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Abstract
Accurate diagnostics of acid placement and zonal contribution remain a key challenge in the effective
restimulation of legacy horizontal wells. Traditional evaluation tools—including radioactive tracers, ionic
markers, and post-treatment production surveys—often lack the spatial resolution, durability, or real-time
feedback needed for confident treatment optimization. This study introduces a next-generation system
composed of silica-encapsulated DNA nanoparticle tracers embedded in degradable diverters to enable
high-resolution, stage-specific tracking of fluid movement during matrix acidizing treatments.

Field trials were conducted across four horizontal wells in the Midland Permian Basin, each exhibiting
declining productivity and targeted for lateral acid remediation. The DNA tracers, uniquely barcoded and
thermochemically stable, were deployed embedded in diverters at each stage and recovered via magnetic
separation and quantitative PCR (qPCR). Tracer returns provided real-time insight into acid placement
and zonal response. In wells with broadly distributed tracer profiles, stimulation coverage was widespread,
whereas other wells showed concentrated returns from just a few zones—highlighting variability driven by
formation heterogeneity and completion design.

Compared to conventional tracer systems, the DNA platform enabled multiplexed deployment, sub-
PPB detection sensitivity, and temporally resolved diagnostics—without the need for post-job intervention.
These capabilities directly addressed prior limitations in diversion validation and stimulation evaluation.
The results confirm that DNA nanoparticle tracers provide a reliable and scalable diagnostic tool, offering
operators clearer visibility into stage-level behavior and supporting improved decision-making in lateral
restimulation strategies.

Introduction
Enhancing production from previously completed horizontal wells has the potential to provide maximum
return on minimal capital expenditures; however, one principal challenge must be overcome. Even
distribution of stimulation fluids across the entirety of the lateral is a challenge that persists, often
resulting in suboptimal stimulation. Historically, various methods have been used to enhance distribution,
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including rock salt, benzoic acid flakes, degradable and non-degradable balls, degradable particulates,
foams, and viscoelastic gelling agents (Aldawsari et al., 2024; Al-Ghamdi et al., 2014; Morrow et al., 2023).
Each diverting agent has different transport characteristics and seating mechanisms, resulting in different
performance. Traditional diagnostic tools lack the spatial resolution and chemical durability required to
track treatment dynamics with precision (Zhao et al., 2021), which makes the comparison of different
diverting agents and the evaluation of overall treatment efficacy difficult. These tools include radioactive
tracers, production surveys, and fiber optic monitoring, all of which add significant expense and require
post-treatment intervention. While many options for lateral restimulation exist, including refracturing,
formation damage remediation treatments, and surfactant injection, acid stimulation treatments remain the
most common and economical option.

Despite their popularity, acid treatments in legacy horizontal wells are often limited by uncertainty
about where damage has occurred and whether acid is effectively contacting unstimulated rock. Production
declines in mature wells are frequently linked to near-wellbore damage or incomplete initial coverage,
yet treatment design remains constrained by a lack of zonal diagnostics. As a result, operators must make
retreatment decisions with limited visibility into which zones warrant intervention, often leading to mixed
outcomes (Chacon & Pournik, 2022; Leonard et al., 2016; Shafiq & Mahmud, 2017).

A recent SPE study brought critical attention to the limitations of conventional diversion evaluation in
horizontal completions (Senters et al., 2017). That work used proppant tracers and temperature logs to assess
near-wellbore treatment distribution following particulate diverter deployment. While their diagnostics
demonstrated that diversion can sometimes improve cluster efficiency, they also revealed numerous
cases where surface pressure response was misleading, diverter dissolution was incomplete, and cluster
stimulation remained uneven. These findings emphasized the limitations of pressure-only interpretation and
the diagnostic gap that exists when trying to validate diversion or acid placement in real time.

While diverters are widely used to enhance acid distribution by temporarily plugging high-permeability
zones, operators typically rely on indirect metrics such as pressure response or post-job production to
infer treatment effectiveness (Bist et al., 2024). Similarly, conventional chemical or ionic tracers provide
cumulative or overlapping signals that obscure stage-by-stage contributions. As demonstrated in our earlier
field trials and modeling efforts (Asadi, Blair, & Comstock, 2022; Asadi, Blair, Kuiper, et al., 2022), there
remains a need for a high-resolution, stage-specific diagnostic system that can be deployed in real-time and
is resilient under downhole chemical and thermal stress.

