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A comparative study on the micro-
surface characteristics at black
shale initial oxidation stage

Qi Li, Baolong Zhu™ & Jing Li

The pyrite oxidation is crucial to the overall black shale oxidation process. A. ferrooxidans was
documented an effective oxidation ability on pure pyrite, but its role in black shale oxidation is

unclear. In this study, a comparative study of acid solution and A. ferrooxidans on the micro-surface
characteristics at the initial stage (7 days) was conducted on black shale slices, a comprehensive
approach combining the micro-morphologies, micro-structures, micro-environmental pH and micro-
surface elemental content were investigated by using polarizing microscopies, SEM, fluorescent
staining and EDX line scan analysis. The pyrite oxidation rate was employed to the index for black shale
oxidation degree, and analyzed by XRD, aqueous pH, oxidation-reduction potential (ORP), ferrous and
ferric ions concentrations measurement. The results show that the micro-surface characteristics are
different in acid solution and A. ferrooxidans groups, which significantly impact the pyrite oxidation
rate. A. ferrooxidans promote the jarosite formation and elemental C accumulation on the rocks micro-
surface, which is assumed to inhibit further reactions. Two reaction phases named “pyrite oxidized
phase” and “jarosite formation phase” are proposed to occur in the initial stage of A. ferrooxidans
oxidizing black shale. These findings provide experimental data to evaluate the micro-surface reactions
during black shale oxidation process.

Black shale oxidation not only is geological significant in altering the Earth’s surface, but also is a critical stage
in geochemical elemental recycling'~®. The sulfide minerals oxidation, primarily pyrite, is a key reaction during
black shale oxidation process®°. Jin et al.!! found that pyrite oxidation was the initial reaction occurred in the
black shale oxidation process, which led to a great development in rock porosity. Phan et al.’> concluded that
pyrite oxidation in black shale probably resulted from rock-water reaction, and accompanied by acid water pro-
duction. Liao™ suggested that pyrite oxidation in black shale would promote other minerals dissolution because
of acid erosion. Therefore, the pyrite oxidation rate is one of the most important index for black shale oxidation.

The pyrite is unstable when exposed to oxidants in the air or aqueous environment, Egs. (1-3) illustrate the

overall reactions of pyrite with oxidants of dissolved oxygen (DO) and ferric iron (Fe>")",
FeS, + 3.50, 4+ H, O— Fe*™ + 280,*~ + 2H" (1)
4Fe’t + 0, + 4H" — 4Fe’ + 2H,0 2)
FeS, + 14Fe’" 4 H, O— 15Fe’" 4 2S0,” + 16H" (3)

The pyrite is first oxidized by molecular oxygen to generate ferrous iron (Fe*™) (Eq. 1), then the Fe* ions
convert to Fe** ions (Eq. 2), a more effective oxidant can accelerate the pyrite oxidation and hydrogen produced
(Eq. 3)'¢-18. Given the Fe>* is more stable in acid environment, the aqueous pH is recognized as an independ-
ent factor of pyrite oxidation'®. On the other hand, experimental studies reveal that the intrinsic rate of abiotic
conversion of Fe?* to Fe** is very slow, but which can be promoted by some bacterial catalysis?*?!. For example,
A. ferrooxidans, an autotrophic bacterium which is abundant in pyrite ore bodies and their acidified drainages,
can oxidize both ferrous iron and sulfur, is one of the most important microorganisms in pyrite oxidation?!-*4,
Therefore, a more effective pyrite oxidation ability was reported by A. ferrooxidans than by acid solution®.
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Figure 1. Black shale surface visual morphologies (al-a6), polarizing microscope images (b1-b6) and SEM
images (c1-c4). The (al-a3), (b1-b3) and c4 are original state of samples, and the (a4-a6), (b4-b6) and
(c4-c6) are samples after treatment in G1, G2 and G3. The white rectangles indicate the fade area in G1 (a4), the
corrosion residual pit in G2 (a5) and the precipitate in G3 (a6) on the black shale surface. The red dashed circles
in (b1-b6) indicate the pyrite assemblages and the yellow rectangles in (b6) indicate the jarosite precipitation
on rock surface. The yellow rectangles in (c4) indicate the jarosite, and the yellow arrows in (c1,¢2) indicate the
pyrite grains, and yellow arrow in (c4) indicates the A. ferrooxidans cells. G1, Group 1, G2, Group 2, G3, Group
3, jarosite — KFe**5(SO,),(OH)g, A.f — A.ferrooxidans cells.

However, most of these conclusions were based on experimental data from pure pyrite and only a long-term
(more than 30 days) effect was considered?>?*-7, these experimental interpretations can not be simply employed
to the mechanistic comparison of chemical and biological oxidizing black shale, especially at the initial stage. In
addition, black shale is low in porosity and permeability, the oxidation process is majorly determined by the
rock surface reactions'>??°, But most of previous studies were in regard to the minerals alternations and the
macro-structure deformations'>*-*, the relationship between the micro-surface characteristics and the oxidation
reaction was unclear.

