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Field Leaching Studies : o

1. Sampling. Water samples were collected by the Cu-Ni staff at various
locations in Unnamed Creek, at Seepages 1, 2 and 3, in the connecting
bog arc - and from surface waters of Bob Bay in Birch Lake from July-
September, 1976. Samples were transported to the Kawishiwi River
Laboratory (U.S. Forest Service) and filtered where appropriate. Samples
were separated into aliquots for analysis of selected metals, calcium,
magnesium, dissolved inorganic and organic carbon, dissolved reactive
silica, chloride, sulfate and hardness (deleted after initial analyses).
After ac1d1fy1ng metal fractions, samples were transported to the
University of Minnesota for analysis.

2. Analytical Procedures.

" a. General Parameters. The following techniques were applied to general
parameter analysis: . . :

Parameter . o ~ Technique

"Hardness .. EDTA Titration

Si | 77 Molybdosilicic Acid (Color1metr1c)
cl .. ... lon Specific Electrode

S0, o .~ -~ . Turbidimetic

DOC, DIC i L }nfrared Ana]yzer

b. Metals. Aqueous samples have been analyzed for heavy metals, calcium

-and magnesium with a Perkin-Elmer Model 360 Atomic Absorption Spectro-
photometer (AAS) fitted with a Deuterium Background Corrector and an
HGA 2100 Graphite Furnace when operated in the flameless mode. Calcium
(Ca) and nagnes1um (Mg) were measured in the f]ame mode in samples
(diluted where necessary with DDW) containing ~1 % La(NO,) Fe, Cu,
Ni and Zn were determined using an air-acetylene f]ame w? ﬁ §cﬂp1e

; responses comparad to a standard curve which was prepared daily. Blanks,

* standards and EPA analyzed water samples were run frequently to check

metal results.

Metals analyzed in the flameless mode using the HGA 2100
Graphite Furnace were Cu, Ni, Fe, Co, Cd, Pb and Zn with Mn and Al
to be added. Settings for programmed operation of the graphite furnace
are listed in Table I. .

Table II details the listed detection limits and practical
working limits for metal analyses by flameless AAS. The practical
vorking limits were obtained by two different approaches. In the
first case, the practical working limit was determined as the con-
centration of standard exceeding the background noise level by a
factor of two. In the second case, the practical working limit was
determined as the standard deviation of a series of metal measurements



Table I.

Instrumental Settings for Programmed Operation of HGA 2100°

Metal _Drying Charring Atomization
Time Tgmp. Time TSmp. Time T8mp.

(sec) (°C) (sec) (“c) (sec) (“C)

cd 30 125 10 350 7 1500
Co 30 125 10 850 10 2600
Cu 30 125 10 800 9 2500
" Fe 30 125 10 900 10 2500
Ni 30 125 10 1000 10 2500
. Pb 30 125 - .10. . 500 7 2000
30 125 10 7 2000

" In

400

27 50 yl sample is assumed,
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~ Table II.

Detection and Practical Working Limits
for Metal Analysis by AAS (Flameless)

Detection Limit Working Limit

Metal Conc.
s (pg) ~ (pg) {ppb)
Cu 50 25 0.5
Ni 140 200 1.0
Fe R 25 0.5
n 3L 2 10.04
R 2 3 0.0
Pb Cs0 50 1.0
Y 120 100 2.0




. _Table I1I.
Precision of Metal Analyses by AAS (Flameless)
Metal " Rel. Std. Deu. Concentration

(%)

(ppb)
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v
‘at 10 ppb (10 yg/1) with a 50 p1 injection and 5 my full scale on the
Perkin-Elmer Model 56 Recorder. The stated working limits in pg and
pg/1 (Table I) is the concentration of metal excceding the background
signal by a factor of two. However, both techniques yielded similar
resl*s, : :

Precision of metal determinations in the flameless AAS mode were
determined by repetitive analysis of metal standards and EPA samples.
Table III Tlists the precision of metal determination for Zn, Cu, Ni, Fe,
Cd, and Pb at one or two concentrations in terms of relative standard

’ dev1at1on

Evaluation of Metal Ana1y31s Procedures bX>F1ame1ess AAS.

A detailed investigation of the optimum operating parameters for

‘metal analysis by flameless AAS was initiated to evaluate anomalies noted

in analytical results. Two aspects of that study are reported here because
of their relevance to trace metal analysis of Cu-Ni- related aqueous samples.

Three types of natural water samp]es were obtained to demonstrate
the effect of background correction and quantification procedures on metal

‘results. Table IV Tists the average concentrations of general parameters

for bog, river and leachate samples. Depending on metal concentration,
each sample was diluted by factors of 1 to 25x to yield concentrations in

.the linear response range of the AAS technique. The samples were chosen

to demonstrate the variations in natural water which might be encountered:
bog (h1gh organic, high Fe, low inorganic), leachate (high inorganic, low
organic, high metal) and river (moderate inorganic, organic, and metals;
higher suspended solids).

The deuterium background corrector (D,) is used to correct for
non-atomic absorption and furnace emission co?tr1but1ons to peak height.
Samples of the bog, Teachate and river were analyzed in duplicate for
Cu, Ni, Pb, Cd, Fe and Co with and without background correction (Table V).
In all cases, the metal concentrations were determined by comparison to
standard curves.

With the exception of Fe, all metals studied exhibited different
behavior with and without D, correction. In general, the metal concentrations
determined with the D, were“significantly lower than those without the D
indicating intense noﬁ atomic absorption and/or furnace emission contribitions
to absorbance. The bog matrix with high organic concentrations and the river
matrix affects Cu, Hi and Co response the greatest while all metals studied
except Fe, exhibit similar behavior in the leachate. The data clearly points
out that background correction is necessary‘for accurate trace metal analysis
in natural water samples. Some deviations in response in standards was also
noted suggesting that background correct1on is necessary for all sample
matrices.

Quﬁgtification of metal levels in aqueous samples is commonly performed
by comparison of peak heights to a standard curve. Calculation of metal
concentrations by comparison of sample response to that of sample plus single



Tuble V.

Comparison of FAAS Analyses of Trace Metals

With and Without Deuterium Background Correction

Cu

Ni
" Pb
cd

Fe

_iij.co

BOG LEACHATE

D, ~ NoD,, D,

8.2 23.2 1.2

4.1 57.0 . 47.8
11.8 1.5 3.8
0.24 037 0.5

261 25.3 . 32.6

7.1 . 3.7 11.5

NoD, D

RIVER

ety

2

C—

31.3 7.3

54.5 127 .
R AN 3.4
0.82 016
k1 8.8
26.0- 0 1.2

NoD2

- 12.0
42.5

Cas
. 0.23

g 17,1.-;._',
Cle3

"+ A11 values given.in ¥g/1 (ppb)
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standard spike response is commonly used in polarographic techniques and
has been applied to FAAS analyses. The method most often employed to
correct for matrix effects is standard addition whereby successive standard
metal additions and measurements are performed on one sample. Although
time consuming, the standard addition technique is the standard quantifi-
cation procedure.

A comparison of the three methods of metal calculation was performed
for Cu, Ni, Pb, Cd, Fe and Co in bog, leachate and river matrices with D
correction. Results are detailed in Table VI and examples of calculatlo%
plots in Figures I and II. In general, the single spike addition technique
yields results higher then either the standard curve or standard addition
procedures (Figure III). This behavior is Tikely due to analytical and
statistical uncertainty in a single measurement. However, the standard

“curve and standard addition procedures also yield variable concentrations
- depending on the metal studied and the sample matrix. In some cases, the

standard curve appears to give better results than standard addition because
the added metal may not be homogeneously distributed throughout the solution
compartments; i.e., the spike metal does not respond as the native aqueous

metal. Reasons for this behavior may include stable, strong compiex formaticn
and variations in salt volatility. Additional work in this area is required.

At the present time, the standard curve or standard addition procedures

must be applied selectively depending on metal and sample matrix to yield
optimum results. For many situations, the easier and more efficient standard
curve comparison is adequate to generate accurate metal concentrations based
on analysis of exhaustively-studied samples. _

Field Leaching Data.

