


from a sample of Bear Lake water collected in 1912
(Kemmerer et al. 1923), at which time the TDS content (in
mg L21) and Mg2+ : Ca2+ ratio were 1,053 and 38. Today,
the TDS content and the Mg2+ : Ca2+ ratio are about 532
and 1.9 (Table 1). In other words, at about the time of
diversion, the salinity of the lake was about twice that of
today, but the Mg2+ : Ca2+ ratio by weight was more than
20 times higher. We assume that the 1912 sample was
representative of the prediversion lake, and we will use 1912
as the time of diversion.

Müller et al. (1972) suggested that low-Mg calcite forms
in lakes with a Mg2+ : Ca2+ ratio of ,2, high-Mg calcite
forms in lakes with a Mg2+ : Ca2+ ratio of 2–12, and
aragonite precipitates only in lakes with a Mg2+ : Ca2+ ratio
of .12. The presence of dissolved Mg2+ inhibits the
precipitation of calcite and favors the precipitation of
aragonite (Bischoff and Fyfe 1968; Berner 1975). Accord-
ing to Eugster and Hardie (1978), the sequence of

carbonate minerals to be expected with increasing
Mg2+ : Ca2+ ratio is low-Mg calcite, high-Mg calcite, and
protodolomite. Water temperature also is an important
parameter in determining the critical Mg2+ : Ca2+ ratio for
aragonite formation, which is why in marine environments
high-Mg calcite and aragonite are found mainly in warm
tropical and subtropical waters (Morse et al. 1997).

The surface sediments in Bear Lake consist predomi-
nantly of CaCO3, mostly as the polymorph aragonite
(Davidson 1969), and aragonite comprises about 75% of
sediments deposited during the last 7,000 years (Dean et al.
2005). Prior to the diversion of Bear River into Bear Lake,
the lake was a Mg2+-HCO �

3 lake, which itself is unusual;
the low Ca2+ concentration at that time was due to
thousands of years of aragonite precipitation. In hardwater
lakes in glaciated temperate regions, Ca2+-HCO �

3 lakes
predominate, and Mg2+-HCO �

3 lakes are uncommon
(Wetzel 2001). After diversion, the lake was still a Mg2+ -

Fig. 1. Map of Bear Lake showing the lake and its drainages, man-made inlet and outlet
canals, and the locations of the water samples used for this study. Inset A shows the location of
Bear Lake within North America. Inset B shows the location of Bear Lake relative to the Bear
River and Great Salt Lake.
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most of the major hydrologic settings (springs, streams,
wetlands, lake, river) in the Bear Lake catchment. In
addition to discharge from springs, the water samples from
streams capture some component of groundwater discharge
that occurs as base flow (groundwater discharge supporting
stream flow) but likely do not fully sample the lake’s total
groundwater input.

Table 1 contains the solute and strontium- oxygen-, and
carbon-isotope data used in this paper. Water samples
consisted of (1) a filtered, acidified sample for cations; (2)
a filtered, unacidified sample for anions; and (3) an
unfiltered, unacidified sample for total carbonate alkalin-
ity. Most alkalinities (HCO �

3 ) were analyzed in the field
and again in the laboratory. We collected samples from
more localities than shown in Fig. 1, but only samples with
cation-anion balance errors of #10% are reported (Ta-
ble 1). Solute analyses were made in the USGS National
Water Quality Laboratory in Denver, Colorado. Methods
of USGS analyses are described in Fishman and Friedman
(1985). The average surface pH from 1989 to 2004 was 8.43
6 0.25, and that at 40 m was 8.36 6 0.27 (V. Lamarra
unpubl. data). The saturation index, log ion activity
product, and log equilibrium solubility product for calcite,
aragonite, and dolomite in waters from Bear River and
Bear Lake, for samples selected from Table 1 and using pH
values from the Lamarra database, were calculated using
the online program WEB PHREEQ: aqueous geochemical
modeling (http://www.ndsu.edu/webphreeq) based on soft-
ware developed by Parkhurst and Appelo (1999).

