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Mechanical limits to microbial activity in deep sediments
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[1] The observed decline in microbial abundance with increasing depth has been associated to various
environmental factors. Meanwhile, the role of geometrical constraints and soil-bacteria mechanical
interactions remains poorly analyzed. Pore and pore-throat sizes may restrict habitable pore space and
traversable interconnected porosity, and sediment-cell interaction may cause puncture or tensile failure of
the cell membrane. In this study we compile published evidence on the presence of bacteria in deep
sediments as well as pore and pore-throat size data in sediments at different depths to establish possible
geometrical conditions for the sediment-cell complex. Compiled data are complemented with experimental
results gathered through controlled axial compression experiments that reproduce the mechanical
consolidation of deep sediment sequences. Then, we analyze the mechanical interaction between bacteria
and sediments that may cause cell death. Finally, we combine data and model predictions to define the
main regions in a particle-size versus depth space that characterize the fate of bacteria: “active and
motile,” “trapped inside pores,” and “dead or dormant.”” These regions constrain hypotheses related to the
role of biological activity in deep sediments, research protocols and sampling methods, the viability of
bioremediation strategies for contaminated sites, and the potential development of bioengineered
sediments.
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1. Introduction Phelps et al., 1994; Wellsbury et al., 2002; Zhang
et al., 1998] has been associated to the influence of

[2] Microorganisms have played a critical role in ~ preferential paths in the transport of microbes
geological processes leading to the formation of  through the sediment profile [Abu-Ashour et al.,
near surface and submerged sediments [Ehrlich, — 1994], limited input of fresh organic carbon at the
1996; Hattori, 1973]. The ubiquitous presence of  surface and/or use of recalcitrant old buried organic
microorganisms in sediments is presumed and  matter by deep bacteria [Parkes et al., 2000;
extensively reported in the literature. The observed Wellsbu(y etal., 2992; Zhar_zg et al., 1998], and low
decline in microbial abundance with increasing  hydraulic conductivity or diffusion for the transport
depth [Fierer et al., 2003; Howard-Jones et al., of required chemicals [Fredrickson et al., 1991;
2002; Kieft et al., 1998; Parkes et al., 1994, 2000;  Phelps et al., 1994].
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[3] However, geometrical constraints and mechan-
ical interactions must be considered as well. For
example, it has been recognized that small pores
restrict bacteria movement and activity [ Fredrickson
et al., 1997], limit nutrient transport [Boivin-Jahns
et al., 1996; Wellsbury et al., 2002], diminish space
availability [Zhang et al., 1998], slow the rate of
division [Boivin-Jahns et al., 1996], and lead to
reduced biodiversity; in fact, spatial isolation due to
lack of pore connectivity implies that all cells in a
pore are lineal descendants of a bacterium that
became entombed at the time of geologic deposi-
tion [Boivin-Jahns et al., 1996; Kieft et al., 1998;
Treves et al., 2003; Zhou et al., 2002, 2004].
Previous studies suggest that the size of pore
throats must be around twice the cell diameter for
bacteria transit [Updegraff, 1982]. Still, a detailed
analysis is lacking.

[4] The goals of this study are to identify geomet-
ric restrictions for bioactivity, to develop cell-level
mechanical models for bacteria-sediment interac-
tion, and to define regions for bacteria’s fate in the
two dimensional space of sediment grain size
versus burial depth. The scope of this study is
limited to microorganisms present in natural and
artificially compacted, fracture-free sediments.

2. Materials and Methods

[s] Three approaches are used for this study: data
compilation from published studies, experimental
study, and analyses based on particle-level geomet-
rical-mechanical models.

2.1. Data Synthesis: Geometric Constraints
Represented by Pore and Pore-Throat Sizes

[¢] A database of published scanning electron
microscopy (SEM) pictures and mercury intrusion
porosimetry (MIP) data was compiled to explore
the presence of habitable pore space and travers-
able pore throats in fine-grained sediments sub-
jected to various stress levels. (Note: the term
“sediment” is used herein to refer to either residual
or transported materials made of mineral grains).

