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26Saturated hydraulic conductivity (Ks) influences water storage and movement, and is a key parameter of
27water and solute transport models. Systematic field evaluation of Ks and its spatial variability for recently
28constructed artificial ecosystems is still lacking. The objectives of the present study were; (1) to determine
29saturated hydraulic conductivity of an artificial ecosystem using field methods (Philip–Dunne, and Guelph
30permeameters), and compare their results to the constant-head laboratorymethod; (2) to evaluate the spatial
31variability of Ks using univariate and geostatistical analyses, and (3) to evaluate the ability of five pedotransfer
32functions to predict Ks. The results showed that Ks varied significantly (pb0.05) among methods, probably
33reflecting differences in scales of measurement, flow geometry, assumptions in computation routines and
34inherent disturbances during sampling. Mean Ks values were very high for all methods (38.6–77.9 m day−1),
35exceeding values for natural sandy soils by several orders of magnitude. The high Ks values and low
36coefficients of variation (26–44%) were comparable to that of well-sorted unconsolidated marine sands.
37Geostatistical analysis revealed a spatial structure in surface Ks data described by a spherical model with a
38correlation range of 8 m. The resulting kriged map of surface Ks showed alternating bands of high and low
39values, consistent with surface structures created by wheel tracks of construction equipment. Vertical Ks was
40also spatially structured, with a short correlation range of 40 cm, presumably indicative of layering caused by
41post-construction mobilization and deposition of fine particles. Ks was linearly and negatively correlated with
42dry soil bulk density (ρb) (r2=0.73), and to a lesser extent silt plus clay percentage (Si+C) (r2=0.21).
43Combining both ρb and Si+C significantly (pb0.05) improved the relationship and gave the best predictor of
44Ks (r2=0.76). However, evaluation of five PTFs developed for natural soils showed that they all
45underestimated Ks by an order of magnitude, suggesting that application of water balance simulation models
46based on such PTFs to the present study site may constitute a bias in model outputs. Overall, the study
47demonstrated the influence of material handling, construction procedures and post-construction processes
48on the magnitude and spatial variability of Ks on a recently constructed artificial ecosystem. These unique
49hydraulic properties may have profound impacts on soil moisture storage, plant water relations and water
50balance fluxes on artificial ecosystems, particularly where such landforms are intended to restore pre-
51disturbance ecological and hydrological functions.
52© 2011 Published by Elsevier B.V.
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55

56

57 1. Introduction

58 Hazardous wastes frommining operations and mineral processing
59 pose substantial environmental and public health risks. A key strategy
60 to minimize the migration of pollutants is the use of engineered
61 covers (Albright et al., 2006; Bohnhoff et al., 2009; Ogorzalek et al.,
62 2008). Covers are designed to serve multiple purposes, which include

63supporting a stable vegetation community that closely resembles
64natural ecosystems andminimizing deep drainage into buried wastes,
65both by enhancing soil moisture storage in the top layers, and
66increasing transpiration and evaporation (Ogorzalek et al., 2008).
67Cover construction involves encapsulating the hazardous wastes
68in single or multiple layers of non-reactive material, followed by
69establishment of vegetation (Breshears et al., 2005). The nature of
70materials used for cover construction vary considerably, but locally
71availablematerials such as non-reactive overburdenmaterial and rock
72wastes from mineral processing are often used. In contrast to natural
73ecosystems, such artificially constructed ecosystems can exhibit
74unique material properties and hydrology. Hydraulic properties,
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75 particularly saturated hydraulic conductivity Ks and soil moisture
76 retention, exert a strong influence on soil moisture storage, deep
77 drainage, runoff and infiltration. Therefore, accurate knowledge of Ks

78 and its spatial variability is crucial for understanding the hydrology of
79 artificially constructed ecosystems such as engineered covers, and
80 provides key inputs for most water balance and solute transport
81 models (Swanson et al., 2003; Holländer et al., 2009.
82 The methods for measuring Ks and its spatial structure are well-
83 known, and substantial literature exists on the topic particularly on
84 natural soils (Reynolds et al., 2002; Sobieraj et al., 2002; Gόmez et al.,
85 2005). However, most existing methods for measuring Ks are time-
86 consuming and labour-intensive, thus constraining the acquisition of
87 large Ks datasets required for spatial analysis. The recent development
88 of rapid and inexpensive Ks field methods such as the Philip–Dunne
89 permeameter (Muñoz-Carpena et al., 2001; 2002) enables acquisition
90 of datasets of appropriate size for geostatistical analysis of Ks spatial
91 patterns.
92 Geostatistics has been widely used to investigate spatial variability
93 of soil hydraulic properties on natural and agricultural soils, where
94 coefficients of variation as high as 100 to 400% have been reported
95 (Q2 Bagarello and Sgroi, 2004; Johnston et al., 2009). Studies have also
96 shown that Ks values vary considerably among measurement
97 methods (Muñoz-Carpena et al., 2002; Reynolds et al., 2000).
98 Accordingly, Reynolds et al. (2000) proposed that alternativemethods
99 for Ks measurement should be evaluated against established pro-
100 cedures such as the constant-head method before use. This is par-
101 ticularly pertinent for the Philip–Dunne field permeameter prototype
102 developed by Muñoz-Carpena et al. (2001) based on the T. Dunne
103 apparatus (Philip, 1993), which has been subjected to limited field
104 evaluation and application.
105 Land use practices such as forestry, grazing, agriculture andmining
106 have considerable impacts on the magnitude and spatial variability of
107 hydraulic properties (e.g. Bormann and Klaassen, 2008; Breshears et
108 al., 2005; Buczko et al., 2001). In contrast to the substantial literature
109 available on Ks for natural soils (e.g. Botros et al., 2009; Gόmez et al.,
110 2005; Sobieraj et al., 2002), there has been no systematic field
111 evaluation of Ks and its spatial variability for artificially constructed
112 ecosystems such as engineered covers. The few studies conducted on
113 mine waste disposal facilities or artificial catchments are based on
114 indirect methods involving analysis of qualitative data on soil
115 structure (Breshears et al., 2005; Buczko et al., 2001), while results
116 of spatial analysis are often not reported probably due to small sample
117 sizes that restrict such analysis (Gerwin et al., 2009; Holländer et al.,
118 2009; Mazur et al., 2011; Wehr et al., 2005). Notable exceptions are
119 two studies conducted in Germany, where geostatistical analysis of
120 hydraulic parameters derived from pedotransfer functions developed
121 for natural soils showed that particle segregation during transporta-
122 tion and dumping, and amelioration practices contributed to spatial
123 variability on lignite mine spoils (Buczko et al., 2001; Buczko and
124 Gerke, 2005). A dye tracer study conducted on covers in NewMexico,
125 USA, a decade after installation showed that macropores caused by
126 root intrusion and fauna enhanced drainage (Breshears et al., 2005).
127 Other studies have evaluated the Ks of synthetic geomembranes and
128 clay liners used as hydraulic barriers (e.g. Albright et al., 2006), and
129 flow mechanisms on highly heterogeneous mine material (e.g. Webb
130 et al., 2008). Most of the existing water balance modeling studies for
131 engineered covers rely on Ks estimated from pedotransfer functions
132 (PTFs) derived for natural soils or few point measurements which fail
133 to characterize the spatial heterogeneity of the site (e.g. Bohnhoff
134 et al., 2009; Ogorzalek et al., 2008). Comparative hydrological
135 prediction of the artificial Chicken Creek using ten different models
136 clearly demonstrated the impact of hydraulic properties and their
137 estimation on water balance components (Holländer et al., 2009).
138 In summary, analysis of existing studies suggests that Ks integrates
139 numerous complex interactions between the material properties,
140 material handling and construction procedures and the effects of

