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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Coupled DNAPLs migration in porous 
and fractured rock media is captured. 

• Significant effects of weathered rock – 
fractured rock transition are explored. 

• Shape of media boundaries and fracture 
network impact local DNAPLs 
migration. 

• Permeability anisotropy in weathered 
rock governs overall DNAPLs 
contamination. 

• DNAPLs fate in fractured rock depends 
on which inlet fractures the DNAPLs 
take.  
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A B S T R A C T   

A 3D high-resolution subsurface characteristic (HSC) numerical model to assess migration and distribution of 
subsurface DNAPLs was developed. Diverse field data, including lithologic, hydrogeologic, petrophysical, and 
fracture information from both in situ observations and laboratory experiments were utilized for realistic model 
representation. For the first time, the model integrates hydrogeologic characteristics of both porous (unconsol
idated soil (US) and weathered rock (WR)) and fractured rock (FR) media distinctly affecting DNAPLs migration. 
This allowed for capturing DNAPLs behavior within US, WR, and FR as well as at the boundary between the 
media, simultaneously. In the 3D HSC model, hypothetical 100-year DNAPLs contamination was simulated, 
quantitatively analyzing its spatiotemporal distributions by momentum analyses. Twelve sensitivity scenarios 
examined the impact of WR and FR characteristics on DNAPLs migration, delineating significant roles of WR. 
DNAPLs primarily resided in WR due to low permeability and limited penetration into FR through sparse inlet 
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fractures. The permeability anisotropy in WR was most influential to determine the DNAPLs fate, surpassing the 
impacts of FR characteristics, including rock matrix permeability, fracture aperture size, and fracture + rock 
mean porosity. This study first attempted to apply the field-data-based multiple geological media concept in the 
DNAPLs prediction model. Consequently, the field-scale effects of WR and media transitions, which have been 
often overlooked in evaluating DNAPLs contamination, were underscored.   

1. Introduction 

Dense Non-Aqueous Phase Liquids (DNAPLs) contamination has 
been a persistent conundrum worldwide since the late 20th century, 
drawing significant concern due to its hazardous effect on soil, 
groundwater resources, and, eventually, human health [14,22,36,40]. 
The potential threats of DNAPLs contamination are pervasive, due to its 
diverse applications, encompassing manufacturing industries (e.g. metal 
cleaner, degreaser, and paint stripper) household products (e.g. spot 
remover and finishes), and agriculture (e.g. pesticide and herbicide) [7, 
29]. Widely encountered DNAPLs include hundreds of chemical com
pounds, such as trichloroethylene (TCE, C2HCl3) tetrachloroethylene 
(PCE, C2Cl4), carbon tetrachloride (CT, CCl4), and polychlorinated bi
phenyls (PCBs), that are listed as priority contaminants by US EPA and 
well-documented for their chemical structures and toxicity [10,2,25, 
34]. In addition to their toxicity, leaked DNAPLs in the subsurface are 
devastating due to their unpredictable distribution and challenging 
remediation. With their low solubility in water (< 2%) and higher 
density than water, DNAPLs migrate extensively below the groundwater 
table, contaminating multiple aquifers and geological media. As the 
DNAPLs penetrate deeper, they encounter transition of biochemical (e.g. 
redox and aerobic/anaerobic conditions, and microbes activity) and 
geophysical (e.g. pressure, temperature, particle size distribution, 
capillarity, and geologic media types) conditions [1,22,26,3,4]. 

The transition of geological media is one crucial consideration for the 
subsurface DNAPLs migration. The downgoing DNAPLs migrate through 
both porous media (e.g. unconsolidated soil, weathered soil, and 
weathered rock) and underlain fractured rock media. Within porous 
media, DNAPLs migrate through pore spaces primarily driven by grav
itational force and pressure gradient, largely influenced by media 
properties such as capillary pressure, sorption capability, and geo
structural heterogeneity [31,34,60]. Once reaching the fractured rock 
media, however, DNAPLs migrate through networks of high permeable 
fractures, facilitating their preferential transport over significant dis
tances [9,34]. For decades, extensive studies have addressed the distinct 
DNAPLs flow and solute transport processes in each media via both 
experimental and numerical investigations [13,15,19,23,41,45,5,51, 
56]. Nevertheless, their experimental or numerical model domains were 
constrained to either porous or fractured rock media individually, 
without considering the hydrodynamical transition that occurred at the 
boundary between the media. Additionally, the studies were primarily 
based on pore-, laboratory- to pilot-scale observations and conducted 
under a simplified and controlled setup. For example, some of the 
studies assumed planar boundaries between different geologic materials 
[17,64]. These approaches may not be sufficient to fully capture the 
influence of heterogeneous and irregular stratification, geostructures, or 
hydrologic properties in practical contaminated sites [27,28]. 

At the site- or field-scale, the transition from porous media to frac
tured rock media becomes much more complicated due to the influence 
of weathering and erosional processes, which impart structural 
complexity and hydrogeological heterogeneity adjacent to the transition 
boundary. This boundary often becomes non-planar, due to the irregu
larities in the erosion and weathering, driven by local properties vari
ation [42,54]. The gradual shift from coarse to fine grains resulting from 
the weathering process leads to hydraulic discontinuity and 
multi-directional disturbance in fluid flow and solute transport [33,35, 
55]. Recent investigations have emphasized the crucial roles of weath
ered media in the DNAPLs migration. [28] reported the impact of 

partially-weathered and fully-weathered rock layers on lateral and 
vertical hydraulic conductivity variation during TCE remediation. [32] 
delineated the significant differences in TCE transport and fate accord
ing to the presence of a weathered zone on the fractured rock. Despite 
the recent recognition of the significance of weathered media, to the best 
of our knowledge, no previous studies have quantitatively assessed the 
field-scale implications of the transition from porous to fractured rock 
media when influenced by weathered media, in the context of DNAPLs 
contamination. 

In this study, a novel approach by way of developing a comprehen
sive field-scale 3-dimensional (3D) numerical model that integrates both 
porous media (unconsolidated soil, weathered rock) and fractured rock 
media was presented to evaluate the 3D DNAPLs migration and distri
bution. In the model, the characteristics of both media and their 
configuration of the transition boundary were implemented. Realistic 
and high-resolution hydrogeologic and geostructural characteristics are 
integrated into the 3D model using data obtained from various field 
investigation techniques, including seismic surveys, geophysical log
ging, and hydraulic well tests. The study evaluated hypothetic DNAPLs 
migration and distribution under varying geostructural properties of the 
weathered rock and hydrogeologic properties in the fractured rock 
through a rigorous momentum analysis. Notably, the analysis high
lighted the significant influence of weathered rock properties on the 
subsurface behavior of DNAPLs, which often exhibit substantial un
certainties and have been overlooked in previous research. 

2. Characterization of Deokso test-bed 

The Smart Subsurface Environment Management (SmartSEM) 
Korean research center designed the field investigation at Deokso test- 
bed located in Gyeong-gi province, approximately 20 km east of 
Seoul, South Korea (Fig. 1). The test-bed is not an actual contaminated 
site, instead the primary objective of the project was to construct a 3D 
high-resolution subsurface characterization (HSC) model. The model 
incorporated unconsolidated soil, weathered rock, and fractured media 
to the depth of approximately 100 m, where various field techniques of 
geophysical survey, borehole-logging, well tests, and groundwater 
monitoring were implemented (Table S1). The constructed 3D HSC 
model was applied to elucidate the migration behavior of dense non- 
aqueous phase liquids (DNAPLs) in multiple geological media. 

