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Abstract: The nature of carbonate deposition as well as diagenetic processes can cause the devel-
opment of unique geological features such as cavities, vugs and fractures. These are called karsts.
Encountering karsts while drilling can lead to serious consequences such as severe mud losses, drops
of bottom hole assembly and gas kicks. To improve drilling safety in intervals of karstification, it
is important to detect karsts as early as possible, preferably in advance. In this paper, we review
methods and technologies that can be used for the prediction and early detection of karsts. In
particular, we consider acoustic, resistivity, seismic and drilling-data methods. In addition to the
inventions and technologies developed and published over the past 40 years, this paper identifies
the advantages, limitations and gaps of these existing technologies and discusses the most promising
methods for karst detection and prediction.

Keywords: carbonate; karst; geophysics; looking ahead of the bit; hazards mapping; karst prediction

1. Introduction

Drilling often follows complex well trajectories to reach a reservoir target or to geosteer
away from geological objects that are dangerous for drilling [1]. Examples of such danger-
ous objects, which often occur when drilling in carbonates, are caves or systems of cavities
formed due to complex karstification processes. We refer to the common definition of
karst [2] that describes the landscape which contains caves, underground channels, and
other associated soluble rock features.

Encountering karsts while drilling can cause critical safety incidents. Depending on
the size of the encountered karst, losses of drilling fluid can be uncontrollable, resulting
in rapid gas migration to the surface and causing a loss of well control [3]. In the case of
well-communicated fractures and caverns, which are common in some regions, losses can
be treated without success for several weeks with the subsequent plugging and abandoning
of the wells [4].

Such negative impacts of karsts on drilling operations have been reported worldwide.
Based on more than eleven years of drilling experience in carbonate structures offshore
Sarawak, Malaysia, total losses were encountered in more than 30% of the wells drilled
[5]. In Culberson County, Texas, USA, in each case of drilling in the intervals of cave
systems, losses progressed into total losses following well control incidents [6]. Drilling in
naturally karstified carbonates of the Continental Shelf in Barents Sea, Norway, resulted in
total losses causing weeks of non-productive time, shoot off and lost in the bottom hole
assembly. In the western offshore fields of India, drilling and completion problems due to
mud loss have been reported for a number of wells [7]. In the North Senoro Gas Field of the
Philippines, well control issues in carbonates and total mud losses have been followed by
gas kicks [3]. In Eastern Siberia, Russia, catastrophic mud losses reaching several thousand
cubic meters have occurred while drilling in carbonates and resulting in gas kicks [8].
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Overall, the problem of drilling in carbonates is serious and costs the industry more
than USD 800 million per year [9,10].

There are different methods to mitigate the risks of drilling in karstified regions. As
shown in Figure 1, we define three main groups depending on when risk minimization
occurs. The first group aims to minimize drilling risks at the pre-drill stage by identifying
potentially dangerous intervals that need to be considered before drilling begins. One
of the ways to reveal dangerous karst objects before drilling and estimate the risks of
drilling is based on geological analysis. In many cases, there are different surface and
subsurface signs of karstification that can be detected in the pre-drill stage. These signs can
be employed to identify such regions and intervals to optimize well placement and well
path.

Figure 1. Methods to mitigate the risks of drilling in carbonates.

Another method, which provides insight into potentially dangerous intervals for
drilling, is that of offset well analysis. Intervals with karstification signs that are dangerous
for drilling can be defined based on well-site reports, drilling history and the incident
analysis of the offset wells. These intervals, in accordance with different approaches to
discrete properties distribution [11], can be propagated into inter-well space and projected
on the planned well path. In case the planned well path crosses the projected high-risk
interval, its drilling trajectory and/or drilling program can be revised for drilling risk
minimization.

Seismic imaging is the last method in this group which is the standard technique for
mapping reservoirs, faults and structural surfaces. The seismic detection of karst structures
can be very efficient for early drilling risk minimization by providing the most complete
picture of the main subsurface objects [12].

The second group represents methods of karst detection performed while drilling.
In some cases, it is challenging to minimize drilling risks at the pre-drill stage. As is the
case in exploration drilling, uncertainties might exist due to the limitations of pre-drill
karst detection methods. Thus, to increase the accuracy of karst feature detection, real-time
measurements should be used.

There are four main real-time approaches that can be utilized for early karst detection.
The first deals with the study of drilling data such as drilling mechanics and mudflow data.
This approach aims to identify unique patterns of drilling measurements before and within
karst intervals. The second approach covers resistivity methods of karst detection based on
ultra-deep look-around and ahead-of-the-bit measurements. The third approach unites a
number of measurements which utilize the principle of reflected acoustic signal detection
from interfaces. Unlike in conventional seismic imaging, these methods use different
wavelengths which helps detect small karst features. The fourth approach investigates
seismic-based methods. This set of methods is separate from the conventional seismic
methods group as these measure seismic reflections while drilling. These methods are
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based on the principle of the downhole generation of seismic waves, which gives a number
of advantages over conventional seismic methods.

The last group addresses methods to minimize the consequences of drilling into karsts.
One of the main challenges of drilling in carbonates is potential mud losses of varying
severity. This often occurs when a well path crosses highly permeable channels, faults, or
caves. Depending on the volume of mud losses and the geometrical sizes of the channels,
some can be successfully plugged by lost circulation material (LCM) [13,14]. However,
severe mud losses are frequently encountered in large fluvial channels or caves which
cannot be plugged with LCM and may lead to well control incidents [5]. The solution
widely used by the industry is managed pressure drilling (MPD) and its modifications.
In this case, the well is converted for pressurized mud cap drilling (PMCD) and drilling
can be continued with the controllable pumping of sacrificial fluid and drilling cuttings
into caves, fractures and other highly permeable zones. The efficiency of this approach
was demonstrated by a number of wells drilled in carbonates [15–18]. However, MPD-
based solutions for drilling risk minimization have limitations. First, additional equipment
should be mounted on the rig such as a rotational control device and modified riser joints.
Second, in some regions, it is impossible to supply the required significant volume of
sacrificial fluid to pump into well. Third, there are might be government restrictions on
well conversion into PMCD. These factors might impose limitations on the use of PMCD.
The methods described in this group are beyond the scope of this paper.

The scope of this study is to analyze different geophysical methods and evaluate
their ability to detect karsts either before drilling begins or during drilling—but before the
drill bit hits a karst. Therefore, we follow the first and second groups of methods from
Figure 1. This analysis may contribute to the better utilization of existing technologies
and enhance understanding of possible technologies for future development. Thus, we
evaluate the effectiveness of various methods for early karst detection. By systematically
analyzing various types of available measurements based on different principles, we
effectively constrain the range of concepts and summarize their areas of applicability. This
can provide a starting point for identifying relevant measurements for each specific case
to minimize the risks of sudden karst encounters. We examined the role of the existing
state of the art and highlighted examples in which conventional geophysical methods can
provide a valuable outcome for decision making. The physical principles of measurements
discussed in this paper are an important aspect of the proper evaluation of geophysical
methods for detecting signs of karstification.

One of the contributions of this work is the identification of the most representative
types of geophysical, geological and seismic studies that enable us to identify intervals and
zones with the highest probability of karst detection before drilling into them. The pre-
sented contribution can be used to narrow available pre-drill and real-time data and focus
on the most representative methods capable of giving the most accurate early detection
of karsts.

This paper is structured as follows. In Section 2, we present an overview of the
geological signs of karstification. This gives an overall picture of karstification objects
which are important for the further localization of potentially karstified areas. In Section 3,
we review pre-drill detection methods. This section covers the analysis of geological signs
of karstification, offset well analysis and seismic methods. Section 4 covers methods of
karst detection and predictions based on real-time measurements. It discusses resistivity-
based measurements (including the newest ultra-deep resistivity technologies), acoustic-
based approaches (conventional and advanced deep reflected-based sonic measurements,
borehole acoustic reflected survey (BARS) and seismic-based methods (including seismic
imaging while drilling and state-of-the-art seismic-guided drilling (SGD)). The overall
summary of the discussed methods is presented in Section 5. Conclusions and future work
are given in Section 6.
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2. Geological Signs of Karstification

Many processes can contribute to karst development. The dissolution of soluble
rocks by meteoric waters is the main mechanism of karstification [19]. In addition to
chemical weathering processes, significant contributory factors for karst development are
rock lithology, chemical composition, the redistribution of thermal stresses, and pressures.
In karstology, terrestrial and underground karstification objects are usually distinguished
as shown in Figure 2. Green labels in the figure indicate the surface traces of karstification.
For example, surface micro-forms can be presented by joints, which divide limestone into
blocks with vertical cracks, called grikes [2]. These objects are the result of rock dissolution.
Larger signs of karstification are typically categorized as macro-forms and can reach up
to a kilometer. An example of the largest macro-form is a polje. Polje is a term used to
describe a flat depression of karst limestone which can extend up to tens of kilometers [20],
typically formed as a result of a karst collapse, as shown in Figure 2.

Figure 2. Karstification features. Surface and subsurface features are indicated by green and yellow
labels, respectively. Figure is inspired by [2,19–22].

