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Abstract 19 

We report on a systematic study on the physicochemical attributes of synthetic Fe-Cu-sulfide 20 

nanoparticles (NPs) precipitated under conditions similar to the anoxic, low temperature 21 

aqueous, sedimentary, soil and subsurface environments where these NPs have been repeatedly 22 

identified. Characterizing the basic attributes of these NPs is the first step in understanding their 23 
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behaviors in various processes including in the bio-availability of essential and toxic metals, 24 

environmental remediation and resource recovery. All experiments are performed in the presence 25 

and absence of the sulfate-reducer Desulfovibrio vulgaris to elucidate biological controls on NP 26 

formation. First, the single-metal endmember NPs are determined by precipitation in solution 27 

containing either aqueous Fe(II) or Cu(II). Limited differences are observed between biogenic 28 

and abiogenic precipitates aged for up to one month; the Fe-only experiments resulted in 4-10 29 

nm mackinawite (FeS) NPs that aggregate to form nanosheets up to ~1,000 nm in size, while the 30 

Cu-only experiments resulted in mixtures of covellite (CuS) NPs comprised of <10 nm fine 31 

nanocrystals, 20-40 x 6-9 nm nanorods and ~30 nm nanoplates. The crystal sizes of biogenic 32 

mackinawite and covellite are respectively larger and smaller than their abiogenic counterparts, 33 

indicating a mineral-specific response to biological presence. Structural defects are observable in 34 

the fine nanocrystals and nanorods of covellite in both biogenic and abiogenic experiments, 35 

indicative of intrinsic NP instability and formation mechanism via particle attachment. In 36 

contrast, covellite nanoplates are defect-free, indicating high stability and potentially rapid 37 

recrystallization following particle attachment. Next, mixed-metal sulfide NPs are precipitated at 38 

variable initial aqueous Fe-to-Cu ratios (2:1, 1:1 and 1:5). With increasing ratio of Fe-to-Cu, Fe-39 

rich covellite, nukundamite (Cu5.5FeS6.5), chalcopyrite (CuFeS2), and Cu-rich mackinawite are 40 

formed. The Fe-rich covellite NPs are larger (100-200 nm) than covellite precipitated in the 41 

absence of Fe, indicating a role for Fe in promoting crystal growth. Chalcopyrite and 42 

nukundamite are formed through incorporation of Fe into precursor covellite NPs while retaining 43 

the original crystal morphology, as confirmed by doping a covellite suspension with aqueous 44 

Fe(II), resulting in the formation of chalcopyrite and nukundamite within days. Additionally, in 45 

the biological systems we observe the recrystallization of mackinawite to greigite (Fe3S4) after 46 
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six months of incubation in the absence of Cu, and the selective formation of chalcopyrite and 47 

nukundamite at lower initial Fe-to-Cu ratios compared to abiotic systems. These observations are 48 

consistent with NP precipitation that are influenced by the distinct (sub)micro-environments 49 

around bacterial cells compared to the bulk solution. Comparative TEM analyses indicate that 50 

the synthetic NPs are morphologically similar to NPs identified in natural environments, opening 51 

ways to studying behaviors of natural NPs using experimental approaches.  52 

 53 

Keywords: metal sulfide nanoparticle, mackinawite, covellite, chalcopyrite, greigite, biomineral 54 

 55 

Introduction 56 

Metal sulfide nanoparticles (NPs) such as FeS, CuS and ZnS, are being increasingly 57 

recognized as important and understudied components in the biogeochemical cycling of sulfur 58 

and heavy metals in a variety of natural settings (e.g. Luther and Rickard, 2005; Hochella et al., 59 

2008; Sharma et al., 2015). In environments such as floodplain soils and estuaries, the 60 

precipitation and dissolution of metal sulfide NPs under variable redox conditions affect the 61 

sequestration and release of toxic metals into the ecosystem and surrounding waters (Weber et 62 

al., 2009a; Fulda et al., 2013; Hofacker et al., 2013; Niu et al., 2018). In heavy-metal 63 

contaminated riverbeds and subsurface aquifer sediments, the phase and morphology of metal 64 

sulfide NPs formed in situ greatly affect the efficiency of environmental remediation via heavy 65 

metal immobilization (Labrenz et al. 2000; Moreau et al. 2004; Hochella et al. 2005; Qafoku et 66 

al. 2014; Xu et al. 2017). The formation of metal sulfide NPs also act as an important step for 67 

resource recovery of precious metals from mine tailings and industrial processes (Liang et al. 68 
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2012; Falagán et al. 2017). Additionally, metal sulfide NPs released from hydrothermal vents on 69 

seafloors are important carriers of trace metal nutrients to the ocean (Yücel et al. 2011; Gartman 70 

et al. 2014). The ubiquity of metal sulfide NPs, their higher stabilities compared to aqueous 71 

phases, and their unique properties such as high surface reactivity compared to their larger 72 

counterparts lend them an important role in mediating the biogeochemical cycling of elements 73 

and in maintaining the balance of microbial ecology.  74 

The high reactivity of metal sulfide NPs stems from a number of properties unique at the 75 

nano-scale that disappears once minerals reach sizes greater than several to many tens of 76 

nanometers. Nanoparticles are characterized by high surface areas and high concentration of 77 

atomic defects near the crystal surface that provide active reaction sites (e.g. Banfield and Zhang, 78 

2001; Hochella et al., 2008; Eskelsen et al., 2018). These properties may enable certain bacterial 79 

metabolisms. For example, Bosch et al. (2012) demonstrated that nano-sized (but not micron-80 

sized) pyrite can be utilized by microbes as a source of sulfur for sulfur oxidation coupled to 81 

nitrate reduction. Additionally, thermodynamically metastable and potentially highly reactive 82 

metal sulfide phases may exist at the nano-scale, as demonstrated by the precipitation of wurtzite 83 

(hexagonal ZnS; Moreau et al., 2004; Xu et al., 2016) and α-NiS (Sitte et al. 2013) in low 84 

temperature biological systems. Empirical observations and calculations demonstrate that even at 85 

low abundances, NPs may be the most important component of a geochemical system as a result 86 

of their high reactivities (Hochella et al. 2012). 87 

The reactivity and physicochemical attributes (size, morphology, phase, elemental 88 

compositions) of metal sulfide NPs are strongly affected by their formation mechanism(s). 89 

Classical models (e.g. Benning and Waychunas, 2008) describe formation via addition of simple 90 

ions (e.g. aqueous metals) until a sufficient density is reached to form a nucleus. This nucleus 91 
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tends to be a metastable phase that will dissolve and reprecipitate to form larger and more stable 92 

mineral phases in a process termed Ostwald ripening. In the past two decades, an alternative 93 

pathway for crystal formation in the form of particle attachment has come into light (reviewed 94 

by De Yoreo et al., 2015). Through this pathway, crystal nucleation and growth are mediated by 95 

attachment of smaller primary units, which may range from sub-nanometer sized aqueous 96 

clusters to NPs tens of nanometers in size. The particle attachment pathway tends to be dominant 97 

at high supersaturation when nucleation events are common (De Yoreo et al. 2015), a condition 98 

that is easily satisfied for metal sulfides due to their low solubilities (Rickard and Luther 2006). 99 

The nucleation of metal sulfides most likely results from assembly of aqueous clusters (e.g. 100 

Fe2S2, Cu3S3, Zn3S3 less than 1 nm in size; Luther and Rickard, 2005), followed by growth via 101 

oriented attachment of discrete nanocrystals (Pileni et al. 1997; Libert et al. 2003; Moreau et al. 102 

2004; Schliehe et al. 2010; Mullaugh and Luther 2011; Xu et al. 2016). Misalignments during 103 

particle attachment may result in defects in the crystal structure, which contribute to the 104 

nanoparticle reactivity if the defects are not eliminated through recrystallization (Penn and 105 

