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Abstract 15 

This work studies the potential release of Cr from solids to surface water and groundwater, and 16 

the related isotopic compositions, in a nickel laterite ore deposit from Barro Alto in Brazil (in the 17 

State of Goiás). This ultramafic system is characterized by elevated concentrations of chromium 18 

(Cr). Even largely immobile Cr may be naturally leached from weathering profiles such as laterite 19 

to the surface and groundwater. This system is exploited for metal production, and both mining 20 

and metallurgical activities result in a significant increase in the trivalent (Cr(III)) and hexavalent 21 

chromium (Cr(VI)) concentrations released into the environment via runoff. Among all the 22 

samples collected, ores contained higher amounts of chemically and isotopically exchangeable 23 

Cr(VI) (ECr(VI)) with values as high as 104 (± 8) mg kg-1. δ53Cr increased from -0.28 (± 0.01)‰ to -24 

0.05 (± 0.01)‰ and the ECr(VI) value was up to 30 times higher in deep soils than at the surface 25 

(up to 7 (± 1) mg kg-1). Chemically extracted Cr(VI) (ECr(VI)-KH2PO4) displayed positive δ53Cr 26 

value (1.69 (±0.03) ‰) with a similar Cr isotopic composition as the ones measured in 27 

freshwater sampled in and around the mine area. It appears that Cr is primarily released as 28 

Cr(VI), i.e. the toxic species, and becomes increasingly more available as it moves from the soil 29 

profile to the ores and mining residues. Based on the differences in the Cr isotopic composition, 30 

this study proves that δ53Cr can be used in environmental studies to trace Cr leaching. 31 
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Redox reactions control changes in Cr speciation, and these reactions subsequently affect Cr 38 

isotopic (δ53Cr) variations in natural environments (Ellis et al., 2002; Schauble et al., 2004; Qin 39 

and Wang, 2017; Rivera et al., 2018). Chromium has two oxidation states, Cr(III) and Cr(VI), and 40 

four stable isotopes: 50Cr (abundance 4.31%), 52Cr (83.76%), 53Cr (9.55%) and 54Cr (2.38%). 41 

Organic material, sulfides, and ferrous species control the reduction of Cr(VI) to Cr(III) (Fendorf, 42 

1995). During this reduction, the reaction rates of the light 52Cr are faster and thereby the 43 

remaining Cr(VI) is isotopically enriched in 53Cr (Schauble et al., 2004; Qin and Wang, 2017). 44 

Hydrolyzed Cr(III), can be slowly oxidized to the toxic and mobile Cr(VI), by reducing Mn oxides 45 

that are easily reducible (Leita et al., 2009; Vithanage et al., 2019). Cr isotopic fractionation is 46 

also caused by this process, and results in a residual Cr(III) that is depleted in 53Cr and a mobile 47 

Cr(VI) enriched in heavy isotopes. 48 

 49 

The weathering of ultramafic rocks, containing high amounts of Cr, releases Cr(VI) that is usually 50 

enriched in heavy Cr isotopes, with values reported up to δ53Cr(VI)aq = +3.9‰ (Farkaš et al., 51 

2013). This Cr(VI) is then retained on positively charged minerals (Crowe et al., 2013) or 52 

leached towards the surface and groundwater (Izbicki et al., 2008; Trebien et al., 2011; Novak et 53 

al., 2014). Based on studies carried out in ultramafic areas in Brazil (Garnier et al., 2009b, 2008, 54 

2006) and New Caledonia (Becquer et al., 2010, 2006, 2003), it is known that a fraction of Cr is 55 

exchangeable under the highly toxic anionic form Cr(VI). However, human activities (e.g. 56 

electroplating processes, and the tanning and chemical industry) can also release Cr, and these 57 

activities produce significantly higher Cr isotopic fractionation (5.8‰) when compared with Cr 58 

released from natural sources (Novak et al., 2017b, 2017a). Raous et al. (2013) found that ores 59 

and spoils from nickel mines (Barro Alto, Brazil) have a high concentration of exchangeable 60 

Cr(VI) (2% of the total Cr) and that these contents are highly affected by the hydrological 61 

conditions (Raous et al., 2010). 62 

 63 

Studies of anthropogenic Cr sources usually focus on the release of Cr(VI) (Novak et al., 2017b, 64 

2017a). However, not much is known about Cr(III) release due to human activities such as 65 

mining, where the access to the ore deposit implies soil cover removal and transport of large 66 

quantities of soil (Losfeld et al., 2014; Vithanage et al., 2019). Furthermore, nothing is known 67 

about the environmental relevance of isotopic fractionation, the processes causing it, or the 68 

isotopic composition of the materials found in ultramafic mining environments. 69 

 70 



The present study was carried out to assess the impact of mining activities on the Cr isotopic 71 

composition of the material extracted in the mine, and its effect on Cr mobility in ultramafic 72 

areas. The studied site is a Ni-rich laterite deposit (Barro Alto, Goiás state, Brazil). Samples 73 

collected from a weathering cover were used to ascertain the degree of natural and human-74 

induced weathering and its correlation with the Cr mobility and isotopic composition. This work 75 

also assesses the isotopic signature of Cr found in the material extracted from the mine, to 76 

determine whether Cr isotopes can be used as tracers of mining activities. 77 

 78 

2. Field settings and sampling 79 

2.1. Study site 80 

The Barro Alto, Niquelândia and Caña Brava ultramafic complexes belong to a 350 km long belt 81 

found in the northern part of the State of Goiás (Brazil). Metamorphic volcanic-sedimentary 82 

sequences delimit the boundaries of the Barro Alto complex (Ferreira Filho et al., 1992). This 83 

complex is a large mafic-ultramafic layered intrusion that underwent granulite facies 84 

metamorphism. Researchers have shown that lateritic ores and limonite, in the Niquelândia and 85 

Barro Alto complexes, have high Cr contents with up to 6030 mg kg-1 (Ratié et al., 2015) and 86 

46800 mg kg-1 (Raous et al., 2013), respectively. In ultramafic systems, Cr-rich magnetite 87 

(Fe2+(Fe3+, Cr)2O4), chromite (FeCr2O4), talc (Mg3Si4O10(OH)2), secondary Fe-oxyhydroxides and 88 

chlorite ((Mg, Fe)5 Al[(OH)8 AlSi3O10]) are all mineral phases that contain Cr (Fandeur et al., 89 

2009; Garnier et al., 2009a; Oze et al., 2004). Although these materials are not rich enough in Cr 90 

to be extracted, they can potentially be harmful to the environment. 91 

 92 

The Barro Alto mine (Figure 1) is located in the Barro Alto complex and occurs as an arc that 93 

spreads for 35 km in a southwest to northeast direction. The main mineral resource is saprolite 94 

that is overlain by laterites and which contains sequences of serpentinized dunites and 95 

pyroxenes that are surrounded by gabbros. The Barro Alto mine consists of an open-pit mine 96 

exploited since 2011 and a ferronickel plant operated by Anglo American (Raous et al., 2010; 97 

Ratié et al., 2016). The laterite and saprolite ore can be accessed without blasting and is loaded 98 

using excavators and mixed. Trucks are used to transport the ore to the plant’s preparation yard 99 

where it is stored until a beneficiation process which includes crushing, calcination, smelting and 100 

refining (Moore, 2012). 101 

 102 

 103 

 104 



2.2. Sampling and conditioning of samples 105 

In June 2015, nine water samples were collected from streams, ponds and groundwater in and 106 

around the Barro Alto mine (Goiás State, Brazil). Stream 1, used as a reference, is found outside 107 

the mine in the ultramafic area, whereas mining activities had a direct impact on stream 2. Three 108 

sediment ponds are used within the mine to store runoff water and to discourage the leaching of 109 

particles. Four piezometers were used to collect groundwater both upstream and downstream 110 

the mine (Piezo 1 and 2, respectively) and upstream and downstream the smelter area (Piezo 3 111 

and 4, respectively, Figure 1). There was no rain right before the samples were taken. Each 112 

sample collected contained roughly one liter of water, stored in acid-cleaned polyethylene 113 

bottles. On-site in situ measurements were taken using a WTW 3410 Set 2 multi-parameter 114 

probe, including temperature, pH and electrical conductivity. Some part of the bulk samples were 115 

filtered through a pre-cleaned 0.7 µm WhatmanTM grade GF/F glass microfiber filter and the 116 

suspended particulate matter was retained for analysis. The filtrate was split into two parts: 117 

