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ABSTRACT 
 

In an effort to recover additional copper and gold at KGHM International’s Robinson 
Mine located near Ruth, Nevada, an in-plant study was undertaken to quantify potential 
flotation recoveries from the concentrator’s final tailings stream. Tests were conducted by 
passing a small continuous sample of final tailings though a single 1.5 m3 FLSmidth 
XCELL™ demonstration flotation machine. Two phases of testing were conducted on 
differing ore types. Results indicated that up to 30% of the contained copper was recoverable 
along with significant quantities of gold. Based on these results, the existing flotation circuit 
was expanded by installing four (4) 160 m3 FLSmidth XCELL™ flotation machines to treat 
the final tailings stream. This paper reviews the results obtained from the in-plant testing 
with the single 1.5 m3 flotation cell and provides a comparison to the subsequent operational 
performance of multiple 160 m3 flotation machines 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 

INTRODUCTION 
 

The Robinson Mine and concentrator are located near Ely, Nevada about 400 
kilometers north of Las Vegas, Nevada, USA. Multiple ores bodies have been historically 
mined in the Robinson Mineral District.  The ore bodies are typically highly faulted with 
varying degrees of alteration. Currently, the Robinson Operation is mining porphyry-skarn 
deposits with leach cap, supergene, and hypogene mineralizations, Figure 1. The Robinson 
ores are quite complex posing considerable metallurgical challenges. Copper is the primary 
value along with byproduct gold and molybdenum. Copper-gold concentrates produced at 
Robinson are transported by truck from the mine site about 210 km to East Wendover, Utah. 
The concentrate is then railed to west coast port facilities for sea transport.  

 

 
 

Figure 1.  KGHM International's Robinson Mine—Ruth Pit 
 
Run of mine ore is transported to a single 54 inch (1.37 m) primary crusher via 220 

tonne haul trucks. The ore ball mill bond work index ranges from 8.5 to 12.5 kW-hr/tonne.  
Stockpiled, crushed ore is fed to a 32’ x 15’ (9.8 m x 4.6 m) SAG mill at a rate of about 
44,000 metric tons per day.  The SAG mill discharge is further ground with two 20’ x 31’ 
(6.1 m x 9.4 m) ball mills operated in closed circuit producing flotation feeds with a 106 
micron P65.  Prior to the investigation described in this paper, the flotation circuit consisted 
of twenty, 85 m3 roughers, single stage cleaning with six 3.0 m dia. columns, six, 42 m3 
mechanical cleaner-scavengers, and a four-stage moly circuit. A photo of the stockpile and 
concentrator is provided in Figure 2. 

 

 
 

Figure 2—KGHM International's Robinson Stockpile and Concentrator 
 



 
 

 

 

In an effort to increase recovery, the Robinson Mine investigated the feasibility of 
treating the concentrator’s final tailings with large scavenger flotation cells.  Robinson Mine 
considered several manufacturers of flotation machines for the study. Because of FLSmidth’s 
proximity to the plant, the promising new XCELL™ flotation technology and the ready 
availability of a 1.5 m3 XCELL™ flotation machine for pilot testing, FLSmidth was invited 
to exclusively participate in the study.  
 

The FLSmidth XCELL™ flotation machine used in this study is a relatively new 
technology.  It is a forced-air machine characterized by a unique low profile rotor and a 
compact caged stator. Unlike traditional forced-air flotation machines, both the rotor and 
stator are located in the center of the cell.  In addition to the mid rotor and stator position, the 
flotation mechanism features a velocity cone, a draft tube, a vortex breaker, and a froth 
crowder.  The flotation tank has full depth mixing baffles, external launders, and radial 
launders when appropriate, see Figure 3. This unique patented design provides for relatively 
high slurry velocities which are very effective at lifting coarse particles into the stator 
volume or contact region where bubble-particle contact primarily occurs. The specific energy 
within the contact region (14 kW/m3) is among the highest in the mechanical flotation cell 
industry.  This high contact region specific energy promotes turbulence which increases the 
probability of fine particle-bubble attachment.  

 
The genius of the XCELL™ design is that the unique energy distribution and 

exceptional hydrodynamic characteristics are produced efficiently with overall energy 
consumption being some of the very lowest in the mechanical flotation cell industry.  The 
combined specific energy for the XCELL™ flotation mechanism plus energy to operate the 
required process air blower is typically 0.7 kW/m3.  

