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Abstract

A new and robust tracer technology is introduced based on encapsulated Nano-sized synthetic DNA.
This cutting-edge technology enables bonding of synthetic DNA strands with unique sequences to a
magnetic core particle and encapsulating them with silica making it possible to have unlimited number
of identifiable tracers, each with a unique signature. Each manufactured batch of DNA tracer is then
coated with a special chemical to make the batch water-wet or oil-wet. The presented novel technology
of encapsulated Nano-sized DNA tracers is shown to be superior to the currently used water chemical
tracers, fluorobenzoic acid or FBA, in many ways both in the applications of EOR and flowback
analyses in hydraulic fracturing. Unlike the chemical tracers, the DNA tracers don’t partition, don’t
chemically react with the formation minerology, don’t disintegrate with time, are stable at high reservoir
temperatures and don’t lag flood front velocity if used in secondary recovery projects such as
waterflooding. In addition, unlike the available limited number of chemical tracers, there are unlimited
number of identifiable DNA tracers. In waterflooding, the DNA tracers are used to characterize fluid
flow accurately and precisely in a reservoir and to identify heterogeneity of the reservoir. The
technology can also be used to evaluate flowback analyses in hydraulic fracturing to fully understand
fracture behavior, pipeline leakage identification, groundwater movement, contamination tracking in
water streams, etc.

Introduction

It is appropriate to present a detailed, yet simplified information on the DNA technology and its
applications in various areas before an introduction to the technology of tracer and the DNA application
as tracer in oil and gas.

Introduction to DNA.

Deoxyribonucleic acid (DNA) is a double-stranded polymer that consists of individual nucleotides
monomers — adenine (A), thymine (T), guanine (G) and cytosine (C). It contains a sugar-phosphate
backbone that is made up of repeating units of a phosphate group and a deoxyribose sugar. The third
component that makes up each monomer is the base. These bases pair with one another via hydrogen
bonds and provide the unique identity to each of the four nucleotides. In a DNA molecule, adenine pairs



with thymine and cytosine pairs with guanine. Therefore, the DNA molecule consists of two strands that
are paired with each other in what is termed an “antiparallel” fashion or manner. This means that the
strands are complementary to each other, but the individual monomers — nucleotides composed of a
phosphate, a sugar and a base — run in opposite directions.

In living organisms, DNA provides the information necessary to code for most functions in the cell.
This type of DNA is called “genomic DNA” and consists of thousands to trillions of paired nucleotides
that code for genetic information necessary to carry out cellular processes. The “Central Dogma” of
molecular biology, which was first introduced by those who characterized DNA, states that in living
systems genomic DNA is transcribed into RNA and RNA is translated into protein.* Since proteins are
the macromolecule that perform most cellular functions, DNA must first code for RNA and then be
translated before it can perform its particular function. Therefore, DNA is considered the information
storehouse or instruction sheet for the cell. It stores information but must be converted into individual
information cassettes (RNA) which code for the functional units in the cell (protein).

DNA and Tracer Technology.

Fortunately, scientists have harnessed the information or instruction carrying capabilities found in
DNA for other purposes. This publication addresses the role of DNA in tracing or tracking capabilities.
Although DNA molecules have been widely used in tracing, the unique nature of the tracer described
here is that it is silica encapsulated. Silica encapsulation allows for environmental preservation of the
DNA molecules used for tracing. Specifically, research is already underway to use silica encapsulated
DNA to trace microbes for infectious disease studies, environmental tracing, and leak-tracing.?*

For this study, DNA was synthetically manufactured and coded in silica prior to its use in the field.
As the information coded in the DNA polymer is based upon the unique order of each nucleotide in the
sequence, thousands of unique DNA molecules were generated. Since these strands were approximately
80 nucleotides in length and there are 4 unique nucleotides that can be chosen for each position in the
polymer, there is a capability of generating 80* or nearly 41 million unique strands.

