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Magnetic resonance imaging (MRI) provides a means of monitoring the change in position and the eventual
breakdown of oil within sediments. The multidimensional technique allows the position of nuclei (most commonly
protons) to be located within a known volume of substrate, e.g. sediment, hence offering a method of assessing the
harming potential of oils in near-shore environments. Two-dimensional (2D) and three-dimensional (3D) MRI
analyses of the measurement and movement of oil in estuarine sediments show that, using appropriate parameters,
movement of the oil can be both observed and quantified. To aid the quantification a sample holder fabricated from
polyvinylsiloxane, an inert material visible in magnetic resonance images has been used as an internal intensity
standard. The results show the great potential of MRI in studying protonated contaminants in these materials,
notwithstanding the presence of paramagnetic species in estuarine sediments which might distort the image.

Sediments studied thus far have been collected from the Tay Estuary, Northeast Scotland.
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Introduction

Magnetic resonance imaging (MRI) is used widely in hospitals as
a diagnostic tool allowing medical practitioners to observe the
internal organs of patients. This technique, which is a direct
development of nuclear magnetic resonance (NMR) spectroscopy,
has considerable potential in a wide range of applications related to
environmental science [19]. In the present study, magnets of
considerably greater field strength and with a smaller bore than
those found in hospitals were used; this allowed samples to be
imaged to a much higher resolution, potentially pixels or voxels
down to between 5 and 10 ym on a side compared to the 5 mm
typically attained by conventional MRI [15]. Work similar to that
reported here could, in fact, be carried out in such a hospital MRI
set up. MRI is non-invasive and non-destructive. Its use allows
specimens to be re-examined over time or after treatment (e.g.
after the addition of pollutants). As its name implies, NMR
spectroscopy measures the interactions of atomic nuclei with
magnetic fields. Different atomic nuclei have different nuclear spins
and when a powerful magnetic field is applied, these nuclear spins
align themselves to the field in a finite number of allowed
orientations. Applying a force can perturb these orientations, e.g.
from a burst of radio frequency (rf) energy from which the energy
needed to cause the perturbation is absorbed. After initial
absorption, the energy is retransmitted again as rf as the nuclei
relax. It is this re-transmitted rf which is detected. Although the
nuclei of many isotopes can theoretically be imaged, sensitivity
restraints limit the range to a select few of which the hydrogen
nucleus ('H) is, by far, the most commonly observed. Intra- and
intermolecular interactions, along with the strength of the applied
magnetic field, determine the frequency at which energy is
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absorbed. In a uniform field, therefore, moieties of the same type,
in equivalent environments, will absorb energy (or resonate) at the
same frequency. The superimposition of a linear magnetic field
gradient on the original field introduces a spatial dimension and the
nuclei (here 'H) — chemically equivalent but physically
separated along the gradient — will resonate at a frequency
governed by the strength of the gradient and their respective
positions. By applying three orthogonal field gradients, it is
possible to generate a three-dimensional (3D) map of the
distribution of the protons. The density of 'H, moderated by
restraints imposed by their physical and chemical environment,
dictates the intensity of the signal [4]. Image intensity and contrast
are further dependent on image acquisition parameters, which can
be varied to highlight different features within the sample. Thus, a
MR image of oil in sediment shows bright areas corresponding to
the area in which oil is present; this area, or volume, can be
accurately measured and, by running consecutive images, the
direction and rate of diffusion measured. The level of intensity is
proportional to the local oil concentration. Much work relating to
the determination of fluid flow (water and oil ) has been undertaken
on oil-bearing strata particularly in the sphere of oil well logging
[1,10,17,18,20,25,35,36].

At present, most geophysical applications of NMR relate to the
study of dispersive flow in model or representative systems, usually
porous media, including the study of particles forming chromato-
graphy beds [2,3,6-9,13,16,21-24,26,27,32,33,34].