[7] Assuming a nominal 1 pm microbial cell
diameter, a sediment is considered to contain
habitable pore space if more than 5% of the pores
are larger than 1 um (estimated as area ratio from
SEM pictures). On the other hand, a sediment is
considered to have traversable pore throats if the
probability of having a pore throat larger than 1 ym
is higher than 5% (taken as the area ratio under
the MIP curve). The particle size and depth corres-

ponding to each data point is extracted from the
information provided in the published works. The
selected representative particle size is the 10th
percentile d;o because the finer fraction that fills
the voids between large particles determines the
hydraulic conductivity, porosity, pore size distribu-
tion and therefore the effective pore size in the
sediment mass. In the case of laboratory studies,
depth is computed from the applied effective
overburden stress.

2.2. Data Synthesis: Bacteria in Sediments

[s] The second database that is compiled consists
of reported cases of “viable” bacteria in sediments.
Each entry in the database includes the represen-
tative particle size d;¢ and the corresponding depth.
We carefully analyzed each case history; still, there
may be biases in the database related to contami-
nation and sampling effects [Boivin-Jahns et al.,
1996], reactivation of dormant cells during core
extraction [Zweifel and Hagstrom, 1995], cell
growth during storage [Sinclair et al., 1990] and
our interpretation of particle size when authors
provide descriptive information only.

2.3. Experimental Study

[s] One-dimensional compression tests were used
to explore the d;o versus depth space where bio-
logical evidence is insufficient. The following
sediments, cells and devices were used.

2.3.1. Sediments

[10] Five sediments were chosen for their particle
size, compatible solution pH and grain strength
characteristics: Crushed silica flour (Sil-co-sil, d;q
= 10 pm), Precipitated silica flour (Zeo; dyo = 20
pm uncrushed; 0.1 pum after crushing), Kaolinite
(RP2, dip=0.36 pum), Illite (IMt-1, d1g = 0.04 um),
and Montmorillonite (Bent, d;y = 0.0034 pm).

2.3.2. Bacterial Species

[11] The selected strain is Pseudomonas fluores-
cens; this is a mesophilic, non-spore-forming spe-
cies naturally present in sediments.

2.3.3. Test Device

[12] The system consists of a set of six stainless
steel one-dimensional compression chambers
which are loaded using pneumatic cylinders. The
air pressure control permits applying preselected
effective overburden stress levels between 30 kPa
and 9 MPa (i.e., ~3 m to ~900 m burial depth).
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Table 1. Specimen Preparation

Sediment Type Sterile Sediment Mass, g

Culture Volume, mL Sterile Nutrient Volume, mL

Crushed silica flour 1.0
Precipitated silica flour 1.0
Kaolinite 4.0
Illite 4.0
Montmorillonite 1.0

2.0 2.0
2.0 2.0
1.5 1.5
2.0 2.0
3.0 3.0

2.3.4. Other Materials

[13] The nutrients are Difco Nutrient Broth for
pore fluid, and Difco Nutrient Agar for Petri plates
(Fisher Scientific). Sterile hydrophilic microfilter
discs (13 mm diameter, 0.2 pm filtration - Fisher
Scientific) were used at both ends of the specimen
to facilitate drainage during consolidation and to
prevent external contamination.

2.3.5. Test Procedures

[14] All procedures were conducted under aseptic
conditions. Sediments, broth, agar and all device
parts in contact with the sediment (piston, chamber
and base) were autoclaved at 124°C and 125 kPa
for 35 min. Sediments and broth were stored at 3°C
in sterile containers, while agar was poured into
Petri plates and stored at 3°C. Frozen cells were
transferred into sterile Petri plates containing agar
and incubated 24 hours at the optimum growth
temperature (25°C for Pseudomonas fluorescens).
Then, a 24 hours colony was transferred into 5 mL
sterile broth, shaken thoroughly and incubated for
additional 24 hours at the optimum growth tem-
perature. A total of six 5 mL vials were prepared
following this procedure (one per chamber). Prior
analyses demonstrated that this procedure produces
~10% cells/mL.

