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 12 

Abstract  13 

The impact of geometric uncertainty on across-fault flow behaviour at the scale of individual 14 

intra-reservoir faults is investigated in this study. A high resolution digital elevation model 15 

(DEM) of a faulted outcrop is used to construct an outcrop-scale geocellular grid capturing 16 

high-resolution fault geometries (5 m scale). Seismic forward modelling of this grid allows 17 

generation of a 3D synthetic seismic cube, which reveals the corresponding seismically 18 

resolvable fault geometries (12.5 m scale). Construction of a second geocellular model, 19 

based upon the seismically resolvable fault geometries, allows comparison with the original 20 

outcrop geometries. Running fluid flow simulations across both models enables us to assess 21 

quantitatively the impact of outcrop resolution versus seismic resolution fault geometries 22 

upon across-fault flow. The results suggest that seismically resolvable fault geometries 23 

significantly underestimate the area of across-fault juxtaposition relative to realistic fault 24 

geometries. In turn this leads to overestimates in the sealing ability of faults, and inaccurate 25 

calculation of fault plane properties such as transmissibility multipliers (TMs). 26 

 27 

Introduction  28 

 29 

The use of outcrop analogues for understanding geological uncertainty in hydrocarbon 30 

reservoirs has been common practice for many years. With the advent and widespread use 31 

of geological modelling software, significant work has been conducted that aims to integrate 32 

analogue data within subsurface models (Bryant et al. 2000; McCaffrey et al. 2005; Paton et 33 

al. 2007; Jones et al. 2009; Pringle et al. 2010). Forward modelling the seismic response of 34 

geological outcrops can be applied as a tool for understanding the constraints that the finite 35 

resolution of seismic data places on our interpretation of subsurface geology. Previously, it 36 
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has primarily been used for understanding facies architectural geometries (Hodgetts & 37 

Howell 2000; Janson et al. 2007; Bakke et al. 2008; Armitage & Stright 2010; Falivene et al. 38 

2010; Tomasso et al. 2010) and to enable the integration of geological and reservoir 39 

engineering disciplines in characterizing the flow response across specific outcrops (Howell 40 

et al. 2008; Jackson et al. 2009; Rotevatn et al. 2009a, b; Rotevatn & Fossen 2011; Adams 41 

et al. 2011).  42 

 43 

The complexity of normal fault geometries is well documented and is attributed to a number 44 

of factors including fault growth and linkage resulting in the formation and destruction of 45 

relay ramps, complex slip surfaces, fault drag and the role of mechanical stratigraphy; and 46 

these can occur at a range of scales (Childs et al. 1997, 2009; Willemse 1997; Gupta et al. 47 

1998; Gupta & Scholz 2000; McLeod et al. 2000; Paton & Underhill 2004; Paton 2006; Ferrill 48 

& Morris 2008; Welch et al. 2009). Consequently, seismically resolvable across-fault 49 

reservoir juxtapositions are likely to differ significantly from those that are present in the 50 

subsurface at the reservoir scale.  Although these factors are inherent when structural 51 

uncertainty is considered (Johansen et al. 1994; Townsend et al. 1998; Alaei & Petersen 52 

2007), a quantitative comparison of outcrop- and seismically-resolvable fault geometry has 53 

so far been lacking, as have the implications of the fault geometry on reservoir simulation. 54 

 55 

In this study, for the first time, we consider the discrepancy between seismically resolvable 56 

normal faults with outcrop geometry in 3-dimensions using forward seismic modelling 57 

techniques (Fig. 1). We then compare the simulated production response across both of the 58 

fault geometry resolutions and consider the implications of the reduction in resolution for 59 

intra-reservoir scale faults in production settings (Fig. 2).  60 

 61 

Methodology 62 

The methodology we employ requires a comparison of the simulated production in a faulted 63 

reservoir at outcrop- and seismic-resolutions (Fig. 2). Prior to the simulation we derive the 64 

seismic forward model (Fig. 3). We outline both workflows below.  65 

 66 

Construction of the geocellular model  67 

Input DEM and its limitations. To characterise fault geometry at a sub-metre reservoir scale 68 

a high resolution digital elevation model (DEM) from the Afar Rift system has been used 69 

(Fig. 4). The Afar depression in northern Ethiopia began to form at approximately 30 Ma 70 

(Barberi & Varet 1977) at the triple junction between the Gulf of Aden, Red Sea and East 71 

African Rifts. The depression hosts a range of tectonic regimes including the Dabbahu 72 

magmatic segment (Hayward & Ebinger 1996; Rowland et al. 2007) where the DEM is 73 



located. We choose this area because of the availability of a high resolution data set but also 74 

because the topographic surface represents a surface devoid of either significant erosion or 75 

deposition, thereby representing accurate hangingwall and footwall cut-offs.  76 

 77 

The DEM is derived from an airborne Lidar survey with a spatial resolution of approximately 78 

