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Abstract 
Carbonate reservoirs in the Middle East hold a significant proportion of the remaining conventional 
oil reserves, which most of them were classified as naturally fractured. These reservoirs are well 
known for their low recoveries compared with their counterpart clastic unfractured reservoirs. 
Therefore, boosting their recoveries can assure to sustain the energy supply to the global oil markets. 
In this work, an example from the Middle East has been used to evaluate the impact of the fracture 
characteristics on the reservoir performance using four decades of production history. The 
characteristics of natural fractures have a remarkable impact on fluid flow behaviour in fractured 
reservoirs. Besides, these characteristics, such as fracture intensity, determines the matrix block 
dimensions, which in turn, influence the matrix recovery. However, it is challenging to estimate the 
fracture characteristics accurately due to the scarcity of the fracture data from subsurface 
measurements. Therefore, outcrop analogue data can be utilised to enhance the fracture modelling 
in fractured reservoirs and to fill the data gap between the seismic scale and well scale. In this work, 
we have integrated the outcrop fracture data with the core observations to improve the fracture 
modelling in the studied reservoir. Furthermore, a sensitivity study was carried out to investigate the 
impact of flow curves, gravity drainage mechanism, and its parameters, as well as the fracture 
storativity on the history matching in fractured reservoirs. Excellent matching results were obtained 
for the majority of the wells, as indicated by the low mismatch values. The obtained results highlighted 
the importance of fractures on the fluid flow behaviour, and hence the reservoir performance. 
Therefore, fracture properties should not be abusively modified using multipliers and local adjustment 
to avoid nullifying the reservoir characterisation efforts and degrade the simulation model capability 
for a future prediction. 

 

Introduction 
Carbonate reservoirs hold a significant portion of conventional oil reserves in the Middle East (≈ 70%), 
and most of them are naturally fractured (Aljuboori et al. 2019, 2020). These reservoirs are well known 
for their low recoveries compared with their counterpart clastic unfractured reservoirs due to 
geological heterogeneities, as well as to the multiscale of fractures (Aljuboori et al. 2019; Agada et al. 
2016). Therefore, boosting their recoveries can assure to sustain the energy supply to the global oil 
markets. Re-development of the currently producing fractured reservoirs is required to address the 
critical fracture characteristics accurately to obtain a reliable simulation model for a future forecast. 

The process of history matching is one of the essential phases of calibrating the simulation flow model 
during the re-development phase of the mature reservoirs. The objective of this process is to obtain 
a reliable model that could reasonably predict the future performance of the reservoir (Gilman and 
Ozgen 2013). The process relies hugely on the accurate characterisation of the reservoir 
heterogeneities for both matrix and fracture system. Significant time is often allocated to characterise 



the matrix medium and to build the geological model. However, uncontrolled alteration of the model’s 
properties during the matching process could nullify the characterisation and modelling efforts. 
Therefore, it is essential to achieve the history matching and to maintain the consistency of the 
geological model. 

History matching in naturally fractured reservoirs is more complicated compared with conventional 
non-fractured reservoirs. The number of unknowns in the dual-porosity simulation model is more than 
double compared with the single porosity model. Besides, additional CPU time is required to be 
allocated for the calculation of the simulation model (Gilman and Ozgen 2013). Moreover, the 
characterisation of fractures at the field scale is another challenge added to the modelling workflow, 
and hence to the matching process. The upscaled effective properties of fractures, for example, are 
significantly affected by the selection of the modelling parameters, such as grid size, boundary 
conditions and upscaling method (Elfeel et al. 2013). Elfeel et al., for example, have found that the 
upscaling error in fractures can produce a difference in oil recovery of more than 12% (Elfeel et al. 
2013). 

Despite the complicated procedure of the history matching process and the lack of the standards for 
the method, general guidance is often proposed to start the matching workflow (Gilman and Ozgen 
2013; Saleri and Toronyi 1988; Williams et al. 1998). Saleri and Toronyi (1988) had provided an 
approximation proposal of using pressure and saturation matching procedure that could be generally 
applied. However, another suggestion is known as the stratigraphic method, which includes a 
hierarchy of adjustments from the global reservoir scale to the local well region (Williams et al. 1998). 
Moreover, in modern approaches, the integrated workflows are often employed to obtain a reliable 
history matching and minimise the alteration to the previous interpretation of geophysics, geology, 
and petrophysics in the geological model. These workflows are designed to maintain the reservoir 
characterisation, which is essential to simulate the fluid flow accurately, as well as to achieve a good 
history matching on both individual well basis and field-level basis (Agarwal et al. 2000). Nevertheless, 
significant uncertainties remain in the obtained results, which should be carefully investigated and 
evaluated to avoid misinterpretation of the matching outcome. 

