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Abstract

Production of methane gas from the methane-hydrate-bearing layer below the deep-ocean floor is
expected to be crucial in the future of energy resources worldwide. During the methane gas-
production phase from the methane hydrate with the depressurisation method, the depressurising
zone around the production well will lose strength, causing a potential geohazard. In this study, a bio-
mediated treatment to reinforce the methane hydrate layers is proposed. A urease-producing
bacterium, Sporosarcina newyorkensis, was isolated for the first time from a pressure core sampled
from the Nankai Trough seabed methane-hydrate-bearing layer in Japan. This newly isolated species
can survive deep-seabed environments and also enhance the population under nutrient-rich
conditions. In addition, it is uniquely characterised with higher urease activities under low-temperature
conditions in comparison to the well-known bacterium S. pasteurii. The results of triaxial tests suggest
that this bacterium can catalyse the precipitation of calcium carbonate through urea hydrolysis, which
enhances the soil strength below of the ocean floor and hence reinforces the production well. This will
not only make methane gas extraction safer but may also reduce sand production in the well, making

extraction operations more efficient and cost effective.

Keywords

Ground improvement; Soil stabilisation; Laboratory tests, Pressure core; Gas hydrate



List of notations

AIST: National Institute of Advanced Industrial Science and Technology, Japan
CD triaxial compression test: Consolidated Drained triaxial compression test
MICP: Microbially Induced Calcite Precipitation

P-core: Pressurise core

PCR-DGGE: Polymerase Chain Reaction-Denaturing gradient gel electrophoresis
PCS: Pressure Coring System

PNATS: Pressure-Core Non-destructive Analysis Tools

PT: Pressure/Temperature

TSB: Trypticase Soy Broth



1. Introduction

The deep-ocean floor environment is the last frontier for the development of the next-generation of
energy resources such as methane hydrate. Although this frontier remains untouched by humans, it
has been home to deep-sea microbial communities for millennia. Researchers and engineers need to
develop new energy production methods that minimise geohazards such as submarine landslides and
sand production resulting from oil and gas production operations. For gas production from
unconsolidated methane-hydrate-bearing sediments, measures to limit sand and water production
while not disturbing the gas production are required. If the strength and permeability of soil can be
controlled through microbial induced carbonate precipitation (MICP) treatment, the technique can
contribute towards stable gas production. Conventional mitigation practice relies on the injection of
artificial substances such as cement and water glass, which are potentially damaging to the delicate
deep-sea ecosystems. In recent years, bio-mediated geotechnics has focussed on the development
of the next-generation of ground improvement techniques targeting an increased soil strength
(Whiffin, Van Paassen and Harkes, 2007; Al Qabany and Soga, 2013; Montoya and DeJong, 2015;
Terzis and Laloui, 2019), reduced internal erosion (Jiang et al., 2016; Jiang and Soga, 2017; Clara
Saracho and Haigh, 2018a, b, Clara Saracho et al 2020a,b) and lakebed stability (Hata et al., 2019),
amongst others. Most of these bio-mediated ground improvements focus on the use of urease-
producing bacteria as catalysts for calcium carbonate precipitation through urea hydrolysis, (Van

Paassen, 2009; Dejong et al., 2013).

The existing body of research within the field of biogeotechnics has primarily focused on Sporosarcina
pasteurii. This is a high-urease activity microbe isolated from the surface soil and is found to increase
the soil strength (Bang, Galinat and Ramakrishnan V, 2001). Another strength-increasing urease-
producing bacterium, Sporosarcina aquimarina, was isolated from the estuaries of South Korea. This
thrives in seawater, having a high salt tolerance (Yoon et al., 2001: Hata et al., 2013). However, the
severe conditions of the deep-ocean environment, with low temperatures and high pressure, may
hamper the growth of these microbes. Along this line, Clara Saracho et al. (2020a) found an
increased sensitivity of urease activity to pressure at temperatures near those of the original isolation
environment, which is of major importance for the application of MICP in the deep sea. Therefore, the

utilisation of microbes of deep-sea origin would be preferable. Similar urease-producing microbes



from deep-ocean environments have not been previously reported in the context of sand production

mitigation.