0.5m, which is at least an order of magnitude greater resolution than high quality reflection 79 

seismic data (Hofmann, 2013). This level of resolution reveals outcrop-scale detail, which 80 

would be obscured by Fresnel zone effects in seismic data, allowing fault structure and 81 

displacement to be accurately captured. Numerous ‘reservoir scale’ fault sets with resolvable 82 

displacements of up to 40m are present in the area. The individual segments comprising 83 

each fault set are laterally connected via relay zone linkages displaying various stages of 84 

evolution and display a range of structures from soft-linked open relays through to fully 85 

breached relays with almost continuous displacements. As would be expected, fault 86 

architecture complexity is greatest in the vicinity of relay zones where displacement is 87 

accommodated across multiple slip surfaces. 88 

 89 

We construct the geocellular model at two resolutions (Fig. 2). The first is generated directly 90 

from the DEM (the outcrop-resolution model) whereas the second is a seismic forward 91 

modelled volume derived from the DEM to replicate a reservoir scenario (the seismic-92 

resolution model). For both resolutions we consider both partially and fully breached relay 93 

ramp geometries. We recognise that our models are derived from the extrapolation of a 2D 94 

surface and represent a 2.5D rather than a full 3D volume. Although this is a simplification, 95 

this leads to our results underestimating the degree of complexity, a point that we discuss 96 

subsequently.   97 

 98 

Seismic forward modelling. Derivation of the seismic model involves a multi-stage workflow 99 

(Fig. 3). The DEM, which has dimensions of approximately 400 x 400 m, is translated to a 100 

depth typically analogous to a hydrocarbon reservoir (3500m) and forms the basis of the 101 

model (Fig. 3b). The horizontal cell dimensions of 5 m are specified to provide manageable 102 

simulation runs although the loss of resolution associated with this grid cell dimension is 103 

minimised by careful location of cell nodes using the higher resolution DEM as a guide (Fig. 104 

3c). Vertical grid dimensions are set at 1.5m. For both geometric models we model four 105 

stratigraphic scenarios (Fig. 3d):  106 

 107 

a) We model two reservoir interval thicknesses of 10m and 30m underlain and 108 

overlain by impermeable shales (Figs. 3d(i) and 3d(ii)). These thicknesses represent 109 

scenarios where the reservoir is thinner and thicker than the mean cumulative fault 110 



throw respectively, and are referred to as high and low thickness to throw ratios 111 

(Th:tw).  112 

b) For the two scenarios above we populate the models with two separate sets of 113 

petrophysical properties (Porosity, Permeability, VClay), firstly representing a 114 

homogenous clean sandstone, and secondly a vertically heterogeneous stratigraphy 115 

based on proprietary North Sea well data through a Brent group reservoir (Figs. 116 

3d(iii) and 3d(iv) respectively). 117 

 118 

Having established our 4 stratigraphic scenarios for both geometric models we populate the 119 

geollecular grids with appropriate petrophysical properties (Table 1). These properties 120 

include realistic northern North Sea mineralogical volumetric fractions and factors such as 121 

VSand and VShale, as well as pore pressure, which is defined as being approximately 22 122 

MPa above the hydrostatic gradient. Homogenous fluid saturations with no transition zone 123 

have been modelled for simplicity.  124 

 125 

The populated geocellular grids are exported to seismic forward modelling software 126 

(SeisRox, Norsar) where the mineralogical compositions and porosity are used to calculate 127 

the solid density assuming a Reuss mixing model (Fig. 3e; Reuss 1929). Gassmann’s theory 128 

(Gassmann 1951) is then applied along with the fluid properties (Table 1) and saturation 129 

distribution to determine the elastic properties of the model, with reflectivity subsequently 130 

calculated using the Zoeppritz equations (Zoeppritz 1919). A 3D seismic survey geometry is 131 

defined (Fig. 3f) and a coarser resolution overburden model is constructed to account for 132 

wave propagation through the subsurface for a given input wavelet (Fig. 3g). The geological, 133 

elastic and reflectivity properties are combined with the background model and survey 134 

design, and a simulated pre-stack local imaging (SimPLI
TM

) algorithm (Gjøystdal et al. 2007) 135 

is applied to generate a synthetic pre-stack depth-migrated 3D seismic cube (Fig. 3g).  136 

