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ABSTRACT

Bear Lake is a long-lived lake filling a tectonic depression between the Bear River
Range to the west and the Bear River Plateau to the east, and straddling the border
between Utah and Idaho. Mineralogy, elemental geochemistry, and magnetic proper-
ties provide information about variations in provenance of allogenic lithic material
in last-glacial-age, quartz-rich sediment in Bear Lake. Grain-size data from the silici-
clastic fraction of late-glacial to Holocene carbonate-rich sediments provide informa-
tion about variations in lake level. For the quartz-rich lower unit, which was depos-
ited while the Bear River flowed into and out of the lake, four source areas are recog-
nized on the basis of modern fluvial samples with contrasting properties that reflect
differences in bedrock geology and in magnetite content from dust. One of these areas
is underlain by hematite-rich Uinta Mountain Group rocks in the headwaters of the
Bear River. Although Uinta Mountain Group rocks make up a small fraction of the
catchment, hematite-rich material from this area is an important component of the
lower unit. This material is interpreted to be glacial flour. Variations in the input of
glacial flour are interpreted as having caused quasi-cyclical variations in mineralogi-
cal and elemental concentrations, and in magnetic properties within the lower unit.
The carbonate-rich younger unit was deposited under conditions similar to those of
the modern lake, with the Bear River largely bypassing the lake. For two cores taken
in more than 30 m of water, median grain sizes in this unit range from ~6 um to
more than 30 um, with the coarsest grain sizes associated with beach or shallow-water
deposits. Similar grain-size variations are observed as a function of water depth in the
modern lake and provide the basis for interpreting the core grain-size data in terms
of lake level.

INTRODUCTION

Bear Lake Valley, on the border between Utah and Idaho, is
formed by a tectonically active half-graben (Colman, 2006; Reheis
et al., this volume) between the Bear River Range to the west and
the Bear Lake Plateau to the east (Fig. 1). The southern part of the

valley is occupied by Bear Lake, which is ~32 km long, 6-13 km
wide, and 63 m deep. The Bear River flows into the valley north of
the lake. During historic times the river did not enter the lake until
it was diverted ca. 1912 (Dean et al., this volume) but did flow into
the lake at various times during the late Pleistocene (Kaufman et
al., this volume; Reheis et al., this volume).
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Figure 1. Generalized geologic map of catch-
ment areas for Bear Lake (modified from
Reheis et al., this volume). Numbered circles
are stream sediment sampling sites. Two sam-
ples were collected at each location, an odd-
numbered sample from the stream bottom and
an even-numbered sample (not shown) from
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In the absence of the Bear River, surface flow into Bear Lake
is from a number of streams in a small drainage basin. This “local”
catchment can be divided into two parts on the basis of bedrock
geology (Oriel and Platt, 1980; Dover, 1995). The Bear River
Range to the west of the lake is largely underlain by lower Paleo-
zoic formations containing large amounts of dolomite, quartzite,
and limestone, with lesser amounts of Precambrian quartzite and
shale, as well as clastic Tertiary rocks of the Wasatch Formation.
Rocks constituting the Bear Lake Plateau on the east side of the
lake consist of abundant Tertiary Wasatch Formation and Meso-
zoic limestone and clastic sedimentary rocks.

‘When the Bear River flows into Bear Lake the lake’s catchment
is much larger. Bedrock along most of the Bear River upstream
from Bear Lake is similar to that in the Bear River Plateau, with
widespread Tertiary and Mesozoic sedimentary rocks. Bedrock in
the river’s headwaters, however, comprises Precambrian quartzites
and shales of the Uinta Mountain Group (Bryant, 1992).

Bear Lake sediments contain both endogenic and allogenic
components. The endogenic component, which consists of min-
erals formed in the water column and the remains of biota that
grew in the lake, directly reflects physical and chemical condi-
tions of the lake. In contrast, allogenic components, which are
transported to the lake by water and wind, largely reflect catch-
ment conditions and processes. Some allogenic components may
be affected by post-depositional alteration and thereby in part
reflect lake conditions rather than catchment conditions.

Here we report data that largely reflect the allogenic com-
ponent of Bear Lake sediments as well as data from the potential
source areas of this component. The data derived by individual
techniques, however, do not separate cleanly into groupings that
yield information about solely endogenic or solely allogenic
materials. For instance, X-ray diffraction data for the lake sedi-
ments reported by Dean (this volume), contain information about
endogenic carbonate minerals (e.g., calcite and aragonite) as well
as information about allogenic minerals (e.g., quartz, calcite, and
dolomite). Data from lake sediments presented here (elemental
geochemistry on bulk samples, magnetic properties, and grain
size of the siliciclastic material) primarily provide informa-
tion about material derived from the catchment and secondarily
about processes within the lake. The bulk-sample elemental data
reflect the contents of both carbonate and siliciclastic minerals.
Additional elemental data reported by Bischoff et al. (2005) and
Dean (this volume), which were acquired from the HCI-soluble
component, largely reflect the carbonate minerals of both endo-
genic and detrital origins. Magnetic properties reflect not only the
detrital minerals delivered to the lake but also the effects of post-
depositional processes that commonly destroy Fe-oxide minerals
or form secondary magnetic phases. Similarly, grain-size distri-
butions of siliciclastic detrital material are affected not only by
the sizes of material delivered to the lake but also by sorting dur-
ing settling and resuspension within the lake.

The large volume of data reported herein contributes to a
number of important interpretations presented in other chapters
of this volume. For example, (1) variations in mineralogy and
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magnetic properties are used to correlate stratigraphic horizons
among cores (Colman et al., this volume); (2) mineralogical data
indicative of provenance help establish the presence or absence
of Bear River input to the lake (Kaufman et al., this volume);
(3) grain-size data contribute to the interpretation of lake-level
history (Smoot and Rosenbaum, this volume); and (4) magnetic
property, mineralogical, geochemical, and grain-size data pro-
vide the basis for a glacial history based on glacial flour in the
lake sediments (Rosenbaum and Heil, this volume).

METHODS
Sampling

Fluvial Sediment

Streams draining the Bear River Range and the Bear River
Plateau, as well as the Bear River are potential sources of fluvial
input to Bear Lake (Fig. 1). Because environmental change can
alter the amounts of material derived from areas of different bed-
rock lithologies, such change may be reflected in the mineralogi-
cal, chemical, and physical properties of lithic materials in the lake
sediments. Characterization of materials from different parts of the
drainage basins can help constrain interpretations of environmen-
tal change based on data obtained from lake-sediment cores.

Samples of fluvial material were collected from (1) streams
draining the east and west sides of the local Bear Lake catch-
ment and (2) the Bear River upstream from Bear Lake (Fig. 1).
Two samples were taken at each site, an odd-numbered sample
from the stream bottom and an even-numbered sample from the
stream bank or overbank deposit. The samples, which include all
grain sizes up to a few centimeters in diameter, integrate litholo-
gies upstream from the sampling sites. The samples were sieved
into four grain-size ranges: pebbles (2 mm to several cm), coarse
sand and granules (0.42 mm to ~2 mm), fine and medium sand
(0.053 mm to 0.42 mm), and silt and clay (less than 0.053 mm).
The pebble fractions were coarsely crushed so that small splits
of these fractions represent a mixture of the lithologies present
in the samples. Splits were taken from the size fractions for a
variety of measurements, which are described below.

Dust

Dust traps were constructed at three sites within 10 m of the
shoreline of Bear Lake (Fig. 2) to sample the annual vertical dust
deposition to the lake area. Sites were located on the fan of South
Eden Creek (BL-1), just south of Garden City (BL-2), and near
the Lifton pump station (BL-3). The dust traps were established
in 1998 and sampled annually in 1999 and 2000. The dust-trap
design is that described by Reheis and Kihl (1995) and yields
samples that include both wet and dry dust deposition. Labora-
tory analyses followed procedure described in Reheis (2003).

