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Introduction

Paleodictyon is a common trace fossil found in deep-
marine turbidite successions (Seilacher, 1967). This ich-
nogenus is characterized by a convex relief consisting of 
a regular hexagonal network preserved on the base of tur-
bidite sandstone beds (Uchman, 1995, 2003; Cummings 
and Hodgson, 2011). It is interpreted that Paleodictyon 
is preserved as a cast of the burrows below the seafloor 
by the deposition of turbidites (Seilacher, 1977). In 
some specimens of Paleodictyon, a “nodose pattern” is 
observable as overprints on the hexagonal mesh structure 
(Seilacher, 1977). This is considered as evidence for the 
presence of the vertical tubes or tunnels open to the sea-
floor from the mesh structure, a few millimeters below 
the sediment-water interface (Seilacher, 1977, 2007). 
Specimens that have “nodose patterns” have been classi-
fied as Paleodictyon nodosum or Paleodictyon tripatens 
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Abstract.  This study examined the functional morphology of the trace fossil Paleodictyon in terms of com-
putational fluid dynamics. The modern specimens show a unique morphology that is composed of a hexagonal 
mesh structure, vertical shafts opening to the seafloor, and a shield-like mound on the seafloor. The traces of 
the vertical shafts were also preserved in some fossil examples. To explain their characteristic morphology, a 
“passive ventilation” hypothesis has been proposed suggesting that their function was to ventilate their burrows 
with bottom currents, which supply both oxygenated water and food. However, this hypothesis has not yet been 
verified. This study conducted numerical experiments to understand the functions of the structures created by 
this ichnofossil by using a model of computational fluid dynamics with the 3D geometry of Paleodictyon and 
estimating the efficiency of the ventilation in burrows. As a result, it was observed that seawater flowed in the 
vertical shafts in the marginal area of the mound, and flowed out from the shafts located on the top of the mound, 
flowing through the mesh structure. This ventilation was observed only in the case that Paleodictyon had a shield-
like mound. The ventilation rate rapidly increased as the bottom current velocity increased. In contrast, the rate 
also increased with the height of the shield-like mounds, whereas it once dropped after the minor peak at 4 mm 
in height, which corresponds to the value measured in the modern specimens. This coincidence may imply that 
the height of the mound observed in modern specimens resulted from the optimization in balancing between the 
efficiency of ventilation and physical stability against erosion. Full exchange of water in the mesh structure by 
ventilation took less than a few minutes at this mound height, which is presumably sufficient for the ability of 
Paleodictyon producers.
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(Seilacher, 1977).
Numerous structures similar to Paleodictyon nodosum 

have been observed on the present deep seafloor. They are 
identified from the mid-Atlantic ridge (Rona and Merrill, 
1978; Rona et al., 2009), the South Atlantic (Ekdale, 
1980), off New Caledonia (Gaillard, 1991), the eastern 
margin of Australia (Przeslawski et al., 2012), and the 
eastern equatorial Pacific (Durden et al., 2017). The mor-
phology of the modern Paleodictyon is well described by 
Rona et al. (2009). In their survey, the modern specimens 
were observed as the arrangements of small dark-colored 
dots on the seafloor, which were the openings of the verti-
cal tubes or tunnels (vertical shafts; Rona et al., 2009). 
The diameter of the openings was less than 1 mm, and the 
openings of the vertical shafts were arranged in a hexa-
gon 2–7.5 cm in diameter. The hexagonal mesh structure 
underlies the arrangement of dots on the seafloor. Nota-
bly, the seafloor rises as much as 5 mm toward the central 
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Morphological function of Paleodictyon 379

part of the arrangement, and forming a shield-like mound 
(Seilacher, 2007; Rona et al., 2009). Although some spec-
imens of the modern Paleodictyon have been collected as 
push cores, no producer has been discovered in the bur-
rows (Rona et al., 2009). Several researchers consider that 
Paleodictyon is a trace fossil produced by small endoben-
thic animals, which is interpreted as a trap for suspended 
food, a form for growing bacteria or fungi, or a foraging 
path (Seilacher, 1977; Uchman, 1995; Monaco, 2008; 
Lehane and Ekdale, 2013). In contrast, there are also argu-
ments that Paleodictyon is an impression of a compressed 
hexactinellid sponge (Rona and Merrill, 1978; Ehrlich, 
2019) or xenophyophores, large agglutinating protozoans 
(Swinbanks, 1982; Levin, 1994; Rona et al., 2009).

