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ABSTRACT: Offshore drilling and production operations can result in spills or leaks of hydrocarbons
into seabed sediments, which can potentially contaminate these sediments with oil. If this oil later migrates to the water surface it has the potential for negative environmental impacts. For proper contingency planning and to avoid larger consequences in the environment, it is essential to understand mechanisms and rates for hydrocarbon migration from oil containing sediments to the water surface as well
as how much will remain trapped in the sediments. It is believed that the amount of oil transported out
of the sediment can be affected by tidal pumping, a common form of subterranean groundwater discharge (SGD). However, we could find no study experimentally investigating the phenomenon of fluid
flow in subsea sediments containing oil and the effects of tidal pumping. This study presents an experimental investigation of tidal pumping to determine if it is a possible mechanism that may contribute to
the appearance of an oil sheen on the ocean surface above a sediment bed containing oil. An experimental apparatus was constructed of clear PVC pipe allowing for oil migration to be monitored as it flowed
out of a sand pack containing oil, while tidal pressure oscillations were applied in three different manners. The effect of tidal pumping was simulated via compression of air above the water (which simulated
the increasing static head from tidal exchange). Experimental results show that sustained oil release occurred from all tests, and tests with oscillating pressure produced for longer periods of time. Furthermore, the experimental results showed that the oil migration rate was affected by grain size, oil saturation, and oscillation wave type. In all oscillating experiments the rate and ultimate recovery was less than
the comparable static experiments. For the conditions studied, the experimental results indicate that
with an oscillating pressure on top of a sand pack, movement of a non-replenishing source of oil is suppressed by pressure oscillation.
KEY WORDS: tidal pumping, oil migration sediments, oil release rate.
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INTRODUCTION
Tidal pumping is a phenomenon frequently studied in the
field of oceanography, and is a main mechanism for subterranean groundwater discharge (SGD), a phenomenon responsible
for nutrient influx, and a common environmental problem associated with harmful algal blooms (LaRoche et al., 1997). SGD
is defined as “any flow of water on continental margins from
the seabed to the coastal ocean, regardless of fluid composition
or driving force” (Burnett et al., 2006).
Li et al. (2009) describes SGD and tidal pumping using a
number of categories to explain the fluid-fluid interchange occurring. Later authors outline a number of requirements for the
appearance of groundwater-seawater exchange, three of which
include: (1) a terrestrial hydraulic gradient resulting from water
flowing from high (on land) to the low (ocean); (2) hydraulic

connectivity across a permeable barrier; (3) convection induced
by a denser fluid (seawater) overlaying a lighter one (freshwater) (Li et al., 2009). In this study, these three mechanisms driving SGD are applied, albeit in a two-phase oil and water system
where the lighter fluid is oil instead of freshwater.
The question addressed in this study is whether oil trapped
in subsea sediments can be mobilized during SGD, particularly
in association with an oscillatory flow associated with tidal
pumping. To the authors’ knowledge, no such study has been
carried out. The scenario in question is illustrated in Fig. 1.
Understanding the oil release to the surface in this type of scenario will be important to quantify the environmental impact of
underwater sediments which are contaminated with oil from
underwater seepages or subterranean spills.
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Figure 1. Diagram of tidal pumping experiment studied.
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EXPERIMENTAL APPARATUS
Table 1 shows the different parameters investigated for
each experimental run and its corresponding pressure oscillation pattern. These experiments have the objective of evaluating
the oil migration for different oscillation configurations. Oscillating pressure conditions are meant to represent tidal changes
present in the offshore environment, which may affect the oil
migration from underwater oil-contaminated sediments. Different patterns were also investigated to evaluate the effect in oil
migration due to the rate of change in pressure as a consequence of tidal changes. Pressure oscillations were created
using a three-way solenoid valve, a timer relay, a pressure regulator and a pressure source (air tank), as shown in Fig. 2. The
pressure oscillation patterns were obtained by varying the time
or period to activate the time relay.
The experimental apparatus used in the present work consists
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of a clear PVC pipe, 8-ft long and 4-in ID, packed with one of two
sand types: Granusil 5005 (150 µm) and UNIMIN 20/40 (400–
841 µm). Two different oil types were used in this study: I. SAE
30 motor oil–viscosity≈135 cp; density≈0.875 g/mL. II. Canola
cooking oil–viscosity≈35 cp; density≈0.921 g/mL.
Pressure in the experiment was measured with two pressure transducers: one at the top of the experimental pipe and
one at the bottom, in order to measure hydraulic connectivity
between the two locations.
Oil volume recovered was measured using a time-lapse
camera and image processing software (Photron, 2013). This
software was used to measure the height of oil floating at the
top of the water surface in the pipe. Knowing the pipe diameter,
the oil volume recovered was obtained multiplying area of the
pipe by the height of oil measured from the camera images. The
camera recoded images for the oil height every 1.5 h.

