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Abstract: The impact of anthropogenic disturbances during reservoir development on the
ecological system—encompassing both environmental and microbial components—has
long been overlooked. This study pioneers the investigation into the effects of microbially
activated water flooding on both reservoir environments and indigenous microbial com-
munities. We conducted a comprehensive analysis of the B9 Reservoir’s parameters before
and after field testing, including the pH, redox potential, conductivity, chemical oxygen
demand, biochemical oxygen demand, aqueous-phase cell concentration, aqueous-phase
deoxyribonucleic acid (DNA) concentration, oil-phase DNA concentration, and microbial
population data. The results demonstrate that environmental parameters exhibit high
sensitivity to microbially activated water flooding and effectively explain microbial blooms,
while microbial blooms reciprocally alter the environmental conditions, forming a mutually
influencing dynamic interplay. The 183-day microbially activated water flooding, while
causing detectable impacts on the reservoir environment and microorganisms, did not pose
a threat to its ecological stability and contributed to enhanced oil production. In contrast,
the 60-month pilot test concluded 27 months earlier exhibited potential destabilization
risks to the reservoir ecology. By simultaneously monitoring reservoir environments and
microbial dynamics, this research not only addresses potential ecological risks associated
with human-driven reservoir development but also provides actionable insights to optimize
reservoir management strategies.

Keywords: ecological responses; environmental impact; microbial response; ultra-low-
permeability reservoirs; microbially activated water flooding

1. Introduction
Microbially Enhanced Oil Recovery (MEOR) is a tertiary oil extraction technology [1]

that employs microbial cells, their metabolites (including biogases, bioacids, biosolvents,
biosurfactants, biopolymers, and enzymatic systems) [2,3], or microbially induced biochem-
ical reactions [4] to modify crude oil’s in situ physicochemical state, spatial distribution,
flow capacity, and migration pathways, thereby enhancing the crude oil mobilization
efficiency. This process fundamentally alters the oil–water interfacial tension through bio-
surfactant secretion [5], reduces the crude viscosity via hydrocarbon biodegradation [6,7],
and improves reservoir permeability through organic acid-mediated dissolution of car-
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bonate deposits [8]. The technology achieves an enhanced displacement efficiency by
optimizing the multiphase flow dynamics in reservoir formations [9].

For ultra-low-permeability (0.1–1 mD) reservoirs [10], the extremely small pore throat
radius makes it difficult for microbial cells to directly enter and migrate [11]. Therefore,
microbially activated water flooding technology (a type of MEOR)—without the direct
injection of microbial cells—is more suitable [12–14]. This technique involves fermenting
the injected water at the surface to carry microbial metabolites [15,16]. When injected into
the formation, it achieves the following effects: reducing the oil–water mobility ratio [17],
expanding the sweep efficiency [18,19], enhancing the crude oil displacement efficiency [20],
and ultimately improving oil recovery.

In MEOR operations, researchers typically employ biotechnological methods to moni-
tor microbial populations in reservoirs [21–25], aiming to regulate the microbial activity
and ensure the continuous, stable, and efficient enhancement of oil recovery [26]. However,
such studies are often confined to analyzing microbial community shifts [27–32] and fail
to contribute to sustaining the functional stability and efficiency of microbial consortia.
This limitation may stem from overlooking the reservoir environment’s response to MEOR
interventions and the lack of dynamic environmental parameter integration, which could
explain the suboptimal success rates of many MEOR projects. Furthermore, we note that
this situation is not unique to MEOR processes [33–35]. Few studies have focused on the
impacts of oilfield development operations (e.g., water flooding, polymer injection, and
chemical agent injection for enhanced oil recovery) on reservoirs’ environmental param-
eters. Research on the environmental impacts of the oil industry tends to focus on areas
that are closer to human habitats (e.g., the soil, the atmosphere, rivers, and oceans) [36–40]
rather than subsurface oil/gas reservoirs that are separated by hundreds or thousands of
meters of rock strata. While this is understandable, the approach appears somewhat unduly
utilitarian and lacking in macro-perspective. Any environmental impact caused by human
activities ultimately manifests its consequences upon humanity itself. It is imperative that
we exercise the utmost prudence in meticulously documenting and studying the reservoir
environment’s response to oilfield development operations [41–43], particularly given
that such research holds critical importance in supporting decision-making for oilfield
production. For example, adjusting microbial consortia to prevent reservoir acidification or
hydrogen sulfide (H2S) generation, optimizing injection formulations to activate specific
functional microbes, and modifying aqueous-phase mobility ratios to improve the sweep
efficiency and displacement coverage are important strategies. Admittedly, had micro-
bially activated water flooding not exhibited such a high dependency on the reservoir’s
environmental parameters, this oversight might have persisted.

