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ABSTRACT: This study presents the first field validation of using DNA-labeled silica
nanoparticles as tracers to image subsurface reservoirs by travel time based tomography. During
a field campaign in Switzerland, we performed short-pulse tracer tests under a forced hydraulic
head gradient to conduct a multisource−multireceiver tracer test and tomographic inversion,
determining the two-dimensional hydraulic conductivity field between two vertical wells.
Together with three traditional solute dye tracers, we injected spherical silica nanotracers,
encoded with synthetic DNA molecules, which are protected by a silica layer against damage due
to chemicals, microorganisms, and enzymes. Temporal moment analyses of the recorded tracer
concentration breakthrough curves (BTCs) indicate higher mass recovery, less mean residence
time, and smaller dispersion of the DNA-labeled nanotracers, compared to solute dye tracers.
Importantly, travel time based tomography, using nanotracer BTCs, yields a satisfactory
hydraulic conductivity tomogram, validated by the dye tracer results and previous field
investigations. These advantages of DNA-labeled nanotracers, in comparison to traditional
solute dye tracers, make them well-suited for tomographic reservoir characterizations in fields such as hydrogeology, petroleum
engineering, and geothermal energy, particularly with respect to resolving preferential flow paths or the heterogeneity of contact
surfaces or by enabling source zone characterizations of dense nonaqueous phase liquids.

■ INTRODUCTION

Hydrogeologic conditions are often investigated by employing
pumping tests1−4 as well as both artificial5−7 and natural7−12

tracer tests. Such tests are also frequently employed to
characterize petroleum or geothermal reservoirs. Data from
such tests are utilized in analytical12−14 and numerical15,16

models to further improve the prediction of subsurface mass
and energy transport.
While the conventional analysis of the breakthrough curve

(BTC) of a single-tracer test can yield bulk flow and transport
properties of reservoirs,7,17−19 it is difficult to use this method
to capture the spatial heterogeneities of hydraulic properties
without additional measurements. However, following a similar
tomographic procedure as employed in geophysics,20−22 where
the subsurface structure is imaged, employing a computational
reconstruction on projection series recorded from different
angles, or during hydraulic tomography,23−29 where subsurface
hydraulic parameters are reconstructed via the inversion of
fluid pressure data from a series of hydraulic tests, spatial
heterogeneities of hydraulic properties (e.g., hydraulic
conductivity fields, K) may be resolved when employing
multiple tracers during tracer-based tomography.30 However,
such tomography requires the concurrent use of multiple
distinguishable, but in a transport environment, close to

identically behaving tracers. In tracer tomography, one
uniquely identifiable tracer type is used per injection location
and all tracer types are collected at multiple observation
locations. Thereafter, BTCs may be obtained to delineate
preferential fluid flow pathways.18,31,32 Moreover, compared to
hydraulic tomography, tracer tomography is capable of
revealing additional reservoir features, such as the hetero-
geneity of contact surfaces33,34 and enables source zone
characterizations of dense nonaqueous phase liquids.17,18,35

Despite the tremendous application potential of traditional
tracers, such as natural silica, stable isotopes, bromide, and
fluorescent dyes, these tracers have been reported to suffer
from interference of background noise,36−38 low detection
sensitivity due to dilution effects,39,40 high analysis costs,41,42

potential environmental contamination,43,44 signal “contami-
nation”, and limited availability of multiple similar tracer
variants during tracer tomography.6,31,45 Alternatively, nano-
technology38,46,47 has developed tracers that can carry
synthetic deoxyribonucleic acid (DNA) molecules, which
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have the potential to provide an effective solution to address
these challenges. DNA tracers have been reported to be
specific (i.e., bearing unique identifiers that do not suffer from
interference by background noise), environmentally friendly,
ultrasensitive to detection, and multiplex capable (i.e., enabling
concurrent usage of a large number of species at a given
time).38,48−52 These characteristics enable the concurrent use
of multiple DNA tracers, each with a unique DNA sequence, to
identify sources and pathways of different water bodies.
Importantly, DNA tracers can be repetitively and thus
exponentially amplified, using quantitative polymerase chain
reaction (qPCR), theoretically pushing the detection sensi-

tivity down to one molecule.38,52,53 Hence, tracers containing
DNA require a detection amount that is orders of magnitude
lower than that of traditional tracers.49,52 Furthermore, the
fabrication and qPCR analysis of DNA tracers have been
reported to be rapid and cost-effective.38,47,49,52 These features
of DNA tracers has led to their extensive use during fluid
tracing investigations, such as column experiments,50,52,54

streamwater tracing,55−57 groundwater tracing in karst
systems,50,58 and tracer tests in porous and fractured
aquifers.52−54,59,60

