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Abstract

A review of lost circulation plans, contingencies, recaps,
and actual materials used to prevent losses in the upper-hole
sections drilled in the regions of the Brazil, Egypt, Middle
East, North America, and Southern Europe was compiled in an
effort to ascertain which lost circulation treatments and/or
combinations were historically effective or ineffective for
regaining circulation, especially with regards to total losses in
known troublesome carbonate formations. In addition, this
data was evaluated to ascertain if total planned interval depth
was achieved with the lost circulation treatments.

These evaluations highlighted numerous materials,
inconsistencies, and excessive time committed to combating
losses whereby the critical path was marginalized. Many were
drilled through known troublesome formations identified by
previous offsets, often with the same result. It was surmised
that certain types of lost circulation material (LCM),
concentration, volume applied, and frequency of use
contributed little to no benefit. =~ Numerous wells were
reviewed to ascertain if time could be saved with more
prudent utilization tactics when incorporating LCM as well as
the potential to identify a pill, system, LCM or combination
that consistently succeeded in stopping losses or regained
circulation, or to identify tactics that were less than acceptable
in specific circumstances.

These reviews showed LCM was supplied in a myriad of
sizes, textures, types, and applied in varying concentrations,
combinations, and volume. Data were compiled and contrasted
versus the formation, borehole, and area, and included fluid-
loss systems that were utilized. While selected attempts were
successful in stopping losses in the upper boreholes, this
success was sometimes temporary. In some intervals where
returns were lost, operations would continue to fill the
borehole with seawater and/or inexpensive drilling fluid while
drilling ahead, only to realize additional problems later.

The ensuing discussion provides a synopsis of the
challenging carbonate formations, the LCM types employed,
the field results, and finally, lessons learned and strategies are
proposed to assist with improving success rates when drilling
in these challenging formations.

Introduction

This paper focuses on the use of LCM as incorporated
into fluid-loss pills or systems to mitigate, control, and stop
losses when drilling through known troublesome matrices,
channels, vugs, and/or fractured carbonates as well as their
effectiveness to even regain lost circulation. This topic was
originally introduced at the ADIPEC Conference in November
2018 (Bijjani 2018a) and then expanded to include additional
areas discussed in this paper. LCM is not only utilized for
mitigating losses but for maintenance or wellbore
strengthening (Guo et al. 2014; Growcock et al. 2009; Barrett
et al. 2010), however this paper focuses only on mitigation of
losses.

Controlling and mitigating fluid loss while drilling upper
boreholes and/or the target reservoir is well documented in the
literature.  Excessive fluid loss and failure to control to
manageable rates can subsequently lead to, among other
things: well control issues, excessive NPT, cost overruns,
inability to run planned logging tools and casing, and in the
case of the target/producing formation, damage such that
production rates are less than planned thereby requiring
workover or stimulation operations.

In cases of severe losses and lost circulation, especially in
the upper-hole sections, several options, in lieu of LCM, fluid-
loss systems and pills, include: pumping cement, employing
a floating cap (Davidson et al. 2000), employing underbalance
drilling, liner drilling (Rosenberg et al. 2010), or drilling
ahead and accepting losses. ECD management techniques
have proven viable in avoiding or mitigating lost circulation
events with pre-planning in a fractured formation (Murray et
al. 2013). All of these options may prove successful;
however, these options typically generate additional costs and
NPT (Ferras et al. 2002).

Other pills and methods include reverse gunk pills (Ryan
et al. 2015), chemically activated crosslinking pills (Ferras et
al. 2002), borate crosslinking pills (Al Habsi et al. 2017;
Bijjani et al. 2018b) defluidizing pills (Scorsone et al. 2010),
limiting drilling parameters to limit losses (Al-Hameedi et al.
2017), resin (Knudsen et al. 2015), and the use of brine and
viscosifiers to create pseudoplastic fluids which can control
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fluid loss using an exponential viscosity increase that is
realized with increasing radial distance from the borehole
(Howard and Anderson 2017).

The use of LCM to control losses is prevalent and
judicious with many shapes available (e.g., flakes, grains, and
fibers) as well as varieties of composition such as fiberglass,
graphite, calcium carbonate, mica, nut shells, wood, rubber,
swelling polymers, and foam, to name a few. Recent and
novel materials, such as foam and nanoparticles (Savari et al.
2016; Akhtarmanesh et al. 2016), are of interest however as
recently introduced case histories are forthcoming. Many of
these LCM have been contrasted and compared using
laboratory simulations (Loeppke 1990; Waldmann et al. 2014;
Wang 2011).

Alsaba et al. (2014) proposed a classification of LCM,
including nanoparticles, using physical and chemical
properties as well as their application. Of note is the
application of LCM as a continuous and controlled addition to
a drilling fluid system whereby this background material
enhances bridging, plugging, and strengthening thus reducing
the loss rate in known problematic zones (Sanders et al. 2003).

Our prior literature investigation (Bijjani 2018a) revealed
nearly 1,900 publications which document LCM type and use
for combating losses and borehole stability. While these
articulately document the potential use of LCM, only a limited
number of papers document field experiences in troublesome
zones especially vugular and/or fractured carbonate
formations (Davidson et al. 2000; Sanders et al. 2003; El-
Hassan et al. 2003; Mofunlewi et al. 2014; Rastogi et al. 2015;
Urdaneta et al. 2015; Alkinani et al. 2018). The literature
searches demonstrate a substantial contrast between the
myriad of available LCM, fluid-loss pills, laboratory
simulations, and methods versus successful case histories (and
even unsuccessful case histories) in problematic carbonate
formations, especially when NPT and costs are mitigated.

In summary, attempts to mitigate partial, severe, and lost
circulation can be divided into the following:

» Treatments where losses are resolved through the addition

of solid to semi-solid materials (i.e. LCM) to the drilling

fluid system or pill

» Treatments where losses are resolved through use of a

non-drilling fluid system or pill

* Limiting drilling parameters to reduce losses

* Unconventional methods such as floating cap or

underbalance drilling

* Finally implementing a contingency or worse-case plan —

pumping cement, filling a borehole with inexpensive fluid or

sidetracking

The following sections summarize the LCM identified in

the case histories and subsequently applied in troublesome
formations in the aforementioned areas as well as their
published characteristics and limitations. The results and
learnings from those case histories are summarized to offer the
drilling community fluid-loss materials and/or systems
whereby the learnings postulated could improve success and
potentially reduce failure rate and subsequently rig time. The
intent is that this information may benefit not only future wells

in these areas but potentially global operations in troublesome
channeled, vugular, and/or fractured carbonate formations.

