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Abstract 

Shallow-marine reservoirs are typically complex, containing hierarchically 

arranged heterogeneity in inter-well volumes, at scales that are challenging to represent 

in reservoir models.  Permeability contrasts associated with clinoforms are one such 

heterogeneity, but at present there are no modelling tools available to automate the 

generation of multiple three-dimensional (3D) clinoform surfaces.  Consequently, 

clinoforms are rarely incorporated in models of shallow-marine reservoirs, even when 

their potential impact on flow is recognized. A numerical algorithm that generates 

multiple 3D clinoforms is presented. The algorithm is validated via construction of 3D, 

surface-based reservoir models of: (1) fluvial-dominated delta-lobe deposits exposed at 

outcrop (Cretaceous Ferron Sandstone Member, Utah, USA); and (2) a deltaic reservoir 

using a sparse subsurface dataset (Jurassic Sognefjord Formation, Troll Field, Norwegian 

North Sea). 

We use a suite of 3D reservoir models constructed with the clinoform-modelling 

algorithm and outcrop-analogue data (Cretaceous Ferron Sandstone Member, Utah) to 

quantify the impact of clinoforms on fluid flow in the context of: (1) other uncertainties 

in reservoir characterisation, such as the impact of bed-scale heterogeneity on vertical 

permeability; and (2) reservoir engineering decisions, including oil production rate.  

Clinoforms are difficult to identify using production data, but our results indicate that 

they can significantly influence hydrocarbon recovery and their impact can be larger than 

that of other geological heterogeneities and of reservoir engineering decisions. 

Vertical permeability within distal delta-front facies comprising interbedded 

sandstones and shales is found to be an important influence on sweep within clinothems. 

However, it is difficult to characterize these intervals from subsurface datasets.  A digital 

outcrop modelling method is presented and applied to capture the geometry and 

architecture of sandbodies in such deposits in an outcrop analogue (G2 parasequence, 

Grassy Member, Blackhawk Formation, Utah, USA).  We use the resulting digital outcrop 

model to make a preliminary interpretation of 3D gutter cast geometry.   
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along clinoforms.  Note the significant decrease in recovery factor for the model 
with 90% barrier coverage along clinoforms.  (B) Oil (solid lines) and water 
(dashed lines) production rate as a function of time.  In the models with 90% 
barrier coverage along clinoforms, the target production rate is not met and 
water breakthrough occurs earlier than in models where barriers are not present 
along clinoforms. 
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Figure 2.12:          80 
(A) Palaeogeographic reconstruction of gross depositional environments in the 
central and northern North Sea during the early-to-mid Kimmeridgian (modified 
from Fraser et al., 2003), marked by retreat and drowning of the “Troll delta” 
system (“series-6” of the Sognefjord Formation; Dreyer et al., 2005). (B)  
Simplified outline of the Troll Field, highlighting major blocks bounded by normal 
faults that post-date deposition of the Sognefjord Formation. The location of the 
modelled area and a stratigraphic cross section across Troll West (Fig. 2.12C) are 
shown. (C) Schematic cross section through the “Troll delta” system of the 
Sognefjord Formation in Troll West, from west (palaeoseaward) to east 
(palaeolandward). Major shallow-marine tongues (labelled “series-1” to “series-
6”, using the nomenclature of Dreyer et al., 2005) and their component 
parasequences are shown (after Gibbons et al., 1993). 
 
Figure 2.13:          84 
Normal distributions, shown as black lines, for (A) clinoform length (Fig. 2.4D), 
and (B) clinoform spacing (Fig. 2.4D) generated from published seismic data from 
the Sognefjord Formation (Figures 3 and 12 in Dreyer et al., 2005).  Columns in 
grey represent the values for clinoform length and spacing drawn at random 
from the normal distribution and used to populate the Troll sector model. 
 
Figure 2.14:          88 
Surfaces generated by the clinoform-modelling algorithm for the Troll sector 
model. (A) 3D dip cross-section of clinoform surfaces in the model demonstrating 
their concave upwards geometry, and (B) 3D view of clinoform surfaces in the 
model showing close to linear clinoforms in plan-view within fault-bounded 
compartment.  Not all surfaces used in the Troll sector model (Fig. 2.15) are 
shown.  
 
Figure 2.15:          89 
(A) Plan view facies association map of the Sognefjord Formation in our Troll 
West sector model, showing the location of compartmentalizing faults and a 
horizontal well.  Cross sections along (B) depositional dip and (C) depositional 
strike, showing bounding flooding surfaces (blue), surfaces representing facies-
association boundaries (red), and clinoforms generated by the modelling 
algorithm (black) for all parasequences in the model volume. 
 
Figure 2.16:          91 
(A) Plan view facies association map of the Sognefjord Formation extracted from 
our Troll West sector model, showing the location of the horizontal well and the 
cross-section shown in (B-D).  (B) Depositional-dip-oriented cross-section 
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showing the internal facies architecture of the modelled parasequences with the 
location of barriers along the clinoforms shown as black lines. (C, D) The same 
depositional-dip-oriented cross-section showing water saturation after 1000 days 
of production, for models with (C) 0% barrier coverage along clinoforms, and (D) 
90% barrier coverage along clinoforms. 
 
Figure 2.17:          93 
(A) Oil, (B) water, and (C) gas production rates, and (D) cumulative oil production 
as a function of time in the simulation model of the Sognefjord Formation in a 
fault-bounded sector of the Troll Field (Fig. 2.12B), for production from a single 
horizontal well through gas cap expansion and aquifer influx (Fig. 2.16).  In the 
models with 90% barrier coverage along clinoforms, free gas breakthrough is 
delayed (Fig. 2.17C) and liquid production is decreased (Fig. 2.17A, B, D) relative 
to the models lacking barriers along clinoforms. 
 
Figure 3.1:          103 
Generic hierarchy of heterogeneities within fluvial-dominated deltaic reservoirs 
across a range of lengthscales. Plan view maps with corresponding cross-sections 
oriented along depositional dip are shown for three orders of stratigraphic cycle: 
(A) vertically stacked shallow-marine tongues within a basinward-thinning 
wedge; (B) an individual shallow-marine tongue comprising compensationally 
stacked delta-lobe deposits; and (C) an individual delta-lobe deposit. 
Sedimentological heterogeneity at smaller lengthscales is shown for: (D) an 
upward-coarsening clinothem succession consisting of gravity-flow sandstone 
beds bounded by clinoform surfaces within the distal delta front (dDF) facies-
association belt; (E) internal structure of an individual gravity-flow sandstone 
bed; and (F) microscopic lamination. 
 
Figure 3.2:          107 
(A) Palaeogeographic reconstruction of the late Cretaceous “Last Chance” and 
“Vernal” delta systems of the Ferron Sandstone Member of the Mancos Shale in 
present-day Utah (after Cotter, 1976). The location of a regional cross section 
shown in (B) is highlighted, as well as the location of the plan view facies-
association maps in Fig. 3.3A-E. (B) Detailed regional cross section through the 
lowermost shallow-marine tongue of the “Last Chance” delta system of the 
Ferron Sandstone Member (parasequence set 1 of Deveugle et al., 2011) (after 
Garrison Jr. and van den Bergh, 2004). Four delta-lobe deposits (parasequences 
1.4, 1.5, 1.6, and 1.7 of Deveugle et al., 2011) are modelled in this study. 
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Figure 3.3:          109 
(A-E) Maps showing the distribution of facies-association belts at the top of 
parasequences 1.4, 1.5, 1.6, and 1.7 and in the overlying coastal-plain interval 
(after Deveugle et al. 2011), with the area of the models described in this paper 
shown by dashed lines.  The regional palaeogeographic and stratigraphic context 
of the maps is illustrated in Figure 3.2. 
 
Figure 3.4:          111 
(A, D) Maps showing the distribution of facies-association belts at the top of 
shallow-marine deposits in models of stacked delta-lobe parasequences, and 
associated model cross-sections illustrating facies architecture along (B, E) 
regional depositional dip and (C, F) regional depositional strike. Two models are 
shown, either (A-C) lacking or (D-F) containing channelized fluvial sandbodies 
that truncate the underlying delta-lobe parasequences. 
 
Figure 3.5:          113 
3D perspective view showing the simulated production scheme used in the 
models of several stacked delta-lobe deposits (parasequences 1.4-1.7 and 
overlying coastal-plain deposits of Deveugle et al., 2011; Fig. 3.3A-E) illustrated 
using maps of facies-association belts at the top of the model volumes. A 
structural dip of 8° is applied to all models, which results in simulated 
waterflooding in a range of directions relative to the local depositional dip (i.e. 
azimuthal orientation) of each delta-lobe parasequence (Fig. 3.3A-E).  In all 
models, production is simulated using a line drive of four injection wells located 
down structural dip of six production wells. 
 
Figure 3.6:          119 
(A) 3D clinoform surface from parasequence 1.5 in the reservoir-scale model of 
the Ferron Sandstone (Figs. 3.2B, 3.3B), generated using the clinoform modelling 
algorithm described in Chapter 2. (B) The frequency function (Eq. 3.1) used to 
place elliptical barriers along each clinoform surface. (C) Extent of overlapping 
elliptical barriers along 3D clinoform surface in part A.  The barriers cover 80% of 
the clinoform surface.  (D) The barrier-covered clinoform surface in part C is 
translated into a transmissibility multiplier grid property in x, y, and/or z 
directions, depending on the orientation of the clinoform.  The transmissibility 
multiplier is modified for cells in the grid layer above the clinoform surface.  Grid 
cells in red are assigned a transmissibility multiplier of 1 and are open to flow, 
whereas grid cells in purple are assigned a transmissibility multiplier of 0 and act 
as a barrier to flow. 
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Figure 3.7:          124 
Average percentage change in oil recovery (green bars) and total volume of 
water produced (blue bars) in models of stacked delta-lobe deposits, observed 
when each factor in the experimental design is varied from setting 1 to setting 2 
(Table 3.1), for: (A) models that either contain or lack channelized fluvial 
sandbodies (i.e. set 1 of simulation experiments in Table 3.1); and (B) models 
that contain channelized fluvial sandbodies of varying permeability (i.e. set 2 of 
simulation experiments in Table 3.1).  If the bars lie to the right then the change 
is positive and more oil is recovered or more water is produced.  For example, if 
the models contain a 90% barrier to flow along clinoforms (setting 2), oil 
recovery decreases by c. 5% and increases the total water produced in the 
models by c. 55%  compared with models containing clinoforms with 0% barrier 
coverage (setting 1). The effects of individual factors and combinations of factors 
are displayed, where these are considered significant (i.e. >0.5% change in 
recovery factor, >1% change in total water produced). 
 
Figure 3.8:          128 
Maps and cross-sections illustrating models of stacked delta-lobe deposits that 
either (left column) lack or (right column) contain channelized fluvial sandbodies 
which erode down from overlying coastal-plain deposits.  (A) Maps of facies-
association belts near the top of the models (parasequence 1.7, Fig. 3.3D, with 
overlying coastal-plain deposits, Fig. 3.3E, removed) showing location of injection 
and production wells, and the cross-sections illustrated in parts B-E.  (B) 
Depositional-dip-oriented cross-sections showing the internal facies architecture 
of the modelled parasequences, with barriers covering 90% of each clinoform 
surface shown as black lines and the location of parasequence-bounding flooding 
surfaces shown as dashed black lines.  (C) Depositional-dip-oriented cross-
sections showing water saturation after 10 years of production for models that 
lack barriers to flow along clinoforms with a target oil production rate over 10 
years of 350 S m3/day (2200 bbl/day).  Earlier water breakthrough occurs locally 
in the model lacking channelized fluvial sandbodies (left).  (D)  Corresponding 
cross-sections showing water saturation after 10 years of production with a 
target oil production rate over 10 years of 350 S m3/day (2200 bbl/day) for 
models that have a 90% barrier to flow along clinoforms.  Early water 
breakthrough occurs in both models locally when a 90% barrier to flow along 
clinoforms is present. 
 
Figure 3.9:          130 
(A) Map of facies-association belts at the top of a single delta-lobe deposit 
extracted from our reservoir model (parasequence 1.6 in Figs. 3.3C, 3.4), showing 
location of injection and production wells, and the cross-sections illustrated in 
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parts B-E.  (B) Depositional-dip-oriented cross-section showing the internal facies 
architecture of the modelled parasequence; barriers along clinoforms are not 
shown.  Depositional-dip-oriented cross-sections showing water saturation after 
15 years of production where water has been injected via waterflooding down 
depositional dip with a target oil production rate over 20 years of 175 S m3/day 
(1100 bbl/day), from east to west, with 90% barrier coverage along clinoform 
surfaces, for models with clinoform spacing of: (C) 100 m, (D) 50 m, and (E) 25 m. 
 
Figure 3.10:          131 
Change in (A) recovery factor and (B) time of water breakthrough with increasing 
barrier coverage for models of a single delta-lobe deposit (parasequence 1.6 in 
Figs. 3.3C, 3.4, 3.10) with different spacings of clinoform surfaces.  Waterflooding 
is up structural dip and down depositional dip, with a target oil production rate 
over 20 years of 175 S m3/day (1100 bbl/day).  For 70% barrier coverage a range 
of values is given for recovery factor and date of water breakthrough.  While the 
trend used to place barriers along clinoforms and the overall percentage of the 
surface that acts as a barrier to flow is honoured, the local position of barriers 
along clinoforms changes with each stochastic realization.  
 
Figure 3.11A:          133 
Maps and cross-sections illustrating models of stacked delta-lobe deposits that 
either (left column) lack or (right column) contain channelized fluvial sandbodies 
that erode down from overlying coastal-plain deposits.  (A) Maps of facies-
association belts near the top of the models (parasequence 1.7, Fig. 3.3D, with 
overlying coastal-plain deposits, Fig. 3.3E, removed) showing location of injection 
and production wells, and the cross-sections illustrated in parts B-E.  (B) 
Depositional-dip-oriented cross-sections showing the internal facies architecture 
of the modelled parasequences with barriers covering 90% of each clinoform 
surface shown as black lines and parasequence-bounding flooding surfaces as 
dashed lines.  (C) Corresponding cross-section showing water saturation after 10 
years of production with a target oil production rate over 10 years of 350 S 
m3/day (2200 bbl/day).  Sweep is improved locally in the model containing 
channelized fluvial sandbodies (right). (D-E) shown on next page. 
 
Figure 3.11B:          134 
Cross-sections illustrating models of stacked delta-lobe deposits that either (left 
column) lack or (right column) contain channelized fluvial sandbodies that erode 
down from overlying coastal-plain deposits (location maps shown in part (A) on 
previous page). (D) Depositional-dip-oriented cross-sections showing the internal 
facies architecture of the modelled parasequences with barriers covering 90% of 
each clinoform surface shown as black lines and parasequence-bounding 
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flooding surfaces showed as dashed lines.  Note that barriers near the top of the 
clinoforms (left) have been replaced by channelized fluvial sandbodies (right).  (E) 
Corresponding cross-section showing water saturation after 10 years of 
production.  Sweep is improved, and earlier water breakthrough occurs locally in 
the model containing channelized fluvial sandbodies (right).   
 
Figure 3.12:          136 
(A) Map of facies-association belts near the top of the model of stacked delta-
lobe deposits containing channelized fluvial sandstones (with coastal-plain 
deposits, Fig. 3.3E, removed), showing the location of injection and production 
wells.  Maps of water saturation after 10 years of production, with a target oil 
production rate over 10 years of 350 S m3/day (2200 bbl/day)  for: (B) model 
containing 0% barrier coverage along clinoform surfaces and channelized fluvial 
sandbody permeability (kh) of 1 × (1793) mD, and (C-D) models containing 90% 
barrier coverage along clinoform surfaces with channelized fluvial sandbody 
permeability (kh) of (C) 1 × (1793) mD, and (D) 5 × (1793) mD.  Sweep efficiency is 
reduced when the permeability of channelized fluvial sandbodies is 5 × (1793) 
mD. 
 
Figure 3.13:          138 
Maps and cross-sections illustrating models of stacked delta-lobe deposits that 
either have zero vertical permeability or non-zero vertical permeability in distal 
delta-front facies in the presence of a 90% barrier to flow along clinoforms, in 
models that either (left column) lack or (right column) contain channelized fluvial 
sandbodies.  (A) Maps of facies-association belts near the top of the models 
(parasequence 1.7, Fig. 3.3D, with overlying coastal-plain deposits, Fig. 3.3E, 
removed) showing location of injection and production wells, and the 
cross-sections illustrated in parts in B-D.  (B) Depositional-dip-oriented cross-
section showing the internal facies architecture of the modelled parasequences 
with barriers covering 90% of each clinoform surface shown as black lines and 
parasequence-bounding flooding surfaces showed as dashed lines.  (C, D) 
Depositional-dip-oriented cross-section showing water saturation after 20 years 
of production, with a target oil production rate over 20 years of 175 S m3/day 
(2200 bbl/day), where there is (C) zero vertical permeability in dDF deposits, and 
(D) non-zero vertical permeability (kv of 7 mD) in dDF deposits. Sweep is 
improved locally in the models containing low vertical permeability (kv of 7 mD) 
in dDF deposits. 
 
Figure 3.14A:          139 
(A) Map of facies-association belts near the top of the model of stacked delta- 
lobe deposits containing channelized fluvial sandstones (with coastal-plain 
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deposits, Fig. 3.3E, removed), showing the location of injection and production 
wells. (B) Maps of water saturation for models containing 90% barrier coverage 
along clinoform surfaces and non- zero vertical permeability (kv of 7 mD) in dDF 
deposits, with a low target oil production rate over 20 years of 175 S m3/day 
(1100 bbl/day) (left column) and a higher target oil production rate over 10 years 
of 350 S m3/day (2200 bbl/day) (right column). (C-D) shown on next page. 
 
Figure 3.14B:          140 
(C) Depositional-dip-oriented cross-section showing the internal facies 
architecture of the modelled parasequences with barriers covering 90% of each 
clinoform surface shown as black lines and parasequence-bounding flooding 
surfaces showed as dashed lines (facies key and location map shown in part (A) 
on previous page). (D) Depositional-dip-oriented cross-sections showing water 
saturation at the end of production using the low target oil production rate (left 
column) and the higher target oil production rate (right column). Sweep 
efficiency is reduced when producing at the higher oil production rate. 
 
Figure 3.15:          141 
(A, B) Cross-sections of facies-association belts along the structural crest of two 
models containing multiple, stacked delta-lobe deposits (with coastal-plain 
deposits, Fig. 3.3E, removed), showing the location of production wells: (A) 0% 
barrier to flow along clinoforms, non-zero vertical permeability (kv of 7 mD) in 
dDF deposits, and no channelized fluvial sandbodies; and (B) 90% barrier to flow 
along clinoforms, zero vertical permeability in dDF deposits, and channelized 
fluvial sandbodies present. Pressure and water-saturation profiles along the 
labelled well in both models are shown in parts E-I. (C, D) Corresponding cross-
sections showing water saturation after 10 years of production with a target oil 
production rate over 10 years of 350 S m3/day (2200 bbl/day).  (E-I) Facies-
association successions, stratigraphic surfaces and pressure and water-saturation 
profiles after 10 years of production along production well (labelled in parts A-D), 
with dashed lines denoting clinoform surfaces and black lines representing 
parasequence bounding flooding surfaces.  Well data extracted from five models 
are shown, with increasing heterogeneity from left to right: (E) 0% barrier to flow 
along clinoforms, non-zero vertical permeability (kv of 7 mD) in dDF deposits, and 
no channelized fluvial sandbodies; (F) 0% barrier to flow along clinoforms, non-
zero vertical permeability (kv of 7 mD) in dDF deposits, and no channelized fluvial 
sandbodies; (G) 90% barrier to flow along clinoforms, zero vertical permeability 
(kv of 7 mD) in dDF deposits, and no channelized fluvial sandbodies; (H) 90% 
barrier to flow along clinoforms, non-zero vertical permeability (kv of 7 mD) in 
dDF deposits, and no channelized fluvial sandbodies; and (I)  90% barrier to flow 
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along clinoforms, zero vertical permeability in dDF deposits, and channelized 
fluvial sandbodies present. 
 
Figure 4.1:          148 
Outcrop view of distal lower shoreface deposits in the G2 parasequence of the 
Grassy Member, Blackhawk Formation, north of Green River, east-central Utah, 
USA (Figs. 4.4, 4.5). Note the irregular geometries of the sandstone beds. 
Photograph has no vertical exaggeration. 
 
Figure 4.2:          152 
(A) Generalised depositional model of a shoreface fronting a wave-dominated 
delta, highlighting the position of distal lower shoreface deposits relative to the 
mean fair weather wave base and mean storm wave base (modified after Howell 
et al., 2008a).  (B)  Schematic cross-section oriented along depositional strike 
illustrating heterogeneity within an upward-coarsening succession (bedset) of 
distal lower shoreface deposits bounded by clinoform surfaces (modified after 
Sech et al., 2009). Note the presence of gutter casts within the distal lower 
shoreface. 
 
Figure 4.3:          154 
Previous interpretations of gutter cast geometry in (A-B) plan view, and (C-D) 
cross-section (modified after Myrow, 1992). Gutter casts are interpreted to be 
straight (left) or sinuous (right) channelized scours that are continuous along 
their axes. 
 
Figure 4.4:          156 
(A) Location of the Mesaverde Group outcrop belt, which contains the Blackhawk 
Formation, in the Wasatch Plateau and Book Cliffs (after Hampson et al. 2012). 
The inset map (top left) shows the location of the outcrop belt on the western 
margin of the late Cretaceous Western Interior Seaway (after Kauffman & 
Caldwell, 1993). (B) Palaeogeographic map for the G2 parasequence of the 
Grassy Member, Blackhawk Formation with study area highlighted (Fig. 4.5). 
Dashed lines represent the maximum progradational extent for a particular 
facies belt (after O'Bryne and Flint, 1995). (C) Summary stratigraphic cross-
section through the Star Point Sandstone, Blackhawk Formation and lower 
Castlegate Sandstone in the Book Cliffs (after Hampson et al., 2012 and 
references therein). The tops of the lower Castlegate Sandstone and Castlegate 
Sandstone are used as local datum surfaces in the cross-section. Shallow-marine 
parasequences are numbered in the Star Point Sandstone (KSp070-010), in the 
Spring Canyon (SC4-7), Aberdeen (A1-4), Kenilworth (K1-5), Sunnyside (S1-3), 
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Grassy (G1-4) and Desert (D1-2) Members of the Blackhawk Formation, and in 
the Castlegate Sandstone (C1-3). 
 
Figure 4.5:          158 
Basemap of the study area, highlighting the sub-vertical cliff face walls in which 
the G2 parasequence of the Grassy Member is exposed. The georeferencing 
stations used to capture and spatially position outcrop data using the 
stereophotogrammetric technique are shown. 
 
Figure 4.6:          160 
Outcrop data collection and digital outcrop modelling workflow. 
 
Figure 4.7:          165 
(A) Example of stereophotogrammetry outcrop data collection technique in plan-
view and (B) oriented in front of the outcrop face.  Camera stations one and 
eight are positioned first and cross-checked to ensure that the stereoline is 
parallel to the outcrop face and that the camera lens in each position are 
oriented perpendicular to the stereoline.  Each outcrop target should appear in 
at least three photographs.  Camera position one and eight only capture the 
outcrop target and a small proportion of the outcrop face, but ensure that the 
targets at the edge of the outcrop appear in sufficient images that these parts of 
the outcrop can be triangulated. 
 
Figure 4.8:          170 
(A) Photograph of distal lower shoreface deposits in one of the studied cliff faces 
(located in Fig. 4.5). (B) Corresponding part of digital outcrop model point cloud 
with inset map view highlighting the 3D aspect of the point cloud. There is no 
vertical exaggeration in either image. 
 
Figure 4.9:          171 
(A) Part of the digital outcrop model comprising 12 point clouds.  Note the white 
rectangles at the base of the digital outcrop model, which house the reflective 
targets at their centre (located in Fig. 4.5). (B) One point cloud extracted from 
Figure 4.9A is made up of 761636 individual points. Note yellow points at the 
base of the point cloud, which are the calculated positions of the outcrop targets 
(Eq. 4.4, 4.5, 4.6, 4.7), which show close correspondence with the original 
positions on the outcrop face (white rectangles) (located in Fig. 4.5).  (C) Closer 
view of individual point cloud in Figure 4.9B, highlighting the dense point cloud 
created with less than 2 mm spacing between points.  Point clouds are shown 
with no vertical exaggeration. 
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Figure 4.10:          173 
(A-G) 2D cross-sections of gutter casts from selected photopans (located in Fig. 
4.5), illustrating the range of distributions, geometries, and internal structure of 
gutter casts in the study area. 
 
Figure 4.11:          177 
Flute cast geometry in (A) plan view, (B) flow-perpendicular cross-section, and 
(C) flow-parallel cross-section (modified after Allen, 1982). This 3D geometry can 
account for many of 2D cross-sections through gutter casts observed in the study 
area. 
 
Figure 5.1:          189 
(A) Object-based modelling approach to capture channelized sandbodies in a 
non-reservoir (mudstone) background on a fine-scale cell-based grid.  
Channelized sandbodies have a 'stair-step' geometry limited by grid resolution.  
Channelized sandbodies are shown in colour while the non-reservoir background 
and associated grid-cells are not shown.  (B) Surface-based model to capture 
channelized sandbodies in a non-reservoir (mudstone) background; each 
channelized sandbody is defined by an upper and lower surface.    (C) Close up 
view of part of the surface-based model shown in (B), meshed with tetrahedral 
elements.  The element shape and size is adapted to capture the varying size of 
the channelized sandbodies; the non-reservoir background is not meshed as it 
does not contribute to flow.  The complex sandbody architecture is well 
preserved with efficient use of mesh elements (compare Fig. 5.1A and Fig. 5.1C) 
(modified after Jackson et al., in press). 
 
Figure 5.2:          190 
Comparison of numerical solutions obtained using an adaptive mesh in a 
heterogeneous model, with those obtained using conventional methods. (A) 
View highlighting the distribution of heterogeneity in models (C) and (D).  Purple 
denotes high permeability while grey denotes low permeability.  Permeability for 
cartesian model in (B) not shown.  Water saturation at a snapshot in time (0.2 
pore-volumes injected (PVI) in (B) cartesian grid, (C) cornerpoint grid and (D) 
adaptive, unstructured mesh.  Note the variation in water saturation profiles 
between models (B) and (C) with model (D), arising from numerical dispersion 
affecting the movement of water which significantly alters the time to water 
breakthrough and oil recovery at breakthrough (modified after Jackson et al., 
2013). 
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Chapter 1 

Introduction

1.1 Classification of shallow-marine shoreline systems 

Shallow-marine systems form important reservoirs and host significant reserves 

of hydrocarbons in many major oil and gas provinces worldwide (Tyler and Finley, 1991). 

Examples include Jurassic Brent Group Reservoirs in the North Sea, offshore United 

Kingdom and Norway (e.g., Husmo et al., 2003); Tertiary reservoirs in the Niger Delta 

province, offshore Nigeria (e.g., Larue and Legarre, 2004); Miocene reservoirs in the 

Baram Delta Province, offshore Brunei Darussalam (e.g., Hodgetts et al., 2001); and 

Triassic reservoirs in the Prudhoe Bay of Alaska, USA (e.g., Begg et al., 1992).  The 

shallow-

continental, ma

(Boyd et al., 1992; Howell et al., 2008b).  Shallow-marine systems are divided into two 

broad categories: progradational or retrogradational (Howell et al., 2008b). 

