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Highlights 
 Sand tank experiments and modified invasion percolation simulations were conducted 

 Simulation results match experimental results reasonably well despite discrepancies 

 Curved barriers can greatly enhance CO2 trapping while gradations do not 

 Longer barriers retain more CO2 regardless of barrier topography 

 A tradeoff exists between the vertical and lateral plume migration extent  
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Abstract 

Assuring secure containment of stored CO2 is of paramount importance—for climate change mitigation, for 

permitting, and for reassuring the public. Regional seals, such as those sealing petroleum accumulations, have 

proven to be effective for securing CO2. However, the goal of permanent sequestration can also be satisfied with 

“composite confining systems” consisting of multiple, possibly discontinuous flow barriers that, in aggregate, create 

a system with very high permeability anisotropy and effectively retard the vertical migration of CO2. This study 

focuses on investigating the barrier characteristics necessary for effective containment of CO2, using both physical 

flow experiments and modified invasion percolation simulations. The simulations are calibrated to the physical 

experiments and are used to further extend the analysis. Results show that for a composite confining system, a) even 

barriers with low capillary entry pressure contrast to the underlying flow unit can divert rising CO2; b) curved or 

anticlinal barrier topography can enhance CO2 trapping; c) fining-upward gradations make little difference to barrier 

effectiveness or CO2 retention; d) longer barriers retain more CO2 regardless of barrier topography. Finally, field-

scale simulations have demonstrated the importance of barrier length for increasing CO2 storage capacity. The 

results presented can be used to inform the development of new screening criteria for characterization and 

effectiveness of composite confining systems.  

 

1 Introduction 

Deep geologic storage of CO2 is an essential part of climate change mitigation at scale (Hovorka and 

Kelemen, 2021; IPCC, 2014, 2005; Rogelj et al., 2018). In order to meet the aggressive 2°C climate goal, many 

gigatons of CO2 still need to be captured and permanently disposed of (Core Writing Team, 2023; Ni et al., 2021a; 

Zahasky and Krevor, 2020; Zhang et al., 2022). Scaling CO2 storage could be aided by proving new geologic 

concepts for safe, secure storage that might broaden the choice of storage reservoirs. To date, CO2 storage has relied 

on thick, continuous seals or cap rocks, similar to those that contain large hydrocarbon accumulations (Espinoza and 

Santamarina, 2017; IEAGHG, 2011; IPCC, 2005; Kaldi et al., 2013). While such seals are necessary to retain the 

concentrated, mobile accumulations required for hydrocarbon production, the goal of permanent sequestration can 

be satisfied with alternative systems that disperse and immobilize CO2 through capillary forces, dissolution, and 

distributed buoyant traps that might be as small as the rugosity on top of a flow unit. In this context, geologic 

heterogeneity is an advantage and has been shown to be capable of effectively blocking the vertical migration of 

CO2 (Flett et al., 2007; Trevisan et al., 2017b). Bump et al (Bump et al., 2023) built on this idea to demonstrate the 

viability of “composite confining systems,” which they defined as sequences of multiple barriers with no a priori 

requirement for either continuity or minimum capillary entry pressure (a.k.a. threshold capillary pressure). 

Considerable work has contributed to the concept, without defining it as such. Such systems can effectively 

attenuate upward CO2 migration, such that CO2 can be stored in such systems without risk of vertical leakage 

(Bakhshian et al., 2023; Flett et al., 2007; Green and Ennis-King, 2015, 2013, 2010; Hesse and Woods, 2010; 

Lindeberg, 1997; Saadatpoor et al., 2010; Trevisan et al., 2017b). The question is less about whether they can work 

than about the scale at which they can work. Any confining system has an associated storage or retention capacity, 

and injection should not exceed the capacity to ensure secure containment. In classic hydrocarbon seals, retention 

capacity is often quantified in terms of hydrocarbon column height or buoyancy pressure, which is well suited to the 

goal of finding large accumulations of mobile, producible hydrocarbons (Downey, 1994; Grunau, 1987; Luo and 
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Vasseur, 1997; Sales, 1997; Schowalter, 1976; Zieglar, 1992). By contrast, composite confining systems tend to 

disperse the plume and immobilize buoyant fluids; they need a different measure. The goal of this work is to explore 

the factors that control retention capacity in composite confining systems. 

 

In this work, storage capacity is defined as the nonwetting phase saturation that can be accommodated 

within the confining system, in other words, the amount of CO2 it can immobilize. To better understand the nature of 

effective barriers within composite confining systems, we conducted both physical experiments and simulations to 

investigate how different barrier properties affect the CO2 storage capacity of such systems. Because of the large 

size of the barriers within a composite confining system, it is not practical to evaluate their trapping capacity in 

experiments that are at the core scale or lower. Intermediate-scale (meter-scale) physical fluid flow experiments, on 

the other hand, help to bridge the gap between coreflooding experiments and the actual field-scale CO2 plume 

behavior, because the meaning of “storage capacity” remains the same at both the sand tank scale and field scale. 

These types of physical sand tank flow experiments offer direct visualization of the CO2 plume within a composite 

confining system as well as accurate quantification of the storage capacity of such systems under strongly capillary- 

and buoyancy-driven flow regimes. More specifically, the goal of this study is to explore how the barrier extent, 

shape, gradation, and grain size contrast impact CO2 storage capacity. Note that in order to obtain the storage 

capacity values, all physical experiments are driven to failure (i.e., until leakage is detected at the top of the 

domain), which allows us to effectively define the retention capacity of the system.  

