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Engineering and environmental considerations in tailings deposition

Considérations relatives à l'ingénierie et à environnement des résidus

R. W. HENDRY, Associate Dames & Moore Consulting Engineers, Cape Town, South Africa 
D. WRIGHT, Metallurgist, Rôssing Uranium Mine, South West Africa /  Namibia

SYNOPSIS During the production of uranium at ROssing Mine, 40 000 tonnes of tailings is requir
ed to be deposited daily. An embankment of tailings reaching a height of 56 metres has been 
constructed across a gorge. The stability of the embankment is investigated. At the same time 
alternative methods of tailings deposition are considered and the environmental implications of 
tailings deposition and seepage away from the Impoundment area are studied.

INTRODUCTION

The Rössing Uranium Mine is situated in the 
heart of the Namlb Desert, 70 kilometres from 
the Atlantic Coast of South West Africa (Nami
bia). In terms of material recovered from 
the open pit, it is the largest uranium mine 
In the world. Geologically it is unique in 
that it is the largest known deposit of uranium 
occurring in granite. Most of the other major 
uranium deposits of the world such as those 
of the Witwatersrand in South Africa, Blind 
River In Canada, Wyoming and New Mexico in 
the USA, and the Northern Territory of Austra
lia, occur in sedimentary formations.

SITE DESCRIPTION

Surface

The area around Rössing Uranium Mine consists 
mainly of exposed rock with little surface 
soil and sparse vegetation. What vegetation 
and surface soils there are, are confined main
ly to dry river channels.

Natural drainage in the mine area is provided 
by three major gorges each draining from north 
to south. The gorges, Panner Gorge to the 
west, Pinnacle Gorge and Dome Gorge to the 
east, all drain into the Khan River which runs 
just to the south of the mine (Fig 1). This 
discharges approximately 10km to the southwest 
into the Swakop River. A ridge of hills (max
imum elevation 707m) running northeast-south
west forms the eastern flank of the tailings 
disposal area. The embankment presently has 
a crest elevation of about 606m and a down
stream toe elevation at its lowest point of 
534m.

As of May 1984 2the area of the free water po^d 
is 1,09 x 10 m with a volume of 6,7 x 10 m . 
A second dam has been constructed approximately 
lkm downstream of the tailings dam to collect 
water seeping through the toe of the tailings 
dam.

Subsurface
The geology of the tailings disposal area con

sists primarily of two rock types; metamorphlc 
rocks of the Damara system and pegmatlc granit
ic gneiss known as the Khan formation. Many 
pegmatlc dykes have intruded both rock types. 
The area has undergone intense folding and 
fracturing. Alluvial silty sands and gravels 
occur in the valley bottom. Much of the pre
sent tailings Impoundment overlies alluvial 
deposits. Investigations have shown that
most of the bedrock is highly fractured. The 
main direction of fractures is approximately 
northsouth. Most fractures tend to be of
an 'open1 nature and prone to water perco
lation .

Groundwater
The regional groundwater flow consists of sub
surface flow through rock fractures,and through 
alluvial soils in the 'dry' river beds, drain
ing the upland areas. Hence, the flow in 
the mine area Is mainly confined to southerly 
and westerly directions towards the Khan River. 
It is likely that this flow has existed for 
a considerable period and that surface flow
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haa only occurred for brief periods following 
heavy rain. The natural groundwater is of 
a poor quality having a 'chloride' content 
often in excess of 6000ppm and can be as high 
as 14 000 ppm.

The construction of the tailings embankment 
and water impoundment pond has imposed an in
creased water pressure head, causing an in
crease in the hydraulic gradient in the vicini
ty of the dam. The result of this has been 
an increased subsurface flow - both in volume 
flow rate, and in flow velocity.

GENERAL TAILINGS DISPOSAL

The tailings are disposed of by the construc
tion of a tailings dam across Pinnacle Gorge. 
Initially mine waste was placed in a starter 
dam across the gorge to an elevation of 560m, 
and over a length of 900m. This mine waste 
forms the downstream filter toe of the dam 
through which the majority of seepage water 
flows before collection in the seepage dam. 
Tailings disposal began in mid-1976, and tail
ings slurry has been deposited to the upstream 
of the starter dam throughout operations.

