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Section S1. Additional pH, anion and ICP-MS data from the Ni and 
U experiments

Figure S1. Full geochemical dataset from the 0.01 mM (green), 0.1 mM (blue) and 1 mM (purple) Ni/nitrate-reducing 
experiments. Solid colour lines – inoculated, dashed grey lines – sterile (no-inoculum) control.
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Figure S2. Full geochemical dataset from the 0.01 mM (green), 0.1 mM (blue) and 1 mM (purple) Ni/sulfate-reducing 
experiments. Solid colour lines – inoculated, dashed grey lines – sterile (no-inoculum) control.
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Figure S3. Geochemical data for the U/nitrate-reducing systems, green = 0.01 mM, blue = 0.1 mM, purple = 1 mM, dashed 
grey = sterile (autoclaved cells). Columns left to right are pH, citrate concentration, nitrate/nitrite concentration. Error bars 
represent 1σ of triplicate samples. 

Figure S4  ICP-MS data for the start and end point samples from the U/nitrate-reducing experiments. From left to right 0.01 
mM U (green), 0.1 mM U (blue, and 1 mM U (purple). Data indicate no significant change in aqueous U concentration. Error 
bars represent 1σ of triplicate samples.
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Section S2. Geochemical Modelling 
To aid in determining the Ni and U speciation in experiments, geochemical modelling was used. 
Figure 1 summarises the key Ni/U and citrate species predicted by the model for the 0.01, 0.1, or 1 
mM added metal systems at the start of the experiment. The speciation predicted by the model did 
not change significantly based on the electron acceptor added (nitrate or sulfate). 

 

Figure 5. Geochemical model outputs showing speciation vs pH for the Ni (top) and U (bottom) experiments: 0.01 mM (left), 
0.1 mM (middle) and 1 mM (right).
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Figure S6. PHREEQC outputs for Top right: 0.01 mM Ni/nitrate-reducing experiments, after 0.8 mM citrate has been 
degraded to produce 4.8 mM HCO3

-. Top left- aqueous Ni speciation at pH 9, top right- PHREEQC output showing saturation 
indices for relevant solid Ni phases (positive saturation index indicates the solution is oversaturated and a solid phase is 
expected to precipitate). Bottom left: 0.01 mM U/nitrate-reducing experiments, after 0.7 mM citrate was degraded to 
produce 4.2 mM HCO3

-. Bottom right: PHREEQC output showing saturation indices for relevant solid U phases (positive 
saturation index indicates the solution is oversaturated and a solid phase is expected to precipitate).
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Table S1. PHREEQC predicted species distribution as a % of total citrate or Ni or U species at the start of each experiment 
(T0). Also includes saturation indices for U species predicted to form, where positive saturation index indicates the solution is 
oversaturated and a solid phase is expected to precipitate.

% citrate species % Ni(aq) or U(aq) species
0.01 mM 

Ni
0.1 mM Ni 1 mM Ni 0.01 mM Ni 0.1 mM Ni 1 mM Ni

[Cit]3- 99 90 4 - - -
[Ni(Cit)]- 1 9 92 91 89 92
[Ni(Cit)2]4- 0 1 1 9 11 1

other - - 3 - - 3

0.01 mM 
U

0.1 mM U 1 mM U 0.01 mM U 0.1 mM U 1 mM U

[Cit]3- 99 99 99 - - -
[UO2(Cit)]- 0.03 0.08 0.1 3 0.8 0.2
[(UO2)2(Cit)2]2- 0 0 0 0 0 0
[(UO2)3(OH)7]- - - - 17 22 19
[UO2(OH)3]- - - - 31 7 1
other - - - 3 7 11

Uranium saturation indices at T0, pH 9 (before cells added)
Phase SI
 Clarkeite        3.39
  Metaschoepite     0.67
  Na2U2O7:H2O(cr)   1.81
  Sodium-compreignacite   9.33
  U2O7Na2(s)        3.1
  UO2(OH)2(beta)    0.92
  UO3(alfa)        -3.78
  UO3(beta)        -2.54
  UO3:0.9H2O(s)    0.85
  UO4Na2(alfa)    -10.35
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Table S2. PHREEQC predicted aqueous Ni, citrate and sulfide species distribution and relevant saturation indices for the end 
point samples from the  0.01 mM Ni/SO4

2- reducing experiment.

