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Abstract: In this work, authigenic microbial mineral formation in groundwater near the uranium
sludge storage at SC Chepetsky Mechanical Plant (ChMP) (Glazov, Russia) was analysed in field
and laboratory experiments using thermodynamic modelling when the microbial community was
activated by a mixture of acetate, glucose and whey. It was found that the mineral basis of the
barrier consisted of aggregated soil particles with freshly deposited phases of carbonate and sulphide
minerals of different degrees of crystallinity. An important factor in the formation of calcium phases
is microbial denitrification, which is accompanied by an increase in pH values of the medium. The
main factors of uranium immobilisation in the biogeochemical barrier were revealed, including its
reduction to insoluble forms of uranium dioxide, adsorption on ferrous and sulphide-ferrous minerals,
as well as the formation of phosphate phases through the addition of phosphorus-containing whey
and co-precipitation or co-crystallisation in calcite phases.

Keywords: authigenic mineral formation; aquifer; uranium; biogenic nitrate reduction; carbonates;
sulphides; bioremediation

1. Introduction

Low-active radioactive waste (LRW) disposal in open storage pools at uranium ore
production and processing facilities is currently considered unsafe, as evidenced by more
than 50 years of experience in the use of such storage facilities in Russia [1,2] and world-
wide [2—4]. Since the middle of the 20th century, uranium-bearing sludge has been stored in
the presence of a high levels of carbonate, nitrate, sulfate calcium and ferruginous mineral
phases [1,2]. One of the important problems remaining after the conservation of such
repositories is the complex contamination of underground aquifers of water-soluble waste
components (nitrates, ammonium, sulphates, carbonates, uranium and heavy metals, such
as iron) [5-8] due to violation of the integrity of engineering safety barriers. This leads
to the uncontrolled migration of pollutants and creates risks of polluting different water
supply sources. An important problem with complex groundwater contamination is the
increased risks of migration of highly toxic components, primarily uranyl ions, against the
background of significant concentrations of nitrate, sulphate and carbonate ions [9-13].

One way to prevent the migration of components in groundwater is the creation of
impermeable barriers of the “wall-in-soil” type. However, implementing this method is
a complex and expensive process. Moreover, its effectiveness depends on the hydrody-
namic and geological parameters of the formation [14,15]. Reactive barriers are the most
effective and least resource-consuming solution [16]. One variant of reactive barriers is
microbiological, which involves injecting inexpensive soluble substrates to activate the
indigenous microbial community [17-19]. The latter is most effective for the removal of
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nitrogen compounds, as well as uranium, organic contaminants and other elements. This
technology is well established and has been actively used worldwide for several decades
at nuclear fuel cycle facilities [20-26]. As a result of microbial activity, significant changes
in environmental conditions can occur, leading to changes in the solubility and migration
properties of microcomponents. The biogenic formation of authigenic minerals forms a kind
of biogeochemical barrier in the aquifer, preventing the migration of soluble components
and the removal of nitrogen-containing compounds in gaseous forms.

The addition of different components, such as phosphate or iron, to injected solutions
may result in the formation of a complex mineral biogeochemical barrier for uranium and
other metals [27,28]. Authigenic mineral formation is a rather effective way to reduce
the amount of polluting elements in groundwater by their precipitation and subsequent
crystallisation [20,29,30]. One of the important microbial processes for barrier formation is
sulphate reduction, which ensures the formation of sulphide iron and manganese phases
(troillite, pyrite, pyrrhotite and mackinawite) [31-34], which have reducing and sorption
capacity for uranium and other metals [35,36]. Another process contributing to the for-
mation of authigenic phases is the microbial reduction of iron, which contributes to the
dissolution of a number of minerals (hematite, etc.) and the formation of new mineral
phases of reduced iron (siderite or iron oxides) [37-39]. The microbial or abiotic oxidation
of reduced iron leads to the formation of iron oxide hydroxide phases, which have a high
immobilisation capacity for uranium [40]. Another of the important processes is the forma-
tion of carbonate phases of iron, calcium and manganese magnesium formed by carbon
dioxide formation during microbial respiration [41-43]. It is important to note that the
processes of biogenic mineral formation primarily take place in anaerobic conditions, and
their intensification requires the preliminary removal of oxygen and nitrate ions due to the
oxidation of organic substances.

