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Abstract
The reservoir units within Khuff carbonates in the Middle East are known to contain about 30% of the World’s gas reserves. These reservoirs
are also known for their complex heterogeneities at the inter-well scale that is obviously beyond the resolution of seismic data. The Upper
Khartam Member exposed in central Saudi Arabia represents a good outcrop analog for the Upper Khuff reservoirs in the subsurface. The aim
of this study is to characterize the horizontal intra-reservoir heterogeneity and quality within the inter-well spacing using outcrop analog. Based
on specific criteria, three potential reservoir units within the outcrop of Upper Khartam were selected to assess their heterogeneity and quality.
The common criteria between these units are: composed of grainstone texture associated with high porosity and permeability values and they
reflect good lateral continuity and spatial occurrence along the whole outcrop. The units are deposited above each other, unit A is at the bottom
of the outcrop, unit B in the middle and unit C is at the top. Systematic horizontal sampling has been directed with 5 m spacing between each
sample and another for the three reservoir units. A total of 90 samples were collected along these units and thin sections and core plugs were
prepared from the whole samples and the porosity and permeability values have been measured.
For each unit, several measurements have been estimated and investigated based on different statistical analysis. The techniques that measure
the heterogeneity are geostatistical techniques and therefore they provide a single value for the heterogeneity in a dataset. These techniques
include; homogeneity index, Lorenz coefficient and dykstra - parsons coefficient. Here, the focus on the Lorenz coefficient and a modified
version of it. Based on the measured porosity and permeability values, basic equations were used to investigate the reservoir quality: Reservoir
Quality Index (RQI), pore volume to grain volume ratio (ɸz), and the Flow Zone Indicator (FZI). The porosity and permeability of these units,
or in other words their quality, have been significantly altered by diagenetic processes as a function of their lateral extension. This resulted in
dividing each one of the reservoir units into segments with ranges of qualities and therefore a number of flow zones. The outcomes of this
study may represent guides and leads for field geologists and engineers if integrated with subsurface data.
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Abstract: The reservoir units within Khuff carbonates in the Middle East are known to contain
about 30% of the World’s gas reserves. These reservoirs are also known for their complex
heterogeneities at the inter-well scale that is obviously beyond the resolution of seismic data. The
Upper Khartam Member exposed in central Saudi Arabia represent good outcrop analog for the
Upper Khuff reservoirs in the subsurface. The aim of this study is to characterize the horizontal
intra-reservoir heterogeneity and quality within the inter-well spacing using outcrop analog. Based
on specific criteria, three potential reservoir units within the outcrop of Upper Khartam were
selected to assess their heterogeneity and quality. The common criteria between these units are:
composed of grainstone texture associated with high porosity and permeability values and they
reflect good lateral continuity and spatial occurrence along the whole outcrop. The units are
deposited above each other, unit A is at the bottom of the outcrop, unit B in the middle and unit C
is at the top. Systematic horizontal sampling have been directed with 5 m spacing between each
sample and another for the three reservoir units. A total of 90 samples were collected along these
units and thin sections and core plugs were prepared from the whole samples and the porosity and
permeability values have been measured. For each unit, several measurements have been
estimated and investigated based on different statistical analysis. The techniques that measure the
heterogeneity are geostatistical techniques and therefore they provide a single value for the
heterogeneity in a dataset. These techniques include; homogeneity index, Lorenz coefficient and
dykstra - parsons coefficient. Here, the focus on the Lorenz coefficient and a modified version of it.
Based on the measured porosity and permeability values, basic equations were used to investigate
about the reservoir quality: Reservoir Quality Index (RQI), pore volume to grain volume ratio (ɸz)
and the Flow Zone Indicator (FZI). The porosity and permeability of these units, or in other words;
their quality, have been significantly altered by diagenetic processes in a function of their lateral
extension. This resulted in dividing each one of the reservoir units into segments with ranges of
qualities and therefore a number of flow zones. The outcomes of this study may represent guides
and leads for field geologists and engineers if integrated with subsurface data.
Introduction: The carbonate reservoirs reflect intrinsic heterogeneities in different scales from
micro- to giga- scale which make them challenging (Pranter et al., 2006; Fitch et al., 2013). These
heterogeneities might be depositional or diagenetic and caused by several factors such as;
lithology, lithofacies, depositional environment, mineralogy, pore type and diagenesis. The Khuff-A
reservoir in the subsurface which is equivalent to the Upper Khartam Member outcrop is known for
its complex vertical and lateral sub-seismic heterogeneity (Janson et al., 2013). These small scale
heterogeneities can be determined and evaluated by using equivalent strata from the outcrop of
Upper Khartam.
In this study, three potential reservoir units were selected to assess their heterogeneity and quality
and make a comparison and ranking for all of them. For each unit several measurements have been
estimated. The basic statistics for the porosity and permeability values include; Mean (m),
Maximum Value (max.), Standard Deviation (S), Minimum Value (min.), Median (M) and Variance
(S²). Histograms for the porosity and permeability values were constructed to evaluate the nature
of their distribution. Cross plots between the porosity and permeability measurements versus the
sampling intervals both separately to examine their vertical and lateral variability. Also, for each
reservoir unit a cross plot of porosity vs permeability measurements were conducted to see the
relation between them and a correlation coefficient was calculated. Then, the previous parameters;
RQI, ɸz and FZI were calculated.
Methods: Three potential reservoir units were selected for detailed description for their
heterogeneity and quality. These units are given the names A, B and C from the bottom to the top.
The units are deposited above each other, unit A is at the bottom of the outcrop and unit C is at the
top. The selection of these units depends on several factors: the intervals that contain grainstone
texture associated with higher porosity and permeability from the vertical sections been
investigated in the same outcrop, the good correlation between the vertical sections, the good
lateral continuity of these units along the whole outcrop and the spatial occurrence of the units.
After the selection of these units a detailed description and sampling been conducted for them
laterally. The horizontal sampling have been directed with 5 m spacing between each sample and
another for the reservoir units A and B, and with 2.5 m spacing for unit C.
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Conclusions: The Khuff reservoirs exhibit vertical and lateral heterogeneities which cannot captured fully
within the inter-well spacing from the subsurface data. The outcrop of the Upper Khartam Member in
Central Saudi Arabia represents an excellent analog for the upper parts of Khuff-B and the whole Khuff-A
reservoirs. The detailed study for the lateral profiles of the reservoir units revealed that the reservoir unit B
is the best in term of quality but it is the worst in term of variability. The reservoir unit C is considered the
most heterogeneous unit because of the variation in the microfacies, petrophysical properties and mineral
composition. The least heterogeneous unit is A because of the small differences in term of microfacies and
petrophysical properties. On the other hand, overprinted reservoir qualities of the studied bodies in
function of their lateral extension was differentially obliterated by diagenesis. This resulted in a
segmentation of individual reservoir units into segments with ranges of qualities and hence several
hydraulic subunits. XRD data indicated a proportional relationship between FZI and calcite and quartz. Also
the damage caused by the pore-lining clay minerals is noteworthy. Furthermore, the diagenetic control on
reservoir characteristics is also controlled by stylolites and fractures, which respectively form barriers
(stylolites) to and conduits (fractures) for vertical fluid flow and most likely control differential cementation
and dissolution processes.
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