2.1. Lithologic information through 5 drilled boreholes 

The size of Deokso test-bed was 67 m × 69 m where 4 character
ization wells (BH-1, BH-2, BH-3, and BH-4) were drilled at the corner, 
and BH-5 was drilled at the center (Fig. 1). The drilled depths of BH-1, 
BH-2, BH-3, BH-4, and BH-5 were 100.6 m, 87 m, 100.6 m, 103.0 m, 
and 100.6 m from the ground surface, respectively (Fig. 2). To hold up 
the drilled boreholes and to prevent the collapse of unconsolidated soil, 
casings were installed to the depth of 49.4 m, 45 m, 41.8, 42 m, and 
24 m for BH-1, BH-2, BH-3, BH-4, and BH-5, respectively (Fig. 2a). The 
analyses of drilled cores aid to characterize high-resolution lithologic 
information including the bounding depth between porous media and 
fractured rock. The zone of porous media consists of unconsolidated soil 
(US: buried layer, colluvium, sedimentary soil, and weathered soil) and 
weathered rock (WR). Below, the zone of fractured rock (FR) includes 
layers of both soft and hard rock. The boundaries between porous media 
(US and WR) and FR are located at 34 m, 42 m, 36.5 m, 42.5 m, and 
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62.5 m depths of BH-1, BH-2, BH-3, BH-4, and BH-5, respectively (the 
boundaries between the red-colored WR and gray-colored soft rock in 
Fig. 2b). Thus, the WR distributes to the deepest depth at the center (BH- 
5) and becomes shallow toward the edge of the test-bed (BH-1, BH-2, 
BH-3, and BH-4), forming a bowl-shaped boundary between US+WR 
and FR. 

The depths of the groundwater table at BH-1, BH-2, BH-3, BH-4, and 
BH-5 were varied at 22.30 m, 21.87 m, 19.80 m, 21.80 m, 22.12 m, 
respectively (Fig. 2c). Overall, groundwater flows from east (BH-2 and 
BH-3) to west (BH-1 and BH-4), despite slightly high groundwater level 
at the BH-5. 

2.2. Lithologic information through sonic log, gamma-ray log, and seismic 
survey 

The lithologic information characterized by the drilled-core analysis 
was cross-checked with geophysical logging and survey techniques, such 
as sonic logs, gamma-ray logs, and 2D cross-sectional inversion data 
obtained from surface refraction seismic surveys [63] (Table S1). 

The sonic logs were acquired from the 5 boreholes (BH-1, BH-2, BH- 
3, BH-4, and BH-5). During the sonic logging, the probe vertically 
recorded the P-wave velocity from the sonic wave, that propagates 
through the surrounding matrix. Since the P-wave velocity implicates 
the hardness of the surrounding matrix, the boundaries between 
weathered rock, soft rock, and hard rock were identified by detecting 
discontinuity (dramatic change) in the continuous P-wave velocity log 
(Fig. S1a). As a result, the depth of discontinuity in P-wave velocity was 
relatively deeper at BH-2, BH-3, and BH-5 (eastern part of the test-bed) 
than at BH-1 and BH-4 (western part). The natural gamma-ray loggings 
detected the gamma-ray radiated from natural K, U, and Th. The average 
intensity of the natural gamma-ray from 5 boreholes was 137 API [50]; 
the intensities of US, WR, and FR were the smallest, intermediate, and 
largest, respectively (Fig. S1b). Spatially, the average intensity of 
gamma-ray at BH-1 and BH-4 was higher than at BH-2, BH-3, and BH-5; 
the intensities over 500 API appeared only at BH-1 and BH-4, due to the 
presence of high-radiative intrusive rocks or dikes. Additionally, the 
spectral gamma-ray log that predicts concentrations of K, U, and Th was 
implemented to investigate the potential geological connectivity be
tween the boreholes (Fig. S1c). In sum, the patterns of sonic, natrual and 
spectral gamma ray logs indicated non-planar and irregular structure of 
lithologic boundary in the test-bed. 

At the ground surface, a series of refraction seismic surveys were 
conducted. The refraction survey using a 3.6 kg (8 lb) sledgehammer as 
a seismic source and 12 geophones as a receiver was implemented along 
the 55 m survey line (H-1) crossing BH-2 and BH-4 to the NE direction 
(Fig. S2a). Two additional surveys along 115 m survey lines (SRD-1 and 

SRD-2) employing the dynamite blast were implemented to explore the 
depth of FR. The mapping results of the surface seismic survey were 
supported by additional well-to-well and surface-well seismic surveys 
[63]. The results showed that the fractured rock boundary was 
bowl-shaped toward the BH-2 from the BH-4, similar to the interpreta
tion from sonic and gamma-ray logs. 

2.3. Petrophysical properties through neutron logging and laboratory 
measurements 

The neutron porosity distribution at 5 boreholes was measured by 
neutron intensity loggings (Fig. 2a). A single neutron probe with a 
diameter of 41.3 mm was utilized, due to constraints for the 50 mm 
inner-diameter steel casings. After obtaining thermal neutron count 
rates (ψ) in the boreholes, the logging datasets were converted to water- 
filled porosities (neutron porosity, ϕ). The conversion between ψ and ϕ 
was computed with an empirical relationship (Fig. S3a); the empirical 
relationship was established through a calibration test using a known 
single neutron count rate vs. neutron porosity data obtained from 
reference granite, water, and limestone test blocks located at the 
radioactivity calibration facility in Pohang center of Korea Institute of 
Geosciences and Mineral Resources (Fig. S3b). The empirical equation 
calculating ϕ with respect to ψ is as follows: 

ϕ = 79.87 − 1.62682 × 109(1 − e−
ψ

1.9699×1011 ) − 67.2(1 − e−
ψ

117.556) [1] 

The obtained neutron porosity data were then compared with labo
ratory measurements by mercury injection porosimeter (MIP). For the 
comparison, 7 core samples from BH-3 were used; each sample was 
collected from the depth of US (N-1 and N-2), WR (N-3 and N-4), and FR 
(N-5, N-6, and N-7), respectively (Fig. 2a). Overall, the neutron porosity 
data were matched well with the laboratory measured MIP data. Below 
the depth of groundwater table where neutron loggings were able to 
implement, the neutron porosity data properly approximate the labo
ratory MIP porosities where the values for the sample N-3 (20.8 m), N-4 
(27.2 m), N-5 (37.1 m), N-6 (66.0 m), and N-7 (73.6 m) were 20.06%, 
13.74%, 4.03%, 5.30%, and 0.22%, respectively. For N-1 (9.0 m) and N- 
2 (10.1 m) above the groundwater table, the MIP measurement resulted 
in 44.97% and 41.86%, respectively. Markedly, the validated neutron 
porosity in porous media (US+WR) where the average porosity at each 
borehole (BH-1: 34.79%, BH-2: 18.74%, BH-3: 16.13%, BH-4: 19.30%, 
and BH-5: 11.98%) largely decreases in FR (BH-1: 15.32%, BH-2: 9.00%, 
BH-3: 6.93%, BH-4: 4.84%, and BH-5: 3.59%). 

Fig. 1. Description of Deokso test-bed and domain of interest for numerical modeling.  
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2.4. Fracture properties through image loggings and well tests 

Optical televiewer (OTV), temperature, sonic, and caliper loggings, 
and hydraulic pumping tests were conducted to identify subsurface 
fracture distribution and also to characterize transmissible fractures 
(Table S1). The OTV panoramically scanned the borehole perimeters to 
detect fracture properties including dip angle, azimuth, and aperture 
size (Fig. S4a). Through analyzing the OTV image loggings, 90, 77, 62, 
86, and 58 fractures were detected at boreholes BH-1, BH-2, BH-3, BH-4, 
and BH-5, respectively. For each of the detected fractures, dip angle, 
azimuth, and aperture size were measured (Fig. S4b and S4c). The 
measurement indicates that the major orientation of the fractures was 
40–60º SE with the mean (13.03 mm) and median (7.53 mm) of the 
aperture sizes, respectively. The sonic, caliper, and differential tem
perature loggings were then implemented to quickly estimate the 

location of the transmissible fractures that potentially serve as major 
pathways of groundwater flow (Fig. S5). The sudden changes in the 
sonic velocity, borehole diameter, and temperature logs indicate 
groundwater inflows from fractures or outflow to fractures. For 
example, the sonic velocity is attenuated while the borehole diameter is 
increased, indicating the presence of fractures surrounded by weakened 
and excavated matrix. 

