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s u m m a r y
Owens Lake, California, a saline terminal lake desiccated after diversion of its water source, was formerly
the single largest anthropogenic source of fugitive dust in North America. Over 100 billion m3 yr1 of
fresh water are projected to be used for mandated dust control in over 100 km2 of constructed basins
required to be wetted to curtail emissions. An extensive evaporite deposit is located at the lake’s topographic low and adjacent to the dust control basins. Because this deposit is non-dust-emissive, it was
investigated as a potential replacement for the fresh water used in dust control. The deposit consists
of precipitated layers of sodium carbonate and sulfate bathed by, and covered with brine dominated
by sodium chloride perennially covered with ﬂoating salt crust. Evaporation (E) rates through this crust
were measured using a static chamber during the period of highest evaporative demand, late June and
early July, 2009. Annualized total E from these measurements was signiﬁcantly below average annual
precipitation, thus ensuring that such salt deposits naturally remain wet throughout the year, despite
the arid climate. Because it remains wetted, the evaporite deposit may therefore have the potential to
replace fresh water to achieve dust control at near zero water use.
Ó 2010 Published by Elsevier B.V.

1. Introduction
Owens Lake in Eastern California was formerly identiﬁed as the
largest source of fugitive dust in North America caused by diversion of its water source to the City of Los Angeles (GBUAPCD, undated) (Fig. 1). During the past decade, a mammoth effort has
been made to control this dust with the construction of wetting basins, an effort projected to cover about 103 km2 and consume over
115 billion m3 of water annually due to evaporation (LADWP,
2009) (Fig. 2). Reduction of the evaporative losses, while still controlling fugitive dust, is crucial because the water diverted for this
usage, though important for dust control, further shorts other beneﬁcial water use within the perennially water-short state of California. Little contribution for wetting occurs from direct
precipitation since Owens Lake receives only about 85 mm yr1
in an average annual temperature of about 15.5 °C (7 year average,
north and south Owens Lake; CIMIS, undated).
Owens Lake is the terminus of the Owens River, and like other
such terminal lakes accumulated large quantities of salt (Gale,
1915). Interception of its source of water caused it to desiccate
by the late 1920s (Kahrl, 1982), stranding 70 million m3 of evaporite deposit at its lowest topographic level (Alderman, 1983).
⇑ Corresponding author. Tel.: +1 505 992 0234; fax: +1 505 992 0274.
E-mail address: David@HydroBioARS.com (D.P. Groeneveld).
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During intensive observations of the Owens’s Lake bed over the
past two decades, this evaporite deposit has not been observed
to be a source of fugitive dust. Because of resistance to wind erosion, the water balance and evaporation (E) from this deposit became a focus to determine its potential to replace the huge
volume of fresh water evaporated annually for dust control on
adjacent portions of the lake bed.
Saline playas such as the Owens have been well studied in the
literature often including quantiﬁcation of evaporation (E). Many
playas are subject to salt accumulation that reduces evaporation
to extremely low levels, especially through the formation of crusts
(Chen, 1992). For example Kampf et al. (2005) measured extremely
low E rates (0–1.1 mm d1) from playa salt ﬂats in Chile. Lee (1927)
performed an experiment comparing evaporation of distilled water
and Owens Lake brine of different densities, and found high sensitivity in the reduction of brine evaporation as the brine density increased. Tyler et al. (1997) calculated an average rate of
groundwater discharge for the saline lake bed of Owens Dry Lake
of about 100 mm yr1, approximately equal to precipitation. Similarly, Albertson et al. (1995) measured the energy balance over the
Owens Lake bed and concluded that virtually all of the available
net radiation was partitioned into sensible heat ﬂux, indicating extremely low E.
Following complementary theory (Bouchet, 1963; Morton,
1978) low E results in high evaporative driving forces, i.e. inﬂated
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Fig. 1. Owens Lake study location map.

