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larger impact on recovery factor for the repeat line drive and 
five-spot well patterns, in which the well spacing is much 
smaller than in the 4 km line drive. We return to these issues in 
the Discussion section.

Comparison of the impact of stratigraphic and 
sedimentological heterogeneities on oil recovery for 
predominantly horizontal and vertical flow

Figure 11 compares the impact of the studied stratigraphic and 
sedimentological heterogeneities, and their rank order, on oil 
recovery for production schemes that promote predominantly hori-
zontal flow and predominantly vertical flow (Fig. 5). The volume 
of oil produced and recovery factor after 20 years are used as the 
measures for comparison.

The most striking difference between the rank order of het-
erogeneities for the two flow directions is the approximately 
10-fold increase in the impact of sequence boundary rock prop-
erties (heterogeneity 6 in Fig. 2) on oil recovery for predomi-
nantly vertical flow (compare black and grey bars in Fig. 11), 
regardless of the end-point mobility ratio, approach to modelling 
relative permeability and capillary pressure, and chosen well 
spacing (Fig. 5). The presence of flow barriers along sequence 
boundaries significantly reduces recovery when flow is predomi-
nantly vertical, but yields slightly higher recovery when flow is 
predominantly horizontal.

EOD-belt rock properties (heterogeneity 3 in Fig. 2) are an 
important control on oil recovery regardless of whether flow is 
predominantly horizontal or vertical (Fig. 11). Both OIIP and 
oil produced are lower in models with mud-dominated EOD 
belts, but the decrease is more pronounced in OIIP (Fig. 9) 
than in oil produced (e.g. Fig. 11a); consequently, recovery 
factor increases, and this effect is more significant when hori-
zontal flow dominates (Fig. 11b). These trends are the same 
regardless of the predominant flow direction. Heterogeneities 
controlling reservoir architecture and the spatial distribution of 
EOD belts (i.e. EOD-belt interfingering length and geometry; 
heterogeneities 1 and 2 in Fig. 2) also have a high impact on 
oil recovery regardless of whether flow is predominantly hori-
zontal or vertical, although the rank order is reversed: EOD-
belt interfingering length has a larger impact on vertical flow 
than EOD-belt geometry (grey bar in Fig. 11), but a smaller 
impact on horizontal flow (black bar in Fig. 11). Furthermore, 
switching from a short to a long interfingering length (i.e. from 
setting (i) to setting (ii) of heterogeneity 1: Fig. 2) yields lower 

recovery when flow is predominantly horizontal, but higher 
recovery when flow is predominantly vertical (compare black 
and grey bars in Fig. 11). Switching from a purely prograda-
tional to a retrogradational–progradational EOD-belt geometry 
(i.e. from setting (i) to setting (ii) of heterogeneity 2: Fig. 2) 
always yields lower recovery. Anisotropic permeability (heter-
ogeneity 4 in Fig. 2) yields lower oil recovery but, perhaps 
surprisingly, is ranked relatively low even when flow is pre-
dominantly vertical. The character of EOD-belt boundaries 
(heterogeneity 5 in Fig. 2) is ranked low regardless of the pre-
dominant flow direction. This heterogeneity appears last when 
flow is predominantly vertical, and one place above last when 
flow is predominantly horizontal (compare black and grey bars 
in Fig. 11).

Discussion

Why do the same heterogeneities have different 
impacts on production for different completion 
strategies?