In this paper, we evaluated biogenic mineral formation during microbial commu-
nity activation by sugar and acetate using the uranium ore processing and uranium
fuel preparation enterprise SC Chepetsky Mechanical Plant ChMP (Glazov, Russia) (http:
//www.chmz.net/en/) as an example in laboratory and field experiments. Previously,
we analysed the microbial diversity of several groundwater samples with different levels
of pollution. It was found that groundwater contains a physiologically diverse microbial
community dominated by nitrogen cycle microorganisms, including denitrifying, nitrifying
and anammox bacteria [44,45]. In the samples with high levels of ammonium, nitrate
and sulfate pollution, bacteria of the genera Rhizobiaceae, Moraxellaceae, Oxalobacteraceae,
Corynebacteriaceae, Xanthomonadaceae, Rhodobacteraceae, Alcaligenaceae and Pseudomon-
adaceae, capable of reducing nitrate, were found. Additionally, sulfate-reducing bacteria of
the genus Desulfovibrionaceae were also found.

It is important to note that significant microbial diversity is observed in samples with
extremely high nitrogen load, containing up to 500 mg/L ammonium and 10,000 mg/L
nitrate ions. Thus, there are prerequisites for the use of the nitrogen bioremediation method
for groundwater in zones with different levels of anthropogenic pollution. It was also
found that the microbial community in groundwater can remain active at temperatures up
to 8-10 °C and facilitate nitrogen removal during its growth in the form of biofilms on the
surface of rocks that are characteristic of the aquifer.

2. Materials and Methods
2.1. Materials

This research was carried out using water and soil samples taken from wells in the
upper aquifer in the area of the SC Chepetsky Mechanical Plant tailings, collected from a
depth of 14 m. The samples were taken in sterile 1.5 L plastic bottles without a gas phase.
The samples were hermetically sealed and stored at a temperature of +4 °C in a refrigerator.
A description of the samples is given in Section 3.1. The pH, Eh and conductometry values
were determined at the time of sampling. After each sample was collected, sequential
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filtration of the samples was carried out using syringe filter attachments and cellulose
acetate membranes with pore sizes of 2.4, 1.2, 0.45, 0.22, 0.1 and 0.05 pm.

2.2. Laboratory Experiment

The biogenic transformation of soil samples was carried out by incubating 2.5 g of the
sample in hermetically sealed 50 mL vials with groundwater samples as the liquid phase
with the addition of 2.5 g/L (in equal proportions by weight) of sugar, sodium acetate and
milk whey (Agroprommilksbyt Ltd., Utyatinka, Novgorod region, Russia) (100,000 mg/mL
COD) for 90 days. The samples were taken in a nitrogen atmosphere on days 10, 20, 30, 40,
60 and 90 for liquid phase analysis.

All experiments were conducted in triplicate. All the chemicals used were of high
purity grades from Sigma Aldrich (Darmstadt, Germany).

2.3. Field Experiment

For the field experiment, 10 m? of pre-selected formation water with sugar and acetate
additives at concentrations similar to the laboratory experiment was injected into the
formation water. Sampling was carried out after 3 months. Sterile vials were used, and
filtration was carried out using syringe filter attachments and cellulose acetate membranes
with pore sizes of 2.4, 1.2, 0.45, 0.22, 0.1 and 0.05 um. In the filtrate, the content of the main
macrocomponents and uranium was determined. The composition of the precipitate on
the filters was evaluated using scanning electron microscopy.

2.4. Methods of Analysis

An X-ray diffraction (XRD) analysis was carried out using a Panalytical Aeris (Malvern,
United Kingdom, https:/ /www.malvernpanalytical.com/en) powder X-ray diffractometer
with a Cu K« anode at 40 kV and 15 mA at the Shared Use Center, Institute of Physical
Chemistry and Electrochemistry, Russian Academy of Sciences. For the XRD analysis, after
drying, the samples were ground in a corundum mortar to a powder state. The sample was
taken from 2° to 65° 20 in 0.002 increments and a 1 rad slit. The obtained results were inter-
preted using the HighScore Plus program (https:/ /www.malvernpanalytical.com/en/pr
oducts/category/software/x-ray-diffraction-software /highscore-with-plus-option) with
the PDF2 database (https://www.icdd.com/pdf-2/). The total amount of clay fraction
was estimated using the Rietveld method in an air-dried sample ground in a corundum
mortar to a powder state. Montmorillonite, illite and kaolinite in the clay fraction were
identified by their characteristic peaks (according to the Clay Mineral Identification Flow Di-
agram, https://pubs.usgs.gov/of/2001/0f01-041/htmldocs/flow/index.htm) in oriented
samples.