Progradational systems represent shoreline movement through sediment supply from 

fluvial processes or by longshore drift that is greater than the rate of accommodation 

available through sea-level rise or subsidence (Van Wagoner et al., 1990). The converse, 

in which there is a relative sea-level rise or a reduction in sediment supply, results in 

retrogradational systems.  This study focuses on progradational shallow-marine systems 
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such as deltaic and strandplain shorelines, which are further classified by placing a 

progradational shallow-marine system within a ternary diagram according to relative 

influence of fluvial, tide or wave processes (Galloway, 1975; Ainsworth et al., 2011; 

Vakarelov and Ainsworth, 2013).  While basinal energy in the form of tides or waves, and 

fluvial energy are important controls on the characteristics of shallow-marine systems, 

they are further influenced by the nature of the sediment supply and tectonic-

physiographic setting.  The geometry and spatial distribution of facies formed by these 

processes results in complex facies architecture and distributions of geological 

heterogeneities within shallow-marine reservoirs.   

                                                                     30



1.2 Geological heterogeneity in shallow-marine reservoirs 

Within shallow-marine reservoirs, heterogeneities are hierarchically 

arranged over a range of lengthscales (Fig. 1.2) (e.g., Kjønsvik et al., 1994; Sech et al., 

2009; Fig. 3.1).  By way of illustration, a generic hierarchy of heterogeneities within 

shoreface. reservoirs (corresponding to “strandplain” in Fig. 1.1) is used here to show 

the hierarchical arrangement of common heterogeneities within shallow-marine 

reservoirs. At the field scale (c. 10 km) shallow-marine strata comprise a number 

of vertically stacked, shallow-marine tongues (parasequence sets of Van Wagoner et 

al., 1990) that interfinger with coeval offshore shales in a palaeoseaward direction, 

and with coeval coastal-plain deposits in a palaeolandward direction (Fig. 1.2A).  

Shallow-marine parasequence sets can be further subdivided into multiple 

smaller deltaic or shoreface tongues (parasequences of Van Wagoner et al., 1990).  

Parasequences can exhibit complex stacking patterns and are often bounded by laterally 

continuous low permeability flooding surfaces which can compartmentalize shallow-

marine reservoirs (e.g., Ainsworth et al., 1999) (Fig. 1.2B).  The top of each shallow- 

marine tongue and their associated coastal-plain deposits can be locally eroded by 

channelized sandbodies of different types (e.g. deltaic distributary channel fills, fluvial 

channel fills, incised valley fills) that may be genetically unrelated to the deposits they cut 

into, but which can form high permeability thief zones for fluid flow if they contain 

continuous, coarse-grained sandstones (e.g., Deveugle et al., 2011). 

Within parasequences, the geometry and distribution of clinoform surfaces 

control intraparasequence facies and permeability architecture in several ways (Fig. 1.2B) 

(Hampson, 2000, Hampson et al., 2008) (bedsets of Van Wagoner et al., 1990). 
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Clinoforms are often associated with laterally discontinuous barrier or baffles to flow and 

have been previously identified as a key control on fluid-flow and hydrocarbon recovery 

within shallow-marine reservoirs (e.g., Wehr and Brasher, 1996; Ainsworth et al., 1999; 

Dutton et al., 2000; Howell et al., 2008a, 2008b; Jackson et al., 2009; Enge and Howell, 

2010; see Chapter 3).  The nature of the heterogeneity associated with the clinoform 

surfaces is dependent on the depositional environment. Subsurface datasets indicate 

that calcite-cemented concretions are one such barrier or baffle to flow along 

clinoforms in wave-dominated shoreface systems (Jennette and Riley, 1996; Wehr and 

Brasher, 1996; Morris et al., 2006).  The dominant source of calcite cement in shallow-

marine sandstones is carbonate fossils contained within the sandstones (e.g. Fürsich, 

1982; Hudson and Andrews, 1987; Saigal and Bjørlykke, 1987; Bryant et al., 1988). 

Typically, calcite cement distribution reflects local diffusional diagenetic redistribution of 

carbonate shell material whose location was controlled by the depositional environment 

(Bjørkum and Walderhaug, 1990; Walderhaug and Bjørkum, 1998).  If the supply of 

carbonate shell material was exhausted at relatively early stage of fluid migration, the 

calcite-cemented concretions tend not to merge, whereas if the amount of carbonate 

shell material is large, the concretions may merge and form continuous calcite-cemented 

layers (Bjørkum and Walderhaug, 1990).  Mudstone and siltstone drapes along 

clinoforms are more common in fluvial-dominated systems (Howell et al., 2008b), and 

are interpreted to have been deposited during quieter periods of sediment and water 

discharge (Howell et al., 2008a).  Furthermore, clinoforms may also be marked by 

dislocations of facies types that are associated with major contrasts in reservoir 

properties (such as porosity, permeability, capillary pressure, and mobile oil saturation) 

(e.g., Kjønsvik et al., 1994; Wehr and Brasher, 1996; Larue and Legarre, 2004), where 
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variable bed-scale successions within facies types can make it difficult to predict reservoir 

properties using conventional techniques (Fig. 1.2C) (e.g., Worthington, 2000).  Smaller-

scale heterogeneities in shallow-marine reservoirs include sedimentary structures,  and 

the degree and type of bioturbation present within beds (Fig. 1.2D), and grain size and 

sorting characteristics, which control pore geometries at the microscopic scale (Fig. 1.2E).

1.3 Conventional approaches to reservoir modelling 

Fluid distribution and flow and are ultimately controlled by facies architecture 

and geologic heterogeneity (e.g., Weber, 1986; Weber and van Geuns, 1990; Kjønsvik et 

al., 1994; Wehr and Brasher, 1996; Jackson and Muggeridge 2000; White et al., 2004; 

Jackson et al., 2005, 2009).  It is therefore essential to define geological heterogeneity 

and reservoir character prior to production, in order to accurately predict likely 

hydrocarbon recovery and drainage patterns.  However in most subsurface reservoirs, 

the geological data used to constrain reservoir architecture and facies distribution are far 

from optimal.  Low-resolution but extensive 3D seismic reflection data can only resolve 

the large scale architecture of the reservoir which can be used to identify key reservoir 

faults and reservoir zonation schemes.  Detailed, but widely-spaced 2D core and well-log 

data typically sample less than 0.1% of the reservoir (North and Prosser, 1993), but 

provide no information away from wells and may not even represent a suitable 

Representative Elementary Volume (REV) for the reservoir.  Geological modellers 

therefore rely on geostatistics as a substitute for geological data to distribute facies away 

from high-resolution well data.  Geostatistical algorithms are then conditioned to, and 

qualitatively checked against, a prior interpretation of the depositional architecture and 
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stratigraphy of the reservoir that drives reservoir model construction. Two approaches 

are commonly adopted for stochastically distributing facies within reservoir models: 

object- and pixel-based techniques. 

Object based techniques (or Boolean models) simulate the distribution of 

geological features that are discrete in nature on a predefined cell-based grid (e.g., 

Haldorsen and Damsleth, 1990).  Geobodies are stochastically distributed and 

conditioned to both user defined parameters describing object geometries and trends 

and available subsurface data.  Object-based techniques are commonly used to represent 

geobodies such as channels, point-bars and lobes in fluvial settings (e.g., Deutsch and 

Wang, 1996; Colombera et al., 2012).  With pixel-based techniques each node on a grid is 

assigned a single value of the variable being modelled (e.g. facies type), which is 

dependent on both the value assigned to a neighbouring cell and the initial user defined 

constraints on the distribution of the variable.  Pixel-based methods utilise either: two-

point statistic variograms (e.g., sequential-indicator simulation (SISIM); Journel and 

Gomez-Hernandez, 1993; truncated Gaussian simulation (TGSIM); Matheron et al., 1987) 

or multiple-point statistics that extract geometrical characteristics, relationships and 

spatial distributions from predefined 3D training images (e.g., Multiple Point Statistics, 

MPS; Strebelle, 2002).  However, object- and pixel-based approaches to reservoir 

modelling are populated on a cell-based grid and are often not able to capture key 

heterogeneities.  This is because the underlying grid is defined prior to property 

distribution, and limits the spatial distribution and complexity of geometries that can be 

represented in the model (Fig. 1.3A) (Deutsch, 2002; Jackson et al., in press).  So while 

geostatistical approaches can give mathematically plausible answers, at best, they 

average finer scale aspects of reservoir architecture and, at worst, may not be 
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geologically correct or even feasible (Larue and Legarre, 2004).  While fine-scale reservoir 

(geological or static) models can allow key geometries and heterogeneities to be 

represented, they comprise a large number of grid cells. Fine-scale models then become 

computationally inefficient for multiple fluid-flow simulation experiments over a range of 

realisations.  Therefore, properties such as porosity and permeability modelled on the 

fine-scale cell-based grid are typically upscaled onto a coarser cell-based grid for fluid-

flow simulation experiments.  However, a coarser cell-based grid further limits the spatial 

distribution and complexity of geometries of heterogeneities that can be represented in 

models (e.g. Fig. 1.3B).  Alternatively, streamline simulation methods can be used on 
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these fine-scale reservoir models (e.g., Batycky et al., 1997) which are computationally 

less expensive, but make a number of simplifying assumptions to the underlying flow 

physics that may be violated in many reservoir and production scenarios (Jackson 

et al., in press; discussed in Chapter 3).  

1.4 Surface-based reservoir modelling 

Surface-based modelling has been introduced more recently as a method for reservoir 

model construction (e.g., Deutsch et al., 2001; Pyrcz et al., 2005; Zhang et al., 2009, Sech 

et al., 2009; Enge and Howell, 2010).  Surface-based modelling utilises surfaces to 

represent key geological heterogeneity prior to generating a grid for flow simulation 

(Sech et al., 2009; Jackson et al., in press).  Any structural, stratigraphic and 

sedimentological heterogeneity to be modelled are incorporated in reservoir models 

using a hierarchy of surfaces (Fig. 1.4) (Jackson et al., in press). 
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Surfaces are used to define discrete volumes, in which petrophysical properties remain 

constant (Jackson et al., in press).  The advantage of a surface-based modelling approach 

is that it allows the grid for flow simulation to be defined at the last stage of modelling so 

that geological model resolution is not limited by grid resolution. Surfaces for reservoir 

models can be generated in a number of ways. Outcrop analogue data has long been 

used to provide high resolution quantitative data on the geometry and distribution of 

heterogeneities to bridge the resolution gap between seismic and well-data.  Such 

outcrop data have traditionally been used in a qualitative way, to gain generic geological 

insights into a particular reservoir type (e.g., Van Wagoner et al., 1990), or in a 

quantitative way, such as to characterise geobody dimensions and geometries (e.g., 

Reynolds, 1999; White and Willis, 2000).  Over the last decade, several techniques have 

been developed to aid digital capture of outcrop data, with the aim of improving the 

accuracy, efficiency and repeatability of data collection.  Data for digital outcrop models 

can be collected by referencing 2D photomontages of 2D outcrop cliff faces using global 

positioning system (GPS) coordinates, and used to drape digital elevation models (DEM) 

(e.g., Deveugle et al., 2011). The accuracy of this technique however, is limited by sparse 

spatial coordinate data and perspective effects on the photomontages, in which 

measurements of sedimentary features or geobodies may be skewed by outcrop shape 

and orientation (Pringle et al., 2004).  High-resolution, 3D digital data from outcrops, can 

be captured using LIght Detection And Ranging (LIDAR) -based methods (e.g., Wehr and 

Lohr, 1999; Bellian et al., 2005; Enge and Howell, 2010). LIDAR-based methods can define 

bedding with sub meter accuracy but require a wide unobstructed view of the sky, so 

that the models can be referenced and accurately positioned using differential GPS 

(DGPS) data.  Surfaces have been deterministically interpolated between control points 
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at outcrop in both 2D models (e.g., White & Barton, 1999; White et al., 2004) and 3D 

models (Sech et al., 2009; Enge and Howell, 2010) of outcrop analogues.  However, 

purely deterministic approaches to surface-based modelling are not suitable for field-

scale reservoir models, primarily due to a paucity of data typically available from 

subsurface reservoirs relating to spatial distributions and geometries.  However, even if 

data were available, deterministic modelling would be a vastly time-consuming task, 

particularly if multiple scenarios and realizations are needed to undertake uncertainty 

analysis for the assessment of risk.  

Stochastic surface-based approaches are required to address these issues.  Any 

object- based or pixel-based facies modelling algorithm could be used to generate 

geobodies or facies distributions, but surfaces that represent facies boundaries or 

geobody boundaries are then extracted and the initial modelling grid discarded (Fig. 1.3C) 

(e.g., MacDonald et al., 1998; Jackson et al., in press).  Alternatively, surfaces can be 

generated using geostatistical approaches without recourse to an underlying cell-based 

grid (e.g., Hassanpour et al., 2013).  However, there are relatively few documented 3D 

stochastic surface-based approaches that are generic and yield algorithms that can be 

used to incorporate surfaces in reservoir models (e.g., Xie et al., 2001; Pyrcz et al., 2005; 

Zhang et al., 2009).  None of these studies document a single method that allows the 

modeller to generate and distribute surfaces using a purely deterministic or stochastic 

approach or that combines both elements.  Furthermore, previous stochastic surface-

based modelling studies focused on deepwater depositional environments (e.g., Xie et 

al., 2001; Pyrcz et al., 2005; Zhang et al., 2009) and there are currently no stochastic 

surface-based algorithms available at present to incorporate heterogeneities within 

shallow-marine reservoirs.  Finally, of the stochastic surface-based algorithms previously 
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reported, none went on to demonstrate the application of their methods to build 

geological models suitable for fluid flow simulation or assessed which heterogeneities 

were key controls on fluid flow and hydrocarbon recovery.   

 

1.5 Thesis aims and objectives 

The aim of this study is to develop a stochastic surface-based modelling 

algorithm, characterised from outcrop datasets, which can be used to incorporate 

complex heterogeneity within models of shallow-marine reservoirs.  The geometry and 

distribution of heterogeneity is to be preserved in fluid flow simulations to establish 

which heterogeneities are key controls on fluid flow and hydrocarbon recovery in 

shallow-marine reservoirs.   This thesis addresses the following principal objectives:  

 

(1) To develop an algorithm-based method to incorporate clinoform surfaces into 

models of shallow-marine reservoirs and ensure that it is sufficiently flexible to 

match clinoform geometries and distributions observed at outcrop and also to 

honour subsurface data; 

 

(2) To quantify the impact of different types of heterogeneity on fluid flow and 

hydrocarbon recovery in fluvial-dominated deltaic reservoirs; 

 

(3) Outline a method for collecting 3D, high resolution, digital outcrop data that is 

suitable for characterizing the vertical permeability of distal lower shoreface 

deposits in wave-dominated shallow-marine reservoirs. 
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1.6 Thesis structure  

 Within the context of shallow-marine environments, the term modelling may take 

on a different meaning depending on the interests of the reader.  This thesis focuses on 

aspects of geological modelling, modelling fluid flow and hydrocarbon recovery and 

digital outcrop modelling.  We begin by describing a simple conceptual framework to 

describe clinoform geometries and distributions, which allows clinoforms to be 

incorporated into reservoir volumes deposited in different shallow-marine environments 

(Chapter 2).  From this, an algorithm to model multiple clinoform surfaces in shallow-

marine reservoirs is developed.  To demonstrate the algorithm as a practical method to 

model clinoforms, we use high-resolution outcrop data to build a reservoir model of a 

well-exposed fluvial-deltaic outcrop analogue (Cretaceous Ferron Sandstone Member, 

Utah, USA).  Similarly, the algorithm is validated by generating a reservoir model using a 

sparse subsurface dataset from the deltaic Jurassic Sognefjord Formation in a sector 

model of the Troll Field, offshore Norway. Finally, we use the reservoir model of the 

Ferron Sandstone Member outcrop analogue to make preliminary observations of the 

impact of mudstone drapes along clinoform surfaces on fluid flow and hydrocarbon 

recovery under a water-flooding displacement mechanism. Similarly, we use the 

reservoir model of the subsurface Sognefjord Formation in the Troll Field sector to assess 

the potential impact of calcite cementation along clinoform surfaces on drainage 

patterns and hydrocarbon recovery under a gas cap expansion and aquifer influx 

displacement mechanism. This chapter will be submitted to the AAPG Bulletin, with my 

PhD supervisors as co-authors.  At the time of writing, we are awaiting permission from 

sponsors to submit this manuscript. 
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In Chapter 3, we use the clinoform-modelling algorithm developed in Chapter 2  

to create a suite of reservoir-scale models of a fluvial-dominated deltaic reservoir 

analogue that incorporate several stacked delta lobe deposits each containing multiple 

clinoform surfaces.  The models are used to quantify the effect of permeability contrasts 

associated with clinoform surfaces on fluid-flow and hydrocarbon recovery in the context 

of: (1) uncertainties in reservoir characterization, such as the impact of bed-scale 

heterogeneity on vertical permeability; and (2) reservoir engineering decisions, such as 

oil production rate. The implications for reservoir monitoring and management are also 

detailed. This chapter will be submitted to the AAPG Bulletin, with my PhD supervisors as 

co-authors.  At the time of writing, we are awaiting permission from sponsors to submit 

this manuscript. 

 In Chapter 4 a new method of digital outcrop data collection is described and 

validated via its application to an outcrop example of distal lower shoreface deposits in a 

wave-dominated shallow-marine reservoir analogue.  The resulting digital outcrop model 

is used to make preliminary observations of the 3D geometry and spatial distribution of 

gutter casts.  In this chapter, as well as my PhD supervisors, Gregory S. Benson 

(ExxonMobil) provided supervisory input on stereophotogrammetry data collection 

techniques.  

A list of references cited can be found at the end of the thesis. In Appendix A, the 

algorithms that were developed over the course of the project are documented and 

provided on CD-ROM, including the clinoform-modelling algorithm.  An example of an 

Eclipse 100 data input file used for the simulation experiments in Chapter 3 is included in 

Appendix B, while Appendix C details a workflow established for using Photomodeler 

Scanner® software to create digital outcrop models.  
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1.7 Journal articles and conference presentations 

Two publications arising from this research that are ready for journal submission 

are as follows: 

Graham, G. H., M. D. Jackson, and G. J. Hampson, in review a, Three-dimensional 

modeling of clinoforms within shallow-marine reservoirs: Part1. Concepts and 

application: submitted to AAPG Bulletin. 

Graham, G. H., M. D. Jackson, and G. J. Hampson, in review b, Three-dimensional 

modeling of clinoforms within shallow-marine reservoirs: Part 2. Impact on fluid 

flow and hydrocarbon recovery in fluvial-deltaic reservoirs: submitted to AAPG 

Bulletin. 

The two articles form Chapters 2 and 3 respectively.  My PhD supervisors, G. J. Hampson 

and M. D. Jackson (Imperial College London), provided supervisory guidance and editorial 

comments which also apply throughout this thesis, while I was principal investigator and 

author.  Although not explicitly presented, the results of this thesis also contributed with 

examples and figures to the following article: 

Jackson, M. D., G. J. Hampson, A. El Sheikh, J. H. Saunders, G. H. Graham, and B. Y. G. 

Massart, in press, Surface-based reservoir modelling, Sediment body geometry 

and heterogeneity: analogue studies for modelling the subsurface, Geological 

Society (London) Special Publication. 

Six presentations based on this research were given as talks or posters at international 

conferences: 
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Graham, G. H., M. D. Jackson, G. J. Hampson, R. P. Sech, and P. E. K. Deveugle, 2010, 

Three-dimensional numerical modelling of clinoforms within deltaic and shoreface 

reservoirs: Petroleum Geoscience Research Collaboration Showcase, November 

23-25, Earl's Court, London, UK. 

Graham, G. H., M. D. Jackson, G. J. Hampson, R. P. Sech, and P. E. K. Deveugle, 2011, 

Three-dimensional numerical modeling of clinoforms within deltaic and shoreface 

reservoirs: AAPG Annual Convention and Exhibition, April 10-13, Houston, Texas, 

USA. 

Graham, G. H., M. D. Jackson, G. J. Hampson, R. P. Sech, and P. E. K. Deveugle, 2011, 

Three-dimensional numerical modeling of clinoforms within deltaic and shoreface 

reservoirs: EAGE Conference and Exhibition Workshop 10: Capturing Realistic 

Sedimentary Architecture in Geo-cellular Reservoir Models - State of the Art and 

Advances from Object and Process Modelling, to Multipoint Statistics, May 23-26, 

Vienna, Austria. 

Graham, G. H., M. D. Jackson, G. J. Hampson, F. A. Dilib, R. P. Sech, and P. E. K. Deveugle, 

2012, Three-dimensional numerical modelling of clinoforms and their impact on 

fluid flow and hydrocarbon recovery within deltaic and shoreface reservoirs: 

AAPG Annual Convention and Exhibition, April 22-25, Long Beach, California, USA. 

Graham, G. H., M. D. Jackson, and G. J. Hampson, 2013, Controls on fluid flow and 

hydrocarbon recovery in a clinoform-bearing, fluvial-dominated deltaic reservoir 

analog: Ferron Sandstone, Utah: AAPG Annual Convention and Exhibition, May 

19-22, Pittsburgh, Pennsylvania, USA. 

Dilib, F. A., M. D. Jackson, G. H. Graham, and G. J. Hampson, 2013, Impact of 

heterogeneity on flow in shallow-marine reservoirs: Application to a thin oil 
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column produced via horizontal wells: AAPG Annual Convention and Exhibition, 

May 19-22, Pittsburgh, Pennsylvania, USA. 
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2.3.1 (1) Bounding surfaces that define rock volume 
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2.3.2 (2) Plan-view clinoform geometry 
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2.3.3 (3) Cross-sectional clinoform geometry 
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2.3.4 (4) Spacing and progradation direction of clinoform surfaces  
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2.3.5 Stochastic modelling of clinoforms 
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2.4.2 Model construction 
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2.4.3 Geological model results 
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2.4.4 Production strategy 
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to investigate the impact of clinoforms on fluid flow under uncertain geological and 

engineering parameters. 

 

2.4.5 Simulation results 

When clinoforms are not associated with barriers to flow, they have little impact 

on production results (Fig. 2.10C); however, if barriers occupy 90% of the clinoform 

surfaces, then clinoforms can have a significant impact on recovery.   We find that 

models that do not include barriers to flow along clinoform surfaces may overestimate 

recovery by up to 36% (compare Fig. 2.10C and Fig. 2.10D, Fig. 2.11A).

In a similar way, previous simulation studies of the Ferron Sandstone Member by Howell 

et al. (2008a) and Enge and Howell (2010) found that including clinoforms with 

impermeable barriers along them lowered hydrocarbon recovery by several tens of 

percent.   

Including clinoforms with mudstone barriers to flow along them in models of the 

Ferron Sandstone Member also considerably decreases sweep efficiency as each 

clinothem becomes hydraulically separated from its neighbours.  Consequently, 

significant oil is bypassed in the reservoir, particularly beneath barriers along clinoforms 

and at the toe of each clinothem (Fig. 2.10D).   Increased reservoir compartmentalization 

also means that the target oil production rate cannot be met and as a result, models that 

include barriers along clinoforms produce significantly lower volumes of oil per day (Fig. 

2.11B).  Enge and Howell (2010) also found that including barriers along clinoform 

surfaces in reservoir models of the Ferron Sandstone Member increased reservoir 

compartmentalization.  

Finally, models that include barriers along clinoform surfaces have earlier water 
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2.5.2 Model construction   
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2.5.3 Geological model results 
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2.5.4 Production strategy 
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2.5.5 Simulation results 
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Chapter 3

Three-dimensional modelling of clinoforms 

within shallow-marine reservoirs: Part 2. 

Impact on fluid flow and hydrocarbon 

recovery in fluvial-dominated deltaic 

reservoirs

3.1 Summary 

Permeability contrasts associated with clinoforms have been previously identified 

as an important control on fluid flow and hydrocarbon recovery in fluvial-dominated 

deltaic parasequences.  However, they are typically neglected in subsurface reservoir 

models or considered in isolation in reservoir simulation experiments, because 

clinoforms are difficult to capture using current modelling tools.  We use a suite of three-

dimensional reservoir models constructed with a novel, stochastic, surface-based 

clinoform-modelling algorithm and outcrop-analogue data (Upper Cretaceous Ferron 

Sandstone Member, Utah, USA) to quantify the impact of clinoforms on fluid flow in the 
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context of: (1) other uncertainties in reservoir characterization, such as the presence of 

channelized fluvial sandbodies and the impact of bed-scale heterogeneity on vertical 

permeability; and (2) reservoir engineering decisions, including oil production rate.   

The proportion and distribution of barriers to flow along clinoforms exert the 

greatest influence on hydrocarbon recovery; equivalent models that neglect these 

barriers overpredict recovery by up to 35%.  Continuity of channelized sandbodies that 

cut across clinoform tops, and vertical permeability within distal delta-front facies, 

influence sweep within clinothems bounded by barriers.  Sweep efficiency is reduced 

when producing at higher rates over shorter periods, because oil is bypassed at the toe of 

each clinothem.  Clinoforms are difficult to detect using production data, but our results 

indicate that they can have a significant influence on hydrocarbon recovery and their 

impact may be larger than that of other geological heterogeneities and of reservoir 

engineering decisions.  Clinoforms should be included models of fluvial-dominated 

deltaic reservoirs under certain displacement conditions in order to accurately predict 

hydrocarbon recovery and drainage patterns.  

   

3.2 Introduction  

Fluvial-dominated deltaic reservoirs often exhibit pressure compartmentalization, 

poor sweep efficiency, early water breakthrough, and lower than expected ultimate 

recovery of hydrocarbons (e.g., Begg et al., 1992; Tye et al., 1999).  These reservoirs 

consist of multiple stacked delta lobes, juxtaposed with coastal-plain and channel-fill 

deposits.  Within individual delta lobes, heterogeneity along inclined clinoform surfaces 

in delta-front deposits can create tortuous flow pathways and variable sandbody 
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connectivity (Ainsworth et al., 1999), and may contribute to these production 

characteristics.  Clinoform surfaces are formed by the progradation of delta or shoreface 

systems (Barell, 1912; Rich, 1951; Gani and Bhattacharya, 2005), are typically below 

seismic resolution, and can be difficult to correlate between wells (e.g. Ainsworth et al., 

1999; Hampson, 2000).  This can make their characterization in both static (geological) 

and dynamic (fluid-flow simulation) reservoir models difficult, such that clinoforms are 

typically omitted in models of shallow-marine reservoirs (Howell et al., 2008b).   

A number of studies have indicated that it is important to include barriers to flow 

associated with clinoforms in reservoir models, in order to accurately predict 

hydrocarbon recovery and drainage patterns in fluvial-dominated deltaic reservoirs.  