To identify each strand, a proprietary process of silica extraction, followed by DNA purification and
polymerase chain reaction (PCR) was performed. The PCR process, which was first described in the
1980’s, repeatedly copies a DNA segment, using primers that are particular to that segment.® Primers are
short segments of DNA — typically 20 to 25 nucleotides in length - that are particular to a certain
sequence. Using the same formula as above, 25* indicates that there are close to 400,000 combinations
of nucleotides for each primer used in a PCR reaction. There are a forward and reverse primer for every
PCR reaction, there is an extremely small likelihood that any sequence other than the primer-directed
sequence will be identified. Once the primers anneal to the particular sequence in the PCR reaction, an
enzyme polymerase that copies the DNA molecule that the primers are targeting. In a PCR reaction
there are typically 30 to 45 cycles, which means that eventually the amplification becomes exponential,
Fig. 1.

In addition, a fluorescently labeled probe is added to this PCR process in an experimental protocol
named Real-time or Quantitate PCR (gPCR). This type of PCR adds a probe that is approximately 25 to
30 nucleotides in length, which make the identification of the segment even more specific. Additionally,
a fluorescence dye is added to the probe so that when the amplification of the target segment occurs, the
fluorescent probe is released, and the exponential glow of the probe occurs along with exponential
amplification of the target sequence. qPCR is performed in an instrument that detects the change in
fluorescence by the probe and reports this as a number. The instrument detects the cycle at which the
fluorescence becomes exponential and reports this to the user. This cycle is called the threshold and is
reported as cycle threshold (Ct) value. Therefore, a low Ct would indicate that exponential
amplification started earlier than a high Ct, meaning the lower the Ct the greater the abundance of the
target DNA in the sample.
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Fig. 1- Exponential Amplification in PCR

Additionally, it should be noted that each primer/probe sequence used in qPCR is able to detect a unique
DNA polymer sequence used for these experiments. Therefore, although up to 24 nanoparticle/DNA
Tracer batches were pumped, each one can be uniquely identified using the gPCR protocol. For this
study, prior to use in tracing, a representative sample from each batch of probes was tested using the
gPCR process. This resulted in a Ct value for each batch. Once the batch was used in the field, a final
sample was collected, and the qPCR process was performed again. This resulted in a secondary Ct
value. Ct values were compared according to the methods below to determine the amount of tracer in
each sample.

Introduction to Tracer Technology.

Application of DNA as tracer has been well documented in literature. According to one document,
hydrological pollution has been successfully traced with DNA tracers.® According to authors, DNA
tracers have remarkable advantages such as environmentally friendly unlimited number of available
tracers over all current tracer technologies like isotopes, silica, bromide, dyes, and FBAsS.

In another study, DNA tracers are used for monitoring groundwater flow with contaminant.’
According to this study, DNA tracers are superior to all existing tracer technologies including bacterial,
radioactive and chemicals, due to their environmentally friendly application, unlimited number of
available tracers and being cost effective.

Application of DNA tracers in oil and gas is the author’s patented technology.®® According to the
author, synthetic DNA tracers are well suited for oil and gas applications and are superior to currently
used fuozrobenzoic acid chemical tracers. The advantages are well defined in a paper by the same
author.?

To make the investigation of understanding the differences between chemical and DNA tracers, it is
this study focuses on the application of tracer in waterflooding and highlight the chemical tracer’s
shortcoming compared to that of DNA tracers. It is important to note that the superiority of DNA
tracers, as explained in this paper, due to their unique characteristics, is valid for all aspect of tracing
including but not limited to waterflooding, flowback analyses in hydraulic fracturing, leakage
identification in pipeline and or tanks, groundwater movement, etc..

The success of any waterflooding depends on the prior knowledge of reservoir continuity and
uniformity, which is governed by the heterogeneity of the reservoir. It is the heterogeneity of the
reservoir that dictates what percentage of the reservoir fluid volume is contacted by the injection volume
all due to the existence of channels, high permeability streaks, low permeability streaks, faults, sink
holes and thief zones. Fluid movement through these reservoir’s geological structures (non-



