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Abstract Micro-organisms are known to change fluid flow and permeability processes in subsurface
environments, but this has only been demonstrated for coarse-grained sediments and fractures. For fine-grained
sediments (mudstones), little is known about the effects of micro-organisms on hydromechanical properties.
Here, we investigated the influence of micro-organisms on the porosity, permeability, and compressibility

of fine-grained sediments. We performed resedimentation experiments with and without micro-organisms
added to two reconstituted, fine-grained sediment samples. These sediments were collected from the Ursa

and Brazos-Trinity Basins in the Gulf of Mexico during Integrated Ocean Drilling Program Expedition 308.
Micro-organisms caused a systematic, yet small increase in compression index for both sediments. Changes

to permeability caused by micro-organisms, while relatively minor, were greater for the Ursa sediment than

the Brazos-Trinity sediment. Additionally, the effect of micro-organisms on permeability is greater at higher
porosities and lower vertical effective stresses. Differences in permeability behavior between the two sediments
are likely due to differences in sediment properties and nutrients for microbial growth. We therefore suggest
that the effectiveness of micro-organisms at altering fluid flow in fine-grained sediments is dependent on
burial depth (porosity as a function of vertical effective stress) and the grain size, pore and pore throat size,

and specific surface area of a sediment. Characterizing the effects of micro-organisms on the hydromechanical
properties of fine-grained sediments can further our understanding of the controls on pore pressure near the
sediment-water interface in marine environments and aid in bioclogging practices around contaminated sites in
terrestrial environments.

Plain Language Summary Micro-organisms dwell in the pore space between sediments (porosity)
all across Earth’s surface. This could potentially affect the rate at which porosity is lost as clay-rich sediments
are buried (compressibility) and the ease at which fluids flow through clay-size sediments (permeability). In
this paper, we investigate if and how micro-organisms change the compressibility and permeability of fine-
grained sediments (sediments dominated by clay-size grains). To do this, we experimentally compress these
fine-grained sediments in the vertical direction with micro-organisms added and without micro-organisms
added (control experiment) while measuring sediment porosity, compressibility, and permeability. We find that
micro-organisms cause a small increase in the rate of porosity loss during compression and a small decrease

in permeability. However, the amount of permeability decrease caused by micro-organisms is dependent

on multiple properties of the clay-size sediment. These findings can be used to help understand how water
pressures in ocean sediments can become elevated, which could lead to damage of seafloor infrastructure, or
benefit geotechnical engineering practices that use micro-organisms to prevent fluid flow around contaminated
sediments.

1. Introduction

Micro-organisms (bacteria and archaea) are ubiquitous in marine and terrestrial sediments (e.g., Delgado-Baquer-
izo et al., 2018; Francis et al., 2005). In fact, active microbial cells have been found to thrive in sediments at burial
depths down to a few thousand meters (Inagaki et al., 2015; Onstott et al., 1998). However, in general, the con-
centration of microbial cells is highest near the sediment—water interface in marine sediments or the sediment—air
interface in terrestrial sediments and decreases with increasing depth (D’Hondt et al., 2004; Parkes et al., 1994;
Pedersen et al., 1996). Thus, any interactions between micro-organisms and sediments are decreased at greater
depths and stresses (Rebata-Landa & Santamarina, 2006).
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In sediments and fractures, micro-organisms produce biofilms composed of cells and extracellular polymeric
substance (Flemming & Wingender, 2010), which can affect fluid flow properties by clogging pore space (e.g.,
Ivanov & Chu, 2008). Biofilms have been shown to decrease permeability or hydraulic conductivity—which
is directly proportional to permeability assuming constant fluid density and viscosity—by 1-3 orders of mag-
nitude in coarse-grained sediments such as sands and silts (Brydie et al., 2005; Taylor & Jaffé, 1990; Zhong &
Wu, 2013) and fractures (Cheng et al., 2021; Hill & Sleep, 2002; Ross et al., 2001). While these previous studies
from the geotechnical engineering community have focused on bioclogging in sand-size sediments, the incorpo-
ration of clay-size particles into bioclogging studies has only been performed with subordinate amounts of clay-
size particles (<15 wt.%) in sediments dominated by the sand-size fraction (e.g., Glatstein & Francisca, 2014;
Seki et al., 1998).

The geological and geotechnical engineering communities have extensively studied the compression and per-
meability behaviors of fine-grained sediments, such as mudstones (Hart et al., 1995; Neuzil, 2019; Reece, 2021;
Rubey & Hubbert, 1959; Skempton, 1970; Terzaghi, 1943; Yang & Aplin, 2004). Mudstones exhibit a dramatic
decline in porosity within the first several hundred meters of burial followed by a gradual decline through deeper
burial (Dzevanshir et al., 1986; Ingebritsen et al., 2006; Mondol et al., 2007). Additionally, the compressibility
(rate of porosity loss with effective stress) of a mudstone is dependent on its grain size, grain shape, stress his-
tory, and clay mineralogy, with clay-rich mudstones being more compressible (more porosity loss) than silt-rich
mudstones (Dewhurst et al., 1998; Reece, 2021). This decrease in porosity with progressive burial results in a
decrease in mudstone permeability, where porosity and permeability have a log linear relationship (e.g., Neuz-
il, 1994, 2019; Reece et al., 2012; Schneider et al., 2011). However, the effects of micro-organisms on the com-
pression behavior of fine-grained sediments are poorly constrained (Daniels et al., 2009) and their effects on the
permeability of fine-grained sediments are unexplored.

Here, we investigate the influence of micro-organisms on the compression and permeability behavior of fine-
grained sediments (mudstones). We measure porosity, permeability, and compressibility as a function of vertical
effective stress for fine-grained sediments of varying compositions with and without added micro-organisms.
We show that, in contrast to coarse-grained (sandy) sediments, micro-organisms do not greatly affect porosity,
permeability, and compressibility in fine-grained sediments. Moreover, the relative effects of micro-organisms
on sediment permeability are dependent on sediment porosity, grain size, pore and pore throat size, and specific
surface area. Our results are of importance to both the geological and geotechnical engineering communities as
we expand the known controls on the effectiveness of micro-organisms to affect fluid flow in marine and terres-
trial environments.

2. Geologic Background

The sediment samples used in this study were collected from the Gulf of Mexico during Integrated Ocean Drill-
ing Program (IODP) Expedition 308, which sailed in 2005. Two regions of the Gulf of Mexico were sampled and
logged during this expedition (Figure 1) in order to characterize subsurface fluid flow and overpressure on the
continental slope (Flemings et al., 2006). These regions include the Ursa Basin located ~230 km south-southeast
of New Orleans, LA, and the Brazos-Trinity Basin IV located ~250 km south-southeast of Houston, TX (Fig-
ure 1; Flemings et al., 2006). Three sites were drilled each in the Ursa Basin (U1322, U1323, and U1324) and
in the Brazos-Trinity Basin IV (U1319, U1320, and U1321; Flemings et al., 2006). This study focuses only on
sediments from Sites U1324 (Hole B) and U1319 (Hole A).