 137 

Synthetic volume interpretation and modelling. Reflections within the synthetic seismic 138 

volumes, which correspond to key horizons, are interpreted in geomodelling software with a 139 

range of surface attributes such as coherency, edge detection and dip azimuth applied to aid 140 

fault interpretation (Fig. 3h; Townsend et al. 1998, Freeman et al. 2010). Faults are picked 141 

on every trace (approximately 10m spacing) to maximise lateral resolution and to maintain a 142 

consistent interpretation methodology. The seismically resolvable fault and horizon 143 

geometries are used to construct geocellular grids at the same dimensions and these are 144 

populated with the same properties as the detailed grids from which they are derived (Fig. 145 

3i). 146 



 147 

Assigning fault rock properties. Within the geocellular models these properties are used to 148 

calculate the fault rock properties used during reservoir simulation. It is assumed that fault 149 

clay content (as defined by the shale gouge ratio (SGR) algorithm; Yielding et al. 1997) is 150 

the primary control on fault rock permeability reduction relative to the host stratigraphy; other 151 

mechanisms such as clay smearing and cataclasis are not considered. Low-, mid- and high-152 

seal case fault transmissibility multipliers (Knai & Knipe 1998; Manzocchi et al. 1999) are 153 

calculated by employing three separate clay contents to permeability transforms based on 154 

those of Manzocchi et al. (1999), Jolley et al. (2007) and Sperrevik et al. (2002) respectively. 155 

These represent high-, mid-, and low-fault rock permeability respectively. Fault threshold 156 

pressures of 5.9 bar have been assigned based on mean SGR values for the suite of 157 

models, and the relationship defined by Bretan et al. (2003). To avoid introducing 158 

complicating variables this value has been kept constant for all faults across all models.  159 

 160 

Flow simulations 161 

Following generation of both outcrop-resolution and seismic-resolution grids, the effect of the 162 

discrepancies between the two geometries upon across-fault flow can be quantified using 163 

flow simulations (Fig. 2). Simulation is performed using the Eclipse
TM 

black oil simulator 164 

(Schlumberger), with a 12 year waterflood development strategy consisting of a single 165 

injection well in the hangingwall and a single production well in the footwall. Maximum 166 

production rates have been set as 50 sm
3
/day for oil and 250 sm

3
/day for produced water 167 

(i.e. an 83% water cut), with injection rates set to match oil production rates (Table 1). These 168 

rates are broadly consistent with both the production data from the proprietary dataset used 169 

to populate the stratigraphy, and similar simulation-based studies (Rotevatn et al. 2009a, b; 170 

Rotevatn & Fossen 2011). To minimise compositional effects the bottom-hole pressure has 171 

been set to prevent the bubble point pressure from being reached during pressure depletion 172 

of the reservoir. Aquifer support consists of a Carter-Tracy aquifer (Batycky et al. 2007) with 173 

drive from the down-dip hangingwall, as would be expected for a tilted fault block trap 174 

geometry.  175 

 176 

Results 177 

In total, 8 different geocellular models are generated: 2 x resolution (outcrop resolution 178 

versus seismic resolution); 2 x geometry (partially breached versus fully breached); 2 x 179 

reservoir thickness (high and low Th:tw); and 2 x reservoir heterogeneity (homogenous 180 

versus heterogeneous). For each of these models 3 different TM scenarios (high, mid and 181 



low case) are simulated. Although we do not show all of the models here, we summarize the 182 

main differences in geometry and production results amongst them.  183 

 184 

Fault geometry  185 

The simplest comparison is the geometric difference for a partially breached relay ramp 186 

between the outcrop-resolution and the seismic-resolution case (Fig. 5). Not surprisingly, the 187 

fault geometries in the former are significantly more complex than the latter. Faults in the 188 

seismic-resolution model generally consist of a single fault plane, which accommodates all of 189 

the fault displacement with sub-seismic faulting being imaged as hangingwall deformation 190 

and folding, as is the case in the example presented.  191 

 192 

This complex fault architecture, which is below seismic resolution, reveals that displacement 193 

is distributed across multiple slip surfaces, with this partitioning and complexity, including 194 

fault lenses and faulted relay zones, being a direct result of fault growth processes (Childs et 195 

al. 2009). These are also likely to be poorly imaged due to diffraction effects (Townsend et 196 

al. 1998). 197 

 198 

A representative selection of the other scenarios, including a breached relay ramp and 199 

variations in throw:thickness ratio are shown in Figure 6. Although the difference between 200 

the outcrop- and seismic-resolution models is most pronounced for the partially breached 201 

relay ramp (Fig. 5 and Fig. 6a), it is important to note that it is not just the geometry that 202 

plays a role in the final model, but also the stratigraphy. As an example, in the partially 203 

breached geometry at seismic-resolution the presence of a thinner reservoir interval (Fig. 6a) 204 

provides sufficient amplitude impedance that a significant amount of the smaller scale 205 

faulting is imaged around the relay ramp. In contrast, for the thicker reservoir interval (Fig. 206 