Generally, the history matching process resulted in a non-unique solution, where multiple 
combinations of the model parameters can obtain a similar matching to the observed data. Therefore, 
a single solution of the most likely values of the uncertain parameters would not be sufficient to 
address the uncertainty or to estimate the associated risk (Oliver and Chen 2011). The matching result 
uncertainty is attributed to the non-unique matching solution as well as to the modelling errors, which 
both have a high impact on the model reliability for the future forecast. The modelling errors in 
fractured reservoirs are a combination of both matrix medium and fractures. The unsuitable upscaling 
of the matrix properties can increase the modelling errors, which in turn lead to the loss of the 
reservoir heterogeneity in the simulation model (Sablok and Aziz 2008). On the other hand, the 
upscaling errors of fractures were also exhibited a significant impact on the reservoir performance, 
and hence on the estimation of oil recovery, which might mask the geological uncertainty (Elfeel et al. 
2013; Elfeel and Geiger 2012). 

Several researchers were investigated various techniques to achieve the history matching in fractured 
reservoirs [e.g., (Elfeel et al. 2013; Jenni et al. 2004; Garcia et al. 2007; Suzuki et al. 2007; Ghaedi et 
al. 2015; Nejadi et al. 2017)]. Most often, a straight line is used to represent this relationship for a two-
phase system (i.e., the fracture relative permeability equal to the phase saturation). However, various 
experimental works have referred to a non-linear relationship of the relative permeability with 
saturation, where the sum of the liquid and gas relative permeability is not unity [e.g., (Bertels et al. 
2001; Pieters and Graves 1994)]. Furthermore, Pieters and Graves (Pieters and Graves 1994) have 



concluded that the relative permeability of fractures is similar to the porous medium. Therefore, 
despite the vital role of the relative permeability of fractures to the fluid flow behaviour, it is highly 
uncertain and significantly influenced by the fracture morphology. Similarly, fracture intensity, which 
determines the matrix block dimensions, and fracture’s storage capacity are quite uncertain and often 
provided with a measurement range based on the acquired data and their sampling locations 
(Wennberg et al. 2006, 2007). 

In this work, we have used the fracture characteristics to highlight the possibility of obtaining a 
reasonable history matching without alteration to the matrix properties. The fracture properties 
include the relative permeability of fractures, their storage capacity, as well as the parameters of the 
gravity drainage mechanisms. Furthermore, as every reservoir has its features, the major investigated 
parameters in the Qamchuqa reservoir were related to the gas phase properties as the gas coning 
represents one of the major challenges in the reservoir. 

 

Geological setting and reservoir description 
During the Early Cretaceous Age, the north of Iraq was situated in a relatively stable passive margin 
environment with localised extensional fault systems. The continuous passive margin setting has 
provided a long period of stable shelf environment, which allowed the deposition of widespread 
shallow marine sediments. These sediments formed the reservoir rocks in the region, which are 
predominantly carbonates, including shallow-water limestones and dolomites. Moreover, the global 
and local sea-level changes had facilitated intermittent transgressions and regressions during AP8 
Megasequence (which includes the Cretaceous Age). This resulted in a deep-water carbonate 
deposition (such as Balambo Formation), which could be a strong candidate to become the source 
rocks. In addition to argillaceous carbonates and marginal evaporates, which acted as sealing rocks for 
the underlying shallow water reservoirs and deep-water carbonates. The AP8 Megasequence, which 
includes Gulneri, Dokan, Upper Qamchuqa, Upper Sarmord, Lower Qamchuqa, and Lower Sarmord as 
described in Fig. 1, was deposited in a large intra-shelf basin, and it is considered as the thickest in the 
Foothill Zone and the Mesopotamian region, which reaches about 1200 m near Baghdad and up to 
500 m near Sinjar (Nineveh Governorate) (Jassim et al. 2006). 

The Foothill zone in the Northeast of Iraq characterised by a harmonic sequence of fold structures 
with a general axis direction of N–NW to S–SW, as illustrated in Fig. 2. The reservoir of interest, which 
is known as the Qamchuqa reservoir of the Jambur field, is located in this zone, as indicated by a blue 
star. The Qamchuqa reservoir consists of two producing formations, which are; Upper Qamchuqa and 
Lower Qamchuqa, with an average total thickness of approximately 600 m (Aljuboori et al. 2019). The 
two producing formations were separated by a non-reservoir shaly unit of Upper Sarmord formation. 
The Qamchuqa formations are considered as highly prolific formations in Iraq. The Qamchuqa 
terminology is often utilised in the north of Iraq, while their equivalent formations to the middle and 
south of Iraq, as well as in the Arabian peninsula are known as Mauddud and Shauiba, respectively 
(Jassim et al. 2006; Sadooni and Alsharhan 2003; Al-Qayim et al. 2010). 

Jambur field can be described as a simple structure of asymmetrical anticline with northwest–
southeast axis direction. The field extends over 30 km length and 4.5 km width. The Qamchuqa 
reservoir, which is the major reservoir in the Jambur field, consists of thick-bedded limestone 
deposited in a shallow marine setting (Jassim et al. 2006). The Qamchuqa reservoir is mainly located 
in the northern region of the Jambur field. The reservoir thickness was estimated to approximately 
600 m in the northern region, which represents the neritic deposition environment, as illustrated in 



Fig. 3 (Aljuboori et al. 2019). While the thickness dramatically decreases toward the southern part to 
less than 160 m. The Northern part (i.e. Qamchuqa facies) represents the only producing area in the 
reservoir. Meanwhile, the southern part (Neritic–Basinal deposition environment) was not developed 
due to the poor quality of the reservoir, as shown in Fig. 3, where the Qamchuqa facies gradually 
passes into non-reservoir facies of the Balambo formation, as illustrated in the stratigraphic column 
in Fig. 1, and the depositional environment in Fig. 3. 

