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Saturated hydraulic conductivity (Ks) influences water storage and movement, and is a key parameter of
water and solute transport models. Systematic field evaluation of K and its spatial variability for recently
constructed artificial ecosystems is still lacking. The objectives of the present study were; (1) to determine
saturated hydraulic conductivity of an artificial ecosystem using field methods (Philip-Dunne, and Guelph
permeameters), and compare their results to the constant-head laboratory method; (2) to evaluate the spatial
variability of K using univariate and geostatistical analyses, and (3) to evaluate the ability of five pedotransfer
functions to predict K. The results showed that K; varied significantly (p<0.05) among methods, probably

reflecting differences in scales of measurement, flow geometry, assumptions in computation routines and :
inherent disturbances during sampling. Mean K; values were very high for all methods (38.6-77.9 mday '), -

exceeding values for natural sandy soils by several orders of magnitude. The high K values and low
coefficients of variation (26-44%) were comparable to that of well-sorted unconsolidated marine sands.
Geostatistical analysis revealed a spatial structure in surface K data described by a spherical model with a

correlation range of 8 m. The resulting kriged map of surface K showed alternating bands of high and low :

values, consistent with surface structures created by wheel tracks of construction equipment. Vertical K5 was
also spatially structured, with a short correlation range of 40 cm, presumably indicative of layering caused by
post-construction mobilization and deposition of fine particles. Ks was linearly and negatively correlated with
dry soil bulk density (pp) (r>=0.73), and to a lesser extent silt plus clay percentage (Si+C) (r?=0.21).
Combining both py, and Si + C significantly (p<0.05) improved the relationship and gave the best predictor of
K (r?=0.76). However, evaluation of five PTFs developed for natural soils showed that they all
underestimated K by an order of magnitude, suggesting that application of water balance simulation models
based on such PTFs to the present study site may constitute a bias in model outputs. Overall, the study
demonstrated the influence of material handling, construction procedures and post-construction processes
on the magnitude and spatial variability of Ks on a recently constructed artificial ecosystem. These unique
hydraulic properties may have profound impacts on soil moisture storage, plant water relations and water
balance fluxes on artificial ecosystems, particularly where such landforms are intended to restore pre-
disturbance ecological and hydrological functions.

© 2011 Published by Elsevier B.V.

1. Introduction

supporting a stable vegetation community that closely resembles
natural ecosystems and minimizing deep drainage into buried wastes,

Hazardous wastes from mining operations and mineral processing
pose substantial environmental and public health risks. A key strategy
to minimize the migration of pollutants is the use of engineered
covers (Albright et al., 2006; Bohnhoff et al., 2009; Ogorzalek et al.,
2008). Covers are designed to serve multiple purposes, which include
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both by enhancing soil moisture storage in the top layers, and
increasing transpiration and evaporation (Ogorzalek et al., 2008).
Cover construction involves encapsulating the hazardous wastes
in single or multiple layers of non-reactive material, followed by
establishment of vegetation (Breshears et al., 2005). The nature of
materials used for cover construction vary considerably, but locally
available materials such as non-reactive overburden material and rock
wastes from mineral processing are often used. In contrast to natural
ecosystems, such artificially constructed ecosystems can exhibit
unique material properties and hydrology. Hydraulic properties,
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particularly saturated hydraulic conductivity Ks and soil moisture
retention, exert a strong influence on soil moisture storage, deep
drainage, runoff and infiltration. Therefore, accurate knowledge of K
and its spatial variability is crucial for understanding the hydrology of
artificially constructed ecosystems such as engineered covers, and
provides key inputs for most water balance and solute transport
models (Swanson et al., 2003; Hollander et al., 2009.

The methods for measuring K and its spatial structure are well-
known, and substantial literature exists on the topic particularly on
natural soils (Reynolds et al., 2002; Sobieraj et al., 2002; G6mez et al.,
2005). However, most existing methods for measuring K; are time-
consuming and labour-intensive, thus constraining the acquisition of
large K, datasets required for spatial analysis. The recent development
of rapid and inexpensive K; field methods such as the Philip-Dunne
permeameter (Mufioz-Carpena et al., 2001; 2002) enables acquisition
of datasets of appropriate size for geostatistical analysis of K spatial
patterns.

Geostatistics has been widely used to investigate spatial variability
of soil hydraulic properties on natural and agricultural soils, where
coefficients of variation as high as 100 to 400% have been reported
(Bagarello and Sgroi, 2004; Johnston et al., 2009). Studies have also
shown that K; values vary considerably among measurement
methods (Mufloz-Carpena et al, 2002; Reynolds et al., 2000).
Accordingly, Reynolds et al. (2000) proposed that alternative methods
for K; measurement should be evaluated against established pro-
cedures such as the constant-head method before use. This is par-
ticularly pertinent for the Philip-Dunne field permeameter prototype
developed by Mufioz-Carpena et al. (2001) based on the T. Dunne
apparatus (Philip, 1993), which has been subjected to limited field
evaluation and application.

Land use practices such as forestry, grazing, agriculture and mining
have considerable impacts on the magnitude and spatial variability of
hydraulic properties (e.g. Bormann and Klaassen, 2008; Breshears et
al.,, 2005; Buczko et al., 2001). In contrast to the substantial literature
available on K; for natural soils (e.g. Botros et al., 2009; Goémez et al.,
2005; Sobieraj et al., 2002), there has been no systematic field
evaluation of K and its spatial variability for artificially constructed
ecosystems such as engineered covers. The few studies conducted on
mine waste disposal facilities or artificial catchments are based on
indirect methods involving analysis of qualitative data on soil
structure (Breshears et al., 2005; Buczko et al., 2001), while results
of spatial analysis are often not reported probably due to small sample
sizes that restrict such analysis (Gerwin et al., 2009; Holldnder et al.,
2009; Mazur et al., 2011; Wehr et al., 2005). Notable exceptions are
two studies conducted in Germany, where geostatistical analysis of
hydraulic parameters derived from pedotransfer functions developed
for natural soils showed that particle segregation during transporta-
tion and dumping, and amelioration practices contributed to spatial
variability on lignite mine spoils (Buczko et al., 2001; Buczko and
Gerke, 2005). A dye tracer study conducted on covers in New Mexico,
USA, a decade after installation showed that macropores caused by
root intrusion and fauna enhanced drainage (Breshears et al., 2005).
Other studies have evaluated the K of synthetic gecomembranes and
clay liners used as hydraulic barriers (e.g. Albright et al., 2006), and
flow mechanisms on highly heterogeneous mine material (e.g. Webb
et al., 2008). Most of the existing water balance modelifg studies for
engineered covers rely on K estimated from pedotransfer functions
(PTFs) derived for natural soils or few point measurements which fail
to characterize the spatial heterogeneity of the site (e.g. Bohnhoff
et al., 2009; Ogorzalek et al., 2008). Comparative hydrological
prediction of the artificial Chicken Creek using ten different models
clearly demonstrated the impact of hydraulic properties and their
estimation on water balance components (Holldnder et al., 2009).

