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Abstract

A thorough understanding of the subsurface fracture network is crucial for the effective

exploitation and management of geothermal energy, unconventional hydrocarbon re-

sources, groundwater reservoirs, etc. While conventional tracer technology is a useful

tool to characterize the complex network of flowpaths in geologic reservoirs, tracers

are limited in unique variations and hence insufficient for characterizing reservoirs

with a large number of wells. In addition, conventional tracer testing only provides a

“snapshot” of the flowpath properties which may be inadequate for reservoirs that are

subjected to changes. This research sought to resolve the limitations of conventional

tracer testing by exploring novel, DNA-based tracer candidates. DNA’s infinite num-

ber of unique sequences and hence great degree of specificity makes it a promising

tracer candidate for improved subsurface characterization.

We first investigated the use of uniquely designed, synthetic DNA fragments as

injected tracers. The method to measure target-specific DNA tracer concentration

is described. The effect of DNA sequence, fragment length and porous medium on

DNA transport was studied to provide guidance to potential field applications and

data interpretation. It was found that DNA transport was not affected by DNA

sequence (i.e. the arrangement of nucleotides). The length of DNA fragments does
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not affect the shape of the tracer return curve, but does affect tracer mass recovery.

Shorter DNA appeared to be more prone to adsorption, while longer DNA appeared

to be more prone to size exclusion effect.

We then extended the concept of DNA-based tracers towards the genomic DNA of

fluid-associated microorganisms that naturally colonize a geologic reservoir. Instead

of targeting just a few microbes, we proposed taking advantage of the entire microbial

community population in a reservoir fluid sample as unique signatures pinpointing

the origins of fluids. We tested this method at a mesoscale enhanced geothermal sys-

tem (EGS) testbed at Sanford Underground Research Facility (SURF) by sampling

indigenous fluids produced from separate fractures and analyzing their microbial com-

munity structure via high-throughput 16S rRNA gene amplicon sequencing. We found

that hydraulically isolated fractures at our field site hosted distinct microbial com-

munity populations, demonstrating substantial microbial heterogeneity across frac-

tures. However, locally within a fracture, the microbial community were relatively

homogenized, serving as a unique natural tracer or “fingerprint” of the fracture. We

demonstrated at our field site that sampling indigenous fluids from an undisturbed,

newly developed reservoir could help us identify natural interwell connectivity when

more than one well were drilled into the same natural fracture.

Finally, building upon the idea of reservoir indigenous microbial populations as

natural tracers, we investigated the potential of this novel data source in an actively

circulating, dynamic reservoir. Again using the EGS testbed at SURF, we sampled

the produced fluids from the reservoir that underwent long-term flow circulation.

Sampling was conducted regularly in a 5-month time series and the microbial popu-

lations in the fluids were sequenced. We found that although the whole circulating
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reservoir were connected hydraulically, the difference in relative connectivity among

fractures still allowed different flowing fractures to have different microbial commu-

nity signatures. The long-term microbial monitoring at our site identified the switch

of production zone of a borehole likely due to major changes in the fracture network.

Changes in fracture network were also observed from microbial time-series data after

a week-long injection halt, likely due to the reopened hydraulic fracture not restoring

to its initial state. We thereby demonstrated that long-term microbial community

monitoring in an active reservoir may effectively enable the direct observation of frac-

ture network evolution. Such information is difficult to achieve via other reservoir

diagnostic methods.
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Chapter 1

Introduction

1.1 Background

The subsurface hosts vast amounts of of natural resources including oil, gas, ground-

water, geothermal energy, and pore spaces for carbon storage. The effective exploita-

tion of such resources is largely dependent on the transport of fluids through the com-

plex network of fractures and pores in subsurface reservoirs. Fractures, ubiquitous in

geological formations, play an important role in fluid transport due to their signifi-

cant effect on increased reservoir permeability, porosity, and anisotropy. A thorough

understanding of the fracture network in a subsurface reservoir is therefore crucial

to the development of geologic resources, especially for geothermal energy and un-

conventional hydrocarbon reservoirs that are typically formed in fracture-dominated

formations.

Despite advances in traditional reservoir diagnostic tools, subsurface reservoirs

1
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are still poorly understood. For example, well logging and borehole imaging provide

good vertical resolution of lithology at the wellbore, however the measurements cannot

reach the large spaces between wells that hold the field-scale fracture network essential

for fluid flow. Seismic imaging provides large-scale reservoir description between wells,

however it does not have sufficient resolution, nor does it directly indicate flow paths

(Ligtenberg 2005).

Tracer testing is the main technique applied in subsurface engineering to inves-

tigate flow paths in geologic reservoirs. Tracer testing typically utilizes natural or

introduced variations in water chemistry (i.e. natural or introduced tracers). Physi-

cally passed through the reservoir space between wells, tracers therefore carry direct

information of the flow pathways including interwell connectivity, flow direction, flow

velocity, transport parameters like dispersivity, hydraulic conductivity, etc.

Tracer testing has been a valuable tool to interrogate subsurface flow properties

in groundwater studies and hydrocarbon exploitation for decades. The use of tracers

can either be qualitative, focusing on the detection of flow channeling or flow direc-

tion (Gunderson et al. 2002; Rose et al. 2001), or quantitative, aided by predictive

techniques that could allow prediction of reservoir performance (Axelsson et al. 2001;

Brigham et al. 1965; Hawkins et al. 2017; Tester et al. 1979). In order to serve as

reservoir tracers, the tracer candidate must be environmentally benign and have very

low detection limits because reservoir fluids tend to be heavily diluted. For appli-

cation in mid-high-temperature geothermal reservoirs, the tracer candidate must be

additionally stable at high temperatures (150 - 300 ◦C).
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1.2 Overview of Current Tracer Technologies

1.2.1 Conservative Solute Tracer

Conservative solute tracers are ones that remain in one phase and do not undergo any

changes while being transported through the subsurface. Conservative tracers have

been used extensively to characterize interwell connectivity and swept volume. Ex-

amples of conservative solute tracers widely used in the industry include anionic salts

(e.g. chloride, bromide, etc.), water-soluble fluorescein, UV-fluorescent polyaromatic

sulfonates, carboxylic acids, aromatic acids (Adams et al. 1991; Adams et al. 1992;

Davis et al. 1980; Rose et al. 2001), etc. They typically have low detection limits

and are easy to analyze, usually by means of fluorescence spectroscopy. Some aro-

matic acids and polyaromatic sulfonates additionally have excellent thermal stability,

suitable for use in reservoirs up to 350 ◦C.

1.2.2 Reactive Solute Tracer

A reactive solute tracer is one that undergoes a prescribed chemical reaction during

its use. The chemical reaction can either depend on the subsurface temperature, or

on the existence of underground substances that participate in the chemical reaction.

For geothermal reservoirs, specifically, a reactive tracer that decays as a function of

temperature can be used to estimate average reservoir temperature (or “effective tem-

perature”). Adams et al. (1991) conducted a reactive tracer test in a geothermal field

in Nevada and deduced the effective temperature of the injection-production flow-

path based on reactive tracer return curve corrected by its thermal decay behavior as
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measured in the laboratory. The deduced effective temperature was consistent with

downhole temperature measurements, however more detailed temperature spatial dis-

tribution was not obtainable via the conventional reactive tracer because information

about where the decay reaction took place is not measurable by simply analyzing one

tracer return curve.

Robinson et al. (1984) and Tester et al. (1986) suggested that various organic es-

ters and amides that undergo hydrolysis reactions in the range of 80 - 200 ◦C may be

used as reactive tracers to map the progress of thermal fronts in particular flowpaths

in geothermal reservoirs. Tester et al. (1986) also performed a field demonstration of

a reactive tracer test at an enhanced geothermal system (EGS) field in Rosemanowes,

UK, where they injected sodium fluorescein as a conservative tracer and ethyl acetate

and isopentyl acetate as reactive tracers, and successfully estimated an average reser-

voir temperature of 94 ◦C using the return curve of ethyl acetate. The estimation

was quite close to the temperature measured in the well (within 5 ◦C difference).

1.2.3 Partitioning Solute Tracer and Adsorptive Solute Tracer

Partitioning tracers are compounds that partition between multiple phases because

of their different affinities to each phase. Partitioning tracers are usually used in

field tracer tests together with one or more conservative tracers, where partition-

ing tracers partition into a specific phase and hence have longer residence time in

the porous/fractured medium compared with the conservative tracers. By analyzing

the difference in residence time between the partitioning tracer and the conservative

tracer, it is possible to determine the volume of the phase of interest. Partitioning
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tracer test is a useful means to estimate the saturation of dense nonaqueous phase

liquids (DNAPLs) saturation in contaminated aquifers, or to estimate residual oil

saturation in the petroleum industry. Typical examples of partitioning tracer in-

clude hexanol, perfluorocarbons, etc. for characterizing subsurface contamination,

and alkyl esters for estimating residual oil saturation in oil fields after waterflooding.

Adsorptive tracers are compounds that adsorb reversibly to the walls of fractures

or pore spaces, hence their recovery relative to the conservative tracers is retarded.

Adsorption can be regarded as partitioning between a mobile phase and a solid phase;

in addition, adsorptive tracers have similar transport mechanisms as partitioning

tracers. Therefore, adsorptive tracer can be regarded as a special kind of partitioning

tracer.

Similar to partitioning tracers, adsorptive tracers are also mostly used together

with one or more conservative tracers. Adsorptive tracers interact with and adsorb

onto the walls of fractures or pore spaces reversibly, and hence are delayed in recovery

relative to the bulk injectate as measured by conservative tracers. Because the amount

of adsorption is proportional to the surface area, analyzing this delay helps researchers

to obtain estimations of fracture surface areas (Hawkins et al. 2018). Effectiveness of

EGS stimulations can also be evaluated by performing such tracer tests before and

after the stimulations (Dean et al. 2015; Leecaster et al. 2012).
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1.2.4 Nano-/Microparticle Tracer

Since the 1990s, there has been research studying how the existence of colloidal matter

affects contaminant migration in subsurface environments (McCarthy 1993). Prefer-

ential pathways of colloid transport in heterogeneous media were also studied, which

shed light on the application of hazardous waste disposal in geologic repositories

(Champ et al. 1988; Harvey et al. 1993; Reimus 1996; Vilks et al. 1997). Tracer

testing using nano- or microscale particles, therefore, has been a useful tool to study

colloid transport (Becker et al. 1999).

In the geothermal or petroleum industry, in-situ sensing using nanoagents in oil

or geothermal reservoirs has only gained the attention of reservoir engineers in recent

years (Alaskar et al. 2012; Kanj et al. 2009; Kanj et al. 2011). Nano- or micromaterials

are able to fit in and transport through the tiny pore spaces or fractures in the sub-

surface, and have the property of undergoing observable changes as they experience

the harsh reservoir conditions (e.g. high pressure and temperature). These properties

may be harnessed in order to assess reservoir performance far from the wellbore. By

analyzing the changes that the nanoagents have undergone, useful information may

be obtained about the reservoir such as in-situ temperature distribution, fracture

geometry, etc.

Examples of candidates as potential nano-/microparticle tracers include silica

nanoparticles (Alaskar et al. 2015; Suzuki et al. 2018), quantum dots (Rose et al.

2015; Rose et al. 2011), carbon-based nanoparticles (Hawkins et al. 2017; Mattson

et al. 2019), polymer-based microparticles (Becker et al. 1999; DuFrance et al. 2014),

and DNA-embedded silica nanoparticles (Kittilä et al. 2019; Zhang et al. 2015; Zhang
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et al. 2016). Limitations of a subset of those particle candidates, however, include

their tendency to settle during transport due to larger density than water (Kittilä et

al. 2019), filtration effect because of size exclusion (Becker et al. 1999), environmental

concerns (Rose et al. 2011), etc.

1.2.5 Microbial Tracer

The use of microbial tracers can delineate flow paths of groundwater systems and aids

the understanding of microbial contamination processes. Typical microbial tracers

include bacteria, yeasts, spores, viruses and bacteriophages (Keswick et al. 1982),

with bacteria being the most commonly used (Harvey 1997). For bacterial tracers, a

selected strain of bacteria (usually stained) is cultured and injected into groundwater

reservoirs or laboratory columns, then the breakthrough pattern is measured via

direct counting under microscopy (Becker et al. 2004; Champ et al. 1988; Harvey

et al. 1993). Bacteriophage is another preferred tracer candidate because of their

small size (10-100 nm), environmental friendliness, the ability to be added at high

concentrations and their low detection limit via plaque-forming-unit method (McKay

et al. 1993). Microbial tracers were typically used for delineating flow paths in aquifers

with preferential flow, such as in karst systems or fractured rock.

1.3 Motivation

The present tracer technologies have a number of limitations. First of all, the current

suites of tracers are limited in number, given the large number of injection wells
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typically present in a reservoir. Using the same tracer(s) in multiple wells (even

at different time points) risks the tracer signal being overlapped/convoluted, which

impairs effective interpretation. The natural occurrence of some of the current tracer

candidates further complicates data interpretation and reduces the number of tracers

that are applicable in a certain reservoir.

Secondly, the information obtained from a tracer test, strictly speaking, represents

only a “snapshot” of the flowpath network, given the fact that a reservoir is not

necessarily (and often not) static. For example, natural or human-induced seismic

events may lead to the opening of new fractures or the closure of preexisting flowpaths,

in which case tracer tests performed before and after the events may turn out to be

totally different. This can be partly overcome by performing frequent tracer tests over

time to piece together various “snapshots” of the fracture network hence attempting

to understand its evolution, although the need to prepare and perform multiple field

tracer campaigns is usually operationally demanding or even unfeasible.

Thirdly, although it can be beneficial for certain tracers to be adsorbed or retained

in a reservoir so that information regarding fracture surface area, etc. can be inferred

based on the discrepancy between the retarded tracer and the conservative tracer

profile, it does require that the retarded tracer characteristics be well-characterized.

This poses a challenge especially for nano-/microparticles or microorganisms as in-

jected tracers, because they tend to be retained (DeFlaun et al. 1997; Kittilä et al.

2019) due potentially to a number of reasons that are hard to separate. What is

more, it is difficult for nano-/microparticles or microbial tracers to be manufactured

industrially (Charitidis et al. 2014; Liao et al. 2018), adding additional challenges in

field-scale applications and introducing uncertainties in terms of comparable tracer
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characteristics across studies.

The limitations of current tracer technologies underline the necessity to explore

novel tracer candidates that potentially resolve the problems, or at least complement

other types of tracers for improved reservoir characterization.

1.4 Scope of Work and Dissertation Outline

This dissertation outlines research that explored the use of DNA-based tracers as a

novel reservoir characterization tool. DNA is available in an infinite number of unique

sequences, which potentially enables the characterization of a reservoir at much finer

resolution both spatially and temporally. Laboratory and field experiments were

conducted to demonstrate the capabilities of the DNA-based tracer candidates that

are not achievable by other types of tracers or other diagnostic tools in general.

The value of DNA-based tracers in complementing conventional reservoir diagnostic

tools was thereby demonstrated. Limitations of each type of DNA-based tracer under

certain conditions are also discussed, revealing potential directions for future research.

This dissertation is organized as follows:

Chapter 2 discusses the use of synthetic DNA molecules as unique injected tracers

for reservoir characterization. The design and detection method of synthetic DNA

tracers were described. Column tests and batch tests were designed to investigate the

transport characteristics of synthetic DNA tracers with varying length, in comparison

with conventional solute (chemical) tracers.

Chapter 3 proposes the utilization of the entire microbial community population
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indigenous to reservoir fluids as unique barcodes for better understanding of the

natural fracture network in a static reservoir. The microbial community distribution

in a heterogeneous, fractured reservoir was investigated via a field study. The value of

fluid-associated microbial community composition as natural tracers for identifying

natural interwell connectivity was demonstrated in the field study, without the need

of any sensor deployment or flow testing. Part of the contents in this chapter appeared

in a recent paper published in Water Resources Research (Zhang et al. 2019).

Chapter 4 further extends the concept proposed in Chapter 3 by looking at the use

of microbial community compositions as unique natural tracers in a dynamic reservoir

that underwent a prolonged period of interwell flow. The microbial community profile

in produced fluids from the flow test appeared to be generally relatively stable, how-

ever, dramatic changes were observed after major events that potentially caused or

reflected the change in the primary flow paths. The time-series microbial data were

analyzed alongside the flow rate data as well as the conventional tracer tests data

throughout the duration of the microbial sampling to confirm that the implications

were consistent with other observations. The microbial time-series analysis described

in Chapter 4 allowed for an indirect visualization of the dynamic fracture network

evolution that, to the best of the author’s knowledge, has never been achieved before.

Chapter 5 summarizes the findings in this work and points out possible directions

for future research. Chapter 5 is then followed by four appendices that include detailed

descriptions of the laboratory protocols used to produce the data.



Chapter 2

Synthetic DNA Tracers

2.1 Background and Objective

Synthetic DNA tracer has the potential to improve subsurface flowpath characteriza-

tion substantially. Available in infinite number of different sequences, synthetic DNA

tracers allows simultaneous multiwell tracer testing without the concern of tracer in-

terference. What is more, the analytical technique for DNA quantification is unified.

In other words, unlike conventional tracers that require a variety of detection meth-

ods ranging from mass spectrometry, ion chromatography, fluorescence spectrometry,

etc., the detection/quantification of any DNA tracer is the same, just targeting dif-

ferent sequence by selecting the corresponding primers (see details in Section 2.2.2).

Synthetic DNA tracers are also environmentally safe. Their sequences do not over-

lap with any organisms, hence they do not have any genetic functionality, and have

zero background signal. DNA can also be detected and quantified at extremely low

11
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detection limit.

The concept of using DNA as reservoir tracer was proposed as early as 1999

(Sabir et al. 2000; Sabir et al. 1999), where single-stranded DNA (ssDNA) tracers

were mixed with sodium chloride tracer in a groundwater aquifer and a fractured

hard rock system. Because the detection method used for DNA tracers was PCR

(not qPCR, see details in Section 2.2.2), only qualitative presence/absence data was

recorded. Nevertheless, interwell connection was confirmed based on the multiwell

tracer tests using different DNA tracers, and DNA tracer was found to have faster

transport compared with the salt tracer.

Following the proof-of-concept study by Sabir et al. (1999), a number of studies

were performed in the recent decade further investigating the use of synthetic DNA

tracer. qPCR was generally used as the quantitative analytical method, allowing a

tracer residence time distribution (RTD) curve to be generated for each DNA se-

quence. Synthetic ssDNA fragments were used in a number of studies conducted in

karst groundwater systems or surface streams (Aquilanti et al. 2013; Aquilanti et al.

2016; Dahlke et al. 2015; Foppen et al. 2013). Pang et al. (2017), on the other hand,

used double-stranded DNA (dsDNA) tracers in column, groundwater and soil envi-

ronments with the focus of evaluating the effectiveness of DNA tracers in tracking

domestic effluent discharges. It was generally found that DNA tracers had earlier

breakthroughs and less dispersion compared with reference solute tracers, likely be-

cause DNA is a macromolecule that resembles a particle/colloidal tracer and hence

primarily transports through preferential flow paths where permeability is relatively

higher (Aquilanti et al. 2013; Aquilanti et al. 2016; Pang et al. 2017). Higher mass

reduction of DNA tracers compared with reference conservative tracers, however, was
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also observed in all studies. The DNA mass reduction was likely due to a number

of factors, including adsorption to clays and metal oxides, microbial or enzymatic

activities, ultraviolet (UV) light exposure, etc. (Dahlke et al. 2015; Pang et al. 2017;

Ptak et al. 2004) Despite their nonconservative behavior during transport, DNA trac-

ers still show promise in certain applications given their unlimited number of unique

variations, unified quantification method, and very low detection limits (Dahlke et al.

2015; Ptak et al. 2004).

In recent years, there has been research on nano-/microparticle protected DNA

tracers for groundwater flowpath studies. Examples of such particle-protected DNA

tracers include DNA-labeled clay particles (Mahler et al. 1998), DNA-Fe2O3-PLA

(polylactic acid) polymer microparticles (Sharma et al. 2012) and DNA-SiO2 nanopar-

ticles (Kittilä et al. 2019; Paunescu et al. 2013; Zhang et al. 2015; Zhang et al. 2016).

The main purpose of including a particle carrier is to mitigate DNA’s susceptibility to

environmental stress, although the particle carriers themselves may have a tendency

to aggregate and settle under certain conditions (Kittilä et al. 2019; Sharma et al.

2012). The higher density of a particle carrier relative to water renders the particles

subject to gravitational force especially during upward travel (Kittilä et al. 2019).

Despite the number of field studies testing synthetic DNA’s applicability as a reser-

voir tracer, there remains the need for a well-controlled laboratory column study on

the transport characteristics of DNA molecules. Specifically, the DNA sequences used

in the available literature vary from ∼70 base pairs (bp) to ∼300 bp, however there

is no systematic study comparing the behavior of DNA tracers with different lengths

(i.e. different numbers of base pairs) under the same experimental conditions. On the

other hand, the relatively lower recovery of DNA tracers reported in the literature is
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generally attributed to a number of factors altogether including microbial/enzymatic

activities, UV exposure, adsorption, chemical degradation, etc. However, there are

so far no studies, to the best of the author’s knowledge, attempting to isolate these

factors and try to understand them independently.