 

Past literature on intermediate-scale sand tank flow experiments focusing on buoyant CO2 flow can mainly 

be generalized into two categories. One takes the intermediate (meter) scale as is and investigates the impact of 

submeter-scale heterogeneities, while the other treats the sand tank model as a shrunk analog model representative 

of field-scale geology. From the former category, a series of studies have emphasized the impact of both grain size 

contrast (i.e. the degree of heterogeneity) and sedimentary bedform architecture (i.e. the type of heterogeneity) on 

CO2 trapping by capillary forces (Krishnamurthy et al., 2022, 2019; Ni et al., 2023). For the latter category, Glass et 

al. (Glass et al., 2000) conducted experiments in sand tank domains representative of the fluvial channel lag cut-and-

fill pattern, while the more recent FluidFlower experiments modeled the typical North Sea reservoir formations with 

a particular focus on faults (Ferno et al., 2023; Saló-Salgado et al., 2023a). These studies show that capillary barriers 

are effective in diverting and retaining CO2 plumes with or without dissolution effects while faults act as potential 

leakage pathways. Other studies more relevant to the topic of systems of flow barriers are as follows. Hesse and 

Woods (Hesse and Woods, 2010) and Woods and Norris (Woods and Norris, 2016) conducted experiments in Hele-

Shaw cells on the CO2 plume dispersal and capillary trapping behavior during its buoyant rise through an idealized 

system of flow barriers. Additionally, Trevisan et al. (Trevisan et al., 2015) first investigated plume behavior in 

reservoirs with both layered flow barriers and flow conduits. Later, a second experimental study by Trevisan et al. 

(Trevisan et al., 2017b) investigated the behavior of buoyancy-driven plumes through both a homogeneous and a 

heterogeneous domain. While the results from all these studies emphasize the strong impact horizontal flow barriers 

can have on CO2 plume migration and trapping, including wider lateral spread and attenuated vertical migration, 

none of these studies focuses on how properties of individual flow barriers affect their associated CO2 retention 

capacity. Therefore, the novelty of this study lies with its focus on how the barrier extent, shape, and gradation 

impact CO2 storage capacity.  

 

In this study, we began with sand tank experiments, investigating the effects of barrier shape, length, and 

gradation. We then conducted modified invasion percolation simulations first on domains matching the experimental 

results and then on synthetic domains with a series of varying barrier properties that extend beyond the range 

covered by the physical experiments. Last, we used the models to apply our results to field-scale simulations.  

 

2 Materials and Methods 

2.1 Experimental methods 

Three buoyancy-driven two-phase flow experiments were conducted in meter-scale sand tanks to 

investigate the effects of barrier extent, barrier shape, barrier gradation, and capillary entry pressure contrast on CO2 

storage capacity. The sand tank domains as shown in Figure 1 were hand packed with glass beads and all have the 

dimension of 60 cm × 60 cm with a thickness of 2 cm. These physical sand tank analog models are idealized 

representations of the interbedded mudstone or siltstone systems. Such flat mudstones can be quite extensive (1 – 
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9km) with both rugosity and gradation present (Bump et al., 2023). If viewed at the scale of the tank itself, these 

capillary barriers can also represent common small-scale sedimentary geometries—laminations or interbedded fine-

grained units, mud drapes, and fining-upward sequences, such as those found in any water-laid depositional system 

(Nichols, 2013). The glass bead grain sizes used for all experiments are specified in Table 1. As shown in Figures 1a 

and 1d, the domain for Experiment A consists of just two facies, the coarse-grained matrix and the fine-grained 

barriers. The upper barriers are also curved as opposed to the lower barriers that are flat. For Experiments B and C, 

as shown in Figures 1b, 1c, 1e, and 1f, the barriers in the domain contain fining upward sequences with different 

numbers of gradation layers. The structure of the barriers is the same between these two experiments except the 

barrier length. Experiments B and C also have no-flow boundaries present at the sides of the flow cell made up of 

very fine-grained glass beads. All the experimental domains have porosity values around 40%.  

 

  
Figure 1. Dry reference images of the air-filled sand tanks (a-c) and the corresponding simulation domains (d-f). 

Light: coarse-grained matrix; Dark: fine-grained barriers. d)-f): The dimension values shown are the lengths and 

thicknesses of the barriers. The number of layers refers to the number of gradation layers present in the barriers. The 

impermeable vertical sand layers were omitted in the simulation domains for Experiments B and C for simplicity. 

 

Table 1. Measured glass bead properties (Krishnamurthy, 2020; Krishnamurthy et al., 2019).  

 Experiment A  Experiment B and C 

Matrix Coarse Coarse  

Barrier Fine 4 1 layer: Fine 4 

  2 layers: Fine 2, 4 

  4 layers: Fine 1, 2, 3, 4 

 

Facies 

name 

Bead type Mean 

diameter 

(mm) 

Diameter 

standard 

deviation 

Capillary 

entry 

pressure 

Entry 

pressure 

standard 
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(mm) (Pa) deviation 

(Pa) 

Coarse P337 0.689 0.086 216 

50
†
 

Fine 1 P230/P337 50%/50% 

volume mixture 

- - 254.5
*
 

Fine 2 P230 0.457 0.06 293 

Fine 3 P170/P230 50%/50% 

volume mixture 

- - 423.5
*
 

Fine 4 P170 0.331 0.03 554
†
 

*The capillary entry pressure values for the mixed facies are linearly interpolated from the previously 

measured values of the pure facies.  

†The entry pressure values for Fine 4 glass beads and the standard deviation are based on matching to the 

current experimental results. The standard deviation value is assumed to be the same for all the beads.   

 

The experiments are conducted at ambient temperature and pressure. We use dyed heptane (Oil Red O: 40 

mg/L) as the nonwetting phase (NWP) fluid and a glycerol/water mixture (50%/50% weight ratio) as the wetting 

phase (WP) fluid. The surrogate fluid pair used is calibrated to be representative of supercritical CO2 and brine at a 

typical reservoir condition for CO2 storage, which is calculated to be 35 °C and 10.5 MPa at a depth of 1 km 

assuming typical geothermal and hydrostatic pressure gradients (Nordbotten et al., 2005). The fluid properties and 

typical CO2 storage conditions can both be found in Table 2. To begin the experiment, the NWP is injected at a 

constant low rate (0.2 mL/min) from the middle bottom inlet and it rises through the domain under buoyancy forces. 

Eventually, the experiment is finished when the NWP reaches the top and percolates the domain. The middle top 

outlet connects to a constant-pressure reservoir and allows fluids from the flow cell to exit to atmospheric 

conditions. The experiment represents the primary drainage process as CO2 first migrates through the saline aquifer. 

A high-definition monochrome camera captures images throughout the experiments at 30-second intervals. The 

NWP saturation fields can then be computed from the light transmission visualization method (DiCarlo, 2004; 

Niemet and Selker, 2001; Tidwell and Glass, 1994). For details, see Supplementary Material.  