In summary, analysis of existing studies suggests that K integrates
numerous complex interactions between the material properties,
material handling and construction procedures and the effects of

biological activities such as biointrusion and macroporosity (Breshears
et al., 2005; Buczko et al., 2001; Buczko and Gerke, 2005; Webb et al.,
2008). As the application of 2-D and 3-D water balance and solute
transport models becomes increasingly common, it is critical to
account for K spatial variability in both horizontal and vertical
directions. Moreover, until now, studies evaluating the capacity of
existing PTFs to predict saturated hydraulic conductivity for artificial
material such as bauxite residue sand have been lacking. To address
this knowledge gap, the present study applies univariate and spatial
statistical analyses to evaluate the variability of K on an engineered
cover as an example of a recently constructed artificial ecosystem. The
specific objectives were; (1) to determine saturated hydraulic
conductivity using a combination of in-situ methods (Philip-Dunne
and Guelph permeameters) and compare their results to the well-
established constant-head laboratory method, (2) to evaluate the
ability of five prominent PTFs (Cosby et al., 1984; Dane and Puckett,
1994; Dane and Puckett, 1994; Jabro, 1992; Saxton et al., 1986) to
predict Ks measured by the constant-head method, and (3) to evaluate
the horizontal and vertical spatial variability of saturated hydraulic
conductivity.

2. Materials and methods
2.1. Description of the study site

The study was conducted on Alcoa (Australia)'s Kwinana Bauxite
Residue Disposal Area (RDA), about 35 km to the southwest of Perth,
Western Australia. The site experiences a Mediterranean-type climate
characterized by cool wet winter (mean annual rainfall: 742 mm) and
hot to warm dry summer seasons. In Western Australia, Alcoa
operates one of the world's largest integrated bauxite mines,
refineries and smelters, contributing about 15% of the world's
alumina. Alumina is extracted from the bauxite by the Bayer process.
The waste material from the refinery is pumped to a settling column
at the RDA where it is separated into red mud (<150 um in diameter)
and residue sand (> 150 um).

The Kwinana RDA was constructed in a series of lifts, whereby the
residue sand was either hydraulically poured or hauled to the residue
disposal area and used to construct and stabilize tailings dam
embankments with a slope of about 1:6. The red mud, which is
highly caustic (pH=12.5), and has high electrical conductivity
(60.8 dSm~!) and exchangeable sodium (28000 mg kg~ ') (Courtney
and Timpson, 2005; Woodard et al., 2008), is discharged into the tailings
dam as slurry or dry staked.

Several studies conducted at Alcoa's Kwinana and Pinjarra residue
disposal areas have shown that bauxite residue sand has virtually no
organic matter (Eastham et al., 2006; Gherardi and Rengel, 2001).
Total organic carbon determined by wet oxidation using the Walkley-
Black ranged from about 0.009% in freshly deposited residue sand to
0.09% on 4-year-old rehabilitated sites (Eastham et al., 2006; Gherardi
and Rengel, 2001). To enhance vegetation establishment, about 2.25 t
gypsum ha~! were applied and mixed to a depth of 150 cm to reduce
soil pH and soluble alkalinity. A diammonium-based fertilizer
(2.75tha~!) was mixed in the top 20 cm-depth to improve soil
nutrient status (Gwenzi et al,, 2011).

A mixture of tree and shrub species dominated by Acacia
rostellifera and Melaleuca nesophila, and other species endemic to
coastal dune ecosystems of Western Australia were established from
seedlings and by direct seeding. The site used for this study was
established in 2004 and had an average stem density of about
189 plants ha~! at the time of data collection in 2008 (Gwenzi et al.,
2011).

Fig. 1(a) is an aerial photo of the study site showing vegetation of
different ages and surface structures created by vehicular equipment
during material placement and construction. Fig. 1(b) depicts a typical
cross-section of the RDA indicating the different layers of gypsum-
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(b)

Red mud

N/

Geosynthetic
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Fig. 1. (a): An aerial photo of a vegetated engineered cover at Kwinana Bauxite Residue Disposal Area. A: surface structures created by wheel tracks during construction and material
placement run across the main slope indicated by arrows. B: Location of the sampling site. (Imagery: Google Earth 8 May, 2008; coordinates of lower left corner: 32 12'31"S, 115 49’
38"E). (b): Sketch of the cross-section of the residue disposal area indicating vegetation of different ages on the embankment. A: gypsum-amended bauxite residue sand,
B: unamended alkaline bauxite residue sand, C: red mud core, D: red mud disposed in tailings dam and E: geosynthetic membrane. Note: diagram not to scale. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

amended residue sand, unamended residue sand and red mud. The
refinery processes, the nature of rock wastes and the disposal
practices at the study site bear close resemblance to the current
common practices for the disposal of bauxite residues in other parts of
the world (Courtney and Timpson, 2005; Woodard et al., 2008).

2.2. Measurement of surface saturated hydraulic conductivity

Two methods were used to measure saturated hydraulic conduc-
tivity on a 56-m long‘><LZS-m wide plot within the RDA; Philip-Dunne
(PD) permeameter and constant-head (CH) method. Field saturated
hydraulic conductivity was measured using a Philip-Dunne permea-
meter (Mufioz-Carpena et al., 2002) using a 4 mx4 m grid sampling
scheme, giving a total of 112 data points (Fig. 2). To account for spatial
variability at lower spatial scales, an additional 45 nested measure-
ments were taken at 2 m, 1 m and 0.5 m at random azimuths from a
subset of the gridded sampling points.

The design of the Philip-Dunne permeameter, field protocol and
the computation of K followed the detailed procedure in literature
(Mufioz-Carpena et al., 2001; Mufioz-Carpena et al., 2002; Mufioz-
Carpena and Alvarez-Benedi, 2002). A 10-cm diameter auger was
used to make a 10cm deep hole at each sampling point. The
permeameter was inserted into the auger hole and filled with water
to the 30 cm mark. Initial and final soil moisture was measured for
each point using a calibrated theta probe (Model: Delta T Devices).
Time required for water level to drop to the 15-cm and 30-cm marks

was monitored. Saturated hydraulic conductivity (Ks-PD) was
computed using an automated computer routine (Mufioz-Carpena
and Alvarez-Benedi, 2002) based on the analysis of Philip (1993). In
summary, saturated hydraulic conductivity (Ks) was calculated as:

= (M7 mac(@)
s 8tmax

Where 1, is the radius of a spherical water supply equivalent to half
the internal radius of a permeameter, a is a parameter accounting for
soil and permeameter characteristics, ty.x is the time required for the
permeameter to empty, and T iS @ nondimensional variable for
time calculated from t;,,,x (See Appendix 1 for details).