H3PO4 was added to the first part, which was stored in amber glass bottles, to lower the pH for 118 

the dissolved organic carbon (DOC) analysis. The second part was directly stored for the anion 119 

analysis. The remaining bulk samples were filtered using a PES (Polyethersulfone) syringe filter 120 

with a 0.22 µm pore size. Ultrapure concentrated HNO3 was added to acidify the samples for the 121 

total major and trace element analyses. All of the samples, i.e. filtered acidified and non-122 

acidified, were stored at 4°C. 123 

 124 

Ores, sediments and bedrocks samples and two soil profiles were also collected in June 2015. 125 

Soil profile 1 (S1) consists of three layers (0-10 cm, 10-40 cm and 80-100 cm) and soil profile 2 126 

(S2) consists of two layers (0-15 cm and 15-40 cm). The samples taken in the mine exploitation 127 

area include eight lateritic (OL1 – OL8) and three saprolitic (OS1 – OS3) ores. The bottom 128 

sediment samples were collected in stream 2 (Se1), pond 1 (Se2) and pond 2 (Se3) (Figure 1). 129 

The three bedrock samples (B1, B2 and B3) respectively correspond to a serpentinite collected 130 

in the area (B1) and to two samples taken at the base of two separate cores at respective 131 

depths of 27 m and 28 m (B2 and B3). The mining company Anglo American had previously 132 

drilled through the cores to the lateritic regolith. The two latter samples are the same as those 133 

studied by Ratié et al. (2018): samples R C26-27 and R C27-28. The solid samples were first 134 

dried at atmospheric temperature, sieved with a 2 mm sieve (except for the rocks) and stored in 135 

polypropylene plastic bags. A marble mortar was used to crush soils, ores and sediments as well 136 

as to homogenize the resulting powder. The rocks were crushed in a ceramic jaw crusher and 137 

an agate mill was used to reduce them to powder. 138 



 139 

2.3. Samples digestion 140 

Approximately 0.05 g of powdered soils, ores, sediments and rocks were dissolved in a solution 141 

combining 2 mL concentrated ultrapure distilled HNO3 and 1 mL HF. This mixture was heated on 142 

a hotplate for 48 hours at 100°C. The samples were then dried and, to dissolve the fluorides, 143 

they were flushed with aqua regia (3:1 HCl:HNO3). Next, the samples were dried and then 144 

dissolved in 1 mL of 6N HCl. If black residues could still be observed (common in samples that 145 

contain certain minerals such as chromite), the dissolved fraction was extracted, thereby leaving 146 

the black residue and to which a volume of 100 µL of HClO4 was added. This solution was 147 

placed on a hot plate at 120°C for 24 h, and once dissolved, the HClO4 was evaporated in an 148 

evapoclean (Analab) closed low temperature evaporation system. The residue itself was 149 

dissolved in 6N HCl and mixed with the original dissolved fraction to perform the trace elements 150 

and isotope analysis. Samples taken from the river, ponds and groundwater were evaporated 151 

and the residue subsequently dissolved in 1 mL 6N HCl. The SPM that had been collected on 152 

the filters was removed and dissolved using the same procedure described above for the solid 153 

samples. 154 

 155 

3. Methods 156 

3.1. Chemical analyses  157 

A Panalytical MiniPal 4 energy-dispersive X-Ray fluorescence (EDXRF) benchtop spectrometer 158 

(Rh X-Ray tube-30kV-9W) was used to analyze the total metal content in the solid samples at a 159 

resolution of 150 eV (Mn Kα). Measurements were taken as per the thin-layer hypothesis. The 160 

bauxite standard BX-N was used to determine the quality of the analysis. A PANalytical grazing 161 

incidence X-ray diffraction (GIXRD) diffractometer was used to determine the mineralogical 162 

composition using Cu Kα radiation (at 45kV – 40 mA) in the 5°-70° 2θ range with a scan step of 163 

0.013°. 164 

 165 

The anion (F-, Cl-, NO3
-, SO4

2-) concentrations in the water samples were measured using ion 166 

chromatography (ICS 1100, Thermo Fisher) equipped with a Thermo Scientific IonPac AS14 167 

analytical column and a Thermo Scientific IonPac AG14 pre-column. A flow rate of 1.2 mL min-1 168 

was used to inject 20 µL of the mobile phase (a mixture of Na2CO3 and NaHCO3). Shimadzu’s 169 

total organic carbon TOC-VCSH analyzer was used to analyze the dissolved organic carbon 170 

(DOC) concentrations. The major element concentrations (Fe, Mn, Al, Cr, Ni, Na, K, Mg, Ca, Si) 171 

were measured in all the samples after a first dilution in 2% ultrapure HNO3 using ICP-AES 172 



(ICAP 6200, Thermo Fisher). High-Resolution ICP-MS (Element II, Thermo Scientific) with multi-173 

element standard solutions were used to measure concentrations below 10 µg L-1. The ICP-AES 174 

generally has detection limits that range from 10 to 200 µg L-1. The detection limits for the ICP-175 

MS are typically between 0.006 and 0.074 µg L-1. The measurements had standard deviations 176 

(1σ) lowers than 5%. 177 

 178 

3.2. Isotopic analyses 179 

Aliquots of acid digested samples were used to purify the Cr purification as per the measured 180 

concentrations and the cation exchange resin method (Birck and Allegre, 1988; Trinquier et al., 181 

2008). A Biorad AG 50WX8 cation exchanger was used to run two successive elutions which 182 

involved first dissolving the samples in 0.1N HCl and then passing them through the resin. The 183 

Cr was immediately collected right after loading. Then, any Cr still presents in the sample was 184 

completely eluted by adding 5 mL 1N HCl. The next step was to add 2 mL of 6N HCl to the resin. 185 

The resulting fraction was collected, evaporated and once again dissolved in 0.1N HCl. This 186 

fraction was then passed again through the resin, as described above. Then, to dissolve the 187 

residue, 60 µL of 16 N HNO3 was added to the mixed and evaporated Cr fractions from the two 188 

elutions. Next, 2 mL of Milli-Q water was added and the mixture was heated to 100°C for a 189 

period of 24 hours. When the sample was completely cool, it was passed through a column of 190 

the same size as above. This load was discarded. The residual Ti, Na and Al were eliminated by 191 

adding 5 mL of 0.5N HF and 22 mL of 1N HCl. Lastly, 10 mL of 2N HCl was added to elute the 192 

Cr. Between each elution, 15 mL of 6N HCl was used to wash the columns. Ninety-five percent 193 

(± 5%) of the elution was recovered (i.e. representing the yield). To eliminate the HCl, the 194 

samples were evaporated until dry and once again dissolved in 0.6% HNO3. 195 

 196 

A Multicollector ICP-MS (Neptune, Thermo Scientific), located at the Institut de Physique du 197 

Globe de Paris (IPGP), was used to measure the chromium isotopic compositions. The purified 198 

Cr samples were dissolved in 0.5% HNO3 with Cr concentrations of 100 ppb and 50 ppb for the 199 

solid and water samples, respectively. A PFA µFlow nebulizer (at a flow rate of 100 µL/min) 200 

coupled with an Elemental Scientific’s desolvating nebulization system (APEX-IR), without 201 

additional gas or membrane desolvation, was used to introduce the diluted samples into the 202 

plasma. Under high-resolution mode, a sensitivity of 2.8-4.9 V on 52Cr was obtained per 100 ppb 203 

Cr with the use of jet sample and H skimmer cones. Faraday cup detectors connected to 204 

amplifiers with 1011 Ώ feedback resistors were implemented to measure all of the ion beams. 205 

The possible isobaric interferences of 50Ti, 50V and 54Fe were corrected by measuring and 206 



monitoring the 49Ti, 51V and 56Fe isotopes. To monitor the potential drift, the unprocessed NIST 207 

SRM 979 standard was analyzed after running each set of three samples. These results show 208 

that there was minimal drift within each analytical session (< 0.1%). The on-peak blanks were 209 

measured before and after every sample/standard for correction purposes. The assessment of 210 

the analytical accuracy and precision involved the repeated processing and measurement of the 211 