The dam has been constructed in benches, each 
bench 15m wide and 6m above the previous one. 
The slope between benches is 2:1 horizontal 
to vertical, and the average overall slope 
of the downstream face of the embankment is 
4,5:1 horizontal to vertical. From the crest 
of the tailings dam the tailings form a beach 
sloping from about 8% at the point of discharge 
to 1 to 2% over the last 100 to 200m of the 
beach. The curved shape of the beach can
be ascribed to gravitational segregation which 
occurs during sheet flow of the slurry down 
the beach. The coarser particles settle out 
rapidly at the top of the beach, and as the 
slurry becomes finer, the beach flattens out. 
The finest tailings only drop out when the 
slurry reaches the free water pond. An hydro- 
graph survey has shown that tailings extend 
almost right across the pond.

EMBANKMENT INVESTIGATION

Drilling and Sampling
A drilling and sampling programme was carried 
out on the downstream face of the embankment. 
Twelve holes were drilled from the level ben
ches of the tailings embankment. Because 
of the cohesionless nature of the tailings 
material, a drilling mud was used during the 
advancement of the holes to prevent the holes 
from collapsing and to facilitate the removal 
of the casing at the completion of the hole. 
Because of the coarseness of the tailings, 
the drilling mud was also required to effici
ently wash the tailings to the surface of the 
hole as the hole was advanced. As it was 
intended that at the completion of each boring 
a slotted PVC pipe would be installed in the 
hole to act as an observation well or piezo
meter, it was necessary that the drilling mud 
used during the boring should be of a revert 
type.

As each boring was advanced through the tail
ings material, Standard Penetration Tests 
(SPT's) were carried out at approximately 2m 
intervals. The relative density of the embank
ment varied from 'medium dense' to 'dense'.

In addition to SPT's performed in the material, 
above the phreatlc surface an attempt was made 
to obtain a number of relatively undisturbed 
samples using Shelby Tubes. A limited amount 
of success was achieved. The holes were log
ged throughout their depth. A typical profile 
of the material encountered in the embankment 
is depicted in Figure 2.

Samples of the slimes were obtained from the 
beach on the upstream side of the embankment 
using Shfelby Tubes.
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Fig 2 Typical profile of tailings

Rock Coring
Of the 12 holes drilled and sampled, 6 were 
advanced into the underlying rock. The cores 
were extracted and logged.

Rock Seepage Teats
In each hole in which rock coring was performed 
at least one seepage test was carried out using 
the packer equipment. The major rock types 
encountered below the embankment included Bond
ed Gneiss, Marble with Feldspar and Schist, 
with an average RQD of 35%. The permeability 
of the rock varied from just above Ocm/sec 
in the marbles and veldspar to 5,28 x 10-4 
cm/sec in the marble.

Piezometers
To monitor the phreatlc level in the embank
ment, a system of piezometers was installed 
in the embankment. Generally the piezometers 
have been installed on the downstream face 
of the embankment in rows parallel to the 
radius of the embankment. Each piezometer 
or observation well consists of a 50mm 0 PVC 
sleeve installed in a borehole and slotted 
over the lower 4 to 6 metres. The lengths 
of the piezometers vary from 2,8 metres on 
the lower benches to 44,9 on the higher bench
es .

R e g u la r  m ea su rem en ts  a re  made o f  th e  w a te r
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level In the piezometers and the effect of de
positing In a particular zone of the embankment 
Is monitored In the relevant piezometers. Al
though there Is a lag In time between the com
mencement of tailings deposition and an Increase 
In the phreatlc level, this simple method of 
monitoring has proved effective. It has been 
used as a control on the length of time depo
sition may occur In a particular area before 
the phreatlc level rises sufficiently to cause 
seepage from the downstream face. The under
lying rock surface topography has a pronounced 
effect on the level of the phreatlc line in 
the embankment. Where high points occur in 
the rock topography beneath the embankment, 
the phreatlc line is forced upwards and has 
a tendency to exit higher up the face than is 
the case in sections of the embankment where 
the rock lies well below the surface.