At Site U1324 (Ursa Basin), two lithostratigraphic units are present. Unit I is composed of hemipelagic and
turbidite levee clay and mud with intervals of mass transport deposits between 0 and 364.7 m below sea floor
(mbsf; Holocene—late Pleistocene) and unit II is composed of interbedded sand and silt mass transport deposits
with mud overbank deposits between 364.7 and 600.8 mbst (late Pleistocene; Flemings et al., 2006). Cell counts
3

of micro-organisms are highest (2 X 10 cells/em? ;

(at a porosity of 0.50) at 100 mbsf, and are below the detection limits used at the time of sampling

at a porosity of 0.75) near the seafloor, decrease to 1 x 10*
cells/em? |
for the remainder of the cored profile (Flemings et al., 2006). Expedition scientists suggested that these low cell

counts were due to the clay-rich nature of the sediments at this site (Flemings et al., 2006).

At Site U1319 (Brazos-Trinity Basin IV), six lithostratigraphic units are present: (a) unit I, foraminifera-bearing
hemipelagic clays between 0 and 3.3 mbsf (Holocene-late Pleistocene); (b) unit II, hemipelagic muds and thin
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Figure 1. Bathymetry map showing the locations of Ursa and Brazos-Trinity sediments obtained from the Gulf of Mexico
during Integrated Ocean Drilling Program (IODP) Expedition 308.

turbidite and mass transport deposits between 3.3 and 17.3 mbsf (late Pleistocene); (c) unit III, hemipelagic
microfossil-bearing clays between 17.3 and 23.5 mbsf (late Pleistocene); (d) unit IV, hemipelagic clay and fine
sand turbidite deposits between 23.5 and 29.5 mbsf (late Pleistocene); (e) unit V, hemipelagic nannofossil- and fo-
raminifera-bearing clays between 29.5 and 31.0 mbsf (late Pleistocene); and (f) unit VI, bioturbated clays depos-
ited by muddy plumes or nepheloid layers between 31.0 and 155.8 mbsf (late Pleistocene; Flemings et al., 2006).
Cell counts of micro-organisms near the seafloor of Site U1319 are 1 order of magnitude higher (1.2 x 10°
cells/cm?

total;
of 0.50) at ~100 mbsf, and are below the detection limits used at the time of sampling for the remainder of the

at a porosity of 0.78) than at Site U1324, but then also decrease to 1 x 10* cells/cmfmll (at a porosity

cored profile (Flemings et al., 2006). Expedition scientists suggested that these low cell counts were due to low
sedimentation rates and a lack of nutrients at this site (Flemings et al., 2006).

3. Materials and Methods
3.1. Materials

Two natural bulk mudstone powders were prepared using IODP sediments collected from the Ursa Basin (Site
U1324) and the Brazos-Trinity Basin IV (Site U1319). We refer to these homogenized sediments as either
the Ursa sediment or the Brazos-Trinity sediment, respectively. The Ursa sediment comes from two distinct
lithostratigraphic units: (a) 1.2 kg of hemipelagic muds from lithostratigraphic unit I (subunit IA; Flemings
et al., 2006) at depths of 4-32 mbsf and (b) 0.8 kg of silt and mud overbank deposits from lithostratigraphic unit
II (subunit IIC; Flemings et al., 2006) at depths of 493—502 mbsf. The Brazos-Trinity sediment comes from litho-
stratigraphic unit II (subunits ITA, IIB, and IIC; Flemings et al., 2006) and is composed of 1.9 kg of hemipelagic
muds with thin turbidite and mass transport deposits at depths of 4—13 mbsf. After collection, the samples were
individually air dried, disaggregated into clay- and silt-size particles, and homogenized into these two distinct
bulk mudstone powders.
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3.2. Material Characterization

We characterized the dry bulk sediment powders by determining Atterberg limits, particle size distribution, and
mineralogy. The Atterberg limits are known as consistency limits and are used to describe the plasticity and
mechanical strength of a soil or unconsolidated mudstone. The plastic limit (PL) is the critical water content at
which the soil or sediment changes from the semisolid to the plastic state and is determined using the hand roll
method as specified in ASTM D4318-17 (ASTM International, 2017a). The liquid limit (LL) is the critical water
content that marks the boundary between the plastic and liquid states, and it is determined using the Casagrande
cup and multipoint method as specified in ASTM D4318-17 (ASTM International, 2017a). The plasticity index
(PI) is defined as the difference between the LL and the PL and defines the range of water contents over which
the unconsolidated fine-grained sediment or soil behaves plastically.

Particle size analysis is carried out using the hydrometer method as specified by ASTM D7928 (ASTM Interna-
tional, 2017b). This method utilizes principles from Stoke’s law, namely that larger and denser particles fall out
of a sediment suspension faster than smaller and less dense particles. A sediment suspension is created by mixing
~50 g of sediment, 5 g of sodium hexametaphosphate (dispersant), and nanopure water. After hydrating the sed-
iment for 24 hr, the suspension is poured into a graduated cylinder and water is used to bring the total volume to
1,000 mL. The suspension is then vigorously mixed and timed sedimentation begins. A hydrometer is inserted
into the suspension to measure specific gravity at discrete points in elapsed time. Results of hydrometer tests are
given as the percent of particles in the suspension that are finer than any given particle size.

The mineralogy of the dry sediment powders is determined by X-ray diffraction (XRD). The whole rock and
clay fraction (particles <2 pm) XRD analyses were performed using a Bruker D8 Advance X-ray diffractometer
with a CuKa source (4 = 0.154 nm) operating at 40 kV and 40 mA. The whole rock XRD patterns were recorded
from 2° to 70° 20 with a dwell time of 3° 20 per minute. To obtain the clay fraction, the bulk sample was first
pretreated with 1 M sodium acetate at a pH of 5 in an 80°C water bath and 30% hydrogen peroxide to remove all
carbonate minerals and organic matter, respectively. The clay fraction was then obtained via centrifugation after
deflocculation and Na saturation with Na,CO,. Salts in the resultant clay fraction suspension were removed by
dialysis. The clay fraction was then treated with Mg and K separately and transferred to their respective glass
slides for analysis. Clay fraction XRD patterns were recorded from 2° to 32° 20 with a dwell time of 3° 20 per
minute. These XRD spectra were recorded in the air-dried state, after the Mg saturated sample was treated with
glycerol, and after the K saturated sample had been heated to 330°C and 550°C. Semiquantitative analysis was
performed using the reference intensity ratio method for the bulk mineralogy and the mineral intensity factor
method for the <2 pm fraction.

3.3. Resedimentation

Resedimentation experiments are used to replicate natural burial processes of fine-grained sediments (e.g.,
Reece, 2021; M. Santagata & Kang, 2007; Schneider et al., 2011) and follow the procedure of a traditional oed-
ometer test as specified in ASTM Standard D2435 (ASTM International, 2020). We use this technique because
it allows us to control the stress conditions acting on a mudstone, create a replicable mudstone sample (e.g.,
Reece, 2021; M. Santagata & Kang, 2007; M. C. Santagata et al., 2005), eliminate sample disturbance, isolate
variables affecting consolidation, and perform a systematic study to address fundamental research questions.