Banfield 1998; Echigo et al. 2012; Eskelsen et al. 2018).  106 

The physicochemical attributes of naturally-occurring metal sulfide NPs can greatly impact 107 

their roles in biogeochemical cycles. It is however challenging to characterize natural NPs due to 108 

their relatively low abundances and the current technical limitation in separating them from the 109 

environment (e.g. Lead and Wilkinson, 2006; Caraballo et al., 2015). Metal sulfide NPs also tend 110 

to be altered immediately in the presence of oxygen and thus requires strict anoxic sampling and 111 

storage procedures prior to analyses. To circumvent these challenges, metal sulfide NPs can 112 

instead be precipitated under specified and controlled laboratory conditions. A few 113 

generalizations can be made in order to aid experimental designs that yield results relevant to 114 
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natural settings. First, the majority of metal sulfides are precipitated in low temperature anoxic 115 

zones as a result of sulfate reduction metabolism by microorganisms (Berner 1984; Picard et al. 116 

2016). Experiments have shown that besides supplying the sulfide source, the presence of 117 

microbial cell walls and extracellular organic compounds also play major roles in modifying the 118 

formation mechanism, size, shape, phase, solubility and aggregation state of the precipitates 119 

(Gramp et al. 2006, 2010; Moreau et al. 2007; Sitte et al. 2013; Xu et al. 2016; Picard et al. 120 

2018). Second, natural metal sulfides precipitate in complex solution containing other inorganic 121 

metals, which may result in co-precipitation of mixed-metal sulfide NPs such as chalcopyrite 122 

(CuFeS2; Hochella et al., 2005; Fulda et al., 2013; Gartman et al., 2014), Zn-Fe sulfides (Zbinden 123 

et al. 2001) and Cu-Cd-Pb sulfides (Hofacker et al. 2013). Some metal sulfides may also exist 124 

within pyrite grains as nano- to micro-sized inclusions (Large et al. 2014; Gregory et al. 2015). 125 

These mixed-metal sulfides will likely have different attributes and reactivities compared to 126 

single-metal sulfides, which highlights the need for systematic studies on their properties to 127 

better constrain their impacts to the environment. Furthermore, any characteristics that are 128 

unique to biogenic or abiogenic NPs can be used as biosignatures (Des Marais et al. 2008; 129 

Horneck et al. 2016) or to differentiate between natural (often biogenic) and engineered (often 130 

abiogenic) NPs that are increasingly being released to the environment (e.g. Nowack et al., 131 

2012).  132 

To this end, we conducted a study aiming to characterize the physicochemical attributes and 133 

formation mechanisms of Fe-Cu sulfide NPs precipitated under anoxic conditions in the presence 134 

and absence of sulfate reducing bacteria. X-ray diffraction (XRD) was used in conjunction with 135 

transmission electron microscopy (TEM)-based analyses such as selected area electron 136 

diffraction (SAED) and energy dispersive X-ray spectroscopy (EDS) to provide data at the bulk 137 
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sample and individual crystal scale, respectively. Depending on the initial aqueous Fe-to-Cu 138 

ratios, we find that either nanoparticulate mackinawite (FeS), covellite (CuS), chalcopyrite 139 

(CuFeS2) and/or nukundamite (Cu5.5FeS6.5) is/are formed. Covellite NPs show significant 140 

variation in Fe content and morphology (fine-scale spheroids vs nanorods vs nanoplates) 141 

depending on the synthesis conditions and even within a single reaction system. The presence of 142 

defects in covellite with certain morphology implicates formation by particle attachment 143 

followed by potentially rapid recrystallization. Chalcopyrite formation is found to proceed 144 

through incorporation of Fe into precursor covellite NPs, which adds to the poorly understood 145 

pathway of low temperature chalcopyrite formation. The presence of bacteria modifies the 146 

crystal sizes, the phases formed (e.g. unique bio-greigite (Fe3S4) formation from mackinawite) 147 

and the selectivity of mineral precipitation (e.g. more chalcopyrite) compared to abiotic systems. 148 

We hypothesize that these changes are induced by precipitation within local microenvironments 149 

surrounding the bacterial cells with different chemistry compared to the bulk solution. To our 150 

best knowledge, the reported work is the first systematic study on mixed Fe-Cu sulfide NPs 151 

precipitated in low-temperature aqueous solutions that are similar to environments on the 152 

majority of the Earth’s (sub)surface.     153 

 154 

Background: Fe-Cu-sulfide mineral system 155 

Iron sulfides such as mackinawite (tetragonal FeS), greigite (cubic Fe3S4) and pyrite (cubic 156 

FeS2) are common constituents of low temperature anoxic environments on the Earth’s 157 

(sub)surface (reviewed by Rickard and Luther, 2007). Multiple experiments have shown that the 158 

earliest phase precipitated during the reaction of Fe(II) with sulfide in aqueous solution is 159 

nanoparticulate mackinawite (e.g. Schoonen and Barnes, 1991; Harmandas and Koutsoukos, 160 
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1996; Herbert et al., 1998; Benning et al., 1999; Wolthers et al., 2003; Michel et al., 2005; Ohfuji 161 

and Rickard, 2006; Csákberényi-Malasics et al., 2012; Zhou et al., 2014; Picard et al., 2018). The 162 

nucleation of mackinawite is mediated by the assembly of sub-nanometer aqueous clusters in the 163 

form of Fe2S2, followed by crystal growth via aggregation and attachment of the nuclei (Luther 164 

and Rickard 2005). Iron isotopic studies support the growth of mackinawite through aggregation 165 

(Guilbaud et al. 2010), although direct observation of FeS particle attachment has not been 166 

observed to our knowledge. In the presence of either trace oxidants (e.g. oxygen, elemental 167 

sulfur, oxidized species on mineral surfaces), trace Ni, bacteria, acidic pH or high temperatures, 168 

mackinawite can be transformed into greigite and pyrite within days to weeks (Rickard 1975; 169 

Luther 1991; Harmandas et al. 1998; Benning et al. 2000; Rickard and Luther 2007; Gramp et al. 170 

2010; Bourdoiseau et al. 2011; White et al. 2015; Morin et al. 2017; Wan et al. 2017; Picard et 171 

al. 2018). Mackinawite may also contain and adsorb significant amounts of trace metals such as 172 

Ni, Mn, Cu, Co and Zn, and likely play a key role in trace metal sequestration in the environment 173 

(e.g., Morse and Arakaki, 1993; Parkman et al., 1999; Veeramani et al., 2013; Zavašnik et al., 174 

2014; Ikogou et al., 2017; Wilkin and Beak, 2017). 175 

Copper sulfides in general are trace components in environments on the Earth’s surface, 176 

except in environments exposed to effluents from Cu-rich mining sites (Weber et al., 2009b; 177 

Fulda et al., 2013; Hofacker et al., 2013). It is difficult to identify the exact phase(s) of Cu-178 

sulfides present in nature as the Cu-S mineral system contains a variety of phases with variable 179 

Cu-to-S ratios, redox states and crystal structures (XRD patterns for each shown in Fig. S1). 180 

Experiments in low temperature aqueous solutions however indicate that covellite (hexagonal 181 

Cu(I)S) is the most common product (Gramp et al. 2006; Sampaio et al. 2009; da Costa et al. 182 

2013; Ikkert et al. 2013). Similar to mackinawite, nucleation of Cu-sulfides is thought to result 183 
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from the assembly of aqueous clusters such as Cu3S3 and Cu4S6 (Luther et al., 2002; although see 184 

Ciglenečki et al., 2005 for a debate on the existence of Cu-sulfide clusters). Copper is typically 185 

supplied as the Cu2+ ion, which must undergo reduction to Cu+ prior to covellite formation. The 186 

reduction process occurs within minutes in the presence of sulfide (Pattrick et al. 1997; Luther et 187 

al. 2002). No TEM-based studies have yet been performed to determine the formation 188 

mechanism of covellite precipitated in low temperature aqueous solutions. Experiments done in 189 

high temperature organic solvents indicate that aggregation and attachment of the nuclei are 190 

likely the primary mechanism for crystal growth of various copper sulfide nanocrystals (Xu et al. 191 