The first well was drilled in the Qamchuqa reservoir in 1961. However, commercial production started 
in 1978. The initial reservoir condition consists of undersaturated oil at the reservoir datum level of 
2804 m subsea. The original oil in place was estimated to be more than 2 billion barrels of oil and 
about 1.8 billion barrels of bitumen concentrated in the northern region. The reservoir was produced 
for the last four decades using natural depletion mechanisms without any production support or 
pressure maintenance. 

The impact of fractures on the performance of the Qamchuqa reservoir 
Fractures in the Qamchuqa reservoir are the primary conduits for the flowing fluids. The Production 
Logging Tool (PLT) measurements had confirmed the essential role of fractures in enhancing reservoir 
production, as shown in Fig. 4a, which illustrates an example of the PLT measurement in the well JCP-
C4. The measurement results indicated that 3380 bbl/day of oil had produced from two fractured 
intervals only. Furthermore, production data analysis had shown that several wells such as; JCP-C3, 
JCP-BO, JCP-A5, and JCP-B5 had produced 9.3%, 8.4%, 7.9%, and 7.7% of the total oil recovery of the 
Qamchuqa reservoir of more than a half-billion of oil, respectively. This means one-third of the total 
production of four decades came from these four producers only, see Fig. 4b. The contribution of 
these producers demonstrates an excellent example to illustrate the strong influence of fractures on 
the Qamchuqa performance, hence on the overall oil production. Other producer’s data have also 
supported the significant role of fractures, such as the productivity index, oil flow rates, and well test 
analysis. 

Reservoir characterisation 
The architecture of the Qamchuqa reservoir refers to a simple layered reservoir, which can be 
identified and correlated along the field. However, the southern area (transitional facies region in Fig. 
3) is slightly difficult to be correlated with the northern part due to the change in facies, as well as 
several zones were pinched out, besides a limited number of wells were drilled in this region. 
Nevertheless, both Upper and Lower Qamchuqa formations can be divided into five subzones with a 
unique log signature, which can be tracked and roughly correlated along the Qamchuqa reservoir. 

Structurally, the available 2D seismic lines have shown that three major faults bound the field anticline 
was existed, as illustrated in Fig. 5. Moreover, the third interpreted fault is relatively far from the oil 
zone and located structurally low in the water zone. Therefore, it does not affect the performance of 
the reservoir, and it has not been considered in the modelling workflow. Detailed description and 
interpretation of the seismic 2D lines are beyond the scope of this work. However, the critical 
structural characterisation has been captured and represented in the geological model. 

The geological model of the Qamchuqa reservoir has an areal resolution of (200 m × 200 m) to avoid 
upscaling issues when exported to the simulation model. While the zonation properties were 
considered in the model’s vertical resolution, and it has been divided into (52) layers to provide an 
optimised number of cells for the simulation CPU time, and to capture the key heterogeneities in the 
Qamchuqa reservoir. 



 

Matrix modelling 
Although the current work focuses on the impact of the fracture characteristics and their performance 
on the reservoir behaviour, a light was shed on the matrix heterogeneity, porosity, and permeability. 
A statistical summary and histogram plots were provided for their properties using routine core 
analysis measurements to highlight their ranges in the matrix medium and to evaluate the matrix 
heterogeneity. 

The primary data of (40) wells were used to characterise the matrix medium. The data include well 
logs and core descriptions and measurements of (561.4) m of the Qamchuqa reservoir. These data 
were employed to provide the required input data for the reservoir properties during modelling 
workflow, as well as during the construction of the geological model. The main populated properties 
in the geological model included; facies, net-to-gross (NTG), porosity, permeability, and water 
saturation. 

 

Heterogeneity evaluation 
Generally, carbonate reservoirs are considered as very heterogeneous reservoirs due to the multi-
scale of heterogeneities related to the depositional environment, and the later deformational process 
(Agada et al. 2016; Maier and Geiger 2013; Guo and Evans 1994; Chandra et al. 2013). The 
heterogeneity measurements in petroleum science were almost specified to the permeability data 
applications (Jensen et al. 2000). Heterogeneity calculations are a handy tool in comparing the 
permeability variation based on a single statistical value (Jensen et al. 2000). Moreover, the spatial 
variation of the permeability has a significant influence on a specific recovery process, such as areal 
or vertical sweep efficiency. There are several static measures of heterogeneity, such as coefficient of 
variation, Dykstra–Parsons coefficient, and Lorenz coefficient. However, dynamic measures of 
heterogeneity can be inferred using Koval factor or dispersion, and further details could be found in 
Jensen et al. (2000). The coefficient of variation (Cv) could be used as an indicator, which can be 
calculated using Eq. (1), and it has been utilised as an example of heterogeneity measures (Jensen et 
al. 2000). The following Table 1 illustrates the classification criteria of the heterogeneity coefficient: 

        (1) 

where SD standard deviation, karith Arithmetic average permeability (mD). 

