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A B S T R A C T

As observed in many outcrops and cores, Thalassinoides burrow networks (TBN) within glossifungites surfaces can
be important for permeability enhancement, because the coarse-sediment infill provides permeable pathways in
otherwise less permeable media. To explore the effect of bioturbation on reservoir quality, this study uses
geostatistical models and fluid-flow-simulation models of TBN and burrow medium (matrix) of hypothetical
TBN-bearing strata. Analysis of these models reveals a well-connected burrow network can occur in strata of as
little as 12% burrow intensity, and burrow connectivity increases nonlinearly with increases in burrow intensity.
Numerical flow simulations of TBN models indicate that gas production cumulative (GPC) controlled primarily
by TBN connectivity and matrix permeability. With an impermeable matrix, production comes through TBN (50
mD average permeability), starts only at burrow intensity of 30%, and GPC increases linearly with burrow
intensity. With a permeable matrix (5 mD average permeability), and low permeability contrast between matrix
and TBN (one order of magnitude) production starts at relatively low TBN intensity (4%), and GPC increases
nonlinearly with burrow intensity. The interaction between matrix and TBN seems to connect more isolated TBN
bodies, and increase GPC, and likely help the gas diffusion from matrix through TBN. The fluid flow simulation
also illustrates the likelihood of the presence of permeability that drives early water breakthrough (super k) at
burrow intensity > 50%. The results advance quantitative understanding of the impact of burrow connectivity
on fluid flow properties of TBN-bearing strata and provide a workflow that can be used to model other burrow
morphologies to understand their impact on flow properties of bioturbated reservoirs.

1. Introduction

Although the general notion that biological reworking can enhance
petrophysical properties of a sedimentary deposit is well established
(Pemberton and Gingras, 2005; Gingras et al., 2012; La Croix et al.,
2012; Baniak et al., 2015; Bayet-Goll et al., 2017; Leaman and McIlroy,
2017), quantitative understanding of the relationships among burrow
intensity, burrow connectivity, and impact on hydrocarbon production
is less well constrained. Yet, many hydrocarbon reservoirs and water
aquifers are bioturbated. Well-studied bioturbated reservoirs include
the Arab-D of the Middle East (Meyer et al., 2000; Pemberton and
Gingras, 2005; La Croix et al., 2012), the Ophiomorpha-dominated
ichnofabric of the Biscayne aquifer, southeastern Florida (Cunningham
et al., 2009), the burrow-associated dolomites in the Upper Devonian
Wabamun Group of central Alberta (Baniak et al., 2013), and the bio-
turbated sandstone of the Upper Jurassic Ula Formation of the Nor-
wegian North Sea (Baniak et al., 2015).

Geostatistical modeling and fluid flow simulation provide means to

enhance understanding of the impact of burrow intensity and con-
nectivity on reservoir quality of bioturbated strata. Previous geostatis-
tical modeling and fluid flow simulation efforts focused on bioturbated
reservoirs have examined the relationship between petrophysical
properties of burrow and matrix, and how these impact fluid flow (e.g.,
Gingras et al., 2012; La Croix et al., 2012; Baniak et al., 2013). These
studies have established the concept of the dual-permeability and dual-
porosity fluid flow media that occurs within bioturbated reservoirs.
Dual-permeability fluid flow media include a high contrast in perme-
ability between the matrix and burrows, empirically estimated to be
three orders of magnitude difference (Gingras et al., 2012). Systems
with such marked permeability contrasts between the matrix and bur-
rows will favor preferential fluid flow through burrows, with subsidiary
diffusive fluid flow from the matrix to the burrow network. In the dual-
porosity fluid flow media there is a low contrast in permeability be-
tween the matrix and burrows. Gingras et al. (2012) set a value of one
orders of magnitude difference in permeability for the dual-porosity
fluid flow media. If such permeability contrasts occur between the
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matrix and burrows, fluid flows similarity through burrows and matrix.
We introduce in this paper a new workflow for modeling burrows

and bioturbated strata to understand their effective flow properties. The
new workflow centers around building a realistic morphology of bur-
rows using multipoint statistics (MPS) in high-resolution geocellular
models to provide a realistic and accurate representation of bioturbated
reservoirs. In this context, the objectives of this study are to: 1) con-
struct geologically realistic three-dimensional (3D) models of
Thalassinoides burrow networks (TBN) using MPS and petrophysical
models (using facies-based property modeling); and 2) use these to
understand the impact of burrow intensity on connectivity and fluid
flow. The results bear on geological studies of bioturbated reservoirs
(particularly glossifungites surfaces, Pemberton and Gingras, 2005), re-
servoir modeling, flow simulation, and ultimately, improvement of
hydrocarbon exploration and development strategies in bioturbated
strata.