2006; Du et al. 2007; Zhang et al. 2008; Li et al. 2011).  192 

The mixed Fe-Cu-sulfide mineral system is much less studied compared to pure Fe- or Cu-193 

sulfide mineral system especially under low temperature aqueous conditions. There are several 194 

known mixed Fe-Cu-sulfide minerals ranging from the Fe-rich endmember of cubanite 195 

(CuFe2S3) to the Cu-rich endmember of nukundamite (Cu5.5FeS6.5) (XRD patterns for each 196 

shown in Fig. S2). Among these minerals, chalcopyrite (CuFeS2) is arguably the most common 197 

phase on the Earth’s (sub)surface. The oxidation states of Cu and Fe in chalcopyrite have been a 198 

subject of intense debate, although recent studies indicated Cu exists in the monovalent state 199 

(Cu+) and Fe in the trivalent state (Fe3+) (Boekema et al. 2004; Goh et al. 2006; Pearce et al. 200 

2006; Klekovkina et al. 2014; Conejeros et al. 2015). Since the 1960s, there are a few studies 201 

focusing on the formation mechanism for chalcopyrite in low temperature aqueous solutions. 202 

Roberts (1961) formed chalcopyrite by attaching thin blocks of pyrrhotite (Fe1-xS; x < 0.2) and 203 

covellite together, prompting the suggestion that chalcopyrite was formed via solid state 204 

diffusion of Fe into covellite. Later on, Roberts (1963) formed chalcopyrite by mixing equimolar 205 

amount of aqueous Fe and Cu with excess sulfide. On the basis of the fast reaction rate on the 206 
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order of minutes, he revised his earlier hypothesis and concluded that chalcopyrite formation 207 

must proceed through aqueous-mediated recrystallization of Fe- and/or Cu-sulfides. Cowper and 208 

Rickard (1989) repeated Roberts’ earlier experiments and found contradictory results. In the 209 

presence of excess sulfide, they did not form chalcopyrite either by reacting (i) solid Fe-sulfides 210 

+ solid Cu-sulfides, (ii) aqueous Fe + aqueous Cu, or (iii) aqueous Fe + solid Cu-sulfides. The 211 

only reaction capable of forming chalcopyrite was through the addition of aqueous Cu to solid 212 

Fe-sulfides. They therefore concluded that chalcopyrite can only form through reactions between 213 

aqueous Cu and a precursor Fe-sulfide mineral, consistent with the formation of Fe-sulfide 214 

phases prior to chalcopyrite formation in later studies (Parkman et al. 1999; Karnachuk et al. 215 

2008; Ikkert et al. 2013).  216 

 217 

Materials and Methods 218 

The experiments were performed at (i) different initial aqueous Fe-to-Cu ratios (MFe/Cu) and 219 

(ii) in the presence and absence of sulfate reducing bacteria in order to systematically study the 220 

factors controlling the formation of mixed-metal sulfide NPs. All experiments were performed in 221 

acid-cleaned serum vials to prevent trace metal carry-overs. Sample preparation and 222 

experimental procedures were conducted under anoxic conditions unless otherwise specified. 223 

Anoxic solutions were prepared by boiling for 20 min and N2 degassing for another 20 minutes, 224 

followed by storage under pure N2 or N2/H2 (97%/3%) headspace. A modified metal toxicity 225 

medium (MTM) was used as the precipitation matrix, which contains (per liter): 3.8 ml 80% 226 

lactic acid, 2.23 g Na2SO4, 0.06g CaCl2.2H2O, 1.0 g NH4Cl, 1.0 g MgSO4.7H2O, 0.05 g yeast 227 

extract, 0.5 g tryptone and 2.83 g HEPES. Initial pH was adjusted to 7.2 by the addition of 228 
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NaOH. Metal stock solutions were prepared separately as 20 mM CuCl2.2H2O or 10 mM 229 

FeSO4.7H2O (the latter in pH 2 HCl solution matrix to prevent oxidation) and then later added 230 

into the medium. Five different systems with variable MFe/Cu were tested: 1:0 (that is, 1,000 µM 231 

Fe with no added Cu), 2:1, 1:1, 1:5 and 0:1 (500 µM Cu with no added Fe). The mixed metal 232 

systems were prepared either by keeping the Cu concentration constant at 500 µM while varying 233 

the Fe concentrations, or by maintaining a constant total metal concentration of 500 µM. The 234 

resultant precipitates were collected for analyses after 4 to 30 days of incubation. Long-term 235 

changes were also monitored by collecting precipitates after up to 6 months of incubation. 236 

 237 

Bacterial cell cultures and biological precipitation  238 

Biological precipitation experiments were conducted by utilizing the sulfate reduction 239 

metabolism of Desulfovibrio vulgaris strain DSM 644 (also known as ATCC 29579 or strain 240 

Hildenborough) as a gradual sulfide source. The culture was maintained at either 4°C or 30°C 241 

over a period of weeks to months in modified Postgate medium (DMSZ medium #63; media 242 

composition detailed in Xu et al., 2016). Prior to each precipitation experiments, the culture was 243 

inoculated at 1% v/v into MTM and allowed to grow for 72 hours at 30°C while shaking. This 244 

step was crucial to remove metals that might be carried over from the Fe-rich Postgate medium. 245 

Sulfide concentrations were monitored through the methylene blue assay (Hach Co., CO, USA) 246 

at this stage and reached a maximum of 15 mM after 3 days. The cells were then inoculated at 247 

1% v/v into 100 ml of metal-amended MTM for the actual precipitation experiments. Within a 248 

day of incubation at 30°C while shaking, black or dark brownish metal sulfide precipitates 249 

formed in the cultures, and each sample was separated into two aliquots for XRD (~80 ml) and 250 
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TEM (~5 ml) analyses. Precipitates were first pelleted by centrifugation at 15,000g for 5 min. 251 

Pellets for XRD were washed once with 10 ml anoxic H2O prior to being resuspended in ~0.8 ml 252 

of anoxic H2O and allowed to dry on a glass slide as a thin film. Pellets for TEM were treated 253 

with 10 ml of anoxic 0.1% Triton-X solution containing lysozyme and proteinase K (100 µg/ml 254 

of each) for 1 hour at 45°C to lyse associated bacterial cells, which were then removed from the 255 

NP fraction by centrifugation at 15,000g for 15 min. The NPs were washed once with 10 ml 256 

anoxic H2O before being set aside for TEM analyses.      257 

 258 

Abiotic precipitation 259 

Abiogenic metal sulfide NPs were precipitated through titration of 50 ml of 15 mM 260 

Na2S.9H2O (in MTM matrix, pH 7.2) into 50 ml of metal-amended MTM at a rate of 2 ml/hr 261 

inside the anaerobic chamber. The solutions were kept well-mixed using a Teflon-coated 262 

magnetic stir bar. At the end of the titration, the stir bar was removed to prevent 263 

nucleation/growth effect due to added surface areas. Aggregates of NPs were separated by 264 

filtration through a 0.2 µm pore size mixed cellulose ester membrane; the solution remained 265 

clear during this step. The NP residues were then resuspended in 1 ml anoxic H2O through 266 

repeated mixing by a pipettor. Approximately 0.8 ml of each sample was dried onto a glass slide 267 

for XRD analyses, while the rest was stored in H2O until being prepared for TEM analyses.        268 

 269 

Characterization 270 

X-ray diffraction patterns of precipitates were collected using a Rigaku Miniflex II equipped 271 

with a Cu Kα source. Individual scans were collected from 10 to 60° 2θ angle with a step size of 272 
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0.05° and scan speed of 0.25°/min, totaling a collection time of ~3.3 hours per sample. 273 

Background correction was performed manually in Jade software using a scan collected from a 274 

blank glass slide as reference. Average crystal size (L) along a plane was estimated using the 275 

Scherrer equation:  276 

L = K λ / (β cos θ)          (1) 277 

where K is the Scherrer shape constant (assumed to be 0.9; Langford and Wilson, 1978), λ is the 278 

