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METHODS OF SEALING A SUBSURFACE FORMATION

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Application Serial No. 16/882,672 filed on

March 18, 2020, the entire disclosure of which is hereby incorporated by reference.
TECHNICAL FIELD

[0002] The present disclosure relates to natural resource well drilling and hydrocarbon
production and, more specifically, to methods and compositions for plugging and sealing

subsurface formations.
BACKGROUND

[0003] Excessive water production greatly affects the economic life of producing wells. High
water cut, such as a water cut of greater than 50%, largely affects the economic life of producing
wells and is also responsible for many oilfield-related damage mechanisms, such as scale
deposition, fines migration, asphaltene precipitation, and corrosion. In such water production
instances, methods and compositions for plugging and sealing subsurface zones that lead to high
water cut in wells can be utilized to decrease the water cut.

SUMMARY

[0004] It is often desirable to seal a subsurface formation to decrease water production from
that subsurface formation. Sealing the water-producing formation prevents contaminating
hydrocarbon production from a producing formation with water from a water-producing
formation. The water-producing formation may be either above or below the oil-producing
formation. A high water cut leads to increased operating costs to separate, treat, and dispose of
the produced water according to environmental regulations. Though there are a variety of
chemicals used by the industry to control water production, most of them are not accepted in the

regions with strict environmental regulations.

[0005] The present disclosure provides compositions for plugging and sealing water producing
subsurface formations. Conventional sealing methods utilize silica to gel and seal the formation
by pumping silica and an acid compound into the subsurface formation. However, pumping acid

downhole may harm the subsurface formation by acidizing carbonate formations. Additionally,
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acid may be spent acidizing the carbonate formation, and not contacting the silica, therefore not
effectively gelling the silica and not effectively sealing the subsurface formation. Finally,
conventional sealing methods may be inadvertently positioned in undesirable locations, such as
the incorrect subsurface formation or the producing formation, thereby not effectively combating

high water cut, and possibly inhibiting hydrocarbon production.

[0006] Accordingly, an improved sealing method that will not acidize carbonate formations
and is removable is warranted. The present embodiments address these needs by providing
methods of forming geopolymer barriers between a wellbore and a water-bearing formation that
include Saudi Arabian volcanic ash. In addition, the geopolymer barrier is acid soluble, so the
geopolymer barrier may be removed after placement by introducing acid to the subsurface

formation where the geopolymer barrier is located.

[0007] In one embodiment, a method of sealing a water-bearing subsurface formation is
provided. The method includes introducing an activation solution comprising an aqueous solution,
Na2Si03, NaOH, and one or both of CaCOs or Mn30s into the wellbore and introducing Saudi
Arabian volcanic ash into the wellbore. The Saudi Arabian volcanic ash comprises SO3, CaO,
Si02, Al203, FexOs3, MgO, and K20. The method further includes allowing the Saudi Arabian
volcanic ash to contact the activation solution in the wellbore, thereby forming a geopolymer
barrier between the wellbore and the water-bearing subsurface formation and sealing the water-

bearing subsurface formation.

[0008] Additional features and advantages of the described embodiments will be set forth in
the detailed description which follows, and in part will be readily apparent to those skilled in the
art from that description or recognized by practicing the described embodiments, including the

detailed description which follows as well as the claims.

DETAILED DESCRIPTION

[0009] As used throughout this disclosure, the term “geopolymer barrier” refers to a
composition comprising Saudi Arabian volcanic ash that is mixed with at least water to form
cement. The geopolymer barrier may contain calcined alumina (Al203), silica (5102), calcium
oxide (Ca0, also known as lime), iron oxide (Fe203), magnesium oxide (MgO), clay, sand, gravel,

and mixtures thereof.
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[0010] As used throughout this disclosure, the term “consistency” refers to a rheological
property of matter related to the cohesion of the individual particles of a given material, its ability
to deform and its resistance to flow. The consistency of the geopolymer barrier is determined by
thickening time tests in accordance with API Recommended Practice 10B and is expressed in
Bearden units of consistency (Bc), a dimensionless quantity with no direct conversion factor to
more common units of viscosity. The Bearden units of consistency is measured on a scale from 1
to 100 where, conventionally, difficult pumping is thought to begin at 50 B¢, and cement is

completely set at 100 Bc.

[0011]  As used throughout this disclosure, the term “curing” refers to providing adequate
moisture, temperature and time to allow the concrete to achieve the desired properties (such as
hardness) for its intended use through one or more reactions between the water and the Saudi

Arabian volcanic ash.

[0012] As used throughout this disclosure, the term “drying” refers to merely allowing the
cement to achieve a moisture condition appropriate for its intended use, which may only involve

physical state changes, as opposed to chemical reactions.

[0013]  Asused throughout this disclosure, the term “free of” as used to describe any chemical
or component refers to not including more than trace amounts of the chemical or component,

where trace amounts refers to having less than 0.1% of the chemical or component.

[0014]  Asused throughout this disclosure, the term “plastic viscosity” refers to the slope of the
shear stress/shear rate line greater than the yield point. Plastic viscosity represents the viscosity of
a fluid when extrapolated to infinite shear rate. Plastic viscosity is increased by a viscous base

fluid and by excess colloidal solids.

[0015]  Asused throughout this disclosure, the term “point of departure” refers to the beginning
of thickening of a geopolymer barrier during the thickening-time test, and is often abbreviated as

POD. For some geopolymer barriers, the POD is used as the thickening time.

[0016] As used throughout this disclosure, the term “producing formation” refers to the

formation from which hydrocarbons are produced.



WO 2021/188155 PCT/US2020/056825

4

[0017]  Asused throughout this disclosure, the term “retarder” refers to a chemical agent used
to increase the thickening time of geopolymer barrier to enable proper placement. The need for
cement retardation increases with depth due to the greater time required to complete the cementing

operation and the effect of increased temperature on the cement-setting process.

