


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 8. TRACE ELEMENT ANALYSIS RESULTS IN PERCENT
OF FLOTATION PRODUCTS ON AX9004
(TEST 7 -~ TWO-STAGE GRIND FLOTATION)

Feed Concentrate Cleaner Téiling Rougher Tailing
(~65 mesh) (=270 mesh) (~65 mesh) , (-65 mesh)
Barringer  MRRC* Barringer  MRRC* Barringer  MRRC* Barringer - MRRC*. -
Al 6.37 0.335 5.04 7.96
B 0.0412 0.0874 ©0.0621 0.158
Be 0.00012 nd 0.00009 0.00014
Ca 3.45 0,151 2.75 4.4
Cu = 1.16 1.35 8.2 9.66 0.135 0.19 0.0336 0.080
Fe  23.4 17.69 47.6 47.33 31.5 29.84 12.4 9.79
Mg 2.69 0.162 1.96 3.28
Mn 0.11 0.0068 0.0791 0.138
P nd nd nd 0.026
Ba 0.0278 0.0028 0.027 - 0.115
Se nd - 0.04 nd nd
Te 0.422 0.822 " 0.556 0.272
As nd '0.003 i nd nd
si 0.177 0.0112 0.332 1.32
St 0.0149 0.00078 0.0121 0.0195
Zr 0.0059 0.0012° 0.0062 0.0095
LT 0.645 0.0251 0.468 0.846
v 0.0212 0.00081 0.0151 0.0267
Zn 0.0177 0.0003 0.0141 10.0207
Th nd nd nd - nd
K 0.714 0.013 0.552 0.948
Na 1.16 0.12 0.927 1.56
Cd nd - nd nd nd
Cr 0.0239 nd 0.0362 ' - 0.0312
Co 0.0363 0.048 0.22 0.27 0.009 0.017 0.0038 0;016
Ag nd 0.0017 nd  nd
Mo nd 0.0089 nd nd
Ni 0.422 0.54 2.96 3.40 0.1 0.135 0.0175 0.041
Pb nd nd ‘nd nd

*Conventional AA analyses
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by examining it first under transmitted light for silicate.minerals aﬂd
then under reflected light for opaque minerals. .The results on the sized
fractions are shown in Tables 9(a) and (b).

In these tables it is apparent that over 95 percent of the particles
in each sizebfraction of the R Tail were free, and that most bf the free
6paques were ﬁyrrhotite-pentlandite particles. It is also noted that,-
although reiatively minor in proportion, the particles locked with pyrrhotite
and pentlandite (Po-Pn) were more or less evenly distributed over all the
size ranges, but those locked with chalcopyrite and cubanite (Cp-Cb)
decreased as the particle size became finer. These observations would
indicate that pyrrhotite-pentlandite particles, free or locked with gangue,

are difficult to float, and also that coarse Cp-Cb/gangue particles were

_difficult to float. In thése particles a substantial portion of chalco-

pyrite occurred as fine inclusions in the silicates, mostly félds?ar and
pyroxene. These mineralogical characteristics are in good agreement with -
the chemical assay results of the R Tail which were(high in sulfur and‘
iron, but low in copper and nickel. ‘

The C1 4 Coné, particularly in minus 400 mesh fraction which made up
over 93 percentvby weight ofﬂfhe concentrate, was estimated to consist of
50 percent or mere of Po-Pn particles. Such an observation would account
for the chemical assay results of the Cl 4 Conc which were relatively low
in copper. That the number of.locked particlesAwaé relatively iow and its
proportion decreased in finer size ranges are also in line with the low
gangue content of the present concentrate. From these data it appears that

the separation of the bulk sulfide concentrate into a copper concentrate

and a nickel concentraté by differential flotation would be possible.
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GRAIN DISTRIBUTION DATA ON FLOTATION PRODUCTS
OF TWO-STAGE GRIND FLOTATION (TEST 7) ON AXS(C04
UNDER TRANSMITTED LIGHT '

TABLE 9(a).

Locked Particles

Size, Free Particles

. Olivine :
mesh % Wt Opaques Olivine . Pyroxene Feldspar Biotite Others* ~ /Pyroxene Op/Feld Op/Cthers®
{a) Rougher Tailing
65 0.8 6.1 2.6 34.3 3.9 42.6 10.4 0.0 0.1 0.0
100 .3 8.¢ 13.1 36.2 11.5 9.9 15.8 1.1 1.3 2.1
o 150 34.2 9.9 22.7 26.4 14.8 8.7 14.1 0.4 1.2 1.8
co ) ' :
o 200 21.1 10.7 21.1 20.1 15.8 7.5 20.7 6.2 2.2 1.7
270 3 14.1 20.3 12.6 22.5 12.2 16.8 0.0 1.4 0.1
400 7.4 5.1 30.5 5.6 32.6 8.1 16.2 0.6 1.2 0.1
-400 18.9 - - - - - - - - -
(b} Regr Clganer 4 Concentrate
200 0.3 53.8 9.1 8.3 15.1 3.5 0.4 2.3 4.7 2.8
270 8 56.2° 8.9 8.7 14.6 2.5 - 0.5 2.0 4.2 Z2.4
400 5.6 86.8 3.5 1.1 - 5.0 1.7 0.6 0.0 1.3 6.0
~-400 93.3 99.2 0.1 0.1 0.4 0.0 0.0 0.1 0.0

0.0

*Others: chliorite, amphibole, apatite
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TABLE 9(b). GRAIN DISTRIBUTION DATA ON FLOTATION PRODUCTS
' OF TWO-STAGE GRIND FLOTATION (TEST 7) ON AX9004
UNDER REFLECTED LIGIT

" Free Particles

Locked Particles

Size, Po-Pn/ Cp-Cb/ I11m/Mag Po-Pn/
mesh Po-Pn Cp-Cb Ilin/Mag Gangue Gangue Gangue Cp-Cb
(a) Rougher Tailing
65 70 5° 25 5 25 70 tr
100 80 tr 20 10 10 80 0
150 90 16 15 5 80 0
200 90 10 20 tr 80 0
270 80 tr 20 10 tr 90 0
400 60 0 40 5 90 0
-400 50 50 10 0 90 0
. "(b) Regr Cleaner 4 Concentrate
200 25 70 5 40 60 0 tr
270 25 75 tr 50 50 0 tr
400 40 60 tr 40 60 0 tr
-400 tr 30 70 0. 0

50

50

tr: trace (less than ~5%)

Cp: chalcopyrite
Cb: cubanite

Pn: pentlandite

Po: pyrrhotite

Ilm: ilmenite
" Mag: magnetite



Pulp liquors taken prior to the addition of the flotation reagents
and immediately following thé rougher flotation step were centfifuged‘
to remove suspended solids and then were analyzed for.r¢sidual flotation
reagents and trace elehents. Tﬁen the rdugher tailing pulps were trans-
ferred to 2-liter pyrex beakgrs and”léfﬁ 3tanding in an attempt to simulate,A‘
-tﬁe effect ofltailings'on the quaiityuéf the water in a tailing pond. The
pulp solutions were taken in a similar mannéf after one week aﬁd one month
of standing, but the analyses of these solution samples for trace elements
were withheld since all the other samples showed virtually identical trends.
The tailings'were then filtered, sealéd in plastic bags wet, and delivered
to the Copper-Nickel Study for germination study.

: Tabie'io shows the amounts of,fesiduai flotation reagents in the
liqﬁors.- Tables 11 ané'lé present the trace element‘analyses doﬁe by
Earringer Research Ltd. The pulp pH showed a tendency to decrease from
near 8.3 during flotation to about 7.8 in 2 ﬁqnth.' Bothvthe collector
(KAX) and the frother (MIBC) decdmpdsed appréciably in one week, and these
reagents became virtually absent after oﬁe month. The trace element
analyses of the ?ulp solutions showed very little unusual eléments,appeaf-
ing'in pulp liquors. The COncentratién of copper&iemained in the range
‘of 10 to 20 ppb.b The éoncentrations of nickel ions in the pulp solutions
were essentially below the limit of detection by the anaiytical method used

wkéo ppb). Of note is the zinc-ion concentration which was at a few hundredths
to a few tenths of one ppm.

The size distributions in the 'subsieve' range of the feeds and rougher

tailings were determined by the “wgreasen pipette method and the results

are plotted in Figures 3 and 4 together with the wet screen results of
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TABLE 10. RESIDUAL FLOTATION REAGENTS IN TAILING
PULP SOLUTION OF AX9004

One-stage Grind : Two-stage Grind

" Flotation (Test 6) Flotation (Test 7)
, KAX MIBC KAX MIBC
Sampling Time .  pH ppm ppm PH ppm ppm
Immediately After 8.2 0.46 5.69 8.3 0.35 7.91
After 1 Day ' 8.0 0.27  4.09 8.1 0.28 5.84
After 1 Week 7.9 0.20 0.00 8.0 0.23 0.22

After 1 Month 7.8 0.19 0.00 7.7

0.21 0.00
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TABLE 11.- TRACE ELEMENT ANALYSIS RESULTS IN PPM
ON FEED AND TAILING WATER SAMPLES OF AXS004
(TEST 6 -~ MINUS 200 MESH GRIND)
Tailing Water
Feed 1 day 1 week 1 month
Water - - immed. old old old
Al 0.34 0.77
B nd nd
Ba nd nd
Be nd nd
Ca 15.9 12.7
Cu 0.02 0.017
Fe 0.244 0.645
K 5.7 4.5
Mg 4,38 2.82
Mn . 0.0378 0.0307
Na 27 11
P nd nd
Se nd nd
Te .nd nd
Pb nd nd
Si 1.29 1.90
Sr 0.0331 0.0238
Ti 0.004 0.011
V 0.004 0.005
Zn 0.06 0.05
Th nd nd
Ag ‘nd nd
As nd nd
-Cd nd nd ’
Co nd nd
Cr 0.021 0.017
Mo nd 0.06
Ni nd nd
Zr nd nd
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TABLE 12. TRACE ELEMENT ANALYSIS RESULTS IN PPM
- ON FEED AND TATLING WATER SAMPLES OF AX9004
(TEST 7 - MINUS 65 MESH GRIND)

: : : ‘Tailing Water -
Feed ' ~ 1 day 1 week N 1 month

L ea

Water immed. ) old old R old -

Al 0.31 0.2

B nd nd
" Ba nd nd
Be nd nd
Ca 14.5 13.0

Cu 0.023 0.011
Fe- 0.298 0.073
K 3.8 4.5

Mg 2.56 2.34
Mn 0.0272 - 0.0236
Na 23 13
P nd ' nd
o nd : nd
Te " nd nd
Pb . nd nd.
Si 1.54 1.54
Sr 0.0275 0.0266
Ti 0.005 0.002
A4 0.005 0.004
i nd - 0.15
Th 0.013 nd
Ag nd nd
As nd - ~nd
Cd nd nd .
Co nd . . . nd i ot
Cr 0.013 0.011
Mo 0.06 0.1

Ni 0.12 nd
Zr nd. . . " nd
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Table 6. The size distributions of concentrates in the same range were %
determined by microscreening (Table 13). The data in the ‘subsieve' range
are of particular interest since the air-borne dusts are said to be

typically in the range of 5 ¥m or less. From Figﬁrevs it is estimated - -
that the R Tail samplé_at'a;ZOO*mesh grind would have about 6 percent

by weight of minus 5-umn partitles. At a 65-ﬁesh grind, howevef, minus

5 um particles would be about 3 pefcent.l The above aﬁoﬁnts of potential

dust particles should be viewed with caution since the slope of the size

distribution lines, or the distribution moduli (m), could vary from sample

to sample, and also with the type and size of grinding'mills.

o Modifiéd Flotation Test Results

Inkthe preiiminary series of flotation tests showiﬁg.ihg effect of » i
4mesh-of-grind (Table 4}vit was felt.thaﬁ ﬁhe standard flotation pfocedures
would recover all the recoverable sulfides judging from the copper and
ﬁickel'analyses of rougher tailings. Hence, the stan&afdizéd fiotation
tests were performed and the flotation products were gnalyzed for five:
elements, namely copper, nickel, cobalt, iron‘gnd,sﬁlfur. Their' rougher
iailings in Taﬂle 5, howevei, énalyzed72.40 and 2}87 percent sulfur,

: respectively, for the one-stage grind and'the two-stage grihd flotation
tests. .Since the rougher tailings of a;l the samples tested e%;gpt~for
DP9002 and- AX9004 samples analyzed in the neighborhood of 0.1 percent
sulfur, the above Vaiues of 2.40 and 2.87 percent were thought to be
unexpectedly high. In an attempt to recover the remaining sulfides in
the roughér tailings, the effect of the stage addition of the collector

\

was tested. For this purpose a modified flotation test procedure was

frm

g
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TABLE 13. SUBSIEVE SIZING RESULTS ON
FLOTATION PRODUGTS OF AX9004

Size, ‘Feed - Concentrafef o R Tail
um : % Wt o % we % Wt

(a) Test 6 - One-stage Grind Flotation
(Minus 200 mesh)

+37 : - 33.91 -

+20 84.22 43.28 82.45
+10 6.55 10.64 9.32
+5 ‘ ©3.17 12,17%* 3.70

-5 6.06 - 4.53

(b) Test 7 - Two-stage Grind Flotation .
(Minus 65 mesh in rougher, minus 270 mesh in cleaner)

+37 - 7,99 -

+20 ' 92.06 30.82 92.77 -
410 3.95 41.68 364

45 . 1.6 19.51%+ ‘ 1.50

-5 230 - | 2.09

* Cl 4 Conc and Regr Cl 4 Conc, respectively
**Minus 10 um
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developed for AX9004 sample, as shown in Figures 5 and 6. In these tests
~larger amounts of the collector (KAX) were added in stages to insure full
recoveries of sulfide minerals. The flotation results are given-in

‘Table 14, and those in the scavenger circuits are summarized in Table 15.°

- TABLE 15. SUMMARY OF FLOTATION. RESULTS IN
SCAVENGER CIRCUITS OF TESTS 13 AND 14

Test No. * Product %Wt % Cu %Ni %S

13 - One-stage Grind Sc 2 Tail 38.56 0.0868 0.029 0.14
Flotation Sc 1 Tail 44.14 0,065 0.033 0.31