X-ray wavelength (0.15418 nm for Cu Kα), β is the full width half maximum (FWHM) of a peak 279 

corresponding to a particular plane and θ is the angle position of a peak. Intrinsic instrument 280 

broadening can contribute to error in β. This error was estimated by comparison to a commercial 281 

copper oxide nanoparticle (product #544868 from Sigma Aldrich) with known XRD-derived 282 

crystal sizes of 18 nm (Triboulet et al. 2015). From this analysis, measurement errors contributed 283 

by β are expected to be < 1 nm for crystal sizes under 10 nm.  284 

Samples for TEM analyses were prepared in the anaerobic chamber by diluting in anoxic 285 

H2O followed by sonication for up to one hour to disperse any aggregates. Between 2.5 and 10 µl 286 

of dispersed samples were dried onto Ni-coated grids (HC200-Ni, Electron Microscopy 287 

Sciences, PA, USA) and shipped in an anoxic container (SampleSaverTM Storage Container, 288 

model SS-100/200, South Bay Technology Inc., CA, USA) to the NanoEarth facility at Virginia 289 

Tech. Samples were imaged within two weeks of shipping using a JEOL-2100 TEM operating at 290 

200 kV. There were no observable differences between samples that were dried immediately on 291 

the TEM grids and samples that were stored in anoxic H2O for a few months prior to drying.  292 

Elemental ratios (e.g. sulfur/metal) were measured with energy dispersive X-ray 293 

spectroscopy (EDS) with a silicon drift detector and quantified using the standardless analysis 294 
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method (Newbury and Ritchie, 2014). EDS spot analysis was conducted with a beam size of 20-295 

500 nm in diameter, while mapping analysis was conducted in scanning-TEM (STEM) mode 296 

with a beam size of 3-10 nm. Samples exhibiting oxygen peaks that were higher than the grid 297 

background (i.e., indicative of oxidation) were discarded from interpretation. D-spacing values 298 

for NPs were measured on selected area electron diffraction patterns (SAED) in 299 

DigitalMicrograph software. In high-resolution images where lattice fringes were clearly visible, 300 

d-spacing values were also measured directly by averaging several interplanar distances or in 301 

reciprocal space, based on the patterns derived after applying Fast Fourier Transform (FFT) in 302 

Digital Micrograph. These methods gave d-spacing values that were consistent within ± 0.05 Å.  303 

 304 

Results & Discussion 305 

The metal sulfide NPs precipitated in this study display significant variations in their phase, 306 

morphology and elemental compositions, primarily as a function of the initial aqueous Fe-to-Cu 307 

ratios (MFe/Cu). In the following sections, we first describe the physicochemical attributes of these 308 

NPs under each of the tested conditions. The formation mechanism(s) associated with these NPs 309 

in single-metal systems, and how such mechanisms may be modified in mixed-metal systems, 310 

are discussed. Additionally, the subtle differences in biogenic and abiogenic NPs are detailed and 311 

the specific biological mechanisms causing these differences are proposed. Finally, the 312 

physicochemical attributes of the synthetic NPs in this study are compared to those of naturally-313 

occurring NPs to ascertain if experimental approaches can be utilized to gain insight into NP-314 

mediated reactions in the natural biogeochemical cycling of metals and sulfur.  315 

 316 
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Initial Fe-to-Cu ratios as the primary control on the physicochemical attributes of biogenic 317 

and abiogenic nanoparticles  318 

At 1:0 MFe/Cu (Fe with no added Cu), mackinawite is the only phase detectable by XRD 319 

within 30 days of incubation. Both biogenic and abiogenic precipitates display a prominent XRD 320 

peak at 2θ angle of ~17° corresponding to the (001) plane of mackinawite (Fig. 1a). Estimated 321 

crystal sizes based on the (001) XRD peak indicate slightly larger biogenic mackinawite (7 to 9 322 

nm) than abiogenic mackinawite (4 to 6 nm) (Table 1). All other peaks are either small or broad, 323 

consistent with the nanoparticulate nature of the precipitates. Under TEM, both abiogenic and 324 

biogenic mackinawite are observed to adopt wrinkled nanosheet morphology ~300 to 1,000 nm 325 

in size (Fig. 2a). This morphology is similar to mackinawite aggregates precipitated in other 326 

experimental studies (Ohfuji and Rickard 2006; Csákberényi-Malasics et al. 2012; Veeramani et 327 

al. 2013; Picard et al. 2018). Close observations of the nanosheets reveal electron dense, fibrous-328 

like structures with d-spacing of 5.04 Å (Fig. 2b-c), corresponding to the (001) planes of 329 

mackinawite (Lennie, 1995; Table 2). These areas are interpreted to reflect regions where the 330 

nanosheet can be viewed edge-on, in cross-section, revealing the (001) plane. The SAED 331 

patterns derived from the nanosheets show diffuse rings with d-spacing values that corresponded 332 

to the (200), (111), (002) and (101) planes of mackinawite (Fig. 2d). The (001) diffraction ring, 333 

if present, is difficult to see due to its proximity to the high intensity (000) center spot. After six 334 

months of incubation, mackinawite remains as the sole material detectable by XRD with no 335 

significant change in the crystal sizes. Interestingly, TEM observations reveal minor amounts of 336 

30-50 nm nanoplates in the biological systems that are absent in abiotic systems. Analysis of the 337 

SAED patterns derived from these nanoplates show that they are single crystals of greigite (Fig. 338 

3a-b) or greigite aggregated with mackinawite (Fig. 3c-d).  339 
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At 0:1 MFe/Cu (Cu with no added Fe), covellite is the only phase detectable by XRD for both 340 

biogenic and abiogenic precipitates, with higher crystallinity associated with the latter (Fig. 1b). 341 

Three morphologies of NPs are observed for both abiogenic and biogenic samples: fine 342 

nanocrystals < 10 nm in size (Fig. 2e), ~35 nm long nanorods (Fig. 2f) and ~40 nm wide 343 

nanoplates with poorly-defined edges (Fig. 2f-g). The SAED patterns collected from aggregates 344 

of the fine nanocrystals and nanoplates show diffuse rings as well as distinct diffraction spots 345 

with overlapping d-spacing values that are consistent with covellite (Fig. 2h; Table 2). Similarly, 346 

elemental S-to-Cu ratios (via EDS) of the nanorods and nanoplates indicate a ratio of 1.0 ± 0.1 (n 347 

= 2 each), consistent with covellite. However, the fine nanocrystals occasionally display excess S 348 

relative to Cu (up to S/Cu = 1.5), which could be due to sulfur adsorption to the NPs’ surface or 349 

trace quantities of villamaninite (CuS2).  350 

High-resolution TEM images of both biogenic and abiogenic covellite nanorods reveal lattice 351 

fringes perpendicular to the elongation direction, with d-spacing values that correspond to either 352 

the (102) or (103) plane (Fig. 3e-g). All of the imaged nanorods display electron dense regions 353 

that we interpret to indicate randomly-located defects within the crystal structures. Depending on 354 

the orientation of the nanorods with respect to the electron beam, we can observe that some 355 

nanorods display clear defects in the form of atomic dislocations (Fig. 3h). For these defect-356 

containing nanorods, the measured d-spacing (perpendicular to the elongation direction) vary 357 

from 2.82-2.95 Å; this value range falls in between the (102) and (103) plane (optimal d-spacing 358 

of 3.05 and 2.82 Å respectively; Table 2). Meanwhile, covellite nanoplates in the same sample 359 

are observed to be single crystals with no visible defects within the crystal structure; d-spacing 360 

analyses indicate a prominence of the (110), (102), (103) and (100) planes depending on the 361 

viewing orientation (Fig. 3i-l).       362 
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In mixed-metal systems, the physicochemical attributes of the precipitates are dependent on 363 

the MFe/Cu but are not influenced by the total metal concentrations within the studied range. At 364 

1:5 MFe/Cu, the XRD data for the abiogenic precipitates indicate covellite as the sole precipitate. 365 

In contrast, the XRD data for the biogenic precipitates indicate the presence of covellite along 366 

with another phase that resulted in a more intense peak at 28° 2θ angle (Fig. 1c). TEM analyses 367 

for both abiogenic and biogenic samples indicate the presence of NPs with morphological 368 

similarity to fine covellite nanocrystals, nanorods and nanoplates, along with the additional 369 

occurrence of larger (100-200 nm) and thick euhedral crystals with well-developed edges (Fig. 370 