The following tables of dataA(Tables VII A-L) represent chemical analyses

~of field samples collected between 7-01-76 and 9-31-76 in Unnamed Creek,

nearby seepages, and Bob Bay-Dunka Bay of Birch Lake. In addition to the-
general parameters and metals listed, a survey of other metal concentrations
in selected samples 1s presently being conducted. Ara]ytica1 cata for
samples collected between 10-01-76 and the present is being generated and’
wxl] ‘be available in the near future.

General Observations of Chemical Field Data.

In the absence of flow data at various locations in Unnamed Creek and
nearby seepages, several general cbservations can be made of ths chemical

~

data with respect to geochemical cycling and interactive mechanisms. -

a. Table VIII lists the average concentrations of general parameters and
metals, standard deviations and number of data points considered for EM-1.
{(mouth of Unnamed Creek), EM-8 (near base of Gabbro pile), EMS-1 and EMS-3
(both Gabbro seepages which eventually drain into Unnamed Creek). The
chemical composition of EMS-1 is typified by high alkalinity, specific
conductance, inorganic and organic carbon, sulfate and higher pH relative

to EMS-3. Concentrations of trace, heavy and alkaline metals are considerably
higher in EMS-3 compared to EMS-1 except for Fe which averages ~10 x the



TQ{C\(QV \ ‘ a
COMPARISON OF QUANTIFICATION PROCEDURES

ONd

: ‘Fe.

A11 values are given in pg/1 (ppb)

IN FAAS
Bog Leachate River

S.C. S.S. S.A, S.C. S5.S. S.A. S.C. S.S. S.A.
v 82 1.3 3.8 71 1.2 127 2.0 7.3 6.6 9.2

41.1 129.0' 43.9 47.8  40.5  84.5 12.7  17.4  12.3
Pb 11.8  19.0 239 | 3.8 9.1 83 | 3.4 2.4 45
¢d 0.24 0.28 0.32 0.55 0.73 0.70 | ©0.16 0:25 0.15

26.1  20.1 31.1 32.6  86.1 48.9 18.8 13.4 21.7
Co ND ND 700 | 7.4 69 1.5 ND  ND - 1.2

S.C.: Standard Curve

-8.S.: - Single Spike

S.A.: Standard Addition
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concentration of EMS-3. This behavior is consistent with the Teaching of
a more mineralized rock in EMS-3 compared to EMS-1; however, sulfate
concentrations typica] of metal sulfide oxidation and release are
significantly lower in the EMS-3 seepage, although still high at 1521 mg/1.
Further study of the variable leaching properties of different Gabbro
m1nera11zat10ns is required.

b. Unlike acid mine drainage generally found in mineral mining regions,
the leachate pH is comparatively high in the range pH 7-8. Buffering
of leachate and creek solution is probably accomplished by weathering
of silicate minerals. Weathering effects are further exemplified by
high dissolved reactive silicate, alkalinity and dissolved inorganic
carbon. High pH likely acts as a master variable in limiting metal
release. ~ : :

c. Based on the operational criterea of 0.45 yum membrane filtration
for separation of "dissoived" and "particulate" metal most of the

Cu, Ni and Zn occurred in the filterable fraction while "dissolved"

Fe comprised ~ 40-60% of the total Fe measured. Co concentrations

in EMS-1 and EMS-3 were anomously high and should be considered in
future studies. The release of Ca is typical of weathering reactions
involving (Ca, Mg, A]) - silicates. Cd concentrations were un1versa?]y
less than 0.1 ug/l in all aqueous samples tested

Metal Cycling in Unnamed Creek.

Figures |v=-unt detail the temporal variation of DOC, SO,, Cu, Ni
and Fe at sites EM-8, EMS-1, EMS-3 and EM-1, respectively, for the period
of 7-01-76 to 9-30-76. The main discharge to Unnamed Creek occurs upstream
of EM-8 but negligible change in chemical concentrations has been noted
in traversing ~ 94 meters from the base of the pile to EM-8. At EM-8
(Figure tV ) S0, concentrations generally build throughout the summer
reaching > 1600 'mg/1 in September. Ni levels follow the same general
trend as SO0, while Fe and DOC fluctuate widely. Cu concentrations remain icw
(<50ug/1) with 1ittle temporal variation noted. The good correiation of i
with SO, suggests that the release and transport of both are related.
Natural 'removal mechanisms such as precipitation as the metal hydroxide or
sorption onto sediment are not active apparently in the case of Ni, althcuzn
mass balance calculations based on flow data will aid in interpretation.
Figures ™ and Vldepict the temporal variation in component concentrations
for seepages EMS-1 and EMS-3, respective]y As noted earlier, correspond-
ing leachates differ markedly in concentration and behavior, espec1a]]/ Sh il
regard to Ni, Cu and Fe release. However, within each seepage, Cu, Wi and re
release appear interdependent. Components present at site EM-1 (Figure V3
over time are sianificantly reduced relative to inflowing streams. Low Cu
concentrations at EM-1, the input stream to Bob Bay (Birch Lake) are due *2
sorption, precipitation and for dilution prccesses in the stream. The beg
through which EMS-1 and EMS-3 traverse in flowing to the creek may remove
significant quantities of metal. The extent to which Cu levels are reducszZ
from upstream sites and nearby seepages sugqgest the sediments as a sink,



EM-1P

Tab]e VIII

Average Chem1ca1 Concentrations:
Unnamed Creek Area (7-01-76 to 9-31-76)2

pH
A1K
S.C.

7.63+0.23(7)

-+ 101£14(7)

738:230(8)

Hardness 428+159(4)

Si -
1
504
DOC
DIC
“CuT
F
NiT
i F
FeT
CoT
InT
F
CaT ~

9.22+0.48(5)
33.9+10.5(7)
281+88(7)
16.6 +6.5(7)
19.146.2(7)
.004+.002(7)
.003+.002(7)
.123+.032(7)
.118+.033(7)
.189+.046(7)
© .141+£.056(5)
- .001£--(1)
<.01--(1-)
<.01--(1)
.48.4£10.1(7)

EM-8 EMS-1 EMS-3
7.27+0.23(7)  7.3320.20(5) 7.19+0.31(6)
140+28(7) 196+27(5) 96+23(6)
1949+848(6) 3468+358(5) 2688+193(5)
1150+247(4) 2641i684(3) 2049+796(3)

9.91+1.44(7)

41.0:7.6(9)
1209+337(10)

20.026.1(10) 31

25.1+8.0(10)  36.

.018+£.002(10)
.017+.002(10)
©1.83+0.70(10) 1

1.74:0.80(10) 0.
0) 4.
- .068£.035(10 3.

.142+.041(1

.029+--(1)

.031£.010(6)

.033+.012(6)
173£61.9(10)

19.62+0.32(5)
48.2+19.3(6)
2230+277(6)

.226+.056(5)
.106+.007(2)
220£17.4(4)

11.020.98(4)
58.014.1(6)

1521+294(7)
.0+7.5(6) 18.8£5.1(7)
5:15.2(6)  18.8:9.2(7)
.039:0.28(6) .758+.195(6)
.019x--(1) .552+,063(3)
.25$0.37(6)  20.4x2.96(7)
87:0.04(2)  19.7+0.52(3)
03:2.21(6) .462£.221(5)
39+3.27(2) .256+.128(2)
L1324--(1) .8572--(1)

.345+,030(6)
.350£.031(3)
246x13.2(5)

2A11 values are given in mg/1 except pH.

bNumbers represent average

in parentheses

+ standard deviation with number of data points considerzZ
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Concentrations of other components fluctuated in ecarly and mid-summer due

to variable pumping practices but leveled in late summer. Comparison of
EM-1 data with Bob Bay values indicates that Unnamed Creek flows into the
bay in a stratified, dense layer near the sediments which mixes slowly

with the fresh water. Again, sediments represent the likely sink for

metals such as Cu, Ni, Fe, Mn and others. Additional study of suspended -
and dcpusited sediments of Unnamed Creek and Bob Bay are required to furnish

data on natural sinks and removal mechanisms for metal species derived from
metal sulfide leachates.