Lake Sediment
Lake sediments were cored (Fig. 2) using a variety of devices
(Rosenbaum and Kaufman, this volume). Short cores, as much as a
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few tens of centimeters in length, preserved the uppermost uncon-
solidated sediments. The sampling interval was typically 1 cm, but
surface samples, which were taken with the same coring device, are
1.5 cm thick. Longer cores, which penetrated up to 5 m of sediment,
were collected in plastic liners. These cores were split lengthwise,
with one-half of each core being preserved and logged (Smoot, this
volume) and the other half being cut into samples at 1 cm intervals.
Samples were then subdivided for a variety of analyses.

Analyses

Major minerals and elemental concentrations were deter-
mined for lake-sediment samples and for the silt-and-clay and
coarse-sand fractions of fluvial sediment. Standard X-ray diffrac-
tion techniques were used for mineral identification (e.g., Moore
and Reynolds, 1989). Powdered samples were packed into alu-
minum holders and scanned from 15° to 50° using Ni-filtered,
Cu-Kao radiation. Semiquantitative mineral contents were deter-
mined by normalizing the major peak intensity of a mineral by the
sum of major peak intensities for all minerals. This method does
not account for differences in the X-ray absorption characteristics
of individual minerals; nevertheless, these values provide excel-
lent relative values for sample-to-sample comparison as long as
the minerals in the samples are similar. The lake-sediment X-ray
data are reported by Dean (this volume). Elemental concentra-
tions were determined by XRAL Laboratories (Toronto, Canada)
using Inductively Coupled Plasma-Atomic Emission Spectrom-
etry following digestion of powdered samples in a combination
of hydrochloric, nitric, hydrofluoric, and perchloric acids.

For magnetic property analyses, samples of lake sedi-
ments and of all four size fractions of fluvial material were
packed in nonmagnetic 3.2 cm® plastic boxes. The analy-
ses include measurements of magnetic susceptibility (MS),
anhysteretic remanent magnetization (ARM), and isothermal
remanent magnetization (IRM). ARM and IRM were mea-
sured with a high-speed spinner magnetometer. ARM was
imparted using an alternating field with a peak intensity of 0.1
Tesla (T) and a bias field of 0.1 milliTesla (mT). After mea-
surement of ARM, IRM was first imparted in a 1.2 T field

(IRM, , ) and then in the opposite direction in a field of 0.3 T
(IRM_ ). Hard isothermal remanent magnetization (HIRM)
and the S-parameter (King and Channel, 1991) are given by:
HIRM = (IRM, . - IRM . )/2, (1)
and
S= IRMfoaT/IRMmT' 2

Samples then were dried and weighed. MS values, which
were acquired after drying to eliminate the diamagnetic effects
of pore water, were measured in a 600 Hz alternating field with
amplitude of ~0.1 mT. The MS readings were corrected for the
diamagnetic effect of sample boxes. Dry bulk densities were cal-
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culated by dividing the dry mass of each sample by the standard
volume of the sample boxes (3.2 cm?).

For selected samples, magnetic minerals were concentrated
using a separator described by Reynolds et al. (2001). For cores
BL96-1, -2, and -3, samples were chosen to represent magnetic-
property variations. In order to obtain enough material for analy-
sis, most separates incorporated material from two or more closely
spaced samples with similar magnetic properties. The separates
were mounted in epoxy, polished, and then observed with reflected-
light microscopy (Reynolds and Rosenbaum, 2005). In this man-
ner, magnetic minerals were identified from 22 horizons. In addi-
tion, five separates were prepared from the silt and clay fraction of
fluvial sediments. Most of these separates included material from
multiple spatially related sites with similar magnetic properties.

Sample splits for grain-size analyses were treated sequen-
tially with HCI, H,O,, and Na,CO,, to remove carbonate, organic
matter, and opaline silica, respectively. A laser particle size
analyzer, capable of measuring particles ranging from 0.49 to
2000 pm, was used to determine grain-size distributions on the
residual siliciclastic material.

RESULTS
Fluvial Sediments

The mineralogical, elemental, and magnetic properties
of fluvial sediment vary with grain size and location (Table 1,
Figs. 3-5). The samples were divided geographically into four
groups. Samples from streams in the local Bear Lake catchment
were divided into those from the west side and those from the east
side of the lake (Fig. 1). The Bear River samples were assigned
to lower (samples 19 through 46) and upper (47 through 54) river
groups based on properties described below.

Mineralogy and Elemental Chemistry

In comparison to Bear River sediments, samples from the
local catchment are characterized by lower average quartz con-
tent and higher contents of carbonate minerals (Table 1, Fig. 3).
Calcite is most abundant in samples from the east side of the lake,
whereas high concentrations of dolomite are restricted to sam-
ples from the west side. These differences, which reflect bedrock
geology (Fig. 1), are mirrored in the concentrations of Ca and
Mg (Fig. 4). Concentrations of Ca are relatively high within the
local catchment, and high values of Mg are restricted to the west-
side samples. The between-sample variability of mineral and
elemental contents is greater for the local catchment than for the
Bear River. The higher variability of the local catchment samples
probably reflects contrasting bedrock among the separate areas
drained by the small streams. The lower variability of the Bear
River samples is attributed to dilution of local bedrock material
by a relatively homogeneous mixture of lithologies derived from
large areas upstream of each sampling site.

The coarse fraction of Bear River sediments displays little
variation in major minerals, although samples 19-29 contain
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TABLE 1. AVERAGES OF MINERAL ABUNDANCES, ELEMENTAL ABUNDANCES, MAGNETIC SUSCEPTIBILITY, AND HARD ISOTHERMAL
REMANENT MAGNETIZATION OF SILT-AND-CL AY FRACTION (S&C) AND COARSE-SAND FRACTION (CS) OF FLUVIAL SEDIMENT SAMPLES

Size Quartz Calcite Dolomite  Feldspar Al Ti Ca Mg MS x 10”7 HIRM x 10*
fraction (%) (%) (%) (%) (%) (%) (%) (%) (m’kg’) (Am’kg’)

A S&C 78 11 4 6 52 0.22 4.4 114 1.80 4.43
Bear River cs 84 3 1 7 2.3 0.08 2.0 0.36 0.67 3.06
Lower S&C 77 12 5 5 4.6 0.21 5.4 1.21 1.82 3.38
cs 88 12 1 7 2.3 0.09 25 0.4 0.81 2.64
Ubper S&C 85 0 0 14 7.3 0.25 0.8 0.91 1.71 8.12
pp cs 90 1 0 9 2.4 0.04 0.1 0.11 0.21 4.46
S&C 69 10 13 7 3.7 0.21 6.0 1.80 5.63 3.47
Local catchment cs 64 22 10 4 26 0.12 97 1.70 3.03 2.90
. S&C 67 4 21 8 3.6 0.21 55 2.37 6.09 3.43
West side cs 69 13 14 4 2.7 0.13 7.9 2.21 3.23 3.08
East side S&C 71 20 3 6 3.9 0.21 7.0 0.87 5.03 3.52
cs 55 40 2 4 2.3 0.11 13.4 0.68 2.76 2.66

more calcite and slightly less quartz than samples from farther
upstream (Fig. 3). This downstream increase in calcite, which is
clearly reflected in the Ca concentrations, probably reflects greater
input from the limestone-bearing Mesozoic bedrock (Fig. 1). The
fine fraction of Bear River sediments contains less quartz and
more calcite than the coarse fraction, suggesting that the coarse
fraction is derived largely from sandstones and quartzites and the
fine fraction is derived largely from more friable lithologies. This
difference in lithologies is reflected in the contents of Al and Ti.

Moving upstream along the Bear River, both Al and Ti increase
in the fine fraction and decrease in the coarse fraction (Fig. 4). In
both fractions, Ti:Al decreases upriver, reaching minimum values
in the headwaters in the Uinta Mountains.