The coefficient of variation was calculated for Lower Qamchuqa formation by well basis, as an 
example, as illustrated in Fig. 6. The calculated (Cv) for the formation is more than one in all the 
examined permeability core data of the wells, which indicated that Lower Qamchuqa is a highly 
heterogeneous formation. 

Most of the wells were demonstrated a high degree of heterogeneity due to the high variability of the 
permeability in the formation. The permeability in Lower Qamchuqa formation has a range of (0–
1991) mD, with an arithmetic average of (29.5) mD. This wide range of permeability is due to the wide 
range of pore distribution and connectivity related to the carbonate depositional environment (Bust 
et al. 2009, 2011). 

 



Porosity 
It is an essential property of the reservoir, as it represents the potential storage capacity of the 
hydrocarbons (Lucia 2007). The routine core analysis of the recovered core of the Qamchuqa reservoir 
has referred to a porosity range of 0–37% for Upper Qamchuqa formation, and 0.2–24% for Lower 
Qamchuqa formation, as illustrated in Fig. 7. 

Permeability 
It represents the most critical parameter that controls the fluid flow in the matrix medium. 
Furthermore, it is one of the essential factors that control the fluid exchange between the matrix 
blocks and fractures. Where it represents the upstream permeability that controls the matrix flow 
rate, hence influence the matrix recovery. Most often, the measured core samples of both Qamchuqa 
formations were given extremely low permeability and were considered as zero. This is due to the 
limitation of the available measuring devices when the experimental work carried out in the 
seventieth and eighteenth of the last century. However, the zero measured permeability has been 
assumed to be (0.01) mD for plotting purposes only, as illustrated by the permeability histogram of 
the Qamchuqa reservoir in Fig. 8. The routine core analysis of the acquired core has referred to a 
permeability range of (0–2344) mD for Upper Qamchuqa formation, and (0–1991) mD for Lower 
Qamchuqa formation, with an average permeability of (9.3) mD and (29.5) mD, respectively. 

 

Fracture network modelling 
The scarcity of the fracture data in the Qamchuqa reservoir represents one of the challenges in 
fracture modelling. The absence of FMI logs, insufficient 2D seismic data and limited production 
logging surveys (PLT) have led to utilise the outcrop data to model fractures. Outcrop analogues could 
be found for almost any subsurface reservoir geometry (Geiger and Matthäi 2012). Moreover, 
outcrop-based models have increasingly used in various aspects, such as reservoir simulation 
(Aljuboori et al. 2019; Geiger and Matthäi 2012), helps in building a structural interpretation (Lewis et 
al. 2007), assist in seismic interpretation (Welbon et al. 2007), construct a conceptual model to predict 
the deformation of rocks (Bergbauer 2007), hydrothermal fluid activity in carbonates during 
diagenesis (Jiang et al. 2015), and well test analysis (Aljuboori et al. 2015). Outcrop fractures can be 
utilised to simulate the fluid flow behaviour to mimic their actual flow behaviour in fractured 
reservoirs. The outcrop data can fill the data gap of fractures to represent the inter-wells areas with a 
larger scale and higher resolution (Bisdom et al. 2017) compared with the core data and the seismic 
data, respectively. 

A nearby outcrop was used to derive the required parameters for fracture modelling in the Qamchuqa 
reservoir. The outcrop is known as Qara Chauq anticline, which is located 75 km to the northwest of 
the Jambur field. The outcrop was previously studied as an analogue for the Jambur field due to their 
similarities (Morris et al. 2007). The previous work has represented the fracture effectiveness in the 
Qamchuqa reservoir by improving the matrix permeability using permeability multipliers. In the 
current work, the measured properties of the outcrop were re-analysed to obtain an improved 
representation of the fracture intensity across the Qamchuqa reservoir. Then the updated distribution 
of the fracture intensity was supported by the core data to build a discrete fracture network (DFN) 
model, and to generate the full fracture properties (kx, ky, kz, φf and σ). These properties have used 
to simulate the fluid flow in fractures using the dual-porosity model. Table 2 summarises the input 
parameters for the stochastic fracture modelling. Meanwhile, Fig. 9 illustrates one of the analysed 
outcrop stations in addition to the rose diagram of the identified fracture sets. 



Simulation model 
The simulation model was built with an areal resolution of 200 m × 200 m. Meanwhile, the vertical 
resolution was varied. The model was divided into 53 layers to provide a reasonable accuracy with an 
adequate number of cells. The final model has 33 × 168 × 53 grid in I-, J-, and K-direction, and it 
contains 293,832 cells. Moreover, the geological description of the reservoir has shown that the 
basinal deposition environment has non-reservoir facies (Balambo facies). Therefore, the cells in this 
region have been deactivated in the simulation model and the number of cells became 204,792 cells. 