[15] Prior to assemblage, device parts were rinsed
thoroughly with alcohol. The microfilter disc was
placed on the base and the testing chamber was set
in place. Half of the sterile sediment was trans-
ferred aseptically inside the chamber, culture from
the vials and sterile broth were added and mixed
with the sediment; then, the rest of the sediment
was incorporated and mixed until a uniform paste
was obtained. The amounts of sediment, culture
and nutrient vary with sediment type (to achieve
saturation) and are shown in Table 1.

[16] Finally, a second microfilter disc was placed
on top of the sediment and pushed slightly using
the piston. Thereafter, pistons were step loaded
until the target effective overburden stress was

reached. The load was sustained during 48 to 72
hours. Longer loading periods were avoided to
minimize the effects of nutrient deficit and waste
accumulation on bacterial survivability.

[17] Finally, the chamber was disassembled to
recover the sediment specimen. The periphery of
each specimen was aseptically trimmed to reduce
the probability of contamination, and approximate-
ly 0.5 mL of each specimen was introduced into
vials, prepared with 4.5 mL Phosphate Buffered
Saline (PBS) solution. Vials were sonicated for 10
to 20 seconds to detach cells from sediment par-
ticles and 0.1 mL of the fluid was transferred into
agar plates, spread using a sterile tool and incubated
for 24 hours at the optimum temperature.

[18] This protocol was designed to prevent con-
tamination. The adequacy of the procedure was
corroborated by sterile controls run for all sedi-
ments and stress combinations. Furthermore, the
complete study was duplicated for verification,
obtaining identical results.

2.4. Particle-Level Analytical Models

[19] Various geometrical and mechanical interac-
tion models were analyzed to establish boundaries
and the effect of effective overburden stress and
particle size on bacteria’s fate. All models assume
initial spherical cell shape, constant cell volume
and constant cell wall volume and are available as
Electronic Supplements'. Relevant geometrical and
mechanical properties used in the models are
summarized in Table 2. Brief comments on each
of the models follow (equations in Table 3).

2.4.1. Habitable Pore Space and
Traversable Pore Throats (Table 3,
Models a and b)

[20] Cells can loosely fit inside pore spaces without
suffering mechanical stresses when d..; < dyore-
For cubic-tetrahedral and simple cubic packing of

'Auxiliary materials are available in the HTML. doi:10.1029/
2006GC001355.

30f 12



b, Geochemistry 3
" | Geophysics (I
L Geosystems \y

REBATA-LANDA AND SANTAMARINA: MICROBES

10.1029/2006GC001355

Table 2. Mechanical and Geometrical Properties of Bacteria®

References

Property Average Value
Cell wall elastic modulus, E..; 30 MPa
Cell wall tensile strength, o, 13 MPa
Drag velocity of cells, v 10 pum/s
Cell radius, R 0.5 pm
Cell wall thickness, ¢ 50 nm

Boulbitch et al. [2000]; Thwaites and Surana [1991]; Yao et al. [1999]

Thwaites and Surana [1991]; Thwaites et al. [1991]
Astumian and Hanggi [2002]
Katz et al. [2003]
Edwards [1990]

“Note: Average values for bacteria commonly found in sediments.

monosized spherical particles size diegimenss the
pore size varies from d,,. = 0.26 dseqimen tO
0.37 dsediment-

2.4.2. Cell Squeezed Between
Two Particles (Table 3, Model c)

[21] Large platy particles such as kaolinite can be
as large as or larger than the cell size. The loading
mechanism resembles a sphere being squeezed
between two large plates. The deformed cell gains
a filled torous shape until the cell wall fails in
tension.

2.4.3. Cell Puncture (Table 3, Model d)

[22] The thickness of kaolinite and illite clay par-
ticles are one or two orders of magnitude smaller
than cells, and therefore the loading mechanism
resembles a spherical bacteria being “pressed by
needles” until they eventually puncture the cell
[Sun et al., 2003]. The lower limit for this model
corresponds to the smallest particle that can exert
the required puncture force without buckling, i.e.,
when platy sediment particles experience excessive
bending before perforating the cell wall.

