
Layers Clay B [0
e l :0 o
EQOO | | e 1 Eg
n | — T
5} 1§g | S e
S | - 95
5 40 . E o5 S
= C
0 - ;
= | -85 8
AP JAIHRNTN E oo &
| | . 7
| | C ;g ‘—ug
. — @]
8 — | |
2 " 25
N [ |
0 L 20
% 15 &
| 10 =
16 — L 5 ©
14 — | | 0
z 12 - | |
O 10 | 7
8 | | 15 <
6 - | | 12 —
n
| ' 8 >
o 16 | 4 X
- |
§1.2 | 0 2
90.8 -
0.4 | I oS,
g o 14C|+ 4 A \azama

]TITITITI]IIII]

1000 3000 5000 7000
Age (cal. yr B.P.)

Overland Lake

The overlapping surface and percussion cores from Over-
land Lake produced a record extending from the surface down
through the postglacial section (Fig. 3). The surface core con-
tained an intact sediment-water interface and reached a depth
of 69 cm. The percussion core featured diffuse centimeter-scale
banding defined by subtle lightness/darkness alternations within
an overall Munsell color of 2.5Y 2.5/1 (black). Gas bubbles were
present throughout, but they were not as abundant as in the Angel
Lake core. The visually striking Mazama ash layer spanned
18 cm, between a stratigraphic depth of 327 cm to 345 cm. The
lowest 8 cm portion of this section was nearly pure tephra, with
a mean grain size of 31 um and up to 25% sand (>63 pum). The
upper 10 cm portion of this section was slightly darker and finer,
with a mean grain size of 23 um and generally <10% sand. Below
the Mazama ash, the layering in the sediment became more pro-
nounced, with a general shift in overall Munsell color toward a
lighter color, 5Y 4/1 (dark gray). A large cobble of pegmatite
(~7 x 7 x 7 cm) embedded in coarser sediment was encountered
at a depth of 423 cm, with another smaller cobble oriented paral-
lel to bedding at a depth of 450 cm. Layers of abundant daphnia
ephippia were also noted, with increasing frequency in the deep-
est 70 cm of the core.

In total, six radiocarbon ages, five on wood fragments and
another on conifer needles, were obtained for the Overland Lake
core. All of these were in stratigraphic order, with calibrated ages
ranging from 13.5 to ca. 1.25 cal ka (Table 2). Together with
an age of 7627 + 150 yr B.P. for the Mazama ash (the 18 cm
thickness of which was removed from the stratigraphy), and an
age of A.D. 2009 for the sediment-water interface, a smoothed
spline depth-age model was generated using CLAM (Fig. 3).
The deepest “C age of 13.5 cal ka was determined for a small
twig collected from just 15 cm above the core base, minimizing
the extrapolation required to estimate the basal age. Error ranges
(95% confidence interval) for the depth-age model were gener-
ally <200 yr, except in the lowest 70 cm, where they increased to
a maximum of 600 yr. The overall average sedimentation rate is
3.14 cm/century.

In comparison to the other lakes, values of OM, BD, %
clastic, C:N, and median GS are generally low in Overland Lake
(Table 3), reflecting its large size, greater depth, and (possibly) its
higher elevation (Table 1). One striking contrast is the extremely
high average bSi value for Overland Lake (20%), which is 4x the

<
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Figure 4. Time series of proxies measured in the Angel Lake core:
bulk density (BD), magnetic susceptibility (MS, not measured in
near-surface sediment), carbon:nitrogen ratio (C:N), organic matter
(OM), biogenic silica (bSi), percent clastic sediment, median grain
size (GS), sand/silt/clay abundance (%), and silt fraction (c—coarse;
m—medium; f—fine; vf—very fine). Coarse layers were identified ob-
jectively as peaks in median grain size rising above a 1000 yr running
average. Age control is noted along the bottom axis. OSL—optically
stimulated luminescence.
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value in Angel Lake and 10x that in Soldier Lake. The reason for
this difference is not clear, but it may relate to the nutrient status
of the Overland Lake watershed.

Values of physical proxies in the Overland Lake core exhibit
long-term trends (Fig. 5). BD and % clastic decrease upward
through the core, whereas OM increases. OM values rise to a
maximum value for this lake, and the C:N ratio falls to a mini-
mum, in the most recent part of the core. MS spikes after deposi-
tion of the Mazama ash and decreases as ash reworking tapers
off. Values of C:N are relatively constant around 11 after 11
cal ka, but they are <10 in the latest Pleistocene section. Median
GS averages ~10 pm, was lowest around 4 cal ka, and rose to a
sustained high over the past 1000 yr. High-frequency variability
in sand content is superimposed on millennial-scale intervals of
generally elevated sand content, spaced roughly 2 k.y. apart.