Samples were also collected for laboratory determination of
saturated hydraulic conductivity using the core method (Ks-CH) to
evaluate whether the PD and core methods give K of similarorders of
magnitude. A total of 60 core samples were collected a few
centimeters from the K,-PD measurement points using metal
cylinders (7 cm diameter x 7 cm height). To minimize sample distur-
bance, two cylinders were taped together and gently driven into the
soil until the lower cylinder was flush with soil. The cylinders and the
intact soil cores were carefully taken out. The lower cylinder with
intact soil was capped, properly labeled and transported to the
laboratory for analysis. -
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Fig. 2. Grid design showing sampling locations for surface saturated hydraulic
conductivity at Kwinana Bauxite Residue Disposal Area. @: Philip-Dunne (PD),
[: constant-head (CH) and O: a set of three nested samples at 2, 1 and 0.5 m measured
using CH.

2.3. Measurement of saturated hydraulic conductivity down profile

To investigate the spatial variability of Ks at depth, additional
measurements were conducted in the open face of a 10-m long x 3-m
deep trench. Soil cores were collected as described previously at
15 cm and 50 cm-intervals in the vertical and horizontal directions
respectively to a depth of 90 cm. Thereafter, the sampling interval was
increased to 30 and 100 cm intervals in vertical and horizontal
directions, respectively. Since the use of the PD method is in practice
limited to a maximum depth of about 15 cm due to the height of the
permeameter and difficulties in augering into an unstable trench wall,
core samples were supplemented with replicated (4) Guelph
permeameter Ks measurements (Ks-GP) at 15 cm intervals up to 3 m
for comparison purposes. The Guelph Permeameter (GP) method is
one of the most widely applied in-situ methods for determining field
saturated hydraulic conductivity (Bagarello, 1997). The method
involves augering a small, vertical, cylindrical well and determining
the steady water discharge, when a constant depth of water is
maintained in the well (Bagarello, 1997). However, because both the
PD and GP require augering, the methods could not be used to collect a
large K data on unstable trench walls at the study site.

Saturated hydraulic conductivity (K, mday~') for the Guelph
permeameter was calculated according to Reynolds and Elrick (2002):

C — cQ,
s 2 2 *
2nH* + Cna” + 2nH / a

Where C is a dimensionless shape factor that can be calculated
from empirical expressions (Reynolds et al., 2002; Zhang et al., 1998):

H 0.754

C=lo !
2.074a + 0.093H

fora™>9 m™,

Q is quasi-steady flow rate out of the permeameter and into the
soil (m> day '), His ponded depth of water or pressure head (m), a is
radius of well (m) and a* is a soil-texture/structure parameter
(=36 m~! for coarse and gravelly sands).

2.4. Laboratory analysis

In the laboratory, core samples were analyzed for saturated
hydraulic conductivity (Ks-CH), dry soil bulk density (p,) and particle
size distribution (PSD). Ks-CH was determined by the constant-head
method (Reynolds et al.,, 2002). A 200 um nylon mesh was tightly
secured to the bottom of the cylinder with intact core samples using a
rubber band. To prevent disturbance of the soil surface, a filter paper
was put on top of each core, and a second metal cylinder tightly
secured to act as a reservoir. Samples were saturated from the bottom
in a water bath filled with deionized water for 48 h. K5 was measured
using a system consisting of a raised water tank that delivered water
at a constant-head of about 3 cm to the core reservoirs. The mass of
water eluted from each core was monitored by electronic balances
connected to a computer configured to record mass and time. Darcy's
law was used to compute saturated hydraulic conductivity (K;, m day ~ 1)
(Reynolds et al., 2002):

/o
k= (Adh)’

Where Q, is water flow rate (m> day ~!), A is cross-sectional area
of flow (m?), dl is thickness of soil column (m) and dh is hydraulic
head (m).

At the end of the K; measurements, the samples were retained for
the determination of dry soil bulk density and particle size
distribution. First, core samples were oven-dried at 102 °C for 24 h.
The oven dry mass and total soil volume were used to compute dry
soil bulk density (Blake and Hartge, 1986). Total porosity (n) was
calculated as: n = 1—‘,’7—5, where py, is the dry bulk density of the
sample (kgm™3), and p, is the particle density assumed to be
2650 kg m 3.

Particle size analysis was determined by a combination of sieving
and sedimentation (Gee and Bauder, 1986). Soil was dispersed by
adding sodium hexametaphospate followed by mechanical shaking.
The dispersed suspension was sieved through a 50 um sieve to
separate sand from silt and clay. Silt and clay in the suspension were
determined by sedimentation using the pipette method. Soil moisture
characteristic curves were determined on core samples using Tempe
cells (SOILMOISTURE Equipment Corp, Santa Barbara, CA) for low
pressures (0-100 kPa) and pressure plate method for 300 and
1500 kPa (Klute and Dirksen, 1986). The van Genuchten moisture
retention model was fitted to the measured data using a nonlinear
least squares routine in RETC (van Genuchten, et al., 1991).

2.5. Evaluation of pedotransfer functions

To evaluate the ability of empirical pedotransfer functions (PTFs)
to estimate saturated hydraulic conductivity, measured values were
compared to those predicted by the PTFs. Our selection of PTFs
focussed on those that have been evaluated in previous studies
(Sobieraj et al., 2001; Tietje and Hennings, 1996), and availability of
input data obtained from field measurements (per cent sand (Sa), silt
(Si), clay (C), dry soil bulk density (p,) and saturated soil moisture
(6s). The PTFs and their input data are presented in Table 1.

2.6. Univariate and geostatistical analyses

Univariate statistical analysis of the data was done in three stages;
(1) each dataset was tested for normality and homogeneity (or
equality) of variance using the Kolmogorov-Smirnov and Levene
tests, respectively. In cases where data were not normally distributed,
data transformations were attempted; (2) global summary statistics
such as mean, kurtosis, skewness and coefficient of variation (CV)
were computed; and (3) for each dataset, a two sample t-test at the
95% probability level was used to compare mean K, between methods.
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Table 1

Pedotransfer functions (PTFs) used to estimate saturated hydraulic conductivity (Ks). Input parameters for the PTFs are sand (Sa): 50-2000 pm, silt (Si): 2-50 um and clay (C):

<2 pm, dry soil bulk density (p,) and saturation soil moisture content (6s).