14 Two-stage Grind Sc 2 Tail 50,14  0.035 0.018 0.24

Flotation Sc 1 Tail 53.07 0.038 . 0.020 0.64

It is readily apparent that the sulfurkcontents in the Sc 2 Tails are
seen to be lowered to 0.14 to 0.24 percent with additional stages of the
collector addition. Tﬂe coppér and nickel,contegts in‘the tailiﬁgs, howévef,
could not be lowered too much beyond those obtained under the standardized
flotation test conditions (Téble 5) indicating that tﬁe copper~ and nickelg
bearing sulfides were fully liberated at the mesh-of-grind used in these
tests, The residual concentrations of the collector (XAX) in pulp solutioms
for the present tests were‘detérmined at seyeralrpoints in'the modified
flowsheet andAthé results are giyen in Table 161 When these results are
compared with the data presented-in Table 10, it is apparent-ihat the
residual xanthate concentration in excess of.a few ppm might be needed
to insure full fecoveries of éll the sulfides. |

In Table 14 the copper contents of concentrates are seen to be lower
than those in Table 5 which would indicate that additional pyrrhotite was

recovered thereby diluting the concentrates. Apparently, the regrinding of
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Nz



. 7
\ 7
-

| T

TABLE 14(a). MODIFIED FLOTATION TEST RESULTS ON AX9004

Product % Wt % Cu - % Ni % Co % Fe % S % Zn

Test No. 13 Grind: -200 mesh \
Flotation Time: Rougher and Scavenger 10 min, Cleaner 5 min

Cl 4 Conc 27.04  4.80 2.18 0.180 56.02 34.80 0.034
Cl 4 Tail 1.01  0.28 0.42 0.050 27.29 13.56 0.035
Cl 3 Tail 2.24 0.20 0.30 0.036 26.58 12.83 0.038
Cl 2 Tail , 6.58.  0.11 0.18 0.024 21.54 9.20 0.031
Cl 1 Tail 18.99  0.055 0.09 0.020 12.85 3.44 0.034
Sc 2 Conc 5.58 0.051 0.057 0.015 9.72 1.50 0.054
Sc 2 Tail - 38.56 0.068 0.029 0.012 7.23 0.136 0.012

Test No. 14 Grind: Rougher - 65 mesh
. Regr Cleaner -270 mesh »
Flotation Time: Rougher and Scavenger 10 min, Cleaner 5 min

"Regr C1 4 Conc 15.58 8.02 3.30 0.26 50.81 35.64 0.043
Regr C1 4 Tail 0.46 0.62 1.23 0.111 45.29  25.86 0.033
Regr Cl1 3 Tail 0.68 0.40 0.95 6.090 41.20 -23.10 0.030
Regr C1 2 Tail 3.02 0.17 - 0.31 0.040 41.12  23.15 0.024
Regr C1 1 Tail 16.00 0.075 0.13 0.020 37.59 20.14 0.025
Cl Tail 11.19 0.10 0.069 0.017 16.06 5.86 0.037
Sc 2 Conc 2.93 0.089 0.049 0.013 11.08 7.46 0.030
Sc 2 Tail ’ 50.14 0.035 0.018 - 0.014 6.75 0.24 0.039
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TABLE 14(b). CALCULATED GRADE AND RECOVERY IN EACH STAGE OF MODIEFIED FLOTATION.TESTS‘ON AX9004

Flotation B Concentrate, Cumulative . —_ - Tailing, Cunulative
Stage 3 Wt % Cu $HM $¥To % Fe %S  Cu Rec Ni Rec Co Rec Fa Rec S Rec % Wt $ Cu % Ni % Co $Fe %S
© Test No.13  One-stage Grind Flotation

Cleaner 4 27.04 4,80 2.18 0.180 56.02 34.80 91.58 77.78 65.25 83.80 72.96 0.074 0.074 ©.,019 11.06 2.49
Cleaner 3 28.05 4.64 2.12 0.1768 55,01 34.04 92.23 79.37 66.46 85.02 71.95 9.071 0.06% 0.018° 10.82 2.323
Cleaner 2 30.29 4.31 1.%8 0.169 52.92 32,47 $3.27 80.%6 69.04 87.58 69.71 0.067 0.062 ©£.017 10.31 2,00
Cleaner 1 - 36.87 3.56 1.66 0.144 47.33 28.31 95.10 B84.14 75.16 92,97 63.13 0.063 0.050 0.016 9,14 1,25
Rougher *+ Scav % 55.86 2.37 1.13  0.102 35.61 19.86 97.76 90.48 85,67 98,79 44.i4 0.06&6 0,033 0,01 - 7.54 0,31
Test No.l' wo-stage Grind Flotation

Regr Clezner 4 .v 15.58 8.02 3.30 0.260 50.81 35.84 89.47 73.24 37.41 S1.66 '84.42  0.064 5.072 0.018 15.59 6.1
Regr Cleaner .5 16.04 7.81  3.24 0.256° 50.69 35.36 $0.46 74.14 38.40 52.77 83,96 0.061 0.085 0.017 15.53 &.04
Regr Cleansr 27¥-716.72 7.51  3.i5 0.249 50.30 34.86 91,59 75.22 39.72 54.23 g3.28 0.0658 0.058 0.016 15.32 5.90
Regr Cleaner 1 19.74 6.38 2.71 0.217 48,59 33.07 §3.23 77.39 45.58 60.74 80.26 0.054 0.049 Q.01 14.35 §5.25
Cleansr . 35.74 3.56 1.6 0.129 43,82 27.28° ©96.85 83.18  73.97 S0.73 ~ 64.26 0.049+ 0.028 0,015 3,58 1.55
Rougher + Scay } 46.93 2.74  1.206 0.102 37.20 22.17 98.19 . 86.52 82.47 956.8B4 53 07 0.038 0,120 0.014 |6.%¢ ©

.64
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| TABLE 16. RESIDUAL XANTHATE CONCENTRATIONS IN PULP SOLUTIONS

OF TESTS 13 AND 14 FOR AX9004

KAX, ppm _
One-stage Grind Two-stage Grind
‘ Flotation Flotation
Solution Sample (Test 13) (Test 14)
Before Rougher 8.65 |  5.56

- After Rougher

After Scavenger 1

After Scavenger 2

0.52 1.76

[
.

[ ]
P
L8]

.34

2.08 ' 3.58
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1200-gram Sample

W
Rod Mill
(-200 mesh grind)

0.2 1b/ton KAX :
0.05 1b/ton MIBC ¥
: Rougher

R Conc. R Tail

1

Scavenger 1

Sc 1 Conc Sc 1 Tail
| l 0.05 1b/ton KAX

0.05 1b/ton MIBC

0.1 1b/ton KAX
0.05 1b/ton MIBCV

Cleaner 1 Scavenger 2

Clrl Cl1 S¢ 2 Conc Sc 2 Tail
Conc  Tail B

¥
Cleaner 2

Cl 2. Conc . Cl 2 Tail
____Cleaner 3 ‘ : ,

Cl 3 Conc Cl 3 Tail

Cleaner 4

;g e -

Cl 4 Conc Cl 4 Tail

" FIGURE 5. MODIFIED FLOTATION FLOWSHEET OF TEST 13 FOR AX9004

-
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the concentrate made pyfrhotiﬁe particles less floatable and the grade of
the finai concentrate was higher in ﬁopper and nickel than'iﬁ tﬁe one-stage
grind flotation. - The results of the modified flotation procedures clearly
indicated that the reéovery of sulfide minerals, pa?ticularly pyrrhotite,
cpuld‘be maximized through‘the_stage addition of the colleétor, but the
conéegtrate grade bécamé less thaﬁ 5 percent copper. It then éppears that
diffeféntial flotafion must be.considered,if the concentrate grade is to
bevmaintaineq above 10 peréent copper. The dispoéal of the pyrrhotité

rejected in the differential flotation step would then have to be considered.
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3.9 FLOTATION TESTS QN AX9005 SAMPLE -

Sample Description

An AMAX mineralized rock sample, labeled AX9005, wéighing approiimately ‘
321 kilograms, was received on November 22, 1977 from Mr. Robert J. Stevenson
of the Department of Geology and Geophysics. The sample was a composite of
lumps hand-picked from a 260-ton pile of MRRC Samp}e No. 2, which was reported
to have been taken from Rounds 180 to 250 (546 to 738 feet) in the 'A' drift.
The whole sample was stage-crushed to minus 3 mesh and mixed by
passing through a Jones splitter six times. Two S-pound samples were
removed at this size for archiving and for leaching studies by the
Environmental Engineering Group of the Department of Civil and Mineral
Engineering. The minus BQmesh'material‘was’further’crushedvto minus 10
mesh, mixed, and_gplit inté 1200-gram lots. The head analysis of this |

sample is given in Table 1.

TARLE 1. HEAD ANALYSIS OF AX9005 SAMPLE

Constituent : Percent
Copper (Cu) . 0,72
Nickel (Ni) : ' 0.175
Cobalt (Co) ‘ 0.028
Iron (Fe) ) 12.88
Sulfur (8) o 1.52
Titanium dioxide (TiOy) , , 2.06

Graphite carbon (C) : 0.10

Grinding Characteristics

The grinding characteristics of the crude sample were investigated by

grinding 1200-gram batches of minus 10-mesh feed in a stainless steel
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laboratory rdd mill at SOApercent solids for varioﬁs periodsofrtime. The
size distributions of.;he minuéAlo mesh_feed,and of batches ground for 15,
20, 30, and 60 minutes are given in Table 2 and are plotted in Figure 1.
Tﬁe size distribution daté of the ground batches are seen to follow straight
lingslwﬁich are parallel to each other. The distribution modulug, m, in
the  Schuhmann equation, coréesponding to the slope,of theée 1iﬁés, is
célcﬁlated to be 0.97. The size moduli, k, obtained by extrapolatingA
these lines to 100 percent, are plotted against fhe corresponding time
of grind in Figure 2. .

In Table 3 the nominal mesh-of-grind, the grinding time, the size

modulus, and the 80 percent passing size are summarized.

TABLE 3. BATCH GRINDING CHARACTERISTICS OF AX9005
IN-A LABORATORY STAINLESS STEEL ROD MILL
(SAMFLE nElGHT: 1200 GRAMS Al 5U% SUL1DS)

Nominal ' ' ~ ' Size © - B0%
Mesh ) Grind Time Modulus passing
of-grind . Minutes - k,um um
-10 mesh ’ -0 - . 930
-48 mesh ' : 15 230 185
-65 mesh a ’ - 20 C o182 147
~100 mesh - - 30 135 108

=200 mesh - 60 ' .74 60

I B ; Preliminéry Flotation Tests

The effect of the mesh-of-grind on flotation results was investigated
by grinding the minus 10-mesh sample to a nominal minus 48 mesh, minus 65
mesh, minus 100 mesh, and minus 200 mesh and by performing'a standardized

flotation test on each sample. Ground pulps were first conditioned in a

2-liter Denver flotation cell with 0.05 pound of KAX per ton for 2 minutes
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TABLE 2. SCREEN ANALYSIS OF AXS005 AS A FUNCTION OF GRINDING TIME

-10 mesh . 15 Min . 20 Min 30 Min 60 Min
Size, % Wt % Wt , % Wt % Wt % Wt
mesh % Wt Cum % Wt . Cum % Wt‘ . Cum % Wt Cum % Wt ~ Cum
+10 0.69 100.00 - - ; - i} 3 3 )
+14 10.99 99.31 = - - - ; N _ i )
+20 5.77 88.32 - : - - - - - _ _
+28 22.32 78.55 » - - - - - - - -
+35 12.07 56.23 - - - - - - - -
+48 9.53 44.16 1.08  100.00 - - - - - -
+65 6.57 34.63 8.32 98.92 2.40  100.00 - - - -
+100 6.40 28.06 22.71 90.60 15.47 97.60 1.87 100.00 - -
+150 4.93 21.66 . 17.49 67.89 23.28  82.13 18.08 98.13 0.34 - 100.00
+200 5.73 ' 16.73 19.07 50.40 16.50 58.85 26.44 80.05 6.37 99.66
+270 2.90 11.00  6.96 31.33 11.70 42.35 13.28  53.61 17.83 93.29
+325 1.07 8.10 3.77 24.37 6.15 30.65 5.70 40.33 12.04 75.46
+400 1.10 7.03 3.24 20.60 3.67 24.50 6.18 34.63 15.71 63.42
+500 1.53 5.93 5.18 17.36 4.83  20.83 7.31 28.45 11.73 47.71
~500 4.40 4.40 12.18 12.18 16.00  16.00 21.14 21.14 35.98  35.98
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ahd then with 0,05 pound of MIBC per ton for one minute. The rougher
flotation time was fixed at 5 minutes, and the rougher frotﬁ thué collected
was cleaned succeésively four times. The cleaner flotation time was fiied
also at 3 minutes. The results of these flotation tests are given in
Table 4. | t

It is apparent in Table 4 that both the losses of éopper and-of nickel

to the R Tails tended to reach plateaus at about 3 to 5 percent and 23

~ percent, respecti?ely, for minus 65, 100- and 200-mesh grind samples. The

loss of copper to R Tails increased noticeably at 48 mesh. It is also
noted that the concentrates after three to four cleaner stages analyzed
in excess of 14 percent copper and 2.6 percent nickel. In the two-stage

grind flotation test a concentrate grade in excess of the above values -

.could be achieved after two cleaner stages after regrinding.