The difficulties of undertaking research on MICP for these deep-sea sediments is compounded by the
difficulty in obtaining undisturbed soil samples from stable methane hydrate deposits. Conventional
coring techniques are unable to maintain the high-pressure conditions while extracting the samples
from the ocean floor to the surface, triggering the decomposition of the methane hydrate and
destroying the core.

An alternative technique is pressure coring (PCS), which maintains the high-pressure conditions
below of the seabed floor throughout transport to the surface environment. Several types of pressure
coring systems have been developed in the past 30 years (Pettigrew, 1992; Dickens et al., 1997,
Takahashi et al., 2001; Fuijii et al., 2009). In 2012, Hybrid-PCS (Kubo et al., 2012), was applied to the
hydrate-bearing layer of the Daini—Atsumi Knoll in the eastern Nankai Trough (Inada and Yamamoto,
2015). The results obtained indicated a core recovery rate of around 73% (Yamamoto, 2015; Suzuki
et al., 2015; Priest et al., 2015). Pressure cores were cut and stored in the storage chamber and
transferred to the onshore laboratory with pressure and temperature control. These pressure-core
samples were sub-sampled while under pressure, and their hydraulic and mechanical properties
such as permeability, strength and particle size distribution were investigated (Santamarina et al.,
2015; Yoneda et al., 2015; 2017). In the same project, the first bio-subsampler and reactor for
pressure cores were deployed and used to count cells that were incubated with different culture
conditions (Santamarina et al., 2015). Pressure coring and analysis technology are essential
techniques for the successful characterization of grain and pore fluid properties of deep-sea
reservoirs. These are crucial to the development of practical technologies to extract energy from
methane hydrate.

In this study, Sporosarcina newyorkensis, a urease-producing bacterium newly isolated from the
pressure cores extracted from the Daini—Atsumi Knoll, was used to evaluate the feasibility of MICP
(Microbial Carbonate Induced Precipitation) for ground improvement in the deep-sea using native
bacteria. Bacterial viability and strength properties, i.e. cohesion (c) and internal friction angle (o),
were investigated with respect to the other well-known ureolytic strains described above: S. pasteurii

and S. aquimarina. The MICP process was investigated with the following tests: 1) measurement of



the microbes’ urease activity at different temperatures, 2) comparison of the calcium carbonate

precipitation rate and 3) consolidated drained (CD) triaxial compression tests.

2. Isolation of urease-producing microbes from a P-core

2.1 Outline of P-core sampling and preparation steps

The pressure core was extracted from the AT1-MC well at the Daini—Atsumi Knoll, an outer ridge of
the forearc basin along the northeast of the Nankai Trough (Fig. 1). (Suzuki et al., 2015) using a
hybrid-PCS tool. The sampling depth (mBSF) was approximately 316 m, corresponding to the bottom
of the methane-hydrate-bearing zone at which the estimated in-situ pressure and temperature
conditions were 13 MPa and 13°C-14°C, respectively.

After sample recovery during which the PT conditions remained within the stability boundary,
pressure-core processing took place at 20 MPa and 4°C. The P-wave velocity, bulk density, and X-ray
computed tomography image displayed a good quality of core sample.

The extracted P-core was subsequently cut into less than 5-cm sub-samples from the original
pressure core using a PNATS (Pressure-Core Non-destructive Analysis Tools) system (Yoneda et al.,
2015; Jin et al., 2016), at AIST (National Institute of Advanced Industrial Science and Technology,
Japan) while maintaining the stability of the methane hydrate.

After cutting, the soil sample was depressurised, resulting in the dissociation of the methane hydrate
without harming the soil sample structure. The depressurised sample was then stored at a low
temperature in a methane gas atmosphere to prevent any change in the microbial diversity,
population and enzyme activity prior to MICP evaluation. The soil coring and urease-producing

bacterium isolation process is shown in Fig. 2.
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Figure 1. Sample location of this study.

Offshore operation at Daini—Atsumi knoll

/ Sampling with P—core process )

| | Preservation of samples under the methane hydrate
-~ stability region (low temperature and high pressure)

Core sample stock room at AIST

ﬁ)utting and depressuring operation with PNATs
‘ system

Preservation of sampl nder the |
% it
Evaluation of MICP applicability at lab.