To elucidate the effects of microbially activated water flooding on reservoir ecosys-
tems during anthropogenic reservoir development processes, this investigation targets
structurally integrated ultra-low-permeability reservoirs as its research subject. Employing
large-scale sampling protocols and regional-scale analytical methodologies, it constitutes
the first systematic report elucidating the impacts of 183-day microbially activated water
flooding on a reservoir’s environmental parameters. Through the synergistic integration of
reservoir microbial biomass quantification and community dynamics profiling, the study
not only deciphers the response mechanisms of both geochemical parameters and indige-
nous microbial consortia to the stimulation of microbially activated water flooding, but also
demonstrates enhancements in the crude oil recovery rate and optimization of reservoir
development dynamics.
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2. Materials and Methods
2.1. Field Test Area

This study focuses on the ultra-low-permeability B9 Reservoir (this is a code name; as
per the confidentiality agreement, the actual name of the reservoir and precise reservoir
data cannot be provided), located in the Ordos Basin. The primary oil-producing layer
is the Triassic Yanchang Formation, with an average burial depth of about 2000 m, an
effective thickness of about 20 m, a reservoir pressure of about 15 MPa, and an original
oil saturation of about 50%. The recoverable reserves are estimated at 4.8941 million tons,
with an original reservoir temperature of 69.7 ◦C. The current development utilizes a
diamond-shaped nine-spot well pattern, with a well spacing of 480 m and a row spacing of
130 m. The field currently operates 92 water injection wells and 258 production wells. The
permeability and porosity of the reservoir exhibit significant spatial variations across the
entire formation, with the porosity ranging from 8% to 16% and a permeability between
0.20 and 1.40 mD (Figure 1). The calculated permeability parameters include a coefficient of
variation of 0.78, a breakthrough coefficient of 3.41, and a permeability ratio of 7. All wells
underwent hydraulic fracturing prior to production to enhance the flow capacity. Prior to
field testing, the B9 Reservoir was in the early stage of water flooding development, with a
composite water cut of 42% and a recovery factor of 2.83%.
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Figure 1. Permeability, porosity, and sampling well locations of the B9 Reservoir. Note: The upper
section displays the permeability map, the lower section shows the 3D wireframe model of porosity,
and the pin symbols represent the sampling well locations.

It is particularly noteworthy that a microbially activated water flooding pilot
test—utilizing Candida viswanathii-treated injection water with an activation process that is
analogous to the current field test (refer to Section 2.2.)—was concluded 27 months prior to
the current field test. This pilot test involved 3 injection wells and their corresponding 14
production wells (Figure 2), with a duration of approximately 60 months.
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Figure 2. Schematic diagram of the B9 Reservoir pilot test area, field test area, and sampling well
locations, along with the gene sequence analysis results of the oil-phase in produced fluids from
selected sampling wells.

2.2. Field Test Methods

The current field test injected microbially activated water through 21 central injection
wells, corresponding to 80 production wells. This field test operation fully encompassed
the scope of the prior pilot test (Figure 2). Meanwhile, the remaining 71 injection wells
outside the field test area in the B9 Reservoir (Figure 2) continued to inject formation water,
maintaining the same injection operation as all wells prior to the commencement of the field
test. The formation water was sourced from the Yijun-Luohe Formation of the Quaternary
System at a depth of 400 m (Table 1).