Therefore, our interest here is in the correlation between micro-surface characteristics and the oxidation
degree of black shale under chemical and biological effects at the initial stage. A comparative study of the effect of
acid solution and A. ferrooxidans on the micro-surface characteristics after 7 days was conducted on black shale
slices, a comprehensive approach combining the micro-surface characteristics including the micro-morphologies,
micro-structures, micro-environmental pH and micro-surface elemental content were investigated. The pyrite
oxidation rate was employed to the major index for evaluating the black shale oxidation degree, was analyzed by
XRD, aqueous pH, ORP, ferrous and ferric iron concentrations. The results show that the micro-surface char-
acteristics of black shale sample are different in acid solution and A. ferrooxidans groups, and these differences
significantly impact the pyrite oxidation rate. Two reaction phases named “pyrite oxidized phase” and “jarosite
formation phase” are proposed to occurred in A. ferrooxidans oxidizing black shale at the initial stage. These
findings not only present new insight into the biological oxidizing black shale mechanism but also provide exper-
imental data to evaluate surface reactions during this process.

Results

Micro-surface characteristics. Figure 1 exhibits the rock morphologies obtained by visual, polarizing
microscopes and SEM. The original samples are dark black and smooth, the spotted or assembled yellow-colored
pyrite is heterogeneously distributed over rocks micro-surfaces. The major microstructures of black shale are
coarse particle skeletons, a considerable amount of pyrite presents on the micro-surface as grains of a diameter
of 0.3-0.5 um. The rock morphologies significantly changed after treating with different aqueous systems for 7
days. In G1, a few fad areas are found on the rocks surface and the pyrite grains are fewer than that in the original
state. The initial compacted and layered micro-structure becomes loosen because of the flocculent clay particles
formation. In G2, the overall color of sample becomes shallow and several visible corrosive pits are observed on
the rocks surface. The pyrite assemblages almost disappear after reactions, and an obvious circular eroded trace
occurs on the rocks surface. A lot of irregular flocculent structures accompanied by large pores are present on
the micro-surface. Whereas in G3, the rocks surface is covered with a large amount of tan and reddish-brown
sediment after reactions. The pyrite assemblage is absent and left an obvious pit contained of yellow powdery
deposits. There is a large amount of stacked compound with cauliflower-like shape covered on the rocks surface,
which is identified as jarosite by EDX analysis. Liu et al.* observed similar micro-morphologies on pyrite surface
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Figure 2. The MpH values by a pH-dependent fluorescent staining on the micro-surface of black shale samples
before treatment in G1 (a), G2 (b) and G3 (c) and after treatment in G1 (d), G2 (e) and G3 (f). The calculated
pH value of below 3.0, equal to 4.5 and above 6.0 were marked by red, green and white rectangles, respectively.
The confocal microscopy observation was at emission wavelength at 360 nm (g) and excitation wavelength

at 490 nm (h), respectively. MpH, micro-environmental pH values, G1, Group 1, G2, Group 2, G3, Group

3. The images are analysed by Image]J software. Image], Version: 2.0.0-rc-67/1.52c, URL: http://imagej.net/
Contributors.

from K-jarosite biosynthesis system. Some short rod-like cells, probably A. ferrooxidans, are found at the rocks
surface. These results also agree with the previous findings from Jiang et al.?>. In addition, the medium in G1 and
G2 is clear throughout the experiment, whereas in G3, the medium gradually turns to turbid from the 2™ day, a
lot of pale yellow and reddish brown precipitations are observed in the medium which is distinguished to be pure
jarosite by XRD analysis.

A pH dependent fluorescent dye, which excites yellow fluorescent color in acidic environment but turns to
green when approached to neutral environment, is used for imaging the micro-environmental pH values (MpH)
on the rocks surfaces. Due to the weathering reactions are initiated on the rocks surface, we assume that these
reactions will change the micro-surface characteristics including the MpH. As shown in Fig. 2, the original
micro-surface MpH is near neutral (pH > 6.0) although some low MpH regions (pH < 5.0) occurred (Fig. 2a—c).
After treated by different aqueous systems for 7 days, the square of fluorescent density does not significantly
change, but the low MpH areas increase compared with original images. In G1, the low MpH areas (pH < 3.0)
increase by 10.8% and by 50.2% in G1 and G2, respectively (Fig. 2d,e). Whereas in G3, only the low MpH areas
(pH = 4.5) increase by 9.2% (Fig. 2f) after reactions.

To probe the micro-surface elemental content, an EDX line scans analysis from the upper surface to the inte-
rior subsurface is conducted on the vertical plane of samples (Fig. 3e). In the original state, the elemental content
at each point varies from the upper surface to the interior subsurface, among which the content of elemental Si, O
and Al is relatively higher than other elements such as elemental C, S, Fe, Ca, K, and Mg (Fig. 3a). After treated by
different aqueous systems for 7 days, the relative proportion of each element are different with respect to a 2 um
depth. The elemental Si and O remains a relatively high proportion, but for other elements, such as the elemental
AL S, Fe, Ca, K, and Mg, their proportion decreases than the original state (Fig. 3b). The G2 had the most decrease
among groups, elements except for Si and O almost disappear with respect to a 2 um depth (Fig. 3c). Whereas the
relative proportion of elemental C are decreased in Gland G2, but increases in G3 (Fig. 3d). It is notably that, due
to the special measure method, samples for original state measurement are not the experimental samples before
treated, but obtained from the same parent rock. In spite of a little difference, it is reasonable to assume that this
difference was same for three experimental groups and would not impact the conclusions.

