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ABSTRACT:
Subsurface bioﬁlms are central to bioremedia-tion of chemical contaminants in soil and groundwater whereby microorganisms degrade or sequester environmental pollutants like nitrate, hydrocarbons, chlorinated solvents and heavy
metals. Current methods to monitor subsurface bioﬁlm growth in situ are indirect. Previous laboratory research
conducted at MSU has indicated that low-ﬁeld nuclear magnetic resonance (NMR) is sensitive to bioﬁlm growth in
porous media, where bioﬁlm contributes a polymer gel-like phase and enhances T2 relaxation. Here we show that a
small diameter NMR well logging tool can detect bioﬁlm accumulation in the subsurface using the change in T2
relaxation behavior over time. T2 relaxation distributions were measured over an 18 day experimental period by two
NMR probes, operating at approximately 275 kHz and 400 kHz, installed in 10.2 cm wells in an engineered ﬁeld testing
site. The mean log T2 relaxation times were reduced by 62% and 43%, respectively, while bioﬁlm was cultivated in the
soil surrounding each well. Bioﬁlm growth was conﬁrmed by bleaching and ﬂushing the wells and observing the NMR
signal’s return to baseline. This result provides a direct and noninvasive method to spatiotemporally monitor bioﬁlm
accumulation in the subsurface.

INTRODUCTION:
Reactive bioﬁlm barriers, composed of attached microbial cells, extracellular polymeric substances (EPS), and
entangled organic and inorganic molecules, can be cultivated in the subsurface to degrade and immobilize chemical
contaminants as part of a bioremediation project.1 Contaminants in the groundwater, including nitrates, heavy metals,
hydrocarbons, and some chlorinated solvents, are consumed or transformed by bacteria attached to soil surfaces while the
EPS matrix slows the groundwater ﬂow by reducing the soil’s hydraulic
conductivity.2−7 Although biobarrier
8,9
technology is well-established to clean contaminated groundwater,
it is challenging with current technology to
monitor the in situ accumulation and maturation of the bioﬁlm nondestructively. Conventional methods to infer bioﬁlm
growth in the subsurface include reduced saturated hydraulic conductivity. 10−12 Although hydraulic conductivity
measurements can be useful for describing how easily the soil conveys water, they are less useful for monitoring the
growth, maturation, and decay of the biobarrier with spatial and temporal resolution. We present results indicating a small
diameter nuclear magnetic resonance (NMR) well-logging tool provides addi-tional means of monitoring bioﬁlm
accumulation and conditionover time in the subsurface by detecting changes in the NMR signal response. Chemical and
physical changes in a sample can impact a wide range of NMR parameters, including NMR frequency shifts, NMR
relaxation times T1 and T2, and diﬀusion coeﬃcients.13 NMR frequency shifts are typically caused by chemical changes
in the ﬂuid sample. However, at very low magnetic ﬁelds (<1 MHz) even large proton chemical shifts such as those
between oil and water are not detectable. Diﬀusion coeﬃcients require additional magnetic ﬁeld gradient hardware for
detection, but can be used to distinguish diﬀerent viscosity ﬂuids in a sample or determine the average pore size of a
material by measuring the time scale of the restricted diﬀusion.9 NMR relaxation, T1 and T2, is caused by the correlation
time of the diﬀusing ﬂuid with respect to the resonant frequency of the NMR signal, as well as paramagnetic molecules
the ﬂuid comes into contact with. For these reasons, NMR relaxation times are aﬀected by pore size distributions, ﬂuid
viscosity, and chemical changes in the mineralogy of any

Table 1. Experiment Overview
day

experimental task

(−2)−(−1)

site preparation
injection of 75−115 L of sodium dichlor
concentrate solution
ﬂush with test cell groundwater at 45.5 L/min
well logs
T2 distributions measured in 0.5 m increments over
the bottom 3−3.5 m saturated well depth
inoculation
injection of 30 L inoculum culture of Pseudomonas
ﬂuorescens CPC211a into measurement zone
surrounding the NMR probe at well bottom
T2 measurement in ﬁxed location at well bottom
bioﬁlm growth phase
injection of 380−415 L of molasses-based substrate
daily at 1.2 L/min
measurements of T2 relaxation distributions daily in
ﬁxed location at well bottom
starvation phase
measurements of T2 relaxation distributions Days
12 and 14 at the well bottom
well logs
T2 distributions measured in 0.5 m increments over
the bottom 3−3.5 m saturated well depth
bioﬁlm stress tests
ﬂush with test cell groundwater at 45.5 L/min
injection of 75−115 L sodium dichlor concentrate
solution
measurements of T2 relaxation distributions in ﬁxed
location at well bottom
measurement of ﬁnal conditions
ﬂush with test cell groundwater at 45.5 L/min
measurements of T2 relaxation distributions in ﬁxed
location at well bottom

