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Abstract

Deep-well injection is a cost-effective alternative for industrial wastewater
disposal, given the appropriate geology. Fouling of injection well tubing by
biofilm or scale is common and reduces the effective diameter of the pipe,
which results in increased wellhead pressure and lower injectivity. A detailed
microbiological composition of biofilms and abiotic fingerprints use of min-
eral scale from an injection well has not been reported before. Therefore, bio-
film and mineral scale samples from three depth intervals within a deep in-
jection well (surface zone, D1= 0 - 61 m; intermediate zone, D2 = 62 - 457 m;
and above the injection zone, D3 = 458 - 884 m) with recurrent biofilm
development were collected to characterize the mineral composition and
microbial community DNA. X-ray diffraction (XRD) analysis of the solids
confirms the composition of the solids collected was mostly calcium carbo-
nate (CaCO;) with minor contributions from common mineral salts. Micro-
biological fingerprinting suggests that methanogenic archaea and sulfate-
reducing bacteria both of which are anaerobic biofilm producers were the most
prevalent members of the prokaryotic community at all sampled depths. Me-
thanosarcinae spp. increased with increasing depths, unlike other archaea. A
non-pathogenic biofilm-producing Entamoeba dispar was the most prevalent
member of the microbial domain (>30%) in all samples but was highest at the
middle depth. The Chao alpha diversity indices for bacteria, viruses, and
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protozoans were highest at the shallow depth and gradually declined with in-
creasing depth. The prevalent species above the injection zone depth are not
barophilic organisms that thrive at high pressures, rather they are sul-
fate-reducing bacteria involved in anaerobic dissimilatory sulfate metabolism.

Keywords

Injection Well, Leachate, Industrial Wastewater Disposal, Biofilm
Microbiology, Well Rehabilitation, Metagenomic Sequencing

1. Introduction

Underground injection of liquid wastes is a dependable, low-cost alternative to
conventional treatment methods (physical, chemical, and biological) if the ap-
propriate geology is available. Performance of injection wells is critically depen-
dent upon the physico-chemical properties of the waste, and the operational pa-
rameters (e.g., injection rates and pressures), as well as the hydrogeologic and
geochemical properties of the subsurface (Saripalli et al., 2000). However, foul-
ing of injection wells can lead to catastrophic failure of the industrial wastewater
collection and disposal system. Fouling can take the form of biofilms, mineral
scale deposits, or both and can potentially reduce the effective diameter of the
injection tubing, which results in increased wellhead pressure and reduced injec-
tivity by as much as 50% within a year (AECOM, 2019).

Biofilms, which are complex communities of diverse microorganisms embed-
ded in a highly hydrated extracellular matrix that provides structural hetero-
geneity, are often observed as an unwanted accumulation attached to a surface,
such as the inner wall of injection tubing. Key requirements for biofilm devel-
opment include an active microbial community and interaction with pipe mate-
rials (Videla, 2018). The first microorganisms to attach are called “pioneers’,
which are most commonly facultative anaerobes (Videla, 2018). During biofilm
growth, these microorganisms excrete a matrix of extracellular polymeric sub-
stances (EPSs), which lead to the formation of a slime layer that connects cells
and anchors them to the surface and to each other. These pioneering species are
typically acid-formers that reduce the pH near the pipe wall and can accelerate
localized corrosion (Videla, 2018). A depleted oxygen layer forms near the zone
of attachment, and an anaerobic environment in which microorganisms such as
sulfate-reducing bacteria (SRB) can proliferate because the transport of oxygen
into the anaerobic layer of the biofilm is limited by the biological activity in the
outer layers (Bloetscher et al., 2002a-c). Sulfur can be reduced by anaerobic bac-
teria to release hydrogen sulfide, which can significantly increase the susceptibil-
ity of the pipe to pitting. This phenomenon can create localized anodes and, in
conjunction with abiotic reactions caused by dissimilar metals or pipe defects,
can lead to a steady cathodic deterioration over time. Aerobic microorganisms

present in the biofilm can also corrode metals directly via oxidation (Videla,
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2018). Over time, the microbial growth forms in layers, growing thicker until the
original layer sloughs off, and the process begins again.

From a microbial perspective, biofilms provide an ideal habitat as a source of
nutrients, oxygen stratification, resistance to velocity currents, and protection
from grazers and biocides (Videla, 2018; Bleotscher et al., 2002a-c; Bloetscher et
al., 2010). If left uncontrolled, biofilms can cause pipe damage (corrosion and
tubercles) and require pipe replacement or more frequent maintenance. The rate
of biofilm deposit formation is a function of nutrient availability, EPS produc-
tion, the volume of flow, flow rate, turbulence and precipitation mechanism
(Blenkinsopp & Costerton, 1991; McLaughlan, 2002). Biofilm deposits (soft ma-
trix) changes into a semi-porous structure with embedded mineral deposit and
solid particles that become firmly attached to the adjacent pipe surfaces (Van-
Gulck & Rowe, 2004).

Mineral scale deposits are most commonly comprised of calcium carbonate
(CaCO0,) in industrial wastewater collection and disposal systems due to the su-
persaturated nature of calcium and carbonate. Analyses (X-ray diffraction, ele-
mental analysis) of mineral deposits identified calcite to be the predominant
species in the mineral deposit along with some salts and other impurities (Mali-
va et al., 2000; Mulla, 2006; Shaha, 2016; Shaha et al., 2016; Shaha et al., 2019).
Mineral deposits likely begin to form around a nucleus of silt, sand, and/or bio-
films, although the precise trigger mechanism is not known. Scale formations are
largely dependent on the flow regime, temperature, pH, and degasification of
carbon dioxide as well as the strength of key water quality parameters (total sol-
ids, alkalinity, calcium) (Shaha et al., 2019; Shaha, 2016; Mayer et al., 2014; May-
er et al., 2013; Levine et al., 2005; Fleming et al., 1999).