2i-l). Based on EDS, the large euhedral crystals contain Fe incorporated within its structure (Fig. 371 

4a) and display average Fe/(Fe/+Cu) ratio of 0.11 ± 0.05 and S/(Fe+Cu) ratio of 0.92 ± 0.09 (n = 372 

8). The elemental ratios are consistent with either Fe-rich covellite (Fe/(Fe+Cu) ratio of 0.01-373 

0.18; Clark, 1971; Maydagán et al., 2013; Melekestseva et al., 2017) or nukundamite (hexagonal 374 

Cu5.5FeS6.5, Fe/(Fe/+Cu) = 0.15; Rice et al., 1979). Comparison of SAED patterns collected from 375 

the biogenic and abiogenic euhedral crystals indicates one major difference between the two. 376 

While abiogenic crystals display diffraction patterns with d-spacing values that are consistent 377 

with covellite (Fig. 2l), the biogenic crystals display an additional diffraction spot/ring 378 

corresponding to a d-spacing value around 3.15 Å (Fig. 3q-t); this d-spacing corresponds to the 379 

(101) plane of nukundamite with a corresponding 28° 2θ angle in XRD spectrum (Sugaki et al. 380 

1981). Thus, abiogenic precipitates are composed of Fe-rich covellite while biogenic precipitates 381 

are composed of mixtures of Fe-rich covellite and nukundamite.  382 

At 1:1 MFe/Cu, XRD data indicate the formation of chalcopyrite (CuFeS2) in both biological 383 

and abiotic systems. In addition, smaller XRD peaks indicative of mackinawite and possibly 384 

nukundamite are also present in the abiotic system (Fig. 1d). High-resolution TEM analysis of 385 
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both biogenic and abiogenic precipitates show aggregates of 3 to 12 nm crystals with SAED-386 

derived d-spacing values of 3.07 and 1.89 Å (Fig. 2m, o-p), which can be attributed to either 387 

chalcopyrite’s (112) and (220)/(204) planes or to covellite’s (102) and (103) planes (Table 2). 388 

Elemental mapping of the nanocrystal aggregates indicates overlapping distributions of Fe, Cu 389 

and S with approximate ratios of 1:1:2 (Fig. 4b). Based on the XRD, EDS and SAED data, we 390 

therefore identify the nanocrystal aggregates as chalcopyrite. Close observations also reveal the 391 

presence of nanorods (in both the biological and abiotic systems) and nanoplates (in biological 392 

system only) that are morphologically similar to covellite precipitated in the absence of Fe (Fig. 393 

2n, Fig. 5). Based on EDS, the nanorods and nanoplates display a wide range of Fe/(Fe+Cu) 394 

ratios (0.04 to 0.43; average 0.26 ± 0.15) and S/(Fe+Cu) ratios (range of 0.74 to 1.11; average = 395 

1.00 ± 0.11). The SAED patterns derived specifically from the nanoplates and nanorods yield d-396 

spacing values that are consistent with chalcopyrite, nukundamite and covellite; these crystals 397 

likely represent a variety of Fe-Cu-S minerals with variable crystal chemistry and elemental 398 

compositions similar to chalcopyrite at one end and covellite at the other.  399 

At 2:1 MFe/Cu, chalcopyrite is the main precipitate detected by XRD along with lesser 400 

amounts of mackinawite in both biological and abiotic systems (Fig. 1e). The chalcopyrite 401 

nanocrystals were similar in morphology to the nanocrystal aggregates observed at 1:1 MFe/Cu 402 

(Fig. 2q-s). No nanorods or nanoplates are observable. Collected SAED patterns from the 403 

nanocrystal aggregates display diffuse rings with d-spacing values of 3.07 and 1.88 Å 404 

corresponding to the (112) and (204) planes of chalcopyrite (Fig. 2t). Although the presence of 405 

mackinawite is indicated by XRD data, no images of mackinawite are captured by TEM.  406 

Aged precipitates from the pure Cu or mixed Fe-Cu systems are examined up to four months 407 

following the initial precipitation to determine if the NPs evolve significantly over time. Aging 408 
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does not cause variation in the bulk XRD data, indicating that most nucleation and growth 409 

occurred within the first few days and stopped after the aqueous metal supply is exhausted due to 410 

excess sulfide production or addition. Under TEM, small changes in crystal sizes over time are 411 

discernible. Specifically, biogenic covellite nanoplates precipitated at 0:1 MFe/Cu decrease slightly 412 

in size over a period of 50 days, while the size of the nanorods remain unchanged (Fig. S3). 413 

These changes are not studied systematically for all samples and are beyond the scope of the 414 

current study.     415 

 416 

Formation mechanism(s) of Fe-Cu-sulfide nanoparticles 417 

The final size, morphology and elemental composition of the metal sulfide NPs, be it 418 

mackinawite, covellite or chalcopyrite, vary significantly depending on the initial aqueous Fe:Cu 419 

ratios, both in the absence and presence of D. vulgaris. These variations in physicochemical 420 

attributes likely stem from fundamental changes in the formation mechanism(s) of the respective 421 

NPs caused by precipitation in the presence of other metal ions, as discussed below.    422 

 423 

Mackinawite: size modification in the presence of Cu.   424 

In our study, we find that smaller mackinawite NPs are formed in both biogenic and 425 

abiogenic systems when precipitation occurred in the presence of Cu (Table 1; compare MFe/Cu = 426 

2:1 and 1:1 versus MFe/Cu = 1:0). This result is in contrast to the study by Zavašnik et al. (2014) 427 

who found larger mackinawite NPs when precipitation occurred in the presence of Cu. Density 428 

functional theory simulations by Kwon et al. (2015) support the results of Zavašnik et al. (2014) 429 

and further attribute the change to the substitution of Cu for Fe in mackinawite’s crystal 430 
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structure, leading to an increase in d-spacing along the (001) plane. Thus, we also measure the 431 

(001) d-spacing based on our XRD data and find that while abiogenic mackinawite display 432 

increased (001) d-spacing (consistent with previous results), biogenic mackinawite actually 433 

display smaller (001) d-spacing in the presence of Cu. This implies that differences in the 434 

experimental setup and/or biological effects can possibly modify the exchange mechanism 435 

between Fe and Cu ions in mackinawite as well as the incorporation of Cu into the space 436 

between the (001) planes, leading to differences in the particle size. Such changes may have 437 

implications to mackinawite’s reactivity and stability (Kwon et al. 2015), and further 438 

investigation is necessary to illuminate the specific mechanism. 439 

 440 

Covellite: the role of particle attachment and Fe in promoting growth.  441 

In this study, covellite show remarkable variation in terms of morphology, from fine 442 

nanocrystals, nanorods, and nanoplates, to larger and thicker Fe-rich crystals of up to 200 nm in 443 

size. Because of covellite’s exceedingly low solubility (Shea and Helz 1989) and rapid 444 

nucleation kinetics (Morse and Luther 1999), crystal growth via particle attachment was 445 

proposed to be its dominant growth mechanism (Luther and Rickard 2005; Rickard and Luther 446 

2006). This is in part supported by previous TEM analyses showing oriented attachment of 447 

covellite nanorods (Xu et al. 2006) and nanoplates (Du et al. 2007) and other Cu-sulfide phases 448 

(Li et al. 2011). In the current study, direct observations of oriented attachments for covellite 449 

nanostructures are however uncommon. One example of such observation is seen for precipitates 450 

at day 4, whereby ~3-5 nm nanocrystals are oriented to form a larger pseudo-nanorod structure 451 