The average rock properties and capillary pressure were calculated using Corey equations by tuning 
their parameters to match the laboratory-measured relative permeability and capillary pressure data 
(Ahmed 2006). Three relative permeability and capillary pressure sets were generated for Upper 
Qamchuqa, Upper Sarmord, and Lower Qamchuqa to capture the differences in the endpoints and 
curve slope, as illustrated in Fig. 10. Besides, a fourth set was adapted for the bitumen zone, while the 
fifth set was assigned for the fractured medium, as shown in Fig. 10. 

The impact of fractures parameters on history matching 
Evaluating the impact of the fracture characteristics, such as flow curves, storativity, and intensity on 
the history matching is the objective of this work. The highly uncertain parameters were examined for 
an acceptable range to illustrate the possibility of achieving the history matching with minimal changes 
in these characteristics. However, the matrix properties were not changed to maintain the geological 
consistency of the reservoir characterisation. The following properties were examined to evaluate 
their importance in obtaining matching: - 

 

Fracture relative permeability of the gas phase 
As mentioned earlier, Corey equations were used to match the SCAL measurements and to represent 
the three-phase relative permeability curves in the matrix. The frequently used forms of equations are 
explained in detail in Ahmed (2006). The utilised equations in the assessment for the gas–oil system 
are listed below: 

 

      (2) 

      (3) 

      (4) 

where (Slc) is the summation of the connate water saturation (Swc) and the residual oil saturation in 
the gas–oil system (Sorg). The exponents (ngo, ng, and npg) in Eqs. (2), (3), and (4) were determined 
using core relative permeability data by matching the calculated curves from the above equations with 



the core measurements. However, a straight line is often used to represent the relative permeability 
of each phase in fractures. Therefore, both Eqs. (2), (3) are used to create a straight line relative 
permeability by set the exponents (ngo, ng) and maximum (kro, krg) to a value of (1), as well as a zero 
value of both connate water saturation and residual oil saturation. 

The generated straight line of the relative permeability was initially used in the history matching for 
all phases in fractures. The initial model results were exhibited a significant gas coning (i.e. high 
produced GOR). However, the same model was used and the gravity drainage option was activated in 
the simulator using the conventional gravity model. The second model has shown a remarkable 
reduction in the produced GOR as shown in Fig. 11. 

The reduction in the produced GOR results highlighted the impact of the gravity drainage mechanism, 
which should not be neglected in the gas–oil system. Therefore, the sensitivity scenarios of the gas 
relative permeability were designed for both models with and without gravity effect to investigate the 
fracture relative permeability effect on the reservoir response using both cases. The following Table 3 
summarises the range of each parameter used in the sensitivity and the results shown in Fig. 12. 

Quantitative assessment of the impact of each parameter can be demonstrated through a tornado 
diagram for both scenarios. The gravity drainage mechanism has changed the role of the critical gas 
saturation and gas exponent to be more effective. It has a comparable influence on the maximum 
relative permeability of the gas phase in fractures, as shown in Fig. 13. The tornado diagrams were 
illustrated in terms of cumulative gas production, as all the produced gas came from the dissolved gas 
and no free gas has been produced from the reservoir. 

Furthermore, the impact of the gravity drainage on the subsurface pressure has explained using two 
example producers who are JCP-A6 and JCP-B3, as illustrated in Fig. 14. The initial model with gravity 
effect has shown a better agreement with the observed data compared with the initial model without 
the contribution of the gravity drainage mechanism. 

Based on the previous observation, the average value of both critical gas saturation and gas exponent 
was used as the base values for further sensitivity scenarios. Meanwhile, three sets of relative 
permeability were used in fractures, which depends on the maximum krg used to obtain a better 
matching on a well basis. The final used curves are shown in Fig. 15. 

 

Pore volume of fractures 
The fractures’ pore volume is related to the fracture porosity, which often assumed as a single value 
during modelling and simulation workflow [e.g. (Maier and Geiger 2013; Geiger et al. 2010; Van 
Harmelen and Weijermars 2018)]. The fracture porosity can be calculated using the illustrated 
equation in (5), which can be used as a matching parameter (Kazemi and Gilman 1993). However, it 
should be considered that altering this value would change the initial fluid in place significantly. The 
shown fracture porosity range in Table 4 was used in the sensitivity to illustrate its effect on the 
matching and on the fluid in place: 

     (5) 



In this work, the initially used porosity in the model was 0.01, as shown in Fig. 16 by the red dot. 
However, when the fracture porosity changed for the provided range in Table 4, the initial oil in place 
increased by 43.3% when using the maximum fracture porosity value or reduced by 10.8% when the 
minimum value used. Therefore, altering the fracture porosity should be performed at the initial stage 
when both fracture and matrix pore volumes were calibrated to estimate the most likely reserves of 
fluids in place, see Fig. 16. 

Moreover, the change in the fracture porosity has shown a notable impact on the reservoir BHP and 
the produced GOR, especially for the long production history with gas coning issues as illustrated in 
Fig. 17. However, a minor change in the fracture porosity for the tuning purposes could be acceptable 
if the change in the fluid in place is acceptable. 