Cores of surface sediment (up to 50 cm) were collected
with a gravity corer in 1998 and 2002 (Fig. 2). The cores
were dated by the 210Pb method (Smoak and Swarzenski
2004), which gives approximate ages for depths in the
cores. Sediment traps that dispense Teflon granules in the
collection tube every 30 days (Anderson 1977) were
suspended at 10 m below the surface of the lake (surface
trap) and 2 m above the bottom of the lake (bottom trap)
at three different localities (Fig. 2), in up to 45 m of water,
for up to 3 years (1998–2000).

To understand the past and present environments of
deposition of carbonate minerals in Bear Lake, we have
applied some conventional methodologies, such as carbon
content, carbon and oxygen isotopes, and X-ray diffraction
(XRD) mineralogy, to sediments collected in cores, as well
as some less conventional methodologies, such as sediment
traps and strontium isotopes.

Concentrations of total carbon (TC) and inorganic
carbon (IC) were determined in sediment samples by
coulometric titration of CO2 following extraction from
the sediment by combustion at 950uC and acid volatiliza-
tion, respectively (Engleman et al. 1985) in USGS
laboratories, Denver, Colorado. Weight percent IC was
converted to weight percent CaCO3 by dividing by 0.12, the
fraction of carbon in CaCO3. Organic carbon (OC) was
determined by difference between TC and IC. The accuracy
and precision for both TC and IC, determined from
hundreds of replicate standards (reagent-grade CaCO3 and
a Cretaceous OC-rich marlstone), usually are better than
0.10 wt %. Two standards were run at the beginning of
a sample run and one at the end.

Semiquantitative estimates of mineral contents of
powdered bulk samples were determined by standard
XRD techniques (e.g., Moore and Reynolds 1989) in
USGS laboratories, Denver, Colorado. Each sample was
packed into an aluminum holder and scanned from 15u to
50u 2H at 2u 2H/min using Ni-filtered, Cu-Ka radiation at
45 kV, 30 mA. Raw XRD peak intensities, in counts per
second, for the main peaks of minerals detected in each
sample were converted to semiquantitative percentages by
dividing the main peak intensity of a mineral by the sum of
the main peak intensities of all minerals for that particular
sample. These percentage calculations should be used with
caution because they do not reflect the different X-ray mass
absorption characteristics of different minerals. More
quantitative estimates of the relative abundances of
aragonite and calcite, the dominant minerals, were calcu-
lated by partitioning the percentage of total CaCO3,
determined by coulometry, using the intensity ratios of
the main XRD peaks of aragonite to calcite, and curves of
percent aragonite (of total CaCO3) versus I-aragonite/
I-calcite (I-A/I-C) determined by Chave (1954) and Low-
enstam (1954). The curve of Lowenstam (1954) is closely
represented by the equation

� aragonite � � 4:4992 � 105:3188 � I-A=I-C� �� �=

0:2362 � I-A=I-C� �� �

The validity of this curve was confirmed by synthetic
mixtures of calcite and aragonite.

Sediment samples for measurement of ratios of stable
isotopes of carbon and oxygen were collected from each
core at 1-cm intervals; not all samples were analyzed in all
cores. Based on the carbonate content, a calculated amount
of sample, containing about 10 mg of CaCO3, was reacted
with 100% phosphoric acid at 75 6 1uC to completion in
the stable isotope laboratory, University of Minnesota.
Evolved gases were cryogenically purified to remove water
and noncondensable gases. The purified CO2 was in-
troduced into an isotope-ratio mass spectrometer through
a capillary, and isotopic ratios of carbon and oxygen were
measured against an internal reference standard of known
isotopic composition. Results of analyses are reported in
the usual per mil ( ) d2notation relative to the Vienna
Pee Dee Belemnite (VPDB) marine-carbonate standard for
carbon and oxygen:

d � Rsample

�
RVPDB

� �
� 1

� �
� 103

where R is the ratio (13C : 12C) or (18O : 16O). Precision is
6 0.1 for oxygen and 6 0.06 for carbon.

Oxygen isotope ratios in water samples were measured
using a dual inlet mass spectrometer (Finnegan Delta-S)
with an automated CO2-H2O equilibration unit in the
stable isotope laboratory, University of Arizona. Stan-
dardization is based on internal standards referenced to
Vienna Standard Mean Ocean Water (VSMOW). Precision
is better than 6 0.08 for d 18O on the basis of repeated
internal standards.