Reference Pedotransfer function Inputs

1. Cosby et al. (1984) Ks=25.4<10(— 0.6 +0.012Sa —0.0064C Sa and C

2. Jabro (1992) Ks=9.56 —0.81log(Si) — 1.09log(C) — 4.64p, Si, C and py
3. Puckett et al. (1985) Ks=156.96exp[—0.19575 C] C

4, Dane and Puckett (1994) Ks=303.84exp[—0.144 (] C

5. Saxton et al. (1986) Ks=10exp[12.012 — 0.0755Sa + (— 3.895 + 0.03671Sa —0.1103 C+ 0.00087546(C)?) /6] Sa, C and 6

6s=0.332 —0.0007251Sa + 0.1276log10C or measured (=0.3)

Given that Ks measurements were not carried out on exactly the same
soil sample or location, a point to point comparison was not feasible,
thus comparison of Ks methods was limited to global summary
statistics. Regression and correlation analyses were used to test the
relationship between K estimated by different methods, and the
dependence of K on dry soil bulk density, sand (Sa), silt (Si) and clay
(C). To evaluate PTF performance, predicted Ks values were statisti-
cally compared to those measured by the constant-head method.
Since Ks dataset measured by the constant-head method deviated
from normality, non-parametric statistical tests (Krustal-Wallis)
were used for statistical comparison using the median as a measure
of central tendency. In all cases, XLSTAT package (Addinsoft, 2009)
was used for univariate statistical analysis at 95% probability level.
Geostatistical software GSLIB (Deutsch and Journel, 1998) was
used for spatial analysis. Only surface Ks-PD and trench Ks-CH were
analyzed for spatial patterns because of the large sample sizes

100 -

(a)

80

Cumulative per cent finer than

0 +—0—=0= . .
0.001 0.01 0.1 1 10
Particle diameter (mm)

0.4

(b)

—— van Genuchten

O Measured

Volumetric soil
moisture (-)
(=} [=]
o [
L )

e
=
L

Log (suction, kPa)

Fig. 3. (a) Semi-logarithmic plot of particle size distribution. The y-axis is linear while
x-axis is in logarithmic scale. (b) Soil moisture characteristic curve for bauxite residue
sand showing measured points (dots) and fitted van Genuchten function (solid line).
The van Genuchten parameters related to air-entry value (o= 0.15kPa~') and pore
size distribution (n=3.58) were estimated by RETC (version 6.02) (van Genuchten,
etal,, 1991).

required. Preliminary analysis showed trends in the E-W direction
perpendicular to the slope for surface data, and in the vertical
direction for the trench data. Directional variogram models were
visually fitted to the experimental variograms. For the surface data, a
search neighborhood with the following characteristics was used; lag:
3 m, lag tolerance: 3 m, azimuth tolerance: 22.5° and bandwidth:
25 m. A different search neighborhood (lag: 35 cm, lag tolerance: 20~
25 cm; azimuth tolerance: 30°, bandwidth: 35-55 cm) was used for
the trench data, where sample points were closer together.

The nugget ratio (R) expressed as nugget variance to total variance
was used as an indicator of spatial dependence. Spatial dependence
was classified as strong if R<25%, moderate if 25%<R<75%, weak if
R>75% (Cambardella et al., 1994). If the slope of the variogram was
close to zero, K was considered randomly distributed. In cases where
spatial patterns were detected, the variograms were incorporated in a
kriging routine to map Kj spatial distribution.

3. Results

The cover material had a well-sorted predominantly sandy texture
(96%) with very low silt plus clay fraction (Fig. 3a). As expected, soil
moisture retention was very low (10.1% at 10kPa and 2.8% at
1500 kPa) as evidenced by a sharp drop in soil moisture within
suction ranges of 0-100 kPa (Fig. 3b).

Mean K, values were very high for all methods (38.7-
77.9 m day~!) (Table 2). The K data were slightly negatively skewed,
with the exception of Ks-PD, which was positively skewed. Kolmogo-
rov-Smirnov normality tests (Table 2), frequency distribution curves
and probability-probability plots showed that surface Ks for both
methods conformed to a normal distribution (Figs. 4a and b and 5a
and b), while trench data deviated significantly from normality
(p>0.05) and had a tendency to exhibit a bimodality (Figs. 4c and d
and 5c and d). Attempts to normalize the bimodal trench data by
transformation had no effect on kurtosis, skewness and results of the
Kolmogorov-Smirnov normality test. By inference such data cannot
be subjected to parametric statistical analysis. To remedy this, the
trench K data were split into two sub-populations (0-90 cm and 120-
300 cm) which were normally distributed (Figs. 4e and fand 5e and f).

Table 2

Summary statistics of saturated hydraulic conductivity at Kwinana Bauxite. Residue
Disposal Area measured by the Philip-Dunne (K,-PD), constant-head (Ks-CH) and
Guelph (Ks-GP) permeameters.

Surface K Trench K

measurements measurements

Ks-PD K-CH Ks-GP Ks-CH
Sample size, n 157 27 28 131
Minimum (m day~"') 6.1 236 16.1 5.8
Maximum (m day~!) 164.9 82 62 116.3
Mean (m day 1) 779 55 38.6 64.6
Coefficient of variation, CV (%) 44 26 37 41
Skewness 0.56 —0.23 —0.03 —0.52
Kurtosis —0.12 —0.30 —1.43 —0.65
Kolmogorov-Smirnov test p<0.05 p<0.05 p>0.05 p>0.05

Please cite this article as: Gwenzi, W., et al., Field-scale spatial variability of saturated hydraulic conductivity on a recently constructed
artificial ecosystem, Geoderma (2011), doi:10.1016/j.geoderma.2011.06.010

357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

373

374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

t2.1

t2.3

t2.4

2.5
t2.6
t2.7
2.8
t2.9
t2.10
t2.11
t2.12


http://dx.doi.org/10.1016/j.geoderma.2011.06.010
Original text:
Inserted Text
"u"

Original text:
Inserted Text
"u"

Original text:
Inserted Text
"x"


393
394
395
396

398

Surface K-PD
20

Frequency

4 30 55 81 106
K-PD (m day™")

132 157

Trench K-CH 0-300 cm

(c)

30

25 A

20 A

15 A

Frequency

10 A

116

IS

26 49 71 94
K-CH (m day'l)

Trench K-CH 0-90 cm
20

(e)

—
wn
1

Frequency
)

114
K,-CH (m day™")

W. Gwenzi et al. / Geoderma xxx (2011) xXx-XxX

Surface K-CH

5{(b)

Frequency

22 37 53 69
K-CH (m day™")

Trench K -GP 0-300 cm

s{(d)

Frequency

11 19 27 35 43 51 59
K-GP (m day'l)

Trench K-CH 120-300 cm

®

Frequency

K,-CH (m day")

Fig. 4. Histograms for surface (a) and (b) and trench (c)-(f) saturated hydraulic conductivity at Kwinana Bauxite Residue Disposal Area.