 

 
 

Figure 3—FLSmidth XCELL™ flotation machine 
 



 
 

 

 

FEASIBILITY TESTING 
 

The objective of the test program was to quantify how much copper and gold could 
be recovered from Robinson’s final tailings stream. A plant-wide material balance based on 
average 2007 metallurgical performance shows considerable copper values in the 
concentrator final tailings stream, as shown in Figure 4.  

 

 
 

Figure 4—Robinson Concentrator 2007 Flotation Material Balance 
 

 
In an effort to determine how much of the contained copper in the final tailings was 

recoverable, Robinson installed the FLSmidth demonstration XCELL™ flotation unit in the 
lower level of the concentrator, shown in Figure 5. The in-plant test program was comprised 
of two test campaigns that were conducted simultaneously—Baseline Testing and a Design 
of Experiments (DOE) campaign, Montgomery [1]. Both test campaigns were conducted by 
pumping a sample stream of final tailings as feed to the demonstration flotation machine at 
feed rates ranging from 20 to 39 m3/hr. Full-stream composite samples were taken of the 
feed, tailings and concentrate streams after periods of stable operation. Recoveries were 
calculated using the two-product formula, Wills [2]. 
 



 
 

 

 

 
 

 
Figure 5—Installed FLSmidth XCELL™ flotation demonstration unit 

 
 
Baseline tests were executed by concentrator personnel to determine what the 

demonstration flotation unit would do under normal plant operating conditions with typical 
operator oversight and standard shift composite sampling. The testwork was primarily 
conducted by concentrator personnel with support from FLSmidth personnel. The DOE 
approach was to apply statistical methods to tests conducted under carefully planned and 
controlled conditions. The advantage of the DOE approach is that it provides analysis of the 
ever-changing uncontrolled variables in the concentrator much better than conventional 
methods.  Further, the DOE approach identifies cause and effect relationships, Anderson [3], 
such as the effect of statistically significant independent variables on flotation machine 
performance and the flotation response of the ore.  
 
Baseline Testing  
 

Forty-seven baseline tests were conducted from May 23 through July 15, 2008. 
Baseline tests were conducted by the flotation shift operators when the cell was not used for 
DOE testing. Samples were taken every hour, producing shift composite samples of feed, 
tailings and concentrates. Flotation cell operational target conditions were 50 mm froth 
depth, 27 Nm3/hr process air rate, 350 rpm rotor speed, and 30 m3/hr volumetric feed rate. A 
summary of the baseline testing is provided in Table 1. 

 
 
 
 
 
 

 



 
 

 

 

Table 1—Summary of baseline test data 
 

  

Feed Concentrate Tailings Recovery 

Cu 
Total, 

% 

Cu 
(sol), 

% 

Fe, 
% 

Au, 
% 

% 
solids 

Grind 
+100 
mesh, 

% 

Cu 
Total, 

% 

Insol, 
% 

Au, 
% 

Cu 
Total, 

% 
% Cu 

Average 0.15 0.01 7.5 0.01 28.5 45.3 14.9 30.6 0.31 0.11 29.3 

Minimum 0.05 0.00 1.1 0.00 21.9 9.2 3.1 5.3 0.03 0.03 4.6 

Maximum 0.59 0.04 13.9 0.04 33.3 87.8 25.5 55.6 0.94 0.32 60.1 

Stan. Dev. 0.10 0.01 3.0 0.01 3.4 17.3 5.7 10.6 0.20 0.07 14.8 

 
 
The summary in Table 1 shows that over the baseline test period, the copper recovery 

ranged from a low of 4.6% to a high of 60.1%, with a 29.3% average. This is further 
illustrated in Figure 6, which historically presents the existing final tailings (XCELL™ 
flotation machine feed), plus the XCELL™ flotation machine tailings and XCELL™ flotation 
machine copper recovery.  

 

 
 

Figure 6—Baseline testing: historical XCELL™ feed, tailings and Cu recovery 
 
 
 



 
 

 

 

It is clear from the data in Table 1 and Figure 6 that recoverable copper was being 
lost to the tailings. On average, the demonstration XCELL™ flotation machine recovered 
about 30% of the copper in the plant tailings at a concentrate grade of nearly 15%. This 
finding was consistent with the findings from another copper concentrator wherein a row of 
four XCELL™ flotation machines have produced excellent recoveries at relatively high 
concentrate grades. The data further indicated that additional gold and moly were also 
recoverable; however, the low tailings assays for moly were generally too erratic to calculate 
reliable recoveries. Consequently, the scope of this report primarily focuses on copper and 
gold with less attention given to moly. 
 
