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Interactions between clay minerals and aqueous Fe(II) and their role in contaminant 
remediation 
 
Entwistle, James1, Latta, Drew E.2, Scherer, Michelle M.2 and Neumann, Anke1 

 

1School of Engineering, Newcastle University, Newcastle upon Tyne, NE1 7RU, UK 
2Department of Civil and Environmental Engineering, The University of Iowa, Iowa City, IA, 52242, 
USA 
 
In subsurface environments, microbial activity leads to the generation of aqueous Fe(II), which is then 
able to interact with mineral phases. We, and others, have demonstrated that aqueous Fe(II) can 
reduce structural Fe(III) in clay minerals, resulting in electron-doped minerals. The extent of 
structural Fe reduction depends on reaction pH, aqueous Fe(II) concentration, and clay mineralogy1,2. 
However, electron transfer from aqueous Fe(II) also leads to the formation of solid oxidation 
product(s), with some controversy over the composition and identity of the secondary mineral phases. 
While earlier work showed the predominant formation of an Fe(III) phase similar to lepidocrocite3, 
recent work suggested that at elevated pH values mixed valent Fe phases such as green rust could 
form4, which, in turn, could contribute to contaminant transformation. 

Here we evaluated the reactivity of Fe(II)-reduced clay minerals and used two legacy 
contaminants, tetrachloroethene (PCE) and trichloroethene (TCE), as probe compounds. We 
compared the reactivity with dithionite-reduced clay minerals and for high and low Fe content clay 
minerals (nontronite, NAu-1; montmorillonite, SWy-2), to modulate the clay mineral Fe(II) 
concentration and the amount and identity of Fe(II) oxidation products formed. We complemented our 
reactivity study with techniques to identify the reactive Fe mineral(s) and used 57Fe-Mössbauer 
spectroscopy, XRD, and Raman spectroscopy. 

Transformation of PCE and TCE was not observed when NAu-1 (20 wt% Fe) or dithionite-
reduced SWy-2 (2.5 wt% Fe) was present, suggesting that clay mineral structural Fe(II) alone was not 
capable of reducing PCE and TCE. Interestingly, transformation products were detected only in 
reactors containing SWy-2 amended with 20 mM aqueous Fe(II). We observed similar PCE and TCE 
conversion extents of 37% and 19%, respectively, in reference experiments with the same Fe(II) 
concentrations and in the absence of clay mineral. In the clay mineral-free reactors, white rust 
(Fe(OH)2) formed and became increasingly oxidized with PCE and TCE transformation, suggesting 
that the secondary precipitate in the clay mineral reactors played a significant role for PCE and TCE 
degradation. However, Mössbauer spectra of aqueous 57Fe(II)-amended SWy-2 revealed the presence 
of a mineral phase different from white rust and more consistent with a green rust-like phase, yet with 
significant structural differences to synthetic green rust. We are currently collecting XRD and Raman 
data to further characterise the mixed valent Fe(II)-Fe(III) precipitate.  

 
References: 
1Latta, D. E., Neumann, A., Premaratne, W. A. P. J. and Scherer, M. M. (2017). Fe(II)-Fe(III) 
Electron Transfer in a Clay Mineral with Low Fe Content, ACS Earth and Space Chemistry, 1 (4), 
197–208. 
2Neumann, A., Olson, T. L. and Scherer, M. M. (2013). Spectroscopic Evidence for Fe(II)-Fe(III) 
Electron Transfer at Clay Mineral Edge and Basal Sites, Environmental Science & Technology, 47 
(13), 6969–6977. 
3Schaefer, M. V., Gorski, C. A., and Scherer, M. M. (2011). Spectroscopic Evidence for Interfacial 
Fe(II)-Fe(III) Electron transfer in a Clay Mineral, Environmental Science & Technology, 45 (2), 540-
545. 
4Jones, A. M., Murphy, C. A., Waite, T. D., and Collins, R. N. (2017). Fe(II) Interactions with 
Smectites: Temporal Changes in Redox Reactivity and the Formation of Green Rust, Environmental 
Science and Technology, 51 (21), 12573-12582.  
 
  



Hydrocarbon Background Concentration in Saudi Arabia Sands and potential biological effects 

Alyami, Mohammed and Fitzsimmons-Thoss, Vera 

School of Chemistry, Bangor University 

The petroleum hydrocarbon content of sands from the Saudi Arabian region have rarely been assessed. 
Thus, sixteen sand samples were collected from different locations in the Saudi desert. Physio-chemical 
properties showed that the sands were alkaline in nature, pH ranged from 8.06 to 9.64. Sand moisture 
content ranged from 0.04% to 0.68 %, while organic matter ranged from 0.22 % to 0.91 % across all 
sand samples. The percentage of C and N ranged from 0.05 % to 3.30% and 0.01 % to 0.03 %, 
respectively. Result from the elemental analysis showed that the concentration of Na (270 mg / kg to 
573mg / kg) was found to be the lowest concentration in all samples followed by K (55 mg / kg to 1386 
mg / kg), Mg (166 mg / kg to 1459 mg / kg), Al (1065 mg / kg to 2692 mg / kg), Fe (134 mg / kg to 
5385 mg / kg), and Ca (1310 mg / kg to 14823 mg / kg) was found to be the highest concentration in all 
sand samples. 

The concentration of total extractable hydrocarbon in sand samples after mechanical shaking (24 hours) 
with dichloromethane (DCM) was analysed by gas chromatography–mass spectroscopy (GC-MS). The 
results showed that the number of aliphatic hydrocarbons in the samples varied between samples. Gas 
chromatography analysis of the DCM extracts showed that the sands contained aliphatic hydrocarbons 
from C20 to C31. It was observed that in all samples, the most abundant aliphatic hydrocarbon was the 
C24 followed by the C25 and C26. The lowest concentration in all samples was found to be C21. The 
total aliphatic hydrocarbons concentration for all the samples ranged from 234 mg / kg to 34708 mg / 
kg. The highest concentration of C24 in all samples ranged from 54 mg kg to 6978 mg / kg. 

The determination of water extractable hydrocarbons was done on five samples only. The total 
leachable aliphatic hydrocarbons concentration ranged from 697 mg / kg to 6651 mg / kg after GC-MS 
analysis. 

Crude oil and diesel were fractionated into aliphatic and aromatic hydrocarbons using a silica gel micro 
glass chromatographic column. For diesel, 80 % to 90 % of aliphatic and aromatic hydrocarbons were 
recovered. This suggests that about 10 to 20 % of diesel oil contains volatile hydrocarbons (under 
C9),polar compounds retained on the column, and possibly asphaltenes (hexane insoluble constituents). 
While for crude oil about 70 % of crude oil contained volatile hydrocarbons (under C12). 

Seven different types of plant seeds (Ryegrass, Wheat, Coriander, Lettuce, Radish, Cabbage R and 
Cabbage G) were germinated in a set of crude oil contaminated sand (0.5 % up to 10 %) including 
control sand. The biological effect on plant growth in this contaminated environment was studied by 
measuring the length of roots and shoots growth post germination. Some plants were affected with 
contaminated sand in their growth while others showed enhanced growth in contaminated sand. Some 
plants could hence play a role in phytoremediation and help cleaning hydrocarbon contaminated 
environments. Wheat and Ryegrass had longer roots and shoots length in a contaminated sand rather 
than in control sand. There was a gradually increasing in roots and shoots from control sand up to 5 % 
of crude oil. However, there was a drop in roots and shoots length growth by 10 % in the contaminated 
sand. While the other seeds had longer roots and shoots in control sand rather than contaminated sand. 
In addition, there was a decrease in roots and shoots length from control sand up to 10 %. 

  



Assessing the effect of naturally occurring electron shuttling compounds on the reactivity of 
iron-bearing clay minerals 

Rothwell, Katherine. A1, Graham, David. W1 and Neumann, Anke1 

1School of Engineering, Newcastle University, Newcastle upon Tyne, NE1 7RU 

Iron-bearing clay minerals and natural organic matter are both ubiquitously present within natural 
environments. Under reducing conditions, iron-reducing bacteria such as Shewanella spp. are known 
to produce aqueous Fe(II) and electron shuttling compounds that can facilitate the reduction of a range 
of environmentally relevant contaminants1, 2. Natural organic matter is also known to contain electron 
shuttling functional groups such as quinone moieties that may also influence naturally occurring redox 
processes3. Similarly, previous work has shown that aqueous Fe(II) can reduce structural iron in clay 
minerals and the resulting structural Fe(II) is capable of facilitating the reduction of contaminants4. In 
anaerobic aquifers and soils, it is therefore likely that the system’s redox reactivity is determined by 

both redox active mineral phases and organic electron shuttling compounds, yet little is currently 
known concerning their relative contributions. 

Here, we used nitroaromatic compounds (NAC) as reactive probe molecules to assess the reactivity of 
dithionite or Fe(II)-reduced nontronite (NAu-1) in the presence of representative electron shuttling 
compounds (AQDS: anthraquinone-2,6-disulfonate; juglone: 5-hydroxy-1,4-naphthalenedione; a 
mixture of riboflavin, flavin mononucleotide and flavin adenine dinucleotide). We used 57Fe-
Mössbauer spectroscopy along with wet chemical methods to monitor changes in the structural Fe(II) 
content of NAu-1 and to identify the reactive phase(s). 

Our results show that although aqueous Fe(II) alone is not capable of reducing NACs, rapid 
transformation occurs in the presence of electron shuttling compounds without the requirement for a 
mineral phase. In the presence of Fe(II)-reduced NAu-1 with low reduction extents, we observed 
similar and slightly slower reduction kinetics as in the mineral-free reactors, suggesting that the 
aqueous Fe(II) and electron shuttle pair was the dominant reactive phase. At higher mineral 
Fe(II)/Fe(tot) ratios (>20%), however, we observed biphasic reduction kinetics, which are 
characteristic for iron-rich clay minerals and indicate that the mineral becomes the reactive phase 
when more structural Fe(II) is present. Under these conditions, quinone moieties do not influence the 
rate of reaction relative to the clay mineral alone while the presence of flavins increases the rate of 
reaction. 