[0018] As used throughout this disclosure, the term “Saudi Arabian volcanic ash” refers to

volcanic ash originally acquired from Saudi Arabia.

[0019]  As used throughout this disclosure, the term “shear stress” refers to the force per unit

area required to sustain a constant rate of fluid movement.

[0020]  As used throughout this disclosure, the term “shear rate” refers to the rate of change of

velocity at which one layer of fluid passes over an adjacent layer.

[0021]  As used throughout this disclosure, the term “subsurface formation” refers to a body of
rock that is sufficiently distinctive and continuous from the surrounding rock bodies that the body
of rock can be mapped as a distinct entity. A subsurface formation is, therefore, sufficiently
homogenous to form a single identifiable unit containing similar rheological properties throughout
the subsurface formation, including, but not limited to, porosity and permeability. A subsurface

formation is the fundamental unit of lithostratigraphy.

[0022]  As used throughout this disclosure, the term “thickening time” refers to a measurement
of the time during which a geopolymer barrier remains in a fluid state and is capable of being
pumped. Thickening time is assessed under downhole conditions using a pressurized
consistometer that plots the viscosity of a slurry over time under the anticipated temperature and

pressure conditions. The end of the thickening time is conventionally about 50 or 70 Bc.

[0023]  As used throughout this disclosure, the term “wellbore” refers to the drilled hole or
borehole, including the openhole or uncased portion of the well. Borehole may refer to the inside

diameter of the wellbore wall, the rock face that bounds the drilled hole.

[0024]  As used throughout this disclosure, the term “water cut” refers to the ratio of water

produced compared to the volume of total liquids produced.
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[0025]  As used throughout this disclosure, the term “wellbore” refers to the drilled hole or
borehole, including the openhole or uncased portion of the well. Borehole may refer to the inside

diameter of the wellbore wall, the rock face that bounds the drilled hole.

[0026] As used throughout this disclosure, the term “yield point” refers to the point in the
stress—strain curve at which the curve levels off and plastic deformation begins to occur. Yield
point is used to evaluate the void filling properties of cements and the ability of a cement to flow
through the annulus. A greater yield point implies a non-Newtonian fluid, one that flows more
uniformly than a fluid of similar density but lesser yield point. Yield point is increased by adding

freshly dispersed clay or a flocculant, such as lime.

[0027] Embodiments of the present disclosure relate to methods of sealing subsurface
formations. To produce hydrocarbons from a hydrocarbon-containing formation, production wells
are drilled to a depth that enables hydrocarbons to travel from the subsurface formation to the
surface. However, some formations in contact with the wellbore may include water, which may
lead to water production from the well. High water production, or water cut, is generally
undesirable, and sealing the water-bearing formation will decrease the water cut and increase the

amount of hydrocarbons produced over the lifetime of the well.

[0028]  This application discloses a method of sealing water-bearing subsurface formations by
forming a geopolymer barrier between the wellbore and the subsurface formation. To ensure the
stability and safety of a well, it is important that the geopolymer barrier maintains integrity and
isolates the wellbore from the surrounding subsurface formations. If the geopolymer barrier cracks
or degrades under cyclic stresses, wellbore integrity and isolation may be lost, resulting in
undesirable fluid communication between the wellbore and surrounding subsurface formations.
Not intending to be limited by theory, this fluid communication may result in drilling fluid or
hydrocarbon fluid loss from the wellbore into the surrounding subsurface formation, or in
decreased wellbore pressure, possibly leading to a well control event. Therefore, wellbore integrity

and isolation are critical to efficient production and use of a wellbore.

[0029] The method of sealing water-bearing subsurface formations may include initially
producing hydrocarbons from a reservoir. The hydrocarbon production may have a first water cut.
The first water cut may be from 30% to 90%, from 30% to 80%, from 30% to 70%, from 30% to
60%, from 30% to 50%, from 30% to 40%, from 40% to 90%, from 40% to 80%, from 40% to
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70%, from 40% to 60%, from 40% to 50%, from 50% to 90%, from 50% to 80%, from 50% to
70%, from 50% to 60%, from 60% to 90%, from 60% to 80%, from 60% to 70%, from 70% to
90%, from 70% to 80%, or from 80% to 90%. The method may include producing hydrocarbons
from the reservoir before introducing an activation solution and Saudi Arabian volcanic ash into

the wellbore to seal the water-bearing subsurface formation.

[0030] The method may further include shutting in the wellbore or otherwise halting or
stopping hydrocarbon production from the reservoir. In embodiments, hydrocarbon production
may be stopped before introducing the activation solution and the Saudi Arabian volcanic ash. In
embodiments, the method may include placing a packer above the producing formation. In
embodiments, the method may include placing a packer below the producing formation. In
embodiments, the method may include placing a cement plug below the producing formation. In
embodiments, the cement plug may be acid soluble, such that production may be restored by
introducing an acid solution into the wellbore to dissolve the cement plug. The packer or cement
plug may temporarily stop hydrocarbon production, water production, or both, during introduction

of the activation solution and Saudi Arabian volcanic ash.

[0031] The method includes introducing the activation solution into the wellbore. The method
may include introducing the activation solution after initially producing hydrocarbons from the
reservoir. Similarly, the method may include introducing the activation solution after stopping
hydrocarbon production from the reservoir. The activation solution includes an aqueous solution,
sodium silicate (Na2Si0s3), and sodium hydroxide (NaOH). The aqueous phase may include at
least one of fresh water, salt water, brine, municipal water, formation water, produced water, well
water, filtered water, distilled water, sea water, or combinations thereof. The brine may include at
least one of natural and synthetic brine, such as saturated brine or formate brine. The aqueous
phase may use water containing organic compounds or salt. Without being bound by any particular
theory, salt or other organic compounds may be incorporated into the aqueous phase to control the
density of the activation solution. Increasing the saturation of the aqueous phase by increasing the
salt concentration or the level of other organic compounds in the aqueous phase may increase the
density of the activation solution. Suitable salts include but are not limited to alkali metal
chlorides, hydroxides, or carboxylates. In some embodiments, suitable salts may include sodium,
calcium, cesium, zinc, aluminum, magnesium, potassium, strontium, silicon, lithium, chlorides,

bromides, carbonates, iodides, chlorates, bromates, formates, nitrates, sulfates, phosphates,
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oxides, fluorides and combinations of these. In some particular embodiments, brine may be used
in the aqueous phase. Without being bound by any particular theory, brine may be used to create

osmotic balance between the activation solution and the subterranean formation.