No significant or continuous clay lenses were 
encountered In the embankment where a perched 
water table might occur. With the increase 
in embankment height however, as deposition 
continues, a check on the validity of the ob
servation well or standpipe type piezometers 
is being carried out by the installation and 
monitoring of several pneumatic type piezo
meters.

Laboratory Testing

(1) Gradings and Atterberg Limits

Typical particle size distribution curves 
from the embankment material and from slimes 
of the tailings beach are shown on Figure 
3.

(ii) Strength Tests

In addition to the SPT’s carried out in- 
situ, consolidated undrained trlaxlal tests 
were performed on the Shelby Tube samples 
obtained from the tailings embankment. 
The free draining material gave values 
of internal friction from 37° to 41° with 
an average value of 38,8.
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Density tests were performed on samples 
of material taken from both the embank
ment and the beach upstream of the em
bankment. The density of the material 
constituting the embaijkment varied from 
1636kg/m to 1890kg/m with an average 
of 1788kg/m 3. On the beach upstream 
of the embankment the averag| density 
was slightly less at 1769kg/m . The 
highest densities encountered were from 
material furthest from the free water 
pond and nearest to the tailings embank
ment .

Above the phreatlc line, the moisture 
content of the embankment material ranged 
from 9,0% to 14,6% with an average of 
12,3%. Below it varied from 22% to
32% with an average of 26%. On the
beach the moisture content of the mate
rial varied from 2,8% near the top of 
the beach to 25% near the edge of the 
free water pond.

(iv) Permeability Tests

Laboratory permeability tests were car
ried out using the falling head and con
stant head methods. The permeabilities 
of typical tailings material 3measured 
on samples remoulded to 1800kg/m varied 
from 0,4 x 10-4 cm/sec to 13 x 10-4cm/sec 
with an average of 8 x 10~^cm/sec.Samples 
extracted from the slimes layers gave 
an average permeability of 0,4 x 10-4cm/ 
sec.

( i l l )  M o is tu r e  and D e n s i t y

EMBANKMENT STABILITY

The tailings embankment stability analysis 
was carried out for two general conditions, 
namely; overall embankment and localised sta
bility of the downstream face of the embankment 
and embankment toe Influenced by seepage. 
The slope stability analysis yas carried out 
using the modified Bl'ahop's method. Critical 
failure surfaces were identified. Manual
calculations were also performed using the 
same method of calculation as the computer 
analyses.

In the computer analyses the phreatlc surface 
was postulated at three different levels. 
Th® existing level at the time of calculation 
and two additional levels, one showing the 
phreatlc surface level as it might be expected 
some time in the future and the other midway 
between the expected level and the current 
level. The minimum factors of safety against 
slope failure on the downstream face were

1,48 present level 
0,42 future level 
0,79 intermediate level

The manual calculations were carried out for 
three cases, for both overall and localised 
stability :-

(a) Static drained
(b) Seepage conditions
(c) Pseudostatic conditions

The analysis for pseudostatic Incorporated 
a peak horizontal particle velocity co-effi- 
cient to simulate seismic shock waves. The
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co-efficient used was 0,05g, a nominal value 
assumed to be applicable to the ROsslng area. 
The effect of blasting in the open pit was 
considered. Because of the distance to the 
embankment however, the energy, displacement 
and duration of such an event is con
siderably less than the acceleration considered 
in the calculations.

The calculations indicated typical values of 
safety for the overall embankment for the three 
cases as follows:
Static Drained condition FS = 3,61 
Seepage condition FS = 1,64
Pseudostatic condition FS = 1,45 
It was postulated that under present deposition 
conditions and embankment construction methods 
with 15m wide benches and slopes between bench
es of 2:1, future extensions to the embankment 
would produce an overall factor of safety tend
ing towards a conservative 3,6.