After the logging analyses, single and multi-well hydraulic tests were 
implemented to determine the exact locations of the transmissible 
fractures. At BH-5, during both single-well pumping and the following 
recovery stage, temporal changes in groundwater level, groundwater 
temperature, and electrical conductivity were monitored (Fig. S6). From 
hydrogeologic responses, two major transmissible fractures respectively 
dipping toward 32º and 57º SW were identified at 54 m and 57.5 m 
depth. To investigate the connectivity of these 2-transmissible fractures 

Fig. 2. (a) 1D porosity profile, groundwater table, and lithologic classification at each bore-hole (BH-1, BH-2, BH-3, BH-4, and BH-5). (b) 3D lithologic contacts and 
the porous-rock media boundary. (c) Data-interpolated 3D groundwater surface. 
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to BH-1, BH-2, BH-3, and BH-4, additional multi-well tests were per
formed. After packing in the vicinity of the 2-transmissible fractures in 
BH-5, groundwater was pumped at a 40 L/min rate for 40 h. Then, 
hydrogeologic responses were monitored at the other 4 boreholes. 
Consequently, the groundwater level only dropped at BH-2 and BH-3, 
confirming hydrogeologic connection through major fractures between 
BH-2, BH-3, and BH-5. Finally, the locations of the connected fractures 
at BH-2 and BH-3 were identified by a flowmeter test. The vertical 
groundwater velocity changes were detected at depths of 55 m and 64 m 
in BH-2, and a depth of 64 m at BH-3 respectively, indicating the pres
ence of connected fractures. Following similar procedures, a total of 12 
major permeable fractures were identified (Table S2) [50]. 

3. Construction of 3D subsurface characterization model 

By integrating field-observed lithologic, geophysical, and hydro
geological datasets, the 3D HSC model was developed (Fig. 3a). The HSC 
model consists of 67 × 69 × 107 (494,661) uniform cubic (1 ×1 ×1 m3) 
grid-blocks covering the Deokso test-bed. The surface elevation ranged 
from 46.07 to 48.08 with the highest elevation of 49 m and the 
bottommost elevation was − 56 m. The boundary between porous 
media (US and WR) and fractured rock (FR) varied from − 10–15 m. 

3.1. Porous media zone (Unconsolidated Soil and Weathered Rock) 

In porous media (US and WR), the 3D heterogeneous porosity dis
tribution was reproduced by the sequential indicator simulation (SISim) 
geostatistic method [43]. Utilizing the field neutron porosity data cali
brated by MIP data as hard data, the SISim method generated multiple 
equiprobable heterogeneous porosity distributions while preserving 
statistical properties of the field data (Fig. S7). The method preserved 
the means and variances of neutron porosity data and reflected 
adequately the discontinuities between porous media and fractured 
rock. The assigned parameters for the geostatic representation were 
listed in Table S3. 

From the porosity distribution, 3D permeability distributions were 
determined by implementing Kozeny-Carman (K-C) based porosity- 
permeability conversion (Fig. 3b). Different conversion equations vari
able to each of US and WR were applied in each media. For US, 
considering the soil texture of the Deokso test-bed mainly composed of 
sandy loam and silty clay loam, the K-C equation developed by [58] was 
adopted as k =

ϕ3

Bτ2S2, where ϕ is porosity, B is the coefficient regarding 
pore shape, τ is the tortuosity, and S is the specific surface area. The 
values for B (2.0), τ (1.389) and S (2.65 ×104 m2/g) were determined 
from [18] and [20]. The K-C equation for WR was the power-law 
permeability equation as k = Cc

ϕm

1−ϕ [16]. Here, a Kozeny-like coeffi
cient (Cc) was 1.46 × 10−13, and empirical tortuosity factor (m) varing 
within 1 < m < 4 was assigned to 1.47. The K-C conversion-based 

permeabilities were verified through laboratory gas permeability tests 
(Table S1). The experimental permeabilities measured from the three 
WR core samples (N-3: 20.8 m, N-4: 27.2 m, and N-5: 37.0 m) at BH-3 
were 2.25 × 10−14 m2, 1.57 × 10−15 m2, and 3.16 × 10−15 m2, respec
tively. The K-C conversion permeabilities at corresponding depths were 
2.63 × 10−14 m2, 3.95 × 10−15, and 9.55 × 10−15 m2, respectively, 
showing small differences within an order of magnitude (Fig. 3b). 

3.2. Fractured rock zone 

In fractured rock media (FR), the 3D fracture network distribution 
can be generated by employing both stochastic and deterministic ap
proaches. The statistical information of the fracture network obtained by 
the OTV logs (Fig. S4b and S4c) enables stochastic generation of equi
probable realizations of discrete fracture network (DFN). On the other 
hand, the 12 major permeable fractures identified by both pumping tests 
and OTV logs enable the generation of deterministic DFNs. In this study, 
the information of the 12 deterministic fractures was used for the DFN 
generation due to the dominant role of major permeable fractures as 
primary pathways of DNAPLs migration at the field scale (Table S2). The 
generated 3D DFN was subsequently upscaled to a continuum- 
equivalent permeability distribution, as the DFN can not be directly 
interchanged with the continuum representation of upper porous media 
[47]. An upscaling algorithm known as upscaled discrete fracture matrix 
model (UDFM) was adopted [53]. Details of the methodology are 
referred to [53] while a brief description of the algorithm is summarized 
here. The UDFM generates unstructured tetrahedra meshes which are 
flexible to generate fine meshes close to fractures and coarse ones far 
from them; the method uses iterative octree refinement of a structured 
hexahedral mesh. Once the mesh is generated, the UDFM formulates 
permeability tensors of meshes that intersect fractures. The permeability 
of each intersected mesh is calculated using the fracture apertures and 
orientation. The fracture network generation and upscaling by the 
UDFM algorithm is implemented in the DFN modeling suite dfnWorks 
(Hyman et al., 2015). Lastly, the created upscaled permeability distri
bution in the tetrahedral meshes was converted into cubic meshes such 
that it has a consistent mesh structure with the previously generated 
porous media zone. The generated continuum scale permeability dis
tribution representing FR is then coupled with porous media (US and 
WR), finalizing the 3D HSC model as shown in Fig. 3c. The detailed 
illustration of the completed model is provided in Fig. S8. 

4. Numerical simulation and analyses for 3D DNAPLs transport 

4.1. Model setup 

The spatiotemporal behaviors of DNAPLs penetrating through US, 
WR, and FR were evaluated in the 3D HSC model. Assuming a hypo
thetical situation where the DNAPLs were spilled from a point source 

Fig. 3. (a) 3D model domain and Heterogeneous permeability distribution for (b) porous media (US + WR) and (c) both porous media and fractured rock (US + WR 
+ FR). 
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located in US, downward migrations of the DNAPLs through both porous 
media (US and WR) and fractured rock (FR) were investigated. The top 
boundary of the 3D HSC model was assigned to the atmospheric con
dition (101.3 kPa) and the bottom boundary was assigned to the no-flow 
boundary (903.5 kPa), representing intact and impermeable rock 
(Table 1). Accordingly, the vertical pressure hydrostatically increased 
from the atmospheric pressure to 903.5 kPa at the bottom. The lateral 
boundaries were assigned a hydrostatically increasing pressure, which 
was invariant with the time. The groundwater depth was assigned at 
22 m without a hydraulic gradient, referring to the relatively insignifi
cant effect of the horizontal groundwater flow observed at the Deokso 
test-bed. 