Table 1. The properties of the microbially activated water and formation water.

Properties Microbially Activated Water Formation Water

Cell concentration (cell/mL) 103~105 101~102

DNA concentration (µg/mL) 15.69~25.70 3.04~8.99
COD (mg/L) 361~650 59~128
BOD (mg/L) 82~139 17~89

pH 6.6~6.9 7.6~7.8
Redox potential (mV) 49.4~63.1 5.8~19.8

Conductivity (mS/cm) 45.7~55.3 39.0~43.7
Silicon concentration (mg/L) 10.02~14.77 8.72~11.96

Iron concentration (mg/L) - -
Aluminum concentration (µg/L) - -
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Table 1. Cont.

Properties Microbially Activated Water Formation Water

Manganese concentration (µg/L) 1206.83~1773.42 789.44~1911.66
Fluorine concentration (mg/L) 0.34~0.47 0.23~0.27
Cadmium concentration (µg/L) <1 4.24~6.03

Sulfur concentration (mg/L) 50.90~70.93 0~11.07
Surface tension (mN/m) 62.7~69.3 72.4~75.1

Note: Two injection water sources are monitored monthly, with the fluctuation ranges being recorded. “-“ denotes
undetected levels.

The microbially activated water that is used in field tests refers to the aqueous-phase,
which is obtained through the separation of the produced fluid from the production wells
and subsequently treated with microorganisms. The specific treatment process is as follows
(Figure 3):

1⃝ The aqueous-phase of the produced fluid first enters a buffer tank for flow regulation,
quality homogenization, and preliminary oil removal.

2⃝ Subsequently, it flows into a cooling tower, where mechanical ventilation controls the
inlet water temperature.

3⃝ Then, it enters an oil removal tank for further oil separation through sedimentation.
4⃝ Next, it passes through the bioreactor system, and Pseudomonas aeruginosa is intro-

duced into the primary reaction tank, while Bacillus cereus and Acinetobacter lwoffii are
added to the secondary and tertiary reaction tanks, enabling the progressive enrich-
ment of bacterial cells and their metabolic byproducts. The strains of P. aeruginosa,
B. cereus, and A. lwoffii are L1SHX-6X, J2SHX-9X, and L2SHX-11X, respectively (all
aerobic strains; Figure 4). They were isolated from oil reservoirs and identified by the
Research Centre for Geomicrobial Resources and Application, China University of
Petroleum (Beijing), China. The culture medium of all three reaction tanks contains
yeast extract (0.5 g/L), tryptone (0.25 g/L), peptone (0.75 g/L), glucose (0.5 g/L),
soluble starch (0.5 g/L), dipotassium hydrogen phosphate (0.3 g/L), magnesium
sulfate (0.024 g/L), and sodium pyruvate (0.3 g/L). The reaction tanks are sealed
vessels where oxygen is replenished by pumping filtered air into the system using an
aeration blower, and daily nutrient supplementation maintains the aforementioned
concentration of the culture medium (Figure 3). Continuous monitoring for microbial
contamination is implemented; when the contamination exceeds 37%, the culture
medium is purged and replaced. All culture medium components used in this step
were industrial-grade and purchased from Hebei Jinmaiwei Feed Technology Co., Ltd,
Shijiazhuang, China.

5⃝ The product proceeds to a high-efficiency sedimentation tank for impurity removal
via gravity settling.

6⃝ Finally, the microbially activated water is filtered and transferred to a water tank
for injection.

All 92 injection wells maintain an injection pressure of 18.4 MPa, with a flowing
pressure differential of 8.0–9.0 MPa. After stabilization, the total daily water injection
volume of all 92 injection wells reaches approximately 2154 m3. The field test lasted
for 183 days. Following the completion of the field test, key production parameters,
including the injection profile, formation pressure, oil recovery rate, and others, were
systematically measured.
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Figure 4. Microscope images of P. aeruginosa strain L1SHX-6X (left), B. cereus strain J2SHX-9X
(middle), and A. lwoffii strain L2SHX-11X (right) in their respective reaction tanks.

