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ABSTRACT 

An understanding of the distribution and ranges of 

hydraulic and physical properties of the subsurface 

sediments in the Upper San Pedro Subwatershed in 

Southwestern Arizona is needed to estimate infiltration and 

recharge rates to the aquifer system. The objectives of 

this thesis are to compare measured saturated hydraulic 

conductivity values to standard references and to test 

available predictive models of soil hydraulic properties 

based on particle size distributions against hydraulic 

properties measured directly on undisturbed cores. 

Hydraulic and physical properties compared well to standard 

references. The predictive models compared well with sand 

type sediments, but did not compare well with those cores 

with large percentages of clay and silt. A conclusion is 

that predictive models may not produce adequate results to 

estimate infiltration and recharge rates to an aquifer 

system if the subsurface sediments have large percentages 

of clay and/or silt. Furthermore, exclusion of large 

percentages of gravel may produce inaccurate results for 

physical and hydraulic properties. 

6 
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INTRODUCTION 

UPPER SAN PEDRO SUBWATERSHED, ARIZONA 

An understanding of the distribution and ranges of 

hydraulic and physical properties of the subsurface sediments 

in the Upper San Pedro Subwatershed in Southwestern Arizona is 

needed to estimate infiltration [Dunne and Leopold, 1978] and 

recharge rates [Domenico and Schwartz, 1998] to the aquifer 

system. Knowledge of these rates is necessary for improved 

water management to address the competing demands for water in 

the Sierra Vista Subwatershed region of the Upper San Pedro 

Subwatershed [Sax et al., 1991]. These demands include 

growing population, increasing industry, agricultural needs, 

demands by the military base at Fort Huachuca, and the 

protected area of the San Pedro Riparian National Conservation 

Area (SPRNCA) . A cooperative investigation was begun in 1994 

between the United States Geological Survey (USGS) , Arizona 

Department of Water Resources (ADWR) , and Cochise County to 

collect basic information about the hydrogeologic system in 

the basin to protect riparian areas through improved knowledge 

of interactions between the stream and groundwater systems. 

As part of that effort, this study is aimed at the measurement 

of the hydraulic and physical properties of soil core samples 

retrieved from different depths and locations throughout the 
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sub-watershed [Olander and Ferre, 2001] that can contribute to 

this understanding. The Upper San Pedro Subwatershed is 

approximately 950 square miles in area, extending from 

Fairbank, Arizona, to 27 miles south of the international 

border with Mexico (Figure 1) . The Huachuca Mountains lie on 

the western boundary of the Sierra Vista Subwatershed with 

altitudes ranging from 5,000 to 9,500 feet above sea level. 

The Mule Mountains and Tombstone Hills border the eastern 

boundary with altitudes ranging from 5,000 to 7,400 feet above 

sea level. The San Pedro River has an elevation that ranges 

from 3,780 feet to 4,300 feet above sea level from the stream

flow gaging station at Tombstone to the Mexican border. The 

Babocomari River near the San Pedro River is the only 

perennial tributary stream. 



Figure 1: Map of Arizona with Study area where drilling 
was performed in the Upper San Pedro Subwatershed, AZ, 
enclosed in the outlined box . Used by permission from 
A. Coes, USGS 

Soil cores were collected at various depths from the 

surface to 100 feet depth from both drainage and inter-

drainage areas (Figure 2) within the vadose zone. The soil 

cores collected were analyzed for hydraulic and physical 

properties in cooperation with The University of Arizona's 

Departments of Hydrology and Water Resources (HWR), and Soil, 

Water and Environmental Science (SWES) , with funding from a 

consortium of private and non-profit organizations, local, 

state, and federal agencies [Coes, 2001, pers . comm.] . 

9 
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Properties analyzed include saturated hydraulic conductivity, 

unsaturated hydraulic conductivity, moisture retention, 

volumetric water content, gravimetric water content, bulk 

density, porosity, and texture. Laboratory methods as 

described by Klute and Dirksen [1986] were conducted to 

determine the hydraulic and physical properties. The 

saturated hydraulic conductivities of undisturbed soil cores 

were calculated using the falling head and constant head 

laboratory methods [Domenico and Schwartz, 1988; Fetter, 1994; 

Freeze and Cherryi 1978; Hillel, 1998]. Unsaturated 

hydraulic properties were based on Gardner's [1956] multi-step 

outflow method and pressure chamber method. 

The distributions of coarse-grained (sand and gravel) and 

fine-grained (silt and clay) layers control the hydraulic 

properties of the major aquifer in the study area. To 

construct groundwater flow models, hydraulic properties must 

be defined. However, as with many hydrologic studies in the 

Southwestern United States, only limited data are available to 

describe the distributed hydrologic properties in the study 

area. Hydraulic properties can be estimated using 

pedotransfer functions based on simple measurements, such as 

grain size distributions, or through more costly direct 



measurements. The objective of this thesis is to compare 
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Figure 2 : Borehole locations (16) drilled in the Upper 
San Pedro Subwatershed shown as circles similar to 
those labeled WC4c on Woodcutter's Wash. Used by 
permission from A. Coes, USGS . 

11 
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measured saturated hydraulic conductivity values to standard 

references and to compare available predictive models of soil 

properties based on particle size distributions against 

hydraulic properties measured directly on undisturbed cores. 

The motivation for this investigation is to determine the 

suitability of quantitative descriptions of aquifer hydraulic 

properties based on rapid, inexpensive particle size analyses. 

The objective is met by comparing determinations of hydraulic 

properties using increasingly more complete information. 

Initially, the saturated hydraulic conductivity (K8 ) and 

unsaturated hydraulic conductivity function (Ku) is determined 

through simple laboratory soil classification based on 

particle size distributions alone. Then, K8 and Ku values are 

determined measured based on the particle size distribution 

and one paired measurement of volumetric water content (8) and 

pressure head (~) . Then, the Ku function is determined based 

on predictions with RETC (van Genuchten, et al., 1998) using 

paired 8-~ measurements. Finally, the saturated and 

unsaturated hydraulic conductivities are measured directly on 

undisturbed cores. 
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METHODS 

UNDISTURBED CORE RETRIEVAL AND CORE PRESERVATION 

Drilling occurred in the Upper San Pedro Watershed, from 

January 6, 2001, through January 16, 2001. A second drilling 

session resumed November 8, 2001, and finished on December 1, 

2001. Sixteen boreholes were drilled to a maximum depth of 

100 feet below ground surface (Figure 2). The maximum depth 

was limited based on time, funding, and permitting 

constraints. All cores were collected above the water table. 

The depth to which each hole was drilled was decided in the 

field during drilling based on textural and chloride analyses 

[ Coes, 2 0 0 3 J . 

Core retrieval and core preservation followed procedures 

outlined in the Yucca Mountain, Nevada drilling and coring 

methods [Hammermeister et al., 1985]. All boreholes were 

drilled using the ODEX air-hammer method (Figure 3). This 

method utilizes air as the drilling fluid to minimize any 

changes in structure or texture in the sediments when 

retrieving the undisturbed cores. The ODEX method also 

minimizes the disturbance of the formation near the borehole, 

and produces high-quality cuttings (Figure 4). Cores were 



collected using a 4-in diameter piston core barrel. Each 

Figure 3: Drilling set-up at one of the drilling sites 
using the ODEX air-hammer method. Photo by Gerd von 
Glinski. 

Figure 4: Cuttings retrieved for processing 
cores. Photo by Gerd von Glinski . 

14 



time a core was collected, the drill stem and the drill bit 

was pulled out of the borehole and the core barrel was 

attached to the end of the drill stem . The barrel and drill 

stem were then advanced farther down the borehole. In total, 

116 cores were retrieved from both drilling periods. 

A core sleeve is an aluminum ring that is placed inside 

the core barrel for the purposes of retrieving undisturbed 

sediments. In this study, five core sleeves were placed 

15 

inside the barrel. The five core sleeves included the shoe 

attached to the end of the core barrel to drive through the 

sediment. Two core sleeves were three inches in length and 

the other two were six inches in length. All sleeves were 

four inches in diameter. An alphanumeric system was used to 

identify the cores. A schematic of the sleeves inside the 

barrel with an example of the identification system is shown 

on Figure Sa. Consider, as an example, WC1-02 28-Ks (Figure 

5b). The first alphabetical (e.g. WC) identifies the drainage 

basin in which the borehole is located. The first number 

following the alphabetical (e.g. 1) identifies the location of 

the borehole within the drainage basin, with "1'' representing 

the borehole closest to the San Pedro River 



Figure Sa: Schematic drawing of a core barrel with 
core sleeves. 

WC1-03 28-Ks 

WC Location of well site, WC is Wood Cutter's Wash 
1 Well number at particular site, e.g. 1 is closest 

to San Pedro River 
03 Position of core sleeve, e.g. 03 is the middle 

position in the core sleeve 
28 Initial depth of sample taken, e.g. 28 is the 

depth from the surface in feet 
Ks Hydraulic property measured, e.g. K8 is saturated 

hydraulic conductivity 

Figure 5b: An example of the alphanumeric labeling 
system is shown for core WC1-03 28-K8 . 

16 



and numbers increasing with distance from the river. The two 

digits after the first hyphen (e.g. 3) identify the position 

of the core sleeve within the core barrel. The core sleeve 

positions were numbered with "05'' representing the sleeve 

farthest from the ground surface and "01'' that closest to the 

ground surface. The next two digits (e.g. 28) indicate the 

depth of the top of the core barrel below the ground surface 

in feet. The last two alphabets indicate the type of 

hydraulic or physical property measured on the core (e.g. Ks 

for saturated hydraulic conductivity) . 