For carbon-isotope ratios in dissolved inorganic carbon
in water samples, 2 mL of water were reacted with 105%

1098 Dean et al.





Calcium depletion by carbonate deposition therefore was
greater in the 1912 lake than in the modern lake.

The SO 2�
4 concentration in the 1912 lake (97 mg L21)

was about 16 times higher than the modern average of
west-side waters (5.9 mg L21) (Table 1). The modern
SO 2�

4 concentration of east-side waters, however, especial-
ly the flowing springs (800 mg L21), is much higher than in
any other waters in the Bear Lake catchment (Table 1).
Thus, even with limited input of east-side waters, the very
high SO 2�

4 concentrations in those waters likely explains
the 1912 value and suggests that SO 2�

4 in the 1912 Bear
Lake was behaving conservatively.

Sediment traps and the modern sediment rain in
Bear Lake—Data from cores show that aragonite was the
dominant carbonate mineral that accumulated on the floor
of Bear Lake prior to diversion. This mineral is expected
given the high Mg2+ : Ca2+ ratio in the prediversion lake
water. In order to determine what carbonate minerals are
forming in different parts of the lake today, we trapped the
sediment rain over several years using time-marking
sediment traps (Anderson 1977).

Sediment collected in all surface traps consists of almost
pure high-Mg calcite (ca. 11 mol % Mg) (Figs. 5, 6; Table 2).
Sediments collected in a bottom trap deployed at 40 m at the
basin-center site usually contain aragonite as the dominant
mineral, but with considerable amounts of high-Mg calcite,
low-Mg calcite, and quartz and minor amounts of dolomite
(site 2; Figs. 2, 5; Table 2). The aragonite occurs as
subrounded needle-shaped crystals about 5 mm long and
,1 mm in diameter. The high-Mg calcite occurs as equant,
subangular to subrounded grains (rounded rhombohe-
drons?), mostly about 4–5 mm in diameter. The quartz is
detrital, and we believe that the low-Mg calcite and dolomite
also are part of the detrital clastic fraction, although some of
the low-Mg calcite might be from ostracode shells. High-Mg
calcite was the dominant mineral in sediments collected in
the bottom trap deployed in shallower water at 25 m at the
north end of the lake, with considerable amounts of low-Mg
calcite, quartz, and aragonite (site 3; Figs. 2, 6; Table 2). The
mineralogy of the sediment-trap samples shows that high-
Mg calcite is by far the most abundant mineral in surface
traps; aragonite appears in bottom traps and is more
abundant in deeper water.

Table 3 shows that Bear Lake water is oversaturated
with respect to calcite, aragonite, and dolomite at all depths
(positive values of the solubility indexes). The 1912 analysis
of lake water by Kemmerer (1923; Table 1) indicates that
the lake was also oversaturated with respect to all three
minerals at that time.

We are assuming (but have no direct proof) that the
precipitation of high-Mg calcite in the epilimnion of Bear
Lake is biologically mediated through photosynthetic re-
moval of CO2 and an increase in pH during the warm
summer growing season (Otsuki and Wetzel 1974; Kelts and
Hsü 1978; Dean 1999). The average July temperature of
surface water from 1989 to 2004 was 20.4uC. The average
surface pH from 1989 to 2004 was 8.43, which changed little
with depth (V. Lamarra unpubl. data). Algal cells can also
serve as nuclei for the heterogeneous nucleation and

precipitation of CaCO3 (Wetzel 2001). Bear Lake is
oligotrophic with generally low surface concentrations of
chlorophyll a (Chl a) in summer (Wurtsbaugh and Luecke
1997). Diatoms comprise about 80% of the algal population
in Bear Lake (Birdsey 1989), but algal blooms rarely occur
(S. Tolintino, C. Luecke, and V. Lamarra pers. comm.).
However, the sediments collected in the surface trap at site 2
in April 1999 included a considerable amount of algal debris
(Fig. 7). Sediment collected in the bottom trap at site 2 at the
same time was packed with thousands of bodies of Daphnia
spp. Daphniausually resides in the bottom sediments during
the day but moves into the water column at night to feed (W.
Wurtsbaugh pers. comm. 2005). We propose that the dense
concentration of Daphnia occurred in response to an algal
bloom and the availability of food.

