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Abstract.  Contamination of ground and surface water as a result of 
exposure to mine wastes presents a serious concern for human health and 
the receiving ecosystem.  As part of a mine’s closure plan, unsaturated soil 
cover systems play an important role in mitigating potential risks due to 
contamination.  Fully coupled soil-atmosphere numerical models are a 
powerful tool in elucidating the salient processes that dominate cover 
system water dynamics, thus providing a basis for judging the efficacy of 
a proposed design.  However, difficulties can arise in predicting 
performance when processes that are dominant on the  
micro-scale do not appear to hold the same level of influence on 
performance from a landscape perspective.  This paper evaluates the use 
of hydro-pedotransfer functions (HPTFs) as a novel method used to up-
scale net percolation predictions for use in planning of closure and 
reclamation on a landscape scale.  Individual functions were derived for 
sites in both the Canadian oil sands region as well as a decommissioned 
gold mine in southeastern United States.  The HPTFs were verified two 
ways; by validating the model using a subset of the training data, as well 
as by using site-specific data.  Net percolation predicted by the HPTFs 
was well correlated with measured values, as R2 values for the oil sands 
region and the U.S. gold mine were 0.61 and 0.64, respectively.  
Comparison of net percolation as a percentage of annual precipitation 
demonstrated that values predicted using HPTFs were within 5% of site 
specific water balance measurements.  Although it is a novel concept, the 
use of HPTFs to up-scale point source measurements and predict net 
percolation at the landscape-scale shows promise in helping to design and 
predict performance of full-scale closure and reclamation cover systems. 
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INTRODUCTION 
Contamination of ground and surface water as a result of exposure to mine wastes 
presents a serious concern for human health and the receiving ecosystem.  As part of a 
mine’s closure plan, unsaturated soil cover systems play an important role in mitigating 
potential risks due to contamination.  

Unsaturated soil covers can be an effective tool in limiting the interaction of 
uncontaminated water with waste material (Scanlon et al., 2005).  The efficacy of store-
and-release unsaturated soil covers is governed by the physical properties of the cover 
material, and the water dynamics that occur within the material (Kelln et al., 2008).  Soil 
covers reduce the amount of water infiltrating into the waste material by storing water in 
the soil matrix and releasing it through evapotranspiration (Albright, et al., 2004; Hauser, 
et al., 2001; Khire, et al., 1997).  The store-and-release layer is also referred to as the 
growth medium layer; given that plant development is an integral process in cover water 
dynamics.  Although store and release cover systems can be designed to reduce 
infiltration by enhancing lateral flow and runoff, in the end, the ability of the cover 
system to store water and release it through evaporation and transpiration remains the 
dominant process controlling water infiltration into the underlying waste.  The net effect 
of these processes is transient, physically based, and will govern the overall long-term 
performance of the cover system.  Therefore, cover soil water dynamics provide a basis 
for which predictions of performance can be made. 

If a well-functioning cover system is to be designed, then there is a need for predicting 
how the system will function before constructing a full-scale system.  Having enough 
information to direct the design of a full scale cover system is crucial, given that they 
represent a large component of a mine’s closure budget.  However, very little information 
is available on the long-term performance of cover systems, and even less on how to use 
the collected data to optimize future designs (Yanful et al., 2006; Scanlon et al., 2005).  
Models and pilot scale monitoring installations are often used to guide design programs, 
owing to their low cost and shorter timelines than full scale systems (MEND, 2004).  
Unfortunately, use of these results to predict full-scale cover performance can be 
problematic due to an inherent disconnect in measurement scales.  The measurement gap 
when applying measurements or predictions taken at a scale of <1m2 to predict cover 
system performance on the scale of small- (0.1 to 1 km2) to sub-watershed (1 to 80 km2) 
scales results in predictions that may not be valid for the intended purpose (Robinson et 
al., 2008). 