Very high values of Mg:Ca in the uppermost reaches of the
Bear River reflect the absence of carbonate bedrock, whereas ele-
vated values of this ratio from the west side of the local catchment
reflect abundant dolomite. The abundance of dolomite is more
clearly reflected in the ratio of Mg to the chemically immobile
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Figure 3. Contents of quartz, calcite, feldspar, and dolomite in two size fractions of fluvial sediment samples as determined
by X-ray diffraction. Sample locations shown in Figure 1. Vertical dashed lines separate four catchment areas: west (W) and
east (E) sides of the local catchment and the lower and upper Bear River.
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element, Al (Fig. 4), which is delivered to the lake in alumino-
silicate minerals.

Magnetic Properties

Magnetic properties provide strong contrasts among the four
fluvial sediment groups (Table 1, Fig. 5). MS, which provides a
measure of the content of ferrimagnetic minerals (e.g., magnetite,
titanomagnetite, and maghemite), and HIRM, largely a measure
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Figure 4. Elemental concentrations and ratios in two size fractions of
stream sediment samples. Sample locations shown in Figure 1. Vertical
dashed lines separate four catchment areas, as in Figure 3.
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of hematite, do not covary. Values of MS for the silt-and-clay
fraction of all sediment groups are higher than correspond-
ing values from the coarser fractions. For the local Bear Lake
catchment, MS values are relatively high and HIRM values are
relatively low. In comparison to the local catchment, the lower
Bear River group has lower MS values and similar HIRM values.
Values of MS generally decrease upriver, whereas HIRM values
increase upriver into the Uinta Mountains. Values of HIRM for
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the silt-and-clay fraction from the upper Bear River are more
than twice the values from the other areas.

Petrographic observations show that magnetite, which
occurs commonly as mineral grains and less commonly within
rock fragments, is the most abundant mineral in each of the mag-
netic separates (Reynolds and Rosenbaum, 2005). The magne-
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tite occurs in a variety of forms, including homogeneous grains
and titanomagnetite grains in which the magnetite is subdivided
by ilmenite lamellae. Many of these grains formed under high-
temperature conditions in igneous or metamorphic rocks. Ferri-
magnetic titanohematite and hematite also occur in all samples.
Like magnetite, hematite occurs in a variety of forms including
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Figure 5. Magnetic susceptibility and hard isothermal remanent magnetization of four size fractions of stream sediment
samples. Sample locations shown in Figure 1. Vertical dashed lines separate four catchment areas, as in Figure 3.


http://specialpapers.gsapubs.org/

Allogenic sedimentary components of Bear Lake

specular hematite and fine-grained forms. Some of the specular
hematite occurs within titaniferous oxides that formed under high-
temperature oxidizing conditions (e.g., pseudobrookite), whereas
much of the fine-grained hematite occurs in rock fragments (e.g.,
red sedimentary rocks) and formed under low-temperature condi-
tions. Red sedimentary rock fragments are particularly abundant
in samples from the upper reaches of the Bear River (sites 48
and 51 in Fig. 1). In addition, most of the separates contain small
quantities of anthropogenic material including fly ash and steel.

The magnetic grains are characterized by small sizes.
Although the silt-and-clay size fraction used for the magnetic
separates contains grains as large as 53 um, few magnetic grains
are >20 um, and most are <10 pm.

Dust

The amounts, composition, and grain size of material col-
lected in dust traps near Bear Lake vary between the two years
of collection. The flux of total mineral matter ranges from ~5.5
to>17 g m? yr' (Table 2). Much of this variation is produced by
variations in sand content. The flux of the <50 pym fraction aver-
ages ~5 g m” yr' and is less variable. The CaCO, component
of the dust flux is relatively low (<1 g m? yr') and XRD analy-
sis of dust samples indicates that more than 85% of the detritus
consists of non-carbonate minerals, mainly quartz (~70%) and
plagioclase with minor amounts of clays (G. Skipp, 2004, per-
sonal commun.). Concentrations of both salts and carbonate min-
erals are higher in the 1999-2000 samples than in the 1998-1999
samples (Table 2). These differences are due in large part to the
much higher concentrations of sand (which is presumably quartz
rich) in the earlier samples. In fact the fluxes of salt are very simi-
lar during the two sampling intervals and the fluxes of carbonate
minerals are actually slightly lower during the second year.

Lake Sediments
Mineralogy

Sediments deposited over the last 26 k.y. consist of a quartz-
rich lower unit and a carbonate-rich upper unit (Dean et al.,
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2006; Dean, this volume; Smoot, this volume). Sediments in
cores BL96-1 and BL2002-3 are entirely within the upper unit,
whereas the transition between the two units occurs at ~3, 0.4,
and 3.3 m in cores BLL96-2, BL96-3, and BL2002-4, respectively
(Figs. 6-10). The carbonate-rich upper unit can be divided into
four intervals on the basis of carbonate mineralogy (Dean et al.,
this volume). In ascending order these are a lower calcite interval,
a lower aragonite interval, an upper calcite interval, and an upper
aragonite interval.

Quartz content is ~70% in the lower unit and quite uniform.
Quartz content in the upper, carbonate-rich unitis generally 20%
to 30% with small but well-defined variations. Calcite content
in the lower unit is typically between 10% and 20%. Within this
unit, the majority of calcite is probably detrital but some may
be endogenic. Calcite contents in the aragonite-rich intervals of
the upper unit are similar to those in the quartz-rich unit. Within
these intervals, much of the calcite may be detrital. The con-
tent of dolomite, which is also detrital, is generally between 8%
and 9% in the lower unit and between 5% and 8% in the upper
unit. Because the sensitivity of the XRD method is limited to
a few percent, the dolomite curves are quite noisy; neverthe-
less, it is apparent that most changes in quartz and dolomite
are synchronous. Although the contents of quartz and dolomite
generally change at the same time, the dolomite-quartz ratio
(Dolo:Qtz) is not constant. Dolo:Qtz increases slightly across
the transition from the lower to the upper unit. Within the upper
unit, Dolo:Qtz undergoes larger variations that roughly coin-
cide with changes in carbonate mineralogy. Values of Dolo:Qtz
are mostly low in the calcite-rich intervals and high in the lower
aragonite-rich interval. Values rise in the upper aragonite-rich
interval and then fall toward the upper part of the section.

Mass accumulation rates vary widely among the core sites
(Table 3). In the quartz-rich lower unit comparison of accumula-
tion rates among sites may not be meaningful because the cores
span very different time intervals. For the carbonate-rich upper
unit, average mass accumulation rates of both the carbonate and
non-carbonate fractions generally increase with water depth. The
ratio of carbonate to non-carbonate material also increases with
water depth.

TABLE 2. DUST DATA FROM BEAR LAKE, 1998-2000

Trap OC CaCO, Salts  Mineral Percent of <2 mm fraction Dust flux CaCO,flux Salt flux Flux. g m*® yr” (incl. CaCO,)

no.*  (%)" (total %) (total %) wt. () sand silt clay <20pm (gm?yr') (gm*yr’) (@m’yr') sand silt  clay <20um <50 um
1998-1999

BL-1 216 4.18 8.15 1.40 15.87 61.70 22.44  48.65 8.77 0.51 1.14 1.21 471 1.7 3.71 6.42
BL-2 19.0 4.40 3.64 2.61 72.73 25.13 2.14 9.76 17.60 1.09 0.95 12.11 418 0.36 1.62 4.54
BL-3 26.7 4.49 5.10 1.48 31.76 56.10 12.14  33.42 8.01 0.60 0.76 2.30 4.07 0.88 242 4.95
1999-2000

BL-1 11.8 717 13.98 0.68 3.31 57.91 38.79 84.27 5.92 0.44 1.04 0.16 2.83 1.89 4.1 4.72
BL-2 182 7.25 12.83 0.73 7.45 63.86 28.69 71.82 5.46 0.47 1.02 0.33 2.83 1.27 3.19 4.1
BL-3 214 3.33 9.82 1.09 1.65 53.89 44.46 87.50 7.51 0.34 1.17 0.10 3.42 2.82 5.55 6.23

*BL-1, South Eden Creek adjacent to east shore of lake; BL-2, on breakwater at Bear Lake field station on southwest shore of lake; BL-3, on breakwater east of Lifton

pump station on north shore of lake.
'OC—organic carbon.
‘Mineral weight excludes organic-matter content.
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Elemental Chemistry

Variations in contents of Al, Ti, Mg, and Ca within core
BL96-3 (Fig. 11) reflect changes in mineralogy like those
described above, but because of the high precision of the chemi-
cal data some variations are evident in these elements that are
not clearly observed in the mineralogy. The chemically immo-
bile elements Al and Ti provide convenient proxies for the non-
carbonate detrital material and, like quartz (Fig. 8), they decline
upward from the lower unit into the upper unit (Fig. 11). Similarly,
across the unit boundary Mg and Ca mimic the upward decrease
in dolomite and increase in calcite (Fig. 8), respectively.

