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Abstract.  Cover system field trials are often constructed and monitored in order 
to develop calibrated soil-atmosphere numerical models.  A model calibrated to 
measured cover system field trial performance (i.e. in situ conditions) can be used 
to: 1) help interpret monitoring data and identify key processes controlling 
performance, 2) validate measured net percolation, 3) predict cover system 
performance under long-term climate variability , and 4) provide a tool for full-
scale cover system design (i.e. compare the performance of alternative designs).  
In addition, the calibrated model provides credibility and confidence with respect 
to performance of the cover system from a closure perspective. 

Field trials were constructed in 2002 to evaluate the performance of two alternate 
cover system designs for closure of the Peak Gold Mine tailings storage facility.  
Simulations were used to estimate an average net percolation of 7.5 mm/yr (1.7% 
of average annual rainfall) for the 1.5 m cover and zero net percolation for the 2.0 
m cover over a 31-year climate record.  At the time of design the simulated net 
percolation volumes were considered to be conservative relative to anticipated 
measured performance. 
The simulation was based on the assumption that cover properties were 
homogeneous and consequently the moisture dynamics within the cover would be 
uniform across the cover.  A review of monitoring data suggests that the cover is 
heterogeneous and that lateral movement of surface water is occurring to zones of 
focused recharge.  Rainfall intensity, surface geometry, and material 
heterogeneity dictate the extent to which surface waters are redistributed. 
This paper illustrates how spatial heterogeneity in cover geometry and material 
properties would need to be incorporated into the simulation to represent the 
observed water movement within the cover. 
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INTRODUCTION 

Field monitoring of the performance of cover systems used for mine waste provides a direct 
method of verifying the cover design.  The main objectives of field performance monitoring are 
to: 

1. Obtain a water balance for the site; 
2. Obtain an accurate set of field performance monitoring data to calibrate simulation 

models; 
3. Identify and characterize key mechanisms and processes that control performance; 

and 
4. Develop confidence with all stakeholders in regard to expected cover system 

performance (MEND 2.21.4). 
In general, numerical models used in cover design are one-dimensional (1D) or 2D finite element 
or finite difference models that predict pressure head (suction) and temperature profiles in the 
cover profile in response to climatic forcing (such as evaporation) and lower boundary 
conditions (such as a water table).  A key feature of these models is the capability of predicting 
actual evapotranspiration based on potential evaporation, vegetation parameters and soil suction.  
The actual evapotranspiration rate is generally lower than the potential rate during prolonged dry 
periods because the suction, or negative water pressure, in the soil profile increases as the surface 
desiccates. 
Once a model has been calibrated against measured performance monitoring data it can be used 
to: 

1. Interpret monitoring data and identify key processes controlling performance;  
2. Validate measured net percolation;  
3. Predict cover system performance under long-term climate variability; and 
4. Provide a tool for full-scale cover system design (i.e. compare the performance of 

alternative designs).   
The minimum required field monitoring for calibration of the numerical model would include 
meteorological monitoring of the potential evaporation (i.e. net radiation, air temperature, 
relative humidity, and wind speed) and site specific rainfall, changes in moisture storage, surface 
runoff, and vegetation.  In addition, sufficient performance monitoring must be established to 
capture heterogeneity in spatial moisture dynamics within the cover system, should it exist.  
Primary factors effecting the saturated hydraulic conductivity (Ks) of cover soils are texture and 
structure (cracks, worm holes, root channels, etc).  Ks tends to increase with coarser texture and 
increasing structure, due to an increase in the number of large, highly water-conductive pores.  In 
fine textured soils such as clays, the effects of structure generally override the influence of 
texture to the extent that a structured clay can have a larger Ks than a coarse-textured, 
unstructured material (Reynolds, 1993). 
Cover systems constructed of well-graded, coarse-textured waste rock materials with limited clay 
fraction will remain essentially unstructured after placement.  As a consequence, it is often 
assumed that rainfall will infiltrate uniformly across a cover system constructed of coarse-
textured soil.  However, these cover systems will exhibit heterogeneity due to the inherent 
variability found within the borrow pit and the segregation of grain sizes during placement.  The 
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surface layer, in particular, can often have specific hydraulic properties (e.g. lower Ks and 
storage due to compaction) which enhance the potential for the development of localized runoff 
and focused recharge into coarser zones within the cover.  These processes are obviously not 
represented in a numerical model which assumes homogeneous conditions.  