We also assume that the algal bloom triggered the
initiation of carbonate precipitation in Bear Lake, which
continued throughout the summer, especially in July and
August, but with carbonate accumulation continuing until
recovery of the trap on 18 September 1999 (Fig. 7). Birdsey
(1985) described an increase in the molar Mg2+ : Ca2+ ratio
in Bear Lake from about 0.5 in the spring to 3.0 in the fall
due to CaCO3 precipitation. A layer about 1 cm thick of
carbonate sediment accumulated in late July and early
August 1998, but little sediment accumulated in August
and September of that year (Fig. 7). In contrast, a much
larger amount of carbonate-rich sediment accumulated in
July, August, and September 1999. With a trap amplifica-
tion ratio of 225 : 1 (ratio of the area of the trap opening to
the cross-sectional area of the collection tube), a 15-cm-
thick layer in the collection tube (e.g., 06 July–05 August
1999; Fig. 7) translates to about a 0.7-mm-thick layer of
sediment on the lake floor if all of that carbonate survived
as it settled and accumulated on the lake floor. The
carbonate associated with the algal bloom was high-Mg
calcite. In fact, the dominant carbonate mineral in the
sediments deposited in all surface traps during 1998, 1999,
and 2000 was high-Mg calcite (Table 2). The average
concentration of Chl a in surface waters from 1980 to 1998
was 0.53 (6 0.39) mg L21, but peaks in the concentration of
Chl a .1.0 mg L21 (and as high as 5.5 mg L21) occurred
throughout the water column in Bear Lake in 1999, 2000,
and 2004 (V. Lamarra unpubl. data). This suggests that
algal blooms are becoming more common in Bear Lake.

Sediment signatures of diversion—The diversion of Bear
River into Bear Lake at the beginning of the 20th century
reduced the TDS content and changed the relative ion
concentrations in the lake, creating a whole-lake experi-
ment in carbonate chemistry that should be reflected in
carbonate minerals in the sediments. The Mg2+ : Ca2+ ratio
of the lake in a sample collected in 1912 was 36 (Kemmerer
et al. 1923), in 1952 it was 4.6 (McConnell et al. 1957), in
1979 it was 3.0 (Lamarra et al. 1984), and today it is 1.9. If
the model of Müller et al. (1972) applies, Bear Lake should
have stopped precipitating aragonite some time before 1950
as the Mg2+ : Ca2+ ratio decreased.

Figure 8 shows that even with the large change in
water chemistry, the postdiversion sediments still con-
tained about 60% CaCO3, 25% quartz, and minor

Carbonate minerals in Bear Lake 1101



Fig. 5. Diagram showing the placement of surface (10 m) and bottom (40 m) sediment traps at site 2 (Fig. 2) in the center of Bear
Lake where water depth was 45 m. Results of chemical analyses of water from depths of 10, 15, and 43 m are shown to the left of the trap
diagram. X-ray diffractograms of samples of bulk sediment from the two traps, from 4 to 5 cm in short core 98-10, and from 120 cmblf
(centimeters below lake floor; 6,000 cal yr B.P.) in a piston core are shown to the right of the trap diagram.

1102 Dean et al.
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deposited prior to 100 years ago are assigned artificially
‘too old’ by the CRS [constant rate of supply] model’’ and
that ‘‘error terms are large on the older dates.’’

Carbonates deposited prior to diversion have values of
d 18O of about 23 to 24 , whereas the carbonates
deposited during the latter part of the 20th century have
values of d 18O of about 27 . Values of d 13C in
prediversion sediments are 2.5–3 , whereas those in
sediments deposited during the latter part of the 20th
century are ,1 (Fig. 9). All these values are considerably
higher than values of d 18O and d 13C in source waters
(Table 1), which are influenced by meteoric water input,
mainly from snow melt. The few values of d 18O (relative to
VSMOW) that we have for snow melt in the region range
from 216 to 222 , and those for rain range from 23
to 25 . Values of d 18O in source waters are generally
around 216 to 218 (Table 1), reflecting a dominance
of snow-melt sources. Values of d 18O and d 13C in Bear Lake
today are 28.1 and 22.2 , respectively (Table 1),
considerable higher than input waters because of evapora-
tion. Thus, the high prediversion values of d 18O and d 13C
reflect the influence of evaporation, and the lower post-
diversion values reflect the influx of Bear River.