In addition to the uncertainty of their producers, the 
functional morphology of the Paleodictyon burrow 
system is unknown. It was proposed that this unique 
morphology of Paleodictyon is a ventilation system that 
supplies oxygenated water and organic matter from bot-
tom water to the mesh structure as a “passive ventilation” 
hypothesis (Seilacher, 1977, 2007). When the bottom cur-
rent flows above the shield-like mound, a pressure differ-
ence occurs between the top and bottom of the mound 
owing to the velocity difference. Seawater in the mesh 
flows out through the low-pressure vertical shaft on the 
top of the mound, and bottom water flows into the mesh 
through high-pressure openings in the marginal area. This 
hypothesis was primarily proposed as a function for the 
bacterial farming in the burrow system (Seilacher, 1977). 
As mentioned above, there are several proposed origins 
of Paleodictyon. If Paleodictyon is the impression of 
hexactinellid sponge, they do not require the ventilation 
of water inside the mesh structure. In contrast, in addition 
to bacterial farming, this ventilating function is useful for 
the organism inside the structure in the cases of interpre-
tation as food trapping or a foraminiferal test.

The “passive ventilation” hypothesis was tentatively 
confirmed by a flume experiment using a simplified plexi-
glas model and ink-stained water (Rona et al., 2009). 
Observations showed that the ink-stained water was 
automatically drawn into the model from the margin and 
sucked out from the center. However, the hydraulic con-
ditions or the setting of the experiment were not described 
quantitatively in their study. This is probably because of 
the technical difficulty in measuring the hydraulic condi-
tions inside the mesh structure in physical flume experi-
ments due to the complex morphology and small-scale 
tubes of Paleodictyon. Therefore, the ventilation hypoth-
esis has not yet been adequately verified, and there are no 
quantitative data on ventilation.

This study examines the effects of Paleodictyon’s mor-
phology on ventilation between bottom water and the mesh 
structure. To resolve the difficulty of measuring hydrau-

lic conditions within a burrow system, three-dimensional 
numerical models of Paleodictyon with vertical shafts and 
a shield-like mound were constructed. Fluid simulations 
were then conducted to reconstruct the detailed hydraulic 
conditions in tunnels of Paleodictyon and the surrounding 
bottom water. The purpose of this study is to test the “pas-
sive ventilation” hypothesis for the functional morphol-
ogy of Paleodictyon. Furthermore, quantitative data on the 
ventilation of the burrow system may provide information 
on the mode of life of their producers.

Numerical model

Governing equations
The fluid simulations were conducted using FLOW-

3D (Flow Science, Inc.). In this study, the Reynolds-
averaged Navier–Stokes (RANS) equations were 
numerically solved with the renormalization-group k-ε 
model for turbulence closure. The RANS are described 
by the following four equations representing conserva-
tion of mass (Eq. 1) and momentum (Eq. 2):
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where u, v, and w denote the velocity components in the 
coordinates x, y, and z, respectively; ρ and p are expressed 
by the fluid density and the fluid pressure, respectively; 
Gx, Gy, and Gz exhibit the body accelerations in each 
coordinate direction; and fx, fy, and fz denote the vis-
cous accelerations in each coordinate direction. In this 
model, the fractional area-volume obstacle representation 
(FAVOR) method was employed for processing the flow 
near the surface of arbitrary geometry of objects in Car-
tesian coordinates. Ax, Ay, and Az are the fractional area 
open to flow in each coordinate direction, and VF is the 
volume fraction of fluid.