Considerable research has been devoted to the problems of discrepancies in scale with 
respect to soil water content.  The pioneering work in the field was conducted by 
Vachaud et al. (1985) and the work of Grayson and Western (1998) showed that certain 
locations in a catchment exhibit organized patterns of soil water content.  Indeed, as Si 
(2003) noted, spatial variations are generally not white noise; that is, they are not random 
across all spatial frequencies.  Thus, there is a sound basis for using point source 
measurements and model predictions for predicting the performance of a cover system a 
priori.  Currently there is a paucity of data on the subject.  A probabilistic approach to 
defining the available water holding capacity of a cover soil was recommended for 
inclusion in the design of a cover system by Elshorbagy and Barbour (2007).  A system 
dynamics watershed model was also proposed by Elshorbagy, et al. (2007) to gain a 
better understanding of the hydraulic performance of a reconstructed watershed and to 
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assist in optimizing the design.  The probabilistic approach and system dynamics model 
are important advances in reconstructed watershed design, yet also highlight the fact that 
much more research into this area is required.   

An area in the literature relevant to the design of reconstructed watersheds that has not 
been explored is that of using hydro-pedotransfer functions (HPTFs) for predicting 
annual percolation on a scale greater than that of a point source measurement, similar to 
Wessolek et al. (2008).  Using this approach, Wessolek sought to “bridge scales from 
‘pedons’ (= sites with specific characteristics) to landscape by developing new algorithms 
which integrate information and approaches from soil, plant, and water sciences”.  The 
underlying principle of the HPTFs is the same as traditional PTFs: they are predictive 
functions that use readily available data to provide information on quantities that are 
more difficult or laborious to measure.  Whereas traditional PTFs are most often used to 
estimate properties such as hydraulic conductivity or the water retention curve from soil 
texture, HPTFs can be used to estimate net percolation at the landscape scale.  The HPTF 
approach could be attractive to mine planners that have extensive monitoring data at one 
location, yet lack these data and other detailed information such as soil hydraulic 
properties at the proposed location for a full-scale cover system.  Use of HPTFs allows 
the mine planner to access the data they have collected, and utilize the data to predict 
performance at a location at which only the most readily available data exist.  

There are two main disadvantages to cover systems for mine wastes: the first is the 
cost and the second is the uncertainty surrounding long term performance (Yanful, 2006).  
However, the costs associated with the environmental liability from not having a well-
designed cover system could be greater in the long run.  Therefore, it is imperative that 
unsaturated soil cover systems be designed using the best available information.  
Typically, due to cost and time constraints this results in the mine embarking on a pilot 
scale cover design research program and in many cases supplemented with, or substituted 
by, a modelling program.  Unfortunately, discrepancies in measurement scale and lack of 
site-specific data can make predicting full-scale cover performance difficult.  Clearly, 
there exists a need for a technique to assist in bridging the divide.  Extensive studies on 
the scaling properties of soil water content are available, suggesting that the transfer of 
information on the hydrological processes for use in the design of mine waste cover 
systems is possible.  Hydro-pedotransfer functions are a very recent tool being explored 
for use in predicting annual percolation at a regional watershed scale, yet have not been 
investigated for use in shifting scales for a mine reclamation application.  Therefore, the 
objective of this paper is to investigate the feasibility of using HPTFs to upscale point 
source measurements and model predictions to the scale of a reconstructed watershed.  
Results of the investigation will be important in providing mine planners another tool to 
assist in closure and reclamation decisions related to construction of full-scale 
unsaturated soil cover systems. 

MATERIALS AND METHODS 

Theory 
Principles of HPTFs 

The purpose of the present study was to adapt the concept of using HPTFs as used by 
Wessolek et al. (2008) for use in predicting performance of reclamation soil cover 



 4 
 

systems at two mine sites in North America.  A brief description of the adaptation of the 
technique will be described herein.  For a complete description, the reader is referred to 
Wessolek et al. (2008).   

