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Abstract The kinelic ssludy of pyrite oxidation was parformed in a series of experimants by a
mixed flow reactor. The release rates of Fe(ll) are in the order of 3.22«10° —551=10"
mol-m -5 al temperature (T) 25 to 44°C, initial pH (pH )1.4 to 2.7, and initial Fe(lll} concen-
tratien ([Fe{lll}]) 10 to 5% 10 " mol-ke '. The release rate of Fe{ll) increased with increasing T
orfand pH orfand [Fe(lll}];in the above ranga. The rate law and activation energy of pyrite oxida-
tion were derived by slatistical analyses of Rr,, vs. [Fe(lll}], RFa(ll) vs. pH and Ar, vs. T, and
[ [Ferlny
[H'|"*

8.07 kJ-mol . The expression can be applied to more cases (e.g., quantifying the pollutant re-
leased from sullide-rich mining waste and assessing reliable performance of wnderground re-
pository siles where pyrite acls as an engineered barner malerial). Using the rate law derved
from this study, the magnitude of the pollutants transferred to secondary phases, soil and water
from oxidized pyrite during Jiguanshan mine waste weathering was preliminarily estimated. The
estimated magnitude is very high, suggesiing that the pile has possibly posed significant impact
on the water quality in this region.

are given as (1) Rate law: Reqy = ; 12) activalion energy: 64.54 +
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Pyrite is a common sulfide mineral, particularly
abumdant in mining waste, 11 is a focws of mine envi-
ronmental concern because the oxidation of exposed
pyrite may lewd o oacid dranage and poisonogs male-
rials (like As and heavy metals) release. In the United
States, approsimately 51000 per day 15 spent in
alleviating acid mine dnina_g.:"', while the Cansdian
mining community has environmental labilioes that
exceed $2 hillion for disposal, management, and rec-
larmation of mine waste™, Pyrite has been considered

Copwipht by Scence i China Fress 2003

tr b the main contributor of acid and heavy meial
from mining wastes” . Thus, a better knowledze on
the oxidation Kinetics of pyrite 15 very important in
predicting  long-term envirommental loading of acid
and heavy metals from mining waste, assessing the
potential effectivensss of vanous waste-rock man-
agement alterpatives, and providing insighiz into oxi-
dation mechanism,

Pynie, presented in the wall rock of repository sites
and in bentonite surrounding the waste containers, acts
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as an engineered barrier matenal of the disposal sys-
tem because it consumes oxidant (e.g.. DO and ferric
iron) in groundwater and prevenis radionuclides from
release’’, Thus, a rate law of pyrite oxidation is neces-
sary for reliable performance assessment of wnder-
pround repository sites,

An underground repository, influenced by heat from
fission reaction of nueclear waste and by geothermal
gradient, is of higher temperature than room fempera-
tre {usually up to 70°C)", Relative 1o pH and oxidant
conceniration, emperaiure contributes more impact o
the oxidation rate of pynte in the disposal system.
Most of previous studies were conducted at room
temperature’ """, and alse none of them investigated
rate dependence on temperature. Consequently, rate
expression of pyrite oxidation derived by these re-
searchers cannct be applied w calculating the oxida-
thon rades of pyrite in the disposal system of nuclear
witste and quantifying pollutant release from tmhngs.

We systemically performed a kinetic study of pyrite
oxidation by a mixed flow reactor based on under-
standing mentioned above, We report here the resulis
of our experimentz, and derive rale expression of py-
rite oxidation by femic iron, which expresses the de-
pendence of oxidation rate of pyrite on temperature.
The expression can be applied to more cases,