Loss Circulation Materials Applied in Troublesome
Carbonate Formations

The following LCM were utilized in the water-based
drilling fluid systems and fluid-loss pills for mitigating or
controlling losses in the aforementioned formations, wells and
areas studied (Table 1). These LCM vary in texture (e.g.,
fibrous, platelets, sub-angular to rounded grains, etc.), size
(e.g., up to several mm), chemistry, and functionality. A
relatively broad range of particle size is conducive for forming
effective bridges on matrix-dominated rock. However their
use to potentially bridge inherent openings in vugular and/or
fractured carbonate formations can be suspect as relatively
large fractures, channels, even vugs may well exceed the size
necessary to establish a bridge while maintaining the ability to
pump the LCM through the drillstring and BHA. For example,
fractures greater than 5 mm would require a particle as large
as 4.5 to 5 mm to initiate a seal (Dick et al. 2000). Conversely,
the Abrams’ Rule (1977) states that the median particle size of
the LCM should be equal to 5 of the median pore size.
However, when LCM is applied in insufficient concentration,
distribution, or combinations thereof, plugging may be
temporary, fail, and/or additional pills may be required.

LCM Shape and Texture

Granular (High to Moderate Sphericity)

Organic: Nut shell, ground walnut, and pecan shells, are
organic and typically available in a range of gauged sizes such
as fine, medium, coarse, and extra coarse.

Inorganic: Common selections include calcium carbonate
and sodium chloride which are typically classified in specific
size ranges by their median and maximum size which is stated
in micrometers (um), commonly known as “microns”. These
materials are readily degraded with typical breakers (e.g., acid,
chelates, etc.). Uncommon particles, not found in these case
histories, include perlite (i.e., volcanic glass) and magnesium
oxide.

Non-Granular (Low to Elongated Sphericity)

Organic and Novel: Of note, but not used in these case
histories, are date or palm seeds, a flowering plant species in
the palm family, Arecaceae. The seeds contain a single stone
about 2 to 2.5 cm (0.8 to 1.0 in.) in length and 6 to 8 mm (0.2
to 0.3 in.) in thickness. Evaluations for resistance to
mechanical impact/force showed these seeds to be comparable
to conventional LCM in drilling fluids (Amanullah et al.
2017). The seeds provide a beneficial application of an
otherwise waste product in the Middle East region which is
inexpensive, available, and ecologically sustainable for use as
LCM. After washing and drying, the seeds can be ground and
sized. This material also incorporates relatively small amounts
of water thus possessing the ability to swell when applied in a
water-based drilling fluid.

In addition, other organic materials include the ground
peanut hulls used in this study.
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Inorganic: Graphite and graphite-based materials are
primarily used to help seal highly permeable formations while
improving wellbore stability as well as reducing the risk of
differential sticking when drilling depleted zones. There are
several qualitative grades available.

Diatomaceous Earth. “DE”, as diatomaceous earth is
common as nearly pure siliceous material with medians from
25 to >100 pm that exhibits both inter- and intra-porosity.

Flakes. Typically, flakes are composed of mica, or even
calcium carbonate. Mica is a phyllosilicate that visually
resembles sheets and is ground to various sizes. Other flake
products include cellophane and thermoset plastics.

Fibers. Cellulose derivatives or polysaccharides are linear
chains of several hundred to many thousands of monomers in
length and typically used to reduce seepage losses through the
filtercake. Some of these materials, depending on preparation
and treatment, are preferentially oil-wet as opposed to water-
wet. Thus, when added to a water-based pill or drilling fluid
system, the oil-wet material may absorb other products, such
as lubricants. Cellulosic fibers have proven effective when
applied to relatively high-permeability, matrix-dominated
rocks. These are not readily degraded with typical breakers.
They are also available as micro-sized, thus minimizing the
impact on rheological properties in the drilling fluid system.

Expandable. Sodium polyacrylates are high-molecular-
weight particles and unique in that the material will swell in
water and low-density brine as much as 200 times the original
weight (e.g., 30 to 60 times its original volume). As swelling
is not instantaneous, these particles, when pumped into a
matrix-dominated rock, swell in-situ as opposed to serving as
a primary bridging mechanism. As they incorporate water and
swell, these particles function to reduce the permeability of the
invaded matrix. This material will be nearly completely
removed at the shaker screens and thus must be re-introduced
at the suction line to ensure coverage of a zone or formation.

Fluid-Loss Systems

Mixed-metal oxide (MMO) is a water-based drilling fluid
system (Richard and Enriquez 2018) that is also used to
mitigate fluid loss when pumped as a pill. Inherent high
viscosity at low shear rates results in a near-static condition
after the fluid traverses radially from the borehole.
Dewatering systems primarily use combinations of sized lime,
silica, barite, fibers, and diatomaceous earth at elevated
concentrations. A relatively high-fluid-loss pill rapidly
dewaters (e.g., defluidizes) and forms and/or deposits a
filtercake on a matrix. Crosslinked systems utilize borate to
generate hydrogen bonding (i.e., cis-hydroxyls) with a
biopolymer (Powell et al. 1991). These systems can include,
but are not limited to, barite, calcium carbonate, cellulosic
fibers, and/or additional borate grades.

Contingency systems include cement with fibers,
bentonitic cement, and gunk pills with polymers, bentonite,
and/or fibers. Contingency systems are so named because they
are an option that is typically applied when all other pills and
systems fail to control losses sufficiently to allow
drilling/operations to continue.

LCM Sizes
The LCM particle sizes as shown in Table 1 reflect
published data. Most of these materials exhibit a maximum

size of less than 2000 um with the exception of ground peanut
hulls.

LCM Concerns

When fluid-loss pills, prepared with LCM, are utilized in a
drilling fluid system or as a pill in appropriate concentration
and preparation, the materials promote rapid filtercake
formation or defluidizing of the drilling fluid system or fluid-
loss pill against a medium (e.g., matrix-dominated
rock/formation). However, there are limitations, and these
include dilution of the drilling fluid system or fluid-loss pill
during events with high-rate losses, as well as, ineffective
bridging when fractures or vugs are much larger than the
maximum size of the LCM.

Once a filtercake forms with positive pressure, as during
drilling or even due to the static or dynamic fluid column, the
residual filtercake is prevented from “lifting-off” or extricating
as long as the fluid pressure remains positive keeping the
filtercake in place. Thus a residual filtercake is subject to
removal, due to swabbing or lost returns, thereby
compromising its ability to persist and maintain fluid-loss
control. Also, one must consider that these additives do not
adhere or bond to the matrix, nor do they amalgamate loose
particles and fragments as they can only bridge at effective
concentrations and combination.