[0032] In some embodiments, the activation solution may contain from 10 weight percent
(wt.%) to 70 wt.% of the aqueous phase based on the total weight of the activation solution. In
some embodiments, the activation solution may contain from 28 pounds per barrel (1b/bbl) to 630
Ibs/bbl, such as from 30 to 600 Ibs/bbl, from 50 to 500 Ibs/bbl, from 100 to 500 Ib/bbl, 200 to 500
Ibs/bbl, or 300 to 600 lbs/bbl of the aqueous phase.

[0033] The activation solution further includes Na2Si03, and NaOH. In embodiments, the
activation solution may include from 25 to 50 wt.%, from 25 to 45 wt.%, from 25 to 40 wt.%,
from 25 to 35 wt.%, from 25 to 30 wt.%, from 30 to 50 wt.%, from 30 to 45 wt.%, from 30 to 40
wt.%, from 30 to 35 wt.%, from 35 to 50 wt.%, from 35 to 45 wt.%, from 35 to 40 wt.%, from 40
to 50 wt.%, from 40 to 45 wt.%, or from 45 to 50 wt.% NaxSiO3 based on the total weight of the

activation solution. In embodiments, Na2SiO3 may be used as a shale stabilizer.

[0034] The Na2Si03 may have a ratio of Na2O to SiO2 of from 0.250:1 to 0.350:1, from 0.250:1
to 0.330:1, from 0.250:1 to 0.300:1, from 0.250:1 to 0.270:1, from 0.270:1 to 0.350:1, from
0.270:1 t0 0.330:1, from 0.270:1 to 0.300:1, from 0.300:1 to 0.350:1, from 0.300:1 to 0.330:1, or
from 0.330:1 to 0.350:1.

[0035] In embodiments, the activation solution may include from 15 to 35 wt.%, from 15 to
30 wt.%, from 15 to 25 wt.%, from 15 to 20 wt.%, from 20 to 35 wt.%, from 20 to 30 wt.%, from
20 to 25 wt.%, from 25 to 35 wt.%, from 25 to 30 wt.%, or from 30 to 35 wt.% NaOH based on
the total weight of the activation solution. In embodiments, NaOH may be used as a pH control
additive such that the activation solution has a pH of from 7 to 14, from 7 to 12, from 7 to 11,
from 7 to 10, from 7 to 9, from 8 to 14, from 8 to 12, from 8 to 11, from 8 to 10, from 8 to 9, from
9to 14, from 9to 12, from 9 to 11, from 9 to 10, from 10 to 14, from 10 to 12, from 10 to 11, from
11 to 14, from 11 to 13, from 11 to 12, from 11.6 to 14, from 11.6 to 13, from 12 to 13, greater
than 8, greater than 9, greater than 10, greater than 10.5, greater than 11, or greater than 11.6 when
NaOH is present. Without intending to be bound by theory, NaOH may be used as a pH control
additive to prevent corrosion in the wellbore. It is contemplated that the alkaline environment

(when the pH is as described previously) may dissolve the alumina and silica, and allow for silicon
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and aluminum tetrahedral to form, thereby forming the geopolymer barrier by sharing oxygen
atoms. A pH as described previously may accelerate the dissolution of the alumina and silica,

thereby accelerating the formation of the geopolymer barrier.