 

Table 2. Surrogate fluid properties compared to actual CO2/brine fluid properties in CO2 geologic storage (Iglauer, 

2018; Krishnamurthy et al., 2019; Krishnamurthy, 2020; Nordbotten et al., 2005).  

Fluid Density 

(kg/m3) 

Viscosity 

(mPa·s) 

Density ratio 

(NWP/WP) 

Viscosity ratio 

(NWP/WP) 

Interfacial 

tension 

(mN/m) 

Heptane  684 0.41 0.61 0.066 36 

Glycerol/water 1115.4 6.25    

Supercritical CO2  714 0.0577 0.58-0.71 0.037-0.073 38.7 

Brine 1012-1230 0.795-1.58 

 

2.2 Simulation methods 

Following the sand tank experiments, we ran modified invasion percolation (MIP) simulations to match the 

experimental results. Using the sand tank models as calibration, we then ran simulations on a series of synthetic 

tank-scale domains to investigate the importance of various properties associated with the capillary flow barriers. 

Finally, we ran field-scale simulations on realistic thin vertical domains to compare the CO2 storage capacity of 

different composite confining systems.  

 

A commercial MIP simulator, Permedia
®

’s Static Migration module, is used for all the simulations 

presented in the current study (Halliburton Landmark, 2023). MIP simulators are a type of reduced-physics reservoir 

simulator that ignores viscous forces. The advantages of MIP simulators include fast simulation speed as well as the 

ability to handle fine-grid domains with highly discontinuous property fields (Celia et al., 2015; Ni et al., 2021b; 

Oldenburg et al., 2016). The Permedia MIP algorithm models the low-rate primary drainage process for a buoyant 

NWP fluid (e.g. oil, gas, or CO2) by seeking the flow path of least upward resistance through the domain based on 

the capillary entry pressure field given. Higher capillary entry pressure values represent greater resistance to NWP 
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fluid flow. The NWP fluid migrates from high to low driving potential (Φ) which consists of a buoyancy component 

(    ) and a hydrodynamic pressure component (  ) as shown in Equation (1),  

 

           (1) 

 

where    is the density difference between the nonwetting and the original wetting phase fluids, g is the 

gravitational acceleration, and z is relative depth. In Permedia, at the scale of the sand tank experiments modeled 

here, any cell invaded by the NWP is assigned the same saturation      , where     is the irreducible water 

saturation. For more detailed explanation on the MIP algorithm, see the “Numerical model” section in Ni et al. (Ni 

et al., 2023).  

 

The simulation domains used to match the experimental results are shown in Figure 1. As for the tank-scale 

synthetic domains, they have the same size as the experimental domains and include a series of different flat and 

curved barriers. Five facies were used for these synthetic domains. They are the Coarse facies for the matrix and the 

facies Fine 1, 2, and 4 for the barriers with the same properties specified in Table 1. One extra facies of impermeable 

shale was also used; its mean capillary entry pressure is 10
4
 kPa and its standard deviation in capillary entry pressure 

is 50 Pa (Meckel and Beckham, 2023). Illustration of the synthetic domains can be found in Section 3.2. The fluid 

properties used were the same as the experimental values shown in Table 2. The rest of the simulation input values 

are specified in Table 3. No-flow boundaries were imposed on all sides in the MIP simulator to ensure that 

simulation continues until domain percolation. In the same way as in the experimental procedure, the NWP enters 

the domain at the middle bottom inlet and the simulation stops when the NWP reaches the top boundary. To 

stochastically generate simulation domains, the cell properties are randomly drawn from the specified normal 

distributions shown in Table 3 for each realization.  

 

Table 3. Domain size and grid properties used in the tank-scale MIP simulations.  

 Input parameters Input values 

Domain size Number of cells 300 × 10 × 300 

 Cell size 2 mm × 2 mm × 2 mm 

Grid property Porosity  (0.4, 0.01) 

 Critical CO2 saturation,       (0.02, 0.001) 

 Irreducible water saturation,      (0.4*, 0.01) 

 Capillary entry pressure,      (facies mean, 50 Pa) 

*The irreducible water saturation value is obtained by matching to the experimental results.  

 

The two field-scale simulation domains used are thin vertical domains with distributed shale barriers in 

sandstone. The field-scale domains were modified from the 2D facies models generated in the study by Bakhshian et 

al. (Bakhshian et al., 2023). These 2D models were derived based on Spontaneous Potential well log data and the 

footprint of the hydrocarbon-water contacts of producing hydrocarbon fields in the Southern Louisiana region. The 

domain has a net-to-gross ratio of 65%, and it has 150 × 10 × 150 grid cells with a size of 67 m (length) × 10 m 

(thickness) × 0.67 m (height). The porosity values of the sand and shale facies are 35% and 15% respectively and 

are held constant. The capillary entry pressures for the sand and shale facies have mean values of 1.4 kPa and 10
4
 

kPa respectively. The rest of the simulation inputs are the same as the tank-scale simulation runs specified in Table 

3. Two realizations of the field-scale domain were generated with varying correlation lengths in the lateral (x) 

direction, one with a lateral correlation length of just 10 cells (7% of domain length) and the other with 40 cells 

(27% of domain length). Illustration of the field-scale domains can be found in Section 3.3.  

 

3 Results  

3.1 Experimental and matching simulation results 

All experimental results are shown in Figures 2 and 3. From Figure 2 we can clearly see that each capillary 

barrier acts independently in terms of NWP fluid trapping. Therefore, the entire NWP plume in the domain is 
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completely discontinuous. For the experimental results, we compute the following quantities for the NWP in Figure 

3: the relative plume size, average plume saturation, and domain saturation. The relative plume size computed for 

the whole domain is simply the percentage of cells invaded by the NWP fluid. At the individual barrier level, the 

relative plume size is the ratio of the invaded cell volume to the cell volume of the barrier itself. The average plume 

saturation is calculated by taking the total NWP volume and averaging it over the size of the plume. When the total 

NWP volume is averaged over the entire domain, then we have the domain saturation. As shown in Figure 3, it is 

generally the trend that longer barriers retain both a greater plume size and higher average plume saturation, leading 

to retention of an overall greater amount of NWP fluid. In Figures 3d-3f it can be observed that curved barriers 

retain more NWP fluid than their flat counterparts. On the other hand, the presence of gradation in the barriers is 

ambiguous in terms of NWP fluid retention.  

