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Abstract

The Mid-Cretaceous Formation is a significant carbonate reservoir primarily located in the Middle
East, notably in Iraq, Iran, and parts of the Arabian Gulf. It dates from the Late Cenomanian to
Early Turonian period (94-90 million years ago). The formation comprises diverse lithologies,
including bioclastic and rudist-rich limestone, grey-white limestone, foraminiferal-rich facies, and
limonitic limestone. This study investigates the relationship between open-hole log data and
dynamic injection data. The PoreSpect technique assumes that resistivity data from electrical
borehole images reflect the flushed zone around the borehole. These electrical images, acquired
using the Full-bore Formation Microlmager (FMI*), are calibrated with shallow resistivity and
log-derived porosity to produce an effective porosity map. The underlying principle is that the FMI
images provide a conductivity map of the borehole wall, which can be converted into porosity
values using Archie’s equation for the flushed zone. Image log interpretation provides valuable
insights into porosity types and distributions. Primary porosity is associated with depositional
processes, while secondary porosity—such as fractures and vugs—is developed through
diagenetic alterations and is typically irregular in nature. This study focuses on the behaviour of
the injection profile along the lateral section of horizontal wells, using image-derived porosity and
logging-while-drilling density data. The findings reveal two distinct porosity groups. The first
group, characterized by high secondary porosity (greater than 5%), accounts for over 90% of the
injected water. The second group, despite having good total porosity, shows low secondary
porosity and accommodates less than 10% of the injected water. A strong correlation exists
between secondary porosity distribution and the injection profile, where zones with higher
secondary porosity exhibit higher injectivity. Conversely, zones with high resistivity are associated
with low injectivity and minimal secondary porosity. The approach presented in this study
enhances the understanding of how different forms of carbonate porosity influence injection
behaviour. The results confirm that secondary porosity plays a more significant role in injectivity
than primary porosity. Although limited by the availability of horizontal production logging tool
(PLT) data in injector wells, the analysis provides meaningful insights into injection performance.
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These findings are essential for optimizing well completions, hydraulic fracture stage design,
packer and inflow control device placement, and overall reservoir management strategies.

Keywords:  borehole image, injection, primary porosity, secondary porosity.
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1. Introduction

The Mid-Cretaceous Formation is a large carbonate reservoir formation located largely in
the Middle East, particularly in Iraqg, Iran, and sections of the Arabian Gulf region. It dates from
the Late Cenomanian to Early Turonian epoch (about 94-90 million years ago). The formation is
mostly composed of limestone, frequently chalky or reef, with dolomite, marls, and shales in
certain locations. The porosity at the formation is a varies types (moldic, vuggy, intercrystalline)

which mostly classified as secondary porosity [1]. The investigated formation, which has about
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30% of Irag's oil reserves, is the most significant carbonate reservoir in the country [2]. The
formation was deposited during the Middle Cenomanian to Early Turonian age, when thick
carbonate sequences accumulated across a shallow, basin-wide platform [3]. The lithology of the
study formation comprises various types, including bioclastic, rudist, grey-white limestone,
foraminiferal-rich facies, and limonitic limestone [3]. The habitats of the studied formation
gradually change from mid-ramp to lagoonal supratidal settings, consistent with the carbonate
ramp model, which suggests that shallow waters are cyclically favorable for carbonate deposition
[4].

