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ABSTRACT 

The playas of the Salt Basin in Trans-Pecos Texas are natural 

laboratories for the study of the hydrodynamic, hydrochemical, and 

sedimentologic properties of the unsaturated zone under the conditions 

of evaporation from a shallow water table. Water beneath the salt-flat 

surface moves upward from the saturated zone, through a thick capillary 

fringe, to the unsaturated zone where it is removed by evaporation. 

Daily temperature fluctuations change soil suction values and seasonal 

variations in temperature alter the thickness of the capillary fringe. 

There is little change in the chemical composition of the pore water as 

it moves from below the water table to the capillary fringe because the 

filled pore spaces of the capillary fringe prevent evaporation from 

taking place. However, an enrichment in the heavy isotopes of hydrog~n 

and oxygen in the groundwater, as compared to area precipitation, 

suggests that evaporation may have occurred earlier along the flow path . 

As water moves from the top of the capillary fringe into the unsaturated 

zone, evaporation in the partially-filled pore spaces increases the 

total dissolved solids content. According to the increase in chlorinity, 

the brine has lost over 60 % of its original volume by the time it has 

moved to within 20 cm of the surface. Evaporation in the unsaturated 
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zone further enriches the brine in deuterium and oxygen-18. Gypsum 

precipitation in the unsaturated zone depletes the shallow pore water in 

calcium and sulfate, relative to chloride, and forms white patches, 

enterolithic bands, and discontinuous lenses of pure gypsum. The 

sediments are made almost entirely of gypsum and dolomite. The high 

magnesium-to-calcium molar ratio in the brines and the poorly ordered 

nature of the dolomite mud in the sediment column indicate that the 

salt-flat dolomite formed by the alteration of a calcium carbonate 

precursor. A lack of lateral continuity in sediment structures and a 

change in sediment character from massive below the water table to 

laminated above indicate that the shallow salt-flat sediments were 

formed by vadose-zone processes rather than by sedimentation in an 

ancient lake. 
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Chapter 1 

Regional Setting 

1.1 Introduction 

Marine and continental sabkhas and saline lakes have been the 

focus of intense research in recent years. Notably, a number of workers 

have studied the Persian Gulf sabkhas near Abu Dhabi (Kinsman, 1966; 

Butler, 1969, 1970; Hsu and Schneider, 1973; Patterson and Kinsman, 

1977; McKenzie, 1981) and others have studied the saline lakes of the 

Basin and Range Province in the Western United States (Jones, 1966; 

Jones et al, 1969; Hardie and Eugster, 1970). Studies of saline waters 

and their deposits serve two primary functions. First, these studies 

aid in the understanding of the processes that created the great salt 

deposits in the geologic record. Second, the geochemical properties of 

brines can be studied in a natural setting. The second application is 

especially well-served in the study of closed-basin salt lakes where the 

geochemical history of a brine can be studied from recharge point to 

discharge point. 

Most sabkha and saline lake studies emphasize sedimentology and 
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groundwater chemistry. However, in systems with ephemeral surface-water 

bodies, the most intense evaporation and the water farthest along the 

geochemical evolution path is located in the unsaturated zone. The goal 

of this study is to increase our knowledge about unsaturated zone 

processes by studying the hydrodynamic, hydrochemical, and 

sedimentologic properties of the unsaturated zone of a salt flat in West 

Texas. 

1.2 Geographic Setting 

1.2.1 Location 

The Salt Basin extends north-south for approximately 240 km (150 

miles) across Trans-Pecos Texas and Southern New Mexico and is from 8 to 

24 km wide (5-15 miles) (Figure 1). The basin lies between the 

Guadalupe and Delaware Mountains on the east and the Sierra Diablo and 

Diablo Plateau on the west (Figure 2). The present study is concerned 

with the northern Salt Basin, defined as the area north of the Sierra 

Diablo. Specifically, field work was carried out in eastern Hudspeth 

County, in a large playa north of U.S. Highway 62/180 and west of the 

Patterson Hills (Figure 2). This location is approximately 150 km (90 

miles) east of El Paso along U.S. Highway 62/180. The field area was 

reached by driving 6.44 km (4 miles) north on a ranch road located less 

than half a kilometer east (0.3 miles) of the point where U.S. Highway 

62/180 begins to cross the salt flats . Access to the property was 

graciously provided by Ed and Ona Hammack. 
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1.2.2 Climate 

The climate, flora, and fauna of the Salt Basin are typical for 

the northern Chihuahuan desert (of which the Salt Basin is a part) . 

Average annual rainfall at the Salt Flat Emergency Airfield for the last 

92 years has been 21 cm/year (8.3 inches) (Boyd, 1982). Most 

precipitation falls during July and August in cloudburst thunderstorms. 

The Guadalupe Mountains, rising out of the basin to the east, create 

more favorable conditions for rainfall in the area, averaging more than 

50 cm (20 inches) of rain per year. 

Temperatures in the basin range from -12 to 46°C (10-115°F). 

Typical of desert environments, the nights are usually cool and the days 

are warm to hot. The winters are generally short and mild, though cool 

nightime temperatures persist through much of the year. The summers are 

long and hot. Temperatures for the sample- and data-collection periods, 

compared to norms, are recorded in Table 1. Winds on the salt flats can 

be very strong and gusty, especially in spring. Winds blew steadily 

through the May 1983 sampling trip, gusting to over 50 km/hour (30 

miles/hour) (George Temple, personal communication). Sandstorms and 

dustdevils were frequent on the flats in the afternoons. 

Climatic variations in the area have been noted as a series of 

decadal droughts every 20 years: 1887-1898, 1907-1918, 1930-1940, 

1950-1956 (Goetz, 1977). The area is currently suffering a drought that 



4 

Carlsbad 

NEW MEXICO 

SCALE 

0 50 100 150 200km 

Figure 1: Location map of the Salt Bas i n. 
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Jan Feb 
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8 10 

Table 1: Temperatures for data collection 
periods and area norms, in degrees Centigrade. 

Tempera tu res (oC) * 
Date High Low 

June 8, 1982 39 19 
9 39 16 

10 38 21 
11 32 15 
12 37 17 
13 35 17 
14 37 16 
15 38 18 

June avg. 36 17 
Nov. 19 20 12 

20 21 7 
Nov. avg. 17 3 
May 8. 1983 29 9 

9 32 9 
10 32 7 

May avg. 32 11 
total 1982 ppt. 26 cm 

* from NOAA (1982a & b, 1983) 

Mean Monthly Temperatures for 1982 (NOAA, l 982c) 
Annual 

Mar Ar Ma:r: Jun Jul Aug Se2 Oct Nov Dec Averaae 
13 1 21 26 28 28 24 17 10 5 17 

Nonns for Trans-Pecos Division (Ruffner, 1978) 
13 18 22 27 27 27 23 18 12 8 18 

6 

is having a devastating effect on the farming community of Dell City, 

located 21 km (13 miles) north of U.S. 62/180, between the salt flats 

and the Oiablo Plateau. A long-term climatic shift to a more-arid 

environment is suggested by the presence of beach ridges ringing the 

salt flats, indicating that the flats once held standing water 12.2 

meters deep (40 feet) (King,1948). 
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1.2.3 Geomorphology 

The physical features of the Salt Basin can be roughly divided 

into three types: l)mountains, 2)bajadas, and 3)basin floor (figure 3). 

The Guadalupe and Delaware Mountains lie in a chain more than 160 km 

long (100 miles). Their highest peak, Guadalupe Peak, is also the 

highest point in the state of Texas at 2667 meters (8751 feet). The 

western side of the basin attains its highest altitude in the Sierra 

Oiablo, over 1829 meters high (6000 feet) . Most of the western side 

lies between 1219 and 1524 meters of elevation (4000-5000 feet) on the 

Diablo Plateau . Fringing the mountain ranges are extensive bajadas, or 

alluvial fans , made of coarse-grained material weathered from the 

mountains. The bajadas are from 3.2 to 6.4 km wide (2-4 miles) and rise 

152 to 457 meters (500-1500 feet) above the basin floor. In the 

northern part of the basin, the bajada is composed primarily of 

limestone fragments. Sandstone predominates in the southern fans. 

Caliche has been deposited throughout the bajadas. 

The floor of the Salt Basin is exposed for only about 64 km (40 

miles), approximately from the Texas-New Mexico state line to the south. 

North and south of this area, the eastern and western bajadas meet in 

the middle of the basin, covering the floor. The basin floor lies 

between 1103 and 1110 meters of elevation (3600-3640 feet). It is a 

flat meadowland of brown clay supporting yeso and salt grass and 

scattered clumps of mesquite . The most striking features of the basin 



FLOOR OF 
SALT BASIN 
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Figure 3: Schematic drawing showing the 
physical features of the Salt Basin. 
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floor are the salt flats that lie at approximately 1103 meters (3620 

feet). The flats occur in chains on the east and west sides of the 

basin with the central area between the flats 6 meters higher (20 feet). 

The surfaces of the flats are completely devoid of vegetation . Except 

for infrequent floodings, the surfaces are dry to moist and light 

colored due to the accumulation of salts at the surface. The basin 

floor surrounding the flats contains beach ridges, relics from a 

more-pluvial period when the flats held water year-round. Two prominent 

ridges occur 6 and 12 meters (20 and 40 feet) higher than the present 

salt-flat surface. Eastern sections of the basin floor are covered by 

sand dunes that collect against the bajadas. The white, gypsiferous 

dunes are collections of material blown from the salt flats. Two 

sections of quartz-sand dunes also occur north and south of the 

Patterson Hills and are related to the erosion of alluvial material. 
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1.3 Regional Geology 

The definitive work on the geology, of the Guadalupe Mountains 

area is that of P.B. King (1948). He details the stratigraphy and 

structure of the mountains and briefly discusses the Salt Basin. More 

recent workers include Hay-Roe (1958), Wiley (1970), Kelly (1971), and 

Goetz (1977). Goetz (1977) studied Quaternary faulting in the Salt 

Basin. The following discussions of tectonics and stratigraphy are 

derived from King (1948) and Goetz (1977). 

1.3.1 Tectonic Setting 

The Salt Basin lies in a north-south trending block-faulted 

graben that extends for approximately 240 km (150 miles) through 

Trans-Pecos Texas and southern New Mexico. The basin and its bounding 

mountain ranges are part of the Basin and Range Province . Consistent 

with the characteristics of the Province, the structurally low Salt 

Basin is separated from the structurally high mountain blocks by normal 

faulting of Tertiary and Quaternary age. 

The Salt Basin is bounded on the east by the Guadalupe and 

Delaware Mountains, and on the west by the Sierra Diablo and Diablo 

Plateau (Figure 2). The Guadalupe and Delaware Mountains have a steep 

fault escarpment on their western side and a gentle eastern slope 

following the dip of the beds. The Sierra Diablo has a fault escarpment 

on its eastern side and a tilted flank to the west. The northern and 
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southern ends of the Salt Basin (Crow Flat and Ryan Flat, respectively) 

are downwarped rather than faulted. The major uplift of the Guadalupe 

Mountains occurred in Pliocene time (King, 1948) and thus dates the age 

of the basin. Faulting is believed to still be active in the region 

(Goetz, 1977). The locations of some of the salt flats may be 

tectonically controlled; several of the flats near Dell City have 

straight shores that trend in the same direction as nearby faults 

(northwest alignments) (Goetz, 1977). 

1.3.2 Regional Stratigraphy 

The stratigraphy reflects the tectonic history of the area. The 

Paleozoic in West Texas was generally quiet with differential movements 

forming the Diablo and Central Basin platforms and intervening Midland 

and Delaware Basins. 

today are evidence 

The outcrops seen on the mountains and plateaus 

of the filling-in of the Delaware Basin during the 

Permian. A stratigraphic section is presented in Table 2. The outcrops 

to the west of the basin, on the Diablo Plateau, are generally of 

Wolfcampian and Leonardian age, principally the Hueco limestone and the 

Bone Spring Limestone with its Victorio Peak limestone member. The 

exposed rocks to the east of the basin belong predominantly to the 

Guadalupian-age Delaware Mountain Group. Included in this group are the 

Cherry Canyon Sandstone, Goat Seep Limestone, Capitan Limestone, and 

Carlsbad Limestone. East of the Guadalupe and Delaware Mountains are 

outcrops of Ochoa-age evaporites, notably the Castile anhydrite. The 
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Castile Formation also crops out in a limited area between the Delaware 

Mountains and the Salt Basin (King, 1948). The foothills on the eastern 

side of the basin usually contain rocks similar to those in the 

Guadalupe and Delaware Mountains, though in some isolated areas such as 

that just mentioned, younger rocks are exposed. 

Table 2: 

AGE 

Ochoa 
II 

II 

II 

Guadalupe 
II 

II 

II 

Leonard 
Wolfcamp 

Permian stratigraphic section 
in the study area. 

FORMATION 

Dewey Lake 
Rustler 
Salado 
Castile evaporites 
Carlsbad Lmstn. 
Capitan Lmstn. 
Goat Seep Lmstn. 
Cherry Canyon SS. 
Bone Spring Lmstn. 
Hueco Lmstn. 

The bajadas fringing the mountain ranges are made of angular to 

rounded gravel, sand, and silt derived from the weathering of the 

mountains. The fans are calichified with nodules and coatings of 

calcium carbonate. The basin itself is filled with up to 610 meters 

(2000 feet) of predominately lacustrine gravel, sand, silt, and clay 

(Gates et al, 1980), at least the upper portion of which is dominated by 

gypsum. In the study area, north of U.S. Highway 62/180, the maximum 

thickness of the fill is generally about 244 meters (800 feet), based on 

earth-resistivity data (Gates et al, 1980). No wells have penetrated 

through the fill to the bedrock beneath the basin . Presumably, the 
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basin blocks contain the same Permian formations exposed in the bounding 

mountains. 

The shallow subsurface stratigraphy is discussed in Chapter 4. 

1.4 Regional Hydrology 

The Salt Basin is part of the "Alluvial Basins" groundwater 

region of the United States (Heath, 1984). This region is characterized 

by thick alluvial deposits in basins bordered by mountains. Detailed 

investigation of the groundwater resources in the vicinity of the Salt 

Basin began with Scalapino 1 s (1950) study of irrigation in the Dell City 

area. Davis and Leggat (1965) studied the general hydrology of the 

Upper Rio Grande Basin, including the Salt Basin. Water levels and 

chemical data for the Salt Basin were compiled by Davis and Gordon 

(1970) and more recently by White and others (1980). Gates and others 

(1980) performed a thorough search for fresh and slighlty saline water 

in the Salt Basin, Hueco Balson, and lower Mesilla Valley. The first 

study to focus on the hydrology of the salt flats themselves was done by 

Boyd (1982). Boyd measured water levels and performed chemical analyses 

on over 60 samples collected from the northern Salt Basin. The 

following discussion is based primarily on Davis and Leggat (1965) and 

Gates and others (1980). 
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1.4.1 Recharge 

The Salt Basin is a hydrologically closed basin encompassing a 

drainage area of approximately 20,000 square kilometers (7722 miles 2 ). 

Most of this area (13,000 km 2 , or 5020 miles 2 ) lies in the northern Salt 

Basin. The northern part of the Basin (essentially north of the Sierra 

Oiablo) is the primary focus of this discussion because this is the area 

in which both Boyd's (1982) and the present work's field studies were 

done. 

Drainage divides to the north and east separate the Pecos River 

Basin and the Salt Basin. Most streams south and west of the basin 

drain into the Salt Basin, except relatively close to the Rio Grande, 

which creates the south and westward bounding drainage basin. All 

precipitation that falls within the northern Salt Basin drainage area 

(Figure 4) moves toward the lowest points in the basin: the salt flats. 

Recharge occurs as infiltration of rainfall and infiltration 

from ephemeral streams created by heavy rainfall. Infiltration is most 

effective on the foothills and bajadas where sediment is coarse-grained 

and permeable. Effective recharge will only occur when the rate of 

infiltration is greater than the rate of evaporation, i . e. after heavy 

rainfall. Though precipitation is slight in the Salt Basin area, 

recharge potential is enhanced by the fact that when precipitation does 

occur, it is often in the form of thunderstorms. Heavy rainfall creates 
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Figure 4: Recharge and discharge map 
for the Northern Salt Basin . 
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ephemeral streams such as Eightmile Draw that drains most of the Diablo 

Plateau with a dendritic pattern of arroyos that coalesce to enter the 

salt flats 15 km (9 miles) south of Dell City (Goetz, 1977). Floods 

down Eightmile Draw and 

after heavy rains. Floods 

boating. 

other streams create lakes on the salt flats 

in 1966 created lakes deep enough for 

The recharge area to the east of the Salt Basin consists 

primarily of the foothills and bajadas fringing the Guadalupe and 

Delaware Mountains. The mountains' steep and narrow western face, along 

with their structural and geomorphological dip to the east, prevent them 

from being significant sources of recharge. The western recharge area 

includes virtually the entire Oiablo Plateau, both in Texas and New 

Mexico. The Sierra Diablo, and that section of the Diablo Plateau west 

of it, drain to the Rio Grande. The largest source of recharge to the 

Salt Basin probably comes from the north through the surface and 

subsurface water movement of the Sacramento River. The Sacramento River 

drains a large area of New Mexico, including part of the Sacramento 

Mountains, and is thought to be the primary source of recharge for the 

Bone Spring and Victorio Peak Limestones in the Dell City irrigation 

area. Groundwater in the southern part of the Salt Basin (south of the 

northern edge of the Sierra Diablo) moves generally north, following the 

surface drainage. A potentiometric map of the northern Salt Basin, 

prepared by Gates and others (1980), is shown in Figure 5. 
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Gates and others (1980) estimate that the annual recharge to the 

northern Salt Basin equals approximately 38 . 2 million ml (31,000 

acre-feet), and that recharge to the southern section is about 21 

million ml (17,000 acre-feet). These estimates are based on the 

assumption that 

(294 mm, or 12 

(northern=l3,000 

miles 2
) . 