Mineral composition. The mineral composition of each sample is demonstrated in Table 1, the original
samples mainly consist of quartz, plagioclase, muscovite, illite, calcite and pyrite. After treated by different solu-
tions, the overall trend of minerals alteration is similar but the rate varies in three groups. The major minerals
concentrations such as quartz, plagioclase, muscovite and calcite do not significantly change after reactions, but
the pyrite content decreases by 15.1%, 48.1% and 64.2%, whereas the illite content increases by 26.9%, 41.6% and
32.4% in G1, G2 and G3, respectively. It can be seen that the jarosite only presents in G3 after treatment, which
agrees with the SEM observations of numerals jarosite occurred on rocks micro-surface in G3.
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Figure 3. EDX line scans analysis of rock surface elements in the original state (a), and after treatment in G1
(b), G2 (c) and G3 (d), the dashed lines indicate the relative proportion of each element of in aspect of 2 um
depth. The schematic diagram (e) indicates the scan direction of the sample. G1, Group 1, G2, Group 2, G3,
Group 3.

Cl Co
Group Q%) |[P%) |C®%) M%) |[1(%) |(%) |Py(%)|G%) |J%) |(%)
G1(before) 32.33 16.70 5.03 14.10 13.32 1.10 9.91 2.04 0.00 347
Gl (after) 32.04 16.49 4.54 14.16 16.91 1.16 8.42 1.89 0.00 3.39

G2(before) 34.43 17.30 3.03 17.40 15.32 1.93 7.08 212 | 0.00 1.39
G2 (after) 33.34 16.96 2.44 17.42 21.70 1.89 3.51 1.76 | 0.00 |0.98
G3(before) 31.03 19.70 4.63 14.75 16.37 1.03 9.08 2.09 |0.00 1.32
G3 (after) 29.83 18.16 3.81 14.11 21.68 1.05 3.25 1.73 7.86 | 0.52

Table 1. XRD analysis for minerals composition of black shale samples before and after treatment in each
group. G1, Group 1, G3, Group 3. Q, quartz (SiO,). Py, pyrite (FeS,). J, jarosite (KFe*™5(SO,),(OH),). B,
plagioclase (NaAlSi;Oy). I, illite (KAL[(SiAl),0,0]-(OH),.nH,0). C, calcite (CaCO;). Cl, clinochlore (Mg,Fe);
(Si,Al)40,o(OH),-(Mg,Fe);(OH)¢. M, muscovite (KAL (AlSi;O,,)(OH),). G, goethite (FeOOH). Co, copiapite
(Fe**Fe*t,(SO,)s(OH),-20H,0).

Aqueous parameters. The aqueous pH, oxidation-reduction potential (ORP), Fe*™ and Fe** jons concen-
trations are measured at every predetermined time interval, and the results are exhibited at Fig. 4. The aqueous
pH values moderately change with reaction time, the initial values of pH are 4.5, 2.5 and 2.5 in G1, G2 and G3,
respectively. Before the initial 4 days, the pH in three groups all slightly increase, whereas during the 5-7 days, the
aqueous pH shows decreasing trend in G1 and G3 but increasing trend in G2, which probably because of the H*
consumption during the pyrite oxidation*>**(Fig. 4a).

The aqueous ORP reflects the rate of oxidation-reduction reactions, which is higher in G2 and G3 than in
G1 at the initial time. Subsequently the ORP in three groups all increases, the G3 exhibits the highest increasing
rate and reaches 586 at the 2™ day. However, the ORP gradually decreases during the 3-7 days in G3, in spite of
are-bounce at the 4™ day. Whereas the ORP exhibits an increasing trend both in G1 and G2, and the values are
much higher in G2 than that in G1 throughout the experiment (Fig. 4b).

The initial Fe*" and Fe*" ions concentrations are similar in three groups, the Fe?" ions range from
0.75mmoleL~! to 0.83 mmoleL !, and the Fe*" ions are lower than 0.01 mmoleL . During the experiment time,
the Fe?™ and Fe** jons concentrations show different trends among groups. The Fe?* ions concentrations increase
in G1 and G2, and reach to 1.15mmoleL ! and 3.17 mmoleL ! at the 7 day, respectively. However, the Fe*" ions
concentrations sharply decrease in G3 from the 2" day and keep to 0.01 mmoleL~! throughout the experiment.
In contrast, the Fe** ions concentrations are stable at 0.01 mmoleL ! to 0.03 mmoleL™" in G1 and G2 during the
experiment, but significantly increases to 9.85 mmoleL~! in G3 at the 2" day and keep above 7.76 mmoleL ™!
throughout the experiment (Fig. 4c,d).
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Figure 4. The aqueous pH (a), Oxidation-Reduction Potential (ORP) (b), Fe*" ions (c) and Fe** ions (d)
concentrations concentration during experiment.

Discussion

In natural systems, the black shale oxidation process is usually involved in multiple factors, such as chemical
and biological mechanisms*»*. Previous studies have shown an effective pyrite oxidation ability presented in
biological system such as A. ferrooxidans®, but few investigations have discussed its direct relationship to black
shale oxidation. Considering the oxidation process initiated at the rock surface, we assumed a correlation between
rock micro-surface characteristics alteration and oxidation degree, especially at the initial stage. Therefore, in
this study, a comparative experiment is designed and carried out on black shale slices, the pyrite oxidation rate is
employed to the index for black shale oxidation degree, aim to reveal a core difference in chemical and biological
oxidizing black shale at the initial stage.