[0036] The activation solution further includes one or both of CaCO3 or Mn3QOa. The activation
solution comprises from 10 to 90 wt.%, from 10 to 85 wt.%, from 10 to 80 wt.%, from 10 to 75
wt.%, from 10 to 70 wt.%, from 10 to 65 wt.%, from 10 to 60 wt.%, from 10 to 55 wt.%, from 10
to 50 wt.%, from 10 to 45 wt.%, from 10 to 40 wt.%, from 10 to 35 wt.%, from 10 to 30 wt.%,
from 10 to 25 wt.%, from 10 to 20 wt.%, from 10 to 15 wt.%, from 15 to 90 wt.%, from 15 to 85
wt.%, from 15 to 80 wt.%, from 15 to 75 wt.%, from 15 to 70 wt.%, from 15 to 65 wt.%, from 15
to 60 wt.%, from 15 to 55 wt.%, from 15 to 50 wt.%, from 15 to 45 wt.%, from 15 to 40 wt.%,
from 15 to 35 wt.%, from 15 to 30 wt.%, from 15 to 25 wt.%, from 15 to 20 wt.%, from 20 to 90
wt.%, from 20 to 85 wt.%, from 20 to 80 wt.%, from 20 to 75 wt.%, from 20 to 70 wt.%, from 20
to 65 wt.%, from 20 to 60 wt.%, from 20 to 55 wt.%, from 20 to 50 wt.%, from 20 to 45 wt.%,
from 20 to 40 wt.%, from 20 to 35 wt.%, from 20 to 30 wt.%, from 20 to 25 wt.%, from 25 to 90
wt.%, from 25 to 85 wt.%, from 25 to 80 wt.%, from 25 to 75 wt.%, from 25 to 70 wt.%, from 25
to 65 wt.%, from 25 to 60 wt.%, from 25 to 55 wt.%, from 25 to 50 wt.%, from 25 to 45 wt.%,
from 25 to 40 wt.%, from 25 to 35 wt.%, from 25 to 30 wt.%, from 30 to 90 wt.%, from 30 to 85
wt.%, from 30 to 80 wt.%, from 30 to 75 wt.%, from 30 to 70 wt.%, from 30 to 65 wt.%, from 30
to 60 wt.%, from 30 to 55 wt.%, from 30 to 50 wt.%, from 30 to 45 wt.%, from 30 to 40 wt.%,
from 30 to 35 wt.%, from 35 to 90 wt.%, from 35 to 85 wt.%, from 35 to 80 wt.%, from 35 to 75
wt.%, from 35 to 70 wt.%, from 35 to 65 wt.%, from 35 to 60 wt.%, from 35 to 55 wt.%, from 35
to 50 wt.%, from 35 to 45 wt.%, from 35 to 40 wt.%, from 40 to 90 wt.%, from 40 to 85 wt.%,
from 40 to 80 wt.%, from 40 to 75 wt.%, from 40 to 70 wt.%, from 40 to 65 wt.%, from 40 to 60
wt.%, from 40 to 55 wt.%, from 40 to 50 wt.%, from 40 to 45 wt.%, from 45 to 90 wt.%, from 45
to 85 wt.%, from 45 to 80 wt.%, from 45 to 75 wt.%, from 45 to 70 wt.%, from 45 to 65 wt.%,
from 45 to 60 wt.%, from 45 to 55 wt.%, from 45 to 50 wt.%, from 50 to 90 wt.%, from 50 to 85
wt.%, from 50 to 80 wt.%, from 50 to 75 wt.%, from 50 to 70 wt.%, from 50 to 65 wt.%, from 50
to 60 wt.%, from 50 to 55 wt.%, from 55 to 90 wt.%, from 55 to 85 wt.%, from 55 to 80 wt.%,
from 55 to 75 wt.%, from 55 to 70 wt.%, from 55 to 65 wt.%, from 55 to 60 wt.%, from 60 to 90
wt.%, from 60 to 85 wt.%, from 60 to 80 wt.%, from 60 to 75 wt.%, from 60 to 70 wt.%, from 60
to 65 wt.%, from 65 to 90 wt.%, from 65 to 85 wt.%, from 65 to 80 wt.%, from 65 to 75 wt.%,
from 65 to 70 wt.%, from 70 to 90 wt.%, from 70 to 85 wt.%, from 70 to 80 wt.%, from 75 to 90
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wt.%, from 75 to 85 wt.%, from 75 to 80 wt.%, from 80 to 90 wt.%, from 80 to 85 wt.%, or from
85 to 90 wt.% CaCOs or Mn304 by weight of activation solution.

[0037] In some embodiments, the activation solution may contain at least one additive other
than NazSi03, NaOH, CaCOs3, or Mn30s. The one or more additives may be any additives known
to be suitable for activation solutions. As non-limiting examples, suitable additives may include
fluid loss control agents, lost circulation control agents, filtration control additives, antifoaming
agents, emulsifiers, weighting agent, fluid loss additives, an alkali reserve, specialty additives, and

combinations of these.

[0038] In some embodiments, the one or more additives may include an additional viscosifier,
also referred to as a rheology modifier, which may be added to the activation solution to impart
non-Newtonian fluid rheology to the activation solution to facilitate lifting and conveying rock
cuttings to the surface of the wellbore. The viscosifier may include bentonite, polyacrylamide,
polyanionic cellulose, or combinations of these. In some embodiments, the activation solution
may include xanthan gum, a polysaccharide commonly referred to XC polymer. The XC polymer
may be added to the water-based activation solution to produce a flat velocity profile of the water-
based activation solution in annular flow, which may help to improve the efficiency of the

activation solution in lifting and conveying rock cuttings to the surface.

[0039] In some embodiments, the activation solution may contain from 0.01 wt.% to 20 wt.%
of the one or more additives based on the total weight of the activation solution. The activation
solution may contain from 0.02 1b/bbl to 180 1b/bbl of the one or more additives based on the total
weight of the activation solution, such as from 0.02 to 150 1b/bbl, or from 0.05 to 150 Ib/bbl. In
some embodiments, the activation solution may contain from 0.1 to 150 Ib/bbl, or from 0.1 to 100

1b/bbl, or from 1 to 100 1b/bbl of the one or more additives.

[0040] The activation solution may include at least one weighting agent. In embodiments, the
activation solution may be a drilling fluid. The weighting agent may be chosen from the group
consisting of manganese oxide (Mn3QOs), ferrosilicon, hausmannite, lime (CaQ), calcium
carbonate (CaCQO3), bentonite, montmorillonite clay, siderite (FeCOs3), ilmenite (FeO-TiO3),
barium sulfate (barite, (BaSO4)), hematite (Fe203), mullite (3A1203-2S102 or 2A1203-S102), kaolin
(Al2S1205(OH)4 or kaolinite), alumina (Al2Os, or aluminum oxide), silicon carbide, tungsten

carbide, and combinations thereof.
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[0041] In some embodiments, the activation solution may contain from 0.01 wt.% to 20 wt.%
of the at least one weighting agent based on the total weight of the activation solution. The
activation solution may contain from 0.02 pounds per barrel (Ib/bbl) to 180 1b/bbl of the one or
more additives based on the total weight of the activation solution, such as from 0.02 to 150 1b/bbl,
or from 0.05 to 150 1b/bbl. In some embodiments, the activation solution may contain from 0.1 to

150 1b/bbl, or from 0.1 to 100 Ib/bbl, or from 1 to 100 Ib/bbl of the one or more additives.