Despite the fact that karstification objects are very diverse, karstologists can classify
these objects based on their characteristic features and with a high degree of probability to
determine whether a given form of the landscape is the result of karstification processes.

The detection of subsurface karst forms is more challenging due to the limitations of
subsurface methods for geophysical studies and the numerous processes involved in the
development of karst forms. Examples of subsurface karst forms are collapsed and open
caves, as shown in Figure 2. Yellow labels in the figure indicate subsurface karst forms.
In contrast to terrestrial karst development, which can significantly expand if dissolution
conditions are favorable, subsurface karsts tend to collapse [21]. Ultimately, collapsed
caves are filled with ceiling and wall rock debris, cemented together by a fine-grained
matrix. These clastic sedimentary rocks formed from the fragments of minerals are called
breccia. An example of breccia is presented in Figure 3.
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The mentioned core sample plug is drilled out of an interval of cave roof collapse. Dolo-
stone and angular fragments are filled with a matrix of smaller particles cemented together.
These clastic sedimentary rocks can frequently be found in the intervals preceding caves.

The texture types of collapsed breccias such as cave roof crackle or breakout dome
can often be distinguished around caves. As shown in Figure 2, depending on the stress
distribution around the cave and rock mechanical properties, different fracture patterns
around caves can develop. If the fracture pattern is known, the causative failure mechanism
can be studied and a potential cave type can be predicted. For instance, breccia pipes and
V-structures can have different fracture patterns.

Figure 3. Core plug sample photo of angular breccia. Interval of cave roof collapse in the Loppa High
region.

In addition, many caves do not collapse and can exist in equilibrium with the sur-
rounding rocks for a long period of time. These caves pose the greatest risk for drilling
in carbonates due to the high probability of total mud losses and BHA drop incidents.
Micro-fractures around caves might be conductive for fluid flow and be the cause of small
mud loss events before the drill bit reaches the cave and the total mud loss incident occurs.

Fluid flow can also contribute to rock clastic masses transferring to places other than
where they were originally formed. This leads to additional challenges in cave mapping
based on signs of karstification such as breccias. Furthermore, the shape and geometrical
properties of a cave are subjected to many processes involved in the genesis mechanism.
There are numerous karst forms of different shapes and geometrical sizes [22], other than
the discussed caves, which are given here as examples of subsurface karstification.

For further reading, we refer interested readers to a book on problems in theoretical
karst science, where there are in-depth details of the possible factors affecting cave sizes,
namely [23].

For a better understanding of karst objects and their effects on drilling, we refer
interested readers to the studies in [24–26] on drilling in karstified carbonates in the Loppa
High region in the Barents Sea which classify karstification objects into dangerous and not
dangerous for drilling.

A comprehensive analysis of borehole images and the history of drilling revealed that
karsts larger than 0.5 m pose significant risks for drilling since they lead to a partial or total
loss of the drilling fluid, thus compromising drilling safety [24,25]. In some cases, BHA
components were broken due to excessive shock-loading when the drill bit drops to the
bottom of the cave. As an example, let us consider some parameters of a karstification cave
that cause drilling problems. The physical principles underlying borehole imaging tools
are the propagation of ultrasonic waves or the measuring of the electrical conductivity of
the formation.
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As reported in [26], the exact geometrical size of the karst is unknown. However, its
interpretation from the borehole image defined the geometrical size as more than 50 cm
in length with a circumference of 21.6 cm (8.5′′ section of the well). Overall, the average
size of the caves in the studied region is in the range of 0.5–2 m. These karst forms are
challenging to detect with state-of-the-art geophysical methods.

In summary, the process of the karstification of a landscape may result in a variety of
developments in large or small features both on the surface and beneath. This has important
implications for evaluating the possibilities of dangerous karst from developments in
the region of study. Starting from the identification of landscape signs of karstification,
geologists and other specialists in geoscience can utilize the geological data, typically
available before drilling begins, to determine what type of rock lies under the soil. Then,
further analysis moves towards the detection of broken rocks which originate from a
cavern, fractured zones and vugs. A joint analysis of the available geological data can be
performed to improve the localization of potential karstified areas. An important element
in this analysis is the detection of vugs and breccias which might be associated with the
development of caves and/or the overall karstification of the interval.

3. Pre-Drill Prediction of Karsts

Risk avoidance and minimization measures in the early stages of well planning
are essential components of risk management, which can predefine overall drilling and
completion efficiency. Wellbore profile and trajectory optimization to determine the safest
trajectory and ensure that a number of potentially dangerous geological features will be
avoided can greatly enhance drilling safety. To design the safest well path, it is important
to identify the spatial distribution and geometrical properties of drilling hazards based
on the available pre-drill data. In this section, we first introduced the geological signs of
karstification phenomena and then consider the pre-drill methods of risk minimization
such as the projection of dangerous intervals on the new well path and seismic imaging of
karsts.

The detection accuracy of karstification objects at regional or local scales is significantly
dependent on the quality and coverage of the input geological data. For instance, in the
case of limited input data, a study of only the landscape signs of karstification cannot reveal
the spatial positions of karsts at significant depths. At the same time, a joint study of the
geological section, through the evaluation of regional tectonics and sedimentation processes,
can improve the accuracy of karst detection. Consequently, the discussed geological method
can serve as the first step to obtain an overall picture of karst distribution in addition to
revealing the main areas of karstification.

The main tasks for drilling risk minimization in the pre-drill stage are knowing what
the risks will be and where they are likely to occur. Having discussed the objects that
might be dangerous for drilling in carbonates, this leads us to question which methods
can be used to reduce the existing uncertainties remaining after studying the landscape
and subsurface signs of karstification. In the following section, we considered a group of
methods that can be used for projecting possible drilling risks onto a new well trajectory
based on acquired data and the gained experience from offset wells.

3.1. Projection of Drilling Risks on Planned Well Path

Gaining experience from drilling offset wells and transferring it to a planned well path
are the two most critical components in well planning. The detailed analysis of recorded
geophysical logs from offset wells can reveal some signs of karstification as mentioned
in the previous section. Having found such signs, and thus identified karst intervals, the
next step might be to examine whether there is a probability of intersecting with the same
intervals during the new well trajectory.
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This can be done as follows. In most cases, one cannot deterministically model caves
and vugs, as we cannot obtain their geometrical properties with sufficient resolution
in three dimensions. Instead, the modeling of such objects can be stochastically done
with statistical equivalence to the observed distribution of karsts along the wellbore.
Sequential Gaussian simulation [27] is a commonly used geostatistical method which
aims to solve similar tasks of property distribution by creating stochastic models of
spatial phenomena.

This approach is often applied for discrete fracture network modeling and helps
populate individual fracture parameters such as the size, shape, orientation, aperture
and coordinates obtained from well fracture characterization data. In addition, the same
approach is used for volumetric rock property distribution such as porosity, permeability,
density and many other parameters that can be incorporated into a 3D geological model in
the interwell space.

A similar approach can also be used for the prediction of karst distribution. The
simplest model of karst distribution begins with randomly setting the positions of caves
in a pre-defined volume with a known density. Then, based on the calibration data of
the exact cave positions obtained from geophysical study and/or offset well analysis,
cave geometries and any other desired parameters can be incorporated into the model.
The output of this model can be a projection of karsts into a new well trajectory. There
are more sophisticated approaches to discrete property distribution, which can be used
to model different levels of karst structure complexities. This example demonstrates
the possible application of stochastic methods to model the distribution of karsts in
carbonates.

Some limitations of this method should be noted. First, the statistics-based prediction
of karsts on the planned well path depends on whether or not karsts were identified in
the offset wells. Second, due to the possible lack of geophysical studies on offset wells,
many karst features might be unforeseen and therefore cannot be included in the stochastic
distribution. Third, there are a variety of stochastic methods with different settings that
might project dangerous intervals differently. Detailed analysis of these methods is beyond
the scope of this study, but these methods should be considered for well planning in
carbonates to minimize the possible risks of sudden karst encounters.

3.2. Seismic Methods of Karst Detection

Seismic imaging is the most common technique for mapping reservoirs, faults and
structural surfaces. In addition to the standard seismic applications, this is an effective
instrument to reveal geological objects and risks of drilling through them. There are many
successful examples of detecting karsts based on seismic reflections. Peiling et al. [28]
presented the seismic reflection characteristics of a deeply buried karstic carbonate. Their
paper explores Ordovician carbonate rock, composed of caves as well as vuggy and
fractured-vuggy reservoirs, located in the central basin of the Tazhong area (China). The
study concluded that the strong flake-like reflections have a direct relationship with the
inter-layered karstification, which includes caves, vuggy and fractured objects.

