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CLOSED-BASIN INVESTIGATIONS

SOLUTE BALANCE AT ABERT AND SUMMER LAKES,
SOUTH-CENTRAL OREGON

By A. S. VAN DENBURGH

ABSTRACT

Neighboring Abert and Summer Lakes occupy the broad flat floors of
deep, topographically enclosed basins in the high desert of south-central
Oregon. The two saline lakes and their tributary areas provide con-
trasting hydrologic environments well suited to an investigation of the
various aspects of solute economy. Exclusive of direct precipitation, Lake
Abert receives about 90 percent (62,000 acre-ft) of its average annual water
supply from the snow-fed Chewaucan River. Summer Lake, in contrast,
derives about 74 percent (67,000 acre-ft per year) of its inflow from Ana
Springs via Ana River. Prior to impoundment of the river and inunda-
tion of the springs, the annual contribution probably averaged about
100,000 acre-feet (83 percent of the total). The Chewaucan River at its
mouth carries an average of about 120 ppm (parts per million) of dis-
solved solids, whereas the flow of Ana Springs contains 160 ppm.

The total solute loads contributed to Abert and Summer Lakes from all
sources average about 13,000 and 24,000 tons per year, of which ground-
walter increments constitute approximately 25 and 95 percent. Prior to
1900 the annual increment to Summer Lake was about 26,000 tons. Con-
stituents that dominate in the lakes (sodium plus equivalent chloride and
carbonate-bicarbonate) have been contributed by inflow in the follow-
ing approximate amounts during an average year: Lake Abert, 5,600
tons; Summer Lake since 1926, 14,000 tons; Summer Lake prior to 1900,
15,000 tons. The chloride:sodium ratio has been about 0.2 for each of the
increments, on the basis of equivalents per million.

During the 50 years beginning in 1916, the area and maximum depth of
Lake Abert have averaged almost 50 square miles and 6% feet. The lake
dried several times during the drought of the 1920's and 1930’s, whereas
in 1958 it covered 64 square miles and had a maximum depth of 16% feet.
By 1969 the lake contained almost 15 million tons of dissolved solids and
had a chloride:sodium ratio of 0.57. The solute concentration generally is
30,000 to 60,000 ppm except at unusually high lake levels or near-dryness.

At Summer Lake prior to 1900 the average maximum depth was about
6% feet, and the water body characteristically covered about 60 square
miles. The solute load totaled approximately 5 million tons and was
chemically similar to the load in Lake Abert, except that the
chloride:sodium ratio was only 0.29. Since 1926 Summer Lake has dried
trequently and has had an average maximum depth of only about 1% feet
and a surface area ot about 40 square miles. In 1969, after containing
water continuously for almost 6 years, the lake held 1.4 million tons of
solutes, which included a somewhat greater proportion of chloride than
prior to 1926 {chloride:sodium ratio characteristically was about 0.35).
The dissolved-solids content of Summer Lake generally is between 5,000
and 50,000 ppm.

The solute tonnage in broad, shallow closed lakes with wide margiral
playas fluctuates in response to long-term changes in lake area and
volume. At Abert and Summer Lakes during a generally receding phase,
major solute losses occur in only the final stages of recession, when much
of the tonnage becomes entrapped within the peripheral playa sedi-
ments. The depletion can continue at a lesser rate with the aid of the wind
during a characteristically low-level period. Much of the lost solute ton-
nage is recovered during or soon after a return to high level, and addi-
tional solutes accumulate if the lake remains at high level.

Fine-grained lacustrine deposits that underlie the lakes and adjacent
playas harbor large solute tonnages. Beneath the lakes, interstitial brires
constitute as much as 80-85 percent of the muds, by volume. Measured
salinities at 2-5 feet depth are 40,000-50,000 ppm beneath Summer Lake,
and they exceed 100,000 ppm beneath much of Lake Abert. The
interstitial solutes are dominated by sodium among the cations and are
richer in carbonate plus bicarbonate and poorer in chloride than the
overlying lake waters. Characteristic chloride:sodium ratios are 0.25-0.30
for brines beneath Summer Lake and about 0.50 for those at Lake Abe-t.

Shallow playa sediments adjacent to the lakes contain somewkat
smaller quantities of brine (50-80 percent) than the bottom sediments. At
Lake Abert measured salinities also are less (80,000-100,000 ppm), whe~e-
as at Summer Lake they are greater (80,000-140,000 ppm), reflecting
differences in peripheral ground-water input. The most pronounced
contrast between playa and lake-bottom solutes at both lakes is in the
relative abundance of anions. Deposits at the playa surface are far ricter
in carbonate and bicarbonate than are those in either the lake or the lake-
bottom interstitial fluids. The enrichment apparently is associated with
evaporation of upward-moving fluids: the first-formed salts of sodium
carbonate and bicarbonate presumably tend to shield the residual
chloride-enriched brine from continued evaporation and resultant crs-
tallization. Wind removal of the powdery components of carbonate- a~d
bicarbonate-rich salts from the playa surface causes long-term enrich-
ment of chloride in residual brines; the relative abundance of chloride
beneath the playas is far greater than in or beneath the lakes (characteris-
tic chloride:sodium ratios beneath the playas are about 0.8 at Lake Abert
and 0.5 at Summer Lake).

At Lake Abert, solute quantities in the top 5 feet of playa and lake-
bottom deposits average about 550 tons per acre (the greatest amounts per
acre underlie the lake), and total 25-35 million tons, of which about one-
third is chloride. Comparable values at Summer Lake are about 300 tons
per acre (with greatest per acre amounts beneath the eastern playa) and
15-20 million tons overall, of which only 20-25 percent is chloride.
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The relation between incoming and stored solutes at the two lakes con-
trasts sharply. Total salts and chloride stored in Lake Abert and within
the top 5 feet of bottom and playa sediments are, respectively, 8,000 and
16,000 times the average present-day income, whereas comparable values
at Summer Lake are only about 1,000 and 2,000 (the higher values for
chloride reflect its enrichment relative to carbonate and bicarbonate).
This contrast between the two lakes contradicts the situation that would
be expected because of (1) the different solute quantities that may have
been retained in the two basins after the final shrinking of Pleistocene
Lake Chewaucan (Summer Lake should have inherited a tonnage greater
than that of neighboring Lake Abert), and (2) apparent differences in the
long-term uniformity of water supply and, therefore, lake stability in the
two basins (Summer Lake should have been more stable, because of the
dominance of ground-water inflow). Even with allowance for possible
differences in lake-basin sedimentation rates, the solute balances con-
trast, suggesting strongly that Summer Lake has not always had an
income as abundant as it did immediately prior to man'’s alteration of the
natural hydrologic situation. A major prehistoric increase in the amount
of interbasin ground-water flow feeding Ana Springs, because of
faulting, is possible, though other evidence discourages this. Alterna-
tively, because the area-to-depth ratio at shallow levels is much greater at
Summer Lake than at Lake Abert, the effects of evaporation and wind
may have been magnified at the former during long prehistoric dry
periods, when inflow, regardless of its source, was diminished. Large
deposits of windblown sand east of Summer Lake argue in favor of
extended periods of near-desiccation, with attendant depletion of stored
playa salts by deflation.

INTRODUCTION

LOCATION AND GENERAL FEATURES
OF THE AREA

Adjacent Abert and Summer Lakes lie in the high desert
country of south-central Oregon, within the northwest
limits of the Great Basin (pl. 1; fig. 1). They occupy deep,
topographically enclosed basins, and lose water only by
evaporation. The two saline lakes and their tributary areas
cover 1,250 square miles, of which 860 square miles
belongs to Lake Abert. Altitudes within the combined
basin range from about 4,145 feet at Summer Lake and
4,250 feet at Lake Abert to almost 8,400 feet at one place on
the western drainage divide. The lowest point of possible
overflow from the combined basin probably exceeds 4,600
feetaltitude. The lakes themselves are separated by a divide
with a low point at about 4,385 feet.

During the late Pleistocene a large lake filled both
basins to a maximum level of about 4,520 feet, covering
almost 500 square miles with a volume of water that ex-
ceeded 21 cubic miles (70 million acre-ft). The fluctua-
tions of that lake are recorded by prominent shoreline
features at many places throughout the two basins.

The area surrounding the lakes is, for the most part, one
of intricately faulted Tertiary volcanic flows and pyro-
clastic debris, mapped on a reconnaissance basis by
George W. Walker (1963). Dip-slip movement along the
faults has formed numerous horsts, grabens, and tilted
fault blocks of spectacular proportion, such as those de-
scribed by Donath (1962). Two of the most prominent
structural features are Winter Ridge, a 3,000-foot scarp
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F1cURE 1.—Map of Oregon showing location of Lake Abert (A), Summer
Lake (S), and the area included on plate 1.

that overlooks Summer Lake on the west (pl. 1; fig. 2), and
Abert Rim, an even more abrupt escarpment that rises, at
places almost vertically, to a height as much as 2,450 feet
above Lake Abert within 1 mile of its eastern shore. The
two lakes occupy depressions that formed during the
faulting and subsequently filled with clastic and la-
custrine sediments.

PURPOSE AND SCOPE OF INVESTIGATION

Because of their physical and hydrologic characteris-
tics, Abert and Summer Lakes offer an excellent combined
site for a study of various aspects of solute balance within a
closed-basin environment. This investigation has
furnished information on: The amounts and chemical
character of incoming, outgoing, and stored solutes; the
mechanisms and effectiveness of accumulation and deple-
tion; the stability of the stored-solute resources; the
manner in which these closed-lake systems react to and
record changes in climate and activities of man; and the
factors that may account for a contrast between solute
balances at the two lakes.

A reconnaissance of the two lakes and their inflow has
been made by Phillips and Van Denburgh (1971). The
present study utilizes information presented in the recon-
naissance report, along with new data collected since that
time and previous information not included in the pre-
liminary study.
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FicUrRE 2.—Aerial photographs of Abert and Summer Lakes. 4, High-altitude
vertical photograph of the two lakes and adjacent areas, October 24, 1972.
North at top; picture width about 52 miles. Estimated lake levels: Abert,
4,258.5 feet; Summer, about 4,145 feet. (From ERTS-I satellite photograph
81093181615G000; multispectral scanner, infrared wavelength range.) B,
Oblique view of Lake Abert, viewed to the north-northeast. In foreground,

Chewaucan River meanders north to lake. Abert Rim dominates skyline
east of lake. Photograph taken in August 1963; lake level 4,254.5 feet. C,
D, Oblique views of Summer Lake, looking south. Marshy wildlife-
management area in foreground. Broad mudflats east of lake contrast with
Winter Ridge and Slide Mountain to the west and south. Photographs taken in
July 1964; lake level 4,147.2 feet.
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out the investigation, and to Glenn E. Tyler, retired State
Watermaster, District 12, who has collected many of the
critical water samples and streamflow data, and who,
along with his family, has provided a hospitality that
makes the high desert country of south-central Oregon so
special. I am also grateful to Walter B. Langbein, Kenneth
N. Phillips, Shirley L. Rettig, George 1. Smith, and Alfred
H. Truesdell of the U.S. Geological Survey, and Boyd
Claggett of the Summer Lake State Game Management
Area, who have provided valuable help during the study,
as well as to Meyer Rubin of the Survey, who provided
carbon-14 age determinations on four sediment samples.

LOCATION SYSTEM

The numbering system for hydrologic sites in this
report indicates location on the basis of the rectangular
subdivision of public lands, referenced to the Willamette
base line and meridian. Each number consists of three
units: the first is the township south of the base line; the
second unit, separated from the first by a slant, is the range
east of the meridian; the third unit, separated from the
second by a dash, designates the square-mile section. The
section number is followed by letters that indicate the
quarter section, quarter-quarter section, and so on; the
letters a, b, ¢, and d designate the northeast, northwest,
southwest, and southeast quarters, respectively. For
example, site 33/21-2cdb is in NWUSE4SWY% sec. 2, T. 33
S, R.21 E.

All locations are based on quadrangle maps of the
Oregon State Highway Department (scale, about 1 inch to
the mile) and U.S. Geological Survey (about 2% inches to
the mile).

HYDROLOGIC CHARACTERISTICS OF
THE TWO LAKES AND THEIR BASINS

CLIMATE

Climatic conditions in the high desert country of south-
central Oregon range from arid or semiarid on the valley
floors to semihumid in the timbered mountain areas.
Average yearly precipitation ranges from 12 inches or less
in the dry northeastern parts of the two basins to more than
25 inches in the lofty, well-timbered southwestern parts. In
the lowlands about 90 percent of the average annual pre-
cipitation is fairly evenly distributed throughout the 9-
month period of October-June (fig. 3). From November
through March most of the precipitation occurs as snow-
fall, whereas thundershowers are principal contributors
during the remaining 7 months of the year.

Long-term records of annual precipitation at Valley
Falls are shown in figure 4. The cumulative departure
curve in that figure shows that rain and snowfall were
characteristically less than average prior to 1940 and gen-
erally greater than average during 1940-65.

CLOSED-BASIN INVESTIGATIONS

Precipitation records are also available for two other
stations on the valley floors of the Abert and Summer Lake
basins. These Weather Bureau data are summarized below
for the short period of concurrent record, 1958-64:

Average annual

Station Location! Altitude precipitation,
name (f) 1958-64
(in.)
Valley Falls ......... 36/21-6aba 4,320 13.8
Paisley ................. 33/18-24dbd 4,360 11.6
Summer Lake...... 30/16-23acd 4,190 13.8

!See p. C4 for explanation of location system.

On the basis of this information and data for sites outside
the two basins, the estimated lakewide average may be
about 11 inches per year at both lakes. For Lake Abert, this
would represent about 90 percent of the quantity at nearby
Valley Falls.

Potential evaporation on the floors of the Abert and
Summer Lake basins is about 40 inches per year, two-
thirds of which occurs from May through September (fig.
3). The actual amount of water lost from Abert and
Summer Lakes themselves is uncertain, because evapora-
tion varies from place to place depending on differences in
air temperature, relative humidity, amount of wind, and
the physical, thermal, and chemical character of the water
body.