Chemical Equilibrium Models of Metal Speciation

Two related approaches were used to model agueous metal behavior in
Unnamed Creek and the seepage EMS-3. Both modeling efforts utilize the com-
putational assistance of the chemical equilibrium computer program, REDEQL2,
which uses the stability constant approach and the Newton-Raphson method for
digital calculations of equilibrium speciation. REDEQL2 has the capability

of computing chemical equilibria in agueous systems involving acid-base,
coordination, solubility, redox and adsorption phenemena. Data for EM-1,

EM-8 and EMS-3 collected from Unnamed Creek on 8-12-76 was selected for

- typical speciation studies. Concentrations of measured components in un-

filtered samples used as input data to the computer program which cal-
culated the equilibrium distribution of metals and Tigands in inorganic
and organic models. : :

Figures VI\U=X Jdepict the equilibrium speciation {Cu, Ni) for EM-8,

" EMS-3 and EM-1 in the inorganic model. Metals considered were Ca, Fe,
 Cu, Cd, In, Ni, Pb and Co while ligands were represented by 003 SG,, C1,

PO, and Si0,. Tables IX-XI show input and calculated equilibrium concen-

- trations of metal and ligand species. In general, Cu is controlled by

CuC0.,, formation in either the solid or soluble state at all.,three sites.

- Ni i85 distributed primarily between the soluble species Ni “, NiSQ, and

NiCO,. The elevated concentrations of Ni over Cu in stream and seepage
samp?es may be due to increased release rates from Gabbro rock and lack
of efficient removal mechanisms. However, unfiltered and filtered metal,
expecially Cu and Fe do not conform to an inorganic model strictly because
the- majority of metal occurs in the <0.45um fraction. Consequently, an

- organic model superimposed on the inorganic components was constructed

in which added organic ligands were citrate, acetate, tartrate, cysteine
and phthalate. These ligands were chosen to represent organic functional

‘groups known or thought to exist in aquatic organics but not yet identified.

Ligand concentrations were determined by dividing the DOC by 100 giving a
better value for ligand concentration and then distributed, on an equivalent
carbon basis, between the selected ligands.

The resulting superimposition of the organic 1ligands on the inorganic
model ds shown in Figures ¥i-%Wclearly indicates that Ni speciation is
negligbly affected by reasonable concentrations of strong organic ligands.

Cu speciation, on the other hand, is controlled effectively by formation of a
Cu-citrate complex in EM-1 and EM-8 while inorganic cemplexes and solids
still predominate in the mcre concentrated Ei1S-3 seepage. Tables XII-XIV
show that Fe becones bound with cysteine in about the same percentage of
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1 DIFFERENT CASES ARE TREATED

Toble MWL ..

»3800000E~0]) EM-%

:fnor%aw?o

THE CONDITIONS FOR THE DIFFERENT CASES ARE

METAL  INMAT  GUESS ToTCC i  TOTCC

CA B 8,000 2,840 o
FE3 T e T 8,000 G.620 T Tt
CUze+ 9 80000 6,480 T T )

co 11 8+000 8,050 B

N T i T ge000 T gezzo T T T T T T
NI 13 8000 4+390 T

pB. 15 84000 6810 ) )

coz+ 16 se000” T Be3i0 T T
co3+ 17 8000 80000 Tt
LCIGAND INMAT. _GUESS _  TOTCC T  TOTCC oo o
€03~ 1 84000 2,840 -

sos 2 8,000 1.850 - .

cL | 3 8:000 2.800 A i .
P04 o 84000 66210 -
s103 12 8000 34450 )
le‘x ED P H 7.020 ST
REDOX POTENTIAL 12.000

THE FOLLOWIMG REDOX REACTIONMS ARE CONSIDERED

PRO2
c02/C03
FE30¢4



v v T * P

¢03- 679 4,88 111

110
504 3.5 110
FO4 8,15 111
OKH 8.1‘2 1 0"’1 .
S04 1630 110 16498 ° 1 2 0 ‘
cL 19,45 110 2187 120 25463 130
PO4 164,89 111 o .
S103 13+56 111 ' : : . : : <
0K 13,10 1 0=l 10428 1 0Ow2 13,16 1 0=4: 26407 2 0=2
Co3= 6,80 110 9440 120 © Te98 1 1 1. .. 1205 1 .1=2
S04 . Te26 110 .
CL 8,57 110 10,93 120 14,03 130 C 17617 1 40 8608 1l 1=1
PO4 10:75 111 1243 1 12. o '
OH 8,12 1 0=l 1054 1 0~2 1290 1 0=3 . 18,71 1.0n4 1060 2 Q=2
CO03= 9,37 110 9,55 111 '
304 8,53 110, . B . . o , i
CL 9,25 110 11.71 120 15,11 130 '18.25 140 11216 - 1 1~1
PO4 - 17,00 11 ¢ o
OH 1150 1 0=1 14,92 1 0=2 20668 1 0=3 . 27:59 1 0=t 18,91 2 0-1 2799
Coa~ 766 110 TeT4 111 - -
S04 6:73 110 . _
cL 8,24 110 1050 1 20 14460 130 - 9¢65 1 la=l, 1686 1 4 0
P04 11,02 111 . ‘ '
oH 9,19 1 .0=1 13.97 1 0~3 19448 1 0=4 9¢bl 1 0=2 140590 2 0=1
CO3= 5,60 110 568 1 1.1 . : - .
S04 4686 110 '
cL 7.208 110 944 1 20
PO&4 9.45 111 ' . T
o 6,53 1 0=l : ,
£03= 6495 110 9435 120 .B8el3. 1113 9,18 122
S04 771 110 . . S
cL - .32 110 11,38 1 20 " 13498 1 30 17042 1 4 0 10e63 1 lel .
OH 8.77 1 0w~} 11,19 1 02 © -15,05 1 0w3 - "14¢97 2 0wl 2200 - 3 0=4 35,1
. CC3= 7.63 110 7«76 1 11 o ' '
S04 . 64065 110 .
S cL 8¢36 11 0 11,02 120 -
P04 11,34 111 * S .
OH 9.01 1 0=-1 1113 1 0=2 16489 "1 0-3 .
C03= 2.90 011 374 012 ' ~ '
SN 6497 011 _ ‘ . i
P04 697 011 647 01 2 1161 013
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FE3

cUze

.CD

ZN

.NI.

PB

Co2+

CO03+

CO3~

S04

cL

PO4

AS A FREE METAL/
BOUND WITH CQ3-/

ROUND WITH SQ& / -

IN SO0LID FORM WITH

as A FREE METALY/
EOUND WITH C03~/
BOUND WITH S04 /
ROUND WITH CL /
BOUND WITH OH /

<

AS-A FREE METAL/
BOUND WITH C0O3-/
BOUND WITH S0% /
BOUND WITH CL /

AS A FREE METAL/
BOUND WITH €03~/
BOUND WITH S04 7/

BOUND WITH cL /

AS A FREE METAL/
BOUND WITH CO3-/
BOUND ¥WITH 504 /
BOUND WITH OH /

AS A FREE HETAL/

BOUND WITH CO=3-/
BOUND WITH S04 /
BOUND WITH OH /

AS A FREE METAL/
BOUND MITH CO03~/
SOUND WITH S0% /
BOUND WITH cL 7/

BOUND WITH CA /
AROUND WITH H /

AS A FREE LIGAND/
ROUND HWITH CcA 7/

8S A FREE LIGAND/

61.2 PERCENT
09 PERCENT
3749 PERCEMT

OH / 10000

PERCENT
PERCENT
PERCENT
PERCENT
PERCENT

26,6
51%2
1645
3.3
2,3

PERCENT
PERCENT
PERCENT
PERCENT

5248
709
3248
645

PERCENT
PERCENT
PERCENT
PERCENT

\
PERCENT
11,3 PERCENT
33.6 PERCENT

o7 PERCENT

5644
Teb

3449
11

S4e2

FERCENT
PERCENT
PERCENT
PERCENT

PERCENT
PERCENT
45,3 PERCENT

09 PERCENT

46,1

«9 PERCENT
986 PERCENT

96,0 PERCENT
3.9 PERCENT

PERCENT

100,0 PERCENT -
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THE FOLLOwING REDOX REACTIONS ARE COWSIGERED

PBo2

PN~ s ™

THESE COMPUTATIONS INVOLVE ‘10‘ nE]','H.Sy 6 LIGANDS, 71 COMPLEXES AND 27
Lo s ' : \
Table VA .
IONIC STRENGTH= ,7600000E-01" EWs - R
‘ 'Iv\c:mz)avx? c
1 DIFFERENT CASES ARE TREATED . e