Table 1 Overview of different experimental runs
Pressure oscillation type

Parameter of analyze

Test run#

Static test (no oscillation)

Different grain sizes

1

Different oil types

2

Different oil-contamination fractions

3

Square-wave pressure oscillation

Pressure oscillation type

4

Smooth-Wave pressure osicllation

Pressure oscillation type

5

Figure 2. Schematic diagram of the experimental setup.

A water reservoir was also added to the experimental setup,
connected to the bottom of the pipe to mimic a high level water
source. This water reservoir was sufficiently large that the water
level in the reservoir would not change significantly during the
pressure oscillations induced in the experimental pipe. In other
words, the pressure in the bottom of the sandpack remained
constant (as it would if well connected hydraulically to a
constant-head onshore source); the oscillating pressure on the
top of the sand pack thus mimics the changing head associated
with the tidal exchange (which in turn creates changing pressure gradients inside the sandpack).
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EXPERIMENTAL PROCEDURE
One of the two different oil types was funneled slowly
from the top of the sand pack allowing for minimal disturbance
to the sand face while introducing oil into the sandpack. Simultaneously, a valve at the bottom of the pipe was opened allow-

ing the oil to flow into the sandpack from top to bottom. At the
first drop of oil in the valve at the bottom of the sandpack, this
valve was closed, the total oil volume added to the sand pack
was recorded, and the sand was assumed to have its maximum
oil saturation at this point, as shown in Fig. 3a. The oil contamination fraction (fo) is defined as the ratio between the height
of oil-contaminated zone (ho) and the total height of the sandpack (h).
A second loading mechanism was used to create 15% oilcontaminated fraction. The main reason for this second situation is to evaluate if an isolated oil-containing zone can produce
oil by buoyant forces under static and oscillating pressure conditions. Also, we wanted to show if sediments with smaller
contaminated fractions show lower or higher percentage oil
recovery (e.g., ratio between the oil volume recovered at the
water surface and total volume of oil added to the sandpack).
A known amount of water and sand was prepared in a slurry and poured into the pipe, followed by a known amount of oil,
water, and sand mixed and poured on top of the previous slurry.
This procedure created a layered pattern as shown in Fig. 3b.
Once loading was completed by either of the two methods described in Fig. 3, water was added slowly on top of the contaminated sandpack until the water in the pipe was the same
height as water located in the constant-head reservoir, as illustrated in Fig. 2. The constant-head reservoir previously filled
with water was then hydraulically connected to the bottom of
the experiment pipe. The experiment began once water had
been added on top of the sandpack and the valve connecting the
barrel and pipe was opened.
In all experiments, the percentage of volume of oil recovered is defined by the following ratio
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fo=100%, and (b) fo=15%.

% Vol Recovered
 oil vol. recovered at water surface 
 ⋅100
= 
initial volume of oil



(1)