The renormalization-group (RNG) k-ε model (Yakhot 
et al., 1992) was employed as the turbulence model in this 
study. In the RNG k-ε model, eddy viscosity μ is given by

	
µ ρ= C

k
µ ε

2 	
(3)
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where Cμ is an empirical coefficient, and k and ε are the 
turbulence kinetic energy and dissipation, respectively. In 
FLOW-3D, the conservation of k and ε are computed as 
follows:
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(5)

where PT denotes the turbulent kinetic energy production 
and GT is expressed by the buoyancy production term. 
The diffusion and dissipation of turbulent kinetic energy 
are denoted by DkT

 and D
Tε , respectively. C1, C2, and 

C3 exhibit dimensionless parameters with default values 
of 1.44, 1.92, and 0.2, respectively (Flow Science, Inc., 
2012).

3D model of Paleodictyon
The 3D morphology of Paleodictyon (Figure 1) was 

constructed using the 3D CAD software Autodesk Inven-
tor 2017 (Autodesk, Inc.). The internal diameter of the 
hexagonal tunnels and vertical shafts was set to 1 mm. 
The length of the diagonal line of the hexagons was set 
to 10 mm. The number of hexagons in the mesh structure 
was 37. On the midpoint of each side of the hexagon, the 
vertical shaft was arranged to connect the mesh structure 
to the seafloor (Figure 1A). Topography of the seafloor 
above the burrows portrayed the shield-like mound, ren-
dered as a solid arc of 70 mm revolution in chord length. 
In this study, to examine the influence of the height of the 
mound, nine models were produced by changing the arc 
of the mounds from 0 to 8 mm at 1 mm intervals (Figure 
1C). The hexagonal mesh and vertical shafts were embed-

300 mm 300 mm

70 mm

5 mm

Figure 1.  Example of the 3D model of Paleodictyon and 
its dimensions. A, Close up view of the hexagonal mesh, vertical 
shafts, and shield-like mound. The tunnels are 1 mm in diameter. 
The diagonal line of each hexagon is 10 mm in length. B, Complete 
view of the 3D model embedded in the board, compared to the 
seafloor. C, Lateral view of the 3D model around the shield-like 
mound.

outflow

300 m
m

20
0 

m
m

300 mm

5 mm

80 mm

13 mm

80
 m

m

5 mm

Figure 2.  Calculation domain and mesh grids using in the 
fluid simulations. u0: initial velocity of bottom current.
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Morphological function of Paleodictyon 381

Figure 3.  Pressure field and flow direction in each condition at t =  20 s. Each diagram represents the cross-sectional view at y = 
150 mm. Colors show the pressure and velocity magnitude of the stream lines. A, u0 =  80.0 mm/s and h =  8.0 mm; B, u0 =  40.0 mm/s 
and h =  8.0 mm; C, u0 =  5.0 mm/s and h =  8.0 mm; D, u0 =  80.0 mm/s and h =  4.0 mm; E, u0 =  40.0 mm/s and h =  4.0 mm; F, u0 = 
5.0 mm/s and h =  4.0 mm; G, u0 =  80.0 mm/s and h =  0.0 mm; H, u0 =  40.0 mm/s and h =  0.0 mm; I, u0 =  5.0 mm/s and h =  0.0 mm.
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Kazuki Kikuchi and Hajime Naruse382

Figure 4.  Cross-sectional view of the dynamic pressure fields at y =  150 mm. A, u0 =  80.0 mm/s and h =  6.0 mm; 
B, u0 =  80.0 mm/s and h =  5.0 mm; C, u0 =  80.0 mm/s and h =  4.0 mm.

ded in a non-erodible solid object that was 300 ×  300 × 
5 mm (Figure 1B).

Calculation domain and mesh grids
The calculation domain was set to 300 ×  300 ×  200 mm 

