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Abstract 

Playas (dry lakebeds), which are often used as stable surfaces for landing 
zones and ground maneuver, can also be prolific sources of dust. Accurate 
prediction of playa susceptibility to dust emission is essential for military 
operations in arid regions. The goal of this study was to determine if meth-
odologies originally developed for bench-scale laboratory analyses of surfi-
cial salt-crust features common to playas could also be used to create mac-
roscale samples for dust-related research applications in a large-scale in-
door testing facility.  

Playa salt crust conditions were simulated on six meter-scale plots (2 m × 
2 m) and one large-scale plot (7.3 m × 5.5 m) of compacted, well-mixed 
loamy soil by controlling climatic parameters, the water-delivery mecha-
nism, and surface-soil heating. The resulting simulated-playa surfaces 
were characterized for developed crust thickness, compressive and shear 
strength, chemical composition, and dust-emission potential. Resultant 
crust attributes varied; however, all methods tested developed simulated 
playas with physical conditions that were comparable to real-world ana-
logues. Although chemical composition was not evaluated in our real-
world comparison, we found that our water delivery method had a statisti-
cally significant effect on the chemical attributes of the simulated crusts.   

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

Playas are dry lakebeds, commonly found in arid regions, that can support 
military operations when used as ad hoc aircraft landing sites and in in-
gress and egress vehicular ground maneuvers. However, these geomorphic 
landscape features can also be prolific sources of soil dust (Prospero 2002; 
Reynolds et al. 2007; Bullard et al. 2016). The physical and chemical char-
acteristics of playa crusts play an integral role in how susceptible the sur-
face is to dust lofting. By understanding the underlying processes that lead 
to this susceptibility, we gain an operational advantage. Accurate predic-
tion of playa surface susceptibility to dust emission is essential for desert-
region mission planning and terrain intelligence applications.  

Although field research can greatly enhance our understanding of dust 
mobilization processes, it can also be time-consuming and costly. Develop-
ing a simulated playa surface in an indoor large-scale facility could consid-
erably expedite dust-related research and testing activities. Although exact 
replication of a playa system in the laboratory is likely unachievable, the 
ability to recreate key playa surface behaviors, like salt crusting, could be 
useful in developing dust-lofting forecast models and in developing and 
evaluating mitigation strategies.  

Evaporitic soluble salt-crust formation (i.e., crusts that form when dis-
solved salts or carbonates infiltrate the soil surface and recrystallize when 
moisture evaporates) can markedly decrease soil erosion potential (Lang-
ston and McKenna-Neuman 2005; Reynolds et al. 2007). Historically, 
bench-scale salt-crusted soil samples (i.e., samples prepared in petri 
dishes or shallow pans) have been used for wind-tunnel dust-emission 
studies (e.g., Langston and McKenna-Neuman 2005; Nield et al. 2016); 
however, we are unaware of any successful efforts to produce salt-crusted 
playa-like soil plots large enough for applications like vehicular dust-emis-
sion testing. 
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1.2 Objectives 

The goal of this study was to investigate if salt crusts could be formed on 
indoor, macroscale, playa-like soil plots by using climate control and two 
distinct saltwater-delivery mechanisms, above and below surface wetting. 

Specific research objectives were 

1. to assess the effect of two different saltwater-delivery methods on salt-
crust formation in a highly controlled environment, 

2. to investigate the sensitivity of crust formation to two different salinity 
concentrations, and 

3. to determine if salt-crust formation could be achieved in a similar time 
frame via either water-delivery method without the use of dehumidifica-
tion or ambient temperature control. 

1.3 Approach 

In this study, we used two different saltwater-delivery mechanisms to seed 
salt-crust formation on simulated playas and evaluated their effectiveness. 
These brackish water-supply methods included (1) drawing salt solution to 
the soil surface from an artificial groundwater source through the matric 
potential of the soil and (2) misting the soil surface with a salt solution (re-
ferred to henceforth as the groundwater and misting approaches, respec-
tively). Both methods are analogous to natural evaporative salt seeding 
processes commonly experienced by playas (e.g., Rosen 1994). 

The misting process represents salt seeding from overland flow or atmo-
spheric wet deposition, a process in which airborne particles accumulated 
in rain, snow, or fog return to the Earth’s surface through precipitation. 
Salt crystals or crusts form as brackish water sprayed on the soil surface 
evaporates. Similarly, dissolved salts in brackish water drawn to a soil 
surface from groundwater sources can recrystallize or form crusts as wa-
ter evaporates. 

The misting approach ensures direct application of salt to the soil surface; 
however, use of an artificial groundwater source to feed crust formation 
requires soil matric potential energy (or matric potential) to transfer water 
from the input source (groundwater) to the soil surface. Put simply, matric 
potential is the negative pressure potential (i.e., suction) in soil created by 
the affinity of water molecules to the soil matrix (Hillel 1982). When water 
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enters soil, adsorptive forces (i.e., hydrogen bonding of polar water mole-
cules to oxygen atoms on particle surfaces) attract water molecules to sol-
ids in the soil matrix. Soil water molecules are also subject to cohesive 
forces (i.e., the attraction of water to other water molecules), which are not 
as strong as the adsorptive forces. This preferential attraction to solid par-
ticles over other water molecules creates menisci in water near soil-parti-
cle contact points. Tension at the air-water interface induces pressure dif-
ferentials (i.e., suction) and enables water to move through pore space 
from zones of higher pressure to lower pressure. This process enables ver-
tical movement of moisture and dissolved salts from groundwater sources 
to unsaturated soil layers above. 

We also explored the sensitivity of crust formation to salinity concentra-
tion. Two different brackish water solutions were assessed, one with a con-
centration of 5000 ppm total dissolved solids (TDS) and one with 
10,000 ppm TDS. The TDS of natural playa systems vary and can be well 
below or in excess of 10,000 ppm (Reynolds et al. 2007). These particular 
salinity levels, however, were chosen because they represent relatively high 
and low concentrations found in natural playa systems that we could read-
ily create and maintain in our large-scale setup.  
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2 Methods 

2.1 Meter-scale test-plot design, configuration, and treatment 

Six 2 m × 2 m × 1.2 m test plots were constructed out of plywood, 2 in. × 
4 in. (5.1 cm × 10.2 cm) lumber, 1 in. (2.54 cm) pine boards, and 4 in. × 
4 in. (10.2 cm × 10.2 cm) pressure-treated lumber. Each container was 
outfitted with a 6 mm thick plastic liner, a drain installed in the corner, 
and ¾ in. (1.9 cm) PVC perforated pipe grating attached to a stand pipe 
for water delivery (e.g., Figure 1 and Figure 2). These bases were then cov-
ered with about 3 in. (7.6 cm) of pea gravel (approximately 0.4 cm diame-
ter stone) to create the porous substrate necessary for generating an artifi-
cial groundwater source. 

Each test plot was filled with a loam soil composed of 48% sand, 41% silt, 
and 11% clay as determined by the hydrometer method (ASTM D7928-17, 
ASTM International 2017). The organic matter in the soil was 1% as deter-
mined by triplicate loss on ignition analyses using a method from Dean 
(1974). This particular soil mixture is similar in texture to soil samples col-
lected from 38 different playas located throughout the southwestern 
United States (Natural Resources Conservation Service 2015; Sweeney et 
al. 2013). Appendix A provides the full dataset, and Table 1 provides addi-
tional composition attributes of the fill soil. 

Figure 1.  Artificial groundwater-delivery assembly in a partially 
constructed meter-scale test plot. 
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Figure 2.  Top-view of a meter-scale test plot with water filling 
system and stone installed. 

 

Table 1.  Summation of fill soil composition. 

Replicate P (ppm) K (ppm) Mg (ppm) Ca (ppm) %C 
pH 1:1 

soil:water 

Cation 
Exchange 
Capacity 

(cmolc/kg) 

1 3 40 116 2705 0.49 8.2 14.6 
2 3 39 115 2697 0.48 7.9 14.5 
3 2 38 77 2459 0.46 8.1 13 

Avg. ± SD 3 ± 0.6 39 ± 1 103 ± 22 2620 ± 140 0.5 ± 0.02 8 ± 0.2 14 ± 0.9 

 
Prior to packing the plots, the fill soil was spread out, extensively rototilled 
to break up large aggregates formed during storage, and mixed with water 
to achieve a 6% gravimetric moisture content. This moisture level was se-
lected to reach a 112 lb ft−3 (1794 kg m−3) soil density with the MIL-STD 
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621A CE-12 modified proctor compaction method (Department of Defense 
1964). During the installation process, we increased soil depth by 15 cm at 
a time (i.e., six vertical inches, known as “six-inch lifts”) and used a Trox-
ler soil density gauge to measure density in five locations after each lift to 
check for consistency. The center of each plot also contained a Campbell 
Scientific CS616 moisture probe at a 50 cm depth and two Omega Engi-
neering Inc. Type T (Copper/Constantan) thermocouples at 2 and 50 cm 
depths, respectively, which were placed in the plots as the boxes were be-
ing filled.  

The surfaces of the plots were heated with two rows of three 250 W heat 
lamps. The lamps were positioned 30.5 cm above the soil surface. Each 
row was 60 cm from either side and had a lamp every 50 cm for equal dis-
tribution along the axis of the row (Figure 3). 

Figure 3.  Top-view of the lighting layout over the meter-scale test plots (gray = box 
frame, white = soil, and HL = heat lamp [250 W]). 

 

Table 2 and Figure 4 summarize test-plot configurations. Three of the 
plots were salt seeded using the groundwater method, and the other three 
were salt seeded using the misting approach. Four of the six plots (two 
misted and two groundwater) were subject to highly controlled environ-
mental conditions and were covered with two 10 ft × 20 ft (3 m × 6.1 m) 
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ShelterLogic Greenhouses (referred to as Tent 1 and Tent 2 in Figure 4). 
Each tent included a 5600 W electric space heater (TPI Corp. model 
HF686TC) and a DriEaz LGR 2800i dehumidifier set to maintain ambient 
air temperatures between 95°F to 110°F (35°C and 43°C), surface-soil tem-
peratures near 115°F (46°C), and approximately 15% relative humidity. 
The remaining two plots (one misted and one groundwater) were left open 
to the ambient temperature and humidity conditions of the indoor testing 
facility. Temperature and relative humidity probes were mounted to the 
side of meter-scale plots 1, 3, and 5 (MS-1, MS-3, and MS-5) at a height of 
200 cm above the floor to monitor environmental conditions in Tents 1 
and 2 and the ambient conditions of the indoor facility.   