Soldier Lake

The sedimentary record from Soldier Lake was retrieved
entirely with Livingstone coring equipment, reaching a depth of
416 cm below the sediment-water interface. The resulting 5-cm-
diameter, foil-wrapped core sections were not X-rayed; however,
during visual inspection, layers of coarse sand and fine gravel,
some containing fragments of quartz up to 1.5 cm in diameter,
were noted, particularly between depths 150 cm and 250 cm. The
Mazama ash spanned from 189 to 198 cm, with the lowest 4 cm
representing primary air-fall tephra. The mean GS of this mate-
rial (33 pum) is nearly identical to the Mazama ash in Overland
Lake. The 5 cm section of reworked tephra overlying the pri-
mary Mazama ash is finer, with a mean GS of 26 pm. Deeper in
the core, below a depth of 285 cm, the sediment featured promi-
nent partings along thin layers of fine sand. Charcoal was also
noted throughout, both as macroscopic fragments and dark layers
enriched in fine organic material.

Age control for the Solider Lake core is provided by four
MC ages (Table 2). The upper two are from wood and charcoal,
whereas a paucity of OM in the lower half of the core neces-
sitated the dating of pollen concentrated by centrifugation. The
depth-age model was developed in CLAM using a smoothed
spline fit to the four '“C ages, the sediment-water interface (A.D.
2009) and the Mazama ash, after removing the 4 cm of primary
air-fall tephra from the stratigraphy (Fig. 3). The deepest '“C age
was determined for sediment 15 cm above the core base, mini-
mizing the extrapolation involved in estimating a basal age of
ca. 26.0 cal ka (Table 2). The resulting model has the slowest
mean sedimentation rate of the three lakes, 1.58 cm/century. In

<
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Figure 5. Time series of proxies measured in the Overland Lake core:
bulk density (BD), magnetic susceptibility (MS, not measured in near-
surface sediment), carbon:nitrogen ratio (C:N), organic matter (OM),
biogenic silica (bSi), percent clastic sediment, median grain size (GS),
sand/silt/clay abundance, and silt fraction (c—coarse; m—medium;
f—fine; vf—very fine). Age control is noted along the bottom axis.
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the upper half of the core, the 95% confidence interval on the age
estimates is 600 yr or less. However, in the deepest meter, the
error range increases to ~1400 yr (Fig. 3).

Many proxies measured in the Soldier Lake core have high
average values (Fig. 6). For instance, OM, BD, % clastic, and MS
are higher in Soldier Lake than in the other two lakes (Table 3).
In contrast, average values of bSi and C:N are very low (Fig. 7).
Physical proxies in the Soldier Lake core also exhibit dramati-
cally different values in the first half of the record relative to the
second half (Fig. 6). Values of BD, MS, and % clastic are high
in the older section and fall after 14 cal ka. In contrast, values
of OM, C:N, bSi, and median GS are low and steady during the
older interval and then rise markedly. Clay and very fine silt are
abundant in the older sediment. Clay abundance drops to near
zero between ca. 18 and 14 cal ka, while sand increases to ~25%
and is constant at that level through the early Holocene.

DISCUSSION
Synthesis of Lake Records and Interpretation of Proxies

The three lake records considered in this study repre-
sent notably different time periods (Angel: 7700 yr, Over-
land: 14,000 yr, Soldier: 26,000 yr) with differing resolutions
(Table 3). However, when considered collectively, they provide a
unique perspective on environmental change at high elevations in
the Ruby Mountains and East Humboldt Range during the local
Last Glacial Maximum, the last glacial-interglacial transition,
and the Holocene. To organize discussion about the sequence of
environmental changes in this region during the time period rep-
resented by the cores, the records have been divided into subjec-
tively determined zones within which the majority of measured
proxies shift in consistent, interpretable directions. In this discus-
sion, these zones are delineated, proxy patterns are described and
interpreted, and correspondence with other regional paleoenvi-
ronmental records is assessed.

Local Last Glacial Maximum (26.0-18.5 cal ka)

The local Last Glacial Maximum is recorded by the core
from Soldier Lake, which was positioned just outside of the ter-
minal moraine constructed by the Soldier Creek glacier during
the Angel Lake glaciation (Sharp, 1938). Sediment accumulating
in the lake during the local Last Glacial Maximum had high and
steady values of BD (~1.6 g/cm®) and % clastic (~95%), and high
and variable MS (~50 x 107° SI units). The abundance of clay and
very fine silt together totaled ~45% of the total GS distribution,

<
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Figure 6. Time series of proxies measured in the Soldier Lake core:
bulk density (BD), magnetic susceptibility (MS), carbon:nitrogen ra-
tio (C:N), organic matter (OM), biogenic silica (bSi), percent clastic
sediment, median grain size (GS), sand/silt/clay abundance, and silt
fraction (c—coarse; m—medium; f—fine; vf—very fine). Age control
is noted along the bottom axis.
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Figure 7. Comparison of organic matter (OM), carbon-nitrogen ra-
tio (C:N), and biogenic silica (bSi) in all three lakes over the past
~14,000 yr.

much higher than at any other time during the record. In con-
trast, values of C:N (~4), OM (~4%), bSi (~1%), and median GS
(~8 um) were very low.

