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Abstract

Arsenopyrite is a common mineral of the sulphide class, belonging to minerals of hydro-
thermal genesis. On anthropogenic dumps, arsenopyrite is exposed to weathering agents
and releases arsenic into the environment. In areas, where Cu, Pb, Zn minerals are mined,
arsenic contamination of the environment is a serious problem. The results of this study
show that arsenopyrite ores are capable of releasing arsenic and heavy metals during
weathering on dumps under seepage and flooding conditions. The paper presents the results
of a laboratory experiment on a developed simulation model of substance change in ore mine
dumps under two conditions: seepage (modelling open ore dumps through which rainwater
seeps) and flooding (modelling ore dumps stored in flooded lowland areas). The modelling
conditions were consistent with the real ones. The ratio of arsenopyrite and sand was 1:20.
The duration of the experiment was 60 days, which allowed determining arsenic in different
chemistries. During the experiment under water seepage conditions, pH decreased and re-
dox potential varied from 5 to 50 mV. With decreasing pH, release of metals and arsenic
into the environment increased over time. Once pH reached values characterising an acidic
environment (2.0-4.5), weathering markedly accelerated. Under conditions of excess water
with high dissolved oxygen content, metals released faster. When pH was between 5.5 and
6.0, the rate of metal release decreased. When the ore was oxidised, iron in the divalent
form Fe(Il) slowly oxidised to Fe(Ill) at the pH value above. Under these conditions,
Fe(Ill) was hydrolysed in the column. Thus, the released arsenic was adsorbed on
Fe(IIT) and the resulting iron hydroxide Fe(OH); coated the ore particles. Due to the reduced
contact of the waste ore with the aqueous medium, the arsenic concentration continued to
decrease. Under both seepage and flooding conditions, As(III) dominated As(V) in the
flow exiting the ore column. As(II) can be highly toxic to the environment, therefore care
should be taken to ensure that conditions are provided for its conversion to less toxic As(V).
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AHHOTanust

APCEHONIMPHUT — PacIPOCTPAHEHHBI MUHEpAIl Kjlacca Cylnb(HI0B, OTHOCAIINICS K MUHE-
pajlaM THAPOTEPMAIBHOTO MPOUCXOXKACHUS. Ha TeXHOTeHHBIX OTBaJIaX apCEHOMHMPHT IO/~
BEpraeTcs BO3/CHCTBUIO arceHTOB BHIBETPUBAHUS M BBIICISCT MBIIIBIK B OKPY>KarOUIYIO
cpeny. B paiionax, rae paspabareiBatorcs muHepansl Cu, Pb, Zn, 3arpssHeHune okpyxa-
IOUIe Ccpeasl MBIMIBIKOM SIBIISIETCSl Cephe3HON mpoOieMoil. PesynbpraThl HacTOAIIETO
HCCJIEJIOBaHMS TOKa3bIBAIOT, YTO MPH BHIBETPHBAHUM Ha OTBaJaX B YCIOBHUSAX IMPOCAYH-
BaHUA W 3aTOIUICHUA ApCCHONHNPUTHBLIC PYAbL CHOCO6HI)I BBIACIATH MBIIIBIK U TAXKCIIBIC
MeTasusl. [IpeacraBieHbl pe3ysbTaThl JJAOOPATOPHOTO SKCIIEPUMEHTa Ha pa3paboTaHHOM
MMHTAIMOHHON MOJEIHN M3MEHEHHsI BeleCTBAa B PYAHBIX OTBajax IIAXT NPH ABYX YCIOBH-
AX: TIPU NIPOCAuYNBAHUK (MOJICIIMPOBAHIE OTKPHITHIX OTBAJIOB PY/IBL, Yepe3 KOTOPBIE Ipoca-
YMBaeTCAd AOKAEBAs BOAA) M 3aTOIUICHWM (MOJCIMPOBAHME OTBAJIOB PYJIbI, XPAHSIIIHXCS
B 3aTOIUICHHBIX HHU3MHHBIX paiioHax). MoelbHble YCIOBUSI COOTBETCTBYIOT PEAJIbHBIM.
CootHomenne apceHonupuTa U necka 1:20. IIpoaomKkuTenbHOCTh SKCIIEPUMEHTa COCTaB-
msiet 60 CyT, ITO MO3BOJISICT ONPEICTUTh MBIIIBSIK B PA3IMYHBIX XUMUYECKUX BEIIECTBAX.
B xoze skcnieprMeHTa B yCIOBUAX HHQHUIBTpAK Boabl pH cHIXaeTcs, a OKHUCIUTENBHO-
BOCCTAaHOBUTENBHBIN MOTEHIMAN BapbupyeT oT 5 1o 50 MB, npu cHmxennn pH Beiaene-
HUE METAJUIOB U MBIIIbSIKA B OKPYXKAIOIIYIO CPelly C TEUCHHEM BPEMEHH YBEIHIHBACTCSI.
[To noctmxennu pH 3HaueHwi, xapakTepu3yomux Kuciyio cpeny (2.0-4.5), BeiBeTpuBanue
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3aMETHO yCKOpsieTcsl. B yciioBHsiX n30bITKa BOJBI IPH BBHICOKOM COAEPXKAHUH PacTBOPEH-
HOTO KHCJIOpOZIa METaluIbl BBICBOOOXKAatoTCst ObicTpee. Korna pH Haxomurest B anamnazone
oT 5.5 10 6.0, CKOPOCTh BBICBOOOXKICHUS METAJIIOB CHIDKAeTCs. IIpu OKUCIeHHU pyabl
*kene3o B nByxBaneHTHOH (opme Fe(Il) memmenno oxucnsercst no Fe(Ill) mpu pH, yka3zan-
HoM BeIIe. B atux ycnoBusix Fe(Ill) rupponm3syercst B koioHke. TakuM 00pa3oM, BEIIETS-
Iommiics Mblbsk ancopoupyercs Ha Fe(Ill), a oOpasyrommiics ruapokcun xenesa
Fe(OH); moxpeIBaeT 4aCTHIIBI PYABI.