Scanning electron microscopy (SEM) was carried out using a TESCAN MIRA3 scan-
ning electron microscope (Brno, Czechia, https:/ /www.tescan.com/) from the Joint Use
Center, Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy
of Sciences. Before conducting scanning electron microscopy and the XRD analysis, the
samples were removed from the liquid medium and dried at room temperature in a nitro-
gen glove box to a constant temperature. For the SEM analysis, the samples were placed
on an aluminum holder using electrically conductive tape, and vacuum carbon deposition
was performed using Q150T E Plus (https:/ /www.quorumtech.com/q150t-turbo-pumped-
sputter-coatercarbon-coater/), with a vacuum of 4~ Pa and a current of 50 A. The samples
were taken in two modes: SE and BSE, both at a voltage of 20 kV and a current of 50 A.

The concentrations of the elements in the water samples were analyzed immediately
after sample collection and filtration through a 0.45 um glass filter using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) X Series2 (Thermo Fisher Scientific, Waltham,
MA, USA https:/ /www.fishersci.com/shop/products/icap-6500duoview-icp-oes-spect/
NC1982295) and Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
iCAP6500 (Thermo Fisher Scientific, Waltham, MA, USA https://www.fishersci.com/sho
p/products/icap-6500duoview-icp-oes-spect/NC1982295).
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The anion and cation concentrations were measured using a capillary gel electrophore-
sis system (Capel-106M, LUMEX Instruments, Sact-Peterburg, Russia https://www.lumexi
nstruments.com/ catalog/ capillary-electrophoresis/capel-105m.php).

Determination of the Eh and pH values was carried out using an ANION-4100 pH
meter/ionomer (Novosibirsk, Russia, http:/ /www.anion.nsk.su/) with an electrode com-
bination vs Ag/AgCl electrode.

Geochemical thermodynamic modelling was estimated using PhreeqC 2.18 software
(Reston, Virginia, USA) [46]. The saturation indices (SI) were determined as follows:

SI = logIAP — logKs,

where IAP is the product of the activities of the corresponding ions and Ks is the equilibrium
constant.

If SI > O, the formation of the investigated phase was predicted. The thermodynamic
database llnl.dat was used for modelling.

3. Results
3.1. Description of Water and Soil Samples

Table 1 shows the composition of the sample that was used in the laboratory experi-
ment. The well from which the sample was taken was used for the field experiment. High
concentrations of nitrate ions (reaching almost 10 g/L) were found in the sample, indicat-
ing the high oxidising potential of the medium. In addition, high levels of ammonium,
nitrite and sulphate ions were noted. The technogenic impact of the storage facility also
lead to an increase in the levels of calcium, chlorine, molybdenum and uranium. There
was a deficiency of phosphorus and organic carbon, both of which are necessary for the
intensive biological processes of denitrification and sulphate reduction. The high levels
of nitrite ions may indicate the possibility of anammox processes, which contribute to the
removal of ammonium ions. The total iron in the samples (5.8 mg/L) may contribute to the
microbial processes of mineral formation due to the activity of lithotrophic iron-reducing
and iron-oxidising bacteria.

Table 2 shows the elemental composition of the rock. The studied rock was a sandy
loam with the following mineral composition: quartz—73%-78%, plagioclases—2%-5%
and potassium feldspars—7%-10%. The clay fraction comprised up to 10%-15%, with
montmorillonite being the predominant phase. The content of iron was 1.8 wt%, which
indicates the presence of various forms of iron available for microbial processes and
the possibility of their microbial transformation. The content of illite and kaolinite was
less than 2%-3%. Sulphur content below the detection limit of the instrument indicates
predominantly oxide or carbonate forms of iron. The presence of magnesium was most
likely due to the presence of the Ca-Mg form of montmorillonite in the mineral composition.
Ti and Mn were found in the sample in insignificant quantities, which could be present
both as impurities and in the form of separate mineral phases (e.g., in the form of rutile
and ilmenite).
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Table 1. a. Parameters and concentrations of the main components in groundwater samples, mg/L; b. Concentration of trace elements in groundwater samples,
mg/L.