THE CONDITIONS FOR THE DIFFERENT CASES ARE

METAL  INMAT  GUESS toTcc T torCC S

NI 13 7 8.000 34490 T T e
TFE3 76 T B.000 4,970 - T -
"IN 12777 "8.000  5.270 T e
" ¢D 11 84000 74570 T T
Tpe T {5 T T TB.000 el.8lo T T -

co2+ i6 77 8000 44840 T
c03+ 17 8000 8,000 = i Tt T T
ca T Ty T T gd000 2.190 T o -
cu2+ 9 84000 4930 T o I
_LIGAND INMAT___GUESS ___ TOTCC I _ .TOTGC o _ - ... _
€03~ 1 . 8,000 24650 ) o
S04 2 8,000 1,570

CcL 3 . 8,000 2.700 ) e
POs& S _80000 5490 . e
s103 12 84000 34410

FIXED PH 7.100 T
REDOX POTENTIAL 12,000
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BT 111 B B v

C02= 4 %% 110

SCu ;,/3 1 1 0

cL 6,61 1 10 .52 120

bog 9,15 11 1

OH 5465 1 0=1 ‘

S04 16039 110 1692 "1 2.0 . ‘ C

C. 19.56 110 21,97 120 25.67 1 30

PO4 1759 111 v , -

0OH 13.20 1 0=l 10,35 1 0=2 . . 13405 .1 0«4 .. . 24408, .2 0=2

CH3= Te27 11 0 Toel2 1 11 . . .

S04 6el? 110 . , . o :

cL 7.99 110 1060 120 14¢20 1 3 0 9¢34 1l 1=1 16029 140
PO 1133 111 - . -
0H B.93 1 0O=1 393 1 0=3 18,87 1 0=4 90,28 1 ¢=2 14¢3] 2 0=1
CO3= 877 1 10 9002 1 1 1 . .

S04 8,02 110 _ ' . A ‘ .

cL- 8,79 110 1120 120 14050 130 17449 1 40 10064 1 1=-1
PO 16,97 110 .

OH 1103 1 0=1 14,38 1 0~2 20,03 1 0~3 26977 1 0=4 17.91 2 0=l
C03= 692 110 B.99 120 8«17 111 9,10 122 '

S04 7.78 110 : - e e e .

cu 9,45 110 11446 120 13.96 130 17¢25 1 4 0 1070 1 1-1
OH 8.89 1 0=-1. 11.24 1l o~2 14,99 1 0=3"° 15.12 2 0=l 226023 3 0=4
CO3= 740 110 7455 111

SD‘} 601&5 l l 0

cL B¢23 110 10.84 1 20

FO4 11.77 111 . e

OH R 07 1 0=l 10092 1 0-2 16057 1 0-3 ‘

CO3" 5.72 1 l 0 4017 1 l l . .

S04 2,57 110

P04 .08 111 A ,

0H 778 1 0=l ) .a ‘ .

.C03~ 6439 110 Bs65 .1 2 0. CTe64 11 1L 1137 01 1=2

S04 Ge94 110 ) ' ) o o ' . :

CL. 8431 110 10,62 120 13,62 .1 30 16061 140 Te76 1 1=l
P04 11,05 111 1279 112 - A :

CH 7.85 1 0=1 10,20 1 0=2 1245 1 0~3. . 18,09 .1 0w=4 . 10.01 2 0=2
C03" 2072 0 1 1 3068 0 1 2 . :

S04 65.88 01l 1 . e v e s -

POG 6+93 011 6+99 01 2 1224 01 3

S103 .76 011 Jeh2 012
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T

FE3

ZN

cD

PB

CO2+

. BOUND WITH SQ% . /

AS A FREE METAL/
gouUHD WITH CO3-/
ROUND WITH S04 /
gOunNp WITH OH 7/

IN SOLID FORM WITH

AS A FREE METAL/
gOUNpD WITH c03-/
BOUND WITH 504 /
IN SOLID FORM WITH

AS A FREE METAL/
BOUND WITH CO3~/
BOUND WITH S04 /
BOUND WITH CL /

AS A FREE METAL/
BOUND WITH C03=/

BOUND WITH CH /

AS A FREE METAL/
IN SOLID FORM WITH

. BOUND WITH S04 ,

Co3+

CA

CUz+

C03-

S04

CcL

P04

" AS A FREE METAL/

BOUND WITH CO3-/
BOUND WITH S0% /

AS A FREE METAL/
BOUND WITH CO3-/
IN SOLID FORM WITH
ROUND WITH S04 /

8O0UND WITH NI /
IN SOLID FORM WITH
QOUND WITH CA /
ROUND YWITH H /

AS A FREE LIGAND/
ROUND WITH CA /

AS A FREE LIGAND/

IN SOLID FORM WITH
B0UND WITH H /

49,4 PERCENT
13,9 PERCENT
35.9 PERCENT

o7 PERCENT

0H s loon.o

9.7 PERCENT
1.7 PERCENT
71 PERCENT
SI03/ "Blel

48e¢6 PERCENT
9,9 PERCENT

PERCENT

PERCENT

35.4 PERCENT - .
601 PERCENT

- 59 PERCENT
82,3 PERCENT

10,7 PERCENT -

¢8 PERCENT

2.1 PERCENT
COB“/ 9500

. 244 PERCENT

S7+2 PERCENT

1,1 PERCENT .

41,6 PERCENT

1,3 PERCENT
3.7 PERCENT
C03=/ 937
1.0 PERCENT

20 PERCENT
C02+/ 66
3.1 PERCENT
93.8 PERCENT

89.6 PERCENT
10,0 PERCENT

100,0 PERCENT

CA ra G269
6.8 PERcENTY

-~

PERCENT

PERCENT

PERCENT

PERCENT
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T

— Table X ...

o | EW -

T JONIC STRENGTH= ,1100000E-Q}
o Iv\owgam'c_

1 DIFFE~tWT CASES ARE TREATED

THE CONDITIONS FOR THE DIFFERENT CASES ARE

METAL  INMAT  GUESS TOTCC 1  ToTcC
cA 1 s.000 24990 T
" FE3 6 T Be000 54510 ) Tt T e
cUze 9 T Be000 7,200 T
cd 11 8.000 8,320 )
TIN O 12 '990.00"' T 74120 oo ST
NI 13 . 8¢000  5.830 "
PE 15 8,000 6,810 )
CO2+ 16 'fe;obo ".'7;770 h T
- €03+ 17 86000 84000 o
LIGANQ. INMAT  GUESS TOTCC 1 TO0TCC e e
CO3- - 1 84000 24940 ’
S04 2 84000 2+730
cL 3 80000 34040
PO 9 84000 74010
sIo03 12 8+000 34480
FIXED PH | 7.550
REDOX POTENTIAL - 12,000

THE FOLLO4ING REDOX REACTIONS ARE CONSIDCTRED

pRO2
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C03= 5.79. 110 4481 111 .

SOI. 3.~,t) 1 l 0 : . 8

P04 n,53 111

OH 702 1 U=l :

S0a 18,63 110 2008 120 ‘ .

cL 1+33 110 23,86 120 2779 130

PO4 18,96 1 11 )

S103 1474 111 ' .

OH 14426 1 0~1 10,83 1 0=2 12,68 1 0=4 26454 2 0=2

CC3= 730 110 9,55 120 9,03 111 11e66 1 1=2.

504 9,01 110 : .