homogeneous) will produce a poor sweep efficiency. Chemical tracers have long been used to map
reservoir fluid flow and to evaluate reservoir heterogeneity as well as flowback analyses in hydraulic
fracturing.1%*! These chemical tracers, flouorobenzoic acids, exhibit many shortcomings in their
process. A series of laboratory tests were conducted such as temperature stability, shelf life, mixing and
diluting, reservoir minerology effect on the tracers’ stability and partitioning. The results have
previously been published and clearly demonstrate the advantage of DNA tracers in all aspect of
applications over chemical tracers.'? The results, according to authors, show no DNA tracer
disintegration with time and or temperature, no effect of various reservoir geological minerology on
DNA tracers, no lag of DNA tracer velocity as compared to that of chemical tracers in relationship to
flood front velocity and no DNA tracer partitioning from water phase to oil phase or vice versa.
Another major problem with the chemical tracers aside from their limited number of availabilities, is
disintegration while moving through the reservoir rocks. Therefore, a core-flow test was conducted to
evaluate chemical tracers’ behavior compared to that of DNA tracers under similar conditions as they
travel through a reservoir rock.

Laboratory Investigations

A core-flow study was conducted to fully investigate 1) regained permeability of the core after core
has been subjected to DNA and chemical tracers and 2) to evaluate tracer loss within the core as it
moves through the core. In doing so, a 15 in by 1 % in Bentheimer Sandstone core plug was used for the
test. The core porosity and wet permeability to 2% KCI was measured at 22.8% and 1,375 md,
respectively. Test was conducted at 200°F with 1,600 psi confined pressure. Fig. 2 shows the core-flow
setup.

Fig. 2- Core-Flow Setup
A: Core holder
B: Fluid Reservoir
C: Pressure Transducer

D: Pump
E: Thermocouple
F: Backpressure



A solution was made of 2% KCI, 24 DNA tracers and 20 FBA chemical tracers. The concentration of
each DNA tracer was about 25,000,000 DNA strands per/liter and the concentration of each FBA
chemical tracer was about 30 to 40 ppm. Test was run for 10 pore volumes at 3 ml/min and at the end of
each pore volume injection, a 10 ml effluent sample was collected for DNA tracer and FBA tracer
analyses. The core was then flushed with 2% KCI solution at 3 ml/min until pressure drop across the
core stabilized. Regained permeability of the core plug was then measured. Samples were taken to lab
for tracer analyses.

Results and Discussions
Pressure drops across the 12.0 in core Bentheimer sandstone core plug during the 2% KCI injection,
tracers’ injection and flush with 2% KCI is shown in Fig 2.
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Fig. 2- Pressure Drop During Test

As presented in Fig. 1, pressure drop across the core plug keep increasing during the tracer’s injection.
This is due to the fact that the chemical reaction between the chemical tracers and the minerology of the
core plug slows the front velocity causing gradual increase in pressure drop across the core. However,
what is more important is the pressure drop during the flush goes to what it originally was, producing a
99.3% regained permeability of 1,365.8 md.

Sample Analyses.

Samples were analyzed for DNA tracer concentration and FBA chemical tracers. Tables 1 to 4
present sample analyses data for the DNA tracers while Tables 5 to 8 present sample analyses data for
the FBA chemical tracers. As presented in these tables, the DNA tracer concentration has not changed
by more than 4.69% in any of the 10 effluent samples collected in any of the 24 DNA tracers compared
to that of the initial DNA tracer concentration. However, the concentration of the FBA chemical tracers



in the 10" effluent sample of each of the 20 tracers has changed by as much as 57.7% compared to that
of its initial concentration. This confirms the FBA chemical reaction with the minerology within the 12
in core plug that caused to slow the front velocity of the injection fluid, which in turn caused the
pressure drop to increase. What is more important, if the FBA chemical tracers disintegrate with 12 in
core plug at 200°F, the loss would be much bigger in a reservoir. Figs. 3 presents the percent difference
between the first sample taken after the first pore volume and the 10" sample. As shown in Fig. 3, the
differences between the first pore volume sample and the 10" pore volume sample for DNA tracer is
consistent at about 3.5% while for the FBA tracers jumps from low 20 to high 55%. It is important to
note that FBA tracers, due to their chemistry react with the formation rock at various rate hence causing
huge variations in loss. Fig. 4 presents a bar-graph of the averaged difference between the first and the
10™ pore volume sample for all 20 FBA tracers vs all 24 DNA tracers.