In the B9 Reservoir, 30 production wells were selected as sampling wells (Figures 1 and 2).
Before the start of the field test and after its completion, their produced fluids were collected
for analytical testing of the pH, redox potential, conductivity, chemical oxygen demand
(COD), biochemical oxygen demand (BOD), cell concentration, and DNA concentration
and for a gene sequence analysis.

2.3. Measurement of Production Parameters

Barium-131 is injected as a tracer through water injection wells to monitor the radioiso-
tope tracer curve in production wells [44,45]. This tracer profile is cross-analyzed with
natural gamma baseline measurements [46] to determine the formation injection profiles.
Downhole pressure gauges are deployed through production wellbores to determine the
real-time formation pressure [47]. Surface-mounted multiphase flowmeters are utilized
to quantify the oil-phase mass flow rates in the produced fluids. All these operations
mandate execution by China National Petroleum Corporation (CNPC)-certified technical
professionals in petroleum engineering.
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2.4. Measurements of Reservoir’s Environmental Parameters

The pH, redox potential, and conductivity were measured using three probes (Inlab
Expert Pro pH, Inlab Redox, and Inlab 731, respectively) on a SevenMulti™ instrument
(Mettler Toledo, Columbus, OH, USA) [48].

The COD measurement of the aqueous-phase in the produced fluid was performed
using a HACH DR900 multi-parameter water quality analyzer (HACH, Loveland, CO, USA)
in conjunction with a HACH 2125915-CN reagent (HACH, Loveland, CO, USA) [49,50].
The 5-day biochemical oxygen demand (BOD5) of the aqueous-phase of the produced fluid
was determined using the manometric method (differential pressure method) [51].

2.5. Microbial Analysis

We allowed the production fluid to stand and then separated the lower aqueous-phase
for the cell concentration measurement. We used an Eclipse Ni-U phase contrast microscope
(Nikon, Tokyo, Japan) and blood cell counting plate to determine the concentration of
microbial cells [48,52].

The aqueous-phase of the produced fluid was filtered using a 0.2 µm membrane
(Whatman, Maidstone, Kent, UK). Microorganisms retained on the filter membrane were
collected. We used the QIAamp DNA Stool Mini Kit (Qiagen Inc., Valencia, CA, USA) to
extract the DNA [53]. The DNA concentration was determined using an Invitrogen Qubit
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) with standard curves [54].

The oil-phase of the produced fluid was washed with 2,2,4-trimethylpentane and
thoroughly mixed with some glass beads (diameter: 3–4 mm) by vortex, followed by
centrifugation (7870× g, 20 min at 4 ◦C). The resulting supernatant was discarded, and
the precipitate was retained [55]. Using the QIAamp DNA Stool Mini Kit (Qiagen Inc.,
Valencia, CA, USA) [56] and the Invitrogen Qubit fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA), we determined the DNA concentration [54].

DNA from the oil-phase of the produced fluid was analyzed by the 16s rRNA gene
sequence using the forward primer 341f (5′-CCTACGGAGGCAGCAGCAG-3′) and reverse
primer 518r (5′-ATTACCGCGCTGCTGG-3′). The genes were sequenced on a MiSeqTM
System (Illumina, San Diego, DA, USA) [57] and analyzed using the Galaxy Platform [58]
(https://galaxyproject.org/). We compared the sequencing results with Gene-Bank
or Eztaxon.

The aforementioned measurement results and geodetic coordinates from 30 sampling
wells were integrated and processed using Surfer software (Version 13.0.383, Golden
Software, LLC, Golden, CO, USA). For data processing, the Kriging method was selected,
with a grid spacing set to half of the original data point interval, and the Z-values were
normalized [59].