Gravity drainage effect 
The gravity drainage is one of the recovery mechanisms in the gas–oil system in fractured reservoirs. 
The pressure differences between the matrix block and the surrounding fractures during the depletion 
are resulted from the different height of the gas and oil and due to their density differences, which 
motivate the fluid exchange between the two domains to reach an equilibrium condition. The gas in 
the system is considered as the non-wetting phase, and the gravity drainage forces allowed the gas to 
overcome the capillary pressure effect and to displace the oil (i.e. the wetting phase). This process 
allowed to produce the oil from the matrix blocks hence enhance the oil recovery in fractured 
reservoirs. 

The gravity process was mathematically represented by adding a gravity term to the original transfer 
function. The original transfer function was proposed by Barenblatt et al. (1960) and redefined by 
Warren and Root (1963) to the illustrated form in Eq. (6), which determines the fluid exchange 
between the matrix and fractures. A formulation was proposed by Gilman and Kazemi (1983) to 
consider the gravity effect for a gas–oil system, as shown in the Eqs. (7) and (8): 

         (6) 

  (7) 

 

            (8) 

where Sf
gD and Sm

gD are the gas saturation in the fracture and matrix, respectively, which could be 
calculated using the formulae in Eq. (9) for both fractures and matrix (Gilman and Kazemi 1983). 



        (9) 

Meanwhile, the shape factor (σ) in Eqs. (7) and (8) could be calculated using (Kazemi et al. 1976) 
formulae for the cubic matrix cells: - 

        (10) 

The gravity drainage model of Gilman and Kazemi (1983) was used to evaluate the effectiveness of 
the drainage mechanism in the reservoir performance and on the history matching process. Moreover, 
the vertical matrix block dimension (Lz) was investigated as it represents one of the important 
parameters in fluid redistribution in the model due to gravity effect after initialisation, in addition to 
the shape factor (σ) which both are highly uncertain parameters. The following table illustrates the 
tested range of both vertical dimension of the matrix block and the shape factor, while Fig. 18 
illustrates the simulation results. 

Results and discussion 
The oil production rates were utilised as the controlling parameter for the history matching scenarios. 
All the producing wells in the Qamchuqa reservoir were able to achieve their production rate target, 
which indicates the absence of any completion issues during setting up the completion components, 
as well as due to activating the minimum pore volume option. The results were illustrated using an 
example of nine wells, which comprise the main matching parameters such as oil rate, subsurface 
pressure, gas–oil ratio, and water cut. The same example wells were used to demonstrate these 
parameters, which allow the comparison of the same well performance and its matching results. The 
matching results of the oil production rates were provided as a reference and for the comparison 
purposes, as shown in Fig. 19. 

The matching results of the bottom hole pressure 
The Upper Sarmord formation, which separates between the Upper and Lower Qamchuqa formations, 
was considered as a non-reservoir formation with marginal flow properties in the matrix. 
Nevertheless, extensive fractures, especially at the fold axis region, have provided a strong 
communication across the Qamchuqa reservoir. Therefore, it was treated as a single pressure system. 
The pressure responses in the reservoir are a function of the pore volume (i.e. porosity). The 
calibration process for the reservoir pore volume can achieve both of matching the pressure response 
and the initial fluid volumes in the Qamchuqa reservoir. 

Fracture properties are the selected uncertain parameters to achieve the history matching. Various 
fracture porosity distributions were applied during the history scenarios. The distribution was based 
on the fracture intensity and by defining upper and lower limits for each trial. Besides, single values of 
the fracture porosity were also evaluated to investigate their impact on the matching results. An 
average value of the fracture porosity of 1% has provided a balanced solution for the pressure 
response, reasonable increment in the initial fluid volumes, and to reduce the numerical errors. 

 



After applying the porosity adjustment, critical gas saturation, the relative permeability of the gas 
phase in fractures, as well as the influence of the gravity drainage on the simulation model behaviour 
has successfully mimicked the real reservoir behaviour, as indicated by the simulation results. The 
simulated bottom hole pressure (BHP) for the wells have shown a very good matching compared with 
the subsurface pressure measurements in the Qamchuqa reservoir (i.e. observed data). 

The simulated subsurface pressure results and the observed BHP measurements are shown in Fig. 20. 
The obvious observation is that the Qamchuqa reservoir has the same pressure trend for all wells, as 
indicated by the field measurements, which confirm the excellent communication and fracture 
transmissibility in the reservoir flow units. The minor differences in the observed pressure data (e.g. 
JCP-B3 in the year 1988) might be related to the gauge calibration errors or due to using different 
types of mechanical gauges, where most of the old pressure measurements were read from 
mechanical Amerada charts. 

The matching results of the gas–oil ratio 
The available GOR data represent periodical production tests. The oil producing wells were switched 
periodically from the production manifold to the testing manifold to carry out a production testing. 
Various sizes of choke opening had used during the testing to evaluate the well performance under 
these conditions (e.g. JCP-A5 and JCP-B1 which both had tested four times within 1 week in 1972 and 
1975, respectively, Fig. 21). However, the simulation results represent the instantaneous GOR during 
the production, which is different from the well testing GOR. Nevertheless, the testing GOR 
measurements could be utilised as indicative values for the performance of the simulation model of 
the Qamchuqa reservoir. 