1.4 . 2 Discharge 

recharge equals 1% of the average annual precipitation 

inches) across the estimated recharge areas 

km 2
, or 5020 miles 2

; southern=7150 km 2
, or 2761 

Discharge in the northern Salt Basin occurs by pumping and 

evapotranspiration, and possibly by inter-basin groundwater flow. 

Significant groundwater withdrawals in the northern Salt Basin are 

limited to two areas : the Beacon Hill irrigation area and the Dell City 

irrigation area . The Beacon Hill area is located south of the Patterson 

Hills and draws water primarily from the Capitan Limestone. Groundwater 

withdrawals between 1951 and 1972 averaged 6.2 million ml per year, or 

less (5000 acre-feet) (Gates et al, 1980). In this time, water levels 

in wells have declined about five meters (fifteen feet). The Dell City 

irrigation area lies mostly in Texas, but also includes the smaller Crow 

Flats irrigation area in New Mexico. Groundwater is withdrawn primarily 

from the Bone Spring and Victorio Peak limestones . Groundwater 

withdrawals in 1972 equaled about 120 million m3 (100,000 acre-feet) . 

Water levels declined 9 to 12 meters (30-40 feet) between 1948 and 1982, 
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with the total dissolved solids content of the water doubling, and even 

tripling. The TDS increase may be due to evapotranspiration of 

percolating irrigation water, leaching of fertilizers, or incursion of 

water from the salt flats toward the cone of depression caused by 

pumping. There is pumping at the El Paso Natural Gas Company facility, 

southeast of the Patterson Hills, but withdrawals do not rival the 

irrigation districts in size. Data from 1960 reveal that 164 million m1 

(136,000 acre-feet) were pumped from the entire Salt Basin, most of 

which was used for irrigation. Approximately 120 million m1 (100,000 

acre-feet) of the total water withdrawn came from the Bone Spring and 

Victoria Peak limestones. Public water supplies accounted. for only 0.57 

million m1 (460 acre-feet), and this number includes towns in the 

southern Salt Basin (Van Horn, Valentine). 

Groundwater that is not withdrawn by wells moves toward the salt 

flats where it is discharged naturally by evaporation. Chemical data 

(Boyd, 1982) indicate that evaporation may occur when the water table is 

still relatively deep (in the bajadas), but the amount of water lost by 

evaporation before arrival at the salt flats is unknown. Evaporation in 

the Crow Flats area, where the water table is relatively shallow, may be 

significant (Davis and Leggat, 1965). Though the flats themselves are 

devoid of vegetation, there are phreatophytes growing on the bajadas and 

beach ridges that consume an unknown amount of water by 

Despite transpiration and earlier evaporation, the 

discharge points in the Salt Basin are the salt flats. 

transpiration. 

primary natural 

Davis and Leggat 



(1965) estimated the discharge from 

million ml per year (40,000 acre-feet). 
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the salt flats to be about 49 . 3 

Boyd (1982) calculated total 

discharge as being between 2.9 and 680 million ml. 

Davis and Leggat (1965) suggested that some water may leave the 

Salt Basin through the southeasterly dipping Bone Spring and Victoria 

Peak limestones. Subsequent workers (Gates et al, 1980; Boyd, 1982) 

have not attributed significant discharge to underflow out of the basin. 

1.4.3 Sunvnary 

Recharge and discharge estimates have been summarized on Table 

3. It is clear that even given the wide range of estimates for 

evaporative discharge, recharge by precipitation does not compensate for 

the amount of discharge from the basin. Recharge by lateral flow 

through the groundwater system probably makes up most of the balance. 

Boyd (1982) estimates that 82 % of the recharge to the basin is supplied 

by groundwater. The actual percentage is probably even higher as she 

did not include discharge by pumping in the calculation. Groundwater 

flow into the basin probably does not compensate for all losses by 

pumping, as the decline in water levels over the last thirty years in 

the major irrigation areas indicates that discharge exceeds recharge. 



Table 3: Summary of recharge and discharge 
estimates for the Salt Basin area. 

RECHARGE DISCHARGE 

northern 38.2 m3/yr 
southern 21 .0 m3/yr 

Beacon Hill 
Dell City 
public supply 
Davis&Leggat 
Boyd (evap) 
Boyd (Darcy) 
Boyd (gypsum) 

6.2 m3/yr 
120 m3/yr 
0.57 m3/yr 
49. 3 m3/yr I 
29-680 m3/yr I 
19-620 m3/yr I 

0.29 m3/yr_I 

evap. 
est. 

20 



Chapter 2 

Hydrodynamics 

The water-soil system can be divided into two primary areas: the 

saturated zone below the water table and the unsaturated zone above it. 

In the saturated zone, all pore spaces are filled with water and the 

fluid pressure is greater than atmospheric. The soil pores of the 

unsaturated zone are only partially filled with water and the fluid 

pressure is less than atmospheric. The unsaturated zone is also 

referred to as the zone of aeration, or the vadose zone . Between the 

two primary areas of the soil-water system lies a transition zone in 

which the pores are filled with water, but the pressure head is less 

than atmospheric. The transition zone is known as the capillary fringe 

or the tension-saturated zone (Freeze and Cherry,1979). This work 

concentrates on the tension-saturated and unsaturated zones that lie 

between the salt-flat surface and the water table. 

21 
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2.1 Fluid Flow in the Unsaturated Zone 

The hydraulic head (H) in the unsaturated system is defined by 

the same parameters that control the head of a saturated system, 

gravitational (z) and pressure (T) heads. The hydraulic head in both 

saturated and unsaturated situations can be expressed as: 

H = z + T (1) 

The pressure-head term (T) is measured relative to atmospheric 

pressure; therefore, Tat the water table equals zero. Above the water 

table, T is less than atmospheric pressure and is recorded as a negative 

pressure, or suction. The negative sign used in denoting soil-water 

pressures is simply a result of the standard of comparison. Pressures 

in the unsaturated zone are obviously nearer atmospheric than vacuum. 

The negative pressure potential of water in the unsaturated zone 

is due to capillary and adsorptive forces that attract water to the soil 

matrix. Capillary forces result from the surface tension of water and 

its contact angle with solid particles. Adsorptive forces result from 

the creation of hydration sheaths over particle surfaces. Capillary and 

adsorptive forces combine to determine the negative pressure potential, 

or matric potential, the gradient of which is the driving force of fluid 

movement in the unsaturated zone. Water in the unsaturated zone will 

move from areas of high matric potential (less-negative pressure) to 

areas of low matric potential (more-negative pressure), if the 
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gravitational potential is constant. In the case of evaporation from a 

shallow water-table, the matric and gravitational potentials represent 

opposing forces. The lower matric potential in the dryer soil at the 

surface tends to move water upward; however, the higher elevation head 

of water at the ground surface as compared to water below will tend to 

move water downward. The total head, the sum of the pressure and 

gravitational heads, must be used to determine the true hydraulic 

gradient (eq. 1). 

The differences between fluid flow in the unsaturated and 

saturated zones seem minor, to this point. The total head of water in 

both systems is defined by the same equation, with a change of sign in 

the pressure term. However, the behavior of the proport i onality factor, 

the hydraulic conductivity (K), is vastly different between the two 

zones. The cause of this difference is the change in the relationship 

between the porosity (n) and the moisture content (9). In the saturated 

zone (and the tension-saturated zone), n=S and the conductivity of the 

soil is at its maximum. In the unsaturated zone, n>S and 9 varies from 

one position to another. As 9 decreases, the space available for fluid 

transport decreases, and the hydraulic conductivity drops . The 

situation is aggravated by the fact that the largest, most conductive 

pores are the first to drain under suction, leaving only small pores 

available for fluid flow. As air pockets develop in drained pores, the 

tortuosity of the water path increases. The above-mentioned properties 

require a reversal in the standard view of the conductive properties of 



materials. 
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Though silts and clays may be considered aquicludes in the 

saturated zone, these fine-grained materials can remain 

with conductive pore spaces even at considerable 

water-saturated 

suctions in the 

unsaturated zone. In contrast, a sandstone with 1 arge, interconnected 

pores will become a barrier to unsaturated zone fluid flow as the water 

drains from these pores at relatively low suction. 

Not only is the hydraulic conductivity a function of the water 

content in unsaturated soils, both Kand a are functions of the pressure 

head as well. The pressure head partially depends on capillary forces 

which in turn depend on the contact angle between the water meniscus and 

the soil particles. At higher water contents, the radius of curvature 

of the meniscus is larger and the surface-tension forces are lower, 

resulting in less-negative pressure heads. The a-f relationship is 

hysteretic; it is different when soils are wetting than when they are 

drying. 

Darcy's Law for unsaturated flow can be written: 

q = -K('¥) 17H ( 2) 

with q representing the flux vector, K(f) representing the hydraulic 

conductivity as a function of matric suction, and vH as the hydraulic 

head gradient. The hydraulic conductivity can also be represented as a 

function of the volumetric water content, K(a). Both of these 
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formulations neglect hysteretic effects, though K(8) is less affected by 

hysteresis than K(f) (Hillel, 1971). Taking into account the hysteresis 

of K(f) and allowing for transient conditions, the general unsaturated 

flow equation reads : 

~ = 'V• {K('l')'VH} (3) 

Remembering that the hydraulic head is the sum of the pressure and 

elevation heads, equation 3 can be expanded to: 

~t = ~x (Ka'!') - .L (Ka'l') - .L (Ka'l') + !JS. (4) 
CL a ax ay ay az az az 

Fluid flow beneath the salt-flat surface in the field area is 

assumed to occur principally as evaporation from the pore water in 

sediments above the shallow water table. Though the possibility of 

lateral flow in the stratified soil does exist, the water in the 

unsaturated zone is probably most influenced by the increasingly 

negative pressure heads at shallower depths, rather than by lateral 

pressure differences. Another simplifying assumption is that 

evaporation is a steady-state process in the flats. There are 

undoubtedly changes in the evaporation rate diurnally, seasonally, and 

on even larger time scales (decadal droughts, desiccation since the 

Pleistocene) . However, evaporation is steady in the sense that it is 
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the dominant physical process moving the water of the unsaturated zone 

at rates that can be averaged over time periods of days or months. This 

concept of "steady-state" evaporation is in contrast to unsteady-state 

systems that may undergo brief periods of evaporation between times of 

infiltration or no-flow conditions. 

Removing the time dependence of the variables, and neglecting 

lateral flow, the steady upward flow of water can be described by: 

q = K (M- -. 1) (5) 

with z the height above the water table. The flux, q, represents the 

rate at which water is evaporated from the soil. The evaporation rate 

is determined by the suction at the soil surface, the depth of the water 

table, and the ability of the soil to transmit water to the surface. 

The suction at the soil surface is determined primarily by atmospheric 

conditions, and the reflectivity (albedo) of the surface . A dark surface 

absorbs more radiant energy than a reflective, light-colored, surface. 

The actual rate of evaporation is limited both by the external 

evaporation potential and the properties of the soil-water system . No 

matter how high the water table, or how conductive the soil, the 

evaporative flux out of the soil can be no higher than the atmospheric 

evaporativity . Likewise, the driest atmosphere cannot evaporate soil 
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water any more rapidly than it can be delivered to the soil surface . 

Generally, the shallower the water table, the more the evaporation rate 

is controlled by external conditions (Gardner, 1958). 

Movement of water in the unsaturated zone may occur not only in 

the fluid state, but in the vapor phase as well . However, vapor phase 

movement is only appreciable compared to liquid movement if the 

atmospheric evaporation potential is much greater than the ability of 

the soil to transmit water and the upper portion of the soil column 

dries out . The moist soil directly under the salt-flat surface, and the 

occasionally moist surfaces, indicate that vapor phase movement does not 

account for a large amount of the water movement through the unsaturated 

zone of the salts flats; therefore, vapor-phase movement will not be 

considered here. It should be noted that vapor-phase movement must 

occur, simply by the nature of the evaporative process, but the delivery 

of water to the upper reaches of the soil is primarily by liquid 

movement . More-detailed discussions of vapor-phase movement and 

unsaturated zone fluid flow in general can be found in Hillel (1971) and 

Gardner (1958). 
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2.1.1 Objectives of the Hydrodynamic Study 

There were three major objectives of the hydrodynamic portion of 

this study: 1) determine the hydraulic gradient to verify the suspected 

upward fluid flow, 2) measure the moisture distribution in the soil and 

attempt to detect diurnal and seasonal changes in 8, and 3) determine 

the discharge rate, q, of moisture being evaporated from the salt flats. 

Unfortunately, the third of these objectives was never reached by this 

study. The failure was due to an inability to measure the hydraulic 

conductivity as a function of moisture content. The usual field 

proceedures for determining the hydraulic conductivity of the 

unsaturated zone (the instantaneous profile method and the we 11 

permeameter method) could not be applied due to the lack of a water 

supply on the flats. The hydraulic gradient was determined by 

tensiometer measurements. A neutron moisture probe was used to 

establish the moisture content beneath the salt flats. 

2.2 Analytical Techniques 

The pore water hydraulic head was determined at various depths 

using vacuum gauge tensiometers made by Soilmoisture Equipment, Inc. A 

detailed discussion of the operation and applications of tensiometers 

can be found in Richards (1965) . The parts of a tensiometer are shown 

on figure 6. The tube and gauge are filled with de-aerated water and 

any captured gas is removed with a vacuum pump. The tensiometer is then 

placed in the soil within a tight, hand-driven hole, the bottom portion 
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of which has been filled with a slurry made of distilled water and 

sediment extracted from the hole. The slurry ensures a good hydraulic 

connection between the water within the porous cup of the tensiometer 

and the soil water. Water may flow in or out through the cup wall 

bringing the tensiometer water into hydraulic equilibrium with the soil 

water. When water moves out of the tensiometer, the suction created 

within the tube is registered on the vacuum gauge. Tensiometers have 

found widespread application as indicators of when crops should be 

irrigated. 

~r~~ Opening to fill 
Vacuum with water 

gauge 

Porous 

ceramic cu'P' 

Soil surface 

Depth 

Fi.gure 6: The parts of a tensiometer . 

Tensiometers were installed 30, 60, and 90 cm below . the playa 
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surface (1, 2, and 3 feet) at the begining of the June, 1982 sampling 

period (figure 7). Soil-suction measurements were recorded throughout 

the day and night between June 9 and June 15. Between June and 

November, one tensiometer was damaged in the field and, therefore, 

readings were only made at the 30 and 60 cm depths on November 19 and 

20. Tensiometers with smaller porous cups were added to the equipment 

for the May, 1983 trip, allowing measurements at 7.6, 15.2, and 22.9 cm 

below the surface (3, 6, and 9 inches), as well as at 30, 60, and 90 cm 

with the standard tensiometers. Suction measurements were recorded from 

May 8 to May 10 at various times of day. Suction readings are given to 

the nearest centibar of negative pressure. 

A neutron moisture probe was used to establish the moisture 

content gradient beneath the salt-flat surface. The neutron 

thermalization method is described by Visvalingam and Tandy (1972). The 

probe used was a Model 104 Depth Moisture Gauge with shield and standard 

manufactured by Troxler Laboratories, Raleigh, North Carolina. Use of 

the probe for this study was generously granted by Mr. Jim Anagnos and 

The University of Texas at Austin Center for Highway Research. The 

moisture probe is a thermal (slow) neutron detector that actually 

measures hydrogen content (and, therefore, indirectly measures water 

content). The probe contains a 3 millicurie radium-beryllium source 

that emits fast neutrons in a spherical cloud out into the soil (figure 

8). It also contains a thermal neutron detector, a tube filled with 

boron trifluoride gas, that does not react to fast neutrons. 



®© 

• H 
91 

• • • • 112 61 31 20 
© 

0 0 0 
90 60 30 

0 0 0 
22.9 152· 7.6 

....._ S<llt Flat I I ~ 7-;?' 
'/,77777/.r ////??;>77?/" 

Basin Floor Explanation 

not drawn to scale 
e Lysimeter 

0 Tensiometer 

® Neutron probe hole 

© Core hole 

61 Depth,cm 
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at the field site. 
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Figure 8: 

aluminum 
tubing 
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soil surface 
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The parts of the neutron moisture probe. 
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The operation of the probe is based on the unique ability of 

hydrogen to slow down fast neutrons, altering them into thermal 

neutrons. The mass of a hydrogen atom is equal to that of a neutron, 

but the hydrogen's size is much larger. The fast neutron will transfer 

kinetic energy to the relatively stationary hydrogen atom if the two 

meet in a head-on, elastic collision; effectively turning the fast 

neutron into a thermal neutron . If the collision is less severe than 
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head-on, it will take several collisions before the neutron is slowed to 

thermal speed. The thermal neutrons produced radiate in all directions, 

some returning to the detector. The number of fast neutrons that are 

slowed down and, consequently, the number of thermal neutrons registered 

by the detector, are essentially proportional to the amount of hydrogen 

present around the probe. Obviously, if there is a source of hydrogen 

other than water in the soil, or if any of a variety of neutron 

absorbers is present (cadmium, boron, chlorine), the interpretation of 

the number of recorded thermal neutrons must take this into account. 