 

 
Figure 2. Camera images (a-c), the NWP saturation fields (d-f), and the corresponding stochastic matching 

simulation results (g-i) at the end of the drainage experiment.    : Pixel-level NWP saturation.  

 

                  



 manuscript submitted to IJGGC 

 

 

8 

 

  

 
Figure 3. Relative NWP plume size, average plume NWP saturation, and domain NWP saturation computed from 

experimental results. a)-c) Results for the whole domain. Matching simulation results are also plotted for 

comparison. d)-f) Experimental results for individual barriers. Relative barrier length: Barrier length divided by the 

domain length. g)-i) Simulation and experiment comparison results for individual barriers. Dashed black line: the 

100% matching line.  

 

The matching simulation results are shown in Figures 2g-2i and Figures 3a-3c and 3g-3i. The simulations 

shown here were matched to the experiments by adjusting the     and the     values. As shown in Figures 2g-2i, we 

can see that in general the Permedia MIP simulator is capable of capturing both the shape and the saturation of the 

discontinuous NWP plume reasonably well. However, we do observe discrepancies at the level of individual barriers 

compared to the whole domain, especially for Experiment A. The simulation results do not have pixel-to-pixel 

matching mainly because the property fields were stochastically generated from specified distributions. For 

discussion on other factors contributing to the matching discrepancy, see Section 4.5. For each experiment, we can 

also compare the experimental and simulation values of the relative plume size, average plume saturation, and 

domain saturation in Figures 3a-3c and 3g-3i. The simulator appears to consistently underestimate the relative plume 

size and overestimate the average plume saturation. However, the general data trends across experiments as well as 

the domain saturation values do match well. Therefore, going forward, we will only compute domain saturation 

values for any further simulations conducted.  

 

3.2 Tank-scale simulation results 

After validating the simulation results with experimental results, we can now conduct more tank-scale 

simulations on a series of synthetic domains with different barrier lengths, shapes, and grain size differences. We 

exclude gradation from the analysis in this section due to its ambiguous effect on NWP trapping. All tank-scale 
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simulation results are shown in Figures 4-6. In Figure 6, each data point is obtained by averaging over 100 

simulation runs on the stochastically generated domains. From Figures 4 and 6a, we can see that for all barrier facies 

other than Fine 1, longer barriers retain more NWP fluid regardless of whether the barriers are open or closed at the 

ends. As the barrier capillary entry pressure increases (from Fine 1 to Impermeable), the amount of NWP retained 

increases until the entry pressure contrast is high enough to effectively prevent direct CO2 breakthrough. Next, from 

Figures 5 and 6b, we can see that by adding curvature to the barriers, these curved barriers retain both greater 

column height and higher NWP saturation underneath each barrier than can their flat counterparts. Consequently, 

curved barriers trap significantly more NWP than can flat barriers with the same barrier length. Furthermore, NWP 

trapping also increases with barrier length for curved barriers, same as the previous case for flat barriers.  

 
 

 
Figure 4. Tank-scale simulation results for flat barriers. a) Simulation domains with increasing barrier lengths 

(marked in cm on top). White: coarse-grained matrix. Gray: fine-grained barriers. All barriers are 2 cm thick. b-e): 

Single-run NWP saturation fields for the corresponding simulation domains shown in (a) and with different barrier 

bead types (Fine 1, Fine 2, etc.).  
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Figure 5. Tank-scale simulation results for curved barriers. a) Simulation domains with increasing barrier lengths 

(marked in cm on top). White: coarse-grained matrix. Gray: fine-grained barriers. All barriers are 2 cm thick. b) 

Single-run NWP saturation fields for the corresponding simulation domains shown in (a) and with the barrier facies 

Fine 4.  

 

  
Figure 6. Mean domain NWP saturation values averaged over 100 stochastic runs for different relative barrier 

lengths computed from the tank-scale simulation results. a) Results corresponding to Figure 4. Legend shows barrier 

facies. b) Results corresponding to Figure 5. Curved/flat: barrier shape. Closed/open: barrier boundary condition. 

Relative barrier length: barrier length divided by the domain size. Whiskers indicate standard deviation in the 

stochastic simulation results.  

 

3.3 Field-scale simulation results 

MIP simulations were run on two thin field-scale vertical domains shown in Figure 7 to compare the effects 

of barrier extent on the vertical migration distance of the plume. Two domains with different correlation lengths in 

the lateral direction are shown in Figure 7. When the same fixed amount of CO2 (0.1 Mt) was injected into both 

domains, it is clear that the plume vertical migration distance is more limited for case (b) with longer barriers and 

therefore a larger storage capacity. However, the plume lateral migration distance also appears to be greater for case 

(b).  
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Figure 7. Field-scale simulation results showing plume saturation for the same fixed amount of CO2 injection into 

two domain scenarios with different lateral correlation lengths: 10 cells (a) and 40 cells (b). White: sandstone 

matrix. Gray: shale barriers.    : cell-wise CO2 saturation. Values for the relative plume size, average plume 

saturation (      ), and the domain saturation (       ) for the whole domain are shown. The vertical exaggeration 

ratio for the domain is 20.  

 

4 Discussion 

4.1 Flow regime 

The flow regime that is investigated by both the experimental and simulation results presented is dominated 

by buoyancy and capillary forces, with little or no viscous forces. This flow regime is most representative of the CO2 

plume away from the injection well during the injection period, during which viscous forces caused by injection 

pressure quickly dissipate (Jackson and Krevor, 2020; Meckel and Bryant, 2014). This flow regime also applies to 

the CO2 plume during the entire post-injection period when the only driving force for the plume’s upward migration 

is buoyancy (Hesse et al., 2006). Under such a strongly buoyancy- and capillary-dominated flow regime, the NWP 

fluid is no longer a single connected phase in the domain. This can be clearly observed in both the experimental and 

simulation results (Figure 2), where each barrier traps NWP fluid independently, unaffected by the existence and 

trapping amount of the other barriers. Therefore, the CO2 storage capacity of such a composite confining system is 

expected to directly scale with the number and area of barriers present in the system.  