The objective of the work described in this chapter was to fill the gap in the un-

derstanding of synthetic DNA transport through a series of well-controlled laboratory

experiments. A thorough understanding of the factors that affect DNA transport is

an important step towards effective utilization of DNA tracers for flow path char-

acterization purposes. Specifically, the effect of dsDNA length on their transport

characteristics was investigated through column flow tests. Different materials were

used in the column tests to observe the effect of porous medium material and perme-

ability on DNA transport. A chemical tracer was included alongside the DNA tracers

as a reference for better understanding of DNA transport behaviors. Factors that

contribute to the observed transport characteristics of DNA tracer were studied via

batch tests. The column flow tests as well as qPCR measurements relevant to the

content of this chapter were conducted with the help of Marshall Hartung.
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2.2 Design, Preparation and Quantification of Syn-

thetic DNA Tracers

2.2.1 DNA Tracer Design and Preparation

A total of nine unique double-stranded DNA (dsDNA) tracers varying from 90 base

pairs (bp) to 200 bp were designed and synthesized for this study. We used double-

stranded DNA in this study because of its better stability relative to single-stranded

DNA (Pang et al. 2017). Each DNA tracer sequence includes a 10 bp region on each

end flanking the primer region to better preserve the amplicon sequences. Sequences

were generated randomly, primers were then designed according to the criteria listed

in Table 2.1. The uniqueness of the sequences were further confirmed using the Basic

Local Alignment Search Tool (BLAST) against the National Center for Biotechnology

Information (NCBI) database (https://www.ncbi.nlm.nih.gov/) to ensure that the

primers do not target any other existing environmental DNA sequences (e.g. genomic

DNA of microorganisms). The sequences of the nine DNA tracers designed in this

study are displayed in Table 2.2.

The DNA tracers were ordered from Eurofins Genomics LLC as single-stranded

DNA (ssDNA) oligos with complementary sequences. The complementary ssDNA

were resuspended in annealing buffer (10mM Tris, 50mM NaCl, 1mM EDTA, pH =

8.0) and annealed by mixing equimolar of complementary ssDNA solution, heating

the mixture to 95 ◦C for 5 min, then allowing the mixture to gradually cool to room

temperature. Resulting double-stranded DNA (dsDNA) tracers were frozen at -20 ◦C

for further use.
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Table 2.1: DNA tracer design criteria.

Parameter DNA Tracer Sequence Primers

Total Length 90, 110, 130, 160, 180, 200 bp 20-25 Nucleotides

Amplicon Length 70, 90, 110, 140, 160, 180 bp NA

GC Content 40-60% 40-60%

Annealing Temperature (Tanneal) 57-63 ◦C

3’ End Criteria G or C

Primers BLAST Search No other targets in nr/nt database

Hairpin Check Tm(hairpin) << Tanneal
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2.2.2 Sequence-Specific Quantification of DNA Tracers

DNA is detectable via a number of techniques, including UV-absorbance based quan-

tification using a spectrophotometer (e.g. Nanodrop, Thermo ScientificTM), and

fluorescent-dye based quantification using a fluorometer (e.g. Qubit and PicoGreen,

InvitrogenTM). DNA can also be detected by polymerase chain reaction (PCR) that

targets a specific sequence via a pair of primers and duplicates the DNA sequence

exponentially via a series of heating-cooling cycles, followed by electrophoresis and

fluorescent visualization.

DNA quantification via spectrophotometer or fluorometer, however, is not sequence-

specific, and can be subjected to non-DNA contaminants with similar UV-absorbance

or fluorescent properties. PCR, on the other hand, is sequence-specific, yet can only

qualitatively indicate the presence/absence of a DNA sequence, not quantity.

Target-specific quantification of DNA tracers will need to rely on quantitative

(i.e. real-time) polymerase chain reaction (qPCR) technology. The fundamental

mechanism of qPCR is the same as PCR, but in a qPCR reaction a DNA-specific dye

binds to the DNA in every cycle, hence the exponential growth of a DNA template

is measured via fluorescence in real time. By looking at the number of cycles it takes

for the fluorescence in an “unknown” DNA sample to hit a certain threshold and

comparing it to that of a set of standard DNA with known concentrations, the DNA

concentration in the unknown DNA sample can be measured.

Because there are a number of factors that may inhibit a PCR reaction includ-

ing nonoptimal sequence design (e.g. undesired secondary structure forming above

the annealing temperature), all the nine DNA tracers were tested via qPCR before
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any flow or batch experiments to confirm that they have satisfactory amplification

efficiency and detection limits (Table 2.2). The same cycling parameters were used

for quantifying the nine DNA tracers: An initial denaturation at 95 ◦C for 10 min,

followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. A melt curve analysis

was included for all measurements, by heating to 95 ◦C for 15 s, then holding at 60

◦C for 1 min, then capturing melting data by heating at 0.3 ◦C increments up to

95 ◦C. Melt curve analysis was included for quality assurance only, allowing us to

confirm that the PCR product had the expected length (each amplicon length has a

specific annealing temperature). All qPCR runs mentioned in this chapter were con-

ducted using the Power SYBRTM Green Master Mix (Applied BiosystemsTM) on a

96-well StepOnePlusTM Real-Time PCR System. A detailed description of the qPCR

protocol is included in Appendix A.

2.3 DNA Tracer Transport Through Porous Medium

2.3.1 Experimental Setup and Procedure

A transparent PFA (perfluoroalkoxy alkanes) column (50-cm long, 1-cm inner diam-

eter) was packed with glass beads (Greenhill Supply LLC , sieved to 170 - 200 mesh

size, autoclaved) to serve as the porous medium to test DNA tracer transport. The

packed material was later switched to Ottawa sand to test DNA tracer transport

through a different medium. The two ends of the column were covered with stainless

steel mesh (250 × 250 mesh size) to prevent the bead/sand particles from exiting the

column. The experimental setup is shown in Figure 2.1. The column was positioned
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vertically to prevent the formation of air bubbles while flowing. Sterile Milli-Q water

was used in the flow tests, supplied through a sterilized flask upstream of the water

pump, or through a sterilized Mariotte’s bottle at an elevated height. The Mariotte’s

bottle was intended for supplying water flow at a constant head for column permeabil-

ity measurement (McCarthy 1934). During the flow tests, water supply was switched

to the water pump via valve 5 to achieve the desired flow rates.

The apparatus was saturated with Milli-Q water by first pulling vacuum of the

system until the pressure reached below 100 mTorr (i.e. <1.3×10−4 atm), then con-

necting the system to the Milli-Q water supply to allow water to flow into and saturate

the system. Then, to ensure that the column was as densely packed as possible to

prevent void spaces that may affect tracer transport, the column was back-flushed

(downward flow in the vertical column) three times at high rate (up to 10 ml/min).

After each back flush, the column was filled with more glass beads or sand if void

space appeared at top of the column after disconnecting the end fittings. Care was

taken throughout the experimental setup to make sure no air bubbles entered the

system. One pore volume (PV) for the fully-packed glass bead column was measured

to be approximately 14 ml. After system saturation was completed, valve 5 was

switched toward the Mariotte’s bottle, and valve 1 and 2 toward each other, which

established a constant flow rate for permeability measurement. The permeabilities

of the glass bead column and the sand column were calculated to be 3.96 Darcy and

15.3 Darcy, respectively, according to Darcy’s law.

Before the start of each tracer test, the system was first flushed with > 10 pore

volume (PV) of Milli-Q water using the pump to clear the system from any tracer

residue from the previous tracer test. Then, the experiments were started with a flow
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rate at 0.5 ml/min, with valve 1 and 2 switched toward each other. This establishes

a steady “baseline” flow before tracer injection. Then, a tracer cocktail containing

1.5×107 copy/µl of SA1, SD1, S3, S4, S11, S12, S13, S21, S31 (all the nine DNA

tracers with varying lengths) and 40 ppm LiBr (the reference tracer), was loaded into

the tracer injection line. The tracer cocktail was loaded by turning valve 3 toward

the tracer solution tube and valve 4 toward a sterile syringe (as shown in Figure 2.1),

then pulling the syringe so that the tracer solution was sucked into the line between

valve 3 and 4. Later when tracer was injected, valve 1 and 3 were switched toward

each other, and so were valve 2 and 4, so that the tracer solution in the tracer line

could be readily pushed into the porous medium. This is an effective way to load the

tracer without introducing air bubbles and to make sure all tracer loaded was pushed

into the porous medium without leftover. The volume of injected tracer cocktail was,

therefore, the void space between valve 3 and valve 4, which was measured to be 430

µl.

After establishing base line flow, tracer injection was started by turning valve

1 and 3, 2 and 4 toward each other. Then produced flow at the outlet (denoted

by the blue line at the right end of the schematic in Figure 2.1) was sampled at 2-

min intervals. At earlier and later time of the experiment when tracer was not yet

expected to arrive at the outlet or had mostly been produced from the outlet, the

sampling was less frequent. Each flow test as well as sampling was continued for

five hours, equivalent to approximately 10 ∼ 11 pore volume injected. Every sample

was weighed upon collection, then a 100 µl subsample was saved for DNA tracer

analysis via qPCR, while the rest of the sample collected was diluted, weighed, then

subjected to inductively coupled plasma mass spectrometry (ICP-MS) to measure the
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concentration of Li+ and Br−. The LiBr concentrations in each sample was calculated

based on the ICP-MS measurements corrected by the dilution factors.

2.3.2 Results

Glass Beads Column Test Result

The tracer concentration in each sample was measured, and plotted against cumula-

tive volume produced (ml), as shown in Figure 2.2a for the glass bead medium, and in

Figure 2.2b for the Ottawa sand medium. The total cumulative volume produced for

each 5-hr flow test was around 150 ml, although the major tracer recovery was during

the first 35 ml of produced water. Therefore, only up to 35 ml of cumulative volume

produced was included in the x axis of Figure 2.2 to better capture the characteristics

of the tracer return profile on a linear scale.

Bromide (Br−) is a widely used inert/conservative tracer that flows through a

reservoir without undergoing surface reactions or degradation. Lithium (Li+), on

the other hand, is an adsorptive tracer that adsorbs onto fracture surfaces by cation

exchange - a rapid and reversible process in which Li+ exchanges with other cations

(Na+, Ca+, Mg+, K+, etc.) present in the mineral matrix (Davis et al. 1980; Dean

et al. 2015). Inclusion of LiBr alongside the injection of the DNA tracers provides

a reference to which the DNA tracer return curve can be compared. As shown in

Figure 2.2a, Br− had a sharp peak in its breakthrough curve, with first arrival at

∼15 ml (∼30 min) and peak at ∼16 ml (∼32 min). Li+, other other hand, appeared

to have first and peak arrivals retarded by ∼2 ml (∼4 min) and ∼3 ml (∼6 min),

respectively, compared with Br−.
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Figure 2.1: Schematic of the apparatus for DNA tracer flow experiments.
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(a) Glass bead column test
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Figure 2.2: Normalized tracer concentration (C/Cinjectate) from the (a) glass-bead
column test and (b) Ottawa-sand column test, for all the nine DNA tracers and LiBr.
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The nine DNA tracers appear to have identical shapes of tracer return curve for

the glass bead column test. However, there was notable difference in peak heights

among DNA tracers, which essentially translates into difference in mass recovery. A

summary of the tracer recoveries of the column tests is shown in Table 2.3. Note

that the > 100% recovery for Br− was likely due to an underestimation of the tracer

volume contained in the tracer injection line. The volume in the tracer line was

measured by weighing the fluid blown out of the tracer-line tubing segment (430 µl)

to account for the dead spaces in the three-way valves. However, there was likely

fluid residue attached to the tubing wall which results in an underestimation of the

injected tracer volume and hence an overestimation of the tracer recovery. Therefore,

Table 2.3 includes an additional column showing the relative recovery of each tracer

compared with the conservative Br−. The relative recovery column is additionally

color coded, with lighter color indicating lower recovery and darker color indicating

higher recovery, to help visualize the trend. Despite the existence of outliers, the

nine DNA tracers appear to show increased peak height /recoveries with increasing

DNA length, for the glass bead column. Among tracers with the same lengths, the

recoveries turned out to be about the same. For the longest DNA tracers (S21 and

S31), the recovery was almost the same as Br−.

Comparison of the DNA tracer return curves with that of Br− reveals that the

DNA tracers all showed an earlier breakthrough than the conservative tracer Br−. The

DNA tracer curves are also characterized by slightly more dispersion (wider peak and

more gradual drop in the tail) compared with that of Br−. The more gradual drop in

DNA tracer tailing seems to resemble that of the Li+ tracer, although the Li+ peak

was much more retarded (by ∼4 ml, or ∼8 min) relative to DNA tracers.
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Table 2.3: Comparison of tracer recoveries from column tests. The relative recoveries
among DNA tracers were additionally color-coded, with lighter color indicating lower
recovery and darker color indicating higher recovery.
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Sand Column Test Result

The sand column test was conducted under exactly the same conditions as the glass-

bead column test, except that the packed material was switched from glass beads

to Ottawa sand. As shown in Figure 2.2 and Table 2.3, Br− had almost the same

recovery compared with the glass-bead column test. However, the peak appears to

be wider. Li+ showed lower recovery than Br− and retardation, however the peak

retardation was less than that of the glass-bead column test, only by ∼1 ml (∼ 2

min).

The nine DNA tracers, again, appear to have identical shapes of tracer return

curve with each other. The peak heights of different DNA tracers are very similar,

but a closer evaluation suggests that the DNA tracers, in the sand-column test, show a

decreased peak height /recoveries with increasing DNA length (Table 2.3). The DNA

tracers all have a much lower recovery compared with the conservative Br− tracer.

Unlike the glass-bead column test results, when compared with the Br− return curve,

all the DNA tracers appear to be significantly retarded (peak arrival ∼3 ml, or 6 min

later). The DNA peak arrival was even later than the adsorptive Li+ tracer by ∼2

ml, or 4 min.

Batch Test

As described in Section 2.3.2, all the nine DNA tracers showed much lower recovery

in the sand column test compared with that of the glass-bead column test. To study

the potential cause of this reduction, we conducted a batch test to study whether

merely contacting the Ottawa sand would cause any reduction in DNA mass in the
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water solution. In other words, the batch test is intended for studying the potential

effect of adsorption on DNA transport.

The batch test was designed so that the mass ratio of tracers to sand was ap-

proximately the same as that of the sand column flow test. 5 g of Ottawa sand was

first mixed with 25 ml of MilliQ water in a sterile falcon tube and shaken fiercely to

pre-condition the sand with water. Then, 6 µl of each DNA tracer (1.5×108 copy/µl)

along with 24 µl of LiBr (100 ppm) was added to the water-sand mixture and shaken

fiercely for 15 s. A 300 µl sample was immediately taken from the supernatent of

the tracer-sand-water batch (referred henceforce as “batch”) to measure the initial

tracer concentration (Cinitial). Then the falcon tube was taped onto a rotary and was

rotated at 15 rpm. Sampling (300 µl from the supernatant) was performed every 2-10

min at first, then sampling frequency was reduced to every 0.5 - 1 hour or more at

later times. The last sample was taken 24 hours after the start of the experiment. A

negative control (referred henceforce as “control”) was included alongside the batch.

Experimental conditions in the control were exactly the same as the batch, except

that no sand was included. The purpose of including the control was to account for

any potential DNA adsorption onto the tube wall or any other possible cause for DNA

mass reduction unrelated to the presence of sand.

The samples from the batch test were processed and measured the same way as

those from the flow test. Only SA1 and S21 was measured, which represent the

shortest DNA tracer (90 bp) and one of the longest (180 bp). Data is normalized

relative to the initial concentration (Cinitial) for ease of comparison (Figure 2.3). As

shown in Figure 2.3, SA1 and S21 appears to have undergone some mass reduction

in the control. At 24 hr, the concentration of SA1 and S21 in the control was 69.5%
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and 56.4% of their initial concentration, respectively. In the batch, however, both

SA1 and S21 appeared to have undergone severe mass reduction in the supernatant.

There was only 1.7% of SA1 and 1.6% of S21 left in the supernatant at 24 hr. The

DNA mass reduction in the batch supernatant appeared to be rapid during the first 30

min, then became more gradual at later time points. In addition, SA1 mass reduction

appeared to be generally more severe than S21.
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Figure 2.3: Normalized tracer concentration data (C/Cinitial) in the supernatant of
the batch test.
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2.4 Discussion

2.4.1 Bromide and Lithium Tracer

Comparison between the glass-bead and sand column tests results suggest that the

conservative Br tracer had consistent recoveries (Table 2.3). The very similar Br peak

arrivals additionally suggest similar effective pore volumes (∼ 16 ml) between the

two tests. However, the Br breakthrough curve appeared to have heavier dispersion

indicated by the wider peak and more gradual drop in the tailing. This may be due

to the contrast in porespace geometry between the two porous media. Glass beads

have spherical shape and hence more uniform flowpath distribution; Ottawa sand, on

the other hand, has relatively more granular/irregular shape which likely results in a

wider spread of flowpaths ranging from more direct to more tortuous.

The adsorptive Li tracer breakthrough curve appeared to have undergone retar-

dation in both tests. The Li tracer peak in the sand column test appeared to be less

retarded, but the mass recovery was also less, compared with the glass-bead column

test. It is well known that the surfaces of silicate glass (the medium for the glass-bead

column) and silica (the medium for the quartz-based Ottawa-sand column) are nega-

tively charged due to the dissociation of terminal silanol groups (Behrens et al. 2001).

In this context, the Li ions likely have undergone rapid and reversible adsorption to

the column media which resulted in a “retarded” tracer velocity and hence a delay

in breakthrough compared with the bromide ions. The lower mass recovery of Li was

likely due to irreversible attachment to the porous medium for a fraction of the Li

ions, or due to a rate-limited adsorption process in which the experiment was not
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run for long enough to recover all the Li retained in the system. The “leftover” Li

produced at later time may have also fallen below the detection limit of ICP-MS.

2.4.2 DNA Tracer

Glass Bead Column Test

A prominent feature of the DNA tracers in the glass-bead column test is that their

peak breakthrough was faster than that of the conservative Br tracer. Such earlier

breakthrough relative to the inert reference tracer has been reported in a number of

studies (Dahlke et al. 2015; Pang et al. 2017; Ptak et al. 2004; Sabir et al. 1999),

although other studies have observed similar peak breakthrough of DNA tracer com-

pared with the reference tracer (Dahlke et al. 2015; Foppen et al. 2013; Pang et al.

2017). The faster breakthrough of DNA tracers was likely because DNA, as a macro-

molecule, has a tendency to remain in the fast flowpaths due to size exclusion effect

from the smaller pore spaces (Pang et al. 2017; Ptak et al. 2004). Although there are

also size contrasts among the nine DNA tracers (ranging from 90 bp to 200 bp), it

does not appear to be significant enough to cause additional difference in peak arrival

within the DNA tracers in this flow system.

The DNA tracers are additionally characterized by more gradual tailing in their

breakthrough curve compared with that of the Br tracer. The tailing feature resembles

that of the Li tracer, which suggests adsorptive behavior. Adsorption may also be the

cause for slightly lower DNA recovery compared with Br tracer. It is well known that

DNA molecules are negatively charged due to their phosphate backbone. However,

the repulsive force between anionic DNA and the negatively charged porous medium
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may be decreased by the presence of cations especially divalent cations (Lorenz et al.

1994), leading to DNA adsorption onto surfaces of the packed material.

Among the nine DNA tracers studied, there appears to be an increasing trend

in peak height /mass recovery with increasing DNA length (Figure 2.2 and Table

2.3). Past observations have suggested that shorter DNA has a greater tendency to

be adsorbed than longer DNA in soil environments, likely because of size exclusion of

larger DNA from pore spaces and higher diffusion rate of the smaller DNA, leading to

more exposure of the smaller DNA to the surfaces with adsorption sites (Ogram et al.

1994; Pang et al. 2017). This is consistent with what we observe in the glass-bead

column test. The DNA tracers appeared to have, on the one hand, mostly remained

in the fast flowpaths, leading to earlier breakthrough than Br; on the other hand,

the DNA tracers appeared to have undergone some degree of adsorption, leading to

more gradual tailing in the breakthrough curve compared with Br, as well as higher

recovery of the longer DNA because longer DNA molecules tend to be exposed to

fewer surface adsorption sites while traveling through the porous medium.

Ottawa Sand Column Test

The DNA tracers no longer showed earlier breakthrough than Br in the sand column

test. In addition, the mass recovery became much smaller compared with Br tracer

in the sand column test, as well as compared with the DNA tracers in the glass-bead

column test. Batch test results additionally showed a drastic decrease in supernatant

DNA concentration within half an hour of contact with the sand. The results indicate

that DNA transport in the sand column was severely impacted by adsorption that

appears to be mostly irreversible given the less than 20% recovery relative to Br.



2.4. DISCUSSION 33

The much greater adsorption compared with the glass-bead column may be due to

the higher percentage of impurities (metal oxide, clay, etc.) of a naturally occurring

sand, which potentially lead to a greater amount of cations that greatly facilitate

DNA adsorption.

The batch test result suggests that the shorter DNA (90 bp) underwent faster

adsorption than the longer DNA (180 bp). The mean residence time of around 32

min in the column test is well within the range of the fast adsorption phase shown

in Figure 2.3. This is consistent with past observations that shorter DNA has a

greater likelihood to be adsorbed than longer DNA because of size exclusion effect

(Ogram et al. 1994; Pang et al. 2017). However, when we compare the mass recovery

among the nine DNA tracers, there appears to be a trend, although very slight,

that mass recovery decreases with increasing DNA length. This is contradictory to

past observations - because shorter DNA are more likely to be adsorbed, they should

have lower recovery compared with the longer DNA. This contradiction suggests that

there may be additional factors driving the observed variation in DNA tracer recovery

among different lengths.