The area sampled by the moisture probe varies with moisture content. 

The higher the water content, the smaller the radius of the thermal

neutron cloud. At high water contents (more than fifty volume percent), 

the detector tube may be longer than the radius of the neutron cloud, 

resulting in a non-linear relationship between neutron count and water 

content at high water amounts. A detailed account of the workings of 

the moisture probe can be found in the Troxler Electronic Laboratories 

manual. 

A Troxler Model 504 Depth Density Probe, also provided by the 

U.T. Center for Highway Research, was used to determine the wet density 

of the soil. The wet density measurement was necessary to get a 

porosity measurement, and also to aid the interpretation of the moisture 

probe results . The density probe contains a 3 millicurie Radium-226 

source that emits gamma radiation. The Geiger-Muller detector tube 

records on a per unit time basis the return of the gamma rays by 
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of scattering events per unit time is a 

More-detailed information can be found 

in the Troxler Electronic Laboratories manual. 

Both the moisture and density probes were operated in the same 

manner. A Troxler Model 200B Scaler-Ratemeter was used as a power 

source and counter. The counter can operate on half-minute and 

full-minute count durations, both of which were used in this study. The 

probe was used in two holes approximately 100 meters apart (300 feet) 

(figure 7). Both holes were hand-augered with a continous flight auger 

in order to make as tight and straight a hole as possible. Aluminum 

irrigation tubing with a 5.08 cm outside diameter (2 inches) was used as 

the access casing, per the probe manufacturer's recommendations. The 

casing was plugged at the bottom to prevent seepage of groundwater into 

the tube. 

For each logging run, a standard count was carried out before 

and after the probe was used in the hole. The downhole readings are 

divided by the standard count in order to eliminate errors due to drift 

in the measuring system, temperature effects, and weakening of the 

batteries. The reference standard the probe counts is incorporated in 

the Shield and Standard that surrounds the probe when not in use. The 

shield is constructed of heavy metal, the density of which acts as the 

standard for the density probe. The moisture probe detects a 

hydrogeneous substance outside the metal shield as its reference. 
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After establishing the preliminary standard count, the probe was 

set on top of the access casing and lowered into the hole with a cable. 

Readings were taken at 30.5 cm intervals (one foot). At each level, 

five counts were made during the probe's descent and five counts were 

made as the instrument was brought back to the surface. The 10 counts 

measured were averaged and the average was divided by that testing 

period's standard count to give the neutron-count ratio for that depth 

at that time. The probe was taken off the access casing after the 

measurements and another standard count was made. The average of the 

before and after standard counts was used as the reference count for 

that run. 

The neutron-count ratio was related to water content using the 

factory calibration chart for the instrument. Many soil scientists 

agree that one calibration curve is applicable to virtually all soils 

(Gardner, 1965). The factory-generated curve, however, is not 

representative of the salt-flat soils because of the hydrous nature of 

the dominant mineral phase, gypsum. In order to correct for the 

presence of mineral hydration water, soil samples were collected for 

water content measurements by gravimetry (Gardner, 1965). During the 

November 1982 trip, samples were collected with an auger from each depth 

tested by the neutron probe. The wet samples were weighed on a 

triple-beam balance immediately after collection. The standard 

gravimetric method entails drying the sample in an oven at 100 to 110 

degrees Celsius (Gardner,1965). Oven-drying gypsum at these 
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temperatures drives off the hydration water as well as the soil water 

. and would provide essentially the same water content measurement as the 

neutron probe. Instead, the samples were dried at 60°C until the change 

between successive weighings was less than 0.02% . The weights 

stabilized after oven-drying for 96 hours. Even at 60°C, some hydration 

water was probably lost because gypsum loses its first one and a half 

water molecules continuously between 0°C and 65°C (Hurlbut and Klein, 

1977). The November soil samples were not examined by x-ray diffraction. 

However, XRD analysis of sediment from the cores collected in May, 1983, 

(see Chapter 4) revealed the presence of both gypsum and bassanite and 

an absence of anhydrite in samples heated to 100°C. 

2.3 Results 

The tensiometer data for all the sampling periods are shown in 

Table 4. The data fall into two main groups: suction measurements from 

30, 60, and 90 cm below the playa surface (1, 2, and 3 feet), taken in 

June 1982; and data from 7.6, 15 . 2, and 22.9 cm (3, 6,and 9 inches) 

recorded in May 1983. Measurements were made at the deeper levels 

during the May trip, but the data are spurious due to the lower-quality 

gauges used (the most-reliable gauges were used on the shallow 

tensiometers) . Unfortunately, it also seems that the data from the 22.9 

cm tensiometer are also spurious. The reason for the failure is 

probably that air space prevented a good hydrologic connection from 

being made between the porous cup and the soil. Two measurements were 

also made at the 30 and 60 cm depths during the November 1982 trip. 



Table 4: 

June 9 
deeth noon 

30 cm 12 
60 cm 4 
90 cm 0 

June 12 
deeth 3 PM 

30 cm 10 
60 cm 3 
90 cm 0 

May 8 
deeth 11 AM 

7.6 cm 24 
15.2 cm 14 
22.9 cm 19 

May 9 
deeth 2 PM 

7.6 cm 16 
15.2 cm 16 
22.9 cm 17 

Suction measurements, in centibars 
of pressure, made by tensiometers. 

June 10 June 11 
7 AM 8 AM 11 AM 4:30 PM 8 PM 
8 10 11 10 9 
3 3 3 3 3 
0 1 0 0 0 

June 13 June 14 June 15 Nov .19 
1 AM 6 AM 9 AM 8 AM 5 PM 

8 4 7 7 8 
3 0 4 3 0 
0 0 2 0 

May 9 
5 PM 7 PM 9 AM 1 PM 

18 18 17 15 
14 14 14 15 
42 45 11 15 

May 10 
4:30 PM 6:30 PM 8 PM 9:30 AM 

16 18 18 16 
15 17 14 15 
21 21 22 25 
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June 12 
11 AM 

9 
3 
0 

~~o v. 20 
8 .A.M 

,.. 
0 

0 

The diurnal suction trends measured by the shallow and deep 

tensiometer nests are shown graphically on figure 9. The highest 

suction measurements were made between 11 a.m. and noon. The lowest 

suctions were recorded in the morning, before sunrise. The most-

complete record is provided by the deep tensiometers . They record a 

relatively steady and sharp increase in soil suction between sunrise and 
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After noon, there is a steady, but slower, decrease in soil 

suction until the least suction is attained again just before sunrise. 

Hydraulic heads were computed by plugging the suction and depth 

values into equation 1. The hydraulic head values, in centimeters, are 

listed in Table 5. Note that the calculations of head use the 

conventions of Richards (1965): depth is considered positive beneath the 

surface, and suction is considered positive. These conventions result 

in fluid flow from low to high head values. Actually, depth should be 

negative and the pressure term should be negative (compared to 

atmospheric), so the hydraulic head value should also have a negative 

sign in front of it. Richards' conventions (1965) simply allow the 

negative signs to be omitted . 

The hydraulic head values reported are fresh-water heads, 

computed assuming a water density of one. In order to evaluate the 

impact of including density values in the calculations, heads were also 

determined using the suction measurements from June, 1982, and densities 

derived from the chemical analyses of water collected in May, 1983. 

Though chemical analyses were also performed on samples collected in 

June, 1982, the May analyses are considered to be the best (see 

discussion in Chapter 3). Including density in the calculations lowered 

all of the head values slightly (e.g . from 154 . 5 to 139 cm) and reduced 

the hydraulic gradients (e.g . from -0.36 to -0.2), but did not alter 

data interpretation. Fresh-water heads are reported because the water 
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samples from which the densities were derived were not collected at the 

same time as the suction measurements were made, and because the head 

values from the shallow tensiometers could not be corrected for density 

because no water samples were collected at 7.6 and 15.2 cm depth. 

The hydraulic gradient, i, was computed as follows : 

Hn - Hn+l 
; :: -------'-~ (6) 

dn - dn+l 

A positive gradient indicates that flow is downward and a negative 

gradient indicates upward movement . The computed gradients are in table 

6. Flow is predominately from the water table upward. The steepest 

gradients occur at the shallowest depths: the gradient between 60 cm and 

30 cm beneath the surface (2 and 1 feet) is greater than that between 90 

cm and 60 cm (3 and 2 feet), and the gradient from 15.2 cm and 7.6 cm (6 

and 3 inches) is the greatest of all . There are two anomalies in flow 

direction . One occurs on June 14, when the hydraulic heads indicate 

downward-moving flow . The other occurs in the mid-day readings during 

the May trip, when the gradient indicates flow from 7 . 6 cm down to 15.2 

cm. 

The neutron moisture probe results are given in table 7. The 

probe-detected moisture contents range from 39 to 47.3 volume percent . 
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Table 5: Hydraulic head values computed from 
suction measurements. Note that Richards' 

conventions [1965] were used so that flow is 
from low to high head. 

date time deoth head ~cml date time deoth head (c:n) 

June 9 noon 30 cm 154.5 Nov. 19 5 PM 30 cm 11 3.2 
60 cm 102.3 50 c:n 6i.J 
90 cm 91. 4 

Nov. 20 8 AM 30 cm 92.5 
June 10 7 AM 30 cm 113.2 60 cm oi. o 

60 cm 92.0 
90 cm 91.4 May 8 11 AM 7. 6 C.'TI , ~- --00.0 

15. 2 cm 159.9 
June 11 8 AM 30 cm 133.8 

60 cm 92.0 5 PM 7.6 cm 193.5 
90 cm 101. 7 15.2 cm 159.9 

11 AM 30 cm 144.2 7 PM 7.6 cm 193.5 
60 cm 92.0 15.2 c:n 159.9 
90 cm 91.4 

May 9 9 AM 7.6 c:n 183 . 3 
4:30 PM 30 cm 133.8 15.2 cm 159 .9 

60 cm 92.0 
90 c:n 91.4 PM 7.5 cm 162.5 

15 .2 c:n li0.2 
8 PM 30 cm 123.5 

60 cm 92.0 2 PM .. -
I . 0 c:n 172. 9 

90 · cm 91.4 15.2 c:n 180.5 

June 12 11 AM 30 cm 123.5 .. : 30 ?M 7.6 cm 172 .9 
60 cm 92.0 15.2 c:n 170. 2 
90 cm 91.4 

6: 30 PM 7.5 cm 193.5 
3 PM 30 cm 133.3 15. 2 c:n 190.3 

60 cm 92.0 
90 cm 91. 4 8 PM 7.6 cm 193 . 6 

15. 2 C.'l\ 159.9 
June 13 1 AM 30 cm 103.0 

60 cm 92.0 ,'.1ay 10 9: 30 Ai'1 7.6 c:n 172. 9 
90 C.11 91.4 15. 2 c:n 170 .2 

June 14 6 AM 30 C.11 71.8 
60 cm 61.0 
90 cm 91.4 

9 AM 30 cm 102.8 
60 cm 102.3 
90 c:n 112. l 

~une 15 3 AM 30 C.'11 102.3 
50 ::n 92. '.l 
90 :::i 91 . .i 
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Table 6: Hydraulic gradients between tensiometer 
measuring levels . 

interval interval 
date time 90 to 60 60 to 30 90 to 30 date time 15 to 7. 6 

June 9 noon -0.36 -1. 7 -1.0 May 8 11 AM -12.6 
June 10 7 AM -0.02 -0.7 -0.36 5 PM -4.4 
June 11 8 AM +0.3 -1.4 -0.5 7 PM -4.4 

11 AM -0.02 -1. 7 -0.9 May 9 9 AM -3.l 
4:30 PM -0.02 -1. 4 -0.7 1 PM +1.0 

8 PM -0.02 -1. 0 -0.5 2 PM +l. 0 
June 12 11 AM -0.02 -1.0 -0.5 4:30 PM -0.4 

3 PM -0.02 -1.4 -0.7 6: 30 PM -0.4 
June 13 1 AM -0.02 -0.5 -0.3 8 PM -4. 4 
June 14 6 AM +0.3 -0.4 -0.02 May 10 9 :30 - 0 . ti 

9 AM +0.3 -0.02 +0 . 2 AM 
June 15 8 AM -0.02 -0.4 -0.2 
Nov. 19 5 PM -1. 7 
Nov. 20 8 AM -1. 0 

The lowest reading was always at the 30 cm level (1 foot), with 

generally increasing values downward. The November and May readings are 

lower at the 30 cm level than the June readings, but indicate higher 

moisture contents at the deeper test levels. The probe was used in two 

holes, 100 meters apart, in May to test for lateral var i ability . The 

results differ by 3.9 % at 30 cm, 7. 1 % at 60 cm, 0% at 90 cm, and 1.8 % 

at 120 cm. 

The soil samples collected in order to calibrate the neutron 

moisture probe lost between 14 and 23 weight-percent water (Table 8) . 

The conversion from weight percent to volume percent required knowledge 

of the soil's bulk density. The neutron density probe results (Table 9) 
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Table 7: Measured and corrected neutron moisture 
probe results, in volume-percent moisture. 

date time de2th 
moisture content (vol. ~ ) 

measurea correctea date time 
moisture content ~vol. ·; ) 

de2th m~~~area ~ar·e~tea 

June 11 7PM 30 cm 43.6 29 June 14 6 AM 30 cm 45.0 31 
60 cm 43.8 29 60 cm 44.8 30 
90 cm 45.2 31 90 cm 47.3 36 

120 cm 45.7 32 120 cm 46 .4 33 

June 12 10 AM 30 cm 43.6 29 Nov . 19 4 PM 30 cm 39. 7 24 
60 cm 43.8 29 60 cm 47 .0 35 
90 cm 45.2 31 90 cm 45.8 32 

120 cm 45.4 31 120 cm 46.2 33 

1: 30 PM 30 cm 43.5 29 May 8 2 PM 30 cm 40.5 25 
60 cm 44.0 29 60 cm 45.4 31 
90 cm 45.4 31 90 cm 44.4 30 

120 cm 45.7 32 120 cm 45 .2 31 

June 13 l AM 30 cm 43.6 29 May 9 3 PM 30 cm 40. 5 25 
· 60 cm . 43.5 29 60 cm 45 .4 31 

90 cm 45.2 31 90 cm 44.4 30 
120 cm 45. 7 32 120 cm 46 .0 32 

4 PM 30 cm 43.8 29 May 9 hole •2 
60 cm 43.6 29 5 PM 30 cm 39 .0 23 
90 cm 45.4 31 50 cm 42.4 27 

120 cm 45.7 32 90 cm 44.4 30 
120 cm 45.2 31 

were used for this purpose. The density probe actually measures wet 

density, including pore water. The dry density was obtained by 

subtracting the neutron moisture probe 1 s volumetric water content from 

the wet density, then adding 20 . 9 % of the dry density value to the dry 

density to obtain the bulk density. The 20.9 % addition adds the gypsum 

hydration water back into the density value. This calculation assumes 
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that the soil is pure gypsum; the known presence of dolomite is ignored 

(see Chapter 4). An example calculation for bulk density is shown in 

figure 10. 

Table 8: Weight loss on drying at 60 C from soil 
samples collected beneath the salt-flat surface 
and volumetric water contents calculated using 

the method shown in figure 10. 

weight at weight after ... 
deoth collection 96 hrs. @ 60°C ~water/drl mass twater / volume 

30 on 50.28 g 43.09 g 16. 7 ,, 23.7 " .. . 
60 on 69.41 g 53.76 g 29. l "' 35 . 0 ,, .. • 
90 on 94.83 g 72.90 g 30.0 ,, 

31. i ,, 
·O • 

120 on 84.01 g 71.52 g 17 . 5 
,, 22 . ..i :; 
.o . 

126 cm 44.21 g 35.80 g 23.5 " 30. l " , 
' 

... 
computed by the method outlined by Gardner { 1965) 

The volume-percent water in each soil sample was obtained by 

multiplying the weight-percent water by the bulk density, then dividing 

by the density of water . The water densities were computed by the 

program SOLMNEQ (Kharaka and Barnes, 1974) using the chemical 

composition of the water collected at each depth (see Chapter 3). The 

resultant volumetric water contents range from 22 to 35 01 
.. o (Table 8) . 

The low value of 22 . 4 ~at 120 cm below the playa surface is anomalous. 

This sample was collected below the water table and might have lost some 

of its water content as it was being oulled uo the hole in :he auger . 



Table 9: Neutron density-probe results. 

date time dee th densit:r: ( 9!!!1cm
3l date time deoth densit~ \9!!!tc~3 1 

June 12 11 AM 30 cm 1 . 7 Nov. 19 2:30 PM 30 cm 1. 7 
60 cm 1.6 60 cm , -'.' 90 cm 1.4 90 cm 1.~ 

120 cm i.a 120 cm 1.5 

3 PM 30 cm 1. 7 )4ay a 3 :30 PM 30 cm 1. 94 
60 cm 1.6 60 cm 1. iS 
90 cm 1.5 90 C."11 1. 55 

120 cm 1.8 120 cm 1. 76 

June 13 midni9ht 30 cm 1. 7 :-lay 9 3:30 OM 30 cm 1.94 
60 cm 1.6 60 cm 1 .69 
90 cm 1 .5 90 cm 1 .55 

120 cm 1.8 120 cm l. 75 

5 PM 30 cm 1. 7 )4ay 9 hole •2 
60 cm 1.6 6 : 30 PM 30 cm 1. 59 
90 cm 1 .4 60 cm 1 . 71 

120 cm 1.8 30 c:n 1. 90 
120 cm 1 .as 

June 14 7 ,\M 30 cm 1. 7 
60 cm 1.6 
90 cm 1.5 

120 Clll 1.8 

, . : ' . ... et Jens1:1 -neasureo :Jy :irooe1 - : mois::ure : :;ntent -::easure'J Jy :irooe 1 = :ry :ens : : ·.-

, 2) i ary Jensity l • ( 20.3~ of dry density :o : omoensace •or ;yosum ivorsc:on ~acer · 

. '' JI 
i cravimetric .. acer :ontent ~rom soil samoles ) • ::iui< Jens1: ·1 · 

. cens1:y of :ir•ne comouceo •rom .. acer :nem1s::r~ ' 

Figure 10: Example calculation of bulk density. 
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The same process could have influenced the results of the 132 cm sample; 

therefore, only the 30, 60, and 90 cm samples are considered in the 

calibration. The calibration curve (Figure 11), constructed using the 

gravimetric data, shows the moisture probe readings to be 25 to 40 % 

higher than the actual water content. The error increases with 

decreasing water content, presumably because a larger percentage of the 

probe count is due to hydration water at lower free-water contents. The 

adjusted probe water contents are in Table 7. 