 

4.2 Grain size contrast  

From the tank-scale simulation results, it is clear that an increasing grain size contrast between the matrix 

and the barrier facies retains more NWP fluid, due to the increase in the barrier capillary entry pressure that hinders 

NWP vertical flow, consistent with previous results (Krishnamurthy et al., 2022; Ni et al., 2023). From Figure 4 and 

Figure 6a, it can be observed that grain size contrast significantly impacts the NWP flow path as a finer barrier grain 

size promotes more NWP lateral flow and less vertical breakthrough, hence attaining a greater domain saturation. 

The threshold barrier grain size that can completely divert NWP flow (prevent NWP breakthrough) according to the 

tank-scale simulations is Fine 4, which is the finest bead type used in the physical experiments. This matrix/barrier 

grain size contrast is equivalent to the grain size difference between coarse sand and medium sand (Wentworth, 

1922), and has a capillary entry pressure ratio of 0.45. By assuming that both the matrix and the barrier facies have 

the same Leverett J-function as well as constant porosity, interfacial tension, and contact angle values, we can use 

Equation (2) to convert the capillary entry pressure ratio (               ⁄ ) into an approximate permeability ratio 

between the vertical and the horizontal directions (    ⁄ ) (Leverett, 1941). The resulting threshold     ⁄  value is 

0.21, which is much greater than effective     ⁄  values displayed by realistic composite confining systems 

consisting of interbedded sand and shale, which are on the order of      to      (Bump et al., 2023).  
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 (

       

        
)
 

 (2) 

 

4.3 Column height buildup  

As shown by Figures 2 and 3, allowing the NWP to build up column height can significantly increase the 

amount of NWP retained. In reality, a closed barrier boundary condition modeled by Experiment C would represent 

a larger barrier that extends well beyond the experimental domain, a barrier with favorable topography (such as 

curvature or ridges), or another type of structure (such as a sealing fault or a deformation band). Another possible 

cause of a closed barrier would be multiple flat barriers stacked together to form an enclosure. All of the 

aforementioned reasons could lead to NWP column height buildup, which is desirable in terms of NWP or CO2 

trapping. From Figures 4d, 5b, and 6b, by comparing the tank-scale simulation results for flat and curved barriers, it 

is straightforward to see that while increasing the length of the flat barriers improves the NWP domain saturation to 

a maximum of 0.02, adding curvature to the barriers can improve the NWP domain saturation up to 0.11. Again, this 

is because it is easier for the NWP to build up column height underneath the barriers when curvature is added. 

Therefore, while extensive, long barriers can retain CO2 in a composite confining system, favorable barrier 

topography is expected to further increase the CO2 trapping capacity of the system.  

 

4.4 Extension to the field scale 

Although the scale of both the physical experiments and the tank-scale simulations is small, the general 

trends displayed by the results should still hold at greater scales. There appears to be a tradeoff between vertical and 

lateral plume migration extent in barrier systems as shown in Figure 7. This result is consistent with the full-physics 

simulation results conducted in both 2D domains by Bakhshian et al. (Bakhshian et al., 2023) and 3D domains by 

Flett et al. (Flett et al., 2007). Figure 7b also demonstrates that as long as the injected CO2 amount does not exceed 

the storage capacity, plume vertical migration is contained. The previous study conducted by Bump et al. (Bump et 

al., 2023) used a full-physics reservoir simulator (CMG-GEM) to investigate the effectiveness of a composite 

confining system overlaying an injection interval in a realistic 3D geological model representative of the Louisiana 

Miocene formation. Although this field-scale simulation study incorporated viscous forces in the simulation, the 

following general trend still holds: despite the presence of barriers as short as 6% of the domain size, the CO2 plume 

migration was found to be overwhelmingly lateral, flowing updip underneath the capillary barriers, exhibiting little 

vertical propagation into the confining zone (Bump et al., 2023).  

 

4.5 Simulation mismatch 

Several possible factors exist that can contribute to the mismatch observed between the experimental and 

the corresponding simulation results. First, light refraction in the experimental images causes a smearing effect 

around regions with high NWP saturation. Such an effect would lead to an increased plume size and a reduced 

average plume saturation computed based on the experimental data. Second, the simulation domains do not 

completely replicate the experimental domains. For example, compared to the experimental domains, the simulation 

domains have slight differences in barrier shapes (Experiments A, B) and an absence of vertical fine-grained barriers 

(Experiments B, C). Finally, the MIP algorithm is a reduced physics model and lacks the ability to model viscous 

forces or flow path splitting. Viscous forces due to injection may not be zero as it can be observed that NWP 

saturation tends to be greater for barriers immediately above the injection inlet for the experiments (Experiments A, 

B). Furthermore, the MIP algorithm could not model the lateral plume spreading behavior observed in Experiment 

A, where a buoyant plume encountering a short barrier could simultaneously flow both to the left and right of that 

barrier to then contact multiple barriers above. This behavior was not observed in any of the 100 stochastic matching 

simulations for Experiment A because the MIP algorithm does not appear to allow a single starting flow path to 

further split into multiple flow paths when encountering a system of barriers which are open on both ends.  

 

In literature, several previous studies have applied simulation methods to match to sand tank multiphase 

fluid flow experimental results. Glass et al. (Glass et al., 2001) carried out similar MIP simulations to match the 

results of their previous buoyancy-driven sand tank experiments conducted using CO2/water and trichloroethylene 
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(TCE)/water fluid pairs. The overall injected volumes matched well when the impact of viscous forces were 

incorporated for the TCE case. Although the authors did not report barrier-level plume size and saturation values, 

visual examination shows that there does appear to be discernable mismatches between the experimental and the 

simulated saturation fields, similar to what is observed in this work. Furthermore, because the heterogeneous domain 

investigated by Glass et al. only contains closed barriers (similar to those in Experiments B and C), we cannot infer 

whether their simulation algorithm is capable of executing flow path splitting. More recently, Trevisan et al. 