A simple water balance for a site consisting of precipitation (P), actual 
evapotranspiration (AET), runoff (RO), and net positive percolation (NP), or drainage 
below the cover is the basis for the procedure.  The system will be governed by the 
supply of precipitation, and the energy available for evapotranspiration.  This is based on 
the principle that the ratio of AET to potential evapotranspiration (PET) is a function of 
the cover water supply (CWS).  In turn, CWS is given as:  

CWS = PS + (AW × D) + QA      (1) 

Where PS is the sum of summer precipitation, AW is the available water of the cover 
system multiplied by D, the depth of the cover layer (expressed in milimetres of water), 
and Qa is the capillary rise from groundwater into the root zone.  For the purposes of this 
paper, Qa will be ignored, given that the studies are part of upland reclamation trials and 
the depth to the water table precludes interaction with surface atmospheric forces.   
Procedures for deriving HPTFs 

Equations for the HPTFs were derived by correlating a number of factors, including 
site-specific climate, and the composition of the cover system.  Four steps were necessary 
to derive the functions, as explained below. 

Step 1: Model simulations 
Daily rates of AET and NP were calculated using VADOSE/W, a two-dimensional 

saturated-unsaturated numerical model that is fully coupled to the atmosphere (Krahn, 
2007).  A key feature of VADOSE/W is the ability of the model to predict AET based on 
either PET or net radiation and predicted soil suction, as opposed to the user being 
required to input these surface flux boundary conditions.   
Model inputs include the following: 

• Climate data - Climate data required for VADOSE/W simulations include daily 
maximum and minimum air temperature, daily maximum and minimum relative 
humidity, daily precipitation, and average daily wind speed. 

• Material properties - Material properties or functions required for each layer in the 
VADOSE/W model are water retention curves, hydraulic conductivity functions, 
thermal conductivity functions, and volumetric specific heat functions. 

• Vegetation - Modelling of vegetation is based on an empirical formulation.  The 
potential transpiration rate is based on the leaf area index (LAI).  The model user 
can apply LAI values ranging from 3.0 to 0.1, which are based on agricultural 
crops, or rooting characteristics and transpiration rates indicative of native 
species.   

Step 2: Model scenarios 
An extensive array of cover systems were analyzed for calculation of AET and NP, and 
were compiled into a database for calibration of the model.  The individual components 
that were combined to comprise the cover systems are given in Table 1.   Note that for 
brevity, Table 1 details the components of the covers, and not all of the permutations that 
were used to calculate AET and NP. 
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Table 1. Cover system components for calculation of AET and NP. 

Material  Vegetation Cover 
Thickness (cm) 

Loamy topsoil No veg. 85 
Sandy subsoil Poor veg. 100 

Silty glacial till Intermediate veg. 110 
Peat/Mineral mix Grass veg. 120 

Oil sands tailings Forest veg. 135 
Hard rock tailings Successional veg. 150 

Clay saprolite  200 
Peat   

Clay till   
Silty topsoil   

Coarse till   

 

Step 3: Derivation of HPTFs 
A simplified water balance was used to derive the HPTFs.  Initially, the water balance 

equation was given as:  

P = AET + NP + RO + I + �S      (2) 
where I is interflow, and ΔS is the change in water storage.  Given that calculations were 
made on an annual basis, it was assumed ΔS = 0.  Simulations were conducted for 
horizontal surfaces, and thus, RO and I can be ignored.  Thus, to determine the quantity 
of interest, namely net percolation, Eq. 1 reduces to: 

NP = P - AET (3) 
Estimations of AET determined using VADOSE/W were then correlated with PET and 
CWS using regression analysis with the Solver tool in Microsoft Excel.   

Step 4: Validation of HPTFs 
Validation of the HPTFs was carried out using two methods.  In the first, predictions 