air temperatures and vapor pressure deﬁcits. The estimated mean
annual open water E rate calculated as 1.05 of ET0 according to Allen et al. (1998) is about 1800 mm yr1 calculated using local
weather data (CIMIS, undated). ET0 is a standard reference for
the atmospheric potential for evaporation that was formulated
for a grass canopy of unlimited fetch and water supply (Allen
et al., 1998). Though classiﬁed as dry, the Owens Lake evaporite deposit is an area of about 50 km2 that is perennially covered with
aqueous brine, both exposed and beneath salt crusts. This deposit
occupies about one-ﬁfth of the bed of the former lake (Fig. 2).
Extremely low evaporation rates from brine with ﬂoating crusts
were ﬁrst identiﬁed by Tyler et al. (1997) using eddy correlation
equipment over the evaporite deposit at Owens Lake. They reported a dramatic reduction of evaporation when a thin (<2 mm)
ﬂoating crust was present. Our observation of the evaporite deposit
at Owens Lake is that it forms ﬂoating surface salt crusts on the order of millimeter thicknesses covering aqueous brine, that, in turn
overlies precipitated salts and saturated soils beneath. During
summer periods of high evaporative demand these crusts quickly
reform if broken or possibly dissolved by input of fresher water.
Seasonal inﬂow of water or direct precipitation has been observed
to reduce the salt concentrations to below saturation causing
crusts to dissolve and expose open areas of brine. Unless, such inﬂow has recently occurred, the Owens Lake brine remains covered
by salt crusts. Thicker crusts may occur, especially after prolonged
periods of hot and dry weather (e.g., the entire summer) without
precipitation or water inﬂow, eventually forming relatively hard,
stable surface deposits. Even so, these salt crusts overlie supernatant brine that, in turn, overlies strata of precipitated salts.
Many researchers have concluded that the formation of salt
crusts, decrease in saturation vapor pressure, and increased albedo
are primarily responsible for reduced E in playa environments
where shallow saline groundwater and brine are present (Harbeck,
1955; Kinsman, 1976; Allison and Barnes, 1985; Malek et al., 1990;
Wood and Sanford, 1990). In salt solutions, water molecules are

bound in hydration sheaths around ions, reducing chemical activity and saturation vapor pressure (Kinsman, 1976). The resultant
reduction in the vapor pressure gradient reduces the ﬂux between
the surface and the atmosphere. Vapor ﬂux is also limited by diffusive and thickness characteristics of the brine crust (Thorburn
et al., 1992). A basic understanding of these processes was judged
to be critical for estimating components of the water budget for the
Owens Lake evaporite deposit.
The objectives of this paper were to (1) evaluate the magnitude
and primary processes responsible for reducing E at Owens Lake
when salt crusts are present over brine, (2) develop hypotheses
to guide further testing, (3) apply the measurements to calculate
an approximate annual one-dimensional E from the evaporite deposit, and (4) compare this rate with the estimated E rate for fresh
water to determine how much of the 115 billion m3 yr1 could be
saved by substitution.
2. Study sites
Two study sites were chosen at a single location on the Owens
Lake bed where past mining removed subsurface layers of sodium
carbonate and left depressions that have ﬁlled with groundwater,
subsequently concentrated to saturation by evaporation. This location is adjacent to, but not connected with, the main brine pool
within the evaporite deposit and was chosen because it offered
vehicle accessibility (Figs. 1 and 2).
Two sites were chosen for measurement because they represented two relative ages of ﬂoating crust. Site B crusts were evidently younger than Site A and appeared to be newly formed.
Site B was located at the mouth of a ditch providing active inﬂow
of groundwater to an open pond. Site A was located about 70 m
from Site B and within the open brine pond that was continuously
crusted (Fig. 3). During the morning ﬁeld visit on July 1, 2009, leads
of open brine had formed within 10 m of Site B suggesting that the
crusts were dissolving, possibly due to groundwater inﬂow.
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Fig. 2. May 2, 2009 Landsat TM 5 view of Owens Lake. The dotted line indicates the approximate extent of the evaporite deposit with ‘‘a” indicating groundwater inﬂow and
‘‘b” showing a thin crust atop supernatant brine. The dark polygons are basins ﬂooded to control dust.