(Fig. 6). Aside from this example, TEM analyses also indicate aggregation of nanorods and 452 

stacking of smaller nanoplates and nanocrystals on top of larger nanoplates (Fig. S4), although it 453 
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is unclear if these are the natural state of the NPs or an artifact of sample preparation. The 454 

absence of strong evidence for oriented attachment may implicate either classical ion-by-ion 455 

growth or fast recrystallization of covellite NPs following initial particle attachment. For the 456 

latter mechanism, we note that previous studies performed TEM analysis within 24 hours of 457 

initial covellite precipitation (Xu et al. 2006; Du et al. 2007; Li et al. 2011), compared to the 458 

longer (i.e., ≥ 4 days) duration in the current study. It is possible for covellite recrystallization to 459 

occur within this period based on its fast nucleation kinetics, leading to the erasure of any 460 

evidence for oriented attachment prior to TEM analysis of the samples.  461 

Indirect evidences for particle attachment formation pathway of covellite can be seen in the 462 

forms of defects within the NPs’ structures. At 0:1 and 1:5 MFe/Cu, stacking faults and/or 463 

twinning are observable in the fine covellite nanocrystals and nanorods. Defects within the fine 464 

nanocrystals developed along either the (100)/(101) (measured d-spacing cannot conclusively 465 

differentiate between the two) or (102) plane (Fig. 7a-c) while defects within the nanorods 466 

developed along the (102) or (103) plane (Fig 3e-h; Fig. 7d-e). It is particularly noted that these 467 

structural defects are associated with most of the observed nanorods. The occurrence of the (102) 468 

planes in the fine nanocrystals and nanorods is unexpected given the relatively high energies of 469 

these surfaces (Morales-García et al. 2017). We predict that the surface energies of the (101) and 470 

(103) planes should be similarly high in energy, although this remains to be confirmed. Based on 471 

these, we establish a positive relationship between the occurrence of structural defects and the 472 

exposure of high-energy planes of covellite. Two possible mechanisms might have led to the 473 

occurrence of structural defects. The first mechanism is through crystallographic attachment of 474 

sub-nanoparticles along (i.e., to hide) the high-energy planes. In this case, twinning and stacking 475 

faults could have been formed due to a relatively high probability of imperfect lattice matching 476 
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of two (101)/(102)/(103) surfaces coming together. The second mechanism relates to the release 477 

of the relatively high energy associated with the (101)/(102)/(103) surface through formation of 478 

structural defects (as has been explained in the case of ZnS in Xu et al., 2016). Structural defects 479 

are however absent in the hexagonal nanoplates (including in the Fe-rich euhedral plates), 480 

consistent with this morphology being the predicted equilibrium morphology of covellite 481 

(Morales-García et al. 2017). The absence of defects in these nanoplates most likely indicate 482 

rapid recrystallization to a thermodynamically stable morphology. Overall, TEM data seem to 483 

confirm the growth via attachment and re-assembly of sub-nanoparticles as the dominant 484 

mechanism for the formation of defects in the fine nanocrystals and nanorods.  485 

The addition of Fe leads to the formation of euhedral covellite crystals up to 200 nm in size. 486 

To our knowledge, this is the first recognition of Fe promoting covellite’s crystal growth. One 487 

explanation is that the incorporation of Fe into covellite’s crystal structure results in a higher 488 

thermodynamic stability for the mineral, thus allowing growth to larger sizes at equilibrium. 489 

Another possibility, assuming growth by particle attachment, is that Fe adsorption to the 490 

covellite surface weakens the repulsion between covellite NPs and allows more attachment 491 

events to occur. Regardless of the specific mechanism, our study conclusively demonstrated that 492 

the addition of a foreign metal ion can significantly modify the size and morphology of metal 493 

sulfide NPs, which likely affects the reactivity of these NPs.  494 

 495 

Chalcopyrite and nukundamite: Formation via Fe incorporation into precursor 496 

covellite. 497 
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The formation of chalcopyrite at low temperature was previously claimed to proceed 498 

predominantly, if not exclusively, through incorporation of Cu into precursor Fe-sulfides 499 

(Cowper and Rickard 1989). However, in this study we are able to form chalcopyrite by adding 500 

excess sulfide to aqueous mixtures of Fe and Cu (at 2:1 and 1:1 MFe/Cu), consistent with the 501 

earlier work of Roberts (1963). Cowper and Rickard (1989) performed a similar experiment and 502 

found that the “immediate” precipitates were poorly crystalline mackinawite, yarrowite (Cu1.12S), 503 

spionkopite (Cu1.39S) and additional XRD-invisible phases with variable Fe/Cu ratios. Aged 504 

precipitates were not analyzed in that study. We analyze the early-phase abiogenic precipitates 505 

(~3 hours old) produced at 1:1 MFe/Cu in our study and find no XRD-detectable phases. Thus, it 506 

seems that abiogenic chalcopyrite formation requires > 3 hours of aging, which may explain why 507 

it was not detected in the earlier work of Cowper and Rickard (1989). In our study, this same 508 

experimental design yields mixed Fe-Cu-containing nanocrystals, nanorods and nanoplates that 509 

are morphologically similar to covellite after four days of aging (Fig. 2n), suggesting that 510 

chalcopyrite (and nukundamite) is formed through incorporation of Fe into precursor covellite. 511 

This is consistent with the notion that covellite should form faster than Fe-sulfides (Morse and 512 

Luther 1999). Additionally, chalcopyrite formation had been shown to proceed through 513 

incorporation of aqueous Fe into Cu-sulfides at high temperatures (> 100°C), with the 514 

morphology of the precursor Cu-sulfides being preserved during the reaction (Liu et al. 2018). 515 

To confirm whether this same reaction pathway can proceed at low temperatures, we add 500 516 

µM of aqueous Fe to a 500 µM covellite suspension in MTM (previously aged for six days) and 517 

allow the reaction to proceed for four days at room temperature in the presence of excess sulfide 518 

(~7 mM). The final precipitates are identified by XRD as chalcopyrite, nukundamite and 519 

mackinawite with no traces of covellite remaining. This result confirms that chalcopyrite can 520 
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form through incorporation of Fe into precursor covellite. The discrepancy with the earlier work 521 

of Cowper and Rickard (1989) most likely stems from the use of polished sections of highly 522 

crystalline Cu-sulfides compared to the use of covellite NPs in the current study, which 523 

highlights the stark difference in reactivity for nano-scale versus larger-scale minerals.  524 

 525 

Bacterial presence influences the crystal sizes and phase selectivity of Fe-Cu-sulfide NPs  526 

The presence and metabolic activity of sulfate reducing bacteria (SRB) can influence Fe-Cu-527 

sulfide NPs precipitation in our study in several ways. The cell walls of bacteria and secreted 528 

extracellular polymeric compounds (EPS) contain anionic carboxyl and phosphoryl groups, 529 

which allows for the adsorption of positively charged Fe and Cu ions (Beveridge and Murray 530 

1976; Beveridge and Koval 1981; Ferris et al. 1989; Chen et al. 2011; Hao et al. 2013). As SRB 531 

produce sulfide, metal sulfide NPs are preferentially precipitated on the cell walls and EPS, as 532 

previously documented for Fe-sulfides (e.g., Fortin et al., 1994; Herbert et al., 1998; Donald and 533 

Southam, 1999; Picard et al., 2018) and Cu-sulfides (Jalali and Baldwin 2000; Kiran et al. 2015). 534 

Once these NPs are formed, interactions with organic molecule assemblage secreted by SRB can 535 

further modify the NPs’ properties.  For example, organic coatings can bridge the interaction 536 

between two or more NPs and encourage growth via aggregation, or conversely inhibit growth 537 

by coating the NPs (Ikuma et al. 2015). The properties of the biogenic NPs are therefore 538 

potentially influenced by the complex interaction between various organic molecules with the 539 

metal ions and the nanoparticle surfaces. 540 

  541 

Mineral-specific response to biologically-mediated crystal size modification. 542 
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In our study, we observe a significant difference in the crystal size/crystallinity (based on 543 