However, these studies investigated the effects of heterogeneity along clinoform 

surfaces using either two-dimensional (2D) models (e.g., White and Barton, 1999), which 

may overestimate the impact of permeability contrasts along clinoforms because they 

are assumed to be continuous in the third dimension (Jackson and Muggeridge, 2000), or 

three-dimensional (3D) models of volumes much smaller than most reservoirs (e.g., 

Forster et al., 2004; Mattson and Chan, 2004; Howell et al., 2008a; Enge and Howell, 

2010).  Deveugle et al. (2011) created a reservoir-scale, 3D model of multiple stacked 

delta-lobe deposits in an outcrop analogue, and found that sweep efficiency in stacked 

delta-lobe deposits is controlled by the orientation, continuity and permeability of 

channelized sandbodies, and by the vertical permeability of laterally extensive 

heterolithic distal delta-front deposits that form the lower part of each lobe. However, 

their models did not include clinoform surfaces.  Only one 3D reservoir-scale model that 

incorporates clinoforms in fluvial-dominated deltaic strata has been reported (Howell at 

al., 2008b), but this contained a limited number of deterministically modelled clinoforms 
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with a simplified planar geometry.  Consequently, the impact of clinoforms and their 

effect on fluid-flow and hydrocarbon recovery in reservoir-scale models of fluvial-

dominated deltaic reservoirs is still poorly understood, as no models have yet been 

developed that incorporate several stacked delta-lobe deposits, of which each contains 

multiple clinoform surfaces. 

The aim of this chapter is to quantify the impact of uncertainty in clinoform 

distribution and clinoform-related heterogeneity on fluid flow during hydrocarbon 

recovery from multiple, stacked, fluvial-dominated delta-lobe deposits in the context of: 

(1) other uncertainties in reservoir characterization, including the impact of bed-scale 

heterogeneity on vertical permeability, and the orientation and continuity of stacked 

delta-front parasequences and associated channelized sandbodies; and (2) reservoir 

engineering decisions, including oil production rate.   We use the clinoform-modelling 

algorithm described in Chapter 2 to incorporate multiple clinoform surfaces into a suite 

of reservoir-scale, surface-based 3D geological models containing several stacked delta 

lobes of varying azimuthal orientation, based on data and an existing, high-resolution 

outcrop model from an outcrop analogue, the Ferron Sandstone Member, central Utah, 

USA (Deveugle et al., 2011).  

In order to address this aim, we focus on the impact of five key parameters: (1) 

continuity of channelized fluvial sandbodies; (2) bed-scale heterogeneity in distal delta-

front facies; (3) distribution of laterally extensive mudstone barriers or baffles to flow 

along clinoforms; (4) permeability of channelized fluvial sandbodies; and (5) oil 

production rate.  Model results are compared using dynamic measures of sweep through 

the reservoir volume (e.g. recovery factor, water breakthrough), and pressure and 

saturation measurements in the modelled production wells, as a proxy for reservoir-
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monitoring techniques that are widely applied to diagnose heterogeneity during 

production. 

 

3.3 Geological heterogeneity in fluvial-dominated deltaic 

reservoirs 

We begin by presenting a hierarchy of stratigraphic and sedimentological 

heterogeneity in fluvial-dominated deltaic reservoirs (modified after the more generic 

scheme for shallow-marine reservoirs of Kjønsvik et al., 1994), which provides a 

framework to identify, organize and model the heterogeneities observed.  The hierarchy 

classifies six lengthscales of heterogeneity, from field scale (c. 10 km) to pore scale (c. 1 

mm) (Van de Graaf and Ealey, 1989).  

The largest lengthscale is represented by a basinward-thinning wedge of strata 

that records the overall advance and retreat of a delta system (“genetic sequence” sensu 

Galloway, 1989) (Fig. 3.1A). The wedge can be subdivided into a number of vertically 

stacked, shallow-marine tongues that interfinger with coeval offshore shales in a 

palaeoseaward direction, and with coeval coastal-plain deposits in a palaeolandward 

direction. The stacking of successive shallow-marine tongues defines progradation 

followed by aggradation and then retrogradation. The top of each shallow-marine tongue 

and their associated coastal-plain deposits are locally eroded by channelized sandbodies 

of different types (e.g. deltaic distributary channel fills, fluvial channel fills, incised valley 

fills). Wedges are most likely formed by changes in tectonic subsidence (e.g. Galloway, 

1989; Van Wagoner et al., 1990), although long-term autogenic processes internal to the 

source-to-sink delta system cannot be discounted (“autoretreat” sensu Muto and Steel,
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1992; Muto et al., 2007). The development and stacking of shallow-marine tongues 

within a deltaic wedge is generally attributed to a combination of relative sea-level, 

sediment supply and compactional subsidence (e.g. Galloway, 1989; Van Wagoner et al., 

1990). 

Shallow-marine tongues can be further subdivided into multiple, smaller 

stratigraphic units that are broadly equivalent to delta lobes (Fig. 3.1B). Each delta-lobe 

deposit was fed by a trunk deltaic distributary channel that branched downstream. Nodal 

avulsion of the trunk distributary channel controls the lateral switching of lobes, which 

are stacked in a compensational pattern within each shallow-marine tongue (each 

tongue thus constitutes a “delta complex” sensu Frazier, 1967) (Fig. 3.1B). This stacking is 

at least partly autogenic, and reflects internal geomorphic thresholds and 

morphodynamic responses within the delta system (Frazier, 1967; Coleman, 1988; Hoyal 

and Sheets, 2009). The application of sequence stratigraphic terminology to shallow-

marine tongues and their constituent delta-lobe deposits has been ambiguous in the 

Ferron Sandstone Member and likely in other deltaic strata also.  Shallow-marine tongues 

have been interpreted as either parasequences (e.g., Anderson and Ryer, 2004) or as 

parasequence sets in which their constituent delta-lobe deposits represent 

parasequences (e.g. Garrison and van den Bergh, 2004; Deveugle et al., 2011). Here we 

follow the latter nomenclature, with each shallow-marine tongue assigned to a 

parasequence set and each delta-lobe deposit to a parasequence. 

Within a single delta-lobe deposit, there is a proximal-to-distal trend in facies 

associations from a trunk distributary channel sandstone (CH), which branches 

downstream into terminal distributaries that are contiguous with assemblages of stream 

mouth bar sandstones (SMB) (Olariu and Bhattacharya, 2006) that in turn pass 
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successively down dip into proximal delta front sandstones (pDF), distal delta front 

heteroliths (dDF), and prodelta mudstones (PD) (e.g. Van Wagoner in Wellner et al., 

2005) (Fig. 3.1C).   Clinoform surfaces control aspects of detailed facies architecture at 

this lengthscale, such as interfingering of facies-association belts (Ainsworth et al., 1999; 

Dutton et al., 2000; Howell et al., 2008a, 2008b; Enge and Howell, 2010). Each facies-

association belt exhibits variations in bed geometry, thickness and stacking. For example, 

the dDF facies-association belt consists of sharp or erosionally based sandstone beds 

alternating with mudstones (Fig. 3.1D). Sandstone-beds are arranged into upward-

coarsening successions that are bounded by clinoform surfaces; these successions 

constitute clinothems (sensu Rich, 1951) or bedsets (e.g., Howell et al., 2008a; Enge and 

Howell, 2010). Each bed contains a vertical succession that records deposition from a 

waning, unidirectional gravity flow, such as a turbidity current or hyperpycnal flow (e.g., 

Newman and Chan, 1991; Mulder et al., 2003; Olariu et al., 2010).  Sandstone beds 

generally form sheets that thin gradually in a palaeoseaward direction, but they may be 

amalgamated as a result of localized erosion at their bases (e.g., Ryer and Anderson, 

2004; Olariu et al., 2010). Interfingering of facies-association belts and the variable bed-

scale successions within the belts reflect a variety of controls, including spatial and 

temporal (seasonal-to-millennial) variations in sediment and water discharge via the 

distributary channels (e.g., Olariu et al., 2010), and interaction of the delta front with 

basinal processes such as waves, storms and tides (e.g., Gani and Bhattacharya, 2007). 

Smaller-scale heterogeneities include sedimentary structures and the degree and type of 

bioturbation present within beds (Fig. 3.1E), and grain size and sorting characteristics, 

which control pore geometries at the microscopic scale (Fig. 3.1F). 
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3.4 Geological heterogeneity investigated in this study 

We use the hierarchy described for fluvial-dominated deltaic reservoirs (Fig. 3.1) 

as a framework to select the heterogeneities we investigate in flow simulation 

experiments.  We are particularly interested in capturing heterogeneity at the 

lengthscales within individual delta-lobe deposits (i.e. intra-parasequence scale) in 

models that comprise multiple, stacked, delta lobe deposits (Fig. 3.1B-C). Consequently, 

the models explicitly capture multiple clinoform surfaces and associated barriers, facies 

association boundaries within delta-lobe parasequences, and the geometry and 

distribution of channelized sandbodies that truncate the top of delta-lobe 

parasequences. The parameters used to describe these heterogeneities, and the range of 

values assigned to these parameters, are taken largely from a well-documented outcrop 

analogue, the Ferron Sandstone Member of east-central Utah (Fig. 3.2).  Four key 

parameters are investigated, whose character is likely to be uncertain in the subsurface 

(summarized in Table 3.1). 

3.4.1 (1) Presence of channelized fluvial sandbodies 

There is uncertainty in the interpretation that channelized fluvial sandbodies (FC 

facies association) are present in the model area (Fig. 3.3E) and cut into genetically 

unrelated, stacked delta-lobe deposits from a higher stratigraphic interval (Fig. 3.3A-D).  

The presence of channelized fluvial sandbodies is inferred from regional mapping outside 

the study area, where the basal contact of the coastal plain interval is interpreted as a 

sequence boundary marked by channelized sandbodies (Deveugle et al., 2011).  The 

presence of channelized fluvial sandbodies in subsurface fluvial-dominated deltaic
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reservoirs is subject to similar uncertainties in interpretation (e.g. Tye, 2004).  

However, even if channels are interpreted to be present in the model area there 

is still considerable uncertainty in how the channelized fluvial sandbodies are 

represented in reservoir models. The channelized fluvial sandbodies were populated in 

the model of Deveugle et al. (2011) using a single, stochastic, object-based modelling 

realization constrained by published data on sandbody dimensions (Reynolds, 1999; Tye, 
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2004). However, if further stochastic realizations of the model were generated, the 

position, geometry and orientation of the channelized sandbodies would change with 

each realization, such that channelized fluvial sandbodies may not be present in the 

study area (Fig. 3.3E).  Modelling such sandbodies in subsurface fluvial-dominated deltaic 
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reservoirs is also subject to similar uncertainty.  We consider uncertainties in 

interpretation and modelling strategies by considering two settings in the models 

presented herein, with channelized fluvial sandbodies either present (i.e. taken from the 

model of Deveugle et al., 2011) or absent (Fig. 3.4) (Table 3.1).   

3.4.2 (2) Permeability anisotropy in distal delta-front heteroliths 

Distal delta-front heteroliths consist of sharp or erosionally based sandstone beds 

alternating with mudstones (Fig. 3.1D).  Sandstone beds generally form sheets that thin 

gradually in a palaeoseaward direction, but they may be amalgamated as a result of 

localized erosion at their bases (e.g., Ryer and Anderson, 2004; Olariu et al., 2010). 

Where mudstone beds are laterally extensive, effective vertical permeability approaches 

zero.  The spatial distribution of erosion at the base of sandstone beds is poorly 

understood, but where present increases connectivity between sandstone beds that are 

otherwise isolated, thus increasing the effective vertical permeability (Haldorsen and 

Lake, 1984; Begg and Chang, 1985; Begg and King, 1985).  We consider both scenarios by 

applying kv/kh ratios of 0 and 0.1 to distal delta-front deposits in our simulation 

experiments (Table 3.1). 

3.4.3 (3) Barrier coverage along clinoform surfaces 

Heterogeneity along clinoform surfaces is subject to considerable uncertainty in 

characterization using both outcrop and subsurface datasets, such that the proportion of 

each clinoform surface that acts as a barrier to flow is poorly documented, even in well-

studied outcrop analogues (Howell et al., 2008b; Enge and Howell, 2010).  In models of 

stacked delta-lobe parasequences, we investigate end-member scenarios in which
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mudstone barriers along clinoform surfaces are either absent (0% barrier coverage along 

clinoform surfaces) or extensive (90% barrier coverage along clinoform surfaces) (Table 

3.1).  

3.4.4 (4) Permeability of channelized sandbodies 

Deveugle et al. (2011) noted that distributary channel-fill sandstones (DC facies 

association) are genetically related to the delta-lobe deposits at their down-dip 

terminations, and hence inferred that they share similar sediment-textural characteristics 

and petrophysical properties with the stream-mouth bar (SMB) facies association in the 

proximal parts of delta lobes (Fig. 3.1C). In contrast, fluvial channel-fill sandstones (FC 

facies association) (Fig. 3.3E) are genetically unrelated to underlying delta-lobe deposits, 

and may have markedly differing sediment-textural characteristics and petrophysical 

properties.  We follow the approach of Deveugle et al. (2011) by investigating the impact 

of sediment-textural characteristics such as grain size on flow (Fig. 3.1E), by assigning 

higher permeability values to channelized fluvial sandbodies.  We investigate two 

scenarios, in which permeabilities in channelized fluvial sandbodies remain the same as 

distributary channel-fill (DC) and stream-mouth bar (SMB) sandstones, or are five times 

larger (Table 3.1). 

3.5 Production strategy 

Production is simulated using a line-drive waterflood development, using 

conventional black oil simulation software, with four vertical injection wells and six 

vertical production wells spaced 750 m apart (Fig. 3.5). An example data input file used 

                                                                     112



with the simulation software can be found in Appendix B1. All wells are completed over 

the whole reservoir interval in each model.  Two scenarios are used to investigate the 

impact of production rate on sweep efficiency, with oil production and water injection 

for the groups of production and injection wells set to maintain a target production rate 

over 10 years of 350 S m3/day (2200 bbl/day), and over 20 years of 175 S m3/day (1100 

bbl/day) (Table 3.1).  Similar rates were used in fluid flow simulations of clinoform-

bearing models of the Ferron Sandstone Member in Enge and Howell (2010).  In both 

production scenarios, there is a minimum bottom hole pressure (BHP) constraint of 50 

bars (725 psi) for each production well and a maximum BHP constraint of 150 bars (2175 

psi) for each injection well.  

3.6 Design of simulation experiments 

We use an experimental design approach and analysis of variance, which allows 

the relative effects of different variables to be quantified whilst minimizing the number 
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of simulation experiments (Box and Draper 1987; Willis and White, 2000).  Two sets of 

simulation experiments were carried out using the reservoir-scale models of several, 

stacked delta-lobe deposits, in order to quantify the impact of four geological 

heterogeneities (numbered 1-4 in Table 3.1) and one engineering decision (numbered 5 

in Table 3.1) on recovery.  In the first set of simulation experiments, channelized fluvial 

sandbodies may be present or absent (Table 3.1), while in the second set, channelized 

fluvial sandbodies of varying permeability are always present (Table 3.1).  A two-level 

fractional-factorial design was used in both sets of simulation experiments, with each of 

the studied factors varied between two end-member settings (Table 3.1).   

3.7 Model construction 

We follow a surface-based approach to model construction (Sech et al., 2009; 

Jackson et al., in press), in which surfaces are used to represent both key stratigraphic 

surfaces and facies boundaries.  Surfaces are modelled before the grid is defined, so that 

model resolution is not limited by grid resolution (Jackson et al., 2009).  The geometry of 

the grid is driven by the geometry of the modelled surfaces and we simulate fluid-flow 

directly on these grids without upscaling, thus allowing the complex spatial geometries in 

the model to be preserved during flow simulation.  

3.7.1 Geological framework for clinoform-bearing models of the Ferron Sandstone 

outcrop analogue 

We focus on four delta-lobe deposits within the lowermost sandstone tongue of 

the Ferron Sandstone Member (parasequences 1.4, 1.5, 1.6 and 1.7 of Deveugle et al., 
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2011) and thin (< 10 m) overlying coastal-plain deposits in the Ivie Creek study area (Figs. 

3.3A-E, 3.4).  Each delta-lobe deposit exhibits a subtle change in plan-view aspect ratio 

(width/length) and azimuthal orientation (Fig. 3.3A-D) (Figure 11 in Deveugle et al., 

2011).  Surfaces representing parasequence-bounding flooding surfaces and facies-

association boundaries are extracted from the model of Deveugle et al. (2011) over a 

model area of 750 x 3000 m (Fig. 3.3).  There are no geological faults within the model 

volume.  In the model of stacked delta-lobe deposits (Fig. 3.4), we adjust the surface 

representing the top of the coastal-plain deposits (approximating the sub-A coal seam; 

Anderson and Ryer, 2004) so that it is horizontal over the model area, and use it as a 

reference surface from which the vertical positions of all other flooding surfaces and 

facies-association boundaries are reconstructed via isochores.  This reference horizon is 

chosen because it is underlain by the sub-A coal seam, implying that it was essentially 

palaeohorizontal (Deveugle et al., 2011).  The parasequence-bounding flooding surfaces 

at the top and base of each delta lobe deposit define the rock volume within which 

clinoform surfaces are to be modelled, and are used as an input for the clinoform-

modelling algorithm described in Chapter 2.  In a subsequent step, described in a later 

section, we apply a uniform structural dip to the model. 

  

3.7.2 Modelling the geometry and distribution of clinoform surfaces  

The clinoform-modelling algorithm (Chapter 2) allows the user to specify the plan-

view and cross-sectional geometries, distribution and progradation direction of clinoform 

surfaces within a delta-lobe deposit.  Its application to modelling clinoforms in multiple, 

stacked delta lobe deposits is outlined briefly below (for a fuller description of its 
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application, see Chapter 2).  The plan-view aspect ratio and azimuthal orientation of each 

delta-lobe deposit was taken from Deveugle et al. (2011; their Figure 11). 

Geometrical data describing the distribution, cross-sectional shape and length of 

clinoforms in depositional dip cross-section were extracted from bedding-diagram 

interpretations of Forster et al. (2004), clinoform length and dip statistics of Enge et al. 

(2010), and the LIDAR data used to create the model of Enge and Howell (2010) (Table 

3.2).  For delta-lobe deposits in which only one or two distal facies associations are 

present in the model volume (parasequences 1.4 and 1.5, Fig. 3.3A-B), we extract data 

describing clinoform geometry for each facies-association type in the area where outcrop 

data are available and use these values as inputs for applying the clinoform-modelling 

algorithm (Table 3.2).  We use the clinoform-modelling algorithm to deterministically 

model clinoform surfaces in the area where outcrop data are available, and to 

stochastically populate clinoform surfaces elsewhere in the model volume.  Clinoforms 

are distributed in each delta-lobe deposit with a uniform spacing of 100 m (e.g. Fig. 3.4), 

where clinoform spacing is defined as the horizontal distance between the top-truncation 

points of two successive clinoform surfaces (see Chapter 2).  Each delta-lobe deposit is 

interpreted to contain a dense, downstream-branching network of distributary channels 

(e.g. Wellner et al., 2005; Olariu and Bhattacharya, 2006; cf. Fig. 3.1B), which is 

represented as an erosionally based, downstream-thinning and downstream-widening 

zone lacking clinoforms in the innermost part of each modelled delta-lobe deposit (e.g. 

Fig. 3.4).  The uppermost delta-lobe parasequence (parasequence 1.7) is locally truncated 

by channelized fluvial sandbodies in some models (Fig. 3.4D-F). We then use facies-

association boundary surfaces extracted from the model of Deveugle et al., (2011), in 

combination with the clinoform surfaces and parasequence-bounding flooding surfaces,
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Table 3.2. Values of parameters used in the clinoform-modelling algorithm described in 
Chapter 2, for models of the Ferron Sandstone Member reservoir analogue. 

Parasequence Parameter Description Min.-Max. Values Units 

1.4 

tL length of top ellipse in depositional dip direction 3700 m 
tW length of top ellipse in depositional strike 

direction 
2400 m 

L clinoform length 160-980 m 
bL length of base ellipse in depositional dip 

direction 
3860-4680 m 

bW length of base ellipse in depositional strike 
direction 

2560-3380 m 

P clinoform shape function exponent 2 none 
pO axis of progradation relative to bounding 

surfaces 
50% none 

clinoform progradation angle relative to north 000 ° 
S clinoform spacing 100 m 

1.5 

tL length of top ellipse in depositional dip direction 3700 m 
tW length of top ellipse in depositional strike 

direction 
2400 m 

L clinoform length 60-1200 m 
bL length of base ellipse in depositional dip 

direction 
3760-4900 m 

bW length of base ellipse in depositional strike 
direction 

2460-3600 m 

P clinoform shape function exponent 2 none 
pO axis of progradation relative to bounding 

surfaces 
60% none 

clinoform progradation angle relative to north 314 ° 
S clinoform spacing 100 m 

1.6 

tL length of top ellipse in depositional dip direction 3700 m 
tW length of top ellipse in depositional strike 

direction 
2400 m 

L clinoform length 50-625 m 
bL length of base ellipse in depositional dip 

direction 
3750-4325 m 

bW length of base ellipse in depositional strike 
direction 

2450-3025 m 

P clinoform shape function exponent 2 none 
pO axis of progradation relative to bounding 

surfaces 
32% none 

clinoform progradation angle relative to north 274 ° 
S clinoform spacing 25, 50 or 100 m 

1.7 

tL length of top ellipse in depositional dip direction 3700 m 
tW length of top ellipse in depositional strike 

direction 
2400 m 

L clinoform length 40-490 m 
bL length of base ellipse in depositional dip 

direction 
3740-4190 m 

bW length of base ellipse in depositional strike 
direction 

2440-2890 m 

P clinoform shape function exponent 2 none 
pO axis of progradation relative to bounding 

surfaces 
50% none 

clinoform progradation angle relative to north 005 ° 
S clinoform spacing 100 m 
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to create facies-association zones within each clinothem (i.e. between each pair of 

clinoform surfaces).  Each facies-association zone is gridded separately, such that the grid 

conforms to the architecture of the flooding surfaces, clinoform surfaces, and facies-

association boundaries.  The resulting surface-based models contain up to 211 surfaces 

(5 flooding surfaces, 100 clinoform surfaces, and 106 facies-association boundaries) and 

capture the complex facies architectures and clinoform distributions within the 

parasequence set (Fig. 3.4). 

3.7.3 Modelling heterogeneity along clinoform surfaces 

We represent discontinuous, impermeable mudstone or concretionary cemented 

barriers along clinoform surfaces in the models using bodies that are elliptical in plan 

view (after the methodology of Jackson et al., 2009).  There are few outcrop datasets that 

quantify the extent or geometry of such barriers along clinoform surfaces (e.g., White 

and Willis, 2000; Hampson et al., in review).  Sensitivity tests indicate that ellipses are 

suitable objects to represent these barriers for modelling and flow simulation purposes, 

because they can be described using simple mathematical functions, and their 

abundance and overlap control barrier coverage along clinoforms provided that ellipse 

dimensions are small relative to the area of the clinoform surface (Jackson et al., 2009).  

In this case, small ellipses (<150 m diameter) are stochastically placed along each 

clinoform surface using a frequency function that decreases the probability of ellipses 

being placed along the upper part of the clinoform (Fig. 3.6B) (Appendix A1): 

 ,     (3.1) 
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where a, b and c are dimensionless constants (a = 1. 00, b = 9.65, c = -4.32) and x is the 

normalized distance from the down-dip termination of the clinoform, given by: 

,       (3.2) 

where bL and tL are the respective lengths of ellipses representing the base and top of a 

clinoform in plan view (Table 2.1), and R is a uniformly generated random number.
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In the absence of quantitative data, the constants in Eq. 3.1 are obtained through 

qualitative comparison of the function with previous studies of the Ferron Sandstone 

Member outcrops (Garrison Jr. and Van den Bergh, 2004; Howell et al., 2008a; Enge and 

Howell, 2010). This method defines the spatial distribution of barriers along a clinoform 

surface for a value of barrier coverage that is specified by the user (Fig. 3.6C).  In a final 

step, we translate barrier coverage along the clinoform surface into a grid property. The 

transmissibility of the cells in the grid layer above the clinoform surface is set to zero 

where a barrier is present, and remains one where barriers are absent (Fig. 3.6D).  We 

use this process to create models in which barrier coverage along the clinoform surfaces 

ranges from 0 to 90%. 

 

3.7.4 Modelling reservoir structure 

  The structural configuration of the reservoir influences well placement, so that 

water is injected up structural dip to production wells, and the density contrast between 

oil and water helps to stabilize the displacement front.  The relationship between 

structural dip and waterflood direction can also strongly modify the effect of depositional 

clinoform dip on sweep (Wehr and Brasher, 1996; Howell et al., 2008a; Jackson et al., 

2009).  We apply the methodology of Jackson et al., (2009) to adjust the vertical 

coordinates of the grid cells in every grid layer to impose a uniform structural dip of 8° 

that is representative of fluvial-dominated deltaic reservoirs in the Prudhoe Bay field (e.g. 

Begg et al., 1992), and shallow-marine reservoirs within tilted fault blocks in the North 

Sea (e.g. Tollas and McKinney, 1991; Wehr and Brasher, 1996; Husmo et al., 2003). For 

the model of stacked delta-lobe deposits, waterflooding is simulated up structural dip 

(Fig. 3.5), but each of the delta-lobe deposits in the model has a different azimuthal 
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orientation relative to the waterflood direction, such that some are aligned along 

depositional dip and others along depositional strike (Fig. 3.3A-D). 

 

3.7.5 Rock and fluid properties  

In the final step before fluid flow simulation, petrophysical properties are 

assigned to each facies-association type using values from an analogous subsurface 

reservoir (Table 1 of Deveugle et al., 2011).  In all models, a single value of porosity and 

permeability is assigned to each facies association (Table 3.3).  We use this approach 

 
Table 3.3. Reservoir, rock and fluid properties used in models of the Ferron Sandstone 
Member reservoir analogue.   

Reservoir properties Value Units 
Reservoir pressure (Pr) 100 bar
Top (single parasequence model) 1130 m 
Base (single parasequence model) 1246 m
Top (stacked parasequence model) 1078 m 
Base (stacked parasequence model) 1198 m 
Fluid properties
Oil viscosity ( o) 0.7 cp
Oil density ( o) 650 kg/m3

Oil compressibility (co) 10-4 1/bar
Oil formation volume factor (Bo) 1.00000009 (rm3/sm3) 
Water viscosity ( w) 0.3 cp
Water density ( w) 950 kg/m3

Water compressibility (cw) 10-5 1/bar
Water formation volume factor (Bw) 1 (rm3/sm3) 
Rock properties
Porosity (Ø) of prodelta mudstone (PD) facies association  
Horizontal (kh) and vertical permeability (kv) of PD facies association 
Porosity (Ø) of distal delta front heteroliths (dDF) facies association 
Horizontal (kh) and vertical permeability (kv) of dDF facies association 
Porosity (Ø) of proximal delta front sandstones (pDF) facies association 
Horizontal (kh) and vertical permeability (kv) of pDF facies association 
Porosity (Ø) of stream mouth bar sandstones (SMB) facies association 
Horizontal (kh) and vertical permeability (kv) of SMB facies association

0
0 (kh), 0 (kv)

18 
71 (kh), 7 (kv)

27 
433 (kh), 325 (kv)

28 
1793 (kh), 1614 (kv) 

% 
mD 
% 

mD 
% 

mD 
% 

mD
Porosity (Ø) of distributary channel-fill sandstones (DC) facies 
association 

28 % 

Horizontal (kh) and vertical permeability (kv) of DC facies association 1793 (kh), 1614 (kv) mD 
Porosity (Ø) of fluvial channel-fill sandstones (FC) facies association 28 % 
Horizontal (kh) and vertical permeability (kv) of FC facies association 1793 (kh), 1614 (kv) mD 
Rock compressibility for all facies associations (cr) 10-12 1/bar
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because the boundaries between facies associations are typically marked by order-of-

magnitude contrasts in permeability that control sweep patterns.  Although we recognize 

that petrophysical properties vary within facies-association types, we do not explicitly 

include these heterogeneities because they occur over lengthscales smaller than a single 

grid block in the models (Fig. 3.1D-F).  We apply the same relative permeability data, 

which are typical of water-wet reservoirs in the North Sea (e.g. Anderson, 1987; Stiles 

and Hutfilz, 1992), to each facies association. Capillary pressure curves are dependent on 

the facies-association type.  These data, as well as oil and water properties, are similar to 

those documented in many North Sea Brent Group reservoirs and have been widely used 

in previous modelling studies of shallow-marine reservoirs (e.g. Kjønsvik et al. 1994; 

Matthews et al., 2008; Jackson et al., 2009). 

