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1 INTRODUCTION 

Bulyanhulu Mine in Tanzania is an underground gold mine, located in a semi-arid climatic region where the 

net evaporation rate exceeds the rate of precipitation. In these regions, the unsaturated pore spaces in tailings, 

exist under suction pressures, which play an important part in determining engineering behaviour. Slow rates 

of deposition and consolidation are important in order to achieve the necessary shear strength and volumetric 

stability. 

The potential for Acid Rock Drainage (ARD) is also influenced by the geotechnical properties as pore water 

saturation and primary and secondary (crack) porosity are all important influences on the rate that oxygen 

can be transported to sulphide minerals, which are the cause of ARD. 

Geotechnical and geochemical properties were investigated in a 0.6 m layer of tailings. Drying tests were 

also done in three cylinders. Geochemical reactions were investigated through sulphur speciation tests and 

modelling with the PYROX sulphide oxidation model. 

Geotechnical observations made during the testing programme were reported by Theron, Addis, Wates and 

Martin as follows: 

The gradient of the relationship between shrinkage and moisture content is not constant and reflects 

the expected reduction in shrinkage with decreasing moisture content. 

The rate of increase in dry density decreased over time, which reflects the expected reduction in 

shrinkage with decreasing moisture content. 

Distance from the discharge point had no significant influence on the gravimetric moisture content of 

the tailings. The average moisture content decreased over time at a progressively slower rate. 

Precipitation was not noted to have any impact on surface moisture content. Surface layers were 
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found to dry more quickly than deeper layers, although the difference became less significant over 

time.

Suction pressures were noted to increase over time as the tailings dried. Large variations in measured 

suction pressures are attributed to difficulties with saturating the suction probe for collection of 

measurements. 

Undrained shear strength increased with time and with distance from the discharge point. The reason 

for the increasing undrained shear strength with distance from the discharge point is unclear and is 

inconsistent with the observation that drying rate is not a function of the distance from the discharge 

point.

The following conclusions were reported by Theron et al.: 

Field measurements were compared with cylinder measurements and it was concluded that boundary 

conditions differed significantly, thus resulting in significantly different drying rates for the two 

scenarios. It should however be noted that moisture contents were measured for the cylinders for the 

total mass of the sample whilst only the top layer of the beach was sampled in-situ. 

Gravimetric moisture content decreased with time whilst volumetric content remained the same over 

time. Comparison with undrained shear strength and suction data indicates that the volumetric 

moisture content measured was likely to have been erroneous. 

Soil moisture characteristic curves were obtained using the average volumetric moisture content vs. 

suction pressures. 

Allowable rate of rise can be calculated by determining the time for a layer of tailings to reach a 

moisture content at which shrinkage ceases. Maximum allowable rate of rise on this basis would be 

between 3.6 and 5.2m per annum for a layer thickness between 0.6 and 0.3 m. An optimum value 

was obtained for the 0.6 m layer thickness (5.2 m/a). 

This paper reports on further work undertaken during the course of the same testing programme reported on 

by Theron et al. and extends the analysis and findings of the geotechnical work to include geochemical 

considerations. The following geochemical conclusions have been drawn from the tests: 

The effect of oxygen diffusion will be limited until the shrinkage limit is reached. This is because 

void saturation remains high and constant until this point and gas diffusion occurs almost exclusively 

through unsaturated pore space. Sulphide oxidation is thus likely to be inhibited until the shrinkage 

limit is reached. 
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Cracking has a significant impact on the area available for oxygen ingress and hence on the oxidation 

rate. The crack patterns and the time at which cracking occurs would thus have a significant effect on 

the time delay before onset of an accelerated oxidation phase for different layer thicknesses. 

According to the PYROX model, oxidation will only occur in the top 5cm of the tailings profile in 

the first three months after deposition, thus indicating shallow penetration at exposed surfaces. 

Expected oxidation rates were calculated for different rates of rise. It was found that a thicker tailings 

beach is optimal, as the average rate of sulphide oxidation is lower over the life of the tailings 

facility, despite the longer depositional interval. This trend must be confirmed for field conditions, 

however, as the conclusions are based on the cylinder tests. 

Sulphur speciation analyses indicated that sulphide oxidation will contribute approximately 5% to 

15% of the total oxidised sulphur (sulphate) in the upper layer over a period of 30 days after 

deposition for the Bulyanhulu tailings. 

Calculated oxidation rates agree well with measured rates, over a 20 cm profile depth. No significant 

differentiation with depth was observed, however, thus indicating secondary factors, e.g. biological 

oxidation and/or reduction of sulphide minerals. 

The paper concludes that despite the longer interdepositional periods required to build thicker beaches, 

thicker beaches will retard the rate of ARD generation.  

It thus follows that the optimum depositional cycle is that which reaches the moisture content below which 

there is no further shrinkage, just in time to receive the next layer. 