Comparison of mean K measured in-situ versus laboratory
measurements revealed significant (p<0.05) differences. For surface
measurements, mean Ki-PD (77.9 mday~') was 1.4 times higher
than K,-CH (55 m day '), while for the trench measurements mean
Ks-CH (64.6 m day~ ') was 1.7 times that of K;-GP (Table 2). However,
field and laboratory measured Ks values were linearly correlated
(r?=0.63-0.72; p<0.05), and in all cases the mean values and
coefficients of variation (CV) were within the same orders of
magnitude. For the trench measurements, mean Ks-GP fell within
the range for Ks-CH except in the top 30 cm (Fig. 6a). The K; for both
methods displayed a similar depth trend characterized by highest Kj
in the top 90 cm, and a sharp drop at 120-cm depth (Fig. 6a), almost
coinciding with the maximum depth of gypsum incorporation.
Overall, K; dropped with depth, from 51 to 80 m day~ ! at the surface
to 25 mday ! at 300 cm. Dry soil bulk‘density was generally low
throughout the profile, but increased significantly with depth
(p<0.05, r>=0.88) from about 1350-1400 kg m~? in the top 1 m-

depth to about 1500 kg m > below 1.5 m (Fig. 6b). As expected, mean

total porosity (43-50%) also significantly declined with soil depth -

(p<0.05, r>=0.86) (Fig. 6¢).

Measured K was significantly (p<0.05) correlated to dry soil bulk
density (r?=0.73), but the relationship with silt plus clay percent was
weaker (r>=0.21) (Fig. 7). Multiple regression analysis revealed an
inverse linear relationship between measured K and the combined effect

of dry soil bulk density py, (kg m™3) and silt plus clay percent (Si + C). The 4
resulting linear model for saturated hydraulic conductivity (m day~!)

(Ks=551.3 —0.3p, — 13.6(Si + C), r> = 0.76) provides a first-order esti-
mate of K for the cover. The relationships between K, and dry soil bulk
density and particle size distribution have been used to develop several
pedotransfer functions, which are widely used for predicting K (Sobieraj

et al.,, 2001; Tietje and Hennings, 1996). Evaluation of five prominent 42:
PTFs based on dry soil bulk density, soil moisture at saturation and -

percent sand, silt and clay showed that they all underestimated Ks by

more than one order of magnitude (Fig. 8). However, the five PTFs (Cosby -
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permeameter (Ks-GP and Philip-Dunne permeameter (Ks-PD).

et al., 1984; Dane and Puckett, 1994; Jabro, 1992; Puckett et al., 1985;
Saxton et al., 1986) predicted comparable K values (median: 1.3-
34mday ).

The variogram of surface K; showed a moderate spatial depen-
dence in the E-W direction perpendicular to the slope (Fig. 9a). The
spatial structure was described by a spherical variogram with a
correlation range of 8 m and a nugget/sill ratio of 78%. In the N-S
direction or downslope, Ks showed a pure nugget effect or no spatial
structure. This indicated that K exhibited more spatial heterogeneity
in the downslope direction (N-S), and less so in the direction parallel
to the slope (E-W). For clarity, only the variogram indicating a spatial
structure in the direction perpendicular to the slope is shown in
Fig. 9a. Considering the strong trend in Ks with depth, and the bi-
modality of the data (Fig. 5¢c-d), the final variogram analysis was
performed on all data (Fig. 9b), and treating the 0-90 cm and 120-
300 cm data separately (Fig. 9c). The vertical trend (linear: r> =0.52,
p<0.01) was removed from the raw data and variogram models fitted
to the residuals, which were normally distributed. There was a strong
spatial structure in the vertical direction described by a spherical

variogram with a correlation range of 40 cm, and a linear trend
parallel to the surface (Fig. 9b). Separating the data into two subsets to
account for layering revealed a moderate (R = 64%) spatial structure
in the top 90 cm described by a bounded spherical variogram with a
range of 2 m (Fig. 9c). A linear variogram best described the K, data for
the 120-300-cm depth. Variability of K at 120-300 cm was higher
than in the top 90 cm (Fig. 9¢). It is worth noting that, compared to the
variogram for the 0-90 cm depth, the variogram for the 120-300 cm
depth was based on few data points (about 60), which made short-
distance spatial relationships difficult to interpret. Variance was
higher for the surface measurements than the trench data (Fig. 8a and
b). The variogram models were used to interpolate (krige) K for the
surface and trench data. The map of surface K; showed distinct
alternating bands of relatively high and low K; running perpendicular
to the slope (E-W direction) (Fig. 10). The described vertical trend of a
drop in K at about 1 m depth (Fig. 9) was captured in the kriged map
of trench data (Fig. 11). As represented in the variograms (Fig. 9¢), the
bottom 120-300 cm for the trench varied more smoothly than the top
90 cm.
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4. Discussion

The present study used multiple field and laboratory methods to
quantify the range and variability of surface and vertical saturated
hydraulic conductivity on a mine waste cover. As observed in earlier
studies (e.g. Wehr et al., 2005), soil moisture characteristic curves
showed that residue sand had low water retention capacity. The van
Genuchten pore size distribution index (n) was 3.58, while o, which is
inversely related to the air-entry value was 0.15kPa~'. The
corresponding air-entry value (6.6 kPa) was relatively higher than
values reported for natural sandy soils (2.0 to 3.2 kPa) (e.g. Wang et
al.,, 2009; Zhu and Mohanty, 2002), probably due to the fact that our
data had very limited measurement points at low suctions (<5 kPa).
On the other hand, the high n value indicated a narrow pore size
distribution, which reflected the well-sorted particle size distribution
shown in Fig. 3(a).