17 

For preservation, each core sleeve was capped at each 

end, labeled, and taped. Next, the cores were wrapped in Barex 

(BP Petrochemicals, UK), and then sealed in a ProtecCore bag 

(Core Laboratories Instruments, Carrollton, TX). Each bag was 

labeled with the date of core retrieval and the alphanumeric 

borehole identification. Moist and wet cores were separated 

and stored in a walk-in cooler until they were ready to be 

processed. However, refrigeration of the soil cores did not 

occur until the second round of drilling and only those cores 

retrieved during the second round of drilling were preserved 

with refrigeration. 
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SATURATED HYDRAULIC CONDUCTIVITY (K8 ) 

In Darcy's equation, the saturated hydraulic conductivity 

describes the proportionality of water flow to an applied 

gradient. Typically, K8 is defined based on the assumptions 

that flow is steady state and laminar, the temperature is 

constant, the medium is uniform, and only a single 

incompressible fluid phase is present. The hydraulic 

conductivity can be measured through field tests or laboratory 

tests or it can be estimated based on empirical or semi

empirical methods based on grain size and pore diameter 

distributions. Empirical relationships for estimating 

hydraulic conductivity are often based on the measured 

properties of a porous medium, as summarized in the examples 

presented by Domenico and Schwartz [1998] . Accepted 

relationships exist between permeability and average grain 

size or grain-size distribution . The relationships used to 

estimate hydraulic conductivity is discussed in more detail in 

the "RETC/Rosetta" section of this methods chapter. 

Falling head and constant head permeameters are often 

used for laboratory analyses of saturated hydraulic 

conductivity. Constant head permeameters are used for non

cohesive soils such as sand and gravel, with a similar 

gradient as that observed in the field. The head difference 
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should rarely be more than 50% of the sample length to prevent 

high flow velocities and high Reynolds numbers that would 

invalidate Darcy's equation [Klute and Dirksen, 1986]. 

Falling head permeameters are used for cohesive soils with 

lower hydraulic conductivities such as silt and clay . 

Saturated hydraulic conductivity was determined using a 

falling head permeameter as described in Klute and Dirksen 

[1986]. Calculations were based on Darcy's equation; 

Q = -KAAH ( 1) 

where Q, (cm3 /sec), is the fluid flow rate, K, (cm/s), is the 

saturated hydraulic conductivity, A, (cm2
), is the cross-

sectional area of the core, AH, (em/em), is the hydraulic 

gradient (equal to the hydraulic head difference divided by 

the length of the core) , and the negative sign indicates flow 

from higher to lower hydraulic head. 

The undisturbed soil cores were left in their 

preservation bags until they were ready to be prepared and 

then placed in a plexiglas flow cell (Soil Measurement 

Systems, Tucson, AZ). Preparation of the core involved 

trimming any excess sediments or rocks protruding from either 

end and filling voids with fine sand, silt, and clay. The 

fine sand, silt, and clay were sieved with a standard set of 

sieving pans from cuttings retrieved at the same depth as the 
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prepared field core. The mesh sizes of the sieving pans were 

4 millimeter (mm), 1 . 7 mm, 250 micrometer (pm), 63 pm, and 50 

pm. If the cuttings from the same depth were not available, 

then cuttings from neighboring cuttings were used. Cores with 

large rocks, (some as large as the diameter of the core 

sleeve) , were not analyzed; the reason for excluding a core 

was noted on the data sheets. Similarly, cores with obvious 

microbial or bacterial growth present or with voids greater 

than about 30% of the core's total volume were not analyzed; 

this was noted on the data sheets. Some cores that would have 

been excluded were analyzed if no other cores were available 

for a given depth. A 35-pm nylon mesh (Tetko, Switzerland) 

was secured at each end of the flow cell. The mesh was cut 

large enough to cover the porous plate of the flow cell while 

not extending outside of the flat rubber gasket on the flow 

cell. A carpenter's level was placed on each end of the flow 

cell to ensure that the core was vertical while saturating and 

while performing permeameter measurements. 

Each core was saturated with a solution of 5(10) -03 molar 

CaS04 and 3.5(10) -04 molar thymol. One gram of thymol and 

16.27 g of CaS04 were required for each 5-gallon carboy used 

to prepare solutions. The calcium sulfate was used to 

minimize chemical interactions with the sediments, because the 
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calcium ion reduces the dispersion of the clays in soil 

samples. Thymol was added to inhibit any bacterial and 

microbial growth during prolonged measurement in moist cores. 

Compressed helium gas was circulated through the solution for 

an hour before saturating the core to de-air the solution in 

an effort to accelerate core saturation. The solution was 

mixed on a stirring plate with a magnetic bar placed in the 

carboy for at least 24 hours. The solution was filtered with 

a 4-mm burette to remove undissolved solids that could clog 

the core. The saturating solution required hazardous waste 

disposal due to the added thymol. To reduce waste generation, 

four core experiments were performed sequentially for each 

carboy of solution prepared . If the carboy was capped tightly 

between measurements, the solution would typically last two 

weeks without discoloration. 

The filtered solution was injected into the base of the 

core with a high-pressure liquid chromatography pump attached 

to Nalgene© tubing connected to the soil core with quick 

disconnects on each end of the porous plate. The quick 

disconnects kept the solution from escaping from the core when 

disconnecting the tubing. Core saturation was considered .to 

be complete when one pore volume, about 200 milliliters (ml), 

discharged as effluent. 
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The constant head permeameter experiment was performed 

immediately after core saturation. The 5-gallon carboy was 

used to form a mariotte bottle to apply a constant head at the 

base of the column (Figure 6) . A size 13 black rubber stopper 

was used to form an airtight lid to extend the life of the 

solution. A hole was drilled through the stopper to allow a 

snug fit of an inflexible, rust-resistant, and copper brazed, 

double-walled, ~ inch diameter AGS BL440 brake line. The base 

of this tube was moved to the desired height above the base of 

the core to set the constant head. When one end of the forty

inch long pipe showed signs of scaling or rust, it was removed 

and the other end was used. 

A stopwatch was used to measure the time at which 

predetermined masses of effluent were produced. The saturated 

hydraulic conductivity for the constant head method was 

determined as: 

K8 = [{ (M/p)/A}*(dl/dh)]/t ( 2) 

where M (g) is the mass of effluent that was produced in time 

t (s), p is the fluid density, A (cm2
) is the cross sectional 

area of the core, dl (em) is the length of the core, and dh 

(em) is the hydraulic head difference across the core. 



Falling Head 

Standpipe 
Overflow 

Mariette 
system 

Water 
reservoir 

Figure 6: Constant head and falling head permeameter set
ups. Diagram by J. Callahan USGS, core photo by A. 
Olander 

The falling head permeameter method was performed 

immediately after several repeated runs of the constant head 

permeameter method were completed. Either a 100-ml or a 200-

ml standpipe (burette) was filled during the soil core 

saturation process (Figure 6) . The size of standpipe used 

depended on a visual estimate of the sediment type (clay, 

23 

silt, sand, or gravel) during soil core preparation. Sand was 
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further described as very fine, fine, medium, coarse, and very 

coarse. Predominant amounts of clay and silt required the use 

of a 100-ml standpipe to allow for more precise flux 

measurements for the lower hydraulic conductivity sediment. 

Cores that had more sands and gravels required the use of a 

200-ml standpipe to provide more water for accurate time 

measurements during more rapid flow. Predictions based on 

observed grain size were not foolproof, so there were times 

when the standpipe size had to be changed due to unexpected 

flow rates observed during the constant head test. The 

standpipe was set up during core saturation and would be 

changed to a smaller standpipe if the flow rate was lower than 

expected. Likewise, the standpipe would be changed to the 

larger 200-ml standpipe if the flow rate measured with the 

constant head permeameter method was higher than expected. 

The elapsed time was measured when the water level 

reached predetermined levels in the burette. Saturated 

conductivity for the falling head permeameter method was 

calculated using: 

Ks 

where a is the burette (standpipe) cross-sectional area (em), 

L is the length of the core (em), A is the cross-sectional 

area of the core (cm2
), t is the time (s), H1 is the initial 

( 3) 
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height of water in the burette above the height of the outflow 

(em), and H2 is the final height of water in the burette above 

the height of the outflow (em) . Falling head measurements 

required from 4 hours to 7 days to complete, depending on the 

soil type . For most samples, three experiments were performed 

and the average and standard deviation of the saturated 

hydraulic conductivity values were reported. 

Lab notes, core measurements, and permeameter 

measurements were recorded in an Excel spreadsheet (Figure 7) . 

Each core had a separate spreadsheet and all notes, equations, 

and recorded measurements were verified for quality assurance. 

Because the time was recorded manually, errors could arise for 

intermediate measurements if the flow rate was too fast to 

accurately record the volume before the next head measurement. 