2. Methods

To develop realistic models of TBN, this study utilizes insights from
previous work which describe TBN attributes (e.g., Ekdale and Bromley,
1984; Pemberton and Gingras, 2005; Gingras et al., 2012; Jin et al.,
2012; La Croix et al., 2012; Rodríguez-Tovar et al., 2017; Eltom and
Haisotis, 2019). In this light, the workflow of this study consists of three
steps. 1) Generate 3D geological and petrophysical models of a 1m3

volume of TBN using Petrel™2016 to understand how burrow intensity
impacts TBN connectivity and stratal petrophysical properties. 2) Se-
quentially upscale the 3D geological and petrophysical models to un-
derstand how TBN geometry changes with cell size of the 3D models,
and to select an appropriate upscaled model for fluid-flow simulation (a
model with the lowest number of cells that preserves the geometry of
TBN). 3) Perform fluid-flow simulation using Eclipse-Petrel™2016 to
understand the impact of TBN intensity and connectivity on fluid flow.

2.1. 3D geological and petrophysical models

Step one includes building geologically realistic models for burrow
networks using MPS. Initially, we constructed a 3D grid of 1m3 volume,
consisting of cells of 2D horizontal dimensions of 0.3 cm× 0.3 cm, and
vertical dimension of ∼0.5 cm, in 150 layers, for a total of
∼16× 106 cells. This grid was populated by two generic facies: 1)
background mud-dominated facies, and 2) grain-dominated TBN. The
TBN patterns initially were generated manually within the 3D grid
using the paintbrush and pen tools in Petrel™2016. The TBN pattern
was shaped by drawing horizontal and vertical cylinders of diameters
from ∼0.7 to 4.5 cm. These cylinders have boxwork patterns and joints
that branch at 60°, 120°, and 180° angles, with similar pattern in ver-
tical and horizontal dimensions (e.g., Ekdale and Bromley, 1984;
Pemberton and Gingras, 2005; Gingras et al., 2012; Jin et al., 2012; La
Croix et al., 2012; Rodríguez-Tovar et al., 2017; Eltom and Haisotis,
2019).

Using this 3D grid, we generated a training image characterized by
Droser and Bottjer (1986) ichnofabric index (ii) of 3. Bioturbation in-
tensity of ∼16% is the percentage of bioturbation intensity calculated
as the volume of the TBN in the 1m3 model. This percentage was
chosen to allow construction of a relatively complete model of the 3D
boxwork morphology of Thalassinoides in horizontal and vertical space
from which smaller and greater ii could be modeled. To consider a
broader range of ii variability, 15 3D TBN models generated using MPS
incrementally increased the density of TBN from 2 to 20% (ii2, ii3),
with 2% bioturbation intensity steps, and from 20% (ii3) to 70% (ii5)
with 10% bioturbation intensity steps. For example, a 10% TBN burrow
model includes a 0.1m3 volume of burrow in the model, or around
∼16× 105 cells, of total number of cells in the model, which is
∼16× 106. Varying TBN burrow intensity permitted evaluation of
changes in burrow connectivity with variation of burrow density.

Porosity and permeability were distributed throughout the 3D
models using a facies-based distribution, yielding porosity and perme-
ability models mimicking TBN-bearing strata. The distribution occurred
separately for each facies (i.e., as designated in the Petrel model; not
actual lithofacies), the TBN and the medium, although both used the
Gaussian random function simulation (GRFS) algorithm in
Petrel™2016. The inputs required for this function are the range of the
simulated porosity and permeability (minimum and maximum values),
the mean, and the standard deviation. GRFS uses these values as con-
straints to stochastically distribute porosity and permeability in each
facies. The modeled TBN infill and medium values were taken to be
similar in composition and texture to those facies in the Arab-D re-
servoir: skeletal peloidal grainstone for infill, and massive mudstone for
the medium. Thus, the TBN and medium of models are populated with
petrophysical attributes similar to skeletal peloidal grainstone and
massive mudstone of the Arab-D reservoir (Meyer et al., 2000). Ac-
cordingly, the TBN was assigned porosity between 30% and 40%
(mean= 35% ± 2%) and permeability between 15 and 100 mD
(mean= 50 ± 20 mD), and the medium was assigned porosity be-
tween 1% and 5% (mean=2% ± 2%) and permeability between 2
and 10 mD (mean= 5 ± 2 mD).