All experimental tests in Table 1 were repeated twice to
evaluate repeatability of the experimental procedure. The repeatability evaluation showed differences no larger than ±5% for
all tests.
3 RESULTS AND DICUSSION
3.1 Static Experiments
The mechanisms for upward oil migration in the static experiment are a combination of buoyancy driven flow and countercurrent imbibition of water into the contaminated zone. At
the outset of the experiment, globules of oil begin forming at
the sandface. A larger number of these “nucleation sites” for oil
globules were observed for the small grain size sand when
compared to the large size grain sand.
The time at which the migration ends is governed by a
balance between buoyant and interfacial forces. Prior to this
time, the rate of oil released from the contaminated zone is
governed by the balance between the viscous forces associated
with flow and the interfacial and gravity forces driving it upward. As water begins to replace the pore space previously
occupied by oil, interfacial forces decrease and oil blobs can
become disconnected, thus leading to the final equilibrium state.
The process can be significantly affected by certain properties
of this system.
Three properties were tested in the static experiment: effect of sand grain size, oil type and oil contamination fraction.
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Figure 3. Two different loading schemes were used in the experiments, (a)
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Figure 4. Comparison between sand grain types for the static experiment.

48 h. Both results are in agreement with the results for a similar
system obtained by Tokunaga et al. (2000). Also, Schechter et
al. (1994) suggested that for the imbibition processes if the
inverse of the Bond number (NB-1) is higher than 5, the flow is
capillary dominated, and for NB-1<<1 it is gravity dominated.
Inverse Bond number is defined by the following expression
(Schechter et al., 1994)

N B−1 = C

σ

φ

k
ΔρgH

(2)

where σ is the interfacial tension, ϕ is the porosity in fraction, k is
the permeability in m2, Δρ is the density difference between the
wetting and non-wetting phases, g is the acceleration of gravity,
H is the height, and C is a constant (C=0.4 for capillary tubes).
For our experiments the inverse Bond numbers are NB-1=
1 815 for the Granusil 5005 (150 µm), and NB-1=115 for the
UNIMIN 20/40 (400–841 µm) sand. The estimated values for
all parameters used to calculate the inverse Bond number are
given in Table 2. Therefore, based on the observation of
Schechter et al. (1994), it is possible to conclude that our experiments for both sand types are capillary dominated. However,
the higher value for NB-1 for the fine grain sand explains the
lower oil volume recovery for this sand type, as capillary forces
are larger and can stop oil migration for lower water saturations
Table 2 Estimated fluid and sand properties used to calculate
capillary and bond numbers
Property

Units

Value

Surface tension, σ

N/m

0.05

Contact angle, γ
Oil viscosity

3.1.1 Different sand grain sizes
Two water-wet sand grain sizes were used: a fine grain
(150 µm) and an unsorted coarse grain (400–841 µm). The
primary finding was that grain size affects total oil recovered
and migration rate, as shown in Fig. 4.
The effect due to sand type was relatively large. The sand
with larger permeability shows significantly more oil recovered
at the surface. The large-grain-sand released nearly 75% of the
entrapped oil, while the fine-grain sand released only 15% after
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Oil density
Angle between flow and horizontal direction
Gravity
Water viscosity

º

30

Pa·s

0.135

kg/m3

875

º

90

m/s2

9.82

Pa·s

0.001

kg/m3

998

Permeability for Granusil 5005 (150 µm) sand

m2

1e-9

Permeability for UNIMIN 20/40 (400–841 µm) sand

m2

1e-12

Water density

Sand porosity for Granusil 5005 (150 µm) sand

-

0.30

Sand porosity for UNIMIN 20/40 (400–841 µm) sand

-

0.15
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Ca =

uo μ o
σ cos γ

(3)

Bo ′ =

( ρ w − ρ o ) g sin(θ ) k
σ cos(γ )φ

(4)

where uo is the Darcy velocity of oil.
Tokunaga et al. concluded that a stable piston like displacement occurred for large Ca/Bo′ ratios, and an unstable,
fingering occurred for small values of Ca/Bo′ ratios, as shown
in Fig. 5. For our experiments using two sand types, we calculated capillary and modified Bond numbers and obtained the
results presented in Fig. 5 by the red and blue dots. The estimated values for all parameters used to calculate capillary and
modified Bond numbers are given in Table 2.
For both sand types, our results matched the observations
of Tokunaga et al., when a large number of nucleation site of oil
globules were observed for the small grain size (blue dot), indicating stable displacement (which would have a more uniform
distribution on the sand face). For the large grain size sand (red
dot), a few nucleation sites were observed in our experiments,
which match with the results capillary fingering obtained by
Tokunaga et al. (2000). The larger grain sand has both a higher
porosity and a larger permeability. The larger permeability and
1.E-03