Microresistivity imaging technologies were first introduced in the 1980s. The four-arm dipmeter
tool was the first imaging device, originally adapted from wireline density skid technology [5].
The four-arm dipmeter instrument consists of two sensors on two arms and two imaging sensors
on the other two arms [6]. Schlumberger's Formation Micro Scanner (FMS) began with capturing
borehole images but was later transformed into a four-arm imaging instrument. Imaging tools
underwent significant advancements in the early 1990s. Oil service businesses began to
significantly enhance borehole coverage and resolution [7]. Schlumberger's FMI tool, Baker
Hughes' STAR tool, Halliburton's EMI tool, and Weatherford's HMI tool (Weatherford, 2007) are
among the most regularly used tools [8]. The current imaging instruments are made up of four, six,
or eight hydraulically articulated arms that work in tandem with four, six, or eight sets of main and
articulated pads to provide varying percentages of borehole coverage. When the hole size rises,
the percentage coverage of the borehole wall falls in all image logging techniques. The depth of
inquiry (DOI) for all tools was around 5 cm (2 in.) or less [9]. The imaging instruments may
respond to deeper signals, such as current flowing from the tool pad to the mandrel, based on the
formation's resistivity and the contrast of resistivity over the measured interval. Limitations in
telemetry capabilities have restricted the number of measurements that imaging tools can transmit.
The surface acquisition system acquired this vast amount of data via the telemetry systems, which
improve with time and increase the number of measurements downhole [10]. The FMI instrument
is supported by four main pads and four subsidiary pads, known as flaps. These eight pads, or
flaps, are made up of two rows of 12 buttons, yielding 192 sensor electrodes. To offer enough
coverage, the buttons on microresistivity imagers are positioned in two rows with a 50% overlap.
They have a vertical resolution of 0.2 inch (5 millimeters). Submillimeter fractures, for example,

can be recognized with a vertical resolution considerably lower than the tools, although assessment
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of these characteristics requires a supplementary calculation. Figure (1) illustrates the

measurement principle and design of the FMI tool (Figure 1).

Fig. (1): FMI logging tool

Borehole image logs can be used to directly analyze sedimentary reservoir parameters [8]. The
challenge is in developing diagnostic standards for classifying image log facies and translating
image logs into sedimentary and structural characteristics such as sedimentary structures, bedding
sequences, vertical grain-size successions, fractures, and in situ stress orientation [6]. Borehole
image log facies refer to visual features identified through color variations in static images and dip
patterns represented by sine waves in dynamic images. Some of the criteria used to interpret the
picture facies include color variation patterns, imaging of sedimentary textures and structures, and
structural elements on images [11]. Fine sedimentary reservoir features such as lithology,
sedimentary structures, depositional microfacies, faults, fractures, and paleocurrent direction may
therefore be determined using borehole image facies analysis. This study creates a total of five
descriptive, easy-to-understand, and brief picture log facies that have been analyzed from both

publicly available studies and peer-reviewed literature [12].
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High resolution and azimuthal borehole coverage are provided by borehole electrical images, and
FMI in particular enables the quantitative resolution of the heterogeneous character of porosity
components. The use of borehole electrical pictures in the investigation of the carbonate reservoir
porosity system has been made possible by the introduction of this strategy [13] [14]. This method
may be used to determine the porosity distribution and volume of the vugs-modal fraction.
However, shale and bad-hole conditions have a significant impact on the technique's performance.
Images that have a damaged FMI pad or a poor hole that significantly impairs one or two pictures'
quality might be rejected during analysis.

The most recent addition to the basket offers outputs at wireline-par resolution: the new
generation ultra-high resolution LWD imager (Figure 2). Currently, there is better confidence in
the interpretation of characteristics when using extra-high-quality images. Previously only
possible with wireline pictures, custom software plug-ins are now readily accessible to even
undertake quantitative analysis of these images (secondary porosity, fracture characteristics
extraction/estimate).
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Fig. (2): Comparison of the Wire Line Resistivity Image with the LWD Resistivity Image
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Injection zones tend to have higher permeability compared to adjacent areas; the main challenge
lies in understanding the injection mechanism in horizontal wells. Horizontal wells are typically
drilled within homogeneous layers characterized by similar rock properties. Due to high
heterogeneity at the studied formation and to more understanding for the injection zones and the
relationship between the secondary porosity that caused by digenesis processing and the injection
zones. For many years, the PLT has been utilized to diagnose production issues and do reservoir
studies. With mature reservoir capacity falling and their shift towards secondary recovery, the need
for production logs is growing. Their use is regarded as critical for understanding production
behavior and selecting appropriate approaches for maximizing productivity and hydrocarbon
recovery. Production logging (PLT) is used to diagnose a range of production issues as well as to
evaluate reservoirs. The principal use of PLT is the detection of water ingress into producing wells.
When the flow velocity of the water is low, the sensitivity of PLT prevents effective
characterization. Water flooding, or waterflood, is a common technique used in the oil and gas
industry to enhance oil recovery from reservoirs. The primary objective of water injection is to
maintain reservoir pressure and displace additional oil towards production wells, ultimately
increasing the overall recovery factor. a summary of how water injection in petroleum wells works:

Maintaining reservoir pressure.

The pressure in a petroleum reservoir decreases over time as oil is extracted from it. This drop
in pressure may result in reduced oil production rates and a slower total recovery. Water injection
is the process of injecting water into a reservoir in order to maintain or raise reservoir pressure.
This helps direct the leftover oil to the producing wells. Sweep Efficiency: Oil does not flow evenly
through the rock formation when it is extracted from a reservoir. The fluids in the reservoir may
bypass some regions of the reservoir. To "sweep" through these omitted regions and move the
residual oil into producing wells, water is injected. This raises recovery efficiency as a whole.
Viscosity Reduction: Over time, the oil in many reservoirs thickens and becomes more viscous as
a result of variables including temperature variations and fluid interactions inside the reservoir.
Water injection can aid in lowering the viscosity of the oil, facilitating flow to the producing wells.
Dedicated Injection and Production Wells: A typical water injection project includes the drilling
of dedicated injection and production wells. Injection wells are used to inject water into the
reservoir, while production wells are used to recover the oil and water combination produced by

the injection process. While water injection is a beneficial approach for improving oil recovery,
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its effectiveness is dependent on a variety of parameters, including reservoir characteristics, fluid
properties, and overall injection process management. Water quality, injection rates, and pressure
maintenance tactics are just a few of the factors that must be considered for an efficient water

injection program.

2. Methodology

The (FMI) is a high-resolution borehole imaging equipment used in well logging to examine
geological formations. It generates precise resistivity-based pictures of the borehole wall, allowing
geologists and engineers to evaluate structural and sedimentary aspects. Azimuthal Resolution:
The FMI tool has an azimuthal resolution of 192 pixels, which allows for detailed imaging of the
borehole wall. Vertical Resolution: To ensure that fine-scale geological features are recorded, the
vertical resolution is 0.2 inches with a vertical sample interval of 0.1 inches. Depth of examination:
The instrument is useful for examining near-wellbore formations since it measures microresistivity
with a depth of examination of around 5 mm.

The data of FMI calibration included Software Calibration: Utilize software tools provided by the
imager manufacturer to calibrate the data. This may involve applying correction factors to the raw
data. Image Processing: Process the images to enhance quality and ensure accurate representation
of the borehole wall. Understanding primary and secondary porosity is critical for evaluating
subsurface reservoirs while doing formation evaluation with a Full-bore microresistivity Imager
(FMI). Here is a discussion of these principles and how they apply to FMI data. FMI in evaluating
porosity. The Fullbore Microresistivity Imager generates high-resolution pictures of the borehole
wall as well as comprehensive resistivity data that may be utilized to study both primary and
secondary porosity. Image Interpretation: FMI produces precise photos of the borehole wall,
allowing geoscientists to visually examine the rock's texture and structure. Fractures, vugs, and
various porosity types can be determined from the images. Resistivity measurements: The
resistivity of a rock might show its porosity levels. In general, greater resistivity levels indicate
lower water saturation and maybe larger porosity. The resistivity response may be used to
determine the existence of primary and secondary porosity.