The first step in the resedimentation process is to mix a dry mudstone powder with a pore fluid solution (ex-
plained below) to create a stable and homogeneous slurry. Water contents of 102% and 105% for the Ursa and
Brazos-Trinity sediments, respectively, were identified to ensure stable slurries without gravimetric settling. The
slurry is then poured into a consolidometer and incrementally, uniaxially loaded with weights to a maximum
applied vertical stress of 100 kPa (10 total increments) using a load increment ratio of 1 in accordance with
ASTM Standard D2435 (ASTM International, 2020; Germaine & Germaine, 2009). We loaded the slurry for
2 days each during increments 1-9 and for 4 days during increment 10 to reach end of primary consolidation. As
the slurry is loaded, the pore fluids are allowed to drain through filter paper and porous stones above and below
the sample. The slurry is then unloaded to an overconsolidation ratio of 4 (~25 kPa) following the increment of
maximum stress. Upon completion, the sample can be extruded as a cohesive, intact mudstone. A linear displace-
ment transducer is added during increment 4 and used to continuously measure the vertical displacement of the
sample throughout compression. This transducer allows us to calculate void ratio (porosity) and compressibility
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at discrete points in the experiment (load increments 4—10). The final void ratio is measured on a subsample of
the extruded mudstone using the wet and dry mass technique (Blum, 1997).

We calculate intrinsic permeability at each stress level corresponding to load increments 4—10. We utilize the Log
of Time theory as specified in ASTM Standard D2435 (ASTM International, 2020; Germaine & Germaine, 2009)
to derive the time of 50% consolidation in a fully drained system, which is proportional to the coefficient of con-
solidation (c,):

0.197Hd2
= ———=, (H
ts0

where 0.197 is a time factor corresponding to 50% consolidation, H,, is the drainage height of the sample (half the
sample height for drainage from the top and bottom of the specimen), and ¢, is the time to 50% consolidation.
Permeability (k) is then determined for each increment (increments 4-10) using c,, the coefficient of volume
compressibility (mm,; which is the change in strain over the change in vertical effective stress between two consec-
utive stress increments), and the viscosity of the pore fluid (x; in calculations u = 9.73 x 10 Pa s):

k = comyp. 2

We performed resedimentation experiments with micro-organisms (biotic) and without micro-organisms (con-
trol) mixed into the slurry, and all experiments were performed in an anaerobic chamber containing 80% N,, 15%
CO,, and 5% H,. Before biotic or control experiments were performed, the utensils, pouring apparatus, and pieces
of the resedimentation apparatus that come in contact with the slurry were sterilized either by autoclave or by
wiping with 70% ethanol under UV light in a laminar flow hood. Because autoclaving the sediment could have re-
sulted in damage to clay minerals (e.g., Lotrario et al., 1995; Trevors, 1996; Wolf et al., 1989), we did not sterilize
the sediments. However, the sediments had low initial cell counts (see Section 2), were stored at the IODP core re-
pository for over 10 years, and were stored as dry mudstone powders in our laboratory for over 1 year before they
were used. This indicates that these preexisting cells were likely inactive or dead at the time of our experiments.

In the biotic experiments, we used the iron reducing bacteria Shewanella oneidensis MR-1 at two different cell
concentrations (referred to as biotic 1x and biotic 4x) in the Ursa and Brazos-Trinity sediments. We utilized iron
reducing bacteria because they are common in both terrestrial and marine environments (Lovley, 1991; Weber
et al., 2006), are known to produce biofilms (Thormann et al., 2004), and were readily available in our laboratory.
The Shewanella were cultured for 24 hr in autoclaved Lysogeny Broth medium (10 g/L tryptone, 5 g/L yeast ex-
tract, 10 g/L NaCl) and subsequently harvested via centrifugation and washed. Original cell counts were made by
adjusting the cell solution to an optical density of 1.0 at a wavelength of 600 nm using a Beckman Coulter DU 730
spectrophotometer, which yields ~8 x 10% cells/mL (Zeng & Tice, 2018). We admixed cells into the mudstone
slurries at a concentration of ~2.5 x 103 cells/cmgoli 4, (volume of solids) for the biotic 1x experiments and at an
increased concentration (~4 times the cells/cmfoli &) of ~1.0 X 10° cells/cmfoli 4, for the biotic 4x experiments. The
control experiments had no cells added.

The pore fluid used to make mudstone slurries was designed to be a basal medium to support Shewanella growth,
and as a result, it had a lower ionic strength than seawater. The medium is modified from Marsili et al. (2008) and
Zeng and Tice (2014) and is composed of 0.0174 g/L. K,HPO,, 0.123 g/L. MgSO, 7H,0, 0.227 g/L. (NH,),SO,,
0.535 g/L NH,Cl, 1.47 g/L CaCl, 2H,0, 0.5 g/L. casamino acid, 3.73 mL/L Na pL-lactate (electron donor), and
5 mM Fe(OH), (electron acceptor). The Fe(OH), was prepared fresh by adjusting a solution of 0.17 M FeCl, to
a pH of 7 with 5 M NaOH (Q. S. Fu et al., 2008). The pore fluid medium was filter sterilized, equilibrated in the
anaerobic chamber, and the pH was adjusted to ~7.0.

During resedimentation experiments, the effluent pore fluid was collected at the bottom of the specimen to
measure pH and the concentration of Fe?*. The pH was measured with a Fisherbrand accumet micro pH electrode
(model 13-620-850) and the concentration of Fe** was measured using the ferrozine assay (Viollier et al., 2000).
All steps for these measurements were performed immediately after collection (within <5 min) and inside the
anaerobic chamber except the reading of final absorbance values for the ferrozine assay, which were collected
using a BioTek ELx800 microplate reader.
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3.4. Final Cell Counts

Direct cell counts were performed, following the techniques in Monteverde et al. (2018), using subsamples of
the extruded mudstones after each resedimentation experiment. To do this, we took a 1 mL cell suspension—
created using 8 mL of formalin and a 2 cmfolal (total volume) mudstone subsample—and mixed it with 2.2 mL
of 2.5% NaCl, 400 pL of detergent solution (composed of 100 mM EDTA, 100 mM sodium pyrophosphate, 1%
(v/v) Tween-80), and 400 pL of methanol. This solution was shaken at 500 rpm for 10 min and then centrifuged
at 3,000 g for 5 min to pellet the sediment. We then mixed 1,425 pL of the supernatant with 75 pL of DAPI, a
DNA-binding fluorescent dye, let the mixture equilibrate for 5 min in the dark, and vacuum filtered the mixture
onto 0.2 pm black polycarbonate filters. The filters were then mounted on glass slides and the cells were counted
using epifluorescence light on a Zeiss Axio Imager.M2 at 1,000X magnification. The biotic 1x and biotic 4x
samples were each counted until at least 200 total cells were observed (~30-40 fields of view). Alternatively,
cells were counted in ~50 fields of view for the control samples, while not reaching 200 total cells, due to lower
cell concentrations. Once the cells had been counted, we converted the concentrations from cells/cmfolal (total
Soli 4 (volume of solids) using the final void ratio data from each resedimentation experiment.
This was required to account for differences in porosity between the beginning and end of resedimentation tests.

volume) to cells/cm:

3.5. Microscale Imaging

After the resedimentation experiments had been completed, subsamples of the extruded mudstones were taken
for scanning electron microscopy (SEM). The subsamples were taken parallel to the applied vertical stress using
a standard drinking straw (minicoring technique; Lavoie et al., 1996), which were subsequently cut into 1-3 mm
slices using a razor blade. These 1-3 mm slices were then immersed in 2% agarose at ~37°C and then cooled at
~4°C to solidify the agarose. We then used the resin embedding method developed by Uramoto et al. (2014) to
replace the pore fluids with resin. First, this consisted of sequentially soaking the subsamples in 2.5% glutaral-
dehyde, 2% osmium tetroxide, and 1% uranyl acetate for 3 hr each at ~4°C with washings in between. The sub-
samples were then dehydrated using a series of solutions with increasing ethanol concentrations (between 30%
and 100%). The ethanol was then replaced with n-butyl glycidyl ether (QY-1) and the QY-1 was subsequently
replaced with Quetol 651 resin (details in Uramoto et al., 2014). After curing for 24 hr at 60°C, the subsamples
were cut and then polished using oil-based aluminum oxide grits. The polished subsamples were coated in gold
and backscatter electron (BSE) images were taken using a TESCAN VEGA 3 SEM. Images were only taken for
the end-member resedimentation experiments, that is, control and biotic 4x tests.