2.4 Discussion 

The hydraulic gradients computed from the tensiometer data prove 

that water movement is usually from the water table to the playa 

surface. Overprinted on this movement are diurnal soil suction changes 

in response to daily temperature variations. Though daily temperature 

fluctuations do not alter the moisture content in the unsaturated zone , 

seasonal temperature changes do change the soil's moisture content . 

Water beneath the salt flats generally moves from the saturated 

zone to the surface. Moisture content measurements indicate that the 

capillary fringe extends from the water table (located at 105 cm depth 

during this study) to between 90 and 60 cm depth during summer and 

between 60 and 30 cm depth in fall and spring. The reason for the 

seasonal variation is discussed later in this section. The approximately 

45 cm-thick capillary fringe is essentially saturated with water, but 
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has a pressure head less than atmospheric. Though the 90 cm-deep 

tensiometer often recorded suction values of zero centibars, water in an 

open hole stood below this depth; therefore, the zero value is believed 

to actually represent a very low suction value. As water moves into the 

unsaturated zone above approximately 60 cm, the pores are only partially 

filled with water and discharge by evaporation begins to take place. 

Moisture profiles were measured in May in two holes, 100 meters 

(300 feet) apart, to test the lateral variability of hydrologic 

characteristics in order to evaluate the possibility of lateral flow 

beneath the salt flats . Dutton (1982) observed in his study of the 

unsaturated zone at Big Brown Lignite Mine that the lateral variations 

in hydrologic characteristics were often greater than vertical 

variations. The 90 and 120 cm moisture contents are similar between the 

two holes . The shallower test zones are different by 2 % and 4 %. The 

new hole dug in May is the drier of the two; it is also closer to the 

center of the flat than the hole used in the seasonal study. In light 

of the varied sediment structure between the holes (see Chapter 4), 

slight variations in 

measured do not indicate 

exist . However , the 

water content are expected. 

that any significant lateral 

lateral flow question cannot 

The differences 

flow systems 

be accurately 

addressed until a more-extensive field study is performed. 

The hydraulic gradients computed from the tensiometer data 

indicate a period of downward-directed flow during the morning of June 



49 

14, 1982 (table 6). Though rain was not recorded at the Salt Flat 

weather station, a gauge left at the field site recorded 2 mm (0.08 

inch) of rain on the evening of June 13. The reversal in flow direction 

measured by the tensiometers represents the recharge taking place after 

this light rain. By 8 AM the morning of June 15, flow was again toward 

the playa surface and discharge was taking place. The sequence recorded 

by the tensiometers verifies the often-made assumption that rainfall on 

the playas is quickly returned to the atmosphere. The neutron moisture 

probe recorded an increase in moisture that morning as well (Table 7). 

The diurnal tension trends measured in the soil by the 

tensiometers could reflect changing moisture conditions in the soil, or 

could be the result of temperature-induced changes in the tensiometers 

themselves. Diurnal tension waves have been recorded by many soil 

scientists, and the cause of the waves was investigated by Haise and 

Kelley (1950). They discovered that two opposing processes affect 

tensiometer operation. First, tensiometers act as thermometers when 

temperature changes the volume of water in the tube . At high 

temperatures, the increase in water volume lowers the tension reading, 

and vice versa at low temperatures. The thermometer effect tends to 

minimize the magnitude of daily variations. Second, a temperature 

gradient can be set up between the porous cup and the soil because the 

tensiometer is exposed above the land surface and is more susceptible to 

changes in ambient temperature. Water vapor moves to the cooler 

surface; therefore, there is a diffusion of water vapor to the cup at 
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night and away from the cup during the day. Haise and Kelley (1950) 

concluded that the second process was responsible for the tension 

fluctuations they measured. They recorded minimum tension readings 

between 6 AM and 8 AM and maximum readings between 7 PM and 9 PM. The 

maximum readings correspond to a four hour lag behind the decline in air 

temperature. 

The variations measured in this study are believed to reflect 

actual soil-moisture conditions, not the tensiometer errors discovered 

in Haise and Kelley's study. Haise and Kelley (1950) attributed the 

large temperature gradient between the tensiometer and soil to the use 

of metal supports on the tensiometer. Their experimental use of a 

tensiometer without metal parts effectively damped the diurnal tension 

wave in shallow soil (15.2 cm, or 6 inches depth) and eliminated the 

wave in deeper measurements. The tensiometers used in the present study 

had no metal parts, exclusive of the pressure gauge faces. More 

supporting evidence that the tension wave is not merely a result of the 

measuring technique is provided by the time of highest-recorded tension. 

The highest tensions beneath the salt flat were measured in the middle 

of the day, before the maximum temperature is expected to be obtained 

(about 4 PM in the summer), and before the lag measurements at 7 to 9 PM 

made by Haise and Kelley. 

Bearing the previous discussion in mind, the diurnal tension 

trends are thought to represent changing moisture conditions in the 
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soil. The soil is driest near noon and wettest at 6 AM. Variations in 

soil moisture due to daily and seasonal temperature changes have been 

investigated by Benz and others (1968), Rose (1968), and Turk (1975). 

All of these workers recorded changes in soil moisture and water-table 

levels with changes in temperature. Rose (1968) noted that "especially 

for shallow depths, water content by day is less than by night. 11 He 

attributed the cycle to a reversal of the vapor flux. Vapor pressure 

profiles showed that vapor moved downward during the day and upward at 

night in response to temperature gradients. 

Turk (1975) noticed that water-table changes under the 

Bonneville Salt Flats correlated with temperature changes. He 

attributed the changes to three processes, all directly related to 

temperature: 1) a reduction in surface tension in the capillary pores 

allows brine to drain from the pores and raise the water table, 2) an 

expansion of air entrapped in pores drives brine downward, raising the 

water table, and 3) a reduction in atmospheric pressure causes expansion 

of entrapped air throughout the capillary fringe, forcing water 

downward. The processes listed occur as the temperature rises. The 

reverse happens at night as temperatures drop. There will be a time lag 

behind changes in ambient air temperature before the first two processes 

can act because they depend on the transfer of heat through the soil . 

The effect of atmospheric pressure changes is reflected in water levels 

and moisture contents "almost instantly" (Turk, 1975). 
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The processes described by Rose (1968) and Turk (1975) and the 

removal of water vapor by evaporation can account for the decline of 

soil moisture content measured in the salt flat during the day, and the 

increases seen at night. All of the processes are temperature-related 

and should produce the most dramatic results at the hottest and coolest 

times of day. The period of highest moisture content, 6 AM, corresponds 

to the coolest time of day. However, the lowest moisture content 

measurements (highest suction readings) were made at noon, several hours 

before the hottest time of the day. The atmospheric evaporativity is 

determined not only by air temperature, but also by humidity, wind 

velocity, and radiation (Hillel, 1971). Noon is the period when the 

salt flat receives the most-intense radiation and this may be the factor 

controlling the dry peak on the soil suction curve. Despite the 

displacement of the maximum-suction time, the soil suction wave measured 

beneath the salt flats is believed to be due primarily to the 

temperature-related mechanisms of vapor flux, surface tension changes, 

and air expansion-contraction. 

The neutron moisture probe recorded seasonal changes in the 

water content of the soil. The neutron moisture probe results from June 

indicate only a slight decrease (a drop of 3 %) in water content between 

the 120 cm (4 feet) level and 30 cm (1 foot) below the surface. The 

November data indicate a larger difference, a 9 % decrease. The May 

data lie in between, with 6 % to 8 % drops in moisture content between 

120 cm and 30 cm. The increased moisture gradient in November and May 
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is due to drier conditions at the 30 cm level as compared to June. 

Though the 30 cm depth is drier in November and May, the 60 cm (2 feet) 

depth is wetter. The moisture content at the 90 and 120 cm depths stays 

relatively constant year round. 

These seasonal changes in water content are probably related to 

the same processes that act on the tensiometers on a daily basis. 

Though changes in water content with time of day were expected, none 

were detected within the accuracy of the probe. It may be that daily 

temperature variations affect the pressure potential in the unsaturated 

zone (and thus can be detected by the tensiometers), but the changes 

reverse too quickly for the moisture content to respond substantially. 

The longer period of seasonal temperature changes allows the moisture 

content to adjust to temperature-induced pressure changes. The increase 

in moisture content at 60 cm is due to the upward movement of capillary 

moisture to cooler soil (Benz et al, 1968; Turk, 1975). The capillary 

rise does not affect the moisture content at 90 and 120 cm because the 

soil is already virtually saturated. The decrease in moisture content 

from 60 to 30 cm indicates that 30 cm is above the reach of even the 

winter capillary zone. The water content at 30 cm may be less in 

November and May as compared to June because the atmospheric 

evaporativity is less in the cooler, darker months. A decrease in the 

external evaporation potential decreases the energy put into the system 

to draw water up to the surface. 
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2.5 Su11111ary 

Water beneath the salt-flat surface moves upward from the 

saturated zone (located below 105 cm depth during this study), through 

the capillary fringe (from 105 cm to approximately 60 cm depth), to the 

unsaturated zone where it is removed by evaporation. On the basis of a 

short investigation, lateral flow systems do not seem to be important 

beneath the salt flat. Rainfall on the flat reverses the hydrologic 

gradient and briefly acts as recharge to the system; but, flow returns 

to normal rapidly and the recharged water is subsequently evaporated. 

Diurnal air-temperature fluctuations affect the vapor flux in 

the soil, the surface tension in capillary pores, and the pressure of 

both the atmosphere and air trapped in pores and result in a daily 

suction wave in the soil . The highest suction occurs around noon-time 

and the lowest suction corresponds to the time near dawn. The mo i sture 

content of the soil does not exhibit a daily fluctuation because the 

suction variations reverse too quickly for the soil water to respond. 

The longer period of the annual temperature wave from season to season 

does allow time for the moisture content to respond and is reflected in 

a rise of the capillary fringe in winter. 



Chapter 3 

Hydrochemistry 

3.1 Previous Work 

The general principles of brine evolution are discussed by 

Carpenter (1978) and Lerman (1970), among others. The evolution of 

brines in closed basins is discussed by Eugster (1980), Eugster and 

Jones (1979), Hardie and Eugster (1970),and Jones and others (1969). 

Most closed-basin work has been located in the Western Great Basin of 

the United States (Jones, 1966), though Lake Magadi in Kenya has also 

been studied extensively (Eugster, 1970) . Despite this previous work, 

the 11 
•• • number of closed basins for which sufficient water chemistry 

data are available to document solute behavior during evaporative 

concentration is no more than ten. 11 (Eugster, 1980). 

Hydrochemical data from the Salt Basin can be found in White and 

others (1980), Dillard (1964), Bjorkland (1957), and Scalapino (1950) . 

These data were combined with the results of extensive fieldwork by Boyd 

(1982) to provide a regional summary of the hydrochemistry of the 

Northern Salt Basin. The present work is an outgrowth of Boyd's 

55 
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research, focusing from her basin-wide approach to the narrower scope of 

the unsaturated zone of the salt flats. The importance of Boyd's 

regional work to adequate interpretation of unsaturated zone water

chemi stry cannot be overstated. The following is a summary of her 

findings. 

The highlands and alluvial fans around the salt flats are the 

primary sources of groundwater in the flats. Occasional flooding may 

provide a temporary surface-water influence, but compositional trends 

indicate that groundwater in the bajadas is the dominant source. 

Evaporative concentration is believed to be the most important process 

affecting the chemical composition of shallow groundwater. Changes in 

the relative amounts of the ions in solution between water in the 

bajadas and in the flats indicates that calcium carbonate precipitation 

occurs before the water reaches the flats, depleting the brine in HC0 3 

and C0 3 • Continued evaporation results in gypsum precipitation . Halite 

has been known to precipitate on the salt flats, and Boyd speculates 

that glauberite and thenardite might precipitate as well. The end

product groundwater is a Na-Mg-Cl-S0 4 brine. The present study follows 

the further chemical evolution of this brine as it moves up from the 

saturated zone, through the capillary fringe, to the unsaturated zone 

where it evaporates. 
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3.2 Analytical Techniques 

The limited number of suction lysimeters available restricted 

sampling work to one station. The placement of this station was crucial 

to the interpolation of results from the chosen site to the flats as a 

whole, but limited by the necessity for a good access road for the heavy 

equipment used in the hydrodynamic study. Using Boyd's (1982) 

reconnaisance as a guide, the area chosen had salinity values 

intermediate among her salt-flat samples and the added attraction 6f 

having been the flat in which she analyzed samples along a transect 

across the flat (her samples 47-09-007,-008,-009,-010,-014). 

Sampling trips were made during June, 1982, November, 1982, and 

May, 1983. Samples were collected from below the water table both with a 

bailer in a 122 cm (48 inches) deep, hand-augered hole, and with a 

suction lysimeter located 112 cm (44 inches) below the playa surface. 

Suction lysimeters were also used to collect water samples from the 

tension-saturated and unsaturated zones at 91, 61, 31, and 20 cm 

(36,24,12, and 8 inches, respectively) below the surface (figure 12). 

The samples are designated as follows: 122cm=A; 112cm=B; 91cm=C; 61cm=D; 

31cm=E; 20cm=F. 

A diagram of a suction lysimeter is shown in figure 13a, and its 

operation is shown in figure 13b. After installation to the desired 

depth (sampling depths were recorded to the base of the porous ceramic 
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cup), a vacuum was created within the sampling tube by sealing-off one 

hose and applying a hand-operated vacuum pump to the other hose. Both 

hoses were then sealed and the lysimeter was left to suck water i n from 

the surrounding soil. The time required for the accumulation of enough 

water for collection varied from several hours for the 91 and 112 cm 

deep lysimeters to several days for the 31 and 20 cm deep lysimeters. To 

collect the sample, the l onger hose was held in a bottle while air was 

pumped into the lysimeter through the shorter hose, forcing · the sample 

up to the surface. 
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Water was collected from all of the sampling depths during the 

June, 1982 trip; however, samples E and F were not collected until after 

a rainfall event (2 mm of rain). As a result, samples E and F from the 

June trip are not representative of usual conditions, but do provide 

information about the effects of rainfall on the playa. The trip made in 

November, 1982 was short and there was not enough time for the shallow 

lysimeters to fill; therefore, only samples A through D were collected. 

The only complete sampling run made during usual evaporative conditions 

was in May, 1983. During this run, multiple samples were collected from 

each depth (except sample F) and groundwater samples were collected from 

two auger-holes in the playa. 

The following proceedures apply to the samples collected in all 

three trips. The samples were stored in 125 ml, 250 ml, and 500 ml 

Nalgene plastic bottles. The bottles were filled to capacity whenever 

possible; however, there was never enough water from points 0, E, and F 

to fill even the smallest bottles. The bottles were kept dark and cool 

in order to minimize the effects of evaporation in the unfilled bottles. 

Water temperatures were measured in the field and pH was 

measured within 12 hours of sampling. Alkalinity titrations were 

performed during the sampling trip on the samples collected below the 

water table (within 12 hours) and in the laboratory on the samples 

collected in the lysimeters (within a week). The techniques described by 

Barnes (1964) were used for both the pH and alkalinity determinations. 
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The major anions and cations were analyzed for each sample by 

the author in the wet-chemistry laboratory provided by the U.T. Geology 

Department. The highly saline nature of the samples required that they 

be diluted before analysis. The dilutions performed for each analysis 

are as follows: 

Cl 1:500 
S04 1:250 
Na 1:50,000 

Mg 
K 
Ca 

1:10,000 
1:1000 
1:500 

Chloride concentrations were determined by the argentometric 

method (titration with silver nitrate) as described by the American 

Health Association (1980). 

Sulfate concentrations were measured indirectly using the 

titration method outlined by Howarth (1978). It was originally planned 

to collect two samples from each depth so that one could be treated with 

zinc acetate for the sulfate determination. This treatment would cause 

precipitation of any sulfides in the water, which could then be removed 

by filtration. H2 S gas is present in the soil column and the oxidation 

of sulfides after sample collection can cause large errors in the 

sulfate determination (Howarth, 1978). Because of the long collection 

times and small sample sizes of the shallow samples, it was not always 

possible to obtain a sample for the zinc acetate treatment. In order 

that valid comparisons could be made, the sulfate analyses reported are 

all from untreated samples. Most of the samples were collected in the 
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oxidizing environment of the zone of aeration so it is believed that any 

errors introduced by oxidized sulfides are small. Even if the samples 

had been treated with zinc acetate after collection, the sulfate-sulfide 

system could have already been perturbed by the lysimeter vacuum or by 

the forceful injection of air to retrieve the sample. 