Therefore, the effluent volume was only recorded at the end of 

each experimental run for improved accuracy for conductive 

soils and greater consistency among all analyses (Figure 8) 

The shaded boxes on Figure 9 show required input values for 

the 



Soil Core BC1-02 46-l<s General Notes: 
-Full Core 
- Retrieved from boretde Jan 16, 2001 

Sleeve 2 was used rather than sleeve 3 bocause 3 felt like a rock was sticking out oo the erd of the cap. 
Used cutting from 46-47 bocause this is the depth that the core was retrieved from basOO oo the sleeve locatioo in the core barrel . 
269.3 g V\eig-rt of cuttings in marked ziplock, 262.5g from tq::> 3 sieves, 16.7g from l:x>ttom 4 sieves-> no cuttings left in ziplock 
nothing rerroved from core (ie.,rocks, gravel) 

Date 
1-C£t-01 

1-C£t-01 
2-C£t-01 

3-C£t-01 

Satll'ation 

1-C£t-01 

2-C£t-01 

3-C£t-01 

V\eght(g) 
1405.7 

209.3 
46.9 

1052.3 

2416.5 

1154.9 

1154.9 
1227.5 
1231 .1 
1226.3 
1228.5 

tirre(hr) 

0.0 
17.5 
25.4 
25.4 
67.3 

Description 
Soil core wth erd caps oo ooly 

Errpty cyl irder V\eig-rt 
Weig-H of l:x>th erd caps errptied 
2 flow cells, rneni:Jrane, 31ong ocreN3, attached Q.Jick dis:::onnocts, 6l:x>lts 

+ 18 nuts,4 black ga9<ets, 2- rresh 
Core prepared in flow cell 

Soil Core #2, ooil V\eig-rt ooly = 2416.5-209.3-1052.3 

tirre chg (hr) porosity v.gtchg(g) 

Soilcore#2 O.CXXXl 
17.5 0.1327 72.60 
7.9 0.1393 3.60 
0.0 0.1305 -4.80 
41.9 0.1345 2.20 

Average porosity value 0.1343 

Bfluent vo1 (m) Total Tirre (hr) 
0 0.0 

0.73 1.4 
24.46 17.5 
161.73 22.3 
258.45 25.4 
269.45 25.4 
269.69 26.7 
289.68 43.8 
290.4 44.1 
292.09 45.4 
292.83 45.7 
293.79 46.3 
295.23 47.4 
297.9 49.2 
298.35 49.2 
305.14 53.5 
321.65 0.0 

BfluentOlg 
0 

0.73 
23.73 
137.27 
96.72 

11 
0.24 
19.99 
0.72 
1.69 
0.74 
0.96 
1.44 
2.67 
0.45 
6.79 
16.51 

PuJ11> rate 
0.2 
0.5 

f\bte: Started mariottte system 
f\bte: Started Run 1, 1st falling head 
f\bte: Erd of 1st FH 

f\bte: Erd of 2nd FH 

f\bte: Erd of 3rd FH 

26 

The fX)rosity is the (new core V\eig-rt subtract the initial V\eig-rt) divided by( (pi nultiplied by core rcdius ~uared) multiplied by core lEngth) 

Figure 7: Excel spreadsheet of background information for 
BCl-02 46-Ks permeameter trials. 



calculation of K8 shown on Figure 8. K8 was computed at each 

time step using equation 3. Then the average and standard 

deviation of K8 were calculated on the worksheet (shown in 

boldface on Figure 9) . 

Head 
(em) 
33.2 
32.9 
31.9 
31.2 
22 

33.2 
32.9 
31.9 
31.4 
30.9 
29.9 
28.5 

33.4 
29.6 
20.9 
20.3 

Time 
(sec) 

0 
663 

4176 
8151 

61762 

0 
474 

5140 
6158 
8205 
12148 
19370 

0 
14937 
61749 
65147 

Effluent Volume 
(cm3

) 

0 

19.99 

0 

8.67 

0 

Ksat 

3.06E-06 
2.14E-06 
1.70E-06 
1.49E-06 

4.33E-06 
1.76E-06 
2.05E-06 
1.98E-06 
1.95E-06 
1.78E-06 

1.83E-06 
1.72E-06 
1.73E-06 

1st Run 

2nd Run 

3rd Run 

Figure 8: Falling head permeameter times for three 
experimental runs on core, BCl-02 46-K8 . The 

final results are boldface for each experimental 
run. 

27 



BC1-02 46-K , trial on field soil core from Bann ing Creek 

Falling Head Permeameter Experiment 

Calculations: 

Equation: 

constant 

constant 

constant 

151 trial : 

t 

h; 

h, 

K = (d / L I d,2t)ln(h1 I h1) 

K = saturated hydraulic conductivity (em I sec) 

de= diameter of the burette for falling head experiment (em) 

L = length of soil core column (em) 

d1 = diameter of the soil core column (em) 

t = time (sec) 

h
1 
= initial height of water in burette from outflow (em) 

h1 =final height of water in burette from outflow (em) 

sec 

em 

em 

K, 1.50569E-06 em/sec 

202 

Note: This K value agrees with Klute (1986) , Fig. 28 -6 for the border range of Loess Loam and Structured Clay 10·6 cm/s 

in the very low class. Freeze and Cherry (1979) , Table 2.2 corresponds to silt, loess, and glacial till for unconsolidated 

deposits and sandstone, limestone, and dolomite for the rocks in the 10 '6 cm/s range. 

These valu es appear very reasonable from visual observation when preparing the core and from the field grain size 

distribution. 
2"d trial : 

sec 

em 

em 

1.78088E-06 em/sec 

Note : This K value agrees with Klute (1986) , Fig. 28-6 for the border range of Loess Loam and Structured Clay 1o·" cm/s 

in the very low class . Freeze and Cherry (1979) , Table 2.2 corresponds to silt, loess , and glacial till for unconsolidated 

deposits and sandstone, limestone, and dolomite for the rocks in the 1 o·6 crn/s range. 

These values appear very reasonable from visual observation when preparing the core and from the field grain size 

distribu lion. 

3'd trial: 

sec 

em 

~ ern 

K, 1.72725E-06 em/sec 

Note : This K value agrees with Klute (1986), Fig. 28 -6 for the border range of Loess Loam and Structured Clay 10.6 cm/s 

in the very low class . Freeze and Cherry (1979) , Table 2.2 corresponds to si lt, loess, and glacial till for unconsolidated 

deposits and sandstone , limestone, and dolomite for the rocks in the 1 o·" cm/s range. 

These va lu es appear very reasonable from visual observation when preparing the core and from the field grain size 

distribution . 

Trial1 

1.506E-06 

Average 

Std Dev 

Trial2 

1.781E-06 

1.67127E-06 

1.45886E-07 

Trial3 

1.727E-06 

03-0ct-01 

Figure 9: Worksheet to calculate K8 for BCl-02 46-Ks 
Falling Head Permeameter Method. 

m 

m 
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UNSATURATED HYDRAULIC CONDUCTIVITY (Ku) 

The pressure plate outflow method (Gardner, 1956) is a 

standard method to measure unsaturated hydraulic conductivity. 

Use of . this method assumes that the hydraulic conductivity is 

constant over the pressure change imposed, there is a linear 

relationship between the pressure head and the water content, 

there is minimal flow resistance due to the plate, and there 

are no significant effects due to gravity. In this study, the 

unsaturated hydraulic conductivity was determined using 

Gardner's (1956) multi-step pressure plate outflow method for 

lower tensions. The lower tensions ranged from 0.2 pounds per 

square inch (psi) to 3.0 psi [equal to 10 centi~eters (em) and 

200 em of water, respectively]. The cores were refrigerated 

upon completion of the saturated hydraulic conductivity 

methods, as only one core could be processed at a time for 

unsaturated hydraulic conductivity. The multi-step outflow 

method began with a saturated soil core. The conductivity 

plates on the flow cell were removed to replace the 35-pm mesh 

with a fine paper-type mesh (5.0-pm MAGNA supported plain 

nylon, Westboro, MA) on the bottom of the core only. The 

water content of the core was reduced by incremental gas 

pressure increases at the top of the core. Compressed 
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nitrogen gas was used to apply the incremental pressure 

changes. The nitrogen pressure was controlled with a coarse 

regulator connected to a fine regulator. The fine regulator 

was used to set the various pressure changes. The pressures 

were usually set for a minimum of six hours before increasing 

to the next pressure. Time and pressure were recorded in the 

lab notebook periodically to ensure pressure stabilization. 

These incremental pressure steps began with 0.2 psi and 

increased to 0.4 psi, 0.7 psi, 1.0 psi, 1.5 psi, and 3.0 psi. 

These values were chosen for approximate capillary pressures 

of 10 em, 25 em, 50 em, 75 em, 100 em, and 200 em of water, 

respectively. As positive air pressure is applied to the top 

of the soil core, soil water flows from the base of the core. 

This effluent mass is measured through time. The outflow of 

water was monitored during the entire multi-step outflow 

method. The effluent receptacle was a plastic measuring cup 

covered with paraffin with a slit cut in the top to allow for 

insertion of the quick disconnect used for the core outflow. 

To minimize evaporation of the effluent during the multi-step 

outflow method, a minimal amount of mineral oil was added to 

the effluent receptacle at the start of the multi-step outflow 

method. The measuring device was set on a tared scale and the 

effluent weight was recorded every 15 seconds (Figure 10) . 
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The pressure was increased in steps until the outflow mass was 

constant for more than three hours. This analysis required as 

long as 2-3 weeks for some of the cores. 

A graph of effluent vs. time was automatically drawn by 

computer software, WinWedge (HALLoGRAM Publishing, Aurora, 

CO). The graph of effluent vs. time was adjusted to begin 

with each incremental pressure change by manually stopping 

WinWedge at pressure equilibrium (Figure 11) . The file was 

saved and WinWedge was restarted immediately after increasing 

to the next incremental step. 