Advances in the analysis of metagenomes have allowed environmental micro-
biologists to simultaneously identify microorganisms and compute their relative
abundance in a biofilm (Hwang et al.,, 2012). In multi-domain communities,
whole genome shotgun sequencing protocols and analysis allow the detection
and quantification of target genes and all DNA-based life forms of various do-
mains-bacteria, algae, fungi, protozoans and viruses in biofilms, as described in
Leddy et al. (2017). Characterization of community fingerprints in biofilms can
establish system benchmarks and provide information on how to improve per-
formance and control fouling. In addition, TSS of the injected fluid and gas
condensate emulsion in the injected fluid play an important role in clogging the
injection horizon by reducing the formation permeability and thus the injectivity
of the injection well (Boulding & Jones, 1990; Stow & Johnson, 1990; Melcer et
al., 1996; Ochi & Vernoux, 1996).

Detailed biological and abiotic fingerprints of biofilms and mineral scale from
inside a deep injection well have not been conducted before. Therefore, the focus
of this study is to collect biofilm and mineral scale samples from three different
depth intervals within the well (surface zone, D1 = 0 - 61 m; intermediate zone,
D2 = 62 - 457 m; and above the injection zone, D3 = 458 - 884 m) during a rou-
tine brushing and backflushing event of a deep injection well used for industrial
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wastewater disposal. Microbiological analysis will provide useful information
about the sub-surface microbiota in the injection well whereas mineralogical
analysis along with water quality parameters will provide insight relating to the
scaling potential as well as the chemical composition of the biofilm. These tech-
niques will be used to determine the major causes of biofilm and chemical scale
formation in the injection tubing as a means to identify potential rehabilitation

and prevention strategies.

2. Materials and Methods
2.1. Study Site

The setting for this study was an urban solid waste management facility that
provides municipal solid waste (MSW) disposal and recycling services to a pop-
ulation of 1.4 million. The facility has an integrated solid waste management
system comprised of a municipal solid waste double-lined landfill, a construc-
tion and demolition (C&D) debris landfill, and a partially closed landfill, a re-
covered material processing facility, two waste-to-energy (WTE) facilities, a
biosolids processing. In 2017, the facility processed total 3.1 million tonnes
(13.39 pounds per capita day) of MSW by recycling, combusting, and landfilling
approximately 1.4, 1.0, and 0.7 million tonnes of MSW respectively (FDEP,
2017).

The waste disposed of to the MSW landfill includes MSW, a mixture of bot-
tom ash and fly ash from WTE, and inert waste and reject waste from processing
of the refuse-derived fuel (RDF). The facility collects leachate and industrial
wastewater from the MSW landfills, C&D, partially closed landfill, as well as in-
dustrial wastewater from the biosolids processing facility and the WTE facility to
an onsite deep injection well system. The mixed leachate and industrial waste-
water streams are disposed of approximately 900 meters (3000 feet) beneath
ground surface (Shaha, 2016).

The facility disposes of approximately 34,000 to 64,000 cubic meters (9.0 to
17.0 million gallons) per month of mixed waste streams through deep well injec-
tion at an average injection rate of 250 cubic meter per hour (1100 gpm). His-
torically, observed declines in well injectivity were addressed by replacing 254
mm (10-inch) diameter carbon steel tubing with new 244 mm (9 - 5/8 inch) fi-
berglass reinforced plastic (FRP) tubing in October 2007 to reduce friction as
backflushing to attempt to increase injectivity. The installation of FRP tubing
increased the injectivity from 0.76 - 0.80 m’/hr/kPa (23.0 - 24.1 gpm/psig) to
1.46 - 1.48 m’/hr/kPa (44.5 - 45.1 gpm/psig) at an injection rate of 237 - 394
m’/hr (1045 - 1735 gpm). Even after rehabilitation activities completed in 2016,
the injectivity declined to approximately 0.86 - 1.02 m’/hr/kPa (26.0 - 31.0
gpm/psig) based on an injection rate of 342 m’/hr (1505 gpm) in little over a
year. Previous downhole video surveys completed as a part of well rehabilitation
activities have shown the presence of biofilms and mineral scale of varying

thickness on the injection well tubing that potentially reduces injectivity by re-
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ducing the effective diameter and roughness leading to increased wellhead pres-

sure.

2.2. Sample Collection, Handling, and Storage

A sampling plan was developed to minimize potential contamination of biofilm
samples during the well brushing and backflushing event. Samples and duplicates
were collected during the well brushing event at three depth intervals (D1 =0 -
61 m, D2 = 62 - 457 m, and D3 = 458 - 884 m) corresponding to surface zone,
intermediate zone, and above the injection zone. Once the brush reached each
target depth, water and brushed particles/biofilm were backflushed to facilitate
sample collection (refer to Figure 1).