2.4.4. Cell Squeezed Within the
Equivalent Continuum Sediment Skeleton

(Table 3, Model e)

[23] When sediment particles are much smaller
than the cell, e.g., montmorillonite, the cell is
effectively submerged in an equivalent continuum,
and sediment particles are not strong enough to
puncture the cell wall. However, as the burial depth
of the sediment increases, particles move closer
together by compression of the counterion diffuse
layer, reducing the space around the cell. In this
case a trapped cell can be axially deformed into a
filled torous until its cell wall breaks in tension. For
this model, the initial interparticle distance is
assumed to be equal to twice the diffuse layer
thickness and the limit deformation is established
at an interparticle distance of 10 A. According to
this mechanical model and the parameters summa-

rized in Table 3, reversed arching takes place
within the sediment skeleton and the cell takes
more load than the neighboring particles due to the
high sediment skeleton compliance. The position
of this boundary depends on the lateral effective
stress, which is linked to the sediment formation
history. Nutrient and waste transport are slow in
these fine-grained sediments and may become the
limiting factor.

2.4.5. Cell Entrapment and Mobilization
Inside the Sediment Skeleton (Table 3,
Model f)

[24] Motile microbial cells can generate a viscous
drag force in the order of 0.1-to-10 pN [Astumian
and Hanggi, 2002; Miyata et al., 2002]. This force
may be sufficient to displace neighboring particles.
The boundary for this mechanism in the d;, versus
depth space is computed with the displacement
model presented in Table 3 (Model f), which
considers the particles self weight and the skeletal
force per particle, and disregards electrostatic inter-
actions between cells and fine-grained sediment
particles. Note that the model considers the dis-
placement of a single particle rather than the area
corresponding to the cell’s cross section.

3. Results

[2s5] Results from the data synthesis exercise, the
experimental study, and computed with analytical
models are presented in the same two dimensional
space defined by particle size and equivalent burial
depth (which is a surrogate for effective overbur-
den stress level), to identify boundaries for the
mechanical limits of microbial activity in deep
sediments.

3.1. Data Synthesis: Geometric Constraints

[26] Habitable pore space and traversable pore-
throat sizes for a 1 pm nominal bacteria size are
shown in Figure 1. The data show that habitable
pores and traversable pore throats are found in
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Figure 1. Pore and pore-throat size. Habitable pore space (solid diamonds) (SEM), traversable pore throat (open
diamonds) (MIP), nonhabitable pore space (asterisks) (SEM), and nontraversable pore throat (crosses) (MIP). Lines
suggest estimated limits for each geometric configuration. MIP data from Ahmed et al. [1974], AIMukhtar et al.
[1996], Bolton et al. [2000], Cuisinier and Laloui [2004], Delage and Lefebvre [1984], Delage et al. [1996],
Dewhurst et al. [1998, 1999], Diamond [1971], Garcia-Bengochea et al. [1979], Griffiths and Joshi [1989,
1990], Heling [1970], Horsrud et al. [1998], Juang and Holtz [1986], Lapierre et al. [1990], Lohnes et al.
[1976], Penumadu and Dean [2000], Simms and Yanful [2001, 2004], Sridharan and Altschaeffl [1971], Tanaka et al.
[2003], Vasseur et al. [1995], and Yang and Aplin [1998]. SEM pictures from Delage and Lefebvre [1984], Griffiths
and Joshi [1990), Hicher et al. [2000], and Negre et al. [2004]. Underlined data labels indicate natural samples; all
other data points were obtained from artificially compacted specimens (PC: personal communication, M. Santagata,
2005). Typical mineral sizes are indicated in the upper part of the plot [Mitchell, 1993; Santamarina et al., 2001].

coarse sediments, and in some clayey sediments at
shallow depth.

[27] Silt and sand grains may crush at large burial
depths and cause a reduction in pore and pore-
throat sizes. The depth required for crushing is
inversely proportional to the particle diameter and
directly proportional to the tensile strength of the

mineral that makes the grains [McDowell and
Bolton, 1998]. The dotted line in Figure 1 captures
the estimated grain crushing boundary.