The 87Sr : 86Sr ratio in prediversion sediments is about
0.7102, similar to values in stream and spring waters today
on the west side of the lake (Fig. 9C; Table 1). The
87Sr : 86Sr ratio in sediments deposited during the latter part
of the 20th century is about 0.7094 (Fig. 9C), somewhat
higher than that of Bear Lake water today (0.7092) but
considerably higher than that of Bear River (ca. 0.7087).
The Sr2+ concentration in the Bear River is about
700 mg L21 and in the present Bear Lake is about
200 mg L21 (Table 1). Presumably, the Sr2+ concentration
in the prediversion Bear Lake was much less. With such
a low Sr2+ concentration in prediversion Bear Lake, the
introduction of Bear River water with a very different
87Sr : 86Sr ratio (0.7087) would have had an immediate
effect on the 87Sr : 86Sr ratio of the lake, as suggested by the
sediment record (Fig. 9). Because of the large reservoir of
carbon and oxygen in the lake, it is possible that the change
in C- and O-isotopic composition of the lake may have
lagged the change in Sr-isotopic composition, but Fig. 9
indicates that that they did not. The results for pre- and
postdiversion sediments (Fig. 9) show that the prediversion
Bear Lake was greatly enriched in 18O, 13C, and 87Sr.

Discussion

Evaporation and solute evolution—Solutes in the present-
day and 1912 lakes are and were Mg2+-HCO �

3 dominated.
In a dolomite and limestone terrain, such as found in the
Bear River Range west of Bear Lake, solute evolution
involving evaporative concentration, carbonate mineral
precipitation, and other processes is required to produce
the observed present and past solute chemistries.

The amount of evaporation of inflow needed to produce
the 1912 Bear Lake water chemistry can be estimated by
dividing the Cl2 concentration in the lake by the average
Cl2 concentration in inflow waters, assuming that inflow
averages are representative and that there was limited or no
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outflow. We suspect there is some outflow in groundwater
today as well as in the prediversion lake; loss of Cl2 to
outflow would mean that our evaporation estimate is low.

An evaporative concentration factor for 1912 Bear Lake
using Cl2 data from just west-side streams (Table 1) is
about 23 times inflow. By including east-side waters, with
their high Cl2 concentrations (Fig. 4B), the evaporation
factor needed to produce the 1912 Bear Lake chemistry is
lowered. The prediversion aragonite 87Sr : 86Sr ratios are on
the low end of the west-side 87Sr : 86Sr range of values
(Table 1), suggesting that there was some solute input from
the east-side sources with high Sr2+ concentrations and
lower 87Sr : 86Sr ratios (Table 1; Fig. 4A).

Bicarbonate, Ca2+, Mg2+, and SO 2�
4 are reactive ions in the

lake, whereas the other major dissolved ions show conserva-
tive or near conservative behavior. Bicarbonate and Ca2+ are
lost by precipitation of aragonite (prediversion) or high-Mg
calcite (postdiversion). Magnesium is lost to solid solution for
Ca in the carbonate minerals, and SO 2�

4 is lost to sulfate
reduction.

Source of the aragonite in modern Bear Lake sediments—
In the marine environment, formation of aragonite and
high-Mg calcite occurs mostly in warm tropical and
subtropical waters (Morse and Mackenzie 1990). In lakes
in the United States, aragonite precipitation can occur in
saline prairie lakes (e.g., Shapley et al. 2005) but normally
does not occur in large, cold, deep, oligotrophic, high-
altitude, north temperate lakes fed by snow melt. Dolomite
and aragonite are common in the sediments of the saline
lakes of the northern Great Plains (North Dakota,
Montana, Saskatchewan, and Alberta), where the lake
chemistry is dominated by Na+-Mg2+-SO 2�

4 waters (Last
and Schweyen 1983). In most lakes situated in places where
evaporation exceeds precipitation, the volume of ground-
water and surface-water inflow is inversely proportional to
evaporation. That is, as evaporation increases, the inflow of
water decreases because the lake’s hydrologic budget is
linked to climate. Therefore, increased evaporation, com-
bined with less inflow, can result in a saline lake
precipitating evaporite minerals, or a dry lake.

