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Summary

Historical unplanned releases at the UPR-100-N-17 166-N Diesel Oil Supply Line Leak waste
site located within the 100-NR-1 OU resulted in diesel fuel contamination of the unsaturated
vadose zone and site groundwater. Enhanced in situ bioremediation of the deep vadose zone
was the final remedy decision for the 100-NR-1 Operable Unit (OU) and the full-scale bioventing
demo began in 2012. For this remedy, oxygen is actively supplied to the deep vadose zone to
stimulate aerobic hydrocarbon degrading microorganisms to metabolize petroleum
contamination. Degradation rate calculations based on vadose zone respirometry
measurements, however, have indicated declining activity over recent years, though the precise
reason for this apparent decline has not been determined. In this investigation 100-NR-1 OU
sediment cores were analyzed for total microbial biomass, as well as enumeration of diesel and
BTEX degrading bacteria to determine if these microbial populations have declined relative to
previous measurements taken in 2009. The main findings from this investigation are as follows.

¢ Classical microbiological techniques and DNA based molecular analyses demonstrate that
100-NR-1 OU sediments maintain a persistent microbial community that ranges from 103 to
105 cells / gram of 100-NR-1 OU sediment between locations and with depth.

¢ Most Probable Number (MPN) plating assays showed that 100-NR-1 OU sediments
maintain nearly equivalent population densities of both aerobic and anaerobic bacteria and
fungi. All should be considered as viable pathways for in situ diesel degradation, not just
aerobic bacteria.

¢ Diesel and BTEX degrading populations have persisted; biomass estimations as determined
by MPN assays were comparable to a previous report in 2009 indicating stable population
size.

¢ Theoretical calculations of biomass based on DNA extraction yields suggest higher levels of
total microbial biomass should be present in the 100-NR-1 OU sediments than is being fully
captured by the specific approaches used for this investigation (i.e., MPN assays and
specific enumeration of bacteria).

These results provide clear evidence that 100-NR-1 OU sediments maintain microbiological
potential for in situ degradation of diesel fuel, though the apparent cause for declining
degradation activity is not known. In Section 4.0, recommendations are offered which could
provide for a more complete analysis of the microbial community and diesel degradation
specifically to enable a more definitive understanding of degradation activity constraints in situ.
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Acronyms and Abbreviations

TPH Total Petroleum Hydrocarbons

BTEX Benzene, Toluene, Ethylbenzene, Xylene
ou Operable Unit

MPN Most Probable Number

QPCR Quantitative Polymerase Chain Reaction
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1.0 Introduction

The Hanford Site, located in southeastern Washington State, was operated for plutonium
production and nuclear processing from 1943 to 1987, and the site is now undergoing extensive
remediation of contaminated soil and groundwater. During facility operations, diesel fuel was
held in large storage tanks in 100-N Area and transfer lines were used to fill day use tanks for
boilers and machinery. Corrosion of the transfer lines resulted in unplanned releases of
approximately 302,832 L (82,000 gal) of fuel between 1966 and 1985. These release events are
documented in the Waste Information Data System database with the following identification
numbers: UPR-100-N-17, UPR-100-N-19, and UPR-100-N-20. The 100-NR-1 operable unit
(OU) spans the source area waste sites located within the main industrial footprint around the
100-N Reactor and the Hanford Generating Plant and includes surface sediments and shallow
subsurface soil associated with the disposal trenches.

The remedy implemented for the UPR-100-N-17 166-N Diesel Oil Supply Line Leak waste site
located within the 100-NR-1 OU was enhanced in-situ bioremediation with bioventing to
stimulate aerobic degradation of diesel fuel in the vadose zone. Results from soil vapor gas
analyses available in annual reports have shown that 1) bioventing has been effective at
stimulating deep vadose microbial respiration, 2) CO, and VOC levels trend with temperature,
and 3) biological activity appears slow for many months out of the year. Calculated degradation
rates from in situ respirometry indicate a declining trend, which may imply a change in
conditions or decrease in the bioavailability of hydrocarbons within the treatment zone.