All chemical agents, except those used in Step 4⃝, were of an analytical grade and
supplied by Tianjin Fuchen Chemical Reagents Factory, Tianjin, China.

3. Results and Discussion
3.1. The Production Performance of Microbially Activated Water Flooding

The water injection profile of oil reservoirs serves as a critical metric for evaluating
the volumetric sweep efficiency of injection, where under constant reservoir thickness
conditions, an expanded injection profile correlates with enhanced sweep efficiency and,
consequently, a higher crude oil recovery rate [60], as evidenced by field tests demonstrating
an increased total water intake thickness from 5.1 m to 11.4 m (Figure S1) and improved
water flooding utilization efficiency from 65.4% to 70.1%, collectively optimizing the water
flood development performance.

https://galaxyproject.org/
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Contrary to conventional water flooding development patterns, where the formation
pressure progressively declines over time [61], post-field test monitoring in B9 Reservoir
demonstrated localized formation pressure rebound, with the average formation pressure
increasing from 13.7 MPa to 14.3 MPa (Figures 5 and S2).
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Figure 5. Images of formation pressure of B9 Reservoir before and after microbially activated water
flooding field test. Note: (a) denotes before field test, (b) denotes after field test.

After the field test, the production of the field test area increased by 2%. Under
the condition of reduced water injection, both the daily liquid production and daily oil
production rose, while the injection–production ratio decreased, leading to improved
economic efficiency. Additionally, both the natural decline rate and water cut rise rate
declined, demonstrating that the field test achieved the expected results (Table 2).

Table 2. Production parameters of field test area before and after microbially activated water flooding
in B9 Reservoir.

Production Parameters Before After

Number of producing wells/wells 80 80
Daily liquid production/t 172 178

Daily oil production/t 100 102
Per-well production/t 1.3 1.3

Comprehensive water cut/% 31.0 31.9
Dynamic fluid level/m 1305 1265

Number of water injection wells/wells 21 21
Daily water injection volume/m3 485 407
Per-well daily water injection/m3 23 19

Monthly injection–production ratio 2.8 2.2
Natural decline rate/% 2.5 1.2
Water cut rise rate/% 1.3 0.5

Other production wells that were located within the B9 Reservoir but outside the field
test area exhibited only minor fluctuations, which remained within the normal range of
daily production operations and were therefore excluded from the validity assessment of
this field test.

3.2. The Impact of Microbially Activated Water Flooding on the Reservoir Environment

The production parameters failed to capture changes outside the test area, while the
environmental parameters demonstrated sufficient sensitivity to detect the disturbances
that were caused by microbially activated water flooding throughout the entire B9 Reservoir
(Figure 6). The extensive regional response of these environmental parameters was unantic-
ipated (Figure 6), as the swept volume of microbially activated water that was injected over
the 183 days—estimated based on the injection rates alone—appeared to be insufficient to
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extend significantly beyond the field test area. The only plausible explanation is that the
hydraulic fracturing fractures have created a pervasive high-permeability channel network
throughout the reservoir, enabling the microbially activated water to break through beyond
the field test area without fully saturating the reservoir pore space of the field test area first.
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3.2.1. pH

Prior to the microbially activated water flooding, the B9 Reservoir exhibited alka-
line conditions, attributed to the prolonged injection of alkaline formation water (pH 7.8,
Table 1). Post-field test, the acidic microbially activated water (pH 6.6, Table 1) drove a
downward pH trend, while the microbial metabolic activity—whether from a minor influx
from the microbially activated water or activated indigenous populations—further pro-
moted reservoir acidification [62]. The degree of acidification serves as a partial indicator
of the intensity of the microbial metabolic activity, which explains the significant spatial
overlap between areas with severe acidification (Figure 6a,b) and regions of microbial
proliferation (Figure 7a,b). Oil reservoir acidification suppresses the microbial proliferation
potential, necessitating prioritized monitoring of severely acidified zones to prevent exceed-
ing critical ecological thresholds [63]. In cases of threshold breaches, mitigation strategies
such as the intermittent cessation of microbially activated water flooding and injection of
formation water (pH 7.8, Table 1) may restore the system’s functionality.
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3.2.2. Redox Potential