[28] Data in Figure 1 provides a geometric expla-
nation for the generally observed decrease in
microbial abundance with decreasing particle size
[Fredrickson et al., 1991; Phelps et al., 1994;

6 of 12



REBATA-LANDA AND SANTAMARINA: MICROBES 10.1029/2006GC001355

v
2.~ Geochemistr R
| Geophysics y(lj
L Geosystems \

0.001
Montmaorillonite ‘
: llite: 5
Kaolinite )
001 1 Silt Sand
+ + + +
0.1 4 + R 3 ]
+ +
+ +
+
< <@ + 4t e | + +H
14 g +¢+ﬂ 4
'E' o g ks
= = i+
= & -1 i i
I
Y o & ok @ ok +
[m] +
10 1 - t-1 ® RF2 e w
%
+ o +
+ ; "
Bert @ T G S RP2 + TPt & ez
4+ + SCst
H H +
100 - Mt O i T S S
i it
Bert @ M1 s g PSS i TR N
+ H + \ .
RPZ () gk 5C8 v grain
@y e o | crushing
Bent @ mio o B A & Oz 4"}
1000 st RP2 ooy
0.001 0.01 01 1 10 100 1000

Representative patticle size d 4y [1m]

Figure 2. Presence of bacteria in sediments [Agnelli et al., 2004; Bird et al., 2001; Blume et al., 2002; Boivin-Jahns
et al., 1996; Chen et al., 2003; Cragg et al., 1996; D’ ’Hondt et al., 2004; Dodds et al., 1996; Fierer et al., 2003;
Fredrickson et al., 1991; Phelps et al., 1994; Sinclair and Ghiorse, 1989; Sinclair et al., 1990; Wellsbury et al., 1996,
2002; Zhang et al., 1998]. Detected bacteria (crosses), reduced diversity—nondividing cells (open diamonds),
possible contamination (triangle) (as reported by the authors). Lack of reported data in certain regions does not imply
impossible living conditions. Experimental data gathered in this study: solid circles, alive; open circles, dead.
Underlined data labels correspond to unsaturated sediment specimens. Data from Agnelli et al. [2004], Blume et al.
[2002], Chen et al. [2003], Dodds et al. [1996], Fierer et al. [2003], and Sinclair and Ghiorse [1989] do not specify
water saturation conditions; the remaining data correspond to presumably saturated sediments. Dashed curved arrow
indicates negative plates in precipitated silica flour after grain crushing at high overburden stresses which causes a
particle size reduction from ~20 pm to ~0.1 pm.

Sinclair et al., 1990; Zhang et al., 1998], and the
comparatively low microbial diversity found in
deep, fine-grained sediments [Marchesi et al.,
2001; Newberry et al., 2004; Zhou et al., 2004].
Both can be linked to lack of habitable pore space
and hindered mobility across pores.

3.2. Data Synthesis: Presence of Bacteria
in Sediments

[29] The compiled data shown in Figure 2 empha-
size the presence of bacteria in sediments with
representative grain size djo > 1 pm. Reduced

biodiversity is reported in various cases that either
involve sediments with d;p < 1 pum or high burial
depth. Positive reports are predominant for silts
and sands. In contrast, there is limited data for finer
sediments, and contamination is suspected in some
cases (as reported by some of authors). It is
important to note that bioactivity at depth may be
restricted by other limiting factors such as lack of
nutrients. Therefore published data (in the absence
of contamination) should be considered as one-way
indicators: documented bioactivity suggests that
proper conditions exist; however, the absence of

7 of 12



ol . ,
, ~‘ggg;?,§,2?ésstry Ij REBATA-LANDA AND SANTAMARINA: MICROBES 10.1029/2006GC001355
L | Geosystems \

Table 4. Colony-Forming Units per mL of Sediment (CFU/mL-Sediment) in Recovered Specimens

Equivalent Bentonite Ilite Kaolinite Crushed Silica Precipitated Silica
Depth, m (Bent) (IMt-1) (RP2) Flour (Sil-co-sil) Flour (Zeo)

3.0 >10°

11.0 >10° >10°

55.2 >10° 0 >10° 12 x 10° >10°

110.3 0 8 x 10°

220.6 5 % 10° 0 0 6 x 10° >10°

330.9 0 (crushing)