An alternative construction configuration of 
5m wide benches with 1,5 to 1 slopes between 
benches would produce overall embankment fac
tors of safety as follows.

Static Drained condition FS = 2,01 
Pseudostatic condition fs = 1,75

The analyses indicate that the downstream slope 
of the overall embankment could be significant
ly steepened while still maintaining an ade
quate factor of safety. While the steepening 
of the slopes of subsequent extensions and 
reduction of bench width represent potential 
savings in construction costs, the bench widths 
are required for roadways and service facili
ties .

If the water table in the embankment rises 
to such an extent that seepage emerges from 
the downstream face of the embankment,slips 
and sloughing are likely to occur. The local
ised instability is more a maintenance problem 
and does not pose a threat to the stability 
of the overall embankment, provided that depo
sition in the zone is temporarily halted and 
a form of waste rock buttress placed in the 
area of seepage.

Based on a series of manual calculations, 
a table was drawn up showing the factors of 
safety of the downstream face for various 
levels of the phreatlc surface within the em
bankment under normal seepage conditions. 
(Table 1)

TABLE 1
Hater Level Factors of Safety
Existing 1.48
+0,5 1,24
+1,0 1,1
+1,5 0,88
+2,0 0,79

E»bankaent Stability Control Measures

Two basic principles were considered for in
creasing the factor of safety and hence the 
stability of the downstream slopes of the em
bankment. The first was to weight the toe 
of the slope and in so doing prevent any slip
pages from occurring. The method of gravel 
buttresses, discussed below, Incorporates this 
principle. The second principle was to pre

vent seepage from emerging from the face of
the slope.

(1) Gravel Buttress

A 150mm thick layer of 6-15mm stone 
aggregate Is placed over the slope to 
be buttressed. On top of this filter 
layer, crushed stone or minus 450mm mine 
waste is placed to a thickness of ¿1,5m 
at the toe. Thus the seepage Is able 
to pass through the embankment but piping 
is effectively prevented. In certain
circumstances, a geofabric such as Bidim 
or Terram is placed over the surface 
of the embankment and mine waste or rip
ped country rock placed on top of it.

(ii) Prevent Seepage

Seepage may be prevented from exiting 
on the downstream face by lowering the 
phreatlc surface below the downstream 
face. This may be accomplished by well- 
pointing interceptor ditches and horizon
tal drains.

Considering cost of installation, avail
ability of materials and operational 
management, the most efficient and ef
fective method of stabilising the local
ised areas of the downstream toe of the 
embankment was the construction of a 
weighting zone at the toe of the slope 
with free draining backfill. The ef
fect of a minimal thickness of properly 
placed buttressing fill on the stability 
of the toe is considerable. Stability 
analyses were carried out in a parti
cular section of embankment with the 
water table postulated approximately 
2m above the toe of the embankment. 
The resulting factor of safety was 0,61. 
The analyses were repeated with the gravel 
buttress in position and a factor of 
safety of 1,2 was computed.

ALTERNATIVE METHODS OF TAILIHG DISPOSAL 

Dispoaal from Upstream

This method of tailings disposal was considered 
in order to reduce the final elevation of the 
existing tailings embankment and to curtail 
the further flow of seepage water to the sur
rounding country rock from the embankment. 
The method of tailings disposal considered 
involved discharging the tailings at the up
stream end of the watershed. By maintaining 
the plan position of a single point discharge 
constant while raising the outfall as required, 
a cone of tailings would develop with side 
slopes similar to those of the beach upstream 
of the embankment. (Figure 4)

Adopting this method of deposition would (1) 
minimise embankment construction (2) reduce 
activities related to shifting the slurry pipe
line and (3) ensure proper control of the free 
water pond by causing it to move away from 
the fractured rock in the west to the less 
fractured rock In the east.