were compared to a subset of model data, and in the second, predictions were compared 
with published and unpublished water balance data available from the same locations.   
Site Description 
The present study focused on mines in two locations: one in the Athabasca oil sands 
region of northeastern Alberta, Canada (Oil Sands) and the other at a decommissioned 
gold mine in the southeast United States (Southeastern U.S.A.).  Cover systems in the oil 
sands region typically consist of glacial till and lacustrine soils, overlain by layers of a 
mixture of peat and mineral soils.  Covers at the US gold mine consist of hydraulically 
placed low permeability saprolite materials.   
The climate at the Oil Sands site is classified as sub-humid continental and receives an 
average of 456 mm of precipitation.  Seventy percent of the annual precipitation 
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accumulates as rain, generally during convective summer storms (Carey, 2008).  Climate 
at the Southeastern U.S.A. site is classed as humid subtropical and receives an average of 
1100 mm of precipitation. 
Cover water dynamics at both sites were monitored using a suite of water content and 
temperature / matric suction sensors.  Parameters were measured between four and six 
times daily, and were monitored using a fully automated data acquisition system that was 
controlled by a datalogger.  Climate parameters that included air temperature, humidity, 
wind speed and direction, precipitation, and net solar radiation were measured using an 
automated weather station controlled by a datalogger.   
 
RESULTS AND DISCUSSION 

Vadose Modelling  
Calculation of AET was carried out using VADOSE/W.  Detailed inputs allowed for the 
compilation of an extensive database of AET calculations for a wide range of cover 
scenarios.  In total, 1653 simulated rates of annual AET were used in the derivation of the 
HPTFs.   
     It was hypothesized that the ratio of AET to PET would increase with increasing cover 
water supply.  This relationship was described with an equation that would then represent 
the HPTF.  As with Wessolek et al. (2008), a logarithmic equation was found to best fit 
the data from the study locations (Figure 1).   

 
Figure 1. The relationship between AET:PET and cover water supply for the two study 
areas.   
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Oil Sands Region HPTF  
Using non-linear regression, the equation of the oil sands region HPTF became:  

   (4) 

therefore, the end form of the HPTF calculated for the oil sands region becomes: 

 (5) 
Southeastern U.S.A. HPTF  
Employing the same methods as with the oil sands region HPTF, the equation of the 
HPTF for the gold mine in the United States became:  

 (6) 

therefore, the end form of the Southeaster U.S.A. HPTF becomes: 

 (7) 

     From Eqs. 5 and 7, it is clear that in order to estimate net percolation through the 
cover, the only input requirements are the precipitation in summer PS, PET, and CWS.  
Values for PS are readily available through meteorological services, CWS is site-specific, 
and PET can be calculated following Penman (1948). 
     To properly use the HPTFs, adjustments to Eq. 3 must be made to account for the site-
specific water balance elements.  For example, in locations where runoff may occur, the 
water available for evapotranspiration will be reduced.  Thus, whenever data on specific 
components of the water balance are available, they should be used to directly reduce the 
amount of precipitation. 

     Predictions of AET from Eqs. 4 and 6 were compared with measured values to verify 
that the HPTFs could adequately predict the measured data (Figure 2).  A good 
agreement was found between predicted and measured values of AET, and provides 
further confidence that the HPTFs will be able to accurately predict net percolation. 

Validation of HPTFs 
Validation of the newly derived HPTFs was carried out using two methods.  The first was 
to use a reserved data sample from the original data set that was used in training the 
model.  The HPTFs were then used to predict net percolation for sites in which 
VADOSE/W data was available.  Model predictions of annual percolation were 
compared against the measured data, and are presented in Figure 3. 
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Figure 2.  A comparison of predicted and measured AET to verify validity of the derived 
HPTFs. 

  
Figure 3.  Net percolation as predicted by the HPTFs versus measured net percolation. 
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The HPTF models used to describe reclamation soil cover NP are adequate in 
predicting drainage when compared to measured data (Figure 3).  The ability of the 
HPTF to predict NP is slightly better for the Southeastern U.S.A. site than the Oil Sands 
Region site.  This is expected, as the HPTF model was better able to predict AET for the 
Southeastern U.S.A. site than for the Oil Sands Region site (Figure 2).  This could be due 
to the closer relationship that was found between AET:PET and CWS, as shown in 
Figure 1.  Even though both HPTFs use only summer precipitation, it is possible that the 
longer summer season and the greater amount of summer precipitation at the 
Southeastern U.S.A. site, could lead to dominance in the control of the relationship.  
Conversely, the Oil Sands site, with a shorter summer and greater amount of water losses 
from the system from spring snowmelt runoff and interflow, could lessen the dominance 
of summer precipitation to the overall relationship.  It is likely that predictions would be 
further improved with an increase in the size of the dataset from which the HPTFs were 
derived.  A larger pool of data would likely decrease the variance in the dataset and 
diminish the influence of outlier data.  As such, further validation of the HPTFs is still 
necessary. 