All cation concentrations were determined by atomic absorption 

spectrometry using a Perkin-Elmer atomic absorption spectrophotometer. 

Samples and standards for the calcium determinations were spiked with a 

lanthanum solution (final concentration equaled 1% lanthanum) to free 

the calcium from ion complexes. 

Sources of error were inevitably introduced by the small sample 

sizes (particularly for samples D, E, and F) and by the extreme 

dilutions required for chemical analysis. To help minimize such errors, 

two samples from each depth were analyzed and the one with the best 

anion-cation charge balance was used to represent that depth. The only 

exception to this is the sample collected from 20 cm below the surface 

(sample F) where sampling time was too long to collect two separate 

samples and the sample collected was too small to divide into two 

aliquots. In addition to the above precautions, a duplicate sample (of 

sample E) was run through all dilutions and lab analyses in order to 

judge the precision of the analytical techniques. The calculated errors 

for each constituent are: 



Ca 
Mg 
Cl 

2.8% 
0% 

1.1% 

Na 5.5% 
K 0.7% 

S04 0% 
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The high error for Na may reflect the extreme dilution required for this 

analysis. 

3.3 Results 

Chemical analyses of water samples collected in June, 1982, are 

in Table 12, and analyses of samples collected in November, 1982, are in 

Appendix A. This section reports the results of chemical analyses of 

water samples collected in May, 1983. The TDS, Cl, Na, S0 4 , Mg, K, Ca, 

and HC0 3 contents, pH, and stable isotopes of the samples are each 

examined and are summarized on table 10. The ions are discussed in the 

order of their relative abundances. All percents reported are weight 

percents. The overall trend is for the concentration of each 

constituent to increase toward the playa surface (figure 14). The major 

exception to this trend is the composition of sample A, which is 

slightly more saline than samples Band C. The anomalous results from 

Sample A are thought to be the result of different collection and 

storage procedures, rather than the reflection of actual conditions. 

Total Dissolved Solids 

The total dissolved solids content of the playa waters ranges 

from 99,650 mg/L in sample B to 235,820 mg/L in sample F. The TDS holds 



Table 10: Chemical analyses of water samples collected in May, 1983. 
are in mg/L; all isotope concentrations are in per mil. 

Sample (depth) A (122cm) B (112cm) C (91cm) D (61cm) 

pll 7.6 7.4 7.5 7.3 

Na 31,000 27,500 29,000 34,500 

K 1630 1630 1650 1850 

Ca 920 900 1030 925 

Mg 5800 5500 5750 6400 

HC0 3 204 385 448 364 

504 16,320 16,750 16,750 20,000 

Cl 48,000 47,000 47,000 54,500 

01 HQ -2.27 -1.58 -1.13 -1. 24 

60 -33 -23 -27 -25 

TUS 103 ,870 99,670 101,630 118 ,540 

All ion concentrations 

E (31cm) F (20cm) 

8.0 7.6 

51,500 66,000 

3080 3620 

860 1190 

9900 12,700 

579 

23,250 30,750 

92,000 121,000 

-16 

181,170 235,260 

(J'\ 
.p. 
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fairly steady from 122 cm to 91 cm (4 to 3 feet), and then begins to 

increase at an accelerating rate as the surface is approached. The TDS 

content of the pore water at 20 cm (8 inches) is almost 140% greater 

than the TDS content of the groundwater collected 91 cm lower (sample 

B). 

Chloride 

Chloride is the single most abundant ion in solution, accounting 

for more than 46% of the total dissolved material in each sample. Values 

range from 47,000 mg/L for samples Band C to 121,000 mg/L for sample 

F. The percent of chloride compared to TDS content jumps from around 46% 

for samples A, B, C, and 0 to greater than 50% for samples E and 

F. Dissolved chloride increases 157% from sample B to sample F (2.6 

times). 

Sodium 

Sodium is the most abundant cation, and the second-most abundant 

ion in solution, accounting for a steady 28 to 29% of the TDS content 

throughout the soil profile. Sodium values range from 27,500 mg/L for 

sample B to 66,000 mg/L for sample F. Unlike chloride, which does not 

change from sample B to sample C, sodium steadily increases upward 

through the soil column (with the exception of sample A). Sample F 

contains almost 2.5 times as much sodium as sample B, an 140% increase . 
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Sulfate 

Sulfate values range from 16,750 mg/L for samples B and C, to 

30,750 mg/L for sample F. Sulfate makes up 17% of the ions in solutions 

A, B, C, and D, but declines to only 13% of the TDS content of samples E 

and F. Overall, the increase in sulfate from sample B to sample F is 

84%. 

Magnesium 

Magnesium is the second-most abundant cation in solution, with a 

steady 6% share of the TDS values. Magnesium ranges from 5500 mg/L in 

sample B to 12,700 mg/L in sample F. The magnesium content of sample F 

is 130% higher than that of sample B. 

Potassium 

Potassium accounts for about 1.6% of the dissolved ions in 

solution. Values range from 1630 mg/L in samples A and B to 3620 mg/L 

in sample F. Dissolved potassium increases 122% between the groundwater 

and soil water at 20 cm below the playa surface. 

Calcium 

The least abundant cation analyzed is calcium. Calcium accounts 
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for only 0.8 to 1% of the TDS in samples A, B, C, and 0, and the 

percentage falls to only 0. 5% in samples E and F. Absolute values range 

from 860 mg/L in sample E to 1190 mg/L in sample F. This is the only ion 

analyzed that does not have its lowest value in the groundwater sample 

(B). The calcium value fluctuates between every sample with the largest 

change being the 38% increase from sample E to sample F. The only 

obvious pattern in the calcium values is the decrease in the percentage 

of calcium, relative to the other constituents, from the lower 4 samples 

to samples E and F. Calcium concentrations may be perturbed due to 

sample collection in suction lysimeters (see HC0 3 ); however, the 

similarity in calcium values obtained for the bailer-collected and 

lysimeter-collected groundwater samples suggests that sampling effects 

are minimal. 

Bicarbonate 

Bicarbonate is the least abundant constituent analyzed in every 

sample. The bicarbonate values of samples B through F should be viewed 

critically because of sample collection methods. Degassing of C0 2 in 

the suction lysimeters and subsequent gas up-take by the samples during 

and after collection has an unknown impact on the bicarbonate 

concentration. The disparity between HC0 3 values for the bailer

collected and lysimeter-collected groundwater samples (a difference of 

180 mg/L) indicates that perturbation of HC0 3 values has probably 

occurred. Sample A, collected with a bailer and analyzed within 12 
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hours of sampling, is the only unquestionable analysis. Bicarbonate 

values range from 204 mg/L for sample A to 579 mg/L for sample E, a 184% 

increase. This recorded increase is higher than that of any other 

constituent and suggests that actual bicarbonate values in the pore 

waters are lower than those measured. No bicarbonate value was obtained 

for sample F because the extremely small sample size required that all 

of the sample be used for the other, more reliable, analyses. A 

bicarbonate value of 600 mg/L was assumed for sample F in mineral 

solubility calculations. The assumed value is only slightly higher than 

that of sample E, and (if sample E's value is correct) is probably lower 

than the actual value, based on the trends of the other ions. 

The degassing of C0 2 in suction lysimeters, discussed above, 

will also affect the pH of the_water samples because of the relationship 

between hydrogen activity and carbonate equilibria. The pH values of the 

unsaturated zone samples are all within the same range as that recorded 

for the bailer-collected sample, so it is assumed that the effects of 

degassing on pH are minimal. It should be noted that there may be pH 

trends in the unsaturated zone that have gone undetermined due to 

collection techniques. Values of pH range from 7.3 for sample D to 8.0 

for sample E. The value obtained for the bailer-collected sample A is 

7.6. There are no obvious pH trends through the sampled section. 
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518 0 and 50 

The oxygen-18 values of samples A, B, C, and D and the deuterium 

values of samples A, B, C, 0, and E were graciously determined by Dr. 

L.S . Land, of the University of Texas at Austin. The lowest 518 0 

measured was -2.3 in sample A. Sample A also had the lowest deuterium 

content at a 50 of -33. The highest 518 0 was -1.1 in sample C. Sample E 

had the highest 50 of -16. A decrease in deuterium between samples B and 

C is coupled with an increase in oxygen-18. Likewise, a decrease in 

oxygen-18 from sample C to sample D is coupled with an increase in 

deuterium~ 

3.4 Brine Evolution in the Unsaturated Zone 

Evaporative concentration is the primary process responsible for 

the increase in the total dissolved solids content of the successively 

shallower water samples. The TDS contents support the hydrodynamic 

findings that the tension-saturated capillary fringe extends 

approximately 60 cm below the surface. The effect of evaporative 

discharge on the chemistry of the unsaturated-zone water is seen by the 

substantial increase in the TDS content of samples collected above 60 cm 

depth. A relative decrease in the amount of calcium and sulfate in 

solution in samples E and F 

active above 60 cm depth. 

indicates that gypsum precipitation is 

The heavy isotopic composition of all the 

water samples shows the impact of evaporative concentration of the heavy 

isotopes. 
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The increase in total dissolved solids with decreasing depth is 

considered to be primarily the result of evaporative concentration. The 

concentration could also be increased by the dissolution of either 

minerals in the soil column or efflorescent crusts on the surface . The 

soil column contains predominantly gypsum and dolomite (Chapter 4) and 

because the pore waters are already above saturation with respect to 

these minerals, dissolution is unlikely (Table 11). 

The dissolution of efflorescent crusts is known to affect the 

water chemistry of other saline lake systems (Eugster, 1980; Eugster and 

Hardie, 1978) as rainfall returns the more soluble constituents back to 

the water, leaving the less soluble deposits (carbonates, gypsum) 

behind. The most likely crust to be going into solution in the salt lake 

of this study is halite. If this were occurring, there would be an 

increase in the amount of sodium relative to the other cations. Both Na 

vs. K and Na vs. Mg (figure 15) maintain nearly one-to-one relationships 

through the test interval, indicating that surface halite dissolution is 

not a major process affecting the brine composition. This conclusion is 

supported by the chemical analyses of samples E and F collected in June, 

1982 (table 12). Both of these samples were collected within 36 hours of 

a light rainfall and are diluted rather than enriched in total dissolved 

solids, compared to the May samples. 

The increase in the total dissolved solids content of the water 

samples provides information on where evaporation takes place in the 



~ depth 

A 122 cm 

8 112 cm 

c 91 cm 
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Table 11: Saturation states of pore waters with 
respect to selected minerals. AQSALT 1 s results are considered 
to be the most reliable because the program was designed to 

accomodate high ionic-strength waters. 

1 og AP/ Keq log AP / Keo 

~ SOLMNEQ PHREEQE AQSALT Sample ~ ~ SOLMNEQ PHREEQE •QSALT 

ca lei te 0.1621 0.7254 0 61 cm calcite 0.0898 0.509 

dolomite 1 .9541 2.6160 dolomite 1 .8507 2.23 

hunti te 1.2433 huntite 1.0777 

magnesi u 1.1 831 magnesite 1 .1 520 

aragoni te 0.2011 aragonite 0.1288 

gyps1.1111 ·0.4112 0.4720 0.068 gypsum -0.3716 0.551 0 .1 28 

anhydrite -0.642 -0. 361 anhydrite -0.5964 -0.292 

na lite -1.7486 -1. 5600 -1. 617 nal ite -1.6458 -1 . 43 - 1 .502 

glauberite • l .328 glauberite -1 . 112 

calcite 0.1689 0.5516 31 cm calcite o.8S56 1 .4 53 

dolomite 1.9538 2.2500 dolomite 3.6654 4 . 390 

huntite 1.2290 huntite 4.9303 

magnesite 1 .1761 magnesite 2. 171 

aragonite 0.2078 aragonite :J.'3245 

gypsum -0.3613 0.4810 0.091 gypsum -0 .5477 0 .61 33 0. 170 

anhydrite -0.5951 -0.341 annydri te -0 . 739 1 -0.201 

nal ite -1.8137 -1. 6300 -1. 688 ha Ii te -1. 1915 -0.364 -0 . 981 

glauberite -1.398 glauberite -0.643 

calcite 0.4103 0.7990 20 cm calcite 0.6106 1.36 

dolomite 2.3970 2. 7100 dolomite 3.0846 4.20 

hunti te 2.0758 huntite 3.7378 

magnesite 1 .3779 magnesite 1 .8651 

aragoni te 0.4492 aragonite 0.6496 

gypsum -0. 3267 0.5310 0.133 gypsum -0.4696 0 . 93 0.470 

annydrite -0.5593 -0.290 !nnydrite -0.6313 0 . 151 

ha Ii te -1 . 7888 -1.6000 -1 . 659 ha I i te -0.9152 -0.474 -0. 631 

glauberite -1 .312 g 1 auoerite 0.073 
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Table 12: Chemical analyses of water samples 
collected in June. 1982. 

Sample A a 
Oeptn (cm) 122 112 91 
pH 6.87 6.93 6.88 . 
Na 33.000 25,300 27,900 
K 2000 1800 1780 
Ca 990 980 390 
Mg 5180 4610 4710 
HC0 3 204 387 451 

so~ 13,250 11 ,500 10,500 
Cl 58, 100 49,000 52,300 
TOS 112' 720 93. 580 99, 130 

Samo le 0 
Oeptn (cm) 61 31 20 
pH 7.60 7. 68 : . 43 
.'la ;o. 100 J2 ' : 00 31 .300 

1980 1940 i 970 
Ca ~70 970 iOOO 
:-lg 5440 5450 4960 
HC0 3 307 51 5 

504 1 3,250 10,500 9000 
Cl 56,200 65,000 64,400 

TOS 108,850 11 6,575 113 . 750 

·all ion concentrations in mg/L 

soil column. The TDS content remains relatively constant from 122 to 91 

cm below the surface (table 10). These samples were collected from below 

the water table (samples A and B) and from the capillary fringe (sample 

C). The tension-saturated state of the capillary fringe prevents 

evaporation from occurring in pore spaces, resulting in no substant i al 

difference between the chemical composition of water below the water 

table and water in the capillary fringe . Moisture-content measurements 

indicate that the upper limit of the capillary fringe in May is located 

between 60 and 30 cm depth (see Chapter 2). The chemical composition of 

sample 0, collected at 61 cm depth, suggests that the capi l lary fringe 
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limit is closer to 60 cm because sample 0 exhibits an increase in TOS 

content. The large increase in the TDS content of samples E and F 

(collected at 31 and 20 cm depth, respectively) as compared to the 

deeper samples supports the moisture-content evidence that these samples 

were collected in the unsaturated zone. The presence of air in the pore 

spaces of the unsaturated zone allows evaporation to begin taking place, 

concentrating dissolved solids in the water not vaporized. 

The chemical composition of the brines is summarized on a Piper 

diagram (figure 16). The effect of gypsum precipitation on the 

chemistry can be seen on an expanded view of the anion triangle (figure 

17) as a shift to a more chloride-rich brine in samples E and F as 

compared to samples A, B, C, and 0. This relative increase in chloride 

is balanced by a similar percent decrease in the amount of sulfate in 

the brine. Sulfate accounts for approximately 26% of the anions in 

samples B, C, and 0, but only 20% in samples E and F. No shift can be 

visually detected on the cation triangle; however, the amount of calcium 

falls from 3% of the cations in samples B, C, and 0 to 1% in samples E 

and F. 

Chloride concentrations are often used as an index of 

evaporative concentration (Jones et al, 1969; Eugster, 1980) because 

chloride generally behaves conservatively until halite saturation is 

reached. Halite saturation indices calculated by both SOLMNEQ (Kharaka 

and Barnes, 1974) and AQSALT (Bassett and Bentley, 1983) indicate 
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Figure 17 : Expanded view of the anion 
triangle shown in figure 16 . 

undersaturation with respect to halite in all samples (table 11). If 

evaporative concentration is the only process affecting an ion, the 

sample points will plot on a line with a slope of one , relative to 

chloride (figure 18). If the ion is being added to solution by mineral 

dissolution or some other process , the points will lie on a line with a 

slope greater than one. Conversely, if the ion is removed from 

so l ution, for instance by mineral precipitation , the l i ne will have a 

slop~ less than one. 

The graphs of Na, K, and Mg versus Cl strongly indicate that no 

process is either adding or removing these ions from solution, relative 

to chloride (Figure 19a and b, Figure 20) . Though the slopes are 

slightly less than one, their constancy and simi l ar values suggest that 
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they represent simple evaporative concentration slopes. This conclusion 

is supported by the similar percentage increase seen in all of these 

ions across the test interval. The graphs of Na vs. K and Na vs. Mg 

(figure 15) show no enrichment in these ions relative to each other to 

indicate that cation exchange is occurring in the clays of the soil 

section. 

The slope of the Ca versus Cl line is much less than one, 

indicating that calcium is being removed from solution (figure 2la) . The 

most likely process to be removing calcium is prec i pi tation of gypsum. 

Carbonate precipitation must also be cons idered. Accord i ng to the 
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Figure 20: Mg versus Cl . 

results of SOLMNEQ, all of the samples are supersaturated with respect 

to calcite, aragonite, dolomite, huntite, and magnesite (table 11). The 

SOLMNEQ results must be considered a 11 best guess 11 because the program is 

not designed to handle solutions more concentrated than one molar. 