To address these challenges, this study introduces a novel integration of DNA nanoparticle tracers
with diverter systems for real-time monitoring and optimization of acid stimulation treatments. These
DNA nanoparticle tracers represent a next-generation alternative to conventional diagnostic tools, offering
unmatched spatial resolution, sensitivity, and stage-specific insight. Our approach enhances the resolution
of acid flowback characterization and provides actionable insights into diverter dissolution behavior and
zonal fluid movement. We hypothesize that DNA-barcoded nanoparticles can function as high-resolution
molecular trackers that persist through harsh wellbore environments and deliver quantifiable, stage-specific
signatures that improve treatment diagnostics and design.

This paper presents results from a multi-well deployment of a rapidly hydrolyzing particulate diverting
agent embedded with DNA nanoparticle tracers. This system not only improves acid distribution along the
length of the lateral, but also generates detailed feedback on treatment efficacy, stage-by-stage production
behavior, and the degree of zonal coverage—without requiring additional post-job intervention. These
findings establish a scalable and high-resolution framework for subsurface diagnostics in legacy horizontal
well interventions.
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Statement of Theory and Definitions
Synthetic DNA sequences serve as molecular barcodes for high-specificity tracking of fluid movement
through subsurface zones. Each sequence is covalently bonded to a magnetic iron oxide (Fe3O4) core, then
encapsulated within a nonporous silica shell that protects the DNA from degradation caused by temperature,
salinity, and shear stress (Figure 1). The result is a chemically stable and thermally resilient molecular tracer
that can be magnetically recovered and detected at sub-part-per-billion (PPB) concentrations.

Figure 1—Assembly of DNA nanoparticle tracers. Barcoded DNA is attached to a magnetic
core and encapsulated in a nonporous silica shell for protection and qPCR detection.

Detection is performed using quantitative polymerase chain reaction (qPCR), which not only amplifies
the target DNA but also provides cycle threshold (Ct) values that correlate directly with concentration. This
allows real-time, quantitative tracking of tracer returns in flowback fluids. The combination of molecular
specificity and physical durability supports stage-level diagnostics of fluid placement and zonal response.

To enable time-resolved interpretation of treatment dynamics, each unique DNA tracer was incorporated
directly into the base material of a degradable organic monomer powder used as a diverting agent. As the
diverter hydrolyzes in situ, embedded tracers are released into the flowing fluid. Because each diverter
drop carries a distinct DNA barcode, the appearance of a given tracer in flowback samples identifies the
corresponding treatment zone and stage timing.

Subsurface fluid tracing presents operational challenges including high temperatures, pressure variability,
diverse fluid chemistries, and complex reservoir architecture. Traditional tracers often struggle under these
conditions due to low sensitivity, overlapping signals, or signal degradation. The DNA nanoparticle tracer
system addresses these limitations through exceptional detection sensitivity, simultaneous deployment
of numerous unique barcodes, and controlled release via diverter dissolution. This enables operators to
generate high-resolution, zone-specific insights into fluid placement and diversion behavior, supporting
optimization of both acid stimulation and hydraulic fracturing treatments.

Laboratory validation confirmed that tracer release is tightly coupled to diverter dissolution kinetics.
Tracer-infused diverters were tested at equal concentrations (2 grams per 50 mL and 20 grams per 500 mL)
in varying ratios of fresh and produced water (Figure 2a). Though the concentrations were held constant,
variations in surface area-to-volume ratio affected dissolution rates and tracer release timing. In all cases,
peak tracer signal occurred at approximately twice the time required for full diverter degradation (Figure
2b), indicating predictable release behavior and strong temporal alignment between diverter breakdown and
tracer emergence.
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Figure 2—Laboratory Validation of Tracer-Diverter Dissolution Dynamics: (a) Tracer Diverter dissolution
rates in fresh water (FW), produced water (PW), and mixtures using two diverter loads. (b) Tracer

concentration (PPB) vs. diverter mass remaining, showing that tracer release closely follows dissolution.

Prior studies from our lab have demonstrated that silica encapsulation preserves DNA integrity under
extreme downhole conditions, including high salinity, temperature gradients, and turbulent flow. These
findings confirm the technical feasibility and operational robustness of the tracer platform for field-scale
deployment.