6b) although the input geometry is the same the thicker interval results in a less defined 207 

impedance contrast, which reduces the detail in the imaging of the fault zone.  208 

 209 

For the breached relay ramp example the differences are less pronounced (Figs. 6c and 6d). 210 

In all scenarios the fault is relatively consistently defined and the main difference is the 211 

degree to which local fault plane asperities and hangingwall/footwall deformation are 212 

defined.  213 

 214 

Effective juxtaposition 215 

Although qualitative comparisons are insightful (e.g. Figs. 5 and 6), we can also quantify the 216 

differences between our scenarios. The effective juxtaposition area is defined as the area of 217 

across-fault self-juxtaposition of the reservoir interval that provides a direct or indirect flow 218 



pathway between the hangingwall and footwall. For both partially breached and fully 219 

breached geometries (Figs. 6 and 7) the effective juxtaposition area is significantly lower for 220 

the seismic-resolution fault geometries than the outcrop-resolution, reflecting the limited 221 

resolution of the seismic data. 222 

 223 

In order to quantify the influence of geometry and throw versus reservoir interval thickness 224 

we calculate the absolute effective areas for outcrop-resolution and seismic-resolution 225 

models (Fig. 7; fault dimensions in both scenarios have been equalized to allow for 226 

comparisons). Juxtaposition area across parts of faults contained entirely within either the 227 

main footwall or hangingwall blocks (e.g. fault tips and splays) do not contribute although 228 

these minor faults may still effect the overall sweep pattern of the reservoir.   229 

 230 

The magnitude of this effect is significantly greater where the vertical thickness of the 231 

reservoir interval is less than the mean cumulative fault throw (low Th:tw). As a 232 

consequence, low Th:tw configurations are often modelled with the reservoir interval being 233 

completely offset, hence resulting in apparently widespread juxtaposition sealing. In contrast 234 

the architectural complexity of high-resolution fault geometries, as defined by our outcrop 235 

examples, leads to maintenance of across-fault juxtaposition, even for low Th:tw situations 236 

(Fig. 6). 237 

 238 

The difference in juxtaposition area is amplified where there is a low Th:tw, since a lower 239 

throw is required to completely offset the reservoir and result in a juxtaposition seal. The 240 

absolute values of effective juxtaposition area are higher for the partially breached 241 

geometries than the fully breached geometries. Again, this is a result of fault growth 242 

processes with profile readjustment of the hard-linked faults leading to increased throw 243 

across the relay and hence lower juxtaposition areas being maintained. In addition, as throw 244 

localizes onto the through-going structure small-scale faults and splays are abandoned in 245 

the footwall or hangingwall and hence do not contribute to the effective juxtaposition area. 246 

 247 

Simulation models 248 

We now consider how the observed variation in effective juxtaposition in the multiple 249 

scenarios influences simulated production rates and fluid saturations. 250 

 251 

Production rates. The effects on simulated production of the disparities in juxtaposition area 252 

can be significant, with final cumulative produced volumes varying by over a factor of 4 (Fig. 253 

7). The production curves also illustrate the differences between outcrop and seismically 254 



resolvable geometries for high and low Th:tw ratios and low-, mid- and high-case fault rock 255 

permeability. 256 

 257 

Where a high Th:tw is modelled the effective juxtaposition areas are of the same order of 258 

magnitude for both outcrop (Fig. 7a) and seismically-resolvable (Fig. 7b) geometries, leading 259 

to virtually no difference in the simulated production results regardless of the different fault 260 

TMs. In contrast, where a low Th:tw is modelled, the effective juxtaposition area is over an 261 

order of magnitude lower for the seismically-resolvable geometry (Fig. 7d) than for the 262 

outcrop-derived geometry (Fig. 7c), leading to significant variations in the simulation results.  263 

 264 

The architectural complexity of the outcrop-resolution geometries leads to in excess of an 265 

order of magnitude greater effective juxtaposition area than the seismically resolvable 266 

geometries, and hence to multiple potential flow pathways being preserved. Although the 267 

different TMs do lead to variations in the onset of production decline, over the course of the 268 

simulations the cumulative produced volumes are similar. This differs from the seismically 269 

resolvable geometries, where production rates and cumulative volumes vary significantly 270 

over the course of the simulations.  271 

 272 

The high-case fault TMs (low permeability) lead to restricted across-fault flow and hence low 273 

production rates compared to the mid- and low-case TMs.  274 

 275 

Fluid saturations. The impact of varying the juxtaposition area and the fault TMs is also 276 

manifested by the fluid saturation distribution (Fig. 8). For the outcrop-derived geometries 277 

there is increased focussing of flow up the relay zone with decreasing fault rock permeability 278 