The sampling hose was replaced with a new, pre-sterilized hose after collect-
ing samples at each depth. The sterilization procedure was as follows: wash tho-
roughly with liquid detergent soap (Liquinox®) and rinse with at least three vo-
lumes of sterile deionized water. The removable valve assembly was taken apart,
and the sterilization procedure was followed at each sampling interval. The re-

search team collected two 500 mL samples in HDPE bottles and two 5-L samples

_ : ——— Wall pit casing
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| Wall conductor casing
=61 m -
ASTM type II cement
j: Wall surface casing
SR 305 m ASTM type Il cement
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i
i
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1 '17
! Fluid filled annulus
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I
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Figure 1. Injection well construction details and sampling zones (AECOM, 2019).
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in wide mouth 9L autoclave sterilized carboys at each depth interval for water
quality and microbiological analysis, respectively. In addition, two 18.9-L
(5-gallon) buckets were filled with sample from each depth and retained for ap-
proximately 10 minutes to allow the brushed particles to settle out. The settled
particles were collected from the bottom of the bucket in a 500 mL HDPE sam-
ple bottle for mineralogical analysis. The samples were stored in at 4°C imme-
diately after sample collection and transported to the laboratory. All microbio-
logical samples were analyzed with 7 hours of collection since Standard Methods
(APHA et al,, 2017) recommends analysis hold times of less than 8 - 24 hours.
Similarly, water quality and mineralogical analysis were conducted within 48
hours and 7 days of sample collection, respectively, as recommended by Stan-
dard Methods (APHA et al., 2017) Equipment blanks were prepared for each set
of duplicate samples before sampling took place. An aliquot of 500 mL of sterile
water was poured into the carboy and vigorously shaken. The water was then
poured into a sterile amber 1000 mL bottle for analysis. These equipment blanks

also served as reagent blanks.

2.3. Mineralogical Analysis

Mineralogical analysis included both water quality analysis of the liquid samples
to assess the chemical precipitation potential by calculating saturation indices
(Langelier Saturation index: LSI, and Ryzner index: RI) and X-ray diffraction
(XRD) analysis to determine the chemical composition.

2.3.1. Water Quality Analysis

The initial pH (SM4500-H+ B), specific conductance (SM2510A), conductivity
(SM2510B), total dissolved solids (conductivity multiplied by the instrument
conversion factor), water temperature (SM2550B), dissolved oxygen (SM4500-O
G) and oxidation-reduction potential (SM2580B) of the samples were recorded
using a calibrated YSI 556 multiparameter system. Turbidity was measured in
the field using a portable Hach 2100Q turbidimeter. Alkalinity (SM 2320 B and
total calcium were tested in the laboratory using EDTA titrimetric method (SM
3500-Ca D). Gravimetric solids analyses (TSS, TDS, and VSS) were conducted
using SM2540 (APHA et al., 2017). Chloride was measured using Hach digital
titrator (Method 8207: Silver Nitrate Method for water, wastewater, and seawa-
ter).

2.3.2. Saturation Indices

LSI and RI are two commonly used saturation indices to assess CaCOj; precipita-
tion potential (Qasim et al., 2000; Al-Rawajfeh et al. 2005; Luo et al. 2009; Omar
et al. 2010; Nia et al. 2010; De Moel et al. 2013). LSI measures the effect of pH on
the equilibrium solubility of CaCO;. The pH of saturation (pH,) is the pH at

which water is saturated with CaCQO,. In mathematical terms:

LSI=pH - pH, (1)

and

DOI: 10.4236/gep.2019.711006

74 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2019.711006

D. E. Meeroff et al.

pH, =pK, —pK, +p[ Ca’* |+p[ HCO; |+ 5pf,, @)

The LSI and RI values were calculated as described in APHA et al. (2017),
Shaha (2016) and Shaha et al. (2019). The water stability characteristics are in-
terpreted as follows:

e IfLSI > 0, liquid is supersaturated and tends to precipitate scale.

e If LSI = 0, liquid is neutral and is saturated (in equilibrium) with CaCO,. In
other words, a scale layer of CaCO; is neither precipitated nor dissolved. LSI
values between —0.4 and +0.4 are considered to be neutral (Prisyazhniuk,
2007).

e IfLSI < 0, liquid is undersaturated and tends to dissolve solid CaCOs; as it is
aggressive or corrosive in nature (Ozair, 2012).

Ryzner defined a “Stability Index” in 1944 (Ryzner, 1944; Montgomery, 1985)

as follows:

RI =2pH, —pH 3)

where, pH, is saturation pH. RI values between 6.5 and 7.0 are considered to be
approximately at saturation equilibrium with CaCO,. RI values > 7.0 are inter-
preted as undersaturated, whereas RI values < 6.5 are saturated and, hence,
would tend to be scale-forming (Frederick, 1990). However, Miiller-Steinhagen
& Branch (1988) observed that for higher concentrations of calcium and higher
surface temperatures, RI predicts scaling for CaCO, concentration well below

the saturation concentration and thus should always be checked against LSI.

2.3.3. X-Ray Diffraction Analysis

Solid samples were dried in an oven at 105°C overnight and stored in a desicca-
tor at room temperature. Then the samples were pulverized into fine powder
using a mortar and pestle prior to analysis by BTX II Benchtop XRD unit. The
analytical conditions were: cobalt X-rays with A = 1.7903 A and a range of 26
between 5° - 55° to generate a diffraction pattern (intensity versus 26°). The
Rietveld analysis technique (Young, 1993) was used for identification of un-
known phases present in the solid samples. Phase identification (MATCH!,
2018) was achieved through search match calculations and Rietveld refinement
using MATCH! 3.2.0 and FullProf, respectively. Bragg’s coefficient (R) was used
to measure agreement between the crystallographic model and the experimental
XRD pattern. Although there are no threshold ranges for R, lower R-values
represent a better agreement between the calculated pattern and the pattern ob-
tained from XRD. The minimum possible value of R is zero, indicating perfect

agreement between experimental observations and the model (Briinger, 1992).