L © 9,80 1 10 12.34 120 15.68 1 30 19-,12 1 40 BeT77 1 11

PO4 12,25 1 11 14,48 112

OH 0,63 1 0=1 10,51 1 0~2 12,39 1 03 - 17677 1 0=4 1169 2 0=2

Co3= 8,98 110 9,71 111 - . -

S04 9¢30 1109 . e . )

CcL 9,58 110 *12.22 l 20 15.86 130 . 19-30 1 40 1095 1 1=l _

P04 17,10 110 . h . :

OH 11,11 1 0=l 13.99 . 1 =2 19.27 1 0=3 25075 1 0«4 18,86 2 0=l 267

C03= 7,86 110 0e47 111

S04 8,15 110 , ,

CcL Y14 110 11,98 1 20 15,92 130 10601 1 1=l 18¢46 1 40

PO4 1218 111 :

OH 9,37 1 0=1 13,13 1 0=3 18,21 1l 0-4 9.25 1 0=2 15499 2 0=l

Co2= 6ot} 110 7.04 - 1 1 1 :

S04 6e92 110

cL 8,81 110 11,15 1 20

PO4 1125 111 e

CH 7434 1 0=l ' .

{03= 686 110 889 120 857 111 9¢63 122 ;

S04 HeB6 110 _ ' o ‘ :

ci . 9495 110 12.19 120 15.03 130 © 18677 140 10672 1 1-1

OH 8s68 1 0=} 10656 1 0=2 13,94 1 0=3. 15650 2 0=l 21.23 3 0=4 23,8

Co3= 8,23 110 .86 111 '

.SOQ Be45 1 10

cL . 9,63 110 1247 120 !
- P04 12,88 111
. OH 9.56 1 0=1 1114 1 0~2 1642 1 0=3

CO3= 2.97 011 4429 01 2

SN4 N,28 011 . . '

P04 7.19 011 7.51 01 2 13,13 01! 3

SIo3 Sefh6s 011 3,048 012
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‘CA

FE3

CUze

cD

ZN

8S A FREE MITAL/
gOUND WITH C03~/
ROUND WITH S0% /

IN SOLID FORM WITH

AS A FREE METAL/
SOUND WITH C03-=/
BOUND WITH sS04 /
BOUND WITH CL 7/
gOUND WITH OH /

AS A FREE'HETAL)

BOUND WITH C03=-/

BOUND WITH S04 /.

BOUND WITH cL /

AS A FREE METAL/

ROUND WITH CO3-/.
_BOUND WITH S04 /.

BOUND WITH cL 7/

. BOUND WITH OH /

NIV

AS A FREE METAL/

_ BOUND WITH CO3=/

PB

Co2+

S0¢

cL

PO

BOUND WITH S04 /
BOUND WITH OH /

AS A FREE METAL/

BOUND WITH CQ3~/
BOUND WITH S04 /
BOUND WITH OH /

AS A FREE METAL/
ROUND WITH €03~/

BOUND WITH S04 /
BOUND WITH CcL /
BOUND WITH OH /

SOUND WITH CA /
BOUND WITH H /

AS A FREE LIGAND/

BOUND WITH CA /

AS A FREE LIGAND/

0640
1e¢6
1244

od 7/

64,6
2346
9.3
1.1
1.3

5642
3246
841
3el

2+5

. 95.2

l¢4

1.5
982

93,2 PERCENT

6.8

100,0 PERCENT

PERCENT
PERCENT
PERCENT

100 v Q

PERCENT
PERCENT
PERCENT
PERCENT
PERCENT

PERCENT

PERCENT

PERCENT
PERCENT

PERCENT
PERCENT

PERCeNT

PERCENT
PERCENT

PERCEMT
PERCENT
PERCENT
PERCENT

PERCENT
PERCENT
PCRcEMT
PERCENT

PERCENT
PERCENT
PERCENT
PCRCENT
PERCENT

PERCENT
PERCENT

PERCENT

PERCENT
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' 'Qzuzse COMPUTATIONS INVOLVE 1o MET/LS, 1) LIGANDS, 151 COMPLEXES AND

”F}ﬂo\e._ﬁ,_fja. "

JONIC STRENGTH= 03800000£~01 EM-%

. ()p%ach_
5 DIFFERENT CASES ARE TREATED

THE CONDITIONS FOR THE DIFFERENT CASES ARE

o*

B nq.ﬁF*;L CINMAT  GUESS ToTCC T ToTcC
CA 1 8.000 2,840
FE3 6 84000 5,620
U2+ 9 8+000 6,480
cD 11 8000 é,oso
Zn 12 84000 6,270
NI 13 8:000 %390
T 15 8,000 6810
€02+ 16 8000 6310
C03» 17 " Be000 5,000
LIGaND INMAT  GUESS ToTCC 1 TOTcC
€03~ ; 1 8,000 2,840
s0¢6 2 85000 1.850
cL 3 8+000 2,800
PO4 9 8,000 64210
S103 12 8,600 3,450
cl7 17 8000 54490
Ye 15 8.000 5,010
T4RT 20 8.000 5.310
CYsT 30 g-000 5,190

PHTH 32 8:.000 5,610

PN
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ZN
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NI
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#
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P0g
CIT
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S04
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P04
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CIT
AC
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OoH
Ccn3-
S04
cL_
POs4
CIl7
AC
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PHTH
oH .
Co3~
S04
cL
PO4
CIT
AC
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PHTH

co3=-
S04
cL
P04

CIT

AC
TART
CYST
PHTH
oA
Cco3~
S04
CL
Pos4 .

CIT

acC
CYsT
PHTH
O
CnNa-
S04
CL
CIT
AC
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CYST
PHTH
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3.26
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19.45
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& « @m%’m}»ﬁ&gg@?’ma = i sl
(os PO 11,30 1 11 \
C.(’}Z* (,.If 2"003‘/‘7 1 ;’1 } JJ.OE i 1 c
cCP2+ AC 10640 1 10 14077 120
e+ TART Q.46 110 ‘
“Dcoze CYST 7.58 110 10,76 1 2 ¢
g PHTH 13.42 1 20 ‘
Tz _Jes 0Od 9,03 1 0-1 11.15 1 -2 16.91 1 0-3
oW Co3- 2¢90 011 3,764 01 2
Th S04 697 0 11
H P04 6657 ¢ 11 IXE 0] 2 11+61 01 3
K S103 5.91 011 3.45 0 ] 2 S
H CI1T - 7.05 011 7.95 0] 2 10,59 01 3 1'4.57 01
H o AC 7.16 0 11 | |
H TART .16 011 12,10 01 2 ,
H CYST 6.78 0 l l 5042 1 2 1(‘.40 0 1 3
H 011 11,60 01 2

PHTH 7046
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FE3

CU2+

cD

ZN

NI

P3

CQ2+

SQu

CcL

AS A FREE HETALy
goutio YWITH CO3=/
pOUND WITH S04 /

30UND "TTH CIT /
gOUND WITH CYST/

IN SOLID FORM WITH

ROUND ®ITH C03-/

ROUND WITH CIT /

AS A FREE METAL/
gOUND WITH C03~/
30UND YITH S04 /
oOUND WITH cL /
gOUND WITH cIT /

A4S A FREE METAL/
BOUND WITH CO3~/
BOUND WITH S0% /
gOUND WITH cL 7/
BOUND WITH CYST/

AS A FREE METAL/

BOUND ¥ITH CO3~/
ROUNp WITH S04 /

- BOUND WITH CIT /
- BOUND WITH CY3T/

80UND WITH OH 7/

ROUND WITH €03=/
BOUND WITH S0% /
ROUND ¥ITH CYST/

AS A FREE METAL/
aOUND WITH c03-~/
eQUND WITH S04 /
qOUND MITH cL 7/
gOunp WITH cYST/

a0UND WITH cA  /
$«OUND WITH H /

£S A FREE LIGAND/

nOUND ¥YITH CcA 7/

61.1 PERCENT
e PERCENT
37.9 PERCENT

101 PERCENT
2606 PERCENT
O4 / 773 PERCENT

o7 PERCENT
98e¢7 PERCENT

PERCENT |
PERCcENT
PERGENT
PERGENT
PERCENT

U

w
NN N
e e ¢ & o
o & WD sy

39+1 PERCENT
Sel PERCENT
24q2 PERCENT

8 PEﬂchT
30e¢5 pERCENT

515 PERCeNT
10,7 PERCENT
31eg PERgeNT
4,0 PERCENT
1.0 PERCENT
¢7 PERCENT

4e8 PERCENT
o8 PERCENT
93.8 PERCeNT

463.5 PERCENT
7.2 PERCENT
42.8 PERCeNT
o8 PERCelT
5¢3 PERCgNT

) PERCFNT
98.% PERCFLT

96..0 PEacEr
3,9 PERCENT
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QOUMD WITH H /