Based on the micro-surface morphologies result, it can be seen that both the acid solution and A. ferrooxidans
are effective against pyrite oxidation. In G1 and G3, the pyrite assemblage almost disappeared after reactions,
whereas it remains on the rocks surface in G1 (Fig. 1). The XRD results indicate that the most reduction of
pyrite content is presented in G3. General speaking, the pyrite oxidation in black shale is accompanied by the
microstructure decomposition associated with the damage of shale matrix cement!'"*”. However, this correlation
seemed only occurred in abiolotic systems. The more robust pyrite oxidation led to the more clay minerals and
irregular flocculent structures formed in G2 compared with that in G1. These results are consistent with previous
findings'* that the acidic environment is facilitated to black shale oxidation. Whereas in the biolotic system, it
is difficult to assess the micro-structure destruction, because of large amounts of jarosite covering on the rocks
surface. Based on a field investigation, Liao et al.'* also reported a considerable amount of jarosite precipitation
occurred on weathered black shale surface. Therefore, the relationship between micro-surface morphologies and
the pyrite oxidation rate is different in abiolotic and biolotic systems.

Black shale is low in porosity and permeability, the oxidation process is controlled by “active” porosity which
enables the fluid flow through into interior subsurface'!. In the initial oxidation stage, we assume that the alter-
ations of porosity and permeability would be limited to the micro-surface. However, the classic porosity meas-
urement methods, such as nitrogen adsorption and high-pressure mercury intrusion tests seem unsuitable to
the surface porosity measurement in this study. For example, previous studies by utilizing nitrogen absorption
analysis documented the overall porosity distribution of black shale is major micro- and meso-pores with the
pore diameter less than 50 nm, where fluid is difficult to flow through and led to further reaction®, but they are
unable to distinguish the contribution of surface porosity, which may significantly different to the internal poros-
ity. By using a novel fluorescent staining method, the fluid distribution on the rock surface can be illustrated,
since this fluorescent dye can be detected only when it occurred in aqueous. We suppose that rinsing with neutral
PBS can remove the fluid not contained in the rocks surface pores, therefore, the fluid distribution images can
be employed to reveal the porosity on the rocks surface. Another feature of this dye is the color dependence on
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aqueous pH, which is yellow in acidic environment but turned to green when approach to neutral solution. Thus
the MpH can also measure the pH of fluid distributed in the surface pores.

As demonstrated in Fig. 2, the fluorescent density is low in the original samples, indicating a low porosity of
the rock surface. Although the total square of fluorescent density does not significantly change after reactions, the
MpH is different to the original images and varies among groups. The low MpH areas increase more in G2 than
that in G1, indicating more acid solution contained in the rocks surface pores in G2. These results agree with the
alterations of micro-surface morphologies, the more pyrite oxidation results in more increase of acid solution
permeability. But this interpretation can not apply to G3, in regard of a similar aqueous pH and pyrite oxidation
rate presents in G2 and G3. The MpH does not significantly change in G3 by comparing with the original state, it
probably since the surface jarosite coverage blocks the acid solution permeability. In addition, the carbonate also
exists in the samples, its buffer ability may effect the MpH values, but considering the same experimental condi-
tion in all samples, this influence could be similar in three groups. Nevertheless, the distinct MpH among groups
suggests the alternation of micro-surface porosity and permeability is different in biolotic and abiolotic systems.

Laboratory studies showed that the acid erosion could promote original matter oxidation and field investiga-
tions exhibited the organic matters nearly removed from the regolith>*, these results indicated that the organic
matters were depleted during black shale weathering process. Although a biological mechanism for the oxidation
of pyrite by A. ferrooxidans has been intensively investigated?!~?, very little work on its roles in organic matters
oxidation process. Through EDX line scans measurement, we analysis the relative proportion of elements on the
rocks micro-surface with aspect to a 2pm depth, to evaluate the elemental alteration on the rock micro-surface.
As shown in Fig. 3, the relative proportion of elemental C, Fe, Mg, Al, S and K does not significantly change in
G1, but markedly decreases in G2 after reaction. Although the overall content of minerals shows a small variation
in G1 and G2, a more obvious minerals dissolution may occur on the rocks micro-surface in G2 in accordance
with a more significant micro-structure destruction. Whereas in G3, which has a similar aqueous pH values
with G2, the elemental C concentration increases after reactions. It may due to the attachment of A. ferrooxidans
cell bodies on the rocks micro-surface, as numerous cell bodies are observed on the rocks micro surface in G3
(Fig. 1). Likewise, with the humidity climate of Pennsylvania, Jin et al.!! observed an addition of carbonate profile
in the Rose Hill that may cause by bio-turbulence. Despite the EDX analysis just show the relative elemental C
alterations, it can not equal to the total organic carbon (TOC) quantity, but for the micro-surface elemental C
concentration, it shows depletion pattern in abiolotic system but addition pattern in biolotic system.