(high-case TMs), since the relay zone offers the path of least resistance. This is true for both 279 

high and low Th:tw, although more apparent for low Th:tw. Despite this, for the outcrop-280 

derived geometries the saturation distributions are broadly consistent irrespective of the fault 281 

TMs used (Fig. 8). Conversely the saturations for the geometries resolvable in the seismic 282 

data vary vastly at any one simulation timestep, depending on the different fault geometries 283 

(and hence juxtaposition area) and the different fault TMs. Where a high Th:tw is modelled, 284 

varying the fault TMs has very little impact, whereas a low Th:tw leads to significant variation 285 

in the simulated fluid distribution. In this situation the high- and mid-case TMs reduce across-286 

fault flow and hence impede the replacement of oil with water in the hangingwall. The low-287 

case TMs, however, have little impact on flow retardation, with production simulation results 288 

being very similar to the outcrop-derived geometry. 289 

 290 

Influence of varying net:gross 291 



The initial models employed a stratigraphy where the reservoir interval had a constant net to 292 

gross ratio of 1 (Fig. 3). Vertical connectivity was not as restricted as would be the case for 293 

an interbedded sequence of permeable and impermeable layers (e.g. Fig. 3d). In such 294 

vertically stratified sequences faults can significantly enhance vertical permeability by 295 

juxtaposing otherwise separate layers (Manzocchi et al. 2010). To test the impact of fault 296 

geometric uncertainty in these situations, a series of models for both outcrop- and seismic-297 

resolution geometries have been constructed with the net:gross ratio ranging between 0.14 298 

and 0.46 (Fig. 9 shows representative outcrop-resolution models). The effective juxtaposition 299 

area increases with net:gross, although it remains consistently higher for the outcrop-300 

resolution geometry (Figs. 9a and 9c).  301 

 302 

Intuitively it would be expected that the mean SGR values on these juxtaposition windows 303 

would decrease with increasing net:gross since overall there is less shale within the 304 

sequence, however this is not the case. Instead a more complex, less predictable pattern of 305 

mean SGR values emerges, especially for the outcrop-derived geometry. At the lowest 306 

values of net:gross the majority of juxtaposition windows occur where the throw is less than 307 

the thickness of the individual layers, for example towards fault tips (Fig. 9b). A minimal 308 

volume of shale has therefore passed the fault and hence low SGR values result. In 309 

contrast, where moderate net:gross ratios have been modelled (Fig. 9c), a greater area of 310 

juxtaposition occurs, however a larger proportion of shale has passed these windows and 311 

results in a higher SGR value. 312 

 313 

The role of fault TMs and fault geometry on production is also considered (Fig. 10). Where 314 

low-case (high permeability) fault TMs are specified (Fig. 10a) the disparity in juxtaposition 315 

area between the two geometries has less impact on the simulated production, since the 316 

low-case fault TMs do not excessively restrict across-fault flow. Therefore, for any given 317 

net:gross ratio the difference between the outcrop-resolution and seismic-resolution 318 

geometries is less than for the cases with lower permeability fault rocks (Fig. 10c).  319 

In contrast, where high-case TMs are employed (Fig. 10c) the cumulative production volume 320 

is consistently lower for the seismically resolvable geometry than for the outcrop-derived 321 

geometry, irrespective of the net:gross of the stratigraphy. This indicates that the low 322 

permeability of the fault rocks, combined with the lower juxtaposition areas of the seismically 323 

resolvable geometry, is severely restricting across-fault flow. This emphasizes that the 324 

predicted impact of faults upon fluid flow within reservoirs based upon their seismically 325 

resolvable geometries may vary significantly compared to their impact when realistic 326 

geometries (and hence juxtaposition areas) are accounted for. 327 

 328 



Vertical permeability 329 

Although a number of our models utilize a well-derived, vertically layered permeability 330 

distribution, within each individual layer the permeability values are isotropic. It is common 331 

however for vertical to horizontal permeability ratios (Kv:Kh) to be significantly lower than 1, 332 

due to compaction and preferential alignment of grains during burial. This leads to the 333 

impediment of layer-perpendicular fluid flow which restricts hydraulic connectivity of vertically 334 

separated layers. Previous work (Manzocchi et al. 2010) has shown the importance of fault 335 

structure in enhancing vertical connectivity in low Kv:Kh sequences. The relative impact of 336 

varying the Kv:Kh on the simulated production response of outcrop and seismically 337 

resolvable fault geometries has been assessed by running simulations across 6 orders of 338 