[0042] In some embodiments, the at least one weighting agent may include solids, which may
be dispersed in the activation solution. The solids may be finely divided solids that may be added
to the activation solution to increase the density of the activation solution. The solids may have a
specific gravity of from 1 to 10 grams per centimeter cubed (g/cm?), from 2 to 10 g/cm?, from 3
to 10 g/cm’, from 4 to 10 g/cm’, from 4.5 to 10 g/cm’, from 5 to 10 g/cm?®, from 6 to 10 g/cm?,
from 8 to 10 g/cm?, from 1 to 8 g/cm?, from 2 to 8 g/cm?, from 3 to 8 g/cm?, from 4 to 8 g/cm’,
from 4.5 to 8 g/cm’, from 5 to 8 g/cm’, from 6 to 8 g/cm?, from 1 to 6 g/cm’, from 2 to 6 g/cm’,
from 3 to 6 g/cm?, from 4 to 6 g/cm?, from 4.5 to 6 g/cm?, from 5 to 6 g/cm?, from 1 to 5 g/em?,
from 2 to 5 g/cm’, from 3 to 5 g/cm?, from 4 to 5 g/cm?, from 4.5 to 5 g/ecm’, from 1 to 4.5 g/cm?,
from 2 to 4.5 g/cm?, from 3 to 4.5 g/cm?, from 4 to 4.5 g/cm?, from 1 to 4 g/cm’, from 2 to 4 g/cm?,

from 3 to 4 g/cm?, from 1 to 3 g/cm’, or from 2 to 3 g/cm’.

[0043] In embodiments, the activation solution may have a solids content of from 1 wt.% to 80
wt.% based on the weight of the solid weighing material based on the total weight of the activation
solution. The activation solution may have a solids content of from 2.5 1b/bbl to 720 1b/bbl, such
as from 2.5 to 720 1b/bbl, or 2.5 to 700 1b/bbl. In some embodiments, the activation solution may
have a solids content of from 5 to 700 1b/bbl, from 50 to 500 1b/bbl, or from 100 to 600 Ib/bbl.

[0044]  As stated, the addition of solids may be used to control the density of the activation
solution. In some embodiments, the activation solution may have a density of from 50 pounds of
mass per cubic foot (pcf) to 160 pcf, as measured using a mud balance in accordance with the
American Petroleum Institute (API) recommended practice 13B-2. The activation solution may
have a density of from 50 pcf'to 150 pcf, from 50 pcf to 140 pcf, from 75 pcf to 160 pcf, from 75
pef to 150 pcf, from 75 pcf to 140 pef, from 100 pef to 160 pef, from 100 pef to 150 pcf, or from
100 pcf to 140 pcf. In some embodiments, the activation solution may have a density of from 50
pef to 75 pcf, or from 75 pef to 100 pef, or from 120 pcf to 160 pef. In some embodiments, mud
weights less than 100 pcf may be used when drilling depleted formations.
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[0045] The method further includes introducing Saudi Arabian volcanic ash into the wellbore.
The Saudi Arabian volcanic ash may have a particle size of from 20 to 30 microns. The Saudi
Arabian volcanic ash is free of TiO2. The Saudi Arabian volcanic ash may comprise from 0.05 to
2 wt.%, from 0.05 to 1 wt.%, from 0.05 to 0.8 wt.%, from 0.05 t0 0.5 wt.%, from 0.05 to 0.2 wt.%,
from 0.05 to 0.15 wt.%, from 0.05 to 0.1 wt.%, from 0.1 to 2 wt.%, from 0.1 to 1 wt.%, from 0.1
to 0.8 wt.%, from 0.1 to 0.5 wt.%, from 0.1 to 0.2 wt.%, from 0.1 to 0.15 wt.%, from 0.15 to 2
wt.%, from 0.15 to 1 wt.%, from 0.15 to 0.8 wt.%, from 0.15 to 0.5 wt.%, from 0.15 to 0.2 wt.%,
from 0.2 to 2 wt.%, from 0.2 to 1 wt.%, from 0.2 to 0.8 wt.%, or from 0.2 to 0.5 wt.% SO3. More
specifically, the Saudi Arabian volcanic ash may comprise from 0.05 to 0.2 wt.% SO3, from 5 to
10 wt.% CaO, from 40 to 50 wt.% SiO2, from 10 to 20 wt.% Al203, from 10 to 15 wt.% Fe20s3,
from 5 to 10 wt.% MgQO, and from 0.5 to 5 wt.% K2O. The geopolymer barrier may include from
2 to 80 wt.% BWOYV, from 5 to 80 wt.% BWOYV, from 8 to 80 wt.% BWOYV, from 15 to 80 wt.%
BWOV, from 25 to 80 wt.% BWOV, from 40 to 80 wt.% BWOV, from 50 to 80 wt.% BWOV,
from 60 to 80 wt.% BWOYV, from 2 to 60 wt.% BWOYV, from 5 to 60 wt.% BWOYV, from 8 to 60
wt.% BWOV, from 15 to 60 wt.% BWOYV, from 25 to 60 wt.% BWOV, from 40 to 60 wt.%
BWOYV, from 50 to 60 wt.% BWOYV, from 2 to 50 wt.% BWOYV, from 5 to 50 wt.% BWOYV, from
8 to 50 wt.% BWOYV, from 15 to 50 wt.% BWOV, from 25 to 50 wt.% BWOYV, from 40 to 50
wt.% BWOYV, from 2 to 40 wt.% BWOYV, from 5 to 40 wt.% BWOYV, from 8 to 40 wt.% BWOV,
from 15 to 40 wt.% BWOV, from 25 to 40 wt.% BWOV, from 2 to 25 wt.% BWOV, from 5 to
25 wt.% BWOV, from 8 to 25 wt.% BWOV, from 15 to 25 wt.% BWOYV, from 2 to 15 wt.%
BWOYV, from 5 to 15 wt.% BWOYV, from 8 to 15 wt.% BWOYV, from 2 to 8 wt.% BWOYV, or from
5to 8 wt.% BWOYV Saudi Arabian volcanic ash.