Standardized Flotation Test Results

The results of flotation tests made according to the two standardizeq@.
procedures, namely one-stage grind flotation {minus 200 mésh) and two—stagé

grind flotation (minus 65 mesh in‘rougher, minus 270 mesh in regrcund

. cleaner), are given in Table 5, and the size distributions of their flotation

feed and products in Table 6. The recoveries of copper, nickel, and sulfqr
in the rougher floﬁation were 95.76%, 75.46%, and 89.89%, respectively, at
200 mesh (one-stage grind flotation), and were 89.40%, 72.85%, and 85.11%,
respectively, at 65 mesh (two-stage grind flotation). The flotation concen-
trate could be upgraded to 14.53 percent copper and 2.38 percent nickel in

the one-stage grind flotation after three cleanings, whereas in the two-stage

grind flotation the concentrate was upgraded to 16.21 percent copper and 2.96
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TABLE 4. EFFECT OF MESH-QF-GRIND ON AX900S5
Reagents: Rougher - KAX 0.05 1b/ton, MIBC 0.05 1b/ton
Cieaner - MIBC 0.06 1b/ton
Flotation Time: Rougher 10 min, Cleaner 5 min

Test Mesh-of- Cumulative
No. Grind Product % Wt % Cu % Ni Cu Rec Ni Rec % Wt % Cu % Ni Cu Rec Ni Rec
1 48 Cl 4 Conc 3.98 13.46 2.45 78.51 57.19 3.98 13.46 . 2.45 78.51 57.19
Cl 4 Tail 0.46 1.40 0.80 0.94 2.17 4.44 12.21 2.28 79.45 59.36
Ci 3 Tail 1.26 1.08 0.52 1.99 3.87 5.70 9.75 1.89 8i.4 3.23
Cl 2 Tajl 1.69 0.62 0.25 1.54 2.406 7.39 7.66 i.52 82.58 65.69
Cl 1 Tail 4.73 0.13 0.103 0.61 2.87 12.12 4.72 0.97 83.89 68.56
R Tail 87.88 0.125 0.061 16.11 31.44 - 100.00 0.68 0.17 100.00 100.00
2 65 C! 4 Conc 4.61 14.00 2.60 88.44 63.00 4.61 14.00 2.00 88.44 63.00
Cl 4 Tail 0.55 1.59 1.05 1.21 3.05 5.16 12.68 2.43 89.65 66.05
Cl 3 Tail 1.01 1.04 0.58 1.44 3.10 6.17 10.77 2.13 91.09 628,15
Cl 2 Tail 1.68 0.60 0.29 1.38 2.58 7.85 3.60 1.74 92.47 71.73
Cl 1 Tail 6.60 0.118 0.102 1.07 3.52 14.45 4.72 0.99 3.54 '75.25
R Tail 85.55 0.055 0.055 6.46 24.75 100.00 0.73 0.19 100.00 160.00
3 100 Cl1 4 Conc 4.77 14.00 2.72 90.10 65.90 4.77 14.00 2.72 90.1 65.90
Cl 4 Tail 0.46 1.28 1.10 0.80 2.59 5.23 12.88 2.58 90.90 68.49
Cl 3 Tail 0.74 0.89 0.54 0.89 2.03 5.97 11.40  2.32 91.79 70.52
Cl 2 Tail 1.86 0.50 0.25 1.26 2.39 7.83 8.81 1.83 93.05. 72.91
Cl 1 Tail - 8.26 0.118 0.086 1.28 3.61 16.09 4.35 0.94 94.33 76.52
R Tail 83.91 0.050 0.055 5.67 23.48 100.00 6.74 0.20 1006.00 100.00
4 200 Cl 4 Conc | 3.93 17.66 3.00 93.22 59.78 3.93 17.66 3.00 93.22 59.78
Cl 4 Tail 0.59 .92 1.38 0.73 4.11 4.52 15.47 2.79 93,95 63.89
€l 3 Taiil 1.34 0.61 0.77 1.10 5.22 5.86 . 12.08 2.33 95.05 69.11
Cl Z Tail 3.43 0.13 0.16 0.60 2.79 9.29 7.67 1.53 95.65 71.90
Cl 1 Tail 13.80 0.067 0.078 1.25 5.48 23.09 3.12 0.66 96.9¢C 77.38
R Tail 76.91 0.030 0.058 3.10- 22.62 100.00 0.75 0.290 100.00 100.00
S5 Rghr 65 Regr Cl1 4 C -3.29 18.08 3.38 86.81 59.88 3.29 18.08 3.38 86.81 59.88
Regr 270 Regr C1 4 T 0.20 1.55 1.67 0.49 1.93 3.49 15.78 3.03 87.30 - 61,81
Regr C1 3 T 0.35 1.12 1.00 0.62 2.05 3.84 14.44 2.84 87.92 53.86
Regr C1 2 T 06.77 0.59 0.30 0.71 1.35 4.61 ° 12.13 2.42 88.63 65.21
Regr C1 1 T 3.63 0.28 0.125 1.62 2.63 8.24  6.91 1.41 90.25 67.84
C1 Tail 5.86 0.17  0.089 1.59 3.04 14.10 4.11 . 0.86 91.84 70.88
R Tail 85.90 0.060 0.G58 8.16 29.12 100.00 6.63 0.17 100.00 100.00




TABLE 5(a). STANDARDIZED

FLOTATION TEST RESULTS ON AXS005

% Graphite

. Product % Wt % Cu % Ni % Co % Fe % S o
Test No. 6 Grind: -200 mesh
Reagents: KAX 0.05 1b/ton, MIBC 0.05 1b/ton
Flotation Time: Rougher 10 min, Cleaner 5 min
Pulp Temperature: 23°C
Rougher pH: 9.1
Cl 4 Conc 3.39 17.60. 2.52 0.161 34.42 28.86 . 0.62
Cl 4 Tail 0.78 1.19 1.79 0.122 19.41 8.38 -
Cl 3 Tail 1.30 0.50 0.58 0.049 15,02 3.83 -
Cl 2 Tail 3.89 0.18 0.155 0.024 14.75 2.07 -
-Cl 1-Tail 15.08 0.086 0.069 0.016 12,25 0.71 -
R Tail 75.56 0.037 0.053 0.015 12.50 0.19 -
Flotation Feed 100.00 0.73 0.183 0.025  14.05 1.64 0.15
.Test No., 7 Grind: Rougher -65 mesh
' Regr Cleaner -270 mesh
Reagents: KAX 0.05 1b/ton, MIBC 0.05 1b/ton
Flotation Time: Rougher 10 min, Cleaner 5 min
Pulp Temperature: 25°C
Rougher pH: 8.8 '
Regr C1 4 C 2.99 19.99 3.36 0.174 25.88 29.30 0.70
Regr C1 4 T 0.11 2.58 3.46 0.196 36.20 12.84 -
Regr C1 3 T 0.15 1.44 1.72 0.100 19.60 8.01 -
Regr C1 2 T 0.49 0.72 0.75 0.048 - 16.05 5.59 -
" Regr C1 1T 3.96 0.70 0.27 0.022 15.58 5.78 -
Cl Tail 6.25 0.19 0.090 0.015 11.56 1.13 -
R Tail 86.05 - 0.089 0.050 0.014 11.48 0.25 -
Flotation Feed 100.00 0.70 0.166 0.019 14.10 0.104 0.104
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TABLE 5(b). CALCULATED GRADE AND RECOVERY IN EACH STAGE OF FLOTATION TESTS ON AX9005

Flotution - Concentraie, Cumulative Tailing, Cumulantive N
Stage % Wt 3 Cu $NI % Co % Fe $S Cu Rec Ni Rec Co Rec Fe Rec S5 Rec % Wt % Cu % Ni % Co 5 Fe %8
Test No. 6 One-stage Grind Flotation
tCleaner 4 3.39 17.60 2,52 0.161 34.42 28.86 90.34 52.26 25.35 8.74 68.63 96.61 0.066 0.081 0.017 12.65 0.46
Cleaner 3 - 4,17 14,53 2.38 0.156 31.66 25.01 91,75 60.83 29.96 9.86 73.19 95.83 0.057 0,067 0.0i6 12.60 0.40
Cleaner 2 5.47 11.96 1.95 0.130 27.79° 19.98 92.73 65.42 32.73 11.35 76.70 -%4.53 0.051 0.060 0.015 12.56 0.35
Creaner 1 ' 9.36 6.62 1.21 0.086 22.33 12.54 93.79 .69.09 36.88 15.61 82.38 90.64 0.045 0.056 ©0.015 12.47 (.28
uougﬁer 24.44 2.59 0.51 0.043 16.12 5.24 95.76 75.46 47.94 29.43 89.89 75.56 0.037 0.053 0.015 12.5¢ 0.19
. Test No. 7 Two-stage Grind Flotation
fteygr Cleaner 4 2.99 19.99 - 3.3 0.174 25.58 29.30 82,74 57.69 26,38 6.34 60.66 97.01 0,129 0.076 0.815 11.72 6.59
tegr Cleuner 3 3,10 19.37 3.37 0.174 26,13 28,71 83,13 59.87 27.40 6.67 61,63 96.50 0.126 0.072 ©6.015 11.83 0.57
ftegr Cleaner 2 3.25 18.55 - 3,29 0.172 25.85 27,75 83.44 61.36 28.42 6.92 62.46 96.75 0.i24 0.070 0,015 11.68 0.56
ftegr Cleaner 1 3.74 16.21 2.96 0.155 -24.60 24.84 B83.92 63.5¢ 29.44 7.58 64.33  96.26 0.121 0.060 0.014 11.656 0.54
Cleaner 7.70 8.23 '1.58 ©.087 20.00 15.04 87.75 69.64 - 34,01 12.69 806.19 92.30 0.096 0.057 0.014 11.48 0.31
Rougher 13.95 4.63 0.910 0.055 16.20 8.81. 89.40 72.85 38.58 18.62 B85.11 86.05 ©0.08% 0.055 0.014 11.48 0.25



TABLE 6. WET SCREEN ANALYSIS RESULTS ON
FLOTATION PRODUCTS OF AX900S5

Size, Feed Concentrate* R Tail
mesh S % Wt : % Wt

(a) Test 6 - One-stage Grind Flotation
(Minus 200 mesh)

+150 2.6 - 2.9
+200 13.0 - 4.4 17.4
+270 27.3 . 11.4 27.0
+400 13.8 .20.2 14.3
-400 43.3 -64.0 38.4

(b) Test 7 - Two-stage Grind Flotation )
‘ (Minus 65 mesh in rougher, minus 270 mesh in cleaner)

+48 0.5 - 0.2
+65 7.0 - ' 5.4
“+100 22.1 - , 20.9
+150 19.0 - 22.6
4200 17.8 - 19.6
+270 7.0 4.7 10.0
+400 6.1 7.0 5.6
-400 20.3 88.3 15.7

*Cl 4 Conc and Regr Cl 4 Conc, respectively
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pércent nickel after one cleaning following regrindihé, The sum of the
copper, nickel, cobalt, iron, and sulfuf coritents may bé'aséumed to
represent much of the sulfide minerals in the flotation concentrates
and hence the balapce would be the siliceous gangue and oxides. The
third cleaner concentrate (Cl1 3 Conc) in the one-stage grind flotation
would theﬁ have 26.3 percent -gangue and the reground first cleaner
concentrate (Regr Cl 1 Conc) in the two-stage grind flotation would
have 31.2 percent gangue.

A Davis magnetic tube test was performed on a Cl 4 Conc'sample to
explore the feasibility of a copper-nickel separation, but the magnetic
concentrate aﬁounted to only 0.69 percent by weight. Hence, chemical
analyses on the magnetic separation products were not made. Evidently,
“the pyrrhotite in the presént sample is the nonmagﬁetic variety.

To investigate the liberation characteristics of sulfide minerals,
the fourth cléaner concentrate (Cl 4 Conc) and roughér tailing (R Tail)
samples were screened into size fractions and the mineralogical composition
of each fraction was‘de£ermined by examining it first under transmitted
ligﬁt for silicate minerals and then uﬁder"reflepted light for opaque
minerals. The results on the sized fractions'froﬁ fhe one-stage gfina
flotation arevshown in Table 7(a) and (b). In the R Tail the number of
opaque minerals locked with silicates was.small, but free opaque particles
were observed tc contain up to iO percent pyrrhotite; Insuffiéient recovery
of free pyrrhotite particles rather than locked sulfides would then account
for the relatively high sulfur content (0.19%) in R Tail. In Cl 4 Conc
the number of opaque minerals locked with silicétes was rathér high,

particularly in the plus 270-mesh fractions, and these locked particles
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TABLE 7(a). GRAIN DISTRIBUTION DATA ON FLOTATION PRODUCTS
OF ONE-STAGE GRIND FLOTATION (TEST 6) ON AX9005
UNDER TRANSMITTED LIGHT

Locked Particles

Size, Free Particles /Olivine :
mesh % Wt ~ Opaques Olivine Pyroxene Feldspar Biotite Others* P Pyroxene Op/Feld Op/Others*
(a) R Tail
159 2.9 3.2 7 - 7.4 25.5 35.4 19.2 6.6 0.5 1.2 1.0
200 17.4 3.3 12.3 25.0 47.9 6.9 2.7 0.4 1.0 0.4
290 27.0 7.3 16.0 17.0 48.7 2.6 6.2 0.0 1.2 1.0
400 14.3 10.4 26.1 .7 50.2 6.9 - 2.0 0.4 0.9 0.4
-400 38.4 11.7 21.3 4.7 52.4 2.3 5.2 0.2 1.4 0.8
(b) C1 4 Conc _
200 4.4 48.9 0.9 2.8 21.8 1.3 1.8 2.6 17.3 2.6
270 11.4 59.1 1.0 2.0 16.2 C.2 1.4 1.9 17.9 0.3
400 20.2 71.6 0.5 2.0 12.4 c.7 0.0 2.9 7.9 2.0
-400 64.0 85.4 0.9 0.5 9.0 1.5 0.5 1.0 .2 .0

*Others: chlorite, amphibole, apatite



o1¢

TABLE 7(b). GRAIN DISTRIBUTION DATA ON FLOTATION PRODUCTS
OF ONE-STAGE GRIND FLOTATION (TEST 6) ON AX9005
UNDER REFLECTED LIGHT ,

Locked Particles

Size, Free Particles Po-Pn/ Cp-Cb/ Ilmenite/ Magnetite/ Po-Pn/

mesh Po-Pn Cp-Cb I11m/Mag Gangue - Gangue Gangue -  Gangue Cp-Cb
 (a) R Tail .
tr tr 100 S 10 10 10 70
10 tr 9% ¢ .. 5 tr 5 90 -
15 tr 85 s tr - 5 90 ' tr
: 10 tr 90 ot tr tr 100 - tr
-£00 10 tr 90 G otr "tr tr 1100 tr

. h) C1 4 Conc

200* 50 45 5 10 85 0o tr 5
270* . 65 35 tr 20 70 0 tr 10
400* 50 . 45 tr 5 90 tr tr 5
-400* 35 65 tr ‘ tr 100 0 0 tr
tr: trace (less than ~5%) Cp: chalcopyrite Pn: pentlandite Ilm: ilmenite
* trace bornite Cb: cubanite Po: pyrrhotite Mag: magnetite



were mainly Cp-Cb/gangue. It is also noted that Po-Pn particles and
~ Cp-Ch particles, Wﬁether free or locked; were wéll-libefated from‘each
other over all the size ranges and particularly in the minus 400-mesh
fraCtion,‘indicating the feasibility of: copper-nickel séparation'by
differential flotation. L