In addition to the major changes across the unit boundar-
ies described above, small variations in the contents of Al, Ti,
and Mg are evident within the lower unit. These changes are
most evident in plots of Mg and of elemental ratios (Fig. 11).
Mg from the HCl-soluble carbonate minerals (Bischoff et al.,
2005) closely matches the magnitude and variations expected
from variations in dolomite. Values of Mg:Ca and Mg:Al have
very similar variations throughout the lower unit and diverge
abruptly at the unit boundary as Ca content begins to increase
due to the precipitation of endogenic calcite. Inspection of
Figure 11 reveals that relative maxima and minima in Ti:Al,
Mg:Ca, and Mg:Al coincide.

Rosenbaum et al.

The content of sulfur is uniformly low throughout most of
the lower unit, but begins to increase ~30 cm below the transition
to the upper unit and peaks at the unit boundary (Fig. 11). Sul-
fur generally decreases upward through the truncated upper unit
sampled at this locality, but remains much higher than throughout
most of the lower unit.

Magnetic Properties

Within the quartz-rich lower unit, between the bottom of
core BL96-3 and a depth of 1.05 m, magnetic properties vary
in a quasi-cyclical manner (Fig. 12). Properties indicative of
magnetite content both in an absolute sense (MS, ARM, and
IRM) and relative to hematite (S) are strongly correlated. In this
interval, there is a negative relation between these properties and
HIRM, which indicates hematite content. This part of the lower
unit yields nearly identical results in a 120-m-thick cored section
(BLOO-1, Fig. 2) studied by Heil et al. (this volume). MS features
labeled 9-14 and HIRM features labeled 1-10 (Fig. 12) can be
unequivocally identified in both records and were used in corre-
lating the two sections and transferring "“C ages to the long core
(Colman et al., 2006; Colman et al., this volume).

The relation between the contents of magnetite and hema-
tite changes in the upper part of the lower unit. On the basis of
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quartz, dolomite, and Dolo:Qtz, solid curves
are drawn through five-point running means.
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Non-
carbonate
78

Total MAR  mineral MAR Quartz MAR mineral MAR

(@m’yr)

(@m®yr’)
124

(g m*yr’)
66
42
124

Carbonate
(gm®yr)
160
117
442

238
161
567

Average
non-
carbonate
mineral
content (%)
40.0
41.9
43.2
42.4
32.6
27.2
21.9

Average
quartz
content (%)
35.7
36.2
38.5
37.5
27.8
26.3
21.9

Average
carbonate
mineral
content (%)
60.0
58.1
56.8
57.6
67.4
72.8
78.1

Average
density
(gecm?)

0.392
0.759
0.746
0.693
0.794
0.724
0.808

Age at
bottom of
interval
(cal yr B.P.)
2500
8850

15,150
Weighted average

11,520

14,520

7710

Age at top of
interval
(cal yr B.P.)

110
5460
9060
2740
1310

650

bottom of
interval (cm)

76

176

315

288.5

294

498

TABLE 3. MASS ACCUMULATION RATES FOR CARBONATE-RICH UPPER UNIT AND QUARTZ-RICH LOWER UNIT
Depth to

Depth to top
of interval
(cm)

180
18.5

Water depth
(m)
34.9
42.9
43.0
50.0

Carbonate-rich upper unit

Core
BL2002-4
BL2002-3
BL96-2
BL96-1
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the locations of the transition from the lower to the upper unit,

g g the shape of the HIRM curve, and comparable values of HIRM,
AR the maximum value of HIRM in BL96-3 (9.5 x 10~ Am* kg™')
at 1.05 m (Fig. 12) correlates with the HIRM peak in BL96-2
(8.6 x 10~ Am? kg') at 3.88 m (Fig. 13), and a secondary peak
353 in BL96-3 (6.4 x 10* Am? kg') at 0.76 m correlates with a peak
s in BL96-2 (5.9 x 10* Am*kg™') at 3.62 m. Between these peaks,
changes in HIRM are not matched by changes in MS compara-
ble to those that accompany variations in HIRM below 1.05 m in
833 BL96-3. In both BL96-2 and -3, HIRM decreases upward from
the secondary peak to the top of the lower unit. However, the
magnitude of this decrease differs in the two cores, with HIRM
0~ decreasing by factors of 5.1 and 1.7 in BL96-3 and -2, respec-
SRNEY tively. MS curves in this interval differ markedly. MS values in
BL96-3 decrease gradually to the upper boundary of the lower
unit, whereas values in BL96-2 increase gradually immediately
cwo above the secondary HIRM peak and then more abruptly from
RN 3.32 m to the boundary. This change in rate of increase in MS is
also present in the record from BL2002-4 (Fig. 14).
Both MS and HIRM generally decrease upward across the
00 transition between the lower and upper units and continue to
©co~ decrease in the lower part of the upper unit. Two MS peaks (one
labeled 6 in Figs. 13, 14, and 15, and the other labeled 7 in Figs. 13
and 14) interrupt the general decrease in MS. These peaks occur
N near the lower and upper boundaries of the lower calcite interval.
aed Both MS and HIRM attain very low values in the lower aragonite
interval. HIRM then remains low before increasing near the top of
the section. The MS records contain several low-amplitude peaks
S8E overlying the lower aragonite interval (Figs. 14—16), but only the
-0

lowermost of these (labeled 5), which coincides with the upper
calcite interval, and an (unnumbered) increase near the top of the
section are recognized in more than one core. Individual peaks in
MS (1-4), ARM, and IRM in core BL96-1 (Fig. 16) may correlate
with zones of slightly elevated values in cores BL2002-3 (Fig. 15)
and BL2002-4 (Fig. 14), but similar features do not occur in core
BL96-2 (Fig. 13). Magnetic susceptibility peaks 5 and 6 coincide
with intervals interpreted as periods of high lake level (Smoot and
Rosenbaum, this volume), whereas peak 7 immediately overlies a
similar high lake-level interval.

In the lower unit, which is characterized by magnetic prop-

25,920
19,860
18,980

16,680
16,570
15,730

Lo erties indicative of relatively abundant magnetite and hematite,
©Fe petrographic observations of magnetic separates show that
detrital magnetic minerals commonly occur as fine-silt-sized
(<10 um), angular particles, or within rock fragments of similar
228 size and shape (Reynolds and Rosenbaum, 2005). Magnetite
is the most abundant mineral in eight of 12 magnetic separates
(Figs. 12 and 13). Detrital hematite is the second most common
coo mineral in most of the magnetite-rich separates, is subequal to
339 magnetite in one separate, and is the most abundant mineral in

three separates. Samples included in these four hematite-rich
separates are all from peaks in HIRM. The magnetite occurs
in many forms, including titaniferous magnetite, low-titanium
magnetite, and as crystals within rock fragments. Hematite
occurs mainly in reddened rock fragments and as particles

Note: For BL2002-4, mass accumulation rates (MAR) were calculated for intervals between prominent unconformities marked by shell layers and as a weighted average for the three intervals. Mineral content

was determined by X-ray diffraction. Carbonate-mineral content is the sum of calcite, aragonite, and dolomite contents. Ages based on age-depth models described in Colman et al. (this volume).