XRD) of the biogenic NPs compared to abiogenic NPs. Specifically, biogenic mackinawite 544 

exhibits larger crystal sizes (Table 1; Fig. 1a) while biogenic covellite exhibits lower crystallinity 545 

compared to their abiogenic counterparts (Fig. 1b). No significant size differences are found 546 

between biogenic and abiogenic chalcopyrite, although its formation in a complex mineral 547 

mixture makes comparison difficult. Overall, the results are consistent with previous studies that 548 

compare between biogenic and abiogenic mackinawite (Gramp et al. 2010; Picard et al. 2018) 549 

and covellite (Gramp et al. 2006). Differences in precipitation rates were considered as a 550 

potential mechanism to explain these size differences, although studies on FeS and ZnS found no 551 

correlation between precipitation rates and crystal sizes (Xu et al. 2016; Picard et al. 2018). For 552 

biogenic mackinawite, its size increase was attributed to the presence of cell walls and EPS that 553 

acted as nucleation and growth sites for the mineral (Picard et al. 2018). The contrasting size 554 

response of biogenic covellite compared to biogenic mackinawite indicate a complex interaction 555 

between bacteria and NPs, with size modification effects to the NPs that are mineral-specific. 556 

  557 

Greigite and chalcopyrite formation favored via precipitation on the cell wall and EPS. 558 

In the presence of SRB, mackinawite is observed to transform to greigite after six months of 559 

incubation in the absence of Cu. This transformation process requires the oxidation of 560 

mackinawite to Fe(III)-containing mackinawite, which acts as an intermediate for greigite 561 

formation (Bourdoiseau et al. 2011; White et al. 2015). Trace amounts of oxygen introduced 562 

during sample handling may accelerate this reaction, resulting in artefactual greigite formation 563 

that is not representative of experimental conditions (Rickard and Luther 2007; Csákberényi-564 

Malasics et al. 2012). We note that oxygen contamination is unlikely in this study given that all 565 
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samples are handled anoxically as much as possible. Furthermore, greigite is only observed in 566 

the six months old biogenic sample and not for any other samples. Disregarding oxygen as a 567 

potential oxidant, H+ is the most likely oxidant for the transformation reaction, as originally 568 

proposed by Rickard and Luther (2007). This idea is consistent with the observations that 569 

greigite formation from mackinawite proceeded slowly at near-neutral pH but was significantly 570 

accelerated at acidic pH (Bourdoiseau et al. 2011). With this in mind, we can propose that the 571 

role of SRB is to provide low pH (sub)micro-environments that help to catalyze greigite 572 

formation. It is well established in a variety of microbial biofilms that low pH 573 

microenvironments around cells can be generated due to secretion of inorganic and organic 574 

acids, even in well-mixed reactors (De Los Ríos et al. 2003; Hunter and Beveridge 2005; 575 

Hidalgo et al. 2009). Specific to D. vulgaris, sulfate reduction is coupled to lactate breakdown to 576 

acetate (Pankhania et al. 1986; Voordouw 2002; Heidelberg et al. 2004), which generates acidity 577 

(H+) around the cells:  578 

2 C2H4OHCOO- + SO4
2- → 2 CH3COO- + 2 HCO3

- + HS- + H+    (2) 579 

This hypothesis can be tested by comparative analysis of NPs associated with the cell surfaces 580 

versus those located further away, possibly via (i) sample embedding coupled to cryo-electron 581 

microscopy to preserve spatial information as much as possible or (ii) pre-separation of the 582 

different NP fractions based on size and/or density. In both cases, the possibility of NPs being 583 

detached from the cell surfaces during sample preparation must be taken into account. While 584 

challenging, research into this area may provide new insights into unrecognized pathways for Fe 585 

redox cycling in anoxic environments.    586 

In mixed-metal systems, the presence of SRB selectively favors the precipitation of 587 

nukundamite and chalcopyrite at lower MFe/Cu compared to abiotic systems. Specifically, at 1:5 588 



27 
 

MFe/Cu, biological system produces nukundamite at sufficiently high abundance for XRD 589 

detection while abiotic system only produces Fe-rich covellite. Additionally, at 1:1 MFe/Cu, 590 

biogenic chalcopyrite is detected as the dominant phase by XRD, while abiotic system produced 591 

a mixture of chalcopyrite, mackinawite and nukundamite. These observations indicate that the 592 

presence of SRB accelerate the rearrangements of atoms to form mixed Fe-Cu-sulfide NPs with 593 

crystal structures that are distinct from the precursor covellite (with some Fe substituting for Cu 594 

within the crystal structure). The overall reaction for covellite (copper(I) sulfide) transformation 595 

to chalcopyrite (copper(I)-iron(III)-sulfide) is given by: 596 

CuS(s) + Fe2+ + HS- → CuFeS2(s) + H+       (3)  597 

As written, the sulfur atom in covellite and aqueous Fe participates in a redox reaction, with the 598 

former acting as an oxidant. The sulfur atom associated with bisulfide provides the additional 599 

sulfur to form chalcopyrite without participating in redox reactions. The overall reaction 600 

indicates that chalcopyrite formation is preferred in areas where high amounts of covellite, Fe 601 

and sulfide are available, as typically found around bacterial cells and associated EPS. The 602 

transformation reaction produces H+ as a by-product that can potentially be harvested by SRB to 603 

supplement proton gradient maintenance across cell membrane for ATP generation, similar to as 604 

proposed for the function of intracellular calcite precipitation in Achromatium (Mansor et al. 605 

2015). Overall, we postulate that the presence and metabolic activities of SRB play a major role 606 

in accelerating the formation of chalcopyrite and nukundamite from covellite.    607 

 608 

Environmental Implications  609 
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Because of the technical challenges in isolating and characterizing naturally-occurring NPs, 610 

there is a huge interest in using synthetic NPs to gain insight into the behavior of natural NPs, 611 

which may prove fruitful as long as these two types of NPs share the same physicochemical 612 

attributes. We therefore perform a literature search of electron microscopy-based studies on 613 

metal sulfide NPs found in low temperature environments for comparison with our synthetic 614 

NPs. Notably, ~20 nm mackinawite nanorods from the riverbeds of the Clarence River 615 

(Australia) (Burton et al. 2009), 2-35 nm spherical covellite, anilite (Cu1.75S) and chalcocite 616 

(Cu2S) in organic-rich soils contaminated by mining activities in Ontario (Canada) (Mantha et al. 617 

2019), ~100 nm aggregates of < 10 nm chalcopyrite NPs from riverbeds of the Clark Fork River 618 

Superfund Complex (USA) (Hochella et al. 2005) and ≤ 50 nm chalcopyrite spheroids in 619 

hydrothermal emissions from the Mid-Atlantic Ridge (Gartman et al. 2014) are similar in size 620 

and morphology to the synthetic NPs in our study. In contrast, 100-200 nm mackinawite 621 

nanorods and 400-500 nm greigite nanoplates found in the Yangtze Estuary sediments (Niu et al. 622 

2018) and 10-20 µm euhedral crystals of covellite observed in Whipsaw Creek, British Columbia 623 

(Canada) (Lett and Fletcher 1980) are distinctly larger than any NPs in our study. Overall, these 624 

comparisons indicate that laboratory experiments can form metal sulfides that have similar size 625 

and morphology to natural precipitates in some environments.  626 

It is clear from our study that under any conditions akin to complex environmental systems, a 627 

mixture of metal sulfide NPs with variable physicochemical attributes will be produced. This 628 

will be especially true in dynamic environments when the ratio of metals can vary due to external 629 

factors (variable supply rate or solubility due to changes in redox) or even as competing 630 

precipitation reactions progress at different rates. The presence of bacteria and associated 631 

extracellular compounds further act to concentrate reaction zones and to encourage the formation 632 
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of mixed-metal sulfides with distinct crystal structures, but do not display any overt features that 633 

can be used to distinguish biogenicity (at least for Fe-Cu-sulfide NPs). We therefore expect 634 

metal sulfide NPs to be extremely diverse even over small sampling scales.  635 

The properties of the precipitated metal sulfide NPs greatly affect their reactivity, stability 636 

and transport properties with implications relevant to heavy metal immobilization and release to 637 

surrounding waters. As a general rule for single phase (or metal) systems, smaller crystals will 638 

have the highest surface area normalized reactivity and may dominate geochemical reactions. In 639 

mixed-metal systems, one also needs to consider the formation of different phases with different 640 

solubilities (chalcopyrite vs nukundamite vs covellite for Cu; mackinawite vs Cu-rich 641 

mackinawite for Fe). Additionally, the incorporation of foreign metals may cause defects and 642 

size modifications to the crystal structure that can potentially enhance or lower reaction rates, 643 

especially for NPs. Future dissolution and bio-availability studies on NPs generated from mixed-644 

metal systems will greatly help in identifying the most reactive component(s) that may also point 645 

to the main driver of geochemical reactions in nature.   646 
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Tables  1023 