2 Discussion 

2.1  Measurements 

Field and laboratory measurements were conducted over a period of 3 months. Multiple measurements were 

collected across the beach slope on a variable time scale (generally daily, weekly or monthly), depending on 

the parameter being measured and the period of time that had elapsed. The following parameters were 

measured: 

Field measurements 

o beach thickness measurements (installation of measuring stakes prior to deposition), 

o crack width and spacing measurements (tape measure), 

Paste 2006, Limerick, Ireland� 159

Surface Disposal



o pore water suction measurements (quick draw tensiometer), 

o undrained shear strength measurements (hand shear vane), 

o tailings temperature (Acorn Temp 4 thermistor probe), 

o bulk density (sand replacement technique), 

o dry density measurements (sand replacement technique), 

o volumetric moisture content (soil moisture theta probe), and 

o drying rates (300 mm diameter steel cylinders with tailings depths of 150, 300, 600 and 900 

mm.

Laboratory measurements 

o gravimetric moisture content (oven drying), 

o shrinkage of tailings samples as a function of drying (ruler), 

o sulphur speciation (Methodology of Price 1997), 

o mineralogy (X-ray diffraction (XRD)), and 

o particle size distribution (Sieve and hydrometer particle size analysis). 

2.2  Uncertainties in the analytical results 

The analytical results obtained were generally used as is, with the exception of volumetric moisture 

content and cylinder drying rates. 

The measured volumetric moisture content was considered to be unreliable. This is due to the theta 

probe being sensitive to salinity effects, which are significant in the pore waters of Bulyanhulu paste 

tailings.

The cylinder drying rates were found to be higher than expected. This was attributed to differing 

boundary conditions, relative to the deposited beach. 

Additional complications were introduced through rainfall events, which flooded the sealed 

cylinders. Due to the sealed containers, excess water needed to be decanted by hand, as they were not 

free draining. 
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2.3  Geotechnical properties 

From a geotechnical point of view, the maximum rate of rise is governed by the drying time required to 

reach the shrinkage limit of the material, i.e. a moisture content where shrinkage ceases (Wates et al. 1999). 

The determined geotechnical properties were analysed and a number of important findings were made, which 

have a direct impact on ARD generation rates. Despite a level of uncertainty, specifically due to a lack of 

sufficient dry density measurements, it was found that there is an apparent relationship between moisture 

content, cracking, pore water saturation and the shrinkage limit.  

Correlation of the shrinkage limit vs. the volumetric moisture content, indicated that shrinkage occurs 

without a reduction in the level of pore water saturation. Field measurements of volumetric moisture content 

were considered to be inaccurate due to salinity affecting probe readings, although they agreed relatively 

well with calculated values, which indicated a constant or increasing level of saturation during consolidation. 

Calculated values (see equation 1) were used in preference to measured values due to the expected 

inaccuracies, despite the small number of available dry density measurements. 

)/( ssw GSGS  (1) 

Where, w = Volumetric moisture content, S = Saturation,  = Gravimetric moisture content, and Gs = 

Specific Gravity. 

The constant pore water saturation level is attributed to the simultaneous reduction in porosity through 

shrinkage (Figure 1) and loss of water through evaporation (Figure 2). Although Figure 3 indicates an 

increasing trend in saturation, variability in saturation is considered to be due to analytical error for the 

purposes of this work, as this is considered the most conservative approach, given the small number of 

measurements.  

Once the shrinkage limit is reached (approximately 20% gravimetric moisture content in Bulyanhulu 

tailings), hydrostatic pressure no longer plays a significant role in supporting the material matrix and 

saturation decreases as a function of evaporation only. At this moisture content, it can also be seen that the 

rate of moisture loss reduces substantially (see Figure 2). 

The potential for cracking to act as a conduit for oxygen ingress was also investigated. Crack spacings were 

assumed to be approximately double the beach thickness, as this was observed for measured values and has 

been found at other facilities as well.
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Porosity changes calculated from bulk density 
and moisture content

0.30

0.32

0.34

0.36

0.38

0.40

0.42

08
/09

/20
04

15
/09

/20
04

22
/09

/20
04

29
/09

/20
04

06
/10

/20
04

13
/10

/20
04

20
/10

/20
04

27
/10

/20
04

03
/11

/20
04

10
/11

/20
04

17
/11

/20
04

Po
ro

si
ty

Test hole 1 Test hole 2 Test hole 3

Figure 1 Decrease in porosity 

Drying rates for different beach positions at Bulyanhulu mine
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Figure 2 Gravimetric moisture content as a function of time 
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Pore water saturation and air filled porosity
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Figure 3 Saturation as a function of drying time 

2.4 Geochemical properties 

The tailings were analysed by XRD for mineralogy. The results are provided in Table 1. 

Table 1 Mineralogy of Bulyanhulu tailings 

Mineral Wt% 
Quartz 49 
Chlorite 17 
Mica 14 
Pyrite 11 
Ankerite 5 
Calcite 4 

Sulphur speciation analyses, according to standard techniques (Price, 1997), were conducted on a number of 

samples. It was found that sulphur concentrations are in the range between 6.5% and 7.5% total sulphur, with 

approximately 50% present as sulphide and 50% as sulphate. 