Water losses from a Class-A land pan have been
measured at the Summer Lake National Weather Service
station during part of each year since 1961. The nearest
long-term record of year-round pan evaporation is that
for the Medford Experiment Station, 110 miles southwest
of Summer Lake. Concurrent measurements at these two
stations are available for 36 months (mostly May-Oct.)
during 1961-66. The coefficient of correlation between the
two sets of monthly data is a favorable 0.89. On the basis of
these concurrent measurements and the year-round
records at Medford, the land-pan evaporation rate at
Summer Lake station for the long term is an estimated 57
inches per year. This is equivalent to about 41 inches from
a freshwater body, assuming a pan coefficient of about 0.73
(Kohler and others, 1959, pl. 3). The long-term freshwater
rate for the lake itself may be slightly higher because the
weather station is on the cooler, western side of the basin in
the shadow of Winter Ridge (pl. 1).

Evaporation at Lake Abert is less certain. During
May-October 1962, K. N. Phillips and his coworkers
measured a lake-surface water loss equivalent to 32.5
inches from a freshwater body (Phillips and Van Den-
burgh, 1971, p. B14). At the Summer Lake station during
the same period, pan evaporation was 44.7 inches, which
converts to an almost identical freshwater value of 32.6
inches, using the coefficient 0.73. Comparison of monthly
lake and pan evaporation can be risky, owing to the effects
of inflow and heat storage within the lake (Nordenson,
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Ficure 3.—Wind movement and representative seasonal patterns of
precipitation, streamflow, air temperature, and evaporation in and
adjacent to the Abert and Summer Lake basins (from records of
the National Weather Service and the U.S. Geological Survey). Pre-
cipitation at Valley Falls for water years 1916-65. Streamflow for Che-
waucan River near Paisley, water years 1913-21, 1925-65. Tempera-
ture at Valley Falls for calendar years 1931-60. Evaporation from Class-
A land pan at Summer Lake station for water years 1961-65 (most data
for May-Oct. measured; most data for Nov.-April estimated on basis of

1963, p. 279). At Lake Abert, however, the risk is mini-
mized because inflow during 1962 was well below normal,
and the lake was shallow (mean depth averaged only 5 feet
during the period). Thus, the comparison suggests that
the freshwater evaporation rate at Lake Abert is about 41
inches per year (slightly greater than the 40.3 inches per
year estimated earlier by Phillips and Van Denburgh
(1971, p. B15) ). The actual rate of annual evaporation
from the lake would be less than 41 inches, however,
because of the effect of salinity.

INFLOW

Abert and SummerLakes are fed by inflow of contrast-
ing hydrologic character. The principal source of flow
into Lake Abert is the Chewaucan River, whereas Summer
Lake is fed principally by Ana Springs, which rise about 6
miles north of the lake (pl. 1). Both lakes are sustained
partly by direct precipitation. Also, small intermittent
streams drain areas adjacent to the lakes, and the dis-
charge of peripheral springs and seeps reaches each lake.

LAKE ABERT

The Chewaucan River drains about 490 square miles,
much of which is timbered and mountainous. The
principal source of flow is snowmelt runoff, and most of
the discharge therefore occurs during the spring and early
summer. At the gaging station near Paisley (pl. 1) in an
average year, 74 percent of the total annual runoff occurs
during March-June (fig. 3). The station (drainage area,
275 sq mi), is about 32 river miles upstream from the
mouth, but the seasonal distribution of flow into Lake
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records at Medford Experiment Station, 115 miles west-southwest of
Summer Lake). Average wind directions and speeds at Lakeview
airport, 26 miles south of Lake Abert, based on observations during
period January 1959-May 1962 (Howell, 1965). Length of each
direction bar shows percentage of time that winds exceeding 3 mph
(miles per hour) were from the direction indicated. Winds of 0 to 3
mph, which occurred 38 percent of the time, are not shown. Type of bar
indicates wind speed: single-line bar, 4-17 mph; double-line bar, 18-35
mph.

Abert probably is not much different, although the aver-
age yearly volume is considerably less.

The annual flow of the Chewaucan River near Paisley
has averaged 96,000 acre-feet during the period 1916-65
(maximum value was 250,000 acre-feet during the 1956
water year, minimum value was an estimated 18,000 acre-
feet during the 1924 water year). The record from 1916
through 1965 1is summarized in figure 4. The
accompanying cumulative departure curve shows that
flow was generally below normal during the period
1918-37 but was much greater than normal from 1951 to
1958. The pronounced recovery from a period of lower
than average streamflow, which began in 1951, apparently
lagged 11 years behind a similar recovery from generally
below normal precipitation (fig. 4). The lag may reflect
ground-water replenishment upstream from Paisley
following the pre-1940 drought.

The average discharge of the Chewaucan River at its
mouth for the period 1916-65 is an estimated 62,000 acre-
feet—65 percent of the upstream value. The relation
between runoff at the two sites is a refinement of that
developed by Phillips (Phillips and Van Denburgh, 1971,
p. B15), using an extrapolation of climatic and lake-level
data obtained during the fairly well documented period
1951-65.

Agricultural activity in Chewaucan Marsh apparently
has not as yet (1970) had a pronounced effect on the
amount of runoff reaching Lake Abert (Phillips and Van
Denburgh, 1971, p. B13). This is, at least in part, because
much potential inflow was lost through natural evapo-
transpiration in the swampy flatlands prior to drainage of



C6 CLOSED-BASIN INVESTIGATIONS

1920 1930 1940 1950
W £

i sl iz

Annual precipitation

%)
w
i
Q
£
Cumulative departure from average
annual precipitation
-10
n
w  -20
T
8]
Z
~40
17}
g 400 Lake volume and area on last %)
< - day of water year (Sept. 30) u_lJ
* =
w
3 300 5
T U [
F w <
> ‘ =)
= O 200 9
. < 2]
Wy
s :
O 100 <
o w
> o«
- 0 <
w
um'. 0 Cumulative departure from average
g annual discharge near Paisley
o
< -200 |
w
o]
17}
0 -400
z
<
8 .
O -600 |
T v A
F 250
'_ I
o |
w 200 g
w
w ]
O
< 150
w
o]
2 100 F
Z
<
3
3 50|
I
'_
g = b - - s t
1920 1930 1940 1950 1960
F16URE 4.—Fluctuations in volume and surface area of Lake Abert in bars indicate estimated total annual inflow to Lake Abert. Horizontal
water years 1916-65, compared with precipitation at Valley Falls lines in top, middle, and bottom graphs indicate average annual
and discharge of the Chewaucan River. In bottom graph, shaded precipitation (12.2 in.), lake volume on September 30 (111, 000 acre-

bars indicate measured annual discharge near Paisley; heavy-line ft), and annual discharge near Paisley (96,000 acre-ft), respectively.



SOLUTE BALANCE AT ABERT AND SUMMER LAKES, OREGON

the marsh for agricultural use in the early 1900’s. These
natural losses may have been comparable in magnitude to
present losses due to irrigation.

Inflow to Lake Abert from other streams may average
about 2,500 acre-feet per year, on the basis of altitude-run-
off relationships developed by D. O. Moore (US. Geologi-
cal Survey, oral commun., 1970) for nearby Honey and
Silver Creeks (U.S. Geological Survey gaging stations
10378500 and 10390000). Data for the Chewaucan River
were not used in developing the relationships because that
stream’s headwaters area, above Paisley, is in a much
wetter altitude-runoff environment than are Lake Abert
and vicinity.

The total annual discharge of all seeps and springs
along the periphery of Lake Abert may be about 5,000 acre-
feet, though the amount of ground-water flow actually
reaching the lake may average only 2,000 to 2,500 acre-feet
per year, owing to evaporation. Some of the flow doubt-
less is derived from recharge within the Lake Abert basin,
but most of it may come from an adjacent basin or basins
(Phillips and Van Denburgh, 1971, p. B13). No large sub-
merged springs are known (none was reported in periods
when the lake was dry).

In summary, then, the combined flow supplied to Lake
Abert and its peripheral areas in excess of direct lake-
surface precipitation probably averaged about 70,000 acre-
feet per year (62,000 acre-ft from the Chewaucan River,
5,000 acre-ft from seeps and springs, and 2,500 acre-ft from
ephemeral streams).

SUMMER LAKE

Ana Springs, the principal source of discharge into
Summer Lake, originally provided a relatively consistent
year-round supply that flowed directly to the lake via the
Ana River. On the basis of an estimated average discharge
of 130 to 150 ft3/s (cubic feet per second) from the several
orifices, the annual contribution under natural condi-
tions prior to 1900 amounted to about 100,000 acre-feet. A
dam was completed immediately downstream from the
springs in 1926, and the impounded water inundated the
orifice area to a depth ranging from 16 to 46 feet (Phillips
and Van Denburgh, 1971, p. B25). The resulting
hydrostatic head has reduced the average discharge rate to
about 92 ft3/s (or 67,000 acre-ft per year).

At present, additional springflow apparently feeds the
river below the gage. Several measurements, about 2 miles
downstream from the gage (listed below), suggest that the
pickup in that reach averages about 10,000 acre-feet per
year. Some of this increment may represent ground water
that would issue from the main Ana Spring orifices under
natural (pre-dam) conditions. Limited and seemingly con-
flicting data prior to construction of the dam (table in
right column) suggest that inflow below Ana Springs
may not have been much less than now, though the ap-
proximate quantities are uncertain. For the purpose of

Discharge (ft3.'s)

Near lake
(30" 17-9¢cd)

Increase (+) or
decrease (-}

Date Near Ana Springs

(30-17-6d)

After construction of Ana Reservoir!

27 38 +11
H4 62 +8
93 114 +21
94 93 -1
119 118 -1
94 106 +12
34 42 +8

Before construction of reservoir?

165 179 +14
148 3150 +2

Data from Glenn E. Tyler, Watermaster (written communs., 1968-70).

“Data from Henshaw and Dean, 1915, p. 756-757; accuracy of near-lake measurements un-
certain because of backwater (this does not apply to measurements of 1968-70 when lake
was about 5 ft lower).

*Measured Jan. 8, 1905; assumed comparable with later upstream measurement

solute tonnage computations, the pre-dam increment is
assumed to have been about half the present-day quantity,
or 5,000 acre-feet per year.

The amount of flow actually reaching Summer Lake
from Ana Springs and other springs tributary to the Ana
River is depleted by diversions for irrigation of agrical-
tural and waterfowl resting areas. A crude estimate of
present-day net depletion due to these diversions is
about 20,000 acre-feet per year (under natural conditions,
only an estimated 10,000 acre-ft was lost through evapo-
transpiration in marshy areas north of the lake). Thus, net
annual flow reaching the lake from the spring systems is
now about 57,000 acre-feet—only a little more than half of
the pre-1900 quantity. Furthermore, most of the present
inflow occurs during the period October-April, rather
than throughout the year at a nearly constant rate as itdid
prior to impoundment and diversion.

Many small streams, in part springfed, drain the rugged,
timbered areas west and south of Summer Lake (pl. 1), and
far smaller quantities of runoff occasionally reach the lake
from the east during brief thundershowers. The streams
may contribute about 10,000 acre-feet per year, on the basis
of altitude-runoff relationships. Much of this flow is
dissipated by evapotranspiration—both natural and men-
caused—before reaching the lake. Under natural
conditions prior to 1900, the annual depletion may have
averaged only about a third of the 10,000 acre-foot total,
whereas, under present-day conditions, irrigation and
natural losses may dissipate about two-thirds of the total.

Springs and seeps in addition to those that feed the Ana
River contribute a small amount of flow to the lake and its
peripheral areas. Best known of the group is Summer Lake
Hot Spring (33/17-12aac), which flowed at a rate of about
34 acre-feet per year in 1948. Many springs on the basin
floor were visited in 1948-49, after a 10-year period of
above-normal precipitation (fig. 4). For visited springs not
contributing to the river, the combined flow was about
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2,200 acre-feet per year (Trauger, 1950, p. 218-224). A
reasonable estimate of total spring discharge on the basin
floor, in addition to that feeding the river, may be
3,000-4,000 acre-feet per year, of which only a small part
overcomes evapotranspiration and reaches the lake. Much
of the springflow west and south of Summer Lake doubt-
less represents the reappearance of recharge from streams
draining the Winter Ridge-Slide Mountain area.

At some time in the past Summer Lake received over-
flow from the Lake Abert basin via the channelway north
of Paisley (Phillips and Van Denburgh, 1971, p. B15), but
such overflow probably has not occurred since Pleistocene
time.

Interbasin ground-water flow toward Summer Lake fed
by percolation from the Chewaucan River north of Pais-
ley is considered to be small. Ground-water gradients and
lithologic logs for wells on the alluvial-lacustral fan north
of the river indicate that the total northward flow may
average only about 2,000 acre-feet per year, and well-water
chemistry suggests that most of the solutes are not derived
directly from the river.

Table 1 summarizes the water budget of Summer Lake
for conditions before and after man’s alteration of the
natural hydrologic environment. The data indicate that
present-day net inflow averages only about 60 percent of
the quantity under natural conditions.

TasLE 1.— Hydrologic budgets for Summer Lake before 1900
and after 1926

[Acre-feet per year, except as indicated!]

No. Item Pre-1900  Post-1926
1. Flow of Ana Springs......c.cceceeviininniiccnininncn 100,000 67,000
2. Inflow to Ana River below springs................... 5,000 10,000
3. Depletion of Nos. 1 and 2 by evapotranspiration

betore reaching Summer Lake ....................... 10,000 20,000
4. Mountain-front streamflow west and south

Of 1ake ....ocoeeiiiiniiiiiiicc e 10,000 10,000
5. Depletion of No. 4 by evapotranspiration before

reaching Summer Lake ........cccooooiiininninnnn. 3,000 7,000
6. Net inflow to Summer Lake (1 +2 +4 -8 -5,

rounded)........ccoevvieeiiiiiin e 100,000 60,000
7. Lake area corresponding to No. 6 (acres)?........ 38,000 22,000
8. Lake level corresponding to No. 7 (feet above

mean sea level)........cccooiiiiiiiiiiiiiciccinnen, 4,151 4,146

1Probable accuracy: Item 1, t 15,000 acre-feet before 1900, £ 5,000 acre-feet after 1926; items 2,
3, and 6. £ 5,000 acre-feet; items 4 and 5, t 3,000 acre-feet; item 7, * 2,000 acres; item 8, pre-1900,
11 foot, post-1926, t ': foot.