A recent comparative study of numerical models used to simulate the performance of water 
balance covers (Bohnhoff et al., 1990) highlighted that surface layer properties and preferential 
flow associated with soil structure were two key reasons for the discrepancies between modeled 
and monitored cover performance. 

BACKGROUND 
Cover System Field Trials 
Peak Gold Mines (PGM) is located within a semi-arid region of Australia.  The mean annual 
rainfall and potential evaporation are approximately 415 mm and 2550 mm, respectively.  The 
goal of cover design is to minimize the ingress of meteoric waters into the underlying tailings 
material with the concomitant reduction in contaminant release from the tailing storage facility 
(TSF) to the receiving environment.  In the high moisture deficit typical of this region a ‘water 
balance’ or ‘moisture store-and-release’ type cover system can be utilized to minimize net 
percolation. 
The current TSF is approximately 80 ha in area.  Tailings is discharged using a central thickened 
discharge through a multi-spigot system which produces an average beach slope of 
approximately 5%.  The TSF currently contains approximately 9.5 million tonnes of tailings and 
will contain approximately 16 million tonnes at the end of mine life (2017), based on a tailings 
production rate of 750,000 t/yr. 

 Full scale field trials of potential cover system designs were based on a numerical modeling 
exercise utilizing the results from a laboratory characterization of the available cover materials.  
The numerical modeling was undertaken with the 1D model SoilCover (GeoAnalysis 2000 Ltd., 
2000).  The methodology used for developing the cover system field trial design at PGM can be 
found in Ayres et al. (2003). 
 The results of the numerical modeling program suggested that a minimum of two meters of 
oxidized New Cobar waste rock cover material was required to minimize the infiltration of 
meteoric waters to the underlying tailings material.  The complete details of the material 
characterization and numerical modeling program can be found in OKC (2001). 
 Two cover system field trials were constructed on the surface of the PGM thickened tailings 
pile in April 2002.  Each field trial covers an area of approximately 0.12 ha (35 m by 35 m).  
Test Plot #3 (TP3) consists of a 1.5 m thick layer of waste rock from the New Cobar open pit, 
while Test Plot #4 (TP4) consists of a 2.0 m thick layer of New Cobar waste rock.  The waste 
rock used to construct the field trials was composed of approximately 65% gravel, 25% sand, 
and 10% silt and clay sized particles according to the Unified Soil Classification System. 
 Two ‘control’ plots were also instrumented (Test Plot #1 and Test Plot #2); one on bare 
tailings, and one in a naturally vegetated area.  The purpose for the control plots was to provide a 
comparison to the 1.5 m and 2.0 m field trials and to assess actual transpiration rates for the 
native vegetation.  This information is required to conduct an assessment of the long-term 
performance of the cover system field trials.  Data collected from the control plots are not 
included in this paper. 
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 Construction of the cover system field trials and installation of the various components of the 
monitoring system are described in detail in OKC (2002), and are briefly described in this 
document. 
Cover System Field Trial Performance Monitoring 
Monitoring systems were installed on the cover system field trials to monitor climate and soil 
response.   At TP4 a weather station monitors air temperature, relative humidity, wind speed, and 
net radiation, as well as rainfall.  Soil monitoring includes lysimeters to measure net percolation 
through each of the covers and monitoring of profiles of in situ moisture and temperature using 
EnviroSCAN® water content sensors and CSI model 229-L thermal conductivity (TC) sensors 
(temperature and indirect measurement of matric suction).  An automated surface runoff 
collection and monitoring system was also installed on the two field trials.  A portable gas 
analyzer was used to record oxygen and carbon dioxide concentrations within the cover profile 
and underlying tailings.  Additional monitoring of in situ moisture conditions at each field trial 
was undertaken using the Diviner 2000® (D2K) portable moisture content probe.  Six D2K 
access tubes were installed into the soil profile spatially across each field trial (TP3 and TP4). 