Unfortunately, AQSALT, which is designed for high ionic-strength waters, 

does not compute carbonate equilibria. The small percentage of calcium 

and bicarbonate in the playa waters, especially when compared to water 

in the limestone-rich recharge area, is a strong indication that some 

form of calcium carbonate precipitation has already occurred before the 

water reaches the playas. The caliche permeating the bajadas is probably 
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the product of this precipitation. The questionable HC0 3 values make 

judging whether or not carbonate precipitation is occurring in the 

unsaturated zone difficult. Applying one of the basic tenets of 

saline-water chemistry, that mineral precipitation will exacerbate 

initial differences between molar concentrations of the ions involved 

(Hardie and Eugster, 1970), it seems that calcium carbonate 
++-

pre c i pit at ion is not a widespread process because the mCa / mHC0 3 ratio 

does not display large changes from sample to sample. The Mg versus Cl 

plot (figure 20) indicates that dolomitization is also not a widespread, 

rapid process at this time, because Mg does not seem to be lost from 

solution. The potential for dolomitization is high, as evidenced by the 

high Mg/Ca ratios (figure 22). 

The sulfate versus chloride graph is similar to the calcium 

versus chloride graph (figure 2lb) . The $0 4 -Cl line also has a slope 

less than one, with the largest deviation between samples 0 and E. The 

shift seen on the anion triangle to a more chloride-rich brine in 

samples E and F (figure 17), the computed decrease in the percentage of 

calcium in sample E and F, and the character of the Ca and S0 4 versus Cl 

curves are all strong indications that gypsum precipitation begins 

between 61 and 31 cm beneath the playa surface (24 and 12 inches). 

The computer programs AQSALT and PHREEQE compute that all 

samples are supersaturated with respect to gypsum, though SOLMNEQ found 

none of the samples to be supersaturated (table 11). AQSALT 1 s results 
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are considered to be the most reliable because the program was 

specifically designed to accomodate high ionic strength waters (Bassett 

and Bentley, 1983). Saturation with gypsum is expected considering the 

gypsiferous nature of the basin fill through which the water is moving. 

Samples A, 8, C, and 0, though technically supersaturated according to 

AQSALT, must actually be at saturation because they are not gaining or 

losing calcium and sulfate relative to chloride . It is possible that 

gypsum precipitation occurs earlier along the flow path, account i ng for 

the Cl-rich nature of all of the samples, but precipitation in the 

capillary fringe and unsaturated zone of the sampling area appears :o be 

limited to the upper 61 cm of soil. 
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The isotopic compositions of the water samples place them within 

the "closed basin 11 ellipse defined by Craig (1961) on his 150 versus 15i•o 

graph (figure 23). The ultimate source of recharge, precipitation, has 

an isotopic composition of approximately 150=-70, 15i•o=-lO in the Salt 

Basin region (Sheppard et al, 1969). All of the salt-flat samples are 

enriched in the heavier isotopes of oxygen and hydrogen, as compared to 

rainfall values. Evaporation in the unsaturated zone is the process 

responsible for the deuterium and oxygen-18 enrichment in samples 0 and 

E. However, unsaturated-zone evaporation has not altered the chemical 

composition of samples A, B, and C and, therefore, is not expected to be 

responsible for these samples' isotopic compositions. Reflux of the 

dense brine found at shallow depths could increase the heavy-isotope 

content of the deeper waters, but hydrodynamic findings indicate that 

water movement is directed upward, except after rainfall. Downward

directed flow after a rainfall would be contaminated by isotopically 

light precipitation ·and probably does not account for the relatively 

heavy nature of the groundwater. The chemical composition of water in 

the bajadas led Boyd (1982) to suggest that evaporation began 

concentrating groundwater before the water reached the salt flats. The 

isotopic composition of the salt-flat groundwater supports this 

hypothesis. Evaporation earlier along the flow path can account for the 

enrichment in the heavy isotopes of hydrogen and oxygen detected in the 

salt-flat groundwater. 

The evaporation sequence defined by the samples' ionic 
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compositions is less clear with the isotopes. The groundwater sample A 

is markedly lighter than · the others, but the lysimeter-collected 

groundwater sample B is anomalous, having a larger deuterium component 

than both samples C and D (figure 24). The more concentrated sample D 

has an understandably higher deuterium content than sample C, but is 

lower in oxygen-18. The graph of deuterium versus chloride (figure 25), 

on which sample E can be included (no oxygen-18 value was determined for 

sample E), shows that the differences in isotopic composition between 

the deeper samples is slight when compared to the deuterium-enrichment 

of sample E. The odd progression in the isotopic compositions of samples 

B, C, and D may be due to exchange with the atmosphere during sample 

collection or fractionation during gypsum precipitation. 

3.5 Hydrodynamic Implications of Pore Water Chemistry 

The increasing TDS content of shallower samples records the 

removal of water from the liquid phase by evaporation. The computer 

program PHREEQE (Parkhurst et al, 1980) was used to determine the amount 

of evaporation necessary to account for the observed compositional 

trends. The program simulates evaporation by mathematically performing a 

titration with "negative pure water 11
• In other words, pure water is 

removed from the starting solution in ever larger amounts. The input and 

selected output from the program are given in Appendix 8. 

Solution 8 was used as the starting solution because the higher 
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salinity of sample A would have by-passed both samples Band C in the 

simulation. Evaporation was simulated in ten steps, each step accounting 

for a 10% reduction in the volume of water (except for the last step 

which was only a 9% reduction because the solution could not be taken to 

complete dryness). The program computed pH, water activity, ionic 

strength, the distribution of species, and saturation indices of 

pertinent minerals at each step and these were compared with the 

analytical results to match each sample to a particular evaporation 

step. PHREEQE, like SOLMNEQ, is designed for low i on i c~strength waters. 

Though this limitation affects the accuracy of the computed distribution 
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of species and saturation indices, it does not reduce the accuracy of 

the evaporation simulation . The evaporation simulation is a simple 

mathematical removal of water volume, with subsequent increase in 

amounts of ions in solution, and does not depend on a proper model i ng of 

ion complexes. The results are summarized on table 13 and plotted on 

figure 26. 

Figure 26 displays the non-linear relationship between the 

concentration of chloride in the solution and the percent volume of 

water removed from solution. The relationship is curved because it 



Table 13: Summary of results from evaporation 
simulation performed by the computer program 

PHREEQE. 

STEP •l STEP :2 STEP =3 STEP ~4 
% H20 removed --,-0- __ 2_0_ 

30 40 
Ca 1000 1130 1290 1500 
Mg 6110 6870 7860 9170 
Na 30,560 34,380 39,290 45,840 
K 1810 2040 2330 2720 
Cl 52 ' 170 58,690 67 ,080 78,260 
HC03 430 480 550 640 
S04 18,610 20,940 23,930 27 ,920 

TDS 110,690 124,530 142,320 166,040 

STEP :5 STEP =6 STEP = 7 STEP =a 
~ H 0 removed -w __ 6_0_ __7_0_ --80-
Ca 2 1800 2250 3000 4500 
Mg 11,000 13,750 18,330 27,500 
Na 55,000 68' 750 91 ,670 137 ,500 
K 3260 4080 5430 8150 
Cl 93,910 117 ,390 156 ,520 234,780 
HC0 3 770 970 1290 1930 
S04 33,510 41 ,880 55,840 83,760 

TDS 199.250 245,390 332,080 498, l 20 
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defines an accelerating process. As evaporative concentration proceeds, 

the removal of smaller water volumes accounts for larger increases in 

TDS . The removal of 50 % of the water volume doubles the concentration 

of the solution; the removal of 75 % of the original water volume 

quadruples the concentration of the original solution. 

The salt flat samples were plotted on figure 26 to determine the 
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amount of evaporation necessary to achieve the observed concentration. 

The Cl composition of sample 0 corresponds to a 14 % decrease in the 

water volume of sample B. This reflects sample Q's position at the top 

of the capillary zone. Evaporation in the unsaturated zone would have to 

remove almost 50 % of the water volume of sample B to achieve the 

chlorinity of sample E and 62 QI 
I O of sample B's original volume to 

approximate the Cl concentration of sample F. Unfortunately, the 

calculated decrease in water volume cannot be correlated to time . 
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The relative loss of Ca and S0 4 from the solution in samples E 

and F, noted in the previous section, is supported by the PHREEQE 

results. The computer problem did not provide for mineral precipitation; 

therefore, the loss of ions by gypsum precipitation was not accounted 

for in the simulation. Using the percent-water-volume decrease 

calculated for each sample from figure 26, the divergence of the salt 

flat samples from the calculated S0 4 versus water-volume curve can be 

seen (figure 27). The S0 4 content of the samples from A to 0 follows 

that computed by the evaporation simulation. Samples E and F, however, 

lie above the predicted water-volume versus S0 4 concentration line. 

Gypsum precipitation has resulted in the S0 4 concentration of samples E 

and F being less than that predicted on the basis of the amount of water 

vapor that would have to be removed to account for their chloride 

concentration. 

3.6 Effects of Rainfall on Brine Chemistry 

Water samples were collected on June 14, 1982 after a passing 

thunderstorm had deposited 2 mm (0.15 inches) of rain on the salt flat 

on the evening of June 13. A comparison of table 10 and table 12 shows 

the effect of the rainfall on the chemical composition of the brines. 

Samples A, 8, C, and D exhibit little or no perturbation in ion 

contents, with the exception of uniformly lower sulfate values in June. 

Low sulfate values were measured in all of the June 1982 samples, as 

compared to the May 1983 samples, and may be due to analytical 
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differences. The lack of any similar change in the more-soluble ions 

(e.g. chloride) of the deeper samples suggests that the sulfate decrease 

is not due to the rainfall event. 

The markedly lower Na, K, Mg, and Cl contents of samples E and F 

from June 1982 as compared to May 1983 show the impact rainfall has on 

brine chemistry. The lack of change in the calcium values may be 

explained by the dissolution of gypsum or calcium carbonate. The rain 

apparently diluted and homogenized the pore waters in the upper 30 cm 

(one foot) of sediment. Rainwater had no obvious effect on the brine 

chemistry 61 cm (2 feet), and deeper, beneath the surface. The 

dissolution of efflorescent crusts (halite) does not seem to influence 

the chemical composition of the brines, as the Na/K ratios of samples E 

and F are comparable to those of the deeper June samples and to those of 

the May 1983 samples. 

It is surprising that only 2 mm of rain could significantly 

affect the chemical composition of pore water 30 cm below the surface. 

The TDS content of water 20 cm below the surface was reduced by over 50 

% and the TDS content of water 30 cm below the surface was reduced by 35 

%. Boyd (1982) noted an almost 60 % decrease in the TDS of groundwater 

after rain, but the rainfall event causing the decrease lasted for three 

days and caused water to stand up to a few tens of centimeters deep on 

the salt flats for three weeks. Water did not stand on the salt flats 

after the rainfall observed in the present study, but the soil surface 
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was moist and muddy. The gauge measuring the rain was located 

immediately adjacent to the lysimeters and should have collected the 

true rainfall amount. It is possible that evaporation from the gauge 

during the time between the storm on the evening of June 13 and reading 

of the gauge on the morning of June 14 significantly reduced the volume 

of water in the gauge. A bentonite seal, packed around the top of each 

lysimeter, should have prevented percolation of rainfall down the side 

of the lysimeter tube. 

3.7 Summary 

The most obvious trend in the chemical composition of the water 

samples is the increase in total dissolved solids content toward the 

playa surface. Evaporative concentration is the primary process 

responsible for this increase. The chemical composition of water in the 

capillary fringe ,located below 60 cm depth, exhibits little difference 

from the composition of the groundwater. Evaporati~n from water in 

partially-filled pore spaces accounts for the high TDS content of water 

located in the unsaturated zone. On the basis of the observed chloride 

increase, approximately 66 % of the original groundwater volume has been 

removed by evaporation by the time the water has moved to within 20 cm 

of the surface. Rainfall on the salt flats dilutes and homogenizes the 

soil water, disrupting the usual trend of increasing concentration with 

decreasing depth. 
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The relative decrease in the amount of Ca and S0 4 ions in the 

unsaturated zone samples, as compared to those collected from the 

capillary fringe and groundwater, is the result of gypsum precipitation 

in the upper 60 cm of soil. Minor calcium carbonate precipitation and 

dolomitization may be occurring, but do not substantially affect the 

chemical composition of the pore water. Though approached, halite 

saturation is not achieved by any of the samples analyzed. 

Evaporation earlier along the flow path, before 

reaches the salt flats, may account for the enrichment in 

the water 

the heavy 

isotopes of hydrogen and oxygen in the groundwater samples, as compared. 

to area rainfall. This earlier evaporation may take place where the 

water table is close to the surface, for instance in the Crow Flats 

area. Continued evaporation in the unsaturated zone of the salt flats 

further enriches the shallow samples in the heavy isotopes. 



Chapter 4 

Shallow Subsurface Stratigraphy and Mineralogy 

The only intensive studies of the stratigraphy and mineralogy of 

the sediments beneath the salt flats have been conducted by Friedman 

(1966) and Dunham (1972). Friedman performed mineralogic and isotopic 

analyses on sediments from an unspecified number of ninety centimeter 

cores (three feet) taken along a transect across the graben. Dunham 

performed x-ray analyses, examined thin sections, and performed 

carbon-14 dating on samples from seven cores across the flats. Boyd's 

(1982) thesis also contains a description of a shallow statigraphic 

section and x-ray diffraction and thin-section analysis results. The 

objectives of the present study are twofold . First, to obtain evidence 

for the mineral precipitation predicted by the water chemistry. Second, 

to determine whether the minerals and sedimentary structures observed 

beneath the salt flats are relics of a past environment or the products 

of on-going vadose zone processes. Friedman (1966) approached his study 

with the viewpoint of a sedimentologist: he assumed the system was dead, 

or static, and that all of the features he observed were the results of 

sedimentation in an ancient lake. Boyd's (1982) study and the present 

96 
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work refute this hypothesis. The Salt Basin hydrologic system is an 

active one; and as a result, mineral precipitation and diagenesis are 

on-going processes. An attempt is made here to evaluate the shallow 

sediments with these active processes in mind. 

4.1 Analytical Techniques 

The stratigraphic and mineralogic analyses are based on the 

sediments from two cores taken from the salt flat during the May, 1983 

sampling trip. One core, 137 cm (54 inches) in length, was taken 

adjacent to the lysimeter and tensiometer nests and the neutron probe 

hole used in the seasonal study. The second core, 91 cm (36 inches) 

long, was pulled near the second neutron-probe hole, approximately 100 

meters (300 feet) farther into the playa than the first core (Figure 7). 

The cores were collected by driving 7.62 cm (3 inch) diameter 

irrigation tubing into the soil with a sledgehammer and subsequently 

pulling the tubing out. A hardpan located at 96.5 cm (38 inches) in the 

longer core had to be broken up with a pipe and the final 40.5 cm (16 

inches) retrieved with another piece of tubing. The ends of each piece 

of tubing were sealed immediately after collection to prevent oxidation 

of the sediments. In the lab, the tubes were sawed open and the cores 

photographed and logged before oxidation could proceed significantly. 

Within one month, the cores had lost their dark grey zones and olive 

green bands to become uniformly white and tan. 
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Seventeen samples were picked for x-ray diffraction from the 

longer core (figure 28). Samples were picked to coincide with lysimeter

collection levels and to represent the varied zones of texture and color 

through the core. Analysis revealed that gypsum diffraction peaks 

occurred at calcite peak angles, masking the presence or absence of 

calcite. Selected samples were heated to convert gypsum to anhydrite and 

re-analyzed. Other samples were placed in saturated NaCl solutions to 

dissolve the gypsum, the fluid was decanted off, and the remaining 

sediment re-analyzed. Both techniques proved satisfactory for removing 

the gypsum masking. 

Thin sections were made by the Mineral Studies Laboratory, 

courtesy of the University of Texas Bureau of Economic Geology . Nine 

sections were made from the 137 cm core and four were made from the 91 

cm core. Epoxy was poured onto the core surface to make the sediments 

cohesive for cutting. Petrographic analyses and mineral point-counting 

were performed using a Zeiss Petrographic Microscope, also courtesy of 

the Bureau. The mineralogy of 300 points was counted on each slide. 

Duplicate counts revealed a precision between 2% and 12%, depending on 

the quality of the slide. The friable nature of the material resulted in 

holes in some slides, despite the epoxy. 
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4.2 Results 

A diagram of the 137 cm core is shown in figure 28, and the 91 

cm core is in figure 29. A striking feature of the longer core is the 

transition from highly laminated sediments in the upper 100 cm to 

comparatively featureless, grey sediments in the lower section. The 

lower section also contains large (up to one cm long), clear, gypsum 

crysta 1 s in apparently random orientations in the matrix. These large 

crysta 1 s are absent in the upper 100 cm. Both cores exhibit alternation 

of two sediment types: 1) relatively featureless, granular material, 

always white to brown (oxidizing), and 2) laminated zones of finer

grained (silt to mud) material, usually associated with dark green to 

black (reducing) sediments. 

X-ray diffraction results are given in table 14. The sediment 

column is almost exclusively gypsum and dolomite. Minor quartz was 

detected, and was more abundant in the deeper samples. No calcite was 

recorded in any of the samples, despite the afore-mentioned efforts to 

isolate it. Dolomite peaks were diffuse, indicating poor-ordering. 

Point-count results for the thin sections are in table 15. 

Gypsum and dolomite were the only minerals encountered in counting. The 

sections varied from 82% gypsum, 18% dolomite to 32% gypsum, 68% 

dolomite. 

other six. 