4. Results
4.1. Material Characterization

Atterberg limits results show that LL, PL, and PI are 59%, 20%, and 39% for the Ursa sediment and 71%, 23%,
and 48% for the Brazos-Trinity sediment, respectively (Figure 2a). Atterberg limits were performed in duplicate,
with water content errors for both samples being <0.5%, and their results are presented as averages. Both sedi-
ment samples are classified as high plasticity clays (Figure 2a). Hydrometer tests for the Ursa sediment yielded
an average of 59% of particles finer than 2 pm (by mass), while the Brazos-Trinity sediment yielded an average
of 65% of particles finer than 2 pm (by mass; Figure 2b). The hydrometer tests were also performed in duplicate,
with the error of the percent of particles finer than 2 pm for both samples being <1.5%. Because two hydrom-
eter tests cannot be easily averaged, we display both hydrometer tests for each sediment sample in Figure 2b.
The bulk mineralogy of both the Ursa and Brazos-Trinity sediments is dominated by quartz and clay minerals,
with subordinate amounts of feldspar, calcite, and dolomite (Figures 2¢ and 2d). In the <2 pm fraction, the Ursa
sediment contains more illite than smectite and the Brazos-Trinity sediment contains more smectite than illite
(Figures 2c¢ and 2d). The hydrometer and mineralogy data for the Ursa sediment were previously published in
Mills et al. (2021), where this sediment was referred to as the Gulf of Mexico sediment.

4.2. Compression and Permeability Behavior

Compression curves for the Ursa and Brazos-Trinity sediments with bacteria (biotic 1x and biotic 4x) and without
bacteria (control) display similar trends: void ratio (e; e = n/(1 — n), where n is porosity) linearly decreases with
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Figure 2. Material characterization results for the Ursa and Brazos-Trinity sediments. (a) Plasticity chart showing Atterberg limits results. The U-line marks the upper
limit of correlation between plasticity index and liquid limit and the A-line marks the boundary between clayey (above) and silty or organic (below) sediments. (b)
Particle size distributions from hydrometer tests. Both hydrometer tests for each sediment sample are shown because two tests for the same sample cannot easily be
averaged without interpolation due to measurements at different particle size diameters. (c) Bulk and clay-size fraction (<2 pm) mineralogy for the Ursa mudstone
powder. (d) Bulk and clay-size fraction (<2 pm) mineralogy for the Brazos-Trinity mudstone powder. P, present but not quantified.

increasing logarithm of vertical effective stress (o); Figure 3a). This compression trend follows the commonly
observed behavior in sediments during burial (Burland, 1990; Skempton, 1970; Terzaghi, 1943), which can be
modeled with the equation:

o,
e =¢y — Cclog,, <—,> ) (3)
%

where ¢, and o, are empirically derived parameters and the compression index (C,) is the slope of the compres-
sion line. Here, we define 0'(’) at 1 kPa and constrain C,_ over a vertical effective stress range of 2.5-100 kPa. While
both of these sediments display similar compression trends, they show distinct ranges of e and C, values (Fig-
ure 3a). The initial void ratios measured at o}, of 2.5 kPa (e,) for the Ursa sediment range between 2.15 and 2.23
and void ratios decrease with added stress down to 1.17-1.21 at ¢/, of 100 kPa (Figure 3a and Table 1). For the
Brazos-Trinity sediment, e, values range between 2.36 and 2.48 and void ratios decrease with added stress down
to 1.34-1.35 at o), of 100 kPa (Figure 3a and Table 1). Compression indices, determined by fitting the e —log(s7,)
model (Equation 3) to the data, range between 0.60 and 0.66 and between 0.64 and 0.72 for Ursa and Brazos-Trin-
ity sediments, respectively (Figure 3b and Table 1). The lower C, values for the Ursa sediment indicate that this
sediment is stiffer than the Brazos-Trinity sediment. In contrast, the expansion indices (C,; slope between e and
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Figure 3. (a, b) Compression and (c, d) permeability—porosity behavior of the Ursa and Brazos-Trinity sediments for control, biotic 1x, and biotic 4x circumstances.
Measured compression and permeability—porosity data (markers and solid lines) are displayed in (a) and (c), respectively. The best fit lines (dashed lines) from the
compression and permeability—porosity models (Equations 3 and 4) are displayed in (b) and (d), respectively. Modeled compression (e, and C,) and permeability—
porosity (y and k) fitting parameters are presented in Table 1 for each resedimentation test. The measured data were obtained during resedimentation increments 4—10.

BT, Brazos-Trinity.

log(s)) during the unloading phase of the resedimentation experiments) for both sediments fall within a similar
range (~0.05-0.06; Figure 3a and Table 1).

The addition of bacteria slightly changes the compression behavior of the Ursa and Brazos-Trinity sediments. For
both sediments, ¢, is increased and e at 100 kPa is decreased with the addition of bacteria. These changes result in
increasing C, values with additions of bacteria during resedimentation tests (Figure 3b and Table 1). Specifically,
for both sediments, C, increases by ~0.06 from the control resedimentation test to both biotic resedimentation
tests, which had similar C, values (Figure 3b and Table 1). The varying e, and C, values result in a crossover of
compression curves for the Ursa and Brazos-Trinity sediments at o), values of ~30 and ~40 kPa, respectively
(Figures 3a and 3b). The C, values for both sediments show no trends between the control, biotic 1x, and biotic
4x experiments (Figure 3a and Table 1).