Previous literature documented a more effective oxidation ability presented in A. ferrooxidans compared with
acid water alone, however, most of these approaches were inferred from pure pyrite??. If it assumed that the bio-
logical oxidation of black shale is much higher or even same the magnitude of the chemical effect, the overall rate
of the biological oxidation processes should be re-estimated. However, based on field observations, the biological
effect is usually limit to the rock surface?. The underlying mechanisms may relate to the different micro-surface
alternations in chemical and biological oxidizing black shale, especially at the initial stage. In the proposed reac-
tions at the initial oxidation stage, the pyrite embedded in black shale exhibited differential oxidation behavior in
chemical and biological systems. In this regard, only effects of the first 7days are investigated in this study. Despite
previous studies demonstrated a more obvious difference occurred in longer term experiments?, but which is not
the focus of present study.

The pyrite oxidation rate is utilized as an index for black shale oxidation, which is higher in biolotic system
at the initial 4 days. As shown in Table 1 and Fig. 4, the pyrite content decreases and the ageoues ORP increases
the most in G3, accompanied with the highest Fe>* ions concentrations, these results are consistent with findings
from pure pyrite?2. However, the ORP and Fe** ions concentrations decreases from the 5" day, indicating a decel-
eration of pyrite oxidation rate. Based on the results of micro-surface charateristics, this decrease is primarily
attributed to the jarosite formation and covering on the rock surface.

The jarosite formation is a common problem of A. ferrooxidans bio-leaching engineering applications®, but
is seldom reported to black shale biological oxidation mechanism. It is clear from above results that the jaros-
ite formation is A. ferrooxidans dependence, the underlying mechanism may associate with following reasons.
Initially, A. ferrooxidans cell surfaces served as nuclei for crystal growth of jarosite, subsequent cell metabolism
will increase the amino acids, such as glycine and proline, which can significantly impact the morphology, yield
and crystallinity of jarosite’®*!. With the pyrite oxidation process ongoing, the ferric iron and sulfur concentra-
tions increase, resulting in acceleration of jarosite formation®>*’. Finally, the formed jarosite prefers to deposit
on the rocks surface rather than dissolve in the biolotic aqueous systems*’. Electro kinetic investigations have
proposed that the changes in surface charge, such as a function of pH and ferric iron was the basis of pyrite oxi-
dation®'*°, however, the surface jarosite coating might passivate against this reaction. Additionally, the accumula-
tion of carbonates on the rocks surfaces could also make a contribution to inhibit further reactions.

Therefore, two phases of reactions may involve in A. ferrooxidans oxidizing black shale at the initial stage.
Firstly, A. ferrooxidans cells primarily attach on the rocks surface and then oxidize the ferrous iron into ferric iron,
as well as the sulfur, in this phase, the pyrite oxidation rate is significantly prompted by A. ferrooxidans which is
also recognized as “pyrite oxidized phase” (Fig. 5a). With the accumulation of ferric iron and sulfur, jarosite is
formed and precipitated on the rocks surface, resulting in alteration of surface characteristics and inhibition of
further reactions. Thus, this phase is so-called the “jarosite formation phase” (Fig. 5b)

It is notably that although a link between micro surface characteristics and black shale oxidation degree at the
initial stage is founded in acid solution and A. ferrooxidans, it is still difficult to clearly interpret the difference in
chemical and biological effects on black shale oxidation. For example, the pH in chemical system is at 2.50, which
is much acid than bedrocks or regolith soils in natural black shale'*!. Furthermore, there are multiple sources of
microorganisms presented in local environment except for A. ferrooxidans*?, the contributions of other microor-
ganisms should not be ignored which need further investigation. Finally, given there are multiple minerals con-
tained in black shale, the future work will be focused on their roles in the overall oxidation process of black shale.
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Figure 5. The schematic diagram of A. ferrooxidans biological weathering on black shale in pyrite oxidation
phase (a) and jarosite formation phase (b). EPS, extracellular polymeric substances.

Conclusion

In this study, we investigated the correlation between micro surface characteristics and the oxidation degree
of black shale under chemical and biological effects at the initial oxidation stage. The oxidize rate of pyrite was
employed to the major index for evaluating the black shale oxidation degree and a comparative study of acid
solution and A. ferrooxidans was conducted on black shale slices. The results suggest,

(i) The microsurface characteristics vary in biolotic and abiolotic systems, the major cause for these differences
is the jarosite formation and precipitation and the elemental C accumulation on the rocks microsurface, which is
A. ferrooxidans dependence.

(ii) The pyrite oxidation in biolotic system undergoes an alternate of acceleration and deceleration at the initial
oxidation stage, due to the alteration of microsurface characteristics.

(iii) Two reaction phases named “pyrite oxidized phase” and “jarosite formation phase” are proposed to A.
ferrooxidans oxidizing black shale at the initial stage.

Methods

Samples preparation. The black shale samples were collected from a mountainous area in Dongan Town,
Chengkou County, Chonggqing City, China. The sample site was 10 m below the natural ground level, with the
elevation about 1000 m above sea level and the latitude and longitude of 31°57’N and 108°37’E, respectively. The
fresh rock fragments were cut into 2 cm (width) x 3 cm (length) x 0.3 cm (height) pieces, and carefully polished
by a machine (MPJ-4, Xinyu, Shandong, China). Then all the samples were cleaned as previous described'*?!,
briefly, they were put into an ultrasonic cleaner with ethanol (75%, v/v) for 20 min followed by 5 times rinsing
with deionized water, finally dried in a vacuum drying incubator at 40 °C and sterilized by UV irradiation for 12 h.