In summary these LCM, in combination or as a single
additive, may exhibit the following:

e Do not adhere or bond to a matrix nor do they
amalgamate loose particles and fragments as they only
function as a bridging mechanism

e Once a filtercake is deposited (e.g., defluidization),
positive pressure is required to maintain the residual
filtercake in place; swabbing, surging, or loss of the
fluid column may eradicate the filtercake as LCM
does not inherently adhere or bond to the rock. In
addition, running a casing string with centralizers may
physically remove the filtercake.

e May be ineffective for bridging fractures or vugs in a
troublezone if the maximum particle size and
distribution is incorrectly sized

e Dilution of the drilling fluid system or fluid-loss pill is
more common during high loss scenarios thus
reducing their initial/target concentration as well as
viscosity

e  Continuous shearing and circulation can degrade the
LCM particle size, especially marble (Scott et al.
2012) and graphite (Growcock et al. 2012)

e  Scalping at the shakers requires continuous addition of
larger grades or adjustment of screen mesh to mitigate
their loss, or even temporarily by-passing the screen

In contrast, an advantage of the aforementioned LCM
(Table 1) is the ability to pump through a BHA, MWD/LWD,
and bit with low risk of plugging when used in a reasonable
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concentration and can even enhance borehole stability. This
eliminates a trip-out/trip-in thus open-ended drillpipe is not
required. Their use also eliminates the need for dropping a
ball to open/close a fluid-loss valve if installed. In addition,
the ability of the LCM to supplement a fluid-loss system, such
as a dewatering pill, can further reduce fluid losses from
matrix-dominated formation or rock.

Fluid-loss pills prepared with these LCM are typically
viscous, even thixotropic, thus this mechanism also mitigates
fluid loss by reduction in shear rate. As the pill moves away
from the borehole, higher viscosity develops with lower shear
where the shear rate is inversely proportionate to the distance
into the formation. This is particularly notable in highly
thixotropic fluids such as mixed-metal oxide. However, some
dispersants and anionic additives, such as calcium chloride,
interfere with a mixed-metal oxide complex, thus mitigating
the ability for the fluid-loss pill to develop low-shear-rate
viscosity.

Stratigraphy and Lithology of Troublesome
Carbonate Formations

Case histories, recaps, and drilling reports provided from
several global areas for wells drilled through known
troublesome carbonates were carefully reviewed. These areas
included Brazil, Egypt, Middle East, North America, and
Southern Europe. The following provides a brief background
of the stratigraphy, lithology, and age of the formations known
for losses.

Brazil

Wells drilled in offshore Brazil in the Campos and Santos
Basins (Figure 1) can transect the Barra Velha Formation and
lost circulation is expected. This pre-salt rock is Aptian age,
approximately 113 to 125 mya (Figure 2), and is
predominantly a microbial heterogeneous carbonate as such
misnamed the “Microbialite” reservoir (Wright and Tosca
2016).

This formation is up to 1804 ft (550 m) thick and its
geological fabric is complex. Several textures/fabrics and
pore types are found in the Barra Velha formation (Figure 2)
and appear to have no direct analogue with other carbonate
successions and reservoirs (Wright and Barnett 2017). The
formation is unique in that three lacustrine distinct facies are
defined — calcite shrub framestones, calcite spherulite
floatstones, and laminated calcimudstones. It is theorized that
the main rock fabrics resulted from the dissolution of matrices
of magnesium silicates, thereby creating most of the porosity.
Figures 3a and 3b show selected petrographic images of the
shrub and spherulite textures and inherent porosity. Thus
matrix or vugular porosity predominates in this formation
versus fractures. This formation serves to demonstrate the
broad diversity of matrices inherent with carbonates and
subsequently the challenges posed when mitigating fluid loss
in this area.

Egypt
Wells drilled in Egypt transect the Alamaein, Apoll,

Kharita, and Alam El Baueib Formations (Figure 4a).
However drilling the Alamaein Dolomite Formation, early
Cretaceous age (e.g., from 115 to 125 mya), was challenging
with respect to controlling losses. This formation overlies the
Alam El Bueib Formation and exhibits an average thickness of
250 ft (76 m). It is composed almost entirely of dolomites.
These dolomites are honey brown, light brown, or tannish
white, and properties range from micro to cryptocrystalline,
hard to moderately hard, pyritic and sandy near the base (Abu
Khadrah et al. 2018). However, the Alamein Dolomite is
known for its vugular and fractured texture/fabric as well as
crystalline dolomite (Barakat 2017). Dolomitization took place
in a shallow, warm, Mg-rich environment under favorable pH,
salinity, and temperature conditions. The relatively low Si0,
content, absence of fossils, and the association of anhydrites
with dolomites reflects a restricted, shallow-marine, low-
energy environment, interrupted in parts, by high-energy
environment in which microsparites and sparites were formed.
(Zein El-Din et al. 1982).

The Kharita Formation overlies the Dahab shale and
Alamein Dolomite and is younger, but still early Cretaceous
(Figure 4a). This formation extends over the western desert
and comprises fine to coarse-grained sandstone with
subordinate shale and carbonate beds (Aboelhassan et al.
2016). A neutron-density crossplot confirms that calcareous
cement is present as well as the interbedding of sandstone,
shale and carbonate (Figure 4b). This formation was
deposited as an extensive shallow marine shelf in a high-
energy environment. As such, it is an example of a formation
where carbonate rock is interbedded versus fractured or
dominated by vugular porosity.

Middle East

Wells drilled in the Arabian Gulf (Figure 5) transect the
geologic formations shown in Figure 6. These range in age
from the more recent Neogene-Paleogene to early and late
Cretaceous (approximately 90 to 100 mya) to the Upper
Permian (e.g., 255 to 260 mya). The UER, Diyab, Mishrif,
Thamama, Arabs, Gulailah, Suedair, and Khuff Formations
are notorious for loss events. These formations comprise
oolitic-peloidal, packstones, grainstones, mixed carbonate,
terrigenous limestones and dolomites with anhydrite and shale
streaks (Alsharhan 1989; Schlumberger 1991). However,
these rocks also include inherent fractures as well as karst,
vugular matrices, and even faults and occasional
unconformities, all of which can provide conduits for drilling
fluid invasion thus their problematic structure and lost
circulation concerns.  Starting with the Cretaceous and
succeeding formations, the upper boreholes are typically
drilled with inexpensive bentonite-polymer fluids and high-
temperature water-based fluids are used for the lower
boreholes (i.e., Permian). We reviewed the intervals drilled
after setting the surface casing which subsequently transect the
aforementioned problematic fractured formations that are
commonly plagued with fluid-loss events.

As an example of the inherent fractures, an FMI recorded
after controlling a series of fluid loss events in an 8%-in
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borehole (Figure 7), confirmed that the losses in this interval
were the result of a fracture system. Thus, these fractures
provide the preferential path for fracture losses versus a matrix
as is common with clastic formations. This suggests that the
LCM and bridging material typically used to develop and
deposit filtercakes as a mechanism of reducing fluid loss, are
less effective in these formations due to the aforementioned
size limitations. Furthermore, multiple fracture patterns as
seen in Figure 7 present an even more difficult challenge to
control losses due to the increased open area, varying fracture
widths, and their cumulative volume. Multiple fracture
patterns are representative of rock masses with complex
regional deformational histories where fractures are produced
by two or more modes in a sequential manner (National
Research Council 1996). In some cases, regional distributions
of joint and fault patterns mimic the trends of mountain belts,
suggesting a causative relationship between the formation of
fracture systems and a specific tectonic event.