The Bear Lake topographic catchment is small, so that
sustaining inflow during protracted dry periods implies that
there were (are) large extrabasinal sources of water,
necessarily groundwater. Large volumes of extrabasinal
groundwater flow in this setting could be explained by

fracture flow along the major faults in the highly faulted
Bear Lake Valley (Reheis et al. 2005; Colman 2006) and
also flow through the highly karstic carbonate rocks in the
Bear River Range. Groundwater flow must be sustained by
snow melt, and dissolution of the Paleozoic marine
carbonates along the flow paths would supply Ca2+-
Mg2+-HCO �

3 -dominated solutes. The combination of
warm, dry summers; the regional hydrology with a constant
supply of snow melt; and an unusually high Mg2+ : Ca2+

ratio could explain the paradox of sustained aragonite
precipitation in the prediversion Bear Lake without
advanced solute evolution to precipitation of evaporite
minerals. The sediment-trap data show that high-Mg
calcite precipitates in the epilimnion of Bear Lake
today, and small amounts of high-Mg calcite occur in
postdiversion sediments. However, the bottom traps in
45 m of water collected mostly aragonite (Table 2), and the
postdiversion sediments are predominantly aragonite
(Fig. 8).

Where did this aragonite come from? To help answer this
question, we take a closer look at the O-, C-, and Sr-
isotopic composition of waters, sediment-trap carbonate,
and pre- and postdiversion carbonate (Fig. 9). The bulk
carbonate in the surface traps (predominantly high-Mg
calcite) is depleted in 18O, 13C, and 87Sr relative to bulk
carbonate in sediment that has accumulated on the floor of
Bear Lake during the latter part of the 20th century (top
5 cm; Fig. 9).

The aragonite in sediments deposited after diversion
suggests that this mineral must have continued to form in
the lake for some time even as the Mg2+ : Ca2+ ratio of the
lake water decreased, probably until high-Mg calcite
started forming (about 11 cmblf in core BL98-10; Fig. 9).
If it was reworked prediversion aragonite, it would have the
isotopic signatures of prediversion aragonite (Fig. 9).
Instead, the early postdiversion aragonite has recorded
the changing isotopic and chemical composition of the
lake. Figure 9C shows that high-Mg calcite started forming
in Bear Lake perhaps 50 years after diversion and that
sediments deposited during the second half of the 20th
century had an increasing but small proportion of high-Mg
calcite. The horizon in the sediments that indicates
environmental change due to Bear River diversion is well
defined by the O-, C-, and Sr-isotope data (Fig. 9). The
decrease in isotopic values (12.5 cmblf in core BL98-10)
defines the 1912 diversion of Bear River.

����� 	� Saturation index (SI), log ion activity product (IAP), and log equilibrium solubility product (KT) for calcite, aragonite, and
dolomite in waters from Bear River and Bear Lake.

Location

Calcite Aragonite Dolomite

SI Log IAP Log KT SI Log IAP Log KT SI Log IAP Log KT

Bear R. at gaging station, ID 0.87 27.56 28.43 0.72 27.56 28.28 1.64 215.21 216.85
Bear L. east shore, UT 0.96 27.49 28.45 0.81 27.49 28.31 2.49 214.48 216.97
Bear L. at 43 m 0.49 27.90 28.39 0.33 27.90 28.24 1.25 215.35 219.59
Bear L. NE of rock pile 0.77 27.69 28.45 0.62 27.69 8.31 2.06 214.91 216.97
Bear L. 1952 (McConnell) 1.03 27.43 28.45 0.88 27.43 28.31 3.02 213.95 216.97
Bear L. 1912 (Kemmerer) 0.64 27.82 28.45 0.49 27.82 28.31 3.17 213.80 216.97
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Depths of the diversion horizon, marked by the
beginnings of decreases in O- and C-isotope values in the
four cores illustrated in Fig. 9, differ by as much as 4 cm
(BL-98-10 and BL98-13), which could be due to missing
tops of cores, differential compaction of sediment during
coring, or, more likely, different sedimentation rates
(BL98-10 is in the basin center, and BL98-13 is at the
north end; Fig. 2).

Values of both d 18O and d 13C from the endogenic high-
Mg calcite collected in the surface traps are about 1–3

lower than the bulk endogenic carbonate (aragonite and high-
Mg calcite) in the top 5 cm of all four cores (Fig. 9A). The
differences in isotopic values between the high-Mg calcite in
surface traps and the aragonite in prediversion sediments
(about 5 for d 18O, 4 for d 13C, and 0.0008 for 87Sr : 86Sr)
represents the actual environmental isotopic change in the
lake following diversion (Fig. 9). The isotopic values of the
20th-century surface sediments do not represent the full range
of change because of mixing of high-Mg calcite with older
aragonite that is more enriched in 18O, 13C, and 87Sr.