We are currently working on integrating these complementary results into a comprehensive 
framework to assess the reactivity of both Fe-bearing clay minerals and organic compounds in 
complex biogeochemical systems. Already our preliminary results highlight the important role of Fe-
bearing clay minerals acting as a renewable source and sink of electron equivalents in anaerobic 
environments. 

1. H. Von Canstein, J. Ogawa, S. Shimizu and J. R. Lloyd, Applied and environmental 
microbiology, 2008, 74, 615-623. 

2. A. Cherkouk, G. T. W. Law, A. Rizoulis, K. Law, J. C. Renshaw, K. Morris, F. R. Livens and 
J. R. Lloyd, Dalton Transactions, 2016, 45, 5030-5037. 

3. P. G. Tratnyek, T. J. Grundl and S. B. Haderlein, Aquatic redox chemistry, ACS Publications, 
2011. 

4. A. M. Jones, C. A. Murphy, T. D. Waite and R. N. Collins, Environmental science & 
technology, 2017, 51, 12573-12582. 

 

  



 

Detailed Site Investigation of Unsaturated and Saturated Zones for Poly-and Perfluoroalkyl 
Substances (PFASs) Using Advanced Analytical Tools 
 
Ross, Ian Miles, Jonathan, Horneman, Allan, Hurst, Jake and Burdick, Jeff 
Arcadis 
 
A preliminary assessment of the area determined that part per billion concentrations of per- and 
polyfluoroalkyl substances (PFASs) were present in groundwater due to frequent historical 
applications of aqueous film forming foams (AFFFs). Atthis location multiple long and short chain 
perfluoroalkyl acids (PFAAs) and 6:2 fluorotelomer sulfonate are regulated in drinking water. Thus, 
the distribution of AFFF-derived PFAA precursorsthat may form 6:2 fluorotelomer sulfonate and 
PFAAs are considered of significant importance at this site. The objectives of the secondary, more 
detailed site investigation were to characterise the area to determine the distribution of both PFAAs 
and PFAA precursors in soil and groundwater in relation to biogeochemical parameters, lithology and 
distribution of other organic compounds. In order to develop a more robust site conceptual model, 
further objectives were to determine if the presence of organic materials enhanced PFAA precursor 
sorption and to determine the extent to which redox conditions have influenced PFAA precursor 
transformation. 

Groundwater and soil samples were characterized for PFASs using a targeted analyte list as well as 
the total oxidizable precursor assay (TOPA) and adsorbable organofluorine (AOF) to indirectly 
measure total PFASs. The PFAS distribution in soils was assessed in relation to total organic carbon 
and particle size distribution. Groundwater was characterized for major anions, including fluoride, 
cations, total organic carbon and biogeochemical parameters. The PFAS distribution was measured in 
the lithology at multiple horizons to target distinctly different zones such that both migratory and non-
migratory horizons were assessed for PFAS content. 

The vertical and horizontal delineation of PFASs at this site will be presented in relation to the site’s 

hydrogeology and lithology. Field derived partitioning coefficients were determined for individual 
PFASs and total PFAA precursors in relation to localised biogeochemical conditions. Ratios of PFAA 
precursor concentrations to PFAAs were determined in different redox zones of the site and, after 
controlling for mass flux, were used to determine PFAA precursor susceptibility to biotransformation 
in the presence of multiple types of terminal electron acceptors. Lessons learned on how to selectively 
utilize advanced characterization tools to provide the most value in determining the location of 
contaminant mass will be discussed. 

 

  



Crystal Chemistry of Cobalt and Nickel in Lateritic Manganese-Oxides. 

Mulroy Sul*, Coker Vicky*, Lloyd Jon*, Mosselmans Fred** and Hayama Shusaku** 

*The University of Manchester, **Diamond Light Source. 

The elements cobalt (Co) and nickel (Ni) are integral to a range of established and emerging 
industries such as alloy production, predominantly in super-alloys for jet engines and turbine-blades1, 
mixed-oxides and hydroxides for rechargeable batteries in portable electronics and electric cars2,3 and 
as catalysts for petrochemical processing1. Co is considered a critical metal due to an insecure supply 
chain resulting from >50% of reserves and production coming from the Democratic Republic of 
Congo (DRC)4. Ni, while not critical, is often found in association with Co in both oxide and sulphide 
ores. Exploitation of heavy metal deposits poses an extreme risk to humans proximal to active and 
historic mine sites. Co and Ni are essential micronutrients required in μg concentrations for humans 

but in excess have been shown to cause neurotoxicological disorders (Co), cardiovascular and 
endocrine deficits (Co and Ni), genotoxicity in humans and in chronic exposure cases are believed to 
cause cancer5,6,7. Local populations in the Katanga mining district, DRC, have been recorded showing 
elevated levels of Co in urine with those closest to mine sites (<3km) exhibiting the highest known 
urinary Co concentrations of a general population8. The Nkamouna laterite in S.E. Cameroon shows 
Co and Ni grades of 0.25% and 0.7%, respectively, and represents one of the largest Co-Ni deposits in 
the world with proven ore tonnage of 54Mt9. Through analysis of Extended X-ray Near-Edge 
Structures (EXAFS) we have generated mineralogical models for site locations of Co and Ni in the 
Nkamouna ore minerals. Both Co and Ni are associated primarily with Mn(IV/III)-oxides. Ni is found 
predominantly as an inner-sphere complex over hexagonal vacancies in the phyllomanganate layers of 
lithiophorite with lesser contributions associated with hydrated aluminium phases. Co typically 
replaces Mn in lithiophorite phyllomanganate layers. Defining the mineralogy of the deposit with 
respect to heavy metals such as Co and Ni is integral to understanding the cycling of these elements 
through the environment, their stability under various conditions as mining commences and exposure 
pathways of the local population to heavy metals.  

[1] Roberts, S.; Gunn, G. Cobalt. In Critical Metals Handbook.Gunn, G. Online, 2013, Wiley, 122-
149. [2] Chen, H.; Qiu, X.; Zhu, W.; Hagenmuller, P. Synthesis and high rate properties of 
nanoparticled lithium cobalt oxides as the cathode material for lithium-ion battery. Electrochem. 
Commun. 2002, 4, 488-491. [3] Li, D.; Zhang, H.; Wang, C.; Song, D.; Shi, X.; Zhang, L. New 
structurally integrated layered-spinel lithium-cobalt-manganese-oxide composite cathode materials for 
lithium-ion batteries.  J. Alloys Compd. 2017, 696, 276-289. [4] Shedd, K. Cobalt - Mineral 
Commodity Surveys. United States Geological Survey, Online, 2018, 50-51. [5] Gal, J.; Hursthouse, 
A.; Tatner, P.; Stewart, F.; Welton, R. Cobalt and secondary poisoning in the terrestrial food chain: 
Data review and Research gaps to support risk assessment. Environ. Int. 2008, 34, 821-838. [6] 
Leyssens, L.; Vinck, B.; Van Der Straeten, C.; Wuyts, F.; Maes, L. Cobalt toxicity in humans -  A 
review of the potential sources and systemic health effects. Toxicology, 2017, 387, 43-56. [7] 
Denkhaus, E.; Salnikow, K. Nickel essentiality, toxicity and carcinogenicity. Crit. Rev. Oncol. 
Hematol. 2002, 42(1), 35-56. [8] Banza, C.L.N.; Nawrot, T.S.; Haufroid, V.; Decree, S.; De Putter, 
T.; Smolders, E.; Kabyla, B.I.; Luboya, O.N.; Ilunga, A.N.; Mutombo, A.M.; Nemery, B. High human 
exposure to cobalt and other metals in Katanga, a mining area of the Democratic Republic of Congo. 
Env. Res. 2009, 109(6), 745-752. [9] Lambiv-Dzemua, G.; Gleeson, S.A.; Schofield, P.F. 
Mineralogical characterization of the Nkamouna Co-Mn laterite, southeast Cameroon. Miner. 
Deposita. 2013, 48, 155-171. 

  



Raman spectroscopy and reverse isotopic probing: novel method for identifying microbes 
associated with degradation of environmental pollutants 

Chisanga, Malama, Muhamadali, Howbeer and Goodacre, Roy 

Manchester institute of Biotechnology, School of Chemistry, University of Manchester 

Microorganisms are mostly found in complex communities where they perform various specialized 
functions that play an important role in various ecosystems on which man depends. For efficient and 
effective bioremediation of environmental chemical contaminants, there is a need to identify microbes 
(gene) associated with particular functions (phenotype) accurately by studying their metabolic and 
biochemical potential in mixed communities at the single cell level. However, due to limitations in 
microbial culturing, not all microbes can be cultivated to the desired biomass level under laboratory 
conditions.1 As a result; vital information including cell to cell interactions, physiological dynamics 
and the specificity needed to identify microbes charged with industrially relevant functions is largely 
unattainable. This is so because culture-based techniques only provide averaged information at the 
population level. With the continuous changes in climate conditions, microbial functional capabilities 
have been evolving over time and thus some microbes may no longer be culturable. This justifies the 
continuous quest for culture-independent analytical techniques to link microbial genotype to 
respective phenotypes. 

During the past decade, stable isotopic 
probing (SIP) coupled with Raman 
spectroscopy has proven to be invaluable 
and novel culture-independent approach 
to assess functional properties of 
microbes at the single cell level.2 In a SIP 
experiment, a population of microbes is 
fed with isotopically labeled substrate 
(e.g. 13C-toluene) and then heavy 
isotopes are tracked in biological 
molecules to identify the victim microbe 
(Figure 1). Single cell Raman metabolic 
fingerprints show clear shifts to lower 
wavenumbers of spectral bands for 
microbes metabolizing a labeled 
substrate. 