2.4. Microbiological Analysis

Metagenomic DNA from microbial communities of each sample was harvested
by centrifugation and ultrafiltration and then sequenced via whole genome
shotgun sequencing protocols to provide an accurate identification as well as

functional capability of microbial communities (Leddy et al., 2017). In shotgun
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sequencing, random fragments of carefully prepared genomic libraries are se-
quenced with overlapping ends; which are then aligned into whole genomic
reads using a rapid identification platform to detect and quantify all microbes
including bacteria, archaea, viruses, fungi and protozoa in any sample in one
step (Venter et al., 2004). In this analysis, the number of genomic reads is the
number of genomes successfully assembled from the fragments sequenced. If
this number is below ~20 million, then there is a chance that some important
microorganisms were left out.

After transport to the laboratory, the biofilm samples were centrifuged and
pelleted prior to DNA extraction. First, 10 mL of sample was aseptically pipetted
into two sterile 5 mL test tubes and covered with parafilm. Then the test tubes
were centrifuged at 3500 rpm for 10 minutes to ensure all biofilm particles were
pelleted. Next, 1000 mL sample blank was filtered through a 0.2 pm membrane
for each depth range and approximately 0.01 g pellet was obtained. Afterwards,
the supernatant was decanted, and the pellets were kept at 4°C until DNA ex-
traction. A final centrifugation at 14,000 rpm for 10 minutes of the pellet and re-
sidual supernatant was carried out prior to DNA extraction. The DNeasy Po-
werBiofilm® kit (MOBIO Laboratories, Inc., CA-USA) was used to extract DNA
from the biofilm samples and the blanks using a combination of pre-treatment,
chemical and mechanical lysis steps. This method is optimized to remove poly-
merase chain reaction (PCR) inhibitors such as heavy metals, salts and pesti-
cides.

Approximately 0.1 g of pellet from each duplicate sample was weighed after
centrifugation and applied to the kit. All pelleted samples were added separately
to the PowerBiofilm® Bead Tubes then heated to activate lysis components that
help to dissolve polysaccharides. Lysis continues through vortex mixing followed
by protein and inhibitor removal with precipitation of humic substances as well
as polyphenolics and polysaccharides. Total genomic DNA was captured on the
MOBIO Laboratories flat bottom silica spin column where DNA is then washed
and eluted from the spin column membrane for use in downstream PCR and
sequencing reactions.

A Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, DE-USA)
was used to measure the concentration and purity of the extracted DNA for each
sample. DNA from the samples was further validated using gel electrophoresis
prepared using a 1X TAE gel which ran for 40 minutes at 120 V. The DNA was
stained with the SYBR safe DNA gel stain (Thermo Fisher Scientific, DE-USA)
and visualized using a UV transilluminator. After validation, the biofilm samples
were pooled 1:1 prior to sequencing.

The extracted DNA samples and duplicates for each depth sample were com-
bined before metagenomic shotgun sequencing and coded as: D1 (surface zone),
D2 and a duplicate D2* (intermediate zone), D3 (deep zone). Prepared metage-
nomic DNA was then sent to a commercial sequencing platform (COSMOSID
Inc., MD-USA) to carry out metagenomic shotgun sequencing. Sequencing pri-

mers targeted a wide range of bacteria, archaea, fungi, viruses, protozoan para-
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sites and also included virulence factors and antibiotic resistance genes. All se-
quences obtained were quality filtered and subsequently aligned and classified
using the following GenBook® and NCBI databases and curated COSMOSID
databases:

1) GenBook® Bacteria Database (31,064 genomes: 1579 genera and 4999 spe-
cies) (R&D);

2) GenBook® Virus Database (4352 Viral and bacteriophage genomes);

3) GenBooK® Bacterial AR/VF Database (2638 Antibiotic Resistance and 2458
Virulence associated genes);

4) GenBook® Fungi Database (1024 genomes: 289 genera, 512 species);

5) GenBook® Protist Database (283 genomes: 72 genera, 184 species).

Here the term strain is meant to convey the natural concept of strain, and not
necessarily its taxonomic meaning. That is, the assumption is that a strain in the
database will always have a like counterpart in nature and potentially is a
sub-sample derived from a strain found in nature. Relative abundance is calcu-
lated based on the number of organism specific kmers and their observed fre-
quency in the sample and then normalized to represent the abundance of each
organism. For each classification (protozoa, bacteria, viruses, etc.), a Chao 1 di-
versity index, which is a non-parametric estimation of the number of species
present in a sample, was calculated. This parameter is used to measure the diver-
sity of a sample, considering species presence and the number of times that spe-
cies occurs. The equation for measuring the Chao 1 index is the total number of
species in the sample added to the result of the number of singletons (number of
species occurring only once in the sample) squared, divided by twice the number
of doubletons (number of species occurring twice in the sample). The result of

this equation is the Chao 1 diversity index.

3. Results and Discussion

3.1. Water Quality Analyses

The water quality field parameters pH, specific conductance, conductivity, total
dissolved solids, water temperature, dissolved oxygen, oxygen reduction poten-
tial (ORP), and turbidity, and analyzed each sample and the duplicates for the
following water quality parameters in the laboratory: calcium, alkalinity, TDS,
and chloride to estimate CaCO; precipitation potential. A summary of the water
quality parameters (field and laboratory) measured for water samples from each
depth is found in Table 1.

Dissolved oxygen measurements were indicative of an anaerobic (reducing)
environment, which was also supported by the negative ORP measurements.
The pH observed from the intermediate zone (D2) and also the deep zone (D3)
was 7.10, which matches with historical pH reported from similar composite
leachate collected from this injection wet well in previous work (Shaha et al.,
2019; Shaha, 2016; Townsend et al., 2016). However, pH observed for the surface
zone sample (D1) was 7.98 and was slightly higher than expected. It is likely that
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Table 1. Summary of water quality analyses and estimated saturation indices (LSI and RI)
at each depth.