Table 2.  Experimental meter-scale test-plot configurations. 

Plot Climate 
Saltwater-Delivery 

Method 
Salinity TDS 

Concentration 

MS-1 Controlled Groundwater 5000 ppm 
MS-2 Controlled Misted 5000 ppm 
MS-3 Controlled Groundwater 10,000 ppm 
MS-4 Controlled Misted 10,000 ppm 
MS-5 Ambient Groundwater 10,000 ppm 
MS-6 Ambient Misted 10,000 ppm 

 

Figure 4.  Top-view of meter-scale test-plot tenting layout (SM = 
misted, and GW = groundwater). 

 

A brackish solution of water (henceforth referred to as saltwater), 5 g/L so-
dium chloride (NaCl), 2 g/L calcium chloride (CaCl2), 2 g/L magnesium 
sulfate (MgSO4), and 1 g/L sodium bicarbonate (NaHCO3) was mixed us-
ing a mortar mixing drill attachment and added to the plots through grav-
ity feed and misting on a daily basis, Monday through Friday, over the 
course of 8 weeks. This particular salt mixture was chosen to maximize the 
likelihood of recrystallization through evaporation and was based on playa 
surface-soil compositions reported in published literature (e.g., Rosen 
1994; Reynolds et al. 2007; Goldstein et al. 2011, 2017). The mixing ratios 
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described above are for dehydrated versions of CaCl2 and MgSO4. These 
ratios were adjusted to 2.3 g/L and 4.1 g/L for the commercially available 
hydrated versions, CaCl2⋅H2O and MgSO4⋅7H2O, respectively. 

Four of the six plots (including the two non-climate-controlled plots, one 
climate-controlled groundwater plot, and one climate-controlled misted 
plot) were seeded using a 10,000 ppm saltwater solution, and the other 
two plots (one climate-controlled groundwater plot and one climate-con-
trolled misted plot) were seeded using a 5000 ppm saltwater solution to 
investigate the sensitivity of each seeding method to salinity concentra-
tion. The TDS levels of each saltwater solution were analyzed prior to ap-
plication in or on the plots to ensure that salinity concentrations remained 
relatively consistent throughout the experiment. 

After 8 weeks of saltwater treatment, all plots were left undisturbed for a 
week to allow additional drying. Heat lamps, tents, and climate-control 
features were then removed so analysts could conduct a series of tests to 
assess the physical and chemical traits of the plot surfaces.   

2.2 Large-scale test-plot design and treatment 

We assumed that the misting approach could be used for salt-crust for-
mation on any scale if the technique successfully generated salt crusts on 
the meter-scale test plots described in section 2.1. However, additional 
testing was needed to determine the effectiveness of the groundwater-de-
livery mechanism on surfaces large enough to maneuver vehicles over. 

An 18 ft × 24 ft × 3.8 ft (5.5 m × 7.3 m × 1.15 m) test cell was constructed 
in the Cold Regions Research and Engineering Facility’s (CRREL) Frost 
Effects Research Facility (FERF) (CRREL 2018), outfitted with an artificial 
groundwater source, and filled with soil. The large-scale test-plot stratigra-
phy consisted of an XR-5 liner at the base; 15 cm of 1.5 in. (3.8 cm) clean, 
rounded roofing stone serving as the groundwater source; a layer of 
nonwoven geotextile; and 1 m of soil installed using the six-inch lift pro-
cess described in section 2.1.   

Two stacks of Campbell Scientific CS616 time-domain-reflectometry soil-
moisture probes and collocated Omega Engineering Inc. Type T (Cop-
per/Constantan) thermocouples were installed 100, 75, 50, and 25 cm be-
low the soil surface during plot filling (Figure 5). An additional Type T 
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thermocouple was placed at a 2 cm depth to monitor soil surface tempera-
ture over time. These two instrument stacks were located along the center 
of the long axis at 3.5 m and 7 m from the edge of the plot.  

Figure 5.  Side view of large-scale test-plot construction and sensor placement (Tr = 
thermostat, TR = temperature/relative humidity probe, GW = groundwater, T = temperature, 

MP = moisture probe, and Peak = 3.4 m from the soil surface). 

 

A polycarbonate greenhouse (Figure 6) was assembled and carefully 
placed on top of the soil surface to allow for temperature and humidity 
control, and a walkway was constructed through the middle of the green-
house to allow researchers to access the soil plot and monitor crust for-
mation without affecting the plot surface on either side. Two custom-built 
parallel lighting tracks were added to the ceiling of the greenhouse to sus-
pend twelve 400 W high-pressure sodium (HPS) lamps 0.75 m above the 
soil surface (Figure 7). Two additional thermocouples were installed di-
rectly under the lighting tracks at a soil depth of 2 cm to monitor soil sur-
face temperatures. Each thermocouple was 1.8 m from either end of the 
greenhouse and 1.2 m from the greenhouse wall.  
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Careful measures ensured climate control over the large-scale test plot. 
Ambient temperature and relative humidity within the greenhouse were 
monitored via two thermostats suspended 2.3 m above the plot surface, 
and a thermocouple string was hung from the peak in the center of the 
greenhouse to monitor air temperatures at various heights (10 cm, 1 m, 
2 m, 3 m, and 3.4 m [peak]) above the soil surface (Figure 5 and Figure 
7). A ducting system was added to stream heat from an external 
15,000 W electric space heater (Fostoria model FES-1524-3E). This 
heater was connected to the thermocouple 10 cm above the center of the 
plot surface, which triggered the heater on and off at 43.1°C and 43.3°C, 
respectively. A DriEaz LGR 2800i dehumidifier was also placed on a 
platform within the greenhouse to decrease humidity and enhance evap-
oration from the soil surface.   

As with the meter-scale tests, a 5000 ppm TDS saltwater solution (compo-
nents discussed in section 2.1) was fed to the surface through the ground-
water-delivery mechanism for 8 weeks. The large-scale test plot was then 
allowed to dry for a week, and measurements were taken to assess the 
physical and chemical traits of the plot surface. 

Figure 6.  The complete large-scale test plot within CRREL’s Frost Effects Research Facility. 
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Figure 7.  Top view of large-scale test-plot greenhouse lighting orientation (T = 
temperature [vertical thermocouple string], Tr = thermostat, and TR = 

temperature/relative humidity probe). Circles are locations of 400 W HPS lamps, 
and the gray shaded region is the walkway separating the east and west plots. 

2.3 Crust sampling and analysis 

Immediately after heat lamps and environmental controls were removed, 
analysts collected samples and conducted crust assessment tests on the 
plots to 

1. assess the effectiveness of each technique at forming salt crusts by measur-
ing thickness, shear and compressive strength, and dust-emission potential;

2. quantify crust attribute variability among the various plot configura-
tions; and

3. assess the representativeness of the simulated playa surfaces against pub-
lished in situ measurements collected from salt-crusted playas in the
southwest United States (e.g., King et al. 2011; Reynolds et al. 2007; Gold-
stein et al. 2011).

For ease of discussion, we refer to the east and west portions of the large-
scale test plot (i.e., either side of the walkway, LS-East and LS-West; Fig-
ure 7) as two separate “plots” for this crust sampling methodology over-
view. The two large-scale test-plot portions were each subject to the same 
sampling and tests conducted on each meter-scale test plot.   
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Table 3 summarizes our in-plot measurements and their corresponding 
number of replicates per plot. Analysts collected as many measurement 
replicates as possible given the complexities of maneuvering equipment 
without disturbing the crust surface. Sampling locations were selected to 
maximize surficial coverage and to avoid the outer 15 cm edges of the plot 
surface, minimizing the sampling crust material influenced by edge effects 
of the box.    

Table 3.  In-plot measurements collected for crust assessment. 

Attribute Tested Instrument Required 
Number of 
Replicates 

Compressive strength AMS-59035 pocket penetrometer 7 
Shear strength Humboldt H-4212MH Torvane  7 
Dust-emission potential  Portable In-Situ Wind Erosion Lab 

(PI-SWERL) 
3 

Crust thickness Vernier caliper 10 

 
We examined the surface dust-emission potential using a Portable In Situ 
Wind Erosion Laboratory (PI-SWERL; sampling method and instrument 
described by Etyemezian et al. 2007). Dust-emission flux measurements 
for particulate matter of size 10 μm or less (i.e., PM10) were collected on 
each plot using a peak fan blade rotation of 6000 cycles per minute. Mea-
surements of compressive strength, shear strength, and crust thickness 
were then collected on the remaining undisturbed portions of the soil sur-
face. Soil crust hardness to the point of rupture was assessed using a 
pocket geotester or pocket penetrometer with a flat 10 mm diameter foot 
(AMS #59035, see AMS 2018), crust thickness was measured using Ver-
nier calipers, and shear strength was assessed using a pocket shear vane or 
torvane (Humboldt H-4212MH). 

For further lab-based chemical assessment, three 10 cm × 10 cm (~50 g) 
crust samples were collected from the remaining intact portions of each 
plot surface upon completion of the in-plot measurements. Recovered 
crust samples were dried at 105°C overnight, and percent moisture was 
calculated by mass loss from drying. Conductivity and pH were measured 
on 1:5 crust to deionized water slurries and classified as nonsaline, very 
slightly saline, slightly saline, moderately saline, or strongly saline (e.g., 
King et al. 2011; Soil Science Division Staff 2017). Aliquots of these slurries 
were filtered through 0.45 µm filters (Millex IC) and diluted 1000 to 
10,000 fold for analysis of soluble ions (Na+, K+, Ca2+, Mg2+, Cl−, NO3− , 
SO42−, and PO43−) by ion chromatography (Thermo Integrion). We also 
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scraped the surface of crust samples onto adhesive carbon stubs for analy-
sis by scanning electron microscope (SEM) with energy dispersive x-ray 
spectroscopy (EDS) (Phenom Pro-x) to assess surface bonding and domi-
nant salt crystal shape. The brackish feed water, sampled after each new 
mix, was measured for anions, cations, and alkalinity (Appendix A). Alka-
linity was measured on select water samples by Gran titration using 
0.009187 N hydrochloric acid. 