Figure 1 is a schematic of the TP3 field performance monitoring system (excluding the runoff 
monitoring system).  The TP4 field performance monitoring system is similar to TP3, with the 
exception of an increased cover profile thickness. 

                  
Figure 1.  Schematic of the TP3 field performance monitoring system. 

The lysimeters consist of a large plastic tank and an underdrain system to transfer collected 
water / tailings seepage via gravity to a collection and monitoring system.  The base of the 
lysimeter tank within each of the cover system field trials is placed 1.0 m below the cover / 
tailings interface with the walls extended to the surface.  The lysimeter tanks have a diameter of 
2.4 m and a height of 2.5 m and 3.0 m for TP3 (see Figure 1) and TP4, respectively.  The 
lysimeter tanks were backfilled in a manner such that the stratigraphy and density / moisture 
conditions inside and outside the tanks were the same. 

Proper functioning of the lysimeter requires identical conditions within the cover inside and 
outside the lysimeter collection area, in spite of the presence of a water table condition inside the 
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lysimeter.  This requires sufficient wall height to allow the same suctions to develop at the top of 
the lysimeter as those that would occur in the surrounding waste rock (O’Kane and Barbour, 
2003).  The suction developed within the waste rock is a function of the net percolation rate from 
the base of the cover layer and the hydraulic conductivity function of the backfill material.  
Numerical modeling of the PGM lysimeter indicated that these conditions could not be obtained 
with practical lysimeter wall heights, consequently the wall of the lysimeter was extended 
through the cover to the surface in order to isolate the cover within the lysimeter from adjacent 
cover soils.  Measured net percolation in this case will have to be interpreted with the calibrated 
numerical model in order to estimate net percolation within the cover outside of the lysimeter.   

PRESENTATION OF FIELD PERFORMANCE MONITORING DATA 
Field performance monitoring data presented and discussed in this paper includes site 
meteorology, changes in the in situ moisture conditions, net percolation, and surface runoff.  
Matric suction and pore-gas concentrations measured within the cover and tailings profile are not 
presented. 

Site Meteorology 
Figure 2 presents the daily and cumulative rainfall recorded at the test plot area from the onset of 
monitoring through to April 2007.  The mean annual average rainfall at PGM is 414 mm; 
however, the climate does not have a pronounced dry period.  Approximately 240 and 174 mm 
of rainfall occurs during the climatic summer (October to March) and winter (April to 
September), respectively.  During the first five years of monitoring 167, 323, 235, 338 and 226 
mm of rainfall was recorded. 
 The average PE for the first five years of monitoring as calculated with the Penman (1948) 
method was 2450 mm/yr.  The maximum and minumum monthly average was 362 and 61 mm 
calculated for January and July, respectively.  A significant difference in the rainfall / PE ratio is 
evident when comparing the summer to winter periods. 

                  
Figure 2.  Cumulative and daily rainfall recorded at the cover trial area. 
Cover System Field Capacity 
Field capacity refers to the water content within a soil following the cessation of gravity 
drainage.  When estimated from laboratory water retention data, the field capacity for coarse-
textured soils is taken as the volumetric water content corresponding to a matric suction of 
10 kPa.  Available water holding capacity (AWHC) is the volume of water stored over a 
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specified depth of soil if the water content decreases from field capacity to the permanent wilting 
point (i.e. 1,500 kPa). 