0.01 mM Ni
(with 0.01 mM Cit3- & 1 mM S2-)

Aqueous species (mM)
[Cit]3- 0.006
[Ni(Cit)]- 0.004
Sulfide species 
(S5

2-, S4
2- S3

2-, HS-) 0.12

Saturation indices
Millerite (NiS) -3.2
Vaesite (NiS2) 5.7
Polydymite (Ni3S4) 0.48
Heazlewoodite (Ni3S2) -24
Ni(OH)2 0.36
NiCO3 1.1
Ni3(PO4)2 -2.3
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Section S3. ESI-MS data from Ni experiment

Figure S7. Mass spectra and model isotope pattern in the 246.8 - 247.0 m/z region (by ESI-MS) relevant to the chemical 
species [Ni(Cit)]-  (246.9389 g mol-1) for the nitrate-reducing/0.01 mM Ni  system. The peak representing [Ni(Cit)]- is 
highlighted in green. Bottom:  isotope pattern showing expected peak for [58Ni(Cit)]- species; middle: spectrum of sample 
taken from un-inoculated media on day 0 (T0), top: spectrum of sample taken on day 162 (T162). The peak representing 
[Ni(Cit)]- in the T0 sample matched the isotope pattern with ∆ppm = - 4), this peak was not identified in the T162 sample.
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Figure S8  Mass spectra and model isotope pattern in the 246.8 - 247.0 m/z region (by ESI-MS) relevant to the chemical 
species [Ni(Cit)]-  (246.9389 g mol-1) for the sulfate-reducing/0.01 mM Ni  system. The peak representing [Ni(Cit)]- is 
highlighted in green. Bottom:  isotope pattern showing expected peak for [58Ni(Cit)]- species; middle: spectrum of sample 
taken from un-inoculated media on day 0 (T0), top: spectrum of sample taken on day 100 (T100). The peak representing 
[Ni(Cit)]- in the T0 sample matched the isotope pattern with ∆ppm = - 4), this peak was not identified in the T100 sample
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Figure S9 Mass spectra and model isotope pattern in the 246.8 - 247.0 m/z region (by ESI-MS) relevant to the chemical 
species [Ni(Cit)]-  (246.9389 g mol-1) for the sulfate-reducing/0.1 mM Ni  system. The peak representing [Ni(Cit)]- is 
highlighted in bl



13

Section S4. Electron microscopy data from the Ni experiments

Figure S10. SEM image and element maps (Ni, S, Ca, O) of precipitates from inoculated 0.01 mM and 0.1 mM Ni/sulfate-
reducing experiment. Co-location of Ca, S and O on the element maps suggest CaSO4 crystals had formed in both systems. 
Indeed, low levels of calcium were present in the experiment from the mineral mix added to the growth medium. The data 
from the 0.1 mM Ni system did not indicate accumulation of Ni. 



14

Figure S11.  Electron microscopy data showing the morphology and composition of black precipitate samples obtained from 
the inoculated 0.01 mM Ni/ sulfate-reducing systems. Panel A: Low and high magnification SEM images (top left) and EDS 
spectra for region [1] (bottom left); Panel B: TEM image (top right), EDS spectra for region [2] and element wt % (bottom 
right).  
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Section S5. EXAFS fitting parameters for the U experiments

Table S3. Fitting parameters for non-crystalline U(IV) model. All coordination numbers were fixed, and best fits were 
reached through manually varying these numbers. Amplitude reduction factor (S0

2) = 0.8; Shift in the Fermi level (E0) = 
5.5(11); R-factor = 0.009; Bond valence sum (BVS) = 3.90; Fitting windows: k-range = 3 – 12 and R-range = 1.3 – 4.2. F-test 
result for addition of P1 and P2 shells shows a statistically significant better fit for the data than for nano-uraninite 
(Downward et al., 2007).

Path N σ2 R (Å) F-test (%)

O1 4.5 0.006(1) 2.31(1) -

O2 3.5 0.008(3) 2.49(2) 99.9

P1 1.5 0.011(4) 3.14(3) 95.0

P2 1 0.006(5) 3.64(5) 100.0

U1 2.5 0.012(4) 3.84(3) 99.3

O1 MS 24 0.016 3.97 -

Table S4. Fitting parameters for nano-uraninite model. All coordination numbers were fixed, and best fits were reached 
through manually varying these numbers. S0

2 = 0.8; E0 = 3.1(39); R-factor = 0.0524; BVS = 4.02; Fitting windows: k-range = 3 
– 12 and R-range = 1.3 – 4.2.

Path N σ2 R (Å)

O1 4.5 0.008(2) 2.32(2)

O2 3.5 0.031(24) 2.43(19)

U1 2.5 0.009(4) 3.80(5)

O1 MS 24 0.062 3.86
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