(Trevisan et al., 2017a) employed the same Permedia simulation module as used in this work to match their previous 

sand tank experiments, which have both a homogeneous and a heterogeneous domain conducted with the Soltrol 

220/glycerol-water fluid pair. By averaging over a series of MIP simulation results run on stochastically generated 

property fields constrained by the facies map, they were able to show that the resulting ensemble probability field of 

the NWP plume is significantly affected by the size of the grid cell, which impacts the Bond number of the flow 

regime and hence the match to the experimental data. Finally, Saló-Salgado et al. (Saló-Salgado et al., 2023b) 

modeled the recently published FluidFlower sand tank experiments conducted with gaseous CO2 and water to 

investigate both capillary and dissolution trapping effects. A generally good free-phase CO2 plume size matching 

was demonstrated by Saló-Salgado et al. as the FluidFlower experimental setup focuses on CO2 dissolution and does 

not provide continuous saturation fields within the multiphase region (Ferno et al., 2023).  

 

Other than by obvious methods such as improving the experimental data acquisition and data processing 

techniques as well as having higher fidelity simulation domain geometries, the simulation mismatch can mainly be 

reduced by accounting for the missing physics in the MIP algorithm, such as by incorporating the impact of viscous 

forces as was done by Glass et al. (Glass et al., 2001). In addition, grid cell size adjustment may also improve 

simulation mismatch (Trevisan et al., 2017a), and having more accurate petrophysical and multiphase flow input 

values may also further improve matching, or at least improve the ease of conducting manual history match (Saló-

Salgado et al., 2023b). In terms of predicting CO2 storage capacity at the field scale, the presence of the 

aforementioned simulation mismatch means that the MIP algorithm tends to under-predict the CO2 plume size and 

over-predict the plume saturation. Such results would impact CO2 dissolution trapping evaluations, which rely on an 

accurate free-phase plume front prediction.  

 

5 Conclusion 

In this work, we conducted both physical experiments and MIP simulations to investigate how barrier 

extent, shape, gradation, and grain size contrast impact the CO2 storage capacity of a composite confining system 

under a buoyancy- and capillary-dominated flow regimes. The MIP simulations have been shown to effectively 

capture the experimental NWP saturation values. From both the tank-scale experimental and simulation results, the 

following conclusions can be drawn. First, for a composite confining system, even relatively small grain size 

contrast between the matrix and barriers is capable of diverting CO2 flow. Second, the amount of CO2 trapping 

increases with grain size contrast until the point at which the barriers can completely divert NWP flow. Third, 

favorable barrier topography (e.g., anticlinal shape) can increase the amount of CO2 trapping significantly, while the 

presence of fining upward gradation layers does not appear to greatly promote trapping. Fourth, barriers with greater 

areas (or lengths in 2D) retain more CO2 regardless of barrier topography. This still holds true at the field scale. 

Finally, field-scale MIP simulations have verified that barrier length or area is an important factor impacting the 

storage capacity of composite confining systems, consistent with the experimental results.  

 

Acknowledgement 

This research was supported by industrial sponsors of the Gulf Coast Carbon Center and the U.S. 

Department of Energy under grant number DE-FE0031558. All experimental results are available here: 

https://doi.org/10.18738/T8/MQRWFL. The authors would also like to acknowledge the following undergraduate 

lab assistants from the University of Texas at Austin: Agasthya Errabolu, Lupita Herrera Santiago, and Tianli Xu. 

We would also like to acknowledge the Morphodynamics Laboratory at the University of Texas at Austin for their 

generous accommodation of the experimental setup.  

 

                  



 manuscript submitted to IJGGC 

 

 

14 

 

Disclaimer  

This report was prepared as an account of work sponsored by an agency of the United States Government. 

Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, 

express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of 

any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately 

owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, 

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring 

by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not 

necessarily state or reflect those of the United States Government or any agency thereof. 

 

References 

Bakhshian, S., Bump, A.P., Pandey, S., Ni, H., Hovorka, S.D., 2023. Assessing the potential of composite confining 

systems for secure and long-term CO2 retention in geosequestration. Sci. Rep. 13, 1–14. 

https://doi.org/10.1038/s41598-023-47481-2 

Bump, A.P., Bakhshian, S., Ni, H., Hovorka, S.D., Olariu, M.I., Dunlap, D., Hosseini, S.A., Meckel, T.A., 2023. 

Composite confining systems: Rethinking geologic seals for permanent CO2 sequestration. Int. J. Greenh. Gas 

Control 126, 103908. https://doi.org/10.1016/j.ijggc.2023.103908 

Celia, M.A., Bachu, S., Nordbotten, J.M., Bandilla, K.W., 2015. Status of CO 2 storage in deep saline aquifers with 

emphasis on modeling approaches and practical simulations. Water Resour. Res. 51, 6846–6892. 

https://doi.org/10.1002/2015WR017609 

Core Writing Team, 2023. IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, 

II and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing 

Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland. Geneva, Switzerland. 

https://doi.org/10.59327/IPCC/AR6-9789291691647 

DiCarlo, D.A., 2004. Experimental measurements of saturation overshoot on infiltration. Water Resour. Res. 40, 1–

10. https://doi.org/10.1029/2003WR002670 

Downey, M.W., 1994. Hydrocarbon Seal Rocks, in: Magoon, L.B., Dow, W.G. (Eds.), The Petroleum System—

From Source to Trap. American Association of Petroleum Geologists, Tulsa, Oklahoma, pp. 159–164. 

https://doi.org/10.1306/M60585C8 

Espinoza, D.N., Santamarina, J.C., 2017. CO2 breakthrough—Caprock sealing efficiency and integrity for carbon 

geological storage. Int. J. Greenh. Gas Control 66, 218–229. https://doi.org/10.1016/j.ijggc.2017.09.019 

Ferno, M.A., Haugen, M., Eikehaug, K., Folkvord, O., Benali, B., Both, J.W., Storvik, E., Nixon, C.W., Gawthrope, 

R.L., Nordbotten, J.M., 2023. Room-scale CO2 injections in a physical reservoir model with faults (preprint) 

1–27. 