1 Materials and meihods
1.1 Samples

Pyrites wsed in this study were oblained from
Jiguanshan waste rock dump in Tongling, Anhui,
Ching. The pyrites ranging from 1 to 2 mm size were
sorted for experiments, The chosen samples were im-
mersed 8 hoin 1 N hydrochlonic acid w dissolve any
carbonate and oxide coating, washed by ulirasonic in
deionized water, and dried in air. Mext, the samples

crushed by gently grinding in an agate mortar using an
apate pestle. A siee fraction of 150—250 pm was se-
lecied through sieving, Pretreatment for this size froc-
tiom sample 15 similar W those reported by MoKibben
(1986}, Rimstidi (1993} and Janzen (20000, The
selected powder samples were washed by deionized
water and cleaned in ethanol by ulirisonic o remove
fine grains adbered o crysials, Mexi, the samples were
soaked in hydrochloric acid o remove oxidation coat-
ing, Then the samples were rinsed with deionized wa-
fer followed by acetone, dried and siored.

Bulk composition of pyrite determined by electron
microprobe analyvsis wsing a Jeol JXA-88M super-
probe (with, mean value of 26 analvsis poinis), was: 5,
52.73; Fe, 46.3; As, 0.08; Cu, 0,03; Ph, 0.05; Co, (08;
Bi., 0.17: Zn, Mi and ather metals, ander detection Tim-
its! ¥,

Ferric sulfate solutions were prepared by oxidizing
ferrous sulfate with H:O., and contain essentially o
Fe(ll} {confirmed by ouwr analvsis). Fe(lll) solution
wiks diluted to desired concentration with di-deionized
water. The pH of solution was adjusted by sulfuric
acid w desired value, All of reagents used above are of
analytical reageni-grade. Feed solution was purged
with Ar for about 2 b to remove DO prior o experi-
ment.

1.2 Experimental device

Mixed flow reactor experiments can directly meas-
ure reaction rates, thus their results can be fit 1o the
differential rate law without further processing, while
batch resctor and plug flow reactor experimental data
must be differentiated o determine reaction rates be-
fore rates are fit i the differential rate law '™
cntly, & mixed flow reactor is preferable for the stdy
of mineral reaction kinetics due to its simplicity during

experiment and data Bﬂal}'ﬁiﬁlﬂ'ul.

. Appar-
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The reactor used in the experiments 15 a mixed flow
reactor designed by Insttute of Geochemistry, Chinese
Academy of Sciences. [t 15 a device accompanying
with side arm, stirred continuously by a nsing airflow.
Yu et al. (2003) described the device in detail®. Ex-
periments were conducted under Ar aimosphere, The
flux of Ar purged was 0.5 L-min ', and the flow rae
of solution ranged 5.0 60 mL - min ', vielding a
residence tme (&) with the cell of abowt 20—2.5 h.
Purging Ar during the reaction played flowing roles:
(13 The reaction was held under no oxygen; and (2)
the reaction solution was stirred, and pyrite was main-
trined in suspension o improve the contact between
pyrite and solution and 10 reduce the crack resulting
froam collision and attrition.

1.3 Experimental amd analytical methosd

The swedy was conducted w determing the effect of
Fe(lll} concentration, pH and lemperature on the oxi-
dation rate of pynie, and disregarded the effect of the
conceniration of D0 and Fe(Il). In fact, the investiga-
tiom of McKibben (1986) indicated thai ferrous iron
concentration influenced negligibly the oxidation rae
of pyrite!™. The data of Mases (1991 ) showed that the
contribution of DY to the oxidation rate of pyrite was

115 of the contribution of ferric iron/ "‘“'.

The solution of desired pH and Fe(lll} concenira-
tiomn wins added inte reacior il o te height of 750 mL
level, The reactor was sealed and immersed in con-
stani=temperaiure (257, 3670 or 4477 05T ) wa-
ter bath. Ar was charged. and one gram of pyrite was
added, to the reactor, afier Eh reached a steady state.
Then. the experiment began, and Eh and fime were
recofded, The previcus experiments using this device
showed that the reaction could armive al the seady
state as it lasted one residence time (18 )7, The sudy
of Lengke (2001) indicated that pH, Eh, the release
amount of 5 and As did oot reach a steady state at the
same time, but all of them had reached the steady state
after the reaction lasted 4.5 h (approximately 4,58 )7
The time span of experiments in this sty was 15—
20 b (approximately T—E8), The reaction rales were
determined from composition analyses of the effeen
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solution close to the end of the experiment.