In this study, we report on the first tomographic imaging of
an unconsolidated aquifer using DNA-labeled silica nano-

Figure 1. (a) Map of the Widen hydrogeology field test site in northern Switzerland and (b) Cross section of the test line A−A’ depicted in panel
a. The hydraulic head distribution during the forced hydraulic head gradient tracer test is shown by blue isolines (in m a.s.l.). The inset figure shows
a shaded relief map of Switzerland, where darker colors represent higher elevations (source: Swiss Federal Office of Topography). The Widen site is
marked as a red point. The cross-sectional profile in panel b includes the water table (blue-dashed line) as well as the DNA nanotracer (DAP3,
GM2, PT2) and solute dye tracer (U, S, N) injection and sampling locations, where U is uranine, S is sulforhodamine B, and N is Na-naphthionate.
Tracers are injected at (from top to bottom) levels L1 (391.05 m a.s.l.), L3 (389.05 m a.s.l.), and L5 (387.05 m a.s.l.) of injection well MC1.
Tracers are sampled at channels Ch1 (391.70 m a.s.l.), Ch2 (390.70 m a.s.l.), Ch3 (389.70 m a.s.l.), Ch4 (388.70 m a.s.l.), and Ch5 (387.70 m
a.s.l.) of sampling well MC3.

Figure 2. Results of the field experiment at the Widen hydrogeology field test site (Figure 1). (a and b) BTCs in sampling channels Ch4 and Ch5,
respectively, recorded in the sampling well (MC3). The first and peak arrival times of sulforhodamine B and GM2-DNA nanotracer are given in
minutes. Error bars of DNA nanotracer BTCs show the standard deviation of concentration measurements. For plotting cleanness, standard
deviations (in general less than 1% of the measured concentration) of solute tracers are not shown. Channels Ch1−Ch3 of sampling well MC3 do
not record any signal (see Supporting Information for more details). (a inset) Scanning transmission electron microscope (STEM) image and
schematic of a DNA nanotracer (with a diameter of about 150 nm) used in this study.
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particles (henceforth referred to as DNA nanotracers). The key
objective of this study is to validate and advance the
application of DNA nanotracers in field tracer tomography.
In the following, we first present the study site, the DNA
nanotracers, and the methods used during our 2016 field
campaign. We then document the measured BTCs and
compare the results of a temporal moment analysis and
travel-time tomography between DNA nanotracers and solute
dye tracers. To conclude our study, we also compare our
hydrogeology findings with the ones from previous inves-
tigations at the same site.

■ STUDY SITE, MATERIALS, AND METHODS
The Widen Site. Our field tests in 2016 took place at the

Widen site in a flat valley next to the Thur River in northern
Switzerland (Figure 1). Previous studies20,21,31,32 have
documented the following horizontal geological layers (with
increasing depth) at that site:

(i) 10 cm thick layer of humus and organic material (396 m
a.s.l.);

(ii) 2−3 m thick layer of well sorted silty sand with some
clay (flood sediments);

(iii) 7 m thick layer of sandy gravel with some fine materials,
well-graded and well-rounded components, Thur-valley
gravel (German: Thurtalschotter); in addition, some
sand lenses with low permeability are present, which
have the same composition as the sand layer above;

(iv) Below the sandy gravel (from a borehole depth of 10 m
downward), silty clay as well as lacustrine sediments.