Applications in the field of environmental science and
engineering, particularly biodegradation, biotransformation and
contaminant retardation, are becoming more common [6,11,12,19].
In marine science, progress is limited to structural characterisation;
e.g. humic acids in marine sediments using C-13 NMR [31].
Imaging liquids in sediments has until recently been thought to be
very difficult, if not impossible. It has now been shown [5,29] that
with suitable parameters, both the presence of protonic impurities
and their movement in sediments can be observed. The potential of
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Table 1 Image intensity measured for different volumes of oil added

Table 3 Acquisition parameters

Amount of Intensity
oil added
Dry 3.39%10*
(background noise level)
400 1l 3.53%10*
800 pl 3.61x10*
1600 pl 3.85x10*

Intensities are averages of duplicate samples.

using MRI in the characterisation and diagnostics of hydrocarbon -
contaminated soils using simulated porous media has been
examined [28]. Imaging was based on hydrogen nuclei MR
signals detecting water and hydrocarbon-rich liquids (e.g. TCE;
trichloroethylene) residing in pore spaces. NMR spectroscopy is
also being successfully applied to the study of hydrophobicity in
oil-contaminated soils [30] and to soil organic matter content
[14].

In sediments, a range of factors influences image acquisition;
many of these lead to localized distortion of the applied magnetic
field and field gradients. The effects of air spaces, liquid/air and
liquid/liquid interfaces on the homogeneity of the magnetic field
can be negated by using a two-pulse acquisition sequence which
refocuses the magnetization in a time equal to twice the gap
between the pulses (this is known as the time to echo, TE).
Another factor influencing image acquisition is the effect of
paramagnetic species within the mineral structure of the sediment
on the relaxation time (the time taken for the nuclei to retransmit
absorbed rf, T5) of the excited nuclei.

Where the concentration of paramagnetic species is high, 7,
can be very short, and if TE is long compared to T, then the
signal will totally decay before it can be collected. In order to
make this method quantitative, it is necessary to include a
reference in close proximity to the sample being measured, the
image intensity of which will act as a standard against which the
intensity of the image of the contaminated material might be
measured and quantified.

In the series of experiments reported here, 3D images of samples
of sediment, contaminated and uncontaminated, were obtained. The
samples were held in a container made of polyvinylsiloxane.
Polyvinylsiloxane is visible using MRI and thus fulfills a dual role
as holder and reference.

Under normal conditions, the main requirement of MRI is to
produce an image at the best resolution available. This can be
time - consuming. In these experiments, quantification of contami-
nant distribution, measured in the shortest possible time, was
considered paramount. In an imaging experiment, it is necessary to
acquire a two-dimensional (2D) data array or a 3D data array to
produce 2D and 3D images, respectively. Taken in the simplest
terms, to collect data for a 128 x 128 x 128 voxel image, a matrix of
256x128x128 data points must be constructed. All 256 points in
the read direction are collected serially in a very short time;
however, to maintain resolution, this must be collected 128 x128

Table 2 Sediment characteristics

Loss on ignition (2 h at 800°C): 2.05%
Coulter LS230 laser analysis: 75.2% sand, 23.3% silt, 1.5% clay

Sweep width 125,000 Hz
Pulse width 10 us (90°)
Repetition time ls

Echo time 2.35 ms
Field of view (30 mm)?
Sample AR35 Figures 1-3

Matrix size (128)3
Voxel size (240 pm)?

Sample AR31 Figure 4; sample AR37 Figure 8
Matrix size 128%x32x32
Voxel size 240%980%980 pm?

times. It was decided that in order to minimize acquisition time,
resolution would be kept to a maximum in the gravity-driven
direction but reduced in the other two. Consequently, data were
collected into 256 x32x32 matrices, reducing the acquisition time
by a factor of 16.

Making use of this method of data acquisition, the movement of
oil down a column of sediment was followed over a 72-h period.