Collectively, these properties indicate that sediment accu-
mulating in Soldier Lake during the local Last Glacial Maximum
was primarily inorganic glacial rock flour, which is consistent
with the location of the lake outside of the Angel Lake glacial
limit. The apparent age of the rock-flour—dominated sedimenta-
tion in Soldier Lake is contemporaneous with the known timing
of the global Last Glacial Maximum (LGM), which spanned
the interval ca. 26-19 ka B.P. (Clark et al., 2009). Regionally,
cosmogenic surface-exposure dates on moraine boulders (Phil-
lips et al., 2009; Rood et al., 2011; Phillips, 2016), and rock
flour records from Owens Lake (Bischoff and Cummins, 2001)
reveal that the Tioga glaciation in the Sierra Nevada peaked at
this time (Fig. 8D). Similarly, valley glaciers in the Wasatch
and Uinta Mountains at the eastern border of the Great Basin
(Laabs et al., 2011; Laabs et al., 2009; Munroe et al., 2006), and
elsewhere in the Ruby Mountains and East Humboldt Range
(Munroe et al., 2015; Laabs et al., 2013), occupied extended
positions at this time.

Glacial conditions at Soldier Lake at this time are consis-
tent with records of increased effective moisture elsewhere in the
Great Basin. For instance, along the east side of the Ruby Moun-
tains and East Humboldt Range (Fig. 1), radiocarbon dating of
gastropod shells indicates that Lake Franklin inundated 43% of
its ultimate highstand area beginning ca. 22 cal ka, increasing to
~60% by 20 cal ka (Munroe and Laabs, 2013a). Similarly, Lake
Clover was at its highstand ca. 19 cal ka (Munroe and Laabs,
2013b), and Lake Bonneville was transgressing toward its over-
flow point, which it reached ca. 18 cal ka (Oviatt, 2015). Far-
ther afield, speleothem records from southern Arizona and New
Mexico (Wagner et al., 2010; Asmerom et al., 2010) also indicate
wetter conditions during the early part of the local Last Glacial
Maximum (Figs. 8Q and 8P), persisting to ca. 16,000 yr B.P. at
Cave of the Bells, Arizona.

Overall, it appears that Soldier Lake existed as a small water
body during the local Last Glacial Maximum, possibly ice cov-
ered for much of the year, just outside the terminal moraine of
the Angel Lake glaciation. Changes in the abundances of fine and
very fine silt during this interval (Fig. 6) may reflect short-lived
advances and retreats of the nearby glacier, impacting the deliv-
ery of rock flour to the lake. Very fine silt, in particular, makes up
more than 50% of the GS distribution (by volume) during these
peaks, indicating that rock flour was dominating the clastic sedi-
ment load. Given the existing age model, peaks in fine and very
fine silt occurred at 24.2, 22.7, 21.2, and 19.8 cal ka, suggesting
a quasi-regular ~1400 yr spacing. Previous reports have noted
complex behavior of alpine glaciers during the LGM, includ-
ing studies of rock flour deposited in Owens Lake at the western
edge of the Great Basin (Bischoff and Cummins, 2001). Further-
more, the very fine silt peak at 24.2 cal ka, which was followed
by an interval of consistently high very fine silt abundance until
23.2 cal ka, may reflect an advance of the Soldier Creek glacier



Records of late Quaternary environmental change from high-elevation lakes, Nevada

dry
Cave of the Bells (Q) wet
dry wet
Fort Stanton Cave (P)
Ruby Marshes (O)  doap Treeh B/ doop
\e k\\“ dry r,'|\_ warm
eN . e
BBO““ increased moisture moist and cool
\_"a\g o —
high i
 Lake Frankiin (M)—-— 29" |
Stonehouse Spring (L) = low low
warmn war and dry L 4
Blue Lake (K)"“ rm  cool rm and dry ™ £ = Gg ?_—}?ggl La(‘ll-ﬁ
v K acier
dv ” — 80 (% of max length)
Great Basin (J) ~— ety N 100
wet dry wet dry — 60 )
Favre Lake (1) 'Y - Sélltz _C:arEch;n
=y e | 80 acier
Barrett & Starkweather Lakes (F) YD B/A \ B (% of max length)
warm cool * — 100
Stella Lake (E) 9 Tioga Glaciation, Sierra Nevada (D)
(8]
B -
Pyramid & Owens Lakes (C) 27 & _Wet dry
Fallen Leaf Lake (B)variable %&! @ Deglaciation
% Anthropogenic spike 4.94.
Variable aode\s‘ n ’
— Neopluvial @6@,//3/@ R,
Mazama ash reworking fz‘/z{? (//7; bj’/l,,o
z Early Holocene aridity '5‘(‘00;’5’(@"0(3%
= - g,
=+ 540 Productivity onset /79@ 9
_‘5&;520 ] Deglaciation
%: = 500 LLGM
E Sato
8460|||i|11||||II[|||||||||1]1
3
0 5000 10000 15000 20000 25000
calyrB.P