Figure 10: Laboratory set-up for Gardner's multi-step 
outflow method with the core top shown connected to 
the tubing. 
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Figure 11: Effluent mass vs. time collected for BC1-02 46-
Ku at 0.29 psi. The results were graphed automatically 
by a dedicated computer using WinWedge software connected 
to the Gardner's multi-step outflow method as shown in 
Figure 10. 

When the unsaturated hydraulic conductivity (Ku) 

measurements were complete, the core was disconnected from the 

system and the final effluent amount was recorded. The core 

was weighed and the sediments were removed from the sleeve and 

oven dried at 105°C for at least 24 hours. The dried 

sediments were reweighed and placed in a ziplock® bag labeled 

with the date and the core identification. These sediments 

were used next for the pressure chamber method. 

Unsaturated hydraulic conductivity was calculated for 

pressures from 0.2 psi to 3.0 psi for each incremental 

pressure range applied. The calculation for Ku was based on 

the following equation: 

Ku = [ 4 * I X I * VE * p * g* Lc 
2

] 

rr 2 * Vc* !J.P 

( 4) 
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where X is the slope of the longest rising linear section 

of the graph (Figure 11), VE is the total water removed from 

the soil at the incremental pressure step for a large time 

(cm3
), p is the density of water (1 g/cm3

), g is the 

acceleration due to gravity, (980 g/s 2
), Lc is the length of 

the soil core column (em) , Vc is the volume of the soil core 

column (cm3
), and 6P is the gas pressure increase from the 

initial condition (dynes/cm2
) . 

The volume of the soil core column (g/cm3
) was calculated 

as: 

( 5) 

where De is the diameter of the soil core column (em) . 

The dry bulk density of the oven-dried soil (pb) in g/cm3 

was calculated following Miller and Donahue (1995) . The 

calculation relied on the calculated volume of the soil core 

column ( Vc ) , and weight of the oven dried soil (Mn) as: 

Pb =Mn (6) 

Vc 

The volumetric water content was calculated at each 

pressure equilibrium point. Moisture content was back-

calculated from the final moisture content. The final 
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gravimetric water content 89 (kg/kg) was calculated from the Ku 

raw data as: 

8 9 = [ ( Mwf - MD) /MD] * ( Pbl Pw) ( 7) 

where Mwf is the mass of the final mass of the wet soil (kg) , 

and MD is the weight of the soil after oven drying (kg) . 

The final volumetric water content (m3 /m3
) is 

calculated as: 

( 8) 

The volumetric water content at a gas pressure of 100 em 

of water can be determined as: 

( 9) 

where 8 1 oocm is the volumetric water content at 100 em (1. 5 

psi), VT is the total volume of the soil water content, and 

V1 00 is the volume of effluent produced at 100 em. Equation 9 

is applied for continuously lower gas pressures until the 

volumetric water contents are calculated for each applied gas 

pressure step. 

The pressure chamber method was used for pressure steps 

above 3.0 psi (200 em of water) by Sheri Musil from the 

Department of Soil, Water and Environmental · Sciences (SWES) at 

the University of Arizona. The pressure chamber method used a 

smaller sediment sample taken from the field core sample after 

oven drying to determine pressure .head vs. volumetric water 



content. The sample volume was approximately 3.0(10)-03 cm3 

and did not include any rocks or gravel. 
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In the pressure chamber method, several soil samples are 

enclosed in a sealed chamber and constant gas phase pressures 

are applied to drive water from the sample through a porous 

plate on which the samples sit. For this study, the applied 

gas pressures were 339.9 em, 1019.8 em, and 15297 em. Each 

pressure step may require up to two weeks for equilibration. 

The pressure chamber method works on a similar principle as 

the pressure plate outflow method. However, because many 

samples are placed in the chamber simultaneously, the volume 

of effluent is not determined directly for each sample. As a 

result, the method is used to provide paired measurements of 8 

and W, but not to determine Ku. 
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RETC I Rosetta 

RETC (van Genuchten et al., 1991) is a computer program 

developed to predict moisture RETention ~urves and hydraulic 

properties of unsaturated soils. RETC allows for predictions 

using different amounts and types of data. In this study, 

RETC was used to test the ability to predict hydraulic 

properties based on differing amounts of soil property data. 

This was conducted as a number of different analysis scenarios 

(Table 1) . 

Case Input Data Fitted Parameters Predicted Parameters 

A-Entire Curve Sand, Silt, 
Clay, Pb 

B-Retention only RETC-
retention 

C-Conducti vi ty K,e a,n,m 

c (2)- K,\jf a,n, m 
Conductivity 
D-Retention & K,e n,m 
Conductivity 

Table 1: RETC I Rosetta Data Inputs for each Case with 
associated Predicted I Fitted Parameters 

Case A is a neural network system linked to Rosetta with 

the soil sediment classification and bulk density information. 

This classification was based on soil sieve analysis performed 

by the SWES department and bulk density calculated from the 

unsaturated hydraulic conductivity program developed by Sheri 
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Musil, also from UA's department of SWES. Case A is based on 

a computer program, Rosetta that estimates soil hydraulic 

parameters withhierarchical pedotransfer functions (Schaap et 

al., 2001). A pedotransfer function is basic data that 

describes the soil resulting in usually a function of water 

retention or unsaturated hydraulic conductivity. One of 

Rosetta's models (the third choice on the model selection 

menu) uses sand, silt, clay, and bulk density as input to 

provide hydraulic parameters. This particular model estimates 

van Genuchten (1980) water retention parameters and saturated 

hydraulic conductivity (K8 ), and unsaturated hydraulic 

conductivity parameters based on Mualem's (1976) pore-size 

model. The retention function is described by the following 

equation: 

8 ( \jf) = 8 r + ( 8 s - 8 r ) / [ 1 - ( CX\jf) n ] 
1 

-
1 

In ( 1 0 ) 

where 8 (\jf) is the volumetric water content (cm3/cm3) at the 

suction \jf (em). The parameters, 8r and 8 8 , are the residual 

and saturated water contents, respectively, (cm3 /cm3
). The van 

Genuchten ex (>0, in cm- 1
) is related to the inverse of the air 

entry suction, and n (>1) is a measure of the pore-size 

distribution (van Genuchten, 1980). 



The unsaturated hydraulic conductivity (van Genuchten, 

1980) is a combination of Equation 10 with Mualem's (1976) 

pore-size model for the following equation: 

(11) 
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where K0 is a fitted matching point at saturation (em/day) and 

L (-) is an empirical parameter, usually assumed to equal 0 . 5 

(Mualem, 1976) . The effective saturation, S e is calculated by 

the following equation: 

(12) 

Case B through Case D are based on the RETC program (van 

Genuchten, et al . , 1991) that "uses the parametric models of 

Brooks-Corey and van Genuchten to represent the soil water 

retention curve, and the theoretical pore-size distribution 

models of Mualem and Burdine to predict the unsaturated 

hydraulic conductivity function from observed soil water 

retention data," (USDA, 1998) . A table with the actual data 

used with RETC is provided in Appendix A for all of the soil 

cores processed. 
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RESULTS 

SATURATED HYDRAULIC CONDUCTIVITY (K8 ) 

A total of 59 of the 116 soil cores retrieved from the 

San Pedro Watershed were analyzed. Falling head permeameter 

measurements were performed on 50 of these cores. The 

constant head permeameter method was performed on 47 of these 

50 cores. Unsaturated hydraulic conductivity measurements 

were conducted on 32 of these cores. Sand, silt and clay 

percentages were found for 23 cores. Figure 12 lists all of 

the boreholes and the average hydraulic conductivity 

determined with the falling head permeameter method. The 

constant head saturated hydraulic conductivity measurement is 

listed if this test was performed. Table 2 in the discussion 

section has several standard references for saturated 

hydraulic conductivity values corresponding to soil sediments. 

The sediment classification is based on percentages of sand, 

silt, and clay 

(http://www.bsyse.wsu.edu/saxton/spaw/download/dos/soilwatr.ex 

e), as reported by The University of Arizona's Department of 

Soil, Water and Environmental Science. 

Woodcutters Wash had the most boreholes drilled (5) and 

the most soil cores processed. A total of 22 falling head K8 

values were measured; two cores were skipped. One core was 
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skipped due to soil dampness that led to mold and bacterial 

growth. Another core was too muddy with about 25% void that 

could not be filled with the dried muddy material. Banning 

Creek and the Basin Fill each had only one borehole processed, 

with five and three soil cores tested for Ks values, 

respectively. Three cores were skipped each at Banning Creek 

and Basin Fill due to large rocks or contamination with 

toluene and other organic chemicals. Greenbush Draw and 

Miller Creek each had two boreholes with six and seven soil 

cores processed, respectively. Walnut Gulch had three 

boreholes processed resulting in a total of seven Ks values. 

Cores were processed from four different locations along 

Woodcutters Wash with two boreholes drilled in close proximity 

at the same location on the military base, Fort Huachuca, 

Arizona (Figure 2). The first borehole drilled had the 

greatest amount of sand at the soil surface . Yet, the 

saturated hydraulic conductivity was not the greatest at this 

borehole . The core at the soil surface was wet sand, which 

was not refrigerated due to lack of adequate refrigeration 

space for the cores retrieved from the first drilling session. 