During the crust evolution process, we noticed visual differences between 
plot surfaces that were directly under heat lamps and surfaces outside the 
immediate heat-lamp exposure (e.g., Figure 8). Samples collected from 
soils directly under a heat lamp were identified as having a “direct light” 
treatment and were designated by the label “D” while samples collected 
outside of the immediate light beam were identified as “indirect light” 
treatments and were designated by the label “I.”  

Figure 8.  Surficial heterogeneity corresponding to lamp location on meter-scale plots. 
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3 Results and Discussion 

3.1 Meter-scale test plot—climate control and soil moisture 

Table 4 summarizes the average climate conditions for the six meter-scale 
test plots for the entire testing period. As described in section 2.1, four of 
the six plots were tented and fed hot air using forced air heaters. These 
tenting conditions were able to sustain air temperatures of 42.5°C and 
40.3°C and relative humidity of 23.0% and 22.1% in Tents 1 and 2, re-
spectively. The ambient climate conditions monitored at MS-5 and MS-6 
had average temperature and relative humidity values of 25.7°C and 
49.0%, respectively.  

Table 4.  Average climate conditions for meter-scale test plots. 

Enclosure Plot 

Soil 
Temperature at 
50 cm Depth 

(°C) 

Soil 
Temperature at 

2 cm Depth 
(°C) 

Air Temperature 
(°C) 

Relative 
Humidity 

(%) 

Tent #1 MS-1 37.8 ± 3.2 45.6 ± 2.3a 42.5 ± 1.7 23.0 ± 5.2 
MS-2 41.7 ± 4.2 51.6 ± 5.1 

Tent #2 MS-3 39.7 ± 3.6 47.6 ± 3.8 40.3 ± 1.6 22.1 ± 4.5 
MS-4 40.8 ± 4.1 48.3 ± 4.8 

Ambient MS-5 33.5 ± 2.4 46.0 ± 2.8 25.7 ± 2.7 49.0 ± 7.1 
MS-6 33.7 ± 2.9 41.9 ± 4.2 

a MS-1 surface-soil temperature probe became uncovered on 9/7/2017 (day 4) of testing due to surface cracking of soil 
package. 

 

Surface cracking caused the near-surface thermocouple in MS-1 to shift 
its position from horizontal placement 2 cm below the soil surface to an 
upward facing angle about 2 cm above the soil surface (supported by the 
wire connecting the device to the data logger) on day 4. Thus, the re-
ported 2 cm soil temperatures for MS-1 are erroneous and better reflect 
near-surface air temperatures from 7 September 2017 through the re-
mainder of the experiment.  

Soil moisture was measured in the meter-scale test plots at a depth of 
50 cm for the duration of the experiment. Table 5 summarizes the average 
soil moistures for these plots. The groundwater-fed boxes reached their 
average soil-moisture values within the first week of the experiment and 
reached the maximum value within the first 4 weeks (Figure 9). 
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Table 5.  Average soil moisture in meter-scale 
test plots at a 50 cm depth. 

Enclosure Plot 

Soil Moisture at 
50 cm Depth 

(m3/m3) 

Tent #1 MS-1 0.265 ± 4.8 
MS-2 0.049 ± 4.8 

Tent #2 MS-3 0.261 ± 4.8 
MS-4 0.044 ± 4.8 

Ambient MS-5 0.259 ± 4.8 
MS-6 0.055 ± 4.8 

 
Figure 9.  Soil moisture through time at a 50 cm depth in the groundwater-fed meter-scale 

test plots. The break in values is a result of a data-logger error. 

 

All meter-scale test plots were able to sustain average air and soil tempera-
tures that met or exceeded our target temperature thresholds (Table 4). 
Even though MS-5 and MS-6 were exposed to ambient temperature fluctu-
ations within the testing space over the 9-week experiment, the surface-
soil temperatures were able to maintain an average of 46°C in MS-5 and 
41.9°C in MS-6. We attribute this temperature difference to the saltwater-
delivery method of each plot. The daily addition of saltwater through mist-
ing on MS-6 suppressed the surface temperature. This is apparent when 
examining the 2 cm soil surface temperature data (Figure 10). When salt-
water was added each morning, the soil surface temperature showed a cor-
responding 10°C drop. This phenomenon was observed in each of the 
misted plots (MS-2, MS-4, and MS-6). Even though MS-6 did not sustain 
average temperatures within the desired range, it would rebound to near-
target temperatures each day prior to saltwater addition.  

Soil surface temperatures were highly sensitive to heat from the overhead 
lights. A pronounced drop in temperature was recorded in MS-6 on 22–23 
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September when the overhead lights for MS-6 had to be shut off for ap-
proximately 24 hours for building maintenance (Figure 10). It is clear from 
these data that addition of surface heat is important when attempting to 
maintain a high surface temperature while misting the plots. 

Figure 10.  Soil surface temperatures (2 cm) recorded in misted plots over the first 4 
weeks of experimentation.  

 

Although Tents 1 and 2 were able to maintain average air temperatures 
and surface-soil temperatures within our target range, the relative humid-
ity within these spaces (~22% ± 5) did not stay below our target threshold 
of 15%. We do, however, consider these climate conditions realistic given 
that relative humidity within southwest United State deserts like the Mo-
jave Desert vary widely and can fluctuate from 10% to 30% during the day 
to over 50% at night (Desert Studies Center 2015).  

Following the addition of saltwater to the meter-scale test plots, we ob-
served several interesting phenomena. First, no matter the heating and de-
humidification scheme, the groundwater plots all wicked moisture to the 
surface over the same general period of time (Figure 11).  

The second phenomenon observed was that, after moisture began to reach 
the surface, soil surface temperatures began to drop and continued to stay 
in this secondary temperature regime for the remainder of the experiment 
(Figure 12). On 7 September 2017, the surface-soil temperature probe in 
MS-1 was uncovered as a result of surface cracking, and therefore the time 
series in Figure 12 is clipped at that date. 
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Figure 11.  Soil moisture recorded in groundwater plots over the first 3 
weeks of experimentation. 

 

Figure 12.  Soil moisture (e.g. “MS-1 - mois”) and surface-soil temperature (e.g. “MS-1 2 cm”) 
comparison. Note that, as soil moisture increases in the beginning of the experiment, the soil 

temperature shows a corresponding drop. 

 

3.2 Large-scale test plot—climate control and soil moisture 

Table 6 and Table 7 summarize the average climate conditions for the 
large-scale test plot during the entire testing period. As described in section 
2.2, two sets of temperature measurements were recorded in the large-scale 
test-plot greenhouse. The first, summarized in Table 6, was a centrally lo-
cated thermocouple string. The second, summarized in Table 7, was a pair 
of temperature and percent relative humidity probes mounted 230 cm 
above the soil surface in the north and south ends of the greenhouse.  

Soil temperatures in the large-scale test plot were measured by two stacks 
of buried thermocouples near the north and south ends of the soil package 
(Figure 5). Table 8 summarizes the average soil temperatures for these 
strings. Average soil temperatures decreased with depth in both locations 
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but remained relatively consistent (within 0.1°C) across each depth level 
(Table 8).  

Table 6.  Average air temperature values for the central 
large-scale test-plot thermocouple string. 

Height  
(cm) 

Air Temperature 
(°C) 

Standard Deviation 
(°C) 

10 41.3 2.0 
100 45.3 1.8 
200 46.3 1.8 
300 46.5 1.9 
340 (peak) 46.0 1.8 

 
Table 7.  Average air temperature and percent relative humidity 
values in the north and south ends of the large-scale test-plot 

greenhouse (exact locations shown in Figs. 5 and 7). 

Location 
Air Temperature  

(°C) 
Relative Humidity 

(%) 

North End 46.9 ± 1.8 9.7 ± 2.2 
South End 48.0 ± 1.7 15.4 ± 4.8 

 
Table 8.  Average soil temperature values in the north and south ends of the large-scale test-

plot soil package (exact locations in Figs. 5 and 7). 

Depth  
(cm) 

Soil  
Temperature South 

(°C) 

Standard 
Deviation South  

(°C) 

Soil  
Temperature North 

(°C) 

Standard  
Deviation North 

(°C) 
2 36.0 3.2 36.2 4.2 
25 32.4 1.7 32.3 1.9 
50 30.3 2.1 30.3 1.8 
75 28.4 2.4 28.4 1.9 
100 27.0 2.4 27.1 2.2 

 
Soil moisture was measured in the large-scale test plot at depths of 25, 50, 
75, and 100 cm in the north and south ends of the soil package (Figure 5). 
Table 9 summarizes the average soil moisture in these locations.  

The south end of the large-scale test plot reached near maximum soil-
moisture values measured within the first 3 weeks of testing (Figure 13). 
The north end of the large-scale test plot reached near maximum soil-
moisture values measured in just over 5 weeks of testing; however, the 
moisture content of the soil as recorded by the 25 cm probe was still in-
creasing on the final day of the study (Figure 14).  
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Table 9.  Average soil moisture in the large-
scale test plot at the north and south end of 

the soil package.  

Depth 
(cm) 

Soil Moisture 
South 

(m3/m3) 

Soil Moisture 
North 

(m3/m3) 

25 0.23 ± 0.06 0.130 ± 0.07 
50 0.27 ± 0.05 0.199 ± 0.1 
75 0.33 ± 0.04 0.233 ± 0.1 
100 0.34 ± 0.02 0.270 ± 0.08 

 
Figure 13.  Soil moisture through time in the south end of the large-scale test plot. 

 

Figure 14.  Soil moisture through time in the north end of the large-scale test plot. 

 

This pattern of moisture, first showing in the southeastern corner and 
spreading laterally until it reached the entire surface, was most likely due 
to our groundwater source design. Saltwater solution was fed in through 
the southeastern corner of the plot at the deepest part of the artificial 
groundwater source. This affected how the moisture was eventually deliv-
ered to the surface as shown in Figures 13 and 14.  

The large-scale test plot was able to maintain or exceed target values for 
air temperatures and relative humidity (Table 6 and Table 7). When exam-
ining the long-term trend of air temperature within the greenhouse, we 
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observed three distinct phases. Phase 1 was a relatively stable period from 
the start of the experiment to 11 September 2017 (day 8) when the lighting 
protocol was changed to daytime-only operation. When we were operating 
the heat lamps 24 hours/day, the internal components of the lights over-
heated and started to fail. After replacing three lights over the course of 
the first week, we changed our procedure from keeping the lights on all of 
the time to keeping the lights on only during work hours (0700–1530 ET, 
Monday–Friday). Following this experimental design change, a stronger 
diurnal temperature swing was observed in the data, which represents 
Phase 2 (Figure 15). Average temperatures remained relatively high 
(42.75°C ± 0.07) over Phase 2.  