 

3.8 Results  

 We begin by considering the first set of simulation experiments where models of 

stacked delta-lobe deposits either contain or lack channelized fluvial sandbodies (Table 

3.1). We quantify the impact of geological heterogeneities and/or engineering decisions 

on recovery factor and total water produced, by calculating the average change in 

response from the mean when a factor is changed from setting one to setting two (Table 

3.1).  We then go on to consider models of stacked delta-lobe deposits that always 

contain channelized fluvial sandbodies in the second set of simulation experiments (Table 

3.1).  We use this approach in order to quantify the effect on recovery factor and total 

water produced of varying the rock properties of the channelized fluvial sandbody (FC) 
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facies association, in the context of other reservoir characterization and engineering 

parameters.     

 

3.8.1 Stacked delta-lobe deposits with channelized fluvial sandbodies either present or 

absent  

Simulated oil recovery after 10 or 20 years of production at the target production 

rates (Table 3.1) ranges from 19 to 24 % of the original oil-in-place. Recovery is 

dominated by production from stream mouth-bar sandstone (SMB) and proximal delta-

front sandstone (pDF) facies associations, and the variation in recovery is principally 

controlled by the presence or absence of laterally extensive barriers to flow along 

clinoforms (Fig. 3.7A).  Modelling clinoforms with a 90% barrier to flow along them 

decreases oil recovery by c. 5% (green bar in Fig. 3.7A) and increases the total water 

produced in the models by c. 55% (blue bar in Fig. 3.7A), which suggests that 

characterizing clinoforms in field-scale models of fluvial-dominated deltaic reservoirs is 

important to accurately predict water breakthrough and hydrocarbon recovery. 

When kv/kh = 0.1 in the distal delta-front heteroliths (dDF) facies association, oil 

recovery is increased by c. 2% and total water produced is decreased by c. 44% (Fig. 

3.7A).  If there is a barrier along 90% of each clinoform surface and kv/kh = 0.1 in the dDF 

facies association, oil recovery is increased by c. 2%, but total water produced is 

increased by c. 34% (Fig. 3.7A).  This suggests that a greater volume of oil is displaced in 

the dDF facies association when vertical permeability is increased, but it does not have 

the same impact on sweep efficiency in the reservoir as the presence of channelized 

fluvial sandbodies. 
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The presence of laterally continuous, channelized fluvial sandbodies alone 

increases oil recovery by c. 2 % and reduces the total water produced by c. 6% (Fig. 3.7A).  

Furthermore, if clinoforms are present with a 90% barrier along them, the presence of 

channelized fluvial sandbodies can increase recovery by c. 2% and decrease total water 

production by c. 4% (Fig. 3.7A), suggesting that their presence improves sweep efficiency 

in the reservoir.   

Engineering parameters have much less impact on oil recovery, with the average 

effect of increasing the oil production rate being below that for variations in geological 

heterogeneity (c. 1% decrease; Fig. 3.7A).  Increasing oil production rate increases total 

water production by c. 7%, (Fig. 3.7A).  

 

3.8.2 Stacked delta-lobe deposits with channelized fluvial sandbodies always present 

In these experiments simulated oil recovery after 10 or 20 years of production at 

the target production rate (Table 3.1) ranges from 20 to 24 % of the original oil-in-place.  

The presence or absence of laterally extensive barriers along clinoforms also has the 

most significant impact on oil recovery (Fig. 3.7B). When clinoforms are covered along 

90% of their area by a barrier to flow, the average effect across the models is that oil 

recovery is reduced by c. 3% (green bar in Fig. 3.7B) and total water produced is 

increased by c. 50% (blue bar in Fig. 3.7B).  Both of these values are less than the 

equivalent response in the first set of experiments when channelized fluvial sandbodies 

are absent (Fig. 3.7A). 

As in the first set of simulation experiments, increasing the vertical permeability 

of the distal delta-front (dDF) facies association has the most significant positive impact 

on oil recovery.  When kv/kh = 0.1, oil recovery is increased by c. 2% and total water
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produced is reduced by c. 50% (Fig. 3.7B).  When the effect of increasing vertical 

permeability is combined with that of including laterally extensive barriers to flow along 

clinoforms, the average response of oil recovery also increases by c.2% (Fig. 3.7B).  Oil 

production rate has a more significant impact on oil recovery than in the first set of 

simulation experiments.  Increasing oil production rate (from setting one to setting two; 

Table 3.1) decreases oil production by c. 1% on average and increases total water 

produced by c. 8% (Fig. 3.7B).   

The permeability of the channelized fluvial sandbodies does not have a significant 

impact in the simulation experiments if the modelled permeability is increased by a 

factor of five.  Oil recovery is reduced by <1% and total water production is increased by 

c. 1% (Fig. 3.7B).  Similarly, there is not a significant impact on either oil recovery or total 

water production when the effect of increased permeability of channelized fluvial 

sandbodies is combined with that of including laterally extensive barriers to flow along 

clinoforms (Fig. 3.7B).    

 

3.9 Discussion  

 Our results indicate that modelling barriers to flow along clinoforms has the most 

significant effect on hydrocarbon recovery and total water produced in models of 

multiple, stacked fluvial-dominated delta-lobe deposits (Fig. 3.7).  We also find that 

modelling channelized fluvial sandbodies and non-zero vertical permeability in the distal 

delta-front (dDF) facies association can have a significant positive effect on hydrocarbon 

recovery when clinoforms are present with a 90% barrier to flow along them.  The 
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reasons for these results are discussed below, along with the implications for reservoir 

monitoring schemes and reservoir management strategies.   

 

3.9.1 Impact of clinoform-surface character, distribution and associated uncertainty 

Mudstone barriers along clinoform surfaces control the tortuosity of flow paths 

between injection and production wells, and hence sweep efficiency in the models.  

When there is no barrier coverage along clinoforms, pressure communication between 

injection and production wells is maintained, which leads to high sweep efficiency and oil 

recovery (Fig. 3.8C).  Injected water moves first through the SMB facies-association belt. 

The density contrast between water in the SMB facies-association belt and oil in the 

underlying pDF facies-association belt then causes gravity-driven downward movement 

of water to displace oil from the pDF deposits.  The dDF facies-association belt remains 

largely unswept if there is no vertical permeability to allow similar gravity-driven 

displacement to occur (Fig. 3.8C).   When there is 90% barrier coverage along clinoforms, 

sweep efficiency is reduced (Fig. 3.8D) and hence oil recovery decreases.  The number of 

potential flow pathways between injection and production wells decreases, such that 

injected water is forced to exploit complex and tortuous flow pathways through the 

upper part of each clinothem, which reduces pressure communication between wells.  

This causes an increase in pressure drawdown at the production wells in order to 

maintain the target oil production rate, increasing the contribution of viscous forces 

relative to gravity, further suppressing the downward movement of water.  The injected 

water exploits the shortest high permeability pathways through the SMB facies-

associated belt, which leads to earlier water breakthrough (Fig. 3.8D).  As viscous forces 

increasingly dominate in the reservoir, the efficiency of gravity-driven downward flow
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into underlying pDF deposits within each clinothem is reduced.  Therefore as barrier 

coverage along clinoforms increases, less oil is displaced in the pDF facies-associated belt 

and oil recovery is reduced accordingly (Fig. 3.8D).   

Although seismic reflection data may in some cases allow the position of 

clinoforms to be mapped in the subsurface (e.g. Dreyer et al. 2005), clinoform 

distribution is at best only partially resolved.  To gain an understanding of the impact of 

varying clinoform distribution, we analyze the sensitivity of oil recovery in models with 

spacing between clinoforms of either 25 m, 50 m or 100m in models of a single delta-

lobe deposit (parasequence 1.6, Fig. 3.3C), to reflect uncertainty arising from the limited 

resolution of seismic data and associated uncertainty in interpretation.  Similarly, we 

analyze the impact of varying barrier coverage in models of a single delta-lobe deposit 

(parasequence 1.6, Fig. 3.3C), and follow the approach of previous studies by varying 

barrier coverage along clinoforms in 10% increments between the end-member settings 

of 0 and 90% (Table 3.1) (Howell et al., 2008b; Enge and Howell, 2010; Jackson et al, 

2009).  Increasing the spacing between clinoform surfaces decreases the tortuosity of 

flow paths between injectors and producers, such that the effects of gravity become 

more pronounced.  When clinoform spacing is large, there is greater pressure 

communication between injection and production wells, and the pressure drawdown at 

the production wells is relatively modest.  Injected water moves rapidly through the SMB 

facies-association belt, and the density contrast with oil in the underlying pDF deposits 

causes gravity-driven downward movement of water along the clinoform surface to 

sweep the underlying pDF facies-association belt (Fig. 3.9C).  This effect is increasingly 

suppressed as the clinoforms become more closely spaced (Fig. 3.9D, E). Therefore,
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increasing the spacing between clinoforms decreases the impact of barriers to flow along 

clinoform surfaces (Fig. 3.10A).   

We observe a direct relationship between increasing barrier coverage and 

decreasing oil recovery (Fig. 3.10A). However, local variations in the positioning of 

barriers along clinoforms determine the location of the shortest flow pathways between 

injection and production wells through the SMB facies-association belt and can influence 
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oil recovery (Fig. 3.10A).  The distribution of barriers along clinoforms is generated 

stochastically so although the trend used to place barriers along clinoforms, and the 

overall percentage of the surface that acts as a barrier to flow is honoured, the local

position of barriers along clinoforms changes with each realization.  This causes small 

changes in the final predicted oil recovery demonstrated by the error bar in Figure 3.10.  

Stochastically generated barriers along clinoforms have greater influence on the exact 

time of water breakthrough (Fig. 3.10B).  This reflects the detailed barrier distribution 

along clinoforms, relative to the location of the high-permeability SMB facies-association 

belt and of the injection and production wells, as well as the proportion of barrier 

coverage along clinoforms.   

Flow-simulation results for models of stacked delta-lobe parasequences indicate 

that omitting widely spaced (100 m) clinoforms associated with extensive barriers (90% 

coverage) can lead to overprediction of oil recovery by up to 5% (Fig. 3.7), which shows 

close correspondence with results of equivalent models of a single delta lobe deposit 

(Fig. 3.10A).  Further flow-simulation results for models of a single delta-lobe 

parasequence indicate that models lacking clinoforms may overpredict recovery by up to 

35% for clinoforms of similar character and closer spacing (c. 25 m; Fig. 3.10A).  Our 

results indicate that, of the studied geological heterogeneities and reservoir engineering 

parameters, clinoform surfaces have the greatest impact on oil recovery in fluvial-deltaic 

reservoirs (Figs. 3.7, 3.8, 3.9, 3.10). 

 

3.9.2 Impact of channelized sandbodies 

Models that contain channelized fluvial sandbodies have a higher oil recovery 

factor than equivalent models that lack such sandbodies, especially models in which 
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there are laterally extensive barriers to flow along clinoforms (Fig. 3.7A).  Channelized 

fluvial sandbodies (FC facies association) erode into the clinoforms from a higher 

stratigraphic level (Figs. 3.4C, E, F, 3.11E, F), and can improve sweep efficiency by 
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creating additional flow paths between clinothems that may otherwise be locally isolated 

by laterally extensive barriers or low-permeability dDF and PD deposits along their 

bounding clinoforms.  Gravity-driven downward movement of injected water from the 

channelized fluvial sandbodies into high-to-moderate-permeability SMB and pDF 

deposits in the underlying clinothems may also enhance sweep.  In models that lack 

channelized fluvial sandbodies, the shortest direct flow path between injection and 

production wells is through SMB sandstones, which may have similar petrophysical 

properties to the channelized fluvial sandbodies. Channelized fluvial sandbodies draw the 
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injected water away from the shortest flow paths in SMB deposits, thus delaying water 

breakthrough and improving sweep (e.g. Fig. 3.8C).  Channelized fluvial sandbodies also 

create additional direct flow conduits between injectors and producers that allow 

otherwise isolated high-to-moderate permeability facies associations to be swept (Fig. 

3.11C, E).  In models that do not contain channelized fluvial sandbodies, high 

permeability distributary channel-fill deposits become isolated from producers by lower 

permeability proximal and distal delta front (pDF and dDF) deposits and remain largely 

unswept (Fig. 3.11E).  These results indicate that the geometry, continuity and local 

positioning of channelized fluvial sandbodies are important controls on the drainage 

patterns, sweep efficiency, and hydrocarbon recovery of clinoform-bearing models.  

When the difference in permeability between channelized fluvial sandbodies and 

SMB and DC sandstones is high, recovery factor decreases (Fig. 3.7B), because water 

movement through channelized fluvial sandbodies that directly link injection and 

production wells is more rapid (Fig. 3.12).   Sweep efficiency is lowered, as gravity-driven 

downward flow of water from the very-high-permeability FC sandbodies into high-

permeability SMB and DC sandstones of the underlying clinothems is reduced, leaving 

bypassed oil in the latter (Fig. 3.12D, in comparison to Fig. 3.12B-C).  However, this effect 

is less pronounced than reported in Deveugle et al. (2011), where very-high-permeability 

channelized fluvial sandbodies acted as thief zones.  The difference in the interpretation 

of the importance of channelized fluvial sandbody permeability can be attributed to the 

streamline-based tracer simulations used in Deveugle et al. (2011), which do not include 

gravity effects.  However, we have shown gravity drainage to be an important 

mechanism for sweeping oil from some of the high-to-moderate permeability DC, SMB 

and pDF sandstones of the underlying clinothems. 
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3.9.3 Impact of bed-scale heterogeneity in distal delta-front heteroliths 

When the interbedded sandstones and shales of the dDF facies association are 

assigned zero vertical permeability, oil is only displaced from these rocks by horizontal 

movement of water in regions close to the injection wells (e.g. Figs. 3.8C, 3.11C).  

Consequently, large volumes of oil are bypassed, as the dDF facies association comprises 

up to 55% of the model volume and holds a significant volume of oil that can be 

potentially recovered (Fig. 3.13A, C).  When the vertical permeability of the dDF facies 

association is increased, oil recovery increases and total water produced decreases (Fig. 

3.7), because water in the overlying, swept channelized fluvial sandbodies or pDF facies 

association moves downward under gravity to displace oil in the dDF facies association 

(Fig. 3.13D). 

Oil recovery and sweep of dDF deposits increases even when each clinoform is 

covered over 90% of its area by a barrier to flow and the dDF facies association is 

assigned a non-zero vertical permeability (Figs. 3.7, 3.13D). However, oil recovery is 

lower than equivalent models containing clinoforms with 0% barrier coverage (Fig. 3.7). 

This comparison suggests that the sweep efficiency of the lower part of each delta-lobe 

deposit is dependent on the preserved coverage of barriers along clinoform surfaces.  An 

increase in hydrocarbon recovery when the dDF facies association is assigned a non-zero 

vertical permeability supports the results of Deveugle et al. (2011), who found that 

increasing the kv/kh ratio of dDF deposits increased sweep efficiency.   However, we find 

less communication between delta-lobe deposits than Deveugle et al. (2011), due to the 

occurrence of laterally extensive barriers along the toes of clinoforms (Fig. 3.13D) and to 

the inclusion in our models of relative-permeability effects that reduce displacement 

efficiency in the swept part of the reservoir.  The streamline-based tracer simulations
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used in Deveugle et al. (2011) did not include relative-permeability effects. 

3.9.4 Impact of reservoir engineering decisions 

 Higher production rates decrease oil recovery and result in early water 

breakthrough (Fig. 3.7).  Increased pressure drawdown at the production wells, which is 

required to maintain the higher rate of oil production, causes more rapid water 

movement through the shortest flow paths in high-permeability FC, DC and SMB 

sandstones near the tops of the delta-lobe parasequences (Fig. 3.14B).  Viscous forces 

associated with pressure drawdown are dominant, which results in less gravity-driven 

downward movement of water to displace oil in underlying, moderate-permeability pDF 

and low-permeability dDF sandstones near the lower part of the delta-lobe 

parasequences (Fig. 3.14D).  The effect is most pronounced when 90% barriers to flow
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along clinoforms are present, oriented perpendicular to the principal flow direction 

within an individual delta lobe deposit (Fig. 3.14D).  

3.9.5 Implications for reservoir monitoring and management 

The presence and extent of barriers to flow along clinoform surfaces is difficult to 

characterize in the subsurface. Seismic data may, in some cases, identify a change in 

lithology at, or across clinoform surfaces (e.g. Dreyer et al. 2005) but such changes are 

not consistently or clearly imaged.  Similarly, core and wireline-log data may allow the 

identification of clinoform surfaces at a limited number of locations within the reservoir, 

but the extent of barrier coverage away from well locations is difficult to evaluate. Here,  

                                                                     140



                                                                     141



we use pressure and water saturation profiles along wells to monitor the development of 

breaks across clinoform surfaces during production in the models of stacked delta-lobe 

deposits (Fig. 3.15).  

When clinoform surfaces are not associated with significant barriers to flow, no 

breaks in pressure occur along them (Fig. 3.15E), and pressure breaks only result from a 

significant contrast in petrophysical properties between pDF and dDF facies associations 

in models where there is zero vertical permeability in dDF facies (Fig. 3.15F).  Even 

clinoforms with 90% barrier coverage along them are associated with only small breaks in 

pressure (Fig. 3.15H-I), making it difficult to detect their presence using downhole 

pressure monitoring techniques.  This is because the lateral extent of the heterogeneity 

associated with clinoforms surfaces is limited away from production wells, such that 

diagnostic breaks in pressure do not build up across them. However, clinoforms with 

significant barriers to flow along them are associated with prominent breaks in water 

saturation (Fig. 3.15G-I), indicating that sweep becomes stratigraphically 

compartmentalized.  Gravity-driven downward flow of water caused by the density 

contrast between water and oil stops at barriers along clinoforms, in models that both 

contain and lack channelized fluvial sandbodies.  Similar breaks in water saturation across 

clinoforms were observed in models of an outcrop analogue of a wave-dominated 

shoreface-shelf parasequences (Jackson et al., 2009), in the wave-dominated Rannoch 

and Etive formations of the Brent Group reservoir, Brent Field, UK North Sea (Hampson 

et al., 2008), and in the storm-dominated Jurassic Bridport Sandstone Formation 

reservoir, Wytch Farm Field, southern UK (Hampson et al., in review).  The complex 

sweep patterns observed in our models have implications for history matching: if 
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clinoforms have been omitted the wrong properties may be adjusted in models to match 

observed data, yielding erroneous predictions for future production behaviour.  

 

3.9.6 Closing summary 

We have defined a hierarchy of geological heterogeneity in fluvial-deltaic 

reservoirs, and used it in combination with a novel, stochastic, surface-based, clinoform-

modelling algorithm and data from an outcrop analogue (Cretaceous Ferron Sandstone 

Member, Utah, USA), to construct three-dimensional models of multiple, stacked fluvial-

dominated delta-lobe deposits, each of which contains numerous clinoform surfaces.  

The models were then used to quantify the impact on oil recovery of geological 

heterogeneity and reservoir engineering decisions.  The investigated geological 

heterogeneities include the distribution and character of clinoforms, occurrence and 

character of fluvial channelized sandbodies, and the vertical permeability of interbedded 

sandstones and shales in distal delta-front deposits. 

We have demonstrated that under certain displacement conditions clinoforms 

can have a significant impact on fluid flow and hydrocarbon recovery and that their 

impact can be larger than that of other geological heterogeneities and reservoir 

engineering decisions.  The results presented in this chapter can be applied to existing 

reservoir models, or those in development, to constrain uncertainty in the subsurface.  

Firstly, the clinoform-modelling algorithm described in Chapter 2 can be applied to 

incorporate multiple clinoform surfaces into field-scale models of shallow-marine 

reservoirs. We have demonstrated its application to developing models of a fluvial-

dominated deltaic reservoir analogue but the algorithm can also be used in the context 

of existing reservoir zonation and modelling schemes, with appropriate analogue and 
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subsurface datasets data, to capture clinoform geometry and distribution within existing 

reservoir models.  Secondly, to mitigate uncertainty arising from sparse subsurface data 

requires multiple realizations of a reservoir model so that the impact of varying clinoform 

orientation, spacing and barrier coverage on fluid flow can be quantified or used to 

match historical production data within existing reservoirs.  Finally, in order to capture 

quantitative data on the complex sweep patterns that we have observed, detailed 

downhole monitoring of water saturation in subsurface reservoirs is required to diagnose 

the presence of clinoform surfaces. 

 

3.10 Conclusions 

We find that the proportion and distribution of barriers to flow along clinoforms 

exert the greatest influence on recovery; equivalent models that neglect these barriers 

overpredict recovery by up to 35%.  Furthermore, the impact of clinoforms may be larger 

than that of other geological heterogeneities and reservoir engineering decisions. 

The vertical permeability of the distal delta-front (dDF) facies association has the 

most significant positive impact on oil recovery; when vertical permeability is non-zero oil 

recovery is increased by up to 2% in comparison to models with zero vertical 

permeability in the dDF facies association. Oil recovery increases, because water in the 

overlying, swept channelized fluvial sandbodies or pDF facies association moves 

downward under gravity to displace oil in the dDF facies association. 

The models provide insights into the data types required to appropriately 

characterize, monitor and manage fluvial-dominated deltaic reservoirs containing 

clinoforms.  Although they can exert a significant impact on sweep and recovery, 
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clinoforms are only rarely associated with large breaks in pressure in production wells.  

However, clinoforms associated with significant barriers to flow are marked by 

prominent breaks in water saturation that may be detected and monitored in production 

wells, in order to characterize clinoform-related sweep patterns during production. Our 

results also suggest that history matching of observed sweep patterns and pressure data 

would lead to erroneous predictions of future production behaviour in models lacking 

clinoforms.  Therefore clinoforms should be included routinely in models of fluvial-

dominated deltaic reservoirs under certain displacement conditions, in order to 

accurately predict hydrocarbon recovery and drainage patterns. 
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Chapter 4 

 

Three-dimensional digital outcrop modelling 

using stereophotogrammetry:  Application 

to improved characterization of sandbody 

connectivity in thinly bedded intervals of 

wave-dominated shallow-marine reservoirs 

 

4.1 Summary  

Previous studies have shown that it is important to characterize vertical 

permeability in thinly-bedded reservoir intervals, because if hydrocarbons contained 

within the beds can be produced, they may constitute significant additional reserves in 

shallow-marine reservoirs.  However, it is difficult to characterize thinly-bedded intervals 

as they cannot be detected using conventional seismic and wireline-log data techniques.  

Gutter casts are sand-filled scour structures formed by storm-generated flows in distal 

parts of wave-dominated shallow-marine reservoirs, and may increase connectivity 

between tabular sandstone beds that are otherwise isolated by shales, thus creating 
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effective vertical permeability. At present there is limited information on the three-

dimensional (3D) geometry and spatial distribution of gutter casts. 

We present a digital outcrop modelling method and apply it to capture distal 

lower shoreface deposits exposed at outcrop (G2 parasequence, Grassy Member, 

Blackhawk Formation, Utah, USA).  The method offers several advantages over other 

digital outcrop modelling techniques such as LIDAR, including that it is at least an order of 

magnitude less expensive, yet provides comparable results.  We use the digital outcrop 

model to make preliminary observations of 3D gutter cast geometry. In contrast with 

previous published data, we observe a wider range of gutter cast geometries, implying 

gutter casts occur either as sinuous channels with marked variations in along-axis scour, 

or as down-flow shallowing and widening scours reminiscent of flute-cast geometries. 

The digital outcrop model and proposed 3D gutter cast profile can be captured in 

reservoir models and used to quantify sandbody connectivity and effective flow 

properties. 

4.2 Introduction 

Hydrocarbon production from shallow-marine reservoirs that contain intervals of 

thinly-bedded sandstone and shale (also termed low resistivity and/or low contrast pay) 

(e.g., Atkinson et al., 1986; Begg et al., 1992) is challenging, because it is difficult to 

characterise fluid flow behaviour of these intervals before and during production (Baillie 

and James-Romano, 2010).  Seismic and conventional wireline-log data cannot detect the 

presence of thinly-bedded intervals (Worthington, 2000), but if thinly-bedded intervals 

can be resolved using well data (e.g. core, high-resolution image logs), no information is 
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provided on sandstone bed connectivity, dimensions or geometry away from the well 

(e.g., Coll et al., 1996; Passey et al., 2006; Henderson et al., 2010).  Furthermore, it is not 

clear how thinly-bedded intervals should be represented in subsurface reservoir models; 

previous studies have either used stochastic object-based modelling of elliptical bodies to 

represent sandstone connectivity (e.g. Sylvester et al., 2005) or used upscaled effective 

permeabilities derived from core scale experiments (Flølo et al., 2000). However, it can 

be important to characterize the vertical permeability of thinly-bedded intervals, because 

if the hydrocarbons contained within the sandstone beds can be produced, they may 

constitute significant additional reserves in shallow-marine reservoirs as demonstrated in 

Chapter 3 (Figs. 3.7, 3.14) (see also Ainsworth et al., 1999; Deveugle et al., 2011). 

Key controls influencing vertical permeability of thinly-bedded intervals in 

shallow-marine reservoirs include the lateral extent of mudstone beds and the 

magnitude and spatial distribution of erosion at the base of sandstone beds. Within 

shallow-marine reservoirs, distal lower shoreface deposits are one example of a thinly-

bedded reservoir type that comprises sharp or erosionally based sandstone beds 

alternating with mudstones (Figs. 3.1D, 4.1).  Where mudstone beds are laterally
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extensive, effective vertical permeability approaches zero.  However, sandstone bed 

geometries are often highly variable (Fig. 4.1), reflecting localised erosion by storm-

generated flows that form steep-sided, sand-filled scours termed gutter casts (Whitaker, 

1973).  Gutter casts may increase connectivity between sandstone beds that are 

otherwise isolated, thus creating effective vertical permeability (Haldorsen and Lake, 

1984; Begg and Chang, 1985; Begg and King, 1985; King 1990).  The geometry of gutter 

casts in ancient shallow-marine deposits has been documented from a limited number of 

two-dimensional (2D) outcrop examples (Myrow, 1992; Guilpain, 2006), but there is 

limited information at present on their three-dimensional (3D) geometry and spatial 

distribution.  Examples of reservoirs that may contain gutter casts include Miocene 

reservoirs of Brunei (e.g., Atkinson et al., 1986) and Pliocene reservoirs of the Columbus 

Basin, Trinidad (e.g., Sydow et al., 2003), where uncertainty in reservoir connectivity in 

thinly-bedded reservoir intervals resulted in greater than expected recovery of 

hydrocarbons (e.g., Sylvester et al., 2005). 