The K8 values for surface soils with 97.5% sand and no silt 

was 7.22(10) -02 cm/s for the falling head method and 6.57(10) -02 

cm/s for the constant head method (Figure 13). The core 



Borehole ID Depth (ft) Depth {em} Ksat {cmls} Ksat CH{cm/s} Sand Silt ~ Soil Classification 
BC1 6 182.88 9.63E-03 1.71E-02 62.2 24.6 13.2 Sandy loam 

BC1 16 487.68 1.15E-01 1.81E-02 79.9 12.8 7.3 Loamy sand 

BC1 21 640.08 Did not perform Ksat method due to large rocks 
BC1 26 792.48 Did not perform Ksat method due to contamination - AZ lab found high concentration of toluene 
BC1 46 1402.08 1.65E-06 4.02E-07 68.2 25.3 6.5 Sandy loam 
BC1 51 1554.48 1.84E-06 4.64E-05 53.4 31 .2 15.4 Sandy loam 
BC1 66 2011 .68 8.93E-03 6.01 E-03 Sediment classification not available 
BC1 76 2316.48 Did not perform Ksat method due to larQe rocks 
BF1 0 0 2.14E-02 1.26E-02 Sediment classification not available 
BF1 12 365.76 Did not perform Ksat method due to contamination - similar smell as BC1 21 & 26 detected 
BF1 17 518.16 Did not perform Ksat method due to contamination - similar smell as BC1 21 & 26 detected 
BF1 22 670.56 1.36E-02 9.94E-03 
BF1 27 822.96 5.13E-03 4.61E-03 
GD1 12 365.76 1.92E-02 2.23E-02 
GD1 22 670.56 6.04E-03 3.60E-03 
GD1 42 1280.16 6.83539E-08 1.77487E-06 
GD2 7 213.36 5.94E-03 6.46E-03 
GD2 17 518.16 5.32E-02 4.22E-02 
GD2 42 1280.16 1.18E-02 1.02E-02 
MC1 2 60.96 9.25E-03 1.16E-02 
MC1 12 365.76 3.51E-06 1.46E-05 
MC1 27 822.96 1.29E-03 9.44E-04 
MC1 62 1889.76 1.87E-06 4.76E-06 
MC2 5 152.4 3.32E-03 6.77E-03 
MC2 22 670.56 3.18E-06 Skipped per Alissa Coes AC) instructions 
MC2 32 975.36 1.68E-02 1.03E-02 
WC1 0 0 7.22E-02 6.57E-02 97.5 0 2.6 Sand 
WC1 6 182.88 3.61E-02 2.98E-02 92.5 2.1 5.4 Sand 
WC1 11 335.28 3.15E-06 1.36E-05 65.8 23.6 10.6 Sandy loam 
WC1 21 640.08 1.84E-06 1.25E-06 53.4 31.2 15.4 Sandy loam 
WC2 6 182.88 6.26E-03 1.00E-02 94.6 0.4 5.1 Sand 
WC2 11 335.28 2.18E-02 2.45E-02 50.7 29.1 20.3 Sandycla~ loam 
WC2 21 640.08 5.03E-04 2.73E-04 35.3 31 33.7 Clay loam 
WC2 26 792.48 9.79E-09 8.75E-06 41 .5 42.3 16.3 Loam 
WC2 31 944.88 3.02E-03 2.55E-03 90.6 4.4 5.1 Sand 
WC3 2 60.96 8.52E-03 2.55E-03 74 7.8 18.2 Loamy sand 
WC3 4 121 .92 1.73E-04 9.78E-05 
WC3 26 792.48 2.32E-03 2.82E-03 66 22.4 11.6 Sandy loam 
WC3 44 1341 .12 9.88E-03 5.04E-03 78.6 12.4 9 Loamy sand 
WC3 64 1950.72 5.79E-03 5.11E-03 
WC4a 2 60.96 4.46E-07 Did not perform for initial cores tested 
WC4a 6 182.88 6.44E-02 3.71E-02 74.8 8.8 16.4 Loamy sand 
WC4a 36 1097.28 4.18E-04 3.12E-04 63.6 22.7 13.7 Sandy loam 
WC4c 2 60.96 1.15E-02 1.06E-02 92.4 1.7 5.9 Sand 
WC4c 7 213.36 5.67E-03 6.20E-03 90.6 3.6 5.8 Sand 
WC4c 11 335.28 5.16E-03 5.34E-03 90 2.7 7.2 Sand 
WC4c 16 487.68 About 25% void, too muddy to use to fill other core - skipped 
WC4c 22 670.56 Moldy core, bacterial growth; did not refrigerate first batch of cores - skipped 
WC4c 31 944.88 1.86E-05 3.00E-06 60.3 29.3 10.4 Sandy loam 
WC4c 36 1097.28 7.20E-06 2.67E-05 71.3 22.2 6.5 Loamy sand 
WG1 9 274.32 2.03E-02 1.31E-02 
WG1 11 335.28 4.61E-02 5.99E-02 
WG1 43 1310.64 3.95E-02 4.14E-02 
WG1 73 2225.04 2.03E-02 3.19E-02 
WG4 13 396.24 1.27E-02 7.46E-03 
WG4 43 1310.64 1.72E-02 1.03E-02 
WG5 0 0 1.48E-02 3.12E-02 

Figure 12 : 50 soil cores processed retrieved from drilled 
boreholes and associated depths in the Upper San Pedro 
River with their respective average falling head and 
constant head permeameter measurements and laboratory 
sediment classification. 
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collected from 2 ft depth in WC3 had 74% sand and a Ks of 

8.52(10)- 03 cm/s for the falling head method and 2.55(10) -03 

cm/s for the constant head method. The sediments observed for 

this core were very wet red clay and sand. There was a gap of 

about 0.4 em in width that formed between the sleeve and the 

core . A crack from swelling and shrinking was also observed 

across the surface of the core. The K8 measured values 

correspond well with a sand classification. The first 

borehole location and core processed at WC4 had a Ks (Figure 

12) of 4. 4 6 ( 10) -o 7 em/ s. Although there was no sediment 

classification available, the measured K8 value did not 

correspond to the sediment description noted in the lab notes, 

which indicate that the majority of sediment was gravel, 

granite, and reddish-brown sand with a small fraction of dark 

brown clay. The measured K8 was much lower than expected and 

was not even similar to its neighboring borehole at the same 

depth of 2 ft from the surface. In contrast, the neighboring 

core, WC4c, had a measured K8 of 1.15(10) -02 cm/s, which is 

more like that expected for a gravel and coarse sand sediment. 



43 

Woodcutters Wash Ksat vs. Depth 
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Figure 13: Woodcutters K8 Results 

The core at 6 ft from the first location at Woodcutters 

Wash, had primarily coarse sand that corresponded with the 

sediment classification results of 92.5% sand. The saturated 

hydraulic conductivity measurements of 3. 61 (10) -o2 cm/s and 

2.98(10) -02 cm/s are consistent with sandy sediments. This Ks 

of the core was close to the surface K8 in the same borehole. 

The second borehole at 6 ft, WC2, had measured K8 values lower 

than the first borehole: 6.26(10) -03 cm/s and 1.00(10) -0 2 cm/s . 

The sand fraction of this core was comparable to that of the 

first borehole (94.6%). The sand classification compared well 

with the visual observation of mainly gravel and very coarse 
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sand. The third borehole at 4 ft, WC3, had lower Ks values 

than those found for the borehole at WC2: 1. 73 ( 10) -o4 em/ s and 

9.78 (10) -05 cm/s for the falling head and constant head 

methods, respectively. K8 values were similar to the core at 

2 ft from the same location. These values were consistent 

with the similarity in the observed core sediments noted for 

the core from 2 ft. Sediment classification was not available 

for this core. The core processed for 6 ft at WC4, was 

initially passed over due to the large volume of rocks 

observed and the presence of some bacterial growth. The high 

K8 values of 6.44(10) -02 cm/s and 3.71(10) -02 cm/s for the 

falling head and constant head methods, respectively, may not 

reflect actual field values due to the large volume of rocks 

replaced with much finer sediments . The core processed at the 

neighboring location at 7 ft, with 90.6% sand and 5.8% clay, 

had measured K8 values of 5.67(10) -03 cm/s and 6.20(10) -03 cm/s 

for the falling head and constant head methods, respectively. 

These values compared better to WC2 core for both measured K8 

values and sediment classification. Gravel and coarse sand 

were observed with a similar classification subsequently 

determined. 

The next depth of 11 ft at WC1 had some brown and white 

silt and clay. Caliche was suspected when the core was 
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prepared in the flow cell and the Ks value in the clay range 

(10- 06 cm/s) supported the observation of caliche formation. 