The pH of solubon was checked before and after
each experiment. The pH valves of leed =olution in
this study were kept intentionally lower than 2.7 to
prevent from hydrolyzanon of fervic mon and precip-
tation of ferrie hydroside.

Concentrations of ferrous ron and total iron were
determimed  spectrophotometncally o a1, 10-phenan-
throline medium™™. Surface area measurements of
pyrile were performed in a Micromernitics ASAP 2000
M+ BET surface arca analyzer by N sdsorption. The
specific surface area of pyrite samples is 0.05 20005
mig.

L4 Calewlaion of reaction rates aml  statistical
analyses of data

The previous stslies show the siodchiomenic neac-
tion for pyrite oxidation by Fe' is

FeS, + 14Fe™ = 15Fe™ 4 2800 +16H" (1)

Steady state oxidation rates ina mixed flow reactor
were calculated using the following equation”™ '™

Ri=(C=CalrglA, (2)

where & ; 15 the reaction rate of component § in solu-
tion (mole-m 5 'L O
iration of stemly state amd the inpul concentration of
component § (mol- kg '), respectively, re is the Mow
rate of the solution through the system (kg -5 '), and A
is the total surface area of solid sample l;rnE].

are the outpul concen-

As usual” Y the double-logarithmic plot was
used as a method of data analysis o denve a general
rate law in this study.

2 Results and discussion
2.1 Reaction progress varashle

Reaction progress vanahle was usually chosen from
three variables —the release amount of lF-LL’]l_,l:' , of
Fe(ll), and the consumed amount of Fe(lll) in the rate
calculation of pyrite oxidation, 5 in sulfide minerals is
vzpally oxidized inte elemental sulfur, sullae and
other intermediate sulfoxy anions, and the calculased
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rates based on the release of sulfate are less than true
rates’ """ Thereby, the release amount of [$0,]° is
nol faken as BPY in thiz siudy, Moses enal, (1991)
uscd the consumed amount of Fe(llly as BRPY wnder
the comdition of circumpeuiral pH, They concluded
that the increasing content of Fe™ in solution is less
than the Fe™* amount released from reaction. and thus,
the rate caleulated upon the amount of released Fe™ is
less than the true rate of the reschon, asswming that
Fe'* is preferentially adsorbed on the surface of pyrite
relative 1o Fe™ " In the smdy, the rates calculated
upon the release amount of Fe(ll) and those upon the
consumed amount of Felll} from the identical ex-
perment were compared inoa few experiments, and
there is litile difference, suggesting that the adsorbed
Fe' should be linle. An explanation is that mediem of
acidic pH in this study does not favor the adsorption of
Fe' io pyrite surface, The study of McKibben (1986)
indicated that Fe'* is not oxidized o Fe™ in the air
during 4 da}'.l:r"'. Accordingly, that release amount of
Fed Il or the consumed amount of Felll) was vsed as
RPV should result in litde difference. In fact, using the
release amount of Fe(I1)'™'" or the consumed amount
of Fe(lIN™ as RPV had acquired comparable results
in the kinetic studies of pyrite oxidation conducted in
e medivm, However, i0is noted that the consumed

Fel(lll) is usually the tenth of initial Fe(lll) concentra-
tion, even down o 5% in a few of our experiments.
The magnitude is close 1o the level of analytical error,
But the amount and vadation of relessed Fe(ll) in dif-
ferent experiments can be distinctly determined with
feed of no Fe(ll). Consequently, the release amount of
Fellli 1z chosen as PREY inoour study.