magnitude of Kv:Kh (Manzocchi et al. 2010) (Fig. 11). Mid-case fault TMs have been 339 

assigned for all scenarios. For both geometries a lower Kv:Kh results in a lower cumulative 340 

production volume, with the absolute produced volumes being lower for the seismically 341 

resolvable geometry compared to the outcrop-derived geometry. The results for the 342 

seismically resolvable geometry also display significantly more variation than those of the 343 

outcrop-derived geometry. As already seen, outcrop fault geometries are significantly more 344 

complex than those resolved within seismic data. This complexity enhances vertical 345 

connectivity by allowing across-fault juxtaposition of otherwise vertically separated areas, 346 

and hence leads to less disparity between high and low ratio Kv:Kh stratigraphies. As a 347 

result the limited across-fault juxtaposition area of the seismically resolvable geometries 348 

restricts the vertical connectivity and leads to greater variability between the different Kv:Kh 349 

ratio stratigraphies. This suggests that determining the correct Kv:Kh may be less important 350 

than simulations based upon seismically resolvable fault geometries would imply. 351 

 352 

Implications 353 

Faults are almost universally represented within geocellular models, and by extension, fluid 354 

flow simulators as simple, single slip surfaces. The reason for this is both an issue of data 355 

resolution and of the limitations in incorporating faults within geocellular grids. However, fault 356 

growth processes necessitate that fault architecture is significantly more complex than the 357 

geometries resolvable in, and modelled from, seismic data. As a result, fault and simulation 358 

models that are constructed based upon seismically resolvable fault geometries are unlikely 359 

to behave in the same way with regards to across-fault fluid flow as would the complex fault 360 

geometries present in the subsurface. 361 

 362 

A number of different approaches may aid and improve the accuracy of simulations where 363 

faults are present. A variety of techniques exist for predicting fault architecture based upon 364 

the burial history and geomechanical properties of the stratigraphy, however these are 365 



generally restricted to two dimensions (e.g. Welch et al. 2012). Difficulties arise in 366 

incorporating this complexity into large reservoir models, where horizontal grid-cell 367 

dimensions may typically be on the order of 200m. Locally refining the grid to a level of detail 368 

which allows the complexity to be captured often leads to prohibitively long simulation run 369 

times (Manzocchi et al. 2008). 370 

 371 

Incorporating the vertical heterogeneity in fault structure is even less straightforward given 372 

the way geocellular grids are constructed in the majority of reservoir modelling software 373 

packages. Indeed, as outlined previously, our models correspond to a high resolution 2.5D 374 

model rather than a full 3D volume. Were it possible to capture and subsequently model the 375 

full 3D geometry of faults it is likely that the additional heterogeneity encountered would lead 376 

to even greater levels of across-fault juxtaposition than our 2.5D approximations.  377 

 378 

An alternative approach to including fault geometries and properties deterministically is to 379 

incorporate complexity via a conditioned semi-stochastic or probabilistic methodology 380 

(Odling et al. 2005; Rivenæs et al. 2005; Childs et al. 2007; Manzocchi et al. 2008; Yielding 381 

2012). Although this approach has a number of potential pitfalls, especially where a laterally 382 

heterogeneous stratigraphy is present, it may provide more accurate predictive simulations 383 

of fluid flow. Perhaps the simplest approach to account for geometric complexity is to 384 

stochastically include sub-seismic relay zones (Manzocchi et al. 2008) which provide across-385 

fault flow pathways.  386 

 387 

Our results have indicated that across-fault juxtaposition area is likely to be severely 388 

underestimated when based on seismically resolvable fault geometries, potentially leading to 389 

faults being modelled as overly retardant to flow. Nevertheless certain scenarios, such as 390 

shale-rich, low net:gross reservoirs, may indeed experience juxtaposition-restricted across-391 

fault flow. Under these conditions the relative importance of the fault rock properties on 392 

influencing across-fault transmissibility increases, with significant variability observed where 393 

different clay content to permeability transforms are applied. These permeability transforms 394 

are dependent on a number of variables including the specific burial history, hence applying 395 

a locally calibrated clay content to permeability transform is critical where limited across-fault 396 

juxtaposition area exists.  397 

 398 

Relative importance of fault zone structure versus fault rock properties 399 

Our simulation results suggest that it is the juxtaposition area that is the most critical factor in 400 

controlling across-fault fluid flow, with fault rock properties being of subordinate importance. 401 