To explofe the possibility of finéihg unusual trace elements in
the tailings and of concentrating certain tface elements in the concen-
trates, the Feed, Cl 4 Conc, Cl Tail, and R Tail samples in both the one-
stage grind flotation test and in the two-stage grind flotation test were
set aside, but only the Feed samples were analyzed by Barringer Research’
Ltd. The results are given in Tables 8 and 9. In these tables it is
seen that the types and concentrations of trace elements in the present
sample were within the same ranges as the other Duluth gabbro samples.
: The' copper, nickel, iron and cobalt analyses by Barringer and by the
MRRC are seen to be in reasonably good agreement. The silicon analyses

in Tables 8 and 9 appear to be unreasonably low since the feed and tailing

samples were essentially silicates.
Pulp liquors taken prior to the addition of the flotation reagents

ana immediately following the rougher flotation step were centrifuged to

. remove suspended solids and then were analyzed for residual flotation
reagenits and trace elements. Then the rougher tailing pulps were trans-
ferred to 2-liter pyrex beakers and left étanding in an attempt to simulate
the effect of tailings on the quality of the water in a tailing pond. The
pulp solutions were taken in a similar manner after one week and one month
of standing, but the analyses of these solption samples for trace elements

were withheld since all the other sampleswéhowed virtually identical trends.
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TABLE 8. TRACE ELEMENT ANALYSIS RESULTS IN PERCENT -

OF FLOTATION PRODUCTS ON AX9005
(TEST 6 - ONE-STAGE GRIND FLOTATION)

Feed
(-200 mesh)

Concentrate Cleaner Tailing Roughef Tailing
(-200 mesh) {-200 mesh) - (-200 mesh)

Barringer  MRRC*

Barringer  MRRC* Barringer  MRRC* Barringer  MRRC*

Pb -
Hg**

.38

‘nd

0.00011
5.19

13

(%2}

.778 0.73
.3 14.05

0.141

[ V)

N O O O © = O O

Qo Qo O O O

nd

.0611

‘nd
.56
.028
.0148
.26
.0208
.0131
.00068
.651
.27

nd

.0312

.0187 0.025
.00044
.0008

.158 0.183

nd

* Conventional AA analyses

**0.0000001% = 1 ppb



TABLE

9, TRACE ELEMENT ANALYSIS RESULTS IN PERCENT
OF FLOTATION PRODUCTS ON AX9005
(TEST 7 - TWO-STAGE GRIND FLOTATION)

Feedv
(-65 mesh)

Concentrate
(-270 mesh)

Cleaner,Tailing> Rougher Tailing
(~65 mesh) ‘ (-65 mesh)

Barringer = MRRC*

-Batringer: MRRC*

Barringer  MRRC* .Barringer  MRRC*

Al 8.56
B nd
Be  0.0011
ca  .5.27
Cu 0.738 0.70
Fe 12.8 14.10
‘Mg 5.03
Mn 0.139
P nd
'Ba 0.0761
Se
T
nd
Si 2.69
Sr 0.0292
ir 0.0145
Ti 1.22
v 0.0207
In 0.0119
Th 10.00066
K 0.697 '
Na 2.3
Cd nd
Cr 0.0154
Co 0.0147 0.019
Ag 0.00038
Mo nd
Ni 0.142 0.166
- _Pb nd
f‘g**

* Conventional AA analyses

**0.0000001% = 1 ppb
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The tailings were then filtered, sealed in plastic bags wet, and delivered
to the Copper-Nickel Study for germination study.

Table 10 shows the amounts of residual flotafion reagents in the liquors.
Tables 1l'and 12 present the trace element analyses done by Barringer Research
Ltd. The pulp pH showed a tendency to decrease somewhat from‘near 8.5
immediately after flotation to about 8 in a month. Both the collector (KAX)
and the frother (MIBC) decomposed almost completeiy in one week. The trace
elemeht analyseé of the pulp solutions showed very little unusual elements
appearing’in4pulp liquors. Of note in Table 11 is the unusually high concen-
traticn of copper iom in the tail water after‘one day (0.225 ﬁpm). Perhaps
fhis analytical result was in error, particularly because of many other
daté on the other samples. Further analyses of the one-week old and one-
month old éolutidns are needed to check this point. The concentration of
nickel remained Selow fhe limit of detection (90'pp5).‘ The zinc-ion concen-
tration amounted to a few tenths to a few ppm. Perhaps the zinc ions might
have been released by the exchange reaction with copper and.nickel ions,

The size distributions in the 'subsieve' range of the feeds and rougher

tailings were determined by the Andreasen pipette method and the results are
plotted in Figures 3 and 4 together with the wet screen results cf Table 6.

The size distributions of concentrates in the same range were determined by
microscreening (Table 13). The data inrthe 'subsieve' raﬁge_are of pgrticular
interest since the air-borne dusts are said to bertypically in the range of

5 um or lesS. From Figure 3 it is estimated that the R Tail sample at a
200-mesh grind would have about 4.5 percent by weight of minus S5-um particles,

At a 65-mesh grind, however, minus~S um:particles would be about 1.5 percent.

The above amounts of potential dust particles shculd be viewed with caution

314



TABLE 10. RESIDUAL FLOTATION REAGENTS IN TAILING -
PULP SOLUTION OF AXS005

One-stage Grind =~ . Two-stage Grind-

Flotation (Test 6) ©  Flotation (Test 7)
) KAX MIBC " KAX MIBC
Sampling Time pH ° ppm ppm pH Ppm ppm
Immediately After 8.5 - 0.84 3.29 8.5 1.16 2.30
After 1 Day 8.3 0.42 1.41 8.0 0.67 2.15
After 1 Week 7.9 0.21 0.0 7.9 0.23 0.0
After 1 Month _ 7.8 0.16 0.0 8.0 0.17 0.0
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TABLE 11.- TRACE ELEMENT ANALYSIS RESULTS IN PPM ON FEED

AND TAILING W/XTER SAMPLES OF AX9005
(TEST 6 - MINUS 200 MESH GRIND)

Tailing Water

Feed

Distilled 1 day 1 week 1 month
Water Water immed. old old old

Al 0.41 0.46 0.11
B nd nd nd
Ba nd nd nd
Be . nd nd nd
Ca 15.6 - 10.3 3.52
Cu 0.017 0.017 0.225
Fe 0.263 0.342 0.157
K nd nd nd
Mg 6.99 4.51 0.17
Mn nd nd 0.08
Na 29 9 nd

P nd nd nd
Se nd nd nd
Te nd nd nd
Pb nd nd nd
Si’ 2.07 1.93 0.029
Sr 0.045 0.025 0.001
Ti nd nd - nd
v nd nd nd
Zn nd . 0.36 1.16 .
Th nd nd .nd
Ag nd nd nd
As nd nd nd
Cd nd .nd nd
Co nd nd nd
Cr nd nd nd
Mo nd nd nd
Ni nd nd nd
ir nd nd nd
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TABLE 12, TRACE ELEMENT ANALYSIS RESULTS IN PPM ON FEED

AND TAILING WATER SAMPLES OF AX9005
(TEST 7 - MINUS 65 MESH GRIND)

Tailing Water

Distilled Feed 1 day 1 week 1 month
Water Water immed. old old old

Al 0.37 0.46
B nd nd
Ba - nd nd
Be nd nd
Ca 9.61 9.77
Cu 0.007 nd
Fe 0.081 ' 0.385
K nd nd
Mg 3.30 : 4,03

nd nd

23 8

P nd - nd
Se nd nd
Te nd nd
Pb nd : : nd
Si. 1.68 1.88
Sr 0.030 0.028
Ti nd 0.003
V' nd ‘ nd
Zn 0.19 0.12
Th nd nd '
Ag nd nd '
As nd nd
Cd nd nd
Co nd . - nd
Cr nd nd
Mo nd nd
Ni nd .nd
Zr nd . nd
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TABLE 13. SUBSIEVE SIZING RESULTS ON
FLOTATION PRODUCTS OF AX9005

Size, Feed Concentrate* R Tail

¥m % Wt % Wt % Wt

(a) Test 6 - One-stage Grind Flotation
(Minus 200 mesh)

+37 - 38.76 -

+20 86.53 23.62 90.26
+10 © 6.43 14.83 5.59
+5 2.98 22.79%% 2.29
-5 ' 4,06 - C o 1.86

(®) Test'7 — Two-stage Grind Flotation

(Minus 65 mesh in rougher, minus 270 mesh in cleaner)

+37 - 8.64 -

+20 90.27 2012 - 94.28
+10 4.59 12.98 2.42
+5 2.88 58.26%% 1.71

-5 2.26 - 1.59

* C1 4 Conc and Regr Cl 4 Conc, respectively
**Minus 10 um
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since the slope of the size distribution lines, or the distribution moduli

(m), could vary from sample to sample, and also with the type and size of

grinding mills.
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3.10 FLOTATION TESTS ON AX9006 AND AX9007 SAMPLES

Sample Descriptions

Two AMAX mineralized rock samples, labeled AX9006 and AX9007, weighing
approximately 18 kilograms each, were‘réceived.on January 31, 1978, from
Mr.‘Robert J; Stevenson of the Deparfmeﬁt of Geoloéy and Geophysics. These
semi-massive, mineralized rock samples were édaed to the present study since
the other semi-massive sample, AX9004, was unexpectedly low in copper.

From the x-ray diffraction anaiyses it was found that the AX9006 sample
was chalcopyrite-rich, whereas theAAX9007 sample was cubanite-rich.
Therefore, these two samples were tested separately rather than combined
into one sample.

Each sample was stage-crushed to minus 3 mesh and then mixed by passing
it through a Jones splitter six times. The minus 3-mesh material was further
crushed to minus 10 mesh, mixed, and split into 1200-gram lots. The head

analyses of the two samples are given in Table 1.

TABLE 1. HEAD ANALYSES OF AX9006 AND AX9007 SAMPLES

Chemical Composition, Percent

Constituent - AX9006 ’ AX9007
Copper (Cu) ' 6.38 3.20
Nickel (Ni) _ 0.505 0.228
Cobalt (Co) ) 0.0S0 . 0.027
Iron (Fe) ‘ 11.86 7.42
Sulfur (S) - . 8.32 3.42:
Graphite carbon (C) 0.44 0.36

Grinding Characteristics

The grinding characteristics of the AX9006 and AX9007 samples were

briefly investigated by grinding 1200-gram batches of minus 10-mesh feed

=
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in a stainless steel laboratory rod mill at 50 percent solids for 20 and
30 minutes. The size distributions of the ground samples are given in
Table 2 and are plotted in Figure 1. The size distribution data of the
ground batchés are seen toAbe reéresented by straight lines which'arg
parallel éo each other. The distribution modulus, m, in the Schuhmann
equation, corresponding to the slope of these lines, is calculatedrto

be 0.94. The size moduli, k, obtained by eXtrapolatiﬁg these lines to
100 percent, are plofted against the corresponding times of grind in
Figure 2. In Table 3 the nominal mesh-of-grind, the grinding time, the

size modulus; and the 80 percent passing size are summarized.

TABLE 3. BATCH GRINDING CHARACTERISTICS OF AXS9006 AND AX900Q7
IN A LABORATORY STAINLESS STEEL ROD MILL
(SAMPLE WEIGHT: 1200 GRAMS AT 50 PERCENT SOLIDS)

Nominal Crind AX9006 AX9007
: L1 Size 80% Size 30%
Mesh- Time, Modulus ssi Modul i

of-Grind Minutes  ocuiu passing  Modulus . passing
k, um um : k, um um

-65 mesh 20 185 150 185 150

-100 mesh 30 108 73 118 82

Stahdardized and Modified Flotation Test Results

!

Only two-stage grin& flgtation tests were perforﬁed on the samples
following the standardized and modified flowsheets in order to provide
the métallurgical results, tﬁe'sizevdiStfibutions of the~f10tation feed
and product samples, the trace eiement andlyses of the solid andiwﬁter
samples before and after flotation, and the tailing samples for environ-
mental leachiné studies. Other data, routinely obtained on all previous

samples, were not taken in these tests, namely KAX and MIBC analyses,
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TABLE 2. SIZE DISTRIBUTION OF CRUDE SAMPLE GROUND IN LABORATORY STAINLESS STEEL ROD MILL

(SAMPLE WEIGHT: 1200 GRAMS AT 50 PERCENT SOLIDS)

20 Min

, 20 Min 30 Min 30 Min
Size, % Wt _ % Wt % Wt % Wt
mesh % Wt Cum % Wt Cum % Wt Cum % Wt Cum
+65 1.41 100.00 0.98 100.00
+100 18.85 98.59 0.45 100.00 21.08 99.02 0.59 100.00
+150 25.27 79.74 3.24 99.55 21.62 88.94 5.41 99.41
+200 12.67 54.47 27.84 96.31 14.57 56.32 34.10 94.00
+270 9.53 41.80 17.14 68.47 11.07 41.75 15.02 59. 90
+325 5.18 32.27 9.15 51.33 4.12 30.68 8.09 44,88
+400 5.04 27.09 4.13 42.18 5.71 26.56 4.44 36.79
+500 6.22 22.05 11.77 38.05 5.15 20.85 8.90 32.35
-500 15.83 15.83 26.28 26.28 15.70 23.45 23.45

15.
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fiber - -~les, subsieve sizing and size fractionation, and aging tests on
tailing water samples.

In the s@andafdized flotation tests each sample was ground to minus

65 mesh (20 minutes), and the ground pulp was transferred to a 2-liter
Denver flotation cell, conditioned first with 0.05 pound of KAX per ton
for 2 minutes and then with 0.05 pound of MIBC per ton for one minute.
The rougher flotation time was fixed at 5 minutes, and the rougher froth
~ thus collected was cleaned once. The cleaner concentrate was reground to
minus 270 mesh and the reground pulp was transferred back to a Denver cell
and was cleaned successively four times. The cleaner flotation time both
before and after regrindingrwas fixed at 5 minutes, The results of the
standardized flotation tests on AX9006 and AX9007 are given in Tables 4(a) and
4(b), resPectivély, Test 1. The size distributions of their flotation
feed and products. are given in Tables S5 and 6.