for all experiments, and the 3D model of Paleodictyon 
was placed on the bottom of the flume. Two types of mesh 
blocks were set in the domain. Mesh block 1 covered the 
entire region of the calculation domain, and was 10 mm in 
grid spacing. Mesh block 2 covered an area of 80 ×  80 × 
13 mm around Paleodictyon, with 0.5 mm grid spacing to 
reproduce detailed flow dynamics near the burrow system 
(Figure 2). In this study, the streamwise direction was set 
parallel to the x-coordinates. The boundary conditions of 
the flow velocity at the upstream end (x =  0 mm) were 
varied from 5 to 80 mm/s. In the Atlantic Ocean, where 
modern Paleodictyon was observed, flow up to 80 mm/s 
was recorded 150 m above the seafloor (Rona et al., 2009). 
Therefore, it is possible that the bottom current velocity 
near the sediment-water interface may be lower than this 
case, so the upper limit was set to 80 mm/s in this study. 
The numerical experiments in this study were conducted 
at nine different initial flow velocities u0 (5 mm/s at the 
start, increasing from 10 to 80 mm/s at 10 mm/s inter-
vals). The flow duration was 20 s for each experiment. 
At the upstream end (x =  0 mm), the boundary condi-
tions involved a constant flow velocity, which also varied 
from 5 mm/s at the beginning, and 10–80 mm/s, at 10 
mm/s intervals for each experiment. For lateral sides of 

the calculation domains, periodic boundary conditions 
were applied (y =  0, 300 mm). Outflow boundary con-
ditions (Flow Science, Inc., 2012) were involved at the 
downstream end (x =  300 mm). In all experiments, the 
calculation domain was entirely filled with water (20℃ 
in temperature), and the wall boundary conditions were 
applied to the upper boundary (z =  200 mm).

Evaluation of the ventilation rate in burrows
The ventilation rate in a burrow was estimated as the 

volumetric discharge of outflow from the hexagonal mesh 
structure through the vertical shafts. The z-component of 
velocity in each vertical shaft was measured at an eleva-
tion of 2.5 mm above the mesh structure. Then, the venti-
lation rate Qv was computed as
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where n denotes the number of vertical shafts, wi is 
expressed by the averaged z-directional velocity for the 
i-th shaft, and A is the cross-sectional area of a shaft (A = 
0.785 mm2 in this study).

Results

Flow velocity and pressure field around the mound
In all cases, the bottom current flowed parallel to the 

geometry of the seafloor, and flow separation behind the 
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Morphological function of Paleodictyon 383

mound was not observable (Figure 3). The velocity differ-
ence between the marginal and center areas of the mounds 
ranged from 3.7 to 70.0 mm/s.

The pressure in the calculation domain around the bur-
row system ranged from 1,829 to 1,929 Pa (Figure 3). 
The pressure tended to be higher with increasing bottom 
current velocity. The difference in water pressure between 
the center and marginal areas of the shield-like mound 

ranged from 9.8 to 79.2 Pa, depending on the velocity of 
the bottom currents or height of the mound (Figure 3). 
A dynamic pressure of up to 2.5 Pa was observed on the 
upstream side of the mounds (Figure 4). In the case of 
flat topography, there was no pressure difference between 
the center and marginal areas of the burrow system or the 
velocity (Figure 3G–I).

Figure 5.  Change of velocity magnitude in the mesh structure at z =  3.0 mm depending on height of the shield-like mound ℎ. The 
initial bottom current velocity u0 was 80.0 mm/s in all cases. A, ℎ =  8.0 mm; B, ℎ =  6.0 mm; C, ℎ =  5.0 mm; D, ℎ =  4.0 mm; E, ℎ = 
3.0 mm; F, ℎ =  0.0 mm (no shield-like mound).
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Kazuki Kikuchi and Hajime Naruse384

Figure 6.  Examples of distribution of z-directional velocity in the vertical shafts at z =  4.5 mm and t =  20 s. The shield-like mound 
becomes higher on the upper columns and the bottom current velocity increases rightward in rows. The colors of each point show the 
z-directional velocity: the red points indicate outflow from vertical shafts and the blue points show inflow to the hexagonal mesh structure. 
Bottom current direction was from left to right. A–C, h =  8 mm; D–F, h =  4 mm; G–I, h =  0 mm (no shield-like mound).