Figure 8. Compilation of results from the Ruby Mountains and East Humboldt Range lakes with other records from the
Great Basin. (A) June 40°N insolation (Berger, 1978). LLGM—Ilocal Last Glacial Maximum. (B) Fallen Leaf Lake,
Sierra Nevada (Noble et al., 2016). (C) Hydrography of Pyramid and Owens Lakes (Benson et al., 2002). (D) Sierra
Nevada glacial advances from Owens Lake rock flour (Bischoft and Cummins, 2001). (E) Chironomid-inferred summer
temperature reconstruction for Stella Lake, Nevada (Reinemann et al., 2009). Star marks peak warmth ca. 5.5 cal ka
(F) Timing of the Younger Dryas (YD) and Bglling-Allergd (B/A) in Lake Barrett and Starkweather Lakes, Sierra Nevada
(MacDonald et al., 2008). (G) Retreat of Seitz Canyon glacier, Ruby Mountains (Laabs et al., 2013). (H) Retreat of Angel
Lake glacier, East Humboldt Range (Munroe et al., 2015). (I) Favre Lake, Ruby Mountains (Wahl et al., 2015). (J) Dry
and wet periods in the Great Basin (Mensing et al., 2004, 2008). (K) Blue Lake, Utah (Louderback and Rhode, 2009).
(L) Stonehouse Spring, Nevada (Benson et al., 2013). (M) Pluvial Lake Franklin (Munroe and Laabs, 2013a). (N) Lake
Bonneville (Madsen et al., 2001; Oviatt, 1997). (O) Ruby Marshes, Nevada (Thompson, 1992). (P) Fort Stanton Cave,
New Mexico (Asmerom et al., 2010; Polyak et al., 2012). (Q) Cave of the Bells, Arizona (Wagner et al., 2010).
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in response to Heinrich event 2, ca. 24 cal ka (Hemming, 2004).
However, the lack of tight age control through this interval pre-
cludes rigorous investigation of the timing and apparent periodic-
ity of these peaks.

Deglaciation (18.5-13.8 cal ka)

Deglaciation of the Ruby Mountains and East Humboldt
Range during the last glacial-interglacial transition is primarily
recorded by the core from Soldier Lake (Fig. 6), although the
very bottom of the Overland Lake core extends into this time
interval (Fig. 5). Sediments accumulating during deglaciation in
both lakes are characterized by high and consistent values of BD
and % clastic, as well as low bSi, OM, and C:N. In Soldier Lake,
sand abundance increased during this interval, while clay and silt
decreased. The abundance of clay, in particular, dropped to ~2%
ca. 18 cal ka and remained consistently low until rising rapidly at
13.6 cal ka. GS trends are more difficult to identify in Overland
Lake without the ability to compare them with the preceding gla-
cial interval.

The transition in Soldier Lake from sediment dominated by
fine and very fine silt toward elevated (up to 25% of total) abun-
dance of sand is consistent with increased fluvial transport of
sediment to the lake basin as glacial meltwater enhanced stream
power during ice retreat (Leonard, 1997). Values of median GS
reach their highest sustained levels in the Soldier Lake record
at this time, underscoring the uniqueness of this time interval
(Fig. 6). Increased median GS and sand abundance may also
reflect the onset of seasonal ice-free conditions at Soldier Lake
and greater seasonal snowmelt in the surrounding watershed.

The calibrated basal age of 13.5 cal ka for the Overland Lake
core provides a constraint on deglaciation because the lake could
not have formed until after the glacier retreated to a position far-
ther up valley. Given the position of Overland Lake relative to
the terminal moraine, this retreat corresponds to an ~70% reduc-
tion in glacier length, and a rise in terminus elevation of ~500 m
(70% of the drop from the headwall to the terminal moraine).
Cosmogenic surface-exposure dating of glacially sculpted bed-
rock immediately up valley from Overland Lake yielded an age
of 12,800 + 700 yr B.P. (Sackett et al., 2016), consistent with the
basal radiocarbon age reported here.