Materials and methods

Sample collection and handling
Sediments were sampled from a site at Invergowrie Bay (Grid ref.
OS 357 297) using a grab sampler of modified van Veen design
(0.25 m® volume) with added teeth to collect material more
effectively (commissioned by the Tay Estuary Research Center).
The grab penetrates bottom sediments to a depth of 10 cm. Samples
were collected, returned to the laboratory, and air-dried for
immediate use.

Subsamples were examined in the MR imager with no pre-
preparation. An inert polyvinylsiloxane sample holder (Coltene

Figure 1 Transverse slice; air-dried sediment saturated with diesel oil.



President Impression Material; 23 mmx17 mm i.d.) was filled
with artificially contaminated sediment (Granville diesel oil 15
W/40). An aliquot of oil (Table 1) was added to the
sediment. The sample holder was subsequently placed in a 25-
mm o.d. glass tube and inserted into the magnet. Image data
collection was started immediately. Sediment characteristics
were determined using a Coulter Particle Size Analyser LS 230
(Table 2).

NMR imaging experiments

NMR images were accumulated on a Bruker AM300/WB FT
NMR spectrometer fitted with a Bruker Microimaging probe using
a 25-mm saddle resonator.

Imaging data were accumulated using a standard Bruker 3D spin
echo sequence (XYSE3D). By keeping the time to echo (TE) to
<4 ms, it was possible to image oil in marine sediments containing
3% Fe. Acquisition parameters are given in Table 3.

Results

Figure 1 shows a transverse slice out of a 128 voxel® image
(interpolated to 192 voxel®) of the polyvinylsiloxane container
with a sample of air-dried sediment saturated with diesel oil. Both
the container and the diesel oil in the sediment can be seen in the
image; the slight distortions in the intensity of the container are
almost certainly due to the effects of paramagnetic materials in the
sediment. Figures 2 and 3 show a longitudinal view of a maximum
intensity projection through the full 3D data set from which the
slice shown in Figure 1 was extracted, and a longitudinal view of an
electronically sliced surface - rendered reconstruction from the same
data set, respectively. In the case of the latter, a range of grey levels
representing the container and a range representing higher levels of
contamination were selected. Figure 2 shows signs of the effects of
paramagnetism. This highlights a secondary role of the reference

Figure 2 Longitudinal view of maximum intensity projection of
Figure 1.
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Figure 3 Longitudinal view of surface - rendered projection of Figure 1.

material, in that the effects of the paramagnetic materials in the
sediment are observable and serve as an indicator of their strength.
In Figure 3, the distribution of oil density is instantly observable. As
can be seen, oil has concentrated near the top, the bottom and down
one side. The oil was originally evenly distributed through the
sample and this shows the position after 36 h.

The image shown in Figure 4 is of sediment containing 800 1l
diesel oil; these data were collected as an 128x32x32 matrix
which gives maximum resolution along the longitudinal axis only.
This data set was collected in only 1 h. It allows sufficient
information on concentration and movement to be collected in a

Figure 4 Air-dried sediment with 800 ul diesel oil added.
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Figure 5 Image showing position of section used to calculate
variations in pixel intensity across a sample.

short time. The 128 voxel® images shown in the other figures
(Figures 1-3) took 36 h to collect. As an indication of the ability
to quantify intensities, Figure 6 shows an intensity profile through
the slice in Figure 5. Modern software also allows integration of
intensities over variable areas of the image (not shown). Using
the acquisition parameters for images, such as that in Figure 4, a
series of samples with different concentrations of oil was imaged.
The area of the sediment was integrated for each image and the
intensity, when plotted, gave a linear calibration curve (Table 1
and Figure 7). This again demonstrates the quantitative nature of
these experiments.
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Figure 6 Graph to show variation in pixel intensity through a
contaminated sediment. Pixel numbers range from 0 to 192.
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Figure 7 Graph to show measured proton density in arbitrary units
vs. volume of oil added to the sediment sample.