The results we present demonstrate that the same heterogeneities 
in carbonate reservoirs, in developments with the same fluid 
properties and well spacing, can have a markedly different 
impact on flow during production for developments in which the 
completion strategy promotes predominantly horizontal or verti-
cal flow. The most obvious manifestation of this effect, and the 
easiest to explain, is the presence of laterally continuous, imper-
meable barriers along sequence boundaries. These barriers have 
negligible impact on OIIP because they are modelled as four 
10 cm-thick layers, representing approximately 0.2% of the total 
vertical thickness of the model. The barriers prevent vertical 
cross-flow and pressure communication; sequence boundaries 
are also typically marked by dislocations of EOD belts (Fig. 1), 
which impose a pronounced vertical contrast in permeability 
across most, but not all, of their lateral extent (models α, γ, η 
and θ in Fig. 3). The resulting stratigraphically defined pressure 
compartments are efficiently swept by predominantly horizontal 
displacements. The presence of laterally continuous, impermea-
ble barriers has little impact on production. Other studies have 
also found that thin, laterally continuous baffles to flow in car-
bonate reservoirs, such as dolomudstone layers (Grant et  al. 
1994; Jennings et  al. 2000) and zones of bedding-parallel stylo-
lites (Agada et  al. 2014; Shekhar et  al. 2014), have a small 
impact on flow for viscous-dominated waterfloods with vertical 
wells. In contrast, injectors perforated at the base of the reser-
voir are not in pressure communication with producers perfo-
rated at the top of the reservoir, and the pressure in the 
uppermost stratigraphic sequence, connected to the producers, 
falls to the minimum producer BHP after 2–4 years of produc-
tion, at which time the wells are shut in (e.g. Figs 6b & 12a). 
Lateral extent, continuity and textural characteristics of sequence 
boundaries and other stratigraphic surfaces have been con-
strained in outcrop studies of ancient carbonate ramps (e.g. 
Bachmann & Kuss 1998; Pomar et  al. 2002; Asprion et  al. 
2009; Christ et al. 2012a) and platforms (e.g. Hillgaertner 1998; 
Sattler et al. 2005; Christ et al. 2012b), and their significance as 
potential flow barriers is recognized in the subsurface (Wagner 
et al. 1995; Hillgaertner 1998; Powell & Basem 2012). However, 
our models contain no structure and we recognize that post-dep-
ositional faults with very small throw (< 1 m) could offset such 
barriers and provide vertical flow paths. If the sequence bounda-
ries do not act as continuous barriers to flow, but are still associ-
ated with reduced porosity and permeability, their impact on 
vertical flow decreases significantly, and is similar to that 
observed for predominantly horizontal flow (compare white and 

Fig. 8. Tornado chart showing the impact of the six stratigraphic and 
sedimentological heterogeneities under investigation (Fig. 2) on OIIP. 
Each bar represents the impact of changing a heterogeneity from setting 
(i) to setting (ii); if the bar lies to the right (i.e. is greater than 0) then 
the impact is positive (i.e. OIIP is increased).
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black bars in Fig. 11; see also Fig. 12b). Consequently, patches 
with no cement within laterally continuous cemented barriers, or 
disruption of such barriers by post-depositional faulting and 
fracturing, are likely to allow sufficient vertical flow to enable 
efficient sweep and water breakthrough.

EOD-belt rock properties (heterogeneity 3 in Fig. 2) are an 
important control on oil recovery regardless of whether flow is 
predominantly horizontal or vertical, as noted in previous studies 
(e.g. Pranter et  al. 2006; Ambastha et  al. 2009; Hollis et  al. 
2011). Variations in porosity impact OIIP and, therefore, total 
oil recovered. Variations in permeability impact the flow rate for 
a given pressure gradient and, therefore, recovery factor after a 
given production time; although it is worth noting that the 
impact of EOD-belt rock properties on recovery factor is much 
more significant for the unfavourable mobility ratio. We discuss 
this further in the next section. In this study, we focused on the 
impact of first-order stratigraphic heterogeneities on flow via use 
of end-member EOD-belt rock properties. Incorporating addi-
tional diagenetic overprints will alter the bulk rock properties, 
and the relationships between porosity and permeability within a 
given EOD belt (e.g. Taghavi et  al. 2007; Beavington-Penney 
et  al. 2008; Swei & Tucker 2012; Escorcia et  al. 2013; Martin-
Martin et al. 2013).