Figure 15.  Air temperature of the large-scale test plot compared to ambient temperature 
within the FERF. Air temperatures are 11-point moving averages, and the ambient (tan) is a 

91-point moving average. Note the three separate temperature regimes shown by the yellow, 
green, and orange bars. 

 

A third temperature phase (Phase 3) with much more pronounced diurnal 
variation began around 27 September 2017 (day 24). Over the course of 
Phase 3, the overall average temperature dropped and became more vari-
able (41.00°C ± 1.86). As shown in Figure 15, these temperature patterns 
corresponded to a similar drop in ambient temperatures surrounding the 
test area. Even so, the average air temperature remained within our target 
range throughout the duration of the entire experiment despite the failure 
of our climate-control system to fully neutralize temperature fluctuations 
of the surrounding environment. Trends in the large-scale test-plot sur-
face-soil temperature reflected both the timing of saltwater delivery to the 
plot surface and the air temperature (Figure 16). This same phenomenon 
was also observed in the meter-scale boxes.   
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Figure 16.  Comparison graphs of soil temperature at 2 and 25 cm depths and soil moisture 
at a 25 cm depth. Data for the north is the top time series, and data for the south is the 

bottom time series.  

 

3.3 Large- and meter-scale test-plot chemistry 

Table 10 summarizes the average crust chemistry data for meter-scale 
plots 1–6; Appendix B presents the full dataset. The average pH of surface-
crust samples ranged from 7.8 to 9.7 with most classified as moderately al-
kaline to strongly alkaline and MS-6 being very strongly alkaline. The av-
erage electrical conductivity (EC1:5) of the surface-crust slurries varied 
from near 0 in MS-2 to 74.2 mS/cm in MS-5. The wide range of EC1:5 rela-
tive standard deviations (RSDs) shown in Table 10 indicate compositional 
heterogeneity within crusts at the 10 cm scale. The salinity class of these 
soils, as indicated by EC1:5, were mostly moderately or strongly saline; and 
these classifications were supported by total cation and anion concentra-
tions (e.g., King et al. 2011; Soil Science Division Staff 2017). 

Table 10 summarizes the average crust chemistry data for the east (LS-E) 
and west (LS-W) plots of the large-scale test plot (full dataset in Appendix 
B). The average pH of crust samples ranged from 8.2 to 8.3 with RSDs 
near 1%. All samples were classified as moderately alkaline and slightly to 
moderately saline based on EC1:5 measurements (King et al. 2011; Soil Sci-
ence Division Staff 2017). The average EC1:5 of the surface-crust slurries 
varied from 7.3 to 12.6 mS/cm. RSD values summarized in Table 10 
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ranged from 19% to 53%. It is important to note that the dissolved ions 
within the groundwater-fed crusts are roughly an order of magnitude 
higher than those measured in the misted crusts (discussed in detail at the 
end of this section).  

Table 10.  Summary of crust chemistry measurements for large- and meter-scale test plots. 
Data points are averages of triplicate crust samples. 

Sample ID 

1:5 Extraction Dissolved Ions from 1:5 Extraction (mg/kg) 

pH 
EC1:5 

(mS/cm) 
EC1:5 

(RSD %) Na+ K+ Mg2+ Ca2+ Cl- SO42− NO3− PO43− 

MS-1-I-Avg 7.9 40.7 14 2E+04 3E+01 1E+03 2E+04 7E+04 2E+04 2E+03 <600 

MS-1-D-Avg 7.8 47.5 5 2E+04 6E+01 1E+03 2E+04 8E+04 6E+03 4E+03 <600 

MS-2-I-Avg 8.7 1.1 24 4E+02 3E+00 4E+01 3E+02 7E+02 1E+03 <60 <60 

MS-2-D-Avg 8.9 0.8 31 3E+02 3E+00 4E+01 2E+02 7E+02 7E+02 <60 <60 

MS-3-I-Avg 8.0 64.7 16 5E+04 4E+01 1E+03 2E+04 1E+05 1E+04 2E+03 <600 

MS-3-D-Avg 8.0 72.2 10 5E+04 1E+02 2E+03 3E+04 1E+05 4E+03 1E+03 <600 

MS-4-I-Avg 8.8 5.9 22 3E+03 1E+01 3E+02 3E+03 6E+03 9E+03 <60 <60 

MS-4-D-Avg 9.6 8.7 39 6E+03 4E+01 5E+02 1E+03 1E+04 4E+03 <60 <60 

MS-5-I-Avg 8.1 38.9 77 2E+04 4E+01 1E+03 2E+04 7E+04 1E+04 2E+03 <600 

MS-5-D-Avg 7.9 74.2 19 5E+04 8E+01 3E+03 3E+04 1E+05 5E+03 2E+03 <600 

MS-6-I-Avg 9.0 10.3 8 6E+03 3E+01 7E+02 3E+03 1E+04 1E+04 <60 <60 

MS-6-D-Avg 9.7 23.2 14 2E+04 1E+02 1E+03 3E+03 4E+04 6E+03 <60 <60 

LS-E-I-Avg 8.2 8.2 35 8E+02 2E+01 4E+02 8E+03 8E+03 1E+04 1E+03 <60 

LS-E-D-Avg 8.2 12.6 53 2E+03 3E+01 8E+02 1E+04 2E+04 1E+04 2E+03 <60 

LS-W-I-Avg 8.3 7.3 21 8E+02 1E+01 3E+02 7E+03 7E+03 1E+04 2E+03 <60 

LS-W-D-Avg 8.2 11.4 19 1E+03 2E+01 7E+02 1E+04 1E+04 1E+04 2E+03 <60 

 
The crust chemistry data were further analyzed to assess correlations be-
tween the measured variables. A Box-Cox transformation was applied to 
the measured variables to more closely approximate normal distributions 
for downstream parametric statistical analyses (e.g., Box and Cox 1964) 
(Figure 17). 

The chemistry data were first analyzed using a hierarchical cluster analysis 
following Ward’s Method to assess relationships among the derived chem-
ical profiles (Ward 1963) (Figure 18). Results, depicted in a two-way den-
drogram (Figure 18), highlight a distinct difference between the water 
chemistry data obtained from plots that were misted and from plots that 
were fed by groundwater. Meter-scale test plots, misted versus groundwa-
ter fed, and large-scale test plots clustered separately. 
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Figure 17.  Results of Box-Cox transformation when applied to the K+ data. Originally 
distributed data is on the left, and transformed data is on the right.  

 

Figure 18.  Results of hierarchical cluster analysis of transformed chemistry data.  

 

A principal component analysis (PCA) was then performed to further ex-
plore which variables were most strongly associated with the observed dif-
ferences between the misted- and groundwater-fed crusts (Figure 19). 

Figure 19 depicts the results from the PCA. The two-dimensional plot illus-
trates the first two principal components with the scores (samples) indi-
cated by the symbols and the loadings (variables) indicated by the line vec-
tors. The misted- (green circles) and groundwater- (hollow red circles) fed 
crust samples clustered separately, which was in agreement with the hier-
archical cluster analysis. The large-scale test-plot samples (triangles) also 
associated in a separate cluster. Within the meter-scale-plot misted sam-
ple grouping (green oval), we observed a cluster of the crust samples that 
were treated with 5000 ppm TDS saltwater (black oval).  

Sample pH was the most heavily weighted variable in describing the me-
ter-scale-plot misted (green circle) samples. This result could be due to a 



ERDC/CRREL TR-19-16 24 

 

preferential concentration of carbonate on the surface of the misted plots 
(e.g., Table 10) due to the direct delivery of the saltwater mix. Carbonate 
within the groundwater-fed systems may have precipitated out prior to 
reaching the surface, which led to crust compositions that were less alka-
line than observed in the misted crusts. This phenomenon may also be re-
sponsible for the identification of greater ionic species concentration, and 
moisture, in the groundwater-fed meter-scale plots. 

Figure 19.  Results of the principal component analysis of crust 
chemistry data (MS = meter-scale, LS = large-scale, GW = 

groundwater, and SM = misted). 

 

Variable means were then compared via a one-way analysis of variance 
(ANOVA) using a post-hoc Tukey honest significant difference (HSD) 
measure (Tukey 1949). These analyses were performed to determine the 
statistical significance of the saltwater-delivery mechanism, the sampling 
location with respect to the heat lamps, and the level of climate control on 
crust chemistry. Figures 20–22 show the results for sample pH and EC1:5 
(all results in Appendix C). The points within these plots are individual 
sample values, the box plot itself shows a center line that represents the 
sample’s median value, and the ends of the box are the 75th and 25th 
quantiles. The large whiskers represent the 1st and 3rd quartile and the 
small whiskers the standard deviation about the mean. Significance was 
determined at an alpha level of 0.05. 
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Figure 20.  Results of the one-way ANOVA test of transformed pH and EC1:5 data 
based solely on saltwater-delivery method (GW = groundwater, and SM = misted).  

 

Figure 21.  Results of the one-way ANOVA test of transformed pH and EC1:5 data 
based on saltwater-delivery method, sampling location, and TDS of feed saltwater 

(GW = groundwater, and SM = misted). (Ambient boxes excluded.) 

 

Figure 22.  Results of the one-way ANOVA test of transformed pH and EC1:5 data based on 
the saltwater-delivery method, the sampling location, and heated tents versus ambient 

(GW = groundwater, SM = misted, D = direct lighting, and I = indirect lighting). 

 

Results identified a statistically significant difference between the two salt-
water-delivery methods on crust composition. This observation held true 
for all measured variables (see Appendix C). There was also a significant 
secondary effect from the lighting system that was most pronounced in 
pH, moisture content, SO42−, and Ca2+ ion presence (large-scale test-plot 
samples excluded). This was most likely due to increased heat exposure in 
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samples collected directly under the lights, leading to increased evapora-
tion. The TDS of the saltwater also resulted in a significant effect on crust 
composition in samples collected from the tented plots. The TDS influence 
was most pronounced in surface-crust ion levels and appeared to affect the 
misted plots more than those fed by groundwater. This result was some-
what intuitive since the direct application of saltwater in the misted ap-
proach would result in a greater relative change in crust chemistry compo-
sition when comparing the 5000 ppm and 10,000 ppm misted crusts. 
Groundwater-fed crusts form by evaporation of saltwater filtered by the 
soil matrix, which could have a buffering effect on the total evaporate (ion) 
content in the resulting crust, as described by the matric potential. In 
short, findings indicate that the saltwater-delivery method clearly affected 
the chemical composition of the resulting crusts. As mentioned previously, 
the groundwater-fed crusts, although less different than one another, have 
a much higher dissolved ion content than the misted crusts. We postulate 
that this is most likely due to the greater amount of saltwater added to 
keep the groundwater source full rather than an enhancement of evapora-
tive processes at the surface of the groundwater-fed plots.  