A possible explanation for the decreasing recovery with increasing length in the

sand column experiment is a filtration effect. Due to the irregular shape of sand

grains relative to glass beads, there may be more narrow local pore throats that

are insufficient for the longer DNA molecules to pass. The rougher surface of sand

compared with glass beads may additionally cause longer DNA molecules to get

“snagged”. The filtration/“snagging” effect may have counteracted longer DNA’s

lesser tendency to adsorb which resulted in an overall lower recovery of longer DNA

tracer in the sand column test.
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2.5 Chapter Summary

In the experiments described in this chapter, we designed nine unique DNA tracers

with varying numbers of base pairs to investigate the effect of DNA fragment length on

the transport characteristics of synthetic DNA tracers. Two column flow experiments

with contrasting packed material properties were conducted to study the effect of

porous medium properties on DNA transport. Other potential factors that may be

encountered in a field setting, including microbial activities, UV exposure, chemical

degradation, etc. were minimized in the experiments in an attempt to isolate and

study the factors individually.

It was found that:

1. DNA tracers with the same length, just different sequences, have identical trans-

port behaviors. In other words, the arrangement of nucleotides in DNA molecules

does not appear to affect DNA transport;

2. DNA tracers with different lengths have identical breakthrough curve shapes,

but different mass recovery depending on the length of DNA fragments as well as the

surface properties of the medium through which the DNA tracers transport;

3. Compared with longer DNA, shorter DNA tracers are more likely to be affected

by adsorption, leading to reduced recovery;

4. Compared with shorter DNA, longer DNA tracers may be more prone to size

exclusion effect, leading to reduced recovery;

5. Whether DNA tracer breakthrough is faster than conservative tracers depends
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on a variety of factors. In a system with limited solid surface sites available for ad-

sorption and favorable ionic conditions, DNA may remain in the fast flow path, show

more rapid breakthrough and have good mass recovery. In a system rich with sand

or clay material, however, DNA transport may be so much impacted by adsorption

and filtration that its breakthrough becomes retarded with limited mass recovery.

DNA remains a promising candidate for improved subsurface flowpath character-

ization because of its unlimited number of unique sequences, very low detection limit

(down to 1 molecule/µl, or in the order of 10−7 parts per billion), environmental

friendliness, and commercial availability. The findings in this chapter could guide the

design of field applications, helping researchers decide what sequence to choose to

facilitate the success of projects.
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Chapter 3

Indigenous Microbial Tracers:

Static Reservoir

3.1 Background and Objective

In Chapter 2, the importance of designing synthetic DNA tracers such that their se-

quences do not overlap with any known microorganisms was emphasized. The reason

for this emphasis is obvious - geologic reservoirs are natural harbors of microorgan-

isms. In fact, a significant fraction of Earth’s total microorganisms are believed to

reside in subsurface environments (Hinrichs et al. 2012; Magnabosco et al. 2018;

McMahon et al. 2014). Magnabosco et al. (2018) estimated that the continental sub-

surface hosts a total of 2 to 6 × 1029 cells. McMahon et al. (2014) estimated that

the global average continental groundwater cell density within 2 km depth is around

5.2 × 105 cells/ml. The large spatial variability in reservoir conditions including

37
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lithology, porosity, state of stress, etc. leads to heterogeneity in temperature, pres-

sure, water saturation, water chemistry, oxidation states, etc. These are all key factors

shaping each location’s microbial community composition i.e. the presence/absence of

each microbial taxon and its relative abundance with respect to the entire community.

Such heterogeneity in subsurface environmental conditions is, therefore, likely to sup-

port distinct microbial communities in each environment that form a relatively stable

community structure according to local environmental conditions over the course of

time (Miettinen et al. 2018). The composition of the communities, probed by modern

high-throughput DNA sequencing technologies on the indigenous fluids, may there-

fore reflect the combination of subsurface parameters they once resided in, which

allows fluids produced from different sources/compartments to be distinguished un-

ambiguously.

The microbial community profile in indigenous reservoir fluids is potentially a

highly informative but still largely ignored source of data for reservoir engineers. Prior

research has demonstrated that microbial life in the deep subsurface is highly diverse

and widely distributed (Fredrickson et al. 2006). Sedimentary rocks are generally

porous with water flowing via the interconnected pores. The cells within could either

originate from the microbes present during the original depositional event, or trans-

ported through the porous medium from elsewhere to form the observed distribution.

Igneous/metamorphic rocks, on the other hand, are more likely to host transport-

related microbes because of the high temperature/pressure encountered during rock

formation (Fredrickson et al. 1997). Microbes are either transported through in-

terconnected fractures along with fluid flow, i.e. unattached, or inhabit the fracture

surfaces, i.e. attached (Becker et al. 2004; Lehman et al. 2001). The interconnectivity
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of pores or fractures in consolidated rock, therefore, strongly influences the distribu-

tion of unattached indigenous microorganisms (Fredrickson et al. 2006). It has been

shown previously that the presence of water may serve to homogenize the microbial

communities leading to increased similarity (Akasaka et al. 2012; Oloo et al. 2016;

Pepper et al. 2015; Staley et al. 2016). Despite the heterogeneity in rock lithology,

natural fluid flow in connected spaces/pores transports and potentially mixes the

fluid-associated (unattached) microbial communities therein. Fluid-associated mi-

crobial communities within the same natural fracture or reservoir compartment are

therefore likely to be homogenized locally via convection and diffusion. As a conse-

quence, in a geological reservoir setting, fluids produced at different wells intersecting

the same saturated fracture or production zone are likely to hold similar microbial

community profiles compared with the larger-scale heterogeneity between different

fractures. Therefore, by sampling indigenous fluids produced from different wells and

analyzing their microbial community structure, useful insights may be obtained re-

garding interwell connectivity, i.e. how much well A is connected to well B relative to

other wells in the field. The microbial community profile in produced fluids may ad-

ditionally reveal from which production zone a well is producing. Such information is

valuable in many applications including the development of hydrocarbon/geothermal

reservoirs, water resources management, environmental remediation, in situ leaching,

etc. An illustration of this concept is shown in Figure 3.1.

Apart from indigenous fluids produced from the formation, industrial water from

external sources is often used in drilling or as a working fluid for heat extraction,

hydraulic fracturing, etc. This foreign water may also host abundant microbial com-

munities, whose profiles are likely to be distinct from that of the indigenous/formation
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Figure 3.1: Hypothetical illustration of research objective. Indigenous microbial com-
munity composition in reservoir produced fluids may be used as unique signatures to
identify natural interwell connectivity or track the origin of fluids. Bar plots are
intended for aiding concept illustration and do not represent actual data.
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water, because of the distinct environments from which they originate. This could

be especially helpful in distinguishing between “flowback” injection water and “for-

mation” indigenous water, which not only informs reservoir wastewater management,

but may also signal the opening of new formation water zones.

The key technology to extract the genetic/taxonomic information from microbes

living in an environmental sample is DNA sequencing. Until recently, DNA sequenc-

ing of an environmental sample involved sequencing the extracted DNA individually

after a clone-based separation and selection – a laborious and expensive procedure

with low throughput, hence inadequate for processing complex environmental sam-

ples with large numbers of individuals (Shokralla et al. 2012). Such limitations in

sequencing technology rendered microbial analysis in hydrocarbon/geothermal reser-

voirs impractical. However, thanks to recent breakthroughs in sequencing technology

(i.e. high-throughput next-generation sequencing), the entire microbial community

of hundreds of environmental samples can now be sequenced in parallel with high

fidelity in a single sequencing run (Hugerth et al. 2017; Liu et al. 2012; Shokralla

et al. 2012). As of 2017, the cost per sequence had been lowered nearly five orders

of magnitude since 2007 (https://www.genome.gov/sequencingcostsdata/). The vast

suite of microbial data residing in geologic reservoirs that had remained untapped has

therefore become accessible, which could potentially facilitate reservoir characteriza-

tion enormously.

Several recent studies have used next-generation sequencing to analyze the mi-

crobial community of reservoir samples. However, these studies either focused on

microbial ecology with few implications for reservoir characterization (Daly et al.

2016; Momper et al. 2017; Osburn et al. 2014; Tsesmetzis et al. 2018; Vigneron et al.
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2017) or lacked detailed methodology description and stringent data analysis possibly

due to disclosure limitations of proprietary assets (Lascelles et al. 2017; Silva et al.

2018). In addition, many studies obtained samples after the reservoir was subjected

to industrial operations (water flooding, hydraulic stimulation, etc.), hence there was

potential disturbance to the indigenous community that was hard to quantify. In

order to utilize microbial community data towards a reservoir characterization ob-

jective, it is necessary to first understand the spatial distribution of the undisturbed

deep-subsurface microbiome via field studies. The fundamental questions to be an-

swered include: 1) Are microbial communities distributed heterogeneously in the

deep subsurface? 2) How could microbial community data be informative to reservoir

characterization? 3) What community similarity should we expect in fluid samples

produced from the same fracture or reservoir compartment? 4) To what extent could

we distinguish formation water from injected hydraulic fracturing water or drilling wa-

ter, using microbial community data? 5) Are microbial community composition data

more informative than geochemical data in distinguishing different origins of fluids?

6) Are the sampling conventions commonly used by environmental microbiologists

optimized for a deep-subsurface environment routinely encountered by reservoir en-

gineers? Addressing these questions is an important step towards effective utilization

of microbial community data in the field.

This chapter seeks to answer all the questions listed above through the results

from a mesoscale (10 - 100 m) deep-subsurface field study. We utilized the unique op-

portunity made possible by an Enhanced Geothermal System (EGS) research project
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to sample and sequence the deep-subsurface formation fluids from freshly drilled bore-

holes. Formation water produced in the vicinity of the testbed as well as mine indus-

trial water used as drilling fluid were sampled and sequenced. The resulting microbial

community composition suggests that fluids from hydraulically isolated origins in the

testbed held distinct microbial community profiles, which served as unique natural

signatures inherent in the fluids. The value of such natural signatures became evident

when fluids from two of the boreholes were found to bear highly similar microbial com-

munity composition, suggesting the boreholes had natural hydraulic communication.

The identified natural interwell connectivity turned out to be critical information for

building a conceptual model for the testbed and eventually the design of hydraulic

stimulation. This chapter demonstrates that interwell hydraulic communication may

be detected simply by sampling and sequencing fluids produced from wells, without

any sensor deployments or flow tests. Still beyond the scope of routine data acquiring

conventions in the industry, microbial community data were thereby shown to be a

powerful reservoir characterization tool that deserves greater attention in the future.

3.2 Materials and Methods

3.2.1 Field Site: EGS Collab Testbed at the Sanford Under-

ground Research Facility

The field study discussed in this chapter was conducted at the Sanford Underground

Research Facility (SURF) in Lead, SD, USA. SURF was formerly the Homestake

Gold Mine. Active from 1876 to 2002, the Homestake Gold mine was at one point
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in time the largest and deepest gold mine in North America producing 41 million

ounces (1280 tons) of gold during its lifetime from tunnels as deep as 8000 ft (2.4 km)

(https://sanfordlab.org), until it became the Sanford Underground Research Facility

in 2006. Located in the northern Black Hills, the Sanford lab was developed within a

thick series of Precambrian metasedimentary and metaigneous rocks deposited during

the Precambrian about 2,000 million years ago (Ma). The fine-grained sands, silts,

muds and basalt were later metamorphosed to become the phyllites, schists, and

amphibolites present at SURF (Hart et al. 2014). The mine hydrology is characterized

by the coexistence of both shallow and deep flow systems, with shallow flow being

recent recharge from surface water and deep flow being much older water released

from the deep storage zone of the mine (Murdoch et al. 2012).

SURF has been the testbed of a large suite of world-class scientific projects

because of the great depth reached, the well-characterized geology/hydrology, and

the comprehensive underground infrastructure. One of the many active scientific

projects at SURF is the EGS (Enhanced Geothermal System) Collab project sup-

ported by the US Department of Energy’s Geothermal Technologies Office to fa-

cilitate the success of FORGE (Frontier Observatory for Research in Geothermal

Energy: https://www.energy.gov/eere/forge/forge-home). The EGS Collab project

established a mesoscale (10 - 100 m), well-characterized and well-monitored field

testbed where a set of new wells was drilled for hydraulic stimulations and inter-

well flow tests. The objective was to better understand processes that control the

formation of effective underground heat exchangers (Kneafsey et al. 2018). Besides

the main goal, the project also provided a unique opportunity to obtain valuable mi-

crobial samples representative of an undisturbed deep-subsurface fractured reservoir
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environment, which is the focus of this chapter.

SURF consists of multiple underground levels for scientific projects, accessed via

the Yates and Ross shafts with mine cages conveying vertically throughout the day

(Figure 3.2). Located at the 4850 ft (1478 m) level beneath ground surface, the EGS

Collab phase-one experiment is within the phyllite region of the Precambrian Poorman

formation with very low matrix permeability (< ∼10 nD) (Frash et al. 2019; White

et al. 2019). Natural fractures and foliations are prevalent in the EGS Collab testbed

with a limited number of open natural fractures serving as flow conduits (White et

al. 2019). The EGS Collab project involved the drilling of two horizontal boreholes

for hydraulic stimulation and flow (“I” and “P”), four monitoring boreholes drilled

subhorizontally parallel to the anticipated hydraulic fracture in v-pattern pairs from

the drift wall (“PST”, “PSB”, “PDT” and “PDB”), and two monitoring boreholes

drilled subhorizontally in v-pattern pair from the drift wall in a direction orthogonal to

the anticipated hydraulic fracture midway between the injector and producer (“OT”

and “OB”)) (Kneafsey et al. 2018; White et al. 2019). This totals eight freshly drilled

boreholes (2 days to 3 weeks old as of the sample collection dates of this chapter). A

map of the SURF 4850 ft level as well as the EGS Collab well configuration is shown

in Figure 3.3. All fluid samples discussed later in this chapter were obtained at or

near the EGS Collab testbed on the 4850 ft level of SURF.

3.2.2 Fluid Sampling

Fluid samples from Collab wells were obtained during the drilling phase of the EGS

Collab project that spanned from November 2017 through January 2018. A complete
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Figure 3.2: Deep-subsurface experiment site of this study 4850 ft (1478m) beneath
ground surface at the Sanford Underground Research Facility (SURF) in Lead, SD,
USA. Figure is modified from https://bit.ly/2zy8red.
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Figure 3.3: Description of microbial sampling site and sampling locations. (a) Plan
view of the underground level 4850 ft (1478 m) beneath the surface at the Sanford
Underground Research Facility (SURF) in Lead, SD, USA. Yellow lines with black
boundaries represent the mine drift accessible by the field crew. Locations of the
circle, square, triangle, diamond, trapezoid, parallelogram and pentagon shapes indi-
cate the locations of samples, color-coded by whether samples were obtained in this
study (green, orange, yellow, pink, brown, light blue or purple shapes) or in prior
publications (dark blue shapes). Each sample was named according to the name of
the borehole or location where it was obtained. (b) Zoomed-in schematic showing
well configurations of the EGS Collab testbed from View1 (Plunge = 60◦, Azimuth
= 0◦, looking North) and View2 (Plunge = 30◦, Azimuth = 60◦, looking N-NE). All
wells were drilled subhorizontally into the formation from the drift. Well names are
listed next to the wells. Black-bolded font (OT and PST) indicates fluid samples were
produced and obtained from the well. The green and red well color code denote injec-
tor and producer for later-stage hydraulic stimulation purpose, whereas yellow wells
are intended as monitoring boreholes. Well function is not relevant to this study and
is included merely as background information. No reservoir development activities
other than drilling was conducted at the time of the sampling.
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list of drilling start and end dates for each well was summarized by White et al. (2019).

Among the eight newly drilled boreholes at the Collab site, two boreholes (OT and

PST) showed spontaneous flow of water while the rest (OB, P, I, PDT, PDB and PSB)

had no sign of spontaneous flow. OT was the first well drilled and was completed on

Oct 13, 2017. The flow from OT did not occur until Oct 31, 2017, when P was being

drilled. The flow from OT was not large and decreased to near zero within a week,

before which a sample was collected on Nov 2, 2017 (sample “Borehole OT”). The

flow from well PST, completed on Dec 21, 2017, had a rate as high as ∼750 ml/min

as measured on Dec 21, 2017 and later decreased to ∼60 ml/min on Jan 10, 2018

when a sample was collected (sample “Borehole PST”). Three other indigenous fluid

samples were obtained ∼50 m northeast of Collab testbed from three separate natural

fractures intersecting the drift that were dripping from the drift ceiling (“Fracture A”,

sampled Nov 2017; “Fracture B” and “Fracture C”, sampled May 2019). Fracture A

was sampled a second time in 2019 (“ Fracture A’ ”, sampled May 2019). Two more

indigenous fluid samples were obtained from a borehole ∼50 m southwest of Collab

testbed (“Borehole GC”, sampled May 2019) and around 17-Ledge area from a port

flushing out water (“Port 17Ledge”, sampled Dec 2017). Because of the involvement

of drilling fluid (mine industrial water sourced from a surface spring south of Lead)

during borehole drilling, drilling water was also sampled and later sequenced in order

to understand the potential exogenous microbes introduced by drilling (“DrillWater”

and “ DrillWater’ ”, sampled one-week apart in Nov 2017). The rest of the mine

locations were either dry or inaccessible for fluid sampling. Locations of each sample

are shown as the colored shapes in Figure 3.3.
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All samples were obtained and processed strictly according to microbiological stan-

dards (Pepper et al. 2015). Samples for DNA sequencing were directly filtered with

0.2 µm Sterivex Duropore filters (EMD MilliporeTM cat# SVGP01050 Polyethersul-

fone membrane, 3-5 L per filter) so that microbial cells in the fluid were captured

and concentrated on the filter for further analysis. Note that all data presented in

the following sections of this chapter are by default from the 0.2 µm filters, unless

stated otherwise. The 0.2 µm filtrate of a subset of samples was saved and subse-

quently passed through smaller 0.02 µm Anotop filters (Whatman cat# 6809-2102,

alumi-based Anopore membrane, 0.8-2.5 L per filter) to capture smaller cells that

may pass through a 0.2 µm filter (Luef et al. 2015). All samples were collected asep-

tically using sterile/sterilized supplies. Upon sample collection, each filter cartridge

was transferred to either a sterile whirlpak bag or a sterile Falcon tube, then im-

mediately frozen in dry ice until transported (frozen) to the geomicrobiology lab at

Stanford University and stored at -80 ◦C.

3.2.3 DNA Extraction from Filters and High-throughput 16S

rRNA Gene Sequencing

The microbial community composition of each sample was analyzed by sequencing the

16S rRNA gene of the microbes. The 16S rRNA gene is present in all bacteria and

archaea, consisting of both “conserved regions” (sequences therein vary minimally

between microbes) and “hypervariable regions” (sequences therein vary dramatically

between microbes). This allows for universal PCR (polymerase chain reaction) am-

plification through the hypervariable region(s) of each microbe so that all bacteria
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and archaea are sequenced and distinguished (Větrovsky et al. 2013).

DNA extraction was first performed on each filter to isolate and purify the ge-

nomic DNA from the rest of the biomass, filter debris and other impurities. The

extracted DNA was then amplified via PCR using universal primer pairs targeting

the V4 and V5 hypervariable regions of the 16S rRNA gene (Parada et al. 2016). The

amplified DNA of each sample was then subjected to a second round PCR to add

sequencing barcodes for sample distinguishability. The resulting DNA samples were

finally purified, pooled, and sent to the UC Davis Genome Center for sequencing on

the Illumina MiSeq PE250 platform. Details of the DNA extraction and sequencing

procedures are described in Appendix B.

3.2.4 Sequencing Data Processing and Analysis

The high-throughput sequencing resulted in hundreds of megabytes of raw DNA se-

quence reads. Previously developed bioinformatics pipelines were applied to quality-

filter the reads, construct sequence table, assign taxonomy to sequences, etc. Details

of the DNA sequence data processing are described in Appendix C.

A sequence table, which is a matrix that gives the number of occurrences (counts)

of each sequence variant in each sample, was generated from the quality-filtered

reads. Taxonomy was assigned to each sequence (domain, phylum, class, order, fam-

ily, genus) and the counts of each sequence was normalized to the total sequence

counts in a sample which results in a relative abundance (in terms of sequence vari-

ant counts) matrix visualizing the microbial community composition in each sample.

A phylogenetic tree was also constructed based on all the sequences, revealing the
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genetic relatedness among the sequences. The phylogenetic tree together with the rel-

ative abundance data allow for the calculation of phylogeny-aware distances between

sample pairs in order to quantify the similarity/dissimilarity between communities.