2Assumes average het evaporation of 2.6 feet per year betore 1900 and 2.7 feet per year after 1926
(table 3).

LAKE EXTENT AND FLUCTUATION

Abert and Summer Lakes occupy broad, flat, elongate
basins (pl. 1). At maximum depths of only 5 feet, the 2
water bodies cover about 44 and 57 square miles, respec-
tively. Data relating lake volume, areal extent, and lake-
surface altitude are presented for the two lakes in table 2.
Data for Lake Abert are based largely on a reconnaissance

TABLE 2.—Area and volume of Abert and Summer Lakes

Lake level
(ft above Area Volume
mean sea (sq (thousands
level) mi) of acre-ft)
Lake Abert!
4,244 Dry 0.0
4,245 12.2 4.0
4,246 21.4 14.8
4,247 30.5 31.4
4,248 38.8 53.5
4,249 43.9 80.0
4,250 47.6 110
4,251 50.6 141
4,252 53.0 174
4,253 55.1 209
4,254 56.8 245
4,255 58.3 282
4,256 59.7 320
4,257 60.9 358
4,258 62.0 397
4,259 63.0 437
4,260 63.7 478
4,262 65 560
Summer Lake
4,144.4 + Dry 0.0
4,145 23.5 4.5
4,146 37.5 23.9
4,147 45.5 50.4
4,148 51.0 81.0
4,149 55.2 116
4,150 58.7 152
4,152 64.0 230
4,155 70 360

Data are slightly modified from those of Phillips and Van Derburgh
(1971, table 4) on the basis of reevaluated bathymetry below 4,248 fee.

survey made in 1959 and are considered to be rcasonably
accurate. The data for Summer Lake are approrimations
based on shoreline configurations from three sets of aerial
photographs, information from Geological Survey
1:24,000- and 1:250,000-scale topographic maps, and per-
sonal observation. (Data from aerial photographs are as
follows: 27 sq mi at 4,145.2 ft on Aug. 8, 1946; 35 sq mi at
4,145.75 ft on Sept. 9, 1953; and 49% sq mi at 4,147.7 ft on
July 23-24, 1963.)

The long-term variations of lake level and volume
reflect changing climatic conditions. The record of
volume fluctuations at Lake Abert since 1915 is shown in
figure 4. (Most values for the poorly documented period
from 1915 to 1951 are based on lake-level estimates, using
precipitation at Valley Falls and runoff in the Chewaucan
River near Paisley (Phillips and Van Denburgt, 1971, p.
B15). The validity of these estimates is supported by close
agreement with the few recorded levels.) Comparison with
curves showing cumulative departures from average pre-
cipitation and runoff in the basin illustrate how sensitive
the lake is as an index of climatic and hydrologic vari-
ation. Only a few years of deficient precipitation and
runoff are necessary to cause lake-basin desiccation. Once
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the lake is dry, an excess of local precipitation alone is not
sufficient to cause lake-volume recovery, as shown during
1940-48 (fig. 4). Only after return to above-normal runoff
rates does the lake respond by filling to former levels, as it
did during 1951-58.

The average amount of water in Lake Abert during the
present century may be less than under comparable
climatic conditions in the past, owing to agricultural
activity in Chewaucan Marsh. Presumably, the difference
is relatively small, however (p. C5).

In contrast to conditions at Lake Abert, the extent and
fluctuations of Summer Lake have been markedly altered
by the activities of man. Prior to impoundment of the Ana
River, Summer Lake received most of its water supply
from the Ana Spring system, and the inflow occurred at a
fairly constant rate. Therefore, seasonal and long-term
fluctuations of lake level doubtless were much more
subdued than those for Lake Abert because of the
secondary importance of highly variable surface runoff.
Since construction of the reservoir, however, the submer-
gence of orifices and the seasonal diversions for irrigation
have greatly reduced the amount and month-to-month
consistency of flow into the lake. Present inflow averages
only about 60 percent of the pre-reservoir quantity (table
1), and most of it occurs from October through April.
Hence, seasonal variations in lake level are more pro-
nounced, and the long-term average is appreciably lower
than pre-reservoir values. In fact, Summer Lake has dried
almost completely during the summers of many years
since 1926.

The changes brought about by impoundment and
diversion of the Ana River are shown more exactly by com-
paring hypothetical “equilibrium’ lake levels under the
natural and altered conditions. At ‘“‘equilibrium”’ level the
lake area is such that evaporation exactly balances the in-
coming water volume. Thus, the “equilibrium” lake area,
in acres, equals the average annual inflow, in acre-feet,
divided by average net evaporation (total evaporation less
precipitation), in feet per year. Table 1 shows that Summer
Lake is an average of about 5 feet shallower now than
under natural conditions. (The budgets in table 1 are
refined and more detailed versions of those presented by
Phillips and Van Denburgh (1971, p. B26); the changes
result from additional information concerning several of
the budget items.)

PARAMETERS THAT CHARACTERIZE
THE LAKES

Langbein (1961, p. 6, 13, 14) presented several inter-
related parameters that depict the geometric and hydro-
logic characteristics of a closed lake and its tributary basin.
These characteristics in turn strongly influence the chem-
ical character of the lake. Among the important para-
meters are
1. The geometric lake-bottom shape factor, which equals
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the square root of the average lake-surface area,
\A,, divided by the mean lake depth, D. A high
value indicates a flat saucer-shaped lake, whereas a
low value indicates a deep lake.

2. The coefficient of lake-area variation, U, which indi-
cates the variability of lake area with time, re-
lative to the mean lake area. A high value indi-
cates an unstable lake whose area varies greatly
with time; a low value indicates a stable lake
in which the variations are small relative to the
mean.

8. The response time, k, which indicates how rapidly a
lake reacts to changes in climate. As Langbein
says (1961, p. 6): “A lake with a low value of
k, near 1 year, is a playa lake. It fills and dries
up in a year. It responds to the current year’s
rainfall and virtually not at all to that of pre-
ceding years. A lake with a high value of %, on
the other hand, reacts slowly, and may be at a
high level during a period of low rainfall and
vice versa.”’

4. The long-term stability factor, P, which indicates the
probability of desiccation or, at the other ex-
treme, of freshening by overflow. Low values
indicate near-desiccation or near-overflow, whereas
a high value indicates greater stability.

The coefficient of lake-area variation can be calculated
directly from detailed records of lake level, after convert-
ing the levels to areas. The data are applied to the general
formula for a coefficient of variation [7=§ A\[ZJ where

34,
s(a2)- 220 "

S‘l: .
4 n-1

In the absence of detailed lake-level data, Langbein’s
equation 8 (1961, p. 6) is used. The equation is

U= 0.;671 ,E(AT/AL)k, @
2+1/k

where 7 is the exponent in the proportionality relation-
ship between lake area and volume, A; « V"; D is mean
depth; E is net annual evaporation (total evaporation
minus precipitation); 4 t is the tributary area exclusive of
the lake; A; is lake area; and k is the response time.
The response time is defined as:
VII_VI
= —
E( A"-A")
where V" and V” are lake volumes at a high and low stage,
A” and A’ are the equivalent lake areas, and E is net annual
evaporation.
The long-term stability factor, P, is defined in terms of

k 3)
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mean lake depth, D, in feet; tributary area, 4 7, in square
feet; and basin volume at altitude of overflow, ¥, in cubic

feet, as follows:
Vo V
= D——/ D— 1.
Ar Ar

LAKE ABERT

Lake Abert invites a rather detailed analysis of charac-
terizing parameters because of the comparatively simple
hydrology and the relative abundance of data. The period
of most complete record at the lake spans water years
1952-65. Unfortunately, however, the average lake level
during that period was considerably higher than the
average for the much longer period of record, 1916-65 (fig.
4). Nonetheless, Langbein’s general parameters are evalu-
ated for both periods. Values for several of the descriptive
parameters are summarized in table 3. The geometric lake-
bottom shape factors and coefficients of lake-area varia-
tion are compared with those of other closed lakes in figure
5.

TABLE 3.—Parameters that describe the physical and hydrologic
characteristics of Abert and Summer Lakes

(4)

Lake Abert Summer Lake
Parameter 1952-65 1916-65 Post-1926 Pre-1900
Tributary area excluding lake, in
square miles (Aen).cooreerenierenriirnianene 1730 1740 350 320
At average lake level:
Lake-surface altitude,
in feet... . 4,254.7 1,250.5 4,146 4,151
Lake area in square
miles (A7 2o 58 49 38 62
Lake volume, in acre-
feet 271,000 126,000 24,000 190.000
Mean lake depth, in
Cfeet (D) 73 4.0 1.0 4.8
At high lake level:
Altitude, in feet 4,260 4,150 4,154
Area, in acres (4') 41,000 38,000 44,000
Volume, in acre-feet (174 . 478,000 152,000 315,000
At low lake level:
Altitude, in feet 4,246 4,145 4,147
Area, in acres (4'). 14,000 15,000 29,000
Volume, in acre-feet (I 15,000 4,500 50,000
Net evaporation, in feet
per year (E)... 23 25 2.7 26
Geometric lake
factor (v/4y, D). 1.0 18 6.2 1.6
Exponent in area- \olume
EQUALION (7).eveeveeeeeiereeeererieee e as .20 3.32 .28 .21
Coetticient of lake-area
variation (U; eq 2)...ccccocvenccvvrerennnn, 4.085 23 .36 074
Response time, in years
(R € 8).iiicrccece s 115 6.9 2.4 6.8
Long-term stability factor
(P;eq 1) 56 3.5 0.99 4.6

'Lake Abert basin covers about 860 square miles, but effective drainage area, including
lake, is only an estimated 790 square miles.

*Average lake area (47) for each period is close but not identical to area at average
lake level because area-altitude curves are not linear (for example, average area of Lake
Abert during 1952-65 was about 57 sq mi).

*Exponent is about 0.45 for lake levels below 4,248 feet and 0.20 above that level: weighted
average for period is 0.32.

’Cal(ulated using lake-area estimates at 2-month intervals (eq 1); agrees well with value
calculated using equation 2 (0.090).

sBasin volume at altitude of overflow, ¥y, is based on drainage divide between the
two lake basins, 2.2 miles north of Paisley (all about 4,385 ft; see pl. 1). Basin volumes
at that altitude are Abert, 12 X 10¢ acre-feet (5.2 X 10" cu ft); Summer, 25 X 106 acre-
feet (10.9 X 101! cu fr).

SUMMER LAKE

Summer Lake is similar.to L.ake Abert in that the period
with most adequate data is not representative of long-term
conditions. Almost all information on the lake and its
inflow has been obtained since Ana River Reservoir was
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completed in about 1926, yet hydrologic conditions at the
lake since that year have been far different than curing the
preceding period. Nonetheless, the lake provider an excel-
lent site to test the applicability of Langbein’s generalized
parameters in a situation where about 90 percent of the
inflow, exclusive of lake-surface precipitation, is pro-
vided by ground water. The calculations of several hydro-
logic parameters for Summer Lake use the records since
1926, as well as the largely estimated data for natural con-
ditions prior to settlement of the area by man.

The response time and long-term stability factor for the
period since 1926 are the lowest recorded in table 3; they,
along with the highest recorded lake-bottom shape factor,
indicate a very unstable lake, which Summe- Lake is
known to have been.

The low coefficient of lake-area fluctuatior prior to
1900 reflects the relative seasonal and year-to-year uni-
formity of an unregulated inflow composed principally
of ground water (Langbein,1961, p. 15). The lake-bottom
shape factor was higher than normal in combination with
such a low coefficient of area variation (fig. 5). This too
shows the influence of a presumably steady inflow prior to
1900. The calculated response time of only about 7 years is
misleading, because equation 3 reflects only indirectly the
steadying influence of ground-water increments.

SOLUTE BALANCE

Evaluation of the solute balance for any closed lake re-
quires a knowledge of the amount and nature of solutes
brought into the lake by various agencies, solutes re-
moved from the lake and its immediate surroundings, and
solutes accumulated and stored either within the lake
water or as components of the lake-bottom and periph-
eral-playa deposits. Unfortunately, vagueness concern-
ing the quantitative importance of various facets of a
solute budget and the complexity of interrelations
between those facets make anything more than a semi-
quantitative guess difficult even under fairly vrell docu-
mented present-day conditions. The task of a reliable
backward extrapolation of present data over a period of
several thousand years is even more formidable.

In studving the salt economy of Abert and Summer
Lakes, each basin is divided into two units. The unit of
principal concern includes the lake-water body, the upper
few feet of saturated sedimentary deposits underlying the
lake, and the near-surface parts of adjacent mudflats,
which also harbor lake salis. The secondary unit com-
prises the remaining tributary areas and the atmosphere
above. An evaluation of the salt budget, then, involves a
quantitative and qualitative study of solutes entering,
leaving, and remaining within the unit of principal
concern. This in turn necessitates a similar studv of solute
movement within the secondary unit.
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Ficure 5.—Correlation between coefficient of area variation 1900, when springs contributed more than 90 percent of

and geometric-shape factor for Lake Abert, Summer Lake,
and several other closed lakes. Trend of increasing lake-
area variation with increasing area-to-depth ratio shows
that broad, shallow lakes are more susceptible to expansion
and contraction because of the greater relative importance
of evaporation. Stabilizing effect of ground-water inflow
is shown by the low coefficient for Summer Lake prior to

the inflow exclusive of direct lake-surface precipitation.
Data for Deep Springs Lake, Calif., from Jones (1965, p.
29 coefficient U is recalculated, using information from
Jones’ fig. 18). Data for other lakes except Abert and Sum-
mer are from Langbein (1961, p. 7, 18); his data for Pyramid
Lake have been recomputed on the basis of revised ba-
thymetry (Harris, 1970) and the lake level as of 1970.

lakes, as well as those dissolved or dissolvable adjacent to
and beneath the lakes. At the other extreme are solutes that
are mobile in dilute inflow (table 6) but which do not ac-
cumulate in solution within an alkaline, saline lake and,

Two general categories of solutes exist within each
basin. One category comprises solutes that are mobile
(that is, tend to remain in solution) in a saline high-pH
environment; it includes constituents dissolved in the
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therefore, do not play a role in the long-term solute
economy of the lakes and their peripheries. These
“immobile” solutes yield important organic and
inorganic components of the lacustrine deposits beneath
and adjacent to the lakes (Jones and Van Denburgh, 1966,
p. 443-444).