Bacterial strain and culture media. Acidithiobacillus ferrooxidans (A. ferrooxidans) used in this study was
isolated from the acidic groundwater near the sampling site, the strain was cultured in 9 K medium containing
(per litre): 3 g (NH,),SO,, 1 g KCl, 0.5 g K,HPO,, 0.5g MgSO,-7H,0, 0.001 g Ca(NO;),, and 44.2 g FeSO,-7H,0,
the pH of medium was adjusted to 2.50 by using 0.1 M H,SO,. After being cultivated to the logarithmic growth
phase, the suspensed A. ferrooxidans cells were filtered by a 3 um pore-size filter to remove the solid material
in the medium, and then the filtrate was harvested by centrifugation (2376 x g, 30 min). The isolated cells were
resuspended into a iron-free 9 K medium with pH at 2.50, and adjusted the cell density to 4 x 108 cells/mL by
counting with a haemocytometer.

Experimental set-up. Three systems of bath groups were performed in this study, a 9K medium without
ferrous sulphate as (per litre): 3 g (NH,),SO,, 1 g KCl, 0.5g K,HPO,, 0.5g MgSO,7H,0 and 0.001 g Ca(NO;),
was used for all experiment groups. In two abiotic groups, the initial pH of the medium was different, where the
Group 1 (G1) was 4.50 and the Group 2 (G2) was adjusted to 2.50 by using 0.1 M H,SO,. In biotic Group 3 (G3),
the initial pH of medium was adjusted to 2.50 by using 0.1 M H,SO, and inoculated with 10% (v/v) A. ferroox-
idans cells. All samples were immersed in a 250-mL Erlenmeyer flask and incubated in a constant temperature
shaker at 28 °C, 150 r/p.

Microscopic analysis. The polarized light microscopy (Olympus, Tokyo, Japan) was used for rock surface
mineral observation before and after treatment. Small dried fragments of samples before and after treatment were
fixed onto aluminum stubs and sputter-coated with gold, then examined with a scanning electron microscopy
(SEM) equipped with an energy dispersive X-ray spectroscopy (EDX) (Zeiss, Heidenheim, Germany). The work-
ing condition of SEM was at acceleration voltage of 20kV, extraction voltage of 4.9kV and emission current of 10
pA. The EDX was operated at an excitation voltage of 20 kV; and the processing time for dead time of 35% to 40%,
the acquisition time was 100's (point analysis) and 1800 s (line scan) with the energy range of 0 ~ 20keV. However,
due to the special requirements of sample size and preparation methods, it is hard to conduct on same sample
before and after experiments for SEM and EDX analysis, therefore, samples obtained from the same parent rock
were employed to the original state measurement.
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Rock surface micro-environmental pH (MpH) staining. A fluorescent pH indicator, LysoSensor
Yellow/Blue Dye (Thermo-Fisher, San Jose, CA, USA), was utilized to measure the rock surface MpH by staining
the black shale samples before and after treatment. The experiments were conducted following the manufacturer’s
instructions, briefly, the samples were firstly slightly rinsed by PBS (pH 7.0) for three times, then incubated at the
working solution (1 pmol) for 5 minutes. After rinsing by PBS (pH 7.0) once again, the MpH was observed by
using a confocal fluorescence microscope (Leica, Solms, Germany) with emission and excitation wavelengths of
490 and 360 nm (Fig. 2g,h). The images were analysed by Image J software.

XRD analysis. The XRD diffraction analysis (Bruker, Karisruhe, Germany) was performed using Cu Ko
radiation (A =1.54060) at a voltage of 40kV and a current of 40 mA, with a scanning range 2.5~80° (26) and a
scanning step length of 0.01° (20). A Cu filament and Ni filter was performed for the qualitative mineral analysis.

Aqueous parameter analysis. Aqueous samples of 2mL each were extracted at every 24 hours
for pH (HACH, Loveland, CO, USA), dissolved oxygen (DO) (Mettler Toledo, Zurich, Switzerland) and
oxidation-reduction potential (ORP) (HACH, Loveland, CO, USA) measurements. For the ferric and fer-
rous ions measurement, samples were firstly filtered by a cellulose acetate membrane (0.22um pore-size),
the o-phenanthroline method was then utilized and performed on an ultraviolet visible spectrophotometer
(Thermo-Fisher, San Jose, CA, USA) at A\=510 nm*®.

Data availability

All results and data of this article are available in the paper.

Received: 31 December 2019; Accepted: 4 June 2020;
Published online: 26 June 2020

References

1. Xu, J. et al. Geochemistry of soils derived from black shales in the Ganziping mine area, western Hunan, China. Environmental Earth
Sciences 70, 175-90 (2012).

2. Wengel, M., Kothe, E., Schmidt, C. M., Heide, K. & Gleixner, G. Degradation of organic matter from black shales and charcoal by the
wood-rotting fungus Schizophyllum commune and release of DOC and heavy metals in the aqueous phase. Sci Total Environ 367,
383-93 (2006).

3. Wang, X. et al. Chromium isotope fractionation during subduction-related metamorphism, black shale weathering, and
hydrothermal alteration. Chemical Geology 423, 19-33 (2016).