The parameters of two fracture characteristics have played a significant role in matching the GOR 
values. The first fracture characteristic comprises the parameters of the fracture’s relative 
permeability of the gas phase such as critical gas saturation (Sgc), maximum gas relative permeability 
in the fractures (krgmax), and gas exponent (ng). Meanwhile, the second characteristic is the effect of 
the gravity drainage mechanism. Initially, a straight line with the endpoint of unity was used as 
fracture’s relative permeability for the gas phase. This option has resulted in an overestimation of the 
GOR values, and it had increased significantly, as discussed in the sensitivity analysis, especially when 
the gravity drainage option deactivated. Further performance analysis for the reservoir and the 
individual well has shown that three sets of fracture relative permeability were necessary to capture 
the reservoir behaviour and to imitate the produced GOR measurements. 

The GOR matching results were shown that high gas rates were obtained after 2005 for the well JCP-
A5 and the well JCP-BO, and there are no new test data to support the simulation results, Fig. 21. 
However, wellhead pressure (WHP) may be used as guidance for such cases. Whereas the WHP of the 
well JCP-BO in July 2000 is 1550 psi, the WHP in May 2010 is 2040 psi for the same chock size. The 
pressure increment by 490 psi at the wellhead is an indirect indication of the gas coning, hence high 
GOR values. However, the measured GOR in the well JCP-C9 is higher compared to the simulation 
results, which may be related to the reduction of the choke size of the well during the actual 
production to avoid the gas coning, as two of the measured GOR tests were implemented in 2 
subsequent days. 

 

The matching results of the water cut 
Water production is one of the production constraints in the Qamchuqa reservoir. The surface 
facilities were not designed to handle water production in any quantities. Therefore, any appearance 



of water traces in any producer leads to an immediate shut-in of this well. Minor cases of water 
production (traces during completion tests) were reported in the year 2000 after implementing 
workover operations in several wells. Where the source of this water was thought to be either drilling 
fluids or displacement fluids, which have been used during workover and completion operations. The 
simulated behaviour has shown no water cut for all producers. Therefore, no parameter alterations 
were required for the current matching stage. 

The solid bitumen can significantly affect the reservoir properties such as porosity and permeability, 
besides its considerable accumulation resulted in a tight reservoir, which behaves as an effective 
sealing layer (Moore 1984; Li et al. 2020). Furthermore, the accumulation of the bitumen leads to a 
severe blockage of the pore spaces and fractures, as well as to the occurrence of rich bituminous 
zones; all these phenomena were observed in the Qamchuqa reservoir. Therefore, the immobile 
bitumen zone had prevented the aquifer water from intrusion toward the oil zone for four decades of 
production history 

 

Conclusion 
The history matching of the Qamchuqa reservoir is quite complicated. Gathering the reservoir history 
data of 38 years, as well as the significant events such as workover operations, stimulation and change 
in the operating conditions for the individual wells are time-consuming and required careful attention. 
The history of events is critical because it is related to the change in the completion intervals, 
improving productivity index which affects the matching results notably. 

In this work, it has been demonstrated that the history matching can be achieved using the fracture 
properties only without altering the matrix properties. The matching workflow was based on using 
highly uncertain parameters of the fracture’s relative permeability, in addition to the fracture porosity 
and the gravity drainage effect in the gas/oil system. Meanwhile, the fracture permeability remains 
unchanged during the sensitivity analysis, because it is related to the fracture intensity, which is one 
of the geological characterisations of the fracture network. Furthermore, the analysis results of the 
gravity drainage parameters were exhibited a minor role compared with the relative permeability of 
fractures. Nevertheless, the parameters of the gravity drainage should be investigated in detail at a 
smaller scale to avoid an overestimation of the transferred oil between the matrix and fractures, see 
Aljuboori et al. (2019) for further discussion. 

Although the scarcity of the fracture data, which was one of the reservoir modelling challenges, the 
outcrop data have provided an excellent solution to tackle this issue. Furthermore, a reasonable 
history matching was obtained despite the uncertainty accompanied the fracture modelling. However, 
the accuracy of the fracture modelling could be improved by acquiring additional related data, such 
as seismic and FMI measurements. Moreover, the PLT measurements can be utilised to calibrate the 
contribution intervals in each well and to reduce the related uncertainty of the gas coning, hence high 
GOR values. 

This work is not a substitution for the integrated workflows to approach the required history matching. 
An integrated history matching should be based on the accurate assessment of both matrix and 
fractures, as well as evaluating the modelling process, such as upscaling, distribution and statistical 
analysis. Nevertheless, the highlighted parameters can be utilised to improve the obtained matching, 
especially for a long history of production when the gas coning issues become significant. In contrast, 
most of the investigated parameters have shown a marginal impact in the early years of the 
production history (e.g. Fig. 14). 



The lack of data should not be substituted by tuning the fracture permeability or matrix properties to 
obtain the history matching, where uncontrolled alteration and adjustments can affect the 
consistency of the previous geological interpretation and nullify the reservoir characterisation effort. 
Nevertheless, evaluating the related uncertainty in any uncertain parameter or missing data is the 
correct method toward improving the modelling of fractured reservoirs, highlighting the model 
limitations, and assure its reliability for a future forecast. 