The AWHC of the TP3 and TP4 cover profiles was calculated as 105 and 140 mm, 
respectively.  It should be noted that the value of  field capacity would likely vary to some extent 
spatially across the cover profile due to material heterogeneity.  Field capacity is also based on 
the concept that drainage occurs within an infinite depth of homogenous material.  In cases in 
which a finite layer of coarser soil is underlain by finer textured soil the field capacity can be 
reduced due to the influence of the underlying fine-grained tailings material (OKC, 2008). 

Summary of Moisture Conditions Measured with EnviroSCAN® Sensors 
The volume of water stored within a cover profile can be calculated from the volumetric water 
content profile.  For example, if a uniform volumetric water content of 0.20 were measured in a 
1.0 m thick cover profile the volume of water stored would be 200 mm. 

 Figure 3 shows the change in the total volume of water measured within the centrally located 
EnviroSCAN® sensor profile for TP3 and TP4.  In general, the volume of water within the cover 
profiles increase during the winter seasons (July) in response to rainfall coupled with lower 
levels of PE.  The volume of water measured within the TP4 EnviroSCAN® sensor profile 
exceeded field capacity following the winter of 2003 and 2005, while the volume of water within 
the TP3 cover profile remained below field capacity throughout the monitoring period.  These 
differences can be understood further by looking at specific rainfall events. 

                   
Figure 3.  Total volume of water measured within the TP3 and TP4 EnviroSCAN® cover profile. 

Influence of Rainfall Intensity on Changes in Moisture Storage 
 Table 1 summarizes the changes in the volume of water within TP3 and TP4 following four 
rainfall events.  For the  September 16, 2002 rainfall event ( 22 mm) and July 26, 2004 rainfall 
event (20 mm) the volume of water stored within the cover increased by the same volume as the 
rainfall event. 
Table 1.  Change in the volume of water within the EnviroSCAN® sensor profile of TP3 and TP4 

in response to rainfall volume and intensity. 
 Sept 16/02 Feb 17/03 July 26/04 June 28/05 

Rainfall Volume 22 mm 49 mm 20 mm 41 mm 
Rainfall Intensity 2 mm/hr 32 mm/hr 1.2 mm/hr 6.7 mm/hr 

TP3 +21 mm +22 mm +18 mm +20 mm 
TP4 +20 mm +29 mm +22 mm +39 mm 
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However, the monitored increase in stored water following the February 17, 2003 (49 mm) and 
June 28, 2005 (41 mm) rainfall events were smaller than the recorded rainfall volumes.  The 
volume of water within the TP3 EnviroSCAN® sensor profile increased by approximately 22 and 
20 mm in response to the February and June rainfall events, respectively.  In comparison, the 
volume of water within the TP4 profile increased by 29 and 39 mm to the respective rainfall 
events. 

 The intensity of the February 17th and June 28th rainfall events was much higher than those 
for the September 16th and July 26th events .  This helps to explain the differences observed in 
stored water volumes relative to rainfall volumes.  A lower intensity rainfall event will, in 
general, produce less runoff, and thus allow a larger majority of rainfall to report as infiltration.  
Antecedent moisture conditions also play a key factor in the response of a cover profile to 
rainfall conditions.  In general, the drier the profile the higher the potential for rainfall to 
infiltrate before runoff is initiated. 
 The mean, maximum, and minimum Ks measured at the field trial surface was 4.1 (1.0 x 10-4 
cm/s), 14.9 (4.1 x 10-4 cm/s), and 0.7 mm/hr (2.0 x 10-5 cm/s).  It should be noted that 
characteristics of the surface hydraulic conductivity were based on eight measurement locations 
at TP3 using a single-ring pressure infiltrometer with a cross-sectional test area of 0.07 m2.  As a 
result, it is anticipated that the hydraulic conductivity of the cover layer as a whole, may not have 
been entirely defined.  Hence, areas of higher and / or lower Ks, than those measured are likely 
present within the field trials. 