a. Parameters and concentrations of the main components in groundwater samples, mg/L
pH Eh, mV NH;* K* Na* Mg?* Ca?* Cl~ NO,~ S0,4%~ NO;~ PO,3— HCO;
6.5+02 145+5 409+£098 190+£5.7 2156 £ 64.68 673+£202 2300+69 2353+7059 653+196 1208 +£36.24 9869 + 296.07 0.47 £0.01 245+7.35

b. Concentration of trace elements in groundwater samples, mg/L
Al Si Mn Fe Co Ni Cu Zn Sr Mo Th U
0.14 £0.004 1.61+£0.05 18+005 528+0.16 0.084+0.002 0.011 £ 0.0003 0.07 £ 0.002 0.02 £0.0006 5.8 +0.174 1.55+0.047  0.003 £0.0001  0.16 & 0.005
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Table 2. Elemental composition of soil, mass%.

NaZO

MgO A1203 Si02 Kgo CaO Ti02 MnO Fe203 P205 Sto’tal

1.1+
0.033

0.7 £ 47 £
0.0035 0.235

852+ 0.7 £ 28 £ 02+ 0.03 + 1.8 + 0.05 £

0.426 0.0035 0.014 0.001 0.00015 0.009 0.00025 <02

3.2. Laboratory Modelling Results
3.2.1. Changes in Solution Composition

Table 3 shows the data regarding changes in the values of Ek and basic anions in the
water sample in the laboratory experiment after the addition of sugar and acetate. It is
important to note that the El values over the course of the experiment, after 30 days, moved
to the anaerobic region due to active nitrate reduction and the consumption of residual
oxygen. By 40 days, their values became optimal for anaerobic sulfate-reduction processes.
The concentration of nitrate ions decreased after 10 days of the experiment, and by 90 days,
reached the value of 12 mg/L, which is lower than the values of maximum permissible
concentration (MPC) for drinking water (45 mg/L for Russian Federation). The pH values
increased to 8.2 after 40 days due to the denitrification process. It is important to note that,
in the solution during the initial 40 days, there was an increase in the concentration of iron
due to its anaerobic dissolution, and in the period of 60-90 days, the concentration of iron
decreased due to its precipitation in the form of sulphide phases during the process of
sulphate reduction. In the first 20 days of the experiment, we observed a significant increase
in the concentration of hydrocarbonates in the medium due to the microbial oxidation of
organic substances, but by 30 days, the concentration of hydrocarbonates began to decrease
due to the formation of carbonate phases.

Table 3. pH, Eh values (mV) and concentrations of major cations (mg/L) in the groundwater samples
during the laboratory experiment.

Parameters

Time, Days

0

10 20 30 40 60 90

NO,™
SO,
NO3™
Fetotal
Eh
HCO;™
pH

65.3 £ 1.96
1208 + 36.24
9869 =+ 296.07

52£0.16

156 £ 5

352 +10.56

6.5£0.2

156.6 £4.70 350.8 +£10.52  231.1 +6.93 459 +1.38 11.2 +£0.34 52 +0.16
1156 £34.68 1132 £3396 1021 £ 30.63 987 £ 29.61 346 £ 10.38 47 £1.41
8876 £266.28 6737 £202.11 4521 +£135.63 1234 £+ 37.02 124 £3.72 12 £0.36
5.6 £0.17 89 +£027 22.4 £ 0.67 258 £0.77 8.1£0.24 0.8 £0.02
145 £ 5 54 £5 —78 £5 —178 £5 —225£5 —239 £5
390 £ 11.7 586 + 17.58 508 + 15.24 412 +£12.36 245 +7.35 212 + 6.36
6.4 +0.2 6.8 £0.2 79+0.2 82=£02 79+£0.2 78 £0.2

3.2.2. Changes in Sandy Loam Composition

Based on the XRD data, no significant changes in the sample composition could be
recorded. The elemental composition of the rock before and after microbial processes is
shown in Figure 1. The decrease in Si and Al indicates the destruction of aluminosilicates.
The comparatively lower change in aluminium content was probably due to the higher
stability of Si in colloidal form in solution. This may also be evidenced by the decreases in
Na and K concentration. The significant increase in Ca content may be a consequence of this
process and may be due to the precipitation of Ca in the form of biogenic calcite, whereas
the increase in Mg may indicate the formation of biogenic dolomite due to CO,; release
during microbial respiration. The loss of iron in the sample can be attributed to the activity
of iron-reducing bacteria in establishing reducing conditions. The increase of sulphur may
be related to the formation of ferruginous-sulphide phases due to the microbial reduction
of sulphate.
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Figure 1. Changes in elemental composition of the sandy loam sample after microbial transformation,

% of initial content.