Flow velocity field inside the burrow systems
Flow velocity up to 6.3 mm/s was observed inside the 

mesh structure in the experiments with the shield-like 
mounds (Figure 5). The velocity magnitude increased 

depending on the bottom current velocity, and tended to 
be higher in the upstream region of the burrow than in 
the downstream region (Figure 5A–E). Conversely, in the 
case of experiments with flat topography, almost no flow 
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Morphological function of Paleodictyon 385

discharge was observed in the mesh structure (Figure 5F).
Vertical flows of ventilated water inside the mesh struc-

ture were observed in most cases, while the flow velocity 
depended on both of the bottom current and height of the 
mound-like topography. The flow velocities at time t = 
20 s ranged from −6.9 to 5.0 mm/s. Although the velocity 
field inside the vertical shafts did not change over time, 
the flow velocity largely varied depending on the location 
in the mound. Outlet and inlet flows were observed in the 
central and marginal areas of the mound, respectively. At 
u0 =  8.0 mm/s and h =  8.0 mm, the vertical flow veloc-
ity tended to be positive, and was up to 5.0 mm/s in the 
central area. In contrast, velocity in the marginal area was 
negative, at least −4.0 mm/s (Figure 6C). Furthermore, 
the location of the outlet coincides to that of low-pressure 
region (Figures 3, 6). The velocity of the inlet and outlet 
flows depended on both the initial bottom current velocity 
(u0) and the height of the shield-like mound (h) (Figure 
6). In the case of a low u0 (5–30 mm/s), the maximum 
velocity in the vertical shafts was lower than 1 mm/s. 
In contrast, it reached 5 mm/s in the higher u0 cases 
(40–80 mm/s), which is 10 to 100 times higher than that 
of the cases with a lower flow velocity. In addition, the 
absolute value of the flow velocity in the vertical shafts 
tended to increase with an increase in h (Figure 6).

In the case of experiments with flat topography, the cir-
culating flow was developed in a vertical shaft, in which 
the opposite directional flows were observed in a single 
vertical shaft (Figure 6G–I). In this case, the net flux of 
the outlet or inlet flow in a vertical shaft was approxi-
mately zero; therefore, this circulating flow inside the 
vertical shafts did not contribute to the ventilation of the 
water in the mesh tunnels.

Ventilation rate
The ventilation rate Qv was calculated for the verti-

cal shafts without circulation flow. The time series of Qv 
showed that they achieved steady state in a few seconds 
after the simulation started (Figure 7). Therefore, this 
study calculated Qv at t =  20 s for each condition.

The general trend is that Qv increased with increasing 
u0 and h (Figures 8, 9). For instance, when u0 increased 
by 1 mm/s at any given h, Qv becomes 1.4–5.0 times 
larger (Figure 9B). In contrast, at a constant u0, Qv 
increases approximately 1.2–2.0 times when h increases 
by 1 mm (Figure 9A). The largest Qv (=  46.18 mm3/s) 
was recorded at u0 =  80 mm/s and h =  8 mm. How-
ever, changes in Qv associated with increasing h are not 
a monotonic increase. A higher h leads to a higher Qv 
between h =  0 to 4 mm, and then Qv decreases once at 
h =  5 mm. In the range of h =  6–8 mm, Qv increases 
again with increasing h (Figures 8, 9A). In the cases of 
no shield-like mound, Qv was 0 because the circulation 

flow occurred.

Shear velocity
The maximum shear velocity on the bottom surface 

ranged from 1.78 ×  10 −3 to 1.22 ×  10 −2 m/s in numeri-
cal experiments of this study. In general trend, the shear 
velocity on the upstream side of the shield-like mound 
was higher than that on the downstream side (Figure 10). 
The maximum shear velocity increased associated with 
increase of the mound height (Figure 10). The highest 
shear velocity (1.22 ×  10 −2) was observed on the top of 
the mound in the case of h =  8 mm and u0 =  80 mm/s.

Figure 7.  Examples of time series of Qv.