The DNAPLs, where the source was located at 24 m east, 50 ~ 54 m 
north, and 34 m elevation, were spilled at a constant rate of 0.04 m3/ 
day during 35 years (Fig. 4a). After the spilling ceased, natural DNAPLs 
migration through US, WR, and FR was observed during the next 65 
years. The density and viscosity of the DNAPLs were 1130 kg/m3 and 
0.013 Pa⸱s under atmospheric pressure, respectively [34]; here, the 
values resemble the properties of the polychlorinated biphenyl (PCB) 
class of DNAPLs, manifesting intermediate values in density and vis
cosity among the values of various types of DNAPLs (e.g. creosote, coal 
tar, and chlorinated solvent). The DNAPLs migration through the US 
zone creates a 3-phase fluid system in the subsurface where 
air-DNAPLs-water phases coexist in porous media. For the relative 
permeability of the air-DNAPLs-water phases, an empirical 3-phase 
relative permeability function known as the modified Stone I model 
was adopted [6]. For capillary pressure, DNAPLs-water was the greatest 
at matrix in FR (ranging from 1 kPa to 10 kPa), intermediate at porous 
media (ranging from 0.5 kPa to 5 kPa), and the smallest at fractures 
(ranging from 0.1 kPa to 1 kPa) [59]. Hysteresis effects on both relative 
permeability and capillary pressure and phase transition/chemical re
action between water-air-DNAPLs phase (i.e. dissolution, vaporization, 
and condensation) were not considered in this study. Finally, the 
DNAPLs migration through US, WR, and FR was simulated with CMG 
IMEX multiphase simulator [12]. 

4.2. Case scenarios for sensitivity study 

A series of scenarios were designed to assess uncertainties of the 
field-data-integrated 3D HSC model and to identify influencing factors 
on DNAPLs distribution. Among numerous factors, hydrogeological and 
geostructural properties of WR and FR were focused on (Table 2). In WR, 
the DNAPLs migration is affected by a composition of irregular 
geological substrates (generally classified in regolithic soil, saprolite, 
and saprock), which result from a complex interplay of geological and 

weathering processes [39,42]. To describe the variability in WR, the 
effect of permeability anisotropy (kz/kx) and intra-structure of WR were 
investigated. Accounting for isotropic permeability (kz/kx = 1) in WR as 
base-case, the kz/kx varied to 0.25 (Scenario 1) and 4 (Scenario 2), 
covering from horizontally to vertically developed weathering envi
ronments [37,46,52,61]. In addition, different from the mono structure 
of WR in the base-case 3D HSC model, a dual structure assuming a sharp 
permeability transition in WR was designed at Scenario 3 (Fig. S9b). 
Here, WR was bisected to upper and lower parts where the mean 
permeability of the upper WR (ku = 1.82 kWR) was 10 times greater than 
lower WR (kl = 0.182 kWR) while maintaining the mean permeability of 
WR equal to the base-case kWR (=3.4 ×10−14 m2). In Scenario 4, to ac
count for a smoother transition of geological substrates, WR was divided 
into four parts, upper (ku = 1.82 kWR), middle-upper (kmu = 1.27 kWR), 
middle-lower (kml = 0.73 kWR), and lower (kl = 0.182 kWR) WR while 
maintaining the entire mean permeability as kWR (Fig. S9c). In Scenario 
5 and Scenarios 6, the effect of an impermeable clay-layer was investi
gated, reflecting the genesis of the clay-layer during weathering process 
[57]; a single clay-layer with 1 m thickness (kclay=1.0 ×10−16 m2) was 
located at the bottom of and in the middle of the WR, respectively 
(Fig. S9d, S9e). 

For FR, matrix permeability (k), fracture aperture size (λ), and 
fracture + matrix mean porosity (ϕ) were varied. In FR, the preferential 
migration of DNAPLs through fractures is influenced by a degree of 
transmissibility into the surrounding matrix [48]. To assess the effect of 
the transmissibility, the scenarios varying matrix k from 1.0 × 10−18 m2 

(base-case), 1.0 × 10−16 m2 (Scenario 7) to 1.0 × 10−20 m2 (Scenario 8) 
were designed (Table 2). Subsequently, the fracture aperture size (λ), a 
well-known prominent factor for the DNAPLs migration in FR [44], was 
varied. The λ in the base-case was 8.0 mm, larger than an ordinary single 
fracture because fractures at the test-bed were mainly detected as a 
bundle, forming wide fractures. To assess the impact of λ reducing from 
a size of bundled fracture to a single fracture, scenarios reducing λ to 
4 mm (Scenario 9) and 1 mm (Scenario 10) were designed. Finally, the 
uncertainty by employing ϕ from the neutron-porosity data was assessed 
by varying mean ϕ in FR. The mean ϕ in the base-case was 7.5%, while 
the experimental porosities measured from the cores at the depth of FR 
(N-6: 5.3%; N-7: 0.22%) were smaller than the mean ϕ. Therefore, 
smaller mean ϕ cases were considered in Scenario 11 (ϕ: 4.0%) and 
Scenario 12 (ϕ: 1.0%), respectively. 

4.3. Spatial moment analysis 

For all scenarios, the spatiotemporal distribution of DNAPLs in each 
of US, WR, and FR was quantitatively analyzed by spatial moment 
analysis [8,11,21,24,38]. For a 3D space composed of x, y, and z axes 
orthogonal to each other, the 3D spatial moment of DNAPLs within each 
media D (D = [US, WR, FR, Total]) can be calculated as the following 
equations: 

Mijk =

∫∫∫

D
ϕ(x, y, z) ρ(x, y, z) S(x, y, z)xiyjzkdxdydz [2]  

Mx =
M100

M000
, My =

M010

M000
, and Mz =

M001

M000
, [3]  

Mxx =
M200

M000
−

(
M100

M000

)2

, Myy =
M020

M000
−

(
M010

M000

)2

, and Mzz

=
M002

M000
−

(
M001

M000

)2

[4]  

where the ϕ, ρ, and S are the porosity, density, and saturation of each 
grid-block, respectively. The i, j, and k no less than 0 indicate the degree 
of x, y, and z values, respectively where i + j + k determines the degree 
of the spatial moment. The 0th spatial moment (i.e. i + j + k = 0) in 
zone D directly indicates the amount of DNAPLs mass in zone D (MD

000). 

Table 1 
Model parameters and assigned values for the 3-D HSC model.  

Model parameter Assigned value 

Number of elements x-direction: 67, y-direction: 69, z-direction: 107 
Size of each element (m) Δx, Δy, Δz = 1 
Temperature (℃) 20 (constant) 
Pressure (kPa) Top Bottom  

101.3 903.5 
Groundwater depth (m) 22 
DNAPLs density (kg/m3) 1130 
DNAPLs spilling rate (m3/day) 0.04 
DNAPLs source location (x, y, z): (24, 50, 34), (24, 51, 34), (24, 52, 34), 

(24, 53, 34), (24, 54, 34) 
where the origin (0,0,0) located on the 
BH-4 side corner 

Simulation period (years) DNAPL spilling 
ceased 

Simulation end  

35 100 
Relative permeability curve Modified Stone I function ([6]) 
Capillary pressure curve (kPa) Porous media Fractured 

rock matrix 
Fractures  

0.5 ~ 5 1 ~ 10 0.1 ~ 1  
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Likewise, the 1st (MD
x , MD

y , and MD
z ) and the 2nd spatial moment (MD

xx,

MD
yy, and MD

zz) indicate the center of DNAPLs mass and the variance of 
DNAPLs distribution, respectively. 