3.1.2 Different oil types
Figure 6 presents the experimental results for the two oil
types. When comparing the SAE30 to cooking oil, the percent
difference in mobilized oil was about 10% after a 48 h test. The
oil recovered for the SAE30 was substantially larger after 18 h.
We believe this early difference can be attributed to the formation
of an emulsion in the SAE motor oil experiment. The SAE motor
oil has surfactants added to the oil that create an emulsion when
mixed with water. Unfortunately, this emulsion contains small air
bubbles, which increases the visual volume of oil at the water
surface. While the quantity recovered was artificially increased at
the water surface, the emulsion was likely not the sole reason for
the migration rate and ultimate recovery to be larger. For the
motor oil result, a larger fluid density differential between the oil
type and the water leads to a larger buoyant force, and the surfactants in the motor oil may also have lowered the interfacial forces,
allowing greater mobilization.
3.1.3

Different oil contamination fractions (fo)
As shown in Fig. 7, oil contamination fraction affects
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Figure 6. Comparison of oil types for the static experiment.
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Capillary number
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Capillary fingering
Tokunaga et al. (2000)
Stable displacement
Capillary fingering
This study
Stable displacement

larger pore diameters allow for less viscous and capillary resistance against the buoyancy driven oil migration mechanism.
The larger permeability allows for the migration of oil at larger
rates compared to that of the finer grain sand and for a lower
final oil saturation.

% Volume recovered

(e.g., higher oil saturations). Even though the flow is capillary
dominated, for both sand types the experimental data show that
is possible to obtain oil migration to the water surface for the
conditions investigated in this study.
The oil-water migration can occur in two possible ways: (i)
counter-current flow, and (ii) co-current flow created by the
water fingering into oil-contaminated zone of the sand pack. In
the co-current flow water is coming from the water reservoir.
Tokunaga et al. (2000) experimentally investigated the migration of oil in a similar system; they injected oil through a
column of glass-beads saturated with water. The authors correlated oil displacement patterns with capillary and modified
Bond number defined as
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Figure 5. Displacement pattern results obtained by Tokunaga et al. (2000).
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Their results show that a stable piston like displacement occurred for large
Ca/Bo′ ratios, and an unstable, fingering occurred for small values of Ca/Bo′
ratios. Capillary and Bond number are indicated for the static experiments in
this study using large grain (red dot) and small grain (blue dot) sizes.
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Figure 7. Comparison of different oil saturations for the static pressure
experiment.
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ultimate recovery. Lower initial oil saturation corresponds to less
movable oil, and the system reaches residual oil saturation faster
when compared to a system with larger oil saturation. This result
was both expected and substantial with the fo=100% producing
approximately 75% in the first 48 h, while the fo=15% sample
produced only 40% of the oil in place at 48 h.
3.2

Square Wave Pressure Oscillations
The initial oscillation experiment was run using 18
seconds of +1.5 psig (16.2 psia) followed by 30 minutes of 0
psig (14.7 psia), as illustrated in Fig. 8. The pressure oscillation of 1.5 psi was selected to replicate similar pressure variations at the seabed sediments when compared to tide levels in
the Gulf of Mexico, which can vary up to 3 ft between low
and high tides.
Figure 9 presents the results for the volume of oil recovered for the square wave pressure oscillations test for fo=100%.
These results suggest that tidal pumping was capable of suppressing oil migration when compared to the static pressure
tests. For the square wave pressure oscillation test, the volume
recovered measured after 48 h was around 20%, which was
significantly lower than the 75% oil recovery for the static test
with the same oil type and saturation.
In the experiment with square wave pressure oscillations,
sudden pressure changes may have resulted in a surge of water
invading the sandface in a short period of time.

better representation of the shape of actual tidal waves, albeit in
a shorter period compared to the actual tide cycle. The wave’s
period was 90 s, while still allowing for a significantly slower
pressure increase and decrease when compared to the square
wave oscillations.
The experimental results in Fig. 11 indicate that the
Smooth-wave pressure oscillations also decrease the oil release
from the sediments compared to static conditions. Figure 11
shows that the amount of oil recovered for static pressure is
approximately 30%, while for tests with Smooth pressure wave
the recovered volume is only 20%, for the sand type, and oil
viscosity and density. Even though the test with smooth pressure wave has an oil saturation (fo=100%) higher than the test
with static pressure (fo=15%), the amount of oil recovered is
still lower for tests with the smooth pressure wave. These results suggest that an oscillating pressure above a saturated subsea sand bed would produce oil more slowly and likely over a
longer period of time than is produced under static pressure
even when the oil saturation is low.