Retreat of the Soldier Creek and Overland Creek glaciers
after ca. 18.5 cal ka is consistent with the timing of the last gla-
cial-interglacial transition elsewhere in the Great Basin. Through-
out this region, valley glaciers retreated from their terminal
moraines after ca. 19 ka B.P,, including in the Ruby Mountains
and East Humboldt Range (Fig. 8; Munroe et al., 2015; Laabs et
al., 2013), the Wasatch Mountains (Laabs et al., 2011), the west-
ern Uinta Mountains (Laabs et al., 2007, 2009), and the Sierra
Nevada (Phillips et al., 2009; Rood et al., 2011; Phillips, 2016).
Diatom records from Bear Lake (Utah and Idaho) indicate cold
and turbid conditions from 19.1 to 13.8 cal ka due to an influx
of meltwater from melting glaciers in the watershed (Moser and
Kimball, 2009). Other lines of evidence indicate major changes
in effective moisture during this interval. For instance, Lakes

Bonneville and Franklin (Figs. 8M and 8N), and other pluvial
lakes throughout the Great Basin, reached their maximum levels
for the last pluvial cycle ca. 17 cal ka, synchronous with Heinrich
event | in the North Atlantic region (Munroe and Laabs, 2013b).
Speleothems from the southern Great Basin, and from along the
California coast (Oster et al., 2015a; Oster et al., 2015b), also
record changes in moisture amount and (possibly) source during
the deglaciation interval. None of these speleothem records is in
the immediate vicinity of the Ruby Mountains and East Hum-
boldt Range; however, a compilation of available paleoclimate
data suggests that a precipitation dipole dominated this region
during deglaciation, with the northern Great Basin in a transition
zone between a wetter southwest and a drier northwest (Oster et
al., 2015a). Evolution of this dipole during deglaciation may have
driven changes in effective moisture in the Great Basin.

Cosmogenic surface-exposure dating of recessional moraines
in other valleys of the Ruby Mountains and East Humboldt
Range reveals that glaciers paused and/or readvanced during
overall retreat (Munroe et al., 2015; Laabs et al., 2013). The pres-
ence of these moraines suggests that the climatic trends respon-
sible for deglaciation were not monotonic. A recessional moraine
at the lip of a small basin ~200 m above Soldier Lake indicates
that the Soldier Creek glacier also paused during overall retreat.
However, once the glacier retreated from the terminal moraine,
meltwater drainage was likely routed down the main valley axis,
bypassing the basin where Soldier Lake is located. Thus, fluctua-
tions in glacier retreat rate are not directly recorded in the sedi-
ments of Soldier Lake.

Onset of Productivity (13.8-11.3 cal ka)

The records from both Soldier and Overland Lakes docu-
ment a rapid increase in organic productivity in the latest Pleis-
tocene (Figs. 5, 6, and 7). During this interval, values of OM and
C:N rise, while BD and % clastic decrease. MS remains fairly
constant in both records. Median GS drops in Soldier Lake and
stays relatively constant in Overland Lake. The abundance of bSi
rises dramatically in Overland Lake, from starting values near the
detection limit (~1%) up to ~20% by 12.0 cal ka. In contrast, val-
ues of bSi stay low (~1%) but have more variability during this
interval in Soldier Lake. The apparent delay between the onset
of rising bSi in these lakes may reflect fundamental differences
in their bathymetry (Fig. 2), influencing the habitat available for
benthic versus planktic diatoms.

The simultaneous increase of OM and C:N in both lakes
signals a dramatic shift toward increased organic productivity
within and around these lakes following deglaciation. A more
productive lake environment would lead to more OM accumulat-
ing on the lake floor, and more terrestrial vegetation in the water-
shed (with a higher C:N) would also contribute to elevated OM
levels in the lake sediment, as that material was transported to the
lake. Furthermore, the small twig that produced the near-basal
age of 13.5 cal ka for the Overland Lake core indicates the pres-
ence of woody vegetation in the watershed by that time. By the
end of this interval, ca. 11.3 cal ka, OM abundance in both lakes
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had risen to mean values for the postglacial period, suggesting
establishment of a near-modern vegetation density.

Rapid onset of organic productivity following deglaciation
is a hallmark of many lacustrine records from mountain areas in
the western United States. In the Uinta Mountains, for instance,
study of numerous lacustrine records has indicated a similarly
abrupt rise in OM in the latest Pleistocene and early Holocene
(Munroe, 2007; Corbett and Munroe, 2010; Tingstad et al., 2011;
Munroe and Laabs, 2017). Downstream from the northwestern
Uinta Mountains, diatoms record warmer and less turbid water in
Bear Lake starting at 13.8 cal ka (Moser and Kimball, 2009). The
onset of organic productivity in Fallen Leaf Lake, near Lake Tahoe
at the western edge of the Great Basin, occurred ca. 11.5 cal ka
(Noble et al., 2016). In Colorado to the east, organic values in
Cumbres Bog (Johnson et al., 2013) and Bison Lake (Anderson
et al., 2015) rose during this same interval.