The major immobile constituents are silica, calcium,
and magnesium, whereas the mobile solutes are dominat-
ed by sodium, chloride, and carbonate-bicarbonate.
Potassium and sulfate lie somewhere between the two
extremes; they are depleted in the lakes, but not to the same
drastic extent as silica or the alkaline earths.

In computing the balance between incoming, out-
going, and stored solutes, the mobile constituents are by
far the most important and are easiest to deal with quanti-
tatively. However, they are subject to recycling within and
between the two major units of the basin, and their various
increments are therefore difficult to separate into new and
recycled portions.

INCOMING AND OUTGOING SOLUTES
LAKE ABERT

Among the several parameters of solute balance at Lake
Abert, the contributions of surface flow are the best known
quantitatively and qualitatively. (At Summer Lake, in
contrast, the character of surface inflow exclusive of
spring-fed Ana River is uncertain, but that flow contrib-
utes only a small percentage of the total incoming solute
load.)

Chewaucan River is the largest tributary to Lake Abert.
It drains about 57 percent of the basin and probably sup-
plies almost 90 percent of the surface inflow. The chemi-
cal character of the river near its mouth is highly variable
seasonally. The measured dissolved-solids content has
ranged from about 70 to 260 ppm! (parts per million)
during the sampling period (April 1961 to September
1965). As shown in figure 6, peak values generally occur
sometime during the winter or spring, whereas the small-
est concentrations are characteristic of flow during late
tall and early winter. Seasonal fluctuations of solute con-
tent are related in part to irrigation activity in Chewaucan
Marsh (pl. 1). The largest concentrations of dissolved
solids seem to coincide with periods when irrigation
return flow from the marsh provides most of the stream
water, whereas the dilute runoff represents flow passing
directly through the marsh without diversion for
irrigation.

'In calculated dissolved-solids concentrations, which are used almost exclusively in this re-
port, bicarbonate values are conventionally multiplied by 0.492 to make the overall results
comparable with those of dissolved-solids residue determinations. This convention is based on
the fact that during the residue procedure, half of the bicarbonate is generally lost as CO, (carbon
dioxide), and the other half is converted to carbonate (Hem, 1970, p. 218, 220). Under natural
conditions, however, evaporation of a brine that is rich in sodium and bicarbonate generally pro-
duces a residue that contains appreciable amounts of bicarbonate as well as carbonate (Bradley
and Eugster, 1969, p. 36-58). Thus, not as much CO, is lost, and the quantity of natural residue is
therefore greater than that determined either analytically or by standard computation. Water of
hydration in the naturally occurring evaporite deposits makes the difference even greater. None-

theless, all computations of solute concentration and tonnage in this report are based on the 0.492
convention for consistency of results.

CLOSED-BASIN INVESTIGATIONS

Estimates of average monthly discharge for the Che-
waucan River at its mouth during water years 1961-65 are
shown in figure 6. The values are derived by relating esti-
mated amounts of lake-surface precipitation and evapo-
ration to changes in the volume of Lake Abert; the net
increment is then ascribed to inflow, most of which is
provided by the Chewaucan River. Dissolved-solids ton-
nages and concentrations based on the data in figure 6 are
summarized below:

Dissolved solids

Inflow
Water years (acre-ft
per yr) Tons Parts per million!
per year
12,000 2,700 165
34,000 5,600 120
170,000 28,000 120
55,000 10,000 135
.. 230,000 36,000 115
.. 100,000 16,000 120
62,000 10,000 120

'Rounded to nearest 5 ppm.

Silica, sodium, calcium, and bicarbonate are the
principal dissolved constituents of the river, regardless of
total dissolved-solids content. However, figure 7 shows
that the relative abundances of sodium and chloride
increase with respect to the other major constituents with
increasing dissolved-solids content. At the average dis-
solved-solids content of 120 ppm, sodium and chloride
comprise about 37 and 7 percent of the cations and anions,
respectively, on the basis of equivalents per million (here-
after abbreviated ‘“‘epm-percent’’). Comparable percent-
ages for Lake Abert, in contrast, are 98 and 56. Two repre-
sentative chemical analyses of the Chewaucan River near
Valley Falls are presented in table 4 (analyses 2 and 3).
They show the chemical character at low and high dis-
solved-solids content (79 and 193 ppm).

Silica, the only abundant undissociated (nonionic)
component of the streamflow, is generally present to the
extent of about 30 ppm, regardless of dissolved-solids con-
tent; hence, it constitutes about 30 percent of the total salts
at 100 ppm, but only 12 percent at 250 ppm. (Actually,
most dissolved silicon is present as undissociated mono-
meric silicic acid (H,Si0,) under normal hydrochemical
conditions. By convention, however, the constituent is
reported as silica (Si0,).)

The present-day chemical character of the stream water
changes appreciably as it passes through the Chewaucan
Marsh. Table 5 shows estimated solute tonnages gained
and lost within the marsh during the 1961 water year
(about 20 percent of normal discharge at the river mouth),
the 1965 water year (370 percent of normal discharge), and
during a hypothetical average year. The data show that in
dry years, such as 1961, incoming solutes—especially
silica—are stranded in the marsh. Contrastingly, in years
of greater than average runoff (such as 1965), more salts are
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Figure 6.—Estimated discharge and dissolved-solids content of Chewaucan River near Valley Falls, water years 1961-65. Numbers above dissolved-
solids curve indicate chloride concentration, in parts per million. Dots in discharge graph indicate monthly average streamflow of Chewaucan

River measured near Paisley.

carried out of the marsh than are brought in (the silica
increase is very small, however). In an average year, about
a third of the silica is lost, but other components undergo
moderate to substantial enrichment; as a result, the total
incoming and outgoing tonnages are about the same. A
significant point with regard to the possible solute con-
tribution of agricultural activity is that about 90 percent of
the chloride delivered to Lake Abert by the Chewaucan
River is accrued within the marsh. Part of the increment
doubtless was a component of (1) windblown alkali dust
and (2) salts that were stranded during the contraction of
pluvial Lake Chewaucan. However, an undetermined
amount of chloride—perhaps as much as 5 percent or
more of the total load—has been introduced by man in the

form of salt licks for the large cattle herd that grazes in the
marsh each year. Thus, much of the chloride in the river at
its mouth has been recycled, and other increments are at-
tributable to the activities of man. As a result, the net
amount of incoming chloride that is naturally “new” to
the lake cannot be determined quantitatively. Similar
statements apply to the other major constituents of Lake
Abert as well.

Table 6 summarizes the total solute contribution to
Lake Abert by the Chewaucan River, including the con-
stituents that dominate in the lake (sodium plus equiva-
lent chloride and carbonate-bicarbonate; see footnote 3 in
table 6). The net effect of agricultural activity in the marsh
on the chemical character of the river atits mouth, relative



TABLE 4.—Chemaical analyses of representative surface and ground waters in the Abert and Summer Lake basins
[Analytical results are in parts per million, except pH]

Al Dischz g E £ 5 B
Ar;;ksxs Source Location! Collection date i)vrl sl%;(:rge ‘g E % £ i § - ir; o Y 'F: g
eve Q&,\ .§'§' E B~ -1 f £ 0 L= &= 'EA g &
Lake Abert basin
1. Lake Abert.. c.coosvessssessissuisisss 34/21-24dca Jan. 12, 1962 4,251.81 33 144 1.4 0.6 22,000 752 5930 9,460 990 19,300 55,900 9.6
2. Chewaucan River at mouth. 35/21-21cdb.. ... May 15, 1969 800e 58 32 6.0 24 83 23 52 0 4 1.8 79 176
- dOusssvssmmnseenn 35/21-21cdb.. ... June 12, 1962 30e 69 26 20 5.3 36 55 162 0 12 7.0 193 7.6
1, Seep N. of Lake Abert.......... 32/21-85bac.. .. Aug. 12, 1963 <0.0002¢ 59 41 7.0 3.0 102 13 216 4 26 40 346 8.4
5. Spring SW. of Lake Abert.  35/21-21bba June 9, 1962 .33e 66 65 95 175 290 14 282 0 47 295 867 8.1
Summer Lake basin
6. Summer Lake........ccccoonnee. 32/16-2abd .:.uissssisssisinins Apr. 25, 1961 4,146.32 68 110 25 8 2830 115 1,880 1,230 348 1,600 7,200 9.6
7. Ana River.......cccooeeveiiiinene 80/17-6dd.........sscecom00m000 Apr. 25, 1961 92 58 3 5.0 23 39 3.6 91 9 58 12 158 8.8
1See p. C4 for description of location system.
2Discharge in cubic feet per second (ft*/s); estimated values indicated by “‘e.” Lake level in feet above mean sea level.
SIncludes bicarbonate multiplied by 0.492. (See text footnote, p. C12.)
‘Includes minor constituents not shown in tabulation. Density 1.045 g/cm?® at 20°C.
TABLE 5.—Changes in dissolved-solids tonnage during passage of Chewaucan River through Chewaucan Marsh in water years 1961 and 1965 and
in an average year'
[All solute quantities are given in tons]
1961 water year 1965 water year Average year?
Upstream Downstream  Percentage Upstream Downstream  Percentage Upstream Downstream  Percentage
from marsh ~ from marsh lost or from marsh  from marsh lost or from marsh  from marsh lost or
gained gained gained
Discharge......... (acre-ft) 12,000 -82 212,000 230,000 +9 96,000 62,000 -85
Percentage of average annual 19 ... 210 370 5 100 100
Total dissolved solids (rounded) 2,700 -55 19,000 36,000 +47 8,500 10,000 +15
Silica 490 -82 8,600 9,500 +9 3,900 2,500 -36
Calcium plus magnesium .. 360 =51 2,300 5,000 +54 1,000 1,500 +33
Sodium 440 0 1,400 4,400 +68 610 1,400 +57
Chloride 120 +83 60 790 +92 30 250 +88
1,300 -35 6,500 16,500 +61 2,900 4,600 +37

IStations upstream and downstream from the marsh are near Paisley and Valley Falls, respectively (pl. 1).

2Based on runoff data measured or estimated for the period 1916-65, and chemical-quality data collected during the period 1959-65.
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TaBLE 6.—Solute contributions to Abert and Summer Lakes and their peripheral areas by streams, springs, and seeps
[All values rounded to two significant figures or less]

Calcium Sodium plus
Silica (Ca) plus Sodium Chloride Other Total equivalent
(Si02) magnesium (Na) (Cn constituents! 2 (rounded) chloride and
Acre-feet (Mg) bicathonate® *
Source

per year
Tons Tons Tons Tons Tons Tons Tons
ppm  per | ppm  per |ppm  per | ppm per | ppm  per | ppm  per |ppm  per
year year year year year year year

Lake Abert

Chewaucan RiVET.........ccccccccvorrossssceerrrrrsssne 62,000 [ 30 2,500 | 17 1,500 | 16 1,400| 3 250 | 54 4,600 [120 10,000 | 38 3,200
Peripheral streams ............ < 2500 [20 70 (10 80 | 15 50| 2 7|35 120]8  270(35 120
Peripheral springs and seeps...........c.cccoeeeeenins 5,000 | 45 310 | 10 70 |140 950 | 85 580 170 1,200 (450 3,100 (340 2,300
LAY s ustinsm e s iR isis s sompumammsnmsmsinrans 70,000 2,900 1,600 2,400 840 5,900 13,000 5,600

Summer Lake

Ana Springs:
(pre-1900)..... reeeeeene. | 100,000 | 87 5,000 | 8 1,100 | 39 5,300 13 1,800 | 63 8,600|160 22,000 92 13,000

(post-1926) 67,006 | 37 3,400 | 8 700 | 39 3,600| 13 1,200 | 63 5,700|160 15,000 | 92 8,400
Peripheral springs and seeps:

(Pre-1900) s smmmsessossssssmsnsn v s sasiss 8,000 | 40 440 | 10 110 | 60 650| 15 160 | 90 980|220 2,400 |140 1,500
(post-1926) ...| 13,000 | 40 700 | 10 200 |130 2,300 30 500 {190  3,500| 400 7,100 {300 5,300
Peripheral streams .........ccocoovoiiinniininnnien, 10,000 | 25 340 | 15 200 | 20 270| 2 30 | 60 820| 120 1,600 | 50 680
Pre-1900 total sosmsmmsmmsssmimsiinimme 120,000 5,800 1,400 6,200 2,000 10,000 26,000 15,000
PoSt-1926 t6tal...ismsiminis sitsmmmmmnansnsnssorsane 90,000 4,400 1,100 6,200 1,700 10,000 24,000 14,000

Mostly bicarbonate.
2Bicarbonate is multiplied by 0.492. (See text footnote, p. C12.)

3Dominant solutes in Abert and Summer Lakes. Concentrations include all sodium and chloride, plus an amountof bicarbonate equivalent to the “residual’” sodium (that is, sodium
in excess of chloride).
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Ficure 7.—Changes in the relative amounts of major ions in Chewau-
can River near Valley Falls with increasing dissolved-solids content.
Solid lines for anions; dashed lines for cations. Chemical symbols
as follows: HCO,, bicarbonate; Na, sodium; Ca, calcium; Mg, mag-
nesium; Cl, chloride; SOy, sulfate; K, potassium.

to natural conditions prior to settlement of the area, is
unknown. The overall differences are assumed to be slight,
however, and the estimates in table 6 probably character-
ize the river’s contribution before as well as after man’s
development of the marsh, even though the estimates are
based on postdevelopment data.

