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Based on the analysis of various types of environmental
samples in the mining and smelter areas associated with
the Khetri Cu and Zawar Pb-Zn deposits, it is concluded
that zones of exploitation of all sulphide-bearing mineral
deposits are potential areas of arsenic (As) contamination.
Without identifying the source of As and various natural
and anthropogenic concentrating mechanisms for As, such
as natural scavenging of As by Fe-Mn hydroxides in sedi-
ments and industrial concentration of Cu, Pb and Zn along
with the associated As in smelter operations, the pollution
and health problems, as known in West Bengal and Bang-
ladesh, cannot be suitably tackled.

THE presence of arsenic in groundwater poses a threst to human
hedlth dueto its toxic properties'. The World Hedlth Organisation
(WHO)? and the US Environmental Protection Agency (US-EPA)?
have set 10 ppb asthe limit for arsenic (As) in drinking water. The
problems of arsenic contamination of groundwater in West Benga
(India)*™" and Bangladesh®™ have been widely reported. In its
geologica occurrence, arsenic is found a high levds in primary
sulfide mineras such as arsenopyrite (FeAsS), pyrite (FeS), pyr-
rhotite (Fe,,S), orpiment (As,S) and redgar (AsS)™. The esti-
mated large arsenic deposts throughout the world are about
865" 10° metric tones ()™2. In terms of origin, the hydrothermal
volcanic/sedimentary arsenic congtitutes 4.5~ 10° (t), followed by
hydro-mesotherma arsenic 361~ 10° (t) and hydro-epithermal
arsenic deposits 0544 10° (t)'. The mgjor period of arsenic
deposits occurred in the world during carboniferous (about 65% of
dl As depodits) while a other geological times they are scattered
in small quantities™. In addition to substituion in sulphide depos-
its, itsionic radius and vaence adlow arsenic to subgtitute in trace
amounts for many dements in dlicates such as glauconite and
other rock-forming silicate mineras™*3, The chemicd similarities
of arsenate (H,ASO,") and phosphate (H,PO,") lead to anion solid
solutions between minerds such as pyromorphite Phs(PO,);Cl
and mimetite (Pbs(AsO,)sCl (refs 11 and 14). Combining both
primary mineras and trace subgtitution in other minerals, arsenic
has an edimated average concentration of 1.5 pg/g in the upper
crugt™®,

In surfacid water systems, arsenic can be dissolved ether di-
rectly from weathering of mineras™ or through mixing with
high-arsenic bearing gecthermd
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waters™". In groundwater systems, arsenic can aso be derived
from the dissolution of arsenic-bearing iron oxides in
unconsolidated aguifers™*®. Aqueous arsenic concentrations are
controlled by anion exchange and coprecipitation with iron and
manganee oxyhydroxides, and are therefore a function of Eh and
pH™. Arsenate anion exchange dynamics are andogous to phos-
phate, with competition for exchange stes favouring phosphate
over arsenate’™. Competitive exchange reactions show that arsenic
can be gored in soils, and then inadvertently released with the
addition of a high phosphate source, such as phosphate fertil-
i Zerll’lg.

Thus, As is a highly mobile dement in our environment and
sulphide mineral deposits even if they contain only traces of As
are potentia contributors of thistoxic dement to the environment.
It was reported® that the sulphosalts of Rampura-Agucha contain
enhanced As levels but no such reports are available for the mgjor
sulphide minera bet. Accordingly, an attempt was made to un-
derstand the source of As, its movements in the mine weters and
its enrichment in the sulphide mining zones of Khetri and Zawar
mines and concentrates in smelter operations.

Surface water samples were obtained from Zawar (Pb and Zn
sulphides) and Khetri (Cu sulphide) mines and dso groundwater
from the surrounding resdentid arees were collected. Figure 1
shows the sampling sites and other mineral mining arees. It should
be noted that some of the other mining areas have smilar mineras
and are therefore potentid sStes of arsenic contamination. Fresh
grains of the sulphide ores, Pb, Zn and Cu concentrates and their
talings were dso collected from the ore beneficiation plants a
Zawar and Khetri. After collection, water samples were filtered
through 0.45 pm membranes, acidified to pH 2 with HCI, and
stored at about 4°C until further anaysis. Ore, concentrates and
talings were digested in a Teflon bomb. Various geo standards
(GXR2, GXR4, GXR5, GXR6, JB-1b, JB2, JCFA-1, JDOL, JG2,
JLK1, JR2, JSD2, JSD3 and J91) were used for instrument cali-
bration. Findly totd arsenic in water and other samples were
measured by an atomic absorption spectrophotometer (GBC 902)
coupled with hydride generator (HG900) using hot vapour tech-
nique™’. For water samples, chemical standards of As were used
for cdibration.