141biological activities such as biointrusion andmacroporosity (Breshears
142et al., 2005; Buczko et al., 2001; Buczko and Gerke, 2005; Webb et al.,
1432008). As the application of 2-D and 3-D water balance and solute
144transport models becomes increasingly common, it is critical to
145account for Ks spatial variability in both horizontal and vertical
146directions. Moreover, until now, studies evaluating the capacity of
147existing PTFs to predict saturated hydraulic conductivity for artificial
148material such as bauxite residue sand have been lacking. To address
149this knowledge gap, the present study applies univariate and spatial
150statistical analyses to evaluate the variability of Ks on an engineered
151cover as an example of a recently constructed artificial ecosystem. The
152specific objectives were; (1) to determine saturated hydraulic
153conductivity using a combination of in-situ methods (Philip–Dunne
154and Guelph permeameters) and compare their results to the well-
155established constant-head laboratory method, (2) to evaluate the
156ability of five prominent PTFs (Cosby et al., 1984; Dane and Puckett,
1571994; Q3Dane and Puckett, 1994; Jabro, 1992; Saxton et al., 1986) to
158predict Ks measured by the constant-headmethod, and (3) to evaluate
159the horizontal and vertical spatial variability of saturated hydraulic
160conductivity.

1612. Materials and methods

1622.1. Description of the study site

163The study was conducted on Alcoa (Australia)'s Kwinana Bauxite
164Residue Disposal Area (RDA), about 35 km to the southwest of Perth,
165Western Australia. The site experiences a Mediterranean-type climate
166characterized by cool wet winter (mean annual rainfall: 742 mm) and
167hot to warm dry summer seasons. In Western Australia, Alcoa
168operates one of the world's largest integrated bauxite mines,
169refineries and smelters, contributing about 15% of the world's
170alumina. Alumina is extracted from the bauxite by the Bayer process.
171The waste material from the refinery is pumped to a settling column
172at the RDA where it is separated into red mud (b150 μm in diameter)
173and residue sand (>150 μm).
174The Kwinana RDA was constructed in a series of lifts, whereby the
175residue sand was either hydraulically poured or hauled to the residue
176disposal area and used to construct and stabilize tailings dam
177embankments with a slope of about 1:6. The red mud, which is
178highly caustic (pH=12.5), and has high electrical conductivity
179(60.8 dS m−1) and exchangeable sodium (28000 mg kg−1) (Courtney
180andTimpson, 2005;Woodard et al., 2008), is discharged into the tailings
181dam as slurry or dry staked.
182Several studies conducted at Alcoa's Kwinana and Pinjarra residue
183disposal areas have shown that bauxite residue sand has virtually no
184organic matter (Eastham et al., 2006; Gherardi and Rengel, 2001).
185Total organic carbon determined by wet oxidation using theWalkley–
186Black ranged from about 0.009% in freshly deposited residue sand to
1870.09% on 4-year-old rehabilitated sites (Eastham et al., 2006; Gherardi
188and Rengel, 2001). To enhance vegetation establishment, about 2.25 t
189gypsum ha−1 were applied and mixed to a depth of 150 cm to reduce
190soil pH and soluble alkalinity. A diammonium-based fertilizer
191(2.75 t ha−1) was mixed in the top 20 cm-depth to improve soil
192nutrient status (Gwenzi et al., 2011).
193A mixture of tree and shrub species dominated by Acacia
194rostellifera and Melaleuca nesophila, and other species endemic to
195coastal dune ecosystems of Western Australia were established from
196seedlings and by direct seeding. The site used for this study was
197established in 2004 and had an average stem density of about
198189 plants ha−1 at the time of data collection in 2008 (Gwenzi et al.,
1992011).
200Fig. 1(a) is an aerial photo of the study site showing vegetation of
201different ages and surface structures created by vehicular equipment
202duringmaterial placement and construction. Fig. 1(b) depicts a typical
203cross-section of the RDA indicating the different layers of gypsum-
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204 amended residue sand, unamended residue sand and red mud. The
205 refinery processes, the nature of rock wastes and the disposal
206 practices at the study site bear close resemblance to the current
207 common practices for the disposal of bauxite residues in other parts of
208 the world (Q4 Courtney and Timpson, 2005; Woodard et al., 2008).

209 2.2. Measurement of surface saturated hydraulic conductivity

210 Two methods were used to measure saturated hydraulic conduc-
211 tivity on a 56-m long×28-m wide plot within the RDA; Philip–Dunne
212 (PD) permeameter and constant-head (CH) method. Field saturated
213 hydraulic conductivity was measured using a Philip–Dunne permea-
214 meter (Muñoz-Carpena et al., 2002) using a 4 m×4 m grid sampling
215 scheme, giving a total of 112 data points (Fig. 2). To account for spatial
216 variability at lower spatial scales, an additional 45 nested measure-
217 ments were taken at 2 m, 1 m and 0.5 m at random azimuths from a
218 subset of the gridded sampling points.
219 The design of the Philip–Dunne permeameter, field protocol and
220 the computation of Ks followed the detailed procedure in literature
221 (Muñoz-Carpena et al., 2001; Muñoz-Carpena et al., 2002; Muñoz-
222 Carpena and Álvarez-Benedí, 2002). A 10-cm diameter auger was
223 used to make a 10 cm deep hole at each sampling point. The
224 permeameter was inserted into the auger hole and filled with water
225 to the 30 cm mark. Initial and final soil moisture was measured for
226 each point using a calibrated theta probe (Model: Delta T Devices).
227 Time required for water level to drop to the 15-cm and 30-cm marks

228was monitored. Saturated hydraulic conductivity (Ks-PD) was
229computed using an automated computer routine (Muñoz-Carpena
230and Álvarez-Benedí, 2002) based on the analysis of Philip (1993). In
231summary, saturated hydraulic conductivity (Ks) was calculated as:

Ks =
π2roτ maxðaÞ

8tmax

 !