[0046] The Saudi Arabian volcanic ash may comprise from 2 to 25 wt.%, from 2 to 20 wt.%,
from 2 to 15 wt.%, from 2 to 10 wt.%, from 2 to 8 wt.%, from 2 to 5 wt.%, from 5 to 25 wt.%,
from 5 to 20 wt.%, from 5 to 15 wt.%, from 5 to 10 wt.%, from 5 to 8 wt.%, from 8 to 25 wt.%,
from 8 to 20 wt.%, from 8 to 15 wt.%, from 8 to 10 wt.%, from 10 to 25 wt.%, from 10 to 20
wt.%, or from 10 to 15 wt.% CaO. The Saudi Arabian volcanic ash may comprise from 30 to 70
wt.%, from 30 to 60 wt.%, from 30 to 55 wt.%, from 30 to 50 wt.%, from 30 to 45 wt.%, from 30
to 40 wt.%, from 35 to 70 wt.%, from 35 to 60 wt.%, from 35 to 55 wt.%, from 35 to 50 wt.%,
from 35 to 45 wt.%, from 35 to 40 wt.%, from 40 to 70 wt.%, from 40 to 60 wt.%, from 40 to 55
wt.%, from 40 to 50 wt.%, from 40 to 45 wt.%, from 45 to 70 wt.%, from 45 to 60 wt.%, from 45
to 55 wt.%, from 45 to 50 wt.%, from 50 to 70 wt.%, from 50 to 60 wt.%, or from 50 to 55 wt.%
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Si0Os2. The Saudi Arabian volcanic ash may comprise from 2 to 40 wt.%, from 2 to 35 wt.%, from
2 to 30 wt.%, from 2 to 25 wt.%, from 2 to 20 wt.%, from 2 to 15 wt.%, from 2 to 10 wt.%, from
2 to 5 wt.%, from 5 to 40 wt.%, from 5 to 35 wt.%, from 5 to 30 wt.%, from 5 to 25 wt.%, from 5
to 20 wt.%, from 5 to 15 wt.%, from 5 to 10 wt.%, from 10 to 40 wt.%, from 10 to 35 wt.%, from
10 to 30 wt.%, from 10 to 25 wt.%, from 10 to 20 wt.%, from 10 to 15 wt.%, from 15 to 40 wt.%,
from 15 to 35 wt.%, from 15 to 30 wt.%, from 15 to 25 wt.%, from 15 to 20 wt.%, from 20 to 40
wt.%, from 20 to 35 wt.%, from 20 to 30 wt.%, from 20 to 25 wt.% Al203. The Saudi Arabian
volcanic ash may comprise from 2 to 30 wt.%, from 2 to 25 wt.%, from 2 to 20 wt.%, from 2 to
15 wt.%, from 2 to 13 wt.%, from 2 to 10 wt.%, from 2 to 8 wt.%, from 2 to 5 wt.%, from 5 to 30
wt.%, from 5 to 25 wt.%, from 5 to 20 wt.%, from 5 to 15 wt.%, from 5 to 13 wt.%, from 5 to 10
wt.%, from 5 to 8 wt.%, from 8 to 30 wt.%, from 8 to 25 wt.%, from 8 to 20 wt.%, from 8 to 15
wt.%, from 8 to 13 wt.%, from 8 to 10 wt.%, from 10 to 30 wt.%, from 10 to 25 wt.%, from 10 to
20 wt.%, from 10 to 15 wt.%, from 10 to 13 wt.%, from 13 to 30 wt.%, from 13 to 25 wt.%, from
13 to 20 wt.%, from 13 to 15 wt.%, from 15 to 30 wt.%, from 15 to 25 wt.%, or from 15 to 20
wt.% Fe20s3. The Saudi Arabian volcanic ash may comprise from 2 to 25 wt.%, from 2 to 20 wt.%,
from 2 to 15 wt.%, from 2 to 10 wt.%, from 2 to 8 wt.%, from 2 to 5 wt.%, from 5 to 25 wt.%,
from 5 to 20 wt.%, from 5 to 15 wt.%, from 5 to 10 wt.%, from 5 to 8 wt.%, from 8 to 25 wt.%,
from 8 to 20 wt.%, from 8 to 15 wt.%, from 8 to 10 wt.%, from 10 to 25 wt.%, from 10 to 20
wt.%, or from 10 to 15 wt.% MgO. The Saudi Arabian volcanic ash may comprise from 0.2 to 10
wt.%, from 0.2 to 7 wt.%, from 0.2 to 5 wt.%, from 0.2 to 3 wt.%, from 0.2 to 2 wt.%, from 0.2
to 1 wt.%, from 0.2 to 0.5 wt.%, from 0.5 to 10 wt.%, from 0.5 to 7 wt.%, from 0.5 to 5 wt.%,
from 0.5 to 3 wt.%, from 0.5 to 2 wt.%, from 0.5 to 1 wt.%, from 1 to 10 wt.%, from 1 to 7 wt.%,
from 1 to 5 wt.%, from 1 to 3 wt.%, from 1 to 2 wt.%, from 2 to 10 wt.%, from 2 to 7 wt.%, from
2 to 5 wt.%, from 1 to 3 wt.%, from 3 to 10 wt.%, from 3 to 7 wt.%, from 3 to 5 wt.%, from 5 to
10 wt.%, or from 5 to 7 wt.% K20.

[0047] In embodiments, introducing Saudi Arabian volcanic ash into the wellbore includes
introducing an ash solution including an aqueous solution and Saudi Arabian volcanic ash. The
method of making the ash solution of the present disclosure includes mixing Saudi Arabian
volcanic ash and an aqueous solution to form the ash solution, in which the Saudi Arabian volcanic

ash comprises SO3, Ca0, Si02, Al203, Fe2Os, MgO, and K20.
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[0048] Without being bound by any particular theory, use of Saudi Arabian volcanic ash may
provide the geopolymer barrier with improved mechanical properties and increased resistance to

H:S of the geopolymer barrier.