Many paleoclimate records from this time record cooling
or other climatic aberrations associated with the Younger Dryas
(YD) event (Fairbanks, 1990; Alley, 2000). This event primar-
ily impacted the North Atlantic region (Carlson et al., 2007), but
paleoclimate records from throughout the northern midlatitudes
contain evidence of climate shifts potentially related to YD cool-
ing. For instance, in the Rocky Mountains, residual alpine gla-
ciers may have advanced in response to the YD (Gosse et al.,
1995). Glaciers in the Sierra Nevada apparently advanced ear-
lier, ca. 13 ka B.P,, during the Recess Peak glaciation (Phillips
et al., 2009; Phillips, 2016); however, lacustrine records from
the Sierra Nevada indicate climatic cooling associated with the
YD (MacDonald et al., 2008). The lingering remnant of pluvial
Lake Bonneville transgressed during the latest Pleistocene, per-
haps in response to the YD (Oviatt et al., 2005), as did pluvial
Lake Franklin in the Ruby Marshes (Fig. 8M; Munroe and Laabs,
2013a), Lake Lahontan (Benson et al., 2013), and Lake Chewau-
can (Licciardi, 2001). Some proxies in the Overland and Soldier
Lake cores exhibit distinct behavior during the YD. In Over-
land Lake, values of C:N drop and remain low during the YD,
coincident with an interruption in rising bSi values (Fig. 5). In
both lakes, the abundance of OM rises much faster after the YD
ends ca. 11.7 cal ka (Figs. 5 and 6). Overall, however, evidence
for a YD-related climate shift in the Overland and Soldier Lake
records is equivocal.

Early Holocene Aridity (11.3-7.8 cal ka)

Both Overland and Soldier Lakes contain evidence of low-
ered water levels and aridity in the early Holocene (Figs. 5, 6,
and 7). Values of OM and C:N are synchronously above aver-
age during the interval 11.3-7.8 cal ka. Abundance of bSi in
the Soldier Lake core remains low, but bSi in Overland Lake
is near a maximum at this time. Values of % clastic and MS
are low in both lakes. The GS distribution within the Overland
Lake record is relatively consistent. Sand abundance in Solder
Lake is near maximum values for part of this interval, but it
drops dramatically ca. 8.0 cal ka. Together, these proxy shifts
are consistent with a situation in which water levels in these

lakes were low, moving the littoral zone closer to the coring
site, and facilitating the transport of coarser clastic sediment,
and greater amounts of terrestrially derived OM, to the lake
depocenter (e.g., Shuman, 2003).

Low water levels at this time are synchronous with the sum-
mer insolation maximum for this latitude (Fig. 8A), which is
consistent with elevated summer temperatures. Previous studies
have also interpreted bSi as a proxy for summer temperatures
(McKay et al., 2008). Therefore, the record-high bSi values in
Overland Lake could be a signal of warm summers in the earliest
Holocene. Similar warm and dry conditions in the northwestern
Great Basin between 11 and 9 cal ka were inferred from pol-
len and charcoal (Minckley et al., 2007). Other regional evidence
indicates that climate at lower elevations was dry at this time. For
instance, information from woodrat middens records the expan-
sion of sagebrush in response to drier conditions between 11.5
and 8.2 cal ka (Rhode and Madsen, 1995; Madsen et al., 2001),
and Owens Lake in the western Great Basin experienced a drying
trend between 11.6 and 10.0 cal ka (Fig. 8C; Benson et al., 2002).
Similarly, at Blue Lake, ~100 km east of the Ruby Mountains and
East Humboldt Range, paleobotanical data indicate aridification
after ca. 11 cal ka, culminating ca. 9.5 cal ka (Fig. 8K; Louder-
back and Rhode, 2009).

Tephra Reworking (7.8-5.5 cal ka)

Almost all paleoclimate proxies investigated in this study
were impacted by deposition and reworking of tephra associ-
ated with the climactic eruption of Mount Mazama at 7.6 ka B.P.
(Zdanowicz et al., 1999). The core retrieved from Angel Lake
bottomed in a Mazama ash layer of unknown thickness, whereas
both the Overland and Solider Lake cores penetrated through
the Mazama ash (Fig. 3). In Overland Lake, the primary tephra
layer (8 cm thick) was overlain by 10 cm of reworked ash, dis-
tinguished by swirls of incorporated OM. In Soldier Lake, the
primary tephra layer was 4 cm thick, with an overlying 5 cm sec-
tion of mixed tephra and organic sediment. The deposition of this
layer of ash presumably had considerable consequences for the
watersheds of these lakes, both in the immediate aftermath of the
eruption and over the following years as tephra was remobilized
across the landscape (e.g., Long et al., 2014). Measured values
of OM and C:N fall after ash deposition, and median GS, sand
abundance, MS, and bSi generally rise (Figs. 4, 5, and 6). How-
ever, these changes are more likely evidence of tephra rework-
ing rather than paleoclimate variability. Dilution of organic sedi-
ment in the lake with ash explains the lowered organic content. A
higher abundance of Fe-bearing grains in the ash would lead to
elevated MS values after the eruption. Because the ash is gener-
ally coarser than the local sediment that was accumulating in the
lakes at this time, median GS and sand abundance would increase
following deposition. Elevated bSi values can be attributed to dis-
solution of amorphous silica-bearing volcanic glass by the hot
NaOH leach method used to quantify bSi.