s0UMD WITH Ca /

S a0UND WITH FE3 7/

AC

TART

cYST

“OUNMD WITH CUZ+/
qouNp WITH NI/
gOUND WITH H /

£S A FREE LIGAND/
A0UNpD WITH H /

AS A FREE LIGAND/
ROUND WITH CA /

ROUND WITH FE3

- nOUND WITH ZN

PHTH

ROUMD WITH P38

/
/
BOUND WITH NI /
/
gOUND WITH H /

AS A FREE LIGAND/
gOUND WITH CA /
gOUND WITH NI/

pOUND WITH H 7

100+0 PERCFNT

. 360{ PERCENT

a f PERCEHT
Yool PERCENT
49.9 PERceNT

361 PERCENT

98.8 PERCENT
“e7 PERCENT

88.5 PERCENT
113 PERCENT

19.8 PERCENT
2e6 PERCENT
1341 PERCENT
2+3 PERGgcNMNT
61:8 PERCENT

88,9 PERCENT
9,0 PERCEMT
_e7 PERCENT
l1+¢4 PERCENT
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THESE COUPUTATTOMS TRVOLVE 10 HMETALS, 11 L1GAIDS, 191 COMpLaLs Ao

-' Talbole AW,

JONIC .STRENGTH= o1100000E~=Q1 Ew -\
‘ O(\aamia.

} DIFFERENT CASES ARE TREATED

THE cOMDITIOMS FOR THE DIFFERENT cASES ARE

METAL INMAT GUESS TOTCC 7. TO0TcC

CA 1 84000 24990
FE3 6 84000 5,510
CU2+ 9 84000 . 7,200
¢D 11 8000 64320
N 12 84000 7.120
NI 13 8+000 5,830
P8 - 15 8000 6810 !
COo+ 16 - 84000 74770
CO3+ 17 84000 8,000
LIGANG INMAT  GUESS TOTCC | TOTcC
c63«,a 1 8,000 © 2,940
504 2 8.000 2,730
cL 3 8,000 3,040
P04 9 8.000 7,010
~S103 12 84000 3480
ciy 17 84000 5,410 -
AC 15 8000 40940
TanT 20 84000 5240
CYST 30 B.000 =110
PHTH 22 8.000 5.940

F Yy D P H 7550



Ca - Coa- G, U Lo by s i1
A o U Y V1 '3'«(')“ 1 10 ' y
OICA |, Pog R.S53 1 1 1
COCa CIT Se46 111 R 29 112 13062 113
Senoac 7.19 1 10 _
O-f2Ca TART  10.50 1 11 5,97 110
Y JA PHTH 635 110 :
TTTCA OH 74852 1 0-1
O FE3 S04 1R.63 110 20.08 120
FE3 CL 21.33 110 23.86 1 20 27.79 1 30
FE3 PO4 18,96 111
O FE3 SI03 1474 111 .
FE3 CIT 8,27 110 164,10 111 2063 112
FE3 AC 2043 110 2221 120 2430 1 30
O FE3 CYST 5.87 120
FE3 OH 14.26 1 ©-1 1083 1 p-2 12.68 1 o-4 26.6% 2
Cuz2+ CO03- 9,74 110 11,99 1 20 1147 111 14010 1
O cUz+ sS04 1146 110 ) , _
Cuzs+ CL_ 1225 110 1479 1 2 0 18513 1 30 21.57 1
CUu2+ P04 14,69 111 16092 11 2 ,
@ cu2+ Cc1T 7.20 110 1262 111 21.38 113
Cu2+ AC 13.55 110 17.29 120 21.84% 130 2718 1
- CUZ2+ TART 12,03 110 1546 1 2 0 22,02 1 30 27.29 1
& CU2+ PHTH 12,41 110 1673 1 20
Cuz+ 0OH 11,08 1 0-1 12,96 1 0=2 14484 1 0-3 20822 1
cD  COo3~ 899 110 9,72 111 '
9 cp  Ssog 9440 110 _ .
o CL 959 110 12¢23 1 2 ¢ 15:87 1 3 0 19.31 1
co PO4 17,12 110 : , _ ,
3 D CIT 11s85 11 0 9.97 111 1350 11 2
D AC 1110 110 15«14 120 1948 130 26+73 1
€D TART © 10,37 110 -
& €0 PHTH 1085 1 10 .
co OH C11.12 1 0-1 14000 1 0-2 19.28 1 0-3 2516 1
.2N  CO03- 8s73 110 9,36 111
3 zu S04 9,04 110 i o
. I CL 10603 110 12.87 1 20 1681 130 1090 1
M PO4 13,07 111
2 Iz cIT 1139 110 _
Y AC 11.5¢ 110 15.48 1 2 0
Zv TART: 15.86 111 10.41 110
9 oz cYsT 7¢24 110 8s09 120
ZN PHTH 10490 110 . :
y ¥ B 1% 19,26 1 06=1 14,02 1 0~3 19.10 1 0-4 1014 3
2 NI Co3- Kel6 11 0 7,39 111
NI S04 . 7.27 110
N1 cL. 9,16 110 1159 120
O NI Pos4 11,606 111 )
NI cI17 . 6.72 110 7066 1 11 16,97 11 2
O NI cysT 622 120
N1 PHTH G.23 110
Nl OH 7.69 1 0=1 _
2 °a cCoa- 8.61 110 10,66 1 20 12034 111 11s%0 ]
6 Sng 1062 110
P CL 1171 . 110 13.95 1 2 ¢ 16.79 1 3 0 206.53 1
O Ps o cIv 1262 11 2 10,99 111 12+47 11 0
PR 4AC 12.92 110 16:26 1 20
F¥ TART 10,99 110
0 py CYsT 6082 110 .
22 fnrn 1168 110 17.29 120 .
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=20 e
= 35S A FREE METAL/  E3.5 PERCENT
el QQUMD WITH €03~/ letp PERCENT
i ROUND WITH S04 / 12«3 PERCEN
FE3
gOUND WITH CYST/ 43«7 PERCEMT
IN SOLID FORM WITH OH / 582 PERCENT
CUz+ :
BOUND VITH CIT /  99.6 PERCENT
cD . :
AS A FREE METAL/ 57«1 PERCENT
AOUND WITH CO3-~/ 25¢3 PERCENT
A0UND WITH S04 / ARe2 PERCENT
QOUND WITH cL 7/ "Se¢6 PERCENT
ROUND WITH CIT / 2¢3 PERCEMT
AOUND WITH TaART/ 09 PERCEMT B
ZN . ‘ o
aS A FREE METAL/ 8«3 PERCENT - o
g0UNp WITH CcO03-/ 3.0 PERCENT , ¢
ROUND WITH S0% / 1.2 PERCENT '
gOUND WITH cYST/ §7+1 PERCENT
NI o )
AS A FREE METAL/ . 25.1 PERCENT
BOUND WITH CO3-=/ 14,5 PERgrENT
JOUND HITH S04 / 3¢6 PERCENT
]O0UND YITH CIT / 14,6 PERCEMT
#wOUND WITH CYST/ 407 PERCENT
. ROUND YITH QH / lo4 PERCENT
P8 _
cQUND WITH cO3-/ 1e6 PERCENT
ROUND WITH CcYST/  98+3 PERCENT
CO2+ = . A ) ". N
AS A FREE METAL/  31.3 PERCeNT -
ROUND WITH €03~/ 1404 PERCENT
aOUND WITH S04 / 7.2 PERgENT
AOUNMD WITH CYST/ 46,0 PERCeNT
#OUNp YITH OH / & PERCENT
CO03+ ‘
C03-~
ROUND WITH ca / le4 PERCgNT
aQUND WITH H / 9362 FERCENLT
S0« , .
AS A FREE LIGAND/  93.2 PERGEMT
COUND MITH cA 7 6he8 PERCgHT
cL o .
£S A FREC LIGAND/ 10040 PERCENT
PJsq
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QOUND WITH H /

- gOUND WITH CA /
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CYST

PHTH

" a0UND WITH cud+/

aQuilp WITH MI  /
pOUND WITH H /

AS A FREE LIGAND/
AO0UND WITH CA ./

A4S A FREE LIGAND/

ROUND WITH CA /

-

ROUND YITH FE3
sOUMD WITH ZN
ROUND WITH NI
BOUND HITH PB
ROUND WITH H

NNNNN

AS A FREE LIGAND/
RBOUND WITH CA /
g0UND WITH H /.