Outcrop data are commonly used to provide quantitative data on dimensions, 

distributions and architecture of geological bodies to bridge the resolution gap between 

seismic and well data (e.g., Alexander, 1993; Reynolds, 1999; Bryant et al., 2000; Visser 

and Chessa, 2000; White and Willis, 2000; Amour et al., 2012). Digital outcrop modelling 

studies (DOM) have been used as a method to capture geological data from reservoir 

analogues from a variety of depositional environments and over a range of lengthscales; 

from a few kilometres (e.g., Adams et al., 2005) down to the interwell scale (e.g., Kjønsvik 

et al, 1994).  The distal lower shoreface deposits of the Upper Cretaceous Blackhawk 

Formation of east-central Utah, offer narrow branching canyon systems and excellent 

exposure allowing 3D digital outcrop data to be captured.  We can use the digital outcrop 
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data to analyse the detailed 3D geometry and architecture of sandstone beds including 

many containing gutter casts, across the narrow canyons (<15 m).  However, existing 

methods for capturing high-resolution, 3D digital data from outcrops, such as LIght 

Detection And Ranging (LIDAR) (e.g., Wehr and Lohr, 1999; Bellian et al., 2005; Enge and 

Howell, 2010) and Differential Global Positioning System (DGPS) mapping (e.g., Amour et 

al, 2012) can define bedding with sub meter accuracy, but may require significant capital 

expenditure in order to obtain the equipment used to capture the outcrop dataset (see 

Pringle et al., 2006 for typical costs) which can render studies economically unviable.  

Alternatively, 2D photomontages of well exposed 2D outcrop cliff faces that have been 

spatially referenced using Global Positioning System (GPS) coordinates, have been used 

to drape digital elevation models (DEM) (e.g., Deveugle et al., 2011) at lower expense 

(see Pringle et al., 2006).  The accuracy of this technique however, is limited by sparse 

spatial coordinate data and perspective effects on the photomontages, in which 

measurements of sedimentary features or geobodies may be skewed by outcrop shape 

and orientation (Pringle et al., 2004).  The aim of this chapter is to describe a fast method 

for creating 3D, high-resolution, digital outcrop models based on digital photogrammetry 

(e.g., Sgavetti, 1992; Xu et al., 2000; 2001; McCaffrey et al., 2005), that can approach the 

accuracy of LIDAR, but can be applied at less cost.   

The chapter is structured in three parts.  First, we outline a method for collecting 

a 3D, high resolution, digital outcrop dataset that is suitable for characterizing the 

geometry and architecture of sandstone beds in distal lower shoreface deposits when it 

is not economically viable to use other digital outcrop data collection techniques such as 

LIDAR.  The method is generic and can be applied to other outcrop locations. The second 

part of the chapter validates the digital outcrop data collection method via its application 
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to an outcrop example of distal lower shoreface deposits in a wave-dominated delta (G2 

parasequence, Grassy Member, Blackhawk Formation exposed in Book Cliffs, Utah, USA).  

The digital outcrop model has to have sufficient resolution and accuracy that it can be 

used to characterise the 3D architecture of gutter casts and related beds.  Finally, we use 

the digital outcrop model to make preliminary observations of the 3D geometry and 

spatial distribution of gutter casts in the digital outcrop model.  

   

4.3 Storm event beds and gutter casts  

Distal lower shoreface deposits are situated between mean fairweather wave 

base (MFWWB) and mean storm wave base (MSWB) (Fig. 4.2), and reflect deposition 

from storm and fairweather wave processes. Episodic storms, typically affecting water 

depths of 20-50 m, erode sand from the upper shoreface and transport it seawards, 

where it is deposited as sandstone beds on the lower shoreface and inner shelf. Storm-

event beds typically range in thickness from millimetres to a few decimetres, and 

gradually thin from proximal to distal locations (Aigner, 1985).  These beds can be divided 

into two categories based on their geometry: (1) sandstones infilling and confined to 

erosional scours; and (2) sheet sandstones resulting from unconfined deposition 

(Goldring and Bridges, 1973).  Gutter casts were first described in the Upper Silurian 

Ringerike Group, South Norway (Whitaker, 1973) and are documented as downward 

bulging scours formed by erosional incision into a cohesive muddy substrate (Myrow, 

1992).  

Most gutter casts are considered to be storm-generated features.  During storms, 

sea level is raised at the coast by onshore-directed winds (i.e. storm surge), causing 
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considerable erosion of the upper shoreface (Ball et al., 1967; Reineck and Singh, 1972; 

Goldring and Bridges, 1973). Eroded sediment is transported seaward by gravity-driven 

high-velocity, sediment-laden currents flowing along the sea bed (return flows). These 

currents can also erode finer grained material on the lower shoreface and inner shelf. 

However, the nature of the eroding currents that shape gutter casts is a subject of 

debate.  Erosion is hypothesised to result from strong near-bottom offshore-directed 

unidirectional flows during the initial phase of a storm event, to form linear scours with  

axes oriented perpendicular to the shoreline (Myrow, 1992; Chakraborty, 1995; 

Bhattacharya et al., 2004).  Spiralling patterns on the sole of gutter casts are interpreted 

to have been formed by helical flow at the base of unidirectional currents moving parallel 

to the long axis of gutter casts (Myrow, 1992). However, other studies document a wide 

range of sole mark orientations that are inferred to have resulted from multi-directional 

currents (Aigner, 1985). Infilling of gutter casts is the result of oscillatory flow during the 

waning phase of a storm event, consistent with outcrop observations of hummocky 

cross-stratification (HCS) and swaley cross-stratification (SCS) within gutter casts (Dott 

and Bourgeois, 1982; Duke, 1985; Dumas et al., 2005).   Sediment transport to gutter 

casts is postulated to result from either turbidity currents initiated by storm surge 

erosion in coastal areas, which flow perpendicular to the shoreline (Leckie & Krystinik, 

1989), or seaward returning geostrophic (wind-driven) flows that flow mainly parallel or 

oblique to bathymetric contours (Swift et al., 1986; Duke, 1990). 

Gutter casts are observed across a variety of lengthscales in 2D cross-sections 

(Fig. 4.3). Isolated and amalgamated gutter casts have been documented over 

centimetre- to metre-scales (Myrow, 1992; Guilpain, 2006), most thoroughly in the 

Cambrian Chapel Island Formation, Newfoundland, Canada (Myrow, 1992). Their cross-
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sectional geometries range from symmetrical to strongly asymmetrical U- or V-shaped 

profiles with steep sided (40-90°) walls (Fig. 4.3C, D). In plan view, gutter casts are 

hypothesized to exhibit moderately sinuous to straight channelized geometries that 

extend over several tens of times greater than their thickness (Fig. 4.3A, B), which reflect 

a pattern of helical vortices with a horizontal axis parallel to the flow direction (Myrow, 
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1992).  Narrow, sinuous gutter casts are postulated to form from slow helical vortices 

and wider, straighter gutter casts forming from faster vortices (Myrow, 1992).  However,  

gutter cast geometry and spatial distribution has been evaluated in too few datasets for 

their along-axis geometry to be known with certainty. The outcrop dataset described in 

this chapter provides some 3D control on the dimensions, geometry and spatial 

distribution of gutter casts, as well as their internal architecture, so that these 

parameters can be later quantified from a 3D high-resolution digital outcrop model. 

 

4.4 Geological setting and study area  

 The Upper Cretaceous Blackhawk Formation and overlying Castlegate Sandstone 

form a clastic wedge that represents the overall progradation of a wave-dominated 

shoreline and associated coastal plain into the offshore deposits of the Mancos Shale 

along the western margin of the Western Interior Seaway and (inset map in Fig. 4.4A) 

(Kauffman and Caldwell, 1993; Hampson and Howell, 2005).  Deposits along this western 

shoreline are generally wave-dominated, although tidal and fluvial processes were locally 

dominant (McGookey et al., 1972; Hampson and Howell, 2005).  The Blackhawk 

Formation is exposed in the Book Cliffs, which form a prominent west-east trending 

escarpment that runs for approximately 250 km through east-central Utah and west-

central Colorado (Fig. 4.4A). The first detailed facies analysis of the succession was 

undertaken by Balsley (1980), but more recent work has concentrated on applying high-

resolution sequence stratigraphy to individual members of the Blackhawk Formation and 

the overlying Castlegate Sandstone (e.g., O'Bryne and Flint, 1995) and on constructing a 

high-resolution (parasequence scale) sequence stratigraphic framework for the
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formation (Fig. 4.4C) (e.g. Hampson and Howell, 2005). 

O’Bryne and Flint (1995) documented the high-resolution sequence stratigraphic 

architecture of the Grassy Member, which contains the interval of interest for this study. 

We focus on the distal exposures of the upper part of the G2 parasequence of the Grassy 

Member, which is interpreted to comprise the deposits of a symmetrical wave-

dominated delta (Hampson and Howell, 2005) with a north-south-trending, near-linear 

shoreline (Fig. 4.4B; O’Byrne and Flint, 1995) (Figs. 4.4B, C). The studied strata are 

exposed in Tusher Canyon, in an area of c. 260 m x 250 m that corresponds 

approximately to the location of log TC8 of O’Byrne and Flint (1995). The studied interval 

is c. 25 m thick, and consists of four vertically stacked, coarsening-upward successions 

(bedsets in O’Byrne and Flint, 1995) of distal lower shoreface facies in the upper part of 

the parasequence (O’Byrne and Flint, 1995). Each succession consists of hummocky-cross 

stratified sandstone beds interbedded with shales that decrease upwards in thickness, 

such that the sandstone beds become more amalgamated in the upper part of the 

succession.  The studied strata are exposed in near-continuous cliff faces along the walls 

of Tusher Canyon, which trends west-east, and a narrow side canyon, which trends 

north-south (Fig. 4.5). These branching canyon walls provide an appropriate context for 

detailed analysis of 3D architecture at the scale of individual beds.    

4.5 Data collection 

Data for digital outcrop models can be collected using several different 

techniques, which may be combined, including; digital photogrammetry (e.g., Sgavetti, 

1992; Xu et al., 2000; 2001; McCaffrey et al., 2005); terrestrial or airborne LIDAR (e.g., 
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Bellian et al., 2005; Enge and Howell, 2007, Buckley et al., 2008; Van Lanen et al., 2009; 

Enge and Howell, 2010); kinematic DGPS (e.g., Adams et al., 2005; Amour et al., 2012), 

Ground Penetrating Radar (GPR) (e.g., Corbeanu et al., 2001; Pringle et al., 2004), and 

orthorectified aerial or satellite photographs draped over digital elevation models (e.g., 

Wilson et al. 2009).  The technique that is utilized to create digital outcrop models is 

dependent on a number of factors, such as cost constraints, detail and precision 

required, duration of study, location (e.g. accessibility; see Fig. 4.5) and the nature of the  
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outcrop itself (e.g. exposure and quality) (Jones et al. 2008; Van Lanen et al., 2009).  We 

describe a method that uses digital stereophotogrammetry combined with GPS data to 

create 3D, high-resolution, digital outcrop models that can approach the accuracy of 

LIDAR (Fig. 4.6). The method builds on the previous work of Xu et al. (2000; 2001) and is a 

quick, practical and cost effective alternative to LIDAR.   

4.5.1 Georeferencing 

A common method of georeferencing geological data is using DGPS.  This method 

uses two receivers working simultaneously; one takes measurement of data points at 

outcrop, while the other receiver stays at a fixed location taking second-by-second 

satellite data corrections relative to a known location.  The latter receiver is used to post-

process the data points acquired by the receiver taking outcrop measurements (Amour et 

al., 2012).  However, as the cost of DGPS equipment can be significant (see Pringle et al., 

2006), it may render this approach unviable.   

Alternatively, at the outcrop we can position several GPS reference stations at 

suitably open locations, for example, at the top of the walls of the narrow canyon that is 

being modelled, using GPS units that are orders of magnitude less expensive than DGPS 

equipment (Pringle et al., 2006).  These GPS units must be able to be seen from inside the 

narrow canyon and positioned so that they have a wide unobstructed view of the sky. 

The GPS units are set to perform long-term averaging to record their coordinates at 

regular, frequent intervals and post-processed to remove all points that are beyond a 

user-specified tolerance from the centroid.  Secondary stations, termed base stations, 

are then located in positions within the narrow canyon that have clear lines of sight to 

GPS reference stations.  A laser rangefinder is used to measure the azimuth, inclination
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and distance from base stations to GPS reference stations.  Each base station must have 

line of sight within a range of 250 m to at least three GPS reference stations, but these 

GPS reference stations must not all lie in a straight line as we use the measurements to 

triangulate the position of the base station.  We triangulate the coordinates of the base 

stations, honouring the distances and inclinations measured with the laser rangefinder 

and the coordinates of the GPS reference stations (Gregory S. Benson, ExxonMobil, 

personal communication, April, 2012). Firstly, a trial distance, Dt (Table 4.1), is calculated 

in 3D: 

,           (4.1) 

as well as the corresponding trial inclination, It (Table 4.1), calculated in 3D, for all 

measurements between GPS reference stations and base stations: 

If I > 90° then; 

,          (4.2a)  

If I < 90° then; 

.                                   (4.2b) 

We then calculate an objective function, Te (Table 4.1), which is the sum of all the 

differences between trial values (derived from Eq. 4.1, 4.2a, 4.2b) and measured values: 

.                           (4.3) 

The coordinates of the GPS reference stations are allowed to remain fixed, while the 

coordinates of the base stations are allowed to change to minimise the objective function  
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(Eq. 4.3) using a solver iteration function.  From this we establish a network of known 

locations from which we can begin to create a point cloud to represent the coordinates 

of the outcrop in narrow canyons.  We then go on to place reflective targets on the 

outcrop, and establish locations for laser rangefinder stations.   

Table 4.1. Nomenclature for parameters used in georeferencing digital outcrop models. 

Parameter Description Units 

D measured horizontal distance m 
DT calculated trial distance m 

magnetic declination ° 
HT tripod height m 

i1
x-coordinate of base station or laser rangefinder station to 
be triangulated n/a 

i2
x-coordinate of GPS reference station or base station that 
has previously been established n/a 

I summation variable none 
I measured inclination ° 
IT calculated trial inclination ° 

j1
y-coordinate of base station or laser rangefinder station to 
be triangulated n/a 

j2
y-coordinate of GPS reference station or base station that 
has previously been established n/a 

k1
z-coordinate of base station or laser rangefinder station to 
be triangulated n/a 

k2
z-coordinate of GPS reference station or base station that 
has previously been established n/a 

n 
total number of measurements made between GPS 
reference stations, base stations and laser rangefinder 
stations  

none 

Te
Sum of the difference  between trial and measured 
distances and inclinations none 

OUT measured azimuth ° 
QC measured azimuth after correction for magnetic declination ° 

xOUT x-coordinate of outcrop target n/a 
xLSR x-coordinate of laser rangefinder station n/a 
yOUT y-coordinate of outcrop target n/a 
yLSR y-coordinate of laser rangefinder station n/a 
zOUT z-coordinate of outcrop target n/a 
zLSR 2-coordinate of laser rangefinder station n/a 

Laser rangefinder stations must be within range of the outcrop targets and have 

line-of-sight to at least one GPS reference station and two or more base stations, within a 

range of 250 m, but these base stations must not lie in a straight line relative to the laser 
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rangefinder station.  We measure the distance, azimuth and inclination from the laser 

rangefinder stations to the GPS reference station(s) and base station(s).  We then follow 

a similar approach to that used to locate the GPS reference stations, and calculate trial 

distances, Dt (Eq. 4.1), trial inclinations, It (Eq. 4.2a, 4.2b) and an objective function, Te, 

(Eq. 4.3) for the laser rangefinder stations. However, this time the coordinates of the GPS 

reference stations and base stations are allowed to remain fixed, while the coordinates 

of the laser rangefinder stations are allowed to change to minimise the objective function 

(Eq. 4.3) using a solver iteration function.  

In a final step, we use the distance, azimuth and inclination measurements from 

the laser rangefinder stations to triangulate the positions of the outcrop targets, where 

the x-coordinate, xOUT (Table 4.1), is given by: 

,                    (4.4) 

where QC (Table 4.1), is given by: 

,                (4.5)                       

the y-coordinate, yOUT (Table 4.1), by: 

,                (4.6) 

and the z-coordinate, zOUT (Table 4.1), by: 

 .                                          (4.7) 

From these positions, a point cloud that represents the XYZ coordinates of the outcrop 

cliff faces in narrow canyons can be created, with the user controlling the density of 
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spatial data collected. The XYZ coordinate data is used to georeference a dense point 

cloud created using stereophotogrammetry. 

 

4.5.2 Stereophotogrammetry 

 Stereophotogrammetry is the process of reconstructing the 3D coordinates of a 

point from two or more 2D photographs taken from different positions.  Individual points 

(e.g. pixels) on a photo are identified, from which lines of sight are reconstructed to the 

position of the camera when the photograph was taken.  The 3D coordinates of a point 

are determined from lines of sight from different camera positions that intersect for a 

common point.  We can use this triangulation technique to create 3D point clouds from 

multiple, overlapping 2D photographs of outcrops. 

 The quality of the photographs is the key parameter that controls the quality of 

the final digital outcrop model.  For outcrop cliff faces, photographs should be taken from 

positions that are close to each other, and with low angle separation between 

photographs (Fig. 4.7).  The orientation of the camera should not be allowed to vary 

greatly between photographs in a stereoline (Fig. 4.7), as low angle separation between 

photographs ensures that features look similar in successive photographs and can thus 

be reliably triangulated.  Photographs for each outcrop section should be taken at the 

same time of day; triangulation becomes difficult if the orientation of the light source 

changes markedly between photographs.  Similarly, if there is a stark contrast between 

light exposure on the outcrop (e.g. large shadows and bright light on the same image) the 

quality of the resulting point cloud decreases. All important points on the outcrop should 

be present on at least three adjacent photographs (Fig. 4.7), with as much overlap 

between photographs as possible to reduce potential holes in the point cloud.  Having
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outcrop targets in the photographs is also useful for identifying the coordinate positions 

of the outcrop on the dense point cloud.  The software used to create the dense point 

cloud triangulates points in the photographs (e.g. pixels) in 3D and corrects for the 

distortion of the photo frames, thus limiting perspective effects.  A detailed workflow on 

using the software to create dense point clouds can be found in Appendix C1. The camera 

used to capture the outcrop must however be calibrated in a separate procedure prior to 

creating a dense point cloud.  Calibrating the camera prior to modelling is described in 

greater detail in Appendix C1. The density of the point cloud generated using this 

technique is determined by the user; points can be spaced as close as 1 mm apart and 

approach the resolution of textured surfaces created with LIDAR datasets.  Data from 

photographs can be used to add red, green and blue (RGB) values to each of the points in 

the dense point cloud generated using stereophotogrammetry.  We follow this approach 

rather than generating textured surfaces (e.g., Bellian et al., 2005; Enge et al., 2007), as 

point clouds can be directly imported into conventional reservoir modelling software.  In 

a final step, the dense point cloud is registered to georeferenced outcrop coordinates, so 

that each point in the dense point cloud has a value of XYZ in “real world” coordinates. 

The resulting digital outcrop models can be interpreted directly to identify geological 

surfaces and units for use in geological models.  

 

4.6 Digital outcrop model construction 

 We now describe the application of this digital outcrop modelling technique to 

capture the 3D architecture of gutter casts in the G2 parasequence of the Grassy 

Member, Blackhawk Formation in Tusher Canyon and its side canyon (Fig. 4.5). The side 
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canyon measures c. 150 m in length and is less than 15 m in width in places, while Tusher 

canyon measures c. 260 m in length and 100 m in width in the study area (Fig. 4.5).   

The first step in creating the digital outcrop model was to georeference the 

outcrop (Fig. 4.6).  Nine GPS reference stations were placed in either high topographic 

locations in the side canyon that allowed an unobstructed view of the sky and could be 

viewed from the floor of the side canyon, or in prominent locations in Tusher Canyon, 

where the canyon is sufficiently wide to allow an unobstructed view of the sky (Figs. 4.5, 

4.6).  Ten further base stations were placed within the side canyon to create a network of 

stations (Fig. 4.5) and their coordinates triangulated (using Eq. 4.1, 4.2a, 4.2b, 4.3).  The 

outcrop was then divided into 22 sections to organize data collection.  The sections were 

divided according to the outcrop topography, such that sections end either where the 

outcrop pinches out or at corners and protrusions.  An appropriate laser rangefinder 

station was identified for each section. In some cases, two laser rangefinder stations 

were necessary to characterize a given outcrop section.  This is because while one 

stereoline may be have been sufficient to capture minor irregularities in outcrop 

topography (e.g. protrusions from the cliff face), it was not possible to capture all outcrop 

targets for the section from one laser rangefinder location and simultaneously position 

the laser rangefinder station so that it was suitable for triangulation.  Where possible, 

laser rangefinder stations were placed directly over base stations, which minimized the 

error in the coordinates of the corresponding outcrop targets. In total 28 laser 

rangefinder stations were used and triangulated relative to the GPS reference station and 

base station network (using Eq. 4.1, 4.2a, 4.2b, 4.3).  

For each outcrop section, reflective targets were placed on the outcrop, spaced 

approximately 1 m apart, so that both lower and upper parts of the cliff faces had 
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outcrop targets in view.  Measurements of azimuth, distance and inclination were 

recorded for each outcrop target at a given laser rangefinder station and repeated for 

each outcrop section. Where outcrop sections were adjacent to one another, 

measurements of the last three outcrop targets taken from the previous laser 

rangefinder station position were measured from the new laser rangefinder station 

position.  This allowed overlap between successive outcrop sections between laser 

rangefinder stations and minimized the potential mismatch of coordinates between the 

adjacent outcrop sections.  Over 2000 targets were measured and triangulated in total 

(Eq. 4.4, 4.5, 4.6, 4.7) over a two week period.  Outcrop coordinate data were then 

imported into a reservoir modelling package.  In a final step, if there was a mismatch in 

the coordinate data between overlapping parts of two outcrop sections, the outcrop 

points were rotated around the fixed coordinates of the laser rangefinder station from 

which the measurements were taken, until the overlap is matched.  This step allows the 

potential error between different coordinate datasets to be minimized. 

Photographs were taken at each outcrop section (Fig. 4.6). To ensure that 

photographs were suitable for stereophotogrammetry, we identified stereolines for each 

outcrop section.  A stereoline was defined by an initial photograph location and an end 

photograph location for each outcrop section. Intermediate photograph locations along 

the stereoline were identified with the criteria that each prominent topographic feature 

was in at least three successive photographs between the two fixed stereoline endpoints.  

Care was taken to ensure that the camera was positioned parallel to the outcrop face 

along a given stereoline (Fig. 4.7).  More than one stereoline was required for certain 

outcrop sections characterised by irregular outcrop topography (e.g. protrusions from 

the cliff face). Approximately 600 photographs were recorded over a one week period to 
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characterize the outcrop.  For the final step in the process, we used the photographs for 

each outcrop section to create and texture dense point clouds (Fig. 4.6).  Each point 

cloud was individually georeferenced using the triangulated coordinate data and 

exported into a reservoir model for interpretation.  We find that registering the point 

cloud to as many georeferenced outcrop targets as possible minimises the error in the 

resulting dense point cloud, which in turn reduces the potential mismatch between 

adjacent point clouds.  

 

4.7. Digital outcrop model results  

 Thirty point clouds were created in total to characterize the outcrop.  We begin by 

investigating the ability of the digital outcrop modelling methodology to generate dense 

3D point clouds that approach the quality of high-resolution 2D photopans.  Visual 

inspection of the digital outcrop model against outcrop photopans (Fig. 4.8) show a close 

correspondence in resolution.  The stereophotogrammetry-based method results 

approach the quality of LIDAR-based methods, as each dense cloud can have less than 2 

mm between each point, and contain 1-8 million points (Fig. 4.9).  This results in high-

resolution 3D point clouds that can be directly interpreted using conventional reservoir 

modelling software (Fig. 4.9). Analysing a 3D dataset in this way removes any errors in 

estimating geobody dimensions from 2D photopans (Pringle et al., 2004).  

We calculate the error in the initial base station and laser rangefinder station 

triangulation as the average error between trial calculations and actual measurements 

over all the individual measurements made.  We find the average error in distance 

measurements is 50 cm and the average error in inclination is 0.13° for the base stations.  
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The equivalent errors in distance and inclination measurements are typically less than 1 

m and less than 0.3°, respectively, for the laser rangefinder stations. The error is typically 

larger for laser rangefinder stations as measurements are taken over larger distances 

than for the base stations.  Typically, laser rangefinder stations have <50 cm error in 
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distance measurements with GPS reference stations and base stations that are <50 m in 

separation, and larger errors occur when the stations are >50 m in separation. After post-

processing the outcrop coordinate dataset in conventional reservoir modelling software 

(Fig. 4.6), the discrepancy between the resulting dense point cloud and the initial 

triangulated coordinates used for georeferencing is typically less than 50 cm and is 

consistent with previously reported photogrammetry-based methods (Pringle et al., 

2006).     

 

4.8 Preliminary analysis of gutter cast geometry and spatial 

distribution  

4.8.1 Description 

 Gutter casts are distributed at multiple stratigraphic levels in the studied outcrop 

(Fig. 4.10).  Gutter casts are observed close to the upper boundary of distal lower 

shoreface deposits (Fig. 4.10D), which is used as a horizontal datum in the digital outcrop 

model, but also towards the base of these deposits (Fig. 4.10C).  Similarly, gutter casts 

are observed in multiple geographical positions at outcrop (Fig. 4.10A-F).  We observe 

gutter casts that are adjoined to overlying sheet sandstones (Fig. 4.10B) and gutter casts 

encased in shale (Fig. 4.10A, C).  It is not yet clear from these initial observations if these 

two types of gutter casts occur preferentially at particular stratigraphic horizons or 

geographical locations. 

We also observe gutter casts that exhibit significant variability in scale and cross-

sectional geometry (Fig. 4.10).  The thickness of gutter casts ranges from c. 0.5 m (Fig. 

4.10A) to c. 3 m (Fig. 4.10B) and width ranges from c. 1 m (Fig. 4.10F) to c. 15 m (Fig. 
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4.10C).  Gutter casts appear either as symmetrical lenses, which typically have steeply 

dipping, concave-upward bases and gently dipping, mounded tops (e.g. Fig. 4.10A, C, F), 

or as asymmetrical lenses, with steeper dips at one margin and shallower dips at the 

other margin (Fig. 4.10B, D, E).  Gutter casts with both types of cross-sectional geometry 

are observed in cliff faces with a range of local orientations, implying that their axes were 

oriented from N-S (e.g. Fig. 4.10C) to W-E (e.g., Fig. 4.10B).  From our preliminary 

observations, shallow (c. 0.5 m) gutter casts tend to appear as isolated, narrow or wide 

symmetrical lenses (e.g., Fig. 4.10C, F), while asymmetrical gutter casts often appear as 

an amalgamated complex of multiple individual gutter casts that are connected to an 

overlying sheet sandstone (e.g., Fig. 4.10B, E).  Asymmetrical gutter casts are observed to 

erode into shale beds (e.g., Fig. 4.10B, E) with a thin laterally continuous shale bed  

preserved locally, or erode into an older sandstone bed, where sandstone beds become 

connected locally and the lateral continuity of intervening shale beds is not preserved 

(e.g., Fig. 4.10C, D).  It is not clear from these initial observations if one cross-sectional 

gutter cast geometry or orientation is more abundant.  We observe gutter casts that are 

predominantly filled with very-fine to fine-grained sandstone containing HCS (e.g. Fig. 