The connectivity of the resultant TBN models evaluated using the
volume calculation tool in Petrel™2016. This tool defines each con-
nected TBN volume as a single body and calculates the abundance (as a
% of the total volume of TBN) in the 3D grid. In the model, all volumes
of TBN are filled with the same materials (e.g., peloids, skeletal grains,
coated grains), and hence they include the same permeability dis-
tribution. The 3D grid also is free of any geological features that could
compartmentalize TBN bodies (e.g., healed fractures).

2.2. Upscaling the 3D geological and petrophysical models

Upscaling is the procedure of generating a coarser grid from a finer
grid; herein finer grid is defined as the geological and petrophysical
models constructed in step one of the modeling process. Upscaling is
essential for flow simulation (step three) because it reduces the time
and effort for simulation runs. This procedure included two major steps:
1) upscaling the 3D grid; and 2) transferring petrophysical properties to
the upscaled grid. The downside of the upscaling process is that many of
the fine details generated for the TBN in the high-resolution geological
and petrophysical models (step one) will be lost if a large cell size
(larger size than the geometry of TBN) is used in the 3D grid upscaling.
Thus, an appropriate upscaled 3D grid for the 1m3 TBN models should
be selected for fluid flow simulation (step three). This appropriate 3D
upscaled grid is the one with minimum cell size that preserved the TBN
geometry.

To select such an appropriate upscaled 3D grid, 10 sequentially
upscaled models (Upscaled Models 1–10, Table 1) successively

Table 1
Grid characteristics of the TBN model before upscaling and the 10 sequential
upscaled models.

Grid Size of the
model

Total number of
cells

number of cells in XYZ
directions

Grid before
Upscaling

1 m3 1,67,33,400 334× 334 x 150

Upscaled Grid 1 1 m3 40,00,000 200× 200 x 100
Upscaled Grid 2 1 m3 10,00,000 100× 100 x 100
Upscaled Grid 3 1 m3 2,50,000 50× 50 x 100
Upscaled Grid 4 1 m3 1,25,000 50× 50 x 50
Upscaled Grid 5 1 m3 20,000 20× 20 x 50
Upscaled Grid 6 1 m3 1,000 10× 10 x 10
Upscaled Grid 7 1 m3 500 10× 10 x 5
Upscaled Grid 8 1 m3 250 5× 5 x 10
Upscaled Grid 9 1 m3 125 5× 5 x 5
Upscaled Grid 10 1 m3 1 1× 1 x 1
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increased the cell size, reducing a total number of cells in the 3D grid of
the 1m3 (Table 1) until the grid achieves the coarsest point, in which
the model consists of only one cell (Upscaled Model10). After con-
structing these 10 upscaled 3D grids, the permeability and porosity
values from the initial model (fine cells, high-resolution) were trans-
ferred to each one of the 10 upscaled grids using scale-up properties
process in Petrel. Upscaled permeability values used flow-based
methods, which involves performing a numerical pressure simulation
on the fine cells of the geological and petrophysical model before up-
scaling, and using these data to calculate permeability in X, Y, and Z
direction. Porosity values were upscaled using the averaging method.

After transferring petrophysical properties in the 10 upscaled grids,
we evaluated the preservation of TBN geometry in these ten upscaled
grids visually and statistically. Visually, the model lost TBN geometrical
details if the TBN fused entirely in the burrow matrix and lose the
details of the burrow geometery. Statistically, measuring the range and
variance of the permeability in each model of the ten 3D upscaled grids
provides an objective means to describe degree of homogeneity be-
tween TBN and burrow matrix. The lower the value of the variance and
range, the higher the degree of homogeneity between the TBN and
matrix. On the basis of these two criteria, we selected the appropriate
model for the flow simulation, the model with lowest number of grid
cells that preserved the TBN geometry.

2.3. Fluid flow simulation parameters

In step three, a flow simulation applied the black-oil simulator
(Eclipse100) in Eclipse-Petrel™2016 on the 1m3 models of the selected
upscaled 3D grid (Table 2). The models are assumed to have no flow
boundary conditions on the top and sides, and contain gas and water,
with the gas-water contact placed at 75 cm below the top. A vast

constant aquifer provides pressure support of the models at the bottom.
The production from flow simulations was from a single 1-m vertical
well placed in the center of the model was perforated in the top 10 cm.
To match such a small-scale 3D model (1 m3) with such small cell size
(< 1 cm), the completion parameters of this well are set to be a user-
defined, bore-hole diameter of 0.004m, liner and casing diameter of
0.0037m. Flow rate of one standard cubic meters (SM3)/Day was used
as single control model for this well. Other parameters of flow simu-
lation kept as the default values of Eclipse-Petrel™2016.