Jianxun Zhao et al. [29] investigated how carbonate karsts can be mapped based on
high-resolution 3D seismic data. In their study, more than 20 different seismic attributes
were produced during processing. It was concluded that the amplitude and energy at-
tributes have the highest correlation coefficients with calibration data (well log data). In
addition to the successful case studies of mapping the diagenetic networks of karsts based
on seismic indicators, there are many challenges associated with pre-stack time and depth
migration.
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Caves are typically small-volume objects and deviation from original pre-stack time
migration imaging points can result in the significant inaccuracy of cave position estimation.
Typically for small targets, pre-stack depth migration must be used. There are different
methods and algorithms for depth-migration. Extensive work on and analysis of depth
migration algorithms for cave detection was conducted by Wang Xiaowei et al. [30]. The
results found that there is a significant shift of 30–70 m up-dip between Kirchhoff pre-
stack depth migration and reverse time migration algorithms. This strengthens the idea
that conventional seismic imaging has significant limitations due to serious uncertainties
generated by depth-migration algorithms. The significant influence of the depth-migration
algorithm on karst mapping is the main drawback of conventional seismic methods for the
detection of karsts.

On the other hand, reflections from cave-like small structures are different from the
reflections from extensive interfaces. Small objects typically generate diffractive waves,
which propagate with wide scattering and azimuth directions. As these signals are often
weak, they can be affected by different types of noise and therefore have a low signal-
to-noise ratio. Imaging such small objects requires advanced acquisition and processing
approaches. This problem has been investigated by [31,32].

In addition, the fundamental limitation of the seismic detection of karsts is linked to
the problem of vertical and horizontal resolutions [33,34]. In the seismic detection of karsts,
both vertical and horizontal resolutions are important due to the nature of the problem of
unknown scale. Nijian Wang et al. [35] explored the capability of seismic imaging to detect
artificial karst caves, gradually increasing in height from 8 to 316 m. With the given model
parameters, the velocity of 4000 m/s, and the source dominant frequency of 25 Hz, it has
been shown that caves less than λ

4 (40 m) cannot be separated due to wave interference [35].
As discussed earlier, some karstic features are relatively small (up to a few meters)

and fall beyond the resolution of state-of-the-art seismic methods. Such small cave systems
or fluvial channels might be dangerous to drill through, as the total permeable volume
is typically large enough to totally absorb drilling fluid, as will be demonstrated with an
example in Section 4.1. Thus, the main drawback of conventional seismic imaging for
karst detection is linked to its inefficiency to detect small objects that must be taken into
account to minimize drilling risks. Thus, instead of conventional seismic methods for
karst detection, in Section 4.4, we examine seismic-based methods with a better vertical
resolution that may be more suitable for karst detection.

4. Real-Time Detection of Karsts

In the previous section, we discussed methods of pre-drill karst detection that can be
utilized for drilling risk minimization in the well-planning stage. This section is devoted to
methods of real-time karst detection performed while drilling.

To learn more about the real-time detection of karsts, we consider a deeply buried
paleokarst terrain in the Alta and Gohta discoveries of the Loppa High region (Figure 4).
The seafloor in the studied region consists of complex patterns, formed as a result of
considerable uplift and Cenozoic-era erosion. Uplift has brought high-density rocks
close to the seafloor. This creates additional difficulties for seismic studies of the region
[36]. This tectonic event led to the development of a complex underlying structure
with extensive faulting and a significant altitude change of more than 1000 m (Kobbe
formation). Deeper layers of naturally fractured carbonates were weathered and buried.
This caused the karstification and development of dominant regional karst features with
certain properties.
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Figure 4. Barents Sea, Loppa High Region, Alta and Gohta discoveries.

4.1. Drilling Data Method for Karst Detection

The real-time identification of karsts and signs of karstification is possible based on
the real-time drilling and mud-losses data. This approach, described in [37], is based on the
analysis of patterns of real-time drilling data corresponding to karstification objects. Before
describing these patterns, we review the real-time measurements that can be used for karst
detection while drilling. These measurements can typically be divided into surface and
downhole data (along-the-drillstring measurements are not considered in the proposed
method). The surface set of measurements consists of: (1) distance drilled per period
of time—rate of penetration (ROP); (2) the weight on the hook (hookload); (3) frictional
pressure drop along the drilling components in hydraulic circuit (stand pipe pressure); (4)
minimal, maximal and average rotational speed of the BHA as an indicator of stick and
slip (SS). More information about these measurements can be found in [38–40].

The bottom hole assembly (BHA) typically includes a sensor package located close
to the drill bit for measuring different downhole parameters [41–43]. The horizontal
strain-gauge is used to measure the effective torque acting on the drill bit and the vertical
strain-gauge is used for measuring drilling weight-on-bit (WOB) [44].

These downhole measurements are important for early karst detection as they have
(1) the smallest bit-sensor offset compared to the other sensors installed in the BHA; and
(2) they can reveal specific BHA behavior in the intervals of karstification. Based on the
analysis in [37] performed for more than 20 wells in the Barents Sea, it was concluded that
the most reliable indicators of karsts are drilling breaks and higher BHA shocks. Along
with the drilling dynamic data, mud-flow measurements should be considered to increase
the accuracy of karst detection. The list of measurements is given in Table 1.
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Table 1. List of measurements for real-time karst patterns’ detection.

Measurement Abbreviation Unit

Depth of the bit Bit depth [m]
Downhole torque Torque [kN·m]
Difference between inflow and outflow Delta flow [L/min]
Position of the block Block position [m]
Revolutions of BHA per minute RPM [rev/min]
Rate of penetration ROP [m/h]
Stick/slip of BHA SS Min/Max/Avg [rev/min]
Stand pipe pressure SPP [bar]
Weight on bit WOB [ton]

In some cases, though we cannot detect karsts based on the BHA dynamic data, we
can still detect them based on the analysis of the mud losses profile. Intervals of vugs
are characterized by a moderate mud-losses profile, without significant changes, while in
larger caves, we can observe a step change in the delta-flow profile. Thus, the analysis of
mud-flow data can complement drillstring measurements. Two examples of the discussed
indicators are given below. They are based on the field data from the Loppa High region of
the Barents Sea.

An example below demonstrates drilling through large vug facies, dm-scale, conduc-
tive, irregular features, formed due to post-depositional carbonate dissolution, see Figure 5.
Light areas in the Formation Micro Imager (FMI) represent the resistive facies (the lowest
track in the figure). As can be seen, the step increase in the shocks and vibrations can be
directly linked to the rock properties, as the drilling regime does not change in this interval.
A similar increase in the shocks and vibration levels in the karst intervals were found in
other wells within the region of the study. It can be concluded that in some cases, a higher
level of shocks and vibrations can be an indicator that the well path is approaching or
crossing karsts.

Figure 5. Drilling mechanics data in the interval of vugs based on the field data from the Loppa High
region—courtesy of Lundin Energy. See Table 1 for the description of the logged data.
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The next example illustrates drilling through a cave, as shown in Figure 6. The exact
depth of the cave is defined by the borehole image plotted in the bottom track. When the bit
passes through the zone of the cave, drilling mud invades the space, filled with formation
fluid, and due to over-pressure, replaces it. This results in mud losses in this particular
interval reaching 2000 L/min (528.3 gals (US)/min). This is similar to the behavior of
drilling mechanics, such as spiky changes of the ROP, S&V, WOB, and torque observed in
the interval of the cave. It is important to note that mud losses can be seen in the delta-flow
channel, the top track in Figure 6, before the drill bit crossed the cave and can therefore
help detect caves earlier than the drillstring dynamic measurements. This demonstrates
the importance of the joint analysis of mud flow and drilling mechanics’ profiles. Karst
cavities filled by formation particles may not be detected by mud flow changes or mud
losses, but will be detected by shocks and vibrations.

Figure 6. Drilling mechanics data in the interval of cavity based on the field data from the Loppa
High region—courtesy of Lundin Energy. See Table 1 for the description of the logged data.

A comprehensive study of the borehole images, drilling mechanics and mud-flow data
was performed for the entire region of study for 23 wells. It was revealed that mud losses
and abnormal drillstring behavior such as drilling breaks often precede caves. Moreover,
drilling through such intervals was accompanied by small-to-moderate mud-loss events
and high shock levels. An example of this analysis is shown in Figure 7, where some
of the discovered events are plotted along the well trajectories. Intervals of breccias and
caves marked in the figure were defined based on the borehole image analysis. As follows
from Figure 7, the detection of intervals of breccias or vugs based on increased shock
levels and/or mud loss events can be further studied as an indicator of karsts. It can thus
be concluded that encountering karstification objects is not always unpredictable during
drilling. Areas with karstification objects can be detected from the detailed analysis of
real-time drilling measurements. Such an analysis cannot always be efficiently performed
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manually. Automatic pattern recognition algorithms of the discussed real-time drilling
indicators might be developed in future work on this subject.

Figure 7. Signs of karstification in the offset wells based on the analysis of borehole images and
drilling data from the Loppa High region—courtesy of Lundin Energy [37].

The main advantage of the discussed method for early karst detection is the utilization
of a full set of already available real-time drilling data without the necessity of adding
any new sensors or additional components in BHA. On the other hand, the primary
disadvantage of the method is its high dependence on a number of parameters such
as drilling, mud fluid, rock properties and many other factors which should be taken
into account when identifying karstification indicators. In some cases, this is a rather
complicated, manual, not automated process. In addition, under certain conditions, such
as those of a collapsed cave or low-permeable vugs, karstification zones will be difficult to
define.