232233
234Where ro is the radius of a spherical water supply equivalent to half
235the internal radius of a permeameter, a is a parameter accounting for
236soil and permeameter characteristics, tmax is the time required for the
237permeameter to empty, and τmax is a nondimensional variable for
238time calculated from tmax (See Appendix 1 for details).
239Samples were also collected for laboratory determination of
240saturated hydraulic conductivity using the core method (Ks-CH) to
241evaluate whether the PD and core methods give Ks of similar orders of
242magnitude. A total of 60 core samples were collected a few
243centimeters from the Ks-PD measurement points using metal
244cylinders (7 cm diameter×7 cm height). To minimize sample distur-
245bance, two cylinders were taped together and gently driven into the
246soil until the lower cylinder was flush with soil. The cylinders and the
247intact soil cores were carefully taken out. The lower cylinder with
248intact soil was capped, properly labeled and transported to the
249laboratory for analysis.

A B

40 m

(a)
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Red mud

Geosynthetic 
barrier

(b)

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 andmaterial
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.)
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250 2.3. Measurement of saturated hydraulic conductivity down profile

251 To investigate the spatial variability of Ks at depth, additional
252 measurements were conducted in the open face of a 10-m long×3-m
253 deep trench. Soil cores were collected as described previously at
254 15 cm and 50 cm-intervals in the vertical and horizontal directions
255 respectively to a depth of 90 cm. Thereafter, the sampling interval was
256 increased to 30 and 100 cm intervals in vertical and horizontal
257 directions, respectively. Since the use of the PD method is in practice
258 limited to a maximum depth of about 15 cm due to the height of the
259 permeameter and difficulties in augering into an unstable trench wall,
260 core samples were supplemented with replicated (4) Guelph
261 permeameter Ks measurements (Ks-GP) at 15 cm intervals up to 3 m
262 for comparison purposes. The Guelph Permeameter (GP) method is
263 one of the most widely applied in-situ methods for determining field
264 saturated hydraulic conductivity (Bagarello, 1997). The method
265 involves augering a small, vertical, cylindrical well and determining
266 the steady water discharge, when a constant depth of water is
267 maintained in the well (Bagarello, 1997). However, because both the
268 PD and GP require augering, themethods could not be used to collect a
269 large Ks data on unstable trench walls at the study site.
270 Saturated hydraulic conductivity (Ks, m day−1) for the Guelph
271 permeameter was calculated according to Reynolds and Elrick (2002):

Ks =
CQ s

2πH2 + Cπa2 + 2πH = a�

272273
274 Where C is a dimensionless shape factor that can be calculated
275 from empirical expressions (Reynolds et al., 2002; Zhang et al., 1998):

C =
H

2:074a + 0:093H

� �0:754
fora� ≥ 9 m−1

;

276277
278 Q s is quasi-steady flow rate out of the permeameter and into the
279 soil (m3 day−1), H is ponded depth of water or pressure head (m), a is
280 radius of well (m) and a* is a soil-texture/structure parameter
281 (=36 m−1 for coarse and gravelly sands).

2822.4. Laboratory analysis

283In the laboratory, core samples were analyzed for saturated
284hydraulic conductivity (Ks-CH), dry soil bulk density (ρb) and particle
285size distribution (PSD). Ks-CH was determined by the constant-head
286method (Reynolds et al., 2002). A 200 μm nylon mesh was tightly
287secured to the bottom of the cylinder with intact core samples using a
288rubber band. To prevent disturbance of the soil surface, a filter paper
289was put on top of each core, and a second metal cylinder tightly
290secured to act as a reservoir. Samples were saturated from the bottom
291in a water bath filled with deionized water for 48 h. Ks was measured
292using a system consisting of a raised water tank that delivered water
293at a constant-head of about 3 cm to the core reservoirs. The mass of
294water eluted from each core was monitored by electronic balances
295connected to a computer configured to record mass and time. Darcy's
296lawwasused to compute saturatedhydraulic conductivity (Ks,m day−1)
297(Reynolds et al., 2002):

Ks = − Q sdl
Adh

� �
;

298299
300Where Q s is water flow rate (m3 day−1), A is cross-sectional area
301of flow (m2), dl is thickness of soil column (m) and dh is hydraulic
302head (m).
303At the end of the Ks measurements, the samples were retained for
304the determination of dry soil bulk density and particle size
305distribution. First, core samples were oven-dried at 102 °C for 24 h.
306The oven dry mass and total soil volume were used to compute dry
307soil bulk density (Blake and Hartge, 1986). Total porosity (n) was
308calculated as: n = 1− ρb

ρs
, where ρb is the dry bulk density of the

309sample (kg m−3), and ρs is the particle density assumed to be
3102650 kg m−3.
311Particle size analysis was determined by a combination of sieving
312and sedimentation (Gee and Bauder, 1986). Soil was dispersed by
313adding sodium hexametaphospate followed by mechanical shaking.
314The dispersed suspension was sieved through a 50 μm sieve to
315separate sand from silt and clay. Silt and clay in the suspension were
316determined by sedimentation using the pipette method. Soil moisture
317characteristic curves were determined on core samples using Tempe
318cells (SOILMOISTURE Equipment Corp, Santa Barbara, CA) for low
319pressures (0–100 kPa) and pressure plate method for 300 and
3201500 kPa (Klute and Dirksen, 1986). The van Genuchten moisture
321retention model was fitted to the measured data using a nonlinear
322least squares routine in RETC (van Genuchten, et al., 1991).

3232.5. Evaluation of pedotransfer functions

324To evaluate the ability of empirical pedotransfer functions (PTFs)
325to estimate saturated hydraulic conductivity, measured values were
326compared to those predicted by the PTFs. Our selection of PTFs
327focussed on those that have been evaluated in previous studies
328(Sobieraj et al., 2001; Tietje and Hennings, 1996), and availability of
329input data obtained from field measurements (per cent sand (Sa), silt
330(Si), clay (C), dry soil bulk density (ρb) and saturated soil moisture
331(θs). The PTFs and their input data are presented in Table 1.