In this study, we have demonstrated 
the utility of Raman spectroscopy, reverse and multiple SIP technique to identify bacteria 
responsible for phenol degradation. For the first time, we have shown that Raman-SIP 
provides new knowledge and cell sorting criteria to identify organisms which exhibit 
industrially and environmentally important biochemical capabilities and functions. This we 
believe will facilitate the design of bioaugmentation strategies which will play a crucial role in 
the detoxification of chemical pollutants in the environment and in wastewater treatment. 
References  
1. R. I. Amann, W. Ludwig and K. H. Schleifer, Microbiol. Rev., 1995, 59, 143-169  
2. H. Muhamadali, M. Chisanga, A. Subaihi and R. Goodacre, Anal. Chem., 2016, 87, 4578-4586  
  

Figure 1. Schematic description of the utility of Raman 
spectroscopy and SIP in microbial functional analysis 



Biomonitoring urban atmospheric pollution in the City of Manchester (UK): lichen carbon, 
nitrogen and sulphur contents and stable-isotope-ratio signatures 

Niepsch, Daniel, Clarke, Leon J., Tzoulas, Konstantinos and Cavan, Gina 

School of Science of the Environment, Manchester Metropolitan University, Manchester, M1 5GD, 
UK (correspondence: daniel.niepsch@stu.mmu.ac.uk) 

Urban populations are increasingly exposed to a large number of airborne pollutants which contribute 
to acute and chronic human health issues, i.e. cardiovascular and lung diseases, leading to 
approximately 40,000 premature deaths within the UK annually1. Within the City of Manchester 
continuous air quality measurements are undertaken by a very small number of automated monitoring 
stations, e.g. on Oxford Road or at Piccadilly Gardens. Because these automated monitoring stations 
are restricted in number, it is becoming increasingly important to identify and apply environmental 
monitoring methods that can provide a finer spatial detail of the distribution of air pollution, avoiding 
additional costly technical equipment2. Lichens are proven biomonitors of air quality, because they 
absorb and accumulate airborne pollutants within their biological tissues, due to a lack of roots and 
cuticle2. 

The specific objective of this PhD study is to elucidate a high spatial resolution assessment of urban 
air pollution, and its possible sources, in the City of Manchester, UK. Xanthoria parietina and 
Physcia spp. lichens have been collected from 93 sites distributed across the City of Manchester and 
analysed for their carbon and nitrogen contents (by CN analyser), sulphur content (by ICP-
OES/IRMS) and stable-isotope-ratio signatures (IRMS). Carbon, nitrogen and sulphur contents of 
these lichens, combined with their stable-isotope-ratio signatures (expressed as 13 15 34S 
values), are used for source apportionment of airborne environmental pollution. For example, higher 

13 15 34S values are indicative of urban-based influences on air quality, e.g. vehicular 
combustion of fossil fuels. 

Lichen nitrogen and sulphur contents and their stable-isotope-ratio signatures are spatially variable 
across the City of Manchester. Road traffic counts are related to X. parietina and Physcia 15N 
values, indicating a road traffic impact on urban lichen nitrogen-isotope ratios. Nitrogen and sulphur 
contents (wt%), as well as all three stable-isotope ratios, also vary systematically between the two 
lichen species, indicating that these two lichen species uptake and store atmospheric pollutants 
differently, therefore highlighting the importance of sampling the same lichen species when 
attempting to document spatial variability of airborne pollution. 

Urban lichen biomonitoring and environmental chemistry, here applied within the City of Manchester, 
can be used to investigate (at relatively low cost) high spatial resolution variability of atmospheric 
pollutants and their source apportionment. Consequently, detailed maps of airborne pollutants can be 
generated and used to inform policy (e.g. implementation of traffic control measures) for polluted 
areas that can be identified and targeted for improvement within the City of Manchester. This 
methodology also can be applied to other urban environments. 

1 The Royal College of Physicians, Every breathe we take: the lifelong impact of air pollution - 
Report of a working party, London, 2016. 

2 M. Blasco, C. Domeño and C. Nerín, Lichens biomonitoring as feasible methodology to assess air 
pollution in natural ecosystems: Combined study of quantitative PAHs analyses and lichen 
biodiversity in the Pyrenees Mountains, Anal. Bioanal. Chem., 2008, 391, 759–771. 

  



Can sequential extraction data identify the mineralogical source(s) of bioaccessible Potentially 
Harmful Elements?  

Wragg, J, Cave, M, Palumbo-Roe, B and Klinck, B  

British Geological Survey 

Intensive exploitation of metalliferous ore deposits through mining and smelting along with the 
natural geochemical dispersion of Cu-Sn-As mineralisation in south-west England (Figure 1) has left 
a legacy of contaminated land, derelict sites and the ruins of processing buildings/equipment. 
Extraction of minerals containing multiple potentially harmful elements (PHE), including As, Pb, Zn 
and U has affected 700 km2 of urban and agricultural land. 

 

Figure 1: Location map of the Devon Great Consols mine, Devon 

A significant exposure pathway for human interaction with contaminated land is via ingestion. 
Contaminant availability through this pathway is measured using in vitro human gut extraction 
methods. This type of extraction uses reagents that simulate gastric and gastro-intestinal fluid 
composition and pH, and incorporates other physico-chemical parameters such as body temperature 
and gastro-intestinal transit times. Similarly, the mobility of soil bound PHEs is often measured using 
sequential chemical extractions, using increasingly aggressive extraction reagents that are considered 
to extract different soil phases, e.g. Fe oxides, in a test material.  

The work presented here looks to identify the mineralogical sources of bioaccessible PHE in soils 
contaminated by mining and ore processing at the Devon Great Consols, abandoned As mine using a 
non-specific sequential extraction with confirmation using Scanning Electron Microscopy (Figure 2). 

 

Figure 2: Schematic overview of the approach  

  



Investigation of the impact of heap leach pad seepage on rock mineralogy and geochemistry 

Roetting, Tobias 

WSP, Water Services Group, Shrewsbury, UK 

Laboratory scale leach tests were carried out by WSP to assess the potential impact of pregnant leach 
solution (PLS) from a leach pad at a copper mine on the stability of underlying rocks. The main rock 
types present in the vicinity of the leach pad were reacted with synthetic low pH PLS during three 
months. Changes were analysed using geochemical and mineralogical (Rietveld X-ray diffraction) 
techniques, and quantified by inverse modelling in PHREEQC.  

The following results were obtained:  

In the primary sulphides, dissolution at varying rates was observed for actinolite, calcite, 
illite/muscovite, kaolinite, natrojarosite and pyrite. Precipitation was observed for gypsum, 
illite/muscovite, jarosite, K-feldspar and plagioclase. In the leach cap samples, dissolution was 
observed for clinochlore, goethite, illite/muscovite, K-feldspar and plagioclase. Precipitation was 
observed for gypsum, hematite and kaolinite. 

The calculated weathering rates indicate that in three leach cycles up to 25% of the initial K-feldspar, 
illite/muscovite or clinochlore inventory or up to 40% of the initial kaolinite was dissolved. However, 
monitoring around the leach pad indicates that significant dilution of PLS occurs, and that the 
groundwater is much less aggressive (pH > 4) than pure PLS. It is therefore unlikely that the rocks in 
the wider vicinity of the leach pad would have been subject to any significant additional alteration 
from PLS. However, rocks in the unsaturated zone directly beneath the leach pad may have been in 
contact with more concentrated PLS during several years.  

  



Development of a sustainable low-cost bio-active amendment for the in situ remediation of 
urban brownfield sites  

Sepulveda, Felipe*, MacKinnon, Gillian* and Gauchotte-Lindsay, Caroline**  
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The old Glasgow Meatmarket vacant site is located in the east side of Glasgow. As with many urban 
sites, it presents a complex mixture of organic and inorganic contaminants. This project, in 
collaboration with Glasgow City Council (GCC), aims to develop a sustainable bioactive amendment 
that can immobilize heavy metals and support biodegradation of organic contaminants in soil. An 
initial site investigation has shown the main contaminants of concern are Lead (Pb) and Polycyclic 
aromatic hydrocarbons (PAHs) of which Benzo(a)pyrene (B(a)P) is of particular importance. 
Consequently, the focus of this research is to reduce bioavailability of Pb and support degradation of 
PAHs.  

The formation of pyromorphite with phosphate amendments has been shown to be the most effective 
way of reducing Pb bioavailability1-3. Recent studies have demonstrated that Paecilomyces javanicus, 
a fungus isolated from a Pb-contaminated soil, was able to grow in the presence of metallic Pb, and 
induce the formation of chloropyromorphite in a liquid media4-6. Biodegradation of PAHs is the most 
important process responsible for reducing concentration of these contaminants in the soil 
environment over time7-9 and filamentous fungi possess extracellular enzymes with very low substrate 
specificity, allowing degradation of different compounds.  Pyromorphite biomeralization by P. 
javanicus has not been tested in a soil matrix, and the availability of an in-situ demonstration area 
within the GCC site, allows us to do so for the first time. In addition the capacity of P. javanicus to 
biodegrade PAHs, alone or in association with the indigenous microbial population can be studied.  