Gypsum was over 50% of eight slides; dolomite dominated the 

The selection of areas for slide preparation favored 



101 

INCHES CM 
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EXPLANATION 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 §Light tan to 0 0 0 0 0 0 0 0 0 0 0 0 0 grey gypsum 
00000000000000 

6 >0000000000000 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 I: ~Hardpan 10000000000000 

20 2-8.~ * 

12 30 
~Dark colored, laminated zone 

2-14 * D White gypsum lenses 
40 

18 
[)Brown mud 

50 

0 0 0 0 0 0 0 0 0 0 0 0 
* Thin section sample 

000000000000 .. 
~ 

60 24 ) 0 0 0 0 0 0 0 0 0 0 0 0 
o o o o a o o o o o o o o 

2-26* 

0 0 0 0 0 70 

30 0o 0 0 0 0 0 0 0 0 0 0 0 0 

" 80 
0 0 0 0 0 0 0 0 0 0 0 0 0 

2-34* 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0 0 0 0 90 

Figure 29: Diagram of the 91 cm core, showing 
thin-section sampling points. 



Table 14: X-ray diffraction results from 
salt-flat sediment samples. 

Sample # Gypsum Dolomite Quartz 

x xxx x 
2 xxx xx x 
3 xx xx x 
4 xx x 
5 xxx xx x 
6 xx xxx x 
7 xx xxx x 
8 x xx 
9 x xxx x 

10 xx xx 
11 x xxx 
12 x xxx x 
13 xxx xxx x 
14 xxx x x 
15 x x xx 
16 xx xx xx 
17 xxx x xx 

XXX: large XRD peak 
XX: intermediate XRD peak 
x: small XRD peak 

dolomite-rich areas. Laminated zones tended to contain more dolomite 

were also considered more interesting for slides than areas 

featureless gypsum crysta 1 s. 
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and 

of 

Thin sections of the areas classified as 11 dark colored, 

laminated zones 11 on figures 28 and 29 reveal that these areas are 

complex mixtures of dolomite mud and gypsum. Some areas have distinct 

laminations of dark, fine-grained, dolomite-rich mud and clean gypsum 

crystals (figure 30a), while other areas have gradational changes with 

dolomite overgrowths on gypsum (figure 30b). In thin section, the vast 
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Table 15: Point-count results for thin sections 
from the salt-flat cores. 

Sample Gypsum Dolomite 

1-4 66.3 % 33.6 % 

1-9.5 68.0 % 32.0 % 

1-16.5 82.0 OI 18.0 % to 

1-23 61.3 OI 38.6 % to 

1-28.5 40.0 % 60.0 % 

1-33.5 32.0 % 68.0 0/ ,o 

1-38 38.6 % 61.3 % 

1-42 41. 3 % 58.6 OI 
:o 

1-53 59.3 % 40.6 OI 

'" 
2-8.5 54.6 0/ 45.3 OI 

to 10 

2-14 79.4 % 20.5 % 

2-26 63.6 % 36.3 0/ 
.o 

2-34 47.0 % 53.0 OI 
IO 

majority of gypsum crystals are euhedral to discoidal (figure 31). 

Though random orientations do occur, most crystals are aligned with the 

c-axis parallel to the surface of the flat. Some layers are relatively 

dolomite-free and consist of aligned gypsum prisms. Other areas have 

11 
••• euhedral crystals .. . suspended in the mud as though they grew there 11 

(Dunham, 1972). 



A. 

B. 

Figure 30: A.Photograph of thin-section 1-16.5, 
showing distinct laminations of dolomite-rich mud 

(dark areas) and clean gypsum crystals (light areas). 
Magnification 2.5 times . 

B.Photograph of thin-section 1-16 . 5 showing dolomite 
overgrowths on gypsum. Magnification 2.5 times. 
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Figure 31: Photograph of thin-section 2-8 . 5, showing 
euhedral to discoidal gypsum crystals with their 
c-axis aligned nearly parallel to the salt-flat 

surface. Magnification 2.5 times . 

4.3 Mineral Precipitation in the Unsaturated Zone 

105 

Evidence for the gypsum precipitation predicted by the water 

chemistry is provided by both sedimentary structures and crystal 

morphologies. The fine laminations throughout the unsaturated zone, 

usually interpreted as lacustrine in origin, are disrupted in areas by 

patches, enterolithic bands, and discontinuous lenses of very white, 

pure gypsum. Enterolithic structures have been interpreted as indicating 

mineral precipitation within the sediments (Tucker, 1978). A displacive 

origin for the enterolithic band located 58.4 cm (23 inches) below the 

surface in the long core is suggested by nearby soft-sediment 

deformation which appears to have been caused by upward-directed flow 
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(figure 32). Though the other patches and lenses do not exhibit 

displacive features, the unique color and texture of the enterolithic 

band and the patches and lenses is suggestive of a similar origin. The 

fine, parallel lenses at 80 cm (35.5 inches) mimic primary laminations; 

however, they are unlikely to be remnants of subaqueous deposition 

because they are completely enclosed in muddy dolomite. 

DEPTH 

22" 

EXPLANATION 

E3 Ii ght grey mud 

~charcoal black 
~ band 

D enterolithic 
gypsum bands 

j ·if!lJ .. i/~,' I grey mud 

Figure 32: Diagram of enterolithic band located at 
58.4 cm and associated soft-sediment deformation. 

The patches located 66 cm (26 inches) below the surface in the 

long core may represent the begining of an enterolithic/ nodular band . 

The distinct patches have precipitated at the same depth and could 

eventually coalesce to make a band such as that at 58.4 cm . These bands 

and patches are remarkably similar to the nodular anhydr i te structures 

reported from the Trucial Coast (Butler, 1970; Kinsman, 1966) . The 
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nodular fabric in the Trucial Coast sediments is interpreted as being 

the result of the conversion of gypsum to anhydrite (Butler, 1970); yet 

a similar fabric is observed in the salt-flat sediments where the 

dehydration of gypsum has not occurred. The temperatures in the Persian 

Gulf environment (up to 47°C, Kinsman, 1966) are higher than those in 

the Salt Basin. No anhydrite was detected either with x-ray diffraction 

or with optical techniques in the salt-flat samples, and the only 

bassanite encountered was in samples that had been heated to 100°C. 

Nodular, enterolithic anhydrite in the subsurface could result from the 

dehydration of nodular, enterolithic gypsum, such as that observed in 

this study, as well as by the method proposed by Butler (1970). 

Subaqueous, in situ gypsum precipitation is characterized by 

11 grass-like 11
, c-axis vertical orientations (True, 1978; Warren, 1982) . 

Mechanically-deposited gypsum can have long-axis horizontal 

orientations, but abrasion of crystal faces would be expected. The 

generally well-defined, unabraded, horizontal gypsum crystals beneath 

the salt flat are interpreted as having grown within the sediment, with 

the prefered growth direction parallel to the least stress direction 

(horizontal). The large, clear selenite crystals observed scattered in 

the sediments below the water table are not observed above the water 

table . The frequency of selenite increases with depth below the water 

table. Apparently, conditions in the vadose zone are not conducive to 

the development of large crystals. 
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In some slides, euhedral gypsum crystals are replaced by a 

patchwork mosaic of smaller gypsum crystals in optical discontinuity . 

The replacement sometimes gives the larger crystal shape a "zebra" 

appearance. Kushnir (1981) has also reported the recrystallization of 

gypsum crystals during their diagenetic growth. The replacement may 

occur when dilute rainwater infiltrates into the sediments and dissolves 

the larger crystals. The rapid increase in salinity with the onset of 

evaporation causes rapid nucleation and recrystallization in smaller 

crystals. The observed replaced crystals are similar to the secondary 

gypsum after anhydrite described by True (1978) from the Mormoiron Basin 

in France: 11 
••• crystal terminations are well preserved but in many cases 

the outlines are deformed and the crystals are infilled by a secondary 

gypsum composed of irregular small crystals with diffuse extinction." 

The determination as to whether a patchwork gypsum fabric is due to 

hydration of anhydrite or the dissolution-reprecipitation of gypsum in 

the vadose zone may well be impossible in the geologic record. 

Though many gypsum crystals are clean and free of inclusions, 

many others have included dolomitic groundmass. Replacement of gypsum by 

dolomite is unlikely in the present high SO~, low HC0 3 waters. It is 

more reasonable to assume that the dolomite blebs were trapped in the 

gypsum crystals as the gypsum grew in the sediment. 

The poorly-ordered dolomite structure and radiocarbon dates 

indicating an age of less than 20,000 years before present for the 
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dolomite (Dunham, 1972) eliminate the possibility of a detrital, ancient 

origin for the dolomite. Dolomite is unlikely to precipitate directly in 

the sedimentary environment at low temperatures because it crystallizes 

with difficulty and is characterized by exceedingly slow crystal growth. 

More often, dolomite forms by the alteration of initial aragonite or 

calcite (Williams et al, 1982). The process beneath the salt flats is 

probably similar to that described by McKenzie (1981) and by Kinsman 

(1966) for the Trucial Coast: 11 
••• penecontemporaneous prelithification 

dolomitization ... formation of a dolomite mud of 1-2µ crystals. 11 

(Kinsman, 1966). The lack of any measurable magnesium loss in the 

pore-water samples is explained by the lack of calcium carbonate in the 

cores. Apparently, all available CaC0 3 has already been dolomitized in 

this portion of the flat. The identification of calcium carbonate 

minerals by Boyd (1982), Dunham (1972), and Friedman (1966) indicates 

that dolomitization has not gone to completion in all areas of the salt 

flats. In particular, Dunham's (1972) work on a core from the center of 

a salt flat revealed that the sediment was 53% carbonate, only half of 

which was dolomite. The 11 aging 11 phenomenon described by McKenzie (1981) 

seems to be at work in the salt-flat sediments. The deeper, older 

sediments display coarser-grained dolomite than that found in the 

shallower mud. 

The dolomite inclusions within gypsum 

indicate intra-sediment gypsum growth, but may also 

essentially contemporaneous dolomite-gypsum 

crystals may not only 

be the result of 

precipitation. As 
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dolomitization frees calcium ions, the high-sulfate waters precipitate 

additional gypsum: 

2CaC0 3 + Mg = CaMg(C0 3 ) 2 + Ca 

These reactions seem very likely given the conditions of 

relatively low Ca and HC0 3 in the playa waters. 

The relationship between the gypsum and dolomite crystals cannot 

be determined conclusively. The replacement of gypsum by dolomite seems 

unlikely in the present brine, but microscopic evidence suggests that 

the reaction may have taken place. In particular, a slide from a depth 

of 66 cm (26 inches), from the shorter core, shows ghosts in the 

dolomite: plain light shows dirty-white gypsum crystal shapes in a 

dolomitic groundmass, but crossed-nicols reveal that many of those 

crystal shapes are now full of dolomite crystals slightly coarser than 

those in the groundmass. 

4 .4 The Origin of the Shallow Sediments in the Salt Flats 

The sediments at and below the floor of the Salt Basin have long 

been assumed to be lacustrine in origin, the result of deposition in the 

ancient lake indicated by the remnant beach ridges (King, 1948; 

Friedman, 1966; Dunham, 1972) . However, the active hydrodynamic system 
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beneath the salt flats and the mineral precipitation predicted by the 

chemical composition of the soil water must be important factors 

influencing sedimentation in the shallow subsurface of the flats . The 

features seen in the shallow subsurface beneath the salt flats could be 

the result of vadose-zone processes in a sedimentary environment similar 

to that present today. 

One of the primary pieces of evidence supporting the traditional 

lacustrine-origin hypothesis of the salt-flat sediments is the reported 

lack of variability in color, texture, and consistency of the sediments 

(Dunham, 1972) and the reported widespread occurrence of marker beds at 

persistent depths (Boyd, 1982; Friedman, 1966). One of the purposes in 

collecting two cores for this study was to test the lateral variability 

in the sediments. Though similar in gross appearance, the two cores do 

not contain beds that can be correlated over a distance of 100 meters 

(300 feet). None of the marker beds described by Friedman (1966) were 

identified in either core. The proximity of the sampling site to the 

edge of the salt flat may explain the absence of Friedman's marker beds, 

which he claims increase in depth away from the salt-flat center. 

However, the lack of lateral continuity in cores 100 meters apart casts 

doubt on the lacustrine origin (in the traditional subaqueous sense) of 

the sediments. 

The break between laminated sediments above and massive 

sediments below the water table, seen in the long core, also casts doubt 
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on the lacustrine hypothesis. Fine laminations are usually considered 

indicative of subaqueous deposition (Kinsman, 1969); but by virtue of 

their stratigraphic position, the laminations in this study seem to be 

the result of vadose-zone processes. 

sediments below the water table 

sedimentation. 

The presence of more quartz in the 

also indicates a different style of 

The sediments below the water table may have been deposited 

under traditional lacustrine conditions. The relative abundance of 

quartz is indicative of a larger detrital sediment component, perhaps as 

the result of lower base level or increased stream flow. The laminated 

sediments above the water table may have been added by several processes 

acting both at and below the ground surface. 

Laminations can be caused by the adhesion of aeolian material 

onto the moist surface of the salt flat (Glennie, 1970). The algal mats 

that grow on the salt-flat surface can aid in the creation of 

laminations by acting as sediment traps for fine-grained material. 

Plant remains were obvious in several of the dark-colored, fine-grained 

laminated zones in the cores and plant tissue was observed in a thin 

section containing one of these zones. The plant remains are suggestive 

that algal mats, or some other form of plant life, have been active in 

controlling sediment deposition on the flats. Periodic flooding of the 

flats, as occurs today after heavy rainfall, contributes to the 

laminated nature of the sediments by washing-in clays and silts that 
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then become entangled in algal mats or settle in fine laminations on the 

mats. Smoot (1978) interpreted the laminated dolomite mudstones of the 

Wilkins Peak member, Green River Formation, as having been deposited by 

sheet floods in a predominately subaerially-exposed mudflat environment . 

Gypsum precipitation is the most-likely process to be affecting 

sedimentation below the ground surface. Kushnir (1981) pointed out that 

11 
••• the possibility of formation of new distinct layers of gypsum by 

displacement within the sediment is not ruled out. 11 The varved evaporite 

sedimentation that he observed in the shallow (50 cm deep) pool at 

Ras-Mohamad may be similar to the sedimentation process on-going in the 

occassionally flooded salt flats . Kushnir (1981) concluded that the 

major diagenetic feature in varved gypsum deposits was the continuous 

growth of gypsum crystals in the sediment column. Kinsman (1966) made a 

similar observation on the Trucial Coast where he discovered that gypsum 

was always developed in interstitial positions, and yet accounted for 

more than 50% of the upper meter of sediment, in places. In fact, 

Kinsman (1966) found evidence for 30 to 90 cm (1-3 feet) of vertical 

growth of the surface, due to interstitial mineral precipitation. 

Trucial Coast cores show successive algal mats underlain by gypsum 

crystal 11 mushes 11 associated with greater or lesser amounts of 

carbonates. The gypsum crystal mushes are commonly associated with algal 

banded sediments on the Trucial Coast, and yet the sediments are 

attributed a vadose origin, rather than a subaqueous one (Kinsman, 

1966) . 
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Friedman's (1966) notion of a relic system containing an 

unaltered record of continuous lacustrine sedimentation is not valid for 

the salt flats of western Texas. The salt flats are better represented 

as an active system encompassing a variety of depositional environments: 

periodic, short-lived shallow lakes interupted by long-term periods of 

no standing water in which evaporation from the water table often keeps 

the surface moist enough to promote algal mat growth and the development 

of adhesion features. The diagenetic growth of gypsum beneath the 

surface is probably the most active method of adding new material to the 

salt flat sediments, and dolomitization is the most common method of 

altering the soil mineralogy. 

4.5 Su11111ary 

Patches, lenses, and enterolithic bands of white, pure gypsum 

are the result of precipitation from pore water in the unsaturated zone. 

Enterolithic and nodular features mimic those interpreted as being the 

result of the conversion of gypsum to anhydrite, though anhydrite does 

not occur in the salt flats. Precipitation in the soil column has 

resulted in most gypsum crystals being euhedral to discoidal with their 

c-axis oriented parallel to the surface of the flat . Dolomite is 

believed to be formed by the alteration of calcium carbonate in the 

high-Mg pore water. The product is a poorly-ordered dolomite mud that 

tends to be coarser-grained with increasing depth. Dolomitization may 

promote additional gypsum precipitation by releasing calcium into 

solution. 
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The lack of lateral continuity between cores 100 meters apart, 

and the abrupt change in structure between sediment above and below the 

water table suggest that sedimentary features above the water table were 

formed by vadose-zone processes. Adhesion of aeolian material and 

trapping of fine sediment in algal mats after floods can account for the 

observed laminations. Gypsum precipitation in the soil column 

continually adds to and alters the character of the sediments. 



Principal Conclusions 

1. Water beneath the salt-flat surface moves upward from the saturated 

zone (located below 105 cm depth during this study), through the 

capillary fringe (from 105 cm to approximately 60 cm depth), to the 

unsaturated zone where it is removed by evaporation. 

2. Daily fluctuations in temperature cause daily fluctuations in soil 

suction so that the highest suctions occur near noon and the lowest 

suctions occur just before dawn. The moisture content of the soil does 

not exhibit a daily fluctuation because the suction variations reverse 

too quickly for the soil water to respond. 