Heterogeneities controlling reservoir architecture and the 
spatial distribution of EOD belts (i.e. EOD-belt interfingering 
length and geometry: heterogeneities 1 and 2 in Fig. 2) also 
have a high impact on oil recovery, regardless of whether flow 
is predominantly horizontal or vertical (e.g. Fig. 13). When hor-
izontal flow dominates, a short interfingering length yields 
higher recovery because the proportion of the reservoir com-
prising high-porosity, mid-ramp EOD belts (Table 1) controls 
the volume of oil produced; thicker, but less laterally continu-
ous, EOD belts are produced by the short EOD-belt interfinger-
ing length and purely progradational EOD-belt geometry (e.g. 
models α, γ, ε and ζ in Fig. 3), yielding higher OIIP, thicker 
high-permeability units and, hence, higher recovery. Similar 

behaviour has been observed previously with regard to the 
thickness and lateral continuity of high-permeability streaks in 
low-permeability carbonate reservoirs (so-called ‘thief zones’: 
see, e.g., Masalmeh et  al. 2004; Vaughan et  al. 2004; Ghedan 
et  al. 2010). The recovery factor is insensitive to the interfin-
gering length, at least for a favourable end-point mobility ratio. 
However, when vertical flow dominates, a short EOD-belt 
interfingering length yields lower recovery. This result seems 
counterintuitive, because a shorter interfingering length might 
be expected to yield less laterally continuous, low-permeability 
outer-ramp and pelagic EOD belts, less tortuous vertical flow 
paths and, therefore, higher recovery. The result we obtain here 
is an unexpected occurrence of aliasing within our experimental 
design; of the four models without barriers to vertical flow 
along sequence boundaries, models β and δ have the long EOD-
belt interfingering length in combination with the high EOD-
belt rock properties (setting (i) of heterogeneity 3), whereas 
models ε and ζ exhibit the shorter EOD-belt interfingering 
length with low EOD-belt rock properties (setting (ii) of hetero-
geneity 3) (Table 2). As a result, longer EOD-belt interfinger-
ing length is associated with the two models yielding highest 
oil recovery (Fig. 7). If sequence boundaries do not act as con-
tinuous barriers to flow, but are still associated with reduced 
porosity and permeability, production wells in models α, γ, η 
and θ no longer shut-in after 2–4 years, allowing comparison of 
the EOD-belt interfingering length within the full parameter 
space of our experimental design. In these models, switching to 
a longer EOD-belt interfingering length reduces oil recovery, as 
observed when flow is predominantly horizontal and consistent 
with the lower OIIP (compare white and black bars in Fig. 
11a).

Permeability anisotropy within the EOD belts (heterogeneity 
4 in Fig. 2) decreases oil production and recovery factor (Fig. 
9a, b) in displacements dominated by both horizontal and verti-
cal flow, consistent with previous case studies of carbonate res-
ervoirs (Abbaszadeh et  al. 2000; Ates et  al. 2005; Hollis et  al. 
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Fig. 9. Tornado charts showing the 
impact of the six stratigraphic and 
sedimentological heterogeneities under 
investigation (Fig. 2) on (a) total oil 
production, (b) recovery factor and (c) 
time to water breakthrough. Each bar 
represents the impact of changing a 
heterogeneity from setting (i) to setting 
(ii); if the bar lies to the right (i.e. is 
greater than 0) then the impact is positive 
(e.g. the volume of oil produced has 
increased). Results are shown for the 4 km 
line drive (Fig. 5a). The heterogeneities in 
plots (b) and (c) are ranked according to 
their impact on oil production (a).
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2011). However, the impact of permeability anisotropy on oil 
production is higher for displacements dominated by vertical 
flow (compare grey and black bars in Fig. 11a), which is to be 
expected given that lower vertical permeability yields lower ver-
tical flow rates for the fixed pressure gradient imposed by our 
chosen production constraints. Yet, the relatively low ranking of 
permeability anisotropy (fifth in Fig. 9a), even in models domi-
nated by vertical flow is surprising. One reason may be that the 
range of permeability anisotropy values investigated in our mod-
els (Kv/Kh ratios of 0.1–0.4, Table 1) is too narrow, although it 
is consistent with those examined by other authors (e.g. Hollis 
et  al. 2011). The impact on vertical flow of some smaller-scale 

heterogeneities, such as thinly interbedded mud- and grain-dom-
inated depositional facies within inner- and outer-ramp EOD 
belts, may not have been captured in our estimates of vertical 
permeability at the grid-block scale. To gain a preliminary 
understanding of how more extreme permeability anisotropy 
might impact on the ranking of heterogeneity impact, we have 
investigated a set of models in which the anisotropic permeabil-
ity setting has a much lower kv/kh ratio of 0.001. The impact 
ranking of heterogeneities on oil production and recovery factor 
is not changed (Fig. 14), although the actual values differ; per-
meability anisotropy remains in fifth place for oil recovery, and 
in third place for recovery factor (with a favourable end-point 