DOE Testing 
 

As previously indicated, a DOE test campaign was applied to the performance testing 
of the XCELL™ demonstration unit. Copper total recovery, copper concentrate grade, copper 
tailings grade and weight recovery were evaluated with respect to four controlled 
independent variables—air input rate, froth depth, rotor speed and feed rate (residence 
time)—plus several uncontrolled independent variables. Low, high and mean operating 
conditions were determined for each of these independent variables using a factorial design 
approach (DOE). Broad ranges were selected for the independent variables where possible to 
maximize the potential for identifying those variables that have a statistically significant 
effect on metallurgical performance, Anderson [4]. Tests were randomized to minimize the 
effect of any “time related variables”, Anderson [5]. 
 

For each individual test, the cell was stabilized for at least four residence times before 
sampling. A hand-held slurry sampler with a slotted cutter was used to collect the samples 
every 10 minutes. Full stream cuts were taken on the feed, concentrate and tailings streams 
over a 90-minute sampling period that produced composite, feed, tailings and concentrate 
samples.  
 
 A face-centered central composite design, Myers [6], was selected for the 
investigation with generous replication at the center and corner points. In total, 37 tests were 
conducted within the factor space investigated. Test results are summarized in Table 2. It is 
interesting to note that the average copper recovery achieved during the DOE testing (30.3%) 
was in good agreement to the 29.3 % achieved during the baseline testing in spite of the fact 
that the cell was operated at the same condition during the baseline tests and broadly 
changing conditions over the DOE campaign.



 
 

 

 

 
Table 2—Summary of DOE test data 

 

 

Feed Concentrate Tailings Recovery 
Cu 

Total, 
% 

Cu 
(sol), 

% 

Fe,  
% 

Au, 
% 

Grind 
+100 m, 

% 

Grind  
-325 m, 

% 

Cu Total, 
 % 

Cu Total, 
% 

Cu, % 

Average 0.16 0.01 8.0 0.01 22.3 42.4 12.2 0.11 30.3 

Minimum 0.04 0.00 2.3 0.00 15.2 30.0 0.44 0.03 5.6 

Maximum 0.59 0.06 14.6 0.01 32.6 50.3 27.6 0.33 68.8 

Stan. Dev. 0.13 0.01 3.5 0.00 5.0 4.7 7.8 0.08 17.5 

 
The DOE data was evaluated using Design Expert® software, Stat-Ease, Inc., 

Minneapolis, MN, to define four statistically significant models for Total Copper Recovery, 
Copper Concentrate Grade, Copper Tailings Grade and Weight Recovery. An analysis of 
variance, Montgomery [7], comparison between the four predictive models (shown in Table 
3) indicates that the “Probability greater than F” statistic is 0.0002 or less, indicating that the 
models are statistically significant, Anderson [8]. The chance that a “Probability greater than 
F” statistic of 0.0002 can occur due to random error is 2 chances in 10,000 or less. The 
“Adequate Precision” statistic (shown in Table 3) provides a measure of the signal to error 
ratio. All four models had a value greater than 10. An adequate precision of 4 or more 
indicates that the models can be used to navigate the design space, Anderson [9]. 
 

In the case of the Copper Tailings Grade Model, the associated statistics are much 
stronger than the other three models as can be seen from the much higher F, R2 and adequate 
precision statistics. Figure 7 plots actual data versus the prediction of the four models. In this 
type of plot, all data points will fall on the diagonal line when you have a model prediction 
that matches the actual data that was collected. From the statistics in Table 3 and the plots in 
Figure 7, it is very clear that the Tailings Grade Model is the superior model. Consequently, 
the Tailings Grade Model is used in this paper in preference to the other models investigated. 
 
Table 3—Comparison of models and statistically significant variables 
 

Model 

Model Statistics Statistical Effects 

F Prob. > F R2 
Adeq. 

Precision 
Froth 
Depth 

Total 
Feed Cu, 

% 

Soluble 
Feed Cu, 

% 

Coarse 
Grind +100 

m 
Cu Recovery 13.3 0.0002 0.56 13.6 -8.6 NSE NSE 17.5 
Cu Concentrate 
Grade 

12.9 0.0002 0.55 10.5 4.9 NSE NSE 3.3 

Cu Tailings 
Grade 

324 < 0.0001 0.98 59.2 0.0079 0.2206 NSE -0.014 

Wt. Recovery 13.0 0.0002 0.53 12.0 -0.12 NSE 0.1800 NSE 
NSE = No Significant Effect  
 



 
 

 

 

 
 

Figure 7—Predicted vs. actual plots for four models 
 
  Referring back to Table 3, one can observe some commonality between 
models with respect to significant independent variables. Froth depth, feed total 
copper, feed soluble copper and coarse grind were found to have statistically 
significant effects in all the subject models. 
 