3.4 Large- and meter-scale test-plot physical crusting 

Table 11 summarizes the physical characteristics of the meter-scale test-plot 
crusts. Average crust thickness varied from 2.14 to 4.65 mm with RSDs from 
17% to 43%. Compressive strength measurements varied from a low of 0.04 
kg cm−2 to a high of 0.87 kg cm−2. Average shear strength values ranged from 
0.033 to 0.295 kg cm−2 with a wide range of RSDs from 16% to 76%.  

When analyzing crust samples for crystal shape and composition by SEM-
EDS, we observed a variety of crystal shapes and compositions (Figure 23). 
Columnar crystals of NaCl were present in both misted- and groundwater-
fed boxes. Many surfaces of grains in the misted boxes also had coatings 
composed of (1) Ca, O, and S and (2) Na, O, and Cl. We also observed dis-
continuous crystal growth in the misted plots, which resulted in crystal 
habits full of voids, giving them a “holey” or “Swiss cheese” appearance. 
Although not shown in Figure 23, platy crystal habits were also produced 
by both saltwater-delivery methods and were most commonly composed 
of either Ca, Si, and O or Ca, S, and O with some occurrences of Ca, O, Cl 
and Ca, O, Cl, and Mg (measured by EDS) (Appendix B). Determining the 
exact mineralogical makeup of these crystals was beyond the scope of this 
study; but we collected, homogenized, and archived three additional 10 cm 
× 10 cm (~50 g) crust samples from each plot should additional testing be 
warranted. By examining mineralogy, there is the potential to compare 
simulated crusts to individual real-world locations. 
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Table 11.  Summary of physical crust measurements from meter-scale test plots. Data points are averages 
of triplicate crust samples. Compressive and shear strengths were measured at least seven times, and 

crust thickness was measured ten times for each average shown below. 

Tenting Plot # Lighting Water Feed 
Thickness 

(mm) 

Thickness 
RSD  
(%) 

Compressive 
Strength 
(kg/cm2) 

Compressive 
Strength RSD 

(%) 

Shear 
Strength 
(kg/cm2) 

Shear 
Strength RSD 

(%) 

Tent #1 MS-1 Direct Groundwater 3.63 28 0.27 34 0.156 63 

MS-1 Indirect Groundwater 3.67 27 0.70 61 0.033 43 

MS-2 Direct Misted 2.87 34 0.75 22 0.133 50 

MS-2 Indirect Misted 3.15 33 0.70 61 0.028 28 

Tent #2 MS-3 Direct Groundwater 4.65 27 0.36 29 0.295 16 

MS-3 Indirect Groundwater 2.85 34 0.35 49 0.074 76 

MS-4 Direct Misted 2.14 26 0.04 30 0.067 60 

MS-4 Indirect Misted 2.70 22 0.37 40 0.041 24 

Ambient MS-5 Direct Groundwater 3.48 43 0.25 67 0.148 51 

MS-5 Indirect Groundwater 2.47 17 0.26 31 0.039 38 

MS-6 Direct Misted 3.94 20 0.87 20 0.064 53 

MS-6 Indirect Misted 2.60 25 0.21 94 0.033 63 

 
Figure 23.  Scanning electron microscope images of selected crystal 
shapes and crust bonding. Plot number are indicated in the upper 

left corners of the images. MS-1: columnar NaCl crystals; MS-3: Ca, 
Cl, O, C crystal with void structure; MS-6 (left): stacked columnar 

NaCl crystals; MS-6 (right): surface coating of large grains.  
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Figures 24 and 25 summarize dust-emission potential measurements for 
the meter-scale test plots. PI-SWERL ramp tests were used to establish av-
erage dust-emission fluxes using fan blade speeds of approximately 4000, 
5000, and 6000 revolutions per minute (rpm). These blade speeds 
roughly equate to 10 m wind speeds of 12.4, 15.2, and 18.1 m s−1 (approxi-
mately 28, 34, and 40 mph), respectively. Figure 24 shows that dust-emis-
sion fluxes were generally low (expected for crusted soils); and in most 
cases, the average flux for triplicate measurements increased with fan 
speed. Meter-scale plots MS-2 (direct lighting) and MS-4 (indirect light-
ing) were an exception. These plots experienced a decrease from 4000 to 
5000 rpm for their measurements. Furthermore, meter-scale plots MS-2, 
MS-4, and MS-6 produced dust-emission fluxes that were an order of 
magnitude larger than the rest of the plots at 6000 rpm, and in the case of 
MS-2, at 5000 rpm as well. These three plots were fed saltwater though 
misting but had different lighting and climate-control conditions.  

Table 12 summarizes physical crust characteristics exhibited by the large-
scale test plot. Average crust thickness varied from 2.8 to 4.18 mm with 
RSDs from 20% to 29%. Compressive strength measurements varied from a 
low of 0.18 kg cm−2 to a high of 0.24 kg cm−2. Average shear strength values 
ranged from 0.046 to 0.054 kg cm−2 with a range of RSDs from 11% to 16%. 
Most of these values are similar to those measured for the meter-scale plots 
fed by groundwater, except for shear strength, which tended to be lower.    

Figure 24.  Average dust-emission fluxes (mg m−2 s−1) for all meter-scale test plots 
measured by PI-SWERL.   
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Figure 25.  Average dust-emission fluxes <0.03 mg m−2 s−1 for meter-scale test plots 1–5 
(excluding MS-4-D).  

 

Table 12.  Summary of physical crust measurements from the large-scale greenhouse test 
plot. Data points are averages of triplicate crust samples, keeping with sampling described for 

the meter-scale test plots. (LS = large-scale).  

Plot Lighting Water Feed 
Thickness 

(mm) 

Thickness 
RSD  
(%) 

Compressiv
e Strength 
(kg/cm2) 

Compressive 
Strength RSD  

(%) 

Shear 
Strength 
(kg/cm2) 

Shear 
Strength 

RSD  
(%) 

LS-West Direct Groundwater 2.80 29 0.20 24 0.046 12 

LS-West Indirect Groundwater 3.96 20 0.18 17 0.054 11 

LS-East Direct Groundwater 4.18 21 0.24 25 0.054 16 

LS-East Indirect Groundwater 4.11 28 0.21 22 0.050 15 

 
When analyzing the large-scale test-plot crust samples for crystal shape via the 
SEM, the dominant crystal shapes we observed were platy (Figure 26). Upon 
further analysis of the east and west sections, we determined these platy crys-
tals were calcium sulfate (CaSO4) and that the crystals from the east side of the 
plot exhibited linear surface fractures. CaSO4 crystals also occurred in clusters 
of plates. These results are consistent with what we observed in the meter-
scale plots; platy clusters of this composition appeared in both cases.  

Figure 27 summarizes large-scale test-plot dust-emission-potential results. 
We used the same ramp test (4000, 5000, and 6000 rpm) on the east and 
west sections of the large-scale test plot that we used to assess the meter-
scale test plots. Figure 27 shows that, in all cases, the average flux for trip-
licate measurements increased with rpm. However, this pattern did not al-
ways hold true when results were separated by lighting position. The west 
plot produced slightly higher dust-emission fluxes than the east plot, 
though these values only differed by about 0.002 mg m−2 s−1. The dust-
emission flux measurements for the large-scale plot tended to be an order 
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of magnitude lower than measurements from the meter-scale plots mea-
sured at the same rpm. 

Figure 26.  SEM images of platy crystals sampled from the large-scale test plot. LS-E: platy 
CaSO4 crystals with linear fractures; LS-W: CaSO4 crystals in plates and platy clusters. 

 

Figure 27.  Average dust-emission fluxes (mg m−2 s−1) for all large-scale test plots measured 
by PI-SWERL.  

 

The most interesting result from our dust-emission potential assessment 
was that the highest PM10 fluxes were from MS-2, MS-4, and MS-6. All of 
these plots were misted plots, two were heated inside of a tent, and the 
other was exposed to the ambient conditions of the study environment. 
The dust fluxes from all three of these plots, though low, were an order of 
magnitude greater than the other groundwater-fed plots. Interestingly, the 
high fluxes in MS-2 and MS-6 were from an area of the plot with indirect 
lighting, whereas MS-4 was sampled from directly heated locations. It is 
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also important to note that MS-6 produced higher dust-emission fluxes re-
gardless of the heat-lamp proximity. 

There is a possibility that dust created by other activities in the facility may 
have deposited on the surface of MS-6, leading to higher dust-emission po-
tential. However, if this were the case, we would expect higher emissions 
from MS-5 (the other nonenclosed plot) as well, which did not occur. Some 
salt evaporites developed on all of the plot surfaces (as evidenced by the 
SEM analysis and daily photos taken to document crust formation). These 
evaporites may have contributed to the overall PM10 concentrations mea-
sured by the PI-SWERL, but there were no physical markers in the imagery 
that would suggest that salt evaporites were the sole cause of these emission 
disparities. These higher fluxes could also be a result of abrasion caused by 
detached crust edge pieces during testing. We believe this was the driving 
mechanism for our highest measured dust-emission flux average, which oc-
curred in MS-4. A centimeter-scale section of crust appeared to have broken 
free during a PI-SWERL test and produced so much dust that it surpassed 
the monitoring capability of the PI-SWERL instrument at 5800 rpm. 

We believe that differences in surface-crust moisture content explain the 
variability observed in our dust-emission flux measurements. Soil water 
suction forces, matric potential, can markedly reduce dust-emission onset 
and magnitude (McKenna-Neuman and Nickling 1989; Fécan et al. 1999). 
According to Fécan et al. (1999), the effects of suction on the amount of 
shear stress needed to mobilize a soil particle can be quantified via 

𝑓𝑓(𝑤𝑤) = ��1 + 𝐴𝐴(𝑤𝑤 − 𝑤𝑤′)𝑏𝑏′  , 𝑤𝑤 > 𝑤𝑤′

1, 𝑤𝑤 ≤ 𝑤𝑤′
 

𝑤𝑤′ = 0.0014𝑐𝑐2 + 0.17𝑐𝑐, 

where  

 A = 1.21,  
 b′ = 0.68,  
 w = the gravimetric soil-moisture content, and  
 c = the soil clay composition percentage.  