2.2 Effect of [Fe(ll1)]; and pH

Experiments were conducied in initial Fe(lll) con-
centrations  {[Feilll)];) range of 1 — 5 % 107
mol-kg ' with pH (=2) and temperature keeping con-
stant to investigate effect of [Fe(lITH); on raie, The re-
sults at three varous temperatures (2570, 367, 4477)
are presented i Table 1. 0t is shown that the resction
rale increases with increasing [Fe(lll]. which sug-
gests thal pyrite surface has not reached saturation
with increasing  [Fe(lll]; levels in the range of
[FedIll)]; used in this study. The plots of log oxidation
rate vs. log [Fe(Ill)]; at three different tiemperatures are
shown n Fig. Ha), (bl (o). respectively. The slopes
and imercepts from linear regression of the dat are
listed in Table 2. The mean slope of linear regression
at the threc temperatures is (0,601 0004, which indi-
cates o reaction order of (G0 for [Fe{I].

The experiments determining the effect of pH were

Tahle | Oxidabion rales of pyrile

Mo [Feillla} pH we [ Mo [Feilily], e T Raaiiy
MFI o 5 | 10 k' 1 7 MEFIT 5 B |07 1.4 a4 203
MF2 o 50 | 10 44 20 7 MFIR LA 114 n 2,70
ML oATe 0 i A 4,08 10" WMFIS 1T 5 " 33 a4 4, M |07
M4 20 10 M 1L G=10" M0 L 167 Kl LRl
M5 s 10 A daran® MEF2I Lo 21 a5 (WET
WM& LK T 10 i Arre ML LoEe 174 i p T
MF7 LTl 10 5 1EL 0" MFIA G e 0 (1 3 130 0 ®
MF& e L i 1 LS i0 ™ MF24 Liode i 143 A4 0
M G530 10 5 107" MF25 e 0 .51 25 d.ke 0"
MFIG Fidx o i} 15 KRl MFIa L0 07" 4% 36 550"
MFII 10" ro 44 om0 MF2T G9Tx 07 .63 36 L7300
MFIZ Ll 10 i | G 07" 1 e P 0" 1.41 n A =0
MFI3 R0 el 13 +4 S5I=07 Mz O R |07 2063 44 R L
MFI4 422107 13 k' AEI=07 M0 05k 07" 1.73 44 [t
MFIS 4% X | k' 1600 M3l 43|07 176 23 228"
MFIG 5 0% | 13 k' (WEMTN
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Fag. 1. Effect of [FedllL on oxsdation rase of pyrite (pli=2) (257,

performed at different initial pH (pH =13, 2.0, 2.7).
The results are alse presented in Table 1, The rate de-
pendence on pH iz illusirated in Fig, 2. Table 2 liss
the results of lnear regression of the data. The mean
slope of linear regression under the three temperatures
is (450,03, supgesting a reaction order of (.45 for
pH. Consequently, the rate law derived from this study
can be expressed as

Fig. 2. Efect of pH on oxslacion raie of pyrile (25 T

_.kuumu’.“”'“'”

+ iLaE LI ':3}
[H' [

Hewiny

2.3 Effect of wmperaiure

The experiments of oxidation rale as a fonction of
temperature (T=25C, 36T, 4477) show that the oxi-
dation rate of pyrite increases with increasing tem-
perature. The rate dependence on temperature is gen-
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erally expressed by the Arrhenivs equation™,
k= Ap ST

where & 15 the rate constant, T 15 temperature (K1, B is

2as constant (k1 - mol LKL A precs ponential erm,

and E, is activation energy (k) - mol ')