Fig. 3. Images from brine sampling at Site 2. Counter clockwise, starting from upper left is Site A with ﬁberglass ring emplaced into the ﬂoating brine crust that has healed
completely after one hour, the chamber is shown atop the ﬁberglass ring during a measurement of Site B, and a ﬁberglass ring is in situ in Site A on the edge of a large salt
encrusted pond.
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The Owens Lake evaporite deposit is dominated by Na with the
anions, listed in order of increasing concentration, Cl, SO4, and CO3.
The SO4 and CO3 are locked into precipitates that are bathed in, and
capped by brine dominated by Na (Alderman, 1983). Like the evaporite deposit, the deposits at the study location consisted of precipitated Na2CO3 and Na2SO4 species of variable thickness with a
supernatant layer of brine dominated by NaCl. It is atop this supernatant brine that thin salt crusts form that are the subject of this
paper.
3. Methods and materials
A portable chamber technique was chosen as the means to measure E. Such chambers were originally developed for agricultural
research (Musgrave and Moss, 1961; Reicosky and Peters, 1977;
Puckridge, 1978; Pickering et al., 1993). Static chambers, which
are closed to the atmosphere, allow a rate of surface ﬂux gas or vapour to be calculated by measuring the rate of change in humidity
over short time periods. The use of static chambers for measuring
evapotranspiration (ET) in arid shrublands has gained popularity
(Garcia et al., 2008; Stannard and Weltz, 2006; Arnone and Obrist,
2003; Obrist et al., 2003) due to relatively low cost and the ability
to measure discrete subject surfaces and plants. Additionally, static
chambers are especially advantageous where fetch requirements
needed for eddy correlation or Bowen ratio techniques are not
attainable. Potential alteration during measurements of temperature, vapor pressure, and wind speed inside the chamber was
pointed out by Wagner and Reicosky (1992). However, more recent
studies suggest these alterations have minor effect when measurements are taken over time intervals of a few minutes or less (Feeney Hall, 1996; Stannard and Weltz, 2006; Garcia et al., 2009).
Additionally, the static chamber seems well suited for estimating
E from non-vegetated surfaces because temperature and vapour
pressure effects on stomatal conductance can be ignored.
The static chamber used was a half-sphere made from 9.5 mm
thick Plexiglass similar to the chamber described by Stannard
(1988). Total height of the chamber was 0.44 m, with a volume
of 0.171 m3. Two small 12-volt computer processor fans were installed inside the chamber to provide well-mixed conditions for
representative measurement of relative humidity (RH) and air
temperature Ta. A Campbell Scientiﬁc CS215-L RH and temperature
sensor was ﬁtted inside the chamber at 0.32 m above ground surface. Fiberglass rings of the same inner diameter as the chamber
(86.4 cm) were constructed to embed within the delicate surface
crust to support the chamber (Fig. 3). A cross section of each ring
is the shape of an inverted ‘‘L” with the lip to the outside to support
the chamber during measurement. For each measurement, the vertical wall of the ring was pushed through the brine crust and
embedded in the precipitated salts below the 5–30 mm thick
supernatant brine.
Measurements of RH, Ta, and time in seconds were obtained
with a Campbell Scientiﬁc CR200 data logger over a two minute
period after placement of the chamber atop the ring. RH and Ta
measurements were used to calculate the vapor density (qa) that
was graphed against time. With the chamber in place over time
the vapor density inside the chamber increases as E occurs, the vapour pressure gradient is reduced and the resultant rate of E is reduced. To avoid this effect the E rate was calculated using the
maximum slope of the qa time series during the two minute measurement period following methods in Stannard (1988). This maximum slope uniformly occurred at the beginning of the
measurement period and was calculated by linear regression using
a minimum of 20 points. The rate of E was calculated by Eq. (1)
according to Stannard (1988).