In this assessment, a variety of growth dependent, as well as a growth independent assays
were performed to evaluate total microbial biomass and the presence of diesel and BTEX
degrading bacteria from sediment cores taken from the 100-NR-1 OU. The results discussed
herein demonstrate consistent microbial biomass and the persistence of diesel and BTEX
degrading microorganisms from 3, 100-N Area boreholes from a nominal depth of 35 to 65 ft
below ground surface. Clear potential for in situ degradation of diesel fuel contamination
therefore suggests that waning microbial biomass or diesel degrading populations specifically is
not the most likely culprit behind declining activity. In Section 4.0, recommendations are offered
for additional sampling and measurements that could be deployed for greater sensitivity to
specifically diagnose degradation of diesel fuel at the 100-NR-1 OU.

Introduction 1



PNNL-32069
77573-RPT-001

2.0 Project Activities
2.1 Core Samples

100-NR-1 OU cores (11 in total) were received from the Hanford Site contractor on April 29,
2021 and were stored at 4°C for processing. Photos of the opened core liners, which are
arranged by location and depth, and subsamples collected for microbial analysis are shown in
Figure 1 through Figure 3.

Figure 1. 100-NR-1 OU cores from D0070. Samples include, from left to right, B3YVHS5 (36.2 -
36.7 ft), B3YVJ5 (50.8 — 51.3 ft), B3YVK9 (63.5 — 64 ft). Intact cores were sampled
using a sterile 5mL syringe from the top of the core in a central location.

Project Activities 2



PNNL-32069
77573-RPT-001

Figure 2. 100-NR-1 OU cores from D0070. Samples include, from left to right, B3YVM9 (35.7 -
36.2 ft), B3YVN5 (51.0 — 51.5 ft), B3YVN9 (DUP, 50.5 — 51 FT), B3YVRS5 (66.5 — 67
ft). Intact cores were sampled using a sterile 5mL syringe from the top of the core in a

central location.

~—y—

Figure 3. 100-NR-1 OU cores from D0070. Samples include, from left to right, B3YVV5

(36.0 -

36.5 ft), B3YVW1 (51.0 — 51.5 ft), B3YVY1 (66.5 — 67 ft), B3YVX7 (65.5 — 66 ft).
Intact cores were sampled using a sterile 5mL syringe from the top of the core in a

central location.

Project Activities
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2.2 Microbial Analyses

2.21 Total Microbial Biomass — MPN Assays

The most probable number (MPN) method was used as a growth-based measure for total
microbial biomass associated with 100-NR-1 OU sediments. The MPN method is a statistical
method used to estimate the viable numbers of bacteria in a sediment sample by sequentially
inoculating in nutrient medium in 10-fold dilutions and applying the extinction to dilution
principle. The MPN method is a growth dependent measure of microbial biomass which is
strongly influence by the type and quality of the growth medium employed. It is well established
in the field that MPN methods significantly underestimate microbial biomass and/or activity
because most soil microbes are resistant to growth on laboratory prepared media (Staley and
Konopka, 1985). The method can also be susceptible to fast growing, opportunistic
microorganisms that can inflate biomass estimations based on colony counts from plating
media. Recognizing these caveats, the MPN method was applied consistently to all samples
and does provide for direct comparison of results with and between 100-NR-1 OU borehole
sediments. Additionally, prolonged incubations were avoided to limit the likelihood of overgrowth
by fast growing microbes or fungi.