The limitation of this method is that it has been developed based on data from
the field with sufficient measurements available in that study. It is difficult to collect a
representative number of examples from other data sets. The percentage of wells drilled
through karsts that contain the necessary well log data such as borehole images, real-time
drilling measurements and accurate delta-flow measurements is rather small. Additionally,
such data are typically confidential and can rarely be found in open access. This makes the
examples discussed in this section limited to the Loppa High region. However, it is quite
realistic that the methodology of drilling data-based karst detection, presented in [37] and
illustrated by these examples, can be applied in other regions.
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4.2. Resistivity Measurements

Looking ahead of the bit has been an object of research since the 1990s and is currently
ongoing [45]. The unpredictable environment in front of the bit can pose significant risks for
drilling. On the one hand, there is a risk of missing geological targets due to an unexpected
dip in the geological structures. On the other hand, there is a risk of underestimating or
encountering drilling hazards due to the lack of measurements ahead of the bit. Resistivity-
based methods can successfully overcome some of these challenges. Generally, geosteering
tools are rarely based on direct measurements in front of the bit—even the innovative
ultra-deep geosteering resistivity tools measure behind the bit by looking laterally around
the wellbore [46]. However, in some applications, resistivity propagation tools can utilize
the drill bit as an electrode to focus an electromagnetic radiation patterns in front of
the bit. Below, we discuss both types of tools and examine the application of resistivity
measurements for karst detection.

4.2.1. Ultra-Deep Resistivity Measurements

Rock property characterization by measuring its electrical resistivity is common in
wireline and LWD services. On 5 September 1927, a crew working for Schlumberger
recorded the first resistivity log [47]. From that moment, the study of rock resistivity
found wide application in the oil and gas industry. Resistivity measurements are taken
as follows. The coil-type transmitter emits an electromagnetic field at certain frequencies.
Generally, for LWD tools, this is 2 MHz and 400 kHz [48]. Receiver coils are placed in
the electromagnetic field and voltage is induced to each of the receivers as the transmitter
fires. The tool configuration from [47] is schematically shown in Figure 8. As it is very
challenging to directly measure the speed of wave propagation, instead, receivers sample
the amplitude and phase shift of the electromagnetic waves emitted by the transmitter at
certain frequencies. Once the phase shift and amplitude are registered, two rock proper-
ties can be estimated—namely attenuation and phase shift resistivities. To convert raw
attenuation and phase shift measurements, the relative dielectric constant is approximated
to a constant function of resistivity, obtained from empirical testing of hundreds of core
samples [48].

For deep boundary detection, conventional LWD-resistivity tools have been signif-
icantly modified by increasing transmitter–receiver spacing and by introducing tilted
sources of electromagnetic waves. These improvements enable remote boundaries’ detec-
tion, including the identification of their spatial positions around the tool.

In practice, remote boundary detection with ultra-deep resistivity tools is challenging.
As already indicated, LWD-resistivity tools cannot provide direct measurements. Instead,
the inverse problem needs to be solved. The relation between resistivity measurements
recorded by the tool and the distance to the boundary has strong non-linearity [49]; there-
fore, to define the distance to the boundary, the formation model needs to be updated to
describe the resistivity measurements obtained by the tool and relate them to the expected
geology [50]. This approach is called front modeling and consists of modeling, comparing
and updating the formation model. Thus, the described front-modeling approach cannot
solve the problem of karst detection ahead of the bit as the expected karst structure should
be initially included in the model.
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Figure 8. Schematic diagram of receivers’ and transmitters’ placement in the resistivity tool. Based
on the invention described in [47].

Recent case studies demonstrated that ultra-deep resistivity tools can detect geological
structures at significant distances ranging up to 70 m away from the tool [51]. However,
such a depth of investigation (DOI) is only achievable under favorable conditions. The
depth of investigation (DOI) is used to describe the depth below which geophysical data
cannot be used for the interpretation of the physical properties of the earth [52].

The current induced in the formation by the transmitters propagates through the
least resistive path. In the case of a low-resistivity medium, the current remains in the
region closest to the wellbore, which leads to a shallow depth of investigation. For a
high-resistivity medium, the current spreads over larger distances. This effect results in
the reduced vertical resolution and better depth of investigation, as the current spreads
deeper into the formation. Thus, the depth of investigation for resistivity methods is not a
constant parameter and to a large extent depends on the resistivity of the formation and
conductivity of the mud.

There are several advantages with the discussed ultra-deep resistivity approach for
karst detection: a significant depth of investigation under favorable conditions; the possi-
bility of detecting karsts with high contrast interfaces; and a controllable electromagnetic
radiation pattern. In spite of these advantages, there are drawbacks to this method when
applied to early karst prediction as this approach is based on look-around measurements
and front-modeling algorithms. Thus, it is challenging to predict the presence of certain
geological features in front of the bit without any direct measurements ahead of the bit.
The significant dependence of the depth of investigation (DOI) on the formations and
the electrical properties of the drilling mud reveals the limitations of the method, as the
distance of the detection might be considerably reduced.

We can conclude that ultra-deep look-around resistivity measurements should not be
neglected for the purpose of karst detection. Due to the significant volume of rock investi-
gated around the tool, there is a probability that some karsts are detected with sufficient
electric contrast. Their presence might also be an indicator of possible karstification in the
drilling interval and can be used in transferring drilling experience from offset wells as
stated in Section 3.1.

4.2.2. Resistivity Measurements Ahead of the Bit

There have been attempts in the industry to measure formation properties in front
of the bit. To implement this idea, the drill bit was utilized as an electrode to propagate
electric current ahead of the bit. The first near-bit resistivity tool was developed by Brian
Clark in 1994 [53]. The tool configuration from [53] is schematically shown in Figure 9.

As can be seen in the figure, the drill bit cannot be completely isolated from the BHA
as there is a contact with the bearing section of the rotary steerable system or with the
mud motor [54] depending on the configuration of the BHA. Therefore, with the increased



Energies 2021, 14, 6517 15 of 33

length of the electrode, it becomes challenging to distinguish responses from multiple
chaotically distributed points of contact with borehole walls.

Figure 9. Resistivity at the bit tool schematic (based on [53]).

However, with today’s sophisticated hardware and the improvements made in data-
processing, resistivity at the bit is actively used for high-contrast boundary detection close
to the bit in the decimeter range [55]. Often, resistivity at the bit measurements provides
core sample point selection or a stop-drilling warning when the well approaches a shale
layer [56]. Despite this, the limited depth of investigation and non-azimuthal quantitative
measurements make it impossible to apply the resistivity at the bit for karst detection.
Excessively shallow measurements in front of the bit leave no room for steering the well
path away from a karst in the case of successful detection.

4.2.3. Example of Cave Boundary Detection Based on Resistivity Measurements

This section considers an example of resistivity measurements in caves to demonstrate
the limitations of the resistivity approach. As discussed earlier, the depth of investigation
for resistivity measurements depends on the resistivity properties of the formation and
mud properties. In the case of remote boundary detection, the depth of investigation
will also depend on the resistivity contrast between interfaces. Thus, if the cavity is filled
with fluid that is equal to the resistivity of the surrounding rocks, then resistivity-based
detection might not be effective due to the low-contrast interface.

An example of the resistivity response in an interval of caves is shown in Figure 10.
The displayed well logs belong to one of the recent discoveries made in the Loppa High
region (Norway, Barents Sea).

To demonstrate resistivity responses to karstification objects, in the given example, we
localize cave depths based on borehole image data. Image tools are very accurate in terms
of the detection of many geological features crossed by the well path. Borehole imaging
can provide the exact boundaries of vugs, breccias, caves and other karst forms. However,
this method cannot be used for early karst detection due to very shallow look-around
measurements and significant bit-sensor offset. A common practice is to transform the
phase shift from degrees to resistivity since dielectric permittivity is considered to be related
to resistivity. Similarly, attenuation is converted from dB/m to Ohm.m, which is more
convenient for the analysis of resistivity units.

In this example, logs were recorded by the conventional array resistivity compensated
(ARC) tool. As can be seen from Figure 10, in zones 1, 3 and 4, resistivity measurements re-
main constant and it is challenging to identify whether the well is crossing the caves. These
intervals demonstrate the resistivity response in the case of the low-contrast environment
when the dielectric properties of the rocks surrounding the cavities and dielectric properties
of the fluid saturating the cavities are equal. Additionally, it can be noted that, regardless
of the depths of investigation, the deepest resistivity measurements (400 kHz attenuation
resistivity) have the same readings as those of shallow measurements. This might be
evidence that the resistivity contrast plays a crucial role in cavity detection regardless of
the transmitter frequencies.
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Unlike previous intervals, in Zone 2 of Figure 10, cave boundaries can be seen by the
peak resistivity values in deep and shallow resistivity measurements. This demonstrates the
main limitation of the resistivity-based approach—its high dependence on the formation
properties around the cavities. This, in turn, might have a negative effect on the overall
reliability of advanced cavity detection based on resistivity measurements as some of the
caves cannot be detected.