The groundwater table is generally within the Thurtalschotter
layer and is directly affected by the water table of the Thur
River. The predominant groundwater flow direction is
indicated by a blue arrow in Figure 1. However, previous
studies32 have reported deviations of the groundwater flow
direction of up to 45°. Therefore, to stabilize the groundwater
flow direction and to align it with injection well MC1 and with
sampling well MC3, the natural hydraulic head gradient is
modified by pumping water from well P04 into well P11 (at
∼0.2 L/s) and from well P13 (at ∼ − 0.8 L/s), discharging it
sufficiently far away from the investigation site to avoid aquifer
recharge. Figure 1 illustrates the resultant water table and
hydraulic head gradient during the field test.
Tracers and Their Analyses. During the field test, three

different mixtures of tracers, each with a volume of 1 L, are
simultaneously injected as a short-pulse input (with a duration
of 20−30 s) as follows: 1 g of uranine plus 0.2 g of DAP3-DNA
nanotracer at L1, 4 g of sulforhodamine B plus 0.2 g of GM2-

DNA nanotracer at L3, and 20 g of Na-naphthionate plus 0.2 g
of PT2-DNA nanotracer at L5 (Figure 1). The injection
concentrations are then 1.0, 0.2, 4, 0.2, 20.0, and 0.2 g/L of
uranine, DAP3-DNA nanotracer, sulforhodamine B, GM2-
DNA nanotracer, Na-naphthionate, and PT2-DNA nanotracer,
respectively. The DNA nanotracers used in this study are
provided by the Functional Materials Laboratory in the
Institute of Chemical and Bioengineering at ETH Zurich,
Switzerland.47,61−63 The inset in Figure 2a shows a scanning
transmission electron microscope (STEM) image of repre-
sentative samples of the DNA nanotracers used in this study.
DNA nanotracers are synthesized in three steps:46,63 (1) silica
particles, with sizes of 133 ± 4 nm, are “functionalized,”
resulting in a positive charge; (2) negatively charged, double-
stranded DNA molecules are attached to the particles; (3)
silica layers (5−10 nm thick) are grown to encapsulate and
protect the DNA against environmental interaction due to
chemicals, microorganisms, and enzymes. The resultant silica
particles are close to spherical and have a negative surface
charge,46,63 similar to most rocks in neutral to alkaline
formation fluids (following the concept of point of zero
charge).64 We use double-stranded DNA to enhance its
robustness.52,65 The silica encapsulation procedure greatly
improves the stability of DNA nanotracers, compared to naked
DNAs, used in several previous studies.50,53,54,56 Properties of
the DNA nanotracers are listed in Table 1 and in Table S1 of
the Supporting Information.
At specific time intervals during the field tests, we take water

samples with bottles (60 mL) from well MC3 at five channels,
Ch1−Ch5, at elevations of 391.70 down to 387.70 m a.s.l.,
spaced at an even interval of 1 m in between (Figure 1). The
samples are analyzed twice in the laboratory, first to measure
the concentration of the three solute dye tracers, using a
Luminescence Spectrometer (PerkinElmer, LS 50 B), and
second to determine the identity and amount of DNA
nanotracers, employing qPCR (SYBR Green-based Roche
LightCycler96). Prior to the qPCR measurements, a buffered
fluoride solution (0.23 g NH4FHF (pure, Merck) plus 0.19 g
NH4F (puriss, Sigma-Aldrich) in 10 mL Milli-Q water yielding
∼25 000 ppm F-ions) is diluted to a 1% concentration (i.e.,
∼250 ppm F-ions) and added to each water sample. This
procedure dissolves the silica nanoparticles (within seconds)
and recovers the DNA. During the qPCR measurement, the
water sample is mixed with qPCR reagents (qPCR Mastermix
and the DNA primers, see Table S1 in the Supporting
Information) to measure its qPCR threshold cycle (Cq)
number. By comparing the Cq number to a fit of a known

Table 1. Properties of the DNA Nanotracers and Results of the Temporal Moment Analysisa

DNA nanotracersDNA nanotracers base pairs size [nm] ζ-potential [mV] mass recovery ratiob mean residence time ratioc dispersion ratiod

DAP3 108 141 ± 24 −42.5 ± 0.4 n/a n/a n/a
PT2 120 145 ± 27 −39.9 ± 1.0 n/a n/a n/a
GM2 76 159 ± 23 −45.1 ± 0.2 1.04 in Ch4 0.79 in Ch4 0.61 in Ch4