The data regarding changes in the elemental composition of the sandy loam sample
generally agreed with the data obtained using X-ray microanalysis (Figure 2, Table 4).
Increased calcium and iron content was observed in all samples. The main mineral changes
in the sample after microbial transformation are summarised as follows:

1.  Formation of biogenic calcite phases (Figure 1 (point 1), Figure 2 (points 4, 5 and 6)).

2. Iron accumulation was observed in almost all analysed spectra in phases containing
calcium, sulphur and phosphorous.

3.  Formation of iron sulphide phases, as a general accumulation of iron and sulphur
in Figure 3 (points 7, 8) and Figure 4 (point 12), as well as in the form of separate
crystalline phases in Figure 5 (points 14, 15, 16).

4. Uranium accumulation was observed predominantly in calcium phases, but uranium
was also detected in the iron sulphide phase.

5. Accumulation of manganese mainly in calcium phases.

SEM HV: 20.0 kV WD: 14.99 mm L ||| mRrasTESCAN
View field: 17.2 ym Det: SE
Cyril A. Lorenz  Date(m/dly): 08/23/22 Vernadsky Institute

SEM HV: 20.0 kV WD: 14.99 mm MIRA3 TESCAN|
View field: 211 ym Det: BSE
Cyril A. Lorenz  Date(m/dly): 08/23/22 Vernadsky Institute

Figure 2. Cont.
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Y S {
SEM HV: 20.0 kV WD: 14.91 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 16.26 mm MIRA3 TESCAN]|
View field: 71.1 pm Det: SE 20 pm View field: 34.5 pm Det: SE 10 pm
Cyril A. Lorenz Date(m/dly): 08/23/22 Vernadsky Institute Cyril A. Lorenz Date(m/dly): 08/23/22 Vernadsky Institute
A ~ " -

SEM HV: 20.0 kV WD: 9.93 mm MIRA3 TESCAN|
View field: 44.2 um Det: SE 10 pm
SEM MAG: 8.62 kx Date(midly): 08/23/22 Vernadsky Institute

Figure 2. (a—e) Microphotographs of grunt sample after 90 days of microbial activation in the
laboratory experiment. The elemental analysis data of the points marked by circles are provided in
Table 4.

Figure 3. Water sample on day 90 after organic injection in the field experiment.
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Figure 4. Normalized distribution of Fe, Mn, U and Ca in filtrates, % before (a) and after (b) microbial
processes.
Table 4. Elemental composition of points shown in Figure 2 obtained using X-ray microanalysis
(normalisation by oxygen at 100%), presented as oxides wt.% (error 0.05%).
Figure No.  Point (6] F Na Mg Al Si P S Cl K Ca Ti Mn  Fe 8]
1 322 - - 53 126 3438 - 0.1 - 0.1 8.2 - - 6.7 -
Figure 2a 2 46.5 - 1 - 96 307 - - - 112 1 - - - -
3 30.1 - - 1 04 2.0 - - - - 652 - 1 04 05
4 29.1 - - - 0.3 12 - - - - 67 - 2 0.3 -
Figure 2b 5 28.5 - - - - 0.5 - - - - 65 - 49 - 1.1
6 295 - - 1 04 1.8 - - - - 637 - 2 07 09
7 436 - - - 2 7.4 - 16 - 02 24 - - 277 -
Figure 2c 8 46.1 - - 1 2.9 7.9 - 176 - 0.3 17 - - 221 -
9 53 - - - 0.7 46 - - - 0.2 - - - 0.2 -
10 392 37 - - 0.2 12 18 - 2.3 - 35 - - - -
Ficure 2d 11 51.2 - 05 05 15 233 - 5.2 - 0.2 1.6 - - 197 --
8 12 457 - - 06 15 3.6 - 209 - - 1.9 - - 249 05
13 472 - - 06 234 159 - 5.3 - 0.2 2 012 - 5.2 -
14 334 - 143 16 05 09 24 110 74 09 26 - - 251 -
Figure 2e 15 427 - 89 10 03 06 14 176 50 07 19 - - 201 -
16 445 - 69 10 03 06 15 187 33 07 19 - - 211 -

Furthermore, due to the microbial process, the mineral particles aggregated into
macroparticles bound by the polysaccharide matrix of microbial biofilms. For example,
in Figure 4, the aggregation of clays and calcium phosphate (point 10) was observed, and
in microphotographs 1 and 2, the aggregation of potassium feldspars (point 2) and clays
(point 1) was observed.