Overall, the Mazama ash layer provides a solid chronologic
tie point among the three records and strengthens the age models
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for the individual lakes, yet reworking of this ash in the centuries
following its deposition obscures other paleoenvironmental sig-
nals in the studied proxies. It is worth noting, however, that study
of diatom assemblages in Favre Lake in the Ruby Mountains
(Wahl et al., 2015) has revealed that low water levels continued
until ca. 5.8 cal ka (Fig. 81), and the Ruby Marshes (Thompson,
1992), Pyramid and Owens Lakes (Benson et al., 2002) appar-
ently became more shallow at this time (Fig. 8C). Conditions
were also warm and dry (Fig. 8K) at Blue Lake (Louderback
and Rhode, 2009) and other sites throughout the Great Basin
(Mensing et al., 2004, 2008). The frequency of coarse layers in
the Angel Lake core (Fig. 4) also rose to a peak around 5.5 cal ka.
Because the coring site at Angel Lake was intentionally selected
to avoid the deep hole immediately adjacent to the inlet (Fig. 2),
it seems unlikely that these coarse layers reflect floods of the
inlet stream. Rather, delivery of coarse sediment to the coring
site is consistent with high-energy transport of coarse material
onto the frozen lake surface through snow avalanching or slush
flows during snowmelt. Relatively frequent coarse layers in the
middle Holocene might, therefore, be a sign of rapid springtime
warming and snowmelt.

Neopluvial (5.5-3.8 cal ka)

The interval following the dwindling influence of ash
reworking features proxy shifts that provide evidence of wetter
conditions (Figs. 4, 5, and 6). In Soldier Lake, bSi finally begins
to rise rapidly toward maximum values (Fig. 6). The ratio of C:N
also rises, while the abundance of sand decreases. Collectively,
these shifts record a rise in water levels leading to an expanded
lake surface area. Because no major streams enter Soldier Lake
from its small watershed, migration of the shoreline away from
the lake center would reduce the amount of coarse clastic sedi-
ment arriving at the coring site. Flooding of the shallow shelf
surrounding the depocenter (Fig. 2) would have provided addi-
tional habitat for benthic diatoms, which could be reflected in the
increasing bSi values. Erosion of surrounding soils by rising lake
waters would have liberated OM with a relatively higher C:N
ratio for redistribution within the lake.

Median GS, C:N, and MS values rise at the same time in
Overland Lake (Fig. 5). Because Overland Lake is fed by a
stream draining a higher cirque, these changes are consistent
with a sustained increase in the volume of streamwater entering
the lake. Lake level may not have risen in conjunction with this
hydrologic shift because water can easily exit the lake over the
sill at the northern end of the basin. A similar situation exists
at Angel Lake, where the frequency of coarse layers began to
decline, but remained above average during this interval (Fig. 4).
Values of C:N were also relatively high in Angel Lake, signaling
delivery of terrestrial OM eroded from the wetlands upstream of
the lake.

Abundant evidence indicates that hydroclimate in the Great
Basin shifted broadly toward wetter conditions during a neoplu-
vial interval ca. 5.0-3.8 cal ka (e.g., Noble et al., 2016). In the
Ruby Mountains (Fig. 8I), diatom evidence reveals wetter condi-

tions at Favre Lake from 5.5 to 3.8 cal ka (Wahl et al., 2015). In
the Sierra Nevada, water levels rose in Fallen Leaf Lake (Fig. 8B;
Noble et al., 2016). Chironomid-inferred summer temperatures
reached peak values at Stella Lake ca. 5.5 cal ka (Fig. 8E), after
which cooler conditions dominated (Reinemann et al., 2009). At
lower elevations, Walker Lake began to rise at ca. 4.7 cal ka (Ben-
son et al., 1991; Adams, 2007), pollen provides evidence of wet-
ter conditions in the Ruby Marshes (Fig. 80; Thompson, 1992),
salinity decreased in the Great Salt Lake (Madsen et al., 2001),
and conditions were cooler at Blue Lake (Fig. 8K; Louderback
and Rhode, 2009).

Variable Climate (3.8 ka-250 yr B.P.)

Beginning around 3.8 cal ka, proxies in the studied lakes
shift in directions indicating a more variable late Holocene cli-
mate. In both Soldier and Overland Lakes, OM levels abruptly
jump to maximum values (Fig. 7). Values of C:N drop, indicating
that more of this OM was of aquatic origin. In this interval, values
of bSi were at or near the maximum in Soldier Lake, and tended
to be above average in the other lakes as well. Sand abundance
decreased in Soldier Lake (Fig. 6), whereas median GS rose in
Overland Lake (Fig. 5). The frequency of coarse layers in Angel
Lake remained below average from 3.8 to 1.8 cal ka, although the
median GS of these layers increased (Fig. 4). After ca. 1.0 cal ka,
coarse layer frequency was above average again. Collectively,
these proxy trends are not easily explained by an overall, consis-
tent shift toward wetter or drier conditions. Rather, they represent
climatic variability filtered by the unique characteristics of each
lake and its watershed (Table 1).