Figure 10. Example of resistivity measurements in vug and cave intervals. Courtesy of Lundin Energy.

In conclusion, we can say that resistivity methods of karst detection have their advan-
tages, such as minor sensitivity to downhole noise, predictable pattern of electromagnetic
radiation around the tool and advanced methods of data interpretation. However, this
method has a number of drawbacks that are essential for karst detection, such as high
dependence on the resistivity properties of drilling mud, surrounding rocks, and inter-karst
space-filling material properties.

4.3. Acoustics Measurements

This section considers the principle of conventional sonic measurements around the
tool and also reviews sonic-based measurement applications for remote object detection.

The propagation of acoustic waves in porous media is of considerable interest for
different domains in the oil and gas industry. Studies of acoustic wave propagation in
porous media were initiated by Biot in 1956 [57]. The first sonic tool was developed in 1958.
This was a simple device that consisted of a monopole transmitter that generated a sound
wave and two receivers to detect the wave traveling through the formation. The method of
the propagation of elastic waves described in [57] is shown in Figure 11.

As can be seen, several types of waves can be created in the mud, borehole and
formation. Since the pressure pulses reach the borehole wall, pressure waves generate
compressional and shear wavefronts (body waves) that further propagate in the formation.
The wave propagation in the formation causes pressure disturbances in the drilling fluid.
The advancing compressional and shear body-waves create head waves. To generate shear
and fluid mode (Stonley) head waves, body waves must propagate faster than the head



Energies 2021, 14, 6517 17 of 33

waves in the fluid. Depending on the wave propagation speed, fast formations (shear
velocity faster than mud velocity) and slow formations (shear velocity slower than mud
velocity) can be defined.

The arrival time difference, detected by two receivers divided by the known distance,
gives an interval transit time or the slowness of the formation around the tool.

Changes in wave slowness and frequency can be used to estimate different formation
properties. For example, Stonley wave slowness and frequency change can be used in the
estimation of formation permeability [58]. Compressional and shear data are crucial for
determining wellbore strength, in situ stress and rock mechanical properties [59].

The depth of investigation of the described tools depends on the formation slowness,
the distance between the transmitter and receiver, and the presence or absence of an altered
zone in the formation. In general, the depth of investigation for the majority of sonic tools
stays within an invaded zone of several centimeters (∼3–6 cm) away from the borehole.

Figure 11. Waves traveling in the case of a monopole source of sound.

4.3.1. Borehole Acoustic Reflection Survey (BARS)

Returning to the problem of remote object detection, significant changes in the hard-
ware of the discussed sonic tools were made, such as the introduction of array-receivers and
new types of transmitters, and acoustic logging progressed towards full sonic waveform
analysis [60]. The difference in frequencies between BARS (f 10 kHz) and conventional seis-
mic (f 100 Hz) as well as different signal detection techniques enable the higher resolution
of the borehole reflection imaging of the near-wellbore space.

In contrast to seismic studies, where the registration and processing of a signal re-
flected from geological boundaries are studied, in the sonic seismic survey, there are a
number of challenges. First, refracted and reflected waves are weaker compared with the
direct arrival waves; thus, wavefield separation becomes a crucial stage in data processing.
Second, instead of seismic geophones, more sensitive receivers are used, which are capable
of recording a wider range of waves. This requires additional data filtering for BARS
signal processing.

The BARS method is based on separating the waves propagated along the wellbore
from the waves deeply spread and reflected back from the boundaries of distant geological
objects. Initially, standard sonic tools were utilized for deeply reflected signal detection.
Such tools were equipped with an array of receivers and a monopole source of sound
as described earlier. To map the positions of reflections around the tool, azimuthal mea-
surements were introduced which became an important step in expanding the range of
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applications of sonic tools. The hardware in the modern sonic tools for reflected signal
detection described in [60] typically consists of three monopole transmitters, two dipoles
and an array of receivers—as illustrated in Figure 12.

Figure 12. Tool schematic for the borehole acoustic-reflected survey and bed boundary detection.

Directional acoustic measurements are achieved by cross-directional dipole emitters.
The introduction of azimuth measurements facilitates the detection of geological object
positions with respect to the high side of the tool. This in turn enables the use of acoustic
tools for geosteering, which has several advantages compared to the resistivity-based
geosteering methods discussed previously. In the case of a low-contrast resistivity envi-
ronment, sonic-based geosteering has proved to be a good alternative method for well
placement and is suitable for detecting boundaries at a distance of up to 10–20 m away from
the borehole [61,62]. Unlike the resistivity methods, the depth of investigation of acoustic
measurements is significantly less affected by properties of the surrounding medium such
as rock electrical conductivity and others. The main advantage of BARS over resistivity-
based methods is the detection of karsts and cavities regardless of the conductivity or other
properties of the karst-filling fluid.

Based on the example from the Loppa High region, the discovered average sizes of
the caves have dimensions of 0.5–2 m of a TST. Though they are relatively small for seismic
methods’ objects, they might be detected by BARS as they fall into the resolution limits of
the method (along the well resolution of 0.3 m).

Moreover, the BARS object detection distance of 10–15 m gives a sufficient volume
of investigation which can significantly increase the possibility of karstification object
detection, around the tool. Discovering such objects might be crucial information for
further drilling decisions: the detection of a single karst form might be evidence that other
karst forms may also exist within the same region and could be suddenly discovered
during drilling. Overall, the discussed method can be considered as a reliable solution for
karst detection around the wellbore.

However, despite a number of advantages, there are some limitations. First, drilling
must be stopped to provide favorable conditions for BARS acoustic surveying. Second, this
technology provides only the look-around and not the look-ahead type of measurements.
The main problem of object detection in front of the bit remains unsolved since sonic tools
are located at a considerable distance from the bit and the waves do not propagate ahead
of the drill bit. Thus, it is still challenging to predict the presence of dangerous drilling
objects while drilling.
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4.4. Seismic-Based Measurements

To date, we considered acoustic methods of karst detection by tools developed for
reflection detection around the well. In this section, we focus on acoustic measurements
ahead of the bit.

To the best of the authors’ knowledge, there is currently no ready-to-use solution
especially designed or adapted for karst detection in front of the bit. However, in recent
decades, extensive work has been performed in this area. The principle of measurements
ahead of the drill bit was significantly different from the look around measurements,
described in the previous section. This section gives a brief review of prior work that is
appropriate for karst detection (patented inventions, academic work and commercially
available solutions). The inventions below were conditionally grouped based on the
common receiver/detector placement and wavelengths used by the method.

4.4.1. Downhole Excitation of Seismic Waves

From our perspective, this section gives the most significant inventions in the area
of downhole excitation of seismic waves with a brief discussion of the basic principles of
sound wave generation/detection.

Some of the early inventions focused on the challenging problem of downhole sound
source development with certain specifications. The source should be small enough to
be lowered downhole and simultaneously have sufficient power to generate high energy
seismic waves which can be registered by surface detectors. The reason for the downhole
instead of surface positioning of the sound source is because better resolution is achieved
vertically. An additional benefit of the downhole excitation of seismic waves is that almost
all wave modes can be captured. A number of inventions were dedicated to the downhole
excitation of seismic waves in different ways.

One example of the downhole seismic-wave excitation of sound waves is described in
the invention by Brett in 1994 [63]. It was suggested that a mass is mounted on a rotating
part inside the collar. When this apparatus is lowered downhole, the mass can be rotated
to generate the signal, which can propagate around and ahead of the drill bit. Due to
centrifugal force, the rotating mass is designed to be in contact with the wellbore—which
increases the effectiveness of signal propagation. The reflected signal can then be recorded
by geophones placed on the surface.

Another principle of mass excitation was proposed by Paulsson in 1986 [64]. Instead
of the rotation of the mass, the excitation of seismic waves is activated by triggering the
mechanism that redistributes the pressure inside the air chambers in the apparatus, leading
to the striking mass moving downwards. Thus, seismic energy is produced with less
destructive stress on the wellbore walls compared to the previous example. A similar
approach for generating seismic waves by striking mass was proposed by Pascal Dedole
in 1984 [65], in which a device was used for striking mass to hit elements inside the body
that had a retractable platform to push the apparatus against the wellbore wall. Striking
mass in this invention is excited by an electric motor. Due to the firm coupling with the
formation with this apparatus, a powerful seismic pulse can be generated.

A downhole periodic seismic source was proposed by H. Hardy in 1983 [66] and
described in the patent [67]. The goal was to develop a downhole, nondestructive and
high-resolution seismic tool suitable for studying fluid zones in hydrothermal magma
systems encountered in deep holes. A downhole hydraulic seismic generator system was
used for transmitting the energy of vibrations into the earth surrounding a borehole. An
electric servovalve regulated a high-pressure hydraulic fluid flow traveling between the
upper and lower chambers. The valve was controlled and powered from the surface with
the standard logging cable, which is an advantage with this approach. This prototype was
successfully tested in a shallow zone and showed that this type of oscillator can generate
downhole low-frequency seismic waves (10–100 Hz).