Following this approach, suction forces were likely suppressing dust emis-
sion in plots with crust moisture contents exceeding 2%.   
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Table 13 provides the average measured gravimetric soil-moisture contents 
for plot crusts and their corresponding f(w) estimates. Meter-scale plots 
MS-2, MS-4, and MS-6 all had crust gravimetric moisture content averages 
near or less than 1%. MS-6 had moisture content averages of 1.0% and 2.6% 
for direct and indirect lighting, respectively. We would have expected these 
values to be higher than MS-2 and MS-4 given that this plot did not have 
ambient heat control. The groundwater-fed meter-scale plots had much 
higher gravimetric moisture content averages ranging from 7.9% to 12.1%, 
with most values under 10%. The large-scale plot had the wettest surface 
crust at 12.6% to 13.9% moisture content and also exhibited the lowest 
dust-emission flux. These data suggest that, although we allowed a week for 
drying, the groundwater-fed soil packages were still wicking water to the 
immediate soil surface while in-plot samples were being collected.  

Table 13.  Percent moisture content of surface-crust samples taken from 
large- and meter-scale plots.  

Tenting Plot # Lighting Water Feed f(w) 
Moisture 

(%) 
SD  
(%) 

Tent #1 MS-1 Direct Groundwater 2.4 9.2 0.43 
MS-1 Indirect Groundwater 2.4 10.1 0.50 
MS-2 Direct Misted 1.0 0.1 0.02 
MS-2 Indirect Misted 1.0 0.2 0.05 

Tent #2 MS-3 Direct Groundwater 2.2 7.9 0.72 
MS-3 Indirect Groundwater 2.3 8.8 0.77 
MS-4 Direct Misted 1.0 0.1 0.10 
MS-4 Indirect Misted 1.3 1.4 0.97 

Ambient MS-5 Direct Groundwater 2.6 8.4 0.75 
MS-5 Indirect Groundwater 1.0 12.1 2.08 
MS-6 Direct Misted 1.3 1.0 0.14 
MS-6 Indirect Misted 2.6 2.6 0.36 

Greenhouse LS-West Direct Groundwater 2.7 12.6 1.13 
LS-West Indirect Groundwater 2.7 13.9 0.68 
LS-East Direct Groundwater 2.7 13.5 0.24 
LS-East Indirect Groundwater 2.7 13.6 0.07 

 
Our physical crust data assessments produced fewer significant trends 
than our chemistry analyses. Following a Box-Cox transformation, we per-
formed a PCA to determine if there were any correlations between the 
samples or treatments (Figure 28). The PCA results did not show any clear 
differentiation between treatments. However, one-way ANOVA tests based 
on saltwater-delivery mechanism suggest there are significant differences 



ERDC/CRREL TR-19-16 33 

 

between crusts created by misting and the groundwater-delivery methods 
(Figure 29). Specifically, groundwater-fed crusts were thicker with a 
greater shear strength. 

Figure 28.  Results of the principal component analysis of physical 
crust data (MS = meter-scale, LS = large-scale, GW = groundwater, 

SM = misted, D = direct lighting, and I = indirect lighting). 

 

Figure 29.  Results of the one-way ANOVA test of transformed compressive strength, 
shear strength, and crust thickness data based on saltwater-delivery method (GW = 

groundwater, and SM = misted). 
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Further investigation of other factors (e.g., sampling location and TDS of 
saltwater), however, did not indicate a significant difference between 
misted- and groundwater-fed plots (Figure 30). Based on these analyses, 
we believe that saltwater-delivery method (misted or groundwater) does 
have a significant effect on the physical characteristics of resultant soil 
crusts; however, effects due to heat-lamp placement and salt concentra-
tion on crust formation require further investigation. 

Figure 30.  Results of the one-way ANOVA test of transformed physical crust data based 
on delivery method, lighting, and TDS of feed water (D = direct lighting, I = indirect 

lighting, GW = groundwater, SM = misted, 10k = 10,000 ppm TDS, 5k = 5000 ppm TDS). 
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3.5 Real-world comparison 

We then compared our simulated plot results to those obtained from real-
world playas. Examples of playa include Franklin Lake Playa at 36.254, 
−116.371 (Goldstein et al. 2011); Salton Sea (playa-like) at 33.497, 
−116.0798 (King et al. 2011; Sweeney et al. 2011); Mesquite Lake at 35.714, 
−115.598 (Sweeney et al. 2011); and Soda Lake at 35.126, −116.111 (Sweeney 
et al. 2011). Unfortunately, we were unable to find enough common types of 
measurements in the literature for robust statistical comparisons. As such, 
we were able to do only qualitative analyses to assess whether our results 
are within the range of measurements taken from the field.      

Physical crust attribute comparisons between our simulated crusts (e.g., 
Table 11 and Table 12) with those measured from Franklin Lake Playa (Ta-
ble 14) suggest our manually created crusts exhibit realistic compressive 
strength characteristics.  

Table 14.  Average physical crust data from this study and from Goldstein et al. 2011, which 
measured over the course of 3–4 years, depending on sample location.  

Location 

Compressive 
Strength 
(kg/cm2) 

Compressive 
Strength 
(std dev) 

Shear 
Strength 
(kg/cm2) 

Shear 
Strength 
(std dev) 

Thickness 
(mm) 

Thickness 
(std dev) 

Meter-scale—Water Table  0.30 0.13 0.11 0.10 3.46 1.24 

Meter-scale—Misted 0.49 0.38 0.06 0.05 2.90 0.94 

Large-scale—Water Table 0.21 0.05 0.05 0.01 3.76 1.05 

Discovery Repeat Site 1 0.83 1.39 1.93 2.61 - - 

East Transect Repeat Site 1 1.26 0.98 1.39 0.64 - - 

West Transect Repeat Site 1 4.08 1.00 5.92 0.64 - - 

Discovery Repeat Site  0.25 1.00 - - 9.09 2.55 

East Transect Repeat Site  0.81 0.99 - - 16.98 4.73 

West Transect Repeat Site 2.79 0.96 - - 14.58 5.28 

 
There is an order of magnitude difference between the crust thicknesses 
and shear strengths of the simulated and Franklin Lake Playa crusts. How-
ever, the RSDs of the Franklin Lake Playa data are similar to those of the 
simulated crusts. Given that our formation period was limited to 8 weeks 
(plus one week for drying), we may have been able to produce a thicker 
crust had we allowed the evolution period to go on for a longer duration.  

Dust-emission flux measurements by King et al. (2011) and Sweeney et al. 
(2011) were collected under shear velocities on the order of 0.56 m s−1, 
which is roughly comparable to a 3000 rpm fan speed on the PI-SWERL. 
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Although our lowest fan speed measurements were collected at 4000 rpm 
(shear velocity of ~0.72 m s−1), our 4000 rpm dust-emission flux data are 
on the same order of magnitude as those measured by King et al. (2011) 
(Table 15). 

Table 15.  Summary of mean dust-emission potential (mg m−2 s−1) and standard deviations 
for playa-like conditions around the Salton Sea (adapted from King et al. 2011 data). These 

data were measured at a shear velocity of 0.56 m s−1. 

Site 
September 2006 January 2007 March 2007 February 2008 
Mean σ Mean σ Mean σ Mean σ 

PL-1 
      

0.262 1.993 
PL-2 

      
0.019 2.130 

PL-4 0.006 1.478 0.150 1.903 
  

0.087 1.736 
PL-5 0.013 3.443 0.026 3.184 0.003 1.437 0.030 1.301 
PL-6 0.004 2.650 

      

PL-7 
  

1.426 3.290 
  

0.179 3.048 
PL-8 

  
0.107 1.908 

  
0.901 1.666 

PL-9 
  

0.239 5.546 
  

0.011 1.749 
PL-10 0.005 3.481 0.359 1.942 0.006 1.116 0.008 1.301 
PL-11 0.034 4.143 2.459 1.137 0.017 5.200 

  

PL-12 0.008 2.763 0.060 1.476 0.202 3.013 0.011 1.696 

 
Sweeney et al. (2011) assessed the average dust-emission flux value for 54 
measured locations on salt-playa surfaces. The maximum value was 
0.6923 mg m−2 s−1, and the minimum was 0.0019 mg m−2 s−1. The 
minimum flux measured by Sweeney et al. (2011) is the same order of 
magnitude as the fluxes from the simulated playa surfaces in this study, 
with the average fluxes from the meter- and large-scale plots being 0.0109 
and 0.0011 mg m2 s−1 at 4000 rpm, respectively.  

The overlap in values for the dust-emission flux measurements from our 
plots and those measured in situ by King et al. (2011) and Sweeney et al. 
(2011) provide some confidence that our artificial crusts have similar at-
tributes to those found in the real world. Had we allowed more time for 
development, longer drying periods, and (in the case of the groundwater-
fed plots) drained the groundwater source between the evolution and dry-
ing phases, our artificial playa surfaces may have been more similar to the 
real-world analogs. 
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4 Conclusions 

4.1 Saltwater-delivery methods 

Based on our investigation, it is clear that both the misted and groundwa-
ter saltwater-delivery methods can be used to create playa-like, salt-
crusted soil surfaces. However, characteristics of crusts created by the two 
methods may be markedly different. In general, the groundwater saltwa-
ter-delivery system created thicker crusts with higher shear strength. 
Groundwater-produced crusts also experienced significantly more surface 
cracking during the course of the experiment than the misted plots, most 
likely due to expansion of the soil package when saltwater was added from 
below. Chemical compositions of the simulated crusts were highly depen-
dent on the saltwater-delivery method. Crust pH was identified as varying 
most significantly between the groundwater-fed and misted plots, which 
likely was caused by varied precipitation of applied bicarbonate.  

These results indicate that the choice of saltwater-delivery method should 
be based on the resultant crust attributes needed for the final test space. 
Crusts produced via the groundwater-delivery method were generally less 
sensitive to variations in saltwater concentration due to the filtering action 
of the soil package. This approach to groundwater delivery may be more 
robust to environmental influences and therefore easier to replicate in 
subsequent experiments.  

