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Abstract: Petroleum reservoir models are currently built from two-dimensional (2-D) infor-
mation. An understanding of both the large-scale and internal three-dimensional (3-D) architec-
ture of turbidite channel deposits is important for both hydrocarbon exploration and production.
A ground penetrating radar (GPR) survey was undertaken on a study site exposing Upper Car-
boniferous Ross Formation deposits in western Ireland. Both channel margins and intrachannel
fill were imaged in 3-D. Constant-offset, 2-D reflection sections were calibrated by vertical radar
profiles. GPR data were integrated with sedimentary and survey data to produce a 3-D model
of the study site.

In petroleum reservoirs, highly detailed, down-
borehole information constrains near-well geology,
but only a very small amount of the reservoir is
sampled. Where spacing between wells is relatively
large (typical values in the North Sea being
~1000 m, Henson pers. comm.), the inter-well vol-
ume is poorly understood. Conventional seismic
datasets over reservoirs can identify large-scale
sedimentary features, such as 15–25 m-thick sand
bodies observed on moderate-quality two-
dimensional (2-D) seismic lines (Weber 1993).
Kolla et al. (2001) detailed how high-resolution,
closely spaced three-dimensional (3-D) seismic
surveys of Tertiary deposits offshore of Angola
could resolve sinuous turbidite channels in 3-D.
However, while seismic datasets usually cover the
whole reservoir, their low resolution has been a
limiting factor in interpreting internal architectures,
which can prove barriers to reservoir flow,
especially laterally (Arnot et al. 1997).

Studies of outcrops of analogous reservoir rocks
can provide quantitative data on the inter-well vol-
umes, which can then be used to populate reservoir
models (e.g. Stephens et al. 2001). Outcrop ana-
logue studies generally involve detailed analysis
of well-exposed 2-D, planar-like cliff-faces
(methodology summarized in Arnot & Lewis,
1997). Subsequent measurements obtained have to
be manipulated to account for the problem of esti-
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mating ‘partial’ geometries of architectures bigger
than the outcrop itself, a major drawback when
using outcrops. Geehan (1993) and Geehan and
Underwood (1993) presented a mathematical sol-
ution by measuring ‘complete’ bed lengths, observ-
able in outcrops, and mathematically calculating
the most probable ‘partial’ bed lengths. Visser and
Chessa (2000) produce a refinement of this method,
removing outcrop length as a factor, based on con-
ditional probability theory.

While typical outcrop exposures allow detailed
characterization of 2-D vertical sections through
channel-fill deposits, they rarely provide data on the
detailed planform architecture. The representivity of
a single outcrop is difficult to judge; therefore current
models are built either using appropriate subsets of
a representative outcrop analogue, or using several
analogues to assess sensitivity of the model to the
input data (e.g. Beauboeuf et al. 2000). A major
problem is the uncertainty in characterizing 3-D vol-
ume. 2-D outcrop exposures have been used to gener-
ate geostatistics for modelling, but shale-horizon
lengths exposed in planar outcrops, for example, do
not fully reflect shale distributions, since they may
be influenced by the outcrop shape and orientation
(Weber 1986). Even if exposures are exceptional and
palaeocurrent direction can be inferred (Fig. 1a), the
3-D distributions cannot be known with any certainty
(Fig. 1b & c).
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Fig. 1. The schematic diagram illustrates the difficulty in
creating 3-D models from 2-D outcrop data, in this case
of a turbidite channel fill. Both (b) showing elliptical
shale units and (c) showing elliptical amalgamation sur-
faces, cutting through continuous shale horizons, honour
the observed shale lengths exposed on the strike- and dip-
sections of the outcrop shown in (a). (From Stephen et
al. 2001).

Research has been undertaken by other
researchers (Bryant et al. 2000; Xu et al. 2000)
to create 3-D digital models of outcrops. Recent
research at Heriot-Watt University has obtained 3-
D geometries from outcrop analogue sites (Pringle
et al. 2000). Our technique combines detailed sedi-
mentary field logs with GPR data and digital
photogrammetry products. Datasets are integrated
to form a digital 3-D outcrop model.

Digital outcrop model techniques were
developed in studies on Ordovician turbidites in the
Scottish Borders and on Carboniferous turbidites in
Derbyshire, UK. This paper introduces a study of
the Carboniferous Ross Formation, County Clare,
Ireland, an internationally recognized turbidite out-
crop analogue site. The aims of this research are
two-fold: (1) to create digital 3-D volumetric mod-
els of the study site, and (2) to image intrachannel
stratal patterns in 3-D. Resulting models can then
be analysed to provide 3-D quantitative data for

reservoir modellers and used as reference for reser-
voirs with similar depositional units.