Compared to legacy tracer systems, such as radioactive isotopes, ionic compounds, or tagged proppants,
the next-generation DNA nanoparticle technology offers several advantages: higher sensitivity, chemical
resilience, non-interfering signal multiplexing, and elimination of post-job interventions. These attributes
make the technology particularly well suited for restimulation campaigns in complex horizontal wells,
where understanding zonal performance at a granular level is critical to achieving consistent and efficient
outcomes.

Materials and Methods
To evaluate the use of DNA nanoparticle tracers in acid stimulation treatments, a multi-well field trial
was conducted across four legacy horizontal wells in the Midland Basin between January and March
2025. These wells, located in the Spraberry and Wolfcamp formations, had previously undergone hydraulic
fracturing but exhibited declining production performance. Based on diagnostic reviews and production
history, near-wellbore and lateral scale accumulation were identified as probable causes of impairment.
An acid remediation campaign was designed to restore zonal contribution while enabling post-treatment
diagnostics via DNA tracer recovery. The diverter selected for this campaign is effective for BHTs from
approximately 90 °F to 180 °F.

All four wells were treated using a standardized acid base consisting of 20,000 gallons of 15%
hydrochloric acid (HCl). Well H was stimulated using a low-stage-count design comprising five acid stages
(4,000 gallons each) and four diverter drops at 1,100 pounds per stage. However, a flow meter obstruction
during Stage 1 caused by debris led to a temporary shutdown. Operations resumed the following day using
driveline rate calibration across all pumps. To maintain treatment effectiveness, an additional diverter drop
was deployed, resulting in five diverter drops across four stages. In contrast, the remaining three wells,
R5, R7, and A, were stimulated using a high-resolution design with 12 acid stages (approximately 1,818
gallons per stage) and 11 diverter drops (400 pounds each). All treatments were executed through a 3½-inch
work string landed on a packer at kickoff, with pumping rates maintained between 18–20 barrels per minute
and surface pressures reaching up to 4,000 psi. Real-time friction modeling was used to manage pumping
dynamics and ensure consistent downhole performance.

A total of 38 uniquely barcoded nanoparticle tracers were used across the study, each carrying a distinct
synthetic DNA sequence for stage-level identification. Each batch of tracers contained 1,000 micrograms of
DNA and was blended into 2,200 pounds of coarse powder composed of a degradable organic monomer. The
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monomer is slurried in a solvent with the tracer nanoparticles, then evaporated to produce powder particles
with an even distribution of tracer throughout the material. This tracer-infused diverter was packaged into
50-pound field-ready bags and metered into the acid stream on a stage-by-stage basis.

Following stimulation, flowback fluid was sampled three times per day for seven days. Approximately
16 ounces were collected per sample and transported to the lab for tracer analysis. The nanoparticle tracers
were isolated from the fluid using magnetic separation, exploiting their iron oxide core. The silica shell
was digested in Buffered Oxide Etchant (BOE) to release the DNA, and quantitative real-time PCR (qPCR)
was performed using sequence-specific primers and probes (Figure 3a). Cycle threshold (Ct) values were
correlated to DNA concentration using a previously established standard curve, and tracer concentrations
were reported in parts per billion (PPB) to remain consistent with standard industry reporting conventions
(Figure 3b).

Figure 3—Tracer Quantification Workflow and Standard Curve: (a) Workflow for DNA tracer
analysis, including sample collection, magnetic separation, silica digestion, and qPCR

amplification. (b) Standard curve used to convert Ct values to tracer concentrations in PPB.

Results and Interpretation
All four wells, which commenced production between July 2021 and November 2023, exhibited sustained
declines following initial hydraulic fracturing, with rates falling below 100 barrels of oil per day (BOPD)
by the time of intervention. Historical production profiles illustrate the progressive reduction in output over
the 300 days leading up to acid stimulation (Figure 4).