100.n PERceHT

8e.7 PERCrNT

6 PERCENT
5.5 PERceNT
4¢0 PERCENT

99,2 PERCENT
e 0 PERCENT

81.2 PERCENT
18.7 PERCENT

34,8 PERCEMT
_100 PERéENT
15.5 PERCENT
2.0 PERCceMT
46+6 PERCENT

86,1 PERCENT
5 PERCENT
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metal which passes a 0.45 pm membrane filter. The data indicates that
complexing agents present at natural levels may be important in maintaining
metals in solution promoting transport and affecting toxicity to aquatic
organisms. Natural ligands such as those present in surface and bog water
may alsr ~ffect the rate and extent of metal sulfide leaching processes.

Thus, total metal measurements, although informative, would be even more so if
detailed metal distribution betveen species was known. At the present tire,
suspended and total metal in conjunction with realistic computer equilizrium
models is the most effective approach to understanding environmental metal
cycling.



LABORATORY LEACHING

The objective of the laboratory leaching program is to determine
the rate and mechanism(s) of metal and other chemical contaminant
release from mining-derived solids under the influence of variable
aqueous conditions. The rates of metal release will contribute to
the modeling of contaminant release, transport and cycling associated
with the mining of metal sulfide ores from the Duluth Gabbro Cdmp]ex.
Solids of particular importance for 1eachfng studies gré iean ore and
waste rock which may be stockpiled near mining sites‘under the influence
6f natural weathering conditions. Understanding the mechanism of metal
release in field and laboratory studies will promote procedures to

inhibit or minimize environmental degradation. Specific stockpiling

- procedures and/or water treatment processes will be suggested.

1. Experimental

a. Sample Handling: Samp1e§ of waste rock and lean ore (~ 6.27%
combined Cu-Ni) were collected by Paul Eger:in the fall of
1976 froﬁ the Gabbro stockpiles adjacent to the Erie Mining Co.
Dunker Pit (south). Samples were ground at MRRC (University of
Minnesota; Dr. Iwao Iwasaki) to minué 200 mesh 1in particle
size. This corresponds to a particle-size of <70 um particle
diameter. Ground samples vere stored in clean, p61yethy1ene
containers closed to the atmosphere. An unknown quantity of
surface oxidation undoubtede occurred in the grinding step by
generating fresh surface in contact with air.

b. Batch Reactor Design and Procedures: A1l batch experiments

“were performed in 4-liter borosilicate glass reaction cells

(reactors) with tight fitting Plexiglass covers fitted with

¢



polyethylene liners. The plexiglass cdver was constructed
with three sealable holes to permit sample collection and
introduction of pH and ion-specific electrodes for in-situ
analysis. Compressed air was bubbled through the reaction
cells froﬁ gas dispersion tubes after passing through a
filter. N2 gas was bubbled directly from purified tank N2

by means of dispersion tubes. All experiments were conducted
iﬁ a constant temperature room maintained at 20.0 % 0.5°c.
After bubbling compressed air or NZ through 3500 ml. of de-
jonized, distilled water (DDW) for » 2 hours, 2.0 to 100.0g

of crushed and ground rock (-200 mesh) was added to the
reaction cells per liter of DDW. The solutions were continuously
stirred to maintain the solid in suspension and keep the slurry
homogenized. Stirring was performed with po]yethy]ene—foated
paddle mixers suspended from above the reactor.

One-hundred and fifty-ml aliquots of the well-mixed sus-
pension were withdrawn periodically from the reaction all with
an acid-cleaned glass pipette and immediately filtered through
acid-rinsed 0.4 um pore-size Huclepore membranes. A portion
(~30 m1) was then used for pH determination on &n Orion 801A
digital pH meter with a glass and saturated calomel electrode.
The pH meter was calibrated wiﬁh commercial pH buffer solutions
at pH 4.0, pH 7.0 and pH 9.0. .The remaining sample volume was
stored in a 250-ml. acid-cleaned polyethylene bottle and
acidified with 4 drops of concentrated HNO3. A filter and

acid blank were carried through the entire procedure. The



acidified sample was analyzed for Cu, Ni, Fe, and 504'by

procedures described previously.

2. Preliminary Results

d.

Experiment 1: A preliminary experiment was performed to gain

information on optimal experimental loading rates and to observe
vhether leaching did occur. Three reactoré loaded at 16.7, 33.3
and 100.0 g of crushed rock (Erie) per liter of DDW respectively,
were maintained well-mixed with air diffusion up to 343 hours.
Initial data indicated Ni and Cu release was substantial. Final
pH o% the reaction mixture was 7.63, 7.86 and 8.12, respectively
for 16.7, 33.3 and 100.09/1 Toading. A fourth reaction cell was
studied with no air diffusion but constant mixing at 25 g/}
loading. Final pH was 7.44 with significant Cu and Ni relezse.

Figure XIV is a kinetic plot for the reaction cell with z

 loading of 100.0 g/1. The y-axis (C/Cmax) is the concentration

of a component at time, t, divided by the maximum concentrziicn

-
=
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of the component measured in the course of the reacticn.
kinetic plot indicates that sulfate undergoes a buildup in :h=
cell solution with an estimated rate constant (k) of 0.0€ sa:']..
Ni and Cu undergo a re]ative]y‘rapid’re]ease; however, Cu isvzis
dectease with time suggesting sorbtioh onto suspended solids
probably as the hydroxide or carbonate. Ni levels remain
elevated over the time period studied indicating a paucity c?

effective removal mechanisms (i.e., strong complexation by

HZO-Ni(HZO).GJ'2 aqueous species). This pattern repeats itsz2'°

often in subsequent experiments.
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Experiment 2:  This experiment was designed toAfurther study
the influence bfrsolids toading on chemical relecase as well as
demonstrate the contribution of O2 to leaching. Also, careful
attention was paid to delineating which chemical parameters
could most effectively furnish overall leaching rates. Six
reaction cells were run simultaneously in which cells 1-4

had 0, bubbled through them while 5 and 6 had N, as the purging

2
gas. Dissolved oxygen (D.0.) levels were maintained at > 9.0
mg/1 in reactors 1-4 while D.0. concentrations of < 0.3 mg/1
were maintained in 5-6'untii late in the experiment. Table XV
lists the measured components as a function of time for the
kinetic run. In performing the experiment, sampling frequancy
emphasized the rapid1y~re1eased components as well as long-term
lTeaching. Reaction cells 1-4 had solids léadings (-200 mesh)
of 2, 10, 50 and 100 g/1 respectively, while 5 and 6 were
duplicates of reactors 1 and 3 except N2 was the purgihg gas.
A1l reaction cells were well-mixed and maintained at 20.0:0.5°C
for the experiment. Solution components measured were Cu, Ni,

Fe, SO,, and D.0. and pH.

4
Kinetic plots (C/Cmax vs time (hrs.)) for reaction cells
1-6 are shown in Ficure XV-XX and experimental data given in
Table XV. The kinetic plot fgr reactor 1 shows the time-
release behavior of Cu, Ni, Fe and SO4 at a loading of 2.0 g/1
crushed rock. Solution pH decreased rapidly on equilibration

of DDW with the solids to 3.66 and slowly rose to 4.58 over

748 hours. Concurrent with the low pH values werc high Fe,
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Cu and Ni éoncentrations but Tow 504. The TOQ'pH may be

due to a combination of sﬁlfide oxiq§tﬁon to sulfate re-
leasing H+ or the hydrolysis of rapidly-released Fe+3 releasing
H+. .Titration of 10.0 g quantities of thé crushed rock with
1.0N HZSO4 yielded a buffering capacity of &_0.4 meq H+/g.
Initial estimates indicate that the H+ ;é]éased should not

have exceeded the buffering capacity of the rock; however,
further study is required. SO4 and Fe release show similar
trends although the low 504‘1eye15 generate 2 high analytical

uncertainty. Ni and Cu release follow the same general trend

with rapid release initially followed by a slower release

- stage. Cu, Ni and Fe release are apparently related with each

exhibiting 1st order-1ike kinetics. Kinetic rate constants
were not calculated because of the preliminary nature of the
daté but the release pattern suggests that at the low pH con-
ditioéé observed, significant amounts of each meté] ére in a
free or soluble, complexed form which do not compete effectivsly
with H for available sorption sites. Precipitation of Cu and
Ni-hydroxides is not predicted in acid solutions.