Carboniferous Ross Formation

The Carboniferous (Namurian) Ross Formation
represents a thick accumulation of sandstones and
shales forming the early fill of the Western Irish
Namurian Basin (Collinson 1991). The basin
shows a systematic progradational fill from basinal
shales (Clare Shales) to deep-water shales and tur-
bidites (Ross Formation), to chaotic slope deposits
(Gull Island Formation) and shallow-water
upward-coarsening deltaic sequences (Central
Clare Group). Figure 2 shows the stratigraphic col-
umn.

The deep-water facies of the Ross Formation are
interpreted as having been deposited in front of a
major delta system, similar in size and character to
the delta system that deposited the overlying Cen-
tral Clare Group (Collinson 1991). The Ross For-
mation is very well exposed in coastal sections
around the Loop Head peninsula (Fig. 3). Here, the
formation is 380 m thick and consists of 75% sand-
stone, but rapidly thins to the north and south.
North of the Loop Head peninsula, near the Cliffs
of Moher, the Ross Formation forms only part of
a 12 m succession of black shales. Within these
shales, and within discrete shale horizons of the
turbidite sequence, Goniatites of H to R1 age have
been identified, which can be used to correlate out-
crops across the basin (Hodson 1954). Palaeocur-
rents in the Ross Formation show that sediment
was largely sourced from the southwest.

The sandstone depositional units consist pre-
dominantly of sheet-like turbidites formed within
laterally extensive, layered or amalgamated sand-
rich units. Interbedded within these sheet sand-
stones are erosional, small-scale channels, typically
100–500 m wide and 5–15 m deep. These channels
have been interpreted as being deposited from lat-
erally shifting sediment sources from deltaic and
submarine slopes (Elliott 2000a). Other features of
interest include extensive slides with large slump
folds, spectacular, large, flute-shaped scours, sand
volcanoes and small-scale sandstone dykes. Elliott
(2000b) has suggested that the ‘megaflutes’ occur
in specific distributions and may be the site of tur-
bidite channel initiation.

Bridges of Ross study site

Several turbidite channels with inclined beds com-
prising alternations of mud-clast conglomerate and
sandstones have been identified above the Ross
Slide in the Bridges of Ross outcrop (Eire grid ref-
erence: Q736506). The study site, east of the
Bridges of Ross car park, was chosen because the
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Fig. 2. Stratigraphy of the fill of the Namurian Western Irish Basin, showing the thickening of the Ross Formation
in the Shannon Estuary area. (After Collinson et al. 1991)

cliff-faces show a turbidite channel exposing both
margins and intrachannel fill (Fig. 4), with no over-
burden and almost planar top surfaces (Fig. 5). This
made GPR data acquisition relatively straightfor-
ward. The fill of this channel was described and
interpreted (Fig. 4b); it consists of medium and
thick-bedded sandstones, thin discontinuous shales
and mud-clast conglomerates deposited along
inclined bedding surfaces.

Extensive surveying using standard theodolite
equipment allowed the reconstruction of the study
site surface. A 3-D surface model of the outcrop
was generated in Roxar RMS software (Fig. 6).
Survey data from the terrace edges were used to
generate synthetic ‘faults’, which ‘offset’ the topo-
graphic surface, in order to avoid smoothing in the
generation of the surface grid. The surface top was
subdivided into ten terraces(T1–10) for easier identi-
fication (marked on Fig. 6). Note that T1 includes
more than one surface, but this area is not part of
the GPR survey site.

The west cliff-face shown in Figure 4 was also
extensively surveyed. Three sedimentary logs,
acquired at locations VRP1 and VRP2 and one
location on the eastern cliff-face, were converted
into pseudo-well logs, which have been incorpor-
ated into the models (represented by the subvertical
columns in Fig. 6).

GPR acquisition and testing

An intensive week of GPR acquisition was under-
taken at the Bridges of Ross study site in Sep-
tember 2000. A series of in-lines and cross-lines
(Fig. 7) were acquired using the fixed-offset profi-
ling technique across the top surface of the study
site, using pulseEKKO 1000 GPR equipment. Sur-
vey lines were often reprofiled using a variety of
antenna frequencies (Table 1 lists the parameters
used for profiling). Profiles were also surveyed, for
later static corrections to be applied during pro-
cessing, to account for surface rugosity.