To the extent of our knowledge, the devices described in [63–67] were never used for
commercial work.
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A compressible fluid-driven downhole seismic source was suggested in another
invention proposed by H. Hardy in 1989 [68]. The source device was capable of periodically
generating horizontally propagated shear waves. The fluid-generated torsional oscillations
of the mass inside the device acts on the housing—thereby a seismic source produces
waves. The oscillator was driven by a fluid rotary valve mounted in a sleeve which fits
inside or in-between an existing bottom hole assembly.

An important result was obtained from the downhole seismic tests by B. Paulsson in
1988 [69]. The casing–cement bond strength was measured after the test of different types
of seismic sources. The most significant damage (decrease in cement bond strength of up to
30%) was recorded for the airguns and the least important damage in the cement strength
was obtained for the downhole hydraulic vibrators. An important conclusion was made
regarding the use of impulsive sources. Very strong tube waves are generated by impulsive
sources, which became a new source of body waves with different acoustic impedances
at different parts of the well. These body waves hide any arrivals after the direct P-wave
arrival. It was shown that the hydraulic vibrator source is most efficient when it generates
fewer tube waves.

The experimental comparison of airguns and explosives was performed by S.T. Chen
et al. in 1989 [70]. It was confirmed that airguns produce stronger tube waves compared to
explosive sources and explosive charges can produce enough downhole energy without
significant damage to the borehole.

A comparison of borehole seismic sources under consistent conditions was performed
at the Texaco geophysical test facility in 1991 [71]. The goal was to evaluate the relative
performance of a wide variety of downhole seismic sources such as small explosive sources,
air- and water-guns, hydraulic and pneumatic borehole vibrators. The sources that have
been tested operate with various principles and in the past it was difficult to examine
their advantages and disadvantages as they were deployed in different fields and their
performance differed. The test facility allowed geological and regional differences to be
eliminated. The survey depth levels, setup of receivers and test well were the same for all of
the sources tested. One of the conclusions that was made is that all of the sources produced
identifiable P-waves. S-waves are challenging to detect as reflections are obscured by
numerous arrivals of the Mach waves generated by well-tube waves.

Despite the variety of methods of mass excitation, the common principle for this group
of inventions is downhole seismic waves generation by the movement of a mass. The
potential disadvantage of the methods described in this section is connected to the diffi-
culties of sound radiation pattern control, and therefore focusing the area of investigation
ahead of the drill bit. Moreover, a serious impact on the wellbore walls by intensive mass
movements can be dangerous since it can lead to wellbore damage. When the wellbore is
damaged, pieces of the formation can fall around the drillstring, leading to the packing off
of the annulus and/or the jamming of the drillstring (hole bridging).

4.4.2. Directional Sound Waves Generation

This section is devoted to the inventions aimed at propagating directional sound
waves in front of the bit with a controllable frequencies range. These inventions use a
different principle of sound wave excitation in their detection of reflections Special attention
in this section is given to acoustic signal focusing on the front of the bit.

In the invention patented by John B. Farr and Ronald W. Ward in 1973 [72], it was
suggested that phase delay during drilling is constantly measured from a mono-frequency
source of seismic waves installed next to the drill bit. As the frequency of the source is
pre-defined, it is possible to estimate the travel time and the speed of sound between the
source and receiver. The reflected signal, in this case, might be registered close to the bit,
which can help to detect geological objects ahead of the bit.

A similar apparatus is described in the invention of Alf Klavness in 1975 [73]. A
seismic pulse generator was suggested to be placed close to the drill bit. The obtained
seismic data may be used to determine drilling conditions in advance. In the invention later
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proposed by John Beresford in 1995 [74], sound waves are generated by the excitation of the
drill bit and detected by an acoustic sensor located inside the bit. To perform an acoustic
survey when drilling is stopped, the drill bit with the excitation device is mechanically
separated from the rest of the BHA and the bit is pushed against the bottom of the wellbore
to ensure that there is sufficient contact between the transmitter and the rock.

The invention proposed by James Legett in 1995 [75] was based on an apparatus
and methods for obtaining acoustic measurements by many segmented transmitters and
receivers which allow the directional focus of acoustic energy with respect to the axis of
borehole. The arrangement of transmitters allows acoustic measurements to be made ahead
of the drill bit and provides information concerning formations that have not been drilled
by the bit.

A comparable apparatus with some modifications was described in the invention
conceived by Holger Mathiszik and Joachim Oppelt in 2003 [76]. The invented apparatus
has an array of directional sources of sound waves that could emit acoustic signals in
the selected direction and with the defined frequencies. The controllable frequency range
enabled the selection of useful spectra of acoustic wave frequencies. This is different
from the spectrum of acoustic waves generated by the drill bit. The signal reflected from
geological boundaries is then detected by geophones and hydrophones mounted on the
apparatus. In some inventions, it is suggested that tilted sound transmitters are used to
ensure that acoustic waves will not interfere with the components of the BHA. For example,
the patent submitted by Rasheed Wajid in 2011 [77] described an apparatus that can
measure the geophysical and petrophysical properties of the rocks based on transmitters
and receivers that are inclined with respect to the tool axis. This enables the angular and
axial focusing of the signal to study rock properties ahead of the bit.

To the authors’ knowledge, the devices described in [72–77] have never been used in
commercial work. Due to various difficulties both from the hardware manufacturing and
from the subsequent signal processing points of view, these inventions remained theoretical
developments. However, they are important since they demonstrate possible directions of
the technologies developed for the early detection of reflective interfaces in front of the bit.

4.5. Seismic While Drilling

This section discusses a different means of tackling the same challenge of how to
propagate and detect reflected signals ahead of the bit. There have been many attempts to
propagate acoustic signals at a considerable distance in front of the bit to detect reflections
from remote interfaces. Approaches that were different from those discussed above were
presented in the early 1930s [78]. It was suggested that the energy generated by the bit
while drilling was used as a source of seismic waves. As roller-cone drill bits became
widespread, researchers demonstrated their interest in this area. In 1985, the algorithm
for instantaneous acoustic logging in a borehole was patented [79]. The proposed seismic
while drilling (SWD) signal acquisition principle described in [79] is shown in Figure 13.

In the proposed signal acquisition principle, the drilling bit is used to generate the
acoustic impulse reflected from a geological interface signal and then propagated back to
the surface which can be detected by a geophone. To estimate the travel time of the signal
that passes through the formation, the cross-correlation technique is used. Cross-correlation
between the signal that propagates through the drillstring and the reflected signal passing
through the formation is used to estimate the time shift and the speed of sound in the
formation. To detect the signal that propagates through the drillstring, accelerometers are
mounted on top of the drillstring, as shown in Figure 13.

However, in reality, this process is more challenging since the speed of sound propa-
gation in metal is significantly dependent on the BHA and drillstring component lengths,
diameters, drill pipe wall thickness, etc. Thus, the inaccuracy of the speed of sound propa-
gation measurements in metal introduced inaccuracy in the estimation of the formation
speed of sound. The analysis of seismic waves generated by the roller-cone bit was quite
popular during this period.
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Many attempts have been made to increase the accuracy of direct arrivals’ measure-
ments. Farr and Ward in 1973 [72] implemented a top drillstring sensor. Later, Yves Ollivier
in 1993 [80] invented a device that was installed and rotated together with the drillstring.
These inventions helped register shocks experienced by the BHA during drilling with
almost no attenuation.

Figure 13. Schematic view of seismic while drilling signal acquisition—based on [79].

In addition to the improvements in the signal-processing techniques, the described
inventions used surface-located geophones. In this regard, the source of seismic energy
(drill bit) should be preferably a low-frequency source with a long wavelength. This limits
the resolution of the SWD method which can be roughly estimated at approximately 15–20
m. This has better resolution compared with the conventional seismic study. Additionally,
as stated earlier, it is challenging to obtain an accurate reference signal solely based on
the measurements of drillstring vibrations. In 1992 [81], to address this issue, the Atlantic
Richfield Company in 1992 [81] proposed using a set of sensors, similarly positioned
to sonic tools at a small distance from the bit to detect seismic waves emitted from the
bit while drilling. This was intended to improve both the resolution and the depth of
investigation in front of the bit along with the improvement of weak reflection detection
from distant objects.

It is important to mention that these inventions were not theoretical. In the 1990s, a
number of experiments were performed which confirmed the viability of the seismic while
drilling approach. For instance, in 1992, an experiment confirmed the possibility of signal
extraction, generated by the source of sound with unknown properties (drill bit). To detect
this signal, a total of 12 km of 40 channel geophones were placed on the ground at one of
the onshore rigs in Germany. Data were recorded during 5 hours of drilling at a depth of
up to 3735 m. The technique described in [82] showed that it can be used to detect reflectors
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ahead of the bit based on SWD measurements. Extensive work was performed by James
Rector and Bob Hardaj in the study of radiation patterns and seismic waves generated by
SWD [83].

In 1991, Western-Atlas published interesting results obtained from wells drilled in
North America [84]. The experience of operating companies was that the proposed type
Tomex® SWD survey (Baker Atlas) would not lead to consistently satisfactory results. In
general, the results were inconsistent even with the use of roller-cone bits under favorable
conditions (hard/medium formations, vertical well trajectory, long teeth of roller-cone bits).