USGS reference material BHVO-2 standards (-0.11 ± 0.02‰, 2SD, n = 3). 212 

 213 

In line with previous studies on Cr isotopes, the δ notation (see equation (1) was used to express 214 

the 53Cr/52Cr ratio. This notation is a per mil deviation from NIST SRM 979 (the standard 215 

reference material): 216 

������‰� = 
� .�� ��/����������.�� ��/������� ���� − 1� ∗  1000 (1) 

 217 

3.3. Chromium mobility 218 

3.3.1. Isotopic exchange 219 

The isotopically exchangeable pool of Cr(VI), ECr(VI)-Spike, was determined by using a 50Cr(VI) 220 

spike purchased in its oxide form from ISOFLEZ USA and certified with a 96.5% abundance in 221 

50Cr(VI) when the natural 50Cr abundance is 4.345%. The chromium oxide was first dissolved in 222 

6N HCl and evaporated before adding the HClO4. The solution was heated at a temperature of 223 

190°C over a period of two days. The spike solution was evaporated in the evapoclean and then 224 

dissolved once again in 16N HNO3 before dilution with Milli-Q water. At the end of this 225 

procedure, a stock solution of 100 mg L-1 of 50Cr(VI) was obtained. 226 

 227 

The soil suspensions contained 1 g of the sample (< 2 mm) mixed with 10 mL of Milli-Q water 228 

and 10 µL of 24.8 mg L-1 NaN3 used as a biocide. This mixture was placed in an end-over-end 229 

shaker for 48 h. The second step involved adding 10 µL of the spike solution to the suspensions 230 

and then shaking the samples for one more day, before filtration using a 0.22 µm PES 231 

(Polyethersulfone) filter. Given that the spike solution has a low pH, a maximum of 10 µL of the 232 

spike was added to each sample to not change the chemical equilibrium. The filtrate was diluted 233 

with 2% HNO3. 234 

 235 

In natural systems, no significant isotope exchange between Cr species occurs over a period 236 

from several days to several weeks (Zink et al., 2010; Wang et al., 2015), whereas isotopes are 237 

exchanged between Cr(VI) species within 24 hours (Garnier et al., 2009b). Therefore, one can 238 



assume that the isotopic equilibrium results from the exchange between the added 50Cr(VI) and 239 

the labile natural Cr(VI) species and that the measurement of the isotopic signature in the filtrate 240 

provides direct information about the (isotopically) exchangeable pool of Cr(VI). 241 

High-Resolution ICP-MS (Element II, ThermoScientific) was used to determine the isotopic 50Cr, 242 

52Cr, 53Cr and 54Cr abundances in the filtrates, spike solution and unspiked sample. Analyses run 243 

on other isotopes, e.g. 47Ti, 51V and 57Fe were used to correct the isobaric interferences for 50Cr 244 

and 54Cr. The isotopic ratio was calculated based on the average of 20 runs for which the 245 

analytical reproducibility is higher than 1% (2SD, n = 520). To verify and correct, if necessary, 246 

the drifts in signal and intensity, the samples were divided into blocks bracketed with unspiked 247 

solutions and standard Cr solutions. 248 

 249 

The ratio between 50Cr and 52Cr, i.e. the two most abundant isotopes in the suspension, was 250 

used to determine the pool of isotopically exchangeable Cr (ECr(VI)-spike). Equation (2) (Zelano et 251 

al., 2016) was used to calculate the ECr(VI) – spike (mg kg-1) value: 252 

 253 

!"#�$%�&��'(� = ) ∗ *�+,*� ∗ -�-�+, ∗ 
�.. /. ���'(� − �.. /. ��������.. /. ������� − �.. /. �01 � (2) 

 254 

where Q is the volume of spike added (µg of spike per kg of the sample), MSTD and MS are the 255 

atomic masses of Cr (g mol-1) in the standard and spike solutions, respectively, and ASTD and AS 256 

are the percentage of 52Cr abundances in the standard and spike solutions, respectively. Both 257 

the un-spiked solutions ((I.R.)UN) and the sample ((I.R.)Sample) were analyzed to determine their 258 

respective isotopic abundances. In the sequence of analysis, triplicate samples were bracketed 259 

with their correspondent unspiked solution and the spikes and blanks were analyzed to monitor 260 

the signal, isotopic abundances and possible cross-contaminations. 261 

 262 

3.3.2. Chemical extraction 263 

The chemically exchangeable Cr(VI) and Cr(III) pools, called ECr(VI)-KH2PO4 and ECr(III)-KCl, were 264 

assessed using 0.1 M KH2PO4 and 1 M KCl, respectively. A solution containing 1 g of soil and 265 

25 mL of the reactant was shaken for 1 h (Garnier et al., 2006). The supernatant was placed in a 266 

centrifuge for 15 min at 2500 rpm and then filtered through a 0.22 µm PES membrane to 267 

separate the supernatant. Concentrations of Cr in the latter were determined by ICP-AES and 268 

High-Resolution ICP-MS. 269 

 270 



4. Results 271 

4.1. Characterization of soils, ores, sediments and rocks 272 

Table 1 provides the chemical and mineralogical characteristics of the bedrocks, ores, soils and 273 

sediments studied in the present work. The mineralogy of bedrock B1 is dominated by 274 

serpentine with trace amounts of chromite, while B2 and B3 are also comprised of chlorite and 275 

olivine. Si and Mg occur in the highest amounts in B1, B2 and B2. Their respective contents 276 

varied between 188 and 194 g kg-1, and between 183 and 156 g kg-1. In bedrocks B2 and B3, Al, 277 

Cr and Mn had an average content of 1.2, 1.3 and 1.0 g kg-1, respectively. 278 

 279 

Although lateritic ores display high content of Fe, ranging from 85 to 536 g kg-1, saprolitic ores 280 

contain more Si than Fe, with values reaching 167 g kg-1. The third most abundant element 281 

found in lateritic ores is aluminum with contents between 14 and 70 g kg-1. Contents in the 282 

saprolitic ores were found to be 18 g kg-1 for OS1, 16 g kg-1 for OS2 and 14 g kg-1 for OS3, 283 

indicating that this element is more variable in lateritic ores. Lateritic (OL1-OL8) and saprolitic 284 

(OS1-OS3) ores are characterized by iron mineral phases that contain both hematite and 285 

goethite. The saprolitic ores also contain Mg, which could be related to the occurrence of 286 

serpentine. Saprolites contain quite high contents of Ni (between 22 g kg-1 and 32 g kg-1). Lower 287 

nickel contents are found in laterite, except for ores OL2 (22 g kg-1), OL4 (22 g kg-1) and OL6 (21 288 

g kg-1). Lateritic ores contain higher Cr contents (10-19 g kg-1) compared to saprolitic ores (ores 289 

OL3, OL2 and OL1 have respective values of 3, 4 and 4 g kg-1). 290 

 291 

The soil1 (S1) and soil2 (S2) profiles show Fe contents between 250 and 281 g kg-1 and 292 

between 272 and 330 g kg-1, respectively. The Cr content for S1 ranges from 10 to 12 g kg-1 and 293 

16 to 12 g kg-1 in S2. Both Fe and Cr occur in higher contents in the first layer (0-15 cm) of both 294 

soil profiles. The other mineral phases present, if the Fe(III) oxides and Fe(III) (oxy)hydroxides 295 

(i.e. hematite) are not considered, are chlorite and quartz. Soil profile S2 also contains chromite 296 

and magnetite. Further down in the S1 soil (at a depth of 80-100 cm), contents of Al are higher 297 

(79 g kg-1) compared to the superficial soils (74 g kg-1), while in soil profile S2 Al contents are 298 

higher at the surface (77 g kg-1). The reverse trend is found for Fe and Cr. The S1 soil profile 299 

shows that the contents of both Ni (with an average content of 6 g kg-1) and Mn (4 g kg-1 on 300 

average) remain stable along the soil profile. Compared to S1, the contents of Ni (9 g kg-1) and 301 

Mn (11 g kg-1) are higher in the surface soil of S2. The contents of the elements found in the 302 

sediment ponds, in decreasing order, are as follows: Fe (202-332 g kg-1), followed by Mg (66-303 