/ Isolation of specific mICP treatment with
\ microbes \_ isolated microbes

Figure 2. Sample preparation flow prior to laboratory tests.

2.2 Influence of P-core operations on microbial diversity

The main objective of the P-core operation was to maintain the original conditions of the methane-
hydrate-bearing layer during the coring process. Thus, the influence of the P-core operation on the
microbial diversity of the sample, including that of the pressurisation process with distilled water,
needs to be evaluated using molecular biology methods.

The process and sub-sample locations for this step are shown in Fig. 3. First, the soil DNA from the

non-cultivated samples was extracted to evaluate the initial conditions of the depressurised soll



sample. Simultaneously, pre-bacterial cultivation was started at a constant temperature of 20°C , with
nutrient-rich conditions (Urea 0.15mol/l, Yeast extract 6.6 g/l) to increase the population of the urease-
producing target microbes in the soil samples. The ratio of soil to culture medium was 1:10 (i.e. 0.3 g
of soil and 30 ml of culture medium). The pH and ammonium ion levels sampled from the liquid
medium were measured weekly using a pH electrode and ion chromatography respectively. Bacterial
DNA extracted from the initial and cultivated samples using PCR-DGGE (Muyzer et al., 1993) were
compared to identify the microbial diversity of each sample and to evaluate the effect of the P-core
operation. The bacterial urease activity was also measured in the cultivated samples to assess the

MICP treatment potential (Whiffin, 2004).
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Figure 3. Process flow and sample location of this step.

2.3 Theisolation process of urease-producing bacteria



Urease-producing bacteria were isolated from the depressurised core sample to evaluate their
activity. The cultivated soil samples were collected in sterilised bottles using a nitrogen-gas purge
chamber to maintain the samples’ original conditions. Following pre-bacterial cultivation, the urease -
producing bacteria were cultivated using the plate culture method in a medium containing 0.15-mol/l
urea, 6.6-g/l yeast extract and 15-g/l agar. After the 3-day cultivation at 30°C many types of colonies
were observed, and the population of the target microbes was assessed.

A single colony was subsequently isolated and placed on a new bacterial plate. After 20 h, the growth
colony was observed using a microscope and checked for contamination. The urease activity of the
isolated pure culture was then measured. The highly-urease-producing microbes were studied
through DNA sequencing, focusing on the 16SrDNA, to identify the microbial species and the bio-
safety level (BSL). The DNA sequencing was conducted following Sanger’s sequencing method

(Sanger et al., 1977).

2.4 The possibility of MICP treatment with newly isolated microbes

The feasibility of applying the newly isolated urease-positive bacterium from below the deep-ocean
floor, S. newyorkensis, for MICP was investigated through liquid phase and solidification tests. Tests
were also performed with urease-producing bacterial strains, S. pasteurii and S. aquimarina for

comparison.

2.4.1 Liquid phase tests

The liquid phase tests aimed to evaluate the urease activity of the three Sporosarcina strains under
different conditions and their calcium carbonate precipitation through microscopic observations.
Bacterial samples were cultivated in a medium of trypticase soy broth (TSB) for both S. aquimarina
and S. newyorkensis, with NH4-YE medium (ATCC Medium 1376) being used for S. pasteurii. In
order to evaluate the effects of low temperature in the deep ocean, samples were cultivated at both
4°C and 20°C for 4 days in a 50 ml tube at atmospheric pressure. Following cultivation, the urease
activity of the microbes was measured using the EC method (Whiffin, 2004). The crystallisation speed
and particle shapes achieved during crystallisation were also investigated for the three bacterial
species using a polycarbonate plankton counter composed of 0.5-mm mesh with 1.0-mm depth and

0.1-ml liquid volume (MPC-200, Matsunami Glass, Japan) and a biological microscope (CX31,



Olympus, Japan) set to 100x magnification with tests being carried out at 20°C. A cementation
solution comprising 0.3 mol/l of urea and 0.3 mol/l CaClz was used to initialise CaCOs precipitation.
Additional crystallisation tests were also performed using S. pasteurii and S. newyorkensis at 4°C.
These used an Olympus BX50 microscope, other conditions being the same as those of the original

tests.