Figure 4—Historical Production Trends Prior to Acid Stimulation: Daily oil production (BOPD) over the 300 days preceding
treatment for Wells A, R5, R7, and H. All wells show a gradual decline, with rates falling below 100 BOPD prior to intervention.
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Post-treatment production was confirmed for 20 to 62 days and subsequently extrapolated to 180 days
using exponential regression models fitted to the confirmed production data from each well. The model
followed a single-phase exponential decay format: P(t)=Y0 * e−kt + b, where Y0 is the initial uplift, k is the
decline constant, and b represents the minimum production rate over time. Curve fitting was performed
using nonlinear least squares regression in GraphPad Prism, and the total 180-day uplift was calculated
as the area between this curve and the pre-treatment baseline. In these projections, black shading denotes
actual production, while gray shading represents estimated values based on early decline trends. The white
line indicates the estimated pre-treatment production based on the decline curve from the previous 300 days
(Figure 5).

Figure 5—Post-Treatment Production and Projected Decline: Confirmed post-stimulation production is shown in black;
projections through day 180 are shown in gray. The white line indicates the predicted pre-treatment production estimates.

The results of this analysis are summarized in Table 1, which compares pre- and post-treatment
production rates and quantifies uplift over the 180-day period. This table includes both measured and
modeled values to capture the full scope of treatment response across wells. "Pre-Day 1" represents the
7-day average BOPD prior to stimulation, while "Pre-Day 180" estimates production had no treatment
occurred. "Post-Day 1" and "Post-Day 180" reflect initial and projected post-treatment BOPD, respectively.
Confirmed uplift is based on measured production data, and estimated uplift comes from decline curve
modeling. The "Total" column combines both values, and "Daily Avg. Increase" provides a normalized
percentage metric for comparing treatment effectiveness across wells. The final column shows the average
daily percent increase in oil production over the 180-day period, providing a normalized metric for
comparing treatment effectiveness across wells.

Table 1—Analysis of 180-day oil production uplift by well following stimulation.

Units BOPD 180-Day Uplift Total (bbls)

Well Pre-Day 1 Pre-Day 180 Post-Day 1 Post-Day 180 Confirmed Estimate Total
Daily Avg.
Increase

A 71.7 51.3 127.6 78.8 1153 6310 7463 67.80%

R5 93.7 84.0 246.1 84.0 4077 154 4707 85.76%

R7 74.0 42.2 82.8 42.2 443 868 1311 7.57%

H 91.4 65.1 149.3 90.1 1716 3942 5658 52.97%
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Figures 6 and 7 provide a stage-level comparison of tracer recovery and estimated oil production across
all four wells. In Figure 6, Well-A exhibited tracer returns across all 11 stages, with Zones 2, 5, and 9
showing the lowest, yet still detectable concentrations. Well-R5 displayed a more heterogeneous profile,
with tracer signal dominated by Zones 2, 6 and 7 exceeding 100 PPB, while other zones showed minimal
response, suggesting uneven fluid distribution. In Well-R7, tracer returns were dominated by Zones 3 and 5,
with lower, yet uniform signal from the remaining stages. Well-H, in contrast, presented a relatively uniform
tracer distribution across all zones, with returns clustered between 5 and 9 PPB, indicating balanced stage
stimulation.

Figure 6—Total Tracer Return by Stage (7-Day Cumulative): Tracer return concentrations
(PPB) are shown for each completion stage over the 7-day sampling period following

treatment. A dashed line in Well-R5 denotes 100 PPB, allowing for comparison of each graph.

Figure 7—Average Production by Stage (7-Day Average): Stage-specific oil production rates (BOPD) are
shown based on a 7-day post-treatment monitoring period. Values were derived using flowback-normalized
tracer returns to estimate each stage’s relative contribution to overall production. Error bars represent the

standard error of the mean (SEM), capturing variability in estimated production across the monitoring window.
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When normalized to production (Figure 7), tracer returns can serve as a proxy for estimating the
relative oil contribution from individual stages. Across the four wells evaluated, production was not evenly
distributed across all zones, despite generally successful acid placement. Several wells exhibited dominant
flow contributions from only a few stages, while others showed moderate returns across a broader range.
This variability suggests that while diversion strategies were largely effective in delivering acid to all
intervals (as indicated by tracer presence in Figure 6), the reservoir’s response was heterogeneous, likely due
to differences in permeability, pressure depletion, or natural fracture connectivity. These insights highlight
the value of using stage-specific tracer data in post-treatment evaluation, especially when optimizing future
stimulation designs or pressure matching strategies.