Table 1: XRD-derived parameters for the (001) plane of mackinawite. Samples from this study 1024 

were measured at least in duplicates.  1025 

System 
d-spacing (Å) Size (nm) 

Biogenic Abiogenic Biogenic Abiogenic 

1:0 Fe:Cu 4.91 to 5.09 4.94 to 5.02 7 to 9 4 to 6 
1:0 Fe:Cu* 5.04 to 5.07 4.98 to 5.24 9 to 26 3 to 9 
2:1 Fe:Cu 4.72 to 4.73 5.10 to 5.17 ≤ 3 ≤ 3 
1:1 Fe:Cu - 5.25 to 5.32 - ≤ 3 

*Fe only experiments from Picard et al. (2018). Biogenic mackinawite data from experiments containing 1026 

microbes (live or dead) and abiogenic mackinawite data from experiments performed in the absence of 1027 

microbes. 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 
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Table 2: Compiled d-spacing values (in Å) and corresponding planes for selected minerals based 1039 

on the American Mineralogist Crystal Structure Database 1040 

(http://rruff.geo.arizona.edu/AMS/amcsd.php; accessed date January 9, 2019; Downs and Hall-1041 

Wallace, 2003). Bolded values indicate major diffraction peaks, defined as having a relative 1042 

intensity > 0.2 compared to the most intense peak when analyzed by XRD.  1043 

d-spacing (hkl) 
Mackinawite Greigite Covellite Chalcopyrite Nukundamite 

5.03 (001) 5.70 (111) 8.18 (002) 3.04 (112) 11.20 (001) 
2.97 (101) 3.49 (220) 4.09 (004) 2.64 (200) 5.60 (002) 
2.56 (110) 2.98 (311) 3.29 (100) 2.61 (004) 3.73 (003) 
2.52 (002) 2.47 (400) 3.22 (101) 1.87 (220) 3.28 (100) 
2.31 (111) 2.27 (331) 3.05 (102) 1.86 (204) 3.14 (101) 
1.84 (200) 2.02 (422) 2.82 (103) 1.59 (312) 2.83 (012) 
1.81 (112) 1.90 (511) 2.73 (006) 1.58 (116) 2.83 (102) 
1.73 (201) 1.90 (333) 2.32 (105)   2.80 (004) 
1.68 (003) 1.75 (440) 2.10 (106)   2.46 (013) 
1.56 (211) 1.56 (620) 2.05 (008)   2.24 (005) 

    1.90 (107)   2.13 (104) 
    1.898 (110)   1.89 (110) 
    1.74 (108)   1.85 (015) 
    1.65 (200)   1.85 (105) 
    1.64 (201)   1.79 (112) 
    1.62 (202)   1.68 (113) 
    1.59 (109)   1.64 (200) 
    1.57 (203)   1.62 (016) 
    1.56 (116)   1.62 (106) 
        1.62 (021) 
        1.60 (007) 
        1.57 (022) 
        1.57 (202) 
        1.567 (114) 

 1044 

 1045 

 1046 

http://rruff.geo.arizona.edu/AMS/amcsd.php
http://rruff.geo.arizona.edu/AMS/amcsd.php
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Figure Captions 1047 

Figure 1: XRD patterns of biogenic (Bio) and abiogenic (Abio) precipitates, with different panels 1048 

corresponding to the initial aqueous Fe-to-Cu ratios. Reference patterns of relevant phases are 1049 

shown at the bottom of each panel.  1050 

Figure 2: TEM images of nanoparticles precipitated at different initial aqueous Fe-to-Cu ratios 1051 

as arranged by row. The final column shows representative wide-view (>50 nm spot size) SAED 1052 

patterns for the samples, with d-spacings that are consistent with (from top to bottom row) 1053 

mackinawite, covellite, covellite, chalcopyrite and chalcopyrite. (a-d) Wrinkled nanosheet 1054 

composed of mackinawite aggregates, with electron-dense regions exhibiting fibrous-like 1055 

structures. (e-h) From left to right: <10 nm fine covellite nanocrystals, nanorods and nanoplates. 1056 

The SAED pattern is collected from aggregates containing all three morphologies. (i-l) Images 1057 

focusing on Fe-rich euhedral covellite nanoparticles. The SAED pattern is collected from a 1058 

single euhedral crystal (distinct diffraction spots) that is surrounded by fine covellite 1059 

nanocrystals (diffraction rings). (m-p) Chalcopyrite aggregates composed primarily of <10 nm 1060 

fine nanocrystals, with corresponding diffraction rings in the SAED pattern. In the same sample, 1061 

minor amounts of nanorods and nanoplates (with variable Fe/(Fe+Cu) ratios) are also visible 1062 

(panel o). (q-t) Chalcopyrite aggregates composed primarily of <10 nm fine nanocrystals, with 1063 

corresponding diffraction rings in the SAED pattern. 1064 

Figure 3: TEM images focusing on the different nanoparticle morphology. (a-b) Greigite 1065 

nanoplates with corresponding SAED pattern derived from multiple greigite crystals. (c-d) 1066 

Greigite-mackinawite aggregates with corresponding SAED patterns. The 5.78 Å d-spacing is 1067 

characteristic of greigite (111) reflection, while the rest of the diffraction rings can be attributed 1068 

to either greigite or mackinawite (e-h) Covellite nanorods with predominantly (102) or (103) 1069 
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plane perpendicular to the direction of elongation. Defects within the crystal structures (electron 1070 

dense regions or kinks) are highlighted in yellow boxes. (i-l) Covellite nanoplates with poorly-1071 

defined edges. Insets show either the whole-area SAED (panel i and j) or FFT-derived diffraction 1072 

patterns from partial areas defined by the black square outline (panel k and l). Note that the 1073 

diffraction patterns may reflect multiple overlapping crystals. (m-p) Euhedral nanoparticles of 1074 

Fe-rich covellite. These NPs are larger and thicker compared to the thin nanoplates in panel i-l. 1075 

(q-t) Large tabular NPs and nanoparticle aggregates in mixed metal Fe-Cu systems (MFe/Cu = 1:5 1076 

and 1:1). The SAED patterns display d-spacing values of ~3.15 Å, consistent with the (101) 1077 

reflection of nukundamite (Cu5.5Fe6.5). Other d-spacing values are ambiguous and can be 1078 

assigned either to covellite, chalcopyrite or nukundamite.     1079 

Figure 4: EDS maps of (a) euhedral Fe-rich covellite crystals precipitated at 1:5 Fe:Cu ratio, 1080 

displaying fairly homogenous Fe distribution within their structures and (b) aggregates of 1081 

chalcopyrite precipitated at 1:1 Fe:Cu ratio.  1082 

Figure 5: Size dimensions for (a-b) nanorods and (c) nanoplates. Numbers in the bar charts 1083 

indicate the number of crystals that was measured from TEM images. 1084 

Figure 6: A pseudo-nanorod structure that is composed of oriented arrangement of smaller 1085 

covellite nanocrystals (inset). Within the structure, smaller areas that show more coherent 1086 

arrangements are highlighted in yellow.  1087 

Figure 7: High-resolution images of fine covellite nanocrystals and nanorods, focusing on 1088 

defects within the crystal structure as outlined in yellow. Boundaries of the fine nanocrystals are 1089 

outlined in black to assist visualization. (a) Twinning and (b-c) stacking faults can be observed 1090 

within < 10 nm nanocrystals across the (100)/(101) or (102) planes. (d-e) Stacking faults and 1091 
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kinks can be observed within nanorods. The morphological variety of fine covellite nanocrystals 1092 

with different planes exposed are also evident.    1093 
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