Each Pore Vol

Sample ID after Tracer 101 Tracer 102 Tracer 103 Tracer 104 Tracer 105 Tracer 106

Each Pore Vol Strands in 1L Strands in 1L Strands in 1L Strands in 1L Strands in 1L Strands in 1L

Initial Con. 24,283,193 25,193,812.22 24,283,192.50 26,104,431.94 25,193,812.22 26,104,431.94
1 23,714,055 21,437,505.88 20,868,368.55 24,283,192.50 23,144,917.85 25,193,812.22
2 21,437,506 23,714,055.18 20,868,368.55 23,714,055.18 20,868,368.55 25,193,812.22
3 20,299,231 20,868,368.55 21,437,505.88 20,868,368.55 20,868,368.55 23,714,055.18
4 21,437,506 20,299,231.23 21,437,505.88 25,193,812.22 22,006,643.20 23,144,917.85
5 20,868,369 23,144,917.85 20,299,231.23 23,714,055.18 23,144,917.85 22,006,643.20
6 21,437,506 22,006,643.20 22,575,780.53 25,193,812.22 24,283,192.50 22,006,643.20
7 20,868,369 22,006,643.20 21,437,505.88 23,144,917.85 24,283,192.50 20,868,368.55
8 20,868,369 22,006,643.20 24,283,192.50 21,437,505.88 23,714,055.18 25,193,812.22
9 22,006,643 20,299,231.23 22,575,780.53 23,144,917.85 22,006,643.20 20,868,368.55
10 23,144,918 24,283,192.50 23,144,917.85 25,193,812.22 24,283,192.50 25,193,812.22

Difference, % 4.69 3.61 4.69 3.49 3.61 3.49

Table 1. DNA Tracer Analyses of the ten Effluent Samples
Tracer 101 to 106
Sample ID after Tracer 107 Tracer 108 Tracer 109 Tracer 110 Tracer 111 Tracer 112

Strands in 1L

Strands in 1L

Strands in 1L

Strands in 1L

Strands in 1L

Strands in 1L

Initial Concentration

27,925,671.38

27,925,671.38

26,104,431.94

25,193,812.22

27,015,051.66

27,925,671.38

1 23,714,055.18 27,925,671.38 25,193,812.22 25,193,812.22 23,144,917.85 23,714,055.18
2 26,104,431.94 27,015,051.66 23,714,055.18 23,714,055.18 23,714,055.18 23,714,055.18
3 26,104,431.94 27,925,671.38 26,104,431.94 24,283,192.50 21,437,505.88 22,575,780.53
4 22,575,780.53 27,015,051.66 25,193,812.22 25,193,812.22 23,714,055.18 25,193,812.22
5 20,299,231.23 25,193,812.22 25,193,812.22 24,283,192.50 23,714,055.18 23,714,055.18
6 23,144,917.85 24,283,192.50 23,714,055.18 23,714,055.18 24,283,192.50 26,104,431.94
7 22,575,780.53 27,015,051.66 25,193,812.22 25,193,812.22 26,104,431.94 27,925,671.38
8 25,193,812.22 27,015,051.66 24,283,192.50 24,283,192.50 24,283,192.50 27,925,671.38
9 25,193,812.22 27,015,051.66 25,193,812.22 25,193,812.22 27,015,051.66 24,283,192.50
10 27,015,051.66 27,015,051.66 25,193,812.22 24,283,192.50 26,104,431.94 27,015,051.66
Difference, % 3.26 3.26 3.49 3.61 3.37 3.26

Table 2. DNA Tracer Analyses of the ten Effluent Samples
Tracers 107 to 112

Sample ID after Tracer 113 Tracer 114 Tracer 115 Tracer 116 Tracer 117 Tracer 118
Each Pore Vol Strands in 1L Strands in 1L Strands in 1L Strands in 1L Strands in 1L Strands in 1L
Initial Concentration 28,836,291.09 27,015,051.66 25,193,812.22 28,836,291.09 27,925,671.38 25,193,812.22