Flett, M., Gurton, R., Weir, G., 2007. Heterogeneous saline formations for carbon dioxide disposal: Impact of 

varying heterogeneity on containment and trapping. J. Pet. Sci. Eng. 57, 106–118. 

https://doi.org/10.1016/j.petrol.2006.08.016 

Glass, R.J., Conrad, S.H., Peplinski, W., 2000. Gravity-destabilized nonwetting phase invasion in 

macroheterogeneous porous media: Experimental observations of invasion dynamics and scale analysis. Water 

Resour. Res. 36, 3121–3137. https://doi.org/10.1029/2000WR900152 

Glass, R.J., Conrad, S.H., Yarrington, L., 2001. Gravity-destabilized nonwetting phase invasion in 

macroheterogeneous porous media: Near-pore-scale macro modified invasion percolation simulation of 

experiments. Water Resour. Res. 37, 1197–1207. https://doi.org/10.1029/2000WR900294 

Green, C.P., Ennis-King, J., 2015. Estimating Breakthrough Time During Buoyant Migration of CO $$_2$$ 2 in a 

Reservoir Containing Impermeable Barriers. Transp. Porous Media 107, 281–298. 

https://doi.org/10.1007/s11242-014-0441-1 

Green, C.P., Ennis-King, J., 2013. Residual Trapping Beneath Impermeable Barriers During Buoyant Migration of 

$$\mathrm{CO}_2$$. Transp. Porous Media 98, 505–524. https://doi.org/10.1007/s11242-013-0156-8 

Green, C.P., Ennis-King, J., 2010. Effect of Vertical Heterogeneity on Long-Term Migration of CO2 in Saline 

Formations. Transp. Porous Media 82, 31–47. https://doi.org/10.1007/s11242-009-9498-7 

Grunau, H.R., 1987. A Woldwide Look at the Cap‐Rock Problem. J. Pet. Geol. 10, 245–265. 

https://doi.org/10.1111/j.1747-5457.1987.tb00945.x 

Halliburton Landmark, 2023. Permedia. 

Hesse, M.A., Tchelepi, H.A., Orr, F.M., 2006. Scaling analysis of the migration of CO2 in saline aquifers. Proc. - 

                  



 manuscript submitted to IJGGC 

 

 

15 

 

SPE Annu. Tech. Conf. Exhib. 5, 3001–3012. https://doi.org/10.2523/102796-ms 

Hesse, M.A., Woods, A.W., 2010. Buoyant dispersal of CO2 during geological storage. Geophys. Res. Lett. 37, 1–5. 

https://doi.org/10.1029/2009GL041128 

Hovorka, S., Kelemen, P., 2021. The Building Blocks of CDR Systems: Geological Sequestration, in: Wilcox, J., 

Kolosz, B., Freeman, J. (Eds.), CDR Primer. 

IEAGHG, 2011. Caprock Systems for CO2 Geological Storage. May 2011 Rep. 

Iglauer, S., 2018. Optimum storage depths for structural CO2 trapping. Int. J. Greenh. Gas Control 77, 82–87. 

https://doi.org/10.1016/j.ijggc.2018.07.009 

IPCC, 2014. Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA. 

IPCC, 2005. IPCC Special Report on Carbon Dioxide Capture and Storage. Prepared by Working Group III of the 

Intergovernmental Panel on Climate Change, IPCC Special Report on Carbon Dioxide Capture and Storage. 

Cambridge University Press, Cambridge, United Kingdom and NewYork, NY, USA. 

Jackson, S.J., Krevor, S., 2020. Small‐Scale Capillary Heterogeneity Linked to Rapid Plume Migration During CO 2 

Storage. Geophys. Res. Lett. 47. https://doi.org/10.1029/2020GL088616 

Kaldi, J., Daniel, R., Tenthorey, E., Michae, K., Schacht, U., Nicol, A., Underschultz, J., Backe, G., 2013. 

Containment of CO2 in CCS: Role of caprocks and faults. Energy Procedia 37, 5403–5410. 

https://doi.org/10.1016/j.egypro.2013.06.458 

Krishnamurthy, P.G., 2020. Geologic Heterogeneity Controls On CO2 Migration and Trapping. The University of 

Texas at Austin. 

Krishnamurthy, P.G., DiCarlo, D., Meckel, T., 2022. Geologic Heterogeneity Controls on Trapping and Migration 

of CO 2. Geophys. Res. Lett. 49, 1–208. https://doi.org/10.1029/2022GL099104 

Krishnamurthy, P.G., Meckel, T.A., DiCarlo, D., 2019. Mimicking Geologic Depositional Fabrics for Multiphase 

Flow Experiments. Water Resour. Res. 55, 9623–9638. https://doi.org/10.1029/2019WR025664 

Leverett, M.C., 1941. Capillary Behavior in Porous Solids. Trans. AIME 142, 152–169. 

https://doi.org/10.2118/941152-G 

Lindeberg, E., 1997. Escape of CO2 from aquifers. Energy Convers. Manag. 38, 235–240. 

https://doi.org/10.1016/s0196-8904(96)00275-0 

Luo, X., Vasseur, G., 1997. Sealing efficiency of shales. Terra Nov. 9, 71–74. https://doi.org/10.1111/j.1365-

3121.1997.tb00005.x 

Meckel, T.A., Beckham, E.C., 2023. High-resolution geologic modeling and CO2 flow simulation of a realistic 

clastic deltaic 3D model derived from a laboratory flume tank experiment. Int. J. Greenh. Gas Control 125, 

103892. https://doi.org/10.1016/j.ijggc.2023.103892 

Meckel, T.A., Bryant, S.L., 2014. Buoyancy-driven flow in heterogeneous materials, in: GHGT-12 Energy Procedia. 

Elsevier B.V., pp. 5495–5502. https://doi.org/10.1016/j.egypro.2014.11.582 

Ni, H., Bakhshian, S., Meckel, T.A., 2023. Effects of grain size and small-scale bedform architecture on CO2 

saturation from buoyancy-driven flow. Sci. Rep. 13, 2474. https://doi.org/10.1038/s41598-023-29360-y 

Ni, H., Dasari, G., Teletzke, G., Saris, A., 2021a. Evaluating technical feasibility of gigaton scale CO 2 storage 

using produced water disposal data in US Gulf Coast, in: 15th International Conference on Greenhouse Gas 

Control Technologies, GHGT-15. 

Ni, H., Møyner, O., Kurtev, K.D., Benson, S.M., 2021b. Quantifying CO2 capillary heterogeneity trapping through 

macroscopic percolation simulation. Adv. Water Resour. 155, 103990. 

https://doi.org/10.1016/j.advwatres.2021.103990 

Nichols, G., 2013. Sedimentology and Stratigraphy, 2nd Editio. ed. Wiley-Blackwell. 