Comparison of reactors 1 é%d‘s is informative becausa trz
1§tter reactor is low in D.O. Fe”and 304 exhibit similar cen-
centrations and release trends in both reactors but Cu and Ni
differ. Cu and Ni levels are reduced in reactor 5 as compared

to 1 but are influenced by both pH and oxygen concentraticns.

'So]ution'pﬁ for reactor 5 ranged from 4.27 to 5.04 with trz
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Effect of Solid:

- Table XV

LEACHING OF ERIE ROCK-EXPERIMENT 2

Solution Ratio

; Reactor Time SO4 pH Ni Ni Cu‘ Cu Fe

3 (hrs.) (mq/1) ' (ug/1) (vg/9) (ug/1) (va/a)  (pg/1:
1 0.75 2.8 3.66 100.4 50.2  178.2 89.1 4240
| » Diffusion  3.25 3.0 3.82 1M1.2 55.6 156.2 78.1 5550
1 29/1 6.00 2.9 3.89 115.3 57.65 174.9 87.5 5910
i 26.75 2.6 4.00 - - 232.1 116.1 6780
| 49.50 3.6 4.20 144.8 72.4 254.1 127.1 7140
| 146.0 3.6 4.41 210.0  105.0  307.3 153.7 7580
: 319.3 3.6 4.42 326.6 - 163.0 378.0 - 189.0 7520
507 4,51 | 7980
AD-3, 748 . 4.8 4.48 8000
| 0 440
D095 2.6 7.10 16.6 1.66 2.2. 0.2 15.
2 3.25 2.5 7.19 16.0 1.6 ND -- 16.
| r Diffusion 6.00 2.5 7.18 31.4 3.14 0.3 0.3  13.
| 26.75 2.5 7.21 102.2 10.22 ND -- 8.
) g/ 49.50 3.6 7.41 154.4 - 15.44 ND — 2.
| 146.0 3.3 7.39 298.8 29.88 0.6 0.06  16.
4 319.3 9.9 7.1 373-0 37.30 1.0 0.1 16.
507. 12.9 7.12 17.

748. 13.7 6.90

3.8 1650

-AD-2




(Continued)

! Time 504 pH Ni Ni Cu Cu Fe
é (hrs.) (mg/1) {(ng/1) (ug/q) (ug/1) (vg/g) (g,
é 3 0.75 3.0 8.19 7.47 0.5 0.8 0.4 12
Air Diffusion  3.25 3.7 7.88 4.55  0.09 0.1 0.02 6
6.00 © 4.4 7.92 8.14  0.16 ND -- 6
26.75 5.2 - 7.89 89.5 " 1.79 3.7 70.07 4
56 g/1 49.5 7.0 ~ 8.01 95.7 1.90 0.1 +0.002 9
146.0  10.5 8.02 107.1 2.14 0.7 0.014 11
319.3  20.4 7.81 110.8 2.22 0.6 0.012 27
507 53.3 7.49 19

748 110 7.55
3.8 5660
4 6.4 . 8.80 12.3 0.12 6.1 0.06 1
Air Diffusion 6.0 8.50 1.4 0.01 ND - 4
7.6 8.41 2.3 0.02 ND -- 6
10.3 8.12 47.1 0.47 0.8 0.008 e
100 g/1 11.8 8.22 66.2 0.66 1.2 0.012 1
| 16.0 8.21 7.8 0.78 1.2 0.012 1
59.5 8.04 113.5 1.14 1.3 0.013 - 17
128 8.02 .

4-AD-2 148 7.87

| 3.7




[

(Continued)

~ Tine S0, pH Ni Ni Cu Cu  Fe
(hrs.) (mg/1) ‘ (/1) (ua/q) (wa/1) (19/9) (:0/1)
5 0.75 2.9 4.27 56.5 28.3 2.0 1.0 5010
, Diffusion  3.25 3.0  ° 4.79 51.1 25.6 7.9 39.5 6580
6.00 3.0 5.00 56.8 28.4 9.7 4.85 6920
' g/ 26.75 2.5 5.32 7.8 35.9 10.8 5.4 7330
49.5 3.6 69.8 34.9 34.9 - 2.1 1.05 7250
146.0 3.6 572 101.8 50.9 1.7 1.35 7240
-319.3 3.7 5.18 230.6 114.3 41.8 120.9 6880
507 3.5 5.12 | | 6910
| 748 3.8 5.04 7240
-AD-2 | 0 760
6 3.6 7.21 10.1 0.2 ND - 22.4
Diffusion 2.7 7.51 4.5 0.09 D - 37.3
4.6 751 1D - 82.¢
’ 4.9 7.61 3.6 0.07 ND -- 4.4
0 g/1 6.0 7.93 3.7 0.07 ND -- 45.7
6.7 8.12 3.6 0.07 ND - 48.7
10.1 7.85 17.1 0.34 1.6 0.032 39.1
25.1 . 7.5 ‘ 31.1
29.1 7.48 |
AD-2 3.5 5150
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différénce in pH between 1 and 5 likely due to sulfide oxida-
tion. The higher pH for reactor 5 may have influenced final

. metal concentrations but the anoxic conditions are also important.
The decreased Cu concentrations for reactor 5 may be a result
of Cu sorption following initial release. pH variations with
time aré shown in Figure XX1 for all reactors.

The quantity of information generated on the leaching be-

.haviour of the crushed rock precludes drawing firm éonclusioné'
_ at this time but several observations can be made by examining
the data from all six reaétors.

1); Except for the low solid loading feactidn cells, high

- pH values were maintained typical o% buffering by
silicate minerals. | |

2). SO4 accumulation in so]utiénAwas proportional to
surface area available for leaching while Cu exhibited
an inverse relationship.

3). The kinetic. plots can be divided into at least two

~and perhaps more stages; an initial fast release
followed by a linear or parabolic buildup or a decrease
(sorption?).

4). SO4 and Ni as measurable parameters may serve as
indicator components for determining reaction rates
due to their apparent conservative behavior.

5). Reactions carried out in the presence of 02 yielded
greater metal and 50, concentrations in solution as
compared’to N, being used as a éurge gas.

The buffering effect of the crushed rock is demonstrated in'

Figure XXIT. When the final solution pH in all experiments



is plotted versus the loading in g/1, a parabolic function
results. The equilibrium solution pH of 7.5 to 8.0 for
loadings > 20 g/1 is typical of silicate mineral buffering.

pH is a master variable in aqueous solutions and may be the

' contr01]ing factor in metal release. Figure XXIII is a plot

of all data for Ni release in all experiments given in ng Ni/g
rock versus pH at sampling time. The plot yields a decreasing
exponential function with increasing pH (i.e., higher concentra-
tions ét Iow pH). -Although preliminary in nature, the date

does portray in real terms the potential dangers to the environ-

.ment if drainage through mineralized areas is permitted to

become acidic.

Future Experiments. .

a. Batch Reactions: Future experiments will be conducted

to determine the effect of particle size, 02 tension? pH,
temperature, solution composition, solid's chemical compbsi-
tion and mineral phases on rates and mechanism of metal
release. A survey of metals leached into solution will be

performed and will include Cd, Pb, Mn, A1, Zn and Co plus

M) Ay

Ca, Mg and Si.

o

Column Studies: Column experiments are currently being

set-up to determine the long-term release potential of
Erie rock and AMAX rock under the influence of a slow-
flowing (0.1 ml/mix), continuous stream of simulated or
real rainwater, groundwater §nd surface water. Column

experiments will be performed in 5 x 90 cm borosilicate