Although K values differed among methods, both field and
laboratory methods adequately captured the range and variability of
Ks at the study site. The low-cost PD permeameter has proven
acceptable for rapid acquisition of a large K dataset such as required
for geostatistical analysis. As observed in previous studies (e.g.
Bagarello, 1997; Johnston et al., 2009; Mufioz-Carpena et al., 2002),
the imperfect agreement between field and laboratory methods is not
surprising. However, the magnitude of variability among methods
observed in this study was lower than that reported in literature
(Mufioz-Carpena et al., 2002; Reynolds et al., 2000), probably because
the previous studies were conducted on structured soils with
macropores. The exact causes of discrepancies among methods were

beyond the scope of the present investigation, however previous

studies attributed similar findings to differences in flow geometry, -

assumptions in computation routines, sampling volumes and inherent
disturbances during sampling (Bagarello, 1997; Johnston et al., 2009;
Mufioz-Carpena et al., 2002; Reynolds et al., 2000). For example,
surface smearing, compaction of the well surface during augering,

sinking of the water outlet tip of the instrument into the base of the -
well during a measurement, and radius of the well can affect field- -

saturated hydraulic conductivity measured with the Guelph Permea-
meter (Bagarello, 1997). Moreover, in our case, because the laboratory
method was destructive, it was impossible to measure Ks on exactly
the same points or soil sample thus increasing differences observed
between measurement methods. Previous studies have also shown
that K increases as the scale of measurement or sampling volume
increases particularly for structured soils with macroporosity (e.g.
Bagarello, 1997; Bradbury and Muldoon, 1990). Therefore, small
sample volumes may fail to account for K; arising from macropore or
preferential flow (Mallants et al., 1997). Given that the study material
was highly porous, unconsolidated and had no macro-structure, we
doubt that core volume or diameter of the field permeameters
accounts for the high K; observed in the present study. The fact that

different methods gave similar Ks values further suggests that the 51:

observed high K values are an intrinsic property of the system.
Univariate analysis revealed two important findings on saturated

hydraulic conductivity for artificially constructed ecosystems which

deviate from trends observed for natural sandy soils. First, Ks values

were very high irrespective of method of measurement. Second, :

surface K5 conformed to a normal distribution, while trench data were
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bimodal rather than lognormal, as often reported for natural soils (e.g.
Botros et al., 2009; Johnston et al., 2009). Dry soil bulk density and
total porosity data indicate that the material was unconsolidated and
highly porous. Total porosity was higher than 25-35% reported for
sandy dune systems (Salama et al., 2005). Such low dry bulk density
and high total porosity values (43-47%) are common in unconsoli-
dated marine sands prior to any diagenesis such as post-depositional
cementation and overburden stress (Bennett et al., 2002.
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Fig. 8. Box-plot comparison of saturated hydraulic conductivity measured by constant-
head method and predicted by five pedotransfer functions (Cosby et al., 1984; Dane and
Puckett, 1994; Jabro, 1992; Puckett et al., 1985; Saxton et al., 1986). Note that the y-axis
is in logarithmic scale.

The observed K values were several orders of magnitude higher
than those reported in literature on natural sandy soils and artificial
ecosystems, where K often exhibits high variability (CV: 100-400%)
(Bagarello, 1997; Reynolds et al., 2000; Buczko et al., 2001; Salama et
al., 2005; Botros et al., 2009). For example, observed K values were
remarkably higher than those reported for deep alluvial sandy soils
(0.05-14.5 m day ') (Botros et al., 2009) and sandy dune systems of
the Swan Coastal Plain in Western Australia (0.4-7.3 mday~!)
(Salama et al., 2005). Even, sandbank island sediments consisting of
quartz sand had lower K, values (2.4-3.8 mday~!) Klaassen et al.,
2008) than observed in the present study. Moreover, the observed K
was even much higher than that of other artificial ecosystems such as
engineered covers (8.6x10~7-8.6x10~ ! mday~"') (Bohnhoff et al.,
2009; Ogorzalek et al, 2008) and the artificial Chicken Creek
catchment (0.2-2.3 mday~—!) (Gerwin et al.,, 2009; Hollinder et al.,
2009; Mazur et al., 2011). However, most of these studies (e.g.
Klaassen et al., 2008) failed to provide information on total porosity,
dry soil bulk density, degree of sorting and particle size distribution of
the material or sediments.

The high saturated hydraulic conductivity, low spatial variability
and low soil moisture retention observed in the present study
reflected the unconsolidated and highly porous nature of the material
as evidenced by low dry soil bulk density and high total porosity.
These properties were attributed to mechanical separation, which
resulted in well-sorted coarse-textured material. Moreover, it is also
possible that crushing and mechanical milling of hard rock ores could

generate angular particles that tend to pack loosely as reported in :

laboratory and mode&ng studies of particulate systems (e.g. Latham
et al, 2002). Although most studies investigating the hydraulic
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properties of coastal sands have reported their results in terms of
permeability, estimation of Ks from published data on permeability
revealed that observed K; values were comparable to those reported
for coastal sands (Wiebenga et al. (1970); Wilson et al., 2008). One
similarity between coastal sands subjected to wave action or currents,
and mechanically separated bauxite residue sand is the high degree of
sorting and poor consolidation that results in a high total porosity and
hydraulic conductivity. The impacts of sorting on hydraulic properties
and total porosity have been documented in several studies (Forster et
al., 2003; Wiebenga et al., 1970; Wilson et al., 2008). Indeed, for well-
sorted coastal sediments dominated by fine and coarse quartz sand, K
values of 17 to 2592 m day !, and total porosities of 38 to 44% have
been reported in literature (e.g. Wiebenga et al., 1970). Similarly, 23
separate studies conducted on well-sorted marine sands reported K
values of 2 to 353 m day~ ' (Wilson et al., 2008). Besides coastal sands,
extremely high K spanning four orders of magnitude (<0.57-
>500 m day~ ') have been reported in coastal floodplain acid sulfate
soils with prevalent macropores or preferential pathways (John?ton et
al., 2009). However, in the present case, profile observations showed
no evidence of profile development and preferential flow pathways.

60
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Fig. 10. Kriged map of surface Ks-PD showing surface spatial structure or bands across
the N-S slope. Marked points indicate sampling locations.