1 25,193,812.22 22,006,643.20 20,868,368.55 28,836,291.09 23,714,055.18 23,714,055.18
2 27,015,051.66 23,714,055.18 22,575,780.53 27,015,051.66 23,714,055.18 22,575,780.53
3 24,283,192.50 22,575,780.53 23,714,055.18 27,925,671.38 22,575,780.53 21,437,505.88
4 27,925,671.38 26,104,431.94 24,283,192.50 28,836,291.09 22,575,780.53 22,006,643.20
5 22,006,643.20 22,575,780.53 20,868,368.55 27,925,671.38 23,714,055.18 22,006,643.20
6 20,868,368.55 22,575,780.53 22,006,643.20 27,925,671.38 23,714,055.18 22,006,643.20
7 20,299,231.23 23,714,055.18 23,144,917.85 27,925,671.38 23,714,055.18 23,714,055.18
8 26,104,431.94 23,144,917.85 22,575,780.53 27,925,671.38 23,714,055.18 23,714,055.18
9 27,925,671.38 26,104,431.94 22,006,643.20 27,015,051.66 22,575,780.53 23,714,055.18
10 27,925,671.38 26,104,431.94 24,283,192.50 27,925,671.38 27,015,051.66 24,283,192.50

Difference, %

3.16

3.37

3.61

3.16

3.26

3.61

Table 3. DNA Tracer Analyses of the ten Effluent Samples
Tracers 113 to 118




Sample ID after

Tracer 119 Tracer 120 Tracer 121 Tracer 122 Tracer 123 Tracer 124
Each Pore Vol Strands in 1L Strands in 1L Strands in 1L Strands in 1L Strands in 1L Strands in 1L
Initial Concentration 27,015,051.66 25,193,812.22 28,836,291.09 27,925,671.38 25,193,812.22 27,015,051.66
1 25,193,812.22 20,868,368.55 28,836,291.09 23,714,055.18 23,714,055.18 25,193,812.22
2 22,006,643.20 22,575,780.53 27,015,051.66 23,714,055.18 22,575,780.53 22,006,643.20
3 21,437,505.88 23,714,055.18 27,925,671.38 22,575,780.53 21,437,505.88 21,437,505.88
4 24,283,192.50 24,283,192.50 28,836,291.09 22,575,780.53 22,006,643.20 24,283,192.50
5 22,006,643.20 20,868,368.55 27,925,671.38 23,714,055.18 22,006,643.20 22,006,643.20
6 20,868,368.55 22,006,643.20 27,925,671.38 23,714,055.18 22,006,643.20 20,868,368.55
7 26,104,431.94 23,144,917.85 27,925,671.38 23,714,055.18 23,714,055.18 26,104,431.94
8 26,104,431.94 22,575,780.53 27,925,671.38 23,714,055.18 23,714,055.18 26,104,431.94
9 22,575,780.53 22,006,643.20 27,015,051.66 22,575,780.53 23,714,055.18 22,575,780.53
10 26,104,431.94 24,283,192.50 27,925,671.38 27,015,051.66 24,283,192.50 26,104,431.94
Difference, % 3.37 3.61 3.16 3.26 3.61 3.37
Table 4. DNA Tracer Analyses of the ten Effluent Samples
Tracers 119 to 124
Sample ID After 24-DFBA 25-DFBA 34-DFBA | 26-DFBA 2-FBA 4-TFMBA
Each Pore Vol ppm
Initial Con. 37.52 18.21 24.83 13.36 31.95 43.87
1 31.52 14.69 22.19 11.38 26.30 38.50
2 42.28 18.98 22.15 16.70 34.56 45.71
3 42.43 18.89 22.16 15.59 32.96 45.45
4 45.32 20.38 23.48 17.87 36.18 49.64
5 23.49 12.53 18.49 8.96 21.34 30.81
6 34.25 16.55 16.64 12.88 28.99 40.48
7 34.70 16.59 17.88 11.84 29.08 41.05
8 28.57 14.02 14.04 9.87 24.46 34.90
9 21.74 12.13 16.36 7.44 21.61 31.21
10 22.51 12.66 15.98 7.43 22.53 33.05
Difference, % 40.01 30.48 35.64 44.39 29.48 24.66
Table 5. Chemical Tracer Analyses of the ten Effluent Samples
Tracers 24-DFBA, 25-DFBA, 34-DFBA, 26-DFBA, 2-FBA, 4-TFMBA
Sample ID After 3TFMBA | 2TFMBA | 245 TFBA | 4F3-TFMBA | 4C2-FBA |  2C6-FBA
Each Pore Vol PPM
Initial Con. 44.57 39.55 34.58 40.89 22.79 12.80
1 39.54 34.64 28.29 34.64 30.33 11.17
2 45.76 41.32 37.23 42.88 24.83 15.80
3 45.33 41.45 37.56 42.85 20.37 14.90
4 49.21 44.51 41.41 46.99 19.80 17.90
5 31.46 27.13 23.36 28.80 10.35 8.21
6 40.44 35.83 33.44 38.48 15.59 12.97
7 41.26 36.39 32.85 38.50 14.86 10.86
8 35.04 30.50 27.42 32.10 12.12 9.23
9 31.53 27.31 22.61 28.29 9.97 6.65
10 33.72 27.80 23.58 30.30 9.62 6.80
Difference, % 24.34 29.71 31.81 25.90 57.79 46.88