E ¼ 3:6 MVC=A

ð1Þ

where E is evaporation rate (mm h1), 3.6 is a conversion factor to
yield mm h1, M is the maximum slope of the vapour density time
series, B is the volume of the chamber and ring above the brine
(0.192 m3), C is a unitless calibration factor for the chamber, and
A is the area covering the ground surface.
The calibration factor C is usually several percent greater than
unity and accounts for adsorption of water on the hydrophilic
Plexiglass™, response time of the chamber, sensor errors, incomplete mixing (Stannard, 1988), and also is likely a function of the
chamber dimension. C is calculated by comparing the calculated
evaporation rate to a known evaporation rate occurring inside
the chamber. Previous studies report C to range from 1.037 to
1.136 (Stannard and Weltz, 2006; Garcia et al., 2008). Garcia
et al., (2008) found C to equal 1.037 for a larger sized static chamber (0.5 m3) also made of Plexiglass™. Other researchers have disregarded calibration entirely when using larger chambers (1 m3)
made of Lexan™ (Prater et al., 2006) and signiﬁcantly larger chambers (16.4 m3) made of woven semi-transparent polyethylene (Arnone and Obrist, 2003; Obrist et al., 2003). We chose to use a C
value of unity because the several percent correction afforded by
this factor is negligible given the uncertainty in measurement
and calibration.
Measurements began by emplacing the ﬁberglass rings and
allowing the crusts to reseal prior to measurement. Though generally occurring within 15 min during midday, each ring was left in
place for at least one hour prior to measurement. Measurements
at each site were midday on June 18, 2009, midday and evening
on June 30, 2009, and at dawn on July 1, 2009. All measurements
with the chamber were conducted under clear skies.
A brine sample was obtained for analysis from Site A on June 18.
Sites A and B had crusts that were formed over supernatant
brine. The June 18 measurement was made at Site B over brine
with the crust physically removed.
Before emplacing the chamber, the surface temperature of the
crust or brine surface was obtained using a calibrated hand-held
infrared thermometer with the emissivity set to 0.95.
Reference evapotranspiration (ET0) was computed at each site
as a measure of the atmospheric demand for evaporation. The
ET0 was computed using the standardized Penman–Monteith
equation for a grass reference surface (Allen et al., 2005) chosen
to provide a common denominator for transfer of these results to
other sites that may have different site speciﬁc net radiation and
ground heat ﬂux and atmospheric demand. This concept of a common denominator is the basis for transferability of the ET0 fraction
(commonly referred to as a crop coefﬁcient) to estimate crop ET
across the globe (Allen et al., 1998). This ratio provides standardization, since the applying the fraction of ET0 elsewhere must use
the same equation that was used to develop the ET0 fraction.
Therefore, we chose the most commonly used standardized form
of the ET0 equation to compute the reference ET fraction.
Fractions of reference ET0 (ET0F) were expressed by dividing the
measured static chamber evaporation rate by the time-appropriate
hourly ET0 calculated from data obtained at a nearby total station
(CIMIS undated). ET0 provides a simple estimate for shallow open
water evaporation when multiplied by a factor of 1.05 (Allen
et al., 1998). Since the intent of this work is to compare measured
E through the ﬂoating salt crust to open water, the ET0F values calculated will be relative to 1.05 ET0. To distinguish this shallow
open water reference, these will be designated ET00 and ET00 F.
Only two sites were measured for this paper because of the extreme fragility of the sub-millimeter thin crust that prevented rapid measurement repetition for each site. Although multiple sites
would add statistical variability of crust conductance over space
the magnitude of the E measured was extremely small in relation
to the E of shallow open water (ET00 ) and multiple measurements
would not greatly improve the quality of the comparison for deter-
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mination of relative E in this dynamic brine/saltcrust system. Our
overall objective was simply to compare the calculated magnitude
of E for fresh water to the magnitude of the measured E through
the salt crusts, an objective that was answerable with only a few
carefully conducted measurements.
Repeated replacement of the dome to obtain additional measurements were observed to induce cracking around the edges of
the ﬁberglass ring and ﬂoating brine crust that compromised the
integrity of the measurements by boosting the apparent E obtained. While the high midday evaporative demand would have allowed resealing within about 15 min, broken crusts during
morning and evening measurements were not observed to reform
during the approximate 1.5-h period of the ﬁeld visits, likely due to
the low evaporative demand. This was observed and compared
during measurement visits when the crust was purposely broken
with only ﬁnger pressure.