3.3. Field Experiment
3.3.1. Changes in Water Parameters

As a result of the field experiment, a significant change in the concentrations of liquid
phase components occurred over 3 months (Table 5). Within 10 days, the redox potential
value moved to the anaerobic region and reached —196 mV by 90 days. The level of nitrate
ions decreased to 4.3 mg/L by 90 days, and the sulphate ion concentration decreased
from an initial value of 1392 mg/L to 549 mg/L due to their recovery. After 3 months,
the collected samples acquired dark colouration (Figure 3), which is characteristic of iron
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sulphides. The formation of hydrocarbonates was intensive up to 30 days and reached 492
mg/L. By 90 days, there was a decrease in hydrocarbonate concentration to 351 mg/L due
to the formation of carbonate phases. The pH values rose to 8.4 after 90 days due to the

denitrification process.

Table 5. Changes in groundwater parameters after injection of organic matter.

Time, Days
Parameters
0 10 30 90
pH 6.7 0.2 74 4+0.2 8.24+0.2 8.41+0.2
Eh, mV 213 +5 —27+5 —150 + 5 —196 £ 5
NO;3;~, mg/L 10682 + 320.4 8284 + 248.5 633 + 18.9 43+0.1
SO42-, mg/L 1392 +41.7 1190 £+ 35.7 1200 4+ 36.0 549 + 16.4
HCO;~, mg/L 245+ 7.3 379 £ 11.3 492 +14.7 351 £ 10.5

3.3.2. Uranium Distribution in the Water Samples

The cascade filtration of groundwater samples carried out at the site of profiling
allowed for the estimation of the main forms of uranium in the leachate (Figure 4) and on

the surface of the filters (Figure 5).

/4

o
MIRA3 TESCAN| SEM HV: 30.0 kV WD: 156.00 mm

SEM HV: 20.0 kV WD: 9.99 mm
View field: 116 ym Det: SE

View field: 2.27 pm Det: SE
SEM MAG: 3.28 kx  Date(m/dly): 06/07/22 Vernadsky Institute

Cyril A.Lorenz  Date(midly): 06/06/22

SEM HV: 20.0 kV WD: 9.92 mm
View field: 30.6 pm Det: BSE

SEM MAG: 124 kx  Date(m/dly): 06/07/22 Vernadsky Institute

MIRA3 TESCAN|

Vernadsky Institute

Figure 5. Electron micrographs of filter surfaces with pores of 1200 nm in diameter after water sample
filtration (field experiment) with carbonate (a), uranium (b) and sulphide (c) phases. The elemental

analysis data of the points marked by circles 1-9 are provided in Table 6.
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In the groundwater sample before microbial activation under oxidising conditions,
about 25% of iron and manganese, 55% of uranium and about 10% of Ca were in dissolved
or fine-colloidal form. About 40% of Fe, 30% of Mn and 80% of Ca were in the form of
coarse particles larger than 1200 nm. After microbial activation, aggregation of the particles
was observed, resulting in a decrease in the dissolved or fine-colloidal phase of all elements.
Thus, the iron content in this fraction was about 5%, Mn and U were no more than 2% and
almost all the Ca moved to the large fraction.

Table 6. Composition of phases on the filter (normalisation by oxygen at 100%), presented as oxides
wt.% (error 0.05%).