North America

Wells drilled in North America, in the Saltville field
(Figure 8) transected the very-late Cambrian formation shown
in Figure 9. The Copper Ridge Dolomite (Knox Group) is late
Cambrian age (e.g., 485 to 498 mya) and lies above folded
younger rock due to the overturning of their southeastern limb
of the Greendale syncline by overthrusting along the Saltville
fault (Figure 10) (Whisonant et al. 1996). The Copper Ridge
Dolomite comprises quartzose and cyclic peritidal dolomites
(Read and Eriksson 2012) which vary in color from light to
dark (McGuire 1970).

While this rock includes inherent fractures, it is notorious
for loss events due to channels which are active conduits for
fresh water flows with negligible pore pressure; as such, losses
are unpredictable as any well can transect several or no
channels.

Southern Europe

The wells drilled in Southern Europe transected very-early
Tertiary formations as shown in Figure 11. Historically, wells
assessed in this study were drilled in the Ionian Zone and
suffered partial to total losses when drilling their upper
boreholes. These transected Eocene-Paleocene carbonate
formations. These carbonates are pelagic with low matrix
porosity; however large inherent fractures and vugs are
prevalent (Vilasi 2009). These pelagic facies are associated
with slumping horizons and turbidites. These carbonates
overlie an unstable and tectonically stressed shale formation.
Fluid losses persist within the relatively thick interval from
surface to as deep as 3600 m (11,800 ft).

Offset Wells — Prior Lost Circulation Incidents

Previous offset well information was provided for a few of
the areas reviewed. This section summarizes the associated
fluid-loss problems, volumes lost, LCM and types of systems
applied to combat losses. In all offset wells, the results were
unsuccessful. This information serves as a reference to
contrast with the succeeding case histories.

Middle East

Two offset wells, A and B, drilled in offshore UAE
encountered numerous lost circulation problems. Well A was
unable to attain quality logs across planned intervals, Upper
and Lower Khuff Formations, to assist with interpretation for
planned well testing, due to the relatively high loss rates.

As an example, Well A lost approximately 11,000 bbl of
drilling fluid while utilizing the following lost circulation
pills/systems:

e Approximately 3,000 bbl of LCM pills pumped

e Total of 46 LCM pills pumped

e 7 cement plugs pumped

e Several CaCOs-based, bentonite-based, and

crosslinked systems pumped
In addition:

e  Dirillpipe and annulus plugged

e Cemented BHA in hole and sidetracked

e Employed managed pressure drilling (MPD), however

losses persisted

e  Finally, cemented liner 170 ft above planned depth
After drilling-out of the liner:

e 44 days spent curing losses in the 8%-in. hole

In Well B, drilling the 12%-in borehole required the following:

e Total Cement Pills - pumped 700 bbl
Total Drilling Fluid Pills - pumped 600 bbl
Total Gunk Pills - pumped 100 bbl
Total XL Pills - pumped 200 bbl
Total LCM Pills - pumped 2,234 bbl

e  Total high-viscosity pill or brine - pumped 700 bbl
whereby:

e  Total Seawater lost 10,571 bbl

e Total Kill Drilling Fluid lost 8,065 bbl

e Total Brine lost 650 bbl

In total approximately 23,820 bbl were pumped to combat

losses. The time required pumping and mixing these fluids
and materials resulted in excessive NPT in both wells.

North America

Prior to the wells reviewed from the Saltville field, a
previous offset, Well A, experienced an additional 51 days to
achieve the same TD. Figure 12 shows the days to TD for
this offset versus Well 22, a well that was reviewed and also
experienced losses. Approximately 40 days or 38% additional
days were used combatting losses in the offset using fluid loss
pills. The drilling fluid losses were surmised due to channels
as six (6) water flows were apparent before attaining a
measured depth of 800 ft.

Southern Europe

Downhole losses in the fractured carbonate formation
occurred in four previous offset wells (designated A through
D). The loss rate varied from seepage to total losses. The lack
of field-proven fluid-loss pills or systems resulted in arbitrary
use of LCM and techniques. This approach yielded little
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success where in some cases LCM partially cured losses, in
other situations they were ineffective. In the scenario of lost
returns, cement plugs and gunk remediation pills were used.
When these proved inadequate, blind drilling was used. For
these offsets, blind drilling required swapping from a gel
polymer fluid to water and supplemented with viscous pills
until returns were established. Offset wells A and D lost
returns whereby blind drilling was implemented. It was
surmised that the heterogeneous and fractured texture/fabric of
the carbonate formation was responsible. In contrast, offset
wells B and C, experienced downhole losses, but did not lose
returns. This implies low matrix porosity and less fractures
due to their location in the Ionian Zone contributed to these
differences.

While drilling the top-hole section for Well A, from
surface to 1,621 m (5,318 ft), downhole losses ranged from
partial to severe. The most severe interval, 45 to 850 m (148 to
2,790 ft), experienced a maximum loss rate of 103 bbl/hr (16.4
m’/hr) and an average loss rate of 32.1 bbl/hr (5.1 m*/hr). A
downhole camera was utilized and revealed large vugs at a
depth of approximately 485.6 ft (148 m). The estimated
average width of the vug ranged from 3 and 4 centimeters (1.2
to 1.5 in.). This well lost a total of 50,583 bbl (8042 m’) of
fluid.

While drilling offset Well B, losses ranged from partial to
total for the interval 308 to 482 m (1,010 to 1,580 ft) while
drilling with foam. At 335 m (1,100 ft), excessive water influx
lead to an increase in the density of the fluid and subsequently
losses occurred. After several attempts to cure losses, included
using a combination of aerated fluid treated with LCM, losses
continued. From 482 to 875 m (1,580 to 2,870 ft) floating cap
drilling was used which reduced the average loss rate to 50.3
bbl/hr (8 m*/hr). From 875 m (2,870 ft) to the top of shale
formation, approximately 3,465 m (11,369 ft), seepage losses
prevailed. In total, this well realized total losses of 13,479 bbl
(2,141 m*).

Offset Well C experienced partial losses from 430 m
(1,410 ft) to the top of the shale at 3,913 m (12,838 ft).
However, excessive losses occurred from 590 to 1,200 m
(1,936 to 3,937 ft), 2,047 to 2,215 m (6,716 to 7,267 ft), and at
3,418 m (11,214 ft). The maximum loss rate recorded was 74
bbl/hr (11.8 m?/hr) with an average losses rate of 11 bbl/hr
(1.7 m*/hr). This well realized 22,540 bbl (3582 m’) of losses.

The succeeding case histories further expand the
information on types of LCM and systems and their success or
failure.