Later, the French Institute of Petroleum (IFP) introduced the TRAFOR® system using
electrical wired pipe technology for the fast data transmission of downhole data. This
system was used for drill-bit seismic profiling [85].

In 1996, following these works, Miranda et al. [86] developed SEISBIT®. This system
uses a selective data processing technique depending on current drilling conditions.

Starting from this time, the DBSeis® system was presented by Schlumberger. The
SWD system performs the recognition of drilling through the estimation of the spectral
difference between drilling and non-drilling events. The data from 12 to 36 geophones
were digitally processed (beam-forming) to separate the noise from the bit signal [87].

After a series of successful and unsuccessful experiments, the 90th attempt in this
direction was continued. An important experiment devoted to studying the drill bit
pattern was performed by Chabot in 2002 [88]. The aim was to obtain seismic maps of the
surrounding formations. On the one hand, the experiment demonstrated the advantages
of a bit-seismic approach for remote feature detection. On the other hand, it was shown
that there is a significant limitation in the SWD method as the BHA vibrations during
drilling have high amplitude which complicates the process of weak reflection detection
from geological objects.

In 2002, Comelli et al. [89] proposed a methodology to increase the signal-to noise ratio
of the SWD signal. The proposed idea was to utilize mud-logger surface measurements
to describe the downhole process. This way, the type of rock drilled and the drilling
parameters can be taken into account and related to the signal from the bit.

In 2008, Flavio Poletto [90] presented the results of an experiment where test drilling
was performed to study the pattern of waves generated by the drill bit. The experiment
confirmed that the drill bit can generate both compressional and shear waves. In addition,
it demonstrated that the signal generated by the drill bit can propagate to significant
distances in front of the bit and reflected signals can be detected by receivers.

To prevent falling into hazardous situations during drilling, a principle similar to
the seismic while drilling approach was proposed by Espen Birger Raknes et al. [91] in
2017. The proposed method uses the seismic diffraction response from the borehole to
image the well-path using surface seismic detectors. It was claimed that no extra tools are
needed and the well can be imaged while drilling. The main application of this approach
was in relief well drilling where this method can reduce the accuracy for intersecting the
blowing well. The numerical simulations of the approach have shown good results and
seismic while drilling images have been used to identify the exact position of the drill bit.
The approach was tested on a synthetic well on data from the Kvalhovden area in east
Spitsbergen, Norway.

In summary, despite the number of SWD advantages over the conventional seismic
approach, the bit-seismic study has not become popular due to the following reasons. First,
there is no methodology for interpreting seismic signals from the drill bit in deviated and
horizontal wells. The primary cause explaining existing challenges in interpretation is re-
lated to the unwanted randomly distributed additional sources of seismic wave generation
at numerous points of drillstring contact with the wellbore walls. The necessity to deal
with these additional seismic sources becomes especially important for wells with high
deviation, extended horizontal sections and intervals with high dogleg severity.

Second, roller-cone bits can produce high-energy seismic signals. Today, the vast
majority of wells are drilled with polycrystalline diamond compact (PDC) bits which
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are quiet in comparison with roller-cone bits and cannot produce high-energy signals.
Such low-energy signals are more difficult to detect, which limits the applicability of the
SWD method.

Third, the SWD method demonstrated reliable results only during rotary drilling, as in
this mode, the bit can produce a more powerful signal than in the sliding mode of drilling.
Today’s most used mud motors and rotary steerable systems do not contribute to producing
high-energy signals by the drill bit, which also constrains the further development of the
discussed methodology.

In the next section, we consider a method of employing downhole high-resolution
seismic surveying without wireline logging. This can increase the accuracy of geological
objects’ detection as the high-resolution seismic data can be acquired by the tool installed
in the drilling BHA.

4.5.1. VSP While Drilling

Due to a number of difficulties associated with the discussed SWD methods, further
development of look-ahead acoustic methods was based on a different principle.

Traditionally, in vertical seismic profiling (VSP), receivers are installed on the wireline
BHA and seismic sources are placed on the surface of the ground. To perform a wireline
seismic survey (checkshot), the tool is lowered to a certain depth, and once the surface
source of seismic waves is fired, a downhole tool records the travel time required for
seismic waves to reach receivers. Knowing the depth of receivers, the interval velocity of
the formation can be estimated. Thereafter, the time-depth conversion depths of geological
reflectors can be estimated, including those located in front of the bit. A significant
drawback of this method is the time cost required to do a seismic survey. Drilling has to be
stopped and the drillstring must be pulled out of the hole to run wireline seismic logging.

In 1999, Halliburton patented an invention aiming to overcome the problem of inef-
ficient rig-time usage [92]. The invention was proposed to detect seismic waves by the
downhole apparatus located in the drilling BHA. This apparatus can also detect reflections
from the boundaries ahead of the bit and can thus enable significant rig-time savings. This
technology was further developed, and similarly to Halliburton’s invention, the principle
was implemented in early prototypes created by Schlumberger in 2001 [93]. This led to the
development of the seismic drilling tool which became an alternative to the conventional
VSP by providing the same quality of data much faster. Interested readers are referred to
references [94–96] for details about seismic waveform processing techniques used in VSP
while drilling. The seismic-guided drilling concept described in [93] is shown in Figure 14.

In this concept, a set of sensitive seismic receivers was mounted on the downhole
seismic tool. The downhole tool processes the incident energy and utilizes a special
algorithm that is based on a series of checkshots that compares signals from repeated
firings to make sure that the arrival time and shape of waveforms are similar. This logic
helps one filter out noise and perform an initial quality check of the checkshots. As the tool
gathers a pre-defined number of similar waveforms, it starts to stack them together. When
the mud circulation is on again after the drill–pipe connection, data are transmitted to the
surface through the mud pulse telemetry. The same process is repeated at each survey
station. Field tests of this system were successfully performed in the Gulf of Mexico [97].

An example of the SGD technique for carbonate cave detection was demonstrated
by the successful detection of Ordovician caves buried at a 6000–8000 m depth in the
Tarim Oilfield in China [98]. The challenge was to improve the accuracy of carbonate
cave detection. Caves, in this example, have different genesis mechanisms leading to
the development of “tremendous storage spaces” [99]. The seismic responses to such
large paleo karst caves are evident as “strong amplitude anomalies in legacy seismic
data and are characterized as a “string of beads” with different sizes and shapes [100].
Almost 600 million bbl of oil have been extracted from these huge cave systems since the
beginning of production (open caves trapping of the oil) [101]. These huge cave systems are
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incomparably larger than the caves discovered offshore Norway and Tarim caves remain
open as drillers have recorded numerous “bit drops” sometimes exceeding 10 m [99].

The SGD is a powerful technique for the detection of large karsts. However, taking
into account the wavelengths generated by surface airguns, the resolution of this method is
not sufficient for detecting small karstforms ranging from half a meter to several meters.
As discussed earlier, the detection of small forms of karstification is equally as important
as the detection of large karst forms because mall karsts might be equally dangerous to
drill through.

Figure 14. The seismic-guided drilling technology—based on the concept described in [93].

5. Discussion

The discussed pre-drill group of methods for karst detection focuses on the identifi-
cation of potentially dangerous intervals before drilling begins. This analysis is based on
already available data.

An analysis of geological information can provide an overall picture of the regional
karst forms’ distribution, their possible depths of occurrence and can help in the estimation
of the most probable geometrical sizes of regional karst forms. The main limitation of this
method depends on the coverage and quality of input data. For example, when there is a
lack of geophysical or seismic data, studying only surface signs of karstification cannot be
so effective in the estimation or prediction of subsurface karst properties.

Offset wells analysis is an efficient method of karst intervals’ prediction on a planned
well trajectory. Different algorithms can be used to transfer the experience of drilling
gained from the offset wells. This method is effective if there is evidence of karstification
which was observed/logged/interpreted based on the offset wells’ analysis. Since many
karstification objects can be undetected in the offset wells due to a lack of geophysical
studies or if previously drilled wells were not crossing any karsts, the projection of drilling
risks related to karsts on the new well trajectory is not possible. Moreover, if the offset well
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is located at a significant distance from the planned well, the projection of karstification
intervals may be inaccurate.

One of the most common methods studies have used for the detection of different
geological objects and structures is the conventional seismic one. This method can provide
the most complete picture of the main subsurface geological features including the general
karst distribution, the depths of extended zones of karstification and the geometrical
dimensions of major karsts. However, with the conventional seismic method, smaller
karst forms that are dangerous for drilling cannot be detected. In addition, there is an
inaccuracy/uncertainty in the estimation of the exact subsurface positions of objects based
on the conventional seismic method. These uncertainties in the exact position of karsts
detected by conventional seismic method leave the chance of crossing karsts during drilling.

The discussed karst detection while drilling group of methods focuses on the utilization
of different types of measurements to investigate the region at or ahead of the drill bit.