Weighted UniFrac distance, widely used in microbial ecology to analyze beta diver-

sity (i.e. the degree of differentiation in species composition among different sampling

units), was used to quantify the similarity/dissimilarity between samples. UniFrac

distance between community A and community B takes into account not only the

relative abundance of observed microorganisms, but also the phylogenetic related-

ness among members. UniFrac distance is defined as the fraction of branch length

of the phylogenetic tree that lead to members of community A or community B, but

not both. Weighted UniFrac distance additionally takes into account the relative

abundance of each community member and is calculated by:

wUF (A,B) =
n∑
i

bi|
Ai

AT

− Bi

BT

|

where n is the number of branches in the phylogenetic tree, bi is the length of the

ith branch, AT is the overall abundance of amplicon sequence variants (ASVs) in

community A, and Ai is the number of ASVs in community A that correspond to

descendants of branch i (Lozupone et al. 2007; Lozupone et al. 2005). Note that

a phylogenetic tree is calculated based on all sequence variants present in an entire

sample set, therefore the number of samples involved in the analysis would affect

the resulting phylogenetic tree, and hence affect the value of weighted UniFrac dis-

tances. We accounted for the effect of sample size in our data analysis as described

in later sections of this chapter. The weighted UniFrac distance matrix computed for
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the samples from this study was visualized via hierarchical clustering and principal

coordinate analysis (PCoA).

3.2.5 Data Reprocessing Together with Previously Published

Data

Microbial samples from a physically accessible, well characterized, deep-subsurface

formation like SURF with accurate documentation of sampling position are extremely

rare. In order to facilitate the understanding of fluid microbial community distribu-

tion and heterogeneity at the SURF testbed, data from prior publications by the

NASA Astrobiology Group also acquired from the SURF 4850 ft level (Momper et al.

2017; Osburn et al. 2014) were obtained and processed from raw reads along with the

data obtained in this study. Locations of the samples from these prior publications

are indicated in Figure 3.3a.

Raw sequencing data from the prior publications were downloaded from NCBI Se-

quence Read Archive (SRA) database via accession number SRX734711 and SRR3234039

(Momper et al. 2017; Osburn et al. 2014). Because the 16S coverage and sequencing

platform of the prior publications are slightly different from this study, additional

data post-processing was performed in order to make the fairest comparison possible.

Specifically, the PCR primers used in this study (515F-Y/926R) fully encompassed

the coverage region of the primers used in the previous published studies (515F-

C/806R), we therefore subsampled our data with primers 515F-C/806R in silico, and

then reanalyzed all the data together.
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A detailed description of the additional data processing steps is available in Ap-

pendix C.

3.2.6 Water Chemistry Analysis

During sample collection, a fraction of each fluid sample was preserved separately,

frozen on site, and later transported to the lab (frozen) for water chemistry analysis.

Anions were analyzed via ion chromatograph (Dionex ICS 6000) using 23 mM KOH

eluent. Cations were acidified with nitric acid then analyzed via Inductively Coupled

Plasma Mass Spectrometer (ICP-MS, XSERIES 2, Thermo Scientific) or Inductively

Coupled Plasma Optical Emission Spectrometer (ICP-OES, ICAP 6300 Duo View

Spectrometer, Thermo Scientific).

3.3 Results

3.3.1 Microbial Community Composition Analysis

The samples obtained in this study yielded 10,976 to 76,471 sequencing reads per

sample that passed the quality filter (∼85% of the raw reads). A total of 2,073

unique amplicon sequence variants (ASVs) were identified. When being analyzed

alongside previously published data, the raw reads from this study were subsampled

via primers 515F-C/806R before subsequent processing (see Appendix C for details),

which results in only a subset of the reads from this study being analyzed. However,

no noticeable difference in community composition was observed compared with the
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original data processing via primers 515F-Y/926R. This is consistent with past obser-

vations (Walters et al. 2016), which implies that both primer pairs have comparable

coverage for microbes in some terrestrial environments. It did turn out that some se-

quences were not identified to as fine taxonomic level as compared with 515F-Y/926R,

which was probably due to the loss of sequence information with the truncation of

the reads. Nevertheless, this does not affect our data comparison because it is the

beta diversity that matters to our analysis.

Taxonomy was assigned to each sequence variant in the sequence table, and the

microbial community composition of each sample is visualized via a bar plot. Fig-

ure 3.4 shows the relative abundance data from all samples available at SURF 4850L

(this study + prior published studies). A relative abundance plot of samples from this

study only (without 515F-C/806R subsampling) is shown in Figure 3.6 to demonstrate

the limited loss of information resulting from in-silico subsampling via 515F-C/806R.

The bar plot shows taxonomic ranks as low as family, in order to maintain ease of

visualization while still having good resolution to reveal patterns in the data. Se-

quences that do not allow taxonomic assignment down to family level are presented

at the finest classification possible. Only the dominant microbial taxa in each sample

are shown in Figures 3.4 and 3.6, that is, only the taxa (family and above) that are

within the most abundant ten taxa in at least one sample are colored in the bar plot.

The weighted UniFrac distance between each pair of samples was calculated based

on all the ASVs in each sample, and visualized via hierarchical clustering as the y

axis value where the dendrogram branches of each sample join. Most samples, in-

cluding Borehole PST, Borehole OT, Borehole GC, Fracture A, Fracture B, Fracture

C, and the two drilling water samples, were dominated by the phylum Proteobacteria
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(ranging from 38.9% - 86.2% of the entire community). In-depth interrogation of the

community structure down to family level, however, allows evaluating what microor-

ganisms are present in each sample and how their compositions vary across samples

at much finer resolution.

Note that because of the definition of UniFrac distance, its value is influenced

by the number of samples involved in the analysis. Also, samples known to come

from the same source are not expected to have zero distance because of limitations in

sampling coverage and PCR bias. Conversely, samples known to come from disparate

sources are not expected to have a distance of 1, due to the presence of some mi-

croorganisms nearly ubiquitous to all terrestrial environments. In order to interpret

the similarity/dissimilarity between sample pairs discussed in this study, we included

two drilling water samples (sourced from a surface spring near SURF) obtained one

week apart in our analyses: On the one hand, the weighted UniFrac distance between

the two drilling water samples sets a “minimum” distance value for samples known

to come from the same source; on the other hand, the weighted UniFrac distance

between drilling water and any of the deep-subsurface indigenous fluid samples sets

a “maximum” distance value to be expected in the SURF terrestrial environment,

because drilling water is known to originate from a disparate source compared with

the deep-subsurface fluids.

Borehole OT and Borehole PST

A prominent feature of the microbial community data is that more than 70% of the

OT and PST microbial families overlapped, with similar relative abundance with re-

spect to the entire community in the respective sample (Figure 3.4). Additionally,
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Figure 3.4: Microbial community composition in each sample obtained via 16S rRNA
amplicon sequencing. Bar plot shows the finest classification possible down to the
family level. The major OT/PST shared families that dominate OT/PST fluids yet
absent or almost absent in rest of the samples are highlighted as the bright colors with
brief metabolic description in the legends. Top left dendrogram is weighted UniFrac
Distance calculated between samples visualized via hierarchical clustering. Sequenc-
ing was conducted either with primers 515F-C/806R on 454 platform (data from prior
publications), or with primers 515F-Y/926R (Parada et al. 2016) on Illumina MiSeq
PE250 platform then subsampled with primers 515F-C/806R (data from this study).
* in the bar plot denotes data from previously published studies (Momper et al. 2017;
Osburn et al. 2014)
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Figure 3.5: Full Legend List of the Microbial Community Composition Plot in Figure
3.4. Legends correspond to the finest classification possible down to the family level.
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Figure 3.6: Microbial community composition in the samples obtained from this study
only. Bar plot shows the finest classification possible down to the family level. The
major OT/PST shared families that dominate OT/PST fluids yet absent or almost
absent in rest of the samples are highlighted as the bright colors. Top left dendrogram
is weighted UniFrac Distance calculated between samples visualized via hierarchical
clustering. Sequencing was conducted with primers 515F-Y/926R (Parada et al. 2016)
on Illumina MiSeq PE250 platform. Plot was generated without data subsampling.
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most of the overlapping families were exclusive to OT and PST - they were almost

absent in samples from elsewhere. A major component of such “signature” commu-

nity in OT and PST is the family Rhodocyclaceae (21.5% in OT and 36.4% in PST)

that is less than 3% or absent in all the rest of the samples in this study. Genus-

level interrogation revealed the dominance of Azospira, a microaerophilic/aerobic

chemoorganoheterotroph, in both OT and PST (60% in OT and 25% in PST) within

this family. Another major component of the OT-PST community is the genus

Geobacter (13.2% in OT, 10.4% in PST, < 3% or absent in the rest of the sam-

ples). Its members are known to be anaerobic, nonfermenting, chemoorganotrophic,

mesophilic, and capable of reducing insoluble Fe(III) and Mn(IV) (Roling 2014). Mag-

netospirillaceae (7.4% in OT and 2.1% in PST) makes up another major component

of the OT and PST “signature” families, and is not detected in the rest of the samples

except Borehole GC. The genus within this family is solely Magnetospirillum, known

for their capacity to ingest iron and produce the mineral magnetite (Fe3O4), under

microaerobic conditions (Suzuki et al. 2006).

Other notable components of OT or PST communities include the phyla Nitro-

spirae (23.8% in PST, 0.1% in OT) and Deferribacteres (1.2% in PST). The pres-

ence of Nitrospirae and Deferribacteres has been widely reported previously in deep-

subsurface or petroleum reservoirs (Gao et al. 2015; Momper et al. 2017; Osburn

et al. 2014; Pannekens et al. 2019; Vigneron et al. 2017). The order Rhizobiales

(6.8% in OT), affiliated with Alphaproteobacteria, is not reported as extensively in

deep-subsurface studies, however has been previously identified as rock-associated

taxa absent from fluid samples in a microbial study also conducted at SURF 4850 ft

level (Momper et al. 2017). The class Gracilibacteria affiliated with Patescibacteria
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(8.1% in OT) and the order Oligoflexales (5.4% in OT) are rather novel microbial

taxa proposed very recently (Camanocha et al. 2014; Nakai et al. 2014), which may

be why they have rarely been reported in previous deep-subsurface studies.

Borehole OT/PST Versus Drilling Water

Both OT/PST produced fluid and drilling water were dominated by microbes be-

longing to the Proteobacteria phylum (ranging from 55.2% - 86.2% of the entire

community). However, the major families within Proteobacteria in OT/PST sample,

which include Geobacteraceae, Magnetospirillaceae, Rhodocyclaceae, Hydrogenophi-

laceae and Desulfobulbaceae totaling 49.1% and 65.3% of the respective OT and PST

community, have little or no presence at all in the drilling water samples (totaling

< 0.5%). As shown in Table 3.1, those microbial families that make up the major

portion of OT and PST communities are mostly anaerobic, using alternative electron

acceptors to oxygen such as sulfate and iron. This is expected based on the typi-

cally oxygen-poor conditions within a deep-subsurface geologic reservoir, as opposed

to an oxygen-rich surface spring, where the drilling water was sourced. In addition,

OT/PST are both characterized by much lower microbial diversity compared with

drilling water samples. As shown in Table 3.2, drilling water samples had an average

of ∼500 sequence variants (ASVs) classified into ∼180 different families, whereas OT

and PST had only ∼120 unique ASVs classified into ∼50 different families. On the

other hand, most dominant families in the drilling water samples including Sphin-

gomonadaceae (avg 16.6%), Sporichthyaceae (avg 8.1%), Spirosomaceae (avg 5.6%),

Methylophilaceae (avg 5%), Cyclobacteriaceae (avg 4.2%), Chitinophagaceae (avg

3.5%), etc., are < 1% in OT/PST (< 1% in Fracture A and Port 17Ledge as well).
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Drilling water families also showed more evenness – their relative abundance values

do not vary as much as that of the OT/PST families.
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OT/PST Similarity Highlighted by the Overall Heterogeneity Among In-

digenous Fluid Samples

The microbial community in all the rest of the indigenous samples (Borehole GC;

Fracture A, B, C; Port 17Ledge) appears to be distinct from the OT/PST community,

with little overlap in microbial families (Figure 3.4). What is more, all the rest of the

indigenous samples had distinct microbial community structure from one another. As

shown in Figure 3.4, apart from the duplicate drill water samples, duplicate Fracture

A samples, and OT/PST samples, all the rest of the samples had little overlap in their

microbial families despite the close physical proximity between a number of sample

pairs ( ∼10 m to ∼50 m apart in terms of wellhead location). For example, Borehole

GC and Borehole OT are merely ∼50 m apart, yet had drastically distinct microbial

families and a weighted UniFrac distance of 0.7; Fracture A and Borehole PST, ∼50

m apart, had a weighted UniFrac distance of 0.77; Fracture A, B, C, distributed

only 10 - 20 m apart from each other, had very few overlapping families and weighted

UniFrac distances of 0.69 - 0.84 between each other. Borehole B and Borehole D, ∼10

m apart, also had very different microbial families and a weighted UniFrac distance

of 0.6. Port 17Ledge and Borehole 8, ∼50 m apart, had a weighted UniFrac distance

of 0.72. In contrast, however, Borehole PST and Borehole OT, ∼50 m apart, had a

weighted UniFrac distance of merely 0.37 for their microbial communities, with more

than 70% of overlapping families. Note the “minimum” UniFrac distance value of

0.17 and “maximum” UniFrac distance value of 0.78 defined for this sample set. The

substantial microbial heterogeneity among the rest of the boreholes/fractures further

highlights the visually evident relatedness between OT and PST, and is more evidently

visualized via a principal coordinate analysis (PCoA) plot as shown in Figure 3.7a.
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Table 3.2: Number of unique sequence variants (ASVs) and unique families in a subset
of samples.

Note. Sample names with * are from prior publications. Data from this study was
reprocessed in-silico to match the primer coverage of previous studies (Momper
et al. 2017; Osburn et al. 2014).
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Figure 3.7: Principal coordinate analysis (PCoA) and Venn diagram analysis high-
lighting the striking similarity between communities from Boreholes OT and PST. (a)
PCoA plot of indigenous samples obtained in this study generated based on weighted
UniFrac distance matrix. Two clusters are evident in the PCoA plot: duplicate Frac-
ture A samples obtained in Nov 2017 (“Fracture A”) and May 2019 (“Fracture A’
”), and samples from OT and PST. (b) Venn Diagram showing the number of exact
sequence variants shared by four of the indigenous fluid samples. OT and PST share
15.8% exact sequence variants, whereas rest of the sample pairs share 2.1% or less.
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In addition, OT and PST are also characterized by less community diversity com-

pared with Fracture A and Port 17Ledge: Fracture A sample had 512 ASVs classified

into 188 families, Port 17Ledge sample had 334 ASVs classified into 139 families

whereas OT and PST had only ∼120 unique ASVs classified into ∼50 different fami-

lies (Table 3.2). This contrast in microbial diversity is still evident after incorporating

the previously published data and subsampling via primers 515F-C/806R (Table 3.2).

Note that Borehole GC, Fracture A’, B, C were not included in this ASV comparison

because they were sequenced in a separate run and had much fewer reads (∼10,000

passing quality filter) compared with rest of the samples (up to ∼70,000 quality-

filtered reads).

The exact sequence variants shared among samples from Borehole OT, Borehole

PST, Fracture A and Port 17Ledge were investigated using a Venn diagram (Figure

3.7b). According to the Venn diagram, 15.8% of the unique sequence variants were

shared between OT and PST, whereas only 1.3% were shared between Fracture A and

Borehole PST samples, despite their close proximity similar to that between OT and

PST. Port 17Ledge and Fracture A, ∼1.3 km apart, shared 2.1% sequence variants.

Note that a Venn diagram only considers the presence/absence of sequence variants,

not relative abundance.

3.3.2 Water Chemistry

Water chemistry of the samples involved in this study varies greatly. As shown in

Table 3.3, fluid samples originating from the deep subsurface are generally character-

ized by much higher salinity than the drilling water that was sourced from a shallow
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surface spring near SURF. This is likely to result from longer water-rock interaction in

the deep subsurface. In fact, the flow tests conducted at the EGS Collab site have seen

significantly higher conductivity in produced water despite the injection of deionized

water, which suggests that formation water dissolved a large amount of ions from the

rock. Specifically, samples obtained in the vicinity of the Collab testbed contains very

high level of sulfate, which explains the presence of sulfate-reducing bacteria therein.

It is also worth noting that sample “PST” contains elevated level of iron compared

with rest of the samples. This is consistent with the discovery of metal-metabolizing

bacteria Magnetospirillum and Geobacter in the PST fluid.
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3.3.3 Microbial Community Overlooked by 0.2 µm Filters

The size reduction of microbial cells or the presence of ultramicrobacteria (< 0.1

µm3 in volume) in oligotrophic (i.e. nutrient-poor) environments, especially in the

deep subsurface, has been widely documented (Braun et al. 2016; Duda 2001; Luef

et al. 2015). The high surface-area-to-volume ratio of small cells enables efficient

nutrient assimilation and hence aids their growth in such environments. The small

size also enables parasitism of larger organisms (Braun et al. 2016; Duda et al. 2012).

Because of the expected oligotrophic environment of the EGS Collab site 4850 ft below

the ground surface, nanopore-sized Anotop filters (0.02 µm, originally manufactured

for the capture of viruses) were used to refilter the 0.2 µm filtrate for a subset of

samples in our expeditions. We find that communities with cell sizes between 0.02

and 0.2 µm have generally the same microbial taxa, yet different relative abundances,

compared with their > 0.2 µm counterparts. While there may be multiple reasons for

this discrepancy, we will not present further details because it is not the focus of this

study. However, there was one sample, “Fracture A”, obtained from the dripping drift

ceiling ∼50 m NE of PST, that turned out to have a large portion of the community

overlooked by the 0.2 µm filter (Figure 3.8).

As shown in Figure 3.8, the > 0.2 µm community in sample “Fracture A” shows

quite an even distribution of microbial families, moderately dominated by Gemmat-

aceae from phylum Planctomycetes, Legionellaceae affiliated with Gammaproteobac-

teria, and Desulfobulbaceae affiliated with Deltaproteobacteria, all belonging to the

domain of Bacteria. However, the 0.02 - 0.2 µm community in the same sample, con-

tains a drastically disparate community profile, dominated by the archaeal phylum
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Figure 3.8: Significant discrepancy was found between the > 0.2 µm and 0.02 - 0.2 µm
communities in sample Fracture A. Bar plot shows the finest classification possible
down to the family level.
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Nanoarchaeota (78.8%). Nanoarchaeota has been previously found in high temper-

ature marine environments (Flores et al. 2012), hypersaline mats (Casanueva et al.

2008), and a Yellowstone lake (Clingenpeel et al. 2013). The phylum is characterized

by their small genomes and sizes, limited metabolic capability and a likely symbiotic

lifestyle (Jarett et al. 2018).

3.4 Discussion

3.4.1 Identification of Indigenous Versus Drilling Water via

DNA Sequencing

Mine industrial water was used for drilling not long before Boreholes OT and PST

were sampled. The industrial water was circulated in and out of the borehole at near

atmospheric pressure, a necessary practice to cool the drill bit. However, the fluid-

associated microbial community profile served as a unique signature distinguishing

the industrial water from fluids sourced elsewhere. Such distinguishability assures

that the microbial communities being discussed for the purpose of this study were

indeed indigenous to the formation, providing a sound basis for subsequent analyses.

We hereby include information regarding the flow history of EGS Collab testbed to

better illustrate this point. OT, the first well drilled at the Collab site, did not yield

noticeable flow upon completion. However, OT started flowing spontaneously when

the adjacent well P was being drilled. This was the first evidence of a preexisting open

natural fracture between OT and P (Kneafsey et al. 2018), and the fluid produced

from OT was initially speculated to be drilling water used in the drilling of P that
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encountered the natural OT-P fracture and got produced from OT. PST flowed under

natural hydraulics at higher rate after it (PST) was drilled, although it was not clear

either whether the fluid was indigenous or not. It turned out, however, that the

fluid produced from OT and PST bear microbial community signatures distinct from

the drilling water, as shown in Figure 3.4. The OT and PST communities were also

both characterized by much lower diversity compared with drilling water community.

In addition, the physiology of OT/PST dominating families (e.g. using alternative

electron acceptors to oxygen) further demonstrates that the fluids produced were

likely indigenous to the formation instead of flowed-back drilling water.

The distinguishability between exogenous water and formation water easily achieved

by microbial community analysis has further implications for geothermal or hydro-

carbon reservoir development, where water injections or hydraulic stimulations are

frequently performed and a thorough understanding of the subsurface fracture net-

work is therefore crucial. Fluid-associated microbial communities may be informative

to the question of whether a produced fluid is the content of a new production zone,

or simply what was injected that later flowed back. However, it should be kept in

mind that the field condition discussed in this study may be much more simplified

than an actual large-scale hydrocarbon/geothermal reservoir, because no further in-

dustrial disturbance other than drilling was performed at the time of our sampling

and that all samples discussed were produced under natural hydraulics. This tech-

nique may therefore be most applicable to newly discovered, unexploited reservoirs.

In an actual exploited hydrocarbon/geothermal reservoir, the reservoir fluid commu-

nities may change significantly due to the high-pressure (usually hundreds of MPa)

fluid injection and the involvement of chemicals and proppants, although they may
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eventually equilibrate (Cluff et al. 2014; Daly et al. 2016; Mouser et al. 2016) which

may still allow newly opened production zones to be detected. Further research is

needed to understand the community dynamics and equilibration amongst industrial

operations to better utilize this data source for reservoir management.