0

1

2−10

11−14

12

14

15

purpose
create a “bioﬁlm-free” initial condition

measure baseline T2 distribution as a function of depth

promote attachment and bioﬁlm formation by target organism

measure baseline T2 distribution at the well bottom
promote and measure bioﬁlm accumulation

monitor bioﬁlm resilience
establish “initial condition” to assess signal variation due to probe relocation
measure T2 distribution as a function of depth after bioﬁlm growth
evaluate signal variation due to probe relocation
monitor signal response to stresses intended to destroy bioﬁlm

verify bioﬁlm accumulation by signal restoration after detachment and removal of bioﬁlm

solid matrix or dissolved ions. Measuring T2 is signiﬁcantly
faster than measuring T1. T2 measurements are generally
considered the most robust low ﬁeld measurement considering
acquisition times and signal-to-noise.
In a T2 measurement, the induced NMR signal echoes decay
at a rate of 1/T2, where T2 is the spin−spin relaxation time
associated with interactions in the ﬂuid-pore environment.
Analyzing the signal decay curve with the inverse Laplace
transform produces a statistical distribution of T2 relaxation
times that reﬂect the variety of pore-scale environments
occupied by hydrogen protons in the excitation shell. The T2
relaxation time distribution in heterogeneous porous media is
used, both in hydrogeologic analysis14 and in oil and gas
exploration,15−18 to estimate the pore size distribution in the
formation and for ﬂuid typing.9 Bioﬁlm accumulation in pores
causes T2 relaxation times to decrease compared to unclogged
pores as the bioﬁlm EPS contributes a biopolymer gel-like
phase.19,20 Water in the EPS matrix contributes a reduced NMR
relaxation signal21 and demonstrates restricted diﬀusion.22
The NMR well-logging tool used in this study measures T2
relaxation and was designed for use in small diameter “slimline” boreholes for groundwater exploration and aquifer
characterization.14 In preliminary work, it was shown that this
NMR logging tool can detect bioﬁlm growth.20 The tool was
tested in a laboratory-scale model well-bore bioreactor ﬁlled
with silica sand and inoculated with Bacillus mojavensis. Bioﬁlm
was cultivated in the reactor over 8 days, during which the
measured mean log T2 relaxation time decreased by 45%, from
710 to 389 ms.20 Bioﬁlm accumulation was conﬁrmed with

destructive sampling and subsequent heterotrophic plate counts
and microscopy. The current research signiﬁcantly advances
previous work by showing that the same logging tool can
monitor bioﬁlm growth at ﬁeld scale, 6 m underground where
complex water chemical interactions exist. The NMR tool could
be deployed to bioremediation sites in parallel with currently
used methods to enhance the understanding of bioﬁlm growth
in situ.

■

MATERIALS AND METHODS
This study used two 8.9 cm diameter, 1.37 m long NMR welllogging probes (JP350 Javelin by Vista Clara, Inc., Mukilteo,
WA) to monitor T2 relaxation distributions over time as an
indication of bioﬁlm accumulation in the soil in an engineered
test cell. The test cell is 55 m by 40 m at the surface and is 6m
deep with 2:1 side slopes (x:z). The cell is lined with a 30 mm
polyvinyl chloride (PVC) liner and contains water up to 1−1.2
m beneath the ground surface. The test cell contains a number
of boreholes of varying dimensions that were prepared for a
previous experiment.7 Two of the 10.2 cm boreholes were used
for measurements of T2 relaxation over an 18 day experimental
period.
A bleach solution consisting of 2 lb (907 g) of sodium
dichloro-s-triazinetrione dihydrate (C3H4Cl2N3NaO5) (Spa
Guard Chlorinating Concentrate, Bio-Lab Inc., Lawrenceville,
GA) was pumped into the soil around the two wells at the
beginning and end of the experiment. A 30 L inoculum of
Pseudomonas ﬂuorescens strain CPC211a was injected into each
well’s measurement zone and was cultivated with a pulsed ﬂow