3322.6. Univariate and geostatistical analyses

333Univariate statistical analysis of the data was done in three stages;
334(1) each dataset was tested for normality and homogeneity (or
335equality) of variance using the Kolmogorov–Smirnov and Levene
336tests, respectively. In cases where data were not normally distributed,
337data transformations were attempted; (2) global summary statistics
338such as mean, kurtosis, skewness and coefficient of variation (CV)
339were computed; and (3) for each dataset, a two sample t-test at the
34095% probability level was used to comparemean Ks betweenmethods.
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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 ○: a set of three nested samples at 2, 1 and 0.5 m measured
using CH.
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341 Given that Ks measurements were not carried out on exactly the same
342 soil sample or location, a point to point comparison was not feasible,
343 thus comparison of Ks methods was limited to global summary
344 statistics. Regression and correlation analyses were used to test the
345 relationship between Ks estimated by different methods, and the
346 dependence of Ks on dry soil bulk density, sand (Sa), silt (Si) and clay
347 (C). To evaluate PTF performance, predicted Ks values were statisti-
348 cally compared to those measured by the constant-head method.
349 Since Ks dataset measured by the constant-head method deviated
350 from normality, non-parametric statistical tests (Krustal–Wallis)
351 were used for statistical comparison using the median as a measure
352 of central tendency. In all cases, XLSTAT package (Addinsoft, 2009)
353 was used for univariate statistical analysis at 95% probability level.
354 Geostatistical software GSLIB (Deutsch and Journel, 1998) was
355 used for spatial analysis. Only surface Ks-PD and trench Ks-CH were
356 analyzed for spatial patterns because of the large sample sizes

357required. Preliminary analysis showed trends in the E–W direction
358perpendicular to the slope for surface data, and in the vertical
359direction for the trench data. Directional variogram models were
360visually fitted to the experimental variograms. For the surface data, a
361search neighborhood with the following characteristics was used; lag:
3623 m, lag tolerance: 3 m, azimuth tolerance: 22.5° and bandwidth:
36325 m. A different search neighborhood (lag: 35 cm, lag tolerance: 20–
36425 cm; azimuth tolerance: 30°, bandwidth: 35–55 cm) was used for
365the trench data, where sample points were closer together.
366The nugget ratio (R) expressed as nugget variance to total variance
367was used as an indicator of spatial dependence. Spatial dependence
368was classified as strong if Rb25%, moderate if 25%bRb75%, weak if
369R>75% (Cambardella et al., 1994). If the slope of the variogram was
370close to zero, Ks was considered randomly distributed. In cases where
371spatial patterns were detected, the variograms were incorporated in a
372kriging routine to map Ks spatial distribution.

3733. Results

374The cover material had a well-sorted predominantly sandy texture
375(96%) with very low silt plus clay fraction (Fig. 3a). As expected, soil
376moisture retention was very low (10.1% at 10 kPa and 2.8% at
3771500 kPa) as evidenced by a sharp drop in soil moisture within
378suction ranges of 0–100 kPa (Fig. 3b).
379Mean Ks values were very high for all methods (38.7–
38077.9 m day−1) (Table 2). The Ks data were slightly negatively skewed,
381with the exception of Ks-PD, which was positively skewed. Kolmogo-
382rov–Smirnov normality tests (Table 2), frequency distribution curves
383and probability–probability plots showed that surface Ks for both
384methods conformed to a normal distribution (Figs. 4a and b and 5a
385and b), while trench data deviated significantly from normality
386(p>0.05) and had a tendency to exhibit a bimodality (Figs. 4c and d
387and 5c and d). Attempts to normalize the bimodal trench data by
388transformation had no effect on kurtosis, skewness and results of the
389Kolmogorov–Smirnov normality test. By inference such data cannot
390be subjected to parametric statistical analysis. To remedy this, the
391trench Ks data were split into two sub-populations (0–90 cm and 120–
392300 cm)whichwere normally distributed (Figs. 4e and f and 5e and f).

Table 1t1:1

Pedotransfer functions (PTFs) used to estimate saturated hydraulic conductivity (Ks). Input parameters for the PTFs are sand (Sa): 50–2000 μm, silt (Si): 2–50 μm and clay (C):
b2 μm, dry soil bulk density (ρb) and saturation soil moisture content (θs).

t1:2
t1:3 Reference Pedotransfer function Inputs

t1:4 1. Cosby et al. (1984) Ks=25.4×10(−0.6+0.012Sa−0.0064C Sa and C
t1:5 2. Jabro (1992) Ks=9.56−0.81log(Si)−1.09log(C)−4.64ρb Si, C and ρb
t1:6 3. Puckett et al. (1985) Ks=156.96exp[−0.19575 C] C
t1:7 4. Dane and Puckett (1994) Ks=303.84exp[−0.144 C] C
t1:8 5. Saxton et al. (1986) Ks=10exp[12.012−0.0755Sa+(−3.895+0.03671Sa−0.1103 C+0.00087546(C)2) /θs] Sa, C and θs
t1:9 θs=0.332−0.0007251Sa+0.1276log10C or measured (=0.3)
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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 (α=0.15 kPa−1) and pore
size distribution (n=3.58) were estimated by RETC (version 6.02) (van Genuchten,
et al., 1991).

Table 2 t2:1

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

t2:2
t2:3Surface Ks

measurements
Trench Ks

measurements

t2:4Ks-PD Ks-CH Ks-GP Ks-CH

t2:5Sample size, n 157 27 28 131
t2:6Minimum (m day−1) 6.1 23.6 16.1 5.8
t2:7Maximum (m day−1) 164.9 82 62 116.3
t2:8Mean (m day−1) 77.9 55 38.6 64.6
t2:9Coefficient of variation, CV (%) 44 26 37 41
t2:10Skewness 0.56 −0.23 −0.03 −0.52
t2:11Kurtosis −0.12 −0.30 −1.43 −0.65
t2:12Kolmogorov–Smirnov test pb0.05 pb0.05 p>0.05 p>0.05
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393 Comparison of mean Ks measured in-situ versus laboratory
394 measurements revealed significant (pb0.05) differences. For surface
395 measurements, mean Ks-PD (77.9 m day−1) was 1.4 times higher
396 than Ks-CH (55 m day−1), while for the trench measurements mean
397 Ks-CH (64.6 m day−1) was 1.7 times that of Ks-GP (Table 2). However,
398 field and laboratory measured Ks values were linearly correlated
399 (r2=0.63–0.72; pb0.05), and in all cases the mean values and
400 coefficients of variation (CV) were within the same orders of
401 magnitude. For the trench measurements, mean Ks-GP fell within
402 the range for Ks-CH except in the top 30 cm (Fig. 6a). The Ks for both
403 methods displayed a similar depth trend characterized by highest Ks

404 in the top 90 cm, and a sharp drop at 120-cm depth (Fig. 6a), almost
405 coinciding with the maximum depth of gypsum incorporation.
406 Overall, Ks dropped with depth, from 51 to 80 m day−1 at the surface
407 to 25 m day−1 at 300 cm. Dry soil bulk density was generally low
408 throughout the profile, but increased significantly with depth
409 (pb0.05, r2=0.88) from about 1350–1400 kg m−3 in the top 1 m-