The plet of the log rate constant va, TOMKTTR)
vickds a slope of -3.37 £ 00,42 (Fig. 3). An activation
energy of 64,54 + 8,07 kI-mol ' is estimated from the
slope of the line in Fig. 3. The value is similar to those
of pyrrhotite (47.7—62.5 kJ - mol '} oxidation by fer-
ric iron, crpiment (59.1 kJ-mol '} and metacinnabar
(770 kI - mal ') oxidation by oxygen' ™' 1t is sug-
gested that these oxidation reactions are controlled by
a surface reaction mechanism with the activation en-
ergy higher than 20 kI-mol ', The oxidation of amor-
phous As;5; by oxvgen is a diffusion-controlled reac-
tion since its activation encrgy is less than 20
Kl mol "1

I L
iy b R 9747

Tl 1 i
K iz 34

14Kl ik
Fiz. 2. Effect of temperabure on the cakdation rabe of pyrite,

24  Rate constant and rate cnpu‘-ssiun

[f is noticed that rate dependence on femperature
was not expressed in the previous empirical rate laws.
As a result, these rate laws cannot be directly applied
to the condiions of other temperatures except their
experimental temperatures, In the research, the rate as
a function of temperature was investigated, and the
relationship between rate constant and temperature s
shown n Fig, 3. Activation energy of 64,5445 307
kl-mol ' and preexponential of 4.65 + 1.37 in Ar-
thenivs equation were obtained from the slope and
intercepd of the line in Fig. 3, respectively, Conse-

guently, rate constant and rale expression can be de-
scribed as

k= 10055 S
and
' O] LN
R|.,|||| ID’I'rdﬂ s 3T |_|- 'n.-l:”.l :IJI"
(H P

The rate expression can be wsed o calculate the
oxidation rate of pyrite umder various lemperatures,
Accordingly, it can be applied o quantifying the pol-
Iwtant release from sullde-rich mining waste and as-
sessing reliable performance of underground reposi-
iy sites where pyrile acis as an engineered harrier
material,

2.5  Environmental effect of pyrnite oxidation

The pollutants released from oxidized pynites in
Jiguanshan waste rock dump were calculated using the
rate expression derived from this study, The caleula-
tiom 15 described below,

It is esnmated that the dump iz of approsimately a
volume of 5<10°'m", and contains pyrite of about
1.25x 10°kg. The pyrite grains in the pile are of a mean
size of 2.5 mm and a pyritohedron shape, The thee-
retic caleulation aceording we the method of Parks
(199407 yields the specific surface area of 4.8=107°
m g for these grains'™!. McoGregor (199%) showed
that oxyzen hod diffesed 1w the depth of 1 m, and iron
(Fe™ and Fe™") had diffused to the depth of 10 m in
Copper Cliff lailing”'“. We preliminarily estimated
thai the diffusing depih of ferric iron in Jiguanshan
wisle rock pile is 5 m using the knowledge of the
modzster amd hotter weather, a higher porosity for waste
rock relative to taling, and less diffusing depth of fer-
ric iron than ferrous iron. The amount of pyrites pre-
sented above the depth, which has been oxidized by
ferric iron, is ahowt I.Tia]{ﬂ kg. The average tem-
peratre of 157 in a year in the region and the gen-
eral ferric iren concentration of 107" mel-kg ' and
acidity of pH=3 from mine drainage were used as the
parameters of caleulating oxidation rate of the pyrites.
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Tahlz 3 The magnitsde of pollitan releazed 16 secondary phases, il and witsr e the cogsumed fortes in liguisdhia mine waste dusig

Cn r'h
Contenl m pyrile %) .03 003
Raleise amoant 1LAl=g e 10 (1 )

A Co i H
.08 0,0 AT
T el 8 L TuGs 10" g 3 T 10" e

The oxidation rate of the pyrite caleulated (R,) is
1781077 maol -m 7 -5~ on the basis of the above data.
Then, the magnimde of pyrite consumed by oxidation
in every vear can be calculated, ie., M = K, «surface
areaxtime = 1, 78x 107" xd B 107 125 10" 119,96
3652243600 = 4.04=10" g, The amount of pollutan
relensed from the consumed pyrites is listed in Table 3.