KiroueBnble cioBa: 3arpsI3HEHUC MBIIIIBAKOM, TpaHC(bOpMa]_[I/ISI MBbIIIbSIKA, APpCCHOIIUPUT,
HO6LI‘Ia PYyAbl, TOKCUYHBIC OTXOAbI, MIPOMBIIIJICHHBIC OTXO/bl, aHTPOIIOI'CHHOC 3arpsA3HEHUE

BJiaronapHocT: aBTOpHI BBIPAXAIOT NCKPEHHIOK OJIarofapHOCTh XaHOWCKOMY YHHBEPCH-
TETy TPUPOIHBIX PECYPCOB U OKPYXKAIOIIEH Cpeibl, XaHOHCKOMY YHUBEPCHUTETY €CTECTBEH-
HBIX Hayk, FOxHOMY oTnesneHnto COBMECTHOTO POCCHHCKO-BHETHAMCKOTO TPOIHMYECKOTO
Hay4HO-HCCIIEI0OBATEILCKOTO U TEXHOJIOTMYECKOr0 IIEHTpa U MHCTUTYTY IKOJOTMYECKUX
TEXHOJIOTHH, BheTHaMCKOW akageMuy HayK M TEXHOJIOTHH, KOTOpBIC CO3Jall yCIOBHS
JUIS IPOBE/ICHNUS] UCCIIE0BAHUS U IIOMOLJIH HCCIIEI0BATENILCKOM TPYIIIe B €r0 peali3aliu.

Jas nutupoBanus: OIeHKa SKOJOTHYECKOW OMACHOCTH yCJIOBHUH XpaHEHHS OTXOJOB
IoOBIYM U mepepaboTKu apceHOMUpPUTHEIX MuHepanoB / Jle Txy Txywu [u ap.] // Dxoio-
rudeckast 0e3onacHocTh MpuOpexxHOH 1 menb(oBoii 30H Mopst. 2024. Ne 2. C. 107-121.
EDN WCMKIB.

Introduction

Arsenopyrite is a compound of iron and arsenic sulphide (FeAsS) and one of
the most common minerals among sulphides today. The chemical composition of
arsenopyrite, according to microprobe analysis, is usually as follows: Fe = 34.05%;
As = 43.87%; S = 21.76% [1]. Samples of waste arsenopyrite ore for this study
were taken from tin ore mining and processing waste in the upper reaches of
the Nam Huong River (Quy Hop district, Nghe An province, Vietnam).

Mining has a negative impact on the environment and poses a danger to the eco-
system in general and to humans in particular [2]. It is a significant problem
in many countries around the world, including Vietnam.