The subsequent sediment classifications of 65.8% sand, 23.6% 

silt, and 10.6% clay met expected ranges based on the low Ks 

values and observed sediments. The measured Ks value at the 

same depth from WC2 was more than four orders of magnitude 

greater than that measured in WC1 and did not correspond to 

the sediment classification subsequently determined from the 

SWES lab. The measured Ks value was more similar to the 6 ft 

core from the same borehole . The primary reason for the high 

K8 value may be the use of a cylinder or sleeve with a 

slightly smaller outside diameter. Due to this change, a snug 

fit was not possible when the core was processed. Another 

contributing factor was the shrinking and swelling of the clay 

and silt that caused a space between the sleeve and the 

sediments. Although this core was very wet when the 

preservation bag was opened and when saturation began, a 

preferential pathway may have occurred. These problems would 

explain the higher K8 value than at 6 ft. The last core 

retrieved from 11 ft was from WC4c and had reasonable measured 

K8 values of 5.16(10) -03 cm/s and 5.34(10) -03 cm/s for the 

falling head and constant head methods, respectively . These 

values corresponded well to the sediment classifications of 



90% sand, 2.7% silt, and 7.2% clay. This core was slightly 

moist and was later reasoned to have been located at a change 

in sediment structure in the subsurface. The lower core, at 

16 ft, was very muddy . This may indicate perching of water 

above 16 feet, which affected the water content of the 

shallower core. The void in the core at 16 ft was too large 

to process and too muddy to use to fill the twin core. The 
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final core processed at 21 ft for WC1 was moderately damp at 

the top and emitted a very strong chemical smell upon removing 

the cap. There was no visible sign of bacterial growth and it 

was not apparent whether the smell was of a biological or 

anthropogenic origin. The bottom of the core was very dry and 

was a light brown compared to the medium brown sediment in the 

top of the core. Due to the observed sediment similarities, 

the measured K8 values of 1.84(10)-06 cm/s and 1.25(10)- 06 cm/s 

were reasonable and comparable to that at 11 ft from this same 

location. However, the subsequent sediment classifications 

were greater than expected based on visual observation and 

measured K8 with silt at 31.2% and clay at 15.4%. The second 

borehole also had a core retrieved at 21 ft with greater 

measured K8 values of 5. 03 (10) -o 4 cm/s and 2. 73 (10) -o 4 cm/s . 

These values did not correspond to a lower sand content and 

greater percentages of silt and clay. The sediment 
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classifications were divided nearly equally among the three 

sediments. There was a small amount of bacteria observed in 

the center of the core that may have produced the strong 

chemical smell emitted from the core when the cap was removed. 

The last borehole at WC4c had a core retrieved at 22 ft, but 

was not processed. This core was skipped due to mold and 

bacterial growth from not refrigerating the first set of cores 

after returning from the field site. The twin core at 22 ft 

was similar to the 16 ft core retrieved with a void that was 

too large to fill. 

Beyond the 16 ft depth, the next depth of 26 ft was 

processed at borehole, WC2. This core had the lowest Ks value 

of all 50 cores processed (Figure 12) at 9.79(10)- 09 cm/s and 

the greatest amount of silt at 42.3%. The core was very wet 

and muddy with primarily brown silt and clay observed that 

corresponded to the sediment classification recorded. The 

borehole at the first location also shows a declining Ks trend 

with depth, but cannot be compared because no cores were 

processed lower than 21 ft below the soil surface. Compared 

to the rest of the cores processed at this and neighboring 

boreholes, this particular core's measured Ks value appeared 

to be too low. Another core from WC1 or this core's twin 

should be processed to adequately confirm this low measured Ks 
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value. The core at the next borehole, WC3, had a much higher 

K8 by more than 5 orders of magnitude at 2.32(10) -03 cm/s with 

66% sand, 22.4% silt, and 11.6% clay. This core at 26 ft was 

very wet red clay with no mold, mildew, or bacteria present. 

The measured K8 value was reasonable and expected based on 

saturation time and visual observation. Based on the sediment 

classification and measured K8 , this core compares most 

closely with the core retrieved at 36 ft from borehole, WC4a. 

The last core processed at WC2 borehole was retrieved 

from 31ft. The measured K8 results were 3.03(10) -03 cm/s and 

2.55(10) -03 cm/s with 90.6% sand. The K8 of this core was more 

than 6 orders of magnitude greater than the K8 measured at 26 

ft from this same location. The sand content also increased 

to more than twice that of the previous depth. The increased 

K8 value was expected with the large amount of very wet sand 

observed. A trial run was performed from cuttings retrieved 

at this same borehole from 28 ft-29 ft that corresponded to a 

higher K8 value, comparable to sand. The only other borehole 

with a core retrieved from 31 ft below the ground surface was 

at WC4c. The measured K8 values were 1.86(10) -05 cm/s and 

3 . 0(10) -06 cm/s with 60.3 % saBd and 29.3% silt. The measured 

K8 value for this borehole was expected based on the sediment 

structure change beginning with the core retrieved at 16 ft. 



This core was quite muddy and unusable. The next core from 

this same borehole was also damp with bacterial growth and, 

therefore, could not be processed. 
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The last borehole at Woodcutters Wash at the first 

location, WC4a, had a final depth of 36 ft processed for its 

last core. The measured K8 values were 4.18 (10) -o 4 cm/s and 

3.12(10) -04 cm/s for its falling and constant head permeameter 

methods. The Ks values were reasonable since they were within 

a range between the other cores at this borehole and other 

borehole locations drilled near this depth at Woodcutters Wash 

(Figures 12 and 13). The other location processed at the 

fourth borehole, WC4c, had a K8 value nearly two orders of 

magnitude lower at 7.20(10) -06 cm/s and 2.67(10) -05 cm/s for its 

falling and constant head permeameter methods, respectively. 

This result was expected since cores retrieved at 16 ft and 22 

ft from this same borehole location were wet and could not be 

processed. Decreased amounts of sand determined from sediment 

classifications also support the observed trend in Ks values. 

The resultant Ks value is outside of Klute and Dirksen's 

(1986) recommended range for the constant head permeameter 

method. The falling head permeameter method is recommended 

for the resultant K8 values. 
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The borehole location at WC3 had the greatest core depths 

processed at 44 ft and 64 ft. The refrigerated core at 44 ft 

produced similar results to the first core processed at two 

feet for K8 values and sand percentages at this same borehole 

location. The resultant K8 values were 9.88(10) -03 cm/s and 

5.04(10)-03 cm/s for the falling head and constant head 

methods, respectively. The K8 values at depths closer to the 

surface were lower at the borehole locations farther away from 

the San Pedro River, as compared to the 36 ft cores processed. 

There was a greater amount of silt and nearly half the amount 

of clay present compared to the core processed at two feet. 

Sand was noted as the primary sediment at the top of the core. 

There was primarily clay at the bottom of the core with little 

sand observed. Slightly lower K8 values of 5.79(10) -03 cm/s 

and 5.11(10) -03 cm/s was determined for the core at 64 ft for 

the falling head and constant head methods. The lower K8 was 

expected based on the long saturation times observed. Similar 

sediment percentages at 44 ft were expected based on similar 

Ks values calculated. All the K8 values processed for this 

borehole location of WC3 were closest in values for the 

falling head method than at any other location for Woodcutters 

Wash. 
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The soil cores processed closest to the ground surface 

had K8 values between 0 . 01 cm/s and 0.009 cm/s, except for the 

borehole WC4a at Woodcutter's Wash (Figure 13). This may be 

due to computer and scale problems during saturation. The 

average K8 value for the falling had method at two feet below 

the soil surface for borehole WC4a was 4.46(10) -07 cm/s. The 

constant head method was not performed on this initial core. 
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UNSATURATED HYDRAULIC CONDUCTIVITY (Ku) 

The soil surface core at the first borehole location from 

Woodcutters Wash, WC1, resembled an "ideal" core produced with 

RETC for representation of a sand moisture release curve 

[Hillel, 1998; Fetter, 1994]. The four predicted curves have 

a smooth representation as depicted in Figures 14a-14c. The 

predicted Ks value for sse- Pb was 1. 21 ( 10) -o 2 em/ s, which 

compares well with a measured value based on a very large 

percent of sandy type soil sediments. The bulk density 

calculated had a low value of 1.49 g/cm3
• The core was 

relatively homogeneous with a medium to very coarse sand. 

Some rocks and gravel were also present. The visual 

observation of 98% sand was very close to the 97.5% classified 

sand. The volumetric water content values calculated from 

Gardner's method and the pressure chamber method were very 

reasonable. Most of the available soil water was released 

during the first pressure step at 20.8 em. The effluent 

amount from the initial pressure step was 194.17 g. The 

calculated volumetric water contents from the pressure chamber 

were 0.037 and 0.032 at 339.9 em and 1019.8 em, respectively. 
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The soil core retrieved from WC1-11 (Figures 15a-15c) is 

representative of a core with greater amounts of silt and 

clay. The different scenarios result in greater differences 

for each predicted case. The observed and predicted 

volumetric water contents were unexpected. The high K8 value 

may be attributed to a preferential pathway caused by a slight 

space between the sleeve and sediments for about a third of 

the core. A crack in the middle of the core was also present. 

Very wet, reddish-brown compacted clay and silt with some sand 

was observed when the mesh was replaced. Both ends of the 

core were very wet and muddy upon completion of Gardner's 
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method, which corresponded to high percentages of the clay and 

silt . Half of the core stuck to the cylinder and required the 

sediments to be pushed out to be retrieved. Volumetric water 

content values were very reasonable at the lower pressure head 

steps with the Gardner's method and had a slow decline in 

volumetric water content values. The steady and slow response 

in volumetric water content values was expected for high 

percentages of silt and clay. The pressure chamber produced a 

very unreasonable volumetric water content value of 0. 579 at 

339.9 em, nearly 10% more than the volumetric water content 

measured at full saturation . The volumetric water content 

calculated at 1019. 8 em was very reasonable at 0. 3-02 m3 /m3
• 
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This calculation followed a similar trend as the volumetric 

water content values produced with Gardner's method. 
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DISCUSSION 

SATURATED HYDRAULIC CONDUCTIVITY (K8 ) 

Several standard references [Klute and Dirksen, 1986; 

Domenico and Schwartz, 1998; Freeze and Cherry, 1989; and 

Fetter, 1994] were examined to determine the range of expected 

hydraulic conductivity as a function of soil type (Table 2). 