Figure 8.  Distribution of ventilation rate Qv on the u0–h 
plane.
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Kazuki Kikuchi and Hajime Naruse386

Figure 9.  Fluctuation of ventilation rate Qv associated with increase in height of shield-like mound h (left column) and bottom current 
velocity u0 (right column). A, B, Ventilation rates from all the vertical shafts; C, D, Ventilation rates from the vertical shafts on the upstream 
side (x ≤ 150 mm); E, F, Ventilation rates from the vertical shafts on the downstream side (x >  150 mm).
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Morphological function of Paleodictyon 387

Discussion

The results of fluid simulations suggest that the ven-
tilation of the water between the bottom water and the 
mesh structure occurs when the shield-like mound exists 
on the top of the burrow system. These results support the 
hypothesis that the shield-like mound and vertical shafts 
are useful for ventilation. In the cases where Paleodictyon 
has no shield-like mound, ventilation between the bottom 
water and the mesh structure did not occur (Figures 8, 
9). The pressure fields suggest that the ventilation was 
mainly caused by the pressure difference that resulted 
from the dynamic pressure of the bottom current at the 
slope of the mound (Figure 4).

The height of the shield-like mound strongly affects 
the ventilation rate, which increases as the mound height 
increases, except for the region from 4 to 5 mm. The 
decrease in the ventilation rate Qv at h =  5 mm might be 
a result of interference of the flow within the mesh struc-
ture. In the experiments with 0–4 mm mound elevation, 
the internal flow in the upstream region of the mound is 
much larger than that in the downstream (Figure 5). The 
ventilation system was active mainly in the upstream 
region as the result. In contrast, the internal flow in the 
downstream region became active at a mound elevation 
above 4 mm. The decline of the ventilation rate coincides 
with this activation of the downstream region of the bur-
row system (Figures 4, 9C, E). This implies that it became 

transiently difficult for the bottom water to find the effi-
cient flow paths in the mesh structure from the upstream 
side, due to the increase in inflow from the downstream 
side.

The height of the shield-like mound observed in mod-
ern Paleodictyon specimens can be interpreted as a con-
sequence of balancing the high ventilation rate and the 
physical stability of the mounds. Modern Paleodictyon 
specimens collected by Rona et al. (2009) had shield-
like mounds that were up to 5 mm in height (Rona et 
al., 2009), although the original height might have been 
slightly lower because the mounds might be deformed 
and emphasized by the process of core sampling. If the 
Paleodictyon producers formed a shield-like mound in 
order to gain high ventilation efficiency, it is preferable 
for them to build a higher mound. However, high shield-
mounds are physically unstable because the higher bed 
shear stress causes erosion on the top of the mounds.

Here, the stability of the mound against erosion is dis-
cussed from the results of numerical calculations. The 
critical shear stress τ c

*  for initiation of motion of fine-
grained, noncohesive sediments can be estimated as fol-
lowing empirical equation (Garcia, 2008):

	 τ c ep
* ..= −0 135 0 261R 	 (7)

where Rep is the particle Reynolds number which is given 
by

A B

0.000 0.004 0.008 0.012
Shear velocity [m/s]

Figure 10.  Shear velocity field on the shield-like mounds at u0 =  80 mm/s and t =  20 s. A, h =  4 mm; B, h =  8 mm.
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R

gRDD
ep =

v

	
(8)

where v is the kinetic viscosity of water which is 10 −6 
m2/s at 20℃, g is the gravitational acceleration, R denotes 
the submerged specific gravity of the sediment (1.65), 
and D is expressed by the sediment particle diameter. The 
Shields number τ* can be calculated by

	
τ * *=

u

gRD

2 	
(9)

where u* is the shear velocity. The Paleodictyon mound 
reported by Rona et al. (2009) was composed of lutite, 
i.e. silt or clay particles. When the sediment particle 
diameter D is set to the maximum size of silt particle 
(=  0.063 mm), the critical shear stress τ c

*  is calculated 
as 0.112. In the case of h =  4 mm and u0 =  80 mm/s, the 
maximum shear velocity on the shield-like mound was 
1.05 ×  10 −2 (Figure 10), so that τ* was 0.108, which is 
less than the critical shear stress τ c

* . This implies that no 
sediment motion occurs at this condition. In contrast, τ* = 
0.147 was calculated using the maximum shear veloc-
ity 1.22 ×  10 −2 at the condition h =  8 mm and u0 = 
80 mm/s (Figure 10). This value is larger than the criti-
cal shear stress, suggesting the possibility that sediment 
transport and resulting erosion on the top of the mounds 
higher than 4 mm. Furthermore, even if the shield-like 
mound was formed above 7 mm, the ventilation rate did 
not change significantly (Figure 9A). Taking these into 
consideration, the height of modern shield-like mounds 
is reasonable for the Paleodictyon producers because of 
the balance between a relatively high ventilation rate and 
physical stability.