86 g kg-1), Al (11-44 g kg-1), Ni (9-17 g kg-1), Cr (3-9 g kg-1) and Mn (3-4 g kg-1). The dominant 304 



minerals in the sediments are iron oxides (goethite and hematite), serpentine, clinochlore and 305 

quartz, which correspond to the mineralogy found in the ore and overburden (soil) deposits from 306 

the Barro Alto mine. 307 

4.2. Exchangeable chromium pool 308 

Higher amounts of the chemically extracted Cr(VI) (ECr(VI)-KH2PO4) are found in ores, sediments 309 

and soils, compared with chemically extracted Cr(III) (ECr(III)-KCl) (Table 2). In the ore samples, 310 

the ECr(VI)-KH2PO4 pool ranges from 1 to 104 mg kg-1 (Figure 2), whereas ECr(III)-KCl varies 311 

between 0.2 and 10 mg kg-1. Ponds 1 and 2 sediments (Se2 and Se3) have ECr(VI)-KH2PO4 312 

values of 10 and 2.4 mg kg-1, which are higher than the value of 1.2 mg kg-1 obtained for stream 313 

2 sediments (Se1). For the soil profiles, the ECr(VI)-KH2PO4 values are close to 30 times lower for 314 

samples taken at depths within the first 10 cm compared to up to 100 cm (0.7 mg kg-1 versus 21 315 

mg kg-1). The same pattern is observed for ECr(III)-KCl, with values starting at 0.39 mg kg-1 in the 316 

shallower soil layer (10-40 cm) and increasing to 3.7 mg kg-1 in the 80-100 cm layer (i.e. the 317 

deepest one). 318 

 319 

Figure 2 compares the chemically (ECr(VI)-KH2PO4) and the isotopically exchangeable pool of Cr 320 

(ECr(VI)-spike). In the ores, sediments and soils, there is a positive correlation between ECr(VI)-321 

KH2PO4 and ECr(VI)-spike (R2 = 0.9). It has been shown that the reactive metal content in soils can 322 

be accurately measured, in a reproducible manner, by diluting the stable isotope (Marzouk et al. 323 

2013). This measurement provides more information than a single extraction procedure. Based 324 

on this statement, ECr(VI)-KH2PO4 sampled at depths ranging between 10 and 40 cm is under-325 

estimated in saprolitic ores and soil 1 (S1). However, for the saprolite ores, the presence of sub-326 

micrometer colloidal particles (SCPs) may explain the difference between the ECr(VI)-KH2PO4 327 

pool compared to the one-one line (Bolaños-Benítez et al., 2018; Lombi et al., 2003; Marzouk et 328 

al., 2013), as these particles are comprised of non-isotopically exchangeable metals and may 329 

result in over-estimated ECr(VI)-spike. The total Cr content can be broken down into a non-mobile 330 

reservoir of Cr(III), making up 99% of this total content, and an exchangeable pool of Cr(VI) 331 

comprising the remaining 1%. Cr(III) could be oxidized and mobilized in freshwater systems. 332 

 333 

4.3. Water chemistry 334 

The physicochemical characterization of the samples collected is presented in Table 3. The 335 

highest electrical conductivity values, 167 µS cm-1 and 292 µS cm-1 respectively, are found in 336 

samples of groundwater collected from the piezometers located upstream of the mine (Piezo 1) 337 

and the smelter (Piezo 3). These values respectively decrease to 155 µS cm-1 and 48 µS cm-1 in 338 



the piezometers located downstream from the mine (Piezo 2) and the smelter (Piezo 4). There is 339 

a simultaneous decrease in the concentrations of calcium and magnesium by 90% along with 340 

decreases in the alkalinity (from 79 to 11 mg L-1) and decreased pH neutralization capacity (from 341 

6.6 to 5.7) throughout the smelter area. The groundwater samples taken from the piezometers 342 

located at the smelter indicate that the concentrations of other elements, such as K and Na, also 343 

decreased (by 62 and 63%, respectively). 344 

 345 

In stream 1, the dissolved major elements are hereafter listed by their concentrations in 346 

decreasing order: Mg2+ (12 mg L-1), Ca2+ (3 mg L-1) and Na+ (0.5 mg L-1). In pond 2, the Mg2+ and 347 

Ca2+ concentration is 13 mg L-1 and 5 mg L-1, respectively. The present work shows that the 348 

concentrations of the major elements generally decrease in the order Mg2+ > Ca2+ > Na+ > K+ and 349 

the anion concentrations decrease in the order NO3
- or SO4

2- > Cl- > F-. The highest SPM 350 

concentrations (166 to 317 mg L-1) were found in the ponds. These concentrations are up to 30 351 

times higher than those determined in fresh and groundwater (Table 3). Ponds 1, 2 and 3 exhibit 352 

dissolved Cr concentrations of 757, 58 and 89 µg L-1, respectively. Due to the release of Cr from 353 

waste materials coming from the mine, the concentration of Cr is 130 times higher in stream 2 354 

than in stream 1 (13 µg L-1 versus 0.1). The Cr concentration in the groundwater is higher 355 

upstream the mine (2.4 µg L-1) and the smelter (1.1 µg L-1) than downstream (0.2 µg L-1). 356 

 357 

The groundwater of the mining area had slightly higher DOC concentrations that observed in the 358 

other areas with concentrations of 3.74 mg L-1 for piezometer 1 and 4.65 mg L-1 for piezometer 359 

2. Table 3 shows that higher particulate carbon concentrations are found in groundwater 360 

sampled before and after the smelter area (6.51% and 9.63%, respectively) compared to 361 

groundwater in the mine (5.84% on average). The particulate organic carbon content determined 362 

in the freshwater varied between 0.64 and 3.65wt% (Table 3). 363 

 364 

4.4. Cr isotopic composition 365 

Solid and liquid samples collected in the ultramafic area, both inside and outside the mining 366 

area, were analyzed to determine the δ53Cr values as these values help to identify the natural 367 

and human-derived processes controlling Cr fate. The measured δ53Cr values for all the samples 368 

collected are given in Table 1 for solids and in Table 3 for liquids, and displayed in Figure 3. 369 

Negative δ53Cr values, related to a depletion of light Cr isotopes (Frei and Polat, 2013; Berger 370 

and Frei, 2014; Qin and Wang, 2017), were found for certain solid samples such as lateritic ores 371 

(-0.76 ± 0.07‰ to -0.24 (± 0.02)‰), soils (-0.28 (± 0.06)‰ to -0.10 (± 0.04)‰), sediments (-372 



0.77 (± 0.05)‰ to -0.22 (± 0.04)‰) and part of the SPM (-0.89 (± 0.01)‰ to -0.18 (± 0.07)‰). A 373 

negative δ53Cr value (-0.17 ± 0.01)‰ was found in bedrock B1, whereas this value is positive for 374 

B2 and B3 (+0.18 (± 0.08)‰ and +0.10 (± 0.04)‰, respectively). The δ53Cr values in the 375 

saprolitic ores are positive and range from +0.93 (± 0.05)‰ to +1.05 (± 0.12)‰. Stream 2 376 

(+0.94 (± 0.09) ‰) and the two piezometers located before (Piezo 1) (+0.65 (± 0.09) ‰) and 377 

after (Piezo 2) (+0.93 (± 0.08) ‰) the mine record the highest δ53Cr values for the SPM. 378 

 379 

High δ53Cr values, from +2.10 (± 0.13)‰ to +3.66 (± 0.04)‰, were found in the water samples. 380 

The variation of these values is within the same range as that for the isotopic signatures 381 

determined in Cr(VI) extracted with KH2PO4 from the ores OL1, OL3, OL5 and OL8 as well as 382 

sediment samples Se1 and Se2, with values of δ53Cr ranging from +1.34 (± 0.07)‰ to 383 

+4.37 (± 0.06)‰ (Figure 3). 384 

 385 

5. Discussion 386 

5.1. Weathering in tropical ultramafic environments 387 

Assuming that the mining activity in Barro Alto has had a significant effect on the natural 388 

stratigraphic column, all the surface samples collected in this study may have originally held a 389 

different position in that column. Based on the assumption that this position has a direct 390 

relationship with the extent of alteration, the calculation of an index of alteration for bedrocks, 391 

ores, soils and sediments can be used to reconstruct a theoretical stratigraphic column. 392 