4.10G). Individual units of HCS are 20 – 90 cm in thickness and exhibit angles of cross-

stratification of 8 - 25°.  Although rare, gutter casts are observed to contain 

discontinuous layers of siltstone of thickness less than 10 cm (e.g. Fig. 4.10D). 

 

4.8.2 Interpretation 

The occurrence of gutter casts at multiple stratigraphic levels and in all 

geographical locations within the study area indicates that their process of formation was 

inherent to all storm events during deposition of the G2 parasequence in the Tusher 
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Canyon area. Interpretations of their scale and geometry must therefore be applicable to 

all storm events affecting a particular region of the lower shoreface and shelf during 

shoreline progradation. 

The gutter casts in the study area are significantly larger (up to several metres in 

depth and several metres to tens of metres in apparent width) than most that have been 

documented previously (e.g. centimetres in depth and width; Myrow, 1992). Gutter casts 

of similar size have only previously been described from a Miocene shelf-edge succession 

in Brunei (Guilpain, 2006). There are two reasons why larger gutter casts, representing 

deeper and more pronounced storm scour into a cohesive muddy substrate, may have 

formed.  First, the G2 parasequence extends further into the basin than the down-dip 

pinchouts of several stacked, underlying parasequences (K5, S1-3, G1 parasequences in 

Fig. 4.4). This large-scale stratigraphic architecture suggests that the G2 shoreface was 

fronted by relatively deep water (c. 100 m) (Fig. 4.4C), in the context of the Blackhawk 

Formation depositional systems, such that there was little attenuation of storm waves by 

friction as they travelled across the Mancos Shale shelf at this time. In this scenario, the 

G2 shoreface is placed in a physiographic setting similar to a shelf edge that was exposed 

to large storm waves. Secondly, lowering of storm wave base may have exposed more of 

the lower shoreface to inner shelf to erosion by storm-generated currents. Such lowering 

may reflect a change to a more energetic storm-wave regime with no attendant 

reduction in water depth (cf. “erosional discontinuities” of Hampson, 2000), or a relative 

fall in sea level (e.g. Hadley and Elliott, 1993). The latter is consistent with the occurrence 

of an incised valley at the top of the G2 parasequence (O’Byrne and Flint, 1995). 

The occurrence of both symmetrical and asymmetrical cross-sectional (2D) 

geometries for gutter casts, and the difficulty in correlating gutter casts between closely 
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spaced canyon walls indicates that the 3D geometries and/or orientations of gutter casts 

differ from previously proposed models (e.g. Myrow, 1992).  The range of observed 

cross-sectional geometries can be accounted for by a sinuous channel geometry (Fig. 

4.3B), but not by a linear channel geometry (Fig. 4.3A). The apparent lack of correlation 

between closely spaced canyon walls implies that gutter casts may have limited 

continuity along their axes, and/or that they are oriented in a range of directions.  One 

3D geometrical template which is consistent with the observed 2D cross-sections through 

gutter casts and their inferred lack of along-axis continuity is that of a flute cast, which is 

symmetrical in flow-perpendicular cross-section and asymmetrical in flow-parallel cross-

section. Flute casts have bulbous, steep-sided noses that face up-flow, and become 

progressively shallower and wider down-flow (Fig. 4.11) (Allen, 1982). Gutter casts are 

generally interpreted to be oriented perpendicular to the palaeoshoreline (Myrow, 1992; 

Chakraborty, 1995; Bhattacharya et al., 2004).  In the study area, gutter casts would then 

be expected to be aligned consistently from west (up-flow) to east (down-flow), relative 

to the shoreline trend shown in Figure 4.4B.  However, this is not consistent with 

observations of a large range of gutter cast widths, which imply a range of orientations 

that are perpendicular and oblique to the palaeoshoreline.   Although the predominant 

direction of palaeo-flow may have been perpendicular to the palaeoshoreline, there 

were pronounced local variations in its orientation. 

Evidence of HCS implies that the sandstone beds within gutter casts (e.g. Fig. 

4.10G) were deposited under the influence of oscillatory flow during the waning phase of 

storms (e.g., Dott and Bourgeois, 1982; Duke, 1985; Dumas et al., 2005) and is consistent 

with previous observations of gutter casts (e.g., Myrow, 1992).  However, the occurrence 

of siltstone lenses (e.g. Fig. 4.10D) suggests that during the latter phases of storm events  
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some gutter casts may have remained unfilled, such that subsequent silt deposition 

occurred under suspension when fair weather conditions returned.  

4.9 Reservoir implications and future applications 

We can use the digital outcrop model and interpretation of 3D gutter cast 

geometry to guide the construction of small-scale reservoir models.  These models of the 
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approximate size of a typical simulation grid block, could then be used to obtain 

representative values of effective vertical permeability that can then be assigned to distal 

lower shoreface deposits in full-field reservoir models.  Similarly, we can use small-scale 

models to ascertain if there is an overall sandstone net-to-gross threshold that 

determines a transition between reservoir and non-reservoir in distal lower shoreface 

deposits, based on likely sandbody connectivity.  Sandstone net-to-gross is a parameter 

that could be obtained from core- and log-derived measurements in subsurface 

reservoirs, and may be a useful proxy for sandbody connectivity.  

There are several methodologies that can be used to capture the geometry of 

sandstone bodies in small-scale reservoir models, and that incorporate both stochastic 

and deterministic components.  The most commonly used methodology involves using 

geostatistical algorithms, such as the Truncated Gaussian Simulation algorithm (TGSim) 

(White et al., 2003), Sequential Indicator Simulation algorithm (SISim) (Kjønsvik et al., 

1994) or Indicator Kriging algorithm (IK) (Falivene et al., 2007), to stochastically populate 

bodies within the framework of user defined grid. This method has the advantage that 

numerous realisations can be rapidly generated, but has the considerable disadvantage 

that grid based methods typically fail to honour complex geometries unless a very fine 

grid resolution is used.  If a very fine grid resolution is used, then this increases fluid-flow 

simulation times and reduces the number of realisations that can be tested within a 

reasonable timeframe.  Gutter cast geometry and spatial distribution however, may be 

key parameters that influence sandbody connectivity in distal lower shoreface deposits, 

and the overall shape of the connected sandstone volume is an important factor in 

determining effective vertical permeability (King, 1990).  Instead, a surface-based 

modelling approach as demonstrated in Chapter 2 (see also Sech et al., 2009; Enge and 
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Howell, 2010) should be used to represent the geometry of gutter casts in reservoir 

models.  While a reservoir model constrained by the digital outcrop model presented in 

this chapter would be largely deterministic, a surfaced-based approach to describing 

gutter cast geometry and distribution would yield a method in which gutter casts could 

be reproduced in other reservoir models using a stochastic approach.  The resulting 

models could then be used to capture Representative Elementary Volumes (REV) of distal 

lower shoreface deposits, for analysis of the overall sandbody connectivity and 

conductivity and to quantify effective flow properties. 

 

4.10 Discussion  

To gain an understanding of the effectiveness of the digital outcrop modelling 

technique described in this chapter (Fig. 4.6), we evaluate its the strengths and 

weaknesses relative to LIDAR-based methods that are commonly used to construct digital 

outcrop models (e.g., Bellian et al., 2005; Enge and Howell, 2007, Buckley et al., 2008; 

Van Lanen et al., 2009; Enge and Howell, 2010).   

We recognise three advantages of the stereophotogrammetry-based method 

(Table 4.2). (1) The digital outcrop modelling technique we have outlined is a much more 

cost efficient approach, which represents a considerable advantage over LIDAR-based 

methods (Pringle et al., 2006).  Using stereophotogrammetry is at least an order of 

magnitude less expensive than LIDAR (e.g., Amour et al., 2012), yet provides comparable 

point clouds (Figs. 4.8, 4.9).  The cost efficiency lies in the lower initial cost of the 

stereophotogrammetry equipment and software.  (2) A further advantage is the speed at 

which georeferenced dense point clouds can be captured and post-processed.  Collection  
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Table 4.2. Summary of the strengths and weaknesses of the stereophotogrammetry-

based method of digital outcrop model construction relative to LIDAR-based methods. 

Parameter Stereophotogrammetry – based methods LIDAR – based methods 

Cost 

Low 
Lower cost of equipment and software 

yet provides comparable results 
(Figs. 4.8, 4.9). 

High 
At least an order of magnitude more  

expensive than stereophotogrammetry -  
based methods (Pringle et al., 2006). 

 Accuracy 

Lower 
Limited by quality of photographs and 

effects of using a combination of 
different GPS data sets collected at 

different times 

Higher 
DGPS data and scans conducted 

simultaneously allow for greater accuracy, 
while software controls both scanner and 

camera 

Time  

Shorter 
Requires less post-processing to produce 

georeferenced digital outcrop models 
(days) 

Longer 
Requires significant post-processing times 

for triangulation and creation of mesh 
(days-weeks, e.g. Enge et al., 2007) 

Output  

Simple 
Point clouds can be interpreted directly 

in conventional reservoir modelling 
software (e.g., Figs. 4.8, 4.9) 

Complex 
May require additional manipulation and 

software before data can be used in 
conventional reservoir modelling software 

 

and post-processing of an equivalent LIDAR survey would take at least twice as long to 

achieve comparable results (e.g., Pringle et al., 2006; Enge et al., 2007; Amour et al., 

2012).  (3) The dense point cloud created using the method outlined in this chapter can 

be manipulated directly using conventional reservoir modelling software.  Textured 

meshes are a common output of LIDAR surveys (e.g., Enge et al., 2007, Bellian et al., 

2005), and construction of the resulting digital outcrop models require software that is 

not specifically designed for geological interpretation.  Key stratigraphic surfaces and 

geobodies are represented using points and exported to conventional reservoir 

modelling software; however the digital outcrop model is not then present for cross-

comparison for quality control in the reservoir modelling package. In house software has 

been developed by several research groups for the purpose of geological interpretation 

of textured meshes (e.g. LIDAR Interpretation and Manipulation Environment, LIME, 
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developed by Simon Buckley at the Centre for Integrated Petroleum Research, Bergen, 

Norway), but the digital outcrop models still cannot be interpreted, and used to drive 

reservoir zonation, gridding, and/or facies modelling in one software package. This adds 

to the complexity of the workflow and reduces efficiency in comparison with the method 

outlined in this chapter.   

However, our stereophotogrammetry-based method has two weaknesses relative 

to a LIDAR-based workflow (Table 4.2). (1)  We find some larger errors in georeferencing 

the outcrop when using laser rangefinders stations as we typically make measurements 

to other reference stations over large distances.  The scope on the laser rangefinder is 

the only tool available to aim the laser, and it can be difficult to determine the exact 

point on the target with which the laser makes contact.  While we use reflective targets 

to increase accuracy of the contact point (e.g. Fig. 4.9A, B), this is not possible for every 

target (e.g. on high, vertical cliff faces or beneath overhanging ledges).  (2) Furthermore, 

using a combination  of different GPS data sets, collected at different times, can result in 

vertical and/or horizontal offsets between one data set and another (Verwer et al., 2007; 

Tomás et al., 2010; Amour et al., 2012). These discrepancies can increase processing 

times of the coordinate data needed to fit dense point clouds together accurately. We 

find that the limit of producing the dense point cloud occurs at the scale of individual 

beds.  For example, in the head of the side canyon considered in our case study (Fig. 4.5), 

just the top of the studied stratigraphic interval is exposed, such that in places only an 

individual bed is captured in each photo frame.  It is therefore difficult to obtain a good 

spread of outcrop GPS coordinate data points, because all points appear at a similar 

horizon within the photo frame.  When registering the point cloud to “real world” 

coordinates, the small spread of data points cannot provide a sufficient range of depth 

                                                                     181



data to adequately constrain vertical topography.   One further weakness that is shared 

by both the stereophotogrammetry-based method and LIDAR-based methods is that 

using point clouds to construct a high-resolution digital outcrop model requires a large 

number of points (Table 4.2).  This can make the point clouds difficult to manipulate 

easily in conventional reservoir modelling software, and similarly makes it challenging to 

view multiple dense point clouds simultaneously.  A common approach is to decimate 

the point clouds with removal of a certain proportion of the points (e.g., Enge et al., 

2007).  However with the stereophotogrammetry-based approach, this results in a 

compromise between digital outcrop model resolution and visualization efficiency.   

 

4.11 Conclusions  

 A generic method of capturing 3D, high resolution, digital outcrop datasets has 

been developed as a tool for creating digital outcrop models when is it is not practicable 

to use other digital outcrop data collection techniques such as LIDAR.  The method is 

based on stereophotogrammetry and spatial referencing of GPS datasets. 

We apply the digital outcrop data collection method to capture the architecture 

of interbedded sandstone and shale beds in exposures of distal lower shoreface deposits 

that contain abundant gutter casts.  The method provides comparable results to other 

digital outcrop modelling techniques, such as those based on LIDAR, but has several 

advantages over these techniques, including the lower cost of data acquisition.  

Limitations of the technique include the lower accuracy of GPS data measured over large 

(> 50m) distances, which increases post-processing times. 
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The resulting digital outcrop model is used to make a preliminary interpretation 

of 3D gutter cast geometry and spatial distribution in a rock volume of c. 260 x 250 x 25 

m, comparable in scale to an inter-well volume in a thinly bedded, shallow-marine 

reservoir.  The digital outcrop model and stereo photogrammetric dataset enable a wider 

range of gutter cast geometries to be documented than in previous case studies, implying 

that gutter casts occur either as sinuous channels with marked variations in along-axis 

scour, or as down-flow shallowing and widening scours similar to flute casts. For either 

geometrical template, gutter casts are not parallel to each other, but instead exhibit a 

relatively wide range of orientations. The gutter casts occur at multiple stratigraphic 

levels and do not appear to occur preferentially in a particular geographic area, implying 

that they are an integral component of every storm-event bed in the studied succession. 

The digital outcrop models and the proposed 3D gutter cast geometries and distributions 

can be readily captured in reservoir models and used to quantify sandbody connectivity 

and effective flow properties. 
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Chapter 5

Discussion and Conclusions 

5.1 Discussion 

5.1.1 Surface-based modelling of heterogeneity in shallow-marine reservoirs 

Permeability contrasts associated with clinoform surfaces have been previously 

identified as a key control on fluid flow and hydrocarbon recovery within shallow-

marine reservoirs (e.g., Wehr and Brasher, 1996; Ainsworth et al., 1999; Dutton et al., 

2000; Howell et al., 2008a, 2008b; Jackson et al., 2009; Enge and Howell, 2010). This 

thesis has described a stochastic, surface-based algorithm that can be used as a tool 

for rapidly incorporating multiple three-dimensional clinoform surfaces and their 

associated heterogeneity into models of shallow-marine reservoirs (e.g. Figs. 2.7, 

2.14). The application of clinoform-modelling algorithm has been demonstrated using: 

(1) a deterministic approach where a rich, high resolution dataset is available (Ferron 

Sandstone Member outcrop analogue) (Fig. 2.8); and (2) a stochastic element where 

the data are sparse (Sognefjord Formation, Troll Field sector) (Fig. 2.15).   

As the algorithm is generic it can be applied to generate clinoforms within 

reservoir models of different shallow-marine systems. However with modification, the 

clinoform-modelling algorithm (Appendix A1) could be adapted to represent the 

geometries of other heterogeneities present over a range of lengthscales within 

shallow-marine systems.  Specifically, the dimensionless shape function (Eq. 2.7, 

Chapter 2, Section 2.3.3) could be replaced with another mathematical function to 
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describe other observed geometries. One particular application would be to replace 

the dimensionless shape function (Eq. 2.7) with a sigmoid function that could be used 

to represent compound deltaic clinoforms (e.g. Pirmez et al., 1998).  Furthermore, the 

clinoform-modelling algorithm could be adapted and applied in other depositional 

systems, for example, to represent heterogeneities in inclined heterolithic strata 

within fluvial point bar systems (e.g. Hassanpour et al., 2013) or clinoforms within 

carbonate platforms (e.g. Adams et al., 2011).  Thus, the clinoform-modelling 

algorithm provides a platform on which to develop a suite of generic surface-based 

algorithms that describe key geometries that impact on fluid-flow and hydrocarbon 

recovery across a range of depositional systems.  

 

5.1.2 Quantifying the impact of heterogeneity on fluid flow and hydrocarbon 

recovery in fluvial-dominated deltaic reservoirs 

In contrast with previous stochastic surface-based modelling approaches (e.g., 

Xie et al., 2001; Pyrcz et al., 2005; Zhang et al., 2009), the clinoform-modelling 

algorithm yielded a suite of geological models suitable for fluid flow simulation (e.g. 

Figs. 2.8, 2.15, 3.4).  Furthermore, the geometry and distribution of heterogeneity 

associated with clinoform surfaces was retained in fluid flow simulations.  The 

resulting models were used to quantify the impact on oil recovery of geological 

heterogeneity and reservoir engineering decisions in fluvial-dominated deltaic 

shallow-marine reservoirs (Fig. 3.7). 

  Although the impact of heterogeneity associated with clinoforms is typically 

larger than that of other geological heterogeneities and of reservoir engineering 

decisions, clinoforms are difficult to detect using conventional reservoir-monitoring 
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techniques (e.g. Fig. 3.15) and are often omitted from shallow-marine reservoir 

models.  However, we have demonstrated that clinoforms associated with significant 

barriers to flow are marked by prominent breaks in water saturation that may be 

detected and monitored in production wells, in order to characterize clinoform-

related sweep patterns during production (Fig. 3.15).  Similar breaks in water 

saturation have been recorded across clinoform surfaces in other shallow-marine 

systems (e.g. Hampson et al., 2008; Hampson et al., in review).  Subsurface datasets 

can be combined with the clinoform-modelling algorithm described in Chapter 2, to 

develop production strategies to mitigate the impact of heterogeneities associated 

with clinoforms on fluid flow and hydrocarbon recovery in shallow-marine reservoirs.  

Specifically, if data from clinoform-bearing shallow-marine reservoirs were available, a 

future application of this work would be to develop the clinoform-modelling algorithm 

so that it can be conditioned to subsurface datasets.  This process could be automated 

to produce multiple realisations of clinoform-bearing reservoir models that honour 

subsurface data to assist history-matching processes. 

 

5.1.3 Three-dimensional digital outcrop modelling using stereophotogrammetry 

We have identified that the vertical permeability of thinly-bedded reservoir 

intervals has a significant impact on sweep efficiency and hydrocarbon recovery within 

shallow-marine reservoirs (Fig. 3.7). This thesis has described a 

stereophotogrammetry-based digital outcrop data collection method (Fig. 4.6) and 

demonstrated its application to capture exposures of distal lower shoreface deposits 

that contain abundant gutter casts in order to better characterize vertical permeability 

in thinly-bedded reservoir intervals (Figs. 4.8, 4.9).   
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Conventional approaches to capture the spatial distribution of petrophysical 

properties within facies types are typically limited by grid resolution rather than 

underlying geology, and often fail to represent the true geometries of the 

heterogeneity present (Jackson et al., 2013).  Future work should focus on developing 

a stochastic surface-based modelling approach as demonstrated in Chapter 2 (See also 

Sech et al., 2009; Enge and Howell, 2010) to capture the geometry and spatial 

distribution of gutter casts.  This approach would yield a method that could be 

reproduced in other shallow-marine reservoir models.  The resulting surface-based 

models can be used to explicitly model surfaces that capture the architecture of 

interbedded sandstone and shale beds in small-scale models.  Petrophysical properties 

can be derived at the Representative Elementary Volume (e.g. Jackson et al., 2003), in 

which case they represent effective properties that can be assigned to discrete 

volumes bounded by surfaces in larger-scale models of shallow-marine reservoirs 

regardless of volume (Jackson et al., in press).  The stereophotogrammetry-based 

workflow could be extended further to identify and capture key smaller-scale 

heterogeneities within shallow-marine reservoirs at a lower cost of data acquisition 

and processing, and at greater speed than other digital outcrop modelling techniques 

including LIDAR-based methods. 

 

5.1.4 Surface-based modelling for flow simulation: future directions 

 We have described an application of surface-based modelling that allows 

multiple clinoform surfaces to be captured in models of shallow-marine reservoirs.  

Clinoform geometry is retained efficiently for flow simulation as surfaces can be used 

to model clinoforms prior to gridding, so that fewer grid cells are required to capture 
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their geometry in flow simulation, in comparison with conventional reservoir 

modelling approaches (see sections 1.3 and 1.4 in Chapter 1 for review).  However, in 

this thesis we have described heterogeneity within shallow-marine reservoirs over 

multiple lengthscales (e.g. Fig. 3.1C and Fig. 4.2B) and at present it is not possible to 

explicitly capture and integrate both lengthscales of heterogeneity in a single reservoir 

model for flow simulation.  Even using a surface-based reservoir modelling approach 

would yield models with grids containing too large a number of cells for direct flow 

simulation to be computationally feasible.  

We suggest that such integrated models that represent the spatial distribution 

and geometry of heterogeneity over multiple lengthscales using surfaces, may be 

possible in the long term.  As described in Chapter 1, surfaces are used to define 

closed volumes or zones (e.g. channel bodies Fig. 5.1B), which are each gridded 

separately.  In conventional reservoir simulation experiments such as those presented 

in Chapters 2 and 3, grid resolution is fixed for a given reservoir zone bounded by 

surfaces.  More recently, methods have been developed that allow volumes or zones 

bounded by surfaces to be gridded using unstructured, adaptive, tetrahedral meshes 

(e.g. Fig. 5.1C) (e.g. Jackson et al., 2013; Jackson et al., in press).  Unstructured, 

adaptive meshes for simulation of flow through porous media actively refine and 

coarsen during the simulation (Fig. 5.2).  This offers a considerable advantage as in 

many production scenarios, high grid resolution is only required in specific regions of 

the model where pressure or saturation gradients are large, thus computational effort 

is focused on regions of the model where it is most required (Jackson et al., in press).  

For example, in the waterflooding simulation experiments presented in Chapters 2 

and 3 (e.g. Fig. 2.10 and Fig. 3.8), high resolution of the grid would only be required
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close to the water front where the saturation gradient is large, but behind the front 

the saturation changes gradually and high resolution is not required (Jackson et al., in 

press). As well as offering computational efficiency for fluid flow simulation 

experiments, unstructured adaptive meshes have demonstrated a further key 

advantage over conventional gridding approaches.  As shown in Figure 5.2B and C, grid 

resolution affects how heterogeneity is captured in flow simulation, and numerical 

dispersion effects may cause discrepancies between predicted and observed time to 

water breakthrough and oil recovery (Jackson et al., 2013).  Thus, a surface-based 

approach to reservoir modelling coupled with the next generation of unstructured, 

adaptive mesh simulators, may facilitate a step-change in reservoir modelling 

capabilities.  The surface-based models described in this thesis (e.g. Figs. 2.8, 2.15) 

would be compatible with unstructured, adaptive, tetrahedral meshes, but at present 

unstructured adaptive meshes, for flow through porous media have only been 

demonstrated for simple heterogeneous models (e.g. Fig. 5.2A, D).  When 

unstructured, adaptive, tetrahedral meshes can be used with more complex 

heterogeneous shallow-marine reservoir models such as those presented in this 

thesis, a future aspect of this PhD work would be to integrate the surface-based 

clinoform-bearing models with the meshes for flow simulation. 
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5.2 Recommendations for future work 

The research conducted in this thesis could be extended in the following areas: 

 

(1) Expand the clinoform-modelling algorithm so that it can be conditioned to 

subsurface datasets. 

 

(2) Results from the fluid-flow simulations of the clinoform-bearing Troll West 

sector model should be compared with actual production data to demonstrate 

the potential benefits of modelling heterogeneities associated with clinoforms. 

 

(3) Develop a suite of generic surface-based algorithms that describe key 

geometries that impact on fluid-flow and hydrocarbon recovery across a range 

of depositional systems. 

 

(4) Use the digital outcrop model and interpretation of 3D gutter cast geometry to 

guide the construction of 3D, stochastic, surface-based, small-scale reservoir 

models. 

 
(5) Obtain representative values of effective vertical permeability that can be 

assigned to distal lower shoreface deposits in full-field reservoir models.  

 
(6) Use percolation theory to ascertain if there is an overall sandstone net-to-gross 

threshold that determines a transition between reservoir and non-reservoir in 

distal lower shoreface deposits, based on likely sandbody connectivity. 
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(7) Integrate the surface-based clinoform-bearing models described in this thesis 

with unstructured, adaptive, tetrahedral meshes for flow simulation, when this 

approach becomes feasible. 

 

5.3 Conclusions 

The research conducted for this thesis leads to the following conclusions:   

 
(1) A clinoform-modelling algorithm has been developed that allows efficient 

incorporation of clinoforms into field-scale reservoir models using 

deterministic or stochastic components. 

 

(2) The algorithm can match clinoform geometries and distributions observed at 

outcrop as well as honouring subsurface data. 

 

(3) Under certain displacement conditions the impact of clinoforms can be larger 

than that of other uncertainties in reservoir characterization or reservoir 

engineering decisions.   

 

(4) The proportion and distribution of barriers to flow along clinoforms exert the 

greatest influence on hydrocarbon recovery in models of fluvial-dominated 

deltaic reservoirs; equivalent models that neglect these barriers over-predict 

recovery by up to 35%. 
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(5) The vertical permeability of the distal delta-front (dDF) facies association has 

the most significant positive impact on oil recovery in models of fluvial-

dominated deltaic reservoirs; when vertical permeability is non-zero oil 

recovery is increased. 

 

(6) Clinoforms can have a significant impact on sweep and hydrocarbon recovery 

but are not associated with breaks in pressure.  This makes the presence of 

clinoforms difficult to diagnose. 

 

(7) Clinoforms should be routinely included in models of fluvial-dominated deltaic 

reservoirs, in order to better estimate hydrocarbon recovery and uncertainty in 

drainage patterns. 

 

(8) A generic method of capturing 3D, high resolution, digital outcrop datasets has 

been developed as a tool for creating digital outcrop models when is it is not 

practicable to use other digital outcrop data collection techniques such as 

LIDAR. 

 

(9) The method provides comparable results to other digital outcrop modelling 

techniques, such as those based on LIDAR, but has several advantages over 

these techniques, including the lower cost of data acquisition and processing, 

and greater speed with which georeferenced dense point clouds can be 

captured. 
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(10) Limitations of the technique include the lower accuracy of GPS data measured 

over large (> 50m) distances, which increases post-processing times. 

 

(11) The digital outcrop model and stereo photogrammetric dataset enable a wider 

range of gutter cast geometries to be documented than in previous case 

studies, implying that gutter casts occur either as sinuous channels with 

marked variations in along-axis scour, or as down-flow shallowing and 

widening scours similar to flute casts.  