5. Base case 

5.1. Spatiotemporal behavior of DNAPLs in US, WR, and FR 

The 3D spatiotemporal distributions of DNAPLs with an iso-surface 
of 0.08 saturation were visualized in 25-year intervals (Fig. 4a–d). At 
25 years, DNAPLs mostly resided in US and above WR (Fig. 4a). The 
DNAPLs plume migrated downward due to gravitational force, while 
simultaneously spreading toward the northwest on the sloped US-WR 
boundary; the thickness of WR was thin approaching the northwest. 
At 50 years, a portion of the DNAPLs reaching the WR-FR boundary 
invaded FR deeply (Fig. 4b). The invasion occurred rapidly when the 
DNAPLs entered the nearly vertical fractures. Once arriving at the base 
of FR, the DNAPLs accumulated and laterally spread toward both east 
and west. In contrast to the DNAPLs migration in FR which is highly 

dependent on the fracture geometry, the DNAPLs plume in WR was 
almost uniformly distributed by forming a convex DNAPLs pool. At 75 
years, the pooled DNAPLs above the WR-FR boundary slid down toward 
the center and entered other fractures dipping toward the southwest 
(Fig. 4c). The DNAPLs continuously spread on the WR-FR boundary until 
100 years (Fig. 4d). 

To investigate the migration patterns of DNAPLs influenced by 
geologic discontinuities, 2D cross-sections intersecting the DNAPLs 
source to W-E and S-N directions were delineated at 100 years (Figs. 4e 
and 4f); for the sake of simplicity, distance along W-E and S-N directions 
are labeled as X- and Y-positions, respectively. The simulation results 
highlighted that most DNAPLs in US migrated to WR while the DNAPLs 
whose saturation was under 0.1 were residually trapped in US. The 
geologic discontinuity of the US-WR boundary more significantly 
impacted downgoing DNAPLs than the groundwater table. The DNAPLs 
were stagnant and spread laterally above the US-WR boundary due to 
the difference in permeability. The spread led to a broader area of 
contamination by the DNAPLs in WR. The DNAPLs plumes then accu
mulated on the WR-FR boundary, developing the DNAPLs pool where its 
saturation reached approximately 0.77. A portion of the pooled DNAPLs, 

Fig. 4. 3D DNAPLs migration for (a) 25 years, (b) 50 years, (c) 75 years, and (d) 100 years in simulation time, and 2D cross-sectional DNAPLs distribution derived 
from 100 years for (e) W-E (x-axis) and (f) S-N (x-axis) planes. Yellow stars denote the DNAPLs source location and an orange star denotes the location of the inlet 
fracture that DNAPLs initially enter. 
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enveloping a part of the WR-FR boundary, invaded FR through an inlet 
fracture (orange star in Fig. 4f). Once entering the nearly vertical inlet 
fracture, the DNAPLs directly reached the base of FR. In summary, the 
influence of the geologic discontinuity and slope of media boundaries, 
location of inlet fractures, and fracture orientation controlling DNAPLs 
migration were investigated on the 3D HSC model. 

5.2. Quantification of DNAPLs mass distribution 

The DNAPLs mass that existed in each media D (MD
000, D=[US, WR, 

FR, Total]) within the 3D HSC model was evaluated over time (Fig. 5a). 
The MTotal

000 (red solid-line) was increased to 561.8 tons until the DNAPLs 
spill ceased at 35 years, and decreased to 508.3 tons at 100 years 

Table 2 
Sensitivity scenarios for weathered rock and fractured rock properties.  

Scenarios permeability anisotropy of WR 
(kz/kx) 

Structure of WR 
(mean kWR = 3.4 ×10−14 m2) 

FR matrix permeability 
(m2) 

Fracture aperture 
(mm) 

FR mean porosity 
(%) 

WR  
Scenarios for WR permeability anisotropy  
Base-case  1 Mono structure (kWR) 1.0 × 10−18 8.0 7.5 
1  0.25 Mono structure (kWR) 1.0 × 10−18 8.0 7.5 
2  4 Mono structure (kWR) 1.0 × 10−18 8.0 7.5 
Scenarios for WR structure  
Base-case  1 Mono structure (kWR) 1.0 × 10−18 8.0 7.5 
3  1 Dual structure 1.0 × 10−18 8.0 7.5    

(ku = 1.82 kWR, 
kl = 0.18 kWR)    

4  1 Quadruple structure 1.0 × 10−18 8.0 7.5    
(ku = 1.82 kWR, kmu = 1.37 kWR, kml = 0.75 kWR, kl =

0.18 kWR)    
5  1 Basal Clay layer 1.0 × 10−18 8.0 7.5    

(kclay = 1.0 ×10−16 m2)    
6  1 Middle Clay layer 1.0 × 10−18 8.0 7.5    

(kclay = 1.0 ×10−16 m2)    
FR  
Scenarios for matrix permeability 
Base-case  1 Mono structure (kWR) 1.0 × 10−18 8.0 7.5 
7  1 Mono structure (kWR) 1.0 × 10−16 8.0 7.5 
8  1 Mono structure (kWR) 1.0 × 10−20 8.0 7.5 
Scenarios for fracture aperture size  
Base-case  1 Mono structure (kWR) 1.0 × 10−18 8.0 7.5 
9  1 Mono structure (kWR) 1.0 × 10−18 4.0 7.5 
10  1 Mono structure (kWR) 1.0 × 10−18 1.0 7.5 
Scenarios for mean porosity (fracture and matrix)  
Base-case  1 Mono structure (kWR) 1.0 × 10−18 8.0 7.5 
11  1 Mono structure (kWR) 1.0 × 10−18 8.0 4.0 
12  1 Mono structure (kWR) 1.0 × 10−18 8.0 1.0  

Fig. 5. Temporal changes in the (a) zeroth (MD
000), (b–d) first (MD

x , MD
y , and MD

z ), and (e–g) second (MD
xx, MD

yy, and MD
zz) spatial moments during 100-year DNAPLs 

migration. Entirely, black lines with circular, rectangular, and triangular symbols denote US, WR, and FR spatial moments, respectively. Red solid lines denote spatial 
moments for the entire media. Green symbolic lines in a are fractions of DNAPL mass. 
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primarily due to lateral migration of DNAPLs out of the modeling 
domain through high permeable fractures. The MUS

000 ( ) increased to 
179.9 tons until 35 years, and decreased asymptotically to 73.0 tons at 
100 years. The final DNAPLs mass that remained in US as residually 
trapped ganglia accounted for 13% of the total DNAPLs mass. On the 
other hand, moveable DNAPLs in US migrated to WR. The MWR

000 ( ) 
increased by 373.7 tons at 40 years (MUS

000 < MWR
000 after 21 years), 

dominantly accounting for 68% of the total mass. Dominance in WR was 
prolonged to 100 years, although the mass fraction decreased to 59% 
due to the continued migration of DNAPLs to FR. The DNAPLs arrived 
FR at 16 years for the first time, and then, MFR

000 ( ) gradually 
increased to 130.0 tons until 100 years, accounting for 28% of the total 
mass. 

Next, temporal changes in the center of mass (Mx
D, My

D, and Mz
D in 

Fig. 5b–d) and the variance (Mxx
D , Myy

D , and Mzz
D in Fig. 5e–g) for DNAPLs 

distribution were tracked in each x- (W-E), y- (S-N), and z- (vertical) 
direction, respectively. Note that the Mx

Total, My
Total, and Mz

Total at the time 
(t) = 0 represent the location of DNAPLs source (see yellow stars in 
Fig. 5b–d). Additionally, the Mxx

D , Myy
D , and Mzz

D were expressed in a 
reduced dimension with a distance unit (m) by taking a square root, for a 

more intuitive comparison (i.e. 
̅̅̅̅̅̅̅̅

MD
xx

√

, 
̅̅̅̅̅̅̅̅
MD

yy

√
, and 

̅̅̅̅̅̅̅̅

MD
zz

√

). Temporally, 

the Mz
Total showed a larger variability than both Mx

Total and My
Total, 

highlighting a vertically dominant DNAPLs migration (red solid-line in 
Fig. 5b–d). While both Mx