Table 3 shows that the amount of these pollutants
migrated io secondary products andlor soil andlor wa-
ter from consumed pyrite is surprising. The mobility
of heavy metals is controlled by many Faciors as solu-
biliny of heavy metals and Bow rae of wnderground
watler. Thus, these calculated amounts of pollutants are
only upper limit values which are possibly released to
the environment, Considering vast H released from
oxidized pyrites, the mobility of these relexsed heavy
metals should be strong, and the frecton released 1w
sol andfor water should be high. Consequently, the
oxidation of pyrite in this pile has possibly posed sig-
nificant impact on the water guality in this region.

The parameters wsed in the above calculation are
the empircal values from previous studies or the val-
ues estimated in this study, which may have produced
a significant error. The parameters of pH, femric iron
conceniration, temperature, diffusing depth of ferric
iron and o on need o be calibrated by measurement
in Teeld, amd the data as solubilitg of heavy metals and
Mo rate of underground water shoubd be taken into
weeount, i future accurate calculation.

3 Conclusions

With mixed flow reactor designed by Institute of
Creochemistry, Chinese Academy of Sciences, a series
of experiments were conducted in the range of tem-
perature, pH amd ferric iron concentration set by this
stiudy 1 investigate the kinetics of pyrite oxidation.
The rates obtained from these experiments are in the
range of 3.22= 107" — 551« 107 mol-m “-s 7",

Statistically analyzing these rates by the method of
double-logarithmic plot, we derived the rate law of
pyrite oxidation which indicates rate dependence on
temperature, and caleulated activation energy of pyrite
oxidation (64.54 kJ-mol '), The value of activation
energy sugeests thal the oxidation of pyrike is con-
trolled by surface reaction

The law can be applicd 1w quantifying the pollutm
release from sulfide-rich mining waste and assessing
relable performance of underground repository sites.
Using this rate law derved from this study, magmitede
of the polleants released from oxidized pyrite in
Jiguanshan mine waste dump was prelimnarily eso-
miated, The estimated magnitde 15 surprising.

Aok badgemcnis The swthors would Like o thenk Proll, Jhi
Yongxuan and Yu Yunmel for their help with experimental desigs and
thearets: puickinees, and Toe providing the peomission e e thiir peac-
T divice, This weck was sspparted by the National Natural Scienco:
Fiaandlation of China (Grnl N SH2520%) and the Homdred Takenis
Program af the Chiness Acwdemy of Sciesces (Oraml Mo, 200042545,

Heferences

I Ewangelos, W, P, Pyrile Cxsdatson aml s Conlral, Baca Ralon:
CRC Pre=s, | 093 9%,

1 Haolling, P- Hendry, M. 1., Mickalson, B V. & al., Quastificatson
of auypen eofsamplion and sulphale releis rales For wiste mck
paless maiing Kiietse celle ClfT lake drasdnm e, woaihermn Sas-
Ealchewan, Canada, Appd, Geochem,, 20080, 1&; 1215— 1240

3 Meshiw, H., W Muir. L L, X-ray phoiceleciron speciroscapic
studies of a pristine pomibe surface reacted with water vapour and
air. Ceeochine Coschime Acta, 1994, 58 2667 — 4670,

4 Carrels, B, ML, Thompes, M. E., Oxidation of pyrite by iron sal-
Pt walitsan, A J, Sei,, 1960, 258-4: 57 —G67

5 Mathews, ©, T, Robiss, B O, The anidalion of Firrois salfde by
forric sulfaic, Austmalan Chem. Eng., 1972, 13: 21 — 25

6. Lowson B T. Aqueous oxidation of pyrise by modecular oxygen,
Chem. Rev., 1962, 820 461 = 497,

7. McBibben, M. A Harnes, H. L, Oxidation of jvile i8 lempen-
Dy acudsd wolilion: Rate lawe and sirface exleses, Ceoschim,
Coschim, Acta, |%85, 5 1300— 1520,