Fig. 7. Picture of the collection tube from a surface trap (10 m water depth) at site 2 (Figs. 2
and 5), deployed on 14 July 1998 and recovered 18 September 1999. White layers are composed of
Teflon granules dispensed every 30 d by an automatic timer in the cone of the trap. Scale is in
centimeters. Note that little sediment accumulated between 10 August 1998 and 07 April 1999. The
tan marl deposited between 07 April and 07 May contains abundant phytoplankton debris
produced by an algal bloom that was detected in the water column by large increases in chlorophyll
a (V. Lamarra unpubl. data). The collection tube contained buffered formalin to help preserve any
organic matter. All the CaCO3 deposited in 1999 consists of high-Mg calcite. Scale is in centimeters.
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The Sr-isotopic ratio of any carbonate (precipitate or
shell) will have the same Sr-isotopic composition as the
water from which it formed (e.g., Capo and DePaolo 1990;
Hart et al. 2004). Therefore, the Sr isotopic composition of
carbonate that formed in the epilimnion of Bear Lake will be
the same as that of the lake water, and we can use the
87Sr : 86Sr ratio to infer sources of prediversion Bear Lake
water and the origin of the mixtures of minerals in bulk
carbonate in the trap sediments. The 87Sr : 86Sr ratio of bulk
carbonate in prediversion sediments and therefore in the
prediversion lake was about 0.7102, that in present Bear

Lake water is about 0.7092 (Fig. 9C; range 0.70918–0.70922;
Table 1), and that in east-side streams and Bear River
upstream of Bear Lake is about 0.7088 (Fig. 9C; Table 1).
The only waters in the Bear Lake drainage that are enriched
in 87Sr relative to the modern lake are the west-side waters
(87Sr : 86Sr about 0.7105; Fig. 9C; Table 1). Therefore, the
west-side streams must have been the main source of water
to Bear Lake before the diversion of Bear River.

Bulk carbonate deposited over the last half of the 20th
century has a 87Sr : 86Sr ratio of 0.70942 (Fig. 9C), and any
carbonate mineral that precipitates in Bear Lake today should
have a 87Sr : 86Sr ratio of 0.7092, the ratio in water in the lake
today (Fig. 9C; Table 1). The 87Sr : 86Sr ratio in bulk carbonate
in surface traps is about 0.70926, and that in bottom traps is
about 0.70937 (Figs. 5, 6, 9; Table 2). Therefore, the bulk
carbonate in the trap sediments, but especially in the bottom
traps, is a mixture of carbonate precipitated in the lake today,
and carbonate is more enriched in 87Sr (Fig. 9C) and, as
discussed earlier, in 18O and 13C (Fig. 9A,B).

The X-ray diffraction patterns (Figs. 6, 7) of trap and
surface sediments support this mixing explanation. The
surface traps contain a small amount of aragonite in addition
to the dominant high-Mg calcite. We assume that pure high-
Mg calcite precipitated in the epilimnion would have
a 87Sr : 86Sr ratio of 0.7092, that of lake water. If the small
amount of aragonite had a 87Sr : 86Sr ratio of 0.70942 (that of
late 20th-century aragonite; Fig. 9C), a simple calculation,
based on mixing a 0.70942 carbonate with pure high-Mg
calcite, and ignoring differences in Sr2+ concentration, shows
that the surface traps (with a 87Sr : 86Sr ratio of 0.7092), on
average, contain 73% modern carbonate (high-Mg calcite) and
27% 20th-century carbonate (aragonite). The same calculation
for the bottom traps (with a 87Sr : 86Sr ratio of 0.7094) shows
that, on average, they contain 23% modern carbonate and
77% 20th-century carbonate. If our model is correct, then the
aragonite collected in the bottom traps did not precipitate
from present-day Bear Lake water but is reworked aragonite
that is at least 50 years old and possibly even older.