Calibration of the Production Logging Tool (PLT) is necessary to ensure accurate fluid flow
measurements in a wellbore. Calibration is setting the tool's sensors to match known reference
values, hence increasing the accuracy of the data obtained. Ensures that sensors read zero when no
flow is present. Uses controlled flow conditions to establish accurate response curves. Adjusts for
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environmental variations affecting sensor accuracy. Ensures the spinner correctly measures fluid
velocity.

The technique that uses for this study is process the image log data and generate three image types:
static image, dynamic image and equal image. The equal image data is analyzing the histogram
which can show the in Figure (3). Three types of histograms showed in histograms: uni-model that
means the porosity just a primary porosity, bi-model which show the primary and secondary
porosity and multi-model which refers to high heterogeneity in carbonate rocks. The Archie
equation can be used to characterize fluid saturation by analyzing how electrical current flows
through the conductive brine within the porous medium [15]. He determined that the rock’s
"formation factor,” which is a characteristic, is a relationship between the rock and the fluid that
saturates it but is mostly influenced by sorting and rock texture equation 1.

1)

ar
S5 = o
Where:

Sw: Water saturation, fraction

n: Saturation exponent = 2

a: Empirical

constant =1

m: Cementation exponent = 2

¢: Porosity

Rw: Resistivity of formation water

Rt: Resistivity of uninvaded formation

This method is based on the premise that resistivity data from electrical images represent the
flushed zone of the borehole. After calibration, these electrical images are calibrated using shallow
resistivity and log porosity data to generate a porosity map (ideally effective porosity). For these
types of advances, equation (2) is employed; it accepts as inputs log porosity (with effective log
porosity being the optimum choice), any shallow resistivity measurement (often LLS or SFLU),

and the conductivity of each individual FMI electrode or button (Ci) [14].

(q))FMI*/FMS = (cb)log * [LLS * Ci]l/m 2)
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M= porosity
LLS= shallow resistivity measurement

Ci = constant (depends on lithology)

2.1. Porosity classification

In order to create a porosity map of the drill interior using electrical borehole photos, the authors
in [14] developed a method they named PoroSpect. Their fundamental presumption was that the
FMI* (Full-bore Formation Micro Imager) calibrated electrical pictures are essentially a
conductivity map of the borehole wall, largely from inside the flushed zone. They applied the
traditional Archie saturation calculation for the flushed zone to convert this conductivity map into
a porosity map of the drill surface [10].

A probabilistic technique was applied using the full suite of logs from all wells to estimate the
porosity spectrum in the study area. Where the log quality is low owing to the hole condition, the
level of uncertainty increases. The primary reservoirs, where core porosity and interpretation log
porosity are in excellent agreement, are fortunately rather certain [16]. When the log has not been
gathered with adequate reading, especially in vugs, modals holes, and washed-out periods, the
porosity should be utilized with caution. Based on core and FMI data, two broad categories of
porosity, including micro-porosity or inter-crystalline and vugs porosity, are recognized.

An essential assumption in high-resolution porosity analysis from image logs is that the resistivity
data represent the flushed zone of the borehole. After calibration with shallow resistivity and log
porosity (in an ideal effective porosity), the electrical pictures are turned into a porosity map of
the borehole. This porosity map's automated analysis, windowed at short intervals, provides a
continuous output of the primary and secondary porosity components. Porosity distribution
histograms are produced at each set sample rate (usually 0.6 inches). The porosity distribution of
the homogeneous carbonate intervals is unimodal, whereas the porosity distribution of the vuggy
intervals is bimodal. Trimodal porosity distributions can occur in intervals with exceptionally high
heterogeneity. On the porosity histograms, the points at the high porosity ends reflect the vugs and
fracture fraction of porosity, while the points near the low porosity ends represent thick or
cemented regions of the host rock. The average image porosity should be the same as the effective
log porosity over the homogeneous carbonate intervals with a unimodal porosity distribution, but
the unimodal porosity distribution shifts to a bimodal or trimodal distribution over the

heterogeneous carbonate intervals. Depending on the kind of heterogeneity, such as vugs, molds,
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fractures, or patches of particularly dense or porous material, the average image porosity over such
heterogeneous intervals may be greater or less than the effective log porosity Figure (3). When
core data and results of the porosity derivate from the resistivity image are examined, it is clear
that the resistivity image covers secondary as well as primary porosity because heterogeneous

media are distributed differently than homogeneous media.
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Fig. (3): The principle is to employ a cut-off to eliminate the secondary porosity component