of molasses-based substrate (10 g/L molasses (Aunt Patty’s
Blackstrap Molasses, Eugene, OR), 3 g/L sodium nitrate (SQM
industrial grade prills, 98%, SQM North America, Atlanta, GA),
1 g/L yeast extract (Acros Organics, Geel, Belgium), 0.12 g/L
potassium phosphate dibasic, and 0.04 g/L potassium
phosphate monobasic (Thermo-Fisher Scientiﬁc, Waltham,
MA)) for 10 days. A 4 day starvation period followed the
growth phase. T2 measurements were conducted at the well
bottom daily during the growth phase, Days 1−10, and twice
during the starvation phase, Days 12 and 14. Water samples
were collected prior to T2 experiments for subsequent pH
measurement and microbial analysis using the drop plate
method.23 T2 relaxation measurements were also recorded over
the bottom 3−3.5 m of well depth twice during the experiment;
wells were logged before inoculation and during the starvation
period. At the end of the experiment, the sodium dichlor bleach
solution and high groundwater ﬂows were applied to the
experimental region as a validation of bioﬁlm growth, since
these stress tests would be expected to remove EPS formed
during the growth phase. The experiment was designed to
distinguish normal variation in signal response due to
environmental noise and probe placement from those changes
resulting from biological activity and bioﬁlm growth. The
experimental sequence of events for a single well is shown in
Table 1; both wells received identical treatment. Additional
details regarding experimental methods are provided in the
Supporting Information.
The two NMR probes were tuned to diﬀerent frequencies,
corresponding to excitation shells at a diﬀerent radii from the
well centers. The lower frequency probe (LF) was placed in
one well, called the LF well, and was tuned to 245 and 290 kHz.
Two excitation shells 0.5 m in height and a few mm thick were
located 17−19 cm from the LF well center. The higher
frequency probe (HF), installed in the HF well, was tuned to
360 and 425 kHz, producing two excitation shells located 11−
13 cm from the HF well center. The probes are identical lowﬁeld NMR tools other than the tuning frequency.
A diverter disk attachment was connected to the top of each
probe to direct the substrate and high ﬂows of water into the
soil around the well-bore, rather than into the water column
above the probe. A millimeter-scale gap was left between the
disk and the well casing to ensure that the probe could be
removed from the well. The disk was machined with an
attachment for a standard garden hose to accommodate high
volume ﬂushing and four 0.1 cm holes for low-ﬂow nutrient
tubing (Figure 1). Pore velocity during the substrate injection
was approximately 0.2 cm/min in the LF well and 0.4 cm/min
in the HF well each probe’s sensitive zone. The high volume
ﬂush created a pore velocity of approximately 9.2 cm/min in
the LF well and 14.8 cm/min in the HF well.
For each probe, Experiments 1 and 2 (Table 2) constitute
one standard Carr−Purcell−Meiboom−Gill (CPMG)24,25
measurement of approximately 27 min. This standard measurement was conducted 4 times in each well for a typical wellbottom measurement of approximately 2 h Days 0−15,
excluding Days 11 and 13. The data was averaged to obtain a
single measurement for each day for each well. This standard
measurement was also used at each 0.5 m depth increment
when vertically logging the wells before and after bioﬁlm
growth on Day −1 and Day 12. An additional 12 standard
measurements were made in one or the other well on
alternating days to improve the signal-to-noise ratio in the

Figure 1. Diverter disk attachment on the top of each NMR logging
tool directed substrate and high ﬂow groundwater ﬂushes into the
bioﬁlm growth region in the tool’s sensitive zone in the soil and
reduced backﬂow up the well casing.

Table 2. NMR Experimental Parameters
LF probe
echo time, tE (ms)
repetition time, Tr (ms)
acquisition time (ms)
no. of echoes
no. of averages

HF probe

Expt 1

Expt 2

Expt 1

Expt 2

1.5
1500
50
34
600

1.5
5000
500
334
150

1.3
1500
50
39
600

1.3
5000
500
385
150

data collected and to conﬁrm that 4 measurements was
adequate to describe the system.