The amounts and chemical character of solutes contrib-
uted by small streams adjacent to Lake Abert are uncer-
tain. Poison Creek, the only near-perennial stream aside
from the Chewaucan River, carries the runoff from a 3-
square-mile basin on Abert Rim. During periods of low
flow, the stream characteristically contains about 75 ppm
of dissolved solids. Overland flow and runoff in normally
dry stream channels occasionally reaches Lake Abert from
the arid peripheral areas to the north and west following
summer thunderstorms and other heavy rains. Although
the quantities of such flow can be appreciable during short
periods of time, the contribution, in terms of average
annual water volume, is small. Likewise, the solute con-
tribution is small, and much of it represents increments
derived from peripheral springflow that evaporated before
reaching the lake, along with recycled salts, such as (1)
components of windblown alkali dust, (2) salts isolated

CLOSED-BASIN INVESTIGATIONS

from the pluvial lake during contraction, and (3) dissolved
constituents of lake water previously blown out upon the
flat northern playa and isolated above present lake levels.
Excludingthe solutes of peripheral springflow (which are
accounted for below), the average dissolved-solids content
of all inflow from small streams adjacent to the lake is
assumed to be about 80 ppm. The estimated solute contri-
bution is listed in table 6.

Ground-water contributions outside the Chewaucan
River drainage are limited to seeps and springs adjacent to
the lake. The chemical character of this flow is wide in
range, as shown by the dissolved-solids values and
chloride:sodium ratios in figure 8. (See representative
analyses 4 and 5 in table 4; samples were collected from
sites 3 and 9, fig. 8.) The figure also shows that, with one
exception, the greatest solute content is characteristic of
flow emerging closest to the lake. (The exception is seep-
age at site 8, which represents emergent underflow from
the alluvial fan of Poison Creek and is fed in part by dilute
percolating surface water.)

Although the peripheral ground-water flow actually
reaching the lake may be only 2,000 to 2,500 acre-feet per
year (p. C7), the total estimated spring and seep discharge,
about 5,000 acre-feet per year, must be considered as a
source of solutes. Table 6 summarizes the estimated solute
contribution to the lake by peripheral ground water.

The net contribution of air-transported solutes at Lake
Abert is the most difficult of the several elements of salt
gain and loss to evaluate properly. The two media of trans-
port are atmospheric moisture (ultimately precipitation)
and windblown dust. Whereas precipitation is a salt
contributor only, the transport of dust both contributes
salts to and removes salts from the basin. The impression
gained from observations at Summer Lake is that large salt
tonnages are carried from the playa surface, especially
during periods of low lake level. (For example, see Phillips
and Van Denburgh, 1971, fig. 23.) Alkali dust clouds have
been observed moving east from Summer Lake toward
Lake Abert (R. W. Childreth, U.S. Geological Survey, oral
commun., 1963) and moving both south and north from
Summer Lake to areas outside its basin (Boyd Claggett,
Oregon State Department of Game, oral commun., 1966).
The actual quantities of salts entering and leaving the two
basins, however, may be less impressive in magnitude
than the billowing dust clouds are in appearance. Re-
gardless of magnitude, though, the net result almost cer-
tainly is a loss of salts from the two tributary basins.

The chemical character of the dissolvable alkali dust
from the peripheral salt flats has not been determined
directly. However, it can be inferred on the basis of the
character of efflorescent top salts that coat the dry playa
surfaces at times. Dissolvable parts of the surface deposits
adjacent to Abert and Summer Lakes are chiefly sodium
carbonate and bicarbonate, as shown in figure 9. In fact,
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Dissolved-solids

Site Location Collection content Chloride : sodium
date (ppm)! ratio*
1 32/21-26bbc................ 6- 9-62 285e 0.21e
2 -33dchb ... . 9-28-68 355 .36
3 -35bac 8-12-63 346 .25
4 33/21-11dbb.... 8-14-63 550e .29
5 33/22-16bdc. 6- 9-62 475 42
6 ~20aab..cosomss 6- 9-62 580e Ade
7 34/21-6da........cc.c.... 6- 9-62 800 .62
8 35/21-1bac... 7-26-64 156 .87
9 -21bba 6- 9-62 867 .66

1“e" indicates estimated value. Includes bicarbonate multiplied by 0.492. (See text foot-
note, p. C12.)
2Based on equivalents per million; “e” indicates estimated value. Ratio for lake, 0.57.

FiGure 8.—Source and chemical character of sampled spring and seep
flow peripheral to Lake Abert.
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Fi1GURE 9.—Relative abundance of major anions in playa-surface
salts adjacent to Abert and Summer Lakes, compared with the
chemical character of the lake waters themselves. Relative abun-
dances are based on equivalents per million (each bar represents
100 percent of the major anions). Playa data are averages for
the following samples. Lake Abert: locations 33/22-9ccc (Sept.
4, 1944); 33/22-9db (May 20, 1959); 33/22-9cc (Sept. 17, 1962);
33/22-7ba (July 23, 1964); 33/21-9acd (Sept. 27, 1968); and 33/21-
10bce (Sept. 28, 1968). Summer Lake: locations 32/16-14, 32/17-
26, 32/17-3 (all Aug. 30, 1944), 31/17-10bab (Sept. 30, 1968); and
82/16-2aad (Oct. 1, 1968). Analytical results for samples col-
lected in 1944 are from Allison and Mason (1947, p. 3, 7). Sam-
pling-site locations and other information were obtained from
Ralph S. Mason (Oregon Department of Geology and Mineral
Industries, oral commun., 1964).

the carbon species make up a far greater percentage of total
salts in the surface deposits than in the adjacent lake water.
Consequently, the net outgoing load of airborne salts may
be removing carbonate-bicarbonate from the playa sur-
face in preference to chloride.

The quantitative role of precipitation as a contributor
of solutes is uncertain. In qualitative terms, however, the
role is two-fold—incoming moisture brings soluble salts
from outside the basins, and it also flushes local salts from
the atmosphere above the basins. Therefore, the solute
contributions of rain and snow are in part new to the
basins and in part recycled, although the relative impor-
tance of the two increments is unknown.

Records of precipitation chemistry are meager. The five
available analyses, for samples collected at or near the
Valley Falls weather station, are tabulated on page C18.
Considering the semiarid closed-lake environment, the
samples are distinctive in their dilute character and near
absence of sodium or chloride, and they support
Gambell’s contention (1962, p. 94) that “excluding the
immediate coastal areas, marine aerosols appear to
constitute a small portion of the soluble material brought
down in precipitation over the United States.” Regardless,
the tonnage of solutes contributed directly to Lake Abert
by lake-surface precipitation 1is insignificant in
comparison with increments from other sources.



[Results in parts per million, except as noted]

Datel ., 21-12-62  5-1-64 6-9-64 7-30-64 to 11-12-64 0
8-1-64 12-11-64

Precipitation amount (inches

OF WALET s voisanzissasmsinscss 0.06 0.15 1.10 0.59 0.61
Type of precipitation.......... Snow Rain Rain Rain Rain and snow
Sodium (Na) 1.2 3.8 0.8 1.1 1.2
Bicarbonate? (HC 3 10 10 13 21
Sulfate (SOy).. .0 5.6 .0 2.0 3.0
Chloride (Cl) 1.0 5 .0 .0 0
Specific conductance

(micromhos per cm

Al WBC N sre s iionnsissiosstisi 9 35 23 37 52
Estimated dissolved

SOLS ..o 5 20 15 20 30

1Al except first sample were collected at weather station and stored in closed poly-
ethylene or glass bottles as long as 1-2 months before analysis.

2Collected at east shore at Lake Abert, 10 miles northeast of Valley Falls. May have
been inadvertently contaminated by lake water during collection and melting.

3Samples contained no detectable carbonate when analyzed.

SUMMER LAKE

Among the natural sources of inflow to Summer Lake,
the most plentiful contribution of solutes is provided by
Ana Springs, via the Ana River. The spring flow contains
about 160 ppm of dissolved solids—mostly silica, sodium,
and bicarbonate (analysis 7, table 4). Sodium and chloride
make up 76 and 15 epm-percent of the cations and anions,
respectively, in the spring discharge, compared with 97
and 36 epm-percent in the lake.

Despite present-day depletion of the spring flow down-
stream from Ana Reservoir, the discharge at the reservoir
should be considered in calculations of solute income
because it gives a true indication of the solute contribu-
tion of the springs. Table 6 lists the present-day contribu-
tion, as well as that estimated for the more nearly natural
conditions prior to 1900.

Additional natural ground-water flow in the Summer
Lake basin includes springs tributary to the Ana River
below the stream gage, seeps along the west and south
shores, springs northeast of the lake, and Summer Lake
Hot Spring to the southeast. Only the nearby seep and

spring flows actually reach the lake, but all other ground-
water sources contribute solutes that can be transported to
the lake in surface runoff or dissolved when the lake is
high. On the basis of scanty data regarding the chemical
character of peripheral spring flow, the following esti-
mates are made:

Average dissolved

solids (ppm)

Spring inflow to Ana River below gage:
Pre-1900 (5,000 acre-ft. Per I ssissssismessmisssoasimesmsssosies 200
Post-1926 (10,000 acre-ft per yr) .......ccccocevviiiiiiiiiiiniinienns 450

Other peripheral springs and seeps (3,000 acre-ft per yr)

Combining these data, along with estimates for specific
chemical constituents, the total solute contribution of
peripheral springs and seeps is listed in table 6.

Water wells provide an additional source of solutes
within the Summer Lake basin. However, their contribu-
tion has been restricted to the last few decades and
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probably has not had more than a slight effect on the
chemical character of the lake.

The percentage of total salts that has been recycled
rather than newly introduced to the lake is unknown.
Some of the increment emerging as springflow immedi-
ately adjacent to the western lakeshore may be derived
from salts associated with the lake and its periphery;
likewise, at least a small part of the salts in other locally
derived ground-water discharge must originally have been
a component of windblown alkali dust that was dissolved
by percolating runoff. However, the Ana Springs system,
which dominates the inflow to Summer Lake, is thought
to be fed by ground water that originates outside the basin
(Phillips and Van Denburgh, 1971, p. B39), and most of its
solute contribution could therefore be considered new to
the lake rather than recycled.

The solute contribution of small peripheral streams is
as uncertain at Summer Lake as at Lake Abert. The dis-
solved-solids content of drainage from the Winter
Ridge-Slide Mountain area may be 100-140 ppm during
near-low-flow conditions, on the basis of scanty data. Wet-
season flow from that area doubtless is more dilute, but the
occasional thundershower runoff from flat salty areas east
of the lake may be more concentrated. For lack of defini-
tive information, the average solute content of all periph-
eral streamflow (exclusive of Ana River) upstream from
the influence of agriculture is assumed to be on the order of
120 ppm. Table 6 summarizes the contribution of specific
solutes.

The contribution and depletion of solutes by atmos-
pheric means is discussed on pages C16-C17.

In about 1916 commercial salt recovery by solar evapo-
ration began after about 1,000 acres at the southeast end of
Summer Lake had been dyked off (Allison and Mason,
1947, p. 1). The short-lived operation made a small profit
but ceased when the salt-processing mill burned (Boyd
Claggett, Summer Lake State Game Management Area,
oral commun., 1966). According to R. S. Mason (Oregon
Department of Geology and Mineral Industries, written
commun., 1971), the total tonnage of salts removed was
small.

SUMMARY OF SOLUTE GAIN AND LOSS

The estimates of total solutes delivered to Abert and
Summer Lakes and their immediate peripheries by
streams, springs, and seeps during an average year are
summarized in table 6. These sources contribute about
13,000 tons to Lake Abert in an average year, but less than
half of that amount (about 6,000 tons) consists of constit-
uents that dominate in the lake (sodium plus equivalent
chloride and carbonate-bicarbonate). Most of the remain-
der includes such components as silica, calcium, and
magnesium that are permanently removed from the solute
cycle by organic processes and inorganic reactions.
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Solutes contributed to Summer Lake have averaged
about 25,000 tons per year, both before 1900 and since 1926.
Sodium plus equivalent chloride and carbonate-bicarbon-
ate total almost 60 percent of that quantity (about 15,000
tons). Thus, the annual contribution of these constituents
to Summer Lake is about 2% times the contribution to Lake
Abert. The overall chloride:sodium ratio for inflow to
both lakes has been about 0.2.

In addition to surface- and ground-water increments,
salts also are contributed to the lakes and their peripheral
playas as components of precipitation and windblown
dust. However, the tonnages added in this manner are
small compared with those delivered by surface and
ground water, and most of the contribution probably
represents recycled salts.

The only effective means of solute removal from the
lakes and their peripheries is wind transport of powdery
alkali dust from the dry playa surfaces. The quantity of
salt removed by this means is unknown, but it presumably
exceeds the amount brought in as a component of precipi-
tation and dust.

Ground water in some parts of the Abert and Summer
Lake basins may be subject to interbasin movement
similar to that suggested for certain topographically
enclosed basins in Nevada (for example, Eakin, 1966; Van
Denburgh and Glancy, 1970, p. 13). In fact, most of the dis-
charge of Ana Springs may originate in adjacent areas to
the north, rather than in areas topographically tributary to
Summer Lake. However, no salts are thought to be
removed from the lakes by such mechanisms, because of
the presence of peripheral springs at Abert and Summer
Lakes and because of the low altitude of the two basin
floors (they are the lowest within at least 50 miles).

STORED SOLUTES

Most of the annual increment of mobile solutes brought
to each lake and its periphery by streams and ground water
remains and accumulates within the lake and its imme-
diate surroundings. The incoming solutes are stored in
three environments—as dissolved constituents of the lake
water itself, as interstitial components of the peripheral
and lake-bottom sediments, and, part of the time, as thin
salt deposits atop the peripheral playas. The first environ-
ment is easy to evaluate both quantitatively and qualita-
tively because the shallow lakes remain almost homoge-
neous except during periods of abundant inflow. In
contrast, the peripheral and lake-bottom salts are not
homogeneous, either areally or vertically, and an accu-
rate evaluation of them is much more difficult.