Case Histories

We reviewed, in total, 30 wells from five areas where
boreholes less than 20-in. in diameter were drilled and
transected known troublesome carbonates as previously
described. Their lithology and aforementioned offsets showed
that the majority suffered excessive losses due to fractures
while one, the Barra Velha Formation, suffered losses into a
matrix-dominated dolomite and another, the Kharita
Formation, suffered losses through an interbedded carbonate,
sand and shale sequence. After reviewing the offset

information provided, we then reviewed case histories that
implemented fluid loss plans and contingencies specifically
tailored to each formation. The following sections discuss the
type and success or failure of the implemented fluid loss plans.
Brazil

One well, drilled in the Santos Basin, transected the Barra
Velha Formation. The initial plan was to drill a 12Y-in.
borehole using an impregnated bit with turbine from 4,863 to
5,298 m (15,955 to 17,382 ft) or approximately 435 m (1,427
ft) in distance. However due to a narrow pressure window, an
MPD system was used to mitigate the risk of kicks and loss
circulation. In the event of losses, fluid-loss pills consisting of
calcium carbonate and dewatering pills were planned as
contingencies. As such, a fluid-loss valve was included above
the BHA to mitigate plugging the MWD/LWD.

During drilling of the interval at 5,065 m (16,617 ft) with
8.9-1b/gal synthetic-based drilling fluid, several stuck pipe and
fishing events transpired resulting in an increase in the drilling
weight. Subsequently losses approached 200 bbl/hr
dynamically. A 100-Ib/bbl calcium carbonate pill was
pumped as per the contingency, as well as reducing the flow
rate, and the loss rate decreased to 80 bbl/hr. To reduce the
loss rate further, a 50-1b/bbl dewatering pill was pumped and
squeezed using hesitation cycles in steps of 25 psi. A dynamic
flow check was performed and drilling with circulation
continued with zero losses. At a measured depth of 5,134 m
(16,844 ft), losses again increased to 30 bbl/hr. A 100-bbl pill
using 40-1b/bbl calcium carbonate was pumped and the loss
rate increased to 45 bbl/hr. Drilling ceased and before pulling
out of hole (POOH), a 120-bbl pill using 40-1b/bbl calcium
carbonate was spotted on bottom and the loss rate decreased to
25 bbl/hr. To reduce the loss rate further, a 50-Ib/bbl
dewatering pill using the aforementioned squeeze method was
pumped and the loss rate decreased to zero. Drilling
continued and for the interval 5,134 to 5,219 m (16,844 to
17,123 ft), losses increased, ranging up to 60 bbl/hr
dynamically. A 145-bbl pill using 40-lb/bbl of calcium
carbonate was pumped and the loss rate persisted. Drilling
continued with the losses increasing to 120 bbl/hr. At this loss
rate, a third dewatering pill, 100 bbl, was pumped again using
the hesitation squeeze technique. Losses were reduced to zero
and drilling continued to TD.

All of the dewatering pills were pumped using the BHA
and MPD system. In total four fluid-loss pills were pumped
prior to the dewatering pills. These totaled 465 bbl and
included approximately 18,600 1b of sized calcium carbonate
(i.e., 40 Ib/bbl). All failed to reduce the loss rate such that
drilling could proceed, thus the combination of volume and
concentration was ineffective. In summary, this combination
of sized calcium carbonate was ineffective for sealing the
matrix-dominated porosity of the Bella Velha Formation.

Egypt
Three wells transected the Alamein Dolomite where 9.8 to

11.0-Ib/gal KCIl polymer fluid was used to drill boreholes
ranging from 8% to 12%-in. diameter. All three experienced
drilling fluid losses ranging from 120 to 260 bbl total. Sweep
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pills, approximately 40 bbl, were used to mitigate losses.
These pills used fine, medium and coarse grades of calcium
carbonate and all failed to reduce losses below the target. For
these three wells, a crosslinked system was applied as the
contingency. For the 8%-in. borehole, a 30-bbl volume was
mixed and pumped; and for the 12%-in boreholes, 50-bbl and
80-bbl volumes were mixed and pumped. For each well, the
losses were reduced to less than 5 bbl/hr.

Two wells transected the Kharita where 10.2-1b/gal and
10.5-1b/gal KCI polymer fluids were used to drill 6-in. and
8%s-in. boreholes, respectively. While washing and reaming,
the 6-in. borehole realized partial returns and, after spotting 35
bbl of crosslinked system, experienced a loss rate of 140
bbl/hr while pumping at 210 gal/min. A 40-bbl fluid loss pill
consisting of fine, medium, and coarse grades of calcium
carbonate, 120 1b/bbl total, was pumped but failed to reduce
the losses. A second crosslinked system was pumped, and the
static losses were reduced to 1 bbl/hr. However after returning
to washing and reaming, the loss rate increased to 240 bbl/hr
while pumping at 250 gal/min.

Middle East

Twenty-one wells were assessed for fluid loss and LCM
type in intervals during drilling only, however intervals such
as 24-in. and 20-in. and larger where spud mud or saltwater is
sometimes used were not included in the review. Table 2
shows a summary where fluid-loss events are compared to the
borehole size and formation. If losses occur however returns
are apparent, this is deemed ‘Partial” and for
intervals/formations where returns are lost the term “Total” is
applied. If neither event occurred, the term “None” is applied.

These findings for these wells are summarized in Figures
13, 14, and 15. Figure 13a shows a comparison of total loss
events versus fractured formations. The Khuff and UER
Formations accounted for greater than 50 percent of events
where total losses were prevalent. Figure 13b shows a
comparison of partial loss events versus formation. Again, the
Khuff and UER Formations accounted for nearly 50 percent of
events where partial losses were prevalent. The Thamama
Formation was responsible for 12 percent of the total loss
events and 25 percent of partial loss events. As field
experience has demonstrated, the UER (lower Paleogene),
Thamama (Middle Cretaceous), and Khuff (Upper to Middle
Permian), which account for nearly 70 to 75 percent of all loss
events in this area, as previously noted, are all fractured
limestone and dolomitic rocks.

When normalizing the data for intervals where no loss
events occurred, the analysis shows, statistically, that
approximately one-third of the intervals in this study exhibited
no loss events while two-thirds of the intervals exhibited a loss
event that was addressed with either fluid-loss pills with LCM,
non-LCM, cement, or required a sidetrack (Figure 14). Using
selected wells as reviewed, the unanticipated effect of a
sidetrack and resulting extra rig time due to the event of
uncontrollable losses, is compared and shown in Figure 15.
In this comparison, Wells 16 and 17 exhibited no loss events
while Wells 2, 19 and 20 exhibited total and partial loss events

which were mitigated to allow drilling to continue. However,
Well 10 required a sidetrack due to uncontrollable losses, and
as such exceeded the planned time to achieve TD.