(i) Stability of Upstream Cone

To establish profile data and strength 
parameters of the proposed prototype cone 
a survey profile was carried out on a
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( i i ) E f f e c t  o f  th e  Cone Shape

'model' cone constructed on the beach 
upstream of the existing embankment.

The results of the grading analyses indi
cated the deposition of the coarsest grind 
near the top of the cone with the finer 
material lower down and the finest frac
tion at the bottom of the slope. Angles 
of internal friction ranged between 37° 
and 41°. The density of the tailings 
material varied from 1630kg/m 3 to 1973kg/ 
m 3. Moisture content measurements on
the same samples ranged from 2,8% to 25%.

In order to calculate the stability of 
the slope of the cone deposit, certain 
conservative assumptions were made.
The average slope of the cone was taken 
as 8,5%, the internal angle of friction 
as 35° and the dry density as 1700kg/m3. 
It was assumed that the water was seeping 
from the tailings.

In the analysis the static forces were 
modified using the previously adopted 
horizontal acceleration co-efficient of
0,05g. Slope failure was assumed to
be in the form of composite slip surfaces.

The results of the analysis indicated 
that in the worst case the factor of safe
ty with regard to slope failure varied 
between 5,3 and 5,8.

It was postulated that in the absence 
of thickening, the overall prototype cone 
would form more like the beach shape up
stream of the embankment, i.e. from 8% 
to 2% and flatter. Slopes of thickened 
tailings of saturated sand when sub
jected to seismic accelerations from 0,03 
to 0,lg flatten to 0,3 to 2,0 degrees. 
The material as discharged would be un- 
thlckened and in the event of a seismic 
shake would be unlikely to flatten further 
than 2%. The possibility of thickening 
the tailings was not considered as a vi
able cost alternative to embankment con
struction .

The effect of allowing a cone to form 
would require close control. Once a
certain height was reached the toe of 
the cone would reach the edge of the 
free water pond. A further increase
in elevation would push the pond towards 
the embankment. The phreatlc line in 
the embankment would rise and the stabi
lity of the embankment would be affected.

(ill) Environmental Implications

The cone would tend to create a topo
graphic high above the plateaus and gor
ges. The dry tailings on the cone would 
be susceptible to wind movement and this 
tendency could be exacerbated by the 
prominent shape of the cone. In addi
tion, tailings fluid flowing down the 
face of the cone would tend to pond up
stream of the cone. To prevent this 
fluid from seeping into the surrounding 
rock in an uncontrolled fashion, con
sideration was given to draining the 
fluid back downstream through the tail
ings mound. Field tests were carried 
out to study the feasibility of placing 
Bidlm drains through the mound. The 
Bidim however became blocked with slimes 
and through flow ceased after 2 or 3 
days.

Ring Method of Deposition

The geotechnical and environmental advantages 
and disadvantages of depositing tailings in 
a conical mound over the more conventional 
embankment construction methods have been brief
ly highlighted above. The most feasible alter
native method is one which capitalises on the 
disadvantages of the conical mound deposition. 
Such a method would require to maintain as 
low an embankment profile as possible to pre
vent environmental intrusion on to the sur
rounding topography. It would at the same 
time require to minimise the chances of tail
ings dust blowing over surrounding areas and 
prevent as far as possible any ponding upstream 
behind the deposition. The alternative method 
selected would also require to ensure that 
the free water pond is readily controlled in 
position and size by tailings deposition. 
An advantage over the conical method would 
be to permit more flexibility in the deposition 
system and at the same time adopt an effective 
system which requires minimum additional train
ing for tailings deposition management. 
Finally,it is obviously advantageous to operate 
a system economically favourable and as a cri
terion preferably more so than, rival ones. 
Owing to the great distance from the plant 
to the most suitable position for the cone, 
the cost implications of the two systems con
sidered tended to reflect against the conical 
method of deposition.

An efficient utilisation of the impoundment 
area and good pond management would be achieved 
by aiming to partially enclose the Impoundment 
area. This would be by depositing on the
main embankment in the south, by depositing 
on the west and by depositing from the north. 
The main embankment would be raised to an ele
vation of 625m and then by preferential build-
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ing at a later stage the western embankment 
would be raised to an elevation of 645m. (Figure 
5).