Extensive testing was undertaken before the
main survey in order to choose the optimal domi-
nant frequency antennae to image the turbidite
channel base, channel margin and the intrachannel
fill. Figure 8 shows fixed-offset profiles acquired
on the same line (I6) using: (1) 225 MHz, and (2)
450 MHz dominant frequency antennae. Note that
statics adjustments have not been applied on these
sections (the obvious distortions at ~5.5 m occur as
a result of crossing a terrace edge). Figure 8b
shows the 450 MHz frequency antennae profile,
which images the shallow subsurface (0–25 ns)
much better than the same area profiled by the
225 MHz frequency antennae. The 110 MHz domi-
nant frequency antennae profile, not shown here,
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Fig. 3. Location map of the study area (circled), with (inset) location of the Loop Head peninsula and the outcropping
of the Shannon Group and overlying Central Clare Group. The outcrop pattern reflects the ENE–WSW-oriented Varis-
can structures. The extent of the R. circumplicantile marine band (used for dating purposes) is uncertain.

successfully imaged the channel base, but did not
resolve reflection events in intrachannel areas.
Fixed-offset profiles using 225 MHz antennae were
utilized over all the profile lines shown in Figure
7. Although these profiles imaged the whole chan-
nel (see Fig. 9 for example), intrachannel-fill
reflection events were not resolvable. A smaller
profiling survey was then undertaken over the
southwestern side of the survey area using
450 MHz dominant frequency antennae (shown as
bold lines on Fig. 7).

The frequency spectra of the reflection events
recorded with different frequency antennae in the
test lines were also analysed (Fig. 8c). The
110 MHz and 225 MHz antennae show compara-
tively narrow bandwidths, although they have the
greatest penetration depths. The 450 MHz antennae
show by far the widest bandwidth, which should
provide the best profiles. Ideally a combination of
225 MHz and 450 MHz dominant frequency profi-
ling should give the clearest picture of the shallow
subsurface. Testing all available frequencies on a
study site before a full survey commences was
shown here to be critical in order to gain the best
possible data.

Techniques to calculate site velocities

Common mid-point (CMP) gathers

As is the usual practice when acquiring GPR data,
common mid-point (CMP) gathers were acquired
on a test line (I1), using 110 MHz and 225 MHz
frequency antennae. During subsequent processing,
interval velocities between reflection events were
calculated, the average velocities derived from the
two CMPs being 0.15 m ns#1 (eight samples with a
reflection coefficient [RC] of 0.99) and 0.14 m ns#1

(five samples, with an R2 of 0.97) for the 110 MHz
and 225 MHz frequency antennae respectively.
This variation in velocities is interesting and is dis-
cussed further in Pringle et al. (2003).

Vertical radar profiles (VRPs)

Subsurface GPR reflection events need to be corre-
lated with observed geology. Research at Heriot-
Watt University has adapted the vertical seismic
profiling (VSP) technique to acquire vertical radar
profiles (VRPs) (see Pringle et al. 2003 for a more
detailed description). The transmitter and recorder
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Fig. 4. (a) Photomosaic of the western cliff-face at the Bridges of Ross study site (circled figure for scale), showing
a turbidite channel with erosive base (marked by the dashed line). VRP1 and VRP2 locations are marked, as are the
end-points of cross-lines C2 and C1. (b) Sketch of architecture shown in (a), section oriented slightly oblique to
palaeocurrent direction (northeast). Intrachannel fill of south-dipping sandstones and mud-clast conglomerates are
shown. Possible correlations with GPR interpreted horizons (s1, s2, s5, s6, s7 and s10) are marked (compare GPR
profiles in Figs 10–13).

T2

N

VRP2

VRP2/
C2

(b)

(a)

T3

T4

Fig. 5. (a) View of the top surface of the Bridges of Ross study site, looking northwestward. The planar surface
(although interrupted by terraces) was ideal for GPR profile acquisition. The top surface has been subdivided (T1–9)
for easier identification. The C2 cross-line can be seen (white tape). (b) Photograph of the VRP2 location on the
west cliff.

are left at the cliff-top, with the receiver being
moved progressively down the cliff-face at a con-
stant sample interval. After processing, the up-
going wavefield is displayed within time/distance
axes. Reflection events can then be tied to observed
sedimentological horizons on the cliff-face and

extended into the subsurface data. Unfortunately
the first VRP was corrupted, but the VRP acquired
at location VRP2 (1.86 m long) shows a strong
direct ground-wave, with an overall average velo-
city of 0.23 m ns#1 being calculated from the 95
first-arrival picks. Small velocity changes are
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Fig 5