410depth to about 1500 kg m−3 below 1.5 m (Fig. 6b). As expected, mean
411total porosity (43–50%) also significantly declined with soil depth
412(pb0.05, r2=0.86) (Fig. 6c).
413Measured Ks was significantly (pb0.05) correlated to dry soil bulk
414density (r2=0.73), but the relationship with silt plus clay percent was
415weaker (r2=0.21) (Fig. 7). Multiple regression analysis revealed an
416inverse linear relationshipbetweenmeasuredKs and the combined effect
417ofdry soil bulkdensityρb (kg m−3) and silt plus claypercent (Si+C). The
418resulting linear model for saturated hydraulic conductivity (m day−1)
419(Ks=551.3−0.3ρb−13.6(Si+C), r2=0.76) provides a first-order esti-
420mate of Ks for the cover. The relationships between Ks, and dry soil bulk
421density and particle size distribution have been used to develop several
422pedotransfer functions, which arewidely used for predicting Ks (Sobieraj
423et al., 2001; Tietje and Hennings, 1996). Evaluation of five prominent
424PTFs based on dry soil bulk density, soil moisture at saturation and
425percent sand, silt and clay showed that they all underestimated Ks by
426more thanoneorder ofmagnitude (Fig. 8). However, thefivePTFs (Cosby
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427 et al., 1984; Dane and Puckett, 1994; Jabro, 1992; Puckett et al., 1985;
428 Saxton et al., 1986) predicted comparable Ks values (median: 1.3–
429 3.4 m day−1).
430 The variogram of surface Ks showed a moderate spatial depen-
431 dence in the E–W direction perpendicular to the slope (Fig. 9a). The
432 spatial structure was described by a spherical variogram with a
433 correlation range of 8 m and a nugget/sill ratio of 78%. In the N–S
434 direction or downslope, Ks showed a pure nugget effect or no spatial
435 structure. This indicated that Ks exhibited more spatial heterogeneity
436 in the downslope direction (N–S), and less so in the direction parallel
437 to the slope (E–W). For clarity, only the variogram indicating a spatial
438 structure in the direction perpendicular to the slope is shown in
439 Fig. 9a. Considering the strong trend in Ks with depth, and the bi-
440 modality of the data (Fig. 5c–d), the final variogram analysis was
441 performed on all data (Fig. 9b), and treating the 0–90 cm and 120–
442 300 cm data separately (Fig. 9c). The vertical trend (linear: r2=0.52,
443 pb0.01) was removed from the raw data and variogrammodels fitted
444 to the residuals, which were normally distributed. There was a strong
445 spatial structure in the vertical direction described by a spherical

446variogram with a correlation range of 40 cm, and a linear trend
447parallel to the surface (Fig. 9b). Separating the data into two subsets to
448account for layering revealed a moderate (R=64%) spatial structure
449in the top 90 cm described by a bounded spherical variogram with a
450range of 2 m (Fig. 9c). A linear variogram best described the Ks data for
451the 120–300-cm depth. Variability of Ks at 120–300 cm was higher
452than in the top 90 cm (Fig. 9c). It is worth noting that, compared to the
453variogram for the 0–90 cm depth, the variogram for the 120–300 cm
454depth was based on few data points (about 60), which made short-
455distance spatial relationships difficult to interpret. Variance was
456higher for the surface measurements than the trench data (Fig. 8a and
457b). The variogram models were used to interpolate (krige) Ks for the
458surface and trench data. The map of surface Ks showed distinct
459alternating bands of relatively high and low Ks running perpendicular
460to the slope (E–Wdirection) (Fig. 10). The described vertical trend of a
461drop in Ks at about 1 m depth (Fig. 9) was captured in the kriged map
462of trench data (Fig. 11). As represented in the variograms (Fig. 9c), the
463bottom 120–300 cm for the trench variedmore smoothly than the top
46490 cm.
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465 4. Discussion

466 The present study used multiple field and laboratory methods to
467 quantify the range and variability of surface and vertical saturated
468 hydraulic conductivity on a mine waste cover. As observed in earlier
469 studies (e.g. Wehr et al., 2005), soil moisture characteristic curves
470 showed that residue sand had low water retention capacity. The van
471 Genuchten pore size distribution index (n) was 3.58, whileα, which is
472 inversely related to the air-entry value was 0.15 kPa−1. The
473 corresponding air-entry value (6.6 kPa) was relatively higher than
474 values reported for natural sandy soils (2.0 to 3.2 kPa) (e.g. Wang et
475 al., 2009; Zhu and Mohanty, 2002), probably due to the fact that our
476 data had very limited measurement points at low suctions (b5 kPa).
477 On the other hand, the high n value indicated a narrow pore size
478 distribution, which reflected the well-sorted particle size distribution
479 shown in Fig. 3(a).
480 Although Ks values differed among methods, both field and
481 laboratory methods adequately captured the range and variability of
482 Ks at the study site. The low-cost PD permeameter has proven
483 acceptable for rapid acquisition of a large Ks dataset such as required
484 for geostatistical analysis. As observed in previous studies (e.g.
485 Bagarello, 1997; Johnston et al., 2009; Muñoz-Carpena et al., 2002),
486 the imperfect agreement between field and laboratory methods is not
487 surprising. However, the magnitude of variability among methods
488 observed in this study was lower than that reported in literature
489 (Muñoz-Carpena et al., 2002; Reynolds et al., 2000), probably because
490 the previous studies were conducted on structured soils with
491 macropores. The exact causes of discrepancies among methods were

492beyond the scope of the present investigation, however previous
493studies attributed similar findings to differences in flow geometry,
494assumptions in computation routines, sampling volumes and inherent
495disturbances during sampling (Bagarello, 1997; Johnston et al., 2009;
496Muñoz-Carpena et al., 2002; Reynolds et al., 2000). For example,
497surface smearing, compaction of the well surface during augering,
498sinking of the water outlet tip of the instrument into the base of the
499well during a measurement, and radius of the well can affect field-
500saturated hydraulic conductivity measured with the Guelph Permea-
501meter (Bagarello, 1997). Moreover, in our case, because the laboratory
502method was destructive, it was impossible to measure Ks on exactly
503the same points or soil sample thus increasing differences observed
504between measurement methods. Previous studies have also shown
505that Ks increases as the scale of measurement or sampling volume
506increases particularly for structured soils with macroporosity (e.g.
507Bagarello, 1997; Bradbury and Muldoon, 1990). Therefore, small
508sample volumes may fail to account for Ks arising from macropore or
509preferential flow ( Q5Mallants et al., 1997). Given that the study material
510was highly porous, unconsolidated and had no macro-structure, we
511doubt that core volume or diameter of the field permeameters
512accounts for the high Ks observed in the present study. The fact that
513different methods gave similar Ks values further suggests that the
514observed high Ks values are an intrinsic property of the system.
515Univariate analysis revealed two important findings on saturated
516hydraulic conductivity for artificially constructed ecosystems which
517deviate from trends observed for natural sandy soils. First, Ks values
518were very high irrespective of method of measurement. Second,
519surface Ks conformed to a normal distribution, while trench data were
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520 bimodal rather than lognormal, as often reported for natural soils (e.g.
521 Botros et al., 2009; Johnston et al., 2009). Dry soil bulk density and
522 total porosity data indicate that the material was unconsolidated and
523 highly porous. Total porosity was higher than 25–35% reported for
524 sandy dune systems (Q6 Salama et al., 2005). Such low dry bulk density
525 and high total porosity values (43–47%) are common in unconsoli-
526 dated marine sands prior to any diagenesis such as post-depositional
527 cementation and overburden stress (Bennett et al., 2002.