. Sample
Description V\ij:::nil:::(y Unit D1 D2 D3
(0-61m) (62-457m) (458 - 884 m)
pH Standard Unit 7.98 7.10 7.10
Sp. Conductance mS/cm 0.6 9.8 18.8
Conductivity mS/cm 0.6 9.9 20.2
Field TDS (Field) mg/L 350 6,340 12,210
Parameters* yyater Temperature °'C 25.8 26.0 28.9
Turbidity NTU 113 169 162
Dissolved Oxygen mg/L 2.2 <1.0 <1.0
ORP mV -38 -404 —415
TDS (Gravimetric) mg/L 390 5700 11,930
Laboratory Calcium (Ca) mg/L as CaCO, 250 1125 1600
Parameters® Alkalinity mg/L as CaCO, 150 2175 2125
Chloride (CI7) mg/L 350 2375 5575
Saturation pH; Standard Unit 7.2 5.8 5.7
Indices LSI Unitless 0.8 1.4 1.4
RI Unitless 6.4 4.4 4.3

*All field parameters presented are the average of three readings recorded during sampling. *All laboratory
parameters presented are the average of the sample and the duplicate collected at each depth range.

this reading was caused by exposure to air or carbon dioxide degasification, as
seen in prior work (Shaha et al., 2019; Shaha, 2016) in which pH spikes of up to
1.0-unit were observed in leachates depending on the alkalinity. Briefly, the low-
er the alkalinity, the more rapidly the pH climbs with exposure to air and sub-
sequent degasification of carbon dioxide. From previous monitoring conducted
by the researchers (Shaha et al., 2019; Shaha, 2016; Townsend et al., 2016), wet
well sampling averaged 1200 mg/L as CaCO, for alkalinity, but for the D1 sam-
ple, the alkalinity was measured at only 150 mg/L as CaCO;. Saturation carbon
dioxide concentrations are proportional to pressure. Therefore, as soon as the
pressure changes, so do the available carbon dioxide and subsequently the pH.
The water temperature reading recorded above the injection zone (D3) was
28.9°C, which was about 3 degrees higher than the other two samples. This is
expected since the temperature increases with depth in the subsurface such that
the water temperature at the borehole depth (610 - 915 m below surface) of the
well is expected to be between 80 - 90°F (26°C - 32°C) (Loeb & Poupon, 1965;
McKinley & Thornhill, 1994). The temperature within the injection well is
largely dependent on the temperature of the injectate that has displaced the na-
tive groundwater in the injection zone. The original temperature of the native

groundwater prior to injection was about 60°F (15°C - 16°C), which indicated
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some hydraulic connection with the ocean. So the general geothermal gradient
of increased temperature with depth is only appropriate above the injection
zone.

The surface zone sample (D1) showed low TDS (390 mg/L), alkalinity (150
mg/L as CaCO;), and calcium (250 mg/L as CaCO;). In 2017-2018, the average
TDS, alkalinity, and calcium in the deep injection wet well samples were found
to be 6200 mg/L, 1200 mg/L as CaCO;, and 1100 mg/L as CaCO;, respectively.
This nearly 10-fold dilution may have been a signal of stratification in the injec-
tion tubing. Stratification occurs because higher salinity water is denser and
sinks to the bottom, while lower salinity water is less dense and tends to rise to
the surface. The shallow zone data may also reflect that the injection well was
flushed with a volume of potable water previously to conduct a video survey.
However, this should not have any adverse impact on the mineralogical analysis
of the solid samples collected and analyzed by XRD.

The gravimetric solids analysis (TDS) performed in the laboratory matched
the field TDS obtained using the YSI 556 multiparameter meter within relative
error less than 10%. All other data obtained from the samples collected from the
intermediate zone (D2) and from above the injection zone (D3) were within the
expected ranges, and QA/QC samples were less than 3% error for alkalinity, cal-
cium, and chloride. LSI in the intermediate zone and above the injection zone
was 1.4, which indicates supersaturation with respect to CaCOj;. RI values at the

same depths were 4.3 - 4.4, indicating the scale-forming nature of the samples.

3.2. Solids Composition

A summary of the XRD analysis and Rietveld refinement using MATCH! 3.02 is
presented in Table 2 and Figure 2.

For comparison purposes, a pure calcite (CaCO;) sample was analyzed using
XRD. The search match calculation and Rietveld refinement confirmed the
composition to be 100% calcite. For the three depths, x-ray diffraction (XRD)

100 .
90 L] W Calcite
80 B Quartz
P 70 O Halite
g 60 E Sylvite
2 50 OMegnesioferrite
g 40 ZiOther
2 30
20
‘ m B
0

QAaQC bl Samplle)%D b3

Figure 2. Stacked bar chart showing the composition of the samples at each depth com-
pared to a pure calcite QA/QC standard.
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Table 2. Summary of XRD pattern analysis and Rietveld refinement using MATCH! 3.02.