Initial qualitative culture experiments showed that P. javanicus grew successfully in the presence of 
Pb (400 mgL-1) and B(a)P (10 mgL-1). After 10 days, P. javanicus showed growth attached to B(a)p 
grains, indicating a possible use as a C source. After 30 days, a 90.7% reduction of Pb in solution was 
observed. Fungal material was dried and analysed by pXRD. EDXA is yet to be performed to aid the 
pXRD profile interpretation, however Pb oxalate seems to predominate, possibly due to absence of an 
additional phosphate source and an acidic pH (not adjusted to emulate site conditions or pyromorphite 
stability domain).  A full scale experiment encompassing Pb-spiked treatments and controls was 
subsequently carried out to investigate this initial finding.  P. javanicus showed significant and 
continuous growth throughout the experimental period (harvesting times 10, 20 and 30 days). Sample 
preparation for ICP-OES, pXRD and EDXA is in course. Results from this and further related 
experiments will be presented and discussed.    
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Arcadis 

Treatment of uranium in groundwater is challenging because of the equilibrium partitioning of 
uranium between sorbed and aqueous phase complexes in mobile and immobile pore space. In-situ 
groundwater treatment strategies for uranium hold promise because of their reliance on fundamentally 
altering uranium chemical speciation as well as aquifer geochemical conditions. For the last 30 years 
uranium in-situ reductive precipitation has been the leading technology, however there have been only 
a handful of large-scale applications. Recently, within the last 10 years, the application of soluble 
phosphates has been identified as a viable means of treating soluble uranium while at the same time 
changing the balance in terms of the availability of sorbed/immobile uranium to remobilize. Uranium 
reacts with soluble phosphate to form a range of low-solubility uranium minerals; surface passivation 
can also result, limiting the availability of uranium for dissolution. Here we discuss the application of 
dissolved phosphate in a small-scale pilot test in a tailings pile. The results from the field test of this 
technology show that it is promising for chemical environments where conditions are oxidizing, 
highly alkaline, and in the presence of high concentrations of TDS. Greatest efficacy is achieved by 
this technology when the phosphate chemical reagents are adequately delivered and distributed within 
the tailings, or soil aquifer, media; once emplaced the reactive phosphate minerals can continue to 
provide treatment for an extended period past the initial injection. 
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Groundwater at several nuclear facilities around the world is known to be contaminated with 
radionuclides including uranium, strontium-90 and technetium-99 which may be present as co-
contaminants. In-situ remediation technologies are currently receiving attention as a favourable means 
of treating the subsurface instead of “dig and dump” or traditional engineered barrier systems. It is 
important that these in situ approaches consider treatment of likely co-contaminants present at nuclear 
licensed sites and long term stability of the treatment products, and here we focus on co-treatment of 
U, Sr and Tc1. 

The mobility of both uranium and technetium are governed by the redox conditions of the subsurface. 
Under oxic conditions these radionuclides are present as mobile uranyl (U(VI)O2

2+) and pertechnetate 
(Tc(VII)O4

-); although following microbial reduction these precipitate as insoluble U(IV) and Tc(IV) 
minerals. Stimulating microbially induced reducing conditions in the subsurface by the addition of an 
organic electron donor is therefore suggested as a means of immobilising both uranium and 
technetium2,3. The mobility of strontium in the environment is not redox sensitive but is limited by 
sorption to clay minerals and Fe oxides. Sorbed strontium however is exchangeable with other 
divalent cations, e.g. Mg2+ and Ca2+ and may be easily remobilised4. By contrast, Sr2+ and Ca2+ 
bearing minerals such as apatite offer a long term, stable sink for Sr if mineralisation can be 
promoted. 

The focus of this is to examine the potential of using glycerol phosphate to co-treat uranium, 
strontium and technetium. Previous sediment microcosm studies have demonstrated that glycerol 
phosphate stimulates the biomineralisation of soluble uranium to poorly soluble U-phosphate 
phases2,5. Initially a series of sediment microcosms were stimulated with glycerol phosphate under 
anaerobic conditions to examine Sr2+ and Tc(VII)O4

- behaviour. Sediment column experiments were 
then carried out with U and Sr to investigate under more environmentally relevant conditions. Sr 
sediment microcosm experiments showed that sediments treated with glycerol phosphate removed 
significantly greater Sr from solution compared to control systems without glycerol phosphate. 
Following the biodegradation of glycerol phosphate, inorganic phosphate was released to solution and 
a decrease in Ca2+ and Sr2+ in solution was observed. Tc removal was also substantial in the glycerol 
phosphate treated microcosms following stimulation of Fe(III) reduction. Sediment column 
experiments revealed that in untreated sediments, Sr and U leach through the 15 cm column. However 
in glycerol phosphate treated sediments both Sr and U are immobilised in the bottom 3 cm. 
Experimental data will be discussed in the context of co-treatment of U, Sr and Tc in contaminated 
land scenarios with geochemical, solid phase analyses and spectroscopy data used to support the 
conclusions. 
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The role of the Upper Greensand aquifer as a sink and a source of phosphate within the 
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The Upper Greensand (UGS) aquifer, which outcrops in the Vale of Pewsey, is abundant in both 
primary and secondary calcium-phosphate minerals. The latter are mainly hydroxyapatite, which are 
hypothesised to precipitate into the pore space due to long-term P-rich fertiliser application on the 
overlying agricultural fields. These secondary mineral phases could dissolve and contribute to the 
phosphate flux from the UGS to the Hampshire Avon catchment. Precipitation and dissolution rates 
were tested in the laboratory and with PHREEQCi kinetic modelling. Specifically, time-series batch 
experiments using a simple solution with elevated calcium and phosphate concentrations, and a 
synthetic groundwater representing the UGS, with pure quartz laboratory sand to observe the 
precipitation of hydroxyapatite onto sand. The composition and morphology of the precipitate was 
observed under SEM/EDS. Solutions with a range of pH, calcium and phosphate concentrations were 
used in time-series batch experiments to determine the controlling factors of sand-bound 
hydroxyapatite dissolution. Following these experiments, PHREEQCi kinetics modelling results were 
fit to experimental data, to derive rate constants. Using these constants, the influence of changing pH 
and phosphate concentration within the UGS on the phosphate flux between the UGS and the 
Hampshire Avon could be quantified. Precipitation experiments demonstrated that hydroxyapatite can 
precipitate onto sand from the simple solution and the UGS synthetic groundwater, with a decrease in 
pH and both calcium and phosphate concentration, indicating precipitation. Dissolution experiments 
demonstrated that the concentration of calcium and phosphate is the controlling factor on the 
dissolution rate of hydroxyapatite, and directly links reactions kinetics and solution thermodynamics. 
Hydroxyapatite precipitation and dissolution rate constants were then derived to demonstrate that 
these processes are possible at present-day conditions within the UGS. The aquifer can therefore act 
as both a sink and a source of phosphate to the Hampshire Avon catchment. 
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This study evaluates the public health implications of human exposure to chemical contaminants, 
through various pathways created by West African urbanisation and associated land-use change1, 2. 
This project involved sampling and chemical analysis of 387 groundwater, 216 soil , 78 open waste 
dumpsite leachate and 194 staple food plant (i.e. Manihot esculanta and Telfaira occidentalis) 
samples, collected from the city of Owerri, southeast Nigeria, between 2015 and 2017. Correlation and 
multivariate statistical analyses, combined with application of GIS, are applied to assess inter-
relationships between environmental chemistry parameters and to document spatial variability in 
contaminants across the studied region.  

Some key chemical results are summarised in the table below, showing elevated and potentially 
hazardous chemical pollutants in Owerri samples. The combined statistical and geospatial analyses 
also reveal seasonal and depth to water table influences on groundwater contaminant concentrations. 

Samples Pollutant 
Max. 
value 

WHO 
limit 

Codex 
limit4 

% samples above limit 

Groundwater 

NO3
- (µg mL-1) 148.4 50.0 n.a 11.9 

DOC (µg mL-1) 9.37 4.0 n.a 13.3 
Mn (ppb) 221.8 50.0 n.a 28.9 
Pb (ppb)  39.6 15.0 n.a 2.0 

Manihot esculanta 
Pb (mg kg-1) 

0.2 n.a 0.10 52.7 
Telfaira occidentalis 1.2 n.a 0.30 99.0 
n.a = not available 

High groundwater NO3
- concentrations are associated with the health risk of Methemoglobinemia in 

exposed infants (i.e. blue-baby syndrome). Besides DOC reducing water treatment efficacy, it reacts 
with Cl2 to form DBPs (carcinogens). High Pb in food crops can also be carcinogenic3, 4. Public health 
risks of exposure to chemical contaminants are estimated using the hazard quotient (HQ) and 
quantified by Daily Intake Rate (DIR) 5, 6. A health-risk prediction map then is generated, as a guide to 
the vulnerable residents and Nigerian policy makers. 

1. E.K. Cromley and S.L. McLafferty, GIS and public health, Guilford Press, 2011. 
2. Y.N. Jolly, A. Islam and S. Akbar, Transfer of metals from soil to vegetables and possible 

health risk assessment, SpringerPlus, 2013, 2(1) p. 385. 
3.  E.P.A. Ireland,Drinking water Guidance on Disinfection By-Products, 2012,4(2). 
4. C. Standard, Standard 193–1995, Codex general Standard for Contaminants and Toxins in 

Food and Feed, 2015. Available online: http://www. codexalimentarius. 
net/download/standards/17/CXS_193e. pdf (accessed on 28 December 2015). 

5. C.S. Wong, X. Li and I. Thornton, Urban environmental geochemistry of trace metals, 
Environmental Pollution, 2006, 142(1) pp. 1-16. 

6. P.Taneja, P.Labhastwar and P. Nagarnaik, Nitrate in drinking water and vegetables. 
Environmental Science and Pollution Research, 2017,24(36) pp.1 -12. 
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Assessing the sustainability of Fe-bearing clay mineral redox reaction for application in 
engineered systems 

Brooksbank, Harry and Neumann, Anke,  

Newcastle University 

Clay minerals are typically aluminium based phyllosilicate structures that can be found ubiquitously 
in the environment [1]. Iron (Fe) is abundant in many environmental systems and the Fe(II) – Fe(III) 
redox couple plays a major role in the cycle of various nutrients and trace elements. Fe can be 
substituted into the clay mineral structure [2], and structural Fe in its reduced state (Fe2+) has been 
shown to be able to reductively degrade certain contaminants such as chlorinated solvents and 
nitroaromatics [3][4]. It has long been thought that its oxidation state of structural Fe can be freely 
altered without causing significant effect on the clay mineral framework, which would make it a 
stable and valuable catalyst for the long-term natural attenuation of pollution by acting as a renewable 
source of environmental reduction equivalents [5]. With some recent studies showing that clay 
minerals can be irreversibly altered by recurrent redox cycling [6], this study will investigate to what 
extent the structure and reactivity of Fe-bearing clay minerals is impacted by multiple cycles of 
reduction and oxidation.  