Babechuk et al. (2014) followed by Aiglsperger et al. (2016) have proposed to develop an 393 

ultramafic index of alteration (UMIA). The UMIA accounts for the following: magnesia (MgO) and 394 

silica (SiO2) are dominant in ultramafic rocks whereas CaO, Na2O, K2O occur in very small 395 

amounts. MgO and SiO2 are depleted near the surface in the majority of Ni laterites while iron 396 

and alumina oxides (Fe2O3 and Al2O3, respectively) are simultaneously enriched (Aiglsperger et 397 

al., 2016). The following equation is used to calculate the UMIA: 398 

 399 

2*.- = -3�4� + 67�4�-3�4� + 67�4� + *84 + 9:4� ∗ 100  (3) 

 400 

The UMIA produces values between 0 and 100 and is used to identify incipient (UMIA < 20), 401 

intermediate (UMIA= 20-60) or intense to extreme (UMIA > 60) mineralogical transformations. 402 

Table 1 shows that, except for OL2, the lateritic ores have UMIA values higher than 60 (82-98), 403 

indicating that an intense mineralogical transformation occurred and that the mobile elements 404 

were leached. Accordingly, it is associated with Cr enrichment mainly as Cr(III). Our results are 405 



similar to those found by Raous et al. (2013), who reported an enriched lateritic horizon in 406 

goethite, hematite and chromiferous spinel. Conversely, the UMIA values for saprolite ores and 407 

bedrock, ranging from 8 to 13, indicate an incipient degree of alteration (Table 1). Similar results 408 

were obtained by Rivera et al. (2018) who found UMIA values between 4 and 47 in the saprolitic 409 

and limonitic horizons. The less weathered saprolite sample resembles the bedrock content with 410 

a small degree of weathering, and the highest values were reached out in the limonitic horizons. 411 

 412 

The saprolitic and lateritic ores in the soils have UMIA values between 47 and 62. Even though 413 

lateritic ores and soils have similar chemical compositions, soils have different mineralogy that 414 

includes hematite, chlorite and quartz. It is not surprising to find hematite, goethite, maghemite, 415 

and amorphous Fe (oxy)hydroxides in soils given that they are part of the soil-forming phases in 416 

serpentine soils (Coleman and Jove, 1993). However, it is possible to find quartz as a secondary 417 

mineral in lateritic regoliths found in soils covering ultramafic rocks (Vojcu and Bardoux, 1997). It 418 

seems likely that this quartz may come from eolian sources in the surrounding sites that are not 419 

ultramafic. Lastly, the UMIA values of the sediments indicated an intermediate mineralogical 420 

alteration. This result most likely has to do with the fact that sediments contain particles from 421 

various sources. This implies that these UMIA values represent the averages found in soils and 422 

ores. 423 

 424 

The UMIA value interpretation was combined with an Al-Fe-Si-Mg molar ternary plot that 425 

illustrates the trend for mafic and ultramafic minerals (primarily serpentine) with regards to 426 

weathering. There is a clear weathering trend, as shown in Figure 4, from the less weathered to 427 

more weathered samples, i.e. from the bedrock to the lateritic ores. Compared to the bedrock, 428 

lateritic ores (OL1-OL8) are highly-enriched in Fe and Al. This is due to i) the strong leaching of 429 

alkali and Si during hydrolysis, and ii) the precipitation of secondary minerals such as Fe oxides, 430 

e.g. goethite and, to a lesser degree, hematite. Saprolitic ores (OS1, OS2 and OS3) contain 431 

small amounts of Al and Fe and are enriched in Mg, with serpentine and smectite as the main 432 

mineral phases (Table 1). The presence of Mg-bearing alteration minerals such as serpentine 433 

and talc, which can be formed in ultramafic rocks, may explain these Mg enrichments regardless 434 

of fact that chlorite is the main Mg-mineral phase in saprolite (Vojcu and Bardoux, 1997). 435 

 436 

Table 1 shows that there is a low degree of alteration in the bedrocks (B1, B2 and B3). Samples 437 

of this type typically display high Mg contents and extremely low Al, Cr, Mn and Ni contents 438 

given that incipient weathering has occurred and therefore certain soluble elements, e.g. Mg, are 439 



still present. The mineralogy assemblage contains serpentine and chlorite with trace amounts of 440 

chromite, amphibole and olivine. The content of the elements in these soils decreases in the 441 

order Fe > Al > Mg, indicating that these soils are found close to the lateritic ores. Conversely, 442 

for the sediments, the Mg content was higher than the Al content and Fe remained the dominant 443 

element (Table 1). 444 

 445 

5.2. Chromium behavior during weathering 446 

Figure 5(a) depicts a graph plotting the total Cr content in the samples against the ultramafic 447 

index of alteration (UMIA). The samples containing the lowest Cr contents (0.3-1.3 g kg-1) and 448 

least-altered materials are the bedrock samples. This parent material undergoes weathering 449 

leading to the formation of lateritic and saprolitic ores and soils. The Cr content found in this type 450 

of weathering product depends on the degree of alteration as Cr is not very soluble, particularly 451 

when included in chromite. Lateritic ores, which have some of the highest Cr contents (from 10 452 

to 19 g kg-1), are among the most altered materials. The low solubility of Cr, compared with the 453 

highly leachable element from the bedrock such as Si and Mg, result in higher Cr contents in 454 

altered materials. Soils are also characterized by high levels of Cr (10-15 g kg-1), whereas the 455 

average Cr content in saprolite is only 4 g kg-1. Finally, sediments contain a mixture of both soils 456 

and ores (with a Cr content ranging from 3 to 9 g kg-1) and are possibly the material that has 457 

been altered to a higher degree. As displayed in Figure 1, the sediments from pond 1, which 458 

collects the runoff from the ore extraction area, have a high Cr content (9 g kg-1). Our results are 459 

very comparable with those of Paulukat et al. (2015) who published data on the total Cr content 460 

found in a weathering profile in an Odisha Mining Corporation-chromite mine (Sukinda Valley, 461 

India). These authors report a total Cr content ranging from 24 to 60 g kg-1 in the laterite, 33 462 

g kg-1 in the saprolite and with significantly lower average contents of 7 g kg-1 in the bedrock. 463 

 464 

The exchangeable pool of Cr(VI) is plotted against the UMIA in Figure 5(b) and shows that the 465 

highest content of exchangeable Cr(VI) is found in the most weathered material. This result is 466 

consistent with the oxidative weathering of rocks, during which Cr(III) is oxidized to Cr(VI). This 467 

oxidation is more likely to occur if compounds with high redox activities, such as elemental 468 

oxygen and manganese oxides and hydroxides, are present (Trebien et al., 2011). It is expected 469 

that the metals present in Mn oxides will be subjected to co-precipitation and substitution, 470 

particularly when alternating wetting and drying cycles occur in the soil (Essington, 2005 in 471 

Trebien et al., 2011). This is an essential step for laterite to form. Our results show that, except 472 

for soil 2 (S2) which is the only sample containing magnetite and chromite, there is a significant 473 



positive correlation between Mn and Cr contents (R2 = 0.9), and Mn content and UMIA (R2 = 0.8). 474 

An identical correlation can be seen between the extracted Cr(VI) and the total Mn content, 475 

indicating that Mn is involved in the oxidation of Cr(III) and the subsequent production of the 476 

toxic Cr(VI) (Fendorf and Zasoski, 1992; Garnier et al., 2013; Rai et al., 1989). However, it 477 

should be noted that the amount of easily reducible Mn oxides present, and not only the total 478 

content of Mn, determines the extent of Cr(III) oxidation (Trebien et al., 2011). 479 

 480 

Cr(VI) adsorption may occur through outer-sphere complexes (Fendorf, 1995) onto iron oxides 481 

which have a high point of zero net charge (PZNC), and they can effectively adsorb oxyanions 482 

such as Cr(VI) when the pH values fall between 2 and 7 (Zachara et al., 1989). Positive 483 

correlations are found for Fe and Cr in bedrock, saprolitic ores, lateritic ores, soils and sediments 484 