Other studies from the region have noted evidence for vari-
able climatic conditions during the late Holocene. Noble et al.
(2016) documented an increase in clastic sedimentation and a
decrease in bSi in Fallen Leaf Lake at the western end of the
Great Basin (Fig. 8B), and they suggested that this pattern sig-
nals a shift to drier winter conditions. Similarly, diatom evidence
indicates dry conditions at Favre Lake (Fig. 8I) from 3.8 to
1.8 cal ka (Wahl et al., 2015). In contrast, chironomid-inferred
summer temperatures were cooler at Stella Lake (Fig. 8E) from
4.2 to 1.0 cal ka (Reinemann et al., 2009), and water depths
increased at Ruby Marsh (Fig. 80; Thompson, 1992). Climatic
conditions were variable at Blue Lake (Fig. 8K; Louderback and
Rhode, 2009), and the Great Salt Lake became fresh enough to
support Utah chub, a moderately salt-tolerant species, at ca. 3.4
and ca. 1.2 cal ka (Madsen et al., 2001). Variability at submil-
lennial time scales is also illustrated by rooted trees submerged
in Fallen Leaf Lake that have drowning dates clustering around
1.8 and 0.75 cal ka (Noble et al., 2016). Signs of a regional dry
episode between 2.8 and 1.85 cal ka have also been compiled
(Mensing et al., 2013), providing additional evidence for dra-
matic shifts in hydroclimate during the late Holocene.

Anthropogenic Spike (250 yr B.P. to Present)
Precision of the '“C-based age models likely decreases in
the uppermost sediments from each lake because of nonlinear
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changes in density within the relatively uncompacted core-top
sediments (Fig. 3). Nonetheless, it is notable that proxies in
all three lakes exhibit dramatic shifts at depths corresponding
to the last century or two. Typically, values of bSi rise, OM
rises considerably, and C:N falls to at or near minimum levels
(Fig. 7). Collectively, these shifts signify a synchronous change
toward increased in-lake productivity, greater algal growth, and
reduced importance of terrestrial OM. This shift may have been
driven by a lengthening of the ice-free season and/or increased
summer water temperatures, permitting greater diatom growth.
Elevated chironomid-inferred summer water temperatures in
the past few centuries have been reconstructed for other Great
Basin lakes (Reinemann et al., 2009; Porinchu et al., 2010).
Alternatively, these changes could be a result of increased deliv-
ery of nutrient-bearing dust liberated from surrounding low-
lands by anthropogenic disturbance. Lake sediment records in
Utah and Colorado contain evidence of anthropogenic changes
in dust delivery over the past few centuries that have impacted
high-elevation environments (Neff et al., 2008; Moser et al.,
2010; Reynolds et al., 2010).

CONCLUSION

Sediment cores retrieved from three lakes at high elevations
in the Ruby Mountains and East Humboldt Range of northeast-
ern Nevada provide a comprehensive record of climatic and envi-
ronmental changes over the past 26,000 yr. Soldier Lake, located
just beyond the terminal moraine of the Angel Lake glaciation,
accumulated inorganic rock flour during the local Last Glacial
Maximum and records an onset of deglaciation ca. 18.5 cal ka,
consistent with surface-exposure ages on moraines elsewhere
in the region. Both Soldier and Overland Lakes record a rapid
increase in organic productivity between 13.8 and 11.3 cal ka,
essentially synchronous with lakes in similar mountain set-
tings elsewhere in the southwestern United States. Soldier and
Overland Lakes record an episode of low water levels in the
early Holocene, likely correlated with the summer insolation
maximum. Deposition and reworking of the Mazama ash in the
middle Holocene obscure environmental signals from the prox-
ies for ~1.5 k.y.; however, records from elsewhere in the region
indicate peak aridity and low water levels at this time. Neoplu-
vial conditions, associated with enhanced hydrologic through-
flow and rising water levels existed between 5.5 and 3.8 cal ka,
matching records of increased effective moisture elsewhere in
the Great Basin. Climatic conditions became more variable after
3.8 cal ka, with evidence for submillennial shifts in hydrocli-
mate and sediment inwashing. Finally, although imprecision in
the depth-age models precludes a direct assessment of the tim-
ing, all three lakes record dramatic increases in organic content
and biogenic silica synchronous with profound drops in C:N
ratio during the past century or two. These changes may reflect
climatic warming following the Neoglaciation, or elevated nutri-
ent status in response to enhanced delivery of eolian dust due to
anthropogenic activity in the surrounding lowlands.
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