Total (24.0–21.3 m, Fig. 5b) and My
Total 

(50.0–51.8 m, Fig. 5c) varied within a relatively small range, Mz
Total 

varied from 15.0 to 40.1 m (Fig. 5d). Similarly, both 
̅̅̅̅̅̅̅̅̅̅̅̅

MTotal
xx

√

and 
̅̅̅̅̅̅̅̅̅̅̅̅
MTotal

yy

√
varied within less than 4.2 m (Figs. 5e and 5f), but the 

̅̅̅̅̅̅̅̅̅̅̅̅

MTotal
zz

√

increased from 0 to 13.7 m (Fig. 5g). As well, the variability of DNAPLs 
distribution depended on geologic media. In US, the Mx

US and My
US only 

varied within ranges of approximately 0.7 m and 3.9 m, respectively 
( in Figs. 5b and 5c). The Mz

US that started from the DNAPLs source 
(depth of 15.0 m), deepened until reaching the US-WR boundary 
(27.6 m). In WR ( ), the variability of Mx

WR and My
WR became greater 

than those in US. The Mx
WR and My

WR varied approximately 1.3 m and 
4.9 m. The Mz

WR deepened from the vicinity of the US-WR boundary (27. 
6 m) to the WR-FR boundary (39.1 m) (Fig. 5d). In FR ( ), the center 

of mass (Mx
FR, My

FR, and Mz
FR) and variances (

̅̅̅̅̅̅̅̅̅

MFR
xx

√

, 
̅̅̅̅̅̅̅̅̅
MFR

yy

√
, and 

̅̅̅̅̅̅̅̅̅

MFR
zz

√

) 

varied differently, due to the distinct behavior of DNAPLs migrating 
through fractures. After DNAPLs reached FR (see orange stars in 
Fig. 5b–d), the Mz

FR deepened from a depth of 39.7–53.8 m. Concur

rently, the 
̅̅̅̅̅̅̅̅̅

MFR
zz

√

dramatically increased from 2.0 m (36 years) to 

12.2 m (44 years), implicating that DNAPLs penetrated through the 
nearly vertical fracture (Fig. 5g). In short, the quantification results 
presented dominant DNAPLs mass in WR, and irregular spatiotemporal 
distribution of DNAPLs by each geological medium. 

5.3. Effects of geologic discontinuity and preferential fractures on 
DNAPLs migration 

The centers of mass to the x- and y-direction (Mx-y
D , D=[US, WR, FR]) 

were plotted on the elevation contour of US-WR and WR-FR boundaries 
(Fig. 6); here, the arrow-head line trails movement of Mx-y

D dependent on 
the discontinuity in geological media. Additionally, the horizontal 
spreadings of DNAPLs were plotted as sky-blue circles at time t = 4 (16 
for FR), 20, 40, 60, 80, and 100 years. The radius of the circle is rep

resented by the larger values between 
̅̅̅̅̅̅̅̅

MD
xx

√

and 
̅̅̅̅̅̅̅̅
MD

yy

√
. 

The variation of Mx-y
US, Mx-y

W R, and Mx-y
FR was influenced by the 

boundaries of contacting geologic media. The Mx-y
US initially located at 

the DNAPLs source (yellow star) moved toward the north following the 
down-slope of the US-WR boundary and approached the coordinate 
(x = 23.4, y = 53.7) at 100 years (Fig. 6a). Concurrently, the radii of the 
circles were increased up to 4.98 m. In WR, the Mx-y

W R originated at 
(x = 21.4, y = 46.6). At early time, the Mx-y

W R moved toward the north
west under the influence of the US-WR boundary but slightly turned 
back to the south when the DNAPLs reached the WR-FR boundary 
sloping toward the southeast (Fig. 6b). While the DNAPLs progressed 
toward the north, the DNAPLs plume accumulated the wide area above 
the WR-FR boundary similar to the observation in Figs. 4e and 4 f. 
Eventually, the DNAPLs reached the inlet fracture (orange star) at the 
WR-FR boundary. Once the DNAPLs entered FR, the Mx-y

FR moved toward 
the south, reflecting the primary dip direction of fractures (Fig. 6c). 
Here, due to rapid migration of DNAPLs through highly permeable 
fractures, the maximum variance at 100 years was the largest in FR 
(6.9 m) among US, WR, and FR. In summary, DNAPLs exhibited distinct 
migration characteristics across the geologic media. Again, a critical role 
of both geologic discontinuity and preferential fracture network gov
erning the DNAPLs migration and distribution in the 3D HSC model was 
found. In the following section, accordingly, the influence of the char
acteristics of weathered rock and fractured rock, on subsurface DNAPLs 
behavior was investigated. 

Fig. 6. The trail of the contemporary movement of the Mx and My on the x-y plane during the simulation time (0–100 years) in (a) US, (b) WR, and (c) FR. The 
contours in each figure represent the elevations of US-WR and WR-FR boundaries. 
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6. Effects of weathered rock and fractured rock characteristics 

6.1. DNAPLs mass distribution by weathered rock characteristics: 
permeability anisotropy and structural discontinuity 

For different weathered rock (WR) properties (Scenario (S) 1–6 in 
Table 2), the temporal variation in DNAPLs mass (Fig. 7a) and the mass 
distribution in each of US, WR, and FR (Fig. 7b–d) were evaluated. At 
t = 100 years, the visualizations of DNAPLs distribution in S1, S2, S3, 
and S6 were depicted (Fig. 7e–h). 

The S1 and S2, which assigned the anisotropy k (kz/kx) of WR by 0.25 
and 4.0 respectively, revealed the greatest impact on both MFR

000 and 
MTotal

000 (Fig. 7a). In S1 (kz/kx = 0.25), MFR
000 was relatively insignificant 

having values less than 42.2 tons, due to weak migration of DNAPLs 
from WR to FR (Fig. 7e). Whereas, in S2 (kz/kx = 4.0) characterizing 
strong vertical migration of DNAPLs through WR, MFR

000 rapidly 
increased from 0 to 182.8 tons until 44 years (Fig. 7a). As seen, more 
DNAPLs vertically dispersed in WR with less horizontal spread, and thus, 
the amount of DNAPLs arrived in FR increased (Fig. 7f). Eventually, 
MFR

000 decreased to 130.6 tons in 100 years. The decrease of MFR
000 in the 

late time was due to the DNAPLs escaping out of the domain of interest 
through fractures. The S3 and S4 showed the equal mean permeability 
(k) but different structural discontinuities in WR. The MFR

000 in S3 (dual k 
structure illustrated in Fig. S9b) was smaller than in S4 (quadruple k 
structure illustrated in Fig. S9c), indicating the DNAPLs migration was 
impeded more in WR with less complexity and a sharp discontinuity in k 
structure. The S5 and S6, where the clay-layer is located at the bottom 
(Fig. S9d) and in the middle of WR (Fig. S9e), highlighting noticeable 
difference in MFR

000. While MFR
000 in S5 (the basal clay-layer) increased 

from 0 to 126.1 tons at t = 100 years, that in S6 (the middle clay-layer) 
minimally increased to 5.7 tons. This suggested that the intercepting 
clay-layer further away from FR could be more effective at preventing 
the DNAPLs entry into FR (Fig. 7h). 