Well A: Balanced Return and Distributed Performance
Well A demonstrated a balanced tracer return profile, with a post-stimulation recovery of 7,463 barrels over
180 days, the highest estimated production gain overall. As shown in Figure 6a, tracer concentrations were
detected from all 11 deployed stages, with Zones 4, 7, and 8 returning moderately elevated concentrations
over the seven-day sampling window. When BOPD was normalized to the tracer signal across stages (Figure
7a), this suggests those zones are the most productive contributors. The uniform tracer detection and absence
of null stages suggest consistent acid placement, validating the mechanical diversion strategy.

This interpretation is further supported by the stacked bar plot in Figure 8, which illustrates the
proportional tracer contributions from each stage. The relatively even distribution across all 11 zones,
with no single zone dominating the response, reinforces the effectiveness of stage-specific stimulation.
While Zones 4, 7, and 8 exhibited higher tracer intensities, contributions from adjacent stages were still
appreciable, suggesting broadly effective acid placement along the lateral. Notably, the staggered timing
of tracer returns indicates that each zone contributed flow at distinct intervals, providing evidence of zonal
isolation. The lack of pronounced drop-offs or missing signals further implies that diversion tools effectively
minimized crossflow between stages. Altogether, this balanced and temporally distributed recovery profile
aligns with the sustained uplift observed in post-treatment production.

Figure 8—Well A Stage-specific tracer return profiles over time. Each bar shows the
relative contribution from individual zones, with colors representing distinct stages.
Variations in return timing and magnitude reflect differences in zonal flow behavior.

Well R5: Strong Production Uplift and Stage-Specific Effectiveness
Well R5 showed the highest percent increase in production, with 4,707 barrels produced over 180 days
(Table 1). The DNA tracer data (Figure 6b) revealed distinct peaks from Zones 2 and 6, with sustained
PPB levels (>100 PPB) across multiple sampling days. Stage-specific production estimates, based on
normalization of BOPD to tracer return, are illustrated in Figure 7b. These two zones alone accounted for
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over half of the inferred output. By contrast, Zones 1, 5, 8, 10, and 11 showed minimal or undetectable
tracer recovery and negligible normalized production contribution. These findings suggest that acid may
not have effectively stimulated those intervals, potentially due to localized formation barriers.

The stacked bar chart in Figure 9 provides additional insight into stage-specific contributions for Well R5.
The data highlight a disproportionate return profile, where Zone 6 initially dominates and Zone 2 dominates
after 72 hours. This uneven distribution suggests that stimulation fluid was more effective at these stages,
either due to lower entry pressures or greater fracture connectivity. The limited tracer response from several
other zones implies minimal fluid contact, possibly resulting from pressure mismatches or suboptimal
diversion. The observed zonal variability reinforces the importance of matching injection pressures during
treatment to ensure broader stimulation coverage. Despite the concentration of flow in fewer stages, the
strong tracer signal and production uplift affirm that even limited effective contact can yield substantial
production when key intervals are successfully accessed.

Figure 9—Well R5 Stage-specific tracer return profiles over time. Each bar shows the
relative contribution from individual zones, with colors representing distinct stages.
Variations in return timing and magnitude reflect differences in zonal flow behavior.

Well R7: Minimal Return and Diagnostic Insights into Limited Response
Well R7 had previously undergone stimulation with minimal production improvement. Based on this limited
response, the operator opted to re-stimulate the well using DNA tracers to better understand fluid placement
and formation behavior. The second treatment yielded only 1,311 barrels over 180 days – still the lowest
recovery in the dataset—but the tracer data provided valuable insight. Tracer concentrations were modest
but detectable across most stages (Figure 6c), with Zones 2 and 3 showing the most consistent returns
during the seven-day flowback period. Normalized production estimates (Figure 7c) confirmed that these
two zones were the primary contributors to overall output. Figure 10 reinforces this interpretation, showing a
broadly distributed yet low-level tracer return across all stages, without evidence of complete stage isolation
or diversion failure.

While the stimulation did not result in a significant production uplift, the DNA tracer data suggested that
acid was reaching most intervals but that the rock was largely unresponsive, likely due to scale, pre-existing
damage, or naturally low permeability. These findings help clarify that the treatment was mechanically
effective in terms of delivery but limited by formation constraints. When evaluated alongside pre-treatment
production trends and the well’s historical performance, the tracer analysis proved useful in differentiating
subsurface issues from design-related shortcomings. This highlights the diagnostic value of tracer-enhanced
treatments, even when overall production gains are limited.
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Figure 10—Well R7 Stage-specific tracer return profiles over time. Each bar shows the
relative contribution from individual zones, with colors representing distinct stages.
Variations in return timing and magnitude reflect differences in zonal flow behavior.