4. Results and discussion
Table 1 reports laboratory analysis results (Rio Tinto, 2009). The
brine sampled at Site A was dominated by NaCl but contained components of Na2SO4 and Na2CO3 with a density of 1.272 g cm3.
Compared to the antecedent aqueous solution, the proportion of
NaCl in the ﬂoating brine crust was concentrated by a factor of over
three. The measured concentration of salt species approximates
that reported by Alderman (1983) for the average brine within
and atop the evaporite body. The brine in the study location can,
therefore, be regarded as representative of the larger evaporite
body. Brine densities may be variable depending upon temperature
controlled salt solubility (Fig. 4) that greatly affect NaSO4 and
NaCO3 but have little effect upon NaCl concentrations (IUPAC-NIST,
undated).
Table 2 reports E measurements and related parameters and
shows that E rates from crusted brine were extremely low, about
two orders of magnitude below the estimated ET00 representing
open water. E values represent the measurement obtained with
the chamber, while the ET00 represent average hourly values from
CIMIS (undated). Midday temperatures of the brine crust at Sites
A and B were very high (55.5 and 58.9 °C). Although these temperatures seem excessive they are much lower than the surface temperatures of Owens Lake brine reported by Saint-Amand et al.
(1987) to reach about 74 °C.
The midday sample with the crust removed showed a rate that
was 1.104 of the calculated ET00 , an extremely high rate due to
exposing the brine to atmospheric conditions by removing the
ﬂoating saltcrust. With the high temperature of the brine (54 °C),
a disequilibrium was created by removing the crust that had prevented atmospheric exchange of latent heat ﬂux that would otherwise cool the brine. The high temperature of the exposed brine
under this disequilibrium caused an increase in vapor pressure,
and hence E (Harbeck, 1955; Myers and Bonython, 1958; Kinsman,
1976). According to data presented in Oroud (1994), a salt solution
density of 1.27 g cm3 would yield an ET00 F rate approximately 53%
of fresh water. The high measured E rate of the exposed brine was
inﬂated 10% over ET00 due to non-equilibrium conditions and
advective effects from quickly exposing the heated brine to the
atmosphere.

Fig. 4. Temperature-dependent single-salt solubility for dominant salt species
found in Owens Lake brine.

Crust breakage can naturally occurs in high winds that may expose leads of open brine. This process has been noted to create
‘‘salt boats” that ﬂoat on the open brine and move about during
high winds (Lamos, 2009). Precipitated salt crystals tend to ﬂoat
in surface tension as was observed for ﬂoating crystal islands on
the order of centimeters across, that ﬁrst reformed before completely ﬁlling to form a continuous crust. These ﬂoating crystal islands were observed to dimple the brine surface, thus implicating
the role of surface tension. Small amounts of dissolved Na2SO4 and
Na2CO3 (Table 1) that are much heavier than NaCl ions may also
help to raise the density of the remaining brine to assist in ﬂoating
the thin salt crusts as water is removed by evaporation in the process of forming the ﬂoating crusts.
4.1. Diurnal Differences in E and ET00 F
Despite very low E, a marked diurnal E response is visible for
Sites A and B, generally following the ET00 demand (Fig. 5). This suggests that temporal variation in brine E is driven by the temporal
variation in atmospheric conditions, speciﬁcally in the vapour
pressure gradient. This is illustrated by inspecting variables in a
steady state solution of Fick’s law for vapour ﬂux (cm day1)
through porous media given by Gardner (1958). For an abrupt transition zone from liquid to vapor for a mulch that protects the surface, represented in this case by a salt crust:

E ¼ DV ðqs  qa Þ=Lqw

ð2Þ

where DV is the diffusion coefﬁcient for water vapor movement
(cm2 d1), qs is the saturation vapor density (g cm3) of the brine
ﬂuid, qa is actual vapour density (g cm3) at the upper surface of
the crust, L is the thickness of the crust (cm), and qw is the density
of water (g cm3).
By inspecting Eq. (2), it is evident that the E rate is inversely
proportional to the thickness of the crust. Site B had consistently
higher E rates than Site A, even though both sites were affected
by the same ET00 throughout the day (Fig. 5). Site B had a noticeably
thinner crust (0.5 mm) than site 2 (1.0 mm) and the thinner
crust at Site B is likely a primary cause for higher E when compared
to Site A. To a lesser extent, spatially discrete crust diffusion coefﬁcients may have induced saturation vapour pressure differences

Table 1
Analysis results in weight percent for brine and crust sampled at Site A.

Brine
Crust

Na2CO3

NaHCO3

NaCI

Na2SO4

Na2O

Insoluble

Total salts

Water

5.5
0.8

0.1
2.0

20.3
66.2

5.5
7.4

3.2
1.2

0.0
0.1

34.5
77.6

65.48
22.43
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Table 2
Evaporation, ET00 F and surface temperature of brine samples.
Site

Surface crust condition

Date 2009

Time (PST)

Slope of vapour q gm3 s1

E (mm h1)

ET00 (ET01.05) (mm h1)

ET00 F

Surface T °C

A
A
A
B
B
B
B

1 mm, translucent
1 mm, translucent
1 mm, translucent
0.5 mm, translucent
0.5 mm, translucent
0.5 mm, translucent
Artiﬁcially removed