Niemet, M.R., Selker, J.S., 2001. A new method for quantification of liquid saturation in 2D translucent porous 

media systems using light transmission. Adv. Water Resour. 24, 651–666. https://doi.org/10.1016/S0309-

1708(00)00045-2 

Nordbotten, J.M., Celia, M.A., Bachu, S., 2005. Injection and storage of CO2 in deep saline aquifers: Analytical 

solution for CO2 plume evolution during injection. Transp. Porous Media 58, 339–360. 

https://doi.org/10.1007/s11242-004-0670-9 

Oldenburg, C.M., Mukhopadhyay, S., Cihan, A., 2016. On the use of Darcy’s law and invasion-percolation 

approaches for modeling large-scale geologic carbon sequestration. Greenh. Gases Sci. Technol. 6, 19–33. 

https://doi.org/10.1002/ghg.1564 

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., Handa, C., Kheshgi, H., Kobayashi, S., 

Kriegler, E., Mundaca, L., Séférian, R., Vilariño, M.V., 2018. Mitigation Pathways Compatible with 1.5°C in 

                  



 manuscript submitted to IJGGC 

 

 

16 

 

the Context of Sustainable Development, in: Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, 

J., Shukla, P.R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., Connors, S., Matthews, J.B.R., Chen, 

Y., Zhou, X., Gomis, M.I., Lonnoy, E., Maycock, T., Tignor, M., Waterfield, T. (Eds.), Global Warming of 

1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C above Pre-Industrial Levels and 

Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to 

the Threat of Climate Change,. pp. 93–174. 

Saadatpoor, E., Bryant, S.L., Sepehrnoori, K., 2010. New Trapping Mechanism in Carbon Sequestration. Transp. 

Porous Media 82, 3–17. https://doi.org/10.1007/s11242-009-9446-6 

Sales, J.K., 1997. Seal Strength vs. Trap Closure–A Fundamental Control on the Distribution of Oil and Gas, in: 

Seals, Traps, and the Petroleum System. American Association of Petroleum Geologists. 

https://doi.org/10.1306/M67611C5 

Saló-Salgado, L., Haugen, M., Eikehaug, K., Fernø, M., Nordbotten, J.M., Juanes, R., 2023a. Direct Comparison of 

Numerical Simulations and Experiments of CO 2 Injection and Migration in Geologic Media: Value of Local 

Data and Forecasting Capability, Transport in Porous Media. Springer Netherlands. 

https://doi.org/10.1007/s11242-023-01972-y 

Saló-Salgado, L., Haugen, M., Eikehaug, K., Fernø, M., Nordbotten, J.M., Juanes, R., 2023b. Direct comparison of 

numerical simulations and experiments of CO$_2$ injection and migration in geologic media: Value of local 

data and predictability. 

Schowalter, T.T., 1976. The Mechanics of Secondary Hydrocarbon Migration and Entrapment. Wyoming Geol. 

Assoc. Earth Sci. Bull. 9, 1–43. 

Tidwell, V.C., Glass, R.J., 1994. X ray and visible light transmission for laboratory measurement of two-

dimensional saturation fields in thin-slab systems. Water Resour. Res. 30, 2873–2882. 

https://doi.org/10.1029/94WR00953 

Trevisan, L., Illangasekare, T.H., Meckel, T.A., 2017a. Modelling plume behavior through a heterogeneous sand 

pack using a commercial invasion percolation model. Geomech. Geophys. Geo-Energy Geo-Resources 3, 

327–337. https://doi.org/10.1007/s40948-017-0055-5 

Trevisan, L., Pini, R., Cihan, A., Birkholzer, J.T., Zhou, Q., Gonzalez-Nicolas, A., Illangasekare, T.H., 2017b. 

Imaging and quantification of spreading and trapping of carbon dioxide in saline aquifers using meter-scale 

laboratory experiments. Water Resour. Res. 53, 485–502. https://doi.org/10.1002/2016WR019749 

Trevisan, L., Pini, R., Cihan, A., Birkholzer, J.T., Zhou, Q., Illangasekare, T.H., 2015. Experimental analysis of 

spatial correlation effects on capillary trapping of supercritical CO2 at the intermediate laboratory scale in 

heterogeneous porous media. Water Resour. Res. 51, 8791–8805. https://doi.org/10.1002/2015WR017440 

Wentworth, C.K., 1922. A Scale of Grade and Class Terms for Clastic Sediments. J. Geol. 30, 377–392. 

https://doi.org/10.1086/622910 

Woods, A.W., Norris, S., 2016. Dispersion and dissolution of a buoyancy driven gas plume in a layered permeable 

rock. Water Resour. Res. 52, 2682–2697. https://doi.org/10.1002/2015WR018159 

Zahasky, C., Krevor, S., 2020. Global geologic carbon storage requirements of climate change mitigation scenarios. 

Energy Environ. Sci. 13, 1561–1567. https://doi.org/10.1039/d0ee00674b 

Zhang, Y., Jackson, C., Krevor, S., 2022. An Estimate of the Amount of Geological CO 2 Storage over the Period of 

1996–2020. Environ. Sci. Technol. Lett. 9, 693–698. https://doi.org/10.1021/acs.estlett.2c00296 

Zieglar, D.L., 1992. Hydrocarbon columns, buoyancy pressures, and seal efficiency: comparisons of oil and gas 

accumulations in California and the Rocky Mountain area. Am. Assoc. Pet. Geol. Bull. 

https://doi.org/10.1306/bdff884e-1718-11d7-8645000102c1865d 

 

 

CRediT authorship contribution statement 

Hailun Ni: Conceptualization, Methodology, Investigation, Formal analysis, Visualization, Writing - 

Original Draft, Writing - Review & Editing. Alexander P. Bump: Conceptualization, Methodology, Supervision, 

Funding acquisition, Writing - Review & Editing. Sahar Bakhshian: Methodology, Writing - Review & Editing 

 

Declaration of interests 
  
☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 

                  



 manuscript submitted to IJGGC 

 

 

17 

 

  
☐ The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests: 
 

 
  
  
  
 

 

                  