The permeability—porosity behavior of the Ursa and Brazos-Trinity sediments with and without bacteria display
similar trends: the permeability decreases logarithmically as porosity decreases (Figure 3c). This permeability—
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Table 1
Compression and Permeability Results From the Ursa and Brazos-Trinity Resedimentation Experiments for Control, Biotic
1x, and Biotic 4x Circumstances

Compression Permeability

Sample Test e, e. C R? (for C)) C y R*(fory)  Log(k,) (m?)

i c e

Ursa Control 2.39 2.15 0.60 0.999 0.051 9.94 0.975 -22.02
Biotic 1x 2.50 2.23 0.66 0.999 0.057 10.05 0.965 —22.21
Biotic 4x 2.45 2.20 0.65 0.999 0.047 9.54 0.965 -21.93
Brazos-Trinity ~ Control 2.64 2.36 0.64 0.999 0.053 10.76 0.979 -22.92
Biotic 1x 2.76 2.48 0.72 1.000 0.059 11.06 0.987 —23.44
Biotic 4x 2.74 2.47 0.70 0.999 0.054 12.09 0.986 —23.79

Note. e, void ratio at a vertical effective stress of 1 kPa; e, first measured void ratio at a vertical effective stress of 2.5 kPa,
C,, compression index (constrained over vertical effective stresses of 2.5 and 100 kPa); C,, expansion index (constrained over
vertical effective stresses of 25 and 100 kPa); , fitted slope of the (log)permeability—porosity relationship; log(k,), the fitted
intercept of the (log)permeability—porosity relationship at a porosity of 0; R?, coefficient of determination.

porosity relationship is commonly observed in mudstones during burial (e.g., Neuzil, 1994, 2019; Reece
et al., 2012; Schneider et al., 2011), and it can be modeled with the equation:

log,y(k) =y n+log,q(ko), 4)

where y is the slope and k is the permeability at a porosity of 0. Both sediments display distinct ranges in perme-
ability for a given porosity (Figure 3¢ and Table 1). Measured permeabilities of the Ursa sediment range between
5.6 x 1079 and 1.2 x 10~'7 m? for a respective porosity range of 0.68-0.54, while measured permeabilities of the
Brazos-Trinity sediment range between 3.5 X 107!° and 1.3 x 1077 m? for a respective porosity range of 0.69—
0.57 (Figure 3c). The y values, determined by fitting the log linear permeability—porosity model (Equation 4)
to the data, range between 9.54-10.05 and 10.76-12.09 for the Ursa and Brazos-Trinity sediments, respectively
(Figure 3d and Table 1). Similarly, log(k,) values for the Ursa and Brazos-Trinity sediments range between 21.93
and 22.21 and between 22.92 and 23.79, respectively (Table 1).

The addition of bacteria influenced the permeability values at a given porosity for the Ursa sediment, while the
addition of bacteria had little to no influence on the permeability of the Brazos-Trinity sediment (Figure 3c). For
the Ursa sediment, the measured permeabilities at high porosities (~0.65) in the biotic 1x and biotic 4x tests are
1.3 and 1.5 times lower than that of the control test, respectively (Figure 3c). This difference is reduced at lower
porosities (~0.55) where the permeabilities of both the biotic 1x and biotic 4x tests are 1.2 times lower than that
of the control test (Figure 3c). For the Brazos-Trinity sediment, the measured permeability values are similar for
the control, biotic 1x, and biotic 4x tests at high porosities (Figure 3c). In fact, the control sample has a lower
permeability than the biotic 1x and biotic 4x samples between porosities of 0.65 and 0.69 (Figure 3c). However,
below a porosity of 0.65, the biotic 4x sample has a lower permeability than that of the biotic 1x sample, which
has only slightly lower or similar permeabilities as the control sample (Figure 3c). At a porosity of ~0.59, the
permeability of the biotic 4x sample is 1.2 times lower than that of the biotic 1x and control samples, similar to
the Ursa data at lower porosities (Figure 3c). The fitting parameters y and k, show no trends for the Ursa resedi-
mentation tests (Figure 3d and Table 1). For the Brazos-Trinity tests, y increases and the logarithmic value of &,
decreases from control to biotic 1x to biotic 4x (Figure 3d and Table 1).

4.3. Scanning Electron Microscopy

The microstructure of the Ursa and Brazos-Trinity sediments under control and biotic 4x conditions (lowest and
highest concentrations of added bacterial cells) was investigated using BSE images. In general, both sediments
display similar microstructures between their respective control and biotic 4x images (Figure 4). Three types
of grains can be identified in all samples, including framework grains (quartz, calcite, or feldspar; 4-10 pm
in diameter), larger elongate grains (micas or clay minerals; high aspect ratios; 10-30 pm in length), and a
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Control Biotic 4x

Ursa

Brazos-Trinity

Figure 4. Backscatter electron (BSE)-scanning electron microscopy (SEM) images showing the microstructure of the
extruded resedimentation samples after loading to a vertical effective stress of ~100 kPa. (a) Ursa control sample, (b) Ursa
biotic 4x sample, (c) Brazos-Trinity control sample, and (d) Brazos-Trinity biotic 4x sample. The images are oriented with
the applied load going from top to bottom. Yellow arrows point to framework grains, blue arrows point to elongate grains
oriented perpendicular to the applied load, red arrows point to elongate grains in the clay matrix that align around framework
grains, and white arrows point to diffuse grain boundaries.

clay mineral matrix (<2 pm in length; Figure 4). The framework grains (yellow arrows in Figure 4) are evenly
dispersed throughout both sediments confirming that no settling occurred during resedimentation. In both sed-
iments, larger elongate grains are nearly oriented perpendicular to the direction of the applied vertical stress
(blue arrows in Figure 4), while smaller particles in the clay matrix are oriented in this fashion only far from
framework grains (Figure 4). However, near framework grains, smaller particles in the clay matrix align around
the framework grains (red arrows in Figure 4).

The clay matrix in the biotic 4x images for both sediments appears darker (i.e., less electron charging) and the
grain boundaries within the clay matrix appear more diffuse (white arrows in Figures 4b and 4d) than in the
control samples. The pore space is difficult to distinguish from the clay matrix for both sediments, especially in
the biotic 4x images. This is due to the resin used to solidify the samples. However, our resin embedding method
(see Section 3.5) was necessary to preserve the microstructure of our samples without desiccation and cracking.
Despite these limitations, pore sizes appear to be <1 pm in diameter in the clay matrix and between 1 and 4 pm in
diameter adjacent to the larger framework grains. We do not observe any bacteria, biofilms, or precipitates under
these sample preparation and imaging conditions.
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Figure 5. Pore fluid geochemistry results for the Ursa and Brazos-Trinity sediments under control, biotic 1x, and biotic 4x
circumstances. (a) The concentration of Fe?+ throughout each resedimentation experiment. (b) The ApH (change in pH from
beginning of each experiment) values for the Ursa control, biotic 1x, and biotic 4x tests. (c) The ApH values for the Brazos-
Trinity control, biotic 1x, and biotic 4x tests. The open marker indicates a potentially false data point in the Brazos-Trinity
biotic 1x test and the dashed lines show the potential trends to and from that data point. These data were obtained during
resedimentation increments 1-10. BT, Brazos-Trinity.

4.4. Pore Fluid Geochemistry and Geomicrobiology

The concentration of Fe?* in the pore fluid effluent is used to monitor bacterial activity and chemical conditions
in our resedimentation experiments. As the bacteria used in our biotic resedimentation experiments reduce Fe’*
in the form of Fe(OH), and oxidize lactate (CH,CHOHCOO"), Fe?* is produced (e.g., Lovley et al., 1989):

4Fe(OH); + CH;CHOHCOO™ + 7TH* — 4Fe™ + HCO3 + CH;COO™ + 10H,0. 5)

For the Ursa and Brazos-Trinity sediments, the Fe>* concentrations in the control tests remain low (<0.1 mM)
throughout the experiments (Figure 5a). In contrast, the Fe?* concentrations in the biotic tests for both sediments
initially rise over the first 8—10 days, followed by a subsequent decline over the remainder of the experiments
(Figure 5a). The biotic 1x and biotic 4x tests from the Ursa sediment reach maximum Fe?* concentrations of 7
and 9 mM, respectively, while the biotic 1x and biotic 4x tests from the Brazos-Trinity sediment reach lower
maximum Fe?* concentrations of 5 mM for both (Figure 5a). Interestingly, the Fe>* concentrations in the biotic 4x
tests for both sediments reach their maximum values and subsequently decline to lower values in a shorter period
of time than the Fe?* concentrations in the biotic 1x tests for both sediments (Figure 5a).