■

RESULTS AND DISCUSSION
Both the LF and HF NMR logging probes recorded changing
distributions of T2 relaxation times during the experiment with
reductions of 62% and 43%, respectively, in the mean log T2
during the bioﬁlm growth phase (Figure 2). In the LF well, the
T2 relaxation time was 29 ms on Day 1 and fell to an average of
11 ms between Days 5 and 12. Over the same period, the HF
well T2 relaxation time fell from 50 ms to an average of 28 ms.
Data from both wells initially showed a T2 distribution with two
peaks that transitioned to a single peak distribution by Day 6
(Figure 3a,b).
In the Day 1 data, the relaxation time distribution is bimodal.
Given that there was only one ﬂuid type at this time, the
relaxation distribution peaks represent the relative pore size
distribution. Water in the smaller pores relaxes more quickly
due to the higher S/V ratio and the more frequent interactions
of the diﬀusing ﬂuid molecules with the grain surfaces.26 Water
in the larger pores experiences fewer interactions on the
measurement time scale and yields slower signal decay.

Figure 2. Mean log T2. Mean log T2 relaxation times decreased 62%
(LF) and 43% (HF) indicating that protons became more rotationally
constrained as bioﬁlm was cultivated in the soil (LF well data is shown
with square markers, HF well data with triangle markers). The ﬁrst
measurements were performed on Day −1 after bleaching and ﬂushing
both wells. Inoculation occurred on Day 1. Substrate was injected daily
Days 2−10. Days 11−14, the bacteria were starved. On Day 14, T2
relaxation was measured, then the wells were ﬂushed with high ﬂows of
groundwater from the test cell and T2 was measured again. Then a
bleach solution was injected to oxidize remaining organics. Day 15
data was collected after ﬂushing the bleach solution from the wells.

Figure 3. T2 distribution for LF well (a) and HF well (b). The curves
show the transition over time of the distribution of T2 relaxation times
in each well, beginning at inoculation (short dash line). As bioﬁlm
grew in the NMR probe’s sensitive region, the T2 relaxation times
shifted to a single peak distribution centered about a shorter mean log
T2 time (solid lines). After each well was ﬂushed and bleached, the T2
relaxation distributions closely resembled the initial distributions
(dash-dot lines).

As bacteria grow in the soil pores, the creation of gel phase
EPS and the resulting exchange of hydrogen in the polymerized
structure produces a secondary relaxation mechanism.21 We
attribute the collapsing the bimodal distribution to this
mechanism, where the otherwise long relaxation time
components shift to shorter relaxation times. In both wells,
T2 distributions measured Days 6−12 show a single peak, on

the order of 101 ms. The transition to shorter relaxation times is
an indication of bioﬁlm accumulation.19,27,28 Data collected on
Day 15 after ﬂushing and bleaching each well shows a return to
the bimodal T2 distribution that typiﬁed the system prior to
bioﬁlm growth.
On Day 12, following 2 days of bioﬁlm starvation, the two
probes were raised from the well bottom to record T2 relaxation
over 3.0−3.5 m of saturated well depth in 0.5 m increments. In
the HF well data set (Figure 2, triangles), the two data points
collected on Day 12 show the diﬀerence in the measurements
due to raising and replacing the probe in its original position. In
the LF well data set, the Day 12 data point (Figure 2, squares)
was measured prior to raising the probe. The measurement
made after repositioning the probe at the bottom of the LF well
was made on Day 14. For both data sets, the open marker
represents the data collected after the probe was repositioned at
the bottom of the well. The variance exists both because of
inherent noise in the data and because the probe was likely
exciting a slightly diﬀerent shell within the soil where
heterogeneities exist in both the soil and bioﬁlm. The diﬀerence
is 17% and 14%, respectively, in the LF and HF wells and is
signiﬁcantly less than the change in signal response measured
during the bioﬁlm growth phase. The lower-value data points
collected on Day 14 show that the bioﬁlm surrounding both
wells remained intact and relatively robust despite 4 days of
starvation, compared to earlier measurements during the
bioﬁlm growth phase. This is consistent with the durability of
the biobarrier originally constructed in the test cell where
measured conductivity remained 2 orders of magnitude lower
than the initial conductivity after approximately 6 months of
starvation.7
The higher-value data points from each well on Day 14 were
measured after a high-ﬂow ﬂush with groundwater from the test
cell. The ﬁnal data point, on Day 15, was collected after the
wells were each treated with the same sodium dichlor solution
used in the site preparation step to oxidize organics
(Supporting Information). It was expected that the high shear
stress and bleach solution in the soil pores would detach and
remove most of the bioﬁlm previously formed, causing the T2
distribution to return to longer relaxation times.
When the test cell was constructed, coarser soil from an oﬀsite location was used in the region where the HF well was
located. The ﬁner textured soil surrounding LF well was
excavated on-site, sieved, and replaced. This variation in the soil
texture between the two wells explains the diﬀering magnitudes
of the two relaxation peaks seen in the Day 1 and 15 data
(Figure 3a,b), with relatively more of the pore space around the
HF well composed of larger pores and a more even distribution
of pores sizes near the LF well. It is likely that the soil
mineralogy also diﬀers between the two wells, though
examination of such parameters was beyond the scope of this
experiment.
More signal was recovered following removal in the HF well
than in the LF well, likely due to the coarser soil and larger
pores in the vicinity of the HF well. These larger pores would
allow for bleach solution and detached EPS to be transported
more easily through the excitation shell. In the soil around the
LF well, bleach solution penetration may have occurred along
preferential ﬂow paths and bioﬁlm sloughed from one pore may
have been trapped in another smaller pore where it may have
still contributed to the measured signal. Furthermore, the initial
bleach injection was performed prior to installing the NMR
probes, so the bleach was free to migrate up the casing and may