2.2. Flow rate determination
The spinner rotation rate varies proportionally with the fluid flow rate. This relationship is
generally linear for continuous flowmeters, including full-bore flowmeters, and generally non-
linear for petal-basket flowmeters; thus, in single-phase flow (oil, gas, or water only), the flow
profiling interpretation technique is essentially the plotting of spinner data in revolutions per
second, such that the percentage flow contribution of each zone can be read directly from the plot
(assuming fluid viscosity and density are covariant) [15]. The complexities of flow rate
measurement in fluid dynamics, particularly in scenarios where fluid viscosity and density,

alongside velocity, play crucial roles, Flow rate measurement is indeed influenced by various
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factors, and your statement highlights the need for careful consideration when dealing with
flowmeter data to obtain accurate results [17].

In situations where you want to determine absolute flow rates instead of just relative percentage
contributions or when dealing with varying viscosity or density within a given interval, additional
precautions are necessary. This holds true even in single-phase flow scenarios, where only one
type of fluid is moving through the system.

One method mentioned for addressing these challenges is the use of downhole calibrations.
Downhole calibrations involve performing measurements or adjustments directly in the
environment where the fluid is flowing, typically within a wellbore or other confined spaces. In-
situ calibrations account for specific fluid conditions—such as viscosity, density, and velocity—

which may differ from standard flow assumptions Top of Form.

3. Results and Discussions

The current study included two horizontal wells (injector wells), and these well data were
recorded using an LWD ultrahigh-resolution image logging tool. The borehole image is the main
data used to determine the image porosity. The porosity partition uses the image scale technique
called PoroSpect [4]. Primary and secondary image logs are types of well logs that provide
information about the properties of subsurface formations. These logs are acquired through various
tools that are lowered into a borehole to measure the different properties of the rocks. The table
below show the relationship between the injection rate and the secondary porosity values even the
total porosity values are closed each other. The injection rates are increased when the secondary

porosity is increasing.

Table (1): Injection rate, total porosity & secondary porosity values for studied well

No. Interval m Injection rate porosity(pu) Secondary
bbl/day porosity(pu)
1 3227-3250 -105 0.23 0.02
2 3310-3337 -65 0.22 0.01
3 3390-3423 -457 0.24 0.04
4 3470-3507 -1327 0.25 0.7
5 3517-3554 -3260 0.258 0.8

Depends on the data in this case study, the results are:
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3.1. Good secondary porosity high injectivity zones
As the table above the injection zones 3&4 that refers to good rock properties with digenesis
processes as well as dissolution. Secondary porosity values range between 5 and 8 porosity units
(pu). These two zones are taken more than 90% of injection water. In spite of the total porosity
are closed to the total porosity that determine in low secondary porosity zones. The fact that
there's a good agreement between the curves indicates that the porosity estimation process is
reliable and accurate. Additionally, the presence of high secondary porosity within the
interpreted vuggy zone is an interesting observation, as it suggests that this particular zone has
undergone processes that have led to enhanced porosity in the surrounding rocks. The black
curve likely represents porosity estimates derived from resistivity data. In geophysics,
resistivity measurements can help differentiate between different rock types and their porosity,
as different rocks have different electrical resistivity properties. The presence of high secondary
porosity in the open fault zone, as indicated by the black curve, suggests that this vuggy zone is
a favorable location for fluid accumulation and flow due to the increased pore space. The

injectivity for these zones.
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Fig. (4): study well porosity model
3.2. Low secondary porosity low injectivity zones

These zones have high primary porosity formed during deposition, while the secondary

porosity—resulting from vugs and diagenetic dissolution—is less than 4 pu. The injectivity in
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these zones shows a low spinner contribution and a low injection rate. The resistivity values

show high values in the compact limestone microporous pores system (Figure 5).