Briefly, diesel fuel laden soil (5g) was suspended in 10 mL of filter sterilized (0.2 ym) cell
releasing buffer (0.2 mol/L NaCl, 50 mmol/L Tris-HCI, 50 mmol/L tetra-sodium diphosphate
decahydrate, 0.01% Tween 80, pH 7.2) in a 15mL Falcon tube. The suspension was treated by
alternating 3x between vortex mixing on the highest speed setting for 2 min, and incubation in
an ultrasonic water bath for 3 min. Once large sediment particles settled, a 10x serial dilution
was prepared in phosphate-buffered saline (PBS: 0.13 mol/L NaCl, 7 mmol/L Na;HPO,, 3
mmol/L NaH2POa, pH 7.2). An aliquot (10 pl) of each prepared dilution was spot inoculated onto
R2A agar plating medium (Figure 4). Plates were sealed and wrapped in foil and held at room
temperature for 5 days. Aerobic plates were incubated on the bench top while anaerobic plates
were transferred to an inert atmosphere (95% N2/ 5% Ha) glove box for visible growth to occur.

Project Activities 4
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Figure 4. Microbial colonies from 100-NR sediments incubated under aerobic (A) and anaerobic
(B) conditions for 5 days.

Project Activities 5



PNNL-32069
77573-RPT-001

Table 1 Total microbial biomass estimations from 100-NR-1 OU bioventing sediment samples.
Microbial colony forming units (CFU) were determined on R2A plating medium and
incubated at room temperature for 5 days under aerobic and anaerobic conditions.

Anaerobic CFU /

Sample Location Depth Aerobic CFU / g g

B3YVH5 D0070 36.2 - 36.7 10° 10°
B3YVJ5 D0070 50.8 - 51.3 103 104
B3YVK9 D0070 63.5-64.0 103 103
B3YVM9 D0071 35.7 — 36.2 10* 104
B3YVN5 D0071 51.0-51.5 103 103
B3YVN9 D0071 50.5-51.0 103 103
B3YVR5 D0071 66.5 - 67.0 104 104
B3YVV5 D0072 36.0 — 36.5 103 104
B3YVW1 D0072 51.0-51.5 104 105
B3YVY1 D0072 66.5 - 67.0 104 104
B3YVX7 D0072 65.5 - 66.0 104 104

Aerobic MPN values were consistent between boreholes and generally constant down to 60 ft
below ground surface. These results agree with those reported previously by Fritz et al. (2009)
which showed 10*4MPN per gram of sediments at 15 — 20 ft below ground surface. Anaerobic
bacteria are also capable of degrading diesel; however, these microbes were not previously
evaluated at this OU. MPN estimates showed that anaerobic bacteria were equally as abundant
between boreholes and with depth in 100-NR-1 OU sediments as were aerobic bacteria.

2.2.2 Diesel and BTEX Degrading Bacteria

This section describes the microbiological techniques applied for the examination of 100-NR-1
OU sediments for the presence of bacteria and fungi capable of growing on laboratory prepared
media by degrading diesel fuel and BTEX (benzene, toluene, ethylbenzene, xylene) as a sole
source of carbon and energy. The most probable number (MPN) method was used to estimate
the viable numbers of petroleum degrading bacteria from borehole sediments. In this activity
different media were employed to ensure that only microbes capable of degrading diesel or
BTEX produced visible colonies of growth on the plating medium. Plating assays were
performed on R2A medium for colony morphology, and a Hanford simulated groundwater
medium (Lawter et al., 2021) alone or supplemented with 0.5% yeast extract for colony forming
units, CFUs. To ensure the collection of comparable data, the MPN method was applied
consistently to all sediment samples and growth media.

Briefly, sediments and dilutions were prepared as described in Section 2.2.1. Aliquots (10 pl) of
each prepared dilution was spot inoculated onto R2A, and simulated Hanford groundwater
medium with and without 0.5% yeast extract. Once the plates dried, the plating surface was
overlayed with diesel fuel (5%) or a prepared BTEX suspension (2 mg/L). Plates were sealed,
wrapped in foil, and incubated in a chemical safety hood to allow aerobic petroleum degrading
microbes to grow.