4.2 Salinity variation 

Statistically significant variations in crust salinity were identified from dis-
solved ion levels. Crusts created via the groundwater-delivery method had 
higher levels of dissolved ions. This is most likely due to the high volume 
of saltwater required for the groundwater method to work. Groundwater 
systems required about five times the amount of saltwater compared to the 
misted boxes and, therefore, developed higher salt contents at the plot sur-
face through evaporative processes.   

4.3 Climate control 

Climate-control systems did not have a discernable effect on soil-moisture 
levels in the groundwater-fed plots. However, direct and indirect lighting 
had a significant effect on specific crust traits. The large-scale test plot was 
also much slower to generate a crust than the meter-scale test plots, even 
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though the large-scale system had lower relative humidity and higher 
overall air temperatures. We believe that heat exposure along the sides of 
the soil package was an important factor. This was the only functional dif-
ference between the meter-scale and large-scale test plots (above ground 
boxes versus an in-ground plot) with regard to climate control. 

4.4 Crust characteristics 

Physical crust measurements did differ between crusts created by the two 
saltwater-delivery methods. Groundwater-fed crusts tended to have higher 
moisture content, be thicker, and have higher shear strength, whereas the 
misted crusts tended to have higher compressive strength. When compar-
ing physical crust characteristics to real-world analogs, there was some 
overlap in the compressive strengths of the crusts, but not with shear 
strength or thickness. A longer timeframe for crust creation is likely 
needed to generate crusts more structurally and physically similar to real-
world analogs.  

Overall dust-emission flux was greater from misted plots, which was 
likely the result of higher crust water content in the groundwater-fed 
plots. The misted plots produced dust-emission fluxes, although on the 
lower end, similar to dust-emission fluxes collected from real-world ana-
logs found in the southwestern United States. With additional time for 
crust drying and removal of the capillary water connection (i.e., draining 
the groundwater) between the evolution and drying phases, dust-emis-
sion fluxes from our simulated plots could potentially increase and mea-
sure closer to those in nature.   
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5 Recommendations 

Our investigation brought to light several phenomena that should be con-
sidered when simulating a crust on meter to larger scales.  

The surface heating method for the plot should be distributed as evenly as 
possible. When using direct lighting or surface application of heat, we 
found a distinct difference (visually and topographically) between sections 
of the plot that had direct heat application and those that did not. To rem-
edy this issue, we suggest the use of infrared heating panels. This alternate 
approach may better distribute heat over the entire surface and remove 
the direct versus indirect heat-lamp-exposure variable.  

The soil temperatures in the large-scale test plot tended to be much lower 
than those in the meter-scale test plots. To address this and to conform 
with the even heat distribution described above, we suggest using infrared 
heating panels over large testing surfaces and the addition of subsurface 
heating panels that could combat the heat sink of surrounding construc-
tion materials (e.g., concrete, nonheated soil, etc.). Use of subsurface pan-
els (and additional surface insulation) could also potentially allow crust 
formation year-round in areas prone to extreme cold conditions.  

The moisture delivery of the larger-scale test plot should also be adjusted 
for even distribution of saltwater throughout the artificial groundwater 
source. Our design used a sump in case the groundwater needed to be 
drained. This caused the water to stay pitched toward the southeastern 
corner of the plot, therefore allowing water to reach the surface much 
quicker in the southeastern corner than the northwestern corner. We sug-
gest using a two-point delivery system, dividing the subsurface into two 
pitched halves in opposite directions. This would allow water to wick to the 
surface quickly at both ends and toward the middle last. Another potential 
solution for this issue could be the use of a level artificial groundwater 
source, but this would not allow for rapid drainage. 

Finally, we suggest reducing the volume of and better insulating the air 
space above the plot surface to increase the effectiveness of the climate-
control system and to reduce energy costs. Lowering the height of the air 
space, however, should be balanced with plot accessibility needs for crust 
evolution monitoring and misted saltwater application. 
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Further research is needed to better understand processes governing spa-
tial and temporal variations of emissions from aeolian (wind-driven) and 
fugitive (disturbance-induced) dust sources (such as dust produced by 
downwash from rotorcraft or surface shear from tires), especially on playa 
or playa-like surfaces important for mobility applications. This report eval-
uated methods for replicating salt-crusted playa surface conditions on soil 
plots large enough to support applications like vehicular dust-emission 
testing. Although opportunity for further refining these approaches re-
mains, our results suggest the techniques discussed in this report can cre-
ate representative surface conditions for dust-emission experimentation in 
a controlled environment.     
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Appendix A: Real-World Playa Soil Texture Data 
Table A-1.  Textural and location data for playas from Sweeney et al. (2013)  

Location Sample ID %Sand %Silt %Clay 

Mojave 

SV1 26.2 46.7 27.2 
SV2 27 46.2 26.7 
SV3 24.9 47.6 27.4 
SV4 23.5 45.7 30.7 
SV5 26.2 42.2 31.4 
SV6 32 36.7 31.4 
SV7 38.8 29.9 31.3 
SV8 34.6 31.5 33.9 
SV9 29 63.1 8 

SLW-1 50.9 38.5 10.6 
SLW-3 63.4 30.6 6 
SLW-5 60.9 32.4 6.7 
SLW-6 11.9 64.9 23.1 
SLW-8 34.6 58.3 7 
SLC-1 18.7 71.1 10.2 
SLC-3 20.5 68.4 11.2 
SLC-5 7 73 20 
SLC-7 11.7 65.2 23 
SLC-9 10.7 65.6 23.7 
SLE-1 25.2 60.4 14.4 
SLE-3 33.1 52.9 14 
SLE-5 13.9 54.3 31.8 
SLE-7 30.8 36.5 32.7 

Sonoran 

SS17 3.3 44 52.7 
A31 7.5 47.7 44.8 
A32 9.2 64.6 26.3 
A34 86.2 9.2 4.6 

A101 6.8 52.4 40.8 
PAT5 12.5 56.3 31.3 
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Table A-2.  Textural and location data from the Web Soil Survey (Natural Resources 
Conservation Service, n.d.).  

Sample ID Latitude Longitude %Sand %Silt %Clay 

Unnamed_Playa_01 38.484293 −115.6712 2.5 42.5 55 
Unnamed_Playa_03 35.722134 −115.5862 65 28 7 
Unnamed_Playa_12 34.322206 −109.8705 5.3 44.7 50 
Unnamed_Playa_13 32.257328 −109.7971 65.9 19.1 15 
Unnamed_Playa_14 32.22499 −109.8279 44.3 40.7 15 
Unnamed_Playa_15 32.145079 −109.8450 65.9 19.1 15 
Unnamed_Playa_16 32.296331 −108.9022 3.1 44.4 52.5 
Unnamed_Playa_17 33.827309 −108.1914 5.3 44.7 50 
Bicycle Lake Airfield 35.276301 −116.6308 6.8 63.2 30 

 
Figure A-1.  Ternary diagram of texture data used for comparison to our study soil. Red 

triangles are from Web Soil Survey (Table A-2); green diamonds and orange squares are from 
the Sonoran and Mojave Deserts (Sweeney et al. 2013); blue circles are our study soil. 
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Table A-3.  Water chemistry results for saltwater solution used throughout our study.  

Sample ID 
Date 

Sampled pH 

Alkalinity Concentration (mg/kg) 

(mg as  
CaCO3 L-1) Na+ K+ Mg2+ Ca2+ Cl- SO42− NO3− PO43− 

FERF-50-5K-001 8/17/2017 8.12 305 1178 81 212 361 2170 806 <10 <10 

FERF-50-5K-002 9/7/2017 - - 1174 72 205 352 2153 803 <10 <10 

FERF-50-5K-003 9/8/2017 - - 1170 72 208 360 2168 809 <10 <10 

FERF-50-5K-004 9/12/2017 - - 1191 73 212 358 2217 826 <10 <10 

FERF-50-5K-005 9/14/2017 - - 1173 71 211 355 2199 816 <10 <10 

FERF-50-5K-006 9/18/2017 - - 1155 52 207 348 2173 812 <10 <10 

FERF-50-5K-007 9/20/2017 - - 1183 70 213 370 2236 832 <10 <10 

FERF-50-5K-008 9/22/2017 8.08 329 1191 71 214 366 2234 834 <10 <10 

FERF-50-5K-009 9/26/2017 - - 1168 70 210 361 2187 813 <10 <10 

FERF-50-5K-010 9/29/2017 - - 1186 70 214 373 2223 836 <10 <10 

FERF-50-5K-011 10/3/2017 - - 1167 69 211 361 2192 826 <10 <10 

FERF-50-5K-012 10/10/2017 - - 1140 68 211 360 2199 823 <10 <10 

FERF-50-5K-013 10/13/2017 - - 1178 69 211 363 2212 826 <10 <10 

FERF-50-5K-014 10/19/2017 - - 1173 68 209 362 2194 822 <10 <10 

FERF-50-5K-015 10/24/2017 8.05 316 1161 68 208 361 2192 817 <10 <10 

FERF-1K-5K-001 8/15/2017 8.11 319 1145 75 206 344 2177 810 <10 <10 

FERF-1K-5K-002 9/7/2017 - - 1111 57 192 326 2200 819 <10 <10 

FERF-1K-5K-003 9/8/2017 - - 1163 62 203 346 2191 817 <10 <10 

FERF-1K-5K-004 9/12/2017 - - 1157 69 205 343 2209 821 <10 <10 

FERF-1K-5K-005 9/15/2017 8.09 313 1165 65 207 343 2235 824 <10 <10 

FERF-1K-5K-006 9/21/2017 - - 1172 72 209 347 2222 827 <10 <10 

FERF-1K-5K-007 9/27/2017 - - 1244 78 223 367 2355 875 <10 <10 

FERF-1K-5K-008 10/6/2017 - - 1174 73 210 356 2219 826 <10 <10 

FERF-1K-5K-009 10/19/2017 8.38 319 1171 73 209 345 2217 796 <10 <10 

FERF-50-10K-001 8/17/2017 - - 2241 139 400 645 4252 1594 <20 <20 

FERF-50-10K-002 9/6/2017 - - 2267 164 411 679 4319 1634 <20 <20 

FERF-50-10K-003 9/7/2017 - - 2672 157 480 746 5161 1901 <20 <20 

FERF-50-10K-004 9/8/2017 8.03 586 2260 136 413 689 4431 1675 <20 <20 

FERF-50-10K-005 9/11/2017 - - 2264 137 403 666 4303 1618 <20 <20 

FERF-50-10K-006 9/12/2017 - - 2291 137 411 676 4354 1639 <20 <20 

FERF-50-10K-007 9/13/2017 - - 2281 137 405 675 4382 1642 <20 <20 

FERF-50-10K-008 9/14/2017 - - 2294 125 403 666 4372 1636 <20 <20 

FERF-50-10K-009 9/15/2017 - - 2336 141 416 692 4474 1674 <20 <20 

FERF-50-10K-010 9/18/2017 8.23 593 2255 136 399 672 4309 1616 <20 <20 

FERF-50-10K-011 9/19/2017 - - 2296 142 407 662 4410 1649 <20 <20 

FERF-50-10K-012 9/20/2017 - - 2278 163 407 672 4313 1624 <20 <20 

FERF-50-10K-013 9/21/2017 - - 2195 130 400 646 4318 1622 <20 <20 

FERF-50-10K-014 9/22/2017 - - 2355 137 420 689 4495 1688 <20 <20 

FERF-50-10K-015 9/25/2017 - - 2016 109 352 587 3835 1441 <20 <20 

FERF-50-10K-016 9/26/2017 - - 2273 137 401 666 4332 1626 <20 <20 
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Table A-3 (cont.).  Water chemistry results for saltwater solution used throughout our study. 