1.23 in Ch5 0.97 in Ch5 1.04 in Ch5
aThe particle density is about 2.1 g/cm3. All DNA sequences are double-stranded. DNA forward and reverse primers are listed in the Supporting
Information (Table S1 and Figure S1). The comparison between DNA nanotracers and sulforhodamine B is accomplished by analyzing the
temporal moments of the respective BTCs,52,66 using normalized concentrations c ̅ = C/Cinj, where C and Cinj are the measured tracer concentration
in sampling well MC3 and the injected tracer concentration in injection well MC1, respectively. n/a: not applicable. Subscripts “DNA” and “S”

refer to DNA nanotracers and sulforhodamine B dye tracer. bDefined as ( ) ( )c t c td d
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concentration dilution curve (ranging between 1 ppt to 100
ppm, see Figure S2 in the Supporting Information), the Cq
number is then converted to the absolute nanotracer (particle)
concentration.63 All qPCR measurements are performed in
triplicates with a detection limit of roughly 10 ppt.
Moment and Travel Time Analyses. We first perform

temporal moment analyses (equations listed in Table 1) on the
recorded BTCs. These analyses describe the attenuation and
transport characteristics of tracers during their migration
through the pore space. We then interpret the recorded BTCs,
using a travel time based tomographic inversion approach,
following the procedures presented in detail by Somogyvari et
al.,67 who used thermal tracers (i.e., heat). Given an estimated
breakthrough time, tb, of ∼80 min (Figure 2), a distance, L, of
3 m between the two wells, and a molecular diffusion
coefficient, Dm, of 10

−9 m2/s (for DNA nanotracers, Dm is
even smaller), the Peclet number, Pe = L2/(tbDm), is on the
order of 106. The transport of tracers is thus assumed to be
dominated by advection. Given this assumption, tracer travel
times, tT, can be used to derive hydraulic conductivity, K,
profiles of the aquifer. By transforming the transport equation
into a form of the eikonal equation,68 the tracer travel time, i.e.,
the tracer peak arrival time during the spreading of a tracer
pulse, can be related to the inverse of the mean velocity by
employing a line integral along the tracer trajectories, s,
between the injection point, xs, and the observation point, xr,
given as

t x
s

K s h s
s( )

( )
( ) ( )

dr
x

x

T
s

r∫ ϕ=
∇ (1)

Here, ϕ is porosity, ∇h is the hydraulic head gradient (here ∇h
= 2.5 × 10−3, maintained by pumping), and xs and xr are the
source and receiver coordinates, respectively. This travel time
equation contains information along one vertical cross section
between the injection and the observation wells. The line
integral eq 1 expresses the relationship between the travel
times and the hydraulic conductivities along one transport
trajectory. A set of eq 1, from multiple trajectories between
multiple sources and receivers, forms an inverse problem that
can be used to calculate the distribution of hydraulic
conductivities. As we employ three tracer injection depths
(sources) and five tracer sampling depths (receivers), crossing
connection lines between sources and receivers within the
vertical cross section, enable a low-resolution tomographic
inversion of the 2D hydraulic conductivity field between the
injection and the sampling wells. For inversion, the SIRT
(simultaneous iterative reconstruction technique) algorithm is
employed, which has been implemented in the software
GeoTOM3D.69 The staggered grid method is applied for
model discretization, which is also adopted in related
tomography applications.28,45,67 Note that the values of
hydraulic conductivity of an aquifer typically span orders of
magnitude, while the variation of porosity is generally much
smaller. Therefore, in the calculation of the tracer travel time in
eq 1, porosity can be approximated by a constant value. This
approximation has been reported to only introduce minor
variations into the calculation of hydraulic conductivities.67

The SIRT algorithm iteratively computes the transport
trajectories over a discretized grid of mean velocities until
the computed and observed travel times closely match. Later
the computed mean velocity distribution is converted to the
hydraulic conductivity field.28,32,45,67

■ RESULTS AND DISCUSSION

Breakthrough Curves. In total, three tracer tests are
conducted at the Widen field site. There are 6 months between
the first two tests and ∼1.5 months between the second and
the third test. The first two tests fail. One reason for these
failures is that, without the aforementioned groundwater
injection approach, to avoid unexpected and significant
deviations of the hydraulic head gradient from the long-term
average, the naturally deviated hydraulic head gradient results
in no tracer recovery at the sampling well. Another reason is
the chemical composition of the groundwater and high
bacterial activity, resulting in partial dissolution and biofilm
enclosure of the DNA nanotracers.63 To mitigate the DNA
degradation, thereby enhancing the quality of the tracer signal,
water samples are cooled and analyzed as soon as possible after
collection. The experience gained from these two failed
experiments enabled conducting the third field experiment
successfully, which is presented here.
As shown in Figure 2, the third field test provides two sets of