Gas-in-place (GIP) of each simulation model was calculated using
the following equation:

GIP=m3 * Grid porosity * [1-Sw] * 1/Bg

m3: 1-m cube (the volume of the model)
Sw: water saturation
Bg: gas formation volume factor

The initial gas water saturation of the model is 0.2, whereas the
initial gas formation volume factor is 0.0053. These two parameters are
dynamic and change through time with production and pressure drop.
Eclipse-Petrel™2016 takes into account this dynamic change and cal-
culates the change of these parameters through time. The recovery
factors of gas from these specified parameters are> 80%. Considering
the small size of the model (1 m3) we assume that this recovery factor
can be significantly different in real-world gas reservoirs.

2.4. Simulation conditions

Keeping simulation parameters constant, we ran fluid flow simula-
tion on 15 simulation cases representing the 15 models of the TBN
burrow intensity (burrow intensity range of 2%–70%). In each case, the
simulation was run until water breakthrough in the well. Cumulative
production, bottom hole pressure, and flow rate in each simulation case
were compared among the intensities of TBN to understand the impact
of burrow intensity on gas flow.

The 15 simulation cases used porosity and permeability models that
were constructed in step one, under three conditions:

1) In condition 1: the porosity of the TBN was switched off (TBN as-
signed 0% porosity) to ensure that the gas flow exclusively comes
from burrow matrix,

2) In condition 2: the porosity of the burrow matrix was switched off
(burrow matrix assigned 0% porosity) to ensure that the gas flow
exclusively comes from the TBN, and

3) In condition 3: both TBN and matrix porosity were enabled to ensure
that gas production comes from both TBN and burrow matrix.

Investigating these three conditions of the 15 fluid flow simulation
cases (total of 45 simulation case), allowed a systematic study of the
role of petrophysical properties of the burrow matrix and TBN as two
end members on effective flow of TBN bioturbated beds.

3. Results

3.1. Similarity of TBN 3D models to the stratigraphic record

The patterns of the TBN connectivity in the models are qualitatively
similar to the connectivity of TBN in real-world examples (Figs. 1 and
2). For instance, a 3D view of TBN from the Birdsall Calcareous Grit
Member of the Coralline Oolite Formation (Upper Jurassic, Oxfordian)
(Fig. 1A) is strikingly similar to modeled TBN (Fig. 1B). Another ex-
ample from the stratigraphic record (Upper Devonian Wabamun Group,
Pine Creek gas field, central Alberta, Canada) shows TBN patterns si-
milar to the TBN model (Baniak et al., 2013). 2D helical CT scans of
core from the Wabamun Group (Fig. 2A–C) compare well to 2D slices

Table 2
Parameters used for fluid flow simulation.

Reservoir Fluids Gas-water reservoir
Initial water
saturation

0.2

Initial volumetric
factor

0.0053

Dimension 1 m3

Contact Type Gas water contact
Pressure 200 bar
Datum 75 cm below the top of the

model
Datum pressure 0 bar

Fluid Model Type Black oil (Eclipse100)
Sub type Dry Gas

Reservoir condition Minimum pressure 80 bar
Maximum pressure 350 bar
Reference pressure 215 bar
Minimum
temperature

80 C

Rock physics
functions

Saturation Gas and water (default values in
Petrel)

Compaction Consolidated limestone
(default values in Petrel)

Aquifer Pressure Constant pressure head water
Direction Bottom up

Production well Configuration Vertical well
Total depth 1m
Bore-hole diameter 0.004m
Casing dimeter 0.0037m
Perforation interval Upper 10 cm
Production rate in the
well

1 SM3/day
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from the constructed TBN model (Fig. 2D–G). Although the TBN in our
models is larger, these models and core CT scan share similar 2D
morphology of the TBN. This similarity in connectivity pattern in TBN
models of our study and stratigraphic record suggest reasonable ap-
proximation of TBN morphology for the models and, consequently,
connectivity, and flow simulation modeling results.