The project aims to subject clay minerals of varying Fe contents through redox cycling via 3 different 
reduction pathways; chemical reduction by dithionite, microbial reduction proxy using reduced 
electron shuttling compounds (including 2,6-anthrahydroquinone disulfonate in its reduced form, 
produced using an electrochemical cell), and also by aqueous Fe(II). Each of these pathways has been 
previously shown to be capable of reducing Fe-bearing clay minerals [7-10], but are believed to use 
different mechanisms and achieving differing reduction extents [11] – we will investigate any 
differences to the clay minerals dependant on the reduction pathway.  

The structure of the clay minerals will be monitored for alterations by using a number of analytical 
techniques including scanning electron microscopy (SEM), infrared analysis (FTIR), x-ray diffraction 
(XRD) and also using Mossbauer spectroscopy to analyse structural Fe. We will also quantify how the 
reactivity of the clay minerals is altered over multiple redox cycles, by reacting reduced minerals with 
nitroaromatic compounds (including 3-chloronitrobenzene and 2-acetonitrobenzene) and calculating 
changes in reaction kinetics. The project will begin by conducting a number of batch reactor tests, and 
will progress to a flow-through soil column experiment design in order to attempt to simulate closer to 
in-situ conditions. The final stages of the project will involve the addition of further environmental 
compounds that may be present in natural pore environments such as other microbial exudates, 
sideophores and small organic acids. The addition of these compounds is predicted to influence how 
aqueous Fe interacts with the clay structure by impacting dissolution and precipitation by controlling 
Fe complexation and availability. The project will investigate the sustainability of Fe-bearing clay 
minerals over multiple redox cycling, and will evaluate their long-term application in engineered 
systems.  
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Characterisation of Uranium Species by Time-Resolved Laser Fluorescence and Raman 
Spectroscopy 
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Corrosion of spent nuclear fuel (SNF) typically proceeds from the development of ultra-thin films on 
the altered surface of the fuel, through colloidal particulates to aqueous solutions1-3. The physical 
persistence and chemical composition of these species is largely dependent on the surrounding 
solution, which can either enhance dissolution rates or promote the formation of passivating surfaces4. 
Wherever feasible, theoretical prediction of leaching rates and the range of potential corrosion 
products formed needs to be verified by direct experimentation. 

Characterisation of each state is challenging; X-ray diffraction (XRD) analysis is largely limited to 
crystalline phases whereas analysis of aqueous speciation products are masked by intense water 
features with, for example, infra-red (IR) spectroscopy. This is not the case with time-resolved laser 
fluorescence spectroscopy (TRLFS) and Raman spectroscopy as both of these techniques can be used 
to characterise amorphous solids, colloids and aqueous solutions. Chemical composition data can be 
obtained from non-time-resolved fluorescence and multiple laser Raman spectra whereas TRLFS is 
used to extract fluorescence decay lifetimes. A spectral database is being compiled based on uranium 
mineral specimens from national reference collections and europium-bearing compounds5, the latter 
as a surrogate of the trivalent actinides. 

To be able to monitor the environmental risk of leaching uranium-based SNF corrosion products, 
characterisation by fluorescence and Raman spectroscopy is being performed on a range of analogues. 
These include natural geological uranium-bearing minerals (on loan from the British Geological 
Survey) and analytical grade uranium powder species. 
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Iron phases have been widely and effectively used for remediation of environments contaminated with 
heavy metals, such as Cu, Cd, Pb and Zn. The ferrous iron carbonate siderite (FeCO3) is a promising 
mineral for in situ remediation efforts, as it is naturally abundant, oxidizes to form Fe-(hydr)oxides 
that sequester metals, and generates alkalinity which facilitates metal removal and remediates acidity. 
In this study, we assess the efficacy of simultaneous siderite dissolution and Fe(III)-(hydr)oxide 
precipitation for in situ Pb immobilization from acidic waste waters. Batch experiments at ambient 
laboratory conditions show that the surficial dissolution of siderite leads to an increase in pH from 3.1 
to 4.8, and initiates nano-particulate iron hydroxide formation on the surface of the siderite grains as 
well as in suspension. These nano-scale precipitates in suspension were identified by XRD analysis as 
goethite, whereas those on the mineral surface were indicated to be hematite. The grain size, and 
therefore relative reactive surface area, of siderite seems to play a key role, as compared to grains of a 
larger size fraction (106-63 µm), smaller grains (<63 µm) were observed to dissolve more rapidly, 
leading to earlier and more pronounced Fe-particle precipitation and Pb adsorption, as well as to an 
overall faster rate of reaction. SEM imaging furthermore revealed that no nano-particulates 
precipitated on the surface of the siderite grains from the larger size fraction. Since nano-scale Fe-
(hydr)oxide particles are highly reactive, posing great potential for adsorption of Pb and other heavy 
metals, we propose that very fine-grained siderite may imply a promising low-cost material for in situ 
remediation. 
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To achieve the encapsulation of problematic intermediate-level nuclear wastes, which show 
compatibility issues with existing cement-based encapsulants, innovative materials and processes are 
needed. One such material under consideration in the UK is a type of non-Portland cement known as 
geopolymers. These are produced by the chemical reaction of an aluminosilicate powder precursor 
with an alkaline solution, to produce a hardened cement-like product. Common powder precursors 
usually include industrial wastes such as fly ash, and calcined clays such as metakaolin. Metakaolin 
has the advantage of being chemically well understood and being readily available for many years to 
come; this mitigates any future supply risks that could arise from using an industrial waste stream. 
The calcination process that is applied to the clay prior to use in geopolymer synthesis will influence 
the properties of the hardened wasteform. Therefore, before incorporating nuclear waste, it is essential 
to understand how changes in this process and how other key reaction parameters will affect the 
overall chemistry of the geopolymer system. Understanding the intricate pore structure of this system 
is key when trying to develop an understanding of the encapsulation method for different waste 
streams. 
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Fuel reprocessing enables the recovery of Pu and U from spent nuclear fuel. Techniques such as the 
PUREX process rely heavily on the use of highly concentrated HNO3 to dissolve spent fuel rods and 
release fission products into solution (1). Highly acidic active waste liquors from such practices have 
historically been stored, prior to treatment, at reprocessing plants across the globe and instances of 
leaks to ground have been reported, including at the Sellafield Site in Cumbria. Long term 
management of Sellafield’s radioactively contaminated land requires an understanding of the 

geochemical processes acting to retard the migration of the contaminants; however due to the 
presence of infrastructure and high levels of contamination, the ground in these leak areas is not 
currently accessible to gain direct physical evidence and other investigative approaches are required.  

Batch dissolution experiments (0.01 – 10 M L-1 HNO3), carried out on 3 Sellafield site sediments have 
been used to assess mineral alteration and buffering reactions. Scanning electron microscopy/energy-
dispersive X-ray spectroscopy (SEM/EDX), X-ray diffraction (XRD) and inductively-coupled plasma 
optical emission spectroscopy (ICP-OES) analysis have shown that after 2.5 months in 10 M L-1 
HNO3, chlorite was the only mineral phase to undergo complete dissolution. The remaining highly 
stable silicate minerals present in all 3 sediments, persisted for the duration of the experiments (e.g. 
quartz, feldspars, micas and kaolinite). Aqueous Si concentrations initially increased with increasing 
acid concentration as expected, but decreased at HNO3 concentrations of ≥ 1 M L-1, presumably due 
to the formation of an amorphous secondary silica phase (2). 

Batch sorption experiments are also currently underway to assess the impact acid alteration has on a 
sediments ability to attenuate U(VI). Preliminary results suggest that the shape of the U(VI) sorption 
edge is similar in both experiments. However, despite the loss of chlorite and the easily reducible 
surface Fe-oxides (e.g. ferrihydrite), the 10 M L-1 HNO3 altered sediments are demonstrating an 
increased capacity to sorb U(VI) when compared to their unaltered counterparts. Although 
investigations are still ongoing, it is possible that the increase in sorption capacity is due to U(VI) 
sorption to neoformed silica phases that precipitated during acid alteration. 

1) B. F. Myasoedov and S. N. Kalmykov, Mendeleev Comm., 2015, 25, 319-328. 2) E. A. Gorrepati 
et al, Langmuir., 2010,  26, 10467-10474. 
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Many river catchments across the U.K. and Europe contain historic pollution, and there are concerns 
that future flood events could re-mobilise potentially toxic elements (PTEs). The present study took 
intact soil cores from a meadow in the Loddon River catchment and subjected them to varying flood 
durations (0-40 days) in the laboratory. Pore water samples were taken using rhizon samplers to test 
whether increasing flood duration led to increases in PTE concentrations, with a particular focus on 
the mobility of Ni, Cu, Zn, and Cr. PTE concentrations in the pore water were measured using ICP-
OES and ICP-MS; explanatory variables (pH, TOC, Fe, Mn, Ca) were also measured as well as the 
basic soil texture. Greater flood duration resulted in a significant increase in some but not all of the 
PTEs analysed. Nickel and zinc both showed clear increases, with chromium showing a significant 
increase after 28 days, and then a reduction again at 40 days. Copper was the only element found to 
decrease in concentration with increasing flood duration. Ni and Cr were correlated with TOC which 
also increased with flood duration, and explained a substantial proportion of the variation. Chromium 
speciation analysis indicated that Cr(VI) was absent from the soil pore water throughout the 
experiment, with all chromium present as the less toxic Cr(III). It is likely that this is the result of 
organic acids which can aid the reduction of Cr(VI) to Cr(III). 
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It is widely recognised that increasing industrialisation and urbanisation are causing adverse impacts 
on the environment and society, with two of the most concerning issues being environmental pollution 
and the impacts of global warming. For example, heavy metal pollution from the degradation of mine 
tailings is an issue of particular concern for public health in developing countries, where Health and 
Safety regulations are often by-passed, to further economic benefits to the mining enterprise. 