plausible BTCs that could be compared to each other: the
signals of sulforhodamine B and GM2-DNA nanotracer
(injected at L3 in MC1), which are recorded in observation
channels Ch4 and Ch5 in MC3. In contrast, channels Ch1 to
Ch3 do not yield any tracer signal (see Figure S3 in the
Supporting Information). BTCs in Ch4 indicate a good
hydraulic connectivity between L3 in MC1 and Ch4 in MC3,
with a vertical offset of 0.35 m and a horizontal distance of 3 m
(Figure 1). Tracers originating from L3 in MC1 and yielding
BTCs in Ch5 in MC3, show first and peak arrival times that are
almost identical to those of the BTCs obtained from Ch4 in
MC3, albeit at much lower concentrations. Therefore,
compared to the hydraulic connectivity between L3 in MC1
and Ch4 in MC3, a similar hydraulic connectivity is expected
between L3 in MC1 and Ch5 in MC3, with a vertical offset of
1.35 m and a horizontal distance of 3 m. In Ch5, tracers of
uranine and Na-naphthionate yield low-concentrations and
incomplete BTCs with late arrivals. Several previous
studies,31,32 conducted at the Widen field site, have suggested
a thin, low-conductivity, sand-rich layer at the depth of L2.
Such a low-conductivity layer could impede the hydraulic
communication between the top levels (L1 and L2) in the
injection well (MC1) and the lower levels (Ch3, Ch4, and
Ch5) in the sampling well (MC3). Given that uranine is
injected at L1 in MC1 (Figure 1) and does not yield any
meaningful signal in Ch1−Ch4, we conclude that the observed
signal of uranine in Ch5 could result from (1) tracer residue,
due to previous tracer studies that have been conducted at this
heavily used hydrogeology field test site, as uranine is known to
exhibit some sorption in porous media,70,71 and (2) three-
dimensional heterogeneity due to the low-conductivity layer at
L2. At a depth significantly below L1, Na-naphthionate and
PT2-DNA nanotracer are injected simultaneously at L5 in
MC1 (Figure 1); however, only the Na-naphthionate solute
dye tracer is detected in the bottom channel (Ch5) of the
sampling well (MC3). Given that Na-naphthionate is
considered to be a conservative tracer,71 it could indeed be a
late arrival of the Na-naphthionate, i.e., not a residue. The late
arrival of the solute dye tracer Na-naphthionate and no arrival
of the PT2-DNA nanotracer at Ch5 suggest a low hydraulic
connectivity between L5 in MC1 and Ch5 in MC3.
Figure 2 shows that the GM2-DNA nanotracer in Ch4

exhibits earlier first and peak arrivals than sulforhodamine B.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b04367
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04367/suppl_file/es8b04367_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04367/suppl_file/es8b04367_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b04367


BTCs in Ch5 also exhibit an earlier first arrival for the GM2-
DNA nanotracer than for sulforhodamine B, however, the peak
arrival times are similar. Comparing the BTCs of the GM2-
DNA nanotracer with sulforhodamine B in Figure 2, we
observe a similar increase in tracer concentrations, however,
the trends of the falling limbs are different. The GM2-DNA
nanotracer shows a stronger concentration decrease and
shorter tail. We further evaluate the tracers’ transport and
attenuation characteristics employing temporal moment
analyses of their BTCs (columns 5−7 in Table 1), where the
zeroth moment measures mass recovery, the first moment
assesses the mean residence time of the tracer mass centroid,
and the second moment indicates the spreading of the tracer.
Compared to sulforhodamine B, the GM2-DNA nanotracer
exhibits higher mass recovery (mass recovery ratio ≳ 1), travels
at a greater velocity (mean residence time ratio < 1), and is less
dispersive (dispersion ratio ≲ 1). Note that in this study, the
mass of the GM2-DNA nanotracer is 20 times smaller than
that of sulforhodamine B. The relatively low mass recovery of
sulforhodamine B is likely caused by adsorption.70,71 In Ch5,
the dispersion ratio of the GM2-DNA nanotracer and
sulforhodamine B is with 1.04 slightly larger than 1, which
results from two factors: One, the second moment calculation
more heavily weighs later times, and two, the tail of the GM2-
DNA nanotracer BTC rebounds to slightly higher concen-
trations. This slight rebound is likely due to density effects