The majority of soils tested reflect K8 values typical of 

sand: 10-01 cm/s to 10-03 em /s. The measured saturated 

hydraulic conductivity values ranged from 1.15(10)-01 cm/s to 

9.79(10) -09 cm/s with the falling head method (Figure 12). 

These values correlate to classifications of gravel and clay 

for all of the standard references. The constant head 

permeameter values ranged from 6.50(10) -02 cm/s to 4.02(10)- 07 

cm/s. The greatest difference between the two K8 methods 

occurred with the soil sample with the soil texture of 

homogenous clay. There was more than three orders of 

magnitude difference between the falling head measurement of 

9.79(10)- 09 cm/s and the constant head measurement of 8.79(10)- 06 

cm/s, as shown on the 1:1 reference on Figure 16. There may 

be several reasons for the large discrepancy between the two 

different permeameter methods. One reason may be attributed 

to Klute and Dirksen's [1986] recommendation of saturated 

hydraulic conductivity range for falling head permeameter 
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Reference Freeze & Klute & Domenico & 
Hillel Fetter 

in crnls Cherry Dirksen Schwartz 

Gravel 
2.0 X 10-1

-
10-1-101 3.0 X 10-2-30 10°-101 10-2-10° 

102 

Sand 
4.0x 10-5

- s.o x 10-4-10- 1 9.0 X 10-5- 10-3-10-1 10-5-10-1 

10° 2.0 X 10-2 

Silt 
10-7-8.0 X 

10-6-5.0 X 10-4 1.0 X 10-7-2.0 10-3-10-1 10-6-10-4 

10-2 X 10-3 

Clay 
5.0 X 10-10

- lo-9 -lo-6 8.0 X 10- 11
- 10-8-1 o-6 1 o-9 -10-6 

10-7 2.0 X 10-7 

Table 2: Standard References of K ranges used to compare 
with laboratory sediment classifications from soil cores 
retrieved. 

Falling Head vs. Constant Head Measurements 
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Figure 16: Falling Head vs. Constant Head Ks Measured Values 
for all locations and depths with 1:1 Comparison line 
used to compare falling head measurements with constant 
head measurements 



60 

method as approximately 10 -08 cm/s to 4 . 0(10) -12 cm/s. Klute and 

Dirksen [1986] recommended the constant head permeameter 

method for a Ks range of 5. 0 (10) -o4 cm/s to 9. 0 (10) -9 cm/s. The 

permeameter methods were performed even though some of the 

soil cores exceeded these limits. The large discrepancy may 

also be attributed to the length of time required to perform a 

proper falling head experiment for a soil sample comprised of 

mostly clay soil. Although every effort was made to inhibit 

bacterial fungal and algal growth, some may have developed and 

inhibited water flow through the soil core [McCutcheon et al., 

1993] . 
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UNSATURATED HYDRAULIC CONDUCTIVITY (Ku) 

The representative ideal sample of Figure 14a-14c works 

well with RETC for predicting the hydraulic properties. RETC 

fits were expected to work well for sandy soils due to greater 

homogeneity of the soil and thus, pore size and water 

retention. The expected outcome was met because RETC was 

developed to describe the unsaturated soil hydraulic 

properties for monotonic drying and wetting of homogenous 

soils. The final analysis of the RETC model works well for 

sandy type soils. Below are Figures 17 and 18 comparing the 

measured lab values to the predicted values for WC1-00. The 

measured values were lower than the predicted RETC values by 

approximately 10% for Figure 17. The trend of the measured 

values followed the same trend as the predicted values for 

both Figure 17 and Figure 18. 
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The water content had greater differences for the predicted 

values compared to the measured values. Whereas, the trend of 

the hydraulic conductivity values were similar in shape with 

the saturated hydraulic conductivity value greater than the 

measured value. Although this core had a high percentage of 

sand, the gravel and rocks within the undisturbed core may be 

attributed to the lower amount of predicted value for water 

content compared to the measured values. 

The greater surface area and heterogeneity of silty 

and/or clayey soils results in greater differences in 

predicted values compared to measured values with the RETC and 

Rosetta programs. This was expected since the RETC and 

Rosetta models were designed to predict the monotonic drying 

and wetting of homogenous soils (USDA, 1998) . 
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CONCLUSIONS 

The calculated saturated hydraulic conductivity values 

have greater relative differences than values predicted on the 

RETC model, when working with finer sediments than sand. 

Predicted values were closer to measured values for cores with 

greater amounts of sand. Predicted K8 values do not reflect 

measured K8 values very well when sediment classifications 

differ from the sand range. The elimination of gravel when 

determining sediment classification could produce inadequate 

percentages when inputting into models to predict Ks values. 

This possibility may have caused greater errors in K8 

predictions. 

The permeameter experiments were repeatable and produced 

similar results with subsequent trials. Long saturation times 

produced lower hydraulic conductivity values that may be 

attributed to microbial growth even though thymol was used in 

the solution as an inhibitor . Overall, the measured values 

produced by both permeameter methods were very reasonable for 

the sediment classification determined for each core . 

Gardner's multi-step outflow method was most problematic 

from the time allotted between steps initially. Trial runs 

performed with heterogeneous sediments rather than homogeneous 

sediments, would have been more beneficial by performing 
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various experimental trial runs. The length of time from one 

pressure step to the next was sometimes too short to produce 

results that could be used to determine the volumetric water 

content and the unsaturated hydraulic conductivity. These 

values were omitted for the moister curves. Only validated 

moisture curves were included in this thesis. The results 

produced reliable and responsive moisture release curves. The 

workbook created by Sheri Musil was important to the final 

analysis of the moisture release curve and set-up of Gardner's 

multi-step outflow method. The final analysis made for 

Gardner's method could be improved by additional information 

provided on sediment classification and lab notes for each 

core. Mineral oil added at the beginning of Gardner's method 

helped alleviate much of the effluent evaporation that 

occurred with some of the cores. Effluent evaporation 

happened more often with higher percentages of clay and silt 

in the cores. Gardner's method proved very valuable for 

production of the moisture release curves in lower pressure 

ranges. 

The pressure chamber method provided the higher end of 

values needed to produce a moisture release curve. However, 

some of the values produced are suspect. The high values may 

be attributed to the small amount of sediments used from the 



core, which may not have been representative of the core 

itself, particularly because gravel was not used in the 

pressure chamber. Overall, the pressure chamber method 

produced higher end pressure measurements to complete the 

moisture release curves for the available soil cores. 
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Finally, RETC was used to predict water retention curves 

and hydraulic conductivity values for different scenarios on 

available information for each borehole and depth. The best 

predictions with RETC appeared to be with higher sand 

percentages in the cores. The greatest differences occurred 

with higher clay and silt contents. Several cores that were 

unusual or unique produced inconsistent predictions among the 

various scenarios and when compared with the actual 

measurements. Although, clay and silt contents were the 

primary sediments of concern, these seem to be the least 

reliable predictions. Some of the measured values from these 

cores could help improve this program to produce more accurate 

predictions. RETC predicted accurately the soil cores with 

greater percentages of sand sediments. 

The omission of gravel for physical and hydraulic 

properties seemed to change the final results. The inclusion 

of gravel is necessary to determine the most accurate results 

for physical and hydraulic properties and especially for 
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modeling purposes. Most research had previously been based on 

agricultural soils and needs. It may now be necessary to 

include gravel as a component when determining properties and 

modeling for the semi-arid climate of the Southwest United 

States . 
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APPENDIX A - RETC INPUT INFORMATION 

Borehole WC1-00 alpha n Ks theta r thetas m 

Case em 
-1 

cm/s m3/m3 m3/m3 l(trom n) 

A SSC-pb 0.0297 3.9311 0.0121 0.0563 0.3914 0.7456 

8 RETC- retention 3.94674 1.35488 0.0121 0.023 0.456 0.7456 
c RETC- K, e. Conductivity 3.94674 1.35488 0.0722 0.023 0.456 0.7456 

RETC- K, \jl. Conductivity 3.94667 1.35489 0.0722 0.023 0.456 0.7456 
D RETC- K, e. 8oth-RC 2.00703 0.0722 0.023 0.456 0.7456 

WC1-06 
A SSC-pb 0.0316 2.527 1.964E-03 0.0495 0.2933 0.6043 

8 RETC- retention 5.27391 1.29446 1.964E-03 0.044 0.366 0.6043 
c RETC- K, e. Conductivity 5.2739 1.29446 3.610E-02 0.044 0.366 0.6043 

RETC - K, 'l'· Conductivity 5.2739 1.29446 3.61 OE-02 0.044 0.366 0.6043 
D RETC - K, e. 8oth-RC 2.527 3.610E-02 0.044 0.366 0.6043 

WC1-11 

A SSC-pb 0.0257 1.4604 9.177E-04 0.0459 0.4235 0.3153 

8 RETC- retention 0.60859 1.22822 9.000E-04 0.0459 0.806 0.3153 
c RETC- K, e. Conductivity 0.044 542.5545 3.150E-06 0.373 0.806 0.3153 