Project Activities 6
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Figure 5. Microbial growth on R2A plating medium overlaid with diesel fuel (5%). Plates were
incubated in the dark at room temperature for 9 days.

Figure 6. Microbial growth on simulated Hanford groundwater plating medium overlaid with
diesel fuel (5%). Plates were incubated in the dark at room temperature for 9 days.

Figure 7. Microbial growth on simulated Hanford groundwater plating medium, supplemented
with 0.5% yeast extract, overlaid with diesel fuel (5%). Plates were incubated at room
temperature under aerobic conditions, in the dark for 10 days.

Project Activities 7
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Figure 8. Microbial growth on R2A plating medium overlaid with BTEX (2 mg / L). Plates were
incubated in the dark at room temperature for 9 days.

Figure 9. Microbial growth on simulated Hanford groundwater plating medium overlaid with
BTEX (2 mg /L). Plates were incubated in the dark at room temperature for 9 days.

Project Activities 8
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Figure 10. Microbial growth on simulated Hanford groundwater plating medium, supplemented
with 0.5% yeast extract, overlaid with BTEX (2 mg/L). Plates were incubated at
room temperature under aerobic conditions, in the dark for 10 days.

Microbial growth was observed for all 11, 100-NR-1 OU borehole sediment suspensions spread
plated on 2 different medium formulations with diesel fuel (5%) or BTEX (2 mg /L) as the sole
source of carbon and energy (Figure 5 through Figure 10). Due to the higher nutrient content,
microbial growth was more extensive on R2A plating medium compared nutrient deplete,
Hanford simulated groundwater medium. Growth yield on diesel and BTEX in Hanford simulated
groundwater improved considerably when supplemented with 0.5% yeast extract. These results
could suggest that growth and activity of petroleum degrading strains are limited by nutrient
availability in Hanford subsurface site conditions. Similar bacterial and fungal morphologies
were observed across all treatments, including opaque colonies, orange and red pigmented
colonies, streptomyces, fungi, and motile bacteria forming lawns of growth. Relatively rapid
proliferation on simulated Hanford groundwater medium verifies that 100-NR-1 OU sediments
maintain microorganisms that are capable of degrading diesel (5%) and BTEX (2 mg /L) as a
sole carbon and energy source. No observable growth was observed on the negative control
plates that did not containing diesel (5%) or BTEX (2 mg /L) (not shown).

Table 2. Diesel and BTEX degrading microbial biomass estimations from 100-NR bioventing
sediment samples. Microbial colony forming units (CFU) were determined on AGW
plating medium alone and supplemented with 0.5% yeast extract. Plates were
incubated at room temperature for 10 days under aerobic conditions.

Sample Location Depth Diesel CFU / g BTEXCFU /g
B3YVH5 D0070 36.2 - 36.7 1024 1045
B3YVJ5 D0070 50.8 - 51.3 1023 1023
B3YVK9 D0070 63.5-64.0 1023 1023
B3YVM9 D0071 35.7 - 36.2 1035 1034
B3YVN5 D0071 51.0-51.5 1013 108
B3YVN9 D0071 50.5-51.0 102 102
B3YVR5 D0071 66.5 - 67.0 102 102
B3YVV5 D0072 36.0 — 36.5 1034 1034
B3YVW1 D0072 51.0-51.5 102 102
B3YVY1 D0072 66.5 —67.0 103 1012

Project Activities 9
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B3YVX7 D0072 65.5 -66.0 102 102

Results from MPN assays for microbial colony formation on plating medium containing diesel
fuel (56%) or BTEX (2 mg / L) as the sole carbon / energy source are tallied in Table 2. CFUs are
presented as a range to values where the lower value is for the CFUs measured on simulated
Hanford groundwater medium without supplementation, and the upper value is for the CFUs
measured on simulated Hanford groundwater medium supplemented with 0.5% yeast extract.
These results imply relatively modest numbers of diesel and BTEX degrading microbes from the
100-NR-1 OU sediments as determined by these approaches. Generally higher numbers of
petroleum degraders were measured from shallow sediments (~36 feet) and yields decreased
with depth. This trend is commonly observed for microbial biomass and abundance profiles in
soils and sedimentary environments and is taken to imply growth limiting conditions with
increasing depth. The specific nutrient resources likely to be limiting growth and activity in 100-
NR-1 OU sediments were not investigated here.