3.4.2 Identification of Interwell Connectivity via DNA Se-

quencing

Highly Similar Microbial Community Profile in Boreholes OT and PST

Suggests Natural Hydraulic Communication

The DNA sequencing data, as shown in Figure 3.4 and Figure 3.7, revealed substan-

tial heterogeneity in microbial community composition among fluid samples spatially

distributed (10 m ∼ 1.9 km apart) throughout the SURF deep-subsurface testbed.

Specifically, the sample from Fracture A obtained ∼50 m NE of PST showed a mi-

crobial community profile distinct from PST, despite the close proximity between

sampling points and similar sulfate-rich geochemistry (Table 3.3). Similarly, Bore-

hole OT and Borehole GC that were ∼50 m apart, Borehole B and Borehole D that

were ∼10 m apart, Fracture A, B and C that were distributed ∼10 - 20 m apart

from each other, Port 17Ledge and Borehole 8 that were ∼50 m apart, also had

distinct microbial community profiles despite almost identical geochemistry between

some sample pairs (Table 3.3). This microbial heterogeneity is consistent with our

expectation as well as with prior studies in deep-subsurface, fracture-dominated flow

systems with 10 m - 2 km scale (Miettinen et al. 2018; Osburn et al. 2014; Purkamo

et al. 2016; Rajala et al. 2017). Such heterogeneity within a single geographic location
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is likely because of the largely varying environmental factors (lithology, water chem-

istry, in situ temperature and pressure, etc.) in different fractures as well as the lack

of hydraulic communication among different fractures, which allows for the microbial

communities in each fracture to equilibrate along disparate pathways. In contrast

to the spatial heterogeneity of microbial community profiles, however, OT and PST

fluids, ∼50 m apart, showed closely related community composition. This includes

> 70% overlapping microbial families, the majority of which are absent or almost

absent in the rest of the samples. This close-relatedness was further quantified by a

much smaller weighted UniFrac distance value compared with rest of the indigenous

sample pairs.

Given the spatial heterogeneity in microbial community profile both observed in

this study and in past literature, the prominent similarity of OT and PST commu-

nities is highlighted, and best explained by the two wells producing from the same

natural fracture. In other words, OT and PST were likely to have natural hydraulic

communication. This explanation is also supported by the much higher portion of

shared ASVs between OT and PST, compared with rest of the sample pairs. Even

two identical communities, once physically separated, are likely to eventually share

fewer and fewer ASVs due to local selection (respective environmental conditions can-

not be exactly the same) and the random nature of neutral mutation. Therefore, the

significant percentage of shared ASVs between OT and PST is added evidence that

they came from the same fracture. Microbial families not shared between OT and

PST were also present, which was possibly due to intersection of other small-scale

flowing fractures along the flow path towards the sampling port at the wellhead. Note

that the nature of the rocks at the site mean that it is not expected that any fluid
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produced from a well or seep necessarily flows only through a single fracture.

Core Logs and Sewer Camera Footages Corroborate OT-PST Connectivity

Revealed by Microbial Community Analysis

At the EGS Collab testbed, detailed fracture characterization efforts that are not often

available in an actual hydrocarbon or geothermal reservoir, allowed the implications

from microbial data to be corroborated by additional evidence. All eight wells drilled

at the site were cored, with detailed core log photos preserved. In addition, a sewer

camera was later used to survey the boreholes, recording videos as the camera moved

along the borehole to visualize naturally flowing fractures, from or into which water

could flow freely at close to atmospheric pressure. Naturally flowing fractures, if

present, were noted with their locations and orientations. Core logs and sewer camera

footage identified a total of six flowing fractures in the eight wells drilled at the EGS

Collab testbed (Dobson et al. 2018). Three of the six flowing fractures, located at 49

m (161 ft) deep in OT, 37 m (122 ft) deep in P, and 17 m (56 ft) deep in PST, are

relevant to the fluid samples in this study and will be further discussed.

According to the core logs as shown in Figure 3.9a, there are three open fractures

at 49 m (161 ft) deep in OT, 37 m (122 ft) deep in P, and 17 m (56 ft) deep in PST

(referred henceforth as “OT-49m”, “P-37m” and “PST-17m”). The sewer camera

footage snapshots (Figure 3.9b) taken on Feb 7 - 8, 2018 additionally showed that

OT-49m, P-37m and PST-17m had slight natural flow, and that OT-49m and P-37m

had strong hydraulic communication when water was injected at close to atmospheric

pressure into either of them (Zhang et al. 2019). Because OT-49m and PST-17m

appeared to be the only open fracture with noticeable natural flow in their respective
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boreholes, this allowed the source location of microbial samples “OT” and “PST”, to

be pinpointed as OT-49m and PST-17m, respectively.

Figure 3.9: Core logs and sewer camera footage confirmed that OT, P and PST
are likely intersected by the same open/flowing fracture. (a) Open/flowing fracture
identified at OT-49m, P-37m and PST-17m via core logs; (b) Sewer camera snapshot
of the open/flowing fractures at OT-49m, P-37m and PST-17m, taken on Feb 7-
8, 2018. Videos of the flowing fractures in the three boreholes can be found in
Zhang et al. (2019); (c1)(c2) Location and orientation of the three open fractures
were incorporated into a 3D model generated via Leapfrog R©, showing that they
are spatially aligned in the same fracture plane, thus likely to be part of the same
large natural fracture. Core log photos and sewer camera videos/snapshots were
downloaded from the OpenEI Geothermal Data Repository (GDR) under the EGS
Collab Project. 3D Leapfrog R© model (c1 and c2) was generated by courtesy of
Ghanashyam H. Neupane.

A combined analysis of the orientations and locations of OT-49m, P-37m and PST-

17m reveals that they conform approximately to the same planar structure striking

150.9◦and dipping 87.5◦ (Fu et al. 2019). Figure 3.9c shows a three-dimensional

conceptual Leapfrog R© model displaying only wells OT (yellow), PST (orange), P
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(red), and the natural flowing fractures OT-49m, P-37m and PST-17m, for easy

visualization. The semitransparent blue square is an interpreted fracture plane to

which OT-49m, P-37m and PST-17m are likely to belong. This visual identification

of open fractures conforming to the same plane, therefore, further corroborates the

OT-PST connectivity indicated by fluid microbial community data.

Implications for the Industry and Additional Considerations for Data In-

terpretation

In this work, fluids produced from or near the EGS Collab boreholes were sampled

and analyzed via high-throughput DNA sequencing, which revealed the natural inter-

well connectivity between two of the EGS Collab boreholes. This novel data source is

obtainable without the need for sensor deployment or flow tests, yet could serve as an

indicator for natural interwell hydraulic communication. DNA sequencing data have

very high dimension, with the number of base pairs in every sequencing read in the

order of hundreds, and the number of sequence variants identified in each sample in

the order of thousands. The sequencing data, along with the inferred metabolic capa-

bilities of the detected microorganisms, therefore serve as unique signatures inherent

in every fluid sample which allows each fluid to be identified with great specificity.

Besides aiding the fracture characterization efforts in the EGS Collab project,

this field study has further implications for the hydrocarbon or geothermal industry.

This study highlights the value of carefully sampling fluids from various boreholes or

packed intervals for sequencing analysis. The resulting microbial community profile

may complement other sources of data to improve our understanding of the subsur-

face hydraulic compartments or flow patterns - information invaluable to reservoir



78CHAPTER 3. INDIGENOUS MICROBIAL TRACERS: STATIC RESERVOIR

management and effective resource extraction.

Care should be taken, however, when evaluating applicability of the proposed

technique to certain reservoirs. The samples in this study were obtained either from

undisturbed regions of the mine, or while the formation was producing under natural

hydraulics soon after drilling. No further industrial disturbance was conducted at

the time of sampling. It is therefore reasonable to assume that the fluids obtained in

this study are representative of the in situ community that has equilibrated to their

respective environment over the course of time, long before sampling. Even if drilling

activities had some extent of influence on the indigenous community, as drilling is

inevitable to obtain any borehole fluid samples and that all the rest of the borehole

samples in this study had distinct community profile from one another, it would

not affect the data interpretation in this study - it is the relative community profile

that is important. In contrast, however, in a hypothetical reservoir that has been

subjected to industrial disturbance such as hydraulic stimulation or major chemical

treatments on certain wells, care would be needed to account for the potential effect

of the industrial activities. How a reservoir microbial community responds to such

activities and how the community dynamics affects the interpretation of microbial

community data is an area that deserves further research.

It is also important to keep in mind that microbial community data from a reser-

voir should be evaluated against the rest of the data available, because the concept of

“connectivity” is also relative in the context of this study. In a hypothetical reservoir

that has larger matrix permeability and hence less isolated hydraulic compartments,

two wells showing similar community compositions may not have as much of signifi-

cance especially when the rest of the wells all show similar community compositions.
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On the other hand, when the proposed technique is scaled up to a certain extent,

there may be a point at which a fracture is so large that any potential environmental

gradient within the same fracture would result in a microbial community gradient

exceeding that between two isolated fractures. The scale or situation at which envi-

ronmental gradient within a single fracture may affect data interpretation is an area

that deserves future research.

3.4.3 Sequencing Data Versus Geochemistry Data in Aiding

Reservoir Characterization

Prior studies have documented the use of water geochemistry as natural tracers to

assess reservoir continuity (Slentz et al. 1981; Smalley et al. 1994). Water geochem-

istry analysis is also routine to reservoir development especially to distinguish largely

distinct geologic formations that the wells produce from (Gao et al. 2016; Vigneron

et al. 2017). This study, however, implies that geochemistry may not have sufficient

dimension and sensitivity to distinguish local compartmentalization within the same

geologic formation. For example, Borehole PST and Fracture A, both located within

the Poorman formation at SURF 4850 ft level and only ∼50 m apart, had very similar

sulfate-rich water ionic composition (Table 3.3). However, Borehole PST and Frac-

ture A held drastically disparate microbial community profiles (Figure 3.4). Fracture

A and Fracture B, Fracture B and Fracture C, Borehole 8 and Port 17Ledge are

other examples of distinct communities held in fluids with similar geochemical com-

position. This indicates that although geochemistry might distinguish vastly different
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water sources (e.g. Fracture A versus Drilling Water), it is unable to provide the reso-

lution that microbial sequences provides (e.g. Fracture A versus PST). Such contrast

in resolution between microbial community data and geochemical data is consistent

with previous findings: Mouser et al. (2010) showed how microbial communities were

much more sensitive than water chemistry in detecting ground water contamination.

Ino et al. (2016) demonstrated how samples with constant ionic composition turned

out to show drastic shift in microbial community profile over time. Hayatdavoudi

et al. (2013) reported that microbial community composition extracted from oil sam-

ples recognized distinct origins of oil despite their highly similar gas-chromatogram

profile. Vigneron et al. (2017) reported that two wells from the Halfdan Oil Field

showed unexpected microbial community profiles which suggested the two wells had

unrecognized connectivity with an unexpected region of the reservoir. The results of

this chapter therefore highlight the value of including microbial community analysis

in reservoir characterization in conjunction with water chemistry analysis. Because

microbial community structure equilibrates and evolves according to a large number

of environmental factors, of which water chemistry is only a subset, it serves as a “bar-

code” specific to the environment it resides in and is therefore capable of pinpointing

the identity/origin of reservoir fluids with better specificity than geochemistry data.

3.4.4 Reducing Filter Size May Improve the Coverage of Mi-

crobial Community Analysis

The fluid microbial DNA sequenced for the objective of this study was obtained via

0.2 µm filters, a sampling convention adopted from environmental microbiologists.
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However, the possibility for ultrasmall microorganisms to constitute a relevant por-

tion of the oligotrophic deep-subsurface microbial populations, as shown in Figure 3.8,

underlines the value of reducing filter pore size in order to capture a more compre-

hensive snapshot of the microbial community for better interpretation. Optimizing

sampling coverage may allow more subtle relatedness among reservoir fluids to be

identified.

3.5 Chapter Summary

In the work described in this chapter, we utilized the unique and invaluable oppor-

tunity of drilling new wells into a previously undisturbed deep-subsurface formation,

made possible by the EGS Collab project, to track the formation water production

pathways via microbial community composition analysis. In a deep-subsurface frac-

tured reservoir with negligible matrix permeability, the microbial communities are

likely to be relatively heterogeneous at the larger scale between different fractures,

yet relatively homogeneous at the local scale of a single fracture because of the ho-

mogenizing effect of water. The microbial community signature indigenous to the

formation water can therefore be utilized, capable of revealing natural interwell con-

nectivity as demonstrated in this field study. This therefore demonstrates the value

of microbial community composition as a novel data source to better inform reservoir

development. Specifically, microbial community data collected in this study from the

EGS Collab site demonstrate:

1) Industrial water used during field development (drilling, flow tests, etc.) is read-

ily distinguishable from formation indigenous fluid by microbial community analysis;
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2) Formation fluids sourced from the same natural fracture, even produced through

different wells, bear highly similar microbial community profiles in contrast with the

overall heterogeneity among different fractures. This in turn allows for the identifi-

cation of natural interwell connectivity via microbial analysis of the produced fluids,

which is critical for reservoir model development and the design of hydraulic stimu-

lations;

3) Microbial community structure serves as a “barcode” specific to the environ-

ment it resided in and pinpoints the identity/origin of reservoir fluids with better

specificity than geochemistry data.

These three major findings are likely to be generalizable to the development of

other geological reservoirs or subsurface research projects, although different reser-

voirs may have distinct formation characteristics and will need to be evaluated on a

case-by-case basis with care. Besides these three major conclusions directly beneficial

to reservoir characterization, this study also shows how nanosized microbes that are

largely missed by common sampling methods are present and may be abundant in

the nutrient-poor subsurface environment in geologic reservoirs. Including filters with

smaller pore sizes in future sampling expeditions will allow for a more comprehensive

sampling coverage and hence be beneficial to data interpretation.

Currently, fluids produced during early-stage development of a subsurface reser-

voir are still largely ignored/discarded, or merely saved for geochemistry analysis.

However, the microbiome within each fluid sample is likely to contain critical infor-

mation about its identity/origin, which, if sampled and analyzed, may reveal natural
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interwell connectivity or pinpoint fluid sources. In an actual hydrocarbon or geother-

mal reservoir where detailed coring or sewer camera characterization is not often

available, such information, achievable soon after drilling, not only helps building

a well-constrained reservoir conceptual model for better resource management, but

also informs reservoir engineers in time before critical field development decisions are

made.
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Chapter 4

Indigenous Microbial Tracers:

Dynamic Reservoir

4.1 Background and Objective

In the study described in Chapter 3, the microbial community information from a

previously untapped deep-subsurface formation was utilized as unique fingerprints to

facilitate the understanding of naturally existing flowpaths. The samples obtained

represent a “snapshot” of the microbial community distribution in a heterogeneous

fractured reservoir at a certain time, although the communities may have equilibrated

at geologic timescale thus forming a very stable composition with limited change over

time.

A large proportion of geologic reservoirs, however, are not necessarily “static”.

As a major harbor of natural resources, geologic reservoirs are subjected to human

85
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activities including groundwater pumping, carbon sequestration, hydraulic fracturing

for hydrocarbon or geothermal exploitation, etc., all of which may lead to alteration

of the original fracture network. On the other hand, major geologic events such

as earthquakes or fault activities may significantly alter groundwater flowpaths and

geochemistry by opening up new fractures available for fluid flow and creating fresh

fracture surface area that reacts with groundwater (Wakita et al. 1980). The evolu-

tion of the flowpath network, however, is poorly known and difficult to characterize.

Given the findings described Chapter 3, microbial communities traveling through the

potentially changing flowpaths in such a “dynamic” reservoir setting, may be used as

a natural tracer which, if sampled and analyzed continuously, potentially enables a

“real-time” monitoring of the flowpath dynamics with high resolution. Specifically,

because the findings from Chapter 3 suggest unique microbial community signatures

in relatively separated hydraulic compartments, the changes in flowpaths in an ac-

tively producing reservoir may lead to abnormal alterations of the microbial commu-

nity in the produced fluids as a result of the mixing with “new” fluid(s) containing

distinct microbial community profile(s).

This chapter describes another field experiment involving a dynamic, flowing reser-

voir under continued human disturbance. The experiment was also conducted at the

EGS Collab testbed at SURF. Instead of analyzing indigenous fluids produced un-

der natural hydraulics, in this chapter the natural fracture network was disturbed

by human-induced hydraulic fracturing for permeability enhancement between the

injection and production well. Furthermore, a continuous water flow out of three

producing wells was established by continuously injecting mine industrial water into

the injector at around 4000 psi over the course of the experiment. No chemicals or
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proppants were injected during stimulation or flow test. Fluid samples were obtained

from each producer or packed interval weekly over the course of five months, and

subjected to microbial community analysis. We found that all the wells produced flu-

ids with different microbial communities that were relatively stable at steady state.

However, drastic change in fluid microbial community was observed in some of the

wells after events that likely have caused or reflected change in the network of flowing

fractures. In addition, one of the wells that started with a fluid community highly

similar to another well, appeared to have “switched” to a community highly similar

to a different well, around a month after the start of the experiment. The findings

described in this chapter have important implications on the evolution of the frac-

ture network at the Collab testbed. Such information is critical for reservoir model

calibration and eventually reservoir performance prediction. Beyond the objective

of EGS Collab project however, our findings additionally suggest that an abnormal

“jump” in fluid microbial community in an actively flowing reservoir may serve as a

useful indicator of fracture/fault activities.

4.2 Methodologies

4.2.1 Field Conditions

The field experiments relevant to the content of this chapter were conducted at the

same site (EGS Collab testbed, SURF 4850 ft level) as described in Section 3.2.1 of

Chapter 3. After the completion of drilling in 2017, a series of field endeavors were

conducted to deploy pumps, flowmeters, geophysical sensors, etc. in order to establish
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(via hydraulic stimulation) and monitor flow circulations between the injector and the

rest of the wells (White et al. 2019). After a series of short-term injection tests for hy-

draulic characterization, a long-term flow circulation test was initiated in late-April,

2019, and was still ongoing as of January, 2020. Mine industrial water was injected

into the Injector (well “I”), causing water production from the Producer Below the

packed interval (referred henceforth as “PB”), Producer within the packed Interval

(referred henceforth as “PI”), PDT and PST (Figure 4.1). Flow rates from all the

producing wells and intervals were recorded. Injection water was the industrial water

at the mine (the same as the drilling water mentioned in Chapter 3), sourced from a

shallow spring near Lead, SD. No outflow from the wells were reinjected. The total

volumetric flow recovery was around 70% at the start of the long-term circulation,

and later reached near full recovery as of January 2020, although the produced fluids

were likely a mixture of injected water and native water in the system (Kneafsey et al.

2020). At the start of the long-term circulation test, mine industrial water at ambi-

ent temperature was injected into the system. On May 8, 2019, chilled mine water

injection was initiated (injection temperature at ∼10 ◦C, while formation/production

temperature was ∼30 ◦C). The reason for chilled water injection was to create an EGS

analog for high-quality data collection (e.g. flow rate and pressure data, temperature

decline data, etc.) which improves our understanding of a real EGS system. The

Collab long-term flow experiment thereby enabled a time-series microbial analysis of

produced fluids potentially revealing the dynamics of the fracture network that is

otherwise hard to characterize.

Note that in the field setting of this chapter, all the producing wells are considered

to be hydraulically connected to the injector’s packed interval because they all stop
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Figure 4.1: Locations of the injection interval and production wells/interval. Mine
industrial water was injected into the formation via the injector packer interval at
high pressure (4000 - 5000 psig), and produced from PB, PI, PDT and PST, at close
to atmospheric pressure. Schematic is modified from Zhang et al. (2019).
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producing once injection is halted (and start when injection restarts). However, the

fact that different wells may be connected to the fracture network primarily through

different fractures/flowpaths made their relative connectivity to the injector different.

Additionally, not all the wells responded the same way to changes in the injection rate

during the short-term hydraulic tests, indicating the dynamic nature of the combined

hydraulic + natural fracture system (White et al. 2019). Such difference in relative

connectivity among producing wells formed a good basis for applying the findings

from Chapter 3 to the experiment presented in this chapter.

4.2.2 Fluid Sampling, DNA Extraction, High-throughput 16S

rRNA Gene Sequencing and Sequencing Data Analysis

Microbial sampling was started on April 24, 2019, shortly after the initiation of

long-term flow circulation test. Fluid samples from PB, PI, PDT and PST were

obtained daily during the first three weeks (unless the site was inaccessible for sam-

pling, for instance, on weekends). Later, starting on May 16, the four producing

wells/intervals were sampled weekly on a designated sampling day, with the exact

day of the week picked depending on logistical constraints. This resulted in four

samples per well/interval per month that were roughly evenly distributed in time.

An injectate sample was also obtained on every sampling day (referred henceforth

as sample “Inj”), in order to monitor the exogenous microbial community that were

introduced into the system. In summary, a total of five samples were obtained per

week (Inj, PB, PI, PDT and PST), from May 16 to September 19, 2019. The weekly

fluid sampling was in fact continued beyond September 19, but will not be discussed
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in this chapter because the samples are not yet processed.

All the samples were collected from respective flow lines using sterile/sterilized

supplies, strictly following microbiological standards (Pepper et al. 2015). Samples

for DNA sequencing were directly filtered with 0.2µm Sterivex Duropore filters (EMD

MilliporeTM cat# SVGP01050 Polyethersulfone membrane, 1-4 L per filter). Upon

completion of filtering, each filter cartridge was transferred to a sterile whirlpak bag

and immediately frozen in dry ice. The samples were kept frozen and later transported

(in dry ice) to Stanford University and stored at -80 ◦C until further analysis.