Table 6. Chemical Tracer Analyses of the ten Effluent Samples
Tracers 3-TFMBA, 2-TFMBA, 245-TFMBA, 4F3-TFMBA, 4C2-FBA, 2C6-FBA




Sample ID After 2345-TFBA | 2-CBA 4-CBA | 35-DCBA 24-DCBA | 26-DCBA
Each Pore Vol PPM
Initial Con. 14.93 22.22 39.39 12.37 15.95 22.43
1 12.00 16.84 25.68 7.51 17.32 22.29
2 17.06 22.06 39.15 14.57 21.93 27.23
3 18.19 23.03 38.59 15.06 18.51 25.60
4 19.00 23.82 42.70 19.39 21.08 29.57
5 10.02 14.06 26.13 9.55 8.86 14.98
6 16.28 19.70 34.25 15.03 16.35 22.52
7 15.09 19.30 33.81 14.35 13.60 19.93
8 11.69 15.50 29.12 12.51 12.51 17.76
9 9.63 13.44 24.88 8.65 8.67 14.37
10 9.74 13.28 26.24 9.54 8.51 13.88
Difference, % 34.76 40.23 33.38 22.88 46.65 38.12

Percent Diff.
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Table 7. Chemical Tracer Analyses of the ten Effluent Samples

Tracers 2345-TFBA, 2-CBA, 4-CBA, 35-DCBA, 24-DCBA, 26-DCBA

Sample ID After 25-DCBA | 23-DCBA
Each Pore Vol PPM
Initial Con. 11.62 13.08
1 9.96 9.76
2 13.57 17.12
3 13.47 15.81
4 14.83 16.43
5 6.31 6.48
6 10.91 13.15
7 9.65 11.75
8 7.90 9.41
9 5.80 5.89
10 5.93 5.84
Difference, % 48.97 55.35

Table 8. Chemical Tracer Analyses of the ten Effluent Samples

Tracers 25-DCBA, 23-DCBA

FBA

Tracer ID

Fig. 3- Tracer Con. Difference between first and last Pore-volume sample
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Fig. 4-Bar Graph Presentation of Average Percent Tracer loss of FBA vs DNA
During a 10 Pore Volume Injection through a 12.0 in Core Plug

Conclusions

A robust tracer technology is developed based on synthetic Nano-sized DNA. The Nano-sized DNA
tracers are encapsulated through a special coating which bonds the DNA tracer to silica to make Nano-
sized particles. The developed particles are coated with special chemistry to make them either water wet
or oil wet. The developed synthetic DNA polymer can have virtually unlimited identifiable strands
where each strand sequence can be used as a unique tracer. The superiority of DNA tracer over FBA
chemical tracers are in many ways documented such as temperature stability, time disintegration,
partitioning, reaction to the reservoir rocks, etc. In addition, based on the results of this study, it is
documented that DNA tracers don’t plug formation rocks and don’t react with formation rock under
dynamic conditions and at high reservoir temperatures.
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