Table 1 shows the arsenic concentration in various weter bodies
in the mining aress. In groundwater (Zawar areg) the totd dis-
solved arsenic was between 1.4 and 13.8 ppb with an average of
5.8+ 5.5 ppb. In the Khetri area the concentration was generaly
below <1 ppb (detection limit). The average tota dissolved arsenic
in Zawar and Khetri mine inlet water was 3.0+ 2.8 ppb and <1
ppb, respectively while the mine outlet water had 130 + 14 ppb
and 3+ 1ppb arsenic, respectively. Oxidaion of metdlic sul-
phides under the action of inlet water produces sulphuric acid®
and the metas released
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Figure 1. Map of Rajasthan showing sampling sites and flow sheet of ore beneficiation.

are luble in this acidic water thus rdleasing arsenic to the outlet  tration of arsenic in Zawar zinc and Khetri copper tailings was
water. Arsenic concentration in lakes, rivers and groundwater in - 1519+ 1493 mg Askg and 1179+ 1382 mg Askg of talings,
other parts of the world is shown in Table 2 for comparison. Our  respectively. In the metal sulphide smelter, in the zinc concentrate
andyss shows higher concentration of arsenic in Zawar and 10727 + 6322 mg Askg of the concentrate, in the Pb concentrate
Khetri ore with an average of 7683+4414 mg Agkg and 61+ 16 mg Askg of the concentrate and in the copper concen-
145+ 72 mg Askg of the sulphide ores, respectively. Table 3 trates 12+ 6 mg Agkg of the concentrate were observed. Proc-
shows the average concentration of Zawar and Khetri ore and  essng of Pb-Zn sulphide ores involves first the separation of Zn
tailings with reference to RampuraAgucha sulphosdts and com- from the Pb concentrates through addition of chemicds
pares them to other world sulphide ores and tailings. In the second

pat of Table 3, arsenic enrichment in various aguetic environ-

ments such as rivers and lakes are indicated. The average concen-
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Table 1. Total arsenic in groundwater (ppb), mine water (ppb) and in the sulphide ore, smelter concentrates and tailings

(mg/kg) in the Khetri and Zawar region

Zawar GW Mw?! MwW? Asinore AsinZnconc* AsinPbconc* Asintailings
1 4.7 6.9 120 3262 6256 49 463
2 13.8 0.9 140 8410 15197 72 2575
3 1.4 0.9 - 5558 — - —
4 3.3 3.3 - 13501 - - -
Mean 5.8 3.0 130 7683 10727 61 1519
D 55 2.8 14 4414 6322 16 1493
K hetri GW Mw?! MW? Asinore Asin Cu conc.X Asin tailings
1 tr tr 3 70 7 202
2 tr tr 2 202 16 2156
3 tr tr - 105 — —
4 tr tr - 180 - -
5 tr tr - 74 — —
6 tr tr — 241 — —
Mean tr tr 3 145 12 1179
D tr tr 1 72 6 1382

GW, groundwater; MW?, mine water inlet; MW?, mine water outlet; x, concentrates in the smelter; tr, trace (<1 ppb).

Table 2. Dissolved/particulate arsenic levels in diverse environments

Place Nature of water As (ppb)
Baitrani, India® River 0.1-2.1
Bangladesh® GW 3-960
Bowen Island, British Columbia® Well 0.5-580
Brahmani, India®® River 0.9-13.2
Bunker hill mine, 1daho® GW inlevel (5and 9) 0.1-1336
Caron River, England®® Water 1-80

Caron River, England®® Particulate 1-3800
Coeur d' Alene, Idaho® River aquifer 0.17-2.87
East coast of India®® Pulicat lake 35

Fairbanks, Alaska™ Stream water <5-1260
Furtei, South Sardinia* Borehole water 382
Hamilton, New Zealand?®® Waikato river 32.1

Humber Estuary, NE England* River 0.54-4.07
Madison river vally, Montana® Alluvia GW 26-150
Mahanadi, India®® River 0.1-3
Missouri, USAZ® Well 30-400 As(l11)
New Hampshire'? Drinking water <0.0003-180
Northwest Arizona®* GW 10-1000
Ohakuri, New Zealand® Lake 38.3-441
Quebec and Ontario, Canada®* Lake 97-7297
South Australia®™ Coastal water 1.1-1.61
South Australia®™ Particulate <0.00006-0.013
South McQuesten, Canada’ River <40-220
West Bengal, India® GW 10-3700
Khetri and Zawar, India” GW <1-13.8
Khetri and Zawar, India” Mw? <1-6.9
Khetri and Zawar, India” MW? 2-140