The technique used to analyze the entire microbial community structure is the

same as that described in Chapter 3: high-throughput 16S rRNA gene amplicon

sequencing. In order to prepare the samples for high-throughput sequencing, DNA

was first extracted from all the filters to isolate and purify the genomic DNA from

the rest of the biomass. Details of the extraction protocol can be found in Appendix

B. The extracted DNA was then amplified via PCR using universal primer pairs

targeting the V4 and V5 hypervariable regions of the 16S rRNA gene (Parada et al.

2016). Later, the amplified DNA of each sample were subjected to a second round

PCR to add sequencing barcodes for sample distinguishability in the sequencing run.

The resulting DNA samples were finally purified, pooled, and sent to the UC Davis

Genome Center for sequencing on the Illumina MiSeq PE250 platform. Details of the

second PCR and purification is included in Appendix B.

The high-throughput sequencing resulted in around six gigabytes of raw DNA se-

quence reads for the ∼120 time-series filter samples processed and sequenced in this

study. The same suite of bioinformatics tools described in Chapter 3 were used to
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quality-filter the reads, construct sequence table, assign taxonomy to sequences, etc.,

as described in Appendix C, except that no decontamination nor 515F-C/806R sub-

sampling was performed because they were not relevant to the sample set described

in this chapter. A sequence table was generated, and a phylogenetic tree was con-

structed to allow the calculation of phylogeny-aware distances between sample pairs

for dissimilarity quantification between communities (see details in Section 3.2.4 of

Chapter 3). Hierarchical clustering and principal coordinate analysis (PCoA) as used

in Chapter 3 were also employed for the data analysis. Additional statistical analysis

was performed via Canonical Analysis of Principal Coordinates (CAP) (Anderson et

al. 2003), in an attempt to visualize the observed data clusters alongside any possible

trend in geochemistry. All statistical analyses were performed in R, mostly using the

phyloseq package (McMurdie et al. 2013).

4.2.3 Water Chemistry Analysis

Before filtering started for each fluid sample, a fraction of unfiltered fluid was pre-

served separately in a sterile Falcon tube, frozen on site, and later transported to the

lab (frozen) for analysis of major ions. The instruments and protocol for the water

chemistry analysis described in this chapter is the same as outlined in Section 3.2.6

of Chapter 3.
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4.3 Results

The samples relevant to this chapter yielded 8,147 to 96,419 sequencing reads per

sample that passed the quality filter (22,490 reads per sample on average, ∼79% of the

raw reads). A total of 9,130 unique amplicon sequence variants (ASVs) were identified.

Taxonomy was assigned to each sequence variant in the sequence table. The microbial

community composition of each samples was visualized via bar plot and bubble plot.

Note that all the direct visualization of microbial relative abundance described later

in this section show taxonomic ranks as low as family, in order to maintain ease of

visualization while still revealing patterns in the data at fine resolution. Sequences

that do not allow taxonomic assignment down to family level are presented at the

finest classification possible. Additionally, only the taxa (family and above) that are

within the most abundant ten taxa in at least one sample are included in the bar plot

or bubble plot. This allows us to focus on the dominant microbial groups in each

sample and reduces the number of names/colors to navigate through.

4.3.1 Quality Assurance

Multiple duplicate samples were included both within a sequencing run and across

different sequencing runs for quality assurance on library preparation and sequencing

technique. Figure 4.2 shows several examples of the same extract undergoing the

entire library preparation and raw reads processing twice. Some of the samples un-

derwent extraction twice on different portions of the filter (“PST2018-DNA-SigV01”

versus “Rep3-PST2018-DNA-SigV03”). The almost perfect overlap in relative abun-

dance at Family level demonstrates high fidelity of the entire sequencing workflow
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that was employed.
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4.3.2 Flow Rate History Against Biomass Concentration His-

tory

Figure 4.3a shows the flow rate (i.e. leak rate) from each producing well acquired by

the flowmeters installed at each wellhead. The top panel of Figure 4.3a shows the

injection flow rate (kept constant at 0.4 L/min) as well as the pressure of the injection

interval within the packer. At constant flow rate injection, a pressure climb at the

injection interval was observed repeatedly, likely due to poroelastic effect, or clogging

induced by chemical precipitation or biofilm, etc. (Kneafsey et al. 2020) The sudden

pressure drop to zero indicated by the almost vertical blue line that occurred every

few days or more was due to pump shutdown in order to relieve the pressure buildup

at the injection interval. The lack of interval pressure or injection rate in early Jun

was due to a pump breakage, leading to zero flow rates from all wells. The pump was

fixed and restarted on Jun 6 and the flow circulation was resumed.

The fluctuations in leak rates indicate that the reservoir was dynamic. For ex-

ample, at constant injection rate from end of April to the first week of May, the

flows from PDT and PI started to have a “symmetric” change in rate, with PDT rate

starting to decrease and PI rate starting to increase, when there was no disturbance

from the field crew (event “A” marked on Figure 4.3a). Similar behavior between PI

and PB was observed in late July (event “B” in Figure 4.3a). In early August, again

without the field crew changing the system, there was a “bump” that appeared in

the pressure curve, with a corresponding response in PI and PB flow (event “C” in

Figure 4.3a).

After extraction of DNA from each filter, the DNA sample was quantified using
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a Qubit fluorometer, giving a total mass concentration of DNA in the extract. We

divided the total DNA concentration by an estimated mass of one bacterial genome of

2.5×10−15 g (Button et al. 2001), then corrected for the filter fraction and total fluid

volume passed through each filter, to obtain an estimated number of cells per ml of

produced fluid. Figure 4.3b shows how the estimated total cell concentration changes

over the duration of our experiment. Note that the estimation of cell concentration

by total DNA mass extracted has a number of limitations. First of all, the DNA

extraction obtains all types of DNA from a sample, including genomic DNA from

prokaryotic cells, plasmids, fungal DNA, etc. However, during library preparation,

only prokaryotic genomic DNA with 16S rRNA gene were picked up and sequenced.

Secondly, dividing the total DNA mass by an estimated genome mass assumes that

the community indeed has an average genome mass of 2.5×10−15 g. Thirdly, because

the DNA extraction protocol typically involves a lot of handling, transferring, and

eluting, the recovery of total DNA from each filter can fluctuate a lot. Therefore,

we need to assume that a significant portion of the cells are prokaryotes, and that

any trends in the estimated cell concentration need to be significant enough to be

interpreted as a real trend.

Most of the curves in Figure 4.3b are indeed very noisy, likely due to the nature

of the DNA extraction protocol. However, there are two clear trends, PDT and PB,

that appear to be beyond experimental errors. As shown by the thickened green line

in Figure 4.3b, PDT appeared to have undergone a reduction in cell concentration

starting around May 10. The cell concentration dropped continuously until stabilizing

after Jun 6 at around a level almost an order of magnitude lower than initially. On

the other hand, the cell concentration in PB (thickened dark-red line in Figure 4.3b)
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appeared to have started off at a relatively low cell concentration, but started rising

around Jun 13, until stabilizing after Jun 26 at a level almost an order of magnitude

higher than initially.
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4.3.3 Time-series Microbial Community Composition in Each

Well: Daily Samples

During the first three weeks of the sampling campaign, daily samples were obtained

(see the denser dashed lines at early weeks in Figure 4.3). Daily samples allow us

to understand if there is any same-day seasonality or drastic randomness in the mi-

crobial community composition data, and therefore are important for establishing

confidence to this novel data source. Figure 4.4 shows the daily samples from all the

wells/intervals. There appears to be no seasonality or drastic randomness in the daily

community profile in all the wells/intervals. For PI and PDT, we were additionally

able to obtain morning and afternoon samples on Apr 29 and 30. The data show no

morning/afternoon fluctuations in the community profile, unlike the community in

some surface environments that are subjected to day/night fluctuations of tempera-

ture and sunlight (Gusareva et al. 2019). There does seem to be some overall trend

in PI and PB community when we look at the daily profiles all together. This overall

trend turned out to be part of a larger-scale trend that will be described in later sec-

tions. Comparing across all producing wells, there is also visually evident similarity

between communities in PB, PI and PDT. PST, on the other hand, appears to be

very different from the communities in the rest of the wells from April 24 to May 10.

Figure 4.5 shows the daily injectate community that also appears to be quite

stable. The injectate community, however, looks completely different from the rest of

the samples.

For the ease of visualization, the legends of Figure 4.4 and Figure 4.5 are displayed

separately in Figure 4.6.
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Figure 4.5: Microbial community composition in daily samples from the injectate.
Bar plot shows the finest classification possible down to the family level. Only the
taxa that are top-10 abundant in at least one sample are plotted. Color legends are
displayed separately in Figure 4.6
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The lack of daily seasonality or drastic randomness in the microbial community

data forms a sound basis for further interpreting the data from the longer term.

4.3.4 Time-series Microbial Community Composition in Each

Well: Weekly Samples

After the first three weeks of daily sampling, one set of samples from each well/interval

and the injectate was obtained every week. In summary, there were four sets of

samples obtained each month, roughly evenly distributed in time, except August

2019 when only two sets of samples were obtained due to logistical constraints.

Figures 4.7 to 4.11 display the microbial community composition (relative abun-

dance) in PB, PI, PDT, PST and the injectate (“Inj”) respectively, starting from

April 24 all the way to September 19. The legends are shown separately in Figure

4.12. Only weekly samples are displayed, so that the visual interval between each

stacked bar plot roughly scales to the actual sampling interval.

Weekly Community in PB

PB community appeared to be dominated by the Rhodocyclaceae family (up to >

75%) in the fourth week of April and the first week of May. Rhodocyclaceae stabilized

at almost 50% for six weeks, until the fourth week of June (June 26) when the dom-

inance became shared by Rhodocyclaceae, Hydrogenophilaceae and Gallionellaceae.
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Accompanied by this change in dominant families was the emergence of Acidifer-

robacteraceae, Nitrosopumilaceae that belongs to Thaumarchaeota, and an unclassi-

fied Deltaproteobacteria. Acidiferrobacteraceae and the unclassified Deltaproteobacte-

ria later become the dominant families (together with Hydrogenophilaceae) after July

10. The community appears to be relatively stable without notable structure change

since July 10.
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Weekly Community in PI

Similar to PB, PI started with a community structure largely dominated by Rhodocy-

claceae (>50%). However, the relative abundance of Rhodocyclaceae quickly dropped

to < 25% in the May 1 sample, stabilized at around the same level, until June 13.

The week after June 13, the relative abundance of Rhodocyclaceae quickly dropped

to a negligible value, and the community was codominated by Acidiferrobacteraceae,

the unclassified Deltaproteobacteria, Gallionellaceae, Hydrogenophilaceae, Nitrosop-

umilaceae, and Sulfuricellaceae from June 19 to July 23. Later, Hydrogenophilaceae

dropped to negligible abundance, and an unclassified Candidatus-Peregrinibacteria

(bright blue-green color) joined the dominating taxa. The rest of the dominating

families remained unchanged and the community was relatively stable from August

1 to September 19.

Note that Sphingomonadaceae, a dominant family in the injectate (as described

in later sections), appeared at ∼10% relative abundance on July 3 and July 10, but

died off in later samples.
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Weekly Community in PDT

On April 24, PDT started with a community dominated by Burkholderiaceae , Caulobac-

teraceae, Hydrogenophilaceae and Rhodocyclaceae. However, starting from May 1,

Chitinophagaceae, Desulfobulbaceae, Erysipelotrichaceae, Lachnospiraceae and Pepto-

coccaceae emerged and formed a relevant portion of the community (totaling >25%)

as of May 23, with Rhodocyclaceae gradually decreasing in abundance. From June

6 to August 1, both Burkholderiaceae and Hydrogenophilaceae that used to make

up a total of >25% the community died off to a negligible amount (<5%), whereas

Candidatus-Woesebacteria, Desulfarculaceae, and Xanthobacteraceae that was almost

absent on previous days emerged and formed >25% of the community. From Au-

gust 28 to September 19, Hydrogenophilaceae appeared again, along with increased

abundance of Ruminococcaceae and an unclassified Firmicutes. The community after

August 28 appeared to be stable, with no noticeable changes in community structure

all the way till the last sample on September 19.
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Weekly Community in PST

On the first day of sampling (April 24), PST community was dominated mostly

by Ruminococcaceae, as well as Desulfarculaceae, Desulfobulbaceae, Hydrogenophi-

laceae, Rhodocyclaceae, SR-FBR-L83 (Ignavibacteriales) and Thermodesulfovibrionia

that had quite even relative abundance. This structure did not change much from

April 24 to May 23. From June 6 to June 19, the dominant taxa include Candidatus-

Jorgensenbacteria, Ruminococcaceae and SR-FBR-L83 (Ignavibacteriales). Later on,

however, the unclassified Deltaproteobacteria that also emerged from nowhere in PI

and PB, appeared in PST. Meanwhile, from June 26 to September 19, Ruminococ-

caceae gradually decreased to negligible percentage in the community, whereas El-

steraceae emerged then stabilized at ∼20% of the community.
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Weekly Community in the Injectate

The injectate was mine industrial water sourced from a shallow spring near Lead, SD

(same water as the drilling water described in Chapter 3), hence likely to be more

oxic compared with deep-subsurface fluids. As shown in Figure 4.11, the injectate

community is characterized by a greater evenness compared with that of the produced

fluids. Instead of being largely dominated by only a few microbes, the injectate

community has a larger number of notable taxa while each of them constitutes a

small fraction (usually <15%) of the total community. This is also represented by

the lower total fraction of community represented by the colored bar plots (down to

<60%) based on our criteria that only selects and colors the taxa (down to family)

that are top-10 abundant in at least one sample. In comparison, this selection criteria

captures >80% of the communities in all the producing wells/intervals.

Another characteristic of the injectate community is that there is limited change

in community structure over time (Figure 4.11), especially when compared with the

changes occurred in the other production fluids. At early time (April 24 - June 19),

the dominant taxa in the injectate includes Burkholderiaceae and an unclassified Ver-

rucomicrobiae, among a number of other taxa. Later, however, Burkholderiaceae and

the unclassified Verrucomicrobiae appeared to have dropped in abundance, resulting

in a community structure codominated by a number of microbial taxa.
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4.3.5 Comparison of Weekly Microbial Community Compo-

sitions Across Wells

Because of the large number of samples and the great variations among the micro-

bial communities in different samples, it is difficult to pick out any trend merely

by looking at the color changes in the bar plot as shown in Section 4.3.4. What

is more, it is useful to quantify the similarity/dissimilarity between samples besides

visual observations. Weighted Unifrac distance, as introduced in Chapter 3, was em-

ployed to calculate a dissimilarity between every sample pair. The weighted Unifrac

distance was calculated based on all the unique sequence variants present in each

sample as well as their relative abundance. The dissimilarity matrix was then sub-

jected to principal coordinate analysis(PCoA) to translate the sample dissimilarities

into physical distances on a two-dimensional PCoA plot. Figure 4.13 illustrates the

separation/clustering of the entire weekly sample set from all the sampling sources

(PB, PI, PDT, PST and Inj). The visually evident distinctness between the injectate

community and that of PB, PI, PDT and PST (observed from Figures 4.7 to 4.11)

was confirmed by the PCoA plot: the injectate samples form a compact cluster (grey)

that is distant from all the rest of the produced fluids.

However, because the injectate community was so distinct from the produced

fluids, including the injectate in a principal coordinate analysis “squeezes” the sample

points of PB, PI, PDT and PST into only a small fraction of the entire plot, limiting

our ability to see any data patterns within the produced fluids (Figure 4.13). What

is more, the compact cluster formed by the injectate indicates that there was indeed

limited variation over time, compared with the rest of the samples. Therefore, in
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all the rest of the principal coordinate analyses in this section, we will only include

PB, PI, PDT and PST in the PCoA plots and focus on the microbial community

variations in the produced fluids (Figure 4.14).

Figure 4.13: Principal coordinate analysis plot of all the weekly samples from PB,
PI, PDT, PST, and Inj. The color legend is consistent with that of Figure 4.3b. The
number of days since the start of the time-series sampling (April 24) was additionally
mapped as the transparency of data points.

Figure 4.14 shows several clear patterns within the produced-fluids sample set.

First of all, the clustering between PB, PI, and PDT at early times; secondly, the

clustering between PDT later samples with the mid-June community of PST; thirdly,

the notable community shift in PB and PI upwards in the PCoA plot at later times

as well as PB community seemingly following the path taken by PI.

In order to better recognize the changes in community structure over time, Figure
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Figure 4.14: Principal coordinate analysis plot of all the weekly samples from PB,
PI, PDT and PST. The color legend is consistent with that of Figure 4.3b. The
number of days since the start of the time-series sampling (April 24) was mapped as
the transparency of data points.
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4.14 was visualized in a progressive way, as shown in Figures 4.15 to 4.18. Addition-

ally, each snapshot of the PCoA is accompanied by the flow rate history plot, with

the sampling time marked on the plot as the red dashed line (Figures 4.15 to 4.18).

Plotting the data points progressively helps to better recognize the exact time when

the community started to change rapidly, and correlate the community change with

other features of the flow system such as change in production rates.

As shown in Figure 4.15a, at early times (April 24 - May 9), PB and PI appeared to

have very similar microbial community; in addition, PDT had a community relatively

similar to that of PB and PI. Starting from May 16, while PB and PI community

remain stable and similar to each other, PDT community appeared to have started

drifting toward the PST cluster. On May 23, PDT community jumped further towards

the PST cluster, whereas PB and PI community remained larged unchanged (Figure

4.15b).

On June 6, PDT sample further drifted leftwards on the PCoA plot, together with

the PST sample. The PDT and PST data points are clustered very close together at

this point. PB and PI, on the other hand, appeared to be still around the bottom

right corner, despite a slight drift leftwards (Figure 4.16a). The communities in all

wells/intervals did not have much change a week later, on June 13. On June 19, while

PDT, PST and PB still did not change much from the previous week, PI seemed to

have started migrating out of the early-time PI-PB cluster (Figure 4.16b). Note that

June 19 was the first day when the unclassified Deltaproteobacteria popped up from

near zero abundance in PI community (Figure 4.8).

A week later, on June 26, PI data point continued to migrate upwards, while PB
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Figure 4.15: Principal coordinate analysis of the weekly samples from PB, PI, PDT
and PST from (a) April 24 to May 16 and (b) April 24 to May 23. Each PCoA plot
was displayed alongside the flow rate history. The “current” day shown in each PCoA
snapshot is highlighted by the yellow crosses on the data point of each well/interval
to help navigate the pathways of the points. The location of the “current” day with
respect to the entire sampling span was additionally highlighted on the flow rate plot
by the red-colored dashed line.
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Figure 4.16: Principal coordinate analysis of the weekly samples from PB, PI, PDT
and PST from (a) April 24 to June 6 and (b) April 24 to June 19. Each PCoA plot
was displayed alongside the flow rate history. The “current” day shown in each PCoA
snapshot is highlighted by the yellow crosses on the data point of each well/interval
to help navigate the pathways of the points. The location of the “current” day with
respect to the entire sampling span was additionally highlighted on the flow rate plot
by the red-colored dashed line.
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and PDT remained stable. Interestingly, the PST community also started drifting

at this time (Figure 4.17a). Note that June 26 was the time when the unclassified

Deltaproteobacteria popped up from near zero abundance in PST community (Figure

4.10). A week later, on July 3, PI and PST continued to show notable changes

in community structure, whereas PB and PDT remained largely unchanged (Figure

4.17b).

The two weeks after July 3, PDT continued to show limited changes in community

structure. However, PB, which remained relatively stable since the start of sampling,

showed upward drift on both July 10 and then July 18. PB drift additionally seems

to be following the trajectory of PI. In the mean time, PST continued its rightward

shift and PI continued its upward shift (Figure 4.18a). After that, from July 23 to

September 19, PDT community appeared to be very stable as shown by the green

dots tightly clustered in the left of the plot; PB, PI and PST community, on the

other hand, appears to have some degree of fluctuations, but mostly remains in a

fixed cluster with no notable jump in position (Figure 4.18b).

To facilitate the visualization of this high-dimensional data set, we took the same

sample dissimilarity matrix (based on weighted Unifrac distance) and analyzed sample

similarity via hierarchical clustering. The result was visualized via a dendrogram, as

shown in Figure 4.19. The dendrogram branch clusters appear to be consistent with

the takeaways from the PCoA plot: First of all, the clustering between PB, PI,

and PDT at early time (“Major Cluster 2”); secondly, the clustering between PDT

later samples (after May 16) with the PST community “Major Cluster 3”; thirdly,

the notable community change in PB and PI during the later half of the sampling

campaign, as shown by PB and PI forming a different cluster at later time (“Major
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Figure 4.17: Principal coordinate analysis of the weekly samples from PB, PI, PDT
and PST from (a) April 24 to June 26 and (b) April 24 to July 3. Each PCoA plot
was displayed alongside the flow rate history. The “current” day shown in each PCoA
snapshot is highlighted by the yellow crosses on the data point of each well/interval
to help navigate the pathways of the points. The location of the “current” day with
respect to the entire sampling span was additionally highlighted on the flow rate plot
by the red-colored dashed line.
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Figure 4.18: Principal coordinate analysis of the weekly samples from PB, PI, PDT
and PST from (a) April 24 to July 18 and (b) April 24 to September 19. Each
PCoA plot was displayed alongside the flow rate history. The “current” day shown
in each PCoA snapshot is highlighted by the yellow crosses on the data point of
each well/interval to help navigate the pathways of the points. The location of the
“current” day with respect to the entire sampling span was additionally highlighted
on the flow rate plot by the red-colored dashed line.
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Cluster 1”) compared with early time (“Major Cluster 2”).
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4.3.6 Geochemistry Data

Geochemistry is a traditional method to assess reservoir continuity. However, it was

demonstrated in Chapter 3 that while geochemistry can be helpful in distinguishing

fluids with vastly distinct geochemistry, it does not have comparable specificity to

microbial community DNA sequencing data. The geochemistry data for all the time-

series samples described in this chapter is displayed in Figure 4.20. A stacked bar

plot was used in order to allow a side-by-side comparison with microbial community

relative-abundance data. Absolute concentration (parts per billion) of the ions was

plotted (not relative abundance), to allow for assessment of the total salinity of each

sample.