(R2 = 0.8). As seen in Table 2, the highest contents of exchangeable Cr(VI) in the lateritic ore 485 

samples (12-104 mg kg-1) are found in OL1, OL3, OL5, OL7 and OL8, which primarily contain Fe 486 

oxides. The remaining samples display a smaller ECr(VI) range of variation concerning the 487 

previously described ores (0.7-21 mg kg-1). 488 

 489 

Tau (Ƭ) factors (Equation 4) are used to calculate mass balances, useful to quantify the mass 490 

gains and losses of individual chemical elements with regards to the bedrock (Rivera et al., 491 

2018): 492 

 493 

;+',"# = "#=>?@AB/+'=>?@AB
"#CBDEFGH/+'IBDEFGH − 1   [4] 494 

where CrSample and CrBedrocks represent the total Cr content (in g kg-1) present in both the samples 495 

and bedrock, respectively. Titanium, in the sample (Tisample) and bedrock (Tibedrock), was used as 496 

the immobile element to normalize the Cr content (Table 1). The samples have a higher Cr 497 

content compared to the bedrock, except the sediment samples from stream 2 (Se1) and pond 2 498 

(Se3). In this latter, the negative tau values suggest that Cr is gradually lost. It has been 499 

demonstrated previously that isotopic fractionation may occur as a result of Cr enrichment or 500 

loss due to redox processes (Crowe et al., 2013; Frei and Polat, 2013; Wang et al., 2015a). The 501 

changes in δ53Cr versus the UMIA values is shown in Figure 5(c). Two end members are 502 

present: one of the members is comprised of lateritic ores that have been enriched in lighter 52Cr 503 

isotopes and which have a high index of alteration. The second member contains saprolitic ores 504 

with incipient alteration and Cr that has been enriched in heavy 53Cr. When heavy and 505 

exchangeable Cr is removed, the remaining Cr is enriched in lighted isotopes thereby explaining 506 



the negative δ53Cr values of the lateritic ores. Conversely, when previously mobilized and 507 

isotopically heavy Cr is once again deposited in saprolitic ores, this may lead to positive δ53Cr 508 

values (Crowe et al., 2013; Frei and Polat, 2013; Berger and Frei, 2014). 509 

 510 

The only geological reservoir that contains negative δ53Cr is found in weathered rocks (Qin and 511 

Wang, 2017). This was observed in the present study, except for the light isotope enrichment 512 

found in the saprolitic ore samples (Figure 5(c)). A previous study found high δ53Cr values in 513 

serpentinites (up to +1.22‰) in response to serpentinization processes (Farkaš et al., 2013). 514 

These authors interpreted the possible shift of altered peridotites to isotopically high δ53Cr as 515 

being due to less isotopically heavier Cr(VI) in serpentinizing fluids (Farkaš et al., 2013). It has 516 

also been suggested higher δ53Cr values occur in peridotite that has been altered and which is 517 

characterized by lower Cr content (Wang et al., 2016). These authors offered two possible 518 

explanations for this phenomenon: a) kinetic fractionation resulted in heavy Cr isotopes being 519 

left behind when the fluids removed light Cr isotopes during the serpentinization process; or b) 520 

fluids without isotopic fractionation first removed the light Cr isotopes and then isotopically heavy 521 

Cr was accumulated during the reduction of sulfate, which occurred at a later stage. A third 522 

explanation may also be the re-deposition of mobilized isotopically heavy Cr, along with the 523 

enrichment of Cr (Crowe et al., 2013; Frei and Polat, 2013; Berger and Frei, 2014). 524 

 525 

To assess this point, Figure 5(d) plots the isotopic signature of the total Cr against the 526 

corresponding chemically extracted Cr(VI). The δ53Cr values for the total Cr (+0.97 ± 0.08‰) and 527 

the extracted Cr(VI) (+1.34 ± 0.07‰) contained in saprolitic ores are positive and are relatively 528 

similar, suggesting that only minor losses of heavy Cr(VI) isotope occur in saprolitic ores. This 529 

result is in line with the incipient degree of alteration of this material. Conversely, lateritic ores 530 

display a considerably higher fractionation between total Cr (-0.76 ± 0.07‰) and Cr(VI) 531 

(+4.37 ± 0.06‰). This is due to the loss of Cr(VI) that has been enriched in heavy isotopes 532 

during weathering. Frei and Polat (2013) and Crowe et al. (2013) have stated that the oxidative 533 

weathering of Cr is caused by the presence of oxygen in the atmosphere. As a result, runoff 534 

removes the pool of 53Cr-enriched Cr(VI) and the residual solid remains depleted in 53Cr. 535 

 536 

5.3. Interactions between water and rocks during natural weathering 537 

The stream 1 is located outside of the mining area (Figure 1) and is used as a reference of the 538 

natural processes at work in this ultramafic environment. The total dissolved Cr concentration in 539 

stream 1 is much lower (0.1 µg L-1) than the concentration determined in the bulk sample (8.7 540 



µg L-1). This suggests that the majority (over 98%) of the Cr found in the stream waters is 541 

contained in the SPM. Serpentinite soils are commonly comprised of a mixture of 90% solid 542 

Cr(III) oxy(hydr)oxides and 10% adsorbed Cr(VI). At pH values greater than 7, the runoff from 543 

these soils is dominated by dissolved Cr(VI) (Mcclain and Maher, 2016; Novak et al., 2017a; 544 

Coyte et al., 2020) that can therefore be released to the surface waters. Wu et al. (2017) studied 545 

samples collected in the Connecticut River (United States) fed by a watershed with high 546 

amounts of basalts and reported positive δ53Cr values in the SPM. Most likely, one of the 547 

dominant factors controlling the weathering rates in watersheds is the lithology. Therefore, the 548 

weatherability of minerals decreases from carbonate > mafic silicates > feldspars > quartz 549 

(White and Blum, 1995). In the present study of the Barro Alto area, the δ53Cr composition in the 550 

SPM (0.015 ± 0.09‰) collected in stream 1 and the inheritance of high amounts of δ53Cr from 551 

dissolved Cr(VI) may be explained by the lithology (+2.60 ± 0.04‰). 552 

 553 

The positive δ53Cr values found in the dissolved fraction may either be the direct result of the Cr 554 

isotopic fractionation processes in an ultramafic profile, or they may be related to additional 555 

processes occurring during riverine transport such as redox fractionation processes, adsorption 556 

and/or mixing from riverine water with different δ53Cr values (D’Arcy et al., 2016). It is also 557 

possible that the sorption of Cr(VI) onto Cr(III)-bearing oxy(hydr)oxides leads to decreased δ53Cr 558 

values in the solid phase and discharged of the residual aqueous Cr(VI) into streams and rivers 559 

(Wang et al., 2015a). These scenarios seem less likely though, as the fractionation of Cr is less 560 

than 0.3‰ and there must be long-term contact between Cr(VI) and Cr(III) oxy(hydr)oxides 561 

(D’Arcy et al., 2016). The positive δ53Cr values in stream 1 can be explained by the oxidation of 562 

Cr(III) to Cr(VI). However, it should be borne in mind that the large activation energy needed to 563 

carry out this transformation will not show a high fractionation (Zink et al., 2010). Wang et al. 564 

(2015a) evoked a “rind effect” to explain the low fractionation of solid Cr(III): Cr(III) 565 

oxy(hydr)oxide particles are comprised of several micro-layers, each of which is essentially 566 

completely oxidized, thereby resulting in limited isotopic fractionation. Stream 1 is characterized 567 

by both a large Cr isotopic fractionation and an elevated Fe concentration, consistent with 568 

processes dominated by the reduction of Cr(VI) into Cr(III), leaving 53Cr-enriched Cr(VI) behind. 569 

It is also necessary to take into account the release of Cr(III) during weathering, as this may 570 

decrease the global amount of δ53Cr present in the dissolved fraction (D’Arcy et al., 2016). 571 

 572 

5.4. Mining activities resulting in accelerated weathering  573 



When the ore is exploited in mines, a large amount of material must be removed and taken 574 

elsewhere. The scale of this operation is comparable to the effects of extensive physical erosion. 575 