30-June
30-June
1-July
30-June
30-June
1-July
18-June

13:35
17:55
5:40
14:11
18:05
5:49
13:13

0.0027
0.0010
0.0013
0.0167
0.0074
0.0097
0.7072

0.003
0.001
0.002
0.020
0.009
0.011
0.835

0.998
0.336
0.063
0.998
0.336
0.063
0.756

0.003
0.004
0.024
0.020
0.026
0.182
1.104

55.5
43.9
24.1
58.9
45.9
26.5
54.0

Fig. 5. Evaporation and ET00 estimates through a diurnal cycle.

sampling of brine chemistry and density paired with additional E
measurements.
During non-saturated atmospheric conditions salt crusts can
adsorb water vapour from the atmosphere into the crusts, and
depending on the topography, wetting by the condensed water
can occur even though the relative humidity of ambient air is not
unity (Kinsman, 1976; Thorburn et al., 1992). The decrease in saturation vapor pressure of a saline solution is proportional to its
activity, b, which is deﬁned as the ratio of the saturation vapour
pressure over a saline solution compared to that of freshwater exposed to the same temperature (Oroud, 1999). Asmar and Ergenzinger (1999) developed an empirical relationship between saline
water densities and activity coefﬁcients using data reported by Salhotra et al. (1985) and Oroud (1994), where the relationship is reported to be independent of the ionic composition and accounts for
negative temperature feedbacks and buoyancy effects. This relationship is

b ¼ 30:285 þ 77:650q  62:712q2 þ 16:300q3
to contribute to differences in E between the two sites. This is suggested by the approximate 2 difference in crust thickness, but
consistently >5 E rates at site Site B indicate that some factor
other than crystal thickness may have inﬂuenced the diffusion
coefﬁcients for the two crusts such as salt crystal packing. This is
a subject that should be explored with a data set designed specifically to answer these questions. Before approaching this problem
with additional ﬁeld study, though, a method to accurately quantify the thickness of the fragile ﬂoating crust is needed.
The diurnal differences in E and ET00 F suggest opportunities for
future study. An example is E that decreased signiﬁcantly during
the early morning, but not proportionately to ET00 , thus inducing
a striking increase in early morning ET00 F (Fig. 5). This may be
due to mechanisms that include: (1) thinning of the crust due to
lowering concentrations of salts due to groundwater inﬂow, (2)
changes in DV due to thinner ﬂoating crusts resulting from partial
dissolution induced by solubility-temperature relationships that
affect brine solution concentrations, or (3) condensation from the
atmosphere.
The mechanisms affecting ET00 F require considerable additional
work to derive which mechanism dominates under what conditions. Groundwater inﬂuences can be rejected as a controlling
inﬂuence in these diurnal comparisons, though, because the relative magnitude of changes in ET00 F from midday to early morning
were the same for both sites and Site A was clearly located away
from the direct inﬂuence of groundwater ﬂow.
Temperature-controlled dissolution of the ﬂoating NaCl crust
possibly affecting DV during the early morning measurements is
plausible given that the temperature of the brine was 24–26 C (Table 2), a temperature sufﬁcient to greatly reduce the solubility of
the NaSO4 and NaCO3 in the brine measured from samples collected during midday (Table 1 and Fig. 4). Small quantities of
Na2SO4 and Na2CO3 would precipitate from the brine, thus slightly
lowering solution saturation levels and inducing partial dissolution
of the ﬂoating crust. This aspect can be tested with time-series