Composition Based on XRD Diffraction

S le ID
ample Pattern and Rietveld Refinement
QA/QC (Pure Calcite) Calcite—100% (Figure 2)
DI Quartz—52.4%
« » Calcite—35.7%
Surface Zone ] .
Magnesioferrite—7.9%
(0-61m)
Other—4.0%
D2 Halite—74.3%
“Intermediate Zone” Sylvite—13.1%
(62 - 457 m) Magnesium Calcite—12.6%
8
Halite—74.4%
D3 .
« » Calcite—17.8%
Deep Zone .
Sylvite—7.4%
(458 - 884 m)

Quartz—0.3%

confirms that calcite was present. In addition, the presence of salts (halite—NaCl
and sylvite—KCl) in the matrix increased with depth as the salinity increased. In
the solids collected from the surface zone sample (D1), an amount of quartz
(SiO,) was also identified. This was expected because SiO, is typically found in
sand, which is a common material found in wastewater collection systems.
Magnesioferrite [Mg(Fe’"),0,] was also present in the D1 sample. This too was
expected because of the availability of the dissolved oxygen and also magnesium
and iron are common cations in the injectate. The unidentified “other” material
indicated in the D1 sample was likely an artifact of Rietveld refinement. Prelimi-
nary attempts using halite (NaCl) and other common salts did not converge.
Therefore, the “other” material represents unidentifiable contaminants in the

sample that were not found in the database used in this analysis.

3.3. Microbiological Analysis of Biofilm

The first step of microbiological analysis is the preparation of pure DNA in a de-
fined state since other macromolecules (RNA and proteins) can interfere with
the accurate quantitation. The purity of DNA preparation was monitored spec-
trophotometrically by measuring the absorbance at 260 nm relative to 280 nm
(Aje0/Azg) and presented in Table 3. In general, a A,/ A, ratio between 1.8 and
2.0 is considered to be a pure preparation of DNA. Five of the six prepared DNA
samples fell within the range, which confirms the integrity of prepared DNA.
The sample obtained from intermediate zone (D2) showed a A,¢/A,, ratio of
2.1, indicative of hyperchromaticity; which may have resulted from the presence
of RNA or DNA denaturation. The A,¢/A,q, ratios for the blank (Q1, Q2, and
Q3) samples were below-threshold, and indicate the absence of DNA, protein,
phenols or other contaminants that absorb strongly at or near 280 nm.

One genomic read is the cumulative sequence read after de novo assembly of
contigs. It is not the same as total counts because some organisms have more

than one chromosome. However, most bacteria have one chromosome. So, this
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Table 3. DNA Concentration from Nanodrop Measurements.

L Concentration Purit

Sample Description/Source (ng/uL) Al A:,so
D1 (0 - 61 m) 21.3 2.0
D1* (0 - 61 m) 19.1 2.0
D2 (62 - 457 m) 17.7 2.1
D2* (62 - 457 m) 30.8 2.0
D3 (458 - 884 m) 143 1.9
D3* (458 - 884 m) 31.0 1.9
Ql, Elevation Blank 4.8 1.2
Q2, Elevation Blank 3.7 1.2
Q3, Elevation Blank 2.6 1.3

Note: *sample duplicate; Q, represents blank at i depth interval.

number is a good reflection of the sequencing coverage. The higher the number
of organisms (using the same depth of coverage), the higher the total reads will
be. In this case, each sample had a higher number of reads, which averaged close
to 75 million (Figure 3). This was indicative of successful assemblage. As stated
earlier, if the number of reads is below ~20 million for a niche like this, then
there is a chance that some important microorganisms were missed. In these
samples however, over 70 million genomic reads were obtained, providing suffi-
cient span to capture most representative members of the microbiota in the in-
jection well.

In terms of microbiological composition, there was no algae found in any of
the samples as expected, since no photosynthetic light sources are available in-
side the injection well. The Chao 1 diversity index represents the predicted
number of taxa from each major kingdom. The virus and protist indices re-
mained approximately the same for each sample. As shown in Table 4, the Chao
1 diversity indices for bacteria, viruses and protozoans were highest at 0-61 m
and gradually declined with increasing depth. A combination of factors, includ-
ing nutrient availability, obligate anaerobiosis (microbes that require the absence
of oxygen to proliferate) and pressure to a lesser extent can explain this. In-
creasing depth typically means less available electron acceptors and readily bio-
degradable nutrients, which favors the richness of only a few specialized micro-
bes.

The protozoan taxa abundance is summarized in Figure 4. Entamoeba dispar,
a non-pathogenic protozoan similar to the pathogenic Entamoeba histolytica,
was the most prevalent protozoan found in the samples (~35%), while the ciliate
Stylonchia lemnae increased in abundance as the depth increased (8% - 13%). Of
particular interest is the dynamics of the bacteria-eating amoeba (also called
slime molds) of the Dictyostelium spp. The abundance of these biofilm generat-

ing amoebas peaked at the middle elevation tested in the well. These organisms
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Table 4. Summary of the Chao 1 diversity index obtained for bacteria, protozoa and vi-

ruses by sample depth.
Sample Source/Depth (m)

Organisms D1 (0-61) D2 (62 - 457) D2* (62 - 457) D3 (457 - 884)
Bacteria 228 201 194 185
Viruses 37 30 30 26
Protists 2 1 0 0

8.0E+7

7.0E+7

6.0E+7
72}
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S

& 5.0E+7

Gy
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g 4.0E+7

Z
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2.0E+7 __
1.0E+7

D1 D2 D3
Sample Identification
Figure 3. Bar plot showing the total number of reads obtained post-quality filtering. Note

dotted line signifies the minimum number of reads for completeness, and error bars de-
note one standard deviation about the mean.
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Figure 4. Stacked bar charts showing the relative abundance of the protozoan taxa down
to the strain level.
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are known to aggregate as nutrient availability decreases, (presumably at the 61 -
457 m depth in this case); to form profuse biofilm structures with well-organized
behavior.