The mining and processing of natural resources increases the rate at which
heavy metals enter the environment, including aquatic ecosystems. Waste arse-
nopyrite ore stored in dumps is exposed to the atmosphere and slowly oxidises.
In the process, arsenic converts to more water-soluble oxides, which through natu-
ral transformation leads to the release of sulphur. These sulphide minerals oxidise
to form acid mine discharges and alter the properties and toxicity of the metals.
Despite the risk of arsenic and heavy metal pollution from mine acid wastewaters
and ore dumps, little attention has been paid to this problem.

High levels of arsenic have been found in the area of ore mining, possibly
due to the weathering of FeAsS arsenopyrite and its leaching in water, especially
in an old tin mine in the Ron Phibun area of Thailand (5000 pg/L). In the USA,
the mining district of Fairbanks County (Alaska) has an arsenic concentration of
104 pg/L, and arsenic concentrations in groundwater in Coeur d'Alene County
(Idaho) are as high as 1400 pg/L [3].
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G. S. Kamm et al. [4] found in their study that arsenic in the form of methylat-
ed compounds is transformed to a lesser extent than inorganic arsenic (As®" and
As®"). Inorganic arsenic in soil can undergo various transformations including oxi-
dation decrease, functional degradation and biotransformation. The flooded soil is
dominated by arsenite with low redox potential, and at pH equal to 5-8, As™ is
mostly transformed as As®’, while in a reducing environment and at low pH,
As(1IT) will dominate.

Some studies on geochemical characteristics of arsenic in mining operations
showed that the release of arsenic into the environment strongly depends on the pH
value, redox potential and heavy metal content [5, 6].

Today, there are limited studies on arsenic transformation in Vietnam, so stud-
ying the release of heavy metals, As(IIl) and As(V) on ore dumps is of great
importance. This will improve the environmental protection of mining operations
and storage of their waste in natural conditions.

The purpose of this study is to use the results of laboratory experiments
to assess the impact level of waste from arsenopyrite minerals mining and pro-
cessing on the environment under different conditions of their storage (seepage and
flooding).

Experimental part

Design and construction of experimental models, preparation of reagents

To study the release of arsenic and heavy metals from arsenopyrite ore dumps
and the transformation of As(IIl) into As(V), it is first of all necessary to develop
a simulation model of substance change in mine ore dumps under conditions of
seepage (an open ore dump into which rainwater seeps is modelled) and flooding
(ore dumps stored in flooded lowland areas are modelled) [7]. The structure of
the experimental model is presented in Fig. 1, the main elemental composition
in a sample of a 1:20 mixture of arsenopyrite ore and sand is given in Table.

Element composition (mg/kg) of arsenopyrite ore samples and mixture of arsenopyrite ore
with sand (1:20)

Material As Cr Mn Fe Ni Cu Zn Cd

Arsenopyrite ore 164.73 932 1253.52 2137745 4796 5257.54 57645 14.20

Mixture of
arsenopyrite ore 812 0.51 60.32  987.16 281 646.64 2643 146
with sand
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Fig. 1. Equipment scheme: 1 — plastic lid; 2 — fine mesh; 3 — plas-
tic sheet (PE); 4 — rubber buttons; 5 — valve in the lower part;

e A A= layer of gravel and soil taken from dump; B — sample of pyrite
EELtety ore mixed with sand; C — column; D — gravel layer
: B

The mixture of arsenopyrite ore and quartz sand in the ra-

~C tio of 1:20 (this ratio is similar to that in the ore dump) is
packed into a test column of 45 x 1000 mm (particle size 0.5—

2.0 mm) and void volume of about 250 ml is left (Fig. 1).

The order of the layers in the filled column is as follows.

The first layer (4), 20 mm thick, is a mixture of soil debris and

~1  gravel removed from the mine to create conditions close
3 to real ones (organic matter from 1.5%) [8]. The second layer
£ (B) is an ore—sand mixture 650 mm thick, weighing 878 g.

The third layer (D) is a supporting layer of gravel with a diam-
eter of 3—5 mm. The composition of the used aqueous phase is
similar to that of natural rainwater [9].

The composition of the used aqueous phase (in mg/L) is similar to natural
rainwater (pH = 6.5):

Ca** 24 Cl 3.9 NHs" 1.5 NO;  4.44
Na" 85 SO,* 5.35 Mg* 1.9 HCOy  24.40

Reagents. As(III) 0.1 M (7500 ppm) standard solution: a mixture of 0.9902 g
arsenic (III) oxide and 2.5 g NaOH (chemically pure) was placed in a 100 mL
measuring flask, then 70 mL of hypoxic water was added and shaken. Then 10 mL
of 2 M solution of HCI in hypoxic water was added, brought to the mark with hy-
poxic water and stirred. The experiments were carried out under nitrogen atmo-
sphere.