Quartz-rich lower unit

BL96-3
BL2002-4

BL96-2
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of specular hematite. The reddened rock fragments comprise
many different lithic types, but siltstone is the most abundant
type in the hematite-rich samples. Iron sulfide minerals are
rare. Minor framboidal pyrite is present in two separates and
small amounts of griegite are present in four separates at depths
greater than 1 m in core BL96-3. The two uppermost separates
from the lower unit in BL96-3, which sampled peaks in IRM/
MS (Fig. 12), contain more plentiful greigite. There is no petro-
graphic evidence for the dissolution of detrital magnetic grains
from the lower unit.

Magnetite is also the most common mineral in the one sepa-
rate from the transition zone between the lower and upper units
in BL96-2 (Fig. 13). The magnetite, which occurs largely as opti-
cally homogeneous grains and in rock fragments, shows possible
minor dissolution. This is the only magnetic separate studied that
contains common pyrite framboids.

Magnetite is the most abundant mineral in five of eight sep-
arates from the upper unit (Reynolds and Rosenbaum, 2005).
Magnetic properties indicate that this unit has generally low
concentrations of both magnetite and hematite (Figs. 13 and
14). The magnetite occurs mostly as small grains and in rock
fragments, and, in several separates, shows some evidence of
dissolution. Several of the separates are notable. The sepa-
rate from ~2.80 m in BL96-2, just above the transition zone,
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contains relatively abundant material and is the only separate
that contains large (~70 um) grains of magnetite and large
(~100 um) rock fragments with magnetite inclusions. The sepa-
rate that spans the MS peak at ~2.37 m contains a few magnetite-
bearing volcanic glass shards in addition to magnetite as small
grains and in rock fragments. The separate at a depth of 4.90 m
in BL96-1, within a zone of very low MS (Fig. 16), is unique
in that the most abundant mineral is titanohematite (referring
to a range of compositions in the hematite-ilmenite solid solu-
tion series that are highly magnetic), although titanohematite is
present in significant amounts in several other separates. Finally,
no individual magnetite grains are present in the uppermost two
separates from core BL96-1, which are located in a zone of very
low MS. The only Fe-oxides in these separates occur within
small rock fragments.

Grain Size

Surface samples from four depth transects (Fig. 2) were sub-
jected to grain-size analyses. Each transect shows a decrease in
grain size of the siliciclastic fraction with depth, but the relation
between size and depth varies from profile to profile (Fig. 17).
The northernmost transect, which has the most constant and low-
est bottom slope (Fig. 2), is located close to core sites BL2002-3
and -4 and incorporates the uppermost samples from these cores.

S (%)
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Mg:Ca
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17.7*
18.2*
18.5*

20.0*
20.7*
21.4*
21.8*

23.9*

25.5*

26.5

(LALL LELL) LELLI LN RAARS R T T T 1
0.03 0.05 02 03 04 05

Ti:Al Mg:Al

Figure 11. Abundances of selected elements and elemental ratios in core BL96-3. Calibrated *C ages (asterisk indicates age from correlation to
core BLOO-1) are from Colman et al. (this volume). Three curves are shown for Mg: (1) Mg from bulk samples (dotted), (2) HCl-extractable Mg

(solid; Bischoff et al., 2005), and (3) Mg calculated from five-point ru

stoichiometric dolomite (CaMg(CO,),). C and Q denote the carbonate-

nning mean values of dolomite content (dashed) under the assumption of
rich upper unit and quartz-rich lower unit, respectively.
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Figure 12. Density and magnetic properties for core BL96-3. In this figure, and in Figures 13—16, magnetic properties are magnetic
susceptibility (MS), anhysteretic remanent magnetization (ARM), isothermal remanent magnetization (IRM), the S parameter, hard
isothermal remanent magnetization (HIRM), and ratios ARM/MS and IRM/MS. Stratigraphic units (A —upper aragonite; C
calcite; A, —lower aragonite; C,—lower calcite intervals of the carbonate-rich upper unit, C; Tran.—the transition zone between the
upper unit and the quartz-rich lower unit, Q) are delineated by alternating light-gray and white areas or by horizontal dashed lines.
For comparison of low-amplitude features among cores, dotted curves are expanded by a factor of 4. Numbered features on the MS
and HIRM plots are interpreted to correlate with features of the same numbers on plots of data from other cores. Relative amounts of
magnetic minerals (Mag. min.) observed petrographically (Mt—magnetite; Ht—hematite; Ti-ht—titanohematite; Gr—agreigite; Py—
pyrite) are indicated on horizontal dark-gray bands, which indicate depth intervals sampled for magnetic separates. Calibrated *C ages
(asterisk indicates age from correlation to core BLO0O-1) are from Colman et al. (this volume).
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Figure 13. Density and magnetic properties for core BL96-2. See caption to Figure 12 for explanation.
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This transect contains median grain sizes ranging from ~6 to age ~3 um. Sand content averages less than 1%. Below ~0.55 m
250 um and yields a simple size-depth relation that is closer to  in core BL96-3, there appear to be well-defined fluctuations in
that predicted by a wave model than those for the other transects  grain size, even though the grain-size range is extremely narrow,
(Smoot and Rosenbaum, this volume). with few samples having median grain sizes greater than 4 pm.

In the cored sediment, siliciclastic material from the lower The coarsest sediment in the lower unit occurs just below the
unit is finer grained than that in the upper unit (Fig. 18). Median transition to the upper unit. In the upper unit, median grain sizes
grain sizes in the lower unit range from <1 umto 12 um and aver-  range from ~3 to 39 um and average ~15 pm. The average sand
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Figure 14. Density and magnetic properties for core BL2002-4. Open and closed symbols indicate data from three core segments. See caption
to Figure 12 for explanation.
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Figure 15. Density and magnetic properties for core BL2002-3. Open and closed symbols indicate data from two core segments. See caption to
Figure 12 for explanation.
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Figure 16. Density and magnetic properties for core BL96-1. See caption to Figure 12 for explanation.
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Figure 17. Median-grain-size data for surface samples versus water depth. Profile loca-
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content of detrital material in the upper unit is ~9%. Well-defined
variations in grain size of siliciclastic material correspond, at
least in part, to changes in carbonate mineralogy. The lower cal-
cite interval in BL.2002-4 is relatively fine grained, with median
grain size averaging 6 um below 3.30 m and coarsening upward
into the lower aragonite interval. Grain size is relatively coarse
in the lower aragonite interval, decreases abruptly into the upper
calcite interval, and then coarsens again into the upper aragonite
interval. Most of the upper aragonite interval is relatively coarse
grained, but grain size decreases in the upper 10-15 cm, becom-
ing comparable to that in the lower part of the lower calcite inter-
val. Two zones of coarse sediment in core BL2002-4 enclose
shell layers at 0.84 and 1.80 m (Smoot, this volume), which
are interpreted as beach or shallow-water deposits (Smoot and
Rosenbaum, this volume). Stratigraphic position with respect to
mineralogic zones and radiocarbon ages indicate that the lower
of these coarse zones in BL2002-4 correlates with a zone from
2.10 to 2.35 m in BL2002-3 that contains two peaks in median
grain size.

Rosenbaum et al.