Amongst others, tailings from the extraction of Au, Ag, Cu, Ni, Pt and Cr-bearing minerals create a 
range of pollution problems, with Cr listed as one of the most toxic [2]. Chromite is mined in a 
number of countries, including India, South Africa, Kazakhstan and Zimbabwe. Its mining produces 
Cr(VI), a toxic, carcinogenic, industrial pollutant, commonly present as a trace element in the tailings, 
drainage water and dust produced during mineral processing. Its presence is a major health hazard in 
and around the mining operations. For example, in India, the 3rd most important exporter of 
chromium worldwide, 99% of chromite is mined from the Sukinda Valley region1 where ≈ 85% of 

deaths in the mining area and nearby villages are reportedly associated with Cr(VI). Further, the 
Zimbabwean Environmental Management Agency has confirmed the presence of Cr(VI) (at 
concentrations ~ 280 times higher than allowable) in water bodies around the Zimasco ferrochrome 
processing plant in Kwekwe2. Hence, it is clear that Cr(VI) pollution is currently poorly controlled. 
Bioremediation and monitored natural attenuation are currently the most-effective Cr(VI) clean-up 
technologies3, 4. However, such remediation alternatives are not universally applicable (idem.) and 
new innovative approaches are needed. 

To address the need for sustainable mining, we are developing a novel geochemical process for the 
immobilisation of Cr in siderite, with the simultaneous lock-up of anthropogenic CO2. This new 
research involves the two-stage experimental synthesis of siderite(±Cr), processed at 25°C - 75°C, for 
24 - 48 h, using: (1) FeCl2 + NaHCO35 and (2) FeCl2 + NaHCO3 + K2Cr2O7, with nucleation seeds 
of natural siderite being used in both stages. The results of the experimental study, including detailed 
micro- and nano-scale characterisation of pre- and post-test materials, will provide information on the 
rate and control mechanisms, for the simultaneous lock-up of Cr and CO2 within the crystal lattice. 
Additional solubility tests will be used to assess the long-term stability of newly formed phases. The 
first stage of experimental study is currently in progress, and preliminary findings will be presented. 

1. K. Shil and P. Sudipta, Clinical Kidney Journal, 2018, 11, 222-229. 
2. https://www.dailynews.co.zw/articles/2016/06/29/zimasco-pollution-killing-kwekwe). 
3. W. A. Illman and P. J. Alvarez, Critical Reviews in Environmental Science and Technology, 2009, 
39, 209-270. 
4. B. Dhal, H. N. Thatoi, N. N. Das and B. D. Pandey, Journal of Hazardous Materials, 2013, 250, 
272-291. 
5. A. Fernandez, J. W. Tang and B. E. Rosenheim, Geochimica Et Cosmochimica Acta, 2014, 126, 
411-421. 
  



Weathering processes in agricultural karst landscapes in southwest China 
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Ecosystems the world over have been under ever-increasing pressure due to natural and anthropogenic 
perturbations because of increasing population, poor land management, and intensive food 
production1. Knowledge of how ecosystems form, function and support life is increasingly becoming 
an important especially in exploring and understanding the structure, function and the controlling 
mechanisms of rock-soil interactions2,3. Karst landscapes host ecosystems that are extremely 
susceptible to anthropogenic intervention which makes the landscape particularly vulnerable to rocky 
desertification and soil degradation3. But most importantly, the recovery of such ecosystems remains 
at risk even if agricultural practices stop. However, little is known and understood about the processes 
that control soil fertility, function and management for efficient protection and restoration of 
ecosystems in karst landscapes.  This research project aims to study the production and retention of 
soil nutrients by chemical weathering in the SPECTRA critical zone observatory in Southwest China. 
We will analyse macro- and micro-nutrient behaviour in soil profiles and porewater as these are 
related to lithology and land use and represent processes occurring on timescales of soil development 
and water infiltration. Finally, a reactive transport model will be developed from which the behaviour 
of nutrients will be investigated under different management scenarios.  

 

Figure 1: A picture of outcrop bedrock showing delineated lithologic beds1. 

Figure 2: (a) BSE image of a limestone thin section showing a band of high porosity (total porosity = 
2.35%, mostly in this band) associated with a zone of non-calcite minerals. Porosity appears black; 
minerals appear white and shades of grey. (b-f) False colours indicating different minerals in the 
same BSE image shown in a1. 

References 

1. Hooke R.L., Martin-Duque, J.F and Peraza J. “Land transformation by humans: a review” 

GSA Today (22)12 4-9 (2012). 
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Determination of the origins and rates of phosphorus release to groundwater in the Upper 
Greensand, Hampshire Avon Catchment, UK 
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Eutrophication in freshwater ecosystems is an important environmental problem caused by nutrient 
enrichment from catchment sources. It can be caused by nutrient delivery from diffuse agricultural 
sources, resulting from high rates of nitrogen (N) and phosphorus (P) fertiliser application to 
agricultural land and intensive livestock farming, as well as point source discharges of nutrient-rich 
effluent such as from sewage treatment works and septic tanks systems. P can also occur naturally in 
mineral form in bedrock, while N may be input to waters through N fixation by a range of organisms. 
In the north of the Hampshire Avon Catchment, the Vale of Pewsey is underlain by the Upper 
Greensand (UGS) formation, a sedimentary rock with a significant aquifer, which contains P in a 
range of mineral forms. These include fluorapatite, hydroxyapatite and monazite minerals as well as 
P-bearing Fe oxides that are products of weathering (Fig. 1). Cored boreholes drilled in the UGS are 
highly heterogeneous, varying in physical properties from hard and impermeable to soft and porous. 
Geochemically the UGS varies from siliceous with high quartz content to ferric with high glauconite 
content and occasionally to phosphatic with high apatite content (Fig. 1). The UGS behaves as 
potentially both a source of P export to surface waters and as a sink for P migrating into the aquifer 
from overlying agricultural and sewerage sources. This project focuses on determining the amount of 
P that is transferred from enriched agricultural soils through the UGS to the groundwater relative to 
the amount released into groundwater from the weathering of natural P-bearing minerals in the aquifer 
rock material. 

 
Figure 1. Backscattered SEM/EDS images and P and Ca elemental maps of various P mineral forms 
in UGS drilled core samples. A,B,C: apatite cement, D,E,F: apatite inclusions in quartz and glauconite 
grains and G,H,I: phosphatised glauconite grains. 



The effect of organic acids on siderite dissolution 

Mulders, Josephina and Oelkers, Eric  

University College London, Gower St., WC1E 6BT, London, UK 

Siderite has proved promising in remediating contaminated sites, allowing adsorption and reductive 
degradation of heavy metals, such as chromium, arsenic and lead1–3. In natural soils, organic acids 
could enhance dissolution and oxidation of siderite, thereby affecting its potential to remediate 
contaminated sites. To assess the effect of organic acids on the dissolution and oxidation rates of 
natural siderite, flow-through experiments were conducted, to which either oxalic, citric or acetic acid 
was added. All experiments were performed in an oxygen rich environment, at pH 1.7 or 2.7. Changes 
in both the Fe(II) and Fe(III) concentration between the inlet and outlet solutions were measured using 
the Ferrozine method. Scanning electron microscopy (SEM) images gave insight into the 
morphological changes between the initial siderite and the final reaction product. 

Results on the evolution of the solution chemistry indicate that organic acids enhance oxidation of 
siderite, resulting in more Fe(III) in solution, compared to the experiments to which no organic acids 
were added. Oxalic and acetic acid enhanced dissolution, increasing rates by a factor 3.5-3.9, while 
citric acid had no effect on the dissolution rate. SEM images indicate rounding of the etch pits and 
steps compared to the siderite dissolved in pure solution, suggesting that surface complexation of 
oxalic acids, might have driven the change in dissolution rate. The formation of surface complexes 
can affect the sorption of contaminants on the mineral surface, thereby either hindering or enhancing 
remediation. Increasing the dissolution and oxidation rate of siderite, could potentially result in more 
effective removal of contaminants, as increased Fe(III) concentrations might enhance co-precipitation 
of contaminants with Fe(III)-oxides.   

(1)  Erdem, M.; Gür, F.; Tümen, F. J. Hazard. Mater. 2004, 113 (1–3), 217–222. 

(2)  Erdem, M.; Özverdi, A. Sep. Purif. Technol. 2005, 42 (3), 259–264. 

(3)  Guo, H.; Ren, Y.; Liu, Q.; Zhao, K.; Li, Y. Environ. Sci. Technol. 2013, 47 (2), 1009–1016. 

 

  



A Hard X-ray Nanoprobe for Multi-Modal Analysis of Geochemical Samples at Diamond Light 
Source 
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The hard X-ray nanoprobe beamline at Diamond is a new facility for nanoscale microscopy. The 
beamline operates over a 4.5‐ to 23‐keV energy range with an emphasis on multi-modal analysis 
providing elemental mapping, speciation mapping by XANES, structural phase mapping by nano-
XRD and imaging through differential phase contrast and ptychography.  A flexible scanning system 
allows for fast acquisition and arbitrary scan paths, simple data acquisition software and the ability to 
process data in near real-time.  I14 welcomed its first users in March 2017 for commissioning 
experiments with its first user run between Oct 2017 and Mar 2018. The beamline is in an 
optimization phase with new techniques and users tools rolling out over a two year ramp up period.  

The I14 beamline facility co-located with a new national electron microscopy facility providing 
electron microscopy suites covering the physical1 and life sciences2.  This facility combines staff and 
expertise from a number of different areas allowing allow us to make exciting progress in sample 
preparation techniques and correlative x-ray and electron microscopy studies. The beamline 
complements electron and optical microscopy and enables new science in a number of areas spanning 
materials science, biology, engineering and earth science.  