It is to be noted in Tables 4(a) and 4(b) that the copper, nickel, and
" 'sulfur analysis data of the rougher tailings were approxiﬁately the same
for both samples at 0.07 to 0.08 pércent, 0.02 to 0.03 percent, and 0.1
to 0.2 percent, respectively. Such observations are in contrast with
the results of the other semi-massive sample, AX9004, in which iron
sulfides were not fully recoveredvin flotation and the R Tails analyzed
“very high in sulfur. The grades of the fourth cleaner concentrates after
regrinding (Regr Cl 4 Conc) exceeded 26 percent copper. By compositing
the data it can be seen that even the cleaner concentrate prior to regrind;
ing exceeded 13 percent copper, although the siliceous gangue and oxides,
estimated as the balance from the sum of the copper, nickel, cobalt, iron
and sﬁlfur contents, amounted to 32 and 48 percent, repsectively, for AXS006

»

and AXS007.
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TABLE 4(a). STANDARDIZED AND MODIFIED FLOTATION TEST RESULTS ON AX9006

Product

: % Graphite
% Wt % Cu % Ni % Co % Fe %S C

Test No. 1

Standardized Flotation Test

Grind: Rougher -65 mesh

Regr Cleaner -270 mesh
Reagents: KAX 0.05 1b/ton, MIBC 0.05 1b/ton
Flotation Time: Rougher 10 min, Cleaner 5 min

Rougher pH: 7.3

Regr C1 4 Conc 10.59 26.18 0.78 0.054 32.90 30.60 1.89
Regr Cl 4 Tail 2.53 22.97 1.60 0.122 . 32.80 29.01

Regr C1 3 Tail 2.78 .19.98 2.33 0.177 31.02 26.43

Regr C1 2 Tail 7.29 13.30 . 2.16 0.158 27.18 19.65

Regr C1 1 Tail 10.54 6.92 1.16 0.099 21.17 10.62

Cl Tail 7.98 0.37 0.105 0.025 10.33 0.66

R Tail 58.29 0.079 0.033 0.017 10.01 0.17

Test No. 2 Modified Flotation Test

Regr C1
Regr Cl1
Regr Cl
Regr Cl}
Regr Cl
Cl Tail
Sc 2 Conc
Sc 2 Tail

[l (S R P -G -

Grind: Rougher -65 mesh
Regr.Cleaner -270 mesh

Reagents: Rougher - KAX 0.2 1b/ton, MIBC 0.05 lb/ton Scavenger 1 - KAX

0.1 1b/ton; Scavenger 2 - KAX 0.05 1b/ton
Flotation Time: Rougher - 10 min; Scavenger 1 - 5 min; Scavenger 2 -3 mln,
: Cleaner - 5 min

Conc 24.34 23.02 1.86 0.132 32.40 29.10 1.70
Tail 1.39 1.55 0.94 0.085 14.13 3.64
Tail 2.45 1.11 0.68 0.067 13.27 2.77
Tail 5.49 0.87 0.55 0.058 12.97 2.04
Tail 8.86 0.53 0.34 0.042 12.37 1.43
' 12.83 0.135 0.065 0.022 8.97 0.35
6.02 0.118 0.042 | 0.019 10.48 0.26
38.62 0.049 0.029 0.018 10.44 0.10

i
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TABLE 4(b). STANDARDIZED AND MODIFIED FLOTATION TEST RESULTS ON AX9007

4 . % Grahite
Product % Wt % Cu % Ni % Co % Fe %S c

Test No. 1 Standardized Flotation Test

Grind: Rougher -65 mesh

Regr Cleaner -270 mesh

Reagents:  KAX §.05 ib/ton, MIBC 0,05 1b/ton

Flctation Time: Rougher 10 min, Cleaner 5 min

Rougher pll: 7.7 ‘
Regr Cl 4 Conc 10.95 26.15 1.20 ‘ 0,098' 26.69 30.88  +1.45
Regr Ci 4 Tail- 0.52 4.00 1.54 0.12 16.13 10.27
Regr €1 3 Tail 0.97 2.51 0.94 0.085 11.45 7.19
Regr C1 2 Tail~ 3.20 -1.83 0.90 0.083 10.81 6.50
Regr C1 1 Tail - 6.65 0.74 - 0.34 - 0.047 9.60 3.95
€1l Tail 10.61 0.345 0.061 0.021 9.84 0.76
R Tail 67.10 0.072 06.023 0.019 8.15 0.11
Test No. 2 Modified Flotation Test

Grind: Rougher -65 mesh
Regr Cleaner -270 mesh
Reagents: Rougher - KAX 0.2 1b/ton, MIBC 0.05 Ib/ton; Scavenger 1 - KAX
0.01 1b/ton; Scavenger 2 - KAX 0.05 lb/ton
Flotation Time: Rougher - 10 min; Scavenger 1 - 5 min; Scavenger 2 - 3 min;
Cleaner - 5 min ‘

Regr Cl 4 Conc 12.69 23.98 1.35 0.100 33.24 30.42 1.19
Regr C1 4 Tail 0.88 '1.45 0.92 0.078 14.68 7.09 ‘
Regr Cl 3 Tail 1.56 0.83 0.60 0.056 12.42 4,83

Regt Cl 2 Tail 3.18 0.465 0.32 0.039 10.08 3.45

kegr Cl 1 Tail 6.62 0.225 0.174 0.029 14.68 2.21

Cl Tail : 11.47 0,229 0.051 0.017 9.52 0.54

S¢ 2 Conc 3.58 0.208 0.046 0.015 9.36 0.41

Sc 2 Tail 60.02 0 0 0.018 9.27 0.050

.058 .021




TABLE 4(c). CALCULATED GRADE AND RECOVERY IN EACH STAGE OF FLOTATION TESTS ON AX90C6

Flotation Concentrate, Cumulative Tailing, Cumulative

Stage $We- %Cu $NL % Co % Fe %S Cu Rec N1 Rec Co Rec Fe Rec S Rec % Wt % Cu % Ni % Co % Fe

Test No, 1 Standard Two-stage Grind Flotation

0¢e

Regr Cleaner 4 10.59 26,18 0.78 0.054 32.90 30.60 48.68 - 16.73 12,00 21.58 43.73 B89.41 3.27 0.459 0.055 14.14
Regr Cleaner 3 13,12 25,53 0.95 0.067 32.85 30.26 58.87 25,00 18,53 26.73 53.58 86.88 2.69 0.425 0,053 13.61-
Regr Cleaner 2 15.90 24,59 1.19 0,086 32.52 29.62 68.71 38.11 28.85 32.06 63.57 B4.10 2.12 0.362 0.049 13.03
Regr Cleaner 1 23.19 21,04 1.49 0.109 30.83 26.48 85.76 69.96 53.06 44.34 82,87 76.81 1.05 0.190 0.038 11.69
Cleaner 33,73 16,63 1.39 0.106 28,11 21.52 98.59 94.56 74.95° 58.79 97.98 66.27 0.12 0.036 0.029 10.04
Rougher 41.71 13.52 1.14 0.090 24.69 17.53 99.12 96.17 79.16 63.87 98.66 58.29 0.079 0.033 0.017 10.01
Test No. Modified Two-stage Grind Flotation
Regr Cleaner 4 24.34 23,02 1.86 0.132 32,40 29.10 96.54 80.17 60.91 48.11 93.77 75.66 0.264 0.148 0.027 11.25
Regr Cleaner 3 25.73 21.84 1.81 0.129 31.44 27.71 96.89 82.47 63.19 49,32 94.43 74.27 0.242 0.133 0.026 11.19
Regr Cleaner 2 28.18 20.05 1.71 0.124 29.88 25.55 97.41 85.48 66.23 51.33 95.36 71.82 0.209 0.114 0,025 11,11
Regr Cleaner 1 33.67 16.93 1.52 0.113 ~27.12 21.71 98.27 90.7%9 72,30 S5.66 96.82 66.33 0.151. 0.078 0.022 10,96
Cleaner 42.53 13.52 1.28 0.098 24.05 17.49 99.13 96.10 79.32 62,37 98.54 57.47 0.087 0.038 0.019 10.73
Rougher + Scav 1 55.36 10.42 1,00 0.081 20.56 13.53 99.48 97.52 84.63 69.38 99,20 44 .64 0.058 0.031 0.018 11.258

SO A
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TABLE 4(d). CALCULATED GRADE AND RECOVERY IN EACH STAGE OF FLOTATION TESTS ON AX9007

Flotation Concentrate, Cumulative . Tailing, Cumulative
Stage % Wt 5 Cu $Ni % Co % Fe %S Cu Rec Ni Rec Co Rec Fe Rec S Rec % Wt % Cu % Ni % Co % Fe

s
w)

Test No. 1 Standard Two-stage Grind Flotation

Regr Cleaner 4 10.95  26.15 1.20 0.098  26.69 30.88 92.33 59.01 32.52 29.71 82.04 89.05. 0.267 0.102 0.0625 §.64 .83
Regr Cleaner 3 11.47  25.14 1.21 06.099 29.03 - 25,90 . 93.01 62.61 34.34 30.44 83.25 B88.53  0.245 0.094 0.024 8.6 0.78
Regr Cleaner 2 12.44 23.38 1.19 0.097 27.65 28.14 93.78 66.66 36.77 31.45 84,95 87.56 0.226 0.085 0.024 8.57 0.71
oy Regr Cleaner 1 15.64 18.97 1.13 0.09s 24,23 23,72 95.68 79.72 44,98 34,65 90.05 84.36 0.159 0.053 0.022 . £.48 G.49
1 Cleaner 22.25% 13.53 0.90 0.080 15.87 17.81 97.26 9G.08 54.40 40.50° 96.36 77.71 0.109 0.0283 0.019 8.328 .19
= Rougher 32.90 9.28 0.63 0.061 16.63 12.31 98.45 93.23. 61.09 50,00 98,30 67.10 0.072 0.023 0.019 8.15 0.1%
Test No. 2 Modified Two-stage CGrind Flotation
Regr Cleaner 4 12.69 23.98 1.35 0.100 33.24 36.42  96.05 74.03 41.37 32.62 88.33 87.31 0.143  0.069 0.021 .85 0.58
Regr Cleaner 3 13.57 22.52 1.31 0.099 32,05 28.89. 96.46 77.49 43.65 33.93  89.70 86.43 0.130 0.060 0.020 9.80 0.52
Regr Cleaner 2 15,13  20.28 1.24 0.095 39.01 26,44 96.87. 81.39 46.58 35.41 21.53 -84.87 0.117 0.051 0.01% 9.7¢ 0.44
Regr Cleaner 1 18.31 16.84 1.08 0.085 "26.54 22.45 97.34 85.72 50.49 37.91 94.05 81.69 0.103 0.040 0.018 9.74 0.32
Cleaner 24.93 12.43 0.84 0.07¢0  23.39 17.09 97.81 . 90.92 56.68 45.48 97.48 75.467 ©0.092 0.028 0.018 9.31 6.15
Roﬁgher + Scav 1 36.40 8.59 0.59 0.053 19,01 11,87 98.63 93.52 63.20 53.88 98.85 63.60 0.066. 0.022 0.018 5.28 .08




TABLE 5. WET SCREEN ANALYSIS RESULTS ON
FLOTATION PRODUCTS OF AX9006

Size, . Cl 4 Conc Cl Tail
mesh % Wt % Wt

Test 1. Standardized Flotation Test

+65
+100
+150
+200
+270
+400
- =400

+65
+100
+150
+200
+270
+400
-400

2.88

9.94

8.46

8.46

2.98 6.63

6.42 8.63

90.60 55.00
Test 2. Modified Flotation Test

4,77

12.50

12.23

12.59

2.14 8.18

~5.71 '13.85

92.15 - 35.88

21

20.
-89
.26
16.

22
24

.45
.29
.73

66

72

.98
22.
.79
.04
.01
.47
.63

08

332



TABLEV6. WET SCREEN ANALYSIS RESULTS ON
FLOTATION PRODUCTS OF AX9007

 Size,

Cl 4 Conc . C

1 Tail R Tail
mesh % Wt % Wt % Wt
Test 1. Standardized Flotation Test -
+65 1.88 4.09
+100 9.42 19.18
+150 10.55 25.58
+200 7.69 16.37
+270 4.78 7.16 10.23
+400 9.15 9.04 7.67
-400 86.07 54.26 . 16.88
Test 2. Modified Flotation Test

+65 ' 1.61 3.27
+100 8.19 17.89
+150 10.65 28.46
+200 15.13 16.15
+270 4,23 . - 8.14 11.15
+400 7.57 8.29 8.85
-400 88.20 47.99 ' 14.23
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Davis magnetic tube tests were performed on Cl 4 Conc samples to
explore the feasibility of a copper-nickel separation, but tﬁe magnetic
concentrates amounted to only 0.0l and 0.03 percent by weight, respectiveiy,
for AX9006 and AX9007. Hence, chemical analyses.on thehmagnetic.separgtion =
products Qere not made. The pyrrhotite in the present samples appears to
be the nonmagnetic variety. Another point of interest is that cubanite,
normally magnetic, was not recovered in theiDavis magnetic tube tests.

As mentioned prgviousiy, the AXS007 sample is cubaﬁite—rich.