Figure 16 shows a selected comparison of loss events
where total losses were realized in the Arabs, Hamlah and
Khuff Formations. A total of 82 pills or fluid-loss systems
were pumped and averaged 11 to 12 per well in these
formations. Using an average of 6.5 hr to prepare and pump
each, this approximates 3 days of NPT per well. For this
comparison, the borehole diameters ranged from 14% to 8'%-
in. except for the 8%-in. which was drilled in the Khuff
Formation. The losses were stopped in two wells, 11 and 21,
using a crosslinked system after only two attempts. In
addition, Wells 1 and 10 were successful utilizing several
LCM pills where the total solids loading and volume were
increased (e.g., >250 Ib/bbl and 250 bbl) and multiple grades
of calcium carbonate were used. With respect to Well 11,
approximately 240 bbl of a crosslinked system was pumped
after the loss rate exceeded plan. Upon TIH the top of the
residual crosslinked system was tagged high. After accounting
for the volume of the crosslinked system that set in the
wellbore, it was determined that approximately 206 bbl flowed
into the fracture network as shown in Figure 7. As the loss
rate increased after a drill break and drilling continued for
another 84 ft., this length of fractured carbonate necessitated
approximately 2.5 bbl/ft to seal. The loss rate stabilized
dynamically at 2 bbl/hr after drilling out the residual system,
thus operations deemed safe to continue with plan. In
summary, approximately 85 percent by volume set in the
formation with 15 percent excess. Well 21 required only two
LCM pills to stop losses in the Arabs Formation in the 14}%-in.
by 16-in. borehole. In contrast, three of the wells required a
sidetrack or running and setting the liner high after multiple
attempts using both LCM pills and various fluid loss systems.

In summary, fluid-loss LCM pills or systems that exhibited
the greatest failure rate in these formations include:

e pills incorporating all calcium carbonate grades <200-

250 Ib/bbl

e pills incorporating combinations of calcium carbonate

and sodium polyacrylate

e pills incorporating combinations of calcium carbonate

and mica and/or nut shells

e pills incorporating combinations of calcium carbonate

and cellulose

e  dewatering type systems
MMO systems

North America

Wells drilled in this area utilized inexpensive caustic gel
fluid for the upper hole. Typically, a 19%-in. interval is
drilled through the Copper Ridge Dolomite after setting
surface casing. For Wells 22 and 23, lost returns were realized
and were not cured after each event. Attempts to cure losses
included several LCM pills where the total solids loading and
volume were increased from 50 to 100 1b/bbl and 25 to 75 bbl,
respectively. The selected LCM types included combinations
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of nut shells, cellulose fibers (fine and medium grades) and
sodium polyacrylate. After losing returns, the fluid level
equalized (i.e., static) in the borehole due to low pore pressure
in this area/formation. After losing returns in the second well,
a downhole camera was run in hole (RIH) (Figure 17) and
showed that the borehole transected a relatively large channel,
estimated at approximately 3 in. (8 cm) in diameter, which
functioned as the preferential path for losses as no other
feature was observed. The diameter of this channel suggests
that the fluid-loss pill and LCM failed to bridge, deposit a
filtercake, and/or plug the channel.

Thus, the aforementioned combination of LCM type, size,
concentration, and volume were ineffective to reduce or stop
fluid loss through the estimated 3-in. channel. Cement, as the
contingency, was successful for each well however, Well 23
required three additional days and two separate cement jobs.
For these two wells, the discernible root cause for lost returns
was inherent channels.

Southern Europe

One well was reviewed that was drilled near Offset A in
the Tonian Zone. As previously described, the loss zone in the
pelagic Eocene-Paleocene carbonate formations which are
known for low matrix porosity; however, inherent large
natural fractures and vugs serve as fluid conduits. The 22-in.
borehole was drilled to approximately 1,305 m (4,281 ft) using
a drilling fluid with viscoelastic properties; only minor losses
occurred and did not impact the drilling program. However,
during the subsequent casing run, losses prevailed such that
the casing string was pulled and the centralizers removed. The
casing string was re-run and cemented with complete losses. It
was surmised that the filtercake was removed by the
centralizers during the first casing run. The 17%-in. borehole
was drilled to approximately 3,338 m (10,951 ft). During
drilling, returns were lost at approximately 1,540 m (5,052 ft)
and the wellbore was filled with water. A total of six fluid-loss
pills were pumped ranging in volume from 50 to 80 bbl that
included combinations of fibers, graphite, medium and coarse
calcium carbonate, sodium polyacrylate, and elastomeric
polymers/sealants. All six pills failed to reduce the losses. In
an attempt to regain control of losses, two fluid-loss pills were
pumped sequentially. The first, 15 bbl included sodium
polyacrylate and was followed with an 80-bbl pill consisting
of medium and coarse calcium carbonate and fibers. After
pumping the loss rate slowed to 50 bbl/hr (8 m’/hr) which was
considered safe to continue drilling. Upon drilling to TD, the
13%-in. casing was successfully run to TD and cemented.

Lessons Learned

The relatively wide range in geologic age, depositional
environment, and lithology of the carbonate formations
reviewed showed several textures/fabrics which provided a
preferential path or conduit for fluid losses. These can be
grouped as:

e  Fractures and vugs dominated

e  Channel dominated

e Matrix and vug dominated

e  Matrix and interbedded dominated

In summary, when a fluid-loss event occurred in a fracture,
channel and/or vug, multiple fluid-loss pills with a variety of
ineffective LCM and/or fluid-loss systems were pumped in
increasing concentration and volumes. The numerous attempts
yielded little to no success. As a result, cement, bentonitic
cement, kill fluid, combinations of these, or a sidetrack, were
required; all resulting in excessive NPT as related to fluids.
The failure mechanism is the misapplication of LCM by
combination, size, concentration, and/or volume in the
identified carbonate textures/fabrics. To further, the failure
mechanisms and successful LCM or systems are expanded in
the next sections by their specific carbonate textures.