Karst detection based on drilling mechanics and mud-flow measurements is based
on the concept that encountering karstification objects is not always unpredictable during
drilling and that zones at a high risk of karsts can be detected from real-time drilling
measurements. The combination of drilling dynamics and mud-flow measurements can
reveal additional signs of karstification, such as filled caves or small vugs that might be
undetectable by these methods applied alone. This combination of drilling dynamics and
flow-based sets of measurements can be implemented for karst detection based on real-time
drilling data. Patterns of real-time measurements corresponding to karst intervals can be
utilized for karst detection either by engineers, or after further development, by automatic
data-processing algorithms. The main limitation of this method is linked to the fact that a
full set of necessary well-log data (e.g., downhole drilling mechanics measurements, or
delta-flow data) is often unavailable for analysis.

Even in well-studied fields, the percentage of wells encountering caves and at the
same time containing a full set of necessary well-logged data (e.g., images or delta-flow
data) is rather small. Therefore, this method was developed and validated only on available
field data from the Barents Sea. Future work on this subject should concentrate on the
additional analysis of well data from other fields with different geology. This will allow
the collection of a complete picture of unique real-time indicators of karsts regardless of
the geography of the research region.

Resistivity-based methods such as the ultra-deep and resistivity at the bit ones cannot
efficiently detect karsts with low resistivity contrast. This makes the detection of low-
contrast geological objects including karsts challenging. The depth of the investigation and
accuracy of the methods utilizing resistivity-type measurements strongly depend on the
electrical properties of the formation and drilling mud properties.

Geophysical methods utilizing acoustic surveying such as the borehole acoustic re-
flected survey (BARS) are promising in the detection of deep interface reflections regardless
of the electrical properties of the formation. High vertical resolution and sufficient depth
of investigation make this group of methods suitable for karst detection while drilling.
Despite a number of advantages, these measurements are look-around and thus cannot
be used for the investigation of the region at or ahead of the bit for the early detection of
karst hazards.

Some of the methods that utilize seismic measurements are very promising, e.g., seismic-
guided drilling methods. These can provide detailed seismic maps of the region ahead
of the bit with higher resolution than the conventional seismic method. This significantly
increases the probability of karst forms’ detection in front of the bit. The major limitation of
these methods is linked to the relatively low wavelengths that are used in surveying. Low
wavelengths are a limiting factor for the detection of smaller karsts that are dangerous for
drilling, which are encountered, e.g., in the Barents Sea.
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6. Conclusions

In this paper, we reviewed the methods and technologies that can be used for the
prediction and early detection of karsts which are dangerous for drilling. All these methods
were published in the last 40 years. The methods can be categorized into pre-drill and while-
drilling karst detection methods. These are summarized, together with their advantages
and limitations, in Tables 2 and 3, respectively.

Overall, while being effective in some cases, the reviewed methods for the predic-
tion and detection of karsts which are dangerous for drilling suffer from the following
limitations:

• Small karsts which are dangerous for drilling are the most challenging objects to detect
with pre-drill and while drilling karst detection methods;

• The study of geological drilling or offset wells data solely depends on the quality
and coverage of input field data, and thus cannot guarantee an accurate prediction of
karsts, leaving the risk of well control issues in carbonates unchanged;

• Any relevant resistivity, acoustics or seismic-based methods can hardly be used for
avoiding drilling into karsts or even for the real-time detection of encountering karsts.

These limitations indicate a room for further research and development within meth-
ods and technologies for safer drilling in karstified carbonates.

Taking everything into account, we can conclude that at the moment, there is no
technology or geophysical method that can consistently investigate the region in front of
the bit and therefore be used for the early detection of smaller karsts which are dangerous
for drilling based on direct measurements ahead of the bit. Only the combination of the
pre-drill study of karstification signs and the identification of karsts based on real-time
drilling data can significantly reduce the risk of sudden encounters of karsts.

Future work on this subject should concentrate on the development of an acoustic
system that can utilize methods of sound wave generation and registration discussed in
this study. Further research might also be undertaken to investigate the different signal
processing techniques that might be applicable to the methods described in this paper.

Table 2. Pre-drill karst detection methods.

Method Look Ahead Advantages Limitations Karst Prediction

Geological
(Section 2)

N/A 1. Early detection of surface
and subsurface signs of karstification
2. Overall picture of the geological region

Karst detection depends on the
coverage and quality of input
geophysical data

Yes

Offset
wells

analysis
(Section 3.1)

N/A 1. Gained experience and dangerous
intervals for drilling from the offset wells
can be transferred to plan a well path

2. Additional sensors/measurements are
not required for the analysis

1. Karst prediction on the planned well
depends on whether or not karsts
were defined on the offset wells
2. Many objects may be unforeseen in the
offset wells due to a lack of geophysical studies
or geological heterogeneity
3. Different methods can project dangerous
intervals differently

Yes

Conventional
seismic

(Section 3.2)

Yes 1. Earth subsurface images
2. The most complete picture of the
main subsurface objects
3. General karst distribution/spatial
positions can be revealed

1. Inability to identify small karst forms

2. Possible inaccuracy of the exact
subsurface objects’ positions identification

Partially
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Table 3. Methods of karst detection while drilling

Type of
Measurements Abbreviation Method Name Look Ahead ∼DOI Tested Advantages Limitations Early Karst

Detection

Drilling data n/a

Drilling
mechanics and

mud-flow
(Section 4.1)

Possible Up to 20 m Yes

1. Signs of karstification can be detected based
on already existing real-time drilling data
2. Different karst types can be distinguished
3. Detection can serve for ahead-of-the-bit
prediction

1. Detection accuracy depending on different
factors. Not all of them can be taken into
account
2. Certain karst forms are challenging to
detect (collapsed caves, small vugs, etc.)

Yes

Resistivity based

n/a
Ultra-deep
resistivity

(Section 4.2.1)
No Up to 70 m Yes

1. Significant boundary detection distances
2. Possible to detect karsts with high
resistivity contrast boundaries
3. Predictable radiation pattern; less affected
by drilling noise.

1. DOI and accuracy depending on the
formations’ and drilling mud electrical
properties
2. It is challenging to detect low-contrast
geological objects
3. High-bit-sensor offset

No

RAB Resistivity at the
bit (Section 4.2.2) Yes Up to 0.1 m Yes 1. Directed ahead-of-the-bit measurements

2. Measurements while drilling

1. Shallow depth of investigation
2. Non-azimuthal quantitative measurements
3. Challenging to detect low-contrast
geological objects

No

Acoustics BARS

Borehole
acoustic

reflected survey
(Section 4.3.1)

No Up to 20 m Yes

1. High vertical resolution
2. DOI is almost unaffected by formation
properties
3. Deep interface reflections can be separated
from the other ones

1. Look-around measurements
2. Sensitive to downhole noise, preferably
should be taken outside of drilling periods

Yes

Seismic

n/a

Downhole
excitation of

seismic waves
(Section 4.4.1)

Yes Up to 2000 m No

1. Powerful seismic pulse attempted to be
generated downhole
2. Potentially higher resolution than
conventional seismic method
3. Low-reflections might be detected

1. The unpredictable wave radiation pattern
2. Challenging to focus the signal ahead of the
drill bit
3. Dangerous for the wellbore walls

No

n/a

Directional
sound waves

generation
(Section 4.4.2)

Yes Up to 100 m No
1. Focused acoustic signal ahead of the bit
2. Small bit-sensor offset
3. Controllable frequencies range

1. Hardware manufacturing challenges
2. Difficulties of signal processing
3. Unwanted reflections from downhole
inner/outer-parts

No

SWD
Seismic while

drilling
(Section 4.5)

Yes Up to
300–500 m Yes

1. Detailed seismic maps of surrounding
formations, including measurements ahead of
the bit
2. Higher than conventional seismic
resolution

1. Small karsts can be missed due to radiation
pattern and detection challenges
2. Not applicable to deviated ERD wells
3. Not applicable to low-energy modern PDC
bits

No

SGD
Seismic-guided

drilling
(Section 4.5.1)

Yes Up to 30–50 m Yes
1. Seismic measurements can be obtained
without wireline logging
2. High accuracy of large cave detection

1. Limited resolution due to seismic
wavelength utilization
2. Not applicable for small low-reflected
objects

Yes
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Abbreviations

For readers unfamiliar with the technology used in the oil and gas industry, we refer them to a review
of the definitions given in https://glossary.oilfield.slb.com/, accessed on 10 October 2021 .

BHA Bottom Hole Assembly
BARS Borehole Acoustic Reflected Survey
DOI Depth of Investigation
FMI Formation Micro Imager
LCM Lost Circulation Material
LWD Logging while Drilling
MPD Managed Pressure Drilling
MWD Measurements while Drilling
PDC bit Polycrystalline Diamond Compact Bit
PMCD Pressurized Mud Cap Drilling
ROP Rate of Penetration
SGD Seismic-Guided Drilling
SPP Stand Pipe Pressure
S&V Shocks and Vibrations
SWD Seismic while Drilling
TST True Stratigraphic Thickness
VSP Vertical Seismic Profiling
WOB Weight on Bit
SS Stick and Slip
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