The results of the numerical experiments indicate that 
the water in the mesh structure can be fully ventilated 
for less than several minutes. In the case of h = 4 mm 
and u0 = 80 mm/s, the ventilation rate is calculated as 
21.3 mm3/s (Figure 9), and the volume of the mesh struc-
ture in the 3D models was approximately 518.1 mm3. 
Therefore, approximately 4% of water in the mesh struc-
ture can be exchanged each second. This indicates that a 
25 s duration of 80 mm/s bottom current can fully venti-
late the water in the mesh structure. Even if the bottom 
current velocity is 40 mm/s, it takes only approximately 
2 min for complete ventilation. Note that the values of 
ventilation rate may be different in the natural cases in 
comparison to that from the calculation because of low 
temperature in actual deep-marine although the calcula-
tions reflect some tendencies. Since the water tempera-
ture at the time of Paleodictyon formation is unknown, 
the calculations in this study tentatively set the water tem-
perature to 20°C. However, if we assume that water tem-
perature is 4℃, the kinetic viscosity becomes 1.6 ×  10 −6 

m2/s, which is approximately 1.6 times as high as that 
at 20℃. Therefore, if the Reynolds similarity law holds, 
the same phenomenon as in the present numerical experi-
ments occurs at this water temperature when the flow 
velocity is 1.6 times as high as the value set in this study.

The optimized morphology of the burrow system of 
Paleodictyon to ventilate water inside the mesh structure 
implies the ecology of the producer. Ventilation may be 
useful for respiration and/or feeding of the producer that 
requires the exchange of water in the burrow system. 
Although the Paleodictyon-producing animal remains 
unknown, Paleodictyon has been suggested as a biogenic 
sedimentary structure by a single or colonial burrower 
(Wetzel, 2000), farming trace (Seilacher, 1977; Monaco, 
2008), or an impression of an infaunal xenophyphore, 
which is a large agglutinating protist (Swinbanks, 1982; 
Tendal et al., 1982; Levin, 1994). Levin (1994) implied 
that vertical shafts in the Paleodictyon burrow system can 
be used as the outlets of pseudopodia, or the vents to oxy-
genate the body of the xenophyphore. The results of our 
numerical experiments support the latter possibility. In 
any case, further investigation to determine the producer 
of Paleodictyon will provide more insights into the func-
tion of the morphology of this burrow system.

Conclusions

Fluid simulations indicate that the vertical shafts within 
the mound-like shape of the Paleodictyon burrow sys-
tem serves to ventilate the water inside its burrow tubes 
through a mesh structure. This passive ventilation with 
bottom currents requires a shield-like mound on the top 
of the burrow system, which causes a pressure differ-
ence between the top and marginal areas of the mound. 
The pressure difference was caused by the dynamic pres-
sure on the upstream side of the mound. In the case of no 
shield-like mound, seawater circulated only in the verti-
cal shaft and did not exchange beyond the sediment-water 
interface. As the height of the mound increases, the value 
of the ventilation rate also increases and reaches a maxi-
mum at a height h =  4 mm. After this local peak, the ven-
tilation rate was lowered, in the range of 4–6 mm, then 
the rate increased again with the height of the mound. 
Thus, larger values of mound height result in higher 
rates of ventilation. However, physical instability also 
occurs because of high bed shear stress when the mound 
becomes too high. Indeed, the actual height of the mound 
of modern Paleodictyon matched the height correspond-
ing to the local peak of the ventilation rate, implying that 
it can be a balanced condition between water exchange 
and the stability of the burrow system. Even though the 
Paleodictyon producers still remain unknown, this opti-
mized morphology for the function to ventilate the water 
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in burrow tubes may be a key in understanding their ecol-
ogy.
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