3.2. 3D models and connectivity of TBN

The 15 3D models representing different TBN burrow intensities
capture a range of characteristics of connected burrows and hence
connected porosity. Qualitative visual results showing volumes of
connected TBN (Fig. 3A–D) illustrate that at low intensity (2%), many
small isolated bodies are present (Fig. 3A). As intensity increases (8%),
connected bodies become larger and more numerous (Fig. 3B). At 12%
intensity, the largest body includes a vast majority of the total burrow
network volume (grey color in Fig. 3C), and by 50%, almost all of the
burrows are connected (Fig. 3D).

These patterns can be quantified by comparing burrow intensity and
connectivity. To assess connectivity, the largest TBN volume is ex-
pressed as the ratio of the largest burrow volume to the total burrow
network volume, expressed as a percentage. With this metric, the
higher the percentage, the more connected the TBN. The data (Fig. 3E)
reveal that the connectivity of TBN in the 3D models increases with
bioturbation intensity, but that this increase is nonlinear. The crossplot

of burrow intensities versus largest TBN volumes (Fig. 3E) reveals three
general classes, each with distinct patterns of connectivity.

The first class, which represents low ii (ii2, TBN of 2–10%, Fig. 3A,
E) has isolated TBN volumes, and the largest volume is< 40% of the
total burrow volume. In the second class, which has low to intermediate
bioturbation intensity (ii3, TBN range from 12 to 20%),> 85% of TBN
is connected in the largest volume (Fig. 3B, C, E). There are, however,
in this class some TBN volumes that are not connected to the largest
volume. The third class, which represents high ii (ii3, 5, TBN range
30–70%), consists essentially of one connected TBN volume that in-
cludes > 99% of total burrow volume (Fig. 3D and E).

3.3. Property models and upscaled models of TBN

As facies-based models, the distribution of porosity and perme-
ability in the TBN models is consistent with their geometrical patterns,
and TBN show interconnected permeable pathways that increase in
connectivity with increased burrow density. Nonetheless, as cell size
increases through upscaling of models (Table 1), the geometrical de-
tails, and porosity and permeability distribution, of the TBN change
considerably (Fig. 4).

This smoothing is captured in the measures of petrophysical prop-
erties (range, variance, and standard deviation of porosity and perme-
ability) in upscaled TBN models. The results illustrate that the mean
stays the same, but the range and variance decrease with increasing cell
size of the models, marking increasing homogenization of these prop-
erties with upscaling (Fig. 4). Whereas the fine-grid models (Fig. 4A–E)
preserve the geometrical details (Fig. 4A–E) of the TBN, the coarse-grid
models (Fig. 4F–J) show homogenization between the TBN and matrix
(Fig. 4F–J). The visual inspection of models and the permeability data
in the upscaled models both demonstrate this trend (Figs. 5 and 6). The
upscaled model with 20,000 cells has the smallest number of cells that
preserves the geometry of TBN (Fig. 4E) and retains most of the range
and variance in petrophysical properties (Fig. 5) and, therefore, was
selected for flow simulation runs.

3.4. Fluid flow simulation

Fluid-flow simulations run on upscaled models included
20,000 cells and continued until water breakthrough in the production
well (Fig. 6). The data for all simulation runs show qualitatively similar
trends––initial increase in production (Fig. 6A), pressure and cumula-
tive gas production (Fig. 6B) to a certain point at which pressure and
rate decrease, and water production rate markedly increases (four re-
presentative examples is illustrated in Fig. 6A). The time of water
breakthrough depends on the TBN burrow intensity (Fig. 6A, the higher
the TBN burrow intensity, the slower the water breakthrough occurs).
In models with TBN burrow intensity> 50%, however, water break-
through occurs at a faster rate than in models with TBN burrow in-
tensity> 50%.

Fifteen simulation cases were run for each of the simulation con-
ditions (condition 1–3, Fig. 7B) and the results were compared on a plot
of TBN intensity versus cumulative GPC (Fig. 7):

• Condition 1 (Table 3, Fig. 7A and B): The models yielded insignif-
icant gas volume. 12 out of 15 models have GPC<0.1 SM3, whereas
the other three models have GPC<2.4 SM3.

• Condition 2 (Table 3, Fig. 7A and B): The models with TBN burrow
intensity< 30% (10 models) have considerable gas production
(GPC < 0.1 SM3) whereas the ones with burrow intensity > 30%
(5 models) yielded significant gas production (GPC > 11 SM3). GPC
increase steadily with the increase of TBN burrow intensity in the
models with burrow intensity> 30%.