3. There is a seasonal drying of the soil at shallow depths and an 

increase in the thickness of the capillary fringe during the winter 

months. This reflects annual temperature changes between seasons . The 

longer period of seasonal temperature changes as compared to daily 

changes allows the moisture content to adjust to temperature-induced 

pressure changes. 
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4. The increase in total dissolved solids content of the water samples 

at shallower depths is the result of evaporative concentration in the 

unsaturated zone. Water in the capillary fringe is similar in chemical 

composition to the groundwater. 

5. The only mineral precipitating in large enough quantities to affect 

the brine chemistry is gypsum. 

cm depth and the surface (in 

Gypsum precipitation occurrs between 60 

the unsaturated zone), depleting the 

shallower brine samples in calcium and sulfate, relative to chloride. 

6. An enrichment in the heavy isotopes of hydrogen and oxygen in the 

groundwater indicates that evaporation has occurred earlier along the 

flow path. Continued evaporation in the unsaturated zone further 

enriches the soil water in deuterium and oxygen-18. 

7. Comparison with a computer-simulated evaporation process indicates 

that the increase in chloride concentration between the groundwater 

sample and the most-shallow sample, 20 cm below the surface, requires a 

loss of over 60 % of the original water volume by evaporation. 

· 8. A 2 mm rainfall on the playa reversed the hydraulic head gradient, 

increased the soil's moisture content, and diluted the brine to a depth 

of 30 cm beneath the surface. The recharge event was brief; by 

approximately 24 hours after the rain, flow was again toward the playa 

surface and discharge was taking place. 
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9. Shallow sediments sampled consist almost entirely of gypsum and 

dolomite, with minor quartz. 

10. Very white patches, enterolithic bands, and discontinuous lenses of 

pure gypsum within the sediments above the water table represent the 

in-situ gypsum precipitation predicted by the water chemistry . 

11. The nodular, enterolithic character of some of the salt-flat gypsum 

patches is the result of precipitation in the unsaturated zone, not the 

hydration of anhydrite. 

12. The salt-flat dolomite probably formed by the alteration of initial 

aragonite or calcite in the presence of a high-magnesium brine such as 

is present today, rather than by primary precipitation in an ancient 

lake as proposed by Friedman (1966). 

13. The lack of lateral continuity between the cores collected for this 

study and the change in sediment character from massive below the water 

table to laminated above, suggest that the laminations may not have been 

created in a traditional, sub-aqueous lacustrine depositional 

environment . Instead, the laminated sediment may represent 

sedimentation in an environment similar to that present today. 



Appendix A 

Chemical Composition of Water Collected November, 1982 

Chemical Composition of Water Collected in November, 1982 

Sample Depth (cm) pH Na K Ca Mg HC03 Cl 

D 61 7.5 35,300 1570 930 6440 60,600 

c 91 6.8 30,400 1410 980 5600 53,700 

B 112 6.9 38,500 1420 990 5600 53,200 

A 122 7.3 32,600 1620 1020 5910 400 58,200 

note: all ion concentrations in milligrams per 1 iter 
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Appendix B 

Input and Selected Output from PHREEQE Simulation 

Input used in PHREEQE evaporation simulation: 

[~lPORlTlO~ ~RO• SALT FLAT• ST~RTING lllTH SOlUTtON 8 
~02,01tooo10 o 1.occoo 
CLC .. CHTS 
c 15 61. 

-o -o 
SOLUTIO._ l 
SALT FL'T G~lUNO~lT[R CSA~PLE 6•44 I~CHCSJ 

1 15 J 1.Js ... ao 21.0 1.01 
4 9.oooc•o2 5 5.so~r•OJ ' ~.75Dt•~• 1 1.&Jc~·~J 14 •.~9e~·P• 

15 J.asct•02 16 1.&1sr+r4 
SOLUTIO'C 2 
PUR!'. WlrER 

!! D 11 7.00 4.DD 21.0 l.DO 
SHPS 

-.1i;o -.200 -.lco -.•co - .. src -.60~ -.H·" -.an' 
-.900 -·''' 

LOOK "I'C 
HALITE 2 J.~!5 J.1'1'5 0 

n 1.oa ' 1.00 
-:> -a -c c 

•• •• I'fPUT UllllCNOllN 
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Output from PHREEQE evaporation simulation, step one: 

T:>TAL l'OlllITlC.S Of' ElfP'!:~TS -------- -- --------
LLC~r: ~~ T "Ol'LITT LOG MOLAL ITY 

CA 2. 771156E-C2 -1.557 J 
"G :.1'J21>2,E-Ol -.554 0 
ljJ 1.4 761'5E+OO .u.,1 
I( Sol44887E-02 -1.2886 
CL 1.6J5507E+OO .2137 
c 7.803"41[-03 -:?.1 077 
s ~.15181ilE-01 -.&t.72 

--- LOOK '!IN UP 

PHASE LO& UP LOG KT LOG 11.P/KT 

CALCITE -7.83')2 -8.451.!' .6121 
r.OLO'!ITr -U.5618 -u .• ,374 2.3 756 
~YFSU" -4.2'96 -4 .s5~6 .5510 
PC02 -3.•t.63 -1.4191 -2.0673 
o: ras -42.1971 -2.9416 -3,.2:ss 
H2 G.i.S -25.7727 -3.1325 -22.6403 
H•LITE .0319 1.5395 -1.5076 

TOTAL NOLALITIES ,,. ELfl'IENTS 

CLEl'IE"NT "IOULITT LOG l'IOL•LITT 

CA z. 771156[-t:Z -1.5573· 
NG z.1CJ2&2<Jc-01 -.554 0 ,.. 1.• 76195£•00 .1691 
I( So144887E-02 -1.2886 
CL lo635St7E•OO .21!7 
c 7.80301£-03 -2.1~77 
s 2ol51881E-Ol -.6672 

---otSCRJPTION OF SOLUTION----

PH = 7.3201 
PC = •.oooo 

ACTIVITY HC'O = ·''9~ 
IONJr. STRf!l;GTH = C: ol 8 9'\' 

Hl'IPl'.AATUAC: = : i.crn 
!:L;:cn IC Al cuL•r;cc = 6o7°:?~r-02 

THOR = 1.J::2~r·~o 
TOTU J.LULPilTY = 7.7Bf',ff-03 

IHRATIONS = 17 



Output from 

~ricir~ I 

I 1• 1. D 
2 - -1.0 
l ... 0 ~ 

' :a·~ 2.c 
5 11; ·= 2.3 
6 

~·· 
1.D 

1 ,. .. ~ .. :L- -1.a 
IS : lll-2 -2.0 
a i04-< -2. 0 
H lH- -1.0 
ll .. ~ •:.. & 
H iCOJ- -1.0 
H iHCJl ~ 

'° iH.4- -1.0 
15 :u•u• •• 0 ,.. ='co) ~ 

11 :AHCO!• 1.0 
19 : A ~O• r 
t~ 4C.liH• 1.0 
SI. 41iCOl 0 
91 tC.HCDl• 1. ~ 
81 41.SD• D 
;5 OCDJ- -1.0 
9~ UllCDJ 0 
J1 'A ~O • - -1.0 

IC 0 OD•- -1.r 

step one, con' t.: 

-----------------------
DISTRl~UTION Of SPCClf~ 

-----------------------
~OlAllfY LDC. "OLALITY ACllVlfY 

4 .4!1,6lC -08 -1.l501 4.11415! -08 
1 .00011or -H -4.rooo 1 .or.oooc-o• 
9.H!IHC-01 -. ':;:JI ,.H!ll5£-rJ 
2.D8t2?£-02 -1.LllU 6.l'j2H! -03 
1.9•1.Dl-CI -. ~ 9?8 8.HOlH-02 
1.Huor •DO .J 541 1.J!l1'H•OO 
4 .,BUH -02 -J.lCl22 2.8llJl[-r2 
1.6l55H•DO .n:u 9o:?9!11H-Gl 
1.s~•~8r-ns -4.Rl21 2 .219.,C-Of 
a.23U6C -02 -1.0fU 8.,.564£-03 
J.HJ5H-OJ -~.8tl5 ••• 5225£-0l 
1.01921£-:!6 -25.9'11 J.'8151£-::t. 
4.091011£-0l -2. l"82 2 .5J1811f -Ol 
1.85119£-04 -l.1324 ).~U06C-t'4 

3.H1~4C-08 -1. 4 I. DC l.J:iOHf -DO 
;".JCll.H-08 -1.'114 2 .2548L( -1111 
J .J 4112( -os -4. 9421 1.88938£-D!I 
J .lJHU-D• -l.8'08 1.uanr-11• 
6.15942£-U -~.1101 J.lUlf.£-OZ 
J.7156~[-06 -5.16!.6 J .84012£-06 
1.r~u..r-a. -l.?f65 1.1 ~Bl H-r• 
c .226C.LC-Ol -2. L52l 2.la&99E-Dl 
lo1H9H-D2 -1.1111 1.211019£-01 
J.1 uor -os -4. 4299 l.98141£-05 
9.'JLC9U-1'4 -l.DOIJ 1.64926£-0l 
4. JI 595£ -02 -J.l26• 5.u~?JH-0~ 
J .5A80E -Dl -2. 199~ 1.H429r -03 

LOG ArllVIH li~P1"' 

-1.32C I I o0J2,!)( •OD 
-•.orc11 Io DDOGD£ •OD 
-. 1'211 1.oooooc +oo 

-2. U11 l.os.u.11-01 
-1.!lllD4 4. J6l2H-OI 

.HH 8.irant-111 
-1.5416 5.61Ul2l -GI 

-.C311 S. 6l'll2( -o I 
-5.64H J.UD1H-L'I 
-2.c4a• loOllUH-01 
-6.8~8 0 1.H29D[+OO 

-25.n:n loL551H •00 
-2.595!1 6.;"t'126f-OI 
-l.51l4 J .L55Hl•CO 
-1 ... 29 .. J.0129Dr•OO 
-1.LU9 1.01290(• 00 
-4.J:!ll 1.655HI •00 
-l.83Dl loDJ29ri •PO 
-l.'~511 lo655HC •00 
-5.1350 J. D1290l • 00 
-l.1U5 1.6·.s1H•rD 

-· .6218 J.D129~ft00 

-.1<921 I .6!>51ll • 00 
-4.l99l Io OJ:?9af •DO 
-2.18:1 1.6!•511 L • ~r 
-J .?95') J.01290fe00 
-2.1685 1.0129r! •Cr 

I 116 f· -l'tH 

• r ~ r6 
0 

•• c,J!l2 
- • . !t CL 
-. r9 JO 
-.'454 
-.2454 
-. '2'5 
-. 9£.41 

• rJC6 
.2190 

- 0 :11'14 
.2190 
• Ul 06 
• r.J C6 
... 1911 
• rlOL 
.2190 
.CHI> 
.?190 
• Ol 06 
.~J'JD 

• ~~ 06 

·•· 190 
•Cl Cl> 
• rJO{, 

...... 
N 
N 



Output from PHREEQE evapora~ion simulation, step five: 
~Tr> NIJ~3Eq 

cLEl'OH 

c.~ 

"G ... 
K 
CL 
c 
s 

PIUSr 

CALCIT".'. 
COLD" JT( 
ETPSJll 
l'CD2 
o:: G•S 
H<' cas 
HAll TE 

~LElll'.:NT 

CA 

"' \IA 
K 
CL 
c 
!: 

THAL llOLALITirs OF ELEllE NTS ------ -- --------
>IOLALITY LOG llOLILITY 

4.98C.08CE-02 -J.J021 
5.~2,,1~2r-111 -.298 7 
2.6!17150r•o o .4 :"44 
9.260797(-~2 -1.0J.H 
2094391:.'C•OO o46l! 9 
lo.04615E·n -1.11524 
3.873387£·01 -.411 '1 

-- LOOK 'IIN UP 

LOG IAP LOG KT L06 I •P /KT 

-7.4785 -8.4'513 .97~8 
-u.8ons -16 •• 9374 3.JJ69 
-3.866 7 ... • as ~6 .?ll~'J 
•3.11:?3 -1.41'11 -1.6':'32 

·43.0462 -2.9416 40.1046 
•25.3709 -3.1325 -22.2385 

o64:lJ 1.sns -.8'!'13 

llOLALITT LOG llOL AL ITY 

4.933oaar-02 -1.3 021 
50026732£-01 -.298.7 
2.657150£•00 .4~44 

902607,7£-02 -1.0~34 

2.943912[•00 .H,89 
lo U4'19£•\12 •lo8524 
3.873387[-01 •o4119 

---OCSCRIPTJON OF SOLUTION·--

PH = 7.1192 
PC = ".o 0 0 ~ 

lCTIVllT H70 .e•11~ 

IONIC ~H'~C.TH = 3o81"1 
fr"P£RlTUR( = z1.oooo 

!"LCCT~Jcn r.aLANCt = 1.n:t6r.·Ol 
THOR = 2.~802(•00 

TOTAL lLKlLINJlY = loH161'.·02 
JTtRUJONS ? Eo 
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Output from step five, con't. 

-----------------------DIS1RlbU1ION or SPCCJ[S 

-----------------------
SfCCIC!. l l'OLALl 1' LDI> .. Ol ll I 1Y AtllVllY 

I ~· 1.0 4ol2415C-08 -J.:t.41 1.:.<J<J2lc -ce 
2 . -1.0 J.0900GC-04 -4.,DOO 1.o,oaoc-04 

' rt< 0 c •• ,lf.ll(-01 -.109 8.,16ll!'.-OI 

' : A •C 2.0 l.55603£-02 -J.4 4'>0 lo 1255)(-02 
5 H•? 2.0 J .2 I 5J5C-01 -.4921 2.U44H-tl 

' ~-. 1.0 2.51261£•03 04121 2.'2,25f•DO 
I <• 1.0 9.UUH-U -1.C425 :1.116".ilE-02 .. CL- -1.c :!.,43!.H •00 o4Mi'J lolof.UCf•OO 

15 COl-2 -2.c 1.u 121£ -o5 -4.8~65 l o9256H -06 

" S04-2 -2.c· 1.2J5~lf-C1 -.9083 ,.9 lt56C -Ol 
JI lH- -1.t 4.9nnc-oe -J.3065 lo6Jl50( -011 
SJ 

i2 -~ 0 lo l6,H.l •2(. -2!..1~2 2 4.2~6'9£-26 
H itOl- -1. 0 5.f.601&'£-03 -2.2'456 lo4050Df-03 
!) .. ~ ([J) J 2.B6J!;S[•04 -J.5434 6.ar.uu -r• 
•a HO,- -1.n ~.1H11C·Ob -J.4290 1. .5H nr -~a 
n : AC.tt• 1.0 :? .Oll:?'.;H-08 -J.(.814 l .6591')[ -Oil 
H CHiil ~ 1.ac 201r-o~ -4. 144 2 4.ll~· L3C -05 ,, :ut:Oh 1.0 3 .usor -o• -J.:illS. 5.3B126£-n4 
rs :A~u• 0 I .H959C -02 -1.!540 l.lf. nor -01 
8!> HOH• 1.0 1.163411r-or. -:;.1291 3.2148}(-0fo 
u. HCOl ' 1.111:;2c -c• -3.J!'IC2 4.:n1.:;f> • -c4 
u 4C.tll0h 1.? 5 •• Jr.14£-0' -2.2f.51 'J.54!9lC-Ol 
bl 1L5D' 0 J. 754&8£ ·OI -.15!:8 4.22209£-01 
H \ACuJ- -1.0 4.H232C•05 -4.3613 J.6'8lH·05 

~· OHC~l D 2.ue.u-01 -:l'.l802 5o0<45Jr-03 
n o~:u- -1.0 1o2Ul'JC·02 -1.1402 1 .2125..r-01 

HD HO•- -1.~ J.'3,!;:.'l-03 -~.7123 l .08!.0' -~3 

LOI> ACllllllY "'""· 
-J. ll'Jl' lel:.JJ'JC•OO 
-4 .G~OO 1.01100,t•OO 

-.'>•'>• J.0000~( •00 
-a. 1631 4 08524H-OJ 

-.6C65 1o6'l46H-01 

·• 1'8 lo0180L£•0D 
-J.<910 5•'4316f-OI 

.220. 5.64311.£-01 
-5. 1154 1.~'llll£-OI 
-2.0040 1.022,or-02 
-l.01>16 lel'!>ll'Jl•OO 

-25.HO'J 2. • 05'2f. •no 
-2.461' "'· 'J'J4591-0I 
-l.1621 2.40:.,2L•OO 
-J.1841 l e}'l}J'Jl •'111 
-J.4 31>5 J.J')U'JloOO 
-4.)(,29 2.40'\'121 •00 
-).2(,~f. 1.nu'H •00 
-1.41<1 2'0405,21. 01) 

-5.•848 loJ!>lHf•O'I 
-3.l68'J ? •• ~5921. •00 

-2.'20' l.151l9f•OO 
-.3H5 ? o4 0592 f • O'I 

-4o116 4 I• J:.ll'H•CO 
-2.2'8' 2o4l5,2H'O 

-.895) J. J!;Jl9l•OO 
-2.4614 Io 151l'H •On 

LOr. r,•P''1/. 

• ~ 4 •• , 
I! 

" -.~HO 

-. 11111 
• r.o 11> 

-. ~·ft~ 
-. ;>4 6S 
-.1'119~ 

-1.C'J!J 
• ~ .. t.'J 

• '" J.J -.;>;>22 
• 3111 l 
• ;>• 4'J 
.:44'J 
• 3f I!.. 

• "" 4') 
• !f' I J 
·<•49 
• ll' I l 
• ;'4 -~ 
•!II ll 
.~H' 
• 381 ~ 
• :-·4 ·~ 
• Z4 4'1 

..... 
N 
.p. 
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