RETC- K, \jl. Conductivity 0.01039 2.85853 3.150E-06 0.373 0.806 0.3153 
D RETC - K, e. 8oth-RC >4745.902 3.150E-06 0.373 0.806 0.3153 

WC1-21 
A SSC-pb 0.0268 1.3105 1.105E-04 0.0429 0.3343 0.2369 
8 RETC- retention 0.0016 1.92116 1.000E-04 0.224 0.363 0.2369 
c RETC- K, e. Conductivity 0.00198 1.65938 1.840E-06 0.224 0.363 0.2369 

RETC- K, \jl. Conductivity 0 1.09861 1.840E-06 0.224 0.363 0.2369 
D RETC - K, e. 8oth-RC 1.3105 1.840E-06 0.224 0.363 0.2369 

WC2-06 
A SSC-pb 0.0301 2.893 4.244E-03 0.0527 0.3266 0.6543 

8 RETC- retention 0.0301 2.893 4.244E-03 0.037 0.353 0.6543 
c R ETC - K, e. Conductivity 0.0301 2.893 6.260E-03 0.037 0.353 0.6543 

RETC - K, \jl. Conductivity 0.0301 2.893 6.260E-03 0.037 0.353 0.6543 
D RETC - K, e. 8oth-RC 0.0301 2.893 6.260E-03 0.037 0.353 0.6543 

WC2-11 
A SSC-pb 0.0207 1.3325 9.2014E-05 0.0529 0.3558 0.2495 
8 R ETC - retention 1.01 E+05 1.02364 9.2014E-05 0.22 0.484 0.2495 
c RETC- K, e. Conductivity 1.05E+05 1.02359 2.180E-02 0.22 0.484 0.2495 

RETC- K, 'l'· Conductivity 3.21634 1.06443 2.180E-02 0.22 0.484 0.7456 
D RETC- K, e. 8oth-RC 0.0207 1.28454 2.180E-02 0.22 0.484 0.7456 

WC2-21 
A SSC-pb 0.0133 1.4045 1.009E-04 0.0818 0.4331 0.288 
8 RETC- retention 0.04991 1.13473 1.009E-04 0.302 0.516 0.288 
c RETC - K, e. Conductivity 0.02351 1.19674 5.030E-04 0.302 0.516 0.288 

RETC- K, \jl. Conductivity 0.03585 1.15691 5.030E-04 0.302 0.516 0.288 
D RETC- K, e. 8oth-RC 0.0133 1.4045 5.030E-04 0.302 0.516 0.288 

WC2-26 
A SSC-pb 0.011 1.4894 0.00012882 0.0513 0.365 0.3286 
8 RETC- retention 0.15632 1.12953 0.00012882 0.206 0.479 0.3286 
c RETC- K, e. Conductivity 0.00114 5.64111 9.790E-06 0.206 0.479 0.3286 

RETC- K, \jl. Conductivity 0.02144 5.54166 9.790E-06 0.206 0.479 0.3286 
D RETC - K, e. 8oth-RC 0.011 5.6623 9.790E-06 0.206 0.479 0.3286 

WC2-31 
A SSC-pb 0.0337 2.5219 0.00293449 0.0495 0.3447 0.6035 

8 RETC- retention 34.06059 1.08059 0.00293449 0.102 0.335 0.6035 
c RETC- K, e. Conductivity 33.94965 1.08063 3.020E-03 0.102 0.335 0.6035 

RETC- K, \jf, Conductivity 3.17947 1.11396 3.020E-03 0.102 0.335 0.6035 
D RETC - K, e. 8oth-RC 0.0337 2.5219 3.020E-03 0.102 0.335 0.6035 



71 

APPENDIX A - RETC INPUT INFORMATION Continued 

Borehole WC1-00 alpha n Ks theta r thetas m 

Case cm-1 cm/s m3/m3 m3/m3 (from n) 

A SSC-pb 0.0297 3.9311 0.0121 0.0563 0.3914 0.7456 

B RETC - retention 3.94674 1.35488 0.0121 0.023 0.456 0.7456 

c RETC- K, e. Conductivity 3.94674 1.35488 0.0722 0.023 0.456 0.7456 
RETC - K, 'Jf. Conductivity 3.94667 1.35489 0.0722 0.023 0.456 0.7456 

D RETC - K, e. Both-RC 2.00703 0.0722 0.023 0.456 0.7456 
WC1-06 

A SSC-pb 0.0316 2.527 1.964E-03 0.0495 0.2933 0.6043 

B RETC - retention 5.27391 1.29446 1.964E-03 0.044 0.366 0.6043 
c RETC - K, e. Conductivity 5.2739 1.29446 3.610E-02 0.044 0.366 0.6043 

RETC - K, 'Jf. Conductivity 5.2739 1.29446 3.610E-02 0.044 0.366 0.6043 
D RETC - K, e. Both-RC 2.527 3.610E-02 0.044 0.366 0.6043 

WC1-11 
A SSC-pb 0.0257 1.4604 9.177E-04 0.0459 0.4235 0.3153 

B RETC- retention 0.60859 1.22822 9.000E-04 0.0459 0.806 0.3153 
c RETC- K, e. Conductivity 0.044 542.5545 3.150E-06 0.373 0.806 0.3153 

RETC- K,_'Jf.Conductivity 0.01039 2.85853 3.150E-06 0.373 0.806 0.3153 
D RETC- K, e. Both-RC >4745.9021 3.150E-06 0.373 0.806 0.3153 

WC1-21 
A SSC-pb 0.0268 1.3105 1.105E-04 0.0429 0.3343 0.2369 

B RETC - retention 0.0016 1.92116 1.000E-04 0.224 0.363 0.2369 
c RETC- K, e. Conductivity 0.00198 1.65938 1.840E-06 0.224 0.363 0.2369 

RETC- K, 'Jf. Conductivity 0 1.09861 1.840E-06 0.224 0.363 0.2369 
D RETC - K, e. Both-RC 1.3105 1.840E-06 0.224 0.363 0.2369 

WC2-06 
A SSC-pb 0.0301 2.893 4.244E-03 0.0527 0.3266 0.6543 

B RETC - retention 0.0301 2.893 4.244E-03 0.037 0.353 0.6543 
c RETC - K, e. Conductivity 0.0301 2.893 6.260E-03 0.037 0.353 0.6543 

RETC - K, 'Jf, Conductivity 0.0301 2.893 6.260E-03 0.037 0.353 0.6543 
D RETC - K, e. Both-RC 0.0301 2.893 6.260E-03 0.037 0.353 0.6543 

WC2-11 
A SSC-pb 0.0207 1.3325 9.20139E-05 0.0529 0.3558 0.2495 
B RETC - retention 1.01 E+05 1.02364 9.20139E-05 0.22 0.484 0.2495 
c RETC- K, e. Conductivity 1.05E+05 1.02359 2.180E-02 0.22 0.484 0.2495 

RETC - K, 'Jf. Conductivity 3.21634 1.06443 2.180E-02 0.22 0.484 0.7456 
D RETC- K, e. Both-RC 0.0207 1.28454 2.180E-02 0.22 0.484 0.7456 

WC2-21 
A SSC-pb 0.0133 1.4045 1.009E-04 0.0818 0.4331 0.288 
B RETC - retention 0.04991 1.13473 1.009E-04 0.302 0.516 0.288 
c RETC- K, e. Conductivity 0.02351 1.19674 5.030E-04 0.302 0.516 0.288 

RETC - K, 'Jf. Conductivity 0.03585 1.15691 5.030E-04 0.302 0.516 0.288 
D RETC - K, e. Both-RC 0.0133 1.4045 5.030E-04 0.302 0.516 0.288 

WC2-26 
A SSC-pb 0.011 1.4894 0.000128819 0.0513 0.365 0.3286 
B RETC - retention 0.15632 1.12953 0.000128819 0.206 0.479 0.3286 
c RETC - K, e. Conductivity 0.00114 5.64111 9.790E-06 0.206 0.479 0.3286 

RETC - K, 'Jf. Conductivity 0.02144 5.54166 9.790E-06 0.206 0.479 0.3286 
D RETC - K, e. Both-RC 0.011 5.6623 9.790E-06 0.206 0.479 0.3286 
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APPENDIX A - RETC INPUT INFORMATION Continued 

Borehole WC4c-31 alpha n Ks theta r thetas m 
Case cm·1 cm/s m3/m3 m3/m3 (from n) 

A SSC-pb 0.0495 1.2549 0.00011493 0.0332 0.2997 0.2031 

B RETC- retention 156782.5 1.06827 0.00011493 0.259 0.402 0.2031 
c RETC - K, e. Conductivity 156782.5 1.06827 1.860E-05 0.259 0.402 0.2031 

RETC - K, 'Jf, Conductivity 0.02612 6.01895 1.860E-05 0.259 0.402 0.2031 
D RETC - K, e. Both-RC 0.0495 1.2549 1.860E-05 0.259 0.402 0.2031 

WC4c-36 
A SSC-pb 0.0583 1.3647 0.00020556 0.033 0.2942 0.2672 

B RETC - retention 298925.5 1.02611 0.00020556 0.272 0.363 0.2672 
c RETC - K, e. Conductivity 0.0071 175.8465 7.200E-06 0.272 0.363 0.2672 

RETC- K, 'Jf. Conductivity 0.03243 17.52825 7.200E-06 0.272 0.363 0.2672 
D RETC - K, e. Both-RC 0.0583 >964.989 7.200E-06 0.272 0.363 0.2672 
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