GW, groundwater; P, present study; MW", mine water inlet; WM?, mine water outlet.

such as potassium ethyl xanthate leading to enhancement of Asin
the Zn concentrates relative to the Pb concentrates. On the other
hand, in the beneficiation of Cu ore, while the concentration of As
inthe Cu oreis less rdative to that in Pb-Zn ores, even the small
excess Asis diminated in liquid form in the tailings. Thus, the Cu
beneficiation is more harmful to the environment due to direct
mixing of As enriched tailing with the immediate aquatic systems

compared to the Zn beneficiation where Asis enriched in the Zn

concentrates and henceisin solid form.

From Table 3 it can be seen that Asisintroduced into the aguatic

environment through sulphide mining activities. Lithologic logsin
North America®® show As asso-
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Table 3. Dispersal of arsenic from source to aquatic environment

Place Nature of sample Primary minerals Valuable elements As (mg/kg) Cu % Fe?9
Khetri, Jhunjhunu® Ore cep Cu, Co 145 4.3 59.¢
K hetri, Jhunjhunu® Unoxidized tailings - - 1179 0.09 -
Zawar, Udiapur” Ore sp Ag, Pband Zn 7683 0.03 6.7
Zawar, Udiapur® Unoxidized tailings - - 1519 0.01 -
Rampura-Agucha, Bhilwara?®  Sulphosalt Freibergite sp Pb and Zn 9300 15.06 5.4¢
Rampura-Agucha, Bhilwara®®  Sulphosalt Argentian pearcite - - 5000 5.13 0.0:
Bowen Island, Vein deposits asp 16.4-17.2 7.0-1
British Columbia®
California, USA™ Playa brine - B, Li 100 - -
Cleveland Deposits, Ore cep, sp, gn Auand Ag, Zn 98 1.3 21.
New Mexico®’
Cleveland Deposits, Tailings - - 4-190 0.07-3.1 2.1-3
New Mexico®’
Cyprus-Pinos Altos, Ore concentrate cep, sp, gn Cu, Fewith Au &Ag 290 10 24
New Mexico®’
Cyprus-Pinos Altos, Tailings - - 42-110 0.07-0.9 10~
New Mexico®’
Ingaldhal, Chitradurga, Cobaltite mineral col Co 44.8-47.4 - 2.04
Karnataka®®
Killingdal, Norway*® Ore ccp, sp, py - 1200 1.03 34.1
Laver, Norrbotten, Sweden®  Unoxidized tailings ccp, po Cu 68 0.1 2.4
Laver, Norrbotten, Sweden®® Oxidized tailings - - 109 0.03 2.7
Li Hir Island, Papua New Volcanic marine sediments - - 1200-4900 0.01 17.7-
Guinea™*
Lokken, Norway*® Ore ccp, Sp, py Cu, Zn 40 2.2 37.
Maria De La Paz, Mexico®? Slag tailings - Ag, Au, Cu, Poand Zn 3800 0.4 -
New Brunswick, Canada® Tuff - Ag, Cu, Pb, Zn 45 0.003 1.€
New Brunswick, Canada®® Rhyyolite - Ag, Cu, Pb, Zn 62 0.001 1.2
New Mexico, USA®* Empire zinc mine tailings cep, sp Ag, Au, Cu, Fe, Pb and 3.8-185 0.05 -
Zn
Rio Tinto, Spain* Orefield - Cu, As, Se 6000 - -
Skorovas, Norway*® Ore ccp, P, py - 500 1.3 -
Slave Province, N. America®™  Cupin mine, Contwoyto lake - Au, Ag, Cu 4.20 0.03 -
South America™® Volcanic hosted stn Ag, Au, S 638-7032 - -
South America® Sediment or volcanic hosted stn Ag, Au, D 12-3109 - -
South America™® Sediment hosted stn Ag, Au, S 1-326 - -
Southern Tuscany, Italy®’ Gabellino (floatation tailings) cep, gn, po, py,sp Cu 50-388 0.03 -
Southern Tuscany, Italy®’ Fontalcinaldo (waste rock dump) — - 55-1075 0.003 -
Stekenjokk, Sweden® Unoxidized tailings py, PO, sp, ccp Cuand Zn 1178 0.2 9.7
Sudbury, Ontaric® Ore - NI, Cu 2.2-26 - -
Twin Creeks, Nevada® Arsenian pyrite - Au (595-1465 ppm) 1.05-2.43 - -
Western Australia® Nevoria mine - Au, Ag, Cu 500 0.023 -
Western Australia® Marvel Loch mine - Au, Ag, Zn 2875 0.008 -
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Table 3. (Contd.)