528The observed Ks values were several orders of magnitude higher
529than those reported in literature on natural sandy soils and artificial
530ecosystems, where Ks often exhibits high variability (CV: 100–400%)
531(Bagarello, 1997; Reynolds et al., 2000; Buczko et al., 2001; Q7Salama et
532al., 2005; Botros et al., 2009). For example, observed Ks values were
533remarkably higher than those reported for deep alluvial sandy soils
534(0.05–14.5 m day−1) (Botros et al., 2009) and sandy dune systems of
535the Swan Coastal Plain in Western Australia (0.4–7.3 m day−1)
536( Q8Salama et al., 2005). Even, sandbank island sediments consisting of
537quartz sand had lower Ks values (2.4–3.8 m day−1) Klaassen et al.,
5382008) than observed in the present study. Moreover, the observed Ks

539was even much higher than that of other artificial ecosystems such as
540engineered covers (8.6×10−7–8.6×10−1 m day−1) (Bohnhoff et al.,
5412009; Ogorzalek et al., 2008) and the artificial Chicken Creek
542catchment (0.2–2.3 m day−1) (Gerwin et al., 2009; Holländer et al.,
5432009; Mazur et al., 2011). However, most of these studies (e.g.
544Klaassen et al., 2008) failed to provide information on total porosity,
545dry soil bulk density, degree of sorting and particle size distribution of
546the material or sediments.
547The high saturated hydraulic conductivity, low spatial variability
548and low soil moisture retention observed in the present study
549reflected the unconsolidated and highly porous nature of the material
550as evidenced by low dry soil bulk density and high total porosity.
551These properties were attributed to mechanical separation, which
552resulted in well-sorted coarse-textured material. Moreover, it is also
553possible that crushing and mechanical milling of hard rock ores could
554generate angular particles that tend to pack loosely as reported in
555laboratory and modeling studies of particulate systems (e.g. Latham
556et al., 2002). Although most studies investigating the hydraulic

Ks-CH= 0.58Ks-PD + 10.1

r2 = 0.63
0

20

40

60

80

100

20 40 60 80 100 120 140

Surface

Ks-CH = 0.41Ks-GP + 15.8, 

r2 = 0.72
10

20

30

40

50

60

20 40 60 80 100

(a)
(b)

0

20

40

60

80

100

120

140

1200 1300 1400 1500 1600

Ks=0.3 b+507.7, r2=0.73(c)

0

20

40

60

80

100

120

140

4 5 6 7 8

Ks=-32.4(Si+C)+243.3, r2=0.21(d)

Trench

K
s-

C
H

 (
m

 d
ay

-1
)

K
s-

C
H

 (
m

 d
ay

-1
)

K
s-

C
H

 (
m

 d
ay

-1
)

K
s-

C
H

 (
m

 d
ay

-1
)

Ks-PD (m day-1) Ks-GP (m day-1)

Dry soil bulk density b(kg m-3) Silt (Si) + clay (C) (%)

Fig. 7. CorrelationQ12 between Ks measured by various methods (a) and (b), and between Ks and bulk density (c) and silt (Si) plus clay (C) percent (d).

Sa
tu

ra
te

d 
hy

dr
au

lic
co

nd
uc

tiv
ity

 (
m

 d
ay

 -1
) 

0.001

0.01

0.1

1

10

100

1000

Measured Cosby Jabro Dane &
Puckett 

Puckett Saxton

1st quartile
Minimum
Median
Maximum
3rd quartile

Fig. 8. Box-plot comparison of saturated hydraulic conductivity measured by constant-
headmethod 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.

9W. Gwenzi et al. / Geoderma xxx (2011) xxx–xxx

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

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



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

557 properties of coastal sands have reported their results in terms of
558 permeability, estimation of Ks from published data on permeability
559 revealed that observed Ks values were comparable to those reported
560 for coastal sands (Wiebenga et al. (1970); Wilson et al., 2008). One
561 similarity between coastal sands subjected to wave action or currents,
562 andmechanically separated bauxite residue sand is the high degree of
563 sorting and poor consolidation that results in a high total porosity and
564 hydraulic conductivity. The impacts of sorting on hydraulic properties
565 and total porosity have been documented in several studies (Forster et
566 al., 2003; Wiebenga et al., 1970; Wilson et al., 2008). Indeed, for well-
567 sorted coastal sediments dominated by fine and coarse quartz sand, Ks

568 values of 17 to 2592 m day−1, and total porosities of 38 to 44% have
569 been reported in literature (e.g. Wiebenga et al., 1970). Similarly, 23
570 separate studies conducted on well-sorted marine sands reported Ks

571 values of 2 to 353 m day−1 (Q9 Wilson et al., 2008). Besides coastal sands,
572 extremely high Ks spanning four orders of magnitude (b0.57–
573 >500 m day−1) have been reported in coastal floodplain acid sulfate
574 soils with prevalentmacropores or preferential pathways (Johnston et
575 al., 2009). However, in the present case, profile observations showed
576 no evidence of profile development and preferential flow pathways.