• Condition 3 (Table 3, Fig. 7A and B): The models started yielding
gas from relatively low TBN burrow intensity. GPC of the models
show nonlinear increases with increased TBN intensity, and can be

Fig. 1. Qualitative comparison between TBN in an outcrop and in the model.
(A) Outcrop photograph showing 3D view of TBN after the burrow matrix has
been washed out. Outcrop of Birdsall Calcareous Grit Member of the Coralline
Oolite Formation, Upper Jurassic, Oxfordian, England) from the website http://
woostergeologists.scotblogs.wooster.edu/tag/uk2015/page/3/. Note hand for
scale. (B) Filtered 3D models based on TBN with 30% intensity. Note that TBN
of outcrop and models include similar morphological patterns.
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linked to connectivity pattern of TBN (Fig. 3E). Most importantly in
this condition, models with TBN>50% exhibited early water
breakthrough (Fig. 6).

4. Discussion

The models successfully recreate patterns similar to the real-world
outcrop and subsurface TBN (Figs. 1 and 2). These models provide first-
order insights into several aspects of bioturbated reservoirs, including
network connectivity, relations between burrows and matrix, and, ul-
timately, fluid flow in these systems.

4.1. TBN connectivity

The 3D modeling results suggest that elevated connectivity of TBN
in firmgrounds can be established at relatively low bioturbation in-
tensity (ii3, at∼12%, Fig. 1). Thus, TBN in the glossifungites ichnofacies

can provide a connected permeable pathway for flow, even at a low
level of bioturbation, if burrows are filled with permeable sediment.
This result is consistent with previous studies (e.g., La Croix et al.,
2012), in which computer models of Thalassinoides assessed the impact
of bioturbation on petrophysical properties. Their results indicated that
at 10% intensity TBN, 90% of the network could be connected.

The 12% intensity corresponds to the lower range of ii3 (Droser and
Bottjer, 1986), and in many cases, this intensity could be under-
appreciated as providing nearly full connectivity for TBN. The possible
reason for this underestimation is that TBN either in core and outcrop
with 10–30% in 2D view do not appear to be connected, and suggest
(incorrectly) that many burrows are isolated (Fig. 8A and B). The 3D
models of TBN in this study, however, reveal that even at this low in-
tensity, a well-established framework can be established (Fig. 8C).

Fig. 2. Comparison between TBN in a subsurface reservoir and in the model. (A–C) 2D helical-CT scans perpendicular to the top of a bioturbated core sample (Baniak
et al., 2013). On the left side are three identical 2D photos (top of core) indicating location of cross-sectional slices for 2D CT analysis (vertical white lines). (D–G) 2D
slices from TBN model of 20% burrow intensity. (D) White lines indicate location of the 2D slices. Note similar 2D morphology of TBN despite the difference in
burrow size.
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4.2. The effect of interaction between TBN and matrix on fluid flow

Comparing results among fluid flow simulation conditions (condi-
tion 1–3, Table 3) constrains the role of petrophysical properties of the
matrix and TBN as two end members responsible for the flow properties
in bioturbated beds. The results indicated that mud-dominated matrix
has low capacity to produce gas if the permeability of TBN is assigned
to zero (production is not more than 2.4 SM3, condition 1, Table 3). On
the other hand, production from TBN alone (matrix assigned zero
permeability) indicated that TBN-bearing strata produce only at burrow

intensity < 30% (see data of condition 2, Table 3 and Fig. 7B). Inter-
estingly, in situations in which both matrix and TBN contribute to the
gas production (condition 3, Table 3 and Fig. 7B), the production of gas
is enhanced markedly. The interaction between matrix and TBN seems
to connect more TBN bodies, and increase their production, and likely
help the gas diffusion from matrix through TBN. This interpretation
suggest that GPC in the TBN models controlled primarily by TBN con-
nectivity and matrix permeability, and that these TBN models represent
dual porosity fluid flow category of Gingras et al. (2012).