Well H: Adaptive Deployment and Even Distribution
Well H was initially planned with four acid stages, but a pump failure during Stage 1 interrupted execution
and led to an adaptive re-treatment strategy, resulting in five diverter drops. Despite the operational setback,
stimulation yielded a total of 5,658 barrels over 180 days. Tracer recovery across the well (Figure 6d)
exhibited a broadly uniform profile with minimal concentration gradients between stages. This smooth
return pattern, along with the consistent stage-by-stage production seen in Figure 7d, suggests successful
fluid placement and effective diversion, albeit without the sharply defined tracer signals observed in wells
with more granular stage spacing (e.g., 11 zones).

The time-course analysis shown in Figure 11 adds further insight. Tracer 1A was deployed in the first
diverter drop prior to the pump failure, while Tracer 1B was added during the re-treatment of Stage 1. The
delayed appearance of Tracer 1A, occurring approximately 72 hours into the sampling period, corresponds
with the timing of re-stimulation, indicating that fluid from the original treatment was retained in the
formation and mobilized by the follow-up stage. This response supports the hypothesis that Stage 1 was
successfully reactivated and contributed to overall flow. Though fewer tracer points were used compared
to other wells, the combined signal continuity and timing patterns affirm that acid was delivered to the
intended intervals and flowed back without significant stage isolation issues.

Figure 11—Well H Stage-Specific Tracer Return Over Time. Tracer return profiles are shown for each stage of Well
H following treatment. Tracer 1A was deployed in the initial diverter drop before a pump failure halted stimulation.
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Conclusion
This study demonstrates the first successful field-scale deployment of next-generation DNA nanoparticle
tracers embedded in degradable diverters to achieve high-resolution, stage-specific diagnostics during acid
stimulation treatments. Although initially introduced to confirm diverter dissolution, the tracer system
provided far more than anticipated, enabling robust insights into fluid placement, zonal isolation, and
production response. Applied across four legacy horizontal wells, this molecular tracing approach offered
diagnostic granularity not previously achievable with conventional tools such as radioactive isotopes, ionic
tracers, or production logs.

The consistent detection of tracer from all deployed stages confirmed that diverter dissolution and acid
delivery occurred as intended. However, the variability in tracer concentration and corresponding production
across zones highlighted differences in reservoir responsiveness. This distinction allowed operators to
differentiate between formation-related constraints and treatment design issues, a critical capability in
restimulation planning. Tracer results revealed that some zones responded with high productivity following
stimulation, while others remained largely inactive, likely due to preexisting damage, poor permeability,
or pressure depletion.

The next-generation DNA nanoparticle tracing system proved exceptionally valuable, offering sub-
PPB detection, simultaneous deployment of dozens of unique signatures, chemical durability under
extreme downhole conditions, and real-time resolution of tracer return. Unlike legacy tracers that generate
cumulative or ambiguous data, this system delivered stage-by-stage diagnostics without the need for post-
job intervention. These features not only enhanced treatment evaluation but also supported a more intelligent
and targeted approach to well remediation.

To improve diagnostic resolution and expand the system’s utility, future research will explore the
incorporation of:

1. Pressure matching software, to correlate real-time pressure changes with tracer emergence and fluid
movement, improving interpretation of diversion success.

2. Increased tracer density by doubling the number of diverter drops per stage to improve spatial
resolution and stage separation in long laterals.

3. Extended tracer monitoring duration by continuing flowback sampling beyond seven days to enhance
temporal resolution and capture late-stage tracer returns associated with delayed flow paths or lower-
permeability zones.

4. Addition of phase-specific tracers for oil and water, to resolve multiphase flow contributions and
better characterize zonal productivity and reservoir behavior.

Collectively, these results position DNA nanoparticle tracers as a transformative diagnostic tool for
restimulation in complex horizontal completions. The technology's unique combination of scientific
rigor, operational scalability, and actionable resolution offers a strong foundation for improving lateral
restimulation design, execution, and outcome prediction.
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