Carbonate Formations Dominated by Fractures, Vugs, and
Channels

Ineffective fluid-loss control was realized with fluid-loss
pills that utilized combinations of non-granular (e.g., cellulose,
micro-cellulose, and polycellulose fibers, diatomaceous earth,
polyacrylates, and graphite) as when these pills were pumped,
losses slowed, however they did not stop. Attempts to squeeze
these pills after spotting realized no success. In addition, fluid-
loss systems generated relatively high low-shear-rate
viscosity, even when applied during total loss events. While
losses slowed, these systems did not stop the losses
completely. In addition, defluidizing-type systems were not
successful. Crosslinked pills exhibited success in four wells
reviewed. In loss events where marginal to severe losses were
apparent, multiple LCM pills were pumped/spotted and
realized variable success. Fluid-loss LCM pills that exhibited
the highest failure rate where total losses were apparent in a
fracture and vugular texture/fabric include:

e Using only calcium carbonate grades (fine, medium
and coarse) at a concentration less than 200-250
1b/bbl

e Using combinations of calcium carbonate grades with
sodium polyacrylate, mica and/or nut shells,
cellulose, diatomaceous earth, or graphite.

e Using volumes less than 250 bbl

e  Using sweep pills

Fluid-loss LCM npills that exhibited the highest failure rate
where total losses were apparent in a channel texture/fabric
include:

e Using combinations of sodium polyacrylate, mica
and/or nut shells or cellulose to seal/plug channels

Fluid-loss LCM pills that exhibited success in a fracture and
vugular texture/fabric include:

e Using only calcium carbonate grades (fine, medium,
and coarse) at a concentration greater than 250 Ib/bbl
and at a volume of 250 bbl or greater

e Using crosslinking pills

Based on the carbonate texture/fabric dominated by channels



AADE-18-FTCE-103 Review and Strategies to Aid in Trouble-Free Drilling of Carbonate Formations Globally Recognized as Problematic 9

(e.g., 3-in diameter), the identified LCM pills and cement
failed to mitigate the losses as when pumping cement multiple
attempts were required.

Carbonate Formations Dominated by Matrix Porosity
Ineffective fluid-loss control was realized with fluid-loss
pills that utilized combinations of granular and sized calcium
carbonate. These were applied using volumes less than 150
bbl consisting of 40 1b/bbl of calcium carbonate in 12%4-in.
boreholes. The grade of the calcium carbonate was not
known. However, dewatering pills pumped using a volume of
50 bbl with a hesitation squeeze reduced the losses to zero.
This application supports the use of dewatering pills to
mitigate the losses in this texture/fabric (i.e. matrix porosity).

Carbonate  Formations Dominated by Interbedded
Carbonate, Shale, and Sandstone

Ineffective fluid-loss control was realized when drilling 6-
in. and 8%-in. boreholes. Fluid-loss pills utilizing fine,
medium and coarse calcium carbonate at a concentration of
120 Ib/bbl failed to reduce the losses. Crosslinked systems,
pumped at volumes of 35 bbl reduced the static loss rate to 1
bbl/hr; however, when increasing the pump rate, losses
increased to the previous rate. It is theorized that a more
external filtercake formed and was removed with subsequent
washing and reaming. This application supports the use of a
crosslinked system; however, the volume and size as utilized
was considered inadequate.

Strategies
These strategies are predicated on using economical LCM

and/or systems with the objective of spotting such that the loss
rate is reduced below the manageable loss-rate target or
completely stopped for each event/interval. Multiple events
are possible, based on the 30 wells reviewed. The following
strategies are recommended:

e Incorporate a higher concentration of granular calcium
carbonate as well as a greater volume of the fluid-loss
pill. In addition, consider a particle as large as the
problematic fracture or channel if possible. If this is not
possible, apply Abrams Rule (1997) and determine if this
particle is pumpable.

e  Consider utilizing a lead viscous pill, in combination with
a fluid-loss pill (as above), whereby a large grade of
granular material can effectively bridge and embed inside
a fracture or vug.

e Incorporate a fluid-loss valve above the BHA that
accommodates multiple cycles to allow spotting larger
particles as well as multiple or sequential pills.

e When utilizing crosslinked systems in fractured
carbonates, consider pumping a minimum of 2.5 bbl/ft
plus 15 percent excess volume to thus enhancing success
to stop losses with the first attempt. In contrast, mitigate
multiple attempts.

e  When using dewatering pills to mitigate losses, consider
the subsequent operations such as running casing with
centralizers that could potentially remove the filtercake.

In summary, a fluid-loss plan should consider larger
volumes (i.e., >250 bbl) and greater concentrations of calcium
carbonate (i.e., >250 1b/bbl) to address a fluid-loss event as the
initial strategy whereby a crosslinked or dewatering system is
the contingency plan. The choice is also dependent on the
carbonate textures/fabrics. Thus the use of a crosslinked
system includes fractures, vugs, as well as interbedded
carbonates with fractures, as the contingency. A matrix-
dominated texture would dictate the use of a dewatering
system. A channel dominated texture/fabric may dictate the
use of the aforementioned large volume and concentration of
calcium carbonate or a crosslinked system however the
field/well, as reviewed, did not implement these, as such, only
the volumes and type LCM that failed warrant caution.
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Nomenclature
BHA = Bottomhole Assembly

BHP = Bottomhole Pressure

LCM = Lost Circulation Material

MD = Measured Depth

MW = Mud Weight

NPT = Non-Productive Time

PBS = Poly Borate Salt

POOH = Pull Out Of Hole

RIH = Run in Hole

D = Total Depth

TIH = Trip in Hole
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Tables and Figures

Common Name/Grade

Typical Particle Size Range

Mineral Flakes

Fine 1.0-30% is 14-100 mesh (1400-150 ym)

Medium 30-85% is 10-20 mesh (2000-850 um)

Coarse 0.1-20% is 16-100 mesh (1180-150 ym)
Graphite

Plus 300-500 um

Plus Coarse 500-800 um
Calcium Carbonate

Fine <20 um

Medium <40 pm

Coarse <300 ym
Sodium Chloride Dsp approximately 5 ym-30 ym (Common Grades) up to 10,000 (Rock)
Borate D100 approximately 20 ym- 8,000 ym
Diatomaceous Earth Dso approximately 25 ym
Nut Shells

Fine 400-500 pm

Medium 1200-1500 um

Coarse 1600-2000 uym

Ground Peanut Hulls

Fine 1-500 um
Coarse <6.3mm
Cellulose
Ground Fine 90% finer than 100 mesh (150 pm)

Ground Medium

80% greater than 50 mesh (300 ym)

Ground Coarse

80% is 8-100 mesh (2360-150 pum)

Organic cellulose’

Blend of various sizes

Micro Fibers

Fine

7-13% is 28-100 mesh (650-150 pm)

Coarse

30-40% is 28-100 mesh (650-150 ym)

Blends of fiber, flake
and granular material

Fine approx. 20% retained on 10-mesh screen (2000 ym)
Medium approx. 12% retained on 10-mesh screen (2000 ym)
Coarse approx. 8% retained on 10-mesh screen (2000 ym)

Sodium polyacrylate

Various grades ranging from 80-100 um

Novel LCM not used in these Case Histories

Date Seeds”

Approx. 2 to 2.5 cm long by 6 to 8 mm thick. Can swell in the
presence of water-based fluid.

Reticulated Foam®

Utilized as a two components, foam and particles.

Engineered Fibers®

Maximum 5 mm and 2,000 psi

MM LCM®

One sack material with three ranges of particles: 7-15 ym, 200-800 pm
and 1,500-3,500 uym.