For high-resolution fault geometries, with large juxtaposition areas, there is minimal 402 



difference in simulated results irrespective of the fault TMs which are applied. Conversely 403 

the seismically resolvable geometries, with low juxtaposition areas, display significant 404 

variation between different fault TM scenarios. This leads to the most important implication, 405 

that seismically resolvable fault geometries are often modelled as being too sealing, since 406 

they underestimate the juxtaposition area available to accommodate across-fault flow. This 407 

also leads to erroneous emphasis being placed on the influence of fault rock properties on 408 

fluid flow. Indeed, since the calculation of SGR-based fault TMs is dependent on fault throw, 409 

it is likely that the fault TMs applied to seismically resolvable fault geometries may be 410 

inappropriate.  411 

 412 

Conclusions 413 

For the first time we use a high resolution DEM to generate a 3D synthetic seismic cube in 414 

order to compare geometry, petrophysical properties and flow simulation on normal faults at 415 

high resolution and at seismic resolution. Our findings show: 416 

 417 

 Fault geometries identifiable in seismic data are significantly simplified relative to 418 

those observed at outcrop and this reduction is most noticeable in partially breached 419 

relay ramps.  420 

 The simplified geometry leads to a severe underestimate in the area of across-fault 421 

self-juxtaposition of reservoir intervals for seismically resolvable faults, with the 422 

magnitude of this disparity being amplified where the reservoir thickness is less than 423 

the mean fault throw.  424 

 Large juxtaposition areas, regardless of whether they are within the outcrop or 425 

seismic model, lead to limited differences in the across-fault flux of hydrocarbon 426 

irrespective of the fault transmissibility multipliers which are applied.  427 

 With a relatively permeable fault rock only a small juxtaposition ‘window’ is required 428 

to dominate across-fault fluid flow. This leads to a similar production response to 429 

situations with significantly larger juxtaposition areas. Identifying potential ‘windows’ 430 

is therefore critical when attempting to predict across-fault flow behaviour. 431 

 432 

We conclude that across-fault fluid flow is, therefore, in part controlled by a combination of 433 

both juxtaposition area and fault permeability. Fault geometries modelled from seismic data 434 

will underestimate the juxtaposition area available for across-fault flow, often leading to faults 435 

being modelled as overly sealing even when appropriate fault permeabilities are included. 436 

This emphasizes the importance of careful mapping of faults geometries when assessing 437 



reservoir performance. Ideally multiple realizations, rather than a single realization, of fault 438 

geometry would be included in reservoir uncertainty analysis. 439 

 440 
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 613 

Fig. 1. (a) Reservoir scale faults from Utah, USA. The complex fault geometry results in 614 

partitioning of displacement across multiple fault planes, leading to the individual units being 615 

self-juxtaposed. (b) Typical sub-surface seismic response of the fault structure shown in (a). 616 



The image shown in (a) is superimposed for reference. Note the lack of resolvable detail. 617 

The preclusion of detailed imaging of fault structure generally leads to faults being modelled 618 

as simple two-dimensional planes. Uncertainty in the position of horizon-fault intersections 619 

caused by amplitude deterioration adjacent to faults is tackled by projecting reflectors 620 

towards the faults from a set distance.  621 

 622 

Fig. 2. Generalized workflow used for comparing simulation results for outcrop-resolution 623 

and seismically forward resolution fault geometries. (a) High resolution LIDAR DEM is used 624 

to construct a detailed fault model and geocellular grid at a depth of 3500m. This grid is 625 

subsequently populated with appropriate petrophysical properties. (b) The populated 626 

geocellular grid is exported to forward modelling software where the elastic and reflectivity 627 

properties are calculated. These properties are used in conjunction with a background model 628 

and seismic survey design to generate a 3D synthetic pre-stack depth-migrated seismic 629 

cube. (c) The forward modelled seismic cube is interpreted and the seismically resolvable 630 

fault geometries used to construct a second geocellular grid. This grid is populated with the 631 

same petrophysical properties as the original, outcrop-derived models. (d) Fluid flow 632 

simulation results for both the outcrop-derived and the seismically resolvable geometries 633 

allow the differences in across-fault flow which are due to the discrepancies in fault 634 

architecture to be identified. 635 

 636 

Fig. 3. Specific workflow for  generating the seismic forward model from the geological 637 

model. a) Input surface from the DEM. b) Geocelullar grid generated from the DEM. c) The 638 

geocellular grid is re-sampled into a regular grid with uniform cell dimensions prior to export 639 

to forward modelling software. d) Varying petrophysical properties are used to populate the 640 

geometries in (c). The reservoir interval is either thicker (i, iii) or thinner (ii, iv) than the mean 641 

fault throws. The stratigraphies are either homogeneous (i, ii) or derived from North Sea well 642 

data (iii, iv). e) Geocellular grid is imported into forward modelling software and populated 643 

with appropriate petrophsyical properties. f) A 3D survey is designed and the dip and 644 

azimuth of potentially illuminated reflections calculated. This is combined with an input 645 

wavelet and the elastic and reflectivity properties of the target area and of the background 646 

model to generate the synthetic seismic cube. g) The synthetic pre-stack depth-migrated 647 