Further evidence for sediment mixing comes from the fact
that little modern sedimentation occurs in water shallower
than about 30 m (Colman 2006; Dean et al. 2006). This is
observed on acoustic profiles as eastward dipping and
eastward thickening beds that pinch out on the western
margin of the lake. Reworking and ‘‘focusing’’ of sediment
from shallow water into deeper water could account for the
observed acoustic reflection depositional patterns, implying
that sediment in shallow water is episodically resuspended
and redeposited, perhaps many times before it is buried in
the sediment sequence. The presence of shallow-water
diatoms in some horizons in piston cores from Bear Lake
indicates that some sediment transport from the lake margin
to the center has occurred in the past (Smoot 2005). Such
a depositional pattern probably occurs in all large lakes
because of wind-induced wave action, seiches, and so on but
usually cannot be recognized.

In Bear Lake, the introduction of Bear River water that
is chemically and isotopically very distinct created an
experiment in which the pre- and postdiversion isotopic
composition and mineralogy of precipitated carbonate
allows us to distinguish between modern endogenic

Fig. 8. Profiles of (A, D) percentages of CaCO3 as aragonite
and as low-Mg calcite (see text for method of partitioning total
CaCO3 into aragonite and calcite); (B, E) percentages of quartz
and dolomite (hatched) and percent high-Mg calcite (solid lines),
calculated from XRD peak intensities; (C, F) percentages of
organic carbon (OC), all versus depth in centimeters below lake
floor (cmblf) in cores 98-06 and -10 (Fig. 2). The horizon labeled
A.D. 1896 and 1910 in BL98-06 and 1892 and 1920 in BL98-10 are
estimated 210Pb dates (Smoak and Swarzenski 2004). As discussed
in the text, these ages are probably too old.
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carbonate and reworked carbonate. At times when the lake
level was lower (e.g., 1930s, and 2004), new areas of the
lake floor were exposed for resuspension. The amount and
composition of resuspended and redeposited sediment has
varied in both time and space within the lake, but the basic
processes were continuous and ongoing.

The diversion of the Bear River into Bear Lake fundamen-
tally changed the nature of carbonate mineral precipitation in
the lake. The solute chemistries of inflowing waters, the
present-day lake water, and the 1912 lake water indicate that
solute evolution in Bear Lake prior to the diversion of was
a product of evaporation-driven, carbonate-mineral precipi-
tation. Solute evolution elevated all cation : Ca2+ ratios and, in
particular, changed low Mg2+ : Ca2+ ratios in source waters to

values high enough to precipitate aragonite. Aragonite
precipitation during the Holocene was sustained by snow-
melt recharge originating within—and probably outside—the
topographic catchment providing a continuous Ca2+-Mg2+-
HCO �

3 -rich groundwater flow to the lake. The introduction
of Bear River water into Bear Lake in the early 20th century
created a lake-scale experiment in carbonate geochemistry that
greatly lowered the salinity and the Mg2+ : Ca2+ ratio of the
lake. As a result, sometime in the middle of the 20th century,
aragonite stopped precipitating in the lake, and high-Mg
calcite started to form. The aragonite accumulating on the lake
floor today is reworked aragonite that is at least 50 years old
and possibly older. The isotopic signatures of bulk carbonate
in the surface sediments of the lake underestimate the full

Fig. 9. Profiles of (A) d 18O and (B) d 13C in carbonate in bulk-sediment samples from cores 98-09, 98-10, 98-13, and 02-4 (see Fig. 2
for locations) and of (C) 87Sr : 86Sr in bulk-sediment samples from cores 98-10 and 98-12, all versus depth in centimeters below lake floor
(cmblf). Percent of high-Mg calcite in core BL98-10 is shown by diamond symbols and dashed line; note that all values are zero below
11.5 cm. Ranges of isotopic composition in carbonate from sediment traps are shown as black bars at the top of panels A and B. Values
of the 87Sr:86Sr ratio in average Bear River, Bear Lake, east-side and west-side streams and springs, and surface and bottom sediment
traps are shown at the top of panel C. Selected 210Pb dates (in years A.D.; Smoak and Swarzenski 2004) are shown in panel A for core
BL98-10. As discussed in the text, these dates, particularly the older ones, probably are too old. Radiocarbon dates for samples from
30 cm in BL98-09 are 925 cal yr in pollen and 1,290 cal yr in ostracodes.
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