" Taufik et al. 2011

2 Amanullah et al. 2017

% Savari et al. 2016

4 Jain et al. 2013

® Savari and Whitfill 2015
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Size of
NL‘:‘rl:ll)ler In:;anr\;al Formation E’,ZZ:; Action or Result
1 12% Arabs Total After numerous pills with LCM pumped cement and finally kill mud
2 17% Thamama Total Required three cement plugs
3 17% UER Total Cuttings not circulated out
4 17% UER Partial Spot fluid loss pills
5 8% Khuff Total Spot several pills with LCM however no returns.
6 16 UER Total Drilled with SW
7 16 UER Total Used sweep pills every stand to remove cuttings
8 16 UER Partial Continued drilling SW using Hi-Vis sweeps
12% Thamama Total Spot several pills with LCM
9 12% Gulialah Partial Spot several pills with LCM
8% Khuff Partial Spot several pills with LCM, squeezed and then stuck
10 16 Arab Partial Spot several pills with LCM and squeezed.
12Ya Upper Khuff None
8% Khuff Total Spot several pills with LCM. Pump cement then stuck.
6 Khuff Total Spot bentonitic cement plug. Pump cement again.
11 8% Khuff Partial Spot two crosslinked pills. Losses reduced to manageable
12 12% Diyab Total Spot several pills with LCM
8% Upper Khuff Total Spot several pills with LCM. Stuck DP/Core barrel
13 12% Sudair Total Spot several pills with LCM
8% Upper Khuff None
14 12% Diyab & Sudair Partial & Total Spot several pills with LCM
8% Upper Khuff Partial Spot several pills with LCM
15 8% Upper Khuff Partial Spot several pills with LCM
16 17% Thamama None
12% Sudair-Diyab None
8% Khuff None
17 17% Thamama None
12% Sudair-Diyab None
8% Khuff None
18 8% Upper Khuff Partial Spot several pills with LCM
19 17% Thamama & Partial Spot several pills with LCM and squeezed
Mishrif
12% Sudair-Diyab None
8% Upper Khuff Partial Spot several pills with LCM
20 17% Thamama Partial Resume drilling with controlled parameters
12% Arabs None
8% Khuff Partial Spot several pills with LCM. Ran openhole log suite
6 Khuff None
21 12% Arabs Total Spot two crosslinked pills. Losses stopped
8% Khuff None None
6 Khuff None None
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Figure 1 — Pre-salt cluster area in the Santos and Campos Basins, offshore Brazil (Estrella 2011).
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Figure 2 — Approximate sequence, relative thickness and age of the early Cretaceous (Aptian) Barra Velha Formation, found

offshore Brazil (Wright and Barnett 2017.
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Figure 3a — In-situ shrubs with open inter-shrub typically with “floating” dolomite rhombs and resulting porosity (Wright and

Barnett 2017).
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Figure 4a — Approximate sequence, relative thickness and age with lithology for formations in Egypt (Gadallah 2010).
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Kharita Formation
Neutron-Density crossplot
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Figure. 4b — Neutron-density crossplot of the Kharita formation. Points plotted between sandstone and limestone
lines indicate calcareous cement is present as well as interbedded carbonate (Aboelhassan et al. 2016).
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Figure. 5 — Offshore UAE fields.
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Figure 6 — Approximate tops and age with brief description and rock type for formations in the Middle East (Bijjani 2018b)
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Figure 7 — Selected image of an FMI log from Well 11, 8%-inch wellbore, as processed after controlling losses.
Note the fracture patterns which most likely provided the preferential path for losses (Bijjani et al. 2018a)

= : 772
Figure. 8 — Saltville Field, North America circled in yellow.



P. Bijjani, M. Luyster, K. Tresco, C. White, J.W. Dobson Jr., A. Amer, R. Razzouk and A. Anez AADE-19-NTCE-103

1
o
£ Norih E_?I
¥ America H.Va T
P ; Epoch | ‘Siage. | _ooe v ]
Tt
axubrockian |°
] 3
£
]
=1
i £
:
il |8 £ €4
]
""""" &
K|
Eimploaan o F
EegSpring - ¥ T
stalion Wk, §
50|
T 2
i
é Markzman = 3
a Hbrok =
s & Bl pal
o
o a
g b
=3 A
s S
Waynestomo
Frmu
-2
Tomstown
] Dalomize
Cryeran
=)
B
i
MtortEzuman| *
] 3
55—
T — 4
Mo stages o
designated ..
e
; L
a5 A
y‘.."? >
o ¥
b
o
bk
B
z
41— o
e
R
Rl ks
o MROpTOTErOZONC
-

Figure 9 — Approximate formation rock type and age. The Copper Ridge Dolomite is very-late Cambrian (see yellow
highlight).
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Figure 10 — Geologic cross-section of the Saltville region along the Smyth-Washington county line. The

COk, Co and Ch denote Cambrian formations and the STF denotes the Saltville thrust fault whereby older
rock overrides younger (McGuire 1970).
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Figure 11 — Lithostratigraphic characterization of the lonian zone in Southern Europe. Legend on right
side depicts the rock types. The problematic carbonate for this area is the pelagic limestone of Eocene-
Paleocene age per red arrow (Vilasi 2009).
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Figure 12 — A comparison of Days to TD for a previous offset Well A versus Well 22. Highlighted text
denotes problem and depths where additional days were required to combat fluid losses. Note the water
flows that occurred in the dolomitic carbonate, approximately 1,100 ft. and shallower.

Total Loss Events vs Formation
Wells 1 to 21

Partial Loss Events vs Formation
Wells 1 to 21

Figures 13a and 13b — Comparison of formations and intervals where Total and Partial Losses were

experienced in Wells 1-21 (Bijjani 2018a).
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Comparison of Types of Losses by Interval Studied
Wells 1 to 21

No Losses Total Losses
30% 35%

Figure 14 — Comparison of all intervals in wells studied exhibit a nearly equal statistical distribution for general
loss type as each approximates one third. (Bijjani 2018a)

Comparison of Drilling Curves for Selected Wells
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Figure 15— Comparison of selected wells with and without fluid loss events. Note that Well 10 is the offset. Wells
16 and 17 experienced little to no events. Wells 2, 19, and 20 experienced marginal events, and Well 10 numerous
events. Thus, excessive rig time and a sidetrack were required to prevent/reduce fluid loss and their concurrent
problems (Bijjani 2018a).
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Summary of LCM Pills and Fluid Loss Systems Pumped
for Total Loss Events
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Figure 16 — Comparison of selected wells from Arabian Gulf where returns were lost
versus types of pills, systems, and formation. A total of 82 pills/systems were pumped or
an average of 11 to 12 per well (Bijjani 2018a).

Figure 17 — Selected images from a downhole camera from Well 23 in the 19% -inch wellbore. While some
fractures are most likely due to stress unloading (red circle in left image) others are inherent. The
approximately 3-in. channel that transects the 19", -in wellbore is the cause of lost returns (arrows right
image) (Bijjani 2018a).