Here we highlight results from successful experiments to date including a study using XRF and 
XANES mapping to examine the chemical composition, distribution and speciation in hot particles 
arising from the Fukushima Daiichi Nuclear Power Plant (FDNPP) disaster at the nanoscale. 

 

Figure 1: Schematic of beamline I14 

 

1. http://www.diamond.ac.uk/Science/Integrated-facilities/ePSIC 
2. D.K. Clare et al., Acta Cryst. D, 2017, 73, 488. 

  



Influence of Floodplain Topography on Soil Chromium Concentrations 
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During a flooding event, rivers downstream of urban catchments deposit sediments loaded with 
potentially toxic elements (PTE’s) such as Chromium (Cr) onto their floodplains. As a result of this 

deposition, floodplain soils can be a sink for PTE’s. Cr is a common contaminant found in floodplains 
with diverse industrial sources such as paint manufacture and tanning. Cr is redox sensitive and can be 
present in the environment as two different oxidation states, that differ in their level of toxicity. 
Trivalent Cr(III) is a naturally occurring form of the element, however under oxidising conditions it is 
oxidised to a more mobile and toxic form as hexavalent Cr(V). 

This study has focused its’ sampling on the Loddon Floodplain Monitoring and Modelling Platform. 

The site, a floodplain meadow, lies to the south of Reading in Southeast England, is situated adjacent 
to the Loddon River (a tributary of the River Thames) and is the subject of interdisciplinary research 
at the University of Reading. Soil samples were collected from the site using a random stratified 
sampling method, digested in aqua regia and Cr concentrations determined using ICP-OES.  

An elevation map for the site was created using spatial analyst tools in ArcMap GIS software with 
Lidar map data. ArcMap was then used to statistically process the data using kriging which generates 
an estimated surface from a scattered set of data points to illustrate the spatial distribution of Cr across 
the site. 

The key observation from this exercise was a correlation between floodplain elevation and soil Cr 
concentration, with higher concentrations of Cr found in areas of lower elevation. We infer that 
elevation is correlated with flooding (frequency and duration). Our findings are, therefore, strong 
evidence to suggest that the source of Cr in the floodplain soil samples of this urban catchment is the 
river Loddon (and thus sources upstream in the Loddon catchment). 

When flooding occurs, soils undergo changes (e.g. fluctuating redox conditions) which may alter the 
speciation or oxidation state of some PTE’s. Speciation of PTE’s is an important factor to consider as 

this will largely determine their bioavailability and toxicity. Further work will investigate whether 
flooding alters the speciation, mobility and bioavailability of Cr and other PTEs on the Loddon 
Floodplain Monitoring and Modelling Platform. These experiments could have important 
environmental implications, such as identifying whether floodplains change from being a sink for 
PTE’S to a source of these elements to the environment. 

  



In Situ Bio-Oxidation of a Petroleum Hydrocarbon Plume by Stimulation of Denitrifying and 
Aerobic Microbial Populations 

Ross, Ian, Hurst, Jake, Heintz Monica, Miles, Jonathan and Burdick, Jeffrey 

Arcadis 

A petroleum hydrocarbon plume has been successfully remediated by stimulation of denitrification 
processes followed by aerobic biodegradation. Nitrate then oxygen (in the form of dilute hydrogen 
peroxide) were added to the plume via a series of horizontal infiltration wells to create an in-situ 
reactive zone for enhanced biodegradation. 

Denitrifying bacteria have been shown to have the capacity to biodegrade a wide variety of 
hydrocarbons such as benzene, toluene, ethylbenzene and xylenes which make up BTEX compounds. 
Mineralisation of methyl tertiary butyl ether (MTBE), the fuel additive in unleaded petrol by 
denitrifying bacteria has also been reported. Quantitative information on in-situ microbial activities in 
aquifers is important for understanding subsurface microbiological processes. In petroleum 
hydrocarbon contaminated aquifers, microbial activity is often limited by the availability of suitable 
terminal electron acceptors (TEAs), therefore targeted delivery of suitable TEAs can significantly 
enhance rates of in-situ biodegradation. 

Prior to selection of this enhanced anaerobic biodegradative remedial technique (ACETM (Anaerobic 
Culture Enhancement)), the site groundwater was characterised for biogeochemical parameters to 
confirm that nitrate and oxygen were being consumed via microbial biodegradation processes. 

A series of pilot scale push-pull tests were performed, to show that nitrate was consumed when 
injected into the aquifer. The site groundwater was sampled aseptically and denitrifying micro-
organisms enumerated by laboratory anaerobic culture techniques.  

Extensive regulatory liaison was undertaken to create confidence that nitrate solutions injected via the 
proposed strategy would be consumed by the indigenous microbial population and the remedial 
technique was licensed. 

This presentation describes the full scale implementation of this remedial technique and demonstrated 
that addition of differing TEAs to a hydrocarbon plume causes enhanced biodegradation of 
contaminants. Laboratory and field data will be presented and issues related to successful treatment 
discussed. 

  



Effect of transmutation of high-level nuclear waste glass on long term durability 

Smith, Hannah 

The University of Sheffield 

Waste management of radioactive waste material generated by the nuclear power industry is of 
importance for the protection of the environment and future long-term safety. Vitrified high level 
waste (HLW) from the reprocessing of the UK’s spent nuclear fuel at the Sellafield site is destined for 

final disposal in a geological disposal facility (GDF). Here, the release of radionuclides to the geo-
sphere will be controlled by the dissolution of the glass matrix upon contact with groundwater on 
timescales in excess of 100,000 years. Developing an understanding of glass dissolution is critical to 
building a robust safety case for geological disposal. 

During such time frames, unstable fission products will decay to form new elements e.g. Sr into Zr 
and Cs into Ba, in a process termed transmutation. The combination of Sr and Cs in HLW could 
impart modifications to the glass structure when transmutation is considered. This in turn, may also 
have implications regarding the chemical durability. 

The effect of transmutation has been investigated on three simulant simple waste glass compositions 
representative of the geological disposal time scales, whereby the transmutation of Sr to Zr is solely 
focussed upon: the initial glass at time of disposal (Sr), an intermediate (Sr/Zr) and a fully transmuted 
composition (Zr). 

Structural analysis by NMR and Raman spectroscopy has not revealed any significant structural 
changes. Initial dissolution rates were obtained which confirmed greater durability of the fully 
transmutated Zr containing glass, suggesting greater polymerisation of the network. However, 
residual rates suggest the opposite: the fully transmutated Zr containing glass was the least durable. 
This result may add further considerations for the safety case for the establishment of a GDF in the 
UK. 

  



Natural biogeochemistry of Co, Ni and Cr in Costa Rican lateritic soils  
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Costa Rica is one of the most biologically diverse sites in the world. In the north-west of the country 
is the Santa Elena Peninsula (SEP), an area with unique biological, ecological and geological 
characteristics. The majority of the peninsula is covered by an ophiolite composed mainly of 
serpentinised peridotites (lherzolites, harzburgites and dunites), and gabbros.1The presence of the 
ophiolite controls  the ecosystems and landscape, likely due to the geochemical features of their soils. 
However, among the vast biodiversity present, only a few studies of microorganisms have been 
undertaken within this context, and the natural biogeochemical cycling of trace elements within the 
soils is still widely unexplored.2,3 

This research aims at improving our understanding of the distribution and behaviour of cobalt, nickel 
and chromium in natural systems. The results presented focus on trace element biogeochemical 
cycling in Co-rich sediments undergoing redox cycling.  The geochemical and mineralogical 
composition of the lateritic soils of SEP were characterised, while the possible roles of the microbial 
communities in the mobilisation of Co, Ni and Cr within those soils are also explored. Results of 
microcosm experiments that stimulated microbial metal reduction will be presented, and discussed in 
terms of the natural geochemistry of the soils, their geographical distribution, their seasonal context 
and their microbial community composition. 
 
1 E. M. Schwarzenbach, B. C. Gill, E. Gazel and P. Madrigal, Lithos, 2016, 252, 92–108. 
2 R. D. Reeves, A. J. M. Baker and R. Romero, J. Geochemical Explor., 2007, 93, 153–159. 
3 R. Sánchez-Murillo, E. Gazel, E. M. Schwarzenbach, M. Crespo-Medina, M. O. Schrenk, J. Boll 

and B. C. Gill, Geochemistry, Geophys. Geosystems, 2014, 15, 1783–1800. 
 
  



Heat treatments of Cl-- and water-contaminated PuO2 and its analogues 
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Magnox PuO2 packaged before 1975 has become contaminated with Cl-, from thermally degraded 
PVC bags it was stored in, and water, from exposure to the atmosphere. Heat treatment is the 
preferred method for decontaminating the PuO2 for storage before either subsequent reuse as Mixed 
Oxide (MOX) fuel or safe disposal in a Geological Disposal Facility (GDF).1–6 Ion chromatography 
experiments carried out on the contaminated PuO2 show that leachable chloride on the solid decreases 
and volatilised chloride increases with increasing heat treatment temperature. Powder XRD shows no 
change in fcc Fm3̅m crystal phase with heat treatment, although high heat treatment temperatures (> 
600°C) sinter the crystals, increasing the crystal size, and anneal the lattice damage caused by self-
irradiation, decreasing the lattice parameter. When PuO2 is heated to 225°C and cooled in a sealed 
(Baskerville) vessel, a non-condensable mixture of gases (including hydrogen, helium, NO and CO), 
ideal above ~113°C, is produced, and the monolayers of water on the surface of the PuO2 decrease. 
Repeating this experiment with 0.05 mL water in a side chamber increases the number of water 
monolayers on the PuO2 surface. 