577Correlation analysis showed that dry soil bulk density and particle
578size distribution accounted for the spatial variability of Ks. Negative
579correlations between Ks, dry soil bulk density, silt and clay have been
580observed in several studies and form the basis for the development of
581pedotransfer functions (Saxton et al., 1986; Sobieraj et al., 2001; Tietje
582and Hennings, 1996). The inverse relationship between Ks and dry soil
583bulk density was consistent with the expected effect of overburden
584stress. However, the five pedotransfer functions evaluated in this
585study underestimated Ks for the study site. Discrepancies between
586measured and predicted Ks values have been reported on both natural
587soils (e.g. Sobieraj et al., 2001; Q10Tietje and Hennings, 1996), artificial
588ecosystems (Holländer et al., 2009) and well-sorted marine sands
589(Wilson et al., 2008). The poor performance of the PTFs observed in
590the present study may be due to a number of reasons; first, the PTFs
591were developed based on databases for natural soils, most of which
592tend to be poorly sorted. For example, a search of the databases used
593to develop some of the PTFs revealed that no data on artificial
594ecosystems were included. Moreover, as Tietje and Hennings (1996)
595observed, very high Ks values are often excluded in datasets used to
596develop PTFs. Therefore, most of the PTFs evaluated here gave
597maximum Ks values of about 2 to 10 m day−1. Second, whereas
598material sorting and angular granular shapes may influence Ks

599particularly on artificial ecosystems such as covers (e.g. Latham
600et al., 2002; Wilson et al., 2008), none of these factors are accounted
601for in the PTFs evaluated here. Accordingly, Wilson et al. (2008)
602attributed the failure of PTFs to predict either the mean permeability
603or the variability in well-sorted marine sands to their failure to
604account for sorting. On the other hand, multiple regression analysis
605revealed that Ks for bauxite residue sand can be predicted by a simple
606model incorporating dry soil bulk density and per cent silt plus clay.
607The trench data indicated soil layering or stratification, as
608represented by the frequency distribution curves. The transition
609zone between the two layers occurred at about 120 cm, which
610generally coincides with the maximum depth of gypsum incorpora-
611tion. Gypsum is a strong flocculant, which may reduce the dispersive
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612 effects of high exchangeable sodium percentage associated with
613 bauxite residues. Dispersion in samples collected below 120 cm was
614 observed during Ks measurement using the constant-head method.
615 Therefore, it is possible that clay dispersion and subsequent
616 mobilization below 120 cm could have contributed to the layering
617 and increase in dry soil bulk density. Moreover, particle segregation
618 during material handling and dumping has also been reported on coal
619 mine spoils, where both dry soil bulk density and Ks showed depth
620 trend (Buczko et al., 2001). On mine waste materials in Australia,
621 mobilization and self-filtration of fine particles have been reported to
622 reduce Ks through pore clogging (Dikinya et al., 2008). This
623 phenomenon is also well pronounced in coastal sediments, where
624 even small amounts of mud have been reported to clog pore throats,
625 reduce Ks and enhance further deposition of the fine particles (Forster
626 et al., 2003; Wilson et al., 2008). This suggests that the increase in silt
627 and clay with depth may result from mobilization from the top layers
628 and deposition at depth, leaving a skeletal material dominated by the
629 coarse fraction. Although overall Ks will remain high due to the low
630 silt plus clay percentage, it is likely that, over time, Ks of the surface
631 layers may further increase, while that of deeper layers decrease,
632 resulting in a profile comparable to a duplex soil.
633 Surface Ks was relatively similar across slope and changed more
634 rapidly down slope, as illustrated by the mapped alternating bands of
635 high and low Ks perpendicular to the slope (Fig. 10). The spatial
636 structure was attributed to variability of dry soil bulk density caused
637 by vehicular traffic movement during construction and incorporation
638 of chemical amendments. This explanation is consistent with aerial
639 photo and field observations showing surface structures running
640 perpendicular to the main slope (see Fig. 1). The trench Ks data
641 showed spatial patterns in both vertical and horizontal directions. The
642 correlation range was longer for the surface Ks (8 m) than trench data
643 (0.4–2 m), indicating higher spatial dependence for surface measure-
644 ments than vertical ones. This finding is in agreement with that of
645 Botros et al. (2009), who reported ranges of 5–8 m in the horizontal
646 direction and 0.5 to 1.5 m in the vertical direction for deep alluvial
647 sediments. Besides differences in sampling intensity, this could be
648 indicative of the different processes influencing Ks in the two directions.
649 Results of spatial analysis of Ks for natural soils reported in literature
650 vary greatly among studies, soil types and sampling scales. Bounded
651 variograms with correlation ranges of 2–6 m have been reported for
652 agricultural soils (Gόmez et al., 2005), while other studies showed pure
653 nugget effect or random variation (Sobieraj et al., 2002).
654 For sampling purposes, the results of spatial analysis suggest that
655 to characterize the variability of Ks, more intensive sampling is

656required parallel to the slope for surface measurements, and in the
657vertical direction for trench measurements. Overall, both surface and
658trench Ks varied with direction as evidenced by distinct directional
659variograms (surface not shown; vertical: Fig. 9b). The vertical
660direction variograms exhibited short ranges with a sill for the 0–
66190 cm depth (Fig. 8b and c), indicative of patchiness and sharp
662discontinuities (Ettema and Wardle, 2002). The trench horizontal
663linear variogram increases with lag distance without reaching a sill,
664describing a smooth regional trend (Ettema and Wardle, 2002)
665illustrated in the kriged map for trench data for the horizontal
666direction and 120–300 cm depth.
667Overall, our results demonstrated that the study material was
668unconsolidated and highly porous material, and had unique hydraulic
669properties, characterized by remarkably high saturated hydraulic
670conductivity, low variability and low moisture retention resembling
671that of well-sorted marine sands. Earlier studies on the spatial
672distributionoffluidflowandhydraulic properties onartificial ecosystems
673such as mine spoils observed high spatial heterogeneity (e.g. Buczko et
674al., 2001; Buczko and Gerke, 2005; Webb et al., 2008). Contrary, our
675findings showed that onmaterial subjected to artificial separation, spatial
676variability can be very low. Given that the disposal of bauxite residue at
677the present study site closely resembled the global practice in the
678alumina industry (Courtney and Timpson, 2005; Woodard Q11et al., 2008),
679we infer that the magnitude and spatial variability observed in the
680present study may be prevalent at other bauxite residue disposal sites.
681However, considering the diversity of mine spoils andmaterial handling
682procedures, our results, and those of previous studies (e.g. Buczko et al.,
6832001; Buczko and Gerke, 2005; Webb et al., 2008) suggest that it is
684difficult to draw generalized conclusions about the spatial variability of
685hydraulic properties on artificial ecosystems and stress the need for site-
686specific field measurements.