Bangladesh®®°
Bangladesh™°
Bangladesh®™

Blackbird creek, Idaho®*
Bullit County, Kentucky®?

Central Newfoundland, Canada®
Central Newfoundland, Canada®

Elba-Argetario, S. Tuscany,
Italy®

Fairbanks, Alaska®*
Fairbanks, Alaska®*

Fal Estuary, Cornwall, UK
Indian subcontinent®®
Indian subcontinent®®
Indian subcontinent®®
Indian subcontinent®®
Indian subcontinent®®

Indian subcontinent®®

Indian subcontinent®®
Japan®

Lake Ohakuri, New Zealand?®®
Missouri, USAZ®

Missouri, USAZ
Monchegorsh, Russia™

New Brunswick, Canada®®
Northern Tyrrhenian Sea™
Northern Tyrrhenian Sea®
Orissa, India”

Orissa, India”

Orissa, India”

Qubec & Ontario, Canada®*
Smith County, Tennessee®™
South Carolina, USA™

South Carolina, USA™

Sudbury, Ontaric®
Sudbury, Ontaric®’

Ganges (Padma) river sediments

Brahmaputra (Jamuna) river
sediment
Meghnariver sediment

Stream sediments

New Albany raw shale
Lower till (pyrite 5%)
Meltout till (pyrite 10-20%)
Sediments

Suspended sediments
Sediment

Tresillian river sediment
Ganges river sediment
Brahmaputrariver sediment
Y amuna river sediment
Narmada and Tapti river sedi-
ment

Godavari river sediment
Krishnariver sediment
Cauveri river sediment

L ake Biwa sediment
Sediment pore water

Bulk soil

Limonite separates

Top soil (0-5 cm) (near smelter)
Sediment

Silty clays

Clayey silts

Mahanadi river sediment
Brahmani river sediment
Baitarani river sediment
Lake sediments
Chattanooga raw shale

Coal fly ash tank water
Suspended solids

Lake (supended particles)
Kelly Lake sediment (max)

col, ccp, py
oil shale

asp, gn, sp, py

au, stn, gn, s

asp, ba, ccp, py, sp -

asp, arsenopyrite; au, placer gold; ba, barite; ccp, chalcopyrite; col,

cobaltite; gn, galena; len, lemonite; po, pyrrpyrrhotite; py, pyrite;
sel, sheelite; stn, stibnite; sp, spalerite; P, present study.
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Ni
Ag, Cu, Pb, Zn
Co, Cu, Ni, Pb, Zn

Cu, Fe, Pb
Cu, Fe, Pb
Cu, Fe, Pb

1.18-2.61

1.41-5.93

1.3-5.55

42-2550
14
10-20
30-90
4-120

0.005-18
5-4114
508
2.0-9.0
2.0-6.0
3.0-11.0
3.0-5.0

4.0-14.0
2.0-5.0
2.0-4.0
198
0.98-6.43
7
4.4-84
11-60
42
24-38
23-25
~4
~8
~7
0.67-40
11
1300-48900
23-870

6.5-38
650

0.002-0.003
0.002-0.005
0.001-0.007

0.1-0.3
0.03

0.01

0.1
0.002
0.005
0.006

0.001-0.005

0.005
0.003
0.003

25-1
3.1+

3.8

2.5
2.¢
2.4
1.09=

5.8
2.9
15

(nearer to smelter)

0.2
0.02
0.004
0.004

0.01
2.6-3.0
0.01-0.02

1.8-
1.€
3.

0.2-1
0.7
22.0=
21.1-

(nearer to smelter)
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ciation with limonite in the aluvid sediments. Vaiationsin re
dox conditions modify the concentration of dissolved species and
may effect the amount of adsorbed arsenic™. As redox conditions
become increasingly reducing a depths, the ferric iron is reduced
to ferrous iron, resulting in mobilization of some of the adsorbed
arsenic. Under prolonged reducing conditions, essentidly dl of the
adsorbed arsenic may be reduced to As™ (ref. 23). In this connec-
tion it is noteworthy that Anabaena oscillaroides, a bacteria
isolated from the Waiketo river is capable of reducing As™ to As™
which is more toxic and about 25 times more soluble than the for-
mer®. Thus post-depositional changes in redox potentias and pH
can potentidly modify the movement of Asto and from dissolved
and solid phases with speciation of As playing an important role
in its upward or downward mobility with depth either due to
smple inorganic reactions or biochemica reactions. Since some of
the sulphide mines are a greater depths, the transport of Asin the
aquetic environment in the mining areasis very important.