Fig. 10. Radar charts showing the effect of the three production strategies (Fig. 5, Table 4) on the impact of the six stratigraphic and sedimentological 
heterogeneities under investigation (Fig. 2) on (a) total oil production, (b) recovery factor and (c) time to water breakthrough. For clarity of display, 
absolute values are shown for all charts, and a logarithmic scale is used for recovery factor (b) and time to water breakthrough (c). Results are shown 
for a single imbibition curve set (Fig. 4b, e) and favourable mobility ratio (Table 4). The heterogeneities in plots (b) and (c) are ranked, anticlockwise, 
according to their impact on oil production (a).

 at Imperial College London on February 24, 2014http://pg.lyellcollection.org/Downloaded from 

http://pg.lyellcollection.org/
http://pg.lyellcollection.org/


P. J. R. Fitch et al.14

mobility ratio). This suggests that the kv/kh ratio within EOD 
belts has a smaller impact on production, even when flow is pre-
dominantly vertical, than might be expected. Heterogeneities 
controlling reservoir architecture and the spatial distribution of 
EOD belts (i.e. EOD-belt interfingering length and geometry: 
heterogeneities 1 and 2 in Fig. 2) are more important, together 
with the presence of flow barriers along stratigraphic surfaces. 
An alternative explanation for the low ranking of permeability 
anisotropy may be that laterally continuous, low-permeability 
outer-ramp and pelagic EOD belts lower the effective vertical 
permeability of the models at the inter-well scale, subduing the 
impact of heterogeneities at the grid-block scale that might oth-
erwise control vertical flow.

The character of the EOD-belt boundaries is the heterogene-
ity with lowest impact on oil produced, although it has a more 
significant impact on recovery factor, especially for an unfa-
vourable mobility ratio (Fig. 9). Its relatively low impact proba-
bly reflects the small volume of the models occupied by 
transitional EOD-belt boundaries, as is evident in the small 
impact of this heterogeneity on stock tank oil initially in place 
(STOIIP) (Fig. 8). Setting (ii) for our transitional EOD-belt 
boundaries is representative of published outcrop studies, which 
document interfingering of depositional facies at EOD-belt 
boundaries over lengths of 100–500 m (e.g. Castel et  al. 2007; 
Koehrer et  al. 2010; Pierre et  al. 2010; Elrick 2011). However, 
more extreme cases may exist where interfingering of deposi-
tional facies occurs over longer length-scales because of shal-
lower depositional slopes or high-frequency variations in the 
rates of accommodation generation and sediment accumulation. 
Increasing the lateral extent of transitional EOD-belt boundaries 
will increase the proportion of each model impacted by this het-
erogeneity, which may increase its impact on oil production and 
recovery factor.

Interaction of rock and fluid properties, and 
well spacing, with the impact of stratigraphic 
heterogeneities on flow

In this study, although the volume of oil produced, recovery fac-
tor and time to water breakthrough differ if a single set, or mul-
tiple sets, of relative permeability and capillary pressure curves 
are used (Figs 6 & 15), the rank order of heterogeneities is only 

slightly altered (Fig. 9). We note here that the various relative 
permeability and capillary pressure curves applied in our model-
ling experiments are realistic in as much as they are simplified 
from proprietary reservoir data, but show limited variation 
between permeability classes (e.g. in comparison to Hollis et al. 
2011). More variable relative permeability and capillary pressure 
curves, or use of a different method to assign them, may 
increase their impact on recovery and the rank order of hetero-
geneity. However, the results we present here, for production 
strategies dominated by horizontal and vertical flow, suggest 
that the same stratigraphic and sedimentological heterogeneities 
remain important regardless of how relative permeability and 
capillary pressure are modelled.