From Table 3, the following trends are observed: 
 
 Froth depth was found to have a significant effect on all four models and behaved in 

manner consistent with flotation operational experience (i.e. deeper froth produced 
lower recoveries and higher grades). For example, increased froth depth had a 
negative effect on copper recovery as indicated by the negative sign on the effect (-
8.64). In the authors’ experience, it is not uncommon for the froth depth variable to 
show strong significance and as such should be given high operational priority (i.e. 



 
 

 

 

increased attention to flotation cell froth depth will translate into improved 
metallurgical performance). 

 
 Coarse grind, % +100 mesh, was found to have a significant positive effect on three 

of the four models, copper recovery, concentrate grade and tailings grade. This 
finding suggests that the plant may be over-grinding and that increased throughput 
producing a coarser grind may improve metallurgical performance. 

 
 It should be noted that the independent variables—air rate, rotor speed, retention 

time, and fine grind—were not found to be significant with respect to the variables 
examined. This does not mean that these variables are absolutely insignificant. 
Rather, it means that in the data set examined, these variables did not have a 
significant effect. 

  
Recovery Optimization  
 

Using the Tailings Grade Model optimized at one inch of froth depth and a coarse 
grind of 25% +100 mesh and assuming 0.011% acid soluble feed copper and 15% copper 
concentrate grade, one can predict copper recovery at varying conditions of total feed copper 
in the existing final tailings. This data is plotted in Figure 8 along with the 95% confidence 
interval associated with model prediction. From Figure 8, it is clear than one can expect 
about 30% recovery at a total copper feed grade of 0.1% declining to 22% recovery at feed 
grades of over 0.5% copper.  
 

At the average feed copper grade observed over the baseline and DOE test 
campaigns, 0.15%, the Tailings Grade Model projects copper recovery at 27% with a 
confidence interval ranging from 20–34% recovery. The 27% prediction of the Tailings 
Grade Model at the indicated conditions is in good agreement with the averages for the 
baseline and DOE test data, 29.3% and 30.3%, respectively, see Table 4. 

 

 
 

Figure 8—Projected XCELL™ copper recoveries at varying total copper feed grades 



 
 

 

 

Table 4—Comparison of test campaign averages with tailings grade model prediction 
 

  

Feed Concentrate Tailings Recovery 

Cu 
Total, 

% 

Cu 
(sol), 

% 

Fe, 
% 

Au, 
oz/tonne 

% 
solids 

+100 
mesh, 

% 

Cu 
Total, 

% 

Au, 
oz/tonne 

Cu 
Total, % 

% Cu 

Baseline 
Campaign 
Averages 

0.15 0.011 7.54 0.007 28.5 23.18 14.9 0.34 0.11 29.3 

DOE 
Campaign 
Averages 

0.16 0.014 7.97 0.007 27.9 22.3 12.15 0.20 0.11 30.3 

Tailings 
Grade 
Model 
Prediction 

0.015 NSE* NSE NSE NSE 25 15 NMP 0.09 27.0 

NSE = No Statistical Effect    
NMP = No Model Prediction 

 
 
Full-scale Flotation Machine Sizing Tailings Treatment 
 

Baseline and DOE test campaigns were conducted, by feeding a small sample of the 
final tailings to the 1.5 m3 (50 ft3) demonstration flotation unit. The DOE testwork indicated 
that over the residence time range of 2.0 to 3.7 minutes significant levels (25–50%) of the 
contained copper can be recovered from the final tailings. As flotation cell sizing is typically 
done on the basis of residence time, full-scale treatment of the final tailings should require 
similar residence times to that of the pilot campaign unit; however, a scale-up factor of 1.5 
was used to introduce some conservatism into the design.  
 

In order to minimize installed capital cost, the largest XCELL™ flotation machine 
available at the time—160 m3 (5,650 ft3)—was selected for the project. Four (4) 160 m3 
XCELL™ flotation machines provided 5.4 minutes of additional residence time, as indicated 
in Table 5. Because it was necessary to pump the tailings to these added four cells, 
minimizing the pumping head was a major consideration in the cell configuration. The 
selected configuration was two rows of two cells per row, which minimized the pumped head 
and provided a good balance between adding additional residence time (14.2 increased to 
19.6 minutes) while minimizing capital investment.  
 