We also monitored bacterial activity and chemical conditions by measuring the change in the effluent pH (ApH)
from the beginning of each resedimentation experiment. As the bacteria in our biotic resedimentation exper-
iments drive Fe reduction, they increase pore fluid pH via the consumption of H* (Equation 5). For the Ursa
sediment, ApH in the control test remains constant throughout the experiment (between 0 and —0.15; Figure 5b).
In the biotic 1x and biotic 4x tests, ApH increases over the first 6 days to respective maximum values of 0.32
and 0.50, slightly drops from days 6 through 10, and then remains constant for the remainder of the experiments
(Figure 5b). For the Brazos-Trinity sediment, ApH in the control test gradually increases throughout the experi-
ment from O to 0.25 (Figure 5c). In the biotic 1x and biotic 4x tests, ApH initially increases over the first 4 days
to respective maximum values of 0.37 and 0.24, declines from days 4 to 15 to respective minimum values of —0.1
and —0.2, and then gradually increases for the remainder of the experiments (Figure 5c).

The final cell counts from the extruded mudstones, along with initial concentrations of cells inoculated into each

resedimentation experiment, are shown in Table 2. The final cell counts for the Ursa and Brazos-Trinity sedi-
3
solids

biotic 4x tests yielded slightly more cells/cm? .. than the biotic 1x tests (Table 2).

solids

ments yielded over an order of magnitude more cells/cm’ .. in the biotic 1x tests than the control tests and the
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Table 2

The Initial Concentrations of Bacterial Cells Inoculated Into Each
Resedimented Sample and the Results for the Final Cell Counts at the End
of Each Experiment

Final cell count
(cells/cm? | )

Inoculation concentration

Sample Test (cells/cm? . )

solids Solids
Ursa Control 0 2.29 x 100
Biotic 1x 2.45 x 108 2.73 x 107
Biotic 4x 9.80 x 108 3.87 x 107
Brazos-Trinity ~ Control 0 2.17 x 100
Biotic 1x 2.52 x 108 3.05 x 107
Biotic 4x 1.01 x 10° 4.34 x 107

Note. Cell concentrations are given in cells per volume of solids (cm?). The
volume of solids is the volume composed of solid particles only. This is to
account for porosity differences and allow for direct comparisons between the
beginning and end of a resedimentation experiment.

cells/cm?
solids

; converted from cells/cm

5. Discussion

5.1. Bacterial Growth

Based on our pore fluid geochemistry and geomicrobiology measurements,
we show that the bacteria used in our experiments respired Fe** and likely
produced biofilms (e.g., Thormann et al., 2004). In the biotic experiments,
Fe?* concentrations increased as a result of microbial iron reduction (Fig-
ure 5 and Equation 5). In fact, the bacteria reduced all 5 mM of the seeded
Fe(OH), in both sediments and an additional 2-4 mM in the Ursa sediment,
likely due to preexisting Fe3* in the Ursa sediment (Figure 5). The addition
of 4 times the bacterial cells from the biotic 1x to biotic 4x experiments for
both sediments resulted in a quicker rise and subsequent fall of Fe** concen-
trations (Figure 5a). The darker appearance of the clay matrix in the biotic
4x BSE images could perhaps be due to the microbial reduction of Fe(OH),
causing less electron scattering than in the control images (Figure 4). Micro-
bial iron reduction also resulted in an increase in pH that was coincident with
increasing Fe?* concentrations (Figure 5).

The final cell counts for the control experiments (Table 2) are similar

to the cell counts obtained from IODP data reports for the Ursa (6 X 10°

3 3
total solids

at a porosity of 0.75) and Brazos-Trinity (4.3 x 106 cells/cm? . ; con-

verted from cells/cm?  at a porosity of 0.78) sites at the depths our sediments were obtained from (see Section 2).

It is likely that these natural cells were largely inactive or dead at the time of our resedimentation experiments,

as evidenced by unchanging pH values and Fe?* concentrations in our control experiments (Figure 5), due to our

sediment preparation and storage techniques (see Section 3.1). Not only were the added cells in our biotic experi-

ments active (Figure 5), but the final cell counts for each biotic experiment (biotic 1x and biotic 4x) were over an

order of magnitude higher than those of the control experiments for both sediments (Table 2). These geochemical

and geomicrobiological data indicate that changes to sediment compression and permeability behavior were due

to the addition of bacteria, given that all other parameters were kept constant and only the concentration of bac-

terial cells was changed between each experiment.

5.2. Compression Behavior

Micro-organisms cause small, yet systematic changes in compression behavior. The addition of micro-organisms

results in an increase in C, but relatively constant C, for both sediment types (Table 1 and Figure 3), indicating

that micro-organisms affect the elasto-plastic behavior of sediments, but not their elastic behavior. Perhaps the

increase in C, is due to micro-organisms increasing porosity at lower vertical effective stresses, while at higher

effective stresses microbial activity could be limited by the increasing load (e.g., Rebata-Landa & Santamari-

na, 2006). The observation that sediments become more compressible (or less stiff) with added micro-organisms

is consistent with some results from Daniels et al. (2009), who showed that C, values increase with increasing

amounts of biofilm for a lean clay (with sand-size grains present) but not for a sand-bentonite mixture (65%

sand; 35% bentonite). While their results are inconclusive, our results clarify and affirm that micro-organisms

increase C..

5.3. Permeability

Several processes could explain the fact that the addition of micro-organisms caused greater absolute changes to
permeability at a given porosity for the Ursa sediment than for the Brazos-Trinity sediment (Figures 3c and 3d).
For example, sedimentological and physical property differences between the two sediments could be responsible
for this observed behavior. The Brazos-Trinity sediment has a smaller average grain size than the Ursa sedi-
ment (65% vs. 59% of particles <2 pm; Figure 2) and, as a result, has smaller pores and pore throats (Dewhurst
etal., 1999) and a larger specific surface area (Mayer & Rossi, 1982). In fact, specific surface area (S,) calculated
for the Ursa and Brazos-Trinity sediments from their LL values after Santamarina et al. (2002) yielded respective
S, values of 72.2 and 93.8 m%g. These S, values reflect the differences in the <2 pm fraction between the two
sediments, which is dominated by illite for the Ursa sediment and by smectite for the Brazos-Trinity sediment.
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Figure 6. Permeability models from literature show that small changes in

(a) clay fraction (CF; % of grains <2 pm; Yang & Aplin, 2010), (b) specific
surface area (S,; Kozeny—Carman equation; assumed tortuosity factors of 0.11
and 0.15 for the Ursa and Brazos-Trinity sediments, respectively; Daigle &
Dugan, 2009), and (c) liquid limit (LL; Casey et al., 2013) are needed to match
the greatest difference in permeability caused by micro-organisms in the Ursa
(at porosity of 0.65) and Brazos-Trinity (at porosity of 0.58) sediments (model
equations shown in Table 3). The measured permeability—porosity data from
our experiments are displayed with semitransparent lines behind the modeled
permeability—porosity curves displayed with solid lines. The salmon and

light gray colored solid curves indicate the modeled permeability—porosity
relationships using measured CF, S, and LL data (see Sections 4.1 and 5.3 for
data; Table 3) from the Ursa and Brazos-Trinity sediments (approximates the
control experiments), respectively. The maroon and black colored solid curves
indicate the modeled permeability—porosity relationships at increased values
(to match permeability change due to micro-organisms) of CF, S, and LL for
the Ursa and Brazos-Trinity sediments, respectively.