 Nevertheless, comparing characteristics of the surface Ks to the aforementioned rainfall 
events, it is evident the redistribution of surface water across the field trial surface would have 
occurred in response to the high intensity events.  However, when considering that measured 
runoff was negligible throughout the performance monitoring period and that rainfall intensity 
for some events exceeded 30 mm/hr, it is likely that the runoff was localized and resulted in the 
redistribution of water to areas in which higher rates of infiltration would have occurred. 

 Detailed topographic contours generated for TP3 and TP4 indicated that the covers have a  
relatively uniform slope at approximately 1.5% with a few minor surface depressions.  
Differences within the surface contours in close proximity to the EnviroSCAN® sensor nests 
were not evident to explain the variation in water storage measured at TP3 and TP4. 

 Variations in rainfall intensity, cover geometry, and surface hydraulic conductivity would 
dictate to what extent surface waters are redistributed prior to infiltration.  The advancement of 
the wetting-front down through the cover profile should then be different at different locations 
across the cover trial.  Figure 4 show the water content profiles measured on June 4th, June 29th, 
July 10th, and December 28, 2005 for TP3 and TP4.  The cover profiles wet-up in response to 
rainfall (approximately 210 mm) and then dry-out due to surface evaporation and deep drainage.  
However, it is evident that the lower infiltrated water volumes in TP3 result in an increase in 
water content only in the upper 40 cm of the profile.  Increases at the base of the cover may be 
the result of lateral movement of water along the tailings surface from areas of higher 
infiltration/recharge.  The TP4 profile shows that the higher proportion of the rainfall volume is 
stored within the cover profile and continues to move down through the entire cover profile with 
time. 
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Figure 4.  Moisture content profile measured within the cover and tailings material of TP3 and 
TP4. 
 Figure 5 illustrates the differences in stored water volume at the TP3 and TP4 EnviroSCAN® 
sensor locations over the course of a series of rainfall events.  The volume of water stored at TP4 
matches the rainfall suggesting that most of the rainfall infiltrates locally.  The cumulative 
increase in moisture storage within the TP3 sensor profile does not increase to the same extent as 
that observed at TP4 and suggests that a percentage of the rainfall volume has been redistributed 
laterally across the cover away from TP3. 

Figure 5.  Cumulative increase in moisture storage measured at the TP3 and TP4 EnviroSCAN® 
sensor profile and cumulative rainfall. 
 The moisture stored at TP4 also seems to exhibit a ‘step’ type change in moisture storage to 
each rainfall event.  TP3 exhibits the initial ‘step’ increase in water content but also records a 
graduate increase in water storage over several months.  A review of field data indicates that the 
drift in moisture storage is due to the migration of pore-water from wetter to drier zones within 
the cover profile and the redistribution of water along the tailings surface. 
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Net Percolation Recorded at the TP3 and TP4 Lysimeters 
The response of the lysimeter installed in TP3 to rainfall from January to September 2005 is 
summarized in Figure 6.  Approximately 10 mm of rainfall occurred from January to June 2005 
with no percolation observed.  Net percolation was initiated June 13th in response to 19 mm of 
rainfall that occurred from June 11th to the 12th.  During the following 13 days (June 12th to the 
25th) several low intensity events produced 16 mm of rainfall with the volume of net percolation 
being quite similar to rainfall volumes and patterns.  The characteristics of the lysimeter response 
to atmospheric forcing from June 12th to the 25th suggest that the tailings and cover profile within 
the lysimeter tank was near field capacity due to the June 11th and 12th rainfall events.  
Approximately 21 mm of PE was calculated for the period from June 12th to the 25th.  When 
comparing the volume of net percolation to rainfall from June 12th to the 25th it is anticipated that 
the actual evaporation (AE) to PE ratio is relatively low. 