SOLUTES DISSOLVED IN THE LAKES
Although both lakes are chemically similar, Lake Abert
has by far the largest tonnage of dissolved solids. As of 1969
the lake contained almost 15 million tons of solutes, con-
sisting mostly of sodium, carbonate, bicarbonate, and
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chloride. In fact, those four constituents account for more
than 96 percent of the total tonnage (table 4, analysis 1).
Potassium and sulfate are of secondary importance; they
make up an additional 8 percent of the salts. Several minor
constituents, including silica, bromide, orthophosphate,
and boron, are present in appreciable parts-per-million
amounts, though together they make up less than 1 per-
cent of the total tonnage (Phillips and Van Denburgh,
1971, p. B17). The most noticeable chemical characteristic
of Abert and Summer Lakes is the near absence of calcium
and magnesium. The two alkaline-earth ions are among
the major constituents of most inflow, yet their combined
concentrations in the lakes are less than 10 ppm. The
dearth is ascribed to mineral reactions—most of the cal-
cium apparently is tied up organically and inorganically
as CaCQOs, whereas magnesium is largely incorporated
within the silicate fraction of lake-bottom sediments
(Jones and Van Denburgh, 1966, p. 446).

The relative percentages of major constituents in the
lake have not exhibited an appreciable net change since
1912 (fig. 10), on the basis of a comparison of recent
analyses with one reported by Van Winkle (1914, p. 119).

The measured dissolved-solids content of Lake Abert
has ranged from 18,700 to 95,000 ppm. Concentrations
were much greater at near-dryness, but the low value
probably represents almost the minimum overall concen-
tration attained within the last century, and it occurred at
the time of maximum observed lake extent, in mid-1958
(fig. 4). The broad shallow lake remains nearly homo-
genous throughout, except during periods of appreciable
inflow, because of continual mixing by the wind.

The solute tonnage in Lake Abert has varied consider-
ably during the 20th century, as indicated by the few reli-
able concurrent measurements or close estimates of dis-

SUMMER LAKE

Feb. Apr.
1912 1961

LAKE ABERT

Feb.
1912

Apr.
1961

Carbonate
and
bicarbonate

Sulfate

Chloride

Ficure 10.—Relative abundance of major anions in Abert and
Summer Lakes in 1912 and 1961, on the basis of equivalents per
million (each bar represents 100 percent of the major anions).
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solved-solids content and lake level listed in table 7. (The
tonnage for February 1912 is only approximate, because
the estimated lake level is based on a measurement on
October 4, 1915; the altitude for 1915 has been extrapo-
lated to 1912 using estimated inflow and net evaporation
during the intervening 3.6-year period. Furthermore, the
1912 sample was collected near the south end of the lake
and may not have represented a lakewide average because
of dilution by stream or seep inflow; this would make the
14-million-ton value too low.)

TABLE 7.—Dissolved-solids concentrations and tonnages in Lake Abert
at various times since 1911

Dissolved solids
Lake-surface

altitude (ft -

Date above 4,200 ft) Paf[s per Millions

million! of tons?
1912, Feb:? ouusossvonsensas 56.5 29,600 14+
1939, July 21 48.2 95,000 8.2
1952, Aug. ....... e B2.7 35,000 9.7
1955, Aug. 12, 52.8 40,400 11.5
1958, July 9.ccvisimmmmmssnmssssesins 60.5 18,700 12.8
1959, May 20....cusimmessussscasison 58.9 21,700 13.0
1961 Sept. 7T :coisirsommsanenes 52.04 55,400 13.8
1962, Sept. 17 cciuvismmsssnussvasesoss 50.70 71,000 13.5
1963, AUg. 7 .oooieiiiiieciiceccces 5445 37,500 13.6
1964, July 23 ... w5394 40,000 13.7
1966, Aug. 4 ... g DO 31,400 14.4
1969; JUni€ Y7 messmmnsmmampmass 55.46 35,400 14.8

Includes bicarbonate multiplied by 0.492. (See text footnote, p. C12.) i o

rTonnage = parts per million X density X volume, in acre-ft X 0.001360. Densities, in
grams per millilitre at 20°C, are 1.025; 1.077; 1.027; 1.032; 1.014; 1.014: 1.044; 1.058;
1.026; 1.035; 1.026; and 1.029.

sLake level is estimated and may be inaccurate by 1 foot or more; thus, the tonnage

may also be inaccurate, by 2 million tons or more.

The chemical character of Summer Lake is similar in
general to that of Lake Abert (table 4). However, chloride
is considerably less abundant relative to carbonate-bicar-
bonate and sulfate in Summer Lake (fig. 10).

The distribution of major negative ions in Summer
Lake underwent a significant net change between 1912
and the 1960’s—the amounts of chloride and sulfate
increased relative to carbonate-bicarbonate, as shown in
figure 10.

The dissolved-solids content of Summer Lake, in tons
and in parts per million, varies even more than that of
Lake Abert on a seasonal and long-term basis. Measured
dissolved-solids contents have ranged from 1,800 to 81,800
ppm. Tonnage estimates for Summer Lake are based on
relations similar to those for Lake Abert but are less accu-
rate because of a less certain area-volume relation and a
greater tendency for uneven distribution of solutes within
the lake during some of each year. The most reliable ap-
proximate tonnages are listed in table 8.

Langbein (1961, p. 9-10) described the general pattern of
variations in the dissolved-solute content of closed lakes.
The amount of salts in solution at any particular moment
depends on the lake-level history prior to that time and on

CLOSED-BASIN INVESTIGATIONS

TaBLE 8.—Dissolved-solids concentrations, tonnages, 'and chloride:
sodium ratios in Summer Lake at various times since 1911

Lake-surface Dissolved solids! Chloride-

Date altitude (ft Parts per Millions sodium
above 4,100 ft) million? of tons? ratio*
1912, Feb.5 .oomssnsvinna 51.5 16,800 b 0.29
1944, Sept. 1... 46.2 27,000 1.0 32
1952, Aug. ...... 46.8 8,400 5
1959, Jan. 30... 48.2 8,400 1.0 -3¢
1961, June 21...ocvonse 45.86 15,000 43 37
1962; June 12........mimmes 46.43 6,270 .30 .36
1963, Aug. 20.. 47.23 6,300 49 .36
1964, July 21 .. 47.15 9,200 .69 35
1965, Sept. 9...covvvvennnene 48.5 7,200 .96 .35
1966, Aug. 6.................... 47.42 12,500 1.08 .34
1967, Sept. 12 ;uccisismsnss 46.92 18,600 1.24 .35
1968, July 27 .. 459 45,400 1.4 83
1969, Sept. 6....cccveenvenneee 45.26 51,500 .63 .33

'Samples collected during the period October-April maf' indicate tonnages lower than
the lakewide average because of nonuniform dilution by inflow.

2Includes bicarbonate mulli?lied by 0.492. (See text footnote, p. C12.) .

3Tonnage = parts per million X density X volume, in acre-ft X 0.001360. Densities,
in grams per millilitre at 20°C, are 1912 sample, 1.015; 1944, 1.020; 1952, 1.005; 1959,
1.005; 1961, 1.011; 1964, 1.009; 1966, 1.010; 1967, 1.014; 1968, 1.042; and 1969, 1.049.

‘Based on equivalents per million. Trend of net decreasing chloride:sodium  ratio
during 1959-69 is apparent rather than real, as indicated by additional data not listed
in this table.

5Lake level is estimated on the basis of a measurement made Nov. 10, 1912 (4,151.3
ft) and, therefore, could be inaccurate by as much as 1 foot. Tonnage could likewise
be inaccurate.

the level at that moment compared with the levels at dry-
ness and at an unusually high stage. In this regard, a close
relation exists between solutes in the lake and those
stranded on flat peripheral playas, where such playas
exist. At an unusually high lake level, most of the adja-
cent mudflats are inundated, and almost all of available
salts are in solution. Hence, the dissolved-solids concen-
tration within the lake may be relatively small, but the ton-
nage is large. In contrast, at near-dryness, the tonnage is
small, but the concentration is large; at such a time most of
the solutes are stored within the peripheral and lake-bot-
tom sediments or are precipitated on the lake bottom.

Several of the general trends in solute content discussed
by Langbein (1961) can be evaluated using observations at
Abert and Summer Lakes. For example, Langbein (1961,
p- 9) postulated a net loss of salts from solution through-
out a period of generally receding lake stage (segment A-B
of Langbein’s schematic fig. 8, which is shown in fig. 14 of
the present report). Data for Lake Abert during 1958-62
suggest that such a trend may exist but not at high to
medium lake levels. In June 1958 the lake reached the
highest stage of modern times (16% ft maximum depth).
During the 4 subsequent dry years ending in September
1962, the level receded almost 10 feet, and the volume de-
creased from about 500,000 to about 120,000 acre-feet (fig.
11). Although solute concentrations during the 51-month
interval increased from 18,000 to almost 80,000 ppm, the
changes in tonnage were slight (table 7). In fact, the ton-
nage apparently increased from 12.8 million to 13.8 mil-
lion between 1958 and 1961, even though the lake level
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declined 8% feet. Only during the final year of recession, in
1962, did a net depletion apparently occur, and even that
loss was a mere 2 percent of the total tonnage (which may
well be within the limits of error of the computations
themselves). At Summer Lake, the period 1965-68 was one
of generally receding lake level, yet the solute tonnage
increased, rather than decreased, each year (fig. 12, table 8).
The diminished tonnage in 1969 indicates that depletion
occurs only at near-dryness (below about 4,146 ft).

On the basis of observations at Abert and Summer
Lakes, a major loss of dissolved solids during the reduc-
tion in volume of a broad, shallow closed lake occurs for
two reasons only—precipitation of evaporite salts and
isolation of brine from the main body. In closed lakes, re-
gardless of their chemical composition, no major loss of
salts through mineral precipitation can occur in the dis-
solved-solids range from less than 10,000 ppm to about
100,000 ppm. When the increasing solute content reaches
10,000 ppm, virtually all the calcium carbonate or cal-
cium sulfate or both have already been depleted, and no
additional solubility limits are exceeded below about
100,000 ppm. Actually, depending on chemical character,
the range can be even greater. At Lake Abert, for example,
the “no precipitation” range may be from about 1,000
ppm toabout200,000 ppm or more, because of the low sul-
fate and high carbonate concentrations. Under present
conditions (1970) precipitation of sodium carbonate and
bicarbonate minerals, followed by sodium chloride,
would not begin at Lake Abert until the volume had
decreased to 35,000 acre-feet or less, which is equivalent to
a lake stage about 3 feet lower than that attained in Sep-
tember 1962. In summary, mineral precipitation as a
mechanism of dissolved-solids depletion is applicable
only under certain well-defined hydrochemical condi-
tions.

Langbein (1961, p. 9) suggested that during a period of
low lake level, the dissolved-solute tonnage may undergo a
significant net increase, as shown by segment B-C of his
schematic figure 8. However, such a net increase would
not be expected in broad, shallow water bodies that dry

every few years, because of solute depletion during the
periods of low level. Under these conditions, some aspects
of the solute cycle resemble those of an intermittent playa
lake (Langbein, 1961, figs. 9B, C). At Summer Lake, for
example, the solute tonnage was about 400,000 in June
1961, after a short period of dryness or near-dryness during
the previous fall. The following summer, after a second
brief dryness or near-dryness, the lake contained an even
smaller load, about 300,000 tons, despite a seasonal lake-
level maximum almost 1 foot higher than that of the
previous year (fig. 12). Not until the lake had attained an
even higher level following a third desiccation in Septem-
ber 1962 did the solute tonnage finally exceed that of 1961.

Wind can play an important role in the depletion of
dissolved salts. When a broad shallow lake covers only part
of its flat playa, wind can blow the residual water body out
over peripheral mudflats. This mechanism, which has
beent observed at Summer Lake, isolates some of the brine
as much as several feet above the lake level under calm con-
ditions. Such action increases the amount of evaporation
by increasing the temperature and surface area of lake
water exposed to the atmosphere, and it also leaves the re-
sidual lake body depleted in solutes.

During a protracted period of desiccation and near-
desiccation, wind also can cause a permanent removal of
solutes from the basin floor (p. C16). Such a mechanism
may have been an important factor in the major depletion
that occurred at Goose Lake, 30 miles south of Lake Abert,
in the drought-stricken 1930’s (Phillips and Van
Denburgh, 1971, p. B34). Similarly, Summer Lake
contained b million or more tons of solutes in 1912, before
man'’s activities began diminishing the quantity of inflow,
yet the dissolved load is not known to have exceeded about
2 million tons since the onset of frequent desiccation
following 1926. Even if the lake were to rise again to, and
remain at, the high pre-1926 levels, the amount of salt
regained from the lake-bottom sediments alone probably
would fall short of the 5 million tons estimated for 1912
because of net depletion during the years since 1926. The
effect of the salt-recovery operations between 1915 and
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1920 (p. C18) on the total quantity of solutes dissolved in
the lake is considered to be negligible because the tonnage
removed apparently was small.

Langbein (1961, p. 9) suggested that during the third
part of his long-term cycle, the dissolved-solute load
should increase as the lake stage rises from a low toa high
level over a period of years (limb C-D in his fig. 8). This
phenomenon is illustrated clearly at Lake Abert (fig. 11).
The figure shows that the lake rose about 12 feet and accu-
mulated about 5 million tons of dissolved solids between
July 1939 and July 1958. Only about 125,000 tons of lake
constituents were contributed by inflow during that
period. Thus, much of the salt increment was derived from
the newly reinundated mudflats and doubtless repre-
sented solutes isolated from the lake during the 15-year
period of desiccation or near-desiccation prior to 1938 (fig.
4). The principal mechanism of reaccumulation may be
upward diffusion of solutes from the interstitial brines of

lake-bottom sediment, as described by Lerman and Jones
(1971).

Records at Summer Lake also show effective solute
recovery during a rising stage (fig. 13). In the 6-year inter-
val following desiccation or near-desiccation in the fall of
1962, the lake gained more than 1 million tons of solutes,
of which less than 10 percent was contributed by Ana River
and peripheral streams to the west and south. The greatest
gains were in 1963 and 1965, the 2 years of net lake-level
rise. However, the extraction of lake-bed salts continued at
a relatively constant annual rate, even during the years of
net falling level (fig. 13B).