& Rimstidi J. D, Neweomb, W D Measuromont and amalwvsis of
rate data: The rate of reaction of femic iron with pyrite, Geachim.
Coschim. Ao, PWEE 57 1919— 19354,



Dependence of reactson rate of pyrite oxidstion e empersiee, pH and oxkdont concentration

U1 S

13

William=on, M. A. Kimside, ). [k, The kinetics and elecimochemi-
cal rate-desermining =ep of ageeous pyrite oxidalion, CGeochim.
Coschim. Adcta, WP, SH: 471 —4H2,

Holmes, P K., Crundwell, F. K., The kKinetics of the o iletion ol
prile by Foric wns and disselved ooygen: An electrochemical
sy, Geochim, Coschim, Ada, 2000, &4; 261— 274,

Janzen. M, P, Nicholsos, B, ¥, Scharer, 1. M., Pyirhotve reaction
kimetics: Feaction mmes for oxidation by axygen. fernc iron, and
for nonoasdative dissodmion. Geochine Coschim. Acte, 2000, 64 :
[ 0 (el [

L, L., Waeng, B. ., Xue, 1, Y, Chen, 1. Activity of clemmens
during the weathenng of pyrile and s environmaental o Meds,
Gipalogical Review {im Chinese with English abstractp, 2000, 47:
GE—1al.

o, WML, Fha YN Geo, £ M A Kinstic stidy of oxidatson of
arsenepyrile in scidic solutions: 1. experimental meilsd ssd soime
resaplis, Aadta Mmeralogica Simea (in Chanese with English absiract),
2000, 204 B0 — 305,

Fhang, 5. LL T. I, Wasg. L. K., The theory of peachemical ki-
netic reactor and delerminstion of rale equation: An introdectson.,
Gisalogy Lreochemistry {in Chinese with English absoracty, 19997,
1 53 —50

Y, WML Fha, YK, Wilkiams, 1A B el &l A Kinelics stsly of
the oxidalion of arsnopyrile in acidic sobstion= implicaiions for
the environment. Appl. Geochem . 2003, 159 435— 444,

8

17

15

i

21

Pl

1647

Moses C, O, Flerman. J. 5., Pyrile oxidaibon &t cocumneutral pli,
Cieocham. Coschim, Adta, WL, 535 471 —4HZ,

Longke, M. F. Tompel, B, M., Kinetic mies of amorphous 855,
oadation ai 2% v 43T and inisal pH of 7.3 10 9.4, Geochim.
Caoschim. fucta, 2000, 65 2741 — 2235,

Marceenko, ¥., Specoophotometric Deiermination of Elements,
Mew Yook: John Wiley and Song, 1976,

Canar, L. Mogedlon, 1. L., Lasapa, A, C, Kinclics of gibbsilg
dessolution under bow donie sirength conditeons, Geochim. Co-
wehiifin. Acta, PR B3 THAS— DESE.

Lengke. M. F. Temple, E. M. Reaction rates of saiural crpamest
oxidation ai 25 o 40°C and pH &2 o 8.2 and comparison with
amirphiis A5, camlackn, Geschem, Coscham, Acta, 2007,
AR — 3290

Bamen. M. O Tarser, B B Singes, B O, Owidative dissolution
of melacannabar [P-HeS) by dissolved ovypen Appl. Geochem.,
200G, 16 1491512,

Parke, 0L A, Surface energy aml adsgepleon al mineral §waler in-
erface: An intrsduction, inc Mineral-water Inleriface Geochomis-
iy, Beviews in Mineralogy (eds. [lochella and White), 1990, 25
133— 1745,

MeGregor, K. G, Blowes. [0 W, Jambar. J. L. The Solid-phase
controls on the mobility of heavy metals al the Copper CHIT fail-
g acra, Sudbury, Omark, Caneda, Jourmnel of Comamisant Hy-
denlagy, 1IH, 33 247 —237].