 

(12) The proposed 3D gutter cast geometries and distributions can be readily 

captured in reservoir models and used to quantify sandbody connectivity and 

effective flow properties. 
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Appendix A 

 

A1 Clinoform-modelling algorithm 

 
This section of the appendix contains the subroutines developed for generating 

multiple three-dimensional clinoform surfaces as demonstrated in Figures 2.7 and 2.14 

and surfaces that represent the heterogeneity along clinoforms (Fig. 3.6C).   A flowchart 

demonstrating the full workflow within the clinoform-modelling algorithm is shown in 

Figure A1.1, with the subroutines contained in this Appendix highlighted in red. We have 

not included pre- and post-processing functions within the clinoform modelling algorithm 

(black boxes in Fig. A1.1).  The subroutines have been annotated to provide the reader 

with a brief description and to highlight the equations described in Chapters 2 and 3. The 

clinoform-modelling algorithm can also be found on a CD-ROM provided with this thesis. 
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Fig. A1.1  

Flowchart depicting the stages required to generate clinoform surfaces and surfaces that 
represent the heterogeneity along clinoforms. Utility functions are shown in black while the 
subroutines shown in this Appendix are shown in red. 
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if

en
d 
do

en
d 
do

!c
al
c 
cl
in
of
or
m 
su
rf
ac
e

do
i=
li
mi
t_
in
f,
li
mi
t_
su
p

do
j=
1,
m_
re
gr
id

if
(R
OT
AT
IO
N(
1,
i,
j)
>n
on
va
lu
e)

th
en
;

di
st
1 
= 
SQ
RT
((
ip
ol
e3
*1
.-
i*
1.
)*
*2
+(
jp
ol
e3
*1
.-
j*
1.
)*
*2
)+

SQ
RT
((
ip
ol
e4
*1
.-
i*
1.
)*
*2
+(
jp
ol
e4
*1
.-
j*
1.
)*
*2
)

di
st
2 
= 
SQ
RT
((
ip
ol
e1
*1
.-
i*
1.
)*
*2
+(
jp
ol
e1
*1
.-
j*
1.
)*
*2
)+

SQ
RT
((
ip
ol
e2
*1
.-
i*
1.
)*
*2
+(
jp
ol
e2
*1
.-
j*
1.
)*
*2
)
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if
(r
ou
ta
>r
ou
tb
.o
r.
ro
ut
b=
=r
ou
ta
)
th
en
; 

if
(d
is
t2
<=
2*
ro
ut
a.
an
d.
di
st
1<
=2
*r
ou
ta
)
th
en
; 

CL
IN
OF
OR
M(
i,
j)
=R
OT
AT
IO
N(
2,
i,
j)

en
d 
if

if
(d
is
t2
>=
2*
ri
na
.a
nd
.d
is
t1
<=
2*
ro
ut
a)

th
en
; 

!p
ri
nt
*,
 d
is
t1
, 
di
st
2

ra
di
us
mi
n=
(r
in
a*
ri
nb
)/
(
SQ
RT
((
(r
in
a*
*2
)*
((
(i
-h
)*
*2
)*
1.
)+
(r
in
b*
*2
)*
((
(j
-j
0)
**
2)
*1
.)
)/
((
(i
-h
)*
*2
+(
j-

j0
)*
*2
))
*1
.)
) ra
di
us
ma
x=
(r
ou
ta
*r
ou
tb
)/
(
SQ
RT
((
(r
ou
ta
**
2)
*(
((
i-
h)
**
2)
*1
.)
+(
ro
ut
b*
*2
)*
((
(j
-j
0)
**
2)
*1
.)
)/
((
(i
-h
)*
*2
+(
j-

j0
)*
*2
))
*1
.)
) he
ig
ht
 =
 R
OT
AT
IO
N(
2,
i,
j)
-R
OT
AT
IO
N(
1,
i,
j)

!(
ra
di
us
 o
f 
cl
in
of
ro
m 
re
la
ti
ve
 t
o 
cl
in
of
or
m 
or
ig
in
 E
q.
 2
.4
 C
ha
pt
er
 2
)

r 
= 
SQ
RT
((
((
h-
i)
**
2)
*1
.)
+(
((
j0
-j
)*
*2
)*
1.
))

!(
He
ig
ht
 f
un
ct
io
n 
Eq
. 
2.
1 
Ch
ap
te
r 
2)

he
ig
ht
bi
s=
 h
ei
gh
t-
((
r-
ra
di
us
mi
n)
*h
ei
gh
t)
/(
ra
di
us
ma
x-
ra
di
us
mi
n)

!(
Cl
in
of
or
m 
sh
ap
e 
fu
nc
ti
on
 E
q.
 2
.8
 C
ha
pt
er
 2
)

CL
IN
OF
OR
M(
i,
j)
=R
OT
AT
IO
N(
1,
i,
j)
+(
(
AB
S
((
ra
di
us
ma
x-
r)
**
(p
l)
)/

AB
S
((
ra
di
us
ma
x-
ra
di
us
mi
n)
**
(p
l)
))
*h
ei
gh
tb
is
)

co
mp
te
ur
=c
om
pt
eu
r+
1

en
d 
if

if
(d
is
t2
>=
2*
ro
ut
a.
an
d.
di
st
1>
=2
*r
ou
ta
)
th
en
; 

CL
IN
OF
OR
M(
i,
j)
=R
OT
AT
IO
N(
1,
i,
j)

en
d 
if

el
se
; if
(d
is
t2
<=
2*
ro
ut
b.
an
d.
di
st
1<
=2
*r
ou
tb
)
th
en
; 

CL
IN
OF
OR
M(
i,
j)
=R
OT
AT
IO
N(
2,
i,
j)

en
d 
if

if
(d
is
t2
>=
2*
ri
nb
.a
nd
.d
is
t1
<=
2*
ro
ut
b)

th
en
;

!(
Eq
. 
2.
5 
Ch
ap
te
r 
2,
 m
ax
im
um
 r
ad
iu
s 
of
 t
op
 e
ll
ip
se
)

ra
di
us
mi
n=
(r
in
a*
ri
nb
)/
(
SQ
RT
((
(r
in
a*
*2
)*
((
(i
-h
)*
*2
)*
1.
)+
(r
in
b*
*2
)*
((
(j
-j
0)
**
2)
*1
.)
)/
((
(i
-h
)*
*2
+(
j-

j0
)*
*2
))
*1
.)
) !(
Eq
. 
2.
6 
Ch
ap
te
r 
2,
 m
ax
im
um
 r
ad
iu
s 
of
 b
as
e 
el
li
ps
e)

ra
di
us
ma
x=
(r
ou
ta
*r
ou
tb
)/
(
SQ
RT
((
(r
ou
ta
**
2)
*(
((
i-
h)
**
2)
*1
.)
+(
ro
ut
b*
*2
)*
((
(j
-j
0)
**
2)
*1
.)
)/
((
(i
-h
)*
*2
+(
j-

j0
)*
*2
))
*1
.)
) he
ig
ht
 =
 R
OT
AT
IO
N(
2,
i,
j)
-R
OT
AT
IO
N(
1,
i,
j)

!(
ra
di
us
 o
f 
cl
in
of
ro
m 
re
la
ti
ve
 t
o 
cl
in
of
or
m 
or
ig
in
 E
q.
 2
.4
 C
ha
pt
er
 2
)

r 
= 
SQ
RT
((
((
h-
i)
**
2)
*1
.)
+(
((
j0
-j
)*
*2
)*
1.
))

!(
He
ig
ht
 f
un
ct
io
n 
Eq
. 
2.
1 
Ch
ap
te
r 
2)

he
ig
ht
bi
s=
 h
ei
gh
t-
((
r-
ra
di
us
mi
n)
*h
ei
gh
t)
/(
ra
di
us
ma
x-
ra
di
us
mi
n)

                                                                     231



!(
Cl
in
of
or
m 
sh
ap
e 
fu
nc
ti
on
 E
q.
 2
.8
 C
ha
pt
er
 2
)

CL
IN
OF
OR
M(
i,
j)
=R
OT
AT
IO
N(
1,
i,
j)
 +
((

AB
S
((
ra
di
us
ma
x-
r)
**
(p
l)
)/

AB
S
((
ra
di
us
ma
x-
ra
di
us
mi
n)
**
(p
l)
))
*h
ei
gh
tb
is
)

co
mp
te
ur
=c
om
pt
eu
r+
1

en
d 
if

if
(d
is
t2
>=
2*
ro
ut
a.
an
d.
di
st
1>
=2
*r
ou
tb
)
th
en
; 

CL
IN
OF
OR
M(
i,
j)
=R
OT
AT
IO
N(
1,
i,
j)

en
d 
if

en
d 
if

el
se
; 

CL
IN
OF
OR
M(
i,
j)
=n
on
va
lu
e

en
d 
if

en
d 
do

if
(c
om
pt
eu
r>
1)

th
en
; 

nb
li
ne
s=
nb
li
ne
s+
1

en
d 
if

co
mp
te
ur
=0

en
d 
do

!E
ns
ur
es
 a
ll
 c
li
no
fo
rm
 v
al
ue
s 
ou
ts
id
e 
vo
lu
me
 a
re
 n
on
va
lu
e

if
(l
im
it
_s
up
<n
_r
eg
ri
d)

th
en
; 

do
i=
li
mi
t_
su
p+
1,
n_
re
gr
id

do
j=
1,
m_
re
gr
id

CL
IN
OF
OR
M(
i,
j)
=R
OT
AT
IO
N(
1,
i,
j)

en
d 
do

en
d 
do

en
d 
if
  

  
if

(A
>1
)
th
en
; 

do
i=
1,
n_
re
gr
id

do
j=
1,
m_
re
gr
id

if
(C
LI
NO
FO
RM
(i
,j
)>
no
nv
al
ue
+1
)
th
en
; 

if
(C
LI
NO
FO
RM
(i
,j
)>
CL
IN
OF
OR
M_
PA
ST
(i
,j
))

th
en
; 

CL
IN
OF
OR
M(
i,
j)
=C
LI
NO
FO
RM
_P
AS
T(
i,
j)

en
d 
if

en
d 
if

en
d 
do

en
d 
do

en
d 
if
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do
i=
1,
n_
re
gr
id

do
j=
1,
m_
re
gr
id

CL
IN
OF
OR
M_
PA
ST
(i
,j
)=
CL
IN
OF
OR
M(
i,
j)

en
d 
do

en
d 
do

do
i=
1,
n_
re
gr
id

do
j=
1,
m_
re
gr
id

CL
IN
OF
OR
M_
AD
JU
ST
ED
(i
,j
)=
CL
IN
OF
OR
M(
i,
j)

en
d 
do

en
d 
do

if
(n
bl
in
es
>1
)
th
en
; 

A=
A+
1

op
en
(u
ni
t=
40
, 
fi
le
=
"l
is
ti
ng
.t
xt
"
) 

do
i=
1,
A

re
ad
(4
0,
*)
 B

en
d 
do

cl
os
e(
un
it
=4
0)

if
(A
>0
)
th
en
; 

pr
in
t*
,
"G
en
er
at
in
g 
cl
in
of
or
m 
su
rf
ac
e"

,t
ri
m
(B
)

en
d 
if

! 
su
br
ou
ti
ne
 t
ha
t
ro
ta
te
s 
cl
in
of
or
m 
su
rf
ac
e 
to
 o
ri
en
ta
ti
on
 o
f 
or
ig
in
al
 b
ou
nd
in
g 
su
rf
ac
es
, 
bu
t 
ho
no
ur
 t
he
 u
se
r 

sp
ec
if
ie
d 
pr
og
ra
da
ti
on
 d
ir
ec
ti
on

ca
ll

ro
ta
te
_b
ac
k(
CL
IN
OF
OR
M,
 A
GA
IN
, 
re
so
lx
, 
no
nv
al
ue
, 
n_
re
gr
id
, 
m_
re
gr
id
, 
xm
in
, 
xm
ax
, 
ym
in
, 
ym
ax
, 
us
er
_a
ng
le
, 
B,
 

Pe
tr
el
)

!
mo
di
fi
es
 t
he
 c
li
no
fo
rm
 s
ur
fa
ce
s 
if
 u
se
r 
wi
sh
es
 t
o 
ad
d 
gr
id
 l
ay
er
s 
ab
ov
e 
or
 b
el
ow
 c
li
no
fo
rm
s

ca
ll

al
te
r_
cl
in
of
or
m(
RO
TA
TI
ON
,R
OT
AT
IO
N_
AD
JU
ST
ED
,n
_r
eg
ri
d,
 m
_r
eg
ri
d,
 n
on
va
lu
e,
al
te
ra
ti
on
_v
al
ue
, 
CL
IN
OF
OR
M_
AD
JU
ST
ED
, 

xm
in
, 
xm
ax
, 
ym
in
, 
ym
ax
)

! 
ca
lc
ul
at
es
 t
he
 p
os
it
io
ns
 o
f 
th
e 
he
te
ro
ge
ne
it
y 
al
on
g 
cl
in
of
or
m 
su
rf
ac
es

ca
ll

mu
dd
ra
pe
re
f(
pa
ss
ag
em
ud
,n
_r
eg
ri
d,
m_
re
gr
id
,r
es
ol
x,
ro
ut
a,
ro
ut
b,
ri
na
,r
in
b,
 B
,n
on
va
lu
e,
 c
oo
rd
ic
en
te
r,
 

co
or
dj
ce
nt
er
, 
di
mi
, 
di
mj
)

! 
cr
ea
te
s 
a 
su
rf
ac
e 
re
pr
es
en
ti
ng
 t
he
 h
et
er
og
en
ei
ty
 a
lo
ng
 c
li
no
fo
rm
s
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ca
ll

mu
d_
su
rf
ac
e(
pa
ss
ag
em
ud
,R
OT
AT
IO
N,
RO
TA
TI
ON
_A
DJ
US
TE
D,
CL
IN
OF
OR
M_
AD
JU
ST
ED
,M
UD
,n
_r
eg
ri
d,
m_
re
gr
id
, 
no
nv
al
ue
, 
h,
 j
0,
 

co
or
di
ce
nt
er
, 
co
or
dj
ce
nt
er
,x
mi
n,
xm
ax
,y
mi
n,
ym
ax
, 
di
mi
, 
di
mj
, 
re
so
lx
,r
ou
ta
,r
ou
tb
,r
in
a,
ri
nb
)

! 
su
br
ou
ti
ne
 t
ha
t 
ro
ta
te
s 
su
rf
ac
es
 r
ep
re
se
nt
in
g 
th
e 
he
te
ro
ge
ne
it
y 
al
on
g 
cl
in
of
or
ms
 t
o 
or
ie
nt
at
io
n 
of
 o
ri
gi
na
l 

bo
un
di
ng
 s
ur
fa
ce
s,
 

! 
bu
t 
ho
no
ur
s 
th
e 
us
er
 s
pe
ci
fi
ed
 p
ro
gr
ad
at
io
n 
di
re
ct
io
n

ca
ll

ro
ta
te
_b
ac
k_
mu
d(
MU
D,
AG
AI
N,
 r
es
ol
x,
 n
on
va
lu
e,
 n
_r
eg
ri
d,
 m
_r
eg
ri
d,
 x
mi
n,
 x
ma
x,
 y
mi
n,
 y
ma
x,
 u
se
r_
an
gl
e,
 B
, 

Pe
tr
el
)

en
d 
if

ca
ll

xp
at
h(
h,
z,
A,
 p
ar
am
et
er
s_
in
pu
t)

z=
z/
re
so
lx

h=
h+
z

if
(A
>1
)
th
en
; 

ca
ll

yp
at
h(
j0
,q
, 
A,
 p
ar
am
et
er
s_
in
pu
t)

q=
q/
re
so
ly

j0
=j
0+
q

en
d 
if

nb
li
ne
s=
0

nu
ms
ur
f=
nu
ms
ur
f+
1

en
d 
do ! 
su
br
ou
ti
ne
 t
ha
t 
ro
ta
te
s 
bo
un
di
ng
 s
ur
fa
ce
s 
ba
ck
 t
o 
th
ei
r 
or
ig
in
al
 o
ri
en
ta
ti
on

ca
ll

ro
ta
te
_b
ac
k_
bo
un
di
ng
(R
OT
AT
IO
N,
 A
GA
IN
, 
re
so
lx
, 
no
nv
al
ue
, 
n_
re
gr
id
, 
m_
re
gr
id
, 
xm
in
, 
xm
ax
, 
ym
in
, 
ym
ax
, 

us
er
_a
ng
le
, 
B,
 P
et
re
l)

de
al
lo
ca
te

(C
LI
NO
FO
RM
)

de
al
lo
ca
te

(C
LI
NO
FO
RM
_P
AS
T)

de
al
lo
ca
te

(C
LI
NO
FO
RM
_A
DJ
US
TE
D)

de
al
lo
ca
te

(A
GA
IN
)

de
al
lo
ca
te

(M
UD
)

re
tu
rn

en
d 
su
br
ou
ti
ne

cr
ea
te
_c
li
no
fo
rm
_s
ur
fa
ce
s
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A1
.2

 M
od

el
lin

g 
he

te
ro

ge
ne

ity
 a

lo
ng

 c
lin

of
or

m
 su

rf
ac

es
 

!-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

! 
ca
lc
ul
at
es
 t
he
 p
os
it
io
ns
 o
f 
th
e 
he
te
ro
ge
ne
it
y 
al
on
g 
cl
in
of
or
m 
su
rf
ac
es

su
br
ou
ti
ne

mu
dd
ra
pe
re
f(
pa
ss
ag
em
ud
,n
_r
eg
ri
d,
m_
re
gr
id
,r
es
ol
x,
ro
ut
b_
P,
ro
ut
a_
P,
ri
nb
_P
,r
in
a_
P,
 B
,N
on
va
lu
e,
 c
oo
rd
ic
en
te
r,
 

co
or
dj
ce
nt
er
, 
di
mi
, 
di
mj
)

re
al
,
al
lo
ca
ta
bl
e
::
 p
as
sa
ge
mu
d(
:,
:)

in
te
ge
r
::
 P
, 
ma
x,
n,
m,
di
mi
,d
im
j,
co
or
di
ce
nt
er
, 
co
or
dj
ce
nt
er
, 
n_
re
gr
id
, 
m_
re
gr
id

re
al
::
 i
po
le
1,
 j
po
le
1,
 i
po
le
2,
 j
po
le
2,
 i
mi
n,
 i
ma
x,
 j
mi
n,
 j
ma
x,
 c
oo
rd
ir
ea
l,
 c
oo
rd
jr
ea
l,
 d
is
t,
 p
i,
No
nv
al
ue

in
te
ge
r
::
 A
_P
,A
_P
1,
h_
P,
 j
0_
P,
 n
bp
oi
nt
sd
on
er
ou
nd
, 
nb
po
in
ts
do
ne
li
ne
, 
nb
po
in
ts
el
l,
k,
nb
po
in
ts
li
ne
,n
bp
oi
nt
sr
ou
nd

re
al

::
 r
ou
ta
_P
, 
ro
ut
b_
P,
 r
in
a_
P,
 r
in
b_
P,
 r
es
ol
, 
pa
ra
mG
, 
pa
ra
mH
, 
pa
ra
mK
, 
pr
op
or
ti
on
, 
el
l,
 r
ef
, 
po
s,
 m
ud
, 
an
gl
e,
 

h_
Pr
ea
l,
j0
_P
re
al

re
al
::
 r
ad
iu
s,
 r
ad
iu
sm
ax
, 
ma
jo
r,
 m
in
or
,x
mi
n,
xm
ax
,y
mi
n,
ym
ax
,r
ad
iu
sm
in

pa
ra
me
te
r
(p
i=
3.
14
15
92
65
)

ch
ar
ac
te
r:
: 
na
me
*5
0,
 B
*5
, 
te
mp
_n
am
e*
28

pa
ra
mG
=1
.0
03
54

pa
ra
mH
=9
.6
54
42

pa
ra
mK
=-
4.
31
62

pr
op
or
ti
on
=8
0.
5

el
l=
15
0

n=
n_
re
gr
id

m=
m_
re
gr
id

re
so
l=
re
so
lx

ro
ut
a_
P=
ro
ut
a_
P*
re
so
l

ro
ut
b_
P=
ro
ut
b_
P*
re
so
l

ri
na
_P
=r
in
a_
P*
re
so
l

ri
nb
_P
=r
in
b_
P*
re
so
l

di
mi
=(
(r
ou
ta
_P
+
SQ
RT
((
n*
re
so
l)
**
2+
(m
*r
es
ol
)*
*2
))
/r
es
ol
)+
1

di
mj
=(
ro
ut
b_
P*
2)
/r
es
ol
+1

co
or
di
ce
nt
er
=(
1+

ce
il
in
g
(r
ou
ta
_P
/r
es
ol
))
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co
or
dj
ce
nt
er
=(
1+

ce
il
in
g
(r
ou
tb
_P
/r
es
ol
))

xm
in
=-
(d
im
i-
1)
*r
es
ol
/2

xm
ax
=-
xm
in

ym
in
=-
(d
im
j-
1)
*r
es
ol
/2

ym
ax
=-
ym
in

if
 (
al
lo
ca
te
d
(p
as
sa
ge
mu
d)
)
th
en
; 

de
al
lo
ca
te
(p
as
sa
ge
mu
d)

en
d 
if

al
lo
ca
te
(p
as
sa
ge
mu
d(
di
mi
,d
im
j)
)

nb
po
in
ts
ro
un
d=
0

nb
po
in
ts
li
ne
=0

do
i=
1,
di
mi

do
j=
1,
di
mj

if
(i
<=
co
or
di
ce
nt
er
)
th
en
; 

if
((
(c
oo
rd
ic
en
te
r-
i)
*r
es
ol
/r
ou
ta
_P
)*
*2
+(
(c
oo
rd
jc
en
te
r-
j)
*r
es
ol
/r
ou
tb
_P
)*
*2
<=
1)

th
en
; 

if
((
(c
oo
rd
ic
en
te
r-
i)
*r
es
ol
/r
in
a_
P)
**
2+
((
co
or
dj
ce
nt
er
-j
)*
re
so
l/
ri
nb
_P
)*
*2
<=
1)

th
en
; 

pa
ss
ag
em
ud
(i
,j
)=
No
nv
al
ue

el
se
; 

nb
po
in
ts
ro
un
d=
nb
po
in
ts
ro
un
d+
1

pa
ss
ag
em
ud
(i
,j
)=
0

en
d 
if

el
se
; 

pa
ss
ag
em
ud
(i
,j
)=
1

en
d 
if

el
se
; if
 (
SQ
RT
((
(c
oo
rd
jc
en
te
r-
j)
*1
.)
**
2)
<=
ro
ut
b_
P/
re
so
l)

th
en
;

if
 (
SQ
RT
((
(c
oo
rd
jc
en
te
r-
j)
*1
.)
**
2)
<=
ri
nb
_P
/r
es
ol
)
th
en
; 

pa
ss
ag
em
ud
(i
,j
)=
No
nv
al
ue

el
se
; 

nb
po
in
ts
li
ne
=n
bp
oi
nt
sl
in
e+
1

pa
ss
ag
em
ud
(i
,j
)=
0

en
d 
if

el
se
; 

pa
ss
ag
em
ud
(i
,j
)=
1
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en
d 
if

en
d 
if

en
d 
do

en
d 
do

nb
po
in
ts
do
ne
ro
un
d=
0

nb
po
in
ts
do
ne
li
ne
=0

do
wh
il
e(
nb
po
in
ts
do
ne
ro
un
d<
nb
po
in
ts
ro
un
d*
pr
op
or
ti
on
/1
00
)

po
s=
2

re
f=
0

mu
d=
1

do
wh
il
e(
re
f<
mu
d)

ca
ll

ra
nd
om
_n
um
be
r
(a
ng
le
)

an
gl
e=
an
gl
e*
pi

ca
ll

ra
nd
om
_n
um
be
r
(p
os
)

ra
di
us
ma
x=
ro
ut
b_
P*
ro
ut
a_
P/

SQ
RT
((
ro
ut
b_
P*
si
n
(a
ng
le
))
**
2+
(r
ou
ta
_P
*
co
s
(a
ng
le
))
**
2)

ra
di
us
mi
n=
ri
nb
_P
*r
in
a_
P/

SQ
RT
((
ri
nb
_P
*
si
n
(a
ng
le
))
**
2+
(r
in
a_
P*

co
s
(a
ng
le
))
**
2)

!d
is
ta
nc
e 
fr
om
 c
li
no
fo
rm
 p
in
ch
 o
ut
, 
Eq
. 
3.
2,
 C
ha
pt
er
 3
)

ra
di
us
=(
1-
po
s)
*(
ra
di
us
ma
x-
ra
di
us
mi
n)
+r
ad
iu
sm
in

co
or
di
re
al
=c
oo
rd
ic
en
te
r-
(r
ad
iu
s)
*
si
n
(a
ng
le
)/
re
so
l

co
or
dj
re
al
=c
oo
rd
jc
en
te
r+
(r
ad
iu
s)
*
co
s
(a
ng
le
)/
re
so
l

!F
re
qu
en
cy
 f
un
ct
io
n 
Eq
. 
3.
1,
 C
ha
pt
er
 3
)

re
f=
pa
ra
mG
/(
1+

ex
p
(p
ar
am
H*
(p
os
)+
pa
ra
mK
))

ca
ll

ra
nd
om
_n
um
be
r
(m
ud
)

en
d 
do

nb
po
in
ts
el
l=
0

do
wh
il
e
(n
bp
oi
nt
se
ll
<1
0)

nb
po
in
ts
el
l=
0

ca
ll

ra
nd
om
_n
um
be
r
(m
aj
or
)

ma
jo
r=
el
l*
ma
jo
r*
(r
ad
iu
sm
ax
-r
ad
iu
sm
in
)/
20
0

ca
ll

ra
nd
om
_n
um
be
r
(m
in
or
)

mi
no
r=
mi
no
r*
ma
jo
r
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ip
ol
e1
=(
SQ
RT
(m
aj
or
**
2-
mi
no
r*
*2
))
/r
es
ol

jp
ol
e1
=0

ip
ol
e2
=-
ip
ol
e1

jp
ol
e2
=-
jp
ol
e1

im
in
=-
(m
aj
or
/r
es
ol
)-
1 

im
ax
=(
ma
jo
r/
re
so
l)
+1

jm
in
=-
(m
in
or
/r
es
ol
)-
1 

jm
ax
=(
mi
no
r/
re
so
l)
+1

do
i=
im
in
,i
ma
x

do
j=
jm
in
,j
ma
x

di
st
=
SQ
RT
((
(i
po
le
1*
1.
-i
*1
.)
*r
es
ol
)*
*2
+(
(j
po
le
1*
1.
-j
*1
.)
*r
es
ol
)*
*2
)+

SQ
RT
((
(i
po
le
2*
1.
-

i*
1.
)*
re
so
l)
**
2+
((
jp
ol
e2
*1
.-
j*
1.
)*
re
so
l)
**
2)

if
(d
is
t<
2*
ma
jo
r)

th
en
; 

nb
po
in
ts
el
l=
nb
po
in
ts
el
l+
1

en
d 
if

en
d 
do

en
d 
do

en
d 
do

jp
ol
e1
=c
oo
rd
jr
ea
l+
(i
po
le
1)
*
si
n
(a
ng
le
)

jp
ol
e2
=c
oo
rd
jr
ea
l+
(i
po
le
2)
*
si
n
(a
ng
le
)

ip
ol
e1
=c
oo
rd
ir
ea
l+
(i
po
le
1)
*
co
s
(a
ng
le
)

ip
ol
e2
=c
oo
rd
ir
ea
l+
(i
po
le
2)
*
co
s
(a
ng
le
)