It is shown in Figure 4.20 that, compared with the visually evident distinctions

between microbial community profiles across samples, the geochemistry profile of the

samples were largely the same both across samples and over time. This is not sur-

prising because on the one hand, there are limited number of existing elements (in

the order of tens) compared with the huge number of existing microbes (105 - 107

prokaryotic species as suggested by Whitman et al. (1998); keeps increasing as more

are discovered). On the other hand, most chemical elements are present everywhere,

just at different absolute/relative concentrations; microorganisms, however, can addi-

tionally be present or absent. Microorganisms also have metabolic characteristics and

phylogenetic relatedness that provides more clues regarding the environments they

reside in.
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Note that the way Figure 4.20 plots the ions/anions does not allow variations

in trace element to be observed, because they occur naturally at low concentrations

and are hidden when plotted with the abundant ions on the same scale. There does,

however, exist trends in some trace elements over time. We performed an additional

analysis, the canonical analysis of principal coordinates or CAP (Anderson et al.

2003), which summarises linear relationships between components of the response

variables (i.e. the dissimilarity matrix) that are explained by a set of explanatory

variables (i.e. the geochemistry data). The CAP analysis was implemented with

the phyloseq package in R (McMurdie et al. 2013). Figure 4.21 shows the results of

the CAP analysis. CAP analysis is based on the weighted Unifrac distance matrix

between sample pairs, but additionally shows the trends (if any) in environmental

variables (i.e. ionic concentration) among the sample set. The projection of a sample

point onto the vector of an ion approximates the sample’s relative concentration of

this ion compared with the rest of the samples. The longer the vector of an ion, the

stronger the trend of this ion within the sample set. For example, the compact green

cluster formed by the later-time PDT samples (in the righter region of Figure 4.21)

have higher SO2−
4 and Ca2+ concentrations but lower Mg2+ concentrations than most

of the other samples, consistent with the trend indicated in the bar plot of Figure

4.20. The CAP analysis allows us to visualize the trends in trace elements that is

hard to read from the bar plot.

Note that all the raw geochemistry data values for the weekly samples are displayed

in Appendix D.

All the wells/intervals produced fluids a lot more saline than the injectate (from

around twice to up to eight times the injectate salinity, as shown in Figure 4.20). This
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Figure 4.21: Canonical analysis of principal coordinates for all the weekly samples
from PB, PI, PDT and PST. The projection of a sample point onto the vector of an
ion approximates the sample’s relative concentration of this ion compared with the
rest of the samples. The longer the vector of an ion, the stronger the trend of this
ion within the sample set.
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is likely due to the water-rock interaction which dissolves ions into the water that

flow through the formation. Both PB and PI appear to be reducing in total salinity

slightly over time. PDT started with similar salinity to PB and PI at early time

(Apr/May) but later increased salinity rapidly until reaching a value that doubled its

initial salinity. PST salinity was decreasing gradually at first, but started to increase

in September. Note that the highest total ion concentration in this sample set (∼1000

ppm) is still a lot lower than the indigenous “PST” sample described in Chapter 3,

which had a total ion concentration of ∼3400 ppm.

Geochemical data indicates that the early PST samples as well as late PDT sam-

ples have higher Na+, K+, Sr2+, SO2−
4 , Ca2+ than the rest of the samples. PB and

PI samples tend to have higher Mg2+ and Br− compared with PDT or PST samples.

Interestingly, while the early PB and PI samples had elevated amount of Fe (up to

almost 2415 ppb) compared with the rest of the samples, the elevated Fe was gone in

later samples (Figure 4.21; Tables D.1 and D.2 ).

4.4 Discussion

The main focus of this chapter is to evaluate the use of microbial community time-

series data to facilitate the understanding of flowpath network evolution. We classify

the factors that potentially lead to changes in microbial community structure at the

sampling ports into two major categories: changes in in-situ environmental conditions

(i.e. temperature, pressure, salinity, etc.) and changes in fluid sources (i.e. open-

ing/closure of existing flowpaths leading to a change/switch in producing zone for a

well). In this section, we evaluate the relative contribution of each major factor at
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the Collab testbed and discuss the implications for fracture network evolution.

4.4.1 Relatively Stable Microbial Community Composition

at Steady State

Subsurface ground water systems are likely to host relatively stable microbial commu-

nities (Danczak et al. 2018; Pronk et al. 2009) compared with surface sites prone to

sunlight/temperature fluctuations (Gusareva et al. 2019). In fact, the sample named

“Fracture A’ ”, as described in Chapter 3 of this dissertation, was sampled about 1.5

years after “Fracture A” from the same port. The two samples had almost identical

community profile, demonstrating very stable indigenous microbial community at the

SURF 4850 ft level testbed (Figure 3.4).

At the EGS Collab testbed described in this chapter, the microbiome of the for-

mation was likely disturbed due to the long-term injection of industrial water (hence

introduction of exogenous microbes) into the formation. This may result in inter-

nal dynamics in community structure as the microbes adapt to the perturbed in-situ

environment, which happens regardless of whether the flowpath network is static or

evolving. However, the industrial water was also the only source of external distur-

bance and was introduced into the system at a constant rate. We cannot rule out the

possibility that the observed changes in microbial community at the sampling ports

were at least partially constituted by the internal dynamics of the microbes regardless

of the status of the flowpath network. However, observing the degree of dynamics

at steady-state flow conditions when there were unlikely to be changes in flowpaths

helps us obtain a “baseline” dynamics. Based on the “baseline”, if any significant
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jump in community profile was observed, mixing of new fluids from a previously un-

connected flowpath or closure of previously connected flowpath may be the only likely

explanation.

In Section 4.3.3, it was shown that there was no noticeable seasonality or drastic

stochasticity on a daily basis for the microbial community in the produced fluids.

The weekly data suggests that such stability may still hold true at a longer timescale

at Collab testbed during long-term flow circulation. Take the 4-week samples from

August 28 to September 19 as an example (Figure 4.22). In all the produced fluids,

the microbial community profile was stable for the entire month of September. This

is also evident from the PCoA plots in Section 4.3.5, where the last four points of

each well/interval remained in the same respective clusters. For PDT, specifically,

the stable period was even longer. As shown in the PCoA plots in Section 4.3.5, PDT

samples remained in the same compact cluster from June 6 all the way to September

19, for over 3 months.

The observed multiweek stability of community structure forms a good baseline

for understanding the community dynamics at steady state. The communities in each

well/interval during those weeks were obviously not identical, but the dissimilarities

appear to be much less significant than the times when the network of flowpaths were

likely altered.
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4.4.2 Drastic Changes in Microbial Community Likely Trig-

gered by Altered Fluid Mixing After Changes in Flow-

paths

Looking at the flow rate history shown in Figure 4.3, there appear to be two notable

features. First of all, PDT flow rate climbed to as high as 0.12 L/min at the end

of April, then started to drop in early May. While PDT flow rate was dropping, PI

flow rate rose in a symmetrical way, increasing roughly the same extent as PDT rate

was dropping. At the end of May, PB flow rate seemed to have slightly risen as well.

Secondly, after entering July, while there appeared to be no noticeable changes in

PDT/PST flow rates, PB and PI rates started to change in a symmetrical fashion,

with PI dropping and PB rising accordingly. Later starting from end of August,

the flow rates of all wells/intervals appeared to be quite stable. The overall leak rate

from PB, PI, PDT and PST increased from ∼0.25 L/min (∼62.5% recovery) to ∼0.35

L/min (∼87.5% recovery), during the entire sampling span.

Microbial Community Signature “Switch” in PDT, May 2019

The PDT flow rate drop in early May may, at first glance, seemed to be caused by

a change in local pressure field that directs some of the flow out of PDT towards

PI. Analysis of the progressive PCoA plot (Figures 4.15 to 4.18), however, reveals

that ever since the start of the PDT flow rate drop, the microbial community in

PDT switched drastically to a distinct profile. What is more, this new profile of

PDT fluid turned out to be highly similar to the PST community at the time. Given

the fact that this switch in community profile seems too drastic to be resulting from
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internal microbial dynamics (as discussed in Section 4.4.1), there may be two possible

explanations for this phenomenon. Firstly, the microbial community structure was

very sensitive to flow rate, which was the only factor that seemed to be changing at

the time (water injection had been continuous and constant). Secondly, some major

change(s) occurred in the network of flowpaths in early May, which caused PDT to

be connected to a different part of the system.

The first explanation, however, is unlikely because while PDT was experiencing

drop in flow rate, PI was also rising in flow rate to a similar extent. The PI community

during the flow rate change, however, remained stable (Figure 4.15b). In addition,

PB and PI experienced similar extent of flow rate changes from July 18 to August

28, but there were limited changes in their microbial community profile during that

period, as shown in Figure 4.18.

The exclusion of other possible explanations made flowpath change the most likely

reason for the PDT community switch. In addition, the fact that PDT community

clustered with PB/PI at first but later jumped to the PST cluster allows us to pinpoint

where PDT had been producing from throughout the flow test duration: before early

May, PDT produced mostly from the fracture PB/PI were connected to; after early

May, however, PDT produced primarily from the fracture PST was connected to.

Microbial Community Profile “Jump” in PB and PI, June-July, 2019

On June 19, PI community jumped outside of its early-time cluster on the PCoA

plot (Figure 4.16b) and migrated upwards (Figure 4.17). About three weeks later,

PB jumped out of its early-time cluster as well toward the same direction as the PI
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migration (Figure 4.18a). The migration of PB points on the PCoA plot additionally

seemed to be “chasing” the pathway taken by the PI points.

In contrast with the PDT community shift that appeared to have followed the

PDT flow rate reduction, PB/PI community may have been triggered by the early-

June one-week flow shutdown (Figure 4.3a). After the flow shutdown, although both

PB and PI restored to the preshutdown flow rates, their microbial community changed

and stabilized at a state different from the initial profile.

The drift in PB and PI community occurred when the flow rates from both inter-

vals were stable. It is possible that the early-June injection halt caused the hydraulic

fracture to close up (because there was no fluid pressure nor proppant to withhold it),

then when the injection restarted, although the hydraulic fracture was reopened, it

was not restored to the state identical to before the halt. This could result in changes

of the hydraulic fracture’s connection to the indigenous ground water system leading

to community shift caused by mixing with “new” fluids.

A careful inspection at the PB/PI community on the dates with significant com-

munity drift suggests that the unclassified Deltaproteobacteria that showed up in

both PB and PI (also PST) may have been a major contributor to the increased

weighted Unifrac distance compared with the previous samples (the bright red color

bar in Figures 4.7 and 4.8). This unclassified Deltaproteobacteria appeared at a major

abundance in PI first, on June 19, then appeared at a major abundance in PST one

week later, on June 26. Its appearance in PB was further later and more gradual,

constituting a major taxon on July 18. If this unclassified Deltaproteobacteria, which

did not exist in any earlier-time samples, is considered a “signature” from a “new”



4.4. DISCUSSION 139

fluid source, then the difference of its arrival times at PB, PI and PST may indicate

a possible regional flow direction of PI − > PST − > PB. This would also explain

why PB community seemed to be “chasing” the path of PI on the PCoA plot.

PST Community

The microbial community in PST is somewhat difficult to interpret. On the one

hand, PST community does not appear to have undergone changes as significant as

PDT/PB/PI; on the other hand, PST community was not completely stable either.

The PST indigenous flow history back in 2017 (flowing spontaneously at up to 750

ml/min for up to a month) indicates that the PST-17m natural fracture (Figure 3.9)

likely had a relatively large fracture volume that was connected to the larger scale

groundwater system at SURF. Over the course of the long-term industrial water

injection, the PST natural fracture may have formed a fluid community resulting

from the mixing of industrial water trapped in the system and indigenous reservoir

fluids. The large fluid volume may served as a “buffer” leading to PST community

being less prone to drastic shifts, but still affected to some extent when the flowpath

network evolved and the “feed zone” of PST was altered.
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4.4.3 Comparison Against Other Data Sources and Implica-

tions on Fracture Network Evolution

Conceptual Model

The Collab well orientations were designed such that the high-pressure injection at the

injector interval would create a hydraulic fracture (HF) orthogonal to the injector-

producer doublet because of the in-situ stress condition (White et al. 2019). The

prominent flowing natural fracture (NF) described in Chapter 3, is another flow con-

duit of the Collab fracture system and likely have been intersected by the hydraulic

fracture plane. A schematic of the HF-NF orientation is shown in Figure 4.24. The

location and orientation of the NF was confirmed based on core logs and sewer cam-

era footages as described in Chapter 3. The location and orientation of the hydraulic

fracture was also confirmed to be as anticipated based on data from distributed tem-

perature sensor (DTS), seismic monitoring and sewer camera (Fu et al. 2019; White

et al. 2019).

Based on sewer camera footages during hydraulic stimulation as well as observa-

tions during a field campaign to place the producer packer such that P’s intersection

with the HF and NF are isolated, we know that PB is likely directly connected to the

HF and PI is likely directly connected to the NF (Figure 4.24). The NF additionally

intersects PST and PDT at the locations indicated on Figure 4.24, based on core log

photos. The extension of HF plane to PDT was confirmed by DTS data during the

hydraulic stimulation stage in 2018 (White et al. 2019; Wu et al. 2019). The EGS

Collab database therefore provides a data-validated conceptual model of the flowpath

system which can facilitate our understanding of the microbial community data.
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Figure 4.24: Conceptual model of fracture (flowpath) network at the EGS Collab
testbed constructed based on seismic and DTS data. The colored circles represent
likely intersections of the fractures with the respective boreholes of interest. Figure
modified from Wu et al. (2020).
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(Injected) Tracer Test Data

Besides the geophysical monitoring and fiber optic temperature measurements, a se-

ries of (conventional) tracer testing campaigns were conducted on April 25, May 1

and July 24. A pulse of C-Dot tracer (inert, according to Hawkins et al. (2017)) was

injected into the formation (via the injector) during each tracer campaign. Almost

immediately after tracer injection, continuous sampling was conducted at the produc-

ing wells/intervals. The tracer sampling generally continued for the entire day, and

was sometimes extended to the following day (Neupane et al. 2020).

Figure 4.25 shows the C-Dot tracer return curves as a function of volume of

water produced during each trace test. Selecting the x axis to be “volume recovered”

instead of time is useful because the flow rates of the wells/intervals changed during

the span of the long-term flow test, hence plotting against volume recovered provides

a more direct comparison (Neupane et al. 2020). Note that PST was not included in

the tracer analysis because the breakthrough was extremely slow (beyond a typical

tracer campaign duration of 2-3 days) and negligible. Most of the time no tracer was

detected at PST.

The tracer data has multiple takeaways. Firstly, the (flowing) fracture network

was dynamic instead of static, as the repeated tracer tests did not produce consistent

results from any of the wells. Secondly, most of the C-Dot tracer was produced from

PDT on April 25 (17.5%) and May 1 (11.1%); but later on July 24, tracer recovery

from PDT reduced to only 2.3% whereas PI recovery increased to 32.6%. Thirdly,

only a small amount of tracer (2.1% or less) was produced from PB in all tracer tests.

The total tracer recovery on April 24, May 1 and July 24 (including the tiny amount of
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tracer recovered from weeps, OT and PST) was 36.7%, 22.6% and 37.9%, respectively,

whereas the total water recovery was 75.8%, 75.8% and 86.6%, respectively, according

to Neupane et al. (2020). Note the smaller x-axis range for PDT data in Figure 4.25:

PDT return curve appears to be wider than it actually is.

Fracture Network Evolution Suggested by Microbial Community Monitor-

ing

As mentioned in previous sections, the PDT microbial community profile before and

after the “switch” in early May suggests that PDT may at first have produced mostly

from the same fracture PB/PI were connected to, but later switched to producing from

the fracture PST was connected to. With the conceptual model shown in Figure 4.24,

it becomes clearer how the PDT production “switch” may have happened. Before

early May, PDT, similar to PB/PI, may have been producing primarily from the HF

that was directly taking the injected fluid. Later in early May, however, the HF that

reached PDT at early time may have been closed around the tip intersecting PDT,

leading to the PDT flow being diverted to PI. Partial closure of the HF also resulted

in PDT producing primarily from the NF via the NF-PDT intersection shown in

Figure 4.24, which is why PDT switched to the NF microbial community represented

by PST samples. In fact, production from the NF-PDT intersection may have been

present from the very start, but “masked” by the larger flow from HF-PDT before

the PDT flow reduction.

The community drift in PI, followed by PST and PB from late-June to July

provides direct evidence that the fracture network may have not restored to the exact

same state as before the early June injection halt. The relatively stable community
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Figure 4.25: C-Dot tracer data for PB (top), PI (middle) and PDT (bottom) from
tracer test campaigns conducted on April 25, May 1, and July 24. Figure modified
from Neupane et al. (2020).
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profile in PB and PI from late July to late September, on the other hand, suggests

that the flow system restabilized, and that PB/PI’s symmetrical flow rate change in

August (Figure 4.3) were unlikely caused by major changes in fracture network (but

instead by changes in local pressure field).

It is worth mentioning that, given the time it took for the injected C-Dot tracer

to break through (several hours), it is somewhat surprising that none of the produced

fluids appear to have even slightly similar community with the injectate. There are

multiple possible explanations. Firstly, due to the shallower origin of the injectate

(mine industrial water fed from the surface), the microbial community therein likely

had difficulty surviving in a relatively anoxic, oligotrophic subsurface environment.

Secondly, the narrow and heterogeneous fracture aperture may have trapped a subset

of the injectate microbes via filtration. Thirdly, a subset of the injectate microbes may

prefer an attached life style and have chosen to cling onto fracture surfaces. Lastly,

due to a combination of the aforementioned factors and the likely fact that we were

indeed producing only ∼30% of the injected water (based on the ∼30% tracer recovery

versus the nearly 90% water recovery in September), the injectate community, even

those that made it through, were likely buried in the majority of the laden water

community and became no longer recognizable from the relative abundance plots.

Conventional Tracer Testing Versus Microbial Community As a Natural

Tracer

The dynamic nature of the fracture network suggested by the tracer results is consis-

tent with the implications from the microbial community data. The two types of data,

however, are inherently different and not directly comparable. Conventional tracer
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tests provide a “snapshot” of the flowpath status when the pulse of injected tracer

travels through the reservoir, and have the potential to provide estimates of the frac-

ture properties (sweep volume, surface area, etc.). However, the network of flowpaths

in the reservoir may change shortly after the tracer “snapshot” was taken. Micro-

bial community monitoring, in contrast, allows fewer samples being taken within a

day because the sampling and analysis are more complex compared with an injected

tracer. However, it is much easier to standardize in the longer term, simply by tak-

ing samples regularly. What is more, the mixing-induced community “jumps” allow

us to detect large-scale flowpath network changes that are difficult to see via other

reservoir diagnostic tools. Therefore, this study demonstrates that microbial commu-

nity analysis in time-series reservoir produced fluids is a valuable, novel data source

that complements existing reservoir diagnostic tools for better long-term reservoir

monitoring.

4.5 Summary

In this chapter, we extended the concept proposed in Chapter 3 and investigated the

use of microbial community sequencing data in a dynamically producing reservoir.

We sampled the produced fluids from a long-term flow test at the EGS Collab testbed

at a weekly interval, and obtained time-series sequencing data spanning five months.

We found that while the subsurface environment encountered at our site supported

microbial communities that are largely stable, drastic community shift occurred when

there were likely changes in flow pathways. The microbial community shift that

coincided with the flowpath changes was likely due to the mixing of “new” fluids from
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other recognized or unrecognized compartments of the reservoir, which, according to

the heterogeneity revealed in Chapter 3, are likely to hold communities different from

the current flowpath.

The effective exploitation and management of geologic reservoirs relies on a thor-

ough understanding of the subsurface. The study presented in this chapter underlines

the dynamic nature of a producing reservoir and hence the limitations of the concep-

tual/numerical/analytical models that assume a static reservoir. More importantly,

this study points to a novel, effective reservoir diagnostic tool, time-series microbial

community analysis, which enables the long-term monitoring of flowpath network

evolution.
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Chapter 5

Conclusions and Future Work

5.1 Summary of Conclusions

In this research, the application of DNA-based tracers for reservoir characterization

purposes was explored and tested. Two different types of DNA tracer candidates,

synthetic DNA fragments and the genomic DNA of naturally occurring reservoir

microorganisms, were proposed. The applications of such synthetic and natural DNA

tracers were tested in the lab and in the field, respectively, under different scenarios.