With the present samples virtually all the sulfide minerals were
recovered in the standardized flotation tests, quite contrary to the
;esults obtained on the other semi-massive sample, AX9004. NeQertheless,
the modified flowsheet, developed on AX9004 and iilustrated in Figure 3,

was tested on the present samples. The metallurgical results of the

~ flotation tests are given in Tables 4(a) and 4(b), and the size distribution

data in Tables S5 and 6. As expected from an incfeased use of the collector,
the recoveries of copper, nickel, and sulfur increased, particularly in

the cleaner stages. The grades of the concentrates did not suffer as much,
analyzing over 20 percent copper beyond the second cleaner following regrind-

ing, see the columns of '"Cumulative % Cu.' Yet tHe recoveries of sulfur

" remained close to or well over 90 percent, which could be interpreted to

mean that the pyrrhotitevcontents in the present samples were low.
The flotation results in the rougher and the scavenger circuits are
summarized in Table 7. It is evident in tﬁe table that the improvements
in the grades of tailings by the scavenger operations were relatively minor.
To explore the possibilities of finding unusual trace elements in the

tailings and of concentrating certain trace elements in the concentrates,
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1200-gram Sample

© Red Mill
(-65 mesh grind)

L © v.. 1b/ton KAX 7;_“mmm%
0.05 1b/ton MIBC 3
. Rougher

|

R Conc R Tail 4
rO.l 1b/ton KAX

' ' “ l,‘ |0.05 1b/ton MIBC
_Scavenger 1

Sc 1 Conc Sc 1 Tail
\ l J’ 0.05 1b/ton KAX
J 0.05 1b/ton MIBC

Cleaner Scavenger 2

| |

€1 Conc Cl Tail Sc 2 Conc Sc 2 Tail

+
Rod Mill
(-270 mesh. grind)

Regrind Cleaner 1

Regr Regr
C1 % Canc Cl 1 Tail

i

Regrind Cleaner 2_'

Regr Regr '
Cl1 2 Conc Cl 2 Tail

Regrind Cleaner 3

Regr Regr
Cl 3 Conc Cl 3 Tail

Regrind Cleaner 4

L Regr- Regr
T conc Cl 4 Tail

FIGURE 3. MODIFIED FLOTATION FLOWSHEET OF TEST 2 FOR BOTH AX9006 AND AX9007

|
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the flotation feed and product samples were analyzed bvaarringer Research
Ltd. The sosults are given in Tables 8 and 9, Some of the elements of
concern, such.as arsenic, cadmium, and lead, were below the limits of
their detection. Of interest is the presence of minor quantitie; of
silver and zinc. It is also noted that the copper, nickelf iron, and

cobalt analyses by Barringer and by the MRRC were in reasonably good

agreement,
TABLE 7. SUMMARY OF FLOTATION RESULTS IN
ROUGHER AND SCAVENGER CIRCUITS
Sampie Test No. Product % Ut % Cu % Ni % S
AX9006 1 R Tail 58.29  0.079  0.033  0.17
2 Sc 1 Tail  44.64  0.058  0.031  0.12
. Sc 2 Tail  38.62  0.049  0.029  0.10
AX9007 1 R Tail 67.100  0.072  0.023  0.11
. 8¢ 1 Tail  63.60  0.066  0.022  0.070
2 Sc 2 Tail  60.02  0.058  0.021  0.050

Pulp liquors taken prior_to the addition of the flotation reagents
and immediately following the rougher flotation step were centrifuged
to remove suspendéd solids for trace eleﬁent analyses. The results
are giveﬁ in Table 10 and 11. The tailings were filtered, sealed in
plastic bags wet, and deliﬁéred to the‘Environmental Engineering Group

of the Department of Civil and Mineral Engineering for leaching study.
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TABLE 8. TRACE ELEMENT ANALYSIS RESULTS IN PERCENT
OF FLOTATION PRODUCTS ON AX9006
(TEST 1 - STANDARDIZED FLOTATION)

Feed Concentrate - Cleaner Tailing Rougher Tailing
(-65 mesh) . {(-270 mesh) - (~-65 mesh) (-65 mesh)
Barringer  MRRC* Barringer MRRC* Barringer  MRRC* Barringer- MRRC*"

Al 7.71 0.285 9. 64 9.74

B nd : nd nd ' nd

‘Be 0.00027 nd - . 0.00034 0.00037

Ca  0.753 0.0247 | 1.06 0.958

Cu 6.03 6.38 26.20 26.18 0.33 ©0.37 0.071 0.079
Fe  14.40 11.86 25.90 32.90 9.06 10.33 9.11 - 10.01
Mg 3.24 ‘ 0.0978 3.62 4.03

Mn 0.0615 0.00377 0.069 0.0743

P nd - nd nd A nd

Ba 0.048 0.0029 0.111 0.118

Se ‘

s nd . nd nd © nd

si

Sr 0.0158 0.000464 0.0212 ' 0.0199

Zr 0.00471 ~ 0.0004 0.00751 : 0.00723

Ti 0.625 0.0211 0.743 0.807

v 0.0243 ~ 0.00281 0.0276 0.0316

Zn 0.0302 0.0522 0.0229 0.0224

Th 0.00059 nd | 0.00106 0.00081

K 0.473  nd 0.837 0.669

Na 0.90 0.10 1.21 1.13

cd nd nd nd - nd

Cr 40;0308 s 0.00951 R ~0.060 0.0343 .
Co 0.0294 0.050 0.0313 0.054  0.0082 0.025  0.0042 0.017
Ag 0.00169 0.00409 0.00082 0.00017

Mo  nd 0.0021 0.0009 nd

Ni 0.462 0.505 0.693 0.78 0.0863 0.105  0.0165 0.033

Pb nd 0.006 nd nd

* Conventional AA analyses
**(.0000001% = 1 ppb
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TABLE 9.

TRACE ELEMENT ANALYSIS RESULTS IN PERCENT
" OF FLOTATION PRODUCTS ON AX9007 ‘
(TEST 1 - STANDARDIZED FLOTATION)

Feed

Concentrate Cleaner Tailing ' Roughér Tailing
(-65 mesh) (-270 mesh) {(-65 mesh) (-65 mesh)

Barringer ~MRRC* Barringer  MRRC* Barringer  MRRC* Barringer  MRRC*
AL 7.04 . 0.44 - 8.66 8.08
B nd - nd nd nd
Be 0.00022 nd 0.00027 0.00026
Ca 2.05 0.102 2.45 ; 2.42
‘Cu 3.43 3.20 23.80 26.15 0.299 0.345 0.0611 ,0.072
Fe  13.80 .  7.42  24.70 26.69 - 10.70 9.84  10.90 8.15
Mg 3.01 0.151 3.10 3.51
Mn  0.111 0.00711 0.107 0.129
P nd nd 0.079 0.060
Ba 0.0547 0.0029 0.0967 . 0.0867
Se
Te
As " nd nd nd nd
Si
Sr 0.0156 0.000876 0.0200 0.0189
ir 0.00878. 0..00058 0.00852 0.0102
Ti- 1.16 0.0407 1.11 1.31
v 0.0245 0.00306 0.0247 0.0276
Zn 0.0237 0.0504. -0.0207 0.0227
Th 0.00077 nd 0.00118 - 0.00069
K 0.546 nd .0.844 0.698
Na 1.26 0.11 1.55 1.48
Cd nd nd nd nd
Cr 0.02% 0.0131 0.0497 0.0224

0.0154 0.027 0.0518 0.098 0.0061 0.021 0.0049 0.019

Ag 0.00085 0.00437 0.00039 0.00020
Mo nd nd nd nd
Ni 0.214 0.228 1.00 1.20 0.048 0.061 0.013 0.023
Pb nd 0.023 nd 0.011
Hg**

* Conventional AA analyses
**0.0000001% =

1 ppb
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TABLE 10. TRACE ELEMENT ANALYSIS RESULTS IN PRM
ON FEED AND TAILING WATER SAMPLES OF AX9006
(TEST 1 - MINUS 65 MESH GRIND)

Tailing Water

- Pb

- Cr

Distilled Feed 1 day 1 week 1 month
Water Water immed, old old old
Al 0.04 0.26
B nd 0.00
Ba 0.04 0.04
Be nd nd
Ca 5,21 4.95
Cu 0.036 0.039
Fe 0.15 0.194
K 0.0 nd
Mg 3.24 2.29
n 0.0682 0.0455
Na 2 6
P 0.8 nd
Se
Te
0.3 nd
Si 0.742 0.820
Sr - 0.0186 0.0135
Ti 0.004 0.003
0.008 0.002
Zn 0.26 0.09
Th 0.066 nd ]
Ag 0.009 nd - .
As nd nd
Ccd nd 0.20
Co 0.09 nd
6.017 0.015
Mo — 0.44 nd
Ni 0.17 0.17
Zr 0.009 nd
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TABLE 11. TRACE ELEMENT ANALYSIS RESULTS IN' PPM
ON FEED AND TAILING WATER SAMPLES OF AX9007
-, (TEST 1 - MINUS 65 MESH GRIND)
_— ' Tailing Water
Distilled Feed 1 day ) 1 week 1 month
Water Water immed. old - old old
Al 0.21 0.30
B 2,00 2.00
Ba nd nd
Be nd nd
Ca 6.10 - 3.90
Cu 0.022 0.032
Fe 0.047 - 0.259 -
K - nd nd
Mg 3.32 1.99
Mn 0.0227 0.0455
Na 9 5
P nd . nd
Se
Te
Pb nd nd
Si ©1.39 ©1.48
St 0.0135 0.0084
Ti nd 0.005
% nd nd
Zn 0.06 0.09
Th nd .nd ,
Ag nd nd
As nd nd
Cd nd nd
Co nd- -nd
Cr 0.017 0.010
Mo nd nd
O Ni 0.11 nd
Zr nd nd
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4.0 SUMMARY

Eleven different samples of copper-nickel bearing Duluth gabbro were,l

" individually tested in bénch scale for their concentratabilities by flotation

using two- standardized procedures. During the tests a numbef of parametefs
of environmental concern were determined; One of the étandardized flotationi
pfécedures was a metallurgically simple fléwsheet involving gfinding to

minus 200 mesh follerd by flotation (referred to as 'One-stage Grind
Flotation' in this report). The second was a more complex flowsheet
involving coarse grinding to minus 65 mesh followed first by flotation

and then by regrinding of the flotatién concentrate to minus 270 mesh and
reflotation (referred to as 'Two-stage Grigd Flotation’).' The latter

flowsheet is expected to require less energy and tc lower the dust generation

. potential in tailings ponds. The following summarizes the obsefvations made

on the eleven individual samples.

4.1 GRINDING CHARACTERISTICS

Size distributions of mineral particles produced by crushing and

grinding can frequently be represented by the Schuhmann equation

A

y = 100(%)m - — . c .o (D

where 'y = weight percent finer than size x,_x = size in uﬁ,'k = éize
modulus (a constant) for a gi?en size distribution, and m = distfibutién
modulus (a constant). A log-log plot of Eq. 1 yields a straight line of
slope m, which intersects the 100 percant ordinate line at a size equal

to k. The distribution modulus, m, can vary in the range of about 0.5 to
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1 depending on the material and on the type and size of grinding mills.
The smaller the value of m, the more abundant are the fine particleé for
a given mesh-of-g?ind. The size distribution plot deviates from linearity
at coarse sizes, generally above 80 percent.

The Duluth gabbro samples ground in a laboratory rod mill were shown
to follow the Schuhmann equation with a distribu;ion modulus, m, of 0.90+0.08.
Log-log plots of the size moduli, k, against corresponding times of griﬁd
~ showed linear relationships with mﬁnimal spread, which indicated the simi-
larities of these samples in their grinding characteristics. Only limited
success was achieved, however, in attempting to quantify the grindabilities
of these samplés from the above data.

- The linearity of the Schuhmann plots, not only for ground products
but also for flotation tailings, would permit us to.estimate the percentages
of the minus 54 m fraction by extrapolating, which could be related to the
dust generation potential from dried tailings ponds. Table 1 summarizes
the minus S5-ym contents of the Tougher tailings in both one-stage and two-
stage grind flotation'testéktogether with the distribution moduli. The
minus S-um fractions in the rougher tailings (R Tail) averaged 4.7 percent
at 2 200-mesh grind and 2.4 percent at a 65-mesh érind. In this group of
bench-scale test data there appeared to be no particular correlation between
m and the minus S-ym fraction.' On a.pilot'plant sample of a scavenger
tailing, however, m was determined to be 0.6, and the minus S-ym fraction

was estimated by extrapolation to be 14 percent at a nominal 65-mesh grind.
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TABLE 1. GRINDING CHARACTERISTICS OF DULUTH
GABBRO SAMPLES IN LABORATORY ROD
MILL AND DUST GENERATION POTENTIAL
FROM FLOTATION TAILINGS

Fraction
% -5 um in R Tail
~200 mesh -65 mesh

Sample m grind grind
IP9002 0.92 4 2.
IP9003 0.89 3 1.5
-DP9002 0.94 4 2
US9001 0.82 5 2.5
AX9001 0.97 4 3
AX9002 0.89 S 3
AX9003 0.91 §.5 2.5
AX9004 0.70 6 3
AX9005 0.97 4.5 ‘1.5
AX9006 0.94 - : -
AX9007 0.94 o -
Average 0.90 4.7 2.4
Standard _
Deviation +0.08 1.1 0.6
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4.2 GRINDING ENERGY REQUIREMENTS

The power required to grind a material from a given feed size to a

given products size can be estimated by using the following equation:9
W= owi 1212 C (@)
P F

where W = power tonsgmption expressed in Kwh/short ton, Wi = Bond work
index, P = size in um of screen opening throug which 80 percent of the
product will pags, and F = size in um of the screen opening through which
80 percent of the feed will pass. The value determined by Eq. 2 applies
to wet, closed circuit grinding in an 8-foot diameter inside liners ball
mill. |

' The Bond work index (Wi) of Duluth'gabbro increases as the mesh-of-
grind becomés finer. The data available at the Mineral Resources Research
Center are plottéd on a log-log scale in Figure 1. ”Ball mill work indices
from 80 percent passing 65 mesh to 325 mesh data oh several different Duluth
gabbro samples can be represented by a straight ling. To estimate the Bond
work indices for nominal 65-mesh and 200-mesh grind samples the laboratory

data of the 80 percent passing sizes were averaged. At the 65-mesh grind

- . the average was 156%17 mand at the 200-mesh grind 61+10 um. The correspond-

ing Bond work indices would then be 13.5 and 19.5 Kwh per ton, respectively.
Using Eq. 2 the grinding energy requirements from 80 percént passing 1/2 inch
to these product sizes can be estimated as shown in Table 2. | |

It is interesting to note that the energy required.for a 200-mesh grind
is well over twice as great as that for a 65-mesh grind on the laboratory

ground samples.
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TABLE 2. ENERGY REQUIREMENTS OF GRINDING DULUTH
GABBRO FROM 80 PERCENT PASSING ONE-HALF
INCH TO PRODUCT SIZE

-65 mesh grind -200 mesh grind

. Feed, 80% passing, um 12,700 12,700
Product, 80% passing, um 156 , 61
Bond Work Index (Wi) 13.5 19.5
Grinding Energy (Kwh/t) ~ 9.6 23.2

To compare the above data with a pilot-plant operation, the size
distributioné of pilot-plant ball mill feed and ground sam?les are plotted
in Figure 2, 1In the figure two more lines were drawn to indicate the
average size distributions of laboratory ground samples. These lines
were drawh to go through the 80 percenﬁ passing sizes of 61 and 156 um

-with a slope; m, of 0.90 for minus 200 and 65 mesh grind sampies.‘ The
slope of the line for the pilot-plant ground sample was appreciably less.
The value of m was determined. to be 0.6 and the 80 percent passing size
110 wm. From Figure 1 the Bond work index (Wi) was found to be 15.5 and
the required grinding energy from thg ball mill feed with an 80 percent
passing size of 17,500 vm to the product size was calculated to be 13.6
Kwh per ton.