Figure Point Na Mg Al Si P S K Ca Fe U

1 2.8 3.6 4.0 3.5 5.5 78.9 1.7

Figure 5a 2 1.3 2.1 2.9 3.2 3.9 85.2 14
3 1.7 2.6 3.2 2.8 4.0 83.5 2.2
4 2.3 17 2.9 3.4 3.1 46.9 39.8

Figure 5b 5 9.0 10.0 17.9 63.1
6 3.1 4.6 4.8 2.8 32.5 52.3
7 3.4 4.4 12.3 34.3 5.5 12.5 9.1 18.5

Figure 5¢ 8 2.1 4.4 13.2 30.7 16.6 1.6 12 30.1
9 1.7 4.0 9.0 23.3 28.5 15 2.9 29.1

3.3.3. Filter Surface Mineral Phase Description

Minor uranium content could be detected only on the surface of the filter, with a pore
size of 1200 nm, by X-ray dispersion analysis. Aluminosilicate particles, iron, some calcium
and titanium were present on the surface of the filters with smaller pore sizes. Since the
maximum content of calcium, iron and other elements was on the filter with the largest
pore size, focus was directed towards the mineral phases on its surface. When its surface
was analysed using scanning electron microscopy with X-ray microanalysis, a number of
mineral phases of biogenic origin were detected:

1.  Carbonate phases. Figure 5a shows the biogenic calcium carbonate phase (point 1, 2
and 3).

2. Sulphide phases. Phases of biogenic iron sulphide were found in the form of crystal-
lites of rather regular shape (Figure 5c). On the basis of the ratio of sulphur and iron,
it is possible to assume that this phase was pyrite (point 7, 8 and 9).

3. Uranium phases. In Figure 5b, biogenic phases with uranium (point 4, 5 and 6) are
shown.

4.  The addition of phosphorus-containing whey resulted in the formation of phosphate
phases (Figure 5a).

4. Discussion

Therefore, in both field and laboratory experiments, it was determined that the acti-
vation of microorganisms by soluble organic substrates mainly results in the formation of
carbonate and sulphide mineral phases with different degrees of crystallinity. It is impor-
tant to note that the addition of milk whey is an important factor for the purification of
groundwater because it is a source of the most deficient element (phosphorus). Groundwa-
ter also contains calcium, a number of vitamins and the trace elements necessary for the
development of microflora. The successful experience of bioremediation using whey has
been described in previous research [26,47,48]. The high degree of calcium accumulation in
the samples indicates the formation of calcites, which begin to form due to the formation
of carbonates during the microbial oxidation of organic matter and due to alkalization of
the medium during denitrification [49,50]. During the next stage, after the reduction of the
redox potential of the medium, formation of less highly crystalline iron sulphide mineral
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phases occurs. At the same time, calcite phases are well formed and can serve as centers of
crystallization for sulphide phases [51] and promote the accumulation of other elements,
such as iron, uranium and manganese [52,53].

Thus, initially high concentrations of nitrates can promote more active mineral for-
mation by maintaining the pH values of the medium within the slightly alkaline range
through their microbial consumption. Earlier, we described the process of the formation of
strontium and calcium carbonate phases during organotrophic denitrification [54]. This
supports the same conclusion about the importance of the process of alkalinization in
the reduction of nitrate. In earlier research [44,45], we found organotrophic denitrifying
bacteria belonging to the genera Pseudomonas, Arthrobacter and others in groundwater in the
sludge storage areas at the ChMP. It is also important to note the role of microbial biofilm
in element accumulation and further mineral formation, which is formed on rocks after
several days of microorganism development [55,56]. In the presence of microbial biofilms,
the formation of calcite usually occurs more actively [57]. As shown in different studies,
organotrophic bacteria of the genus Pseudomonas are able to actively produce a polysaccha-
ride matrix [58-60], which leads to the increased adsorption of iron, calcium, manganese
and uranium onto mineral phases and facilitates their further crystallization [61].

The evolution of mineral formation processes during microbial activation can be
presented as follows: at the first stage, there is formation of a polysaccharide matrix, which
promotes the accumulation of most metals due to chelation by various organic groups;
further, with the oxidation of organic matter, there carbonates accumulate, which gradually
form calcite when there is excess calcium (or dolomite with the presence of magnesium
in the medium) due to the alkalization of the medium during denitrification. Afterwards,
when the redox potential decreases, a cycle of anaerobic processes of sulphate and iron
reduction is initiated, favouring the formation of ferruginous and jade-sulphide phases,
which are formed in the polysaccharide matrix, against the background of well-formed
calcite phases. The reducing conditions also favor the recovery of uranium in the form of U
(IV) oxide phases [62]. It is important to note that, with low iron content in the aqueous
phase, the formation of sulfide phases occurs, probably due to its reductive dissolution
from mineral phases, primarily from clay phases [63].