DISCUSSION
Fluvial Sediment Sources

Data from fluvial sediments indicate significant differences
among four potential source areas of detrital sediment in Bear
Lake (Table 1): (1) the west side of the local catchment (sites
1-12, Fig. 2), (2) the east side of the local catchment (sites
13-18), (3) the lower Bear River (sites 19-46), and (4) the upper
Bear River (sites 47-54). These differences provide the means
for interpreting changes in provenance within the cored lake sedi-
ment. Some of the differences reflect bedrock geology. Stream
sediments from the east and west sides of the local Bear Lake
catchment contain less quartz than sediment from the Bear River,
reflecting abundant carbonate rocks in the Bear River Range and
Bear Lake Plateau. These local catchment areas are differentiated
by the abundance of carbonate minerals, with the west side sedi-
ments containing more dolomite and having high concentrations
of Mg, and the east side sediments containing more calcite. The
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et al. (this volume).
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Bear River drains areas of widespread clastic sedimentary and
metasedimentary rocks. As a result, its sediments contain more
quartz and Al, and less Ca than sediments from the local catch-
ment. Hematite content, as indicated by HIRM, is about twice as
great in samples from the upper Bear River as in those from either
the lower Bear River or the local catchment (Table 1, Fig. 5). The
high hematite content in the upper Bear River is probably due to
detritus derived from hematite-rich rocks of the Uinta Mountain
Group (Ashby et al., 2005). High hematite content in the silt-and-
clay fraction corresponds more closely to the extent of till of the
last glaciation (Laabs et al., 2007) than to outcrops of the Uinta
Mountain Group. Only sites 51-54 are located on Uinta Moun-
tain Group bedrock (Fig. 1), and the maximum extent of last-
glacial-aged till, which contains abundant detritus from Uinta
Mountain Group rocks, lies between sites 45 and 47. In general,
the content of Uinta Mountain Group detritus is diluted within a
short distance downstream from the last-glacial limit, although,
enhanced hematite content occurs sporadically in coarser frac-
tions somewhat farther downstream, perhaps in outwash from
which the fine-grained material has been winnowed.

In contrast to most of the mineralogical and geochemical
data, the content of ferrimagnetic minerals, as measured by MS,
is not related to bedrock geology. Values of MS for samples from
within the local catchment are several times greater than MS val-
ues from Bear River sediment, and values from areas of Paleo-
zoic rocks on the west side of the lake are similar to values from
areas of Mesozoic rocks on the east side of the lake. Petrographic
observations indicate that the stream sediments contain a wide
variety of magnetic Fe-Ti-oxide mineral grains, many of which
were formed at high temperature in igneous or metamorphic
rocks that are lacking in the local Bear Lake drainage basin as
well as that of the Bear River. Because the catchment rocks lack
sources for many of the Fe-Ti-oxide grains, these grains are inter-
preted to have been introduced as atmospheric dust (Reynolds
and Rosenbaum, 2005). The size of the magnetic grains, mostly
<10 um, is consistent with dust particles that can be transported
hundreds of kilometers (Rose et al., 1998; Goudie and Middle-
ton, 2006). These results suggest that the concentration of dust in
streams in the local catchment is several times greater than in the
sediments of the Bear River. The difference in dust concentration
between sediments of the local catchment streams and those of
the Bear River could reflect either a difference in the rate of dust
deposition or a difference in the amount of dilution of dust by
rock material derived from the catchment. Nevertheless, the large
contrast in MS provides a potential tool to discriminate between
detritus in the lake sediments that was derived from local streams
and that derived from the Bear River.

Provenance of Detrital Material

Detrital materials incorporated in the lake sediments include
(1) rock material derived through erosion of rocks within the
drainage basin and delivered via fluvial transport; (2) dust depos-
ited indirectly via fluvial transport following deposition in the
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drainage basin; and (3) dust deposited directly in the lake. The
limited data (two years) from three dust-trap locations on the
north, east, and west sides of Bear Lake indicate relatively low
rates of dust deposition (Table 2) compared to dust-fall rates in
southwestern deserts (Reheis, 2006). It is not known how well
the dust data represent either long-term modern dust deposition
or rates of deposition prior to European settlement. Modern dust
flux may have been enhanced by anthropogenic sources due to
construction and agriculture in the region and even to recreational
activities on local beaches. The dust fluxes are also low relative
to mass accumulation rates of both carbonate and non-carbonate
minerals in the lake sediments (Table 3). In the quartz-rich lower
unit, accumulation rates of carbonate and non-carbonate minerals
are respectively one and two orders of magnitude higher than in
the dust samples. Because of reworking of sediment, especially
during periods of low lake level (Smoot and Rosenbaum, this
volume), little of the carbonate-rich upper unit exists in water
shallower than ~30 m (Colman, 2006; Dean, this volume; Smoot,
this volume). Approximately half the area of the full lake is above
a depth of 30 m, so sediment focusing may have more or less
doubled average mass accumulation rates below this depth. Even
assuming a doubling of the observed rate of dust deposition in
this unit, accumulation of endogenic carbonate is so rapid that
dust contributes little to overall carbonate content of the sedi-
ment. Relative to carbonate minerals, fluxes of non-carbonate
minerals are lower in the sediment and much higher in dust, so
that direct dust deposition in the lake could account for roughly
10%—-20% of the non-carbonate minerals in the upper unit.

Variations in mineralogy, elemental concentrations, and
magnetic properties with depth in sediment cores may provide
information about the source areas of detrital material. In the
absence of large amounts of endogenic material, interpretation of
mineral and elemental concentrations is straightforward. When
detrital material is diluted by abundant endogenic material, such
as in the upper unit, interpretations are more complex and more
ambiguous. Similarly, magnetic properties provide a power-
ful tool to discriminate among source areas if post-depositional
alteration has not destroyed detrital Fe-oxides or formed second-
ary magnetic phases.

Similarity between the contents of quartz (70%) and calcite
(10%-20%) in the lower unit and the contents of these minerals
in the fine-grained fraction of Bear River sediment (Fig. 3) sug-
gests that the lower unit contains little, if any, endogenic calcite.
In addition, several observations indicate that magnetic properties
in most of the lower unit have been largely unaffected by post-
depositional alteration. First, MS values (mostly 0.2-0.5 x 107
m?® kg') and HIRM values (mostly 0.3-0.8 x 10 Am?* kg') in
the lower unit are large in comparison to the upper unit and com-
parable to values in the fluvial sediments (Fig. 5). Second, post-
depositional destruction of Fe-oxides in a reducing environment
should affect both magnetite and hematite and, therefore, cannot
explain the negative correlation between indicators of magnetite
content (i.e., MS, ARM, and IRM) and HIRM. And third, petro-
graphic observations show no evidence of Fe-oxide dissolution
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and indicate that sulfides are present only in trace amounts except
in the uppermost part of the unit in core BL96-3, where magnetic
separates contain significant amounts of greigite. Magnetic sepa-
rates that contain significant amounts of greigite (at 41 and 65 cm
in BL96-3, Fig. 12) fall within a zone of elevated sulfur (Fig. 11)
and were selected to sample sediment that yielded high values of
IRM/MS (Fig. 12), which has been shown to be a good indicator
for the presence of this mineral (Reynolds et al., 1994, 1998).
Within the sulfur-rich zone in BL96-3, both magnetite and hema-
tite contents decrease upward to the top of the lower unit. In the
correlative portion of BL96-2, hematite content decreases, but by
a much smaller amount than in BL96-3, and magnetite content
increases. Only a few samples near the base of core BL96-2 yield
high values of IRM/MS (Fig. 13), suggesting that they contain
some greigite. These observations indicate that magnetic miner-
als in the uppermost 25 cm of the lower unit in BL96-3 have
undergone significant post-depositional alteration, and that mag-
netic minerals in the correlative part of BL96-2 have undergone
no alteration or have been altered to a lesser extent.
Interpretation of changes in provenance is relatively straight-
forward below ~1.4 m in BL96-3 because there is little endogenic
material, magnetic properties reflect unaltered detrital miner-
als, and there are obvious relations among various proxies. The
observed variations in HIRM, MS, and dolomite content respec-
tively reflect changes in the proportions of detrital material derived
from three sources: Uinta Mountain Group rocks in the headwa-
ters of the Bear River, dust, and bedrock in the Bear River Range.
However, determining which source drives the changes is more
problematic. One alternative is that variable rates of direct dust
input dilute fluvial materials to different extents. Several observa-
tions make this alternative unlikely. Given the mass accumulation
rates of modern dust and of lower unit sediments (Tables 2 and 3),
it seems unlikely that direct dust input to the lake could have been
high enough to strongly affect the concentrations of fluvial detri-
tus. Furthermore, dilution of fluvial material by direct deposition
of dust cannot explain the positive correlation between MS and
dolomite content. Finally, zones with the highest acid-leachable
Mg concentrations, 1.45-1.65 m and 2.60-2.80 m (Fig. 19), have
concentrations of ~1%. This value is equivalent to ~13% dolo-
mite, indicating that the sediments in these zones comprise largely
material from the local catchment (Table 1). MS values in these
zones (average ~5 x 1077 m® kg') are also similar to values of
the local catchment samples. It would be highly coincidental for
direct dust deposition to the lake and independent fluvial deposi-
tion of dolomite to yield values so similar to those observed in
modern stream sediments. Therefore, high MS values are inter-
preted to indicate high concentrations of dust reworked from the
land surface. Variations in MS and dolomite are linked because
dust and bedrock were delivered to the lake via streams. The nega-
tive relations between HIRM and dolomite content (as measured
by HCl-extractable Mg) and between HIRM and MS in this part
of the section (Fig. 19) are interpreted to arise from millennial-
scale variations in the contents of Uinta Mountain Group-rich
material delivered by the Bear River and of material from bedrock
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and surface of the local catchment, with an increase in one causing
dilution of the other. Grain size of siliciclastic material also varies
in this part of the section, with finer grain size corresponding to
higher content of Uinta Mountain Group material. The variations
in content of Uinta Mountain Group material have been inter-
preted to reflect changes in concentrations of fine-grained glacial
flour from the headwaters of the Bear River (Dean et al., 2006;
Rosenbaum and Heil, this volume).