A summary of the 10 most abundant bacterial taxa identified is found in Fig-
ure 5. Methanosaeta concilli, an anaerobic mesophilic methanogen was the most
prevalent species in all the samples (~30%) except for samples taken from above
the injection zone (~23%). The two most dominant species observed were the
methanogenic archaea (Methanosarcina and Methanosaeta) and sulfate-reducing
bacteria (Desulfobulbus and Desulfococcus ~14%), which are prokaryotic anae-
robic biofilm producers. There was a gradual increase for the methanogens -
Methanosarcina spp. as the depths increased, while the sulfate-reducing bacteria
remained consistent. Early studies have implicated methanogenic archaea and
sulfate-reducing bacteria in the formation of anaerobic biofilms (Yoda et al.,
1987; Amann et al., 1992). In this study, many of these organisms were most
prevalent in the deep injection well system where they normally out-compete
each other based on available sulfate and acetate. Methanosaeta concilli and
Methanosarcina spp. which were found most prevalent in all samples uses ace-
tate to form methane and has also been shown to be associated with biofilms
(Ganzert et al., 2014). Methanosaeta concilli is known to immobilize and form
large clumps when acetate concentrations are elevated (Schmidt & Ahring,
1999). Another methanogen, Methanosarcina spp., showed relative abundance
gradually increasing with increasing depth. Sulfate-reducing bacteria such as
Desulfococcus multivorans are commonly observed in developing and estab-
lished multispecies biofilms (Amann et al., 1992). The Desulfococcus bacteria

had the lowest relative abundance in the middle elevation of the injection well.

100
90
§ 80
.‘é‘ 0 L J O Clostridium sticklandii str DSM 519
B :: :: :: :: :: :: @ Thauera phenylacetica B4P
?:) 60 : : : : : : @ Mesotoga infera
% \-_'-:::::-:::::-: ,‘-_'.E_'.E 33. O Methanofollis liminatans DSM 4140
E 50 ":":": B Methanosarcina soligelidi
g 40 O Methanosarcina mazei Gol
,c_'[: B Desulfobacter postgatei 2ac9
E) 30 8 Desulfobulbus propionicus DSM 2032
é 20 B Desulfococcus multivorans DSM 2059
B Methanosaeta concilii GP6
10
0
D1 D2 D2* D3

Sample Indentification

Figure 5. Stacked bar charts showing the relative abundance of the top 10 bacterial taxa
down to the strain level.

DOI: 10.4236/gep.2019.711006

83 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2019.711006

D. E. Meeroff et al.

However, one of the most common biofilm colonizers, Pseudomonas aeruginosa
was found at relatively low abundance.

In Figure 6, a heatmap of viral taxa relative abundance is shown. Pseudomo-
nas phage was the most prevalent virus found throughout the samples. Pseudo-
monas phage Kakheti is a broad-spectrum phage and its presence is likely the
reason for the low relative abundance (<0.3%) of Pseudomonas aeruginosa (a
very common biofilm colonizer) and other Pseudomonas spp. that were ex-
pected but not found in high numbers in the different samples.

In addition, the antibiotic resistance gene pool diversity is highest in the sur-
face zone sample and decreases with increasing depth. The decline is evident but
there is still an important quantity of antibiotic resistant genes still intact above
the injection zone. Predation and degradation may account for some clearing of

the resistance genes.

4. Conclusions and Recommendations

To investigate the mineral content of solid samples collected from three depths
from the industrial deep injection well, water quality and x-ray diffraction tests
were conducted. The water quality parameters indicate scale forming potential,
and x-ray diffraction confirms the composition of the solids collected was mostly
calcium carbonate (CaCO,) with contributions from salts such as sodium chlo-
ride (NaCl) and potassium chloride (KCI). In terms of microbiological composi-
tion, there was no algae found in any of the samples as expected, since no pho-

tosynthetic light sources are available inside the injection well. The Chao alpha
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- EnterobacteriaVir 144_1840 Branch
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- - Methanothermobacter_phage psiM100
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- Enterobacterial phage mEp213

-I: - Stx2_converting_phage 1717

- Enterobecteria_phage mEp460

D1 D2 D2* D3

Figure 6. Heatmap showing the relative abundance of the different viral taxa from each
sample (Note: higher abundance is denoted by darker colors).
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diversity indices for bacteria, viruses and protozoans were highest at 0-61 m and
gradually declined with increasing depth. A combination of factors, including
nutrient availability, obligate anaerobiosis (microbes that require the absence of
oxygen to proliferate) and pressure to a lesser extent can explain this. Increasing
depth typically means less available electron acceptors and readily biodegradable
nutrients, which favors the richness of only a few specialized microbes. The pre-
valent species at D3 are not barophilic organisms that thrive at high pressures,
rather they are sulfate reducing bacteria involved in anaerobic dissimilatory sul-
fate metabolism. Methanogenic archaea and sulfate-reducing bacteria both of
which are anaerobic biofilm producers were the most prevalent members of the
prokaryotic community at all depths. Methanosarcinae spp. increased with in-
creasing depths unlike other archaea. A non-pathogenic biofilm-producing En-
toamoeba dispar was the most prevalent member of the microbial domain
(>30%) in all samples.

When a biofouling problem has begun, little can be done to remove it perma-
nently expect for replacing the tubing completely. To avoid replacement, control
of the colonies is the preferred strategy. Options for management of biofouling
on deep injection well tubing include pre-treatment of the injectate and/or tai-

lored well rehabilitation strategies.