Prior to the field test, the B9 Reservoir exhibited redox potential minima exclusively
within the historical pilot test area (Figure 6c), which is potentially attributable to elevated
microbial populations (Figure 7a). Under normal conditions, microorganisms consume
oxidizing substances during metabolism, leading to a reduction in redox potential [64].
Prolonged pilot testing in the past has resulted in sustained elevated microbial populations
in this area compared to surrounding regions, creating localized redox potential minima.
Most zones of the B9 Reservoir maintained positive redox potential values that were
conducive to facultative/aerobic microbial proliferation (Figure 6c).

Following the field test, the redox potential in both the test area and adjacent regions
demonstrated an upward trend (Figure 6d), surpassing the redox potential of the injected
microbially activated water (Table 1). This oxidative shift likely originated from mechanical
aeration during pumping operations. This may also account for the observed microbial
proliferation (Figure 7b). Under these conditions, the pilot test area maintained the lowest
redox potential (Figure 6d), likely due to its elevated microbial biomass and correspondingly
high metabolic consumption rates (Figure 7b).

3.2.3. Conductivity

The electrical conductivity reflects the concentration of conductive ions in the aqueous-
phase of the produced fluid, which may originate from either injected water or reservoir
formations. However, the pre- and post-field test conductivity measurements in the B9
Reservoir showed no statistically significant variation (Figure 6e,f), indicating a negligible
impact of the microbially activated water flooding on the reservoir conductivity. It is
widely accepted that microbial metabolism requires conductive particles, with optimal
conductivity levels facilitating microbial proliferation [65]. Within the B9 Reservoir, prolifer-
ating microorganisms appear to exert no detectable influence on the electrical conductivity.
Simultaneously, the electrical conductivity does not act as a limiting factor for microbial
proliferation in this system.

3.2.4. COD

The COD, as an indicator of the organic matter content in water, is conventionally
employed to reflect water pollution levels [66]. In this context, it quantifies the impact of
microbially activated water on a reservoir’s water quality. The COD of the microbially
activated water ranged from 361 to 650 mg/L (Table 1). Microbial activity further increased
the solubility of crude oil in water [67], leading to widespread COD elevation in the central
field test area and adjacent areas (Figure 6g,h).

3.2.5. BOD

The BOD indicates the concentration of organic matter in water that is biodegradable
by microorganisms [51,68]. Microbial metabolic activity enhances the solubility of crude oil
in water [67], thereby increasing the BOD of the aqueous-phase (Figure 6i,j). The increase
in BOD caused by the dissolution of crude oil into the aqueous-phase exceeds the trend of
BOD reduction driven by microbial metabolic activity; this mechanism likely explains the
observed upward BOD trend in the central field test area.

3.3. The Impact of Microbially Activated Water Flooding on the Reservoir Microorganisms
3.3.1. Microbial Biomass

Prior to the commencement of field testing, cell concentration hotspots were observed
within the pilot test area (Figure 7a). These hotspots spatially coincided with the peak
aqueous-phase DNA concentrations in the produced fluids (Figure 7c). Collectively, these
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findings demonstrate that the pilot test exerted a persistent impact on subsurface biogeo-
chemical processes, even 27 months after the conclusion of pilot test operations.

In the bioreactor system, the implementation of microbial immobilization technology
combined with dual-stage filtration effectively restricted the massive influx of the three
microbial species (P. aeruginosa, B. cereus, and A. lwoffii) into the reservoir (Figure 3). The
post-field test cell concentration elevation in the reservoir (Figure 7b) can likely be attributed
to the nutrient-rich culture medium activating indigenous reservoir microbes. Coupled
with the fracture-enhanced connectivity of the formation, the increasing trend radiates
from the injection zones to peripheral areas (Figure 7b).