The possibility of the formation of different mineral phases in the media after microbial
activation was calculated using thermodynamic modelling using PREEQC software with
the llnl database (Table 7). If SI > 0, the formation of the phase was predicted.

Thus, after the microbial removal of nitrate and the reduction of the redox potential
in the solutions, the majority of uranium precipitates in the form of a mixture of oxides,
such as UO,, and oxides with complex stoichiometry or uraninite particles. According
to calculations, microbial processes resulted in the formation of new phases of carbonate
(siderite type) and sulphide (pyrite pyrrhotite troilite mackinawite) phases of iron and
calcium carbonate. The formation of biogenic ferruginous phases in groundwater is also
noted in previous research [64—66], where their importance in reducing uranium migration
was emphasised [67,68].

The addition of milk whey can lead to the formation of phosphate phases of hydrox-
yapatite, vitlockite, vivianite and mixed uranium—calcium phosphate otenite [69].

It is important to note that, in the process of formation, the aggregation of suspended
particles and soil biogenic mineral phase particles occurs [70,71], which may contribute to
the slowing of mass transfer in the aquifer and the establishment of more stable conditions
for the formation of a biogeochemical mineral barrier, regardless of the rate of groundwater
movement. Previously, we observed the biogenic aggregation of large ferric, calcium and
uranium particles in aquifers during bioremediation, which mitigates the risk of colloidal
and pseudocolloidal uranium transport in groundwater [70].
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Table 7. Saturation indices (SI) of different mineral phases before (1) and after (2) microbial processes
(PREEQC modeling with the llnl database https://github.com/LLNL/EQ3_6).

Sample
Mineral Phases
1 2
Carbonates
Aragonite CaCO3 0.3 1.1
Calcite CaCO3 0.4 1.2
Dolomite CaMg(CO3), 1.4 3
Siderite FeCO3 -1.3 0.4
Rhodochrosite MnCOj3; 0.1 1.3
Monohydrocalcite
CaCOs-H,0 1.5 04
Oxides and hydroxides
Goethite FeFOOH 2.2 0.6
Magnetite Fe3O4 3.1 0.1
Haematite Fe, O3 5.3 0.5
Phosphates
Hydroxyapatite
-15 0.8
Cayp(POy4)e(OH),
Vivianite Fe3(POy),-8H,O —2.8 14
Vitlockite Caz(POy), —-2.5 4.8
MnHPO, —8.9 14
Sulphides
Pyrite FeS, —114 13.2
Pyrrhotite FeS —6.9 4.2
Troilite FeS —-8.9 1.2
Alabandin MnS —8.7 0.4
Mackinowite (Fe.Ni)gS -89 0.5
Uranium phases
UO,am -39 1.2
UOg; 3 -9.7 0.9
UO; uraninite -7.9 1.9
UOy33 —6.7 2.8
Autenite —16.2 0.98

5. Conclusions

In conclusion, through field and laboratory experiments, as well as thermodynamic
modelling, it was established that the activation of microorganisms with a mixture of sugar,
acetate and whey in groundwater leads to the formation of a biogeochemical barrier that
promotes nitrate removal and uranium immobilization. The mineral basis of the barrier
consists of aggregated soil particles with freshly deposited phases of carbonate and sulphide
minerals with different degrees of crystallinity. An important factor in the formation of
calcium phases is microbial denitrification, which is accompanied by an increase in the
pH values of the medium. In the specific example described in this paper, the nitrate ion
content reached 9.8 g/1, and its removal contributed to an increase in pH values up to
8.4, which is optimal for the formation of calcite [71]. When nitrate ion concentrations
are lower, the effect of carbonate formation may not be observed. Important factors in
the immobilization of uranium within the biogeochemical barrier include its reduction,
which occurs as the redox potential decreases, resulting in the formation of insoluble
forms of uranium dioxide. Additionally, uranium can be adsorbed onto ferruginous and
sulphide-iron minerals. Moreover, the addition of phosphorus-containing whey can lead
to the formation of phosphate phases, and uranium my undergo co-precipitation or co-
crystallization in calcite phases. The formation of a biogeochemical barrier in groundwater
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also contributes to reducing the risk of the migration of colloidal and pseudocolloidal forms
of uranium due to the aggregation of suspended uranium and ferruginous clay particles.
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