  

im
in
=
fl
oo
r
(c
oo
rd
ir
ea
l-
(m
aj
or
/r
es
ol
))

if
(i
mi
n<
1)

th
en
; 

im
in
=1

en
d 
if

im
ax
=
ce
il
in
g
(c
oo
rd
ir
ea
l+
(m
aj
or
/r
es
ol
))

if
(i
ma
x>
di
mi
)
th
en
; 

im
ax
=d
im
i

en
d 
if

jm
in
=
fl
oo
r
(c
oo
rd
jr
ea
l-
(m
aj
or
/r
es
ol
))
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if
(j
mi
n<
1)

th
en
; 

jm
in
=1

en
d 
if

jm
ax
=
ce
il
in
g
(c
oo
rd
jr
ea
l+
(m
aj
or
/r
es
ol
))

if
(j
ma
x>
di
mj
)
th
en
; 

jm
ax
=d
im
j

en
d 
if

do
i=
im
in
,i
ma
x

do
j=
jm
in
,j
ma
x

if
(p
as
sa
ge
mu
d(
i,
j)
<0
.5
.a
nd
.p
as
sa
ge
mu
d(
i,
j)
-1
>N
on
va
lu
e)

th
en
; 

di
st
=
SQ
RT
((
(i
po
le
1-
i)
*r
es
ol
)*
*2
+(
(j
po
le
1-
j)
*r
es
ol
)*
*2
)+

SQ
RT
((
(i
po
le
2-
i)
*r
es
ol
)*
*2
+(
(j
po
le
2-

j)
*r
es
ol
)*
*2
)

if
(d
is
t<
2*
ma
jo
r)

th
en
; 

pa
ss
ag
em
ud
(i
,j
)=
1

if
(i
<=
co
or
di
ce
nt
er
)
th
en
; 

nb
po
in
ts
do
ne
ro
un
d=
nb
po
in
ts
do
ne
ro
un
d+
1

el
se
; 

nb
po
in
ts
do
ne
li
ne
=n
bp
oi
nt
sd
on
el
in
e+
1

en
d 
if

en
d 
if

en
d 
if

en
d 
do

en
d 
do

en
d 
do

do
wh
il
e(
nb
po
in
ts
do
ne
li
ne
<n
bp
oi
nt
sl
in
e*
pr
op
or
ti
on
/1
00
)

po
s=
2

re
f=
0

mu
d=
1

an
gl
e=
pi

do
wh
il
e(
re
f<
mu
d)

ca
ll

ra
nd
om
_n
um
be
r
(c
oo
rd
ir
ea
l)

co
or
di
re
al
=c
oo
rd
ir
ea
l*
(d
im
i-
co
or
di
ce
nt
er
)+
co
or
di
ce
nt
er

ca
ll

ra
nd
om
_n
um
be
r
(c
oo
rd
jr
ea
l)
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co
or
dj
re
al
=c
oo
rd
jr
ea
l*
(d
im
j-
1)
+1

po
s=
1-
(
SQ
RT
((
(c
oo
rd
jc
en
te
r-
co
or
dj
re
al
)*
re
so
l)
**
2)
-r
in
b_
P)
/(
ro
ut
b_
P-
ri
nb
_P
)

ra
di
us
ma
x=
ro
ut
b_
P

ra
di
us
mi
n=
ri
nb
_P

ra
di
us
=(
1-
po
s)
*(
ra
di
us
ma
x-
ra
di
us
mi
n)

re
f=
pa
ra
mG
/(
1+

ex
p
(p
ar
am
H*
po
s+
pa
ra
mK
))

ca
ll

ra
nd
om
_n
um
be
r
(m
ud
)

en
d 
do

nb
po
in
ts
el
l=
0

do
wh
il
e
(n
bp
oi
nt
se
ll
<1
0)

nb
po
in
ts
el
l=
0

ca
ll

ra
nd
om
_n
um
be
r
(m
aj
or
)

ma
jo
r=
el
l*
ma
jo
r*
(r
ad
iu
sm
ax
-r
ad
iu
sm
in
)/
20
0

ca
ll

ra
nd
om
_n
um
be
r
(m
in
or
)

mi
no
r=
mi
no
r*
ma
jo
r

ip
ol
e1
=(
SQ
RT
(m
aj
or
**
2-
mi
no
r*
*2
))
/r
es
ol

jp
ol
e1
=0

ip
ol
e2
=-
ip
ol
e1

jp
ol
e2
=-
jp
ol
e1

im
in
=-
(m
aj
or
/r
es
ol
)-
1 

im
ax
=(
ma
jo
r/
re
so
l)
+1

jm
in
=-
(m
in
or
/r
es
ol
)-
1 

jm
ax
=(
mi
no
r/
re
so
l)
+1

do
i=
im
in
,i
ma
x

do
j=
jm
in
,j
ma
x

di
st
=
SQ
RT
((
(i
po
le
1*
1.
-i
*1
.)
*r
es
ol
)*
*2
+(
(j
po
le
1*
1.
-j
*1
.)
*r
es
ol
)*
*2
)+

SQ
RT
((
(i
po
le
2*
1.
-

i*
1.
)*
re
so
l)
**
2+
((
jp
ol
e2
*1
.-
j*
1.
)*
re
so
l)
**
2)

if
(d
is
t<
2*
ma
jo
r)

th
en
; 

nb
po
in
ts
el
l=
nb
po
in
ts
el
l+
1

en
d 
if

en
d 
do

en
d 
do
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en
d 
do

jp
ol
e1
=c
oo
rd
jr
ea
l+
(i
po
le
1)
*
si
n
(a
ng
le
)

jp
ol
e2
=c
oo
rd
jr
ea
l+
(i
po
le
2)
*
si
n
(a
ng
le
)

ip
ol
e1
=c
oo
rd
ir
ea
l+
(i
po
le
1)
*
co
s
(a
ng
le
)

ip
ol
e2
=c
oo
rd
ir
ea
l+
(i
po
le
2)
*
co
s
(a
ng
le
)

  

im
in
=
fl
oo
r
(c
oo
rd
ir
ea
l-
(m
aj
or
/r
es
ol
))

if
(i
mi
n<
1)

th
en
; 

im
in
=1

en
d 
if

im
ax
=
ce
il
in
g
(c
oo
rd
ir
ea
l+
(m
aj
or
/r
es
ol
))

if
(i
ma
x>
di
mi
)
th
en
; 

im
ax
=d
im
i

en
d 
if

jm
in
=
fl
oo
r
(c
oo
rd
jr
ea
l-
(m
aj
or
/r
es
ol
))

if
(j
mi
n<
1)

th
en
; 

jm
in
=1

en
d 
if

jm
ax
=
ce
il
in
g
(c
oo
rd
jr
ea
l+
(m
aj
or
/r
es
ol
))

if
(j
ma
x>
di
mj
)
th
en
; 

jm
ax
=d
im
j

en
d 
if

do
i=
im
in
,i
ma
x

do
j=
jm
in
,j
ma
x

if
(p
as
sa
ge
mu
d(
i,
j)
<0
.5
.a
nd
.p
as
sa
ge
mu
d(
i,
j)
-1
>N
on
va
lu
e)

th
en
; 

di
st
=
SQ
RT
((
(i
po
le
1-
i)
*r
es
ol
)*
*2
+(
(j
po
le
1-
j)
*r
es
ol
)*
*2
)+

SQ
RT
((
(i
po
le
2-
i)
*r
es
ol
)*
*2
+(
(j
po
le
2-

j)
*r
es
ol
)*
*2
)

if
(d
is
t<
2*
ma
jo
r)

th
en
; 

pa
ss
ag
em
ud
(i
,j
)=
1

if
(i
<=
co
or
di
ce
nt
er
)
th
en
; 

nb
po
in
ts
do
ne
ro
un
d=
nb
po
in
ts
do
ne
ro
un
d+
1

el
se
; 

nb
po
in
ts
do
ne
li
ne
=n
bp
oi
nt
sd
on
el
in
e+
1
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en
d 
if

en
d 
if

en
d 
if

en
d 
do

en
d 
do

en
d 
do
  

re
tu
rn
  

en
d 
su
br
ou
ti
ne

mu
dd
ra
pe
re
f

!-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-

! 
cr
ea
te
s 
a 
su
rf
ac
e 
re
pr
es
en
ti
ng
 t
he
 h
et
er
og
en
ei
ty
 a
lo
ng
 c
li
no
fo
rm
s

su
br
ou
ti
ne

mu
d_
su
rf
ac
e(
pa
ss
ag
em
ud
,R
OT
AT
IO
N,
RO
TA
TI
ON
_A
DJ
US
TE
D,
CL
IN
OF
OR
M_
AD
JU
ST
ED
,M
UD
, 
n_
re
gr
id
,m
_r
eg
ri
d,
 n
on
va
lu
e,
 h
, 

j0
, 
co
or
di
ce
nt
er
, 
co
or
dj
ce
nt
er
,x
mi
n,
xm
ax
,y
mi
n,
ym
ax
, 
di
mi
, 
di
mj
, 
re
so
lx
,r
ou
ta
,r
ou
tb
,r
in
a,
ri
nb
)

ch
ar
ac
te
r
::
 t
em
p_
na
me
*2
8

in
te
ge
r
::
 n
_r
eg
ri
d,
 m
_r
eg
ri
d,
 n
bc
on
tr
ol
, 
h,
 j
0,
 c
oo
rd
ic
en
te
r,
 c
oo
rd
jc
en
te
r,
 i
, 
j,
 k
, 
di
mi
, 
di
mj
, 
c

in
te
ge
r
::
 i
co
or
di
na
te
, 
jc
oo
rd
in
at
e,
la
st
_v
al
ue
, 
ic
oo
rd
in
at
e_
2,
 j
co
or
di
na
te
_2
, 
fc
i,
 f
cj
, 
lc
i,
 l
cj

re
al

::
 n
on
va
lu
e,
xm
in
,x
ma
x,
ym
in
,y
ma
x,
 c
oo
rd
ii
nf
, 
co
or
dj
in
f,
 r
es
ol
x,
ro
ut
a,
ro
ut
b,
ri
na
,r
in
b,
 r
ad
iu
sm
ax
, 
ra
di
us
mi
n

re
al
,
al
lo
ca
ta
bl
e
::
 p
as
sa
ge
mu
d(
:,
:)

re
al
,
al
lo
ca
ta
bl
e
::
 C
LI
NO
FO
RM
_A
DJ
US
TE
D(
:,
:)

re
al
,
al
lo
ca
ta
bl
e
::
 R
OT
AT
IO
N_
AD
JU
ST
ED
(:
,:
,:
)

re
al
,
al
lo
ca
ta
bl
e
::
 M
UD
(:
,:
)

re
al
,
al
lo
ca
ta
bl
e
::
 M
UD
_T
EM
P(
:,
:,
:)

re
al
,
al
lo
ca
ta
bl
e
::
 R
OT
AT
IO
N(
:,
:,
:)

do
i=
1,
n_
re
gr
id

do
j=
1,
m_
re
gr
id

co
or
di
in
f=
fl
oo
r
(c
oo
rd
ic
en
te
r*
1.
-(
i*
1.
-h
*1
.)
)

co
or
dj
in
f=
fl
oo
r
(c
oo
rd
jc
en
te
r*
1.
-(
j*
1.
-j
0*
1.
))

if
(c
oo
rd
ii
nf
<1
.o
r.
co
or
dj
in
f<
1.
or
.c
oo
rd
ii
nf
+1
>d
im
i.
or
.c
oo
rd
ji
nf
+1
>d
im
j)

th
en
; 

MU
D(
i,
j)
=C
LI
NO
FO
RM
_A
DJ
US
TE
D(
i,
j)

el
se
; 

nb
co
nt
ro
l=
pa
ss
ag
em
ud
(c
oo
rd
ii
nf
,c
oo
rd
ji
nf
)*
10
0+
pa
ss
ag
em
ud
(c
oo
rd
ii
nf
,c
oo
rd
ji
nf
+1
)*
10
00
+p
as
sa
ge
mu
d(
co
or
di
in
f+
1,
co
or
dj
in
f)

*1
+p
as
sa
ge
mu
d(
co
or
di
in
f+
1,
co
or
dj
in
f+
1)
*1
0
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if
(n
bc
on
tr
ol
==
10
01
.o
r.
nb
co
nt
ro
l=
=1
10
.o
r.
nb
co
nt
ro
l=
=1
.o
r.
nb
co
nt
ro
l=
=1
0.
or
.n
bc
on
tr
ol
==
10
0.
or
.n
bc
on
tr
ol
==
10
00
.o
r.
nb
co
nt
ro

l=
=0
)
th
en
; 

MU
D(
i,
j)
=n
on
va
lu
e

el
se
; 

MU
D(
i,
j)
=C
LI
NO
FO
RM
_A
DJ
US
TE
D(
i,
j)

en
d 
if

en
d 
if

en
d 
do

en
d 
do

do
i=
1,
n_
re
gr
id

do
j=
1,
m_
re
gr
id

if
(i
>1
.a
nd
.i
<(
n_
re
gr
id
-2
))

th
en
; 

if
(M
UD
(i
,j
)>
RO
TA
TI
ON
(2
,i
,j
))

th
en
; 

if
(M
UD
(i
+2
,j
)=
=n
on
va
lu
e)

th
en
; 

MU
D(
i,
j)
=n
on
va
lu
e

en
d 
if

en
d 
if

en
d 
if

en
d 
do

en
d 
do

de
al
lo
ca
te
(R
OT
AT
IO
N_
AD
JU
ST
ED
)

re
tu
rn

en
d 
su
br
ou
ti
ne

mu
d_
su
rf
ac
e
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A2 Stochastic input parameters algorithm 

This section of the appendix contains the code for stochastically generating input 

parameters that can be used with the clinoform-modelling algorithm (Table 2.1).  The 

user can specify the mean and standard deviation to constrain a random normal 

distribution using a Box-Muller transform (Box and Muller, 1958), as described in Chapter 

2, Section 2.3.5.  The output file from this algorithm is used as an input file for the 

clinoform-modelling algorithm.  
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pr
og
ra
m
st
oc
ha
st
ic
_p
ar
am
et
er
_p
op
ul
at
io
n

im
pl
ic
it
 n
on
e

in
te
rf
ac
e

su
br
ou
ti
ne

ra
nd
om
_n
or
ma
l(
ra
nd
om
_n
or
ma
l_
1,
 r
an
do
m_
no
rm
al
_2
)

do
ub
le
 p
re
ci
si
on

::
 r
an
do
m_
no
rm
al
_1
, 
ra
nd
om
_n
or
ma
l_
2

en
d 
su
br
ou
ti
ne

en
d 
in
te
rf
ac
e

do
ub
le
 p
re
ci
si
on

::
 t
he
ta
, 
po
, 
P,
 t
w,
 s
sf
, 
tl
, 
L,
 S
x,
 S
y,
 m
ea
n,
 s
ig
ma
,r
an
do
m_
no
rm
al
_1
, 
ra
nd
om
_n
or
ma
l_
2

in
te
ge
r
::
 t
he
ta
_i
nt
,P
_i
nt
, 
i,
 t
w_
in
t,
 t
l_
in
t,
 L
_i
nt
, 
bw
_i
nt
, 
bl
_i
nt
, 
Sx
_i
nt
, 
Sy
_i
nt

ch
ar
ac
te
r
::
 d
um
my
1*
1

ca
ll

ra
nd
om
_s
ee
d
()

op
en

(u
ni
t=
12
,f
il
e=

"S
to
ch
as
ti
c 
in
pu
t 
pa
ra
me
te
rs
 f
or
 c
li
no
fo
rm
 m
od
el
in
g 
al
go
ri
th
m.
tx
t"

) 
cl
os
e(
un
it
=1
2,
 S
TA
TU
S=

'D
EL
ET
E'
) 

th
et
a=
-1
.0

do
wh
il
e
(t
he
ta
<0
.0
.o
r.
th
et
a>
36
0.
0)

ca
ll

ra
nd
om
_n
or
ma
l(
ra
nd
om
_n
or
ma
l_
1,
 r
an
do
m_
no
rm
al
_2
)

op
en
(u
ni
t=
1,
fi
le
=
"c
li
no
fo
rm
 p
ro
gr
ad
at
io
n 
an
gl
e.
tx
t"

) 
re
ad
(1
,*
) 
du
mm
y1

re
ad
(1
,*
) 
me
an
, 
si
gm
a

cl
os
e(
un
it
=1
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rm
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th
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; 

th
et
a=
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a*
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nd
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1)
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se
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ma
l_
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th
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a=
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a*
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=
"S
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ti
c 
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ra
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ti
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of
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m
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og
ra
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ng
le
'

th
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t=
th
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a
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e(
2,
*)
 t
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e(
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)

en
d 
do
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po
=-
1.
0

do
wh
il
e
(p
o<
0.
0.
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.p
o>
1.
0)
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ra
nd
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_n
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l_
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rm
al
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)
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 p
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a
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)
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(r
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; 
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en
d 
do
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it
=8
)

if
(r
an
do
m_
no
rm
al
_1
<1
)
th
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do
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an
do
m_
no
rm
al
_2
)

op
en
(u
ni
t=
9,
fi
le
=
"c
li
no
fo
rm
 l
en
gt
h.
tx
t"

) 
re
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an
do
m_
no
rm
al
_2
)

op
en
(u
ni
t=
10
,f
il
e=

"c
li
no
fo
rm
 s
pa
ci
ng
 i
n 
x.
tx
t"

) 
re
ad
(1
0,
*)
 d
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 p
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 p
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do
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e(
s>
1)
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um
be
r
(u
)
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r
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s=
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**
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G
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en
d 
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_n
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Appendix B

B1 Example Eclipse® data file

RUNSPEC

DEBUG
51*0/

SAVE
/

TITLE
FerronPSS1_100_90D_PERMBASE_NOFCF

DIMENS
Nx Ny Nz
34 148 3897/

Phases present
Only dead oil and water above bubble point at all time

OIL
WATER

METRIC
Note units used throughout .DATA file

START
01 'jan' 2005 /

UNIFIN
UNIFOUT

WELLDIMS
NWMAX NWMAXZ NGMAX NWGMAX
20 200 2 100 /

TABDIMS
NTSFUN NTPVT NSSFUN NPPVT
3 1 100 50 /

NSTACK
80/

MESSAGES
500000 500000 100000 100000 100000 100000 100000 100000 100000 100000 /
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All else is defaulted

MEMORY
1428 /

GRID

NEWTRAN
Use NEWTRAN for irregular grids and OLDTRAN for Cartesian grids

PSEUDOS
Write restart file containing initial water saturations etc.

Switch off output to the PRT file during grid loading for easier debugging
NOECHO

Include file containing COORD, ZCORN, PORO, PERMX, PERMY, PERMZ data
INCLUDE
'Includes/PSS1_100MD_NOFCF.GRDECL' /

PORO, PERMX etc. data may be included in separate files in later runs

INCLUDE
'Includes/PORO_PSS1_NOFCF.GRDECL' /

INCLUDE
'Includes/PERMX_BASE_PSS1_NOFCF.GRDECL' /

INCLUDE
'Includes/PERMZ_BASE_PSS1_NOFCF.GRDECL'/

COPY
PERMX PERMY /

/

Include MULTZ data (if calcite cement present)
INCLUDE

'Includes/MULTX_90_PSS1_NOFCF.GRDECL'/
INCLUDE

'Includes/MULTY_90_PSS1_NOFCF.GRDECL'/
INCLUDE

'Includes/MULTZ_90_PSS1_NOFCF.GRDECL'/

Set up NNC's across pinched out cells
PINCH
0.01 'GAP' /

Produce initial file for GRAF
INIT
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PROPS

oil/water relative permeability and capillary pressure are tabulated as
a function of water saturation

SMB
Sw krw kro Pc (Bar)

SWOF
0.2 0 0.7 0.168109639
0.25 0.003 0.567 0.02831031
0.3 0.012 0.448 0.00915982
0.35 0.027 0.343 0.003771691
0.4 0.048 0.252 0.002155252
0.45 0.075 0.175 0.001077626
0.5 0.108 0.112 0.000808219
0.55 0.147 0.063 0.000538813
0.6 0.192 0.028 0.000269406
0.65 0.243 0.007 5.38813E 05
0.7 0.3 0 0 /

pDF
Sw krw kro Pc (Bar)

0.2 0 0.7 0.316990576
0.25 0.003 0.567 0.053382432
0.3 0.012 0.448 0.017271922
0.35 0.027 0.343 0.007111968
0.4 0.048 0.252 0.004063982
0.45 0.075 0.175 0.002031991
0.5 0.108 0.112 0.001523993
0.55 0.147 0.063 0.001015995
0.6 0.192 0.028 0.000507998
0.65 0.243 0.007 0.0001016
0.7 0.3 0 0 /

dDF
Sw krw kro Pc (Bar)

0.2 0 0.7 2.046165368
0.25 0.003 0.567 0.344582118
0.3 0.012 0.448 0.11148978
0.35 0.027 0.343 0.045907556
0.4 0.048 0.252 0.026232889
0.45 0.075 0.175 0.013116445
0.5 0.108 0.112 0.009837334
0.55 0.147 0.063 0.006558222
0.6 0.192 0.028 0.003279111
0.65 0.243 0.007 0.000655822
0.7 0.3 0 0 /
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OS
Sw krw kro Pc (Bar)

0.2 0 0.7 2.046165368
0.25 0.003 0.567 0.344582118
0.3 0.012 0.448 0.11148978
0.35 0.027 0.343 0.045907556
0.4 0.048 0.252 0.026232889
0.45 0.075 0.175 0.013116445
0.5 0.108 0.112 0.009837334
0.55 0.147 0.063 0.006558222
0.6 0.192 0.028 0.003279111
0.65 0.243 0.007 0.000655822
0.7 0.3 0 0 /
/

Specify fluid properties
OIL WATER GAS

(KG/M3) (KG/M3) (KG/M3)
DENSITY

650 950 0.0 /

Specify rock properties
REF.PRES ROCK COMPRESSIBILITY
(BAR) (1/BAR)

ROCK
100 0.000000000001 /

Dead oil PVT table (FVF and Viscosity must vary with pressure)
Oil phase press. Oil FVF Oil compressibility Oil Viscosity

(BAR) (Rm3/Sm3) (1/bars) (CPoise)
PVCDO

100 1.00000009 0.0001000000 0.7000000000 0.0 /

Water PVT table
Ref. press. FVF WATER Compressibility Viscosity Viscosibility
(BAR) (RM3/SM3) (1/BAR) (CPoise) (1/BAR)

PVTW
100 1.0 0.00001 0.30 0.0 /

REGIONS

INCLUDE
'Includes/SATNUM_PSS1_NOFCF.GRDECL' /

SOLUTION

DATA FOR INITIALISING FLUIDS TO POTENTIAL EQUILIBRIUM
EQUIL
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DATUM PRESSURE DEPTH OWC DEPTH GOC INIT INIT INTE
DEPTH @ DATUM OWC CAP GOC CAP TYPE TYPE N

PRESS PRE LO DO
1142 100 1892 0 /

SUMMARY

DATE

Specify creation of summary file
RPTSMRY
1 /

Specify summary file in LOTUS format
LOTUS

Specify output of producer wells to summary file
GOPR
'P' /

GWPR
'P' /

WBHP
'P1' /

WBHP
'P2' /

WBHP
'P3' /

WBHP
'P4' /

WBHP
'P5' /

WBHP
'P6' /

WBHP
'I1' /

WBHP
'I2' /

WBHP
'I3' /

WBHP
'I4' /

GWCT
'P' /

GWIT
'I' /

Specify output of oil and water in place to summary file
FOIP
FWIP
FOPT
FOPR
FWPT
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FWPR
FWCT
FWPR
FLPR
FOE

well oil production total
WOPT
'P1' /
WOPT
'P2' /
WOPT
'P3' /
WOPT
'P4' /
WOPT
'P5' /
WOPT
'P6' /

water prod total
WWPT
'P1' /
WWPT
'P2' /
WWPT
'P3' /
WWPT
'P4' /
WWPT
'P5' /
WWPT
'P6' /

well BHP
WBHP
/

water inj total
WWIT
'I1' /
WWIT
'I2' /
WWIT
'I3' /
WWIT
'I4' /
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SCHEDULE

CONTROLS ON OUTPUT AT EACH REPORT TIME
RPTSCHED
'FIP=1' 'WELLS' 'SUMMARY=2' /

'FIP=1' 'WELLS' 'SUMMARY=2' 'RS' 'SGAS' 'SOIL' 'SWAT' 'PRESSURE' /

RPTRST
'BASIC=2' /

INCLUDE
'Includes/WELSPECS EXAMPLE DOWN 3kmNOFCF.txt' /

GCONPROD
NAME PROD OIL WAT GAS LIQ PROCE FREE GRP DEF PROC PROC PROC RES

PROD
RATE TAR TAR TAR TAR EXC RES PRO GUI EXCW EXCG EXCL FLU BAL

'P' 'LRAT' 3* 350 /
/

GCONINJE
NAME PHA INJ WAT RES RINJ TOTAL FREE GRP DEF

MODE TAR VOL TAR VOID RES INJ GUI
'I' 'WATER' 'RATE' 350 /

/

WCONPROD
NAME STATUS CONTMODE OILT WATT GAST LIQT RESVT BHPT TOHT PROVFP ART
'P1' 'OPEN' 'GRUP' 3* 1589 1* 50/
'P2' 'OPEN' 'GRUP' 3* 1589 1* 50/
'P3' 'OPEN' 'GRUP' 3* 1589 1* 50/
'P4' 'OPEN' 'GRUP' 3* 1589 1* 50/
'P5' 'OPEN' 'GRUP' 3* 1589 1* 50/
'P6' 'OPEN' 'GRUP' 3* 1589 1* 50/

/

WCONINJE
NAME INJPHASE OP/SH CONTMODE SURFLOWRATE RESFLOWRATE BHPLIMIT

THPTARGET VFPTABLE RS/OR/RV
'I1' 'WATER' 'OPEN' 'GRUP' 1589 1* 150 /
'I2' 'WATER' 'OPEN' 'GRUP' 1589 1* 150 /
'I3' 'WATER' 'OPEN' 'GRUP' 1589 1* 150 /
'I4' 'WATER' 'OPEN' 'GRUP' 1589 1* 150 /

/

ECHO

TUNING
1.0 10 0.1 0.15 3.0 0.3 0.1 1.25/
/
2* 100/
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DATES
1 JAN 2006/
1 JAN 2007/
1 JAN 2008/
1 JAN 2009/
1 JAN 2010/
1 JAN 2011/
1 JAN 2012/
1 JAN 2013/
1 JAN 2014/
1 JAN 2015/
/

END
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Appendix C

C1 Photomodeler Scanner® workflow

Collecting an outcrop dataset suitable for creating a digital outcrop model using

stereophotogrammetry, such as outcrop coordinate data and photographs, is described

in detail in Section 4.5 of Chapter 4 and demonstrated via its application to distal lower

shoreface deposits exposed at outcrop (G2 parasequence, Grassy Member, Blackhawk

Formation, Utah, USA). This appendix contains a detailed workflow for using the

Photomodeler Scanner® software after the outcrop data has been collected, and is used

to create the dense point clouds described in Chapter 4 (Figs. 4.8, Fig. 4.9).
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