Therefore, it is likely that these smaller pores and pore throats make it hard-
er for micro-organisms to survive under increasing vertical stress (Ivanov
& Chu, 2008; Park & Santamarina, 2020; Phadnis & Santamarina, 2011)
and that as sediment S, goes up the produced biofilm covers more of the
increased particle surface area and protrudes less into the open pore space.
This would indicate that biofilms are less effective at decreasing permeability
in sediments with smaller pores and pore throats and larger S,

Another explanation for the larger impact of micro-organisms on the per-
meability of the Ursa sediment than the Brazos-Trinity sediment could be a
difference in the amount of bioavailable nutrients or the spatial distribution
of those nutrients. More Fe** was reduced in the biotic samples from the Ursa
sediment than the Brazos-Trinity sediment (see Section 5.1 and Figure 5),
despite both sediments having the same amount of synthesized Fe** added
to them (5 mM of Fe(OH),). The excess of naturally occurring bioavailable
Fe’* or its spatial distribution in the Ursa sediment could have caused bio-
films to have a greater effect on permeability, especially at higher porosities,
compared to the biotic samples from the Brazos-Trinity sediments which had
less naturally occurring bioavailable Fe3* (Figure 5). This inferred increase
in biofilm growth or the differences in the spatial distribution of biofilms,
combined with differences in sediment properties, are likely the reasons that
micro-organisms had a greater effect on permeability in the Ursa sediment.
Strikingly, changes in sediment properties resulted in larger permeability dif-
ferences between the Ursa and Brazos-Trinity sediments than the addition of
micro-organisms to an individual sediment (Figures 3¢ and 3d).

The effect of micro-organisms on permeability varies with porosity. For the
Ursa sediment, permeability is more impacted by micro-organisms at higher
porosities than at lower porosities, which can be observed by the convergence
of regression lines toward lower porosities (Figures 3¢ and 3d). Several pro-
cesses could explain this behavior. First, lower porosities at increased vertical
stress could restrict habitable pore space for micro-organisms and potentially
puncture them (e.g., Rebata-Landa & Santamarina, 2006). Second, it could
be due to the exhaustion of Fe(OH), as evidenced by a decrease in Fe?* con-
centrations over the second half of the Ursa biotic experiments (Figure 5).
A lack of nutrients such as Fe(OH), (for Fe-reducing micro-organisms) can
cause deterioration of biofilms and can result in a relative increase in permea-
bility (Castegnier et al., 2006). Finally, it could be due to decreasing cell con-
centrations from the beginning to the end of our biotic experiments (Table 2),
which is likely a result of decreased nutrients. In the Brazos-Trinity sediment,
the Fe?* and cell concentrations also decrease during the later stages of the
biotic experiments (Figure 5 and Table 2). However, in this sample, micro-or-
ganisms appear to have a minimal effect on permeability at all porosities
(Figures 3c and 3d), which is in contrast to the Ursa sediment and is likely
due to the decreased grain and pore size as discussed above.

We further place permeability changes in our sediments caused by micro-or-
ganisms into context using permeability models from literature that depend
on sediment properties, including clay fraction (CF; % of grains <2 pm by
mass; Yang & Aplin, 2010), S, (Daigle & Dugan, 2009), and LL (Casey
et al., 2013; Figure 6; model equations shown in Table 3). We measured
original CF and LL values for both of our sediments prior to our experiments
using hydrometer and Atterberg limits techniques (see Sections 3.2 and 4.1),
respectively. Original S, values were calculated for each sediment sample
using their respective LL values and an empirical relationship between S,

MILLS ET AL.

13 of 19



Aot |

lbmvibont Earth and Space Science 10.1029/2021EA002037
AND SPACE SCIENCE
Table 3
The Permeability Models, Their References, and the Original and Increased Clay Fraction (CF), Specific Surface Area (S,), and Liquid Limit (LL) Values Used in
Figure 6
Values used
Model Reference Variable Ursa Brazos-Trinity
Ln(k) = —69.59 — 26.79CF + 44.07CF> + (=53.61 — 80.03CF + 132.78CF"?) Yang and Aplin (2010) CF original 59.0% 65.0%
e+ (86.61 + 81.91CF — 163.61CF5)e%> CF increased 61.2% 66.2%
_ n Daigle and Dugan (2009) S, original 722 m? g~! 93.8 m? g~!
SR S, increased 90.2 m? g~! 105.9 m? g~!
Log,,(k) = (0.072LL + 4.9) (n — 0.5) — 7.4 log,(LL) — 3.7 Casey et al. (2013) LL original 59.0% 71.0%
LL increased 63.5% 73.7%

Note. k, permeability; n, porosity; e, void ratio; CF, clay fraction; S,, specific surface area; LL, liquid limit. S, was calculated using the equation: S, = 1.8LL — 34
(Santamarina et al., 2002). For the Daigle and Dugan (2009) model, variables are defined as follows: v, dimensionless pore shape factor; 7, tortuosity; p,, grain density.
vr?> was assumed to be 0.11 and 0.15 for the Ursa and Brazos-Trinity sediments, respectively.

and LL proposed by Santamarina et al. (2002). We then determined the changes in these sediment properties
needed to match the greatest change in permeability created by micro-organisms for each sediment (change from
their respective CF, S, and LL values; Table 3). Specifically, the largest permeability differences in the Ursa and
Brazos-Trinity sediments occur at porosities of 0.64 and 0.58, respectively. At these porosities, the permeabilities
of the biotic 4x samples are 1.5 and 1.2 times lower than those of the control samples. In order to account for
these same permeability differences in the Ursa and Brazos-Trinity sediments, CF would need to be increased by
2.2% and 1.2% (Figure 6a and Table 3; Yang & Aplin, 2010), S, would need to be increased by 24.9% and 12.9%
(Figure 6b and Table 3; Daigle & Dugan, 2009), and LL would need to be increased by 4.5% and 2.7% (Figure 6¢
and Table 3; Casey et al., 2013), respectively. These models illustrate that the influence of micro-organisms on
sediment permeability is relatively small for our two fine-grained sediment samples and equates to small changes
in CF, S, and LL (Figure 6 and Table 3). Ultimately, the effects of micro-organisms on sediment permeability are
likely lessened for increasingly finer-grained sediments, for example, from the Ursa sediment to Brazos-Trinity
sediment.

Incidentally, the LL model from Casey et al. (2013) fits our measured control data for both sediments better than
the CF (Yang & Aplin, 2010) and S, (Daigle & Dugan, 2009) models. This is not surprising as LL reflects both
the quantity and type of clay minerals present in a mudstone (Casey et al., 2013) and, therefore, combines the
effects of clay-size fraction and S, which is a function of mineralogy, into a single model parameter.