From the north end of the Impoundment area, 
tailings deposition would raise the embankment 
ot a maximum height of 635m. Thus the ele
vations of all sections of the ring embankment 
would be considerably lower than the cone would 
have been. The position and elevation of the 
free water pond, particularly In relation to 
the main embankment would be controlled by the 
flexibility of deposition, I.e. from southwest 
and north.

SEEPAGB AMD SEEPAGE CONTROL

It was established that the average permeability 
of both the calcareous and non-calcareous rock 
was 3 x 10”^cm/sec. Seepage occurs through
both the embankment and through the foundation 
rock. Both components are related to the sur
face area of the free water pond which In turn 
Is a function of the depth. Most of the seep
age through the embankment Is Intercepted In 
the surface seepage pond. Seepage taking place 
through the foundation Is trapped In gorges 
downstream of the embankment by means of cutoff 
trenches. The trenches are excavated through 
the alluvium In the gorges and taken some 2 
metres Into rock. Pumps are Installed In sumps 
which are connected to the surface by means 
of pumping wells. The trenches are backfilled 
with graded rock forming a filter zone. Water 
trapped by the trenches Is pumped back to the 
surface seepage dam for recycling.

The hydraulic conductivity of the bedrock Is 
related to the size and spacing of the Joints 
and fractures. Where the bedrock is highly 
fractured, as Is generally the case, or open 
bedding plans are closely spaced, large seepage 
losses are expected. Flow Into open fractures 
could occur at a rate several times greater 
than the 3 x 10-^cm/sec. However as tailings 
cover these fractured areas, there is a reduc
tion of maximum flow Into the fractures as the

tailings blanket restricts flow into these 
conduits.

FUTURE EMBANKMENT STABILITY

The embankment stability will in the immediate 
future be enhanced by the following factors.

(i) 85% of the fresh water to the rodmills 
is being replaced by the return dam solu
tion and seepage water. The result will 
be a shrinkage of the free water pond 
and lowering of the pond surface.

(ii) A seepage trench is being installed along 
the toe of a zone of the tailings embank
ment. This will control the potential 
exit level of the phreatlc surface in 
the zone during and after deposition.

By effectively monitoring and controlling the 
phreatlc level in the embankment and permitting 
an increase in embankment height, the distance 
of slurry transportation and hence the costs 
can be greatly reduced.

PLANNING BY PREDICTION

Making use of the flexibility of the ring met
hod of deposition, together with the continued 
prediction of phreatlc levels In embankment 
construction is to be effectively controlled 
by means of a mathematical model. The objec
tives of the model will be:

(1) To estimate the shape assumed by tailings 
solids with time and to distinguish, as 
far as possible, between the relative 
positions of tailings sands and tailings 
slimes.

(2) To estimate the position attained by tail
ings liquid surface, and depths of this 
liquid measured from the surface, with 
time.

(3) To evaluate the effects of alternative 
tailings discharge methods, and locations, 
upon the shape of tailings solids and 
position of tailings liquids.

(4) To estimate the effects of wastewater 
recovery and recycling upon the position 
of tailings liquids.

(5) To estimate costs of alternative discharge 
methods and locations as a function of 
time.

CONCLUSION

To maintain flexibility in deposition, altet- 
native deposition systems within the framework 
of a particular method must be functional 
At the same time, monitoring of embankment 
stability and seepage is essential for the 
planning of deposition. To capitalise on
the flexibility of a deposition system predic
tive planning is eminently desirable. The 
mathematical tailings management model pro
vides a suitable tool for such predictive plan
ning but information is required to be sup
plied as input to the model on a continuously 
updated basis. This Information Includes
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phreatlc level In the embankment, actual and 
predicted seepage flow, position and elevation 
of the free water pond and potential embankment 
stability. The key to the supply of this
information is monitoring.
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