Laboratory experiments were conducted to study the transport of synthetic DNA

tracers. It was found that:

1. The transport of DNA fragments is independent of the DNA sequence.

2. The length of the DNA fragments does not affect the shape of the tracer return

curve, but does affect mass recovery.
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3. Mechanisms affecting DNA tracer recovery include adsorption and size exclu-

sion, with the former affecting shorter DNA more than longer DNA and the

latter affecting longer DNA more than shorter DNA.

Field investigations were conducted on the indigenous microbial community colo-

nizing the native fluids in an undisturbed fractured reservoir. It was found that:

1. Microbial populations are distributed heterogeneously in the deep subsurface

across fractures. Fluids from fractures as close as 10 m apart can have com-

pletely distinct dominating microbial families.

2. Locally within a fracture or hydraulic compartment, however, the microbial

communities are relatively homogenized because of the presence of water.

3. Wells intersecting the same natural fracture at the EGS Collab testbed produced

fluids with highly similar microbial community profile compared with other

hydraulically isolated wells/fractures.

4. Although geochemistry might be able to distinguish vastly different water sources

(e.g. saline deep subsurface fluids versus fresh surface fluids), it is unable to

provide the resolution that microbial DNA sequences provides (e.g. Fracture A

fluid versus PST indigenous fluid).

Therefore, sequencing the fluid microbial community in a newly developed reservoir

may effectively help the identification of natural interwell connectivity, as demon-

strated in this work. Such information is critical for effective reservoir development

especially at early stage.
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Time-series sampling and sequencing of produced fluids from an actively flowing

reservoir was conducted. It was found that:

1. Under constant exogenous water injection at our field site, the microbial com-

munity in produced fluids was free from notable stochasticity or same-day sea-

sonality.

2. Under constant exogenous water injection at our field site, the community tend

to be quite stable with limited change over time (for up to three months as

observed in this study) at steady-state flow conditions.

3. After events triggering or reflecting major changes in fracture network, however,

the community profile in certain wells underwent drastic changes which were

likely caused by mixing of “new” fluids from previously unconnected part(s) of

the reservoir. Specifically, well PDT, which produced a microbial community

highly similar to PB/PI at early time, quickly switched to the microbial com-

munity of PST after the likely fracture network change. PB/PI, on the other

hand, changed to different community profiles triggered by a flow restart after

a one-week flow shutdown, which likely turned the reopened hydraulic fracture

into a somewhat different state leading to changes in fluid mixing.

4. Three conventional (injected) tracer campaigns conducted at the EGS Collab

testbed were informative about the reservoir flowpaths on the three respective

days when the tracer tests were conducted. The three “snapshots” about the

flowpath network had interpretations consistent with the microbial data that

the reservoir in July was significantly different from April. However, in a dy-

namically evolving fracture network as encountered at our site, conventional
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tracer tests were limited in their ability to be informative in the longer run.

Conventional tracer testing was not able to tell when the change happened or

what the change was, which microbial community data successfully unraveled

in our field experiment.

Therefore, time-series microbial community monitoring in an active reservoir was

demonstrated in this study to be a novel long-term diagnostic tool that complements

existing technologies for improved characterization of an dynamically evolving reser-

voir.

5.2 Recommendations for Future Work

For synthetic DNA fragments as injected tracers, more research is needed for un-

derstanding other factors affecting DNA transport such as ionic strength, pH, etc.

A DNA transport model needs to be developed to better describe the behaviors of

injected synthetic DNA tracers so that properties of the transport medium can be

inferred by the DNA tracer return curves.

For the utilization of indigenous microbial community as unique natural tracers,

more research is needed to generalize the method to more complex reservoirs, for

example, those with more frequently occurring saturated fractures and hence more

prone to data convolution. Computational methods need to be developed to decon-

volve potentially mixed signals and calculate mixing proportions of different sources

of fluids in a given mixture. Laboratory incubation experiments that resemble subsur-

face field conditions are needed to investigate the indigenous microbial community’s
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response to engineering disturbances. The simulated engineering disturbance in the

lab should scale to the situation encountered at the EGS Collab testbed, in order

to find possible explanations of the community stability observed in this study. Fi-

nally, the transport characteristics of microbes as a community through subsurface

media need to be investigated, so that microbial time-series data can be interpreted

quantitatively to infer other properties of the transport media (fracture surface area,

fracture aperture, etc.). Quantitative interpretation of the microbial data would re-

quire a reservoir model to be capable of simulating relatively discrete data points with

high dimensions. Specifically, each data point in a potential reservoir model should

at least include all major DNA sequences or all major taxa. A reasonable model fit

would require the match of all major sequences/taxa over time.
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Appendix A

Real-time PCR Protocol

Yuran Zhang 6/24/19

Good Lab Practices:

• Before you start, wipe down your bench and all pipettes with 10% bleach. Then

wipe off the bleach from bench and pipettes with MilliQ water.

• Whenever you need fresh tubes, wipe bench area with EtOH, pour sterile tubes

onto the wiped area, then cap them immediately. Do NOT touch the inside of

the tube or cap.

• Note: NEVER bring any amplified PCR product into the biohood!

qPCR Recipe (per well):

Real-time PCR Master Mix [2x] 10 µl

(Applied Biosystems, cat# 43-687-06)
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NFW (nuclease free water) 4 µl

Forward primer (5 µM) 1 µl

Reverse primer (5 µM) 1 µl

Template (DNA) 4 µl

Total reaction vol 20 µl

The thermal cycling conditions are: 95 ◦C for 10 min followed by 40 cycles of 15 s

at 95 ◦C and then 1 min at 60 ◦C. (As well as a melt curve analysis at 95 ◦C for 15

s, then a 60 ◦C hold for 1min, and capturing melting data up to 95 ◦C). This is the

default condition of the standard SYBR Green run on this qPCR machine.

Preparing a qPCR Plate:

1. Plan the layout of your qPCR plate on an Excel sheet. Decide where to put

each sample/standard/NTC/blank in a plate. Log your plan into the Excel

sheet, and later prepare the plate strictly according to your plan. If your plan

changes, change the Excel sheet first then prepare the plate accordingly. Label

tubes needed for your serial dilutions.

2. Prepare standard DNA solutions, on your bench. Do NOT do it in the biohood.

(a) DNA tracers are stored as 25 nM stock solution in the -20 ◦C freezer.

(b) The highest concentration we use for the stdDNA is generally 0.25 nM

(1.51×108 copies/µl).

(c) Take out 25 nM tracer stock from freezer and thaw in 4 ◦C fridge (can do



157

this the very first thing before wiping bench and labeling tubes).

(d) Dilute the 25 nM tracer to 0.25 nM. I usually do so by adding 5 µl of 25

nM tracer to 495 µl 1x TE buffer, then mix well in an Eppendorf LoBind

microtube by vortexing for 3 sec at highest speed.

(e) Perform 1:10 serial dilutions on the 0.25 nM DNA tracer (all stdDNA con-

centrations are: 0.25, 0.025, 0.0025, 0.00025, 0.000025, 0.0000025 nM; in

other words 1.51×108, 1.51×107, 1.51×106, 1.51×105, 1.51×104, 1.5×103

copies/µl). Use 1x TE buffer as the dilution solvent. Use LoBind tubes.

Make sure to mix well after every dilution (by vortexing 3 sec) and change

new pipette tips.

(f) Store stdDNAs temporarily at 4 ◦C until further use.

3. Prepare master mix (MM), in the biohood:

(a) Calculate the total µl of respective reagent you need for each assay based

on the qPCR plan on your Excel sheet. For each entire row of MM, add

one extra when calculating reagent volume - you will always lose some

volume after pipetting into the wells.

(b) Mix the total µl of respective reagent for each assay in a microtube. Mix

well by vortexing for 3 sec. Then use the microcentrifuge to briefly spin

the tube, to gather all reagents to the bottom. You are now ready to start

preparing the qPCR plate.

4. Prepare the qPCR plate, on your bench.

(a) Pipette 16 µl of your MM into each well of each assay, according to your
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plan in the Excel sheet. You do not necessarily have to change tips for the

same assay. I usually change tip after pipetting 12 times.

(b) Pipette 4 µl DNA template (stdDNA, unknown DNA, and NFW for NTC)

into each well preloaded with MM, according to your plan in the Excel

sheet. Be sure to change a new tip after pipetting into each well!

(c) After all wells are loaded with MM + template, seal the plate using the

transparent adhesive cover. Use the card to ensure good seal.

(d) Centrifuge the plate using the proper rotor, for 4 min at 2500 rpm, at 4

◦C. Make sure there is a counterweight loaded on the other side of your

plate.

(e) While it is centrifuging, set up the StepOnePlus software.

(f) Place the centrifuged plate onto the StepOnePlus machine chamber. The

location of “A1” should correspond to the marker on the machine chamber.

(g) After setting up the software, go to the “Run” tab, and hit “START RUN”.

A dialogue may pop up saying calibrations are expired and ask if you want

to continue. Just hit continue.

(h) A whole run with melt curve analysis will take 2∼2.5 hr. I usually wait

until I see it enters precycling stage before leaving.

Setting up the StepOnePlus software:

1. Open StepOnePlus software.

2. Click the arrow next to “New Experiment” in the upper left corner. Select

“Advanced Setup”.
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3. In Setup − > Experiment Properties,

(a) Enter experiment name (the name you would like to give the data file.

Make sure to include date and assay name(s) and your initial in the file

name, avoid using special characters except “-” and “ ”)

(b) Select “StepOnePlus Instrument (96 Wells)”; “Quantitation -Standard

Curve”; “SYBR Green Reagents” (check “Include Melt Curve”); and “Stan-

dard (∼2 hours to complete a run)”.

4. Go to “Plate Setup”.

(a) Define targets, use the assay name (i.e. DNA tracer name) as target name.

(b) Define samples: if you have 20 samples, click “add new sample” 19 times

then change the names correspondingly.

(c) Click on “Assign Targets and Samples” tab.

i. Click “Define and Set Up Standards” − > select target name − >

enter # of points (# of stdDNA serial dilutions) − > enter of repli-

cates, which is 2 in our case − > enter starting quantity, for 0.25 nM

starting concentration of stdDNA it correspond to 150000000 − > en-

ter serial factor, in our case it’s 1:10 − > select wells and click Apply.

Close the window. You should see standard DNA assigned in the plate

layout. Hover your mouse onto each well to confirm the arrangement

is as expected.

ii. Assign every well according to your Excel sheet. Assign target, and

task for every well. Then assign sample name to every well.
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5. Go to “Run Method”.

(a) We have been using the default cycling conditions (listed in page 1). Just

scan though to confirm things look good, then move on to the “Run” tab.

6. Go to “Run” tab − > Amplification Plot.

(a) Scan through the plate layout to confirm everything looks good.

(b) Confirm your prepared plate is placed properly in the machine chamber.

(c) Close the chamber.

(d) Click “START RUN” on top left of the window. A dialogue may pop up

saying calibrations are expired and ask if you want to continue. Just hit

continue.

(e) Wait until you see the machine enters precycling stage before leaving.

(f) A whole run with melt curve analysis will take 2∼2.5 hr.

Finishing Up:

Always clear up your bench or the biohood before leaving. Check both the bench

and the 4 ◦C fridge to make sure you did not forget any DNA or primers in there -

DNA are supposed to be frozen at -20 ◦C for storage.



Appendix B

DNA Extraction and Library

Preparation Protocols

B.1 DNA Extraction from Filters

DNA extraction from the 0.2 µm Sterivex filters was performed on quarter or half

of each filter, representing 0.75∼2.5 L of filtered water. DNA was extracted using

the Qiagen AllPrep DNA/RNA Mini Kit (cat# 80204) following the manufacturer’s

instructions with the following modifications: 1) The cells were disrupted by submerg-

ing the filters in a 2 ml lysis tube with 600 µl buffer RLT, 6 µl 2-Mercaptoethanol, and

Lysing Matrix E (MP Bio, cat# 6914050) which consists of 1.4 mm ceramic spheres,

0.1 mm silica spheres, and one 4 mm glass bead. The mixture was vortexed for 5

min at max speed before the homogenized lysate was transferred to the extraction

kit; 2) The DNA elution step was performed twice using 50 µl buffer EB each time,
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resulting in 100 µl total eluate.

DNA extraction from the 0.02 µm Anotop filters was performed on each of the

whole filters, representing 0.8∼2.45 L of filtered water. DNA was extracted using

MasterPure Complete DNA and RNA Purification Kit (cat# MC89010) following

the protocol described by Steward et al. (2010) with the following modifications: 1)

No polyacryl carrier was used; 2) The centrifugation in alcohol precipitation step

was increased to 12,000 xg for 45 min to improve yield; 3) Resuspension volume was

increased to 30 µl using 1x TE buffer (pH = 8) for 30 minutes at 37 ◦C.

Extraction blanks, which were unused Sterivex or Anotop filters, were included

alongside each DNA extraction to account for potential contaminants in the reagents

or in sample handling. Although extraction blanks contained no detectable DNA

(Qubit measurement), the blanks were still handled exactly the same as actual sam-

ples and were also included in the sequencing run.

B.2 Library Preparation for 16S rRNA Amplicon

Sequencing

For the 16S amplicon library preparation we used two-step PCR protocol implement-

ing dual indexing strategy. Polymerase chain reaction (PCR) was performed on the

extracted DNA of each sample using universal 16S primers 515F-Y and 926R (Parada

et al. 2016), which amplify a 411 bp region of the V4 and V5 hypervariable region

of the 16S rRNA gene of both bacteria and archaea, amended with a custom linker

sequence. For each sample, 1 µl of 1 ng/µl (Qubit measurement) DNA extract was
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mixed with 24 µl of PCR master mix that consisted of 2.5 µl of Ex Taq Buffer

(TaKaRa, cat# RR001A, 10x), 0.5 µl dNTPs (2.5 mM each dNTP), 1 µl forward

primer (10 µM), 1 µl reverse primer (10 µM), 0.5 µl TaKaRa Ex Taq DNA Poly-

merase (5 units/µl), 0.5 µl Bovine Serum Albumin (BSA, 2.5 mg/ml, New England

BioLabs B9000S), and 18 µl molecular grade water. The following cycling conditions

were used: 95 ◦C for 180 s followed by 28 cycles of 95 ◦C for 45 s (denaturation), 50

◦C for 45 s (annealing), and 68 ◦C for 90 s (elongation), and then a final elongation

step at 68 ◦C for 300 s. Extractions were amplified in duplicate and no template

controls (PCR blanks) were included in all analyses.

A second PCR was then performed on the first PCR product to add unique bar-

codes to the amplicons from each sample. Custom primers consisting of a complimen-

tary sequence to the linker region on the primers in PCR 1, plus unique forward and

reverse indexes, were used (as in, e.g., McVeigh et al. (2018)). 1 µl of 1 ng/µl (Qubit

measurement) first round PCR product was mixed with 10 µl 5Prime Hot Master mix

(2.5x, cat# 2200400), 1 µl forward barcoding primer (5 µM), 1 µl reverse barcoding

primer (5 µM), and 12 µl molecular grade water. Cycling conditions for the second

PCR included an initial denaturation at 95 ◦C for 180 s followed by 8 cycles of 95 ◦C

for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s, and then a final elongation step at 72 ◦C for

300 s.

After each PCR, 4 µl of each PCR product was used to check for amplification on a

1% agarose gel. Neither the PCR blanks nor extraction blanks showed amplification,

confirming a lack of contaminants. The PCR products of extraction blanks were still

included in all subsequent steps and sequenced.
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PCR products were cleaned using magnetic beads (Agencourt AMPure XP for

PCR PURIFICATION, cat# A63880) with 0.7x bead-to-product ratio according to

manufacturer’s instructions. After clean-up, samples were pooled in equimolar con-

centrations and cleaned again using magnetic beads with 0.8x bead-to-product ratio.

The pool was finally eluted in 10 mM Tris-HCl and sent to the UC Davis Genome

Center for Illumina MiSeq 2x 250 bp paried-end sequencing.



Appendix C

High-throughput Sequencing Data

Processing

C.1 Sequencing Data Processing

Primers were trimmed from the raw sequencing data of each sample using cutadapt

(Martin 2011). Trimmed sequencing data were analyzed using bioinformatics pack-

ages in R, including dada2 (Callahan et al. 2016) and phyloseq (McMurdie et al. 2013).

Sequences were quality filtered by truncating all reads after 220 bases (i.e. discarding

bases with quality score less than 30), discarding any sequences that did not have ex-

act match to proximal primers, contained ambiguous bases (Ns), or had higher than

two expected errors. The high-resolution Dada2 method was then applied to infer

amplicon sequence variants (ASVs) (Callahan et al. 2017) from the quality-filtered

sequences, remove sequencing errors, merge forward and reverse reads (allowing no
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mismatches in the overlap region), remove chimeras, and generate a sequence table.

Because of the high sensitivity of sequencing technology, the blank samples which

did not show visible PCR amplification by gel electrophoresis still yielded some reads,

though orders of magnitude fewer than the samples (i.e., 100s versus 10,000s), Those

contaminating sequences were removed from the actual samples with the “decontam”

R package using the “prevalence” method with a “threshold” value of 0.5 (Davis et al.

2018) where all the extraction blanks of corresponding filter type were identified as

“negative” samples. This method basically identifies as contaminants the sequences

that are more prevalent in the negative controls than in positive samples (Davis et al.

2018). In addition, samples that were obtained in close vicinity to drilling water and

hence likely to contain sequences from drilling water (sample “OT” and “PST”) were

also treated with “decontam” using the “prevalence” method, where all the drilling

water samples were identified as “negative” samples. The influence of this treatment

on OT/PST data interpretation turned out to be limited, and is described further in

Section C.3.

The resulting ASVs were taxonomically classified with the naive Bayesian classi-

fier implemented in dada2 using the Silva v132 database (Callahan 2018). In order

to enable calculation of phylogeny-aware distances (i.e. weighted UniFrac distance)

between microbial communities among samples obtained in this study, a phylogenetic

tree of all sequences was constructed, using R packages DECIPHER (Wright 2016)

and phangorn (Schliep 2011).
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C.2 Data Processing Together with Previously Pub-

lished Data (Chapter 3)

Differences in the protocols employed between previously published studies and the

present study required additional sequence processing before comparing datasets.

Previously published data (Momper et al. 2017; Osburn et al. 2014) used primers

515F-C/806R. In this study, we used a different primer pair, 515F-Y/926R, to obtain

better community coverage and read length (Parada et al. 2016). In addition, the

previously published data used the 454 sequencing platform (discontinued in 2013),

whereas in this study we used the Illumina MiSeq paired-end sequencing platform.

Given that the coverage of 515F-C/806R primers is fully contained by the 515F-

Y/926R primers we used, we retrimmed our raw data with primers 515F-C/806R in

order to make the fairest comparison possible. After primer removal, previously pub-

lished data and our data were processed/reprocessed by the dada2 error-learning and

dereplication algorithm separately, until a sequence table was obtained for each data

set. The sequence tables of the two datasets were then merged, and subsequently

processed altogether, undergoing chimera removal, taxonomy assignment, phyloge-

netic tree construction, etc., according to the dada2 workflow (Callahan et al. 2016).

Specifically, data of this study was quality filtered using the same parameters de-

scribed in Section C.1, except that the truncation length of reverse reads was reduced

to 90 bases because trimming the reverse reads with 806R primer resulted in reverse

reads that were ∼120 bp shorter than the original. Data previously published were

quality filtered by discarding sequences that did not have exact match to proximal

primers, were shorter than 200 bp or longer than 350 bp, contained ambiguous bases
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(Ns), had a quality score less than 25, or had higher than two expected errors, ac-

cording to Momper et al. (2017) and Callahan et al. (2016). The rest of the sequence

processing workflow was the same as described in Section C.1.

C.3 Effect of Decontamination (Chapter 3)

As previously described, sequences retrieved from extraction blanks were subtracted

from the samples using the decontamination R package “decontam”. Because the

sequences in negative controls were orders of magnitude fewer than the samples, the

subtraction did not yield any noticeable influence on the community profiles in the

samples.

Besides decontaminating all samples from extraction-related contaminants, OT

and PST was additionally treated with “decontam”, setting drilling waters as “nega-

tive” samples, because of their possible exposure to drilling water during drilling. It

turned out that this treatment removed 45 sequence counts from 60910 total sequence

counts in PST (0.07%), and 4358 sequence counts from 31085 total sequence counts

in OT (14%). The negligible number of PST sequences removed by “decontam” in-

dicates that there was minimum drill-water contamination of sample PST, which is

possibly because sample PST was obtained after the well had been flowing for a while

(> 2 weeks) at high rate (750-60 ml/min). In comparison, a larger portion of OT

sequences were identified as drill-water contaminants and removed, which indicates

a higher level of drill-water contamination. This is possibly because well OT flowed

at a lower rate, and that sample OT was obtained soon after flow initiated before
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indigenous fluid flow could completely clear out the drilling water residue. Never-

theless, this “decontam” treatment removing selected drill-water-like sequences from

OT and PST does not affect the main feature of OT/PST community: they share a

large portion of microbial families absent or almost absent in drilling water and other

formation fluid samples.
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Appendix D

Geochemistry of Fluid Samples

(Chapter 4)

The raw geochemistry data of all the time-series samples from Chapter 4 is displayed

in Table D.1 (PB), Table D.2 (PI), Table D.3 (PDT), Table D.4 (PST) and Table

D.5 (Inj).
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