The DNA concentration in the aqueous-phase also indicates a microbial proliferation
within the microbially activated water flooding area (Figure 7d). However, the peak
concentrations of DNA and cell counts do not fully align spatially (Figure 7b,d), which
may stem from fundamental methodological differences between the two measurement
approaches (refer to Section 2.5). Nevertheless, both parameters collectively demonstrate
an increasing microbial population and their migration into the surrounding areas of the
microbially activated water flooding area.

Unlike the aqueous-phase, prior to this field test, the peak DNA concentration in
the oil-phase of the produced fluid was not located within the pilot test area (Figure 7e).
After the field test, the position of the peak DNA concentration of the oil-phase showed
minor changes, and the distribution pattern exhibited limited variation (Figure 7e,f). This
indicates that short-term (183 d) microbially activated water flooding had a lesser impact
on the oil-phase compared to its effects on the aqueous-phase (Figure 7c–f). Under normal
reservoir conditions, while microorganisms fundamentally require aqueous environments
for metabolic exchange and cannot survive in a pure oil-phase [69], the complex oil–water
distribution patterns—particularly the intense hydrodynamic disturbances induced during
oilfield development—enable microbial colonization in three distinct habitats: aqueous-
phases, interfacial zones (the oil–water interface), and water droplets that are encapsulated
within the oil-phase, which collectively explain the observed low DNA concentrations in
the oil-phase and their limited responsiveness to microbially enhanced water flooding com-
pared to their aqueous-phase counterparts. The phenomenon of distinct microorganisms in
the oil- and water-phases of the produced fluids from oil reservoir production wells has
also been documented in other studies [70].

Based on an integrated analysis of the reservoir parameters and production data
(under binding non-disclosure agreements), this microbially activated water flooding field
test induced a more than two-fold increase in the subsurface microbial biomass within the
B9 Reservoir.

3.3.2. Microbial Species Composition

A genetic analysis was performed using DNA that had been extracted from the oil-
phase of produced fluids, because the oil-phase exhibits significantly higher microbial
diversity than the corresponding water-phase, despite the latter having a higher DNA
concentration (Figure 7). This phenomenon has also been observed in other studies [71], in
addition to our findings.

Genomic sequencing revealed a field test biogeographic gradient where the proximal
pilot test area exhibited the highest microbial diversity, with progressive diminution at
increasing radial distances (Figure 2)—a spatial pattern that is consistent with the biomass
distribution trend (Figure 7). In the former pilot test area, 26 microbial genera were detected,
while only 15 genera were identified in the distal southeastern section of the B9 Reser-
voir. Additionally, 20 genera were observed in the field test area and its adjacent regions
(Figure 4). Notably, the former two regions exhibited significantly higher proportions of
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unique microbial genera (non-overlapping with other regions) at 61.5% and 66.7%, respec-
tively, whereas the field test area and its vicinity showed fewer unique genera (15–30%)
(Figure 2).

The sole two genera that were ubiquitously present across all areas in the B9 Reser-
voir were Pseudomonas and Sphingomonas, both demonstrating metabolic competence in
polycyclic aromatic hydrocarbon degradation [72]. The obligate aerobic characteristics
shared by both genera [73] were mutually corroborated by the redox potential results
across the entire B9 Reservoir (Figure 6c,d). They epitomize the most universal functional
traits of reservoir-associated microbial communities. Other microbial genera that are com-
monly found in the B9 Reservoir exhibit distinctive characteristics, such as adaptation
to high-salinity environments (Mycobacterium, Marinobacter) [74], participation in sulfur
cycling (Arcobacter) [75], predation of other bacteria (Bdellovibrio), or thriving in oligotrophic
conditions (Nevskia) [76] (Figure 2).

The unique microbial genera that were identified in the distal southeastern section
of the field test area (Figure 2) include thermotolerant (Ilumatobacter) [77], halotolerant
(Salinibacterium) [78], marine environment-specialized (Halomonas) [79], and hydrocarbon-
degrading (Novosphingobium, Holophaga, and Alkanindiges) species [80]. This may result
from limited anthropogenic disturbance (Figure 2) and well-preserved original reservoir
conditions [81].