Variations in content of glacial flour could have arisen in a vari-
ety of ways, including changes in the stream flow within the local
catchment, changes in the course of the Bear River that affected
the location of its delta or at times allowed the river to bypass the
lake, and changes in the flux of glacial flour driven by changes in
the extent of glaciation. It is more likely that changes in lake sedi-
ment composition were driven by changes in the amount of mate-
rial delivered by the relatively large sediment-laden Bear River
than by changes in the amount of material delivered by the small
streams in the local catchment. The nearly identical variations in
magnetic properties in cores BL96-3 and BLOO-1 (Rosenbaum
and Heil, this volume), which are separated by 4.5 km (Fig. 2),
suggest that changes in the location of the river and its delta were
insignificant, because such changes would be expected to change
the distribution of Bear River sediment within the lake. Because
Bear Lake appears to produce endogenic carbonate minerals in
the absence of the Bear River (Dean et al., 2006; Kaufman et al.,
this volume), the low, relatively constant content of calcite within
the quartz-rich lower unit indicates that Bear River input was
probably always present. We therefore favor an interpretation
like that of Reynolds et al. (2004) and Rosenbaum and Reynolds
(2004) for Upper Klamath Lake (Oregon), in which changes in
the content of glacial flour were driven by changes in the extent
of glaciers within the catchment.

The relations among proxies for Uinta Mountain Group
material and for local catchment material change in the upper
part of the lower unit. For descriptive purposes, the upper part
of the lower unit has been divided into three zones (Fig. 19). In
zone I the correlation between MS and dolomite content (HCI-
extractable Mg) in the underlying sediment ceases, with dolo-
mite content becoming high relative to MS. The lack of a close
relation between MS and dolomite continues in zone II, and
the strong negative relation between MS and HIRM ceases. An
abrupt decrease in HIRM at the base of zone II is accompanied
by a smaller than “expected” increase in MS, and the HIRM and
MS curves diverge across the zone. Within this zone, HIRM gen-
erally decreases, whereas dolomite content generally increases.
With the exception of one sample, median grain size remains
small (mostly <5 um) from the base of the lower unit to the top
of zone II. The zone II-III boundary was picked at a point of
upward increases in dolomite and grain size in core BL.96-3 and
at similar increases in MS and dolomite in core BL96-2. (The
absence of a similar increase in MS in BL96-3 is attributed to
alteration, discussed above.)

In terms of provenance, these observations indicate the fol-
lowing sequence. First (zone I), content of dolomitic bedrock from


http://specialpapers.gsapubs.org/

*(uIN[OA SIY}) ‘[e 10 UBW[0)) WOI) I8 (-0 Tg 00 0) UOIB[ILIOD WOIJ dTe SOJLIPUI YSLID)SE)
sade D, pAlRIqI[ED) "7-961d 2105 ul A[[enpei3 aIow pue ¢-94 g 2105 ul [T duoz jo doj oy Je Apdniqe sinooo () 3un saddn you-ajeuoqieds oY) 03 JIUN JoMo[ ) WOy (‘Suel],) uonisues
YL "(3%a)1 998) sosodind oAndLIosop 10J pauyep aIe jiun I9mo[ YoL-zirenb oy) jo doy oy e [I[ pue [ ‘I $OU0Z ‘SIA pue JARIH 03 109dSaI [im SoAINd SIA 9y uonisod pue 9[eds 01 pasn
oIoM SUONE[AI ST, (1890 = oI “,-0Tx6TS €-8,-014209'8 = SIN) SIA 2[qEI9ENX-[DH YPIM paje[ariod A[oAntsod st SIN ‘W | mo[og "(769°0 = o1 NUIH-01:L99'L-,-01x506'L = SIN)
INMIH 01 pote[or A[osIoAul SI SN ‘W 7' Mo[dg ‘JNNIH 10J SIXe DPOJOAUL 9JON ‘€-9671d 9100 Ul JUQUOD JINJ[NS PUB OZIS UIRIS URIPAW pPUB ‘G- PUB 7-96 g SOI00 Ul
(S00Z “Te 1 poyosig) SN o[qeioenxo-[DH JO 1uuod pue ‘(ARMIH) uoneznouSew juoupwol [RWLIdYOST prey ‘(SN) Ainpiqndeosns onouSew jo uosuedwio) ‘g 2m3Sn]

(w ) ez1s (%) BN (,.6%,wy)
urelB uelpapy o|qeIoRIXe-|OH 0L X INHIH
o S 0 0k S0 00 20 ¥0 90 80
[FYTTIPTTTICTTT] T T fTeri T | PR S T NN TR TR T N | L 1 1 1 1
s9g — L = - v
552 — 1 -
- -€ O
662 — - 3
] - 5
] BE]
. -2
. R - [0}
P ) (%) B (.ot wy)
£02 — ] [ o|qeIoe.Xe-|OH 201 X INHIH
002 — | i ok S0 00 20 ¥0 90 80
PO T T T T T T T | L 1 1 1 1
58l — | _ L, [ — .81
28l — — .28l
LI ] I F— L)
] s L — .yl
] m | g9l
] oL el
0 P 8 e
. e e ~ [T T | L 1 ! | L T 1 B
d'gMieo T 0 9 ¥ 2z 0 9 v 2z o0 .
(%) S (,.B31cw) (,.B31,w) et
0L X SN AL XS [ — 201°'S6
—r—T T 26
9 v 2 odg Aeo
(,Bx,w)
0L XSIN

€-9671d ¢-9671d


http://specialpapers.gsapubs.org/

166

the Bear River Range increased while content of Uinta Mountain
Group material remained high. The increase in dolomitic bedrock
content was not accompanied by an increase in magnetite-bearing
dust from the surface of the local catchment. Second (zone 1),
decreased content of hematite-rich Uinta Mountain Group mate-
rial was accompanied by increased content of dolomitic material
from the Bear River Range but with little corresponding change
in surface material from the local catchment. Third (zone III),
both magnetite-rich surface material and dolomitic bedrock from
the local catchment increased, whereas the content of hematitic
Uinta Mountain Group material declined. Rosenbaum and Heil
(this volume) suggest that these variations in the upper portions
of the lower unit may record (1) initial input of dolomitic glacial
flour produced by growth of glaciers of Pinedale-equivalent age
in the Bear River Range (Reheis et al., this volume) without a
change in input of magnetite-rich surficial material; (2) growth
of glaciers in the headwaters of the Bear River to extend down-
valley beyond the extent of hematite-rich Uinta Mountain Group
rocks onto less hematite-rich bedrock and concomitant growth of
glaciers in the Bear River Range; and (3) decrease in glacial flour
content due to glacial retreat or progressive abandonment of Bear
Lake by the Bear River, or both.