The final stage in Langbein’s schematic salt cycle (1961,
p. 9), “a stable high-level phase of a lake during which
annual input of salts exceeds the losses * * *,”’ can only be
inferred at Abert and Summer Lakes, on the basis of a con-
tinual inflow of solutes, as well as the slow accrual of salts
from the lake bottom and immediate periphery. Even the
short period of generally moderate levels at Lake Abert
during 1964-69 produced a net solute enrichment (fig.
11B).

The sequence of changes in dissolved-solute tonnage at
shallow Abert and Summer Lakes that would accompany
the idealized long-term fluctuation of lake volume used by
Langbein (1961, fig. 8) can be compared with the saltcycle
he proposed. Given Langbein’s pattern of lake-volume
changes (top curve in fig. 14), the variations in dissolved-
solids load observed or postulated at Abert and Summer
Lakes are depicted in cycle 2 of figure 14. For comparison,
the hypothetical pattern of variations suggested by Lang-
bein (1961, p. 9) for closed lakes in general is shown as
cycle 1. The greatest contrasts between the two cycles occur
in segments A-B and B-C. Data in the presentreport indi-
cate that a major loss of solutes occurs in certain lakes
during only the final stages of a receding phase, and that
the losses can continue during the subsequent period of
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low level. Much of the loss is temporary, however, and
salts are recovered during a return to high lake level (seg-
ment C-D in cycles 1 and 2). Additional salts are gained
during any extended period of characteristically high
stage (segment D-A in cycles 1 and 2), and completion of
an ideal long-term cycle can even produce a net solute
increase, as shown by segment A-A’ in cycle 2.

The complete sequence depicted in cycle 2 (fig. 14)
applies only to shallow closed lakes that occupy expan-
sive flat playas, such as those on the floor of the Abert and
Summer Lake basins. Water bodies in deeper, more nearly
bowl shaped basins, such as Pyramid and Walker Lakes in
Nevada (Langbein, 1961, p. 18), would have a different,
more stable volume-tonnage cycle, given the same relative
magnitude of long-term volume fluctuation. Likewise, in
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Ficure 14.—Hypothetical long-term cycles of dissolved-solute tonnage
and lake volume for a closed lake, based on Langbein’s idealized

sequence ol lake-volume fluctuations (top graph; 1961, fig. 8). Cycle
1 in bottom graph is Langbein’s schematic pattern of solute fluctua-
tion; cycle 2 is the pattern observed or hypothesized for Abert and

Summer Lakes.

a basin where irregular lake-bottom features result in
depressions and embayments that become isolated from
the main water body at lower levels, the volume-tonnage
cycle would be different from those at smooth-sided Abert
and Summer Lakes.

Lake chemistry also influences the pattern of dissolved-
solute fluctuation. For example, if a slightly saline lake at
high level contains appreciable amounts of calcium and
sulfate relative to sodium and carbonate-bicarbonate, the
solute-tonnage variation during lake contraction will not
resemble the upper part of segment A-B in cycle 2 (fig. 14)
because of solute loss through precipitation of gypsum.

LAKE-BOTTOM AND PERIPHERAL SOLUTES

No sharp physical or chemical boundary exists between
peripheral and lake-bottom solutes at Abert and Summer
Lakes, because the areal extents of the two lakes are by no
means stable. The two environments—one exposed to the
atmosphere and the other covered by lake water—merge
and could perhaps be considered as a single unit. How-
ever, the modes of occurrence and chemical character of
the solutes, as well as the processes that affect them, are
different in each environment.

CLOSED-BASIN INVESTIGATIONS

LAKE ABERT
The lake and its broad northern playa are underlain by
fine-grained sedimentary deposits that store large solute
tonnages. Several short lake-bottom cores have been
analyzed in detail. Representative results for one of the
cores (table 9) indicate that the quantity of interstitial

TABLE 9.—Analytical data for sediment and interstitial brine at repre-
sentative lake-bottom and playa sampling sites shown on plate 1

[Based on information from B. F. Jones, U.S. Geological Survey, written
communs., 1966-71]

Dissolved-
Brine solids Dissolved-
Depth content content solids
interval (percent of brine Chloride : sodium content
(feet) of (thousands ratio! of mud
volume) of parts (tons per
per million) acre-foot)
Lake Abert, bottom sediments, site 17
0.0-0.85 87 62 0.55 80
0.85-1.7 83 94 .50 110
1.7-2.4 285 125 5l 160
Lake Abert, playa sediments, site 23
0.0-0.003 (crust) 0.50 2300
0.003-0.1 47 173 .65 140
0.6-1.2 44 149 .61 100
1.2-1.7 53 143 .62 110
1.7-2.2 37 131 .67 70
2.2-2.8 56 125 .70 110
2.8-3.3 56 115 .72 100
3.3-3.8 76 102 D 110
5.2-5.8 80 93 .76 110
5.8-6.3 80 95 77 110
6.3-6.9 78 92 .78 100
S Lake, b di site 5
0.5-1.0 73 43 0.34 46
1.0-1.5 69 37 .29 38
1.5-2.0 73 38 27 38
2.0-2.5 72 40 .26 46
2.5-3.0 75 35 .30 42
3.0-3.5 74 33 .26 36
3.5-4.0 78 32 .28 36
4.0-4.5 83 33 28 40
4.5-5.0 77 36 .28 42
5.0-5.5 78 39 29 42
5.5-6.0 77 34 .30 40
6.0-6.5 82 34 .30 40
6.5-7.5 82 30 .30 34
Summer Lake, playa sediments, site 3
0.0-0.1 0.26
0.1-0.45 A7 185 .47 140
0.45-0.8 51 163 .54 130
0.8-1.2 79 156 54 190
1.2-2.1 66 156 .56 160
2.1-3.1 61 139 b5 130
3.2-3.5 70 137 .56 140

'Based on equivalents per million.
2Estimated.
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brine is large (more than 80 percent of the sediment-brine
total, by volume), and that brine salinity increases with
depth. In fact, about 2 feet below lake bottom, the concen-
tration is more than twice the long-term average salinity of
the overlying lake. Other data (pl. 1) show similar charac-
teristics. (Information in table 9 and on pl. 1 is based on
analytical data provided by B. F. Jones (U.S. Geological
Survey, written communs., 1966~71); chemical analyses by
S. L. Rettig, U.S. Geological Survey. Shrock and Hun-
zicker (1935, p. 14-17), Allison and Mason (1947, p. 1-7),
and Stott (1952, p. 41-47) also have evaluated the chemical
and physical characteristics of lake-bottom and periph-
eral deposits at the two lakes, but their information un-
fortunately cannot be used in appraising the stored-solute
quantities because no data are available on the brine con-
tent of the sediments they sampled.)

Chemically, the brines resemble the overlying lake
water, except that they are somewhat enriched in carbon-
ate plus bicarbonate, relative to chloride (table 10). The
enrichment may be due at least in part to the production of
dissolved carbon species during anaerobic decay of
organic material within the lake-bottom sediments (Jones
and Van Denburgh, 1966, p. 444; Jones and others, 1969, p.
260).

On the playa north of Lake Abert, the environment and
distribution of solutes are considerably different. The fine-
grained sedimentary deposits there are generally exposed
to the atmosphere, rather than sealed off by overlying lake
water, and entirely different chemical and physical
processes operate. Immediately following inundation or
“washing”’ of the playa surface by windblown lake water
or rain, the remaining salts lie within the fine-grained
deposits. During subsequent evaporation, some of the
near-surface brine moves upward, producing an efflores-
cent salt accumulation on the playa surface that has both
powdery and crusty components. Chemically, the surface
salts are dominated by carbonate plus bicarbonate relative
to the other anions (fig. 9). (As in the lake water, sodium is

by far the most plentiful cation; it is accompanied by only
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a small amount of potassium, and negligible calcium or
magnesium.) The dominance of sodium carbonate and b-
carbonate may result from differing solubilities. Bradley
and Eugster (1969, p. 46-57) show that sodium carbonzte
and bicarbonate minerals precipitate much sooner than
sodium chloride during evaporative concentration of
brines such as the interstitial fluids at Lake Abert. Te
crustier components of the first-crystallized efflorescent
salts may subsequently shield the underlying chloride-en-
riched (carbonate-bicarbonate-depleted) residual brine
from appreciable evaporation. This situation is shown by
the chemical character of efflorescences and shallow in-
terstitial fluids at location 5, Summer Lake (p. C26).

In contrast to the paucity of chloride in efflorescent
deposits, brines at 3- to 5-foot depth beneath the playa at
Lake Abert are even richer in chloride than the lake itself
and far richer than the lake-bottom brines. Table 9, which
lists data for a representative site on the northern playa,
shows this contrast, on the basis of chloride-to-sodium
ratios. Plate 1 and table 10 also show the contrast. Thke
apparent chloride enrichment may be due in large part toa
net depletion of salts rich in sodium carbonate and bicar-
bonate, owing to wind transport of powdery playa-sur-
face efflorescences (p. C17). In fact, such a mechanism may
help explain why the relative amount of chloride is far
greater in, beneath, and adjacent to Lake Abert than in
most waters feeding the lake, even with allowance for
depletion of “immobile” solutes.

Brine salinity at 3- to 5-footdepth on the northern playa
is greater than that of the lake, but less than that of th<
lake-bottom interstitial fluids. Brine quantities are char-
acteristically less also.

Carbon-14 dates for sediment from the depth interval
4.0-5.0 feet at site 16 (pl. 1) suggest that the top 5 feet of
sediment there has been deposited during about the last
5,000 years but that the carbonate and bicarbonate com-
ponents of the interstitial brine are somewhat younger.
The average age of leached sediment from the interval is
4,5301250 years (U.S. Geological Survey Radiocarbon

TasLE 10.—Relative abundance of major ions in representative samples of lake water and interstitial
brine from lake-bottom and peripheral-playa sediments

Relative abundance, as a percentage of total cations
and anions, on basis of equivalents per million
Carbonate
S plus
ource Sodium Potassium bicarbonate Sulfate Chloride
(Na) (K) (C03+HC05) (SO, (Cl)
Lake ADBert.....cooiviiiiiniiiiiiiciieee, 98 2 42 2 56
Lake-bottom interstitial brine ... 97 3 52 3 45
Playa interstitial brine............c...ccocouvne.n. 97 3 20 4 76
Summer Lake............ PR ST 98 2 61 6 33
Lake-bottom interstitial brine 97 3 61 11 28
Playa interstitial brine.........c...c..oocooiiin. 98 2 37 8 55
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Laboratory No. W-2196), whereas that of the sediment
plus brine is 3,830+250 years (No. W-1594). These inter-
pretations require that old detrital carbonate minerals
constitute only a small percentage of the total carbonate,
which may be a reasonable assumption on the basis of
grain size and mineralogy (B. F. Jones, oral commun.,
1971).

Measured and estimated solute tonnages stored within
the top 5 feet of lake-bottom and peripheral sediments at
Lake Abert are shown on plate 1. Tonnages (as well as
characteristic brine salinities) are generally greatest within
the deposits underlying the deepest parts of the lake, pre-
sumably owing largely to entrapment of more concen-
trated residual fluids during periods of low lake level.
Beneath both the playa and lake, the greatest tonnages are
farthest away from areas of ground-water and surface-
water inflow. The average quantity in the top 5 feet of sedi-
ment is about 550 tons per acre. On the basis of data on
plate 1, the total quantity of solutes in the top 5 feet of sedi-
ment (total area, about 80 sq mi) is an estimated 25-35
million tons, of which about a third (8-12 million tons) is
chloride.

Sediments beneath the northeast playa of Lake Abert
have been sampled to depths of 15 and 30 feet near the west
and east margins, respectively. The data suggest that
solute content diminishes with depth:

Dry-weight
Approximate Depth percentage of
location (ft) water-soluble salts
33 22-9c! . Top crust........ccuen.. 39
0-3 6-8
3-19 2-5
21-30 1
33 21-1d#2...n. 0.0-0.5 14
1.2 9
1.9-9.5 3-5
12.5 3
14 5
15 2

'Data from R. S. Mason (Oregon Dept. of Geology and Mineral Industries, wrtten
commun., 1964). Brine encountered at 11 ft; water level rose to 0.5 ft.
?Data from Stott (1952, p. 15). Brine (about 28,000 ppm) encountered at 10 ft.

Unfortunately, both sites are near areas of emerging
ground water, and therefore may represent fresher than
average conditions. The solute situation at depths greater
than 5 feet in the central parts of the playa is unknown.

The total thickness of lacustrine deposits beneath and
adjacent to Lake Abert may be great in places; eastward
extrapolation of land-surface slopes west of the lake indi-
cates that the sediments may be more than 1,000 feet thick
near the east shore. The chemical character of the deep
interstitial fluids is not known.

SUMMER LAKE

Lacustrine deposits beneath and adjacent to Summer
Lake also harbor large solute tonnages. Two sites that
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normally are inundated by the lake were examined in Sep-
tember 1968, when the lake was almost dry. Results for one
of the locations, near the west shore (site 5, pl. 1), are listed
in table 9. The data show that brine content is similar to
that beneath Lake Abert (values range from 69 to 83 per-
cent, by volume), but the salinity at depth is considerably
less (30,000-40,000 ppm at 1-7% feet, versus 90,000-130,000
ppm at Lake Abert). Data from the other site (near the east
shore; site 8) indicate greater salinities at depth
(50,000-60,000 ppm at %-4 feet), but the values are still less
than those measured at Lake Abert. Beneath Summer
Lake, just as at Lake Abert, the brines contain propor-
tionally more carbonate plus bicarbonate, and less chlo-
ride, than the lake water itself (table 10).