Abbreviations 
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Figures 
 



 

Fig. 1. Sequence stratigraphy of the Cretaceous Age in Jambur field, highlighting the producing 
Qamchuqa formations, which indicated by red dots within the Foothill zone column (Aljuboori et al. 
2019), modified after Jassim et al. (2006) 

 



 

Fig. 2. Map of the middle and north of Iraq, illustrating oil and gas fields (labelled by green and red, 
respectively) in the Foothill Zone. 



Fig. 3. Depositional environment of the Qamchuqa reservoir of the Jambur field. The black dots refer 
to the wells. 



 

Fig. 4. A. An example of a production logging survey (PLT) results in the producer JCP-C4 
(the red line), which indicated that 3380 bbl/day of oil came from two fractured intervals 
only (NOC 1980), the provided depth in meter from the rotary table. b. An illustration of the 
impact of fractures in the Qamchuqa reservoir, where 33% of the total production of the 
reservoir came from four wells only JCP-C3, JCP-BO, JCP-A5, and JCP-B5 



 

Fig. 5. Top structure contour map of Upper Qamchuqa showing the three major faults that 
bounding the fold structure. The drilled wells in the Qamchuqa reservoir indicated by black 
dots. 

 

Table 1 Classification criteria of the coefficient of variation 



 

Fig. 6. The calculated coefficient of variation for Lower Qamchuqa formation, which referred to a 
high degree of heterogeneity 

 

Fig. 7. Porosity histogram of core measurements in Upper and Lower Qamchuqa formations 



Fig. 8. Matrix permeability histogram based on the core data for Upper and Lower Qamchuqa 
formations 

 

Table 2 Summary of the input parameters for stochastic fracture modelling 



 

Fig. 9. An example of one of the analysed outcrop stations showing the identified fracture sets, in 
addition to the rose diagram of their strikes. The outcrop image of the pavement was regenerated 
from Morris et al. (2007). 



 

Fig. 10. Matrix and fracture relative permeability curves of Upper and Lower Qamchuqa 
formations only, as well as their capillary pressure curves. 



 

Fig. 11. Field GOR of the initial model and initial model with gravity drainage effect. The remarkable 
reduction in the gas coning highlights the impact of the gravity drainage mechanism in the gas–oil 
system in fractured reservoirs. 

 

Table 3 Investigated fracture relative permeability parameters used in the sensitivity 

 



 

Fig. 12. Comparison of the sensitivity results for the initial model with and without gravity effect (as 
the label stated) showing the impact of krg (Swc) in the top figures, ng in the middle figures and Sgc 
in the bottom figures. The wide range of the field GOR results reflects the higher impact of the 
investigated parameter. The initial used values were indicated by red dots. The produced GOR was 
neither measured for the total reservoir nor the individual wells. Nevertheless, the acceptable range 



of the GOR in the producers is less than 2000 SCF/D in the early life of the reservoir as referred in 
the PVT and well-testing reports 

 

Fig. 13. Tornado diagram of the initial models showing the effect of the maximum relative 
permeability parameters of the gas phase in fractures, critical gas saturation and gas exponent. The 
gravity drainage effect (right figure) has changed the impact of Sgc and ng to be comparable with krg 
(Swc) compared with the initial model without gravity effect 

 

Fig. 14. Comparison of the observed BHP in the wells JCP-A6 and JCP-B3 and the simulated BHP for 
both initial models (with and without gravity effect). The initial model with gravity effect (the green 
line) has shown a better agreement with the observed data compared to the initial model without 
gravity effect (the blue line) 



 

Fig. 15. Relative permeability curves for the gas phase in fractures, which have been used in the final 
simulation model for further sensitivity analysis 

 



Fig. 16. Fracture porosity increment and its effect on the oil in place, where 43.3% increment in the 
Oil In Place (OIP) increased when the fracture porosity overestimated to 3% 

 

Fig. 17. The bottom hole pressure response and produced GOR to the fracture porosity increment. 
The lower BHP curve in the left figure represents the fracture porosity value of 0.005, while the 
higher BHP corresponds to the 0.03 value 

 

Table 5 Investigated shape factor and matrix block height parameters used in the sensitivity. 

 

Fig. 18. An example of the sensitivity analysis of the gravity term parameters for the well JCP–A6 for 
the provided range in Table 5. The left figure illustrates the vertical dimension of the matrix (Lz) 
scenarios, while the right figure shows the shape factor scenarios 

 



 

Fig. 19. History matching results; an example of the oil production rate for nine wells. The filled dots 
represent the observed data, while the thin line represents the simulated performance 



 

Fig. 20. History matching results; an example of shut-in bottom hole pressure (BHP) for the nine 
wells. The filled red dots represent the observed data, while the blue thin line represents the 
simulated performance 



 

Fig. 21. History matching results; an example of gas–oil ratio (GOR) for the nine wells. The filled red 
dots represent the observed data, while the blue thin line represents the simulated performance 
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