4. Pi,D.-H,, Liu, C.-Q,, Shields-Zhou, G. A. & Jiang, S.-Y. Trace and rare earth element geochemistry of black shale and kerogen in the
early Cambrian Niutitang Formation in Guizhou province, South China: Constraints for redox environments and origin of metal
enrichments. Precambrian Research 225,218-29 (2013).

5. Peng, B. et al. Release of heavy metals during weathering of the Lower Cambrian Black Shales in western Hunan, China.
Environmental Geology 45, 1137-47 (2004).

6. Parviainen, A. & Loukola-Ruskeeniemi, K. Environmental impact of mineralised black shales. Earth-Science Reviews 192, 65-90
(2019).

7. Liu, Y., Zhang, J., Tang, X., Yang, C. & Tang, S. Weathering characteristics of the Lower Paleozoic black shale in northwestern
Guizhou Province, south China. Journal of Earth System Science 125, 1061-78 (2016).

8. Zhu, B, Li, Q, Wu, Y. & Li, J. Analytical model for predicting stress distribution and load transfer of tension-type anchor cable with
borehole deviation. International Journal of Geomechanics 20, 1-15 (2020).

9. Marin-Carbonne, J. et al. Coupled Fe and S isotope variations in pyrite nodules from Archean shale. Earth and Planetary Science
Letters 392, 67-79 (2014).

10. Hofmann, A., Bekker, A., Rouxel, O., Rumble, D. & Master, S. Multiple sulphur and iron isotope composition of detrital pyrite in
Archaean sedimentary rocks: A new tool for provenance analysis. Earth and Planetary Science Letters 286, 436-45 (2009).

11. Jin, L. et al. Evolution of porosity and geochemistry in Marcellus Formation black shale during weathering. Chemical Geology 356,
50-63 (2013).

12. Phan, T. T, Paukert Vankeuren, A. N. & Hakala, J. A. Role of water—rock interaction in the geochemical evolution of Marcellus
Shale produced waters. International Journal of Coal Geology 191, 95-111 (2018).

13. Jin, L. et al. Mineral weathering and elemental transport during hillslope evolution at the Susquehanna/Shale Hills Critical Zone
Observatory. Geochimica et Cosmochimica Acta 74, 3669-91 (2010).

14. Liao, X., Chigira, M., Matsushi, Y. & Wu, X. Investigation of water-rock interactions in Cambrian black shale via a flow-through
experiment. Applied Geochemistry 51, 65-78 (2014).

15. Singer, P. C. & Stumm, W. Acidic mine drainage: the rate-determining step. Science 167, 1121-3 (1970).

16. Li, L., Polanco, C. & Ghahreman, A. Fe(III)/Fe(II) reduction-oxidation mechanism and kinetics studies on pyrite surfaces. Journal
of Electroanalytical Chemistry 774, 66-75 (2016).

17. Holmes, P. R. & Crundwell, F. K. The kinetics of the oxidation of pyrite by ferric ions and dissolved oxygen: an electrochemical study.
Geochimica et Cosmochimica Acta 64, 263-74 (2000).

18. Moses, C. O., Nordstrom, D. K., Herman, J. S. & Mills, A. L. Aqueous pyrite oxidation by dissolved oxygen and by ferric iron.
Geochimica Et Cosmochimica Acta 51, 1561-71 (1987).

19. Butler, I. B. & Rickard, D. Framboidal pyrite formation via the oxidation of iron (ii) monosulfide by hydrogen sulphide. Geochimica
Et Cosmochimica Acta 64, 2665-72 (2000).

20. Schippers, A. & Sand, W. Bacterial Leaching of Metal Sulfides Proceeds by Two Indirect Mechanisms via Thiosulfate or via
Polysulfides and Sulfur. Applied & Environmental Microbiology 65, 319-21 (1999).

21. Liu, H. et al. Collaborative effects of Acidithiobacillus ferrooxidans and ferrous ions on the oxidation of chalcopyrite. Chemical
Geology 493, 109-20 (2018).

22. Jiang, L., Zhou, H. & Peng, X. Bio-oxidation of pyrite, chalcopyrite and pyrrhotite by Acidithiobacillus ferrooxidans. Chinese Science
Bulletin 52, 2702-14 (2007).

23. Fowler, T. A., Holmes, P. R. & Crundwell, F. K. Mechanism of Pyrite Dissolution in the Presence of Thiobacillus ferrooxidans. Applied
& Environmental Microbiology 65,2987-95 (1999).

24. Bevilaqua, D., Leite, A. L. L. C., Garcia, O. & Tuovinen, O. H. Oxidation of chalcopyrite by Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidans in shake flasks. Process Biochemistry 38, 587-92 (2002).

25. Fowler, T. A., Holmes, P. R. & Crundwell, F. K. On the kinetics and mechanism of the dissolution of pyrite in the presence of
Thiobacillus ferrooxidans[J]. Hydrometallurgy 59, 257-70 (2001).

SCIENTIFIC REPORTS |

(2020) 10:10406 | https://doi.org/10.1038/s41598-020-67268-z


https://doi.org/10.1038/s41598-020-67268-z

www.nature.com/scientificreports/

26. Nemati, M. & Webb, C. A kinetic model for biological oxidation of ferrous iron by Thiobacillus ferrooxidans. Biotechnology ¢
Bioengineering 53, 478-86 (1997).