On the broad playa east of Summer Lake, solute
characteristics and processes are analogous to thase north
of Lake Abert. Data for site 3 (pl. 1) are listed in tzble 9. The
effect of playa processes is best shown by the solute charac-
teristics at location 5 (pl. 1) in September 1968. The site,
normally covered by lake water, was sampled soon after
being exposed to the atmosphere (the shoreline was only
100-200 ft away), yet capillary forces had already affected
the uppermost sediments, producing a playalike solute re-
semblance. The thin top crust was rich in cartonate and
bicarbonate, whereas brines in the interval from 0.05 t0 0.3
feet were chloride rich, relative to the lake water and the
deeper interstitial fluids:

Ratio of carbonate plus
bicarbonate to chlonide
Interval (on basis of equivalents
(feet) per million)

0.00-0.01 ..ot 11
0.01-0.05..... 2
0.05-0.3 ..
0.5-1.0 ...
1.0-5.0
Lake (average during
previous several years).......o.cocooevieinneenn. 1.

The quick response of newly exposed lake-bottom sedi-
ments to physical and chemical processes chara<teristic of
a playa environment can be deduced on the basis of
chemical changes in Summer Lake during the later stages
of contraction (below about 4,146 ft). As the lake shrinks,
wind can temporarily blow the water body out over
recently exposed bottom sediments, dissolving the newly
formed carbonate-bicarbonate-rich efflorescences. The
result is enrichment of the residual lake water in carbon-
ate and bicarbonate relative to chloride. The enrichment
is only short-term, though, because when the lake begins
to fill again later in the year, winds apparently are able to
mix the lake water with the uppermost part of newly rein-
undated bottom sediments. The result is a blending of
carbonate-bicarbonate-enriched lake water and chloride-
enriched interstitial fluids, which produces a brine with
the chemical characteristics of a “normal” lake water.
This is shown by the following data for 1968-69:
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Ratio of carbonate
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northeast of the lake (Donath, 1962, p. 5) and the log of a

5 e F:Im *;it a b‘;m"‘ 0 water well to the southeast (location 33/17-14bb; Trauger,
ate I‘» v eve €. 1de h ) . - -
“ e ke (l:.. st 1950, p. 256) indicate that the thickness exceeds 1,000 feet.
of muifl ']dk'"ls per However, the solute content of these deposits is unknown.
million)
~1-22-(':18 Near seasonal maximum ...........c..ccooeeen. 1.9 Dry-weight
7—27—(}8 2.0 Approximate Depth percentage of
8—].3-(38 2.2 location (ft) water-soluble salts
9-11-68  Receding, nearly dry.......cocoeveiniinnennnnn. 2.3
9-30-68 Beginning to rise following near-dryness 20 32 16-13 or 241l TOP Crust.......coveeerceverennnee 67
6-21-69 Near seasonal maximum ...............occo..... 1.6 0-6 2-4
6-30% 1
32 17-34 or 35¢2........... 0-6 g—!
. 9-21 -6
Wind transport of powdery, efflorescent playa salts as an 94 3

effective mechanism of chloride enrichment is particularly
evident at Summer Lake. During at least the last few
centuries before impoundment and diversion of flow from
Ana Springs, the lake doubtless dried rarely, if ever, owing
to its relatively consistent and abundant inflow (p. C7).
Since 1926, however, the lake has dried or nearly dried fre-
quently, and the average lake area has been far smaller
(about 40 sq mi versus 55-65 sq mi previously). This, in
turn, has increased the effectiveness of wind in isolating
residual brine on the peripheral playa and removing
powdery salts from the playa surface. Because these salts
are enriched in carbonate and bicarbonate relative to chlo-
ride (fig. 9), the effect of frequent desiccation has been a net
depletion of carbon species and a resultant enrichment of
chloride in the lake (p. C20; fig. 10). At Lake Abert, the
periods of dryness or near-dryness during the 1920’s and
1930’s (fig. 4) apparently were too few in number and too
short in duration to permit similar net compositional
changes.

Solute tonnage measurements and estimates for the top
5 feet of sediments at five sites beneath and adjacent to
Summer Lake are shown on plate 1. Contrary to condi-
tions at Lake Abert, the greatest quantities apparently
underlie the eastern playa rather than the lake. This situa-
tion may reflect (1) the absence of large quantities of west-
ward-moving ground water that presumably would tend
to flush the sediments east of Summer Lake, and (2) the
characteristic diluteness of the lake water prior to im-
poundment and diversion of the prolific outflow of Ana
Springs.

Solute quantities beneath the lake and playa average
about 300 tons per acre in the top 5 feet of sediment,
compared with about 550 tons per acre at Lake Abert. The
total quantity for 95 square miles may be 15-20 million
tons, of which about 4 million tons (23 percent) is
chloride. At only two sites has the solute content of the
lacustrine sediments been evaluated to depths much
greater than 5 feet. The data indicate diminished quanti-
ties below 6 feet ata site west of the lake near the south end,
and variable quantities to a depth of 24 feet southeast of
the lake. (See table in right column.)

As at Lake Abert, the lacustrine sediments beneath
Summer Lake are thick. A seismic-refraction profile

Data from R. S. Mason (Oregon Dept. of Geology and Mineral Industries, written
commun., 1964). Considerable water encountered during augering.

*Data from Stott (1952, p. 41). Stott indicates that location is 32 17-32, but sections
34 or 35 scem much more likely than section 32 on basis of his verbal description:
“Samples taken from playa at south end of Summer Lake, northwest of old dyke.”
Some seepage into hole at about 9 feet.

SUMMARY OF STORED SOLUTES

Lake Abert contained about 15 million tons of solutes in
1969. The top 5 feet of lake-bottom and marginal sedi-
ments contain 25-35 million tons. Thus, the total solute
accumulation in the water and shallow sediment is 40-%0)
million tons. Chloride may make up about 30 percent
(12-15 million tons) of this total, whereas it makes up only
about 15 percent of the mobile solutes (that is, sodium plus
equivalent chloride and carbonate-bicarbonate) dissolved
in the inflow. The contrast reflects long-term enrichment
of chloride at the lake relative to carbonate and bicar-
bonate. This is probably due in large part to the playa-
surface processes described above.

The quantity of salts dissolved in Summer Lake is vari-
able but may average only about 1 million tons. Stored
solutes within the top 5 feet of lake-bottom and playa sed:-
ments amount to 15-20 million tons. Chloride contrib-
utes about 23 percent of the total (approximately 4
million tons), whereas it makes up only about 12 percent
of the incoming mobile-solute total. As at Lake Abert, the
difference points to chloride enrichment.

CONTRASTING SOLUTE BALANCES
AT THE TWO LAKES

The relation between estimated incoming and stored
solutes at the two lakes differs. The total quantity of so-
dium plus equivalent chloride and carbonate-bicarbon-
ate stored in Lake Abert and in the upper 5 feet of lake-
bottom and adjacent playa sediments is almost 8,000 times
the average annual increment of these constituents. In
contrast, the same mobile solutes in Summer Lake and the
top b feet of its sediments total only about 1,000 times tke
average annual increment.

Comparisons based in part on estimates of stored solutes
in the top 5 feet of lake-bottom and peripheral playa
deposits may be misleading, however, because sedimenta-
tion rates at the two lakes probably have been different.
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Direct age-dating evidence is not available, but the two
drainage basins contrast geologically. Area surrounding
Lake Abert is dominated by resistant volcanic flows,
whereas Summer Lake is bordered to the west and south by
far less resistant tuffaceous volcanic rocks (and the land-
slide debris therefrom) and to the east by a broad area of
unconsolidated sediments (Walker, 1963). Although flood
flows of the Chewaucan River would increasz sedimenta-
tion rates in Lake Abert, this source of sediment is
considered to be less important than the sediment in
runoff from heavy rains adjacent to the lakes. Thus, a com-
parison of interstitial solute quantities stored per ‘“‘time
unit” of accumulated sediment at the two lakes may give
more representative results than the comparison base on
“depth units” of sediment, despite the possible influences
of vertical diffusion (p. C23) or deflation (p. C28).

Nonetheless, the quantity of stored solutes at Summer
Lake prior to 1900 was inconsistent with rates of solute
accumulation. The anomaly is shown clearly by calculat-
ing the hypothetical lake salinity, using parameters listed
in table 3. Langbein (1961, p. 13-14) developed an equa-
tion to determine the theoretical salinity (C) of a closed
lake. More recently, he reevaluated the information
published in 1961, and formulated a more sophisticated
least-squares regression that gives a favorable correlation
coefficient of 0.92 for his data (written commun., 1964).
The regression is

E "QZI'_' 1o ]Qoo1sp

C = 45,000 .
1~ 0.05 .15
A4,D D74, "%

()

Terms are defined in table 3. Overbarred parameters are
long-term historical averages, whereas other parameters
apply to the shorter periods of specific concern.

For Lake Abert during the high-level period 1952-65,
equation 5 and data in table 3 give a hypothetical
dissolved-solids content of 34,000 ppm—encouragingly
close to the estimated actual average of 35,000 to 40,000
ppm, based on known lake levels and solute tonnages.
For 1916-65 the hypothetical salinity is 75,000 ppm, which
compares reasonably well with the actual time-weighted
mean concentration, an estimated 50,000 to 70,000 ppm.
Thus, the agreement between theoretical and actual con-
centrations of dissolved solutes in stream-fed Lake Abert is
reasonably close even when applied to two periods of con-
trasting climatic conditions.

At spring-fed Summer Lake for the high-level period
prior to 1900, calculations based on equation 5 indicate a
salinity of about 80,000 ppm. This is equivalent to a solute
load of about 21 million tons, more than 4 times the actual
amount thought to have been stored in the lake during
that period. Even with inclusion of the 520 square-mile
Silver Lake drainage (which is thought to feed Ana

CLOSED-BASIN INVESTIGATIONS

Springs), the calculated salinity and load are about 70,000
ppm and 19 million tons, again much greater than actual
quantities. This disparity contrasts sharply with the agree-
ment between theoretical and actual values for I.ake Abert.

Other lines of evidence, which assume long-term condi-
tions similar to those of about 1900, also suggest that
Summer Lake should have contained more dis-olved salts
than it actually did. Immediately following the final
shrinking of huge Lake Chewaucan at the close of Pleisto-
cene time (p. C2), the Summer Lake basin contained more
water and, therefore, a greater salt tonnage than the Lake
Abert basin. Assuming that the combined lake at its peak
level contained 100 ppm (10 million tons) of present-day
lake constituents and that it did not leak zppreciably
during subsequent recession, Summer Lake vrould have
received almost 7 million tons of the high-level load,
whereas Lake Abert would have received only about 3
million tons.

This paradox in the geohydrologic behavior of the two
basins is heightened by recorded differences in the uni-
formity of water supply to the two lakes. The year-to-year
pattern of surface-water flow into a lake is dependent on
short-term climatic fluctuations, which can b= extreme.
On the other hand, in basins where ground vrater is the
principal source of inflow, the effect of climatic variation
is subdued, and only long-term trends of wetness or dry-
ness have much influence on lake-level fluctuations. For
example, at Summer Lake, where more than 90 percent of
the inflow was provided by ground water, the ccefficient of
lake-area variation was a very stable 0.07 prior to 1900
(table 38). In contrast, at Lake Abert, where ground water
contributes less than 10 percent of the inflow, the
coefficient has been a far less stable 0.23. Thus, if a
comparable balance between ground water and surface
water had existed at the two lakes throughout the last
10,000 years, Summer Lake would have accumulated a
much greater solute tonnage than Lake Abert because at
Summer Lake the initial quantity would have been

_greater, the average annual increment of constituents that

dominate in the lakes would have been larger, and the
mechanisms of solute depletion (which are most effective
during periods of low lake level) would have been less
active.

Two factors—prehistoric dry periods and differences in
lake-bottom flatness—may help explain the apparent dis-
crepancy between solute balances at Abert and Summer
Lakes.

The ground-water reservoir feeding Summer Lake
probably has not provided a flow adequate to maintain a
large stable lake throughout the post-Pleistocene. In fact,
extensive sand dunes northeast of Summer Lake strongly
suggest that the lake was small enough at some time before
1900 to permit appreciable deflation of the playa sedi-
ments and their entrapped salts.
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The change in hydrologic regimen may have been trig-
gered by tectonic activity that produced or increased the
carrying capacity of fault-zone conduits which now allow
movement of ground water from the north toward
Summer Lake. Donath (1962, p. 8) indicated that although
major faulting in the Summer Lake area must have pre-
ceded the late Pliocene, faulting on a smaller scale
probably continued into the Holocene epoch (less than
10,000 years ago). Other evidence, however, discourages
the possibility of major Holocene faulting as an influ-
ence: The highest known Pleistocene shorelines in the
Summer Lake and Silver Lake basins are at about the same
altitude (4,520 ft; Phillips and Van Denburgh, 1971, p.
B12, B37), suggesting that an effective subsurface
hydraulic connection may have existed even prior to the
Holocene (the two lakes are not thought to have had a
surface connection).

Another factor that more certainly contributed to
quantitative changes in the ground-water system tribu-
tary to Summer Lake was the climatic fluctuation that
followed the extremely wet periods late in the Pleistocene.
The very dry conditions that Morrison and Frye (1965, fig.
2) inferred to have been characteristic of the Great Basin in
Nevada and Utah between about 7,000 and 4,000 years ago
doubtless would have extended into south-central Oregon.
If true, inflow to Summer Lake during this period prob-
ably was much less than it was immediately prior to 1900.
As a result, the lake may have dried even more frequently
than it does now. Thus, the annual solute income would
have been less, and solute depletion by wind would have
been greater. The same dry conditions would also have af-
fected Lake Abert, but the influence would not have been
as great as at Summer Lake because of differences in lake-
bottom flatness. The effectiveness of evaporation and
wind as a solute-depletion mechanism increases with in-
creasing basin flatness, and at shallow lake levels (less than
about 3 feet maximum depth) a given volume of water at
Summer Lake covers 125 percent to more than 175 percent
as much area as it would at Lake Abert.

In summary, then, prehistoric dry periods, aided by dif-
ferences in lake-bottom flatness, may have combined with
dissimilar rates of sediment income to cause the present-
day contrast in the relation between incoming and stored
solute quantities at Abert and Summer Lakes.
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