Correlation analysis showed that dry soil bulk density and particle
size distribution accounted for the spatial variability of K. Negative
correlations between Kj, dry soil bulk density, silt and clay have been
observed in several studies and form the basis for the development of
pedotransfer functions (Saxton et al., 1986; Sobieraj et al., 2001; Tietje
and Hennings, 1996). The inverse relationship between K and dry soil
bulk density was consistent with the expected effect of overburden
stress. However, the five pedotransfer functions evaluated in this
study underestimated K for the study site. Discrepancies between
measured and predicted K values have been reported on both natural
soils (e.g. Sobieraj et al., 2001; Tietje and Hennings, 1996), artificial
ecosystems (Holldnder et al,, 2009) and well-sorted marine sands
(Wilson et al., 2008). The poor performance of the PTFs observed in
the present study may be due to a number of reasons; first, the PTFs
were developed based on databases for natural soils, most of which
tend to be poorly sorted. For example, a search of the databases used
to develop some of the PTFs revealed that no data on artificial
ecosystems were included. Moreover, as Tietje and Hennings (1996)
observed, very high K values are often excluded in datasets used to
develop PTFs. Therefore, most of the PTFs evaluated here gave
maximum K, values of about 2 to 10 mday~'. Second, whereas
material sorting and angular granular shapes may influence K;
particularly on artificial ecosystems such as covers (e.g. Latham
et al., 2002; Wilson et al., 2008), none of these factors are accounted
for in the PTFs evaluated here. Accordingly, Wilson et al. (2008)
attributed the failure of PTFs to predict either the mean permeability
or the variability in well-sorted marine sands to their failure to
account for sorting. On the other hand, multiple regression analysis
revealed that K for bauxite residue sand can be predicted by a simple
model incorporating dry soil bulk density and per cent silt plus clay.

The trench data indicated soil layering or stratification, as
represented by the frequency distribution curves. The transition
zone between the two layers occurred at about 120 cm, which
generally coincides with the maximum depth of gypsum incorpora-
tion. Gypsum is a strong flocculant, which may reduce the dispersive
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effects of high exchangeable sodium percentage associated with
bauxite residues. Dispersion in samples collected below 120 cm was
observed during K; measurement using the constant-head method.
Therefore, it is possible that clay dispersion and subsequent
mobilization below 120 cm could have contributed to the layering
and increase in dry soil bulk density. Moreover, particle segregation
during material handling and dumping has also been reported on coal
mine spoils, where both dry soil bulk density and Ks showed depth
trend (Buczko et al., 2001). On mine waste materials in Australia,
mobilization and self-filtration of fine particles have been reported to
reduce K through pore clogging (Dikinya et al.,, 2008). This
phenomenon is also well pronounced in coastal sediments, where
even small amounts of mud have been reported to clog pore throats,
reduce K and enhance further deposition of the fine particles (Forster
et al., 2003; Wilson et al., 2008). This suggests that the increase in silt
and clay with depth may result from mobilization from the top layers
and deposition at depth, leaving a skeletal material dominated by the
coarse fraction. Although overall K; will remain high due to the low
silt plus clay percentage, it is likely that, over time, Ks of the surface
layers may further increase, while that of deeper layers decrease,
resulting in a profile comparable to a duplex soil.

Surface Ks was relatively similar across slope and changed more
rapidly down slope, as illustrated by the mapped alternating bands of
high and low K perpendicular to the slope (Fig. 10). The spatial
structure was attributed to variability of dry soil bulk density caused
by vehicular traffic movement during construction and incorporation
of chemical amendments. This explanation is consistent with aerial
photo and field observations showing surface structures running
perpendicular to the main slope (see Fig. 1). The trench Ks data
showed spatial patterns in both vertical and horizontal directions. The
correlation range was longer for the surface K (8 m) than trench data
(0.4-2 m), indicating higher spatial dependence for surface measure-
ments than vertical ones. This finding is in agreement with that of
Botros et al. (2009), who reported ranges of 5-8 m in the horizontal
direction and 0.5 to 1.5m in the vertical direction for deep alluvial
sediments. Besides differences in sampling intensity, this could be
indicative of the different processes influencing K; in the two directions.
Results of spatial analysis of K for natural soils reported in literature
vary greatly among studies, soil types and sampling scales. Bounded
variograms with correlation ranges of 2-6 m have been reported for
agricultural soils (Gémez et al., 2005), while other studies showed pure
nugget effect or random variation (Sobieraj et al., 2002).

For sampling purposes, the results of spatial analysis suggest that
to characterize the variability of K;, more intensive sampling is

required parallel to the slope for surface measurements, and in the
vertical direction for trench measurements. Overall, both surface and
trench K varied with direction as evidenced by distinct directional
variograms (surface not shown; vertical: Fig. 9b). The vertical
direction variograms exhibited short ranges with a sill for the 0-
90 cm depth (Fig. 8b and c), indicative of patchiness and sharp
discontinuities (Ettema and Wardle, 2002). The trench horizontal
linear variogram increases with lag distance without reaching a sill,
describing a smooth regional trend (Ettema and Wardle, 2002)
illustrated in the kriged map for trench data for the horizontal
direction and 120-300 cm depth.

Overall, our results demonstrated that the study material was
unconsolidated and highly porous material, and had unique hydraulic
properties, characterized by remarkably high saturated hydraulic
conductivity, low variability and low moisture retention resembling
that of well-sorted marine sands. Earlier studies on the spatial
distribution of fluid flow and hydraulic properties on artificial ecosystems
such as mine spoils observed high spatial heterogeneity (e.g. Buczko et
al., 2001; Buczko and Gerke, 2005; Webb et al., 2008). Contrary, our
findings showed that on material subjected to artificial separation, spatial
variability can be very low. Given that the disposal of bauxite residue at
the present study site closely resembled the global practice in the
alumina industry (Courtney and Timpson, 2005; Woodard et al., 2008),
we infer that the magnitude and spatial variability observed in the
present study may be prevalent at other bauxite residue disposal sites.
However, considering the diversity of mine spoils and material handling
procedures, our results, and those of previous studies (e.g. Buczko et al.,
2001; Buczko and Gerke, 2005; Webb et al., 2008) suggest that it is
difficult to draw generalized conclusions about the spatial variability of
hydraulic properties on artificial ecosystems and stress the need for site-
specific field measurements.

5. Implications for hydrology of cover systems

The findings have implications for the hydrological performance,
ecosystem functions and modeling of vegetated engineered covers,
particularly in water-limited eco?ystems. To minimize the risk of deep
drainage, an ideal cover system should have the capacity to store
moisture in the root-zone for a relatively prolonged period, and
deplete it via root water uptake and bare soil evaporation before the
storage capacity of the soil is reached. The high K; and low spatial
variability imply rapid downward water movement throughout the
profile. We further infer that, given the high K; values, rainfall input
rather hydraulic properties limit saturated flow on such a system.
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Consequently, under saturated conditions and during substantial
rainfall events, deep drainage may constitute a major water balance
component on such a system.