772.2 0

882.5 2 x 10° 0 0 5% 10° 0

0.001
Montmorillonite
“lite
Diffusive nutrient transport Kaolinite
it > sit ., Sand
0.01 1

SR R

Trapped Motile

Single particle
displacement

0.1 4

(2) Traversahle pore

E Parti;le throats
= buckling Q
Q.
[ah) v
O ;
10 gle= 0'
=
(4) Puncture (1) Habitable pore
space
100 A
..... -
: (5)
| Equivalent
| | continuum
1000 4 v I (3) Squeezing
I
I
I
0.001 0.01 0.1 1 10 100 1000

Representative particle size dqg [pm]

Figure 3. Sediment-bacteria mechanical interaction: predicted boundaries. Parameters and equations are listed in
Tables 2 and 3. The position of the equivalent continuum boundary depends on lateral stress; the dashed line shows
the shallowest case which corresponds to zero lateral stress.
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Figure 4. Bacteria’s fate in sediments. Regions are defined by combining compiled evidence, new experimental
data gathered in this study, pore and pore-throat data, and predicted bacteria-sediment mechanical interactions.

bioactivity does not necessarily imply geometric/
mechanical limiting conditions.

3.3. Experimental Results

[30] The experimental study conducted to gather
data for sediments and depths that are poorly
constrained by the available field data was
designed to provide either of two possible out-
comes: “dead” when no colonies formed in culture
plates after 24 hours, or “alive” when colonies
were present in culture plates after 24 hours.
Results are superimposed on Figure 2. Average
plate counts for each sediment-stress pair are listed
in Table 4.

3.4. Model Predictions

[31] Bacteria-sediment interaction models are plot-
ted in Figure 3 in the two dimensional space

defined by effective overburden stress and particle
size, in terms of depth and d;y. These boundaries
define different regions for bacteria’s fate in sedi-
ments. Puncture appears as the most critical mech-
anism affecting the survivability of bacteria in
clayey sediments. Possible variations in cell size,
wall thickness and tensile strength have a small
effect on the position of the boundaries when they
are plotted in the large variable range captured in
Figure 3.

4. Discussion

4.1. Combined Effect of Geometric
Constraints and Mechanical Interactions

[32] Pore and pore-throat sizes correlate with grain
size in silts and sands, where fabric formation is
controlled by the particle self-weight and remain
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quite stable with stress changes. However, fabric
formation is determined by electrostatic interac-
tions in fine-grained clayey sediments, and the
sediment structure experiences significant volumet-
ric changes with increasing confinement [Bennett
et al., 1991; Mitchell, 1993; Santamarina et al.,
2001]. Note that pores in clayey sediments can be
several times larger than the particles themselves,
yet, relatively enclosed.

4.2. Regions for Bioactivity

[33] Geometrical constraints and mechanical inter-
actions suggest different regions for bacteria’s fate,
identified in Figure 4. (1) “Active and motile”
when pore and pore throats are large so that cells
can move through the pore network and find
sufficient space for growth and metabolic activity.
(2) “Trapped inside pores” when pore throats
hinder migration; this zone can be subdivided into
three subzones depending on the bacteria’s ability
to push particles and the size of the habitable pore
space. (3) “Dead” when burial depths exceed the
puncturing and/or squeezing thresholds; spore-
forming species may remain dormant, as illustrated
in Figure 4. Bacteria in the region that corresponds
to very small particle sizes, beyond the buckling
limit, may not be mechanically compromised, yet
their survivability will be limited by nutrient and
waste transport. The geometrical and mechanical
constraints to microbial activity identified in Figure 4
apply to fracture-free sediments; the pore size
distribution and inter-particle forces in the gauge
material within fractures may deviate from those
imposed by lithostatic stresses assumed in this
study.

4.3. Summary

[34] The extensive biological activity observed in
the near-surface cannot be presumed a priori in
deep sediments. Pore and pore-throat sizes restrict
habitable pore space and traversable interconnected
porosity. Furthermore, sediment-cell interaction
may cause puncture or tensile failure of the cell
membrane. These results restrict the range of grain
size and burial depth where biomediated geochem-
ical processes can be expected in sediments, affect
the interpretation of geological processes and the
development of engineering solutions such as bio-
remediation.
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