In our pilot plant the ball mill (36 x 42 inches) was drawing 8.3
Kwh at a feed rate of 1000 pounds per hour. The power draw of‘tﬁe empty
mill was 2,1 Kwh. Therefore, a net power at sﬁell would be 6.2 Kwh. Since
the Bond work indices refer to the power required at the mill pinion shaft,
a friction loss factor of 2.5 percent, including mill bearings and gear

pinion losses!® must be applied to the above value in calculating the operating
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work index by the following equation

W

W:iLO =[ﬂ] | . e (3)

where Wio is an operating work index. To compare the work index from piiot'
plant test results with the Bond grindability test results, two additional
efficiency factors are applied, namely, the diameter efficiency factor and
the oversize feed factor.!! The multipliers for the efficiency factors

. were calculated by using the following equations.

Diameter efficiency factor = (%90’2 = 1,23 N 03]
Oversize feed factor = Rr + [Wi - 7][5_%3£2J = 1,20 .. . . (5
Rr
where D = Mill diameter inside liners in feet = 2.83'
Rr = Reduction ratio = F/P = 159
Fo = Optimum feed size = 4000/33/w1 = 3663

‘Then the operating work index can be caluclated by using Eq. 3 as follows

6.2 x 1.025/0.5 -1.20

10 10 X 1.23

/110 17,500 » '

Wio =

= 14.1 Kwh/ton A ()]

The above value of the operating work index is in reasonably good agreement

with the Bond work index value -of 15.5 Kwh'per ton obtained from Figure 1.

4.3 FLOTATION CHARACTERISTICS

In the early stages of the present investigation it became apparent
that the copper contents of the rougher tailings approached 0.05 percent

irrespective of the samples when they were ground to minus 65 to 100 mesh
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and finer, whereas the nickel contents remained virtually independent of
the mesh-of-grind. Hence the flotation results as a function of the mesh-
- of-grind and also of the standardized flotation tests of the eleven. different

samples were averaged (see Table 3),

TABLE 3. COPPER AND NICKEL CONTENTS IN ROUGHER
. ' TAILINGS OF ELEVEN DULUTH GABBRO SAMPLES
AT DIFFERENT MESH-OF-GRINDS

Nominal Number % Copper "% Nickel
Mesh- of tandard ‘ Standard
of-Grind Data Average Deviation  Average Deviation
-48 .9 0.085 +0..049 0.054 +0.013
-65 27 0.061 £0.014 0.047 *0.014
=100 - 10 0.047 $0.011 - 0.047 +0,015

- =200 18 . 0.045 $0.018 0.049 £0.012

?

The average values in the fable,confirm the above observations on the effect
of fhe mesh-of-grind. Based on ﬁhese observations, the twé types of the
standardized fiotation tes; schemes, namely, a minus 200—mgsh grind (one-
stage grind flotation) and a minus 65-mesh grind (two-stage grind flotation):
were developed in the present investigation,.

In Tables 4(a) and 4(b) the Cl 4 Conc and the R or Sc Tall data on all
_the. Duluth gabbro samples are listed. Excludlng the high-sulfide sample
(DPQOOZ)‘and the semi—massivé sampies (AX9004, AX9006 and AX9007), the
weigﬁts.of the concentrates ranged from 2.1 to 3.4 percenf in @pen circuit
(or a ratio-of—concentratioﬁ Sf 30-to-1 ﬁo‘SO-to—i} and their coéper contents
varied from 10.6 to 22.6., The manner in which the concentrate grades vary
with the numbef of cleaning stages may be illustrated by grade-recovery

curves for copper as shown in Figures '3(a) and (b). All the curves except
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TABLE 4(a).

SUMMARY OF CLEANER 4 CONCENTRATE DATA

Graphite Recovery, Perceﬁt

Sample % Wt % Cu % Ni % Co % Fe 55 c Gangue 2 Cu Ni Co
One-stage Grind Flotation .
1Pg002 . 2.55 16.71 2.56 0.09 27.92 22.48 0.43 30.24 88.53 55.71 10.55
IPS003 3.13 17.50 3.40 0.12 33.62 26.30 0.19 19.06 78.66 50.02 19.45
DP9002 8.60 8.94 2.32 0.18 44,38 1.7 0.13 12.47 94.75 81.80 55.36
! 10.46 6.89 1.59 0.19 46.80 29.96 0.036 14.57 95.80 . 78,67 7.51
Us9001 3.32 10.62 1.94 0.128 39.94 28.73 0.109 18.64 89.02 55.81 29.86
AX3001 2.08 13.20 1.88 0.088 26.50 19.18 2.85 39.15 85.87 53.79 12.08
AX9002 3.68 15.56 2.75 0.074 27,70 21.48 0.48 32.44 89.75 62.70 25.86
AX9003 3.93 14.00 2.54 0.12 28.18 23.11 2.80 32.05 89.72 52.41 25.00
AX9004 16.13 8.40 3.08 0.25 48,08 33.76 0.96 6.46 93.94 85.71 73.81
: 1 27.04 4.80 2.18 0.18 56.02 34.80 - 2.02 96.00 91.58 77.78
Axgods 3.39 17.60 2.52 0.161 34,42 28.86 0.62 16.44, 90.34 52.26 25.35

Two-stage Grind Flotation

IP9002 2.48 16.60 3.20 0.166 29.52 25.53 0.48 24.98 85.01 56.92 22.78
IP9003 2.32 19.96 3.56 0.164 34.92 30.73 0.19 10.67 75.55 40.41 15.85
DP3002 ) 3.50 19.98 3.21 0.26 38.81 34.26 0.076 3.48 87.27 55.57 33.71
6.93 9.96 -2.14 0.23 47.60 35.01 0.038 5.06 89.63 76.21 49.11
Ussoo1 2.06 15.01 2.56 0.162 46.06 34.17 0.084 2.04 77.57 52.65 15.48
AX9001 ~1.50 17.58 2.78 0.13 29.59 24.95 5.00 24,97 74.94 46.44 14.70
AX9002 12.48 22.62 3.30 0.13 33.26 30.53 0.55 10.16 82.74 57.69 26.38
AX9003 2.80 18.61 2.58 0.14 30.60 27.87 3.61 20.20 84.07 43,28 21.79
AX9004 1 12.89 9.66 3.40 0.27 47.33 36.35 1.19 2.99 91.62 83.24 72.50
15.58 8.02 3.30 0.26 50.81 35,64 C- 1.97 95.85 89.47 73.24
AXS005 2.99 19.99 3.36 0.174 '25.88 29.30 0.70 21.30 82.74 57.69 26.38
AX9006 10.59 26.18 0.78 0.054 32.90 30.60 1.89 9.49 48.68 16.73 12.00
124,34 23.02 1.86 0.132 32.40 29.10 1.70 13.49 96.54 80.17 60.91
AX9007 10.95 26.15 1.20 0.098 29.69 30.38 1.45 11.98 92.33 59.01 32.52
- 112,69 23.98 1.35 0.100 33.24 30.42 1.19 10.91 74.03 41.37

96.05

!Modified Flotation Flowsheet
=100 - (% Cu+%$Ni+%Co+ %Fe+%035)

. 2% Gangue
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TABLE 4(b). " SUMMARY OF ROUGHER OR SCAVENGER TAILING DATA

Sample % Wt % Cu % Ni % Co % 8 Cu Loss Ni Loss Co Loss
Cne-stage Grind Flotation

1P9002 80.45 0.044 0.05 0.02 0.09 7,36 34.30 61.10
1P9S003 '81.08 0.068 0.058 0.015 - 0.10 7.91 25.91 71.71
DP9002 83.01 0.023 . 0.027 0.012 0.44 . 2.36 9.19 45.19
1 63.59 0.020 0.027 0.016 0.050 1.68 8.23 50.10

2 56,93 0.019 0.027 0.016 0.028 1.44 7.28 49.11

US9001 84,43 0.03 0.04. 0.010 - 0.032 6.39 29.28 75.59
AX9001 80.47 0.034 0.028 0.013 0.041 8.57 30.95 72.06
AX9002 75.59 0,051 0.048 0.008 0,061 6.05 22.50 63.58
AX9003 79.09 0.039 0.065 0.013 £.093 5.04 27.00 60.89
AX9004 52.46 0.070 6.031 0,013 2.40 2.55 2.81 14.17
144,14 0.066 0.033 0.012 0.31 2,15 2.24 13.38

2 38.56 0.068 0,029 0.012 0.14 1,93 1.74 12.66

AXS005 75.56 0.027 0.053 0.015 0.19 4,24 24.54 61.42

. Two-stage Grind Flotation -

1P9G02 84.75 0.045 0.044 0.013 0.10 7.87 26.73 73.85
1P9003 90.38 0.085 0.078 0.019 0.21 8,11 34.49 62.44
DP9002 81.07 0.053 0.034 0.015 0.50 5.37 13.64 35.71
176,13 0.073 0.027 0.016 0.14 7.18 10.74 58.67

. 272,08 0.069 0.026 0.016 0.09 £.45 9.61 . 57.51

Us9001 89.50 0.075 0.035 0.018 0.10 16,83 31.27 58.34
AX9001 89.04 0.065 0.032 5,011 0.08 6.45 31.74 70.47
AX9002 84,85 0.074 0.045 0.013 0.09 9,22 23.50 58.43
AX5003 83.68 0.07 0.07 0.013 D.18 9.46 35.13 54.78
AX9004 §7.55 G.080 0.041 0.010 2.87 3,97 5.28 12.45
: 153,07 0.038 0.020 0.014 0.64 1.55 1.81 9,52

2 50.14 0.035 0.018 0.014 0.24 1.35 1.57 7.93

AX5005 85.05 0.089 0.050 0.014 0.25 10.50 27.18 $2.06
AX9006 . 58,29 0.079 0.033 0.017 0.17  0.88 3.83 20.84
1 44 .64 0.058 0.031 0,018 0.12 0.52 2.48 15.37

2 38,62 0.049 0.029 0.018 6.10 00.35 1.95 13.28

AX9007 ~67.10 0.072 0.023 0.019 0.11 1.55 6,77 38,91
: -~ 63,60 0.066 0.022 0.018 0.70 1.37 6.48 36.80

4 60.02 0.058 0.021 0.018 0.05 1.12 5.62 35.17

18¢ 1 Tail
25¢ 2 Tail
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DP9002 and the semi-massive sampies showed a similar trend, namely, each
- curve stayed on a plateau of copper recovery over a fairly wide range of
grade in copper, and the curves were displaced vertically, more or less,
in proportion to-their head grades. Such an observation appears reasonable,
since the tailing grades were, more or less, constant at 0.05 percent copper.
The copper recoveries of the two-stage grind flotation were a few percent
lower than.tﬁose of the one-stagé grind flotatioﬁ_for corresponding samples,
This observation is in good agreement with the effect of the mesh-of-grind
on copper and nickel conteﬁts in R Tails (Table 3). Only Sample IP9003
tended to deviate from the other disseminated samples. The copper recovery .
dropped steadily as tﬁe concentrate grade improved, and the grade-recovery
curves were virtually superimposable for both minus 65-mesh and minus 200-
mesh grind samples.

The weight Tecoveries and the concentrate as well as tailing grades
(Cu, Ni, Co, Fe and S) at any given copper aﬂalysis of the concentrates
may be estimated by féferring to the tables titled, "Calculated Grade and
Récovery in Each Stage of Standardized (or Modified) Flotation Tests,' on
individual samples presented in Chapter 3. It is advisable to computerize
these data for facilitating the‘retrieval of infofmation at any copper

analysis specified for a concentrate.

4.4 CHEMICAL AND MINERALOGICAL CHARACTERISTICS OF FLOTATION PRODUCTS

With Samples DP9002 and AX9004 the concentrates could not be upgraded
readily to above 10 percent copper due to the presence of large amounts of

pyrrhotite., It appears, therefore, that differential flotation should be
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considered fér these samples in order to reject the pfrrhotite and upgrade
the concentrate to, say, 14 percent copper. Only with Sahple USQOOl could
Amagnetic Separatién be used to upgrade a éoncentrate from 11.3 percent
copper to 14.3 percent copper.

‘Pyrrhotite,and cubanite are commonly known to be strongly magnetic.
Davis magnetic tube tests were,perfﬁrmed on Cl 4 Conc samples criginally
to explore the feasibility of a pyrrhotite separation‘and‘also of a copper-
nickel separation, perhaps in lieu of differential flotation. The test
results are summarized in Table §. Only Samples USS001 and DP9002 responded
to such‘é treatment scheme producing magnetic concentrates with low copper
and nickel cqntents. Since the other samples contain pyrrhotite and cubanite,
Vit appears tﬁat in most Dulﬁth gabbro samples these mineréls are of the non-
‘magnetic variety. It is well known thét, whereas monoclinic pyrrhotite is
magnetic, hexagonal pyrrhotite ié.notv It is interesting to note also that

nonmagnetic cubamite is not commonly mentioned in the literature.

TABLE 5. DAVIS MAGNETIC TUBE TEST RESULTS
ON CONCENTRATES (CL 4 CONC)

9
%

Sample

Magnetics
: -IP9002 ' 1.59
. IP9003 0.89
DP9002 5.22
US9001 , . 26.61
AX9001’ ‘ 2.94
o ~ AX9002 ~1.58
: AX9003 1.64
AX9004 0.03
AX9005 - 0.69
AX9006 0.01
AX9007 0.03




Of particular interest in Table 4 are the recoveries of copper,
nickel, ur cobalt, or especially their losses to R Tailsﬂ Excluding
the high-sulfide (DP9002) and the semi-massive (AX9004, AX9006 and AX9007)
samples, the losses of copper, nickel, and cobalt amounted to, respectively,
4,2 to 16.8 percent, 22.5 to 35.1 percent, and 52.1 to 75.6 percent. The
loss of‘copper Qas attributable largely to insufficient liberation in the
coarse fractions, to extremely fine 'included chalcopyriteflo and to high
copper contents in minus 10-um fractions due presumably to the inefficiency
of fine particle flotation. The loss of nickel was appreciably higher.
Most of the nickel lost in the tailings was present as unliberated sulfides,

and not as fine sulfide particles, nor as nickel in the olivine structure.

‘The amount of olivine in the tailings was in the range of 10 to 18 percent,

and the nickel content of the olivine was only about 0.05 to 0.08 percent.