As the Bear River largely abandoned Bear Lake, endogenic
carbonate minerals increased and remained the dominant phases
throughout the Holocene. However, the river’s influence can be
discerned within some intervals of the carbonate-rich upper unit.
Dean et al. (2006) interpreted input of Bear River water during
deposition of the upper and lower calcite intervals on the basis of
geochemistry of the carbonate minerals. In addition, variations
in detrital minerals suggest that Bear River sediment entered
the lake during deposition of the calcite intervals. Specifically,
Dolo:Qtz is generally lower within the calcite intervals than in
the aragonite intervals (Figs. 7, 9, and 10) indicating that the local
catchment detritus was diluted by quartz-rich, dolomite-poor
Bear River sediment.

Above zone I11, in the transition zone and the upper unit, mag-
netic properties as well as mineral and elemental concentrations
are not useful indicators of changes in provenance. Low concen-
trations of Fe-oxide minerals reflect a combination of dilution by
endogenic carbonate minerals and post-depositional destruction
of detrital Fe-oxide minerals. Magnetic concentration parameters
(e.g., MS, ARM, and HIRM) generally decrease upward across
the lower calcite interval (Figs. 13 and 14) with little change in
detrital material indicated by uniform quartz content (Figs. 7
and 10). This relation indicates a progressive upward increase in
alteration of detrital Fe-oxide minerals and suggests an increase
in salinity. This interpretation, that greater alteration of Fe-oxide
minerals is associated with higher salinity, is consistent with the
coincidence or near coincidence of peaks in magnetic concentra-
tion parameters (MS features 57 in Figs. 13—15) with interpreted
high lake levels (Smoot and Rosenbaum, this volume), which pre-
sumably would coincide with reduced salinity. Variable Fe-oxide
preservation and differences in detrital input probably contribute
to low-amplitude variations in magnetic properties (MS features
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1-4 in Figs. 14-16). For instance, higher values of MS within
the upper aragonite interval in cores BL2002-3 and -4 (Figs. 15
and 14) generally coincide with slightly higher concentrations
of detrital quartz (Figs. 9 and 10), whereas magnetic property
variations in core BL96-1 (Fig. 16) are not accompanied by simi-
lar variations in quartz content (Fig. 6) and are therefore likely
caused by differences in preservation of magnetic minerals.

Grain-Size Variations

The observed variation in grain size of modern sediment
with water depth has little bearing on interpretation of grain-size
variations in the quartz-rich lower unit because conditions during
deposition of that unit were very different than at present. Dur-
ing that interval, the Bear River had glaciers in its headwaters
and was connected to Bear Lake, the lake probably overflowed
continuously, and sedimentation was dominated by fine-grained
clastic material. These conditions are similar to those in glacial-
aged sediment from Upper Klamath Lake (Oregon), where Reyn-
olds et al. (2004) found variations in bulk sediment grain size,
and interpreted finer grain size to reflect higher content of very
fine grained glacial flour. Below 1.05 m in core BL.96-3, varia-
tions in grain size probably reflect variations in glacial-flour con-
tent, with finer-grained sediments, which tend to have higher val-
ues of HIRM (Fig. 19), containing a higher proportion of glacial
flour derived from hematite-rich Uinta Mountain Group rocks.
The very fine grain size of less hematite-rich sediment between
1.05 and 0.6 m may also indicate a high content of glacial flour
(Rosenbaum and Heil, this volume), but with less Uinta Moun-
tain Group material (i.e., lower HIRM) and more dolomite than
in sediments below 1.05 m.

During deposition of the carbonate-rich upper unit, condi-
tions were much closer to those of the modern lake. Grain sizes
are generally coarser than in the lower unit, and the coarsest
sediment coincides with shell layers, which are interpreted to be
beach or shallow-water deposits. The calcite intervals are gener-
ally finer grained than the aragonite intervals, suggesting deeper
and shallower depositional environments, respectively. For the
upper unit, the relation between grain size and water depth for
the modern sediments can be used to estimate water depths in
the past. Although the depth/grain-size relations differ among
the surface profiles (Fig. 17), the location and consistent bottom
slope of profile 1 (Fig. 2) make it the obvious choice for modeling
paleodepths for cores BL2002-3 and -4. Smoot and Rosenbaum
(this volume) combined this type of modeling with detailed sedi-
mentology and paleo-shoreline data to create a lake-level curve.

SUMMARY

Study of modern fluvial sediment and dust provides insights
into the origin of variations in the allogenic component of Bear
Lake sediment. Two observations that reflect bedrock geology
and help determine provenance of the lake sediment are (1) that
dolomite content is high in streams draining the Bear River Range
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on the west side of the lake, and (2) that HIRM values are high
in the glaciated headwaters of the Bear River and probably reflect
high content of hematite-rich detritus from Uinta Mountain Group
rocks. Another observation that contributes to interpretation of
provenance is provided by magnetic properties that measure the
content of ferrimagnetic minerals (e.g., MS), which largely reflect
silt-sized magnetite and titanomagnetite grains that were deliv-
ered to the catchment as a component of dust. The concentration
of these magnetic grains is about three times higher in streams
within the local Bear Lake catchment than in the Bear River.

The above observations are useful in interpreting the origin
of mineralogical and magnetic property variations in the silici-
clastic lower unit penetrated by cores in Bear Lake because this
unit contains little if any endogenic carbonate minerals and its
magnetic properties are largely unaffected by post-depositional
alteration. Within this unit, quasi-cyclical variations in grain size,
HIRM, dolomite content, and MS generally reflect changes in
content of very fine grained hematite-rich Uinta Mountain Group
detritus delivered to the lake by the Bear River, and of somewhat
coarser fluvial material from the local catchment that is rich in
dolomite from the bedrock and in magnetite from dust on the
land surface. Several factors contribute to an interpretation of the
Uinta Mountain Group detritus as glacial flour. First, extensive
glaciers were present in the headwaters of the Bear River during
the last glacial period. Second, Uinta Mountain Group bedrock
is exposed in a small fraction of the catchment. However, Uinta
Mountain Group material is abundant in last-glacial-aged till but
is largely absent in modern stream sediments downstream from
the last glacial limit. Glaciers would have enhanced erosion and
provided a source of fine-grained Uinta Mountain Group detri-
tus to the Bear River. And last, below 1.05 m in core BL96-3,
the tendency of sediment with a higher content of Uinta Moun-
tain Group material to be finer grained is similar to the relation
observed in Upper Klamath Lake (Oregon), where very fine
grained, fresh basaltic detritus is interpreted to be glacial flour
(Reynolds et al., 2004; Rosenbaum and Reynolds, 2004). In the
upper part of the quartz-rich lower unit, the relations among
grain size, HIRM, dolomite content, and MS differ from those
observed below 1.4 m in core BL96-3. An increase in content of
dolomitic bedrock from the local catchment without an increase
in dust from the catchment surface or a change in Uinta Moun-
tain Group material is followed by a decrease in Uinta Mountain
Group detritus. Although the decrease in Uinta Mountain Group
material was previously interpreted to reflect glacial retreat in the
Uinta Mountains (Dean et al., 2006), the combined proxies may
be more consistent with growth of Uinta glaciers beyond expo-
sures of Uinta Mountain Group rocks and growth of glaciers in
the Bear River Range (Rosenbaum and Heil, this volume).

Mineral and elemental concentrations and magnetic proper-
ties are less useful for determining provenance of detrital mate-
rial in the upper unit because of the effects of dilution by large
amounts of endogenic carbonate minerals and of post-depositional
destruction of detrital Fe-oxide minerals. Nevertheless, relatively
low values of Dolo:Qtz in the calcite-rich intervals indicate that
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Bear River delivered sediment to the lake during deposition of
these intervals. Within this unit, variations in grain size of silici-
clastic material largely reflect changes in water depth.
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