Fig. 3. 3D models based on TBN. (A–D) Four filtered 3D models based on TBN for 2%, 8%, 12%, and 30%, respectively; bodies of a similar color represent distinct
connected volumes. Note that TBN show isolated volumes at intensity 2% (part A), but expand to roughly 85% connectivity at bioturbation intensity of 12% (part C).
(E) Crossplot bioturbation intensity versus volume of largest TBN (expressed as % of total TBN) in the 15 models. Note the sharp increase in connected volumes from
0 to 12% intensity, but that above 12%, almost all volumes are connected. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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4.3. Fluid flow from TBN and matrix

The results of fluid flow simulation in condition 3 (production from
both TBN and burrow matrix) suggest that flow rate in bioturbated
reservoirs respond differently to TBN intensity (Fig. 7C). TBN models at
intensities from 2% to 10% had a variable flow rate, differences pos-
sibly related to the random arrangement of (relatively rare) TBN vo-
lumes in the 3D model at these low intensities. That is, production
depends largely on the connection of a large TBN volume to the well.
These relations are illustrated in the models of TBN=4% and 8% in-
tensity (Fig. 7C). In the 4% burrow intensity model, although the entire
TBN volumes in the model are not connected, they are penetrated by
the production well, and cumulative production is 5 SM3/Day. In
models of TBN of 8%, TBN volumes were not penetrated by the well,
and as a result, the model yielded zero production.

TBN models of intensity from 10% to 20% have flow rate that in-
creases with TBN intensity. The relationship is not linear, however,
likely because the unconnected volumes of TBN at these intensities

affect production rate. The incremental increase in flow rate with step
increase in bioturbation intensity between 20% and 50% is greater than
that in models of TBN>50%. Deviation from linearity in these in-
tensities can be attributed to the presence of one large volume of con-
nected TBN in intensity> 50%, a feature that resulted in the formation
of high-permeability conduits. In these possibilities, water break-
through occurs faster than in models with burrow intensity< 50%
(Fig. 7A). This situation is common (at a larger scale) in production
settings where bottom water infiltrates the perforation zone rapidly and
results in a super-permeability (super-k) zone and reduces hydrocarbon
production. In the case of our model, water breakthrough reduces gas
production. Nonetheless, in contrast to the negative impact on model
production (a model with a limited hydrocarbon in place), in real-world
bioturbated reservoirs, this type of super-k pathway could enhance
production, at least for some period of time before water breakthrough.
For example, “super-k” zones of Arab-D reservoir in Saudi Arabia that
have been interpreted to reflect Thalassinoides-bioturbated strata
(ii3–ii4, Pemberton and Gingras, 2005) may represent comparable

Fig. 4. Sequential, upscaled permeability models of TBN with 10% intensity. Numbers represent the number of voxels in the model. Note how details of TBN (and
their distinct permeabilities) decrease gradually from fine grid models to coarse grid models.
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flow.

4.4. Comparison with previous studies

Recent efforts to numerically model trace fossils in reservoir rock
used computer simulations and have demonstrated how trace-fossil
connectivity can enhance reservoir flow unit in bioturbated reservoirs
(Pemberton and Gingras, 2005; Tonkin et al., 2010; Gingras et al.,
2012; La Croix et al., 2012; Baniak et al., 2013, 2015; Bayet-Goll et al.,
2017; Leaman and McIlroy, 2017; Uddin et al., 2017). This study takes
the next logical steps enhancing the workflow of burrow inter-
connectivity and numerical modeling in several ways. First, the use of
MPS allowed for reproduction of intensity and connectivity variation of
TBN in a bioturbated reservoir, resulting in geometrical patterns similar
to real-world carbonate outcrops. Second, the use of a random function
to distribute porosity and permeability values in each cell of the nu-
merical models allowed for more realistic petrophysical distribution
than assigning a single value of porosity and permeability for the
burrow network and a signal value of porosity and permeability for the
medium as in previous work (e.g., Baniak et al., 2013). Third, the use of
multicellular grids for TBN models allowed us to understand the effect
of upscaling on the preservation of TBN geometry and their petrophy-
sical properties. Fourth, the numerical models provide a useful purview
to perform such advanced steps as running a flow-fluid simulation on
TBN to understand their flow-rate variation with burrow intensity.

Besides using these advanced steps of TBN modeling and simulation,
this study honored morphological shapes to build the MPS models,
resulting in realistic networks comparable to the morphology of

Thalassinoides burrows (e.g., Ekdale and Bromley, 1984; Pemberton and
Gingras, 2005; La Croix et al., 2012; Rodríguez-Tovar et al., 2017). This
morphology has two major components: 1) the boxwork pattern; and 2)
the circular to subcircular segments of the tunnels and shafts. Both may
have an impact on the results.