 The measured net percolation exceeds rainfall volumes for events that were initiated on June 
27th and August 18th.  Characteristics of the rainfall activity that generate the June 27th and 
August 18th percolation events are also shown in Figure 6.  A direct correlation exists between 
the net percolation volume and the volume and intensity of rainfall.  In general, this data suggests 
that a rainfall intensity in excess of approximately 4 mm/hr (1 x 10-4 cm/s) would initiate the 
redistribution of surface waters to the TP3 lysimeter.  Detailed surveys indicated that TP3 is 
actually a shallow topographic low and consequently in a zone of focused recharge. 
 There was no measured net percolation within the TP4 lysimeter during this same period.  
Topographic surveys indicate that TP4 is actually in an area of surface divergent flow.  It is 
hypothesized that the differences in measured net percolation for the two lysimeters is due to 
differences in topographic location, cover profile thickness, surface geometry, and material 
heterogeneity.  High net percolation volumes at focused recharge zones could be expected when 
considering the relatively low moisture storage capacity of the cover material (70 mm/m) and the 
relatively low AE/PE ratio during the winter periods. 

        
Figure 6.  TP3 lysimeter response to rainfall during the January to September 2005 monitoring 
period. 
Surface Runoff 
The surface runoff monitoring system measured 7.1 mm and 7.5 mm of runoff from January 
2003 to December 2006 at TP3 and TP4, respectively.  This corresponds to approximately 0.5% 
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of the total rainfall for the period.  Although the volumes are relatively small, this data does 
demonstrate that surface runoff is occurring at both covers. 

Portable Measurement of the In Situ Moisture Conditions 
Manual measurements of the moisture conditions at each test plot were measured at six locations 
to a depth of 1.6 m with the D2K portable water content sensor.  At the onset of monitoring the 
spatial variability in water volumes within the TP3 cover profile were similar (see Figure 7), a 
reflection of the antecedent moisture conditions at the time of cover placement.  However, 
following a period of moisture cycling, the difference in water volumes increased between the 
monitoring locations.  It is anticipated that these differences are due to heterogeneity in spatial 
recharge volumes and material properties.  Similar trends in water storage were observed at TP4. 

The infrequent reading of these installations prevents the detailed response of the cover to 
rainfall events from being tracked.  Automation of the D2K access tubes with EnviroSCAN® 
sensors would enhance ones understanding of spatial variability in cover system performance of 
the field trials. 

        
Figure 7.  Comparison of the change in the volume of water measured with the D2K sensor at 
TP3. 

SUMMARY 
Two cover system field trials were constructed at the Peak Gold Mines in April 2002.  The cover 
system field trials utilize the ‘moisture store-and-release’ concept to limit the infiltration of 
meteoric waters to the underlying tailings as a means of controlling mine drainage from the 
tailings storage facility.  Monitoring systems were installed to evaluate cover system 
performance. 

The numerical modeling used in the initial design of the trial covers assumed that the moisture 
dynamics within the cover system were uniform laterally and that the material properties were 
homogeneous across the cover system.  Local variability in soil properties, particularly those of 
the near surface cover layers, can result in localized differences in runoff, and consequently 
infiltration.  Bohnhoff et al. (2009) noted the simulation of runoff was the primary reason for 
differences between numerical models (UNSAT-H, VADOSE/W, HYDRUS, and LEACHM) 
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and between all models and the field observations of cover water balance for a semi-arid site.  A 
cover system which allows localized runoff to occur will not effectively store rainfall and may 
lead to higher net percolation volumes through focused recharge areas.  Field data indicates net 
percolation volumes are higher than that predicted through the numerical modeling program.  
This is also consistent with the results reported by Bohnhoff et al. (2009). 
It is unlikely that the heterogeneity in site conditions (material properties, microtopography, etc.) 
can be sufficiently quantified to enable two or three dimensional simulations of moisture 
dynamics to be developed to account for these effects in a full scale cover.  It may be more 
useful to simply ensure that the surface layer conditions are such that all rainfall, regardless of 
intensity, can be captured without localized runoff, given that the overall performance of the 
cover system appears to have limited runoff. 
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