2.4.2 Solid-phase tests

The solid-phase tests evaluated the influence of MICP treatment with the newly isolated microbe S.
newyorkensis on the soil strength measured using a consolidated drained (CD) triaxial test. A 50 mm
diameter, 90 mm high triaxial sample of Toyoura sand was prepared at 50% relative density before
being injected with one injection of a bacterial solution that had been cultured using TSB medium for 3
days at 30°C, which maintained the same O.D.600 (bacterial population) and urease activities. During
the cementation process the sample was maintained at a temperature of 20°C while either one or
three injections of a cementation solution (100 ml pure water, 3 g nutrient broth, 1g NH4Cl, 0.212 g
NaHCOs, 1.8 g Urea and 3.33g CaClz) were made at 72 hour intervals. Following MICP treatment,
specimens were washed with distilled water to exchange the pore water and maintain the samples’
stable conditions before carrying out the consolidation drained CD triaxial test. The CD tests were
conducted using JGS (Japan Geotechnical Society) standard methods (JGS 0524). After the CD
tests, all specimens had their CaCOs content measured using the acid digestion method with

hydrochloric acid (Hata et al., 2019).

3. Results and Discussion
3.1 The influence of microbial diversity on the P-core operation
In P-core operations, distilled water must be used to maintain the original pressurised conditions such
that the methane hydrate remains stable during the cutting and sampling phase. Four centimetres of
the P-core sample were used to evaluate the microbial diversity in the sample with PCR-DGGE
methods to visualise the microbial community of each sample before and after the cultivation phase.
The pH and ammonium ion concentrations and the results of the PCR-DGGE are shown in Figs. 4

and 5, respectively.
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Figure 5. Results of the PCR-DGGE

The ammonium ion concentrations of every sample gradually increased during the test period. These
results indicate that urea hydrolysis occurred and that population of urease-producing bacteria
increased or activate the urease genes into the samples. The mixed sample that focusses on the
homogenising effect, which supposes the operational setup process of the energy production well,
showed the highest increase in ammonium ion concentration. The outer side of the P-core samples
(No. 1 and 6) (Figure 3) indicated higher ammonium concentrations than the centre and inner side.
The pH of samples 1-6 decreased until day 14 and then increased to day 28. Only the mixed sample
stayed at a stable pH during the test term. These results indicate that the mixed sample has
enhanced levels of urea hydrolysis.

The chemical analysis was verified and confirmed by the PCR-DGGE results shown in Figure 5. The
PCR-DGGE image results show the diversity of microbes in the analytical samples. In this image, the

position of each horizontal line indicates a particular bacterial species with the barcoding pattern

12



hence indicating information on the microbial diversity. The reference sample shown can be used to
identify the line related to S. newyorkensis. For the initial sample (without cultivation) no barcoding
pattern can be seen, indicating that the concentration of microbes in the original samples is extremely
small and PCR products cannot be detected. The environment beneath deep-seabed exhibits quite
poor nutrient conditions and the bacterial population is sparse. The results of PCR-DGGE suggest
that the initial P-core samples contain only a small number of microbes. These results suggest that
the P-core operation (pressurising with distilled water) does not have much of an impact on the deep-
ocean floor microbial communities, and these initial conditions can be maintained.

Figure 5 also shows the microbial diversity after the samples were cultivated. This shows that
cultivation can increase the microbial population and maintain the necessary conditions for urease-
producing bacteria in the culture medium.

All samples showed different banding patterns. These results indicate that the initial microbial
community was maintained within the P-core and during the pre-bacterial cultivation steps without

contamination.

3.2 Theisolation of urease-producing bacteria from the P-core

Urease-producing bacteria were isolated from the mixed sample that showed high ammonium ion
generation maintaining its alkaline conditions during the pre-bacterial cultivation step. Thirty urease-
producing microbes were isolated from the mixture sample. During the measurement of the urease
activity, the top three bacteria were selected for DNA sequencing, identification of the microbial

species and evaluation of the BSL.