2.5 Sulphate oxidation modelling 

The mechanisms of sulphide oxidation are complex and are discussed in detail in various publications 

(Morin & Hutt 1997, Evangelou 1995, Perkins et al. 1995). The sulphate oxidation modelling was conducted 

from the point of view of depositing tailings at a maximum rate of rise. This rate is considered to be 
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dependent on the shrinkage limit of the tailings, as successive layers can only be deposited once preceding 

layers stop consolidating (Wates et al., 1999). 

For the purposes of scenario modelling, a combination of excel spreadsheet models and the double diffusion 

(Davis and Ritchie, 1986) PYROX (Wunderly et al., 1996) oxidation model were used. 

Models were constructed for three different beach thicknesses, i.e. 300 mm, 600 mm and 900 mm. No model 

was constructed for the 150 mm beach due to insufficient data. Corrections were made for cracking and 

variation in drying characteristics as a function of layer thickness.  

The drying characteristics of the cylinder drying tests were calibrated against data obtained from the 

moisture measurements collected on the 600 mm beach. Due to the observed inconsistencies between 

cylinder and field drying rates, cylinder rates were divided by a factor of 3.8 to obtain agreement with field 

measurements. This would account for anomalous boundary conditions and was considered the best 

approach for calibrating the field result to calculate the expected rate of rise (see Table 2). 

Table 2 Drying times and rates of rise for different beach thicknesses 

Beach depth Field drying 
time

Rate of rise 

mm days m/a 
900 80 4.1 
600 42 5.2 
300 31 3.6 

Sulphur speciation analyses performed on field samples (taken at depths of 50, 100 and 200 mm) indicated 

that variability was too high to calculate sulphide oxidation rates reliably. Unexpectedly, there was no 

notable difference in oxidation rate with depth in the top 200 mm of the profile, possibly due to biological 

activity. The average rate of pyrite oxidation, calculated from the combined data agreed well with modelled 

values, however, the high variability suggests that calculated values have low significance with respect to 

drawing conclusions. 

Modelling made use of a combination of PYROX and time series modelling in excel. Drying characteristics 

and cracking times and patterns were taken into account as significant contributors to ARD generation rates. 

The model results indicated that a progressive decrease in average oxidation rate will occur as the deposited 

beach thickness increases, although an optimal rate of rise was calculated for a 0.6 m beach. 

The observations made during the testing programme may be summarised as follows: 

Silicates (quartz, mica and chlorite) make up 80% of the Bulyanhulu tailings, with pyrite (11%), 

calcite (5%) and ankerite (4%) making up the remainder.  
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Sulphur speciation analyses indicated that there is a high proportion (approximately 50%) of sulphate 

present in the total sulphur analysis in relatively fresh tailings. Little variation in the ratio of oxidised 

vs. reduced sulphur was noted at 0, 5, 10 and 20 cm depths of tailings. A slight increase in the 

percentage of oxidised sulphur was noted after approximately two months of exposure, but with no 

differentiation according to depth, as would be expected. 

ARD was assumed to be caused by pyrite as the dominant sulphide mineral and oxidation was 

assumed to occur through diffusion through unsaturated pore space. The PYROX model was used to 

model this system. 

The D10 particle size was estimated at approximately 10 µm, according to the particle size 

distribution curve (see Figure 4). The finest particle size of a tailings has a significant influence on 

the rate of ARD generation since specific surface area is inversely proportional to particle size. 
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Figure 4  Particle size distribution curve for Bulyanhulu tailings 

Porosity decreased and density increased as consolidation of the tailings occurred. Pore water 

saturation was found to remain approximately constant at about 93% to 94% until the shrinkage limit 

was reached. This was attributed to consolidation (decreasing pore space) offsetting evaporation 

(decreasing water content) to maintain a high level of saturation. Air saturated pore space is 
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considered to be the only significant pathway for oxygen diffusion into the tailings mass. The rate of 

oxygen ingress may therefore be less affected by moisture content above the shrinkage limit that 

intuition may suggest. 

The ARD generation rate was found to decrease linearly with increasing beach thickness. 

Field observations indicated that surface crust formation may play a significant role in reducing 

permeability of the tailings to water and gasses. 

3 CONCLUSIONS 

From the above data it can be concluded that for the Bulyanhulu paste tailings, deposition of thicker beaches 

with longer waiting periods between depositional events is preferable from a geochemical perspective. This 

is due to a lower fraction of sulphur oxidation for increasing beach thickness, despite longer drying times, 

relative to thin beaches. 

The same relationship was not observed for geotechnical constraints, as an optimum deposition rate was 

found to occur at a 600 mm beach thickness, which was attributed to a non-linear decrease in moisture as a 

function of beach thickness and the amount of moisture transferred upwards from underlying tailings layers. 

Changes in boundary conditions may thus affect this conclusion, i.e. variation in moisture content and total 

thickness of underlying layers. 

It thus follows that the optimum deposition interval is that in which a layer of tailings reaches the moisture 

content below which there is no further shrinkage, just in time to receive the next layer.  

In the context of the Bulyanhulu tailings storage facility it would thus be better to concentrate deposition in 

one area until the full depth of a raise or geometric constraints for a beach had been reached before cycling to 

other deposition points. 
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