2.2.3 Total Microbial Biomass — Quantitative Polymerase Chain Reaction
(QPCR)

Molecular biological tools were also used to estimate total microbial biomass from 100-NR-1
borehole sediments. Molecular biological tools are a growth independent method for direct
analysis of sediments for a more accurate estimate of total microbial biomass in situ. Briefly,
genomic DNA was extracted in duplicate from Hanford sediments (0.25 g) using the DNeasy
PowerlLyzer PowerSoil® DNA Isolation Kit per the manufacturer’s instructions. DNA extracts
were pooled and concentrated by ethanol precipitation in high salt with GlycoBlue™
Coprecipitant (50 ug/mL; Ambion). DNA yields were quantified using the NanoDrop 1000
spectrophotometer (Thermo Scientific). QPCR assays were performed in triplicate on a Bio-Rad
CFX96 Real-Time PCR Detection System using the SsoAdvanced™ Universal SYBR® Green
Supermix (Bio-Rad) as instructed by the manufacturer. Bacteria were enumerated using
universal 16S rRNA gene primers spanning the V2-V3 hypervariable region (Fuks et al., 2018).
Amplification specificity was assessed by melt curve analysis. Cell equivalents were calculated
from calibration curves using pure genomic DNA from Desulfovibrio vulgaris (DSM-644) and
Geobacter metallireducens (DSM-7210) as described by Bagwell et al. (2019).

Table 3 Total bacterial biomass estimations by Quantitative — PCR (QPCR).

Avg Cells / g
DNAYield (ug/g sediment (xSD,
Sample Location Depth sediment) n=3)
B3YVH5 D0070 36.2 - 36.7 2.38 1.6*10% (0.1)
B3YVJ5 D0070 50.8 - 51.3 1.51 4.1*10% (0.05)
B3YVK9 D0070 63.5-64.0 1.21 2.5*105 (0.1)
B3YVM9 D0071 35.7 — 36.2 1.27 4.8*10% (0.5)
B3YVN5 D0071 51.0-51.5 1.12 1.9*10% (0.2)
B3YVN9 D0071 50.5-51.0 2.03 2.5*103 (0.2)
B3YVR5 D0071 66.5 - 67.0 0.91 1.0*10% (0.08)
B3YVV5 D0072 36.0 — 36.5 0.37 4.6*10" (1.3)
B3YVW1 D0072 51.0-51.5 0.71 3.3*105 (0.1)
B3YVY1 D0072 66.5 —67.0 0.46 2.5%10% (0.2)
B3YVX7 D0072 65.5 — 66.0 0.63 3.3*10% (0.4)

Project Activities 10
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Microbial biomass estimates determined by QPCR are shown in Table 3. Variation is biomass
estimations are evident relative to MPN assay, though no major discrepancies were observed.

Interestingly, DNA yields for borehole sediments from D0070 and D0071 were quite high for
typical Hanford subsurface sediments. Extraction yields from DO072 were 2 - 3x lower than
D0070 and D0071 at comparable depths. D0072 sediments smelled the strongest of petroleum
though otherwise appeared to be of consistent minerology as D0070 and D0071.

Theoretical biomass was calculated from the genomic DNA extraction yields from 100-NR-1 OU
sediments. Calculations assumed a nominal bacterial genome of 4 Mbp, resulting in 4 fg of DNA
| average bacterial cell. From this calculation we would expect 1072 cells / g of 100-NR-1 OU
sediment, orders of magnitude higher than measured. This discrepancy could imply ineffective
reaction with bacterial DNA due to interference or inhibition from coextracted petroleum
residues, or that high percentage of the biomass represented by these extractions was derived
from eukaryotic sources (e.g., fungal). The QPCR assay performed was specific for the
detection and quantification of bacteria, not eukaryotic fungi.