The DNA sequencing revealed that all isolated microbes were of the Sporosarcina species, the most
closely related known sample being S. newyorkensis, (Accession Number GU994085) with a fully
matched 16SrDNA. S. newyorkensis is a gram-positive endospore-forming bacteria from the
Sporosarcina genus that has been identified in human blood and raw cow’s milk (Wolfgang et al.,
2012). The presence of S. newyorkensis is unknown in the deep-ocean floor and it was unknown

whether it could be used in MICP treatment. S. newyorkensis is classified as BSL 1 (being a low-risk

13



microbe that poses little threat for infection in healthy adults) by the Japanese Society for Bacteriology

and can be used in MICP treatment tests.

3.3 Evaluation of the MICP tests

3.3.1 Results of the liquid phase urease activity tests

The levels of urease activity of S. newyorkensis, S. pasteurii and S. aquimarina at different
temperatures and 101.325 kPa pressure are shown in Fig. 6. The maximum urease activity was at
4°C for S. newyorkensis and 20°C for S. pasteurii. S. newyorkensis was kept at low-temperature and
high-pressure conditions in the P-core sample; it survived these conditions until the bacteria isolation
process began. These results suggest that, under the same nutrient conditions, S. newyorkensis may
have a similar strengthening effect at 4°C, as S. pasteurii has at 20°C, making it more applicable to
cold temperatures. When comparing the highest values, S. aquimarina showed less than half the

urease activity of the other two microbes. However, temperature had a minimal influence.

Urease activity(mM/hr)

O R N W b~ U1 O

S.newyorkensis S.aquimarina  S.pasteurii

O, O,
m4°C m207C
Figure 6. Results of urease activities.

These results suggest that S. aquimarina can be applied across varying temperatures with low urease
activity; however, it was also found that S. newyorkensis has a high suitability for MICP at the low-

temperature conditions of the deep-sea floor.

3.3.2 Results of the liquid phase microscopy tests

14



Results have shown that the newly isolated bacterium has a high possibility of success for MICP
treatment; however, the calcium carbonate precipitation rate and the morphology of these calcium
carbonate crystals needs further investigation through microscopy. The crystallisation speed of S.
newyorkensis would be expected to be the same as that of S. aquimarina and one-third of that of S.
pasteurii at 20°C. Results are shown in Fig. 7 wherein the mesh size is 500 yum. The left images of
Fig. 7 show the first crystals during the test term, and the right images indicate the final formation of
the calcium carbonate crystals after 24-h cultivation. The fastest crystal-forming microbe is S.
pasteurii, which indicates high-urease activity at 20°C. The other two microbes, S. aquimarina and S.
newyorkensis, worked more slowly and generated their first crystals after two or three hours of
cultivation. The final crystal shapes and sizes depended on the microbial species. S. pasteurii created
a lot of small crystals with an average crystal size of 10 to 100 ym. S. aquimarina and S.
newyorkensis created larger calcium carbonate crystals that were rounder and larger than those of
the S. pasteurii with an average crystal size of 100 and 400 pym. These tests indicate that the newly
isolated microbe, S. newyorkensis, precipitates carbonate precipitation differently compared with the
well-known MICP-applicable microbe, S. pasteurii. Clara Saracho et al 2020b investigated the
mineralogy, morphology, and properties of the CaCOs biominerals and found that different
polymorphs may be precipitated by the different microbial species. The influence of these differences

in the calcium carbonate crystal structure on the soil behaviour must be investigated.

15
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3.3.3 Results of the solid-phase tests

CD triaxial tests were performed with effective confining stresses of 50, 100 and 150 kPa. Results of
the CD test at an effective confining stress of 100 kPa are shown in Fig. 8. Results of the CD tests
with different amounts of carbonate formation were interpreted based on a cohesion and internal
friction angle, as shown in Table 1 and Fig. 9. The peak strength of the CD tests increased with the
number of injections. At an effective confining stress of 100 kPa, one treatment increased the
specimen’s peak strength by 10% in comparison with the untreated case whereas three injections

increase the peak strength by 30%.