PuO2 artificially chloride-contaminated, by exposure to dry HCl vapour, and humidified in a sealed 
pot with H2SO4 (conc.) shows similar results to the Magnox PuO2 when heat treated at various 
temperatures. CeO2 analogue nanocrystals have also shown an increase in size when exposed to HCl 
vapour and following heat treatment at temperatures higher than the original calcination temperature. 
Studies on CeO2 analogues also showed that the sorption mechanisms of chloride and water are 
linked. Upon heat treatment of the contaminated CeO2 at 900 °C, the nanocrystal morphology 
resembles that of PuO2 in TEM images, and the chloride, which was homogeneously spread on and 
within the CeO2 particles, is no longer detectable by EDX.1 

XPS and UPS studies on CeO2, CexO2-x, ThO2, UO2 and U metal thin films, involving in situ sputter 
deposition synthesis, HCl/Cl2 contamination and Thermal Programmed Desorption-Mass 
Spectrometry (TPD-MS), showed that adsorbed Cl- is not volatilised up to 800°C, but diffuses 
beneath the surfaces of the films. No change in oxidation state is observed for the metals in the metal 
oxides, but U metal oxidises upon contamination and TPD, with Cl- the only Cl species detected. XPS 
studies on spin coated CeO2 thin films contaminated with HCl vapour ex situ show a change in Ce 
oxidation state at high heat treatment temperatures from +4 to +3 for the thin films originally calcined 
at low temperatures, but Cl- remains the only Cl species present and also decreases on the CeO2 
surface, following heat treatment at high temperatures. 

1 S. Sutherland-Harper, R. Taylor, J. Hobbs, S. Pimblott, R. Pattrick, M. Sarsfield, M. Denecke, 
F. Livens, N. Kaltsoyannis, B. Arey, L. Kovarik, M. Engelhard, J. Waters and C. Pearce, Journal of 
Solid State Chemistry, 2018, 262, 16–25. 
2 L. Cadman and A. Goater, Managing the UK Plutonium Stockpile, 2016, vol. 531. 
3 Nuclear Decommissioning Authority, Progress on approaches to the management of 

separated plutonium, 2014. 
4 N. C. Hyatt, Energy Policy, 2017, 101, 303–309. 
5 Department of Energy and Climate Change, Management of the UK’s plutonium stocks: A 

consultation on the long-term management of UK owned separated civil plutonium, 2011. 
6 P. Cook, H. Sims and D. Woodhead, Actinide Research Quarterly, 2013, August, 20–25. 
  



Evolution of uranium speciation during sulfidation of iron (oxyhydr)oxides 
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Uranium is a significant contaminant at shallow subsurface contaminated land sites impacted by 
mining and nuclear fuel cycle operations, and is also present in radioactive wastes destined for deep 
geological disposal. In both systems iron (oxyhydr)oxide phases (e.g. ferrihydrite) will be ubiquitous. 
In addition, sulfate-reducing bacteria will be present and may reduce sulfate in groundwaters to 
sulphide via microbial metabolism of electron donors (e.g. hydrogen and organics) present in the 
wastes. Here, we explore the evolution in uranium speciation during the abiotic sulfidation of model 
iron (oxyhydr)oxide phases (ferrihydrite and magnetite) with sorbed uranium. Geochemical aqueous 
analyses, X-ray Photoelectron Spectroscopy, X-ray Absorption Spectroscopy (XAS), and 
transmission electron microscopy have been used to gain a detailed mechanistic insight into the 
pathway of mineral transformation and uranium speciation during the sulfidation process. 
Experiments were monitored under controlled conditions using a chemostat reactor. Experimental pH 
and sulfide addition were controlled, with sulfidation taking place over six hours. In systems with 
U(VI) adsorbed to ferrihydrite, sulfidation caused the ferrihydrite to transform to nanocrystaline FeS 
(mackinawite). Initially, the majority of the U(VI) present was adsorbed to the surface of ferrihydrite. 
As sulfidation occurred, ferrihydrite was slowly transformed into amorphous FeS (nanoparticulate 
mackinawite) and uranium was transiently released into solution at low but measurable levels. U 
EXAFS analysis of samples during this transformation suggested a complex pathway of U(VI) 
transition to U(IV), via a transient and novel U(VI)-S species. In the latter stages of sulfidation and 
after sulfidation, nanoparticulate mackinawite became the dominant iron mineral, with uranium being 
removed from solution and reduced to nanoparticulate uraninite (UO2). Our results demonstrate that 
transition from oxic to sulfidic conditions occurs via complex mechanisms involving transient release 
of uranium and intermediate species formation, with the ultimate fate of uranium being solid UO2. 

 

Figure 1 A schematic of the proposed pathway of sulfidation of U(VI) sorbed to ferrihydrite with 
XAS data for each stage of the reaction.  



Searching for the elusive U(V) during microbially mediated reduction of U(VI) 
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The addition of simple organic electron donors such as acetate has been shown to support the 
microbial reduction of soluble U(VI) to insoluble U(IV), immobilising the radionuclide in 
contaminated sediments.   Although this “bioremediation” process has been reported widely, the 
mechanism(s) is not well understood. It is believed that the bioreduction of U(VI) by model Fe(III)-
reducing bacteria such as Geobacter spp. and Shewanella spp. proceeds via a pentavalent uranyl(V) 
intermediate stage and that U(V) will be found in the aqueous supernatant during biotransformation, 
prior to disproportionation reactions that lead to the formation of poorly soluble U(IV) biominerals. 

Earlier work has demonstrated enzymatic single-electron transfer to U(VI) species forming 
intermediate U(V) states in Geobacter sulfurreducens (Jones et al. 2015; Renshaw et al. 2005). We 
are expanding the focus of this work to see if this mechanism is more widely distributed, using 
another model Fe(III)-reducing species Shewanella oneidensis MR-1. Here we provide an overview of 
data to date, including measurements made using fluorometry and XAS. 

Jones, D.L. et al. 2015. “Fluorescence Spectroscopy and Microscopy as Tools for Monitoring Redox 

Transformations of Uranium in Biological Systems.” Chem. Sci. 6(9): 5133–38. 
http://xlink.rsc.org/?DOI=C5SC00661A. 

Renshaw, J.C. et al. 2005. “Bioreduction of Uranium: Environmental Implications of a Pentavalent 

Intermediate.” Environmental Science and Technology 39(15): 5657–60. 
 
  



The use of PHREEQC in characterising the fate of heavy metals in mine water 

White-Pettigrew, Matthew 

The controls on the dissolved heavy metal concentrations within the discharge water from an 
abandoned mine were investigated. Characterising the behaviour of dissolved heavy metals in 
aqueous solutions, in particular Zn2+, has strong implications on environmental management. Water 
and sediment samples were obtained from the Force Crag Mine in the Lake District National Park for 
heavy metal analysis. The adit solution, being the water directly draining the mine, possessed a 
circumneutral pH with a zinc concentration of 2.91 mg/L, as well as elevated concentrations of other 
potentially toxic heavy metals such as cadmium and lead. Water draining the tailings pile marginally 

contained the highest lead concentration being 4 g/L.  

The fate of zinc and the mechanisms by which its elevated concentrations within the mine’s 

adit solution dissipated downstream are most heavily scrutinised. Geochemical modelling was used to 
replicate reactions that produced the observed zinc concentrations. These zinc attenuation processes 
include the formations of surface complexes and ideal solid solutions.  Geochemical code was also 
used to model two different techniques of remediation. The first involved separate reaction progress 
simulations where the effects of adding calcite and organic matter (CH20) to the adit solution were 
compared. The simulation outputs confirmed that adding organic matter removes almost all of the adit 
solution’s zinc. Seeing a calcite addition marginally reduced the adit water’s zinc concentration by 

1.5x10-5M, it was implied that a different mechanism was responsible for this observation. The second 
model analysed the behaviour of a permeable reactive barrier filled with various amounts of zero 
valent iron. This model predicts the efficient precipitation of reduced metal sulphide species such as 
pyrite and sphalerite. This study reports that modelling zinc removal by the formation of ideal solid 
solutions proved too simplistic, whilst the surface complexation model is also flawed. This study also 
assesses the viability of present treatment ponds. 

  



Interaction of molybdenum with hematite and magnetite 
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Molybdenum (Mo) is important to the early evolution of life in the oceans and low concentrations of 
Mo delayed evolution in the early sulphidic and anoxic ocean by limiting the expansion of nitrogen-
fixing cyanobacteria and diversification of eukaryotes [1]. However, at high concentrations Mo can 
become toxic to animals and plants, including humans [2]. Mo commonly occurs in oxic 

environments as the tetrahedral oxyanion molybdate (Mo(VI)O4
2-

), which can be found in soils 

associated with the extractive industries, including mining and steel waste and in high concentrations 
in soils to lead to molybdenosis in ruminants resulting in copper deficiency [3]. Iron minerals (such as 
hematite (Fe2O3) and magnetite (Fe3O4)) are ubiquitous in soils and marine sediments and can 

strongly affect the mobility of contaminant metals in the subsurface; in particular through absorption 
of metals due to the high surface area of minerals [4].  

Previous work on the absorption characteristics of Mo onto iron oxides has focused primarily on 
ferrihydrite and goethite [3,4,5] and to some extent hematite [6] but there is little data on the 
interactions of Mo with magnetite. The aim of this project is to characterise the adsorption behavior of 

molybdate (Mo(VI)O4
2-

) to hematite and magnetite under varying environmental conditions 

including a range of pH (4-14), adsorbent concentrations and different ionic strengths. In addition, the 
project will determine the speciation and bonding environment of Mo to the surfaces of these 
important iron minerals using X-ray Absorption Near Edge Structure (XANES) and Extended X-ray 
Absorption Fine Structure (EXAFS). Preliminary data indicates Mo(VI) could be reduced to Mo(IV) 
by magnetite at a wide pH range. Further EXAFS investigations into sorption mechanisms of Mo onto 
hematite and magnetite gain a detailed molecular scale understanding of Mo adsorption mechanisms, 
linked to aqueous data and geochemical modelling (PHREEQC) to provide comprehensive data for 
determining the environmental modality of Mo in a variety of geochemical scenarios.  
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