In contrast to this mechanism, the pilot test area experienced prolonged eutrophic
conditions, resulting in enhanced microbial activation (Figure 5). The unique microbial
genera in the pilot test area primarily included sulfate-reducing bacteria (Desulfomicrobium,
Desulfotomaculum, and Desulfovibrio) [82], extremophiles (Caldicoprobacter, Kosmotoga, and
Alkalibacter) [83], ecologically functional taxa (Limnobacter, Limnohabitans, Petrimonas, and
Proteiniphilum) [84], and thermophiles (Saccharofermentans, Thermodesulfobacterium, and
Thermotoga) [85].

After microbially activated water flooding, the microbial diversity increased: previ-
ously undetected species (due to low concentrations) became detectable, low-abundance
species exhibited population growth, and the community structure shifted, with reduced
abundance of originally dominant microbial taxa (Figure 2).

3.4. The Effects of Reservoir’s Ecological System on Oilfield Development

Microbially activated water containing nutrients can impact reservoir ecosystems:
it directly alters the environmental chemical parameters of the reservoir (Figure 6) and
activates indigenous microbial communities (Figure 2). Within the oil reservoir ecosystem,
these two elements (environmental parameters and microbial communities) dynamically
interact: changes in environmental parameters exert influence on microbial communities,
while microbial metabolic activities reciprocally modify environmental conditions. No-
tably, environmental parameters are more sensitive to external engineering interventions
(e.g., microbially activated water flooding), and their fluctuations can be detected promptly
and accurately. In contrast, biological changes exhibit delayed and ambiguous responses.
Relying solely on biological parameters not only hinders the optimization of petroleum
engineering practices but also compromises the management of environmental risks in
reservoirs. If this ecosystem is healthy, its metabolic processes can generate beneficial ef-
fects for oilfield development. Therefore, to achieve these outcomes, it is only necessary to
monitor key environmental parameters, supplemented by limited microbial analysis, rather
than relying on the previous approach of conducting complex and extensive microbial
analyses while being limited to their results. We should recognize that more representative
weighting parameters that are capable of covering reservoir ecosystems and gaining broad
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consensus, along with more sophisticated mathematical operations [86], should play a
crucial role in this process, which also requires further in-depth research.

According to this study, a healthy reservoir ecosystem for production comprises a
neutral pH environment, an oxidation-biased metabolic environment, conductive particle
environments that are obtainable from external sources or within the reservoir itself, ap-
propriate nutrient supplies, and appropriate microbial abundance and composition. These
factors collectively drive the optimization of production parameters (refer to Section 3.1).

4. Conclusions
To the best of our knowledge, this is the first report on the ecological responses en-

compassing both environmental and microbial factors during microbially activated water
flooding in ultra-low-permeability reservoirs. Although short-term (183 days) microbially
activated water flooding demonstrates a broad impact coverage on ecological parameters
(environmental and microbial), the actual magnitude of this effect remains limited. There-
fore, adopting multiple short-duration operational cycles is recommended. Environmental
parameters exhibit higher sensitivity to artificial interventions while requiring simpler and
more cost-effective monitoring compared to microbial analyses, making them viable alter-
natives for routine data collection. By integrating environmental analysis rather than solely
relying on microbial monitoring during MEOR implementation, this approach not only
enhances ecological risk management but also shows potential for improved operational
success rates. Although data on reservoirs’ environmental parameters and microbial diver-
sity have not yet been widely applied in oilfield production optimization, the advancement
of artificial intelligence technologies and reservoir environmental data acquisition systems
will not only enable significant MEOR but also pave the way for establishing subsurface
microbial factories.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jmse13050836/s1. Figure S1. Comparison of water injection profiles before
and after microbially activated water flooding field test in B9 Reservoir. Figure S2. Heatmaps and
contour maps of formation pressure of B9 Reservoir before and after microbially activated water
flooding field test.
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