Oil production for an unfavourable mobility ratio is gener-
ally lower, consistent with numerous previous studies (e.g. 
Friedmann et al. 2003; Larue & Friedmann 2005). We find that 
the rank order for oil produced remains unchanged by the end-
point mobility ratio (e.g. Fig. 9a), but the rank order for recov-
ery factor and time to water breakthrough are different for 
favourable and unfavourable displacements. Most significantly, 
we find that an unfavourable end-point mobility ratio increases 
the impact of EOD-belt interfingering length and EOD-belt 
rock properties on recovery factor (Fig. 9b), while a favourable 
end-point mobility ratio increases the effect of these parameters 
on breakthrough time (Fig. 9c). EOD-belt rock properties and 
interfingering length have a larger impact on recovery factor for 
an unfavourable displacement because the oil viscosity is four 
times higher, but the pressure gradient between injection and 
production wells only doubles in order to remain within the 
likely range in real field development. Consequently, produc-
tion rates are halved, and the impact of permeability variations 
on recovery factor after 20 years of production are commensu-
rately higher. Conversely, early water breakthrough is typically 
observed for an unfavourable displacement regardless of hetero-
geneity. As a result, the impact of permeability variations on 
breakthrough time is more significant for a favourable end-point 
mobility ratio.

Oil production also depends on well spacing (Fig. 7); when 
flow is predominantly horizontal, the highest recoveries are 
always observed for the 1 km repeat line drive well placement 
(Fig. 4), and this well placement also yields the highest recov-
ery in most models where flow is predominantly vertical. This 

Fig. 11. Tornado charts showing the 
impact of the six stratigraphic and 
sedimentological heterogeneities under 
investigation (Fig. 2) on (a) oil produced 
and (b) recovery factor when flow is 
predominantly vertical and horizontal. 
Results obtained using a single imbibition 
curve set (Fig. 4b, e), favourable mobility 
ratio (Table 4) and 4 km line drive (Fig. 
5a).
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is to be expected because the 1 km line drive employs the larg-
est number of production wells. However, in a few models, 
higher recovery is observed for predominantly vertical flow for 
the 4 km line drive. This is because the potential for vertical 
flow, between the deep completions in the injection wells and 
the shallow completions in the production wells, increases as 
the well spacing decreases (Fig. 5). Higher recovery is observed 
for the larger well spacing in models that have low effective 
vertical permeability because they have reservoir architectures 
that are more layer-cake in geometry, containing laterally con-
tinuous, pelagic EOD belts of low permeability, and also aniso-
tropic permeability within EOD belts. We, again, find that the 
rank order for oil produced remains unchanged (e.g. Fig. 9a), 
but the rank order for recovery factor and time to water break-
through are different depending on the well spacing. The impact 
of all heterogeneities, except the sequence boundary rock prop-
erties (heterogeneity 6 in Fig. 2), on recovery factor and time to 
water breakthrough increases as well spacing is reduced from 4 
(Fig. 5a) to 0.7 km (Fig. 5c; see also Fig. 10b, c). In particular, 
the impacts of EOD-belt interfingering length and rock proper-
ties (heterogeneities 1 and 3 in Fig. 2) on recovery factor 
increase significantly at smaller well spacing (Fig. 10b). These 
results are comparable to those of Hollis et  al. (2011), who 

found that heterogeneities at the scale of depositional facies had 
a more significant impact on hydrocarbon production as well 
spacing decreased.

The rank order of heterogeneity on oil produced remains 
the same regardless of the variability in dynamic performance 
between models with a common set of fluid properties, well 
placement, and relative permeability and capillary pressure 
curves. The impact of heterogeneities on oil produced is 
greater than the variability in dynamic performance exhibited 
by a single model for different mobility ratios, well place-
ments, and relative permeability and capillary curves. This 
suggests that the modelled geology is the most important con-
trol on production behaviour for the ranges of parameters con-
sidered here.