Figure 4. LF and HF well proﬁles measured Day −1 (preinoculation) and Day 12 of the bioﬁlm growth phase. T2 distribution as a function of depth
shifted to faster decay times over the entire measured depth of each well when bioﬁlm was cultivated at the well bottom.

Figure 5. Heterotrophic plate counts (HPC) (a) and pH data (b). Both HPC and pH measurements decreased on Day 5 in the two wells compared
to earlier values, with increased variability in the measurements noted during the starvation phase when no substrate was injected (LF well data is
shown with square markers, HF well data with triangle markers). This water chemical variability was not reﬂected in the NMR signal response, which
remained consistent over the same period.

not have penetrated the target area at design strength. The ﬁnal
bleach injection, which occurred with the probes in place and
below the diversion disks, would have more eﬀectively isolated
the bioﬁlm growth area. Some soil pores may have experienced
the second bleach pulse but not the ﬁrst. The measurements
collected Days 14 and 15 conﬁrm that the mechanism
responsible for the change in T2 relaxation could be reversed
with ﬂushing and bleaching the wells and is consistent with
bioﬁlm growth.
T2 measurements were recorded with respect to depth in
each well prior to inoculation and again on Day 12 (Figure 4).
These well logs show notable diﬀerences. In both well logs,
there was a change in T2 distribution over the entire measured
depth after 10 days of substrate injection at the bottom of the
well where the NMR logging tool was deployed. On Day −1,
the two well logs show broad T2 distributions marked by two
peaks at most depth levels. After the bioﬁlm growth phase, the
Day 12 data show a single peak distribution of T2 relaxation
times centered about a shorter mean relaxation time.
The observed changes in the well log are consistent with
bioﬁlm cultivation at the well bottom. The changes in the

distributions are most pronounced at the bottom of the well,
where the substrate was injected. The diversion disk attached to
the top of each probe was located approximately in the middle
of the distributions shown, meaning that substrate was directly
accessible to the bottom half of each well log. As bioﬁlm
accumulated in the soil pores, the substrate would have
encountered increased resistance to ﬂow through the soil10 and
the gap between the casing and the diversion disk (∼1 mm)
would have become a preferential ﬂow pathway. Substrate
would diﬀuse into the soil above the probe, in addition to the
substrate diﬀusing through the soil itself. Again the diﬀerence
between the LF and HF well is instructive, as the upper levels
of the HF well show less intensity of eﬀect than the upper levels
of the LF well. The HF well is surrounded by coarser soil,
making it more diﬃcult for the bioﬁlm to clog the soil pores.
Conversely, the LF well region had smaller soil pores initially
and experienced more abundant bioﬁlm accumulation as shown
by the larger reduction in mean log T2 relaxation times.