Standard solutions of As(V) and metal ions Cu**, Cd*", Mn*', Fe*, Ni*, Zn*"
were prepared from Merck standard solutions.

Procedure

Seepage conditions. Water with the composition given above was poured into
the column (Fig. 1), with the mouth of the column and the valve at the bottom open
for two days. Then 120 mL of water simulating natural rainwater was poured into
the column. The valve was opened and the seepage rate in the column was main-
tained at 8.5 cm/h (normal rate of water seepage through a waste ore layer) [10].

The solution that had passed through the column was collected in full. Then
20 mL of the collected solution was taken to analyse the content of Fe, Mn, Ni,
Cu, Zn, total As, As(IIl) and As(V), which are the major ions often accompany-
ing the weathering process of arsenopyrite. The remainder of the sample was saved
for the following experiments. The valve and the column mouth were opened.
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In five days, 120 mL of water simulating natural rainwater was added to the stored
solution, then it was passed through the column and sampled. This sampling pro-
cess was repeated once a day for five days (simulation of natural processes).

Flooding conditions. The research equipment was set up as shown in Fig. 1,
and the effect of horizontal flow was not considered in the experiment due to its
less influence on the weathering process. The arsenopyrite ore from the dump and
the used aqueous phase had the same composition as in the seepage conditions.

First, the aqueous phase was oxygenated using an aerator to ensure a dissolved
oxygen concentration of about 8 mg/L. After loading the ore, the column was
continuously kept filled. The water level was 25 cm above the upper boundary of
the ore—sand layer. The samples were left for five days after collection. At the same
time, 20 mL of the newly collected solution were carefully withdrawn to analyse
the same parameters that were determined under seepage conditions. The amount
of water lost during sampling was replenished.

Under both seepage and flooding conditions, the experiment was conducted
for 60 days [1]. An aliquot of the sample was taken at the same time to analyse
for heavy metal content. The modelling experiments were repeated three times.

To further investigate the ability to release iron and arsenic in an acidic medi-
um under real conditions, the authors conducted experiments at pH values from 4.5
to 2.5. The course of the experiment was the same as under seepage conditions:
120 mL of aqueous phase with the above composition was added in a pre-stored
solution. A 4 M HCI solution was used to adjust the pH value of the water before
each wash through the column and 20 mL of sample was taken for analysis.
The above procedure was repeated (pH adjustment for five days and sampling).

Methods of As(1ll) and As(V) separation and quality indicator in a sample

The method of As(IIT) and As(V) separation in a solution of ethanol and water
with a ratio of 30:70 involves single filtration using Lewatit MonoPlus M 500 ion
exchange resin [11]. All experiments were performed in the nitrogen atmosphere to
prevent arsenic oxidation. The process of arsenic extraction is shown in Fig. 2.

Ethanol 30 %

3 mL/min
Water .| Column SPE C18 l' .| Anion Exchange :
Sample - (3 mL/min) (70%) Column »| Analysis As(IlI)
_ v
HCI3.0M ﬂ» Aniog Exchangel | Analysis As(V)
olumn

Fig. 2. Scheme of separation of As(Ill) and As(V) [11]
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The content of Ni**, Cu®’, Pb*', Zn**, Fe**, As(IIl) and As(V) ions was ana-
lysed on an atomic absorption spectrometer, As was analysed by the cold vapour
method.

Sample processing and analysis

The liquid samples were treated using HNO; and HCI acids at a volume ratio
of HNOs;:HCI as 1:3, at a rate of 50 mL of acid mixture per 100 mL of the sample.
Then, As and heavy metals were measured using an atomic absorption spectropho-
tometer (model iCE 3500, Thermo Scientific, USA), Fe** was analysed according
to the Vietnamese standard TCVN on a DR 5000 device (HACH), whereas pH, Eh
and dissolved oxygen content were measured using Hanna HI98304 electrodes
(Romania).

Solutions of HCI, HNOs with different concentrations were prepared from 37%
concentrated perchloric acid HCI and 65% nitric acid HNO; (chemically pure,
Merck) in distilled water or in hypoxic distilled water, depending on the require-
ments of each experiment.