[0049] The mixing step, in some embodiments, may involve shearing the aqueous solution,
and Saudi Arabian volcanic ash and, optionally, other additives at a suitable speed for a suitable
period of time to form the ash solution. In one embodiment, the mixing may be done in the lab
using a standard API blender for 15 seconds at 4,000 revolutions per minute (rpm) and 35 seconds

at 12,000 rpm. The equation of mixing energy is:

E ko't
MV (Equation 1)
Where
L= Mixing energy (kiloJoules (kJ))
M= Mass of slurry (kilograms (kg))
k = 6.1X10® m%/s (constant found experimentally)
o = Rotational speed (radians/second (s1))
[ = Mixing time (s)
V= Slurry volume (m?)

[0050] An aqueous solution may be added to the Saudi Arabian volcanic ash to produce the
ash solution. The aqueous solution may include one or more than one of deionized water, tap
water, fresh water, salt water, natural or synthetic brine, municipal water, formation water,
produced water, well water, filtered water, distilled water, sea water, other types of water, or
combinations of waters. In some embodiments, the aqueous solution may include water or a
solution containing water and one or more inorganic compounds dissolved in the water or
otherwise completely miscible with the water. In some embodiments, the aqueous solution may
contain brine, including natural and synthetic brine. In some embodiments, salt or other organic

compounds may be incorporated into the aqueous solution to control certain properties of the ash
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solution, and thus the geopolymer barrier, such as density. Without being bound by any particular
theory, increasing the saturation of the aqueous solution by increasing the salt concentration or
the level of other organic compounds in the water may increase the density of the ash solution,
and thus, the geopolymer barrier. Suitable salts may include, but are not limited to, alkali metal
chlorides, hydroxides, or carboxylates. In some embodiments, suitable salts may include sodium,
calcium, cesium, zinc, aluminum, magnesium, potassium, strontium, silicon, lithium, chlorides,
bromides, carbonates, iodides, chlorates, bromates, formates, nitrates, sulfates, phosphates,

oxides, fluorides, and combinations of these.

[0051] In some embodiments, the ash solution may contain from 10 to 70 weight percent
(wt.%) by weight of volcanic ash (BWOYV) aqueous solution. In some embodiments, the ash
solution may contain from 10 to 40 wt.%, from 10 to 30 wt.%, from 10 to 20 wt.%, from 20 to 40
wt.%, from 25 to 35 wt.%, or from 20 to 30 wt.% BWOV water. The ash solution may contain 30
wt.% BWOYV aqueous solution.

[0052] Along with the aqueous solution and Saudi Arabian volcanic ash, the ash solution may
further include sodium silicate (Na2Si03).The ash solution may include from 20 to 50 wt.%, from
20 to 45 wt.%, from 20 to 40 wt.%, from 20 to 35 wt.%, from 20 to 30 wt.%, from 20 to 25 wt.%,
from 25 to 50 wt.%, from 25 to 45 wt.%, from 25 to 40 wt.%, from 25 to 35 wt.%, from 25 to 30
wt.%, from 30 to 50 wt.%, from 30 to 45 wt.%, from 30 to 40 wt.%, from 30 to 35 wt.%, from 35
to 50 wt.%, from 35 to 45 wt.%, from 35 to 40 wt.%, from 40 to 50 wt.%, from 40 to 45 wt.%, or
from 45 to 50 wt.% Na2Si0O3 BWOV. The NaxSiO3 may have a ratio of Na2O to SiO:2 of from
0.250:1 to 0.350:1, from 0.250:1 to 0.330:1, from 0.250:1 to 0.300:1, from 0.250:1 to 0.270:1,
from 0.270:1 to 0.350:1, from 0.270:1 to 0.330:1, from 0.270:1 to 0.300:1, from 0.300:1 to
0.350:1, from 0.300:1 to 0.330:1, or from 0.330:1 to 0.350:1.

[0053] Along with the aqueous solution and Saudi Arabian volcanic ash, the ash solution may
further include sodium hydroxide (NaOH). The ash solution may include from 3 to 10 wt.%, from
3 to 8 wt.%, from 3 to 6 wt.%, from 3 to 4 wt.%, from 4 to 10 wt.%, from 4 to 8 wt.%, from 4 to
6 wt.%, from 6 to 10 wt.%, from 6 to 8 wt.%, or from 8 to 10 wt.% NaOH BWOV.

[0054] The ash solution may have a pH of greater than 7. In embodiments, the geopolymer
barrier may have a pH of from 8 to 14, from 9 to 13, from 10 to 13, from 11 to 13, from 11.5 to
13.0, from 11.5to 12.5, or from 11.5 to 12.0.
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[0055]  As stated previously, the method includes allowing the Saudi Arabian volcanic ash (or
the ash solution as defined in this disclosure) to contact the activation solution in the wellbore,
thereby converting the activation solution into the geopolymer barrier. In embodiments, the
geopolymer barrier may include from 30 to 70 wt.%, from 30 to 65 wt.%, from 30 to 60 wt.%,
from 30 to 55 wt.%, from 30 to 50 wt.%, from 30 to 45 wt.%, from 30 to 40 wt.%, from 30 to 35
wt.%, from 35 to 70 wt.%, from 35 to 65 wt.%, from 35 to 60 wt.%, from 35 to 55 wt.%, from 35
to 50 wt.%, from 35 to 45 wt.%, from 35 to 40 wt.%, from 40 to 70 wt.%, from 40 to 65 wt.%,
from 40 to 60 wt.%, from 40 to 55 wt.%, from 40 to 50 wt.%, from 40 to 45 wt.%, from 45 to 70
wt.%, from 45 to 65 wt.%, from 45 to 60 wt.%, from 45 to 55 wt.%, from 45 to 50 wt.%, from 50
to 70 wt.%, from 50 to 65 wt.%, from 50 to 60 wt.%, from 50 to 55 wt.%, from 55 to 70 wt.%,
from 55 to 65 wt.%, from 55 to 60 wt.%, from 60 to 70 wt.%, from 60 to 65 wt.%, or from 65 to
70 wt.% Saudi Arabian volcanic ash by weight of the geopolymer barrier.