Physical erosion has been described by White and Blum (1995) as one of several factors that 576 

control weathering rates. The concentrations of the SPM found in the water bodies inside the 577 

mine are significantly higher than the ones found in stream 1 (3.3-316 mg L-1 versus 1.1 mg L-1, 578 

respectively). This shows unequivocally that the extraction, transport and stockpiling of the 579 

residues produced during mining activities results in the release of particles that find their way 580 

into sources of water. The analysis of the water bodies inside the mine showed that the SPM 581 

contains high concentrations of Cr (from 24 to 1064 µg L-1). This enrichment in Cr could even be 582 

observed in the dissolved fraction (Cr concentrations < 757 µg L-1). Wu et al. (2017) reported 583 

that there was no significant effect of oxide loads on the δ53Cr values for the suspended Cr, 584 

particularly since the suspended Cr would have been isotopically heavy due to the inheritance of 585 

dissolved Cr(VI) δ53Cr via adsorption. This result is in line with what we observed for the 586 

particulate Cr in stream 2, enriched in isotopically heavy Cr up to δ53Cr value of 587 

+0.94 (± 0.09)‰), whereas the particulate Cr present in stream 1 remains unfractionated. 588 

 589 

Material issued from the erosion of the overburden, waste rock, and extracted ores are released 590 

to the ponds via runoff water and as a result, these sediments are a mixture of various products. 591 

As observed in Figure 5(c), the negative δ53Cr values determined for the sediments can be 592 

related to the enrichment in light isotopes of the lateritic ores (-0.76 (± 0.07)‰ to -593 

0.16 (± 0.05)‰) and soils (-0.05 (± 0.04)‰ to -0.28 (± 0.06)‰). In pond 1, both Cr in the SPM 594 

and Cr in the sediments display negative isotopic signature (-0.38 (± 0.08)‰ and -595 

0.50 (± 0.04)‰, respectively). The slightly higher values observed for Cr in sediments may be 596 

the result of the oxidation of Cr(III) as well as the release of Cr(VI) enriched in heavy isotopes. 597 

The basis of this hypothesis is that the sediments in the ponds are also a source of isotopically 598 

heavy Cr(VI) for the pond water column. 599 

The groundwater sampled upstream and downstream from the smelter area shows enrichment 600 

in the total dissolved Cr (53Cr equal to of +2.18 (± 0.08)‰ and +2.19 (± 0.16)‰, respectively; 601 

Figure 3). These values are in agreement with the range of δ53Cr values (0.7 to 5.1‰) found by 602 

Izbicki et al. (2008) in 32 uncontaminated wells and by Coplen et al. (2002) in a study on native 603 

groundwater (1.1 to 5.8‰). In these samples, a significant fractionation occurs either on the 604 

mineral-grain surfaces or in bulk solutions when the dissolved oxygen concentrations decline 605 

and Cr is removed from solution as Cr(III) (Izbicki et al., 2008). Figure 3 shows that the depletion 606 

in heavy 53Cr in the particulate fraction is higher before the smelter area than after (-607 



0.55 (± 0.06)‰ versus -0.34 (± 0.05)‰). Based on this result, it appears that the reductive 608 

smelting process used on the ore to produce Fe-nickel (smelting at 1600°C) preferentially 609 

liberates Cr(III) (Economou-Eliopoulos et al., 2016). When oxygen is depleted in the 610 

groundwater, this can also lead to Cr(VI) being reduced to Cr(III) and, as a result, decreased 611 

δ53Cr values. 612 

 613 

The isotopic signature of the Cr(VI) extracted was analyzed to determine how much of the Cr(VI) 614 

found in the water bodies derived from the solid residues and ores. The δ53Cr distribution for the 615 

solids, extracted Cr(VI) and surface waters is given in Figure 6. The surface waters and 616 

extracted Cr(VI) are characterized by variations within the same range, suggesting that surface 617 

water and groundwater 53Cr enrichment occurs as a result of the release of Cr(VI) oxidized from 618 

Cr(III) in the solid phases. The natural weathering is partly contributing, while producing higher 619 

Cr(VI) contents in more altered materials and, subsequently, 53Cr depletion in the remaining 620 

solid (Figure 6). Furthermore, a large contribution is directly related to anthropically enhanced 621 

erosion caused by mining activities, which accelerates natural weathering processes. 622 

 623 

6. Conclusions 624 

This study is an important step towards improving our understanding of Cr isotope behavior in 625 

ultramafic environments and more specifically in mining areas. The reconstructed pedological 626 

profile combined with the results of the UMIA (ultramafic index of alteration) shows that the 627 

lateritic ores and soils were subjected to an intense mineralogical transformation. They are 628 

enriched in both Cr (10-18 g kg-1) and Fe (85-536 g kg-1) and the exchangeable pool of Cr(VI) 629 

(ECr(VI)) also becomes larger with increasing degrees of alteration. 630 

 631 

The analyses performed on the saprolitic ores suggest that very small amounts of heavy Cr(VI) 632 

are lost as attested by the positive δ53Cr values total Cr (+0.97 (± 0.08‰) and extracted Cr(VI) 633 

(+1.34 (± 0.07)‰) as well as the close similarity between the values. Conversely, there is a 634 

considerably larger difference between the fractionation of the total Cr (-0.76 (± 0.07)‰) and the 635 

extracted Cr(VI) (+4.37 (± 0.06)‰) observed in the lateritic ores as a result of the loss/leaching 636 

of isotopically heavy and exchangeable Cr(VI) during weathering. Consequently, negatively 637 

fractionated Cr is left behind. 638 

 639 

Our study shows that 53Cr enrichment in both the surface water and groundwater is related to 640 

the release of Cr(VI) due to the Cr(III) oxidation in the solid phases. This is demonstrated by 641 



comparing the range of variation of δ53Cr between the surface waters and the extracted Cr(VI). 642 

The former (+2.10 (± 0.04) to +3.66 (± 0.04) ‰) falls within the range of the latter (+1.34 (± 0.07) 643 

to +4.37 (± 0.06) ‰). Some of the enrichment in Cr is due to natural weathering, however, 644 

erosion due to mining activities is playing an important role as this accelerates natural 645 

weathering. In our study, the pristine area is represented by stream 1 which has lower total Cr 646 

concentrations than the other surface waters evaluated. Nevertheless, it should be noted that 647 

the δ53Cr value still falls within the range of variation for the extracted Cr(VI). It may be possible 648 

to use δ53Cr values to trace sources of Cr in the dissolved fraction, assuming the combination of 649 

this tool with other parameters such as total Cr, Fe and Mn concentration, organic carbon and, 650 

most of all, Cr speciation to obtain the full picture and to accurately interpret these data. 651 
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Figure 1. Map of the study area in Barro Alto mine and location of the sampling sites. Names 

in parenthesis are the ones used for the solid samples. 

Figure 2. Positive correlation between isotopically and chemically exchangeable pool of Cr(VI) 

in solid samples of Barro Alto. 

Figure 3. Cr isotopic composition in ‰ of the samples from this study, including solid samples 

(soils, ores, bedrock and sediments), Cr(VI) extracted with KH2PO4 and liquid samples (surface 

and ground water). 

Figure 4. Ternary plot in the Al-Fe-Mg-Si space and its relationship with the ultramafic index 

of alteration (UMIA). 

Figure 5. Evolution, according to the ultramafic index of alteration of a) the total Cr content, b) 

the exchangeable pool of Cr, c) the Cr isotopic composition of the bulk samples and d) the Cr 

isotopic composition of both bulk samples and corresponding extracted Cr(VI) (KH2PO4). 

Figure 6. Total chromium contents in solid samples and their correspondent δ53Cr values. The 

blue band represents the δ53Cr range of variation in surface water, which is within the range 

found for Cr(VI) extracted with KH2PO4. 















Table 1 Total content of elements, δ53Cr value and mineralogical composition of the solids collected in Barro Alto (soils, ores, bedrock and 
sediments). Sm: smectite; Srp: serpentine; Chl: chlorite; talc, Oli: olivine; Hem: hematite; Goe: goethite; Spi: Spinel and Qz: quartz (n.d. = not 
determined). Ƭ represent the enrichment or depletion of Cr respect to the bedrock. UMIA is the Ultramafic Index of Alteration (Aiglsperger et al., 
2016). 