After separation of As(IIl) and As(V) by single filtration using Lewatit Mono-
Plus M 500 ion exchange resin. A solution of ethanol and water (30:70% vol.) "
was used as a reference solution [10], and the method reproducibility, the limit of
detection (LOD) and the limit of quantification (LOQ) were evaluated [12].

The method reproducibility was calculated using the following formula:

S =SD= LZ(XI.—)‘(Y, RSD%=S—_’><100,
n_l i=1 X

where S, — standard deviation of repeatability; X — average concentration of
the analysed substance in the test sample; X; — concentration of the sample of
the i-th test; » — number of repetitions (10 times); RSD — relative standard devia-
tion.

Limit of detection: LOD =3 x SD.

Limit of quantification: LOQ = 10 x SD.

According to the experimental results, the LOD, LOQ values for As(Ill) were
0.06 and 0.1, respectively, and for As(V) were 0.05 and 0.08, respectively. These
low values show that the analysis allows separation of As(IIl) and As(V) even
for samples with low arsenic content.

D Le Tu Hai, 2016. Study of separation and determination method for anorganic arsenic(lll) and
arsenic(V) forms in natural water samples. Abstract of doctoral thesis. Vietnam National
University, Hanoi.
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Results and discussion
Rate of metal and arsenic release in seepage conditions

Change in the pH and redox potential Eh values in seepage conditions

The experiment was conducted as described in Section 2.2, with the thickness
of the ore dump layer being 65 cm. But in fact, the exposed waste ore dumps can
be tens of metres thick. Thus, the experimental model gradually accumulates weath-
ering products. Fig. 3 shows the changes of pH and Eh after 60 days of testing.

The results of the studies, presented in Fig. 3, showed that pH tends to de-
crease gradually and Eh tends to increase gradually, but for 60 days of observation
the change in the model was insignificant. The decrease in pH in the aqueous phase
was due to the weathering of sulphur minerals (mainly iron sulphide) with the for-
mation of H' ions,

2FeS; + 50, + 2H,0 «» 2Fe*" + 4805 + 4H"
and hydrolysis of metal ions (mainly Fe3+)
Fe** + 3H,0 < Fe(OH); + 3H",

A small amount of Fe(Il) was released in the first few days, and the oxidation
of Fe(II) to Fe(III) consumed H" ions:

2Fe*" + 1,0, +2H" < 2Fe*" + H,0.

Thus, the pH value did not change significantly. When iron was released
in larger amounts, the hydrolysis occurring in the column along with oxidative
weathering led to an increase in the concentration of H' ions, so the pH always
tended to decrease [13].

At the same time, the redox potential of the solution (Eh) seeping through
the waste ore column tended to increase gradually. This may be due to the fact that
initially arsenopyrite particles are less bound, so their contact with dissolved oxy-
gen and air oxygen causes oxygen to diffuse through the aqueous film. Therefore,

S = N W R YN
pH

0 10 20 30 40 50 60
Days

eedeeFh —0—pH

Fig. 3. Dynamics of pH n Eh under seepage conditions
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more oxygen is consumed. Over time, the surface of ore grains decreases due to
adhering layers of iron hydroxide, which hinder the oxidative weathering process.
But under the experimental conditions, the total amount of air oxygen entering
the waste ore column during sampling was almost the same.

Consequently, the concentration of dissolved oxygen increased. This led to
an increase in Eh of the aqueous phase passing through the column. Throughout
the experiment, the pH of the aqueous phase was always between 5 and 6, so it can
be considered that the concentration of Fe** was only within the solubility product
of Fe(OH); at the corresponding pH value. Consequently, Fe’* has an insignificant
effect on the redox potential of the aqueous phase.

Release rate of arsenic and heavy metals in the aqueous phase

Changes in the concentrations of arsenic and some major heavy metals in arse-
nopyrite ore accumulated in the aqueous phase during 60 days are shown in Fig. 4.

During the first 30 days of the experiment, when the waste ore was exposed
to air and water oxygen, the release of iron and arsenic from the ore tended to in-
crease gradually and pH of the aqueous phase was about 6.0. At this pH value,
Fe(Il) was oxidised to Fe(Ill) due to dissolved air oxygen in water, simultaneously
Fe(Ill) was hydrolysed to form a sparingly soluble Fe(OH); precipitate and re-
mained on the waste ore column. The released arsenic is also adsorbed on Fe(OH)s,
so the arsenic concentration in the aqueous phase increased slowly.