T1
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T10Fig 4

Fig 5b
T6

Fig. 6. Standard surveying techniques (using theodolite equipment) of the study-site outcrop surface produced a set
of coordinate points (dots). These data were used to grid a 3-D surface using Roxar RMS software. The terrace edges
were modelled as ‘faults’ to help in the surface gridding process. The terraces are numbered (T1–10) for identification
on profiles. 225 MHz GPR profile locations are shown (black lines). Three sedimentary logs acquired on cliff-faces
were imported as pseudo-well logs (columns).
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Fig. 7. Plan-view map of the study area showing the
location of the GPR profiles, VRP profiles and sedimen-
tary log locations. GPR profiles included in subsequent
figures are shown as bold solid lines. Dashed lines show
the terraces (T1–10); compare with Figure 6. Note
450 MHz frequency data part-profiles lines I2, I3 and I6,
i.e. do not extend to T4 or T6 areas.

observed at reflecting horizons, which may reflect
lithological velocity variations (for further
discussion see Pringle et al. 2003). The average
velocity was used to correct elevation statics on

subsequent fixed-offset profiles, as well as con-
verting the 2-D profiles from time to depth.

GPR fixed-offset profile results and
interpretation
Once the fixed-offset profiles had been processed
using standard seismic techniques (Pringle et al.
2003, table 3), reflection events could be inter-
preted as mappable horizons. In-line I7, nearest the
west cliff-face at the northern end of the study site,
was only profiled using 225 MHz frequency
antennae (Fig. 9a). However, the northern channel
margin observed in Figure 4 could be found to cor-
relate with reflection events on the radar in-line
(Fig. 9b). The I1 in-line (used for initial frequency
tests) was profiled using all frequencies, and
reflection events were tied to nearby vertical cliff-
edges. The 450 MHz frequency profile is shown in
Figure 10a. Interpretation of this in-line (Fig. 10b)
shows dipping bedforms, which can be correlated
with observed sedimentary horizons (Fig. 10c).
This profile gave us some confidence that the high-
frequency GPR profiles were imaging subsurface
reflection events which could be correlated to
observed sedimentary horizons in cliff-faces.

Westward of in-lines I7 and I1 are in-lines I2,
I6 and I3 (see Fig. 7 for location). These in-lines
were profiled with 450 MHz frequency antennae
(Figs 11–13). Figure 11 shows the statically cor-
rected in-line I6. The mud-clast conglomerate layer
exposed on terrace T9 can be correlated with our
interpreted horizon s10, which extends below both
the T7 and T8 terraces.
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Table 1. GPR F-O, CMP and VRP profile parameters*

Instrument Antenna Acquisition Antennae Trace Time Window Stacks Sampling
system frequency technique separation sample window range interval

(MHz) (m) spacing (ns) (m) (ps)
(m)

PE100 50 F-O profile 2 0.2 300 15 512 800
PE100 100 F-O profile 1 0.2 200 10 512 800
PE100 200 F-O profile 0.5 0.1 200 10 512 800
PE1000 225 F-O profile 0.5 0.1 20 1 512 300
PE1000 450 F-O profile 0.25 0.05 20 1 512 100
PE100 100 CMP – 0.1 300 15 256 800
PE1000 225 CMP – 0.05 100 5 128 300
PE1000 225 VRP – 0.02 180 9 512 300

F-O, fixed offset
CMP, common mid-point
VRP, vertical radar profiling
*These parameters were used unless otherwise stated in the text.

From the interpreted surfaces (s1–s10) shown in
Figures 11–13, it is clear that the southerly channel
margin (represented by s8 surface) is migrating
northward and is oriented SW–NE. This reflects
the average palaeocurrent direction observed in this
study and by other authors (Elliott 2000a). Inter-
preted horizons clearly show intrachannel dipping
horizons (e.g. s5, s6 and s7). These interpreted sur-
faces have been corrected to depositional dip
(flattened on T7 surface) and correlated between in-
lines. Time values were converted to depth, and
contour plots of surfaces s5, s6 and s7 were gener-
ated (Fig. 14). Interpreted surfaces s6 (Fig. 14b)
and s7 (Fig. 14c) can be clearly seen increasing in
dip and eroding the interpreted surface s5 (Fig.
14a). From this contour information, dip and
strikes were calculated: s5 dips 1.4° toward 090°;
s6 dips 3° toward 151°; and s7 dips 3.7° toward
137°. The shallow s5 surface is dipping oblique to
channel orientation, whereas the steeper s6 and s7
surfaces are approximately parallel to channel
orientation. Contouring the surfaces produced from
correlating interpreted horizons from the GPR pro-
files was important because it shows the 3-D
geometry of the intrachannel stratal patterns.