The amount of nickel tied up in the olivine structure, therefore, accounts

for only 10 to 20 percent of nickel lost in tailings. The loss of cobalt

- was surprisingly high, but apparently its loss as fine sulfide particles

cannot account for the high percentages. Since the unrecovered sulfides
would be subject to oxidation in tailing ponds with possible release of
heavy-metal ions, further research is needed to identify the forms in
which these elements are present and to develop a process to improve their
recoveries. .
Inductively coupled plasma-atonic emission spectroscopic (ICP) analyses
were made on flotation feed and product samples to explore the possibilities
of concentrating certain trace elements in the concentrates and of finding

unusual trace elements in the tailings. The concentrations of such trace

elements as silver, zinc, lead, and mercury in the cleaner concentrates
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increaéed appreci;bly from ;heir‘respective feed samples, These incrééées
were thought to be due to the close association of these elements‘with
sulfide minerals. The silver content of Cl 4 Conc ranged from 0.41 to
1.66 ounces per ton, and the zinc content increased from 0.01-0.02 percent

in the feed to 0.1-0.2 percent in the Cl 4 Conc. Mercury was analyzed on

’ On;y three samples, namely IP9002, DP9002 and.US9001, and it increased from

66—90 ppb in the feed to 160-200 ppb in the Cl 4 Conc. The cadmium and -

lead contents in the feed were below the detection limits, but then vere

upgraded to a level well above their detection limits in some samples of '

the C1 4 Conc. It was also noted that, although these elements were reported

to be 'not detected;'Athey often exceeded the detection limit in the smaller

size fféctiong;Asay minus 10 pm, of tﬁe Cl 4 Conc. " The detection limits for

cadmium and lead were calculated fo be 0,0007 percent and 0.0016 percent,

A respectively, from the information given in Chapter 2, Table 5. Only in |

one sample (IP9002) arsenic was present in the amount of 0.01 percent'and

virtually all of it repofted~in the flotation tailings; The éfsenic content

of éll-the other samples was béiow the déteétion limit (0.0014 percent).
Detailed mineralogical studies were made on the flotation products

from Samples AX9002, AX9004 and AX9005 and similaﬁ data aré available on

Saﬁbles 1P90027 and IP9003.% All the data indicated that the copper

~sulfides (chalcopyri;efpubanite) were essentially liberated from the iron-

hickel sulfides (pyrrhotite—pentlapdite) at about 400 mesh, indicating that

the differential‘flétation of copper from nickel would be possible. It was

also noted that the gangue minerals were well liberated at a 65-mesh grind.

This would indicate that fiotation tailings could be utilized in by-preduct

recoveries of such mineral commodities as ilmenite, feldspar, olivine, mica,
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and graphite, as well as in the separation of hydrous minerals, without

further regrinding.

4.5 PRECIOUS METALS

Duluth gabbro contains traces of gold, silver, and the platinum group
metals amouniing, according to some esfimatés, to as high as 10 percent. of
the gross value_of tﬁe copper and nickel. Only a iimited amount of the
analytical data is available in the literature on the precious metals in
bulk sulfide ‘concentrates on Inco pit samples and none on any crude samples.
Table 6 summarizes the results of preciou§ metals analyses on flotation
concentrates of the Inco pit sample reported by different laboratories.

It is interesting to note that all the results are in good agreement

. although they were for different bulk flotation concentrates.

The precious metals analyses of several selected concentrates are

given in Table 7.
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TABLE 6. PRECIOUS METALS ANALYSES OF FLOTATION
CONCENTRATES FROM INCO PIT SAMPLES

Qunces per ton

Analytical Percent
Source Method Cu Ni Au Ag Pt - Pd
USEM8 Spectrographic 10.0 2.2 0.04 1.1 0,036 0.120
: . 14.4 3.1 0.04 1.5 0.030 0.128
12.2 2.5 0.04 1.4 0.021 0.122
Incol? 13.3 3.6 0.025 0.86 0.035 0.10
MRRC7 Spectrographic 27.9 0.33 0.10 - 1.3 0.03 0.13
1.0 11.7- 0.05 1.2 0.03 0.10
This Report*  ICP 16.7 2.6 - é7gi - -
16.6 3.2 - - -
Thingvold** NAA - 16.7 2.6 10.020 0.71 - -
* Section 3.1
**Letter dated July»lS, 1977
TABLE 7. PRECIOUS METALS ANALYSES OF FLOTATION CONCENTRATES
 FROM VARIOUS DULUTH GABBRO SAMPLES
Test Percent Qunces per ton
Sample No. Cu Ni Au Ag Pt P Pd
1P9003 6§ 7* 18.91 3.85
AX9004 14%* 8.28 3.20 . ’
AX9005 7 19.99 3.36
Pilot Plant*** 15.02 2.59
AX9006 2 23.02 1.86
AX9007 2 23.98 1.35

* Cl 4 Conc from two tests mixed
**Duplicate test sample
***February 23, 1978, 5-7 p.m.

9
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Analytical results on crude’ and talling sam?les were reported in the
neutron activation analysis and the Barringer ICP analysis resulté, although
the former method was restricted to gold and silver, and the later to only
silver. The neutron activation fails to give platinum and palladium analyses
because of interference from scandium. Nevertheless, the amounts of gold
and silver recovered by flotation were estimated from the available data
aﬁdASummarized in Table 8. It appears that the recovery of gold was moder-
ately high (in the range of 59 to 75 percent), whéreas Fhe recovery of silver
was surprisingly low (in the range of 15 to 31 percent). A study on how

precious metals are distributed becomes of interest.

4.6 WATER CHEMISTRY OF FLOTATION PULPS

The pulp pH after conditioning and the residual concentrations of
potassium amyl xaﬁthate (KAX) and methyl isobutyl carbinol (MIBC) in pulf'
solutions immedié;elyrafter flotation are summarized in Table 9. AlthOugh
the pulp pH averaged 8.8, the‘freshly acquired samples appeared toc give a
value in the range of 9 to 9.5. Three samples with low pH values are
thought to have been oxidiﬁed through long periods of storage or stock-
piling (IP9003, DP9002 and US9001). Sample AX9004 probably had a low
pH because of a high pyrrhotite content.

_ The residual concentration of KAX in the pulp solutions ranged from
1 to 1.5 ppm. At a constant level of KAX addition of 0.05 pound per ton,
its concentration without adsorption is estimated to be 11.5 ppm, assuming

that the purity of the collector used was 69 percent (see Section 2.3.3).

A residual concentration of 1 to 1.5 ppm would then correspond to 90 percent
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TABLE 8. PRECIOUS METALS RECOVERIES IN BULK éULFIDE_
- FLOTATION-OF IP9002 AND AX9002 S

100.00

: Analytical Ounces per ton % Dist
Test No. Methed Product % Wt  Au Ag Au Ag
IP9002

40. One-stage NAA  Cl 4 Conc 2.55  0.020 0.71 59 20
Grind R Tail 80.45  0.00036  0.10 33 (89)
Flotation Feed 100.00  0.00087  0.090 :

: ' 1.01

ICP Cl 4 Conc 2.55 - 081 - 15
R Tail 80.45 - 0.10 - 53
Feed 100.00 - 0.15 -

41. Two-stage  ICP  Regr Cl 4 Conc 2.48 - 1.30 - 21
Grind : Cl Tail 8.86 - 0.16 “ 9
Flotation R Tail 84.75 - 0.10 - 57

: Feed 100.00 - - 0.15 -
AX9002

20. One-stage  NAA  Cl 4 Conc 3.68  0.032 1.15° 75 31
Grind R Tail 75.59  0.00027  0.055 13 31
Flotation Feed 100.00  0.0016 0.134

21. Two-stage ICP  Regr Cl 4 Conc 2.48. - © 1,66 - 26
Grind Cl Tail 8.51 - 0.12 - 6 -
Flotation R Tail 84.85 - 0.20 - (106) -

Feed - 0.16
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TABLE 9. 'PULP pH AND RESIDUAL CONCENTRATIONS OF FLOTATION
REAGENTS IMMEDIATELY AFTER FLOTATION TESTS

One-stage Grind Two-stage Grind
Flotation C Flotation

o Pulp KAX MIBC Pulp . KAX MIBC
Sample pH (ppm)  (ppm) pH (ppm) (ppm)
IP9002 9.3 1.20 3.00 9.2 1.62 2.91
IP9003 - 8.3 0.35 6.84 8.0 0.43 10.00
DP9002 8.7 0.74 5.99 8.3 0.76 6.73
US9001 7.8 0.29 6.52 7.4 0.32 6.37
AX9001 9.4 1.99 11.18 9.4 1.97 : 9.19
AX9002 - 9.3 1.18 15.05 9.2 1.46 5.28
AX9003 9.4 2.10 8.40 9.3 2.00 10.73
AX9004 8.5 2.08* 5.69 8.5 3.58* 7.91
AXS005 - 9.1 0.84 3.29 8.8 1.16 2.30
Average 8.87 1.20 7.33 8.67 1.48 . 6.82

- Standard
Deviation  #0.57 +0.72 £3.81 £0.69 £1.00 . £2.97

*Sc 1 Tail in modified flowsheet
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abstraction, Thé term "abstraction' denoted that the,conéumption of the
:collec ,_‘ipcluded not dnly adsorptiqn by minerals, but also precipitation
by heavyfmetal ions in solution and dgcomposition" It was noted in pilot~
‘plant runs that the residual KAX concentrations had to be at.least 1to2
ppm to insure full recoveries of sulfide mineral;. The re;idual KAX in
éaiiing pulps decomposed in a week inte a spectroéhotoﬁetrically inactive
form. The exact path of the decomposition of xanthate has not been estab-
lished, but it is pfesumed to decompose eventually into Hy0, COZ and SO4=.

The residual concentration of MIBC in pulp solutions centered arcund
'7 ppu. The concentration of MIBC without adsorption is estimated to be
16.7 ppﬁ at 0.05 pound per ton. Since the residual cancentratioﬁ of 7 ppm
included the removal in the froth and the dilution water during flotatioen,
a dilution factor similar to that developed for fiber analyses (see Section
A2.4.8) should be applied. It appeareq that there was very little abstraction
of the MIBC by the ground ore. The equilibriumAconcentrations prior to
flotation (see Table 5 in Section 3.6) were seen to be in the range of 15
to 20 ppm. The residual MIBC in the tailing pulps decomposed in a week.

. The tracgteiément analyses of the tailing pulp solutions showed very
little unusua; elements upon agiﬁg. The pulp pH showed a tendency to decrease
from near 9 during flotation to about § afﬁer a month. The concentration ofA
copper ions remained near 10 ppb throughout the period. The concentfations
of ﬁickel ions were essentially beloﬁ the limif of detectionvby the analyticai
method used (90 ppb). Frequently the concentrations of copper and nickel ions
were higher in pulp solutions prior to the collector addition than after the
flotation. The decrease in the presence of ore samples may be attributed to

the precipitation of insoluble metal xanthates upon addition of the collector
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and to the exchange reactions with iron and zinc sulfides. All the . available -
Barringer data én R Tails éveraged 0.013%0.004 percent zinc, and the zinc
ion concentrationg were seen to increase in many sémples to a few tenths of
one ppm in a month., In some of the pulpnsolutions arsenic was reported to
be present in the range of 0.2 to 0.4 ppm. Siﬁce these values are barely
éBove the limit of deteétion‘(0,14,ppm), the significance of such an observa-
tion should be carefﬁlly evaluated with further festing. InAthe pulp soluti§ns

of virtually all the samples the presence of chromium in the range of 0.006 to
0.1 ppm, of vanadium in the range of 0.001 to 0.03, and of molybdenum in the
range of 0,03 to 1 ppm was noted.

Tabie 10 shows the resulﬁs of trace element analyses of concentrate and

- tailing water samples taken during a pilot-plant test on a Duluth gabbro
similar to AXS005. Of nete are the similarities of the analytical results
between bench and pilot plant tests, and of concentrate and tailing water
samples. The lowering of the pulp pH through sulfuric addition had an

effect of raising the concentrations of various ions.
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TABLE 10.

TRACE'ELEMENT ANALYSIS RESULTS IN PPM ON CONCENTRATE
AND TAILING WATER SAMPLES OF ORE 1969, LOT 2
(PILOT PLANT RUN ON JANUARY 11, 1978)

Natural pH Acid pH
Concentrate Water Tailing Water Concentrate Water Tailing Water
(pH 8.6) (pH 8.7) (pH 7.8) {pH 6.9)

Tap Water Duplicates Duplicates . Duplicates Duplicates
Al 0.23 0.26 0.25 0.33 0.33 0.32 0.40 G.46
B nd nd nd nd nd nd nd nd
Ba nd nd . nd nd nd nd 0.06 nd
Be nd nd - nd nd nd -nd nd nd
Ca 71.0 72.2 '70.3 70.3 102 101 151 152
Cu 0.009 0.009 nd - 0.0097~ 0.037 0.02 0.013 | 0.013
Fe 0.124 0.189 0.044 0.254 0.345 . 0.318 0.176 0.224
K 13.8 13.8 17.0 17.0 15.4 15.4 21.2 21.2
Mg 38.0 38.5 - 37.6 37.3 52.5 51.9 72.6 75.1
Mn 0.0789 0.0789 0.0526 0.105 0.289 0.289 1.4% 1.37
Na 52 53 56 56 49 49 56 57
P nd nd . nd nd nd -~ nd nd nd
Se nd nd nd nd nd nd nd nd
Te nd nd nd nd nd nd nd nd
Pb nd nd nd nd nd nd nd nd
Si 2.09 2.08 2.13 2.38 2.85 2.91. 3.79 4.06
Str. 0.251 . 0.253 0.246 0.246 0.335 0.322 0.486 0.492
Ti nd 0.006 -0.006 0.006 0.006 0.006 0.606 0.006
v 0.023 G.022 0.024 0.024 0.033 0.03 0.048 0.05
Zn nd nd " nd nd nd nd nd nd
Th nd nd nd nd nd nd 0.016 0.018
Ag nd nd - nd nd nd nd nd nd
As nd nd nd nd nd nd ‘nd . 0.3
Cd 0.09 0.09 0.09 0.09 nd 0.09 0.08 0.08
Co * nd nd - nd nd - nd nd nd nd
Cr 0.025 0.03 0.022 0.023 0.032 | 0.049 0.0635 0.053
Mo 0.16 0.15 0.09 0.16 0.2 0.16 0.1 0.1
Ni nd nd nd nd - nd nd nd nd
it nd nd nd nd nd nd nd nd
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