(PSDM) seismic cube. h) A standard seismic interpretation workflow is used to generate 648 

seismic horizons and fault interpretations. i) A geocellular model is constructed from the 649 

seismic interpretation with the same dimensions as the original, detailed model. It is 650 

populated with identical petrophysical properties.  651 

 652 



Fig. 4. Location map for the digital elevation data used to generate high-resolution fault 653 

architectures. The data are located within the Afar rift system, Ethiopia. A number of the rift 654 

elements are shown for reference (Rowland et al. 2007; Barberi & Varet 1977).  655 

 656 

Fig. 5. Example of a) outcrop-resolution and b) seismic-resolution models generated for a 657 

partially breached relay zone.  658 

 659 

Fig. 6. Oblique view of a selection of the input (outcrop-resolution), synthetic, and output 660 

(seismic-resolution) models for ‘Top Reservoir’ horizon. (a) Thickness < Throw, 661 

homogeneous stratigraphy, partially breached relay. (b) Thickness > Throw, heterogeneous 662 

stratigraphy, partially breached relay. (c) Thickness < Throw, homogeneous stratigraphy, 663 

fully breached relay. (d) Thickness > Throw, heterogeneous stratigraphy, fully breached 664 

relay. 665 

 666 

Fig. 7. Four different scenarios from Figure 6 to show the influence of resolution and 667 

stratigraphy on both effective juxtaposition and production for a partially breached relay 668 

ramp. (a) High Th:tw, outcrop fault geometry. (b) High Th:tw, seismically resolvable 669 

geometry. (c) Low Th:tw, outcrop fault geometry. (d) Low Th:tw, seismically resolvable 670 

geometry. The simulation results highlight the importance of the ratio of stratigraphic 671 

thickness to fault throw (Th:tw) in terms of the effective juxtaposition area (shown) for a 672 

partially breached relay zone geometry. OPC = Oil Production Cumulative, OPR = Oil 673 

Production Rate, Red = High seal TM, Yellow = Mid Seal TM and Green = Low Seal TM. 674 

 675 

Fig. 8. Images of fluid saturation part way through the simulation runs for nine different 676 

scenarios. Red is low saturation and blue is high saturation. There are limited differences in 677 

fluid distribution between the outcrop and seismically resolvable fault geometries and the 678 

different fault TMs where there is a high Th:tw, and hence a large juxtaposition area. In 679 

contrast the low Th:tw cases show significant differences in fluid saturation distribution for 680 

the different fault geometries and different fault TMs. 681 

 682 

Fig. 9. Oblique view of partially breached outcrop geometry showing the resulting models 683 

populated with (a and b) N:G = 0.14 and (c and d) N:G = 0.46. (b) and (d) show 684 

corresponding SGR values with faults shown as a transparency with SGR values 685 

superimposed where the reservoir interval is self-juxtaposed. The base reservoir horizon is 686 

also shown. In (b) Low N:G (0.14) results in the reservoir only being self-juxtaposed in areas 687 

of very low displacement, i.e. at the fault tips. Since these areas have passed little shale 688 

during deformation, their corresponding SGR values are low. In contrast, in (d) a higher N:G 689 



(0.46) leads to multiple sections of the reservoir interval being self-juxtaposed. Many of 690 

these intervals have passed shale during deformation and hence have higher SGR values. 691 

 692 

Fig. 10. Cumulative produced volume from seismically resolvable geometries 693 

as a percentage of that of the outcrop geometry for varied N:G ratios. (a) low case TMs, (b) 694 

mid case, (c) high case. Higher fault rock permeability (a) leads to less disparity between 695 

seismically resolvable and outcrop-derived fault geometries than less permeable fault rocks 696 

(c). 697 

 698 

Fig. 11. Plots illustrating the impact of vertical to horizontal permeability ratio (Kv:Kh) on 699 

cumulative hydrocarbon production for (a) outcrop-derived fault geometry and (b) forward 700 

modelled, seismically resolvable fault geometry. The percentage difference between the 701 

highest and lowest Kv:Kh ratios is shown by the solid black lines. In both cases lower Kv:Kh 702 

results in lower cumulative hydrocarbon production over the course of the simulation runs. 703 

The difference between the highest and lowest produced volumes however is significantly 704 

greater for the seismically resolvable fault geometries (b, ca. 40%) than the outcrop-derived 705 

fault geometries (a, ca. 20%). Note that the absolute produced volumes are also significantly 706 

lower for the seismically resolvable geometry (b). 707 

 708 
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