The second means of model validation is to compare percolation as predicted by the 
HPTFs to data published in the literature, as well as any unpublished data available, for 
the same location.  Two recent studies measure complementary components of a water 
balance at the same location in the oil sands region.  The current study can make use of 
these data to estimate a water balance with which to compare to predictions made by the 
HPTFs.   

For the Oil Sands site, a nearly complete water balance for 2003 and 2004 can be 
compiled by combining measured actual evapotranspiration as measured by Carey (2008) 
with measurements of PET, and interflow volumes from Kelln et al. (2008).  Runoff 
volumes and change in cover storage are available from site specific monitoring data 
(unpublished).  Results of the comparison between site-specific data and those predicted 
by the HPTFs are given in Table 2.  

Table 2. Oil Sands site reclamation cover water balance and HPTF predicted net 
percolation. 

       Net Percolation  

Year PS
† AET‡ PET† RO¶ I† ΔS¶ Estimated Predicted Difference 

 -- - - - - - - - - - - -- - - -- - - - - - - - -- - mm- - - - - - -- - - -- - - - - - - - -- - -- -- -- -- - 

2003 308 246 510 30 1 -6 25 36 -11 
2004 326 224 505 88 2 8 21 41 -20 

†  Source: Kelln et al. (2008) 
‡  Source: Carey (2008) 
¶  Source: Unpublished data 

Differences between predicted and estimated values were 44% and 95% for 2003 and 
2004, respectively.  When viewed in isolation, the estimation error could lead the reader 
to call the method into question.  However, a comparison of the predicted and estimated 
NP prediction is best viewed when considering NP in terms of a percentage of annual 
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precipitation.  For 2003 and 2004, the estimated NP was 5.8% of 430 mm, and 5.4% of 
389 mm, respectively.  Therefore, the NP values of 8.4% and 10.5% as predicted by the 
HPTF are within 5% of the estimated value.  Each component of the water balance 
estimation likely has at least a 5% error, if not more, leading to a very high cumulative 
error.  Therefore, a 5% error in predicted net percolation is likely well within the limits of 
the total measurement error for the estimation of a water balance such as the one 
provided in Table 2.     

SUMMARY AND CONCLUSION 
Construction of a full-scale unsaturated soil cover system for closure and reclamation is 
typically a large component of closure costs at a mine site.  The liabilities associated with 
a poorly performing cover are substantial.  Therefore, it is critical that mine planners have 
as much information available on which to base their decisions as possible.  The 
objective of the current study was to apply a technique recently developed by Wessolek 
et al. (2008) to derive a hydro-pedotransfer function that could be used to predict cover 
net percolation at sites where monitoring data are not available.  The aim of the study was 
to advance the research in cover system design from one that is focused on point source 
measurements to one that considers the entire reclamation watershed. 

A detailed database of actual evapotranspiration data was compiled to derive the 
HPTFs.  Logarithmic models describing the relationship between measured and predicted 
AET was then used as an input into a simplified water balance equation.  Validation of 
the model provided encouraging results, suggesting that the HPTFs could be used to scale 
point source measurements to landscape scale predictions.  Comparison of cover 
percolation as predicted by the HPTF with published data yielded results that were very 
close to measured values, and could be considered to be within the measurement error.   

The results of the present study represent an intermediate step in the development of 
unsaturated reclamation soil covers.  Few studies exist describing long term monitoring 
results of soil cover systems for mine wastes.  Furthermore, there is a dearth of literature 
available on the subject of scaling results of point source monitoring measurements up to 
a landscape scale.  Mining companies have considerable obligations in terms of 
reclaiming entire landscapes, and at some point will require a means to predict cover 
performance on that scale.  The novel technique of using hydro-pedotransfer functions 
could be a promising method in advancing the science of cover system design.  
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