Figure 10. Smooth-wave pressure oscillations diagram.
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3.3

Smooth-Wave Pressure Oscillations
One can argue that a sudden pressure oscillation may not
produce the same results as slow pressure variations, which
would better simulate tidal changes. Therefore, smooth-wave
pressure tests were performed to compare the results of sudden
and smooth-wave pressure changes.
The second oscillating experiment used smooth-wave
pressure oscillations as illustrated in Fig. 10. This allowed for a
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Figure 11. Static runs compared to smooth-wave pressure oscillations runs

Figure 8. Uneven square pressure oscillation diagram.

with the same oil saturation.

% Volume recovered

80

μo=135 cp
ρo=0.875 g/mL
sand grain size=400–841 μm

60

4

Static pressure–fo=100%
40
Uneven-square pressure waves
fo=100%

20

0

0

6

12

18
24
30
Time (hours)

36

42

48

Figure 9. Oil migration vs time for the static experiment and uneven square
wave oscillation.

CONCLUSIONS
Vertical displacement of oil by water in a sand pack was
completed in this experiment and the effects relating to an oscillating pressure above an oil containing sandpack were studied. The following conclusions were found from the analysis
of the experimental data.
(a) Results with oscillating pressure suggest that the effect
of tidal pumping can suppress oil migration for contaminated
sediments. When the oil migration rate is compared for static
versus oscillating tests, the experimental results shows that the
oil migration is suppressed for oscillating conditions. This experimental observation suggests that underwater sediments
under the effects of tidal pumping could retain oil contaminants,
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creating a slower release of oil.
(b) One potential impact of the previous conclusion is for
cases of oil leaking from subsea wellheads, including cases
where the leak has been sealed. Observations of oil at the water
surface would not be conclusive of a continued leak as it may
indicate release from contaminated sediments.
(c) The effect of sand grain size is an important parameter in the migration of oil. The experiments with coarse grain
sand had four times larger oil volume recovered at the surface
when compared to fine grain sand. This effect was attributed
primarily to differences in capillary pressure with differences
in permeability between the two sand types as a secondary
contributor.
(d) Oil type affected the ultimate recovery. A lower viscosity and higher density fluid (cooking oil) showed less ultimate
recovery than a higher viscosity lower density fluid (SAE30).
The result did not scale directly with viscosity (oil recovery
only changed by 50% for a variation in viscosity of about four
times); hence interfacial tension differences between the two
oils may also have affected the result. Surfactants in the SAE30
oil also may have impacted the observations.
(e) As expected, oil saturation affected the ultimate recovery and migration rate of oil. Lower initial oil saturation means
a lower volume of oil that can be mobilized before the remaining oil is trapped by capillary forces.
(f) In all oscillating experiments, the rate and ultimate recovery was less than the comparable static experiments. This
result suggests that with an oscillating pressure on top of a sand
pack (mimicking a tidal exchange), a non-replenishing source
of oil can be mobilized for an extended period of time.
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NOMENCLAUTRE
Ca

Capillary number (-)

Bo′

Modified Bond number (-)

k

Permeability (m2)

g

Acceleration of gravity (m/s2)

H

Height (m)

NB

Bond number (-)

uo

Darcian oil velocity (m/s)

μo

Oil viscosity (Pa·s)

μw

Water viscosity (Pa·s)

γ

Contact angle (º)

θ

Angle between fluid flow and horizontal direction (º)

ρo

Oil density (kg/m3)

ρw

Water density (kg/m3)



Porosity (-)

fo

Oil contamination fraction
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