Project Activities 11
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3.0 Conclusions

This investigation provides new microbiological data that can be used to help evaluate the
bioventing remedy at 100-NR OU, though limited data are available to properly evaluate
performance over the operational period. Still, the values reported herein are generally
consistent with those presented by Fritz et al., 2009 which were for sediments at 15 to 20 ft
below ground surface. Taken together, total microbial biomass, as well as diesel and BTEX
degrader communities appear to be generally constant with depth through the contaminated
vadose zone at 100-NR-1 OU. The documented slowdown in sediment respiration since 2010
presumably indicates that other factors are limiting to growth and in situ activity. Potentially
limiting factors could include 1) nutrient availability in the vadose zone as evidenced by the
increased CFU in samples supplemented with yeast extract, 2) vadose zone heterogeneity (i.e.,
permeability) and inconsistent co-distribution of microbial biomass with bulk diesel
contamination, or 3) an abundance of heavy hydrocarbons and chemical species that are
refractory to microbial degradation and weathering.

Conclusions 12
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4.0 Recommendations

¢ Microbial analyses could benefit from the utilization of molecular biological tools which are
not growth dependent measures of microbial biomass or activity (e.g., MPN), and provide
greater accuracy in the quantification of microbial functional populations responsible for
diesel degradation. Additionally, petroleum degradation pathways can be specifically
targeted for detection and quantification of the key enzymes catalyzing degradation in situ.
Delineation of the key microbes and pathways expressed for diesel degradation at 100-NR-
1 OU would help to define possible constraints on activity as well as possible mitigation
actions. Molecular biological tools could provide better insights into the dynamic respiratory
processes that are likely occurring at the water table in response to seasonal river stage
fluctuations.

¢ Soil vapor and gas sample analyses provide bulk measurements of subsurface respiration.
Down well passive samplers deployed in the unsaturated and smear zone could be used to
provide improved resolution of depth/time discrete diesel degrading processes and microbes
by increasing the sampling frequency at specific well locations. A variety of in situ passive
samplers are commercially available, and custom assembled samplers can be easily
prepared with hardware store materials. Activated carbon media is commonly used in these
devices to capture VOCs in the unsaturated zone and sample microbial process occurring
within the smear zone. These devices are deployed down well, in series along a string
spanning the depth interval of interest and can be easily retrieved for analysis and replaced
for continued monitoring.

¢ Soil respirometry measurements help to infer aerobic respiration rates assumed to be driven
by diesel being degraded as a sole carbon / energy substrate. Pulsed operation of the
bioventing system would permit combined contributions of aerobic and anaerobic
degradation processes. Petroleum hydrocarbons can be degraded by bacteria, fungi, and
archaea under aerobic and anaerobic conditions. Expanded monitoring could include the
quantification aerobes, as well as fungi and anaerobic bacteria (via molecular biological
tools) and processes (NOx, H.S, possibly tracer studies) for increased sensitivity in
measuring diesel degradation in situ. Sufficient concentrations of Fe and Mn naturally exist
in mineral phases characteristic of the Hanford subsurface, and groundwater NO3 and SO4
stemming from past operations and discharge events collectively provide adequate
concentrations of terminal electron acceptors for anaerobic metabolism along the smear
zone. Previous studies across the Hanford Site and many other OUs have shown that the
subsurface characteristically maintains heterogeneities, low permeability regions, and ‘hot
spots’ of microbial activity that establish and support anaerobic processes that can
quantitatively contribute to contaminant mass attenuation (Bagwell et al., 2019ab; Lin et al.,
2012)

Recommendations 13
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