27. Bobadilla Fazzini, R. A., Levican, G. & Parada, P. Acidithiobacillus thiooxidans secretome containing a newly described lipoprotein
Licanantase enhances chalcopyrite bioleaching rate. Applied Microbiology and Biotechnology 89, 771-80 (2010).

28. Braun, J., Mercier, J., Guillocheau, F. & Robin, C. A simple model for regolith formation by chemical weathering. Journal of
Geophysical Research: Earth Surface 121, 2140-71 (2016).

29. Brantley, S. L. & White, A. F. Approaches to Modeling Weathered Regolith. Reviews in Mineralogy and Geochemistry 70, 435-84
(2009).

30. Bérubé, M.-A,, Locat, J., Gélinas, P., Chagnon, J.-Y. & Lefrangois, P. Black shale heaving at Sainte-Foy, Quebec, Canada. Canadian
Journal of Earth Sciences 23, 1774-81 (1986).

31. Li, X,, Zhu, B. & Wu, X. Swelling characteristics of soils derived from black shales heightened by cations in northern chongging,
china. Journal of Mountain Science 13, 1107-19 (2016).

32. Peng, B. et al. Geochemistry of major and trace elements and Pb-Sr isotopes of a weathering profile developed on the Lower
Cambrian black shales in central Hunan, China. Applied Geochemistry 51, 191-203 (2014).

33. Peuckerehrenbrink, B. & Hannigan, R. E. Effects of black shale weathering on the mobility of rhenium and platinum group elements.
Geology 28, 475-8 (2000).

34. Zhu, W. et al. Sulfide-driven arsenic mobilization from arsenopyrite and black shale pyrite. Geochimica et Cosmochimica Acta 72,
5243-50 (2008).

35. Liu, E et al. Significance of jarosite dissolution from the biooxidized pyrite surface on further biooxidation of pyrite. Hydrometallurgy
176, 33-41 (2018).

36. Formoso, M. L. L. Some topics on geochemistry of weathering: a review. Anais da Academia Brasileira de Ciéncias 78, 809-20 (2006).

37. Jin, L. et al. Characterization of deep weathering and nanoporosity development in shale-A neutron study. American Mineralogist
96, 498-512 (2011).

38. Yang, C. et al. Comparative study on micro-pore structure of marine, terrestrial, and transitional shales in key areas, China.
International Journal of Coal Geology 171, 76-92 (2017).

39. Berner, R. A., Bolton, E. W,, Wildman, R. A. & Petsch, S. T. Organic matter weathering and atmospheric oxygen: a field and modeling
study of black shale oxidation. Proceedings of the 11th International Symposium on Water-Rock Interaction (2015).

40. Crabbe, H., Fernandez, N. & Jones, E. Crystallization of jarosite in the presence of amino acids. Journal of Crystal Growth 416, 28-33
(2015).

41. Jones, E S., Bigham, J. M., Gramp, J. P. & Tuovinen, O. H. Formation and characterization of ternary (Na, NH 4, H 3 O)-jarosites
produced from Acidithiobacillus ferrooxidans cultures. Applied Geochemistry 91, 14-22 (2018).

42. Li, J. et al. Bacteria diversity, distribution and insight into their role in S and Fe biogeochemical cycling during black shale
weathering. Environmental Microbiology 16, 3533-47 (2014).

43. Harvey, A. E,, Smart, J. A. & Amis, E. S. Simultaneous Spectrophotometric Determination of Iron(II) and Total Iron with
1,10-Phenanthroline. Analytical Chemistry 27, 26-9 (1955).

Acknowledgements
This research was financially supported by National Natural Science Foundation of China (Grant NO.: 41672342,
41472256).

Author contributions
Qi Li and Jing Li carried out the experiments and analysis. Baolong Zhu had the idea for the project. All authors
read and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
B’

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:10406 | https://doi.org/10.1038/s41598-020-67268-z


https://doi.org/10.1038/s41598-020-67268-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A comparative study on the micro-surface characteristics at black shale initial oxidation stage

	Results

	Micro-surface characteristics. 
	Mineral composition. 
	Aqueous parameters. 

	Discussion

	Conclusion

	Methods

	Samples preparation. 
	Bacterial strain and culture media. 
	Experimental set-up. 
	Microscopic analysis. 
	Rock surface micro-environmental pH (MpH) staining. 
	XRD analysis. 
	Aqueous parameter analysis. 

	Acknowledgements

	Figure 1 Black shale surface visual morphologies (a1–a6), polarizing microscope images (b1–b6) and SEM images (c1–c4).
	Figure 2 The MpH values by a pH-dependent fluorescent staining on the micro-surface of black shale samples before treatment in G1 (a), G2 (b) and G3 (c) and after treatment in G1 (d), G2 (e) and G3 (f).
	Figure 3 EDX line scans analysis of rock surface elements in the original state (a), and after treatment in G1 (b), G2 (c) and G3 (d), the dashed lines indicate the relative proportion of each element of in aspect of 2 µm depth.
	Figure 4 The aqueous pH (a), Oxidation-Reduction Potential (ORP) (b), Fe2+ ions (c) and Fe3+ ions (d) concentrations concentration during experiment.
	Figure 5 The schematic diagram of A.
	Table 1 XRD analysis for minerals composition of black shale samples before and after treatment in each group.