ð3Þ

where q is the ﬂuid density (g cm3).
Researchers have suggested that the density of a saline solution
is far more signiﬁcant in determining the activity coefﬁcient than
the solution temperature or chemical composition (Turk, 1970;
Calder and Neal, 1984; Salhotra et al., 1985). Applying this relationship to the measured density at Site A of 1.27 g cm3 results
in an activity coefﬁcient of 0.57 (i.e. lowering the saturation vapour
pressure by 43%). The equilibrium water vapour pressure would
then be achieved at a relative humidity of 57% leading to condensation over the brine surface. Continuous measurement of RH during 6/30 and 7/1 was not performed at the study sites; however the
maximum relative humidity from CIMIS South Owens Lake Station
of 55% occurred between 200 and 400, approximately 2 h before
the morning measurements of E at sites 2 and 3. Calculation of
the activity of brine simply provides a benchmark that shows that
borderline conditions existed for condensation of atmospheric
water over brine. Because the measurements were obtained over
precipitated salts in a crust that contained over twice the amount
of salts as the brine (Table 1) the correspondingly lower activity of
the salt crust could have fostered condensation that would then be
available for evaporation given an increase in evaporative energy
with fan mixing during the measurements. This offers another
hypothesis for higher morning E than the evening measurements
at both sites in a mechanism to be the subject of future study.
4.2. Basal water use for brine replacement of fresh water for dust
control
The values of ET00 F obtained for Site A in Table 2 can be used to
estimate an approximate annual E for comparison to E of shallow
fresh water used for dust control, taken to be ET00 . Although E rates
through crusted brine were comparatively low for both sites, Site B
was judged to be transitional to the thicker more stable crust at
Site A, given that it was located within a zone inﬂuenced by
groundwater inﬂow and its crusts were much thinner. Thus, E rates
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for Site A are judged to be better representative of annual ﬂux rates
expected for salt deposits created to replace fresh water within the
wetting basins. Such sites would have the open exposed characteristics apparent for Site A as shown in Fig. 3.
Estimating annual E from a hypothetical evaporite deposit
established for dust control was intended for comparison to annual
precipitation to answer whether the deposit will remain saturated
only with precipitation inputs. Using the ET00 F values for Site A (Table 2), the ET00 F for afternoon and evening that averaged 0.0035 can
be taken to represent daylight hours, while the value for early
morning, not yet inﬂuenced by solar radiation or diurnal drop in
ET00 , was almost a magnitude higher, 0.024. Multiplying the average of the two, 0.014, chosen to represent a 24-h ET00 F, with the
approximate annual average ET00 of 1800 mm yr1 yields an estimate of 25 mm yr1. This total is less than one-third of the average
annual precipitation (CIMIS, undated).
From this simple annualization of E, it is apparent that were salt
from the existing Owens Lake deposit used to replace fresh water
for dust control, the resulting deposits would tend to remain saturated, perpetually wetted by water supplied from precipitation.
Temperature and precipitation inputs, however, make this a dynamic process with the crust going into and out of solution according to saturation conditions. A conceptual model is: (1) after
receiving sufﬁcient direct precipitation the brine would drop below saturation and ﬂoating saltcrusts would dissolve; (2) high
rates of E would then rapidly remove water; (3) the brine would
again become saturated inducing ﬂoating crusts to reform, and
(4) E would again drop to extremely low rates. Under either exposed or crusted brine the system would remain wetted, thus, preventing release of dust. Due to the high ET00 of the Owens Lake
climate, periods with exposed brine are expected to be relatively
short lived and associated only with direct precipitation or surface
water inﬂow and the expected surface condition is brine covered
with salt crust.
Maintaining the saturated state of the lake bed surface is a
requirement for the shallow ﬂooding dust control measure
(GBUAPCD, 2008). Given that the brine crusting retains the salt
deposits in a perpetually wet condition, once salt deposits are successfully established for dust control, they would not require further addition of water. Although a supply of fresh water would
be required to dissolve and transport the salts from the source deposit into the wetting basins, after this initial supply, complete
(100%) water conservation appears possible. Brine losses through
inﬁltration are expected to be negligible over much of the clayey
lake bed environment. However, were inﬁltration losses to occur
over time, a minor amount of brine could be added to recharge
the NaCl. Fortunately, the existing source deposit has been well
quantiﬁed and can serve as a model to guide establishment and
maintenance of salt deposits within the dust-control wetting
basins.

5. Conclusions
Floating salt crusts that cover NaCl-dominated brine are the expected surface condition for the natural evaporite deposit at
Owens Lake. These ﬂoating crusts reduce evaporation to levels less
than precipitation, thus ensuring that the evaporite body remains
wetted at all times. Moving salts from an existing evaporite deposit
to the dust control basins may, therefore, offer a viable replacement for the fresh water used for dust control on the dry lake
bed. Using the adjacent non-dust-emissive natural evaporite deposit as a model, salt deposits created in the dust control basins
could be engineered to contain equivalent layers: precipitated salts
of NaSO4 and NaCO3, below, capped by a layer of NaCl-dominated
brine. Salt crusts would form atop this supernatant brine layer to
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reduce annual E to less than annual precipitation, thus ensuring
that the engineered salt deposits would also remain wet and
non-emissive. Once established, the natural properties of salt
deposits modeled upon the natural deposit may enable complete
dust control with near zero additional fresh water.
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