(DNA nanotracers have a density about twice that of
groundwater), which induce the settling of nanotracers toward
Ch5 at the later time. The observed higher travel velocity and
lower dispersivity of DNA nanotracers are consistent with
previous studies.50,52−54 Due to the particle size exclusion
effect,72 the particulate DNA nanotracers can only travel
through pores of a minimum size, theoretically given by the
particle size. Such larger pores tend to promote fluid flow
velocities that are larger than the mean fluid flow velocity. As a
result, DNA nanotracers travel at velocities that are generally
higher than the mean fluid flow velocity, which can be an
advantage when conducting tracer tomography, as explained
next.

Tracer Tomography. To assess the potential of DNA
nanotracers to be used to construct tomographic inversions,
two separate tomographic inversions are conducted, one with
the solute dye tracers and one with the particulate DNA
nanotracers. Three BTCs are used to invert the dye tracer data,
which is sufficient for tomographic reconstructions. The three
BTCs include two BTCs of sulforhodamine B, traveling from
L3 to Ch4 and from L3 to Ch5, and one BTC of Na-
naphthionate, traveling from L5 to Ch5. However, only two
BTCs (GM2-DNA nanotracer, traveling from L3 to Ch4 and
from L3 to Ch5) are obtained from the DNA nanotracer test,
i.e., both from the same injection point, L3. A limited number
of BTCs and single-source BTCs can strongly reduce the

Figure 3. Results of the tomographic inversion for solute dye tracers (left column) and particulate DNA nanotracers (right column), using the peak
arrival times of the BTCs shown in Figure 2. Tracers are injected at L3 and L5 in injection well MC1 and sampled at Ch4 and Ch5 in sampling well
MC3. No tracer was detected in channels Ch1−Ch3, as discussed in the main text. (a and b) Vertical cross sections, showing the 2D hydraulic
conductivity field, K. (c and d) Corresponding null-space energy maps of a and b, respectively, where the white areas in a and b represent the
unreliable values of the tomogram (hydraulic conductivities), where the null-space energy is larger than the cutoff value of 0.99. The groundwater
table is indicated by a blue-dashed line.
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quality of an inversion and the extent of the reconstructed
profile. For this reason, the DNA tracer travel time data are
extended to include one additional travel time (i.e., a virtual
travel time) to represent the limited, but nonzero, connectivity
between the bottom source, L5, and the bottom receiver, Ch5.
This virtual travel time can be arbitrary but in general is
estimated using a theoretical maximum value. Based on
previous estimates of a minimum K = 6 × 10−4 m/s at the
Widen site,32 a maximum virtual travel time of 600 min is
calculated here for a straight transport pathway between L5
and Ch5 (eq 1). Employing this approximation, it is impossible
to determine the actual value of the low-K zone; however, the
approximation enables assessing the zone’s geometry. Three
breakthrough times (i.e., peak arrival times) are used in the dye
tracer inversion, namely 85 min for sulforhodamine B between
L3 and Ch4, 75 min for sulforhodamine B between L3 and
Ch5, and 233 min for Na-naphthionate between L5 and Ch5
(Figure 2). Similarly three breakthrough times are used in the
DNA nanotracer inversion, namely 75 min for GM2-DNA
between L3 and Ch4, 74 min for GM2-DNA between L3 and
Ch5, and 600 min for the virtual tracer between L5 and Ch5
(Figure 2). An initial grid size of 0.5 m × 0.5 m is used for the
inversion calculation. Later the grid is staggered 3 times so that
a higher grid resolution of 0.125 m × 0.125 m is reached
(Figure 3). During the inversion, the porosity is fixed at 0.25,
which has been reported for the Widen site.32 The absolute
relative differences between the computed and the observed
travel times are ≤4%, once the inversion calculation has
converged (Figure 4a).
The tomographic inversion is sensitive to regions that

exhibit large hydraulic conductivities, K, where the majority of
the tracer transport occurs and where, in the case of the
particulate DNA nanotracers, size exclusion effects are
negligible. This makes nanoparticle-based tracer transport
particularly suitable for early travel time based tracer
tomography, as regions that are not reached by the tracers
do not affect tracer travel times. To eliminate unrealistic K
values, proposed by the inversion procedure for these areas, the
null-space energy map is calculated to characterize the
reliability of the tomographic reconstruction. The null-space
energy map is determined from the reconstructed transport