4.1. Pre-Treatment

Pre-treatment can take the form of aeration, acidification and/or disinfection
prior to injection. Sulfate-reducers and methanogens are anaerobic, which means
that they cannot maintain themselves in a medium in which oxygen is present
periodically (van Beek, 1984). Therefore, in theory, introducing aeration in pe-
riodic pulses in the wet well could potentially help to control these microorgan-
isms, but currently there is some degree of aeration that is occurring in the wet
well by virtue of how the different waters are brought to the well (and this does
not seem to be controlling the anaerobic bacterial populations). Adding air
could enhance the growth rate of aerobic biofilm colonizers too. Further, work
(Shaha et al. 2019; Shaha et al. 2016; Shaha 2016; Townsend et al., 2016) showed
that aeration tends to increase the pH by nearly one full unit, which would have
the unintended consequence of stimulating calcium carbonate mineral scale de-
posits. This leaves disinfection as an option. AWWA (2014) recommends chlo-

rinating water prior to groundwater injection.

4.2. Well Rehabilitation

Well rehabilitation efforts must be tailored to and designed around the site-specific
characteristics and chemistry of the receiving water and the injectate and be
compatible with the construction and use patterns of the injection well. Chemi-
cal options and restoration procedures should be based on: safety considera-
tions, well construction, aquifer conditions, local availability, past experience,

degree of success, cost, peer recommendations, and the background groundwa-
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ter quality (Butts, 2017). Chlorine and various acids, surfactants, and dispersants
have been used for decades, often with mixed success due to the uncertainty of
solution strength, mixture uniformity/distribution, and penetration. It should be
noted that fouling due to mineral encrustation alone is relatively rare when not
accompanied by some form of biofilm growth, requiring the use of a biocide like
chlorine.

One well rehabilitation strategy could include administering acid during me-
chanical brushing. Acid will lower the pH to dissolve target chemical precipitates
like calcites. Using inorganic acids such as high strength hydrochloric acid is
preferred over organic acids such as acetic or citric acids because of the potential
for rapid microbial regrowth as a source of food. Another technique would be to
use chemical oxidizers such as hydrogen peroxide (Brassington et al., 2009) or
sodium hypochlorite (or other forms of chlorination) to target organic matter or
microorganisms, but peroxide adds a source of oxygen, which can trigger re-
growth of iron bacteria. Nitric acid combines the effect of an acid with an oxi-
dizer but adds nutrients in the form of nitrate to the matrix. If the issue is fo-
cused on the open hole rather than the well tubing, then a mixture of 30 L (7.9
gal) of hydrogen peroxide (35%) and 1 L (0.26 gal) of hydrochloric acid into
every meter (3.3 ft) of the hole (Timmer et al., 2003) has been used successfully
in the Netherlands and in conjunction with enlarging the well diameter. This
technique may not address issues localized to the injection tubing.

Another method developed in Alaska (Butts, 2017) involves heating a chlorine
solution and injecting it into the well. In this method, 65% - 70% strength of dry
calcium hypochlorite is mixed with preheated water developed from a steam
cleaner to create a chlorine solution of about 500 mg/L strength at 75°C - 85°C
(170 - 180°F). The solution is vigorously mixed in the drum while the tablets are
slowly introduced and mixed with the hot water. Upon complete mixing, the
solution is then introduced for a contact time of at least 6 hours along with pe-
riodic agitation before diluting and pumping the solution out of the well. The
process may have to be repeated several times and concentrated in the specific
region with the thickest encrustation for best results (Butts, 2017). However, the
extra calcium in the chlorine tablets could cause unintended increases of mineral
scale precipitation if not removed from the well tubing completely.

The City of Venice, FL experienced biofouling problems in their raw water
extraction wellfield attributed to Pseudomonas. In response, the City instituted a
routine disinfection program of 3 well volumes of 6000 mg/L chlorine for a con-
tact time of at least 6 - 24 hours with periodic agitation, on a monthly basis. In-
itially, the process was repeated multiple times and concentrated in the specific
elevation where the thickest biofilm was recorded. Once the biofilm was under
control, the time between disinfection events was extended to 90 days (AWWA,
2014). The City of Hollywood and the Collier County Water/Sewer District have
also adopted this protocol for their water supply wells to reduce the potential for
fouling membrane plants. However, while this procedure was not developed for

deep injection wells specifically, there is no reason to expect that it would not be
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successful in practice, and the disposal of the concentrated solution is not an is-
sue. The high concentration should stay in the borehole and casing for 48 hours.
Although free chlorine is reported to have limited penetration into biofilm ma-
trices (De Beer et al., 1994), it is still expected to provide a beneficial effect on
biofilms. Other disinfection agents such as monochloramine are reportedly bet-
ter able to penetrate and kill biofilm bacteria than free chlorine, and chloramines
are longer lasting (LaChevallier et al., 1988). Since there is an appreciable amount
of ammonia already present in the injectate (~200 - 400 mg/L as NH, ), some of
the chlorine will react with ammonia to form combined chlorine (chloramines)
in the well. Disinfection theory is based on disinfectant concentration (C) and
contact time (T). The USEPA published guidance (Malcolm Pirnie, Inc. & HDR
Engineering, Inc., 1990) on the levels and effectiveness of disinfection agents
using the CT parameter is based on enteric viruses and Giardia lamblia. This
parameter is used by other references in literature (LaChevallier et al., 1988;
Bridier et al., 2011) to determine appropriate disinfection conditions for cases
involving biofilms, for example. A word of caution is that the local bioflora that
is detailed in this study is comprised of a diverse microcosm including cyst-forming
protozoa (Entamoeba dispar), pseudomonas phage (viruses that infect Pseudo-
monas), sulfate-reducers including filamentous types, and methanogenic arc-
haea. These last two are slow-growing microorganisms that have competitive
advantages for resources in anoxic conditions, and the protozoa may be grazing
on certain vegetative bacteria, keeping their fast-growing populations in check.
Therefore, any attempt to control the population of the current microcosm
could bring about an imbalance that would favor the fast-growing microbes that

may or may not be more problematic with respect to biofilm issues in the well.
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