The soil moisture retention curve was characterized by a sharp
drop in soil moisture at a low suction of about 10 kPa, reaching a
steady state at about 100 kPa suggesting rapid wetting and drying.
Coupled with high seasonality of rainfall associated with Mediterra-
nean environments, and a superficial root distribution with approx-
imately 90% of the roots occurring in the top 0.4 cm of the profile,
decreasing exponentially to a maximum rooting depth of 1.5 m
(Gwenzi et al,, 2011), high K and low moisture retention imply low
moisture storage in the root-zone.

The impact of these hydraulic properties on soil moisture
dynamics in the root-zone, plant water stress and vegetation water
use has been reported in previous studies (Gwenzi, 2010; Wehr et al.,
2005). For instance, long-term (2 years) soil moisture data showed
rapid wetting of the whole 90-cm depth within hours after substantial
rainfall events, but soil moisture in the root-zone dropped sharply
thereafter, indicating rapid drying and potential loss of plant available
soil moisture to drainage (Gwenzi, 2010). In the dry summer season,
the root-zone remained extremely dry for periods up to three months
resulting in severe plant water stress and reduced vegetation water
use. An experimental investigation of plant physiological behavior
conducted on similar material at Alcan Gove, Northern Territory also
showed rapid drying and severe plant water stress (Wehr et al., 2005).
Using sap flow sensors, Gwenzi (2010) estimated that the contribu-
tion of vegetation water use to the annual water balance of the
present study site was quite low (147 mm) and equivalent to 22% of
annual total rainfall (693 mm). Therefore, we recommend that
material characterized by high K; and low moisture retention such
as bauxite residue sand are not ideal for constructing water balance
cover systems particularly in water-limited environments.

Most water balance models rely on pedotransfer functions
developed for natural soils to estimate hydraulic properties for
artificial ecosystems, yet evaluation of five pedotransfer functions
revealed that they all underestimated Ks for the study material. As
Holldnder et al. (2009) pointed out, such underestimation may have
profound effects on moisture storage and, and hence water balance
fluxes. Several hydrological modelJipg studies have clearly demon-
strated the impacts of using different PTFs on model outputs and
uncertainties (e.g. Hollinder et al., 2009; Sobieraj et al., 2001).
Therefore, we recommend that direct application of PTFs developed
for natural soils on artificial ecosystems should be avoided unless the
accuracy of the PTF has been validated.

6. Conclusions

This paper represents the first systematic study to evaluate field-
scale spatial variability of saturated hydraulic conductivity on a
recently constructed artificial ecosystem. In contrast to natural sandy
soils, the cover material was well-sorted and coarse-textured,
resulting in very high Ks, low moisture retention and low variability
similar to that of well-sorted unconsolidated marine sands. Geosta-
tistical analysis revealed surface spatial patterns of K; associated with
structures created during cover construction, and vertical layering
caused by migration and deposition of fine particles. Overall, the
magnitude and spatial variability of hydraulic properties reflected the
influence of material handling and construction procedures, and post-
construction processes. A linear model based on dry soil bulk density
and particle size distribution provides a good estimate of K for the
study site. These findings demonstrate that certain artificially
constructed ecosystems can exhibit unique hydraulic properties
beyond those expected for natural sandy soils. This has important
implications for soil moisture storage, plant water relations and water
balance fluxes on recently constructed ecosystems, particularly,
where such covers are intended to restore pre-disturbance ecological

and hydrological functions. Evaluation of five pedotransfer functions
for predicting saturated hydraulic conductivity suggests that applica-
tion of water balance simulation models based on such PTFs may
constitute a major uncertainty in hydrological modeljng. Therefore,
there is need for caution when using models based on PTFs that have
not been validated for artificial ecosystems.
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Appendix. Calculation of K, from the Philip-Dunne
permeameter data

The procedure for computing Ks from Philip-Dunne measure-
ments based on Philip (1993) is presented in Mufioz-Carpena et al.
(2002). To obtain Ks with the Philip-Dunne permeameter, Philip
(1993) applied a spherically symmetric Green and Ampt analysis
based on the effective hemisphere model for unsteady state
infiltration. For a permeameter of internal radius r;, Philip (1993)
assumed a spherical water supply of radius r, = 0.5r;. If R=R(t) is the
radius of soil-wetted bulb from the water supply at time t, the
following non-dimensional variables for time (7), radius of wetted
bulb (p) and depth of water in the pipe (6) can be derived:

__8Kt R o_ 3h
= P= 1 0= i ap

(1

Where h is the height of water in the permeameter and A6 is the
difference between final and initial volumetric soil moisture content.

dr _ 3p(p—1)

then, — = 2

T dp a®—p? 2)

Where a is a parameter accounting for soil and permeameter
characteristics:

3 _ 3(he + ¥ + 171, /8)

¢ r,A0

+1 (3)

Where h, is the initial height of the water and s¢ is the suction at
the wetting front according to the Green and Ampt equation.

Integrating Eq. (3) for initial conditions p=1 for 7=0 yields the
variation of wetted radius Eq. (4) and water depth Eq. (5) with time,
respectively:

1 a@—1 3 a—1
T= (1 + %) In <a3 —p3> % In <7a—p> 4)

+ V3 arctan( a(p—1)v3 )
a 2a> + (p + a + 2p)

6= 8,—(p" 1) (5)

Where 6, is calculated from Eq. (1) for h=h,.
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Philip (1993) proposed the use of two measured times to solve
these equations: time required for the water level to reach the
midpoint (tmeq) and time to empty the tube (tmax). To avoid the need
to estimate s, the above problem can also be solved in terms of three
measured values (A6, tmeq and tpax). The problem is solved by finding
the root a that satisfies the non-linear function:

T max
T

— tl':m_ax =>f((1) — :max _imax =0 (6)
med med med med

Where Teq and Thmax are calculated from Eq. (4) by setting p to
Pmed and Pmax, respectively, as given by Eq. (5).

Mufioz-Carpena et al. (2001) developed a computer program that
finds a root of Eq. (6). This robust root finding algorithm requires an
initial range of a to conduct the search. The upper limit (a =20) was
chosen as a value higher than the ones calculated from characteristic
properties for a range of soil textures. Since >0, from Eq. (3) the
lower limit for a is given by:

31_[2 1/3 31_[2 1/3
a > <1 + 0, + 8A9> = prgnax + SAD > Prmax (7)

If the root found is outside the given boundaries it was considered
ill-behaved and the data point is rejected.
Saturated hydraulic conductivity (Ks) was then calculated as:

2
T Trnax (@)

I( — 0" max 8

S ( Stmax ) ( )
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