6875. Implications for hydrology of cover systems

688The findings have implications for the hydrological performance,
689ecosystem functions and modeling of vegetated engineered covers,
690particularly in water-limited ecosystems. Tominimize the risk of deep
691drainage, an ideal cover system should have the capacity to store
692moisture in the root-zone for a relatively prolonged period, and
693deplete it via root water uptake and bare soil evaporation before the
694storage capacity of the soil is reached. The high Ks and low spatial
695variability imply rapid downward water movement throughout the
696profile. We further infer that, given the high Ks values, rainfall input
697rather hydraulic properties limit saturated flow on such a system.
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Fig. 11. A kriged map of trench Ks-CH indicating vertical layering. Marked points represent sampling locations.
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698 Consequently, under saturated conditions and during substantial
699 rainfall events, deep drainage may constitute a major water balance
700 component on such a system.
701 The soil moisture retention curve was characterized by a sharp
702 drop in soil moisture at a low suction of about 10 kPa, reaching a
703 steady state at about 100 kPa suggesting rapid wetting and drying.
704 Coupled with high seasonality of rainfall associated with Mediterra-
705 nean environments, and a superficial root distribution with approx-
706 imately 90% of the roots occurring in the top 0.4 cm of the profile,
707 decreasing exponentially to a maximum rooting depth of 1.5 m
708 (Gwenzi et al., 2011), high Ks and low moisture retention imply low
709 moisture storage in the root-zone.
710 The impact of these hydraulic properties on soil moisture
711 dynamics in the root-zone, plant water stress and vegetation water
712 use has been reported in previous studies (Gwenzi, 2010; Wehr et al.,
713 2005). For instance, long-term (2 years) soil moisture data showed
714 rapid wetting of the whole 90-cm depthwithin hours after substantial
715 rainfall events, but soil moisture in the root-zone dropped sharply
716 thereafter, indicating rapid drying and potential loss of plant available
717 soil moisture to drainage (Gwenzi, 2010). In the dry summer season,
718 the root-zone remained extremely dry for periods up to three months
719 resulting in severe plant water stress and reduced vegetation water
720 use. An experimental investigation of plant physiological behavior
721 conducted on similar material at Alcan Gove, Northern Territory also
722 showed rapid drying and severe plant water stress (Wehr et al., 2005).
723 Using sap flow sensors, Gwenzi (2010) estimated that the contribu-
724 tion of vegetation water use to the annual water balance of the
725 present study site was quite low (147 mm) and equivalent to 22% of
726 annual total rainfall (693 mm). Therefore, we recommend that
727 material characterized by high Ks and low moisture retention such
728 as bauxite residue sand are not ideal for constructing water balance
729 cover systems particularly in water-limited environments.
730 Most water balance models rely on pedotransfer functions
731 developed for natural soils to estimate hydraulic properties for
732 artificial ecosystems, yet evaluation of five pedotransfer functions
733 revealed that they all underestimated Ks for the study material. As
734 Holländer et al. (2009) pointed out, such underestimation may have
735 profound effects on moisture storage and, and hence water balance
736 fluxes. Several hydrological modeling studies have clearly demon-
737 strated the impacts of using different PTFs on model outputs and
738 uncertainties (e.g. Holländer et al., 2009; Sobieraj et al., 2001).
739 Therefore, we recommend that direct application of PTFs developed
740 for natural soils on artificial ecosystems should be avoided unless the
741 accuracy of the PTF has been validated.

742 6. Conclusions

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

762and hydrological functions. Evaluation of five pedotransfer functions
763for predicting saturated hydraulic conductivity suggests that applica-
764tion of water balance simulation models based on such PTFs may
765constitute a major uncertainty in hydrological modeling. Therefore,
766there is need for caution when using models based on PTFs that have
767not been validated for artificial ecosystems.
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780Appendix. Calculation of Ks from the Philip–Dunne
781permeameter data

782The procedure for computing Ks from Philip–Dunne measure-
783ments based on Philip (1993) is presented in Muñoz-Carpena et al.
784(2002). To obtain Ks with the Philip–Dunne permeameter, Philip
785(1993) applied a spherically symmetric Green and Ampt analysis
786based on the effective hemisphere model for unsteady state
787infiltration. For a permeameter of internal radius ri, Philip (1993)
788assumed a spherical water supply of radius ro=0.5ri. If R=R(t) is the
789radius of soil-wetted bulb from the water supply at time t, the
790following non-dimensional variables for time (τ), radius of wetted
791bulb (ρ) and depth of water in the pipe (δ) can be derived:

τ =
8Kst
π2ro

; ρ =
R
ro

; ∂ =
3h

roΔθ
; ð1Þ

792793
794Where h is the height of water in the permeameter and Δθ is the
795difference between final and initial volumetric soil moisture content.

then;
dτ
dρ

=
3ρðρ−1Þ
a3−ρ3 ð2Þ

796797
798Where a is a parameter accounting for soil and permeameter
799characteristics:

a3 =
3ðho + Ψf + π2ro = 8Þ

roΔθ
+ 1 ð3Þ

800801
802Where ho is the initial height of the water and ψf is the suction at
803the wetting front according to the Green and Ampt equation.
804Integrating Eq. (3) for initial conditions ρ=1 for τ=0 yields the
805variation of wetted radius Eq. (4) and water depth Eq. (5) with time,
806respectively:

τ = 1 +
1
2a

� �
ln

a3−1
a3−ρ3

 !
− 3

2a
ln

a−1
a−ρ

� �

+

ffiffiffi
3

p

a
arctan

a ρ−1ð Þ
ffiffiffi
3

p

2a2 + ρ + 1Þa + 2ρð Þ

 !
ð4Þ

807808

δ = δo− ρ3−1
� �

ð5Þ
809810
811Where δo is calculated from Eq. (1) for h=ho.
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812 Philip (1993) proposed the use of two measured times to solve
813 these equations: time required for the water level to reach the
814 midpoint (tmed) and time to empty the tube (tmax). To avoid the need
815 to estimate ψf, the above problem can also be solved in terms of three
816 measured values (Δθ, tmed and tmax). The problem is solved by finding
817 the root a that satisfies the non-linear function:

τ max

τmed
=

t max

tmed
⇒ f að Þ = τ max

τmed
− t max

tmed
= 0 ð6Þ

818819
820 Where τmed and τmax are calculated from Eq. (4) by setting ρ to
821 ρmed and ρmax, respectively, as given by Eq. (5).
822 Muñoz-Carpena et al. (2001) developed a computer program that
823 finds a root of Eq. (6). This robust root finding algorithm requires an
824 initial range of a to conduct the search. The upper limit (a=20) was
825 chosen as a value higher than the ones calculated from characteristic
826 properties for a range of soil textures. Since ψf>0, from Eq. (3) the
827 lower limit for a is given by:

a > 1 + δo +
3π2

8Δθ

 !1=3

= ρ3
max +

3π2

8Δθ

 !1=3

> ρmax ð7Þ

828829
830 If the root found is outside the given boundaries it was considered
831 ill-behaved and the data point is rejected.
832 Saturated hydraulic conductivity (Ks) was then calculated as:

Ks =
π2roτmaxðaÞ

8tmax

 !
ð8Þ

833834
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