In order to predict the distribution of arsenic between dissolved
and particulate phases in a wide range of ecosystems shown in
second part of the Table 3, the key role played by Fe oxyhydrox-
ides in the chemistry of dissolved arsenic concentration in oxic
agudic environments must be consdered. Many studies have
reported the distribution of arsenic among the Fe oxyhydroxides
of oxic sediments and the associated interdtitial and overlying wa
tersin a variety of lakes™*?’. Digtributions of dissolved As and
Fe concentrations suggest a close association of both dementsina
dissolution—diffusion—precipitation cycle for Fe and adsorbed
As*. Aquatic plants play akey role in remobilizing As at depths
which can beillustrated by the following observetions.

To gan a beter understanding of the impact of rhizos-
phere/burrow oxidation by wetland plants and burrowing inverte-
brates on the biogeochemidry of metds and metdloids in the
ecosystem, it was hypothesized®®? that sdt marsh plants and
burrowing invertebrates could accumulate Fe, Zn and As through
oxidation of the rhizosphere/burrow wall. The mechanism behind
the accumulation would be as follows: Oxidation of ferrousiron to
itsferric form would lead to precipitation of iron axyhydroxidesin
the rhizosphere (iron plague), which in turn would lead to a de-
creasing concentration gradient of dissolved iron oxyhydroxides in
the rhizosphere, that in turn would lead to a decreasing concentra:
tion gradient of dissolved iron towards the plant roots. The iron
oxyhydroxidesin turn would bind arsenic and zinc, again cregting a
decreasing concentration gradient of both dements towards the
roots. These gradients would lead to the diffusion of iron, arsenic
and zinc in the direction of the roots. Assuming that uptake of the
eements by the root is dower than the supply through diffusion,
an increese in concentration of al three dements would be ex
pected to occur in the solid phase of the rhizosphere®. Therefore
arsenic contained in sediments or in sulphide ores/concentrates can
be released, either as soluble (As™) or insoluble (AS™) species. In
ather case, it will be a poison released from the medium and pose
athreat to the environment. While the As leves in the groundwa-
ter in West Bengdl, Bangladesh, outer Mongolia and Japan™ have
been widely reported for along time, it is surprising that As has
not been andysed in the sulphide ores of Sngbhum base-meta

CURRENT SCIENCE, VOL. 78, NO. 6, 25 MARCH 2000

belt that isin the hinterland of the As-contaminated areain India
Along with Cu, Po and Zn, As may adso be amenable to efficient
bioleaching processes from sulphide ore deposits™. With regard to
the As problem in Bangladesh and West Bengd, Fe-oxyhydroxides
are reported™ to be the carriers of As in the Gangetic dluvium,
and upon redox changes associated with water-table fluctuation in
response to withdrawa of water through millions of tube-wellsin
the area, they rdlease As to the water in soluble form. Also, there
are weethered base metal deposits underlying the Gangetic basin®
which could be the source of As as observed for the sulphide de-
posit in the present study. Arsenic-bearing phosphatic fertilizers
aso could be an additiona sourceof As®. The chemicd speciation
of arsenic as well as the Eh vaues of affected groundwater in
Bangladesh indicate the tendency towards reducing environment™.
Furthermore, comparison between total arsenic and iron content in
groundwater, aquifer soil, suspended river sediment, bank sedi-
ment and surface soil does not indicate strong correlation™,
thereby contradicting earlier work™ in Fe-As relationship. Thus
mobilization of As needsto be carefully studied in future from the
sourceto the aquifer region. However, in the Khetri—Zawar region,
the As problem may not be associated with movement in aquifers
like in the Bengd ddta area and thus different mechanisms of
transport of As in the aquatic system may operate in various re-
gions and no single mechanism can account for al observations.

Thus our ohservation indicates that from the sulphide ores the
mine water leaches out As under redox and acidic conditions and
further As concentration takes place in the meta sulphide benefi-
ciation activities. Thus no specific As-enriched minerd such as
arsenopyrite is required in the neighbouring lithology but al sul-
phide mining and smelter Sites are potentid locations of future As-
contaminated areas and should not await an episodic event to un-
leash an environmenta disagter. Arsenic studies should therefore
precede mining/smelter operations as a precaution in al sulphide-
related minerd resources exploitation.
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