Sample ID 
Date 

Sampled pH 

Alkalinity Concentration (mg/kg) 

(mg as  
CaCO3 L-1) Na+ K+ Mg2+ Ca2+ Cl- SO42− NO3− PO43− 

FERF-50-10K-017 9/27/2017 - - 2270 139 418 715 4477 1678 <20 <20 

FERF-50-10K-018 9/28/2017 - - 2260 136 415 693 4506 1700 <20 <20 

FERF-50-10K-019 10/2/2017 - - 2244 138 410 659 4374 1652 <20 <20 

FERF-50-10K-020 10/3/2017 7.97 589 2263 138 413 674 4399 1656 <20 <20 

FERF-50-10K-021 10/5/2017 - - 2226 136 405 631 4361 1631 <20 <20 

FERF-50-10K-022 10/10/2017 - - 2247 147 409 654 4402 1653 <20 <20 

FERF-50-10K-023 10/11/2017 - - 2260 118 396 632 4315 1618 <20 <20 

FERF-50-10K-024 10/16/2017 - - 2269 128 401 612 4309 1613 <20 <20 

FERF-50-10K-025 10/17/2017 - - 2258 131 411 653 5122 1928 <20 <20 

FERF-50-10K-026 10/19/2017 - - 2275 129 404 666 4360 1639 <20 <20 

FERF-50-10K-027 10/24/2017 - - 2199 126 389 620 4184 1570 <20 <20 

FERF-50-10K-028 10/26/2017 - - 1985 119 358 591 3861 1449 <20 <20 

FERF-1K-Pre-Mix 8/15/2017 - - 11.6 1.39 1.03 10.6 14.1 5.1 <0.1 2.4 
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Appendix B: Simulated Crust Chemistry Data 

Table B-1.  Full chemical dataset for simulated crust samples. 

Sample ID 
Moisture 

(wt %) 

1:5 Deionized Water 
Extraction Dissolved Ions from 1:5 Extraction (mg/kg dry sample) 

pH EC (mS/cm) Na+ K+ Mg+2 Ca+2 Cl- SO4−2 NO3− PO4− 
MS-1-S-CHEM-01 9.5 7.83 46.28 29547 48 1258 18084 81405 14072 2141 <600 
MS-1-S-CHEM-02 10.4 7.9 34.87 17566 25 1148 15917 55599 15108 1890 <600 
MS-1-S-CHEM-03 10.4 7.91 40.91 22463 32 1310 17966 67168 16657 2508 <600 
MS-1-L-CHEM-01 8.7 7.74 46.77 25955 68 1130 19728 81726 8549 2333 <600 
MS-1-L-CHEM-02 9.5 7.84 45.54 23616 52 778 19935 77253 7950 3632 <600 
MS-1-L-CHEM-03 9.3 7.72 50.3 12223 58 1211 31650 90251 1130 5054 <600 
MS-2-S-CHEM-01 0.2 8.73 0.8587 285 3 39 196 518 932 <60 <60 
MS-2-S-CHEM-02 0.3 8.69 1.387 446 4 60 544 846 1962 <60 <60 
MS-2-S-CHEM-03 0.3 8.6 1.11 446 2 27 250 742 1331 <60 <60 
MS-2-L-CHEM-01 0.1 8.96 0.8947 356 3 47 185 708 826 <60 <60 
MS-2-L-CHEM-02 0.1 8.92 0.68 274 2 22 141 508 593 <60 <60 
MS-2-L-CHEM-03 0.1 8.89 0.972 398 4 42 171 827 725 <60 <60 
MS-3-S-CHEM-01 9.6 8.04 52.46 37288 37 1267 16597 91128 15712 1528 <600 
MS-3-S-CHEM-02 8.6 7.94 71.08 57955 44 1491 17376 128316 14568 1946 <600 
MS-3-S-CHEM-03 8.1 7.95 70.55 58197 42 1491 16836 127241 13846 1893 <600 
MS-3-L-CHEM-01 7.8 7.94 74.38 53786 100 2055 23742 141833 5596 2085 <600 
MS-3-L-CHEM-02 8.7 7.94 77.9 58483 96 1486 24066 151633 3914 1412 <600 
MS-3-L-CHEM-03 7.3 8.12 64.29 29941 128 2575 33285 100675 2602 933 <600 
MS-4-S-CHEM-01 0.6 8.64 4.65 2640 13 263 2494 5403 7237 <60 <60 
MS-4-S-CHEM-02 1.0 8.87 5.814 2176 13 256 3747 4420 10829 <60 <60 
MS-4-S-CHEM-03 2.5 8.79 7.244 3275 17 385 3316 6754 9564 <60 <60 
MS-4-L-CHEM-01 0.1 9.6 7.201 4639 30 380 1176 8827 3873 <60 <60 
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Table B-1 (cont.).  Full chemical dataset for simulated crust samples. 

Sample ID 
Moisture 

(wt %) 

1:5 Deionized Water 
Extraction Dissolved Ions from 1:5 Extraction (mg/kg dry sample) 

pH EC (mS/cm) Na+ K+ Mg+2 Ca+2 Cl- SO4−2 NO3− PO4− 
MS-4-L-CHEM-02 0.2 9.45 6.411 3593 24 391 1149 7241 3647 <60 <60 
MS-4-L-CHEM-03 0.0 9.88 12.61 8855 55 623 1820 17087 4926 <60 <60 
MS-5-S-CHEM-01 12.7 8.11 21.71 3037 41 1850 16372 33912 11579 2338 <60 
MS-5-S-CHEM-02 13.8 8.16 21.34 6540 45 1046 13901 33137 13213 654 <60 
MS-5-S-CHEM-03 9.8 8.13 73.78 62460 38 1454 16837 130712 19079 1600 <600 
MS-5-L-CHEM-01 9.2 7.72 58.46 23608 68 2571 31340 109554 3316 3484 <600 
MS-5-L-CHEM-02 7.7 8.02 77.42 60031 81 2331 21005 148415 2562 1691 <600 
MS-5-L-CHEM-03 8.3 7.94 86.76 67960 83 2675 24376 166922 7962 2122 <600 
MS-6-S-CHEM-01 2.4 8.89 9.481 5121 20 566 4027 9697 12162 <60 <60 
MS-6-S-CHEM-02 3.0 9.11 10.13 6252 26 708 3103 11937 9938 <60 <60 
MS-6-S-CHEM-03 2.3 9.04 11.17 7358 30 737 2835 14343 8498 <60 <60 
MS-6-L-CHEM-01 1.0 9.56 25.35 21110 98 1247 2314 39596 5288 <60 <60 
MS-6-L-CHEM-02 1.0 9.79 24.68 19500 147 1558 2608 38436 5882 <60 <60 
MS-6-L-CHEM-03 0.8 9.62 19.46 15688 62 809 2607 29302 6492 <60 <60 
LS-E-S-CHEM-01 14.6 8.16 11.5 1495 26 681 10133 14313 12973 2086 <60 
LS-E-S-CHEM-02 14.0 8.26 6.266 456 12 228 6385 5244 12036 613 <60 
LS-E-S-CHEM-03 13.2 8.21 6.852 496 14 278 7021 5857 13284 818 <60 
LS-E-L-CHEM-01 11.7 8.05 19.96 3888 40 1412 15606 30858 13726 2019 <60 
LS-E-L-CHEM-02 12.4 8.18 7 933 15 315 6223 7307 9187 2231 <60 
LS-E-L-CHEM-03 13.9 8.23 10.71 1210 22 606 10357 12993 14918 1368 <60 
LS-W-S-CHEM-01 13.6 8.44 8.501 1112 19 431 8150 7372 14601 2810 <60 
LS-W-S-CHEM-02 13.7 8.26 7.842 808 13 326 7066 7528 11676 997 <60 
LS-W-S-CHEM-03 13.6 8.21 5.528 526 11 228 4516 5143 6987 903 <60 
LS-W-L-CHEM-01 13.4 8.16 13.64 1577 23 906 11995 17919 13953 2477 <60 
LS-W-L-CHEM-02 13.3 8.24 9.431 1154 16 458 7788 11062 10037 1128 <60 
LS-W-L-CHEM-03 13.8 8.32 11 1255 18 597 9003 12839 11486 1467 <60 
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Appendix C: Full Statistical Results 
Figure C-1.  Box-Cox Transformations of simulated crust chemistry data. 
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Figure C-2.  Analysis of variance based on saltwater-delivery method. 
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Figure C-3.  Analysis of variance based on saltwater-delivery method and direct (D) vs indirect lighting (I). 
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Figure C-4.  Analysis of variance based on TDS for tented meter-scale test plots. 
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Figure C-5.  Box-Cox transformation of physical crust data for large-scale test plot. 
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Figure C-6.  Analysis of variance of physical crust data for meter-scale test plot based on saltwater-delivery method. 
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Figure C-7.  Analysis of variance of physical crust data for large- and meter-scale test plots based on saltwater-delivery method 
and direct (D) vs indirect lighting (I). 
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Figure C-8.  Analysis of variance of physical crust data for large- and meter-scale test plots based on saltwater-delivery method and TDS. 
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