■

MICROBIOLOGICAL DATA AND WATER CHEMICAL
ANALYSIS
Heterotrophic plate counts (HPC) in both wells were
approximately 1 × 103 colony-forming units (cfu)/mL after
bleaching and prior to inoculation, representing the culturable
“native” heterotrophic population of the test cell (Figure 5a).
After inoculation and substrate injection, the HPC increased in
both wells to approximately 1 × 105 cfu/mL by Day 4. Prior to
inoculation and following the injection of the sodium dichlor
solution 2−3 days previously, pH measurements were
approximately pH 8 (Figure 5b). The pH in both wells was
stable through Day 3 following inoculation. On Day 4, the pH
measurements diverged with the HF well pH increasing to pH
9, while the LF well pH decreased to approximately pH 7. Also
on Day 4, the NMR signal in both wells changed signiﬁcantly,
dropping to near the minimum for mean log T2 relaxation time
in the LF well where the eﬀect was more pronounced (Figure
3). Taken together, the higher HPC values, optimum pH
conditions, and faster NMR signal decay indicate that a
measurable accumulation of bioﬁlm had grown within the pore
spaces of the logging tool’s sensitive zone by Day 4 of the
experiment. Because the HPC reﬂect bacterial cells which are
necessarily not attached in bioﬁlms, the NMR logging tool
indicates itself as a valuable addition to the bioremediation
toolbox through its sensitivity to the bioﬁlm EPS, which is not
measurable with plate counts.
Water samples from Days 5−10 of the experiment show a
decrease in HPC to approximately 1 × 104 cfu/mL and a
decrease in pH to approximately 4.5−5 in both wells. Lower
pH promotes bacterial attachment to surfaces,29 while not
signiﬁcantly adversely aﬀecting the bioﬁlm matrix over the
relatively short time frame measured.30 This increased adhesion
of bacteria may have reduced the number of suspended cells
within the bulk ﬂuid for capture during sampling or caused
preferential sampling of the well casing ﬂuid, rather than pore
water, due to bioﬁlm clogging the soil pores. It is also possible
that the acidic conditions selected for other native bacterial
strains that are not culturable on agar plates, like autolithotrophs participating in oxidation and reduction of chemical
species in the soil and water.
To explore potential causes for the observed drop in pH
during testing, benchtop tests were performed using isolates of
the two most populous cell morphologies from the agar plates
for Days 5−10. These bacteria were cultivated in 100 mL of
molasses substrate in Erlenmeyer ﬂasks. The pH of the broth
decreased by more than 1 order of magnitude, from pH 6.2 on
average to pH 5.0 on average by Day 4 of the 8 day benchtop
experiment. These results are consistent with results from the
ﬁeld study and indicate that metabolic processes, including
production of nucleic acids and CO2, contributed to the
observed decrease in pH observed in the ﬁeld study.
Another possible explanation of the observed pH change is
related to the redox chemistry of sulfur and iron cycling.31,32
The groundwater in the lined test cell was static for more than
10 years before the current ﬁeld study was initiated, creating
reducing conditions at the bottom of the test cell. The
distinctive odor of hydrogen sulﬁde (H2S) was readily
perceptible in the water pumped from the cell. When exposed
to the atmosphere, the reduced Fe(II) in the groundwater
oxidized to form a rust-like layer of Fe(III) compounds, likely
ferrihydrite, in the large-capacity water storage tanks. The
injection of the sodium dichlor solution followed by substrate