25 2000

1000

As, ppb, Cu, ppm

0 0
0 10 20 30 40 50 60
Days
—a— Fe total Zn - a= Mn
—x— N1 —t— Cu —— A

Fig. 4. Release of arsenic and some metals into the water phase
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After 30 days, when pH of the aqueous phase decreased below 6 and conti-
nued to decrease below 5, the concentration of total iron in the aqueous phase
increased markedly due to a decrease in the oxidising capacity of air oxygen and
the precipitation of Fe(OH); decreased. In parallel with this process, the total arse-
nic concentration was increasing rapidly as the percentage of this element, ad-
sorbed on Fe(OH);, was decreasing.

The content of iron and arsenic in the aqueous phase at this stage is also
affected by the increased rate of ore weathering along with an increase in H" con-
centration in the aqueous phase. The content of other metals increased markedly
only during the first week of weathering; thereafter, it remained almost unchanged.
At the same time, arsenic was also adsorbed on the formed Fe(OH); until pH of
the water decreased to about 5.0. The mechanism of heavy metals (Mn, Ni, Cu and
Zn) release from the ore is the same as for arsenopyrite. When the pH value falls
below 5.0, their concentration noticeably increases and is: Mn from 5.21 to
20.11 ppm, Ni from 0.67 to 1.74 ppm, Cu from 99.64 to 370.42 ppm and Zn from
2.51 to 13.56 ppm. The above results showed that pH is a secondary factor, while
it has a decisive influence on the release of arsenic and other heavy metals from
exposed dumps of arsenopyrite ore.

The study results also showed that the release of arsenic and heavy metals
in the waste ore increases over time and their concentration in the filtrate stream
will increase (especially Zn and Mn) (Fig. 4). Consequently, they pose a higher risk
to the environment.

Transformation of arsenic during arsenopyrite weathering

The experiment under the above conditions shows that in parallel with oxida-
tive weathering of arsenopyrite, As(IIl) is oxidised and released from the ore, as
well as sulphur is. The results showed that Eh of the aqueous phase in the column
varied from 5 to 50 mV (Fig. 5). Over time, as the concentration of As(IIl) in-
creased, the concentration of As(V) also increased. This suggests that the oxidation
of As(III) to As(V) in the waste ore occurs almost continuously, at pH values be-
tween 5 and 6. There is a balance between adsorption and desorption of pentavalent
arsenic on precipitated Fe(OH); in the column as well as between As(Ill) and
As(V) content in the aqueous phase, which is also shown by [1].

In dumps of arsenopyrite ores or sulphur-containing minerals, the actual meas-
ured pH of the filtrate has very low values (from 2.5 to 4.5) [13, 14]. This pH
favours the dissolution of minerals with the formation of dissolved metals, which
are toxic particles that then enter the water.

During the experiment, the pH value of the solution in the waste ore column
may not have reached the actual pH values in the aqueous phase (Fig. 5).

Fig. 5 shows that pH decreased from 4.5 to 3.5 and the total iron concentration
in the aqueous medium increased sevenfold. This is due to the solubility of iron
in water, mainly Fe(Ill), by precipitation of hydroxide. At the same time weather-
ing was stronger in the acidic environment. At pH from 3.5 to 2.5, the total iron
concentration increased more slowly (about 2.2 times), since the hydroxide forms
of iron are almost completely dissolved in the aqueous phase in the form of
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Fig. 5. Release of iron under low pH

Fe(OH)*" and Fe(OH)** hydroxocations, as well as Fe**. As can be seen in Fig. 5,
As(V) is an ion with strong adsorption capacity on Fe(III) hydroxide, so in the re-
gion of low pH values, the concentration of As(V) increased less than that of
As(IIT)). This indicates that As(V) was not adsorbed (whereas Fe(OH); was almost
absent). When pH decreased from 3.5 to 2.5, the concentrations of Fe and As(IIl)
increased, possibly due to an increase in the weathering rate in the acidic media,
resulting in greater release of these elements into the aqueous phase.