Conclusions

•• We have used integrated flow simulation and experimental 
design techniques to investigate the first-order impact of 
stratigraphic and sedimentological heterogeneities on simu-
lated recovery in carbonate ramp reservoirs. We find that the 
modelled heterogeneities in combination exert a greater 
influence on production behaviour than fluid properties, well 

Fig. 12. Depositional dip sections showing 
oil saturation after 0, 1 and 5 years of 
simulated production time, through the 
centre of model α (a) with and (b) without 
impermeable barriers along sequence 
boundaries. Results are shown for a 
single imbibition curve set (Fig. 4b, e), 
favourable mobility ratio (Table 4) and 
4 km line drive production strategy (Fig. 
5a). Location of impermeable barriers to 
flow are shown by the white lines (solid, 
impermeable barrier present; dashed, 
sequence boundary without impermeable 
barrier).
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Fig. 13. Depositional dip sections through the centre of simulation models β (top) and ε (bottom), showing (a) permeability, (b) oil saturation after 
1 year for a displacement dominated by vertical flow and (c) oil saturation after 1 year for a displacement dominated by horizontal flow. Results are 
shown for a single imbibition curve set (Fig. 4b, e), favourable mobility ratio (Table 4) and 4 km line drive production strategy (Fig. 5a).

Fig. 14. Tornado charts comparing 
heterogeneity rankings for displacements 
dominated by vertical flow on (a) volume 
of oil produced and (b) recovery factor, 
with two permeability anisotropy settings: 
(1) original permeability values defined 
in Table 1; and (2) reduced vertical 
permeability such that the kv:kh ratio 
is 0.001. The heterogeneities in (b) are 
ranked according to their impact on oil 
production (a).

placement, and the approach to modelling relative permea-
bility and capillary pressure data. Similar heterogeneities 
control flow behaviour in displacements dominated by both 
horizontal and vertical flow, although the significance of 

heterogeneities controlling vertical flow paths increases 
when vertical flow dominates.

•• The key heterogeneities for displacements dominated by 
either horizontal or vertical flow are the EOD-belt rock  
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properties, and heterogeneities controlling the volume and 
lateral continuity of the EOD belts (i.e. the EOD-belt 
interfingering length and geometry). Switching from high,  
grain-dominated to low, mud-dominated porosities and  
permeabilities decreases the volume of oil produced, but 
increases recovery factor. This is because changing rock 
properties exerts a greater impact on OIIP than on oil 
recovery. When vertical flow dominates, and continuous 
barriers to flow are present along sequence boundaries, a 
long EOD-belt interfingering length yields higher recov-
ery, although OIIP is decreased. However, when cemented 
hardgrounds are represented in our models with only 
decreased permeability and porosity (i.e. no continuous 
barriers to vertical flow), a long EOD-belt interfingering 
length yields lower recovery, consistent with models 
where horizontal flow dominates, and OIIP is also 
decreased.

•• Sequence boundaries become the key control on oil recov-
ery when displacements are dominated by vertical flow, 
but only when associated with a continuous, impermeable 
barrier. The impact of permeability anisotropy within EOD 
belts on oil production increases with vertical flow poten-
tial, but is still of low-ranked importance. The least impor-
tant heterogeneity is the character of boundaries between 
EOD belts.

•• The impact of heterogeneities on OIIP is independent of fluid 
properties, well spacing and completion strategy. As oil pro-
duction is strongly affected by OIIP, the ranking of heteroge-
neity impact on oil production is also relatively insensitive to 
these factors. Recovery factor normalizes the volume of oil 
produced relative to OIIP, and so the impact ranking is more 
sensitive to fluids, well spacing and completion strategy. 
Thus, the rank order for heterogeneities impacting recovery 
factor and time to water breakthrough varies with end-point 
mobility ratio and well spacing.

•• Well spacing has little influence on the impact or rank order 
of heterogeneities for displacements dominated by horizontal 
flow. Reducing well spacing enhances the potential for verti-
cal flow, and so increases the impact of all heterogeneities on 
recovery factor and time to breakthrough in displacements 
dominated by vertical flow.
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