The temporal mass fraction of DNAPLs distributed in US, WR, and FR 
for each scenario was depicted on a ternary diagram (S1 and S2 in 
Fig. 7b; S3 and S4 in Fig. 7c; S5 and S6 in Fig. 7d), compared with BC. 
The trail of mass fraction in S1 positioned slightly above that of BC (US: 
0.22, WR: 0.68, and FR: 0.10 in 100 years), reflecting the DNAPLs mass 
mostly resided in both US and WR due to the low kz/kx (Fig. 7e). 
Whereas, the mass fraction in S2 with high kz/kx approached the lower 
right-side of BC (US: 0.14, WR: 0.43, and FR: 0.43 in 100 years), 
reflecting the greater entry of DNAPLs to FR (Fig. 7f). Both the trails of 
mass fraction in S3 (dual k structure) and S4 (quadruple k structure) 
were shifted upward compared to BC, indicating more DNAPLs mass in 
WR (Fig. 7c); the mass fraction of S3 and S4 ended up at US: 0.1, WR: 
0.69, FR: 0.21, and US: 0.11, WR: 0.62, FR: 0.27, respectively. The mass 
fraction in WR was larger at S3 (0.69) than S4 (0.62), because the 
sharper k discontinuity lead to more horizontal spread of DNAPLs, and 
thus, impeded the vertical migration of DNAPLs more effectively. 
Finally, when a clay-layer was positioned at the bottom of WR (S5), the 
mass fraction of DNAPLs in WR was slightly increased (US: 0.13, WR: 
0.64, FR: 0.23) compared to BC (Fig. 7d). However, when the clay-layer 
was placed in the middle of WR (S6), most of DNAPLs resided in WR 
with minimal entry to FR (US: 0.14, WR: 0.85, FR: 0.01). In summary, 
throughout the WR characteristics, the permeability anisotropy (kz/kx) 
was most influential on DNAPLs fate. Notably, when the kz/kx was high, 
more DNAPLs entered high permeable fractures, presenting the most 
challenging condition for DNAPLs remediation. Both discontinuous k 
structures and clay-layers in WR served as an obstacle impeding the 
vertical migration of DNAPLs. Particularly, a clay-layer placed in the 
middle of WR prevented nearly 100% of the DNAPLs entry to FR. 

6.2. Horizontal DNAPLs migration and spread by weathered rock 
characteristics 

The change of WR characteristics through S1–S6 affected the entire 
Mx-y

US, Mx-y
W R, and Mx-y

FR , leading to large uncertainty in predicting DNAPLs 

Fig. 7. (a) Temporal changes of MFR
000 and MTotal

000 , (b–d) ternary diagrams presenting the mass fraction in US, WR, and FR for S1–S6 and BC, and (e–h) supporting 
visualizations of S1, S2, S3, and S6 at t = 100 years. 
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migration (Fig. 8a–c). In US, Mx-y
US from all WR scenarios moved toward 

the north above the US-WR boundary, equally influenced by the slope of 
the boundary (Fig. 8a). The displacement of Mx-y

US was the maximum in 
S1 (4.68 m) and the minimum in S2 (1.58 m), reflected by the effect of 
reduced and enhanced kz/kx in WR, respectively. The Mx-y

US for S3, S4, S5, 
and S6 (scenarios of WR k structure and a clay-layer) showed interme
diate displacement. Similar to US, in WR, Mx-y

W R in S1–S6 equally moved 
northward, although the starting points of Mx-y

W R differed depending on 
the horizontal spread of DNAPLs due to anisotropic k and structural 
discontinuity (Fig. 8b). For instance, S1 with low kz/kx showed a large 
horizontal spread of DNAPLs above the US-WR boundary, and thus, the 
starting point of Mx-y

W R was distanced from the DNAPLs source (yellow 
star in Fig. 8a). Whereas, the starting point in S2 with high kz/kx was 
close to the DNAPLs source. The displacement of Mx-y

W R increased pro
portionally to the distance to the starting point; the displacement of Mx- 

y
WR was greatest (4.75 m) in S1 and smallest in S2 (0.67 m). In addition, 

the Mx-y
W R for S3, S4, S5, and S6 showed intermediate displacement. The 

starting points and horizontal variations of Mx-y
W R lead to critical differ

ences in DNAPLs migration in FR. For example, the DNAPLs that spread 
wider in S1 encountered the new fracture inlet at (x = 8.5, y = 62.7) 
(brown star, Figs. 8b and 8c). However, in S2–S6, the DNAPLs entered 
FR through the inlet fracture close to the DNAPLs source (orange star). 
Finally, after DNAPLs entered inlet fractures, Mx-y

FR for all scenarios 
moved windingly to the south or southeast (opposite from Mx-y

US and Mx- 

y
WR) following to major dip direction of fractures (Fig. 8c). 

The degree and asymmetry of the spreading DNAPLs in both x- and y- 

directions were assessed by the comparisons of 
̅̅̅̅̅̅̅̅

MD
xx

√

and 
̅̅̅̅̅̅̅̅
MD

yy

√
at every 

4-year intervals (Fig. 8d–f). Both 
̅̅̅̅̅̅̅̅

MD
xx

√

and 
̅̅̅̅̅̅̅̅
MD

yy

√
increased over time 

while leaning to either x- or y-axes, indicating that DNAPLs spread 
continuously and asymmetrically. In US, the degree and asymmetry 
were relatively insignificant for all scenarios; the maximum variance (at 
t = 100 years) was approximately 3.68 m in S2 to 6.16 m in S1 (Fig. 8d). 
In WR, most DNAPLs spread symmetrically except for S1 with low kz/kx 
(Fig. 8e). Nevertheless, the maximum spreading differed in large vari
ations among the scenarios compared to US; S2 (from 1.30 m to 4.46 m 
by time) and S6 (from 1.34 m to 8.99 m by time) was smallest and 
largest, respectively. Such large variations in WR influenced both 
spreading patterns and the amount of DNAPLs in FR (Fig. 8f). The 
asymmetry of DNAPLs in FR was greatest in S1, where the DNAPLs 
entered the distinct inlet fractures as shown in Fig. 8c. Nevertheless, the 
asymmetries in FR were entirely developed toward the x-direction, 
indicating the significant effect of the fracture network distribution. 

6.3. DNAPLs mass distribution, migration, and spread by fractured rock 
characteristics: permeability, aperture size, and porosity 

The mass distribution, migration, and spread of DNAPLs with vary
ing FR characteristics (S7–S12 in Table 2) were quantified (Fig. 9a–c), 
along with the visualization of DNAPLs distribution at t = 100 years for 
S8 (Fig. 9d), S10 (Fig. 9e), and S12 (Fig. 9f), respectively. Since the FR 
conditions influenced the DNAPLs behavior in both upper US and WR 
insignificantly, only the results in FR were focused. 

The mean matrix k of FR in S7 and S8 was two orders of magnitude 
higher (1.0 ×10−16 m2) and lower (1.0 ×10−20 m2) than one in BC. Even 
though matrix k was changed, the temporal variation of MFR

000 and MTotal
000 

in S7 and S8 showed not much difference from ones in BC (Fig. 9a). In 
FR, the transmissibility due to changes in matrix k exert no significant 

Fig. 8. Temporal changes of the horizontal (both x- and y-direction) center of mass (a–c) and variances of DNAPLs (d–f) for S1–S6 in each geologic media. The 
contours in a–c represent the elevation of contacting media boundaries. Yellow stars denote the location of DNAPLs source. Red and blue translucent circles in b 

indicate the DNAPLs spread of which radii are 
̅̅̅̅̅̅̅̅̅̅̅

MWR
xx

√

of S2 and BC at t = 100 years. 
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changes of DNAPLs distribution and migration through fracture path
ways; permeability of fracture is still large enough to serve as prefer
ential pathways for DNAPLs (Fig. 9d). However, fracture aperture (λ) 
size and mean porosity (ϕ) affected both MFR

000 and MTotal
000 . When λ 

decreased from 8 mm (the size of a bundle of fractures) in BC, to 4 mm 
and 1 mm (the size of a single fracture) in S9 and S10 respectively, both 
the MFR

000 and MTotal
000 increased (Fig. 9a). As the λ decreased, the MFR

000 
increased because more DNAPLs were impeded and stored within the 
fractures as shown in Fig. 9e. As a result, the final MTotal

000 was increased by 
a maximum of 4.8% compared to that in BC. In contrast to the λ size, 
both MTotal

000 and MFR
000 decreased proportionally to decrease in ϕ (Fig. 9a). 