trajectories by a singular value decomposition of the
tomography matrix.45 The resulting null-space energy values
are between 0 and 1, where higher values indicate larger
uncertainties. When the tomographic reconstruction only uses
a few source-receiver combinations, the calculated null-space
energy values are generally high. This is often the case in field
applications, where the amount of available information is
limited.32 Here, the null-space energy map is used to mask the
unreliable parts of the tomogram. Because of the limited
number of source-receiver combinations, we use a cutoff value
of 0.99 (Figure 3c and d).
Panels a and b in Figure 3 show the resultant 2D hydraulic

conductivity, K, field between the injection well (MC1) and
the observation well (MC3). Our inverted hydraulic
conductivities are in the range of 0.004 ≤ K ≤ 0.1 m/s, i.e.,
approximately 1 order of magnitude larger than those typically
obtained from slug tests at the same location (Figure 4b).31,73

Both of our tomographic reconstructions yield an upper zone
with a larger hydraulic conductivity of 0.03 ≤ K ≤ 0.1 m/s and
a deeper zone with a smaller hydraulic conductivity of 0.004 ≤
K ≤ 0.01 m/s. This observation agrees with the work of Coscia
et al.,21 who showed that the highest K values at the site occur
at a depth of about 388 m and are caused by a thick gravel-rich
layer. This finding is also supported by the work of Somogyvaŕi
and Bayer,32 who conducted thermal tracer tomography at the
Widen site, adjacent to these profiles, between wells P11 and
MC1 (Figure 1), yielding a comparably large K feature in the
aquifer. The slightly earlier arrival times of the DNA
nanotracers, compared to the solute dye tracers, employed in
our study, do not result in significantly larger K values. In
contrast, the lack of tracer arrival near the bottom of the
sampling well (MC3), where a DNA nanotracer travel time is
only estimated, results in much lower K-values for the DNA
nanotracer tomogram, compared to the solute dye tracer
tomogram (Figure 3). Nonetheless, the colloidal DNA
nanotracers and the solute dye tracers yield very similar
tomographic inversion results, which is not surprising, given
that the tracer travel times, obtained from their BTCs, are
similar as well (Figure 2).
The presented field experiment shows encouraging potential

for multisource−multireceiver tomographic inversions, em-

Figure 4. (a) Relative differences in percentage between the observed and the computed travel times, after convergence of the tomographic
inversion. (b) Comparison of hydraulic conductivity profiles in different wells. Profiles in wells P11 and P13 were reported by Jimeńez et al.31

Profiles in wells MC1 and MC3 (dye) are extracted from the K-tomogram shown in Figure 3a. Profiles in wells MC1 and MC3 (DNA) are
extracted from the K-tomogram shown in Figure 3b.
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ploying particulate DNA-labeled nanotracers, as these tracers
exhibit low detection limits, relatively high mass recovery rates,
little dispersion, and no susceptibility to background noise
(due to the possibility to generate new, unique DNA labels for
each DNA nanotracer field test). To the best of our
knowledge, our study represents the first field demonstration
of such a DNA-labeled, nanotracer-based tomographic
inversion and interpretation. The development of this
approach is still in the beginning stages. Several issues related
to the applicability of the presented methodology have yet to
be addressed, including (1) incorporating the influence of
particle velocity variations on particle retention74 in tomo-
graphic inversions; (2) considering tomographic inversions
that integrate the temporal moments of BTCs;18 (3)
developing neutrally buoyant22 nanotracers (such as hollow
nanotracers); and (4) further improving the chemical robust-
ness for studies in much larger reservoirs that exhibit elevated
temperatures.46,63 Nevertheless, the presented results suggest
that determinations of hydraulic parameter fields, such as
hydraulic conductivity fields, is possible, also at high
resolutions (not investigated here), employing particulate
DNA nanotracer tomography, as a virtually infinite number
of differently DNA-labeled nanotracers can be used simulta-
neously. This capability has positive implications, for example,
for hydrogeologic, petroleum engineering, and geothermal
energy investigations, particularly with respect to resolving
preferential flow paths or the heterogeneity of contact surfaces
or by enabling source zone characterizations of dense
nonaqueous phase liquids.
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