 
 
 
 
 
 
 



 
 

 

 

Table 5—Residence time analysis 
 

Flotation Residence Time Analysis 

Process Conditions Existing Cells New Cells  

Feed 
Tonnage/row, 

mtph 

Slurry, 
% 

Solids 

Ore 
SG 

Vol. 
Feed 
Rate, 

m3/min 

Number of 
Operating 
Cells/row 

Cell 
Size, 
m3 

Number of 
Operating 

Cells 

Cell 
Size, 
m3 

Total 
Row 
Vol., 
m3 

Total 
Flotation 
Vol., m3 

Total 
Flotation 
Residence 
Time, min 

907 25 2.8 50.8 10 85 N/A N/A 850 723 14.2 

907 25 2.8 50.8 10 85 2 160 1,170 995 19.6 

  
 
Projected Impact of Increased Recovery 
 

Based on a final tailings grade of 0.15% copper and 27% recovery of the contained 
copper in this stream, an annual increase of nearly 5.5 million kg of copper was projected by 
the Tailings Grade Model. Further, an additional 7,270 ounces of gold recovery was 
conservatively estimated based on average concentrate grades of 0.2 ounces/tonne of gold in 
the DOE test campaign. 
 

Table 6—Annual increased recovery 
 

Annual Increased Recovery 
mtpd 44,000 
Operating Days/Year 340 
Feed Grade, % Cu 0.15 
Concentrate Grade, % Cu 15 
Assumed Concentrate Grade, Ounces/mt Au 0.2 
Assumed Final Tailings Cu Recovery 27% 
Additional Ounces of Recoverable Au 7,270 
Additional kg of Recoverable Cu 5,498,000 

 
Actual Performance 
 

After installation and commissioning, the XCELL™ plant has been an important 
contributor to the Robinson Mine’s concentrate production. Performance of the XCELL™ 
circuit is largely dependent on ore quality fed to the concentrator. When clean ore is 
processed, the feed to the XCELL™ plant is generally low (<0.12% Cu) and only small 
percentages of copper are recovered. When poor performing ore is processed, the XCELL™ 
plant recovers significant percentages of copper from the final tailings at times exceeding 
40%. Table 7 shows the actual installed performance of the XCELL™ for the calendar years 
2010, 2011, and 2012.  
 



 
 

 

 

It is interesting to note the similarity between the model prediction and the actual 
performance of the XCELL™ plant. The model predicted 27% recovery vs. 27.1% actual. 
The increase in recovery has added to Robinson’s copper production by nearly 17.9 million 
kg in the three years analyzed (average of 5.95 million kg/year). This increase in production 
has made the XCELL™ plant addition at Robinson a very large success. Before and after 
gold recovery data is not available; however, the additional gold recovered is expected to be 
substantial and in line with that predicted by the test work. 

 
Table 7—Actual performance after commissioning 

 
Actual Performance—Before and After Four 160 m3 XCELL™ Flotation Cells 

 
Time Period 

Plant Cu 
Recovery 

Final Tailing 
% Cu 

XCELL™ Cu 
Rec. 

Kg  XCELL™  Cu 

Before 2007, 2008, 2009 68.15% 0.21 -- -- 

After 2010, 2011, 2012 72.43% 0.13 27.09% 17,854,110 

 
 

SUMMARY AND CONCLUSIONS  
 

The 1.5 m3 pilot and 160 m3 XCELL™ flotation machines effectively recovered 
copper and gold from the Robinson final tailings. 

 
Average results from baseline and DOE test campaigns were in good agreement and 

showed that about 30% of the contained copper was recoverable and concentrates of 12–15% 
copper could be produced.  
 

The DOE test campaign produced a highly reliable Copper Tailings Grade Model. 
This model predicted a 27% average copper recovery at the test campaign feed conditions. 
Based on this average recovery, about 5.5 million kg of additional copper production was 
projected to be recoverable from treating the final tailings stream. 
 

After installation and commissioning of the XCELL™ plant, actual operational data 
validated the performance of the predictive model and pilot cell testing. The full-scale 
flotation plant achieved a 27.1% recovery over a three-year period. The added recovery has 
increased copper production by 5.95 million kg annually and gold by a significant but 
undisclosed amount. 
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