Table 1. Results of CD tests (cohesion and internal friction angle)

Items Control One injection Three injections
Cohesion (c) 3.6 3.9 8.0
Internal friction angle (@) 34.5 36.1 36.8
400
g
< 300
[9)
[
g
© 200 }
S
8
>
8 100
—/x— Control(Non treat)
=3 One time injection
—O—Three times injection
O L L
__-10
S
c
g 5t
»
L
5 0
[¢]
E
=
o 5 L L
> 0 5 10 15

Axial strain(%)

Figure 8. Results of the CD tests (the effective restraint pressure is 100 kPa).
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After the CD tests, the specimens’ calcium carbonate precipitation content was measured with the
acid digestion method (using 1M-HCI). The content relative to the soil weight is 0.6% (one injection)
and 1.74% (three injections). This result suggests that the increase in calcium carbonate crystals has
a strong relationship with the increase in soil strength.
The soil strength increases after MICP treatment which can be evaluated by calculating cohesion ¢
and internal friction angle ¢ parameters from linear fits to the triaxial data. From Figure 9 it can be
seen that the value of the internal friction angle increases slowly with the number of injections
(calcium carbonate precipitation rate), little change being seen after the first injection while the
cohesion value continued to increase with multiple injections but was little affected by the first.
These results suggest that MICP treatment with S. newyorkensis has two types of soil strength
enhancement mechanisms related to the calcium carbonate precipitation content.
At low calcium carbonate precipitation condition (less than 1%), the precipitated crystals bonded with
the sand particles and increased the shear strength based on the bonding effect caused by the
increment of internal friction angle. In this step, the pore space network will be maintained, and water
can through the specimens, maintaining the original soil permeability. This type of treatment can be
used to mitigate the risk of sand production while avoiding a reduction in gas-production rate.

An increase in the number of injections will increase the CaCOs content, filling up the soil pores and
increasing the cohesion. This will clog the pore network and decrease the soil's permeability. By
applying this stage of the treatment, unexpected water production that harms gas productivity can be

inhibited.
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The next step is to evaluate the relationship between the calcium carbonate precipitation rate and soil

permeability with laboratory permeability tests.

4 Conclusions

In this study, we evaluated the influence of the P-core operation on the analysis of microbial diversity
and isolation of target microbes without biological contamination. We also studied the possibility of
MICP treatment with newly isolated bacteria from a P-core sample from the Nankai Trough. A
pressurisation process needs to be added to the P-core sample process to maintain stable methane
hydrate conditions and reduce the contamination risk from the pressurising distilled water. These
results conclude the P-core operation can maintain the microbial diversity of the sample without
biological contamination and the native high pressure and low temperature.

The proposed microbial isolation steps could maintain microbial diversity while focusing on the
enhancement of the target species under the nutrient-rich condition. Thus, the microbial isolation
processes were completed in almost one month. It was found that deep-ocean microbes can still
survive in the methane hydrate stable area, their population can be increased, and their diversity
altered to focus on urease-production bacteria in short-term cultivation. Moreover, the isolation of the
urease-producing microbes (S. newyorkensis) had unique characteristics that showed higher urease
activities under low-temperature conditions. The newly isolated bacteria, S. newyorkensis, had
already been identified in human blood and raw cow’s milk (Wolfgang et al., 2012). However, it has
never been found below the deep-ocean floor.

S. newyorkensis can enhance calcium carbonate precipitation with cultivation in a calcium chloride-
and urea-rich medium at conditions representative of the deep-sea bed. These results indicate higher
possibilities of MICP treatments by applying deep-seabed ground improvement works. The ground
improvement efficiency, which focusses on the deep-seabed layer with these microbes, represents
the strength increment with the number of cementation solution injections. Based on these results, the
soil strength can be maintained with a number of injections of 0.3 mol/L (urea concentration and
calcium chloride solution).

The mechanism of enhanced soil strength has two phases that include bonding (at a 1% calcium
carbonate precipitation rate) and clogging (above 1% calcium carbonate precipitation rate). These two

mechanisms each have potential uses in preventing sand and water production.
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This study demonstrates the strong potential of the newly isolated bacterium S.newyorkensis to
promote MICP treatment, which begins with urea hydrolysis and accelerates calcium carbonate
precipitation by S. newyorkensis. However, the influence of high-pressure conditions is not clear with
this experiment.

In future, additional experiments should be performed focusing on the influence of high-pressure
conditions on S.newyorkensis treatment. These will allow the permeability reduction effect to be

evaluated allowing sand production in the deep-sea to be reduced.
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