Among different trace fossils, connectivity trends related to burrow
intensity likely will be different because of morphological differences;
as a result, the connectivity patterns of TBN may not be directly ap-
plicable to other trace fossils. For example, Skolithos is a vertical tube
with no lateral branches (e.g., Alpert, 1974; Häntzschel, 1975; Droser
and Bottjer, 1993). Such morphology would only have a vertical com-
ponent of connectivity, which would be completely different than TBN.
Phycosiphon is a small, oblique or parallel to bedding, spreiten-filled
burrow systems comprised of protrusive U-shaped lobes with dark, fine-
grained cores and light, coarser grained mantles (e.g., Wetzel and
Bromley, 1994; Gluszek, 1998). Such morphology would be expected to
have a much smaller vertical and horizontal connectivity than Tha-
lassinoides (e.g., Naruse and Nifuku, 2008; Bednarz and McIlroy, 2012).

The morphological variation of burrows which usually results in a
different pattern of burrow connectivity can impact permeability ani-
sotropy, and thus, directions of flow. Therefore, average permeability of
bioturbated reservoir (arithmetic [horizontal], geometric [isotropic],
and harmonic [vertical] average permeability) can vary considerably
with the morphological variation of burrows (Gingras et al., 1999; La
Croix et al., 2013, 2012). Our models assume a homogeneous dis-
tribution of TBN, which simplifies the role of permeability anisotropy.
Future work is needed on these models to understand the role of per-
meability anisotropy related to burrow morphology.

Not only the burrow morphology which affects permeability ani-
sotropy, but also burrows intensity. Work by Baniak et al. (2013, 2015)
showed examples where bulk permeability is best estimated using the
geometric mean at low to moderate volumes of burrow dolomite
(25–65%) and arithmetic mean at high volumes of burrow dolomite
(65–80%). Within dual-permeability models, bulk permeability is best
estimated using the geometric mean at low to moderate volumes of
burrow dolomite (10–50%) and arithmetic mean at moderate to high
volumes of burrow dolomite (50–80%). Future works adopting the
workflow presented in this study should take into account these var-
iations.

In addition to the morphology, orientation, and intensity, burrow
infill is an important factor for determining the effective flow properties
of TBN. Our models simulate TBN infill that consists of coarse (porous
and permeable) sediment. Although this assumption is analogous to
many Thalassinoides-bearing strata (e.g., Carvalho et al., 2007), in other
cases, TBN could have fine, nonporous, nonpermeable sediment infill
(e.g., Jin et al., 2012). Such infill––with little or no porosity or per-
meability––could result in zero flow. Thus, a careful sedimentological
and ichnological investigation should be conducted before modeling
TBN to understand the flow properties of any particular reservoir.

Spot-permeability measurements provide useful information to un-
derstand burrow infill in TBN permeability (e.g., Tonkin et al., 2010;
Gingras et al., 2012). Upscaling these measurements in grids with cell
sizes large enough (models with cell size > 10 cm; Fig. 4F–J) to
homogenize TBN geometry and permeability, however, represent the
main challenge for reservoir modeling of TBN strata. As indicated in
here, TBN may enhance permeability, but upscaling TBN models also
could result in an overestimation of hydrocarbon in place and cumu-
lative flow rates. Thus, the question of what is the appropriate porosity
and permeability for reservoir modeling of TBN strata should be an-
swered, but this topic needs more investigation.

5. Conclusions

The general notion that burrow connectivity can enhance perme-
ability is furthered and advanced by geostatistical modeling of burrow
connectivity of TBN. Results enhance quantitative understanding of the

Fig. 5. Crossplots showing permeability (A) variance, and (B) range of per-
meability versus number of cells in the sequentially upscaled models. Note
marked decrease in range and variance of permeability in models with less than
20,000 cells.
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relationships between burrow intensity and burrow connectivity. The
study further quantifies the impact of burrow intensity on hydrocarbon
productivity, insights useful to predict how flow rate could vary with
burrow intensity in analogous bioturbated carbonate reservoirs. Key
findings of this study are:

• 2D TBN models mimicking common core and outcrop views in-
correctly suggest that many burrows are isolated. Nevertheless, 3D
TBN models reveal that burrow connectivity depends on burrow
intensity, and that a well-established, connected framework can be
recognized with as little as 12% burrow intensity.

• TBN have a fluid-flow rate controlled primarily by TBN connectivity
and matrix permeability.

• TBN have a fluid-flow rate that increases nonlinearly with burrow

intensity, with the rate controlled primarily by TBN connectivity,
and that early breakthrough can occur at high intensity
(TBN > 50%).

• The interaction between matrix and TBN seems to connect more
isolated TBN bodies, and increase GPC, and likely help the gas dif-
fusion from matrix through TBN.
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