Intensity profiles collected from the centre of a plug of sediment
in the sample holder are shown in Figure 8. Trace A shows the
penetration of oil during the first hour after addition, trace B after 36
h and trace C after 72 h.

Discussion

The distribution of oil in the polyvinylsiloxane container can be
seen clearly in Figures 1 and 2. There are some distortions: the
image intensity of the container is not completely uniform in the
lateral slice, while in Figure 2, the overall shape of the container
is distorted slightly (this is clearer in Figure 3, a surface
reconstruction of the full 3D data set cut in half to show the
outline of the container). There are several possible reasons for
these effects. The intensity changes could be due to the size of the
sample. Samples, which completely fill the resonator, can affect
the applied rf, leading to changes in the intensity of images. These
distortions usually involve two areas of increased intensity
diametrically opposite to each other. Distortion of the shape can
simply be the result of a badly set up instrument, but is more
likely to be the effect of paramagnetic materials in the sediment
coupled with susceptibility effects. Close examination of the
images indicates that the latter could be the cause of the
distortions. In Figure 1, there is a slight streaking (left to right) in
the image of the oil. In Figure 2, the top corner of the container is
bent to the right. These effects are indications of susceptibility
artefacts brought about by a mixture of the presence of
paramagnetics and the various interfaces present in the sample
[5,29]. These could be totally removed by using stronger applied
magnetic field gradients (not possible with the instrument used in
this study), but the effect seen here is not a major one. This is
emphasised when, instead of looking directly at the image
intensity, an intensity profile is examined. Figure 6 shows a
profile measured along the section shown in Figure 5. The
intensity distribution is uniform.

If the area containing oil is integrated, a measure of the intensity
can be obtained. Figure 7 shows that a plot of the measured
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Figure 8 Three longitudinal profiles of image intensity down the central axis of a column of sediment contaminated from the top by dripping oil
onto it. (A) The first hour after contamination; (B) after 36 h and (C) after 72 h.

intensity of a series of samples vs. the volume of oil added to the
sediment in each is linear. This further justifies the use of this
technique to follow oil movement in sediments.

As discussed above, the time needed to acquire images can be
often be too long to give a meaningful result. Figure 4 shows an
image of the container used to hold the sediment samples acquired
using a 128x32x32 data matrix. The reduction in time needed for
the collection of these data allows oil diffusion to be measured over
a meaningful time (1 h).

Using this acquisition protocol, movement of oil through the
sediment can easily be measured. Figure 8 shows profiles of image
intensity, which are a measure of oil density, along the central axis
of the sediment column. Profile A, measured immediately after
addition of the oil, shows a rounded profile. If the leading edge of
the profile (the oil is moving down the column, to the left in the
image) is visually examined, the sharp drop in intensity would
indicate the diffusion in Case 2. However, the other profiles B and
C, measured at 36 and 72 h, respectively, show that the diffusion is
definitely Fician. It is likely that the initial profile (A) is more an
indication of the effect of dripping oil on the sediment surface than
a direct effect of diffusion.

By combining sample container with reference material, it has
been demonstrated that MRI offers a new and important method
for quantitatively assessing concentration (and potential move-
ment) of oil in marine sediments, offering a method of
determining the harming potential, in terms of the spread, of
pollutant oils in the estuarine environment. Sacrifice of resolution
in the transverse plane with maximum resolution in the
longitudinal axis allows relatively rapid sample accumulation
permitting dynamic changes to be followed. Such an analytical
protocol could be used for calculating the extent to which longer-
term remedial action is required when oil residues reach coastal
areas by allowing the effects of pollution incidents to be
understood in greater detail. Over succeeding years, improve-
ments in environmental quality could be monitored, allowing
recovery rates to be calculated.

Although in its infancy, the reported technique could lend itself
well to the estimation of contaminant decay rates and provide a

method for determining the effectiveness of bioremediation
strategies.
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