containing organic carbon, nitrate, and dissolved oxygen would
have promoted the oxidation of reduced species in the
subsurface. Heterotrophic bacteria, like Pseudomonas ﬂuorescens,
use the electron acceptors oxygen and nitrate to oxidize the
organic carbon in the media, producing new cells, EPS, and
waste products. Oxidation of sulﬁde leads to acidiﬁcation, as in
the case of acid mine drainage,33 and may account for some of
the observed decrease in pH after the initial bioﬁlm growth
between Days 1 and 4.
Laboratory studies have shown that NMR relaxation
measurements are sensitive to changing soil redox conditions34
as well as the mineralogic form of iron species.35,36 To conclude
that the observed changes in relaxation response are due to
bioﬁlm growth, it is important, therefore, to consider the
possible impact of geochemical changes. First, the timing of the
changes is indicative of bioﬁlm growth. Were oxidation-driven
geochemical changes strongly inﬂuencing T2 during the
approximately 2 days between the initial bleach and inoculation,
we would expect to see signiﬁcant changes in the T2 relaxation
behavior of the two well systems Days −1 and 0. Instead, we
see relatively small changes: ﬁrst a slight decrease in T2 which
may, in fact, be due to abiotic Fe(III) precipitation, then an
increase during inoculum injection (Figure 2). The increase is
most likely due to the makeup of the inoculum broth which was
made with DI water rather than water from the test cell. The
tight temporal relationship at the end of the experiment
between the ﬁnal ﬂush and bleach and the observed recovery of
long T2 times provides further strong evidence that the
oxidizing conditions themselves do not drive the shortening of
the T2 response.
A second reason we expect limited inﬂuence from
mineralogical transformations pertains to competition for the
electron acceptors in the subsurface. The 4 log reduction
between the inoculum colony count and the Day 2 HPC
(Figure 5a) indicates approximately 104 colony forming units
(cfu)/mL attached to soil surfaces in the well-bore, creating
strong competition for oxygen and nitrate. Oxidation of the
H2S would have been more thermodynamically favorable
compared to oxidation of iron compounds and would have
occurred preferentially37 where the electron acceptors available
exceeded bacterial demand. We therefore expect the contribution of iron precipitation to be moderated and would not
expect the iron-driven T2 changes to be any larger than was
observed in the small decrease between Days −1 and 0 before
competing heterotrophic bacteria were present in the system.
Finally, we have also considered the magnitude of the
observed T2 shortening to assess whether bioﬁlm growth or
moderate changes in iron geochemistry are more likely
mechanisms. The T2 shortening observed during the experiment generally shows long components, T2 ≫ 100 ms,
transitioning to shorter relaxation time components, T2 ≪ 100
ms. Thus, the dominant relaxation mechanism(s) must be ones
that can result in T2 relaxation times much shorter than 100 ms.
With the exception of magnetite and hematite, the literature
reports elevated, but moderate surface relaxivity for most
Fe(III) minerals at a measurement frequency of 2 MHz.35
Large reductions in relaxation times resulting from the change
of Fe(II) to Fe(III) have been shown at 90 MHz,34 but this
measurement frequency is more than 100 times higher than the
current downhole measurements. Relaxation times exhibit
signiﬁcant and complex frequency dependence over this wide
range. Generally, the geochemical changes are expected to show
a reduced inﬂuence on T2 at lower ﬁeld strengths38 since the

amplitude of internal gradients associated with diﬀusion
relaxation are reduced at lower ﬁeld.
With evidence suggesting moderate ferrihydrite formation is
unlikely to cause the absolute T2 shortening we observe, we
consider evidence of T2 shortening due to the mechanism of
bioﬁlm polymerization. Laboratory measurements at 275 kHz
by Sanderlin et al. (2012) showed growth of bioﬁlm and
polymer gels resulted in T2 values as short as 50 ms.21
Furthermore, in previous laboratory work using the same LF
probe,20 moderate bioﬁlm growth in 1 mm quartz sand resulted
in a decrease in the mean log T2 of 45% which is similar in
magnitude to the changes observed in this study.
Geochemical changes in the pore ﬂuid would have occurred
slowly over the two week period, and the drop in T2 would be
expected to be considerably less than was observed. Given the
timing and magnitude of the T2 changes, and the evidence from
previous lab work that bioﬁlm has a large inﬂuence on NMR
relaxation measurements, the experimental results provide
compelling evidence that the low ﬁeld NMR logging tools
can detect and monitor bioﬁlm growth in the subsurface. How
bioﬁlms interact with the geochemical environment will vary
from ﬁeld site to ﬁeld site, as well as over space and time.
Future experiments and implementation of these methods,
therefore, should include an informed monitoring of the
chemistry of extracted pore ﬂuid and the changing NMR
relaxation.
We have shown the NMR logging tools detected signiﬁcant
and sustained change in signal response during the bioﬁlm
growth phase, measured by changing T2 relaxation distributions. Both the HF and LF probes were sensitive to the
changes, and the diﬀerences in soil geology between the probe
locations likely resulted in larger diﬀerences in the signal
response than the variation between the two probes. Mean log
T2 relaxation times decreased from 29 ms to an average of 11
ms in the LF well, and from 50 ms to an average of 28 ms in the
HF well while bioﬁlm was cultivated in the surrounding soil.
We have further shown that high shear ﬂow and oxidative stress
resulting from the bleach solution, applied with the intent to
denature and remove bioﬁlm from the tool’s sensitive zone,
produced a return of signal response similar to initial
conditions. The time scale of these changes is consistent with
bioﬁlm formation and subsequent removal. These results
provide an important demonstration of the advantages of
incorporating an NMR measurement into future bioremediation toolkits. NMR T2 relaxation measurements provide unique
complementary data that, together with other monitoring
techniques such as hydrological conductivity measurements,
can improve our ability to draw the correct conclusion about
the subsurface environment with regard to bioﬁlm growth.
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