5.4. Conceptual Model

We propose a new conceptual model for biofilm distributions at the pore scale that integrates previous work on
sandstones/siltstones and fractures with our new observations for fine-grained sediments (mudstones; Figure 7).
Previous experimental work using sandstones/siltstones or fractures have demonstrated a large decrease in per-
meability with the addition of micro-organisms (e.g., Brydie et al., 2005; Cheng et al., 2021; Hill & Sleep, 2002;
Taylor & Jaffé, 1990). In contrast, our experimental work using mudstones has demonstrated a small decrease
in permeability with the addition of micro-organisms (Figure 3). Despite these differences, microbial cell con-
centrations are similar across all studies. For instance, experiments using sandstones/siltstones or fractures have
utilized cell concentrations ranging from 1.5 X 10° to 1 x 10° cells/mL (Brydie et al., 2005; Ross et al., 2001;
Zhong & Wu, 2013). Initial cell concentrations for our experiments using mudstones (Table 2) fit within the
higher end of that range with cell concentrations >9 x 107 cells/cm3pore fuia (converted from cells/cmzOli 4 for direct
comparison; Table 2). Therefore, the differences in permeability reduction caused by micro-organisms between
our experiments using mudstones and previous experiments using sandstones/siltstones or fractures are likely
controlled by factors other than microbial cell concentrations, such as the distributions of biofilm, which is de-
pendent on physical and textural properties of the sediments.
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(a) Sandstone/Siltstone (b) Fracture

o', =100 kPa 10 pm o', = variable 10 pm
n=0.38 n=0.38
(c) Mudstone (d) 3D view of inset boxes

o', =100 kPa
n=0.55

10 pm 10 ym

Figure 7. A conceptual model showing the two-dimensional pore-scale effects of biofilm on a (a) sandstone or siltstone,
(b) fracture, and (c) mudstone. (d) Zoomed-in view from the inset boxes in (a) and (b) that is more indicative of three-
dimensional (3D) biofilm distribution in natural pores. Biofilms are green and sediments are gray. Each of the illustrations
in (a)—(c) contains the same area of biofilm. The (a) sandstone/siltstone and (c) mudstone illustrations contain respective
porosities of 0.38 and 0.55, which are both indicative of burial to a vertical effective stress of 100 kPa (Ingebritsen

et al., 2006; Mondol et al., 2007). The (a) sandstone/siltstone and (b) fracture illustrations have the same porosity. Vertical
effective stress (o) and porosity (n) for the illustrations in (a)—(c) are located below each of the respective illustrations. The
theoretical fluid flow is from the bottom to the top of each illustration.

In our conceptual model, the sandstone/siltstone and fracture have large grains, large pores and pore throats,
low S, and few flow paths (Figures 7a and 7b). As a result, biofilm covers the available surface area and grows
out into the large pores and pore throats and occludes porosity (Figures 7a and 7b), which causes a significant
decrease in permeability. It should be noted that in our sandstone/siltstone and fracture illustrations, the biofilms
occluding pore space are simplified (Figures 7a and 7b), while they are more complex in three-dimensional pores
in nature (Figure 7d; e.g., Hand et al., 2008; Harrison et al., 2011).

In contrast, the mudstone illustration has grains of various shapes and sizes, small pores and pore throats, high
S, and multiple flow paths (Figure 7c), which are all evidenced in our BSE images (Figure 4). In this scenario,
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we hypothesize that biofilm is spread out over a large surface area and fills only a small portion of the available
pore space (Figure 7c). Despite a larger tortuosity, the high number of flow paths in the mudstone indicates
that pores filled with biofilm could potentially even be bypassed (Figure 7c). For these reasons, micro-organ-
isms have a lessened effect on mudstone permeability than they do on coarser-grained sediments and fractures.
Therefore, grain size, specific surface area, pore and pore throat size, and the number of flow paths—all of
which could potentially be moderated by (clay) mineralogy—are likely to control changes in permeability due to
micro-organisms.

5.5. Implications

We have shown that micro-organisms have a larger effect on the permeability of fine-grained sediments at lower
stresses, that is, higher porosities (Figure 3). For fine-grained sediments near the sediment—water interface in ma-
rine or lacustrine settings, these porosities could be even higher (0.75-0.80; Boggs, 2009) than measured in our
experiments, leading to an even greater reduction in permeability due to the presence of micro-organisms. This
effect could be amplified in sediments with higher concentrations of nutrients and microbial cells (e.g., Haglund
et al., 2003; Kallmeyer et al., 2012; Montagna, 1982) than used in our experiments. The decrease in permeability
caused by micro-organisms near the sediment—water interface could prevent fluxes of aqueous chemical species
(e.g., carbon, nitrogen, sulfur, iron, and phosphorous) between the sediments and the overlying water column.
Moreover, a decrease in permeability and an increase in compression index, which was also observed in our data
(Figure 3), are both independent parameters known to increase pore pressure within sediments during consol-
idation (Broichhausen et al., 2005). Overpressured pore fluids in the shallow subsurface could cause sediment
gravity flows or even submarine landslides (Dugan & Flemings, 2000; Flemings et al., 2008), which in turn have
the potential to damage seafloor infrastructure. However, at lower porosities in fine-grained sediments, this effect
on pore pressure would be diminished.

Our results also have significance for terrestrial environments and geotechnical engineering practices. At poros-
ities more indicative of fine-grained terrestrial soils (<0.55; e.g., Foti & Lancellotta, 2004; Y. Fu et al., 2019),
it is likely that micro-organisms have a lessened effect on permeability. Further, adding micro-organisms to
fine-grained terrestrial soils, as has been hypothesized for coarser-grained soils or fracture systems to prevent
fluid flow around radioactive waste sites (Coombs et al., 2008; Harrison et al., 2011) and contaminated areas
(Kanmani et al., 2014; Ross & Bickerton, 2002) or on precarious slopes (Ivanov & Chu, 2008), may not be
as useful and effective in reducing permeability compared to coarser-grained soils and fractures. Given that
micro-organisms have been shown to decrease fluid flow in coarser-grained sediments and fractures and that
our results show that micro-organisms have a limited effect on permeability in finer-grained sediments at lower
porosities (<0.55), there is likely a grain size threshold at which micro-organisms no longer have a significant
impact on permeability.

6. Conclusions

We used resedimentation experiments to document the effects of micro-organisms on the compression and per-
meability behavior of fine-grained sediments. Key findings include the following:

1. The pore fluid geochemistry and geomicrobiology data indicate that micro-organisms respired and likely
developed biofilms in the biotic experiments of both sediments.

2. The addition of micro-organisms resulted in small, yet systematic changes in compression behavior, as evi-
denced by an increase in C, of ~0.06 for both of our sediments.

3. The addition of micro-organisms resulted in a greater absolute permeability reduction in the Ursa sediment
than in the Brazos-Trinity sediment, which is likely due to differences in sediment properties and the amount
of microbial activity between the two sediments.

4. The effect of micro-organisms on permeability is greater at higher porosities and lower vertical effective
stresses.

5. The effectiveness of micro-organisms in decreasing permeability is not as great in fine-grained sediments
compared to coarse-grained sediments and is controlled by sediment grain size, pore and pore throat size,
specific surface area, and porosity.
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