Release rates of weathering products and some heavy metals in flooding con-
ditions

The experiments were carried out as described in Section 2.2. The changes
in pH, Eh and concentration of some typical heavy metals during the experiment
are presented in Fig. 6, which shows that the pH value decreased markedly
(from 6.5 to 5.0) when the ore was loaded into the column. The decrease in pH is
due to the fact that dissolved oxygen in the initial aqueous phase provides the oxi-
dative weathering of the ore. As a result, a certain amount of H" ions is released
and pH decreases. In this condition, the Eh value decreased sharply, possibly due to
the oxidation processes in the ore, which resulted in the formation of alternative
forms of reduced compounds. By the end of the experiment, the Eh value decreased
sharply due to the predominance of reduced forms, and no more dissolved oxygen
was introduced into the column.

In flooding conditions with low water content, the pH and Eh dynamics were
completely different from those under seepage conditions, and the weathering pro-
cesses with release of ions into the aqueous phase also varied completely in differ-
ent conditions. Concentrations of heavy metals in the water increased significantly
in the first three weeks and then decreased slowly (Fig. 6, b). This is fully consis-
tent with the evolution of the pH value in the aqueous phase. As mentioned above,
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oxidative weathering occurs at this stage under the influence of initially dissolved
oxygen. However, with a gradual decrease in oxygen content, the pH increased,
Eh decreased, the concentration was almost constant, as with other metals, and then
gradually decreased. This reduction process occurs because the amount of generat-
ed metal ions decreases while pH increases, which favours the adsorption of metal
ions and their stronger binding to the newly formed Fe(OH)s. This is also in agree-
ment with the results of similar studies [5, 13].

In conditions of oxygen deficiency in water, the concentration of As(V)
in the aqueous phase tended to decrease gradually with decreasing dissolved oxy-
gen, while the concentration of As(IIl) increased gradually (Fig. 7). In this case,

2000

1500
=
=9

1000
o}

500

0

0 10 20 30 40 50 60
Days
—0—As total As (III) ——As(V)

Fig. 7. Transformation of arsenic under flooding conditions
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it can be clearly seen that the total concentration increased only in the first days
when oxidative weathering process mainly occurred. Consequently, the concentra-
tion of metals increased in the aqueous environment. Then, with decreasing oxygen
content, the total concentration hardly changed. Only the transformation of As(V)
to As(IIl) in the aqueous phase took place with the predominance of reducing ions
such as sulphite ions.

The above experimental results show that in the open air the dumped arse-
nopyrite ore is able to oxidise with the release of iron and other heavy metals.
However, at pH value > 5 heavy metals are easily adsorbed and bound to Fe(III)
hydroxide, which results in reduction of their ability to enter the environment.
In the pH range from 2.5 to 5.0, large amounts of iron and other heavy metals are
released.

Under flooding conditions, due to oxygen deficiency, the weathering process
only occurs initially, when there is still enough oxygen in the aqueous phase as well
as in the dumped ore mass. After that, the weathering process almost stops, instead
reactions between the previously formed products take place, with the ion concentra-
tion in the aqueous phase almost unchanged.

If tailings of arsenopyrite or other sulphide minerals are left submerged,
the potential for environmental contamination from weathering will be greatly
reduced.

Conclusion

In order to assess the environmental safety of storage conditions of arsenopy-
rite waste ore dumps, the paper presents the results of laboratory experiment in two
conditions: under seepage (modelling of an exposed ore dump with rainwater
seepage) and flooding (modelling of ore dumps stored in flooded lowland areas).
The obtained data allowed assessment of the influence of storage conditions
on the release of arsenic and other heavy metals into environmental objects.

Laboratory modelling of weathering of arsenopyrite waste ore in seepage con-
ditions shows that the pH value gradually decreases with time; while the content of
released elements gradually increases. At lower pH values (4.5+2.5), the concen-
tration of elements in the aqueous phase noticeably increases. This is explained
by the effects of adsorption, desorption, dissolution of Fe(IIl) hydroxide formed
due to weathering of ore, and formation of acid in the process of weathering.

In flooding conditions, the elements are released from arsenopyrite ore only
in the initial period, then weathering almost does not occur and the concentration of
the elements in the aqueous phase almost does not increase.

Weathering of arsenopyrite ore is one of the pathways for metals to enter
the aquatic environment and is a cause of environmental pollution. Thus, limiting
the As release process by storing waste ore and ore tailings in a flooded form will
significantly reduce environmental pollution during mining of arsenopyrite and
sulphur-containing ores in general.

Thus, As(Ill) dominates the weathering process. It is toxic to the environment,
so further research is needed to propose solutions for its conversion to As(V).
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