Sample type Sample code Ƭ Cr/Ti UMIA δ53Cr (‰) ±2σ 
Concentration (g kg-1) Mineralogy 

Si Al  Cr  Fe  Mg Mn Ni Ti Sm Srp Chl Talc Oli Hem Goe Spi Qz Others 

Soils 

S1(0-10 cm) 0.19 50 -0.28 0.01 97.28 76.97 12.23 280.71 34.51 4.04 6.68 1.24   +   +   +  
S1(10-40 cm) 0.25 47 -0.10 0.04 107.96 74.29 11.01 250.13 38.16 3.75 6.45 1.06   +   +   +  
S1(80-100 cm) 0.06 48 -0.05 0.04 101.08 79.47 10.24 271.35 35.96 3.02 6.12 1.16   + +  +     
S2(0-15 cm) 0.88 62 -0.26 0.01 69.47 76.62 15.26 330.05 15.96 10.69 8.75 0.98   + +  + +  + Magnetite 

S2(15-40 cm) 0.83 51 -0.28 0.06 109.55 62.44 11.37 272.25 11.67 9.98 6.47 0.75      + +  + Chromite 

Lateritic ores 

OL1 1.06 74 -0.24 0.02 27.33 48.43 10.97 331.82 10.92 3.92 8.08 0.64       + + +  

OL2 3.60 50 -0.55 0.03 60.59 30.56 13.98 369.02 32.74 5.85 21.73 0.37 + +     +    

OL3 1.83 80 -0.76 0.07 20.82 42.13 15.80 536.17 9.14 6.92 3.90 0.67   +   + + + +  

OL4 1.09 60 -0.52 0.09 51.54 69.72 13.85 424.30 21.54 6.27 22.19 0.80       +    

OL5 0.97 80 -0.16 0.05 19.59 66.91 16.65 465.59 15.59 7.05 12.23 1.02       +    

OL6 1.91 61 -0.50 0.07 46.75 57.97 15.64 403.85 24.52 6.22 21.10 0.65  +     +    

OL7 1.15 65 -0.43 0.02 42.65 42.02 9.88 297.78 13.80 4.66 10.05 0.55 +      +    

OL8 1.52 69 -0.51 0.06 26.47 63.13 18.75 451.98 24.80 6.49 15.35 0.89       + +   

Saprolitic ores 
OS1 1.38 13 1.05 0.12 167.68 17.89 4.28 109.58 105.95 2.47 31.51 0.22  +        Vermiculite 

OS2 0.93 12 0.93 0.05 158.76 15.78 4.58 133.78 156.44 2.40 22.16 0.29 + +         

OS3 1.45 8 0.97 0.08 179.15 13.84 3.16 84.93 146.54 1.03 21.56 0.16 + +         

Bedrock 
B1 - 10 -0.17 0.01 n.d. 0.60 0.27 103.34 202.23 0.20 1.00 n.d.  +        Chromite 

B2 - 11 0.18 0.08 188.00 1.59 1.23 22.40 182.70 1.01 2.67 0.10  + +  +     Amphibole 

B3 - 11 0.10 0.04 194.00 0.79 1.33 22.40 156.20 1.01 2.75 0.21  + +  +    +  

Sediments 
Se1 -0.65 28 -0.77 0.05 145.65 20.50 3.81 264.19 65.87 3.30 16.84 1.30  + +    +  +  
Se2 1.28 41 -0.50 0.04 108.53 43.65 9.05 331.93 48.54 3.79 8.85 0.48   +     + +  
Se3 -0.41 21 -0.23 0.04 162.24 11.43 3.40 201.81 86.14 2.82 12.97 0.70  + +   +     

* n.d.= not determined 

 

 

 

 

 



Table 2 Exchangeable pool of Cr(VI) (ECr(VI)-KH2PO4) and Cr(III) (ECr(III)-KCl) in the solid samples. 

Sample 
type 

Sample code ECr(VI)-KH2PO4 (mg kg-1) SD  ECr(III)-KCl (mg kg-1) SD  

 S1(0-10 cm) 0.74 0.06  <LoD - 
 S1(10-40 cm) 4.43 0.34 0.39 0.02 

Soils S1(80-100 cm) 21.14 2.17 3.69 0.54 
 S2(0-15 cm) 4.06 0.30 0.34 0.03 
 S2(15-40 cm) 5.39 1.05 0.43 0.01 
 OL1 29.65 2.64 7.49 0.43 
 OL2 5.84 0.68 0.57 0.05 

Lateritic ores OL3 89.79 1.82 7.30 0.30 
 OL4 2.04 0.25 0.25 0.02 
 OL5 65.44 5.96 10.46 0.38 
 OL6 1.68 0.16 0.20 0.03 
 OL7 12.53 0.59 1.15 0.15 
 OL8 104.09 7.70 6.56 0.68 

Saprolitic 
ores 

OS1 1.31 0.09 0.39 0.02 
OS2 2.46 0.18 0.72 0.08 
OS3 1.27 0.15 0.44 0.13 

 Se1 1.57 0.03 20.89 5.50 
Sediments Se2 10.06 1.60 0.62 0.17 

 Se3 2.37 1.84 1.49 0.71 

*Limit of detection (LoD) Cr = 0.1 mg kg-1 

 

 

 

 

 

 

 

 



Table 3 Major and trace cations and anions, alkalinity and dissolved organic carbon (DOC) in dissolved fraction of water samples. Suspended 
particulate matter (SPM) and carbon (C) content in filters. Conductivity, temperature and pH values at time of sampling. 

Element 
Mining area  Pristine area 

Stream2 Pond1 Pond2 Pond3 
Piezo 1  

(before mine) 
Piezo 2  

(after mine) 
Piezo 3  

(before smelter) 
Piezo 4  

(after smelter) 
Stream1 

Major elements 
(mg L-1)  

K 0.05 0.13 0.32 0.29 0.22 0.16 2.80 1.06 0.02 
Mg 7.99 6.69 13.13 7.25 23.90 20.05 17.21 1.31 11.81 
Ca 0.87 1.28 5.06 1.13 0.67 1.79 31.70 3.36 2.54 
Na 0.25 0.32 0.17 0.43 0.22 0.19 10.11 3.78 0.55 

Trace elements 
(µg L-1) 

Fe 1.09 4.91 3.68 2.16 1.69 0.36 2.20 1.25 242 
Mn 6.17 1.43 <LoD 0.81 0.84 0.09 1.20 79 86 
Al 0.73 0.32 1.42 1.31 7.49 4.37 1.31 0.90 <LoD 
Cr 13 757 58 89 2.39 0.21 1.09 0.16 0.09 
Ni 76 14.21 9.52 7.48 12 0.91 1.96 11.07 37 
Sr 1.91 1.36 2.85 1.26 1.29 2.51 94 8.13 5.23 
Zn 1.60 18 3.87 19 18 0.93 10.57 56 2.78 

Anions (µg L-1) 

F- < LoD 32 61 n.d. 99 60 254 53 < LoD 
Cl- 330 436 1604 n.d. 447 393 820 2990 359 
NO3

- 726 3352 353 n.d. 5042 24 419 4007 260 
SO4

2- 97 1884 1385 n.d. 729 2441 2986 168 55 
δ

53Cr (‰) 2.10 2.62 3.66 n.d. n.d. n.d. 2.18 2.19 2.60 
DOC (mg L-1) 1.66 2.03 2.31 5.48 3.74 4.65 2.94 2.28 1.78 

Alkalinity (mg L-1) 29 15 37 15 50 54 79 11 29.77 
SPM (mg L-1) 3 166 316 176 5 8 8 18 1.08 

Particulate Organic Carbon (wt %) 1.6 1.18 0.64 1.13 5.86 5.01 6.51 9.63 3.65 
Temperature (°C) 23.3 22.2 26.5 26.1 27.8 25.8 25.3 27.2 24.4 

Conductivity (µS cm-1) 60 58 105.6 62.6 166.7 155 292 48.3 96.2 
pH 7.5 7.5 8.3 7.8 7.4 9.2 6.6 5.7 7.4 

* Limit of detection (LoD) F- = 20 µg L-1; NO3
-= 20 µg L-1 

n.d.= not determined 

 

 

 