P- ISSN: 2220-5381

T I I
RHOB image  resistivity PHIT\PHI

GR NPHI im

Histogram

it

il

{4

Ao

T Bl bt VP

| i
Fig. (5): The study well results the image porosity and the dynamic data (PLT).

Due to the heterogeneity at the carbonate rocks and for more understanding the image porosity
analysis was applied to evaluate carbonate dual-porosity systems using borehole electrical images.
This type of analysis likely involves the study of subsurface rock formations, particularly
carbonate rocks, which can exhibit complex porosity characteristics due to both primary and
secondary pore systems. Carbonate rocks often have a combination of matrix porosity (primary
porosity) and fractures or vuggy porosity (secondary porosity). Borehole electrical imaging
techniques are used to capture detailed images of the borehole wall, which can provide valuable
insights into the distribution and characteristics of these porosity types. The PoroSpect technique
is helpful to more understanding the carbonate reservoirs. The injection is mostly depending on
the permeable zones whilst; the porosity values are so similarity at the horizontal’s wells. These
images reveal resistivity variations that correlate with different porosity types. Porosity
Classification: Researchers or geologists analyze the images to identify different porosity types.

The primary matrix porosity might appear as relatively to the depositional conditions, while
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secondary porosity caused by the diagenesis such as fractures and vugs might be seen as irregular
patterns. Water injection can reduce oil viscosity, facilitating improved flow toward production
wells. Dedicated Injection and Production Wells: The drilling of dedicated injection and
production wells is a common feature of a water injection project. Injection wells are used to inject
water into the reservoir, whereas production wells are used to retrieve the oil and water mixture
created during the injection operation. While water injection can help improve oil recovery, its
success is reliant on a number of factors, such as reservoir characteristics, fluid properties, and
overall injection process management. Water quality, injection rates, and pressure maintenance
strategies are just a few of the aspects that must be taken into account for an effective water
injection program. To better understand water injection, the high-resolution image log provides
high-quality information about porosity types and the porosity distribution. The secondary porosity
that results from diagenesis gives more understanding of where dissolution, fractures, and vugs
are located. That helps to be empathetic about where injection water is taken and maintain the
formation pressure. Furthermore, by using this technique to link injection zones with producer

intervals at the producer wells, abrupt water cut increasing.

4. Conclusions

The PoroSpect technique, which is used in this manuscript, depends on converting the
microresistivity log data to porosity. This technique is high-resolution data; the vertical resolution
is 0.2” and covers the full-bore area. All conventional log information is low resolution (about
15.24”) and represents 1D direction. The permeable zone, which absorbs the majority of the
injection water, is more closely related to the secondary porosity. Even if the main porosity is
greater than 20%, it is created by depositional processes unrelated to injection zones. The depiction
of the injection zones corresponds well with the zones of significant secondary porosity (5-8%).
In order to prevent a rise in water cuts at the producers' wells, this case study provides details on
where the injection water is collected. The developed method allows for understanding the
relationship between different carbonate porosity types and injection behavior. The current case
study concludes that primary porosity does not account for full production. The porosity types
reflect the injection patterns in the reservoirs. Secondary porosity contributes more significantly
to injectivity than primary porosity. The current study, in spite of data limitation (horizontal PLT

at the injector wells) but provide good results for the injection behavior with the secondary
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porosity. This is critical for well completion, carrying out optimum completion, designing
hydraulic fracturing stages, and placing packers and inflow control devices.
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