3-D model building

Three volumetric 3-D digital models of the study
site were produced, incorporating varying degrees
of detail and input data. The simplest model was
created from surveyed data of the outcrop surface,
sedimentary log information and surfaces digitized
from the west cliff-face (Fig. 15a). Resulting hor-
izons, however, were planar, as data was simply
extrapolated from the 2-D cliff-face. A more
detailed model was produced, incorporating sur-
face data as well as interpreted subsurface horizons

imaged on the comparatively low-resolution
225 MHz frequency profiles (Fig. 15b). This was
an improvement on the initial model (Fig. 15a) as
it provides 3-D volumetric data. Interpreted hor-
izons from the 450 MHz frequency profiles were
then incorporated into a third model; the high-
resolution data shows the interpreted channel mar-
gin migrating northward (Fig. 15c).

Further work

From these models, reservoir models can now be
built, probably both deterministically and stochasti-
cally, using the surfaces to provide a framework
within which 3-D geobodies are stochastically
infilled, which honour observed bedding length,
width and thickness variations. Fluid-flow
simulations can also be undertaken on the resulting
models, to see how the 3-D intrachannel-fill hetero-
geneities, mapped from this GPR survey, affect
hydrocarbon sweep efficiency.

A further field season was planned for the sum-
mer of 2001, with the aim of acquiring many more
450MHz frequency profiles right across the study
area, at a NW–SE orientation to better capture the
channel margins. However, because of the foot-
and-mouth outbreak in the British Isles during that
time, this was prohibited. It is hoped that the site
can be returned to at a future date and the field-
work completed.

Conclusions

The 225 MHz and 450 MHz GPR profiles have
imaged the erosive discordant channel base,
exposed in the western vertical outcrop face at this
study site. In addition, southward-dipping mud-
clast conglomerate layers observed in the western
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Fig. 8. Comparison of profiles acquired on I6 in-line,
using (a) 225 MHz and (b) 450 MHz frequency antennae.
Improved resolution in the top 15 ns can be observed in
the 450 MHz section. C1 cross-line location is marked.
Note statics corrections have not been applied here, and
terrace-edge distortions are clearly observed (at ~5.5 m)
on both sections. (c) Dominant GPR frequency spectra
produced by 110 MHz, 225 MHz and 450 MHz antennae,
derived on the same section of line I1. 110 MHz and
225 MHz results show a typically narrow band. 450 MHz
antennae results are much more broadband, providing the
most useful information.

cliff-face could also be resolved using higher fre-
quency (450 MHz) GPR antennae. The southern
channel margin can be seen to be oriented NW–
SE, reflecting the palaeocurrrent trend, and can be
shown to migrate northwards. Dip and strike
measurements of inclined reflectors in intrachannel
fill have been calculated from the 3-D subsurface
information. If the 450 MHz GPR antennae are
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Fig. 9. (a) Statically corrected I7 in-line profiled using
225 MHz frequency antennae, with (b) subsequent
interpretation. Trace-sample spacing was 10 cm. The
incised surface (s8) correlates with the northern channel
margin, exposed in the vertical western outcrop face of
the survey area, m west of this in-line (see Fig. 4a).

used to acquire a 3-D reflection survey, the tur-
bidite channel fill will be fully characterized in 3-
D. Integration of sedimentary data, surveying data,
GPR profiles and interpreted horizons were used to
create 3-D digital models of the study site, with
varying detail, depending on the input data.

Presurvey testing of available antennae fre-
quencies to optimize subsequent surveys was
shown to be critical to gain the best subsurface
data. Applying elevation statics, even on relatively
planar, ancient sedimentary study sites was shown
to be important in correctly interpreting GPR
reflection events.
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Fig. 10. (a) Statically corrected I1 in-line partly profiled using 450 MHz frequency antennae, with (b) subsequent
interpretation. Trace-sample spacing was 5 cm. Interpreted horizons are numbered. Comparison with nearby outcrop
cliff-face (c) shows interpreted horizon 8 may correspond to southerly dipping mud clast conglomeratic layers.
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(a)

(b) (c)

Fig. 15. 3-D digital models of the Bridges of Ross study site, produced in Roxar RMS software. (a) Surface data of
the outcrop surface has been used to create this model. Sedimentary log information has been incorporated as pseudo-
well logs and used to correlate sedimentary horizons. (b) Interpreted horizons from 225 MHz frequency profiles have
been added to the previous model. The contoured surface is interpreted as the channel base. (c) Interpreted horizons
from 450 MHz frequency profiles have been incorporated into the surface model, showing the interpreted southerly
channel margin migrating northwards.
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