Compared to BC (ϕ= 7.5%), the MTotal
000 and MFR

000 in S11 (ϕ= 4.0%) and 
S12 (ϕ= 1.0%) became smaller at late time; the final MTotal

000 decreased by 
a maximum of 8.8%. In small ϕ, the flow velocity in fracture increases, 
accelerating DNAPLs transport outside the model domain; DNAPLs 
distribute in complicated fracture networks and reach the fracture outlet 
in the eastern boundary (Fig. 9f). As a result, DNAPLs mass in the 3D 
HSC model was decreased (Fig. 9a). 

The horizontal migration and spread patterns of DNAPLs while 
changing the FR conditions were evaluated (Fig. 9b–c). The Mx-y

FR in 
S7–S12 moved along the identical path until 36 years and then diverged 
(Fig. 9b). Nevertheless, their y-positions at 100 years were almost the 
same because the DNAPLs penetrated through the same major fracture 
elongated across the x-direction (y = 52.0). For the same reason, the 

DNAPLs spread asymmetrically leaning toward the x-direction in all 
S7–12, showing slight deviations from BC (Fig. 9c). 

In summary, uncertainties that arise from the characteristics of FR 
were increased in the order of matrix k, λ, and mean ϕ in the 3D HSC 
model. The change of matrix k did not affect the prediction of overall 
DNAPLs behavior. The changes of λ and ϕ resulted in maximum differ
ences of 4.8% and 8.8% in the final MTotal

000 , respectively, compared to that 
in BC. However, the results of horizontal migration and spread of 
DNAPLs exhibited almost identical characteristics throughout S7–S12 
because of their similar migration pathways, indicating the dominant 
effect of fracture orientation and distribution on DNAPLs migration. 
Finally, the overall results from the hydrogeological properties in FR 
showed less impact than the geostructural properties in WR, on the 
DNAPLs migration. 

7. Implications and limitations 

Previously, many studies focused on understanding DNAPLs flow 
and transport mechanisms within either a single porous or fractured 
rock medium, in part, due to the lack of a method capable of effectively 
integrating the distinctive hydraulic characteristics of both geological 
media. Recent advancements in computational-mesh upscaling meth
odologies, such as UDFM adopted in this study, enabled the integration 
of these properties and a unified analysis of DNAPLs behavior across 
both media. Additionally, the previous studies often relied on pore-, 

Fig. 9. (a) DNAPLs mass in FR and total model domain, and (b and c) the horizontal migration and spread in FR in base-case and S7–12. Red, blue, and green 
symbolic lines represent the results of scenarios varying matrix permeability (S7 and S8), fracture aperture size (S9 and S10), and mean ϕ (S11 and S12), respectively. 
(d–f) supporting visualizations of S8, S10, and S12 at t = 100 years. 
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laboratory-, and pilot-scale experiments and numerical simulations with 
simplified and controlled setups. Although the approaches could provide 
detailed descriptions through available data, the small-scale observation 
was often insufficient to reflect the practical and natural behavior of 
DNAPLs at the field-scale including heterogeneity, anisotropy, and ir
regularity in hydrogeological and geostructural conditions. In this study, 
the development of the 3D HSC numerical model based on systematic 
field investigations allowed for more complex and realistic geological 
settings, including irregular stratifications and heterogeneity resulting 
from weathering and geological evolution processes; these often play a 
critical role but are typically overlooked at small-scales. 

The 3D numerical simulations and analyses using the HSC model 
enabled quantitative evaluation for field-scale spatiotemporal distribu
tion and migration of DNAPLs. The results of base-case and sensitivity 
scenarios successfully captured the characteristic behavior of DNAPLs in 
US, WR, and FR as well as the effect of transition between these media. 
Stagnance and spreading of DNAPLs above the boundaries, the limited 
entrance of DNAPLs into FR through sparse inlet fractures, and the 
preferential transport in networks of the major fractures were high
lighted. The sensitivity scenario results also underscored the consider
able influence of WR. For example, the anisotropy and discontinuity of k 
in WR on the DNAPLs fate and transport exceeded the effects of FR 
properties, determining the location of fracture inlets that DNAPLs 
migrated into. In addition, a single clay-rich layer interlayered in WR 
effectively prevented the DNAPLs entry into FR. To date, the signifi
cance of WR in DNAPLs contamination has been underexplored in pre
vious research due to the challenges associated with preserving the in 
situ condition of WR during drilled core sampling and logging, as well as 
the loss of information during experimental or model simplification 
[42]. The findings in this study regarding WR effects suggest the ne
cessity for a detailed evaluation of WR with pedologic and geologic 
evolutionary perspectives, in line with recent observations at the prac
tical DNAPLs contaminated site [28,32]. 

This study successfully integrated multiple geological media based 
on high-resolution field data, while exploring media transition and WR 
effects on the field-scale DNAPLs contamination. Nevertheless, the study 
requires further investigation and refinement. The feasibility and ac
curacy of the DNAPLs migration should be validated through subsequent 
demonstration and experiment at the real contaminated site. Addition
ally, the current model simplified DNAPLs contaminant to a single 
chemical component to focus on evaluating the WR and FR properties. 
However, DNAPLs in practice often consist of complex mixtures, intro
ducing uncertainties in density, viscosity, and other chemo-physical 
properties. Future research should address multi-component DNAPLs 
behavior and the complex interaction of the components. Furthermore, 
the biochemical parameters including redox conditions and microbial 
activities, which play a crucial role in DNAPLs attenuation and reme
diation, should be considered to enhance the model performance and 
predictability. 

8. Conclusion 

The field-scale distribution and migration of subsurface DNAPLs 
were predicted and interpreted through the 3D HSC numerical model, 
for the first time, integrating both porous (US and WR) and fractured 
rock media (FR). For realistic realization, diverse field observation data 
(lithologic, hydrogeologic, petrophysical, and fracture data) from both 
in situ and laboratory experiments were integrated. In the 3D HSC 
model, the spatiotemporal distribution during hypothetic DNAPLs 
contamination of 100 years was quantitatively evaluated by numerical 
simulations and rigorous momentum analyses. As a result, the influence 
of the characteristics of each medium and the non-linear transition be
tween geologic media were delineated. In addition, the significance of 
WR characteristics (e.g. permeability anisotropy, clay-rich layer, or 
discontinuous strata) on DNAPLs contamination was explored through 
sensitivity studies, aligning with recent observations at the actual 

contaminated site [28,32]. The findings suggest the need for a more 
detailed evaluation of WR with pedologic and geologic evolutionary 
perspectives during DNAPL site evaluation, which have been often 
overlooked. 

Further research and refinement are required to validate the accu
racy of DNAPLs migration, especially considering the complex mixtures 
of DNAPLs in practical scenarios. Future investigations should also 
consider biochemical parameters related to redox conditions and mi
crobial activities to enhance the model predictability and performance. 
With these future improvements, it is expected that one can readily 
incorporate the new data into the proposed 3D HSC model to advance 
interpretation of field-scale subsurface DNAPLs contamination processes 
and expand the parametric sensitivity analyses. While the study pri
marily focused on the effect of six geostructural and hydrogeologic pa
rameters within WR and FR, the scope of the investigation can be 
extended to other subjects, such as effects of soil particle size, organic 
matters, microbes, capillarity, and fluctuations in groundwater table, as 
well as optimal installation of remediation facilities, and the charac
teristics of fracture morphology [3,30,49,62,65]. 

Environmental implication 

Dense non-aqueous phase liquids (DNAPLs) contamination has 
become a global, unresolved conundrum due to its widespread industrial 
application and complex dynamics in the subsurface. DNAPLs are poorly 
soluble in water and have a higher density than water. Therefore, they 
infiltrate deeply under groundwater table, contaminating multiple 
aquifers and geological media at various depths. At the actual DNAPLs 
contaminated site, their fate and transport can be disturbed by irregular 
geostructures and hydrologic properties arising from weathering pro
cess. This study highlighted less explored aspects of field-scale DNAPLs 
behavior in weathered rock, by developing a 3D high-resolution sub
surface characteristic numerical model. 
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