[0056] The geopolymer barrier may have a pH of greater than 7. In embodiments, the
geopolymer barrier may have a pH of from 8 to 14, from 8 to 13, from 8 to 12, from 8 to 11, from
8to 10, from 8 to 9, from 9 to 14, from 9 to 13, from 9 to 12, from 9 to 11, from 9 to 10, from 10
to 14, from 10 to 13, from 10 to 12, from 10 to 11, from 11 to 14, from 11 to 13, from 11 to 12,
from 12 to 14, from 12 to 13, from 13 to 14, from 11.5 to 13.0, from 11.5to 12.5, or from 11.5 to
12.0.

[0057] In embodiments, the geopolymer barrier may include a sodium aluminosilicate hydrate.
This sodium aluminosilicate hydrate may be a reaction product of the Saudi Arabian volcanic ash,
NaxSi0s3, and NaOH. Specifically, a polycondensation of silicate and aluminate monomers (from
the Saudi Arabian volcanic ash) under alkaline conditions (due to the addition of NaOH and
Na2Si03) may occur, forming the sodium aluminosilicate hydrate. In preparing the geopolymer
barrier, it was expected to be desirable to have approximately a 1.0:1.0 molar ratio of NaxO
combined with NaOH to aluminate (Al203). It was contemplated that this may balance the
negative charge on the Al atom with the sodium ions in the sodium aluminosilicate hydrate
structure. However, after preparing a geopolymer barrier with a molar ratio of NaxO and NaOH
to Al203 of 0.97:1.0, the resulting geopolymer barrier had an undesirably quick gelation time that
would make sealing a severe loss zone difficult. To address this unexpected outcome, the ratio of
Na20 and NaOH combined to Al2O3 in the geopolymer barrier of the present disclosure may range

from 0.30:1.00 to 0.90:1.00, from 0.30:1.00 to 0.80:1.00, from 0.30:1.00 to 0.75:1.00, from
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0.30:1.00 to 0.70:1.00, from 0.30:1.00 to 0.65:1.00, from 0.30:1.00 to 0.60:1.00, from 0.30:1.00
to 0.55:1.00, from 0.30:1.00 to 0.50:1.00, from 0.30:1.00 to 0.40:1.00, from 0.40:1.00 to
0.90:1.00, from 0.40:1.00 to 0.80:1.00, from 0.40:1.00 to 0.75:1.00, from 0.40:1.00 to 0.70:1.00,
from 0.40:1.00 to 0.65:1.00, from 0.40:1.00 to 0.60:1.00, from 0.40:1.00 to 0.55:1.00, from
0.40:1.00 to 0.50:1.00, from 0.50:1.00 to 0.90:1.00, from 0.50:1.00 to 0.80:1.00, from 0.50:1.00
to 0.75:1.00, from 0.50:1.00 to 0.70:1.00, from 0.50:1.00 to 0.65:1.00, from 0.50:1.00 to
0.60:1.00, from 0.50:1.00 to 0.55:1.00, from 0.55:1.00 to 0.90:1.00, from 0.55:1.00 to 0.80:1.00,
from 0.55:1.00 to 0.75:1.00, from 0.55:1.00 to 0.70:1.00, from 0.55:1.00 to 0.65:1.00, from
0.55:1.00 to 0.60:1.00, from 0.60:1.00 to 0.90:1.00, from 0.60:1.00 to 0.80:1.00, from 0.60:1.00
to 0.75:1.00, from 0.60:1.00 to 0.70:1.00, from 0.60:1.00 to 0.65:1.00, from 0.65:1.00 to
0.90:1.00, from 0.65:1.00 to 0.80:1.00, from 0.65:1.00 to 0.75:1.00, from 0.65:1.00 to 0.70:1.00,
from 0.70:1.00 to 0.90:1.00, from 0.70:1.00 to 0.80:1.00, from 0.70:1.00 to 0.75:1.00, from
0.75:1.00 to 0.90:1.00, from 0.75:1.00 to 0.80:1.00, or from 0.80:1.00 to 0.90:1.00.

[0058] In embodiments, the ratio of Na2SiO3 combined with NaOH to Al2O3 may range from
0.5:1.0 t0 9.0:1.0, from 0.5:1.0 to 7.0:1.0, from 0.5:1.0 to 5.0:1.0, from 0.5:1.0 to 3.0:1.0, from
0.5:1.0 t0 2.0:1.0, from 0.5:1.0 to 1.5:1.0, from 0.5:1.0 to 1.0:1.0, from 1.0:1.0 to 9.0:1.0, from
1.0:1.0 to 7.0:1.0, from 1.0:1.0 to 5.0:1.0, from 1.0:1.0 to 3.0:1.0, from 1.0:1.0 to 2.0:1.0, from
1.0:1.0 to 1.5:1.0, from 1.5:1.0 to 9.0:1.0, from 1.5:1.0 to 7.0:1.0, from 1.5:1.0 to 5.0:1.0, from
1.5:1.0 t0 3.0:1.0, from 1.5:1.0 to 2.0:1.0, from 2.0:1.0 to 9.0:1.0, from 2.0:1.0 to 7.0:1.0, from
2.0:1.0 t0 5.0:1.0, from 2.0:1.0 to 3.0:1.0, from 3.0:1.0 to 9.0:1.0, from 3.0:1.0 to 7.0:1.0, from
3.0:1.0t0 5.0:1.0, from 5.0:1.0 t0 9.0:1.0, from 5.0:1.0 to 7.0:1.0, or from 7.0:1.0 t0 9.0:1.0.

[0059] The  sodium  aluminosilicate  hydrate may have a  formula  of
Nan [(-S102)z -AlOz2]n'y H20, where n represents a degree of polymerization ranging from 1 to 50,
from 1 to 40, from 1 to 30, from 1 to 25, from 1 to 20, from 1 to 15, from 1 to 10, from 1 to 5,
from 5 to 50, from 5 to 40, from 5 to 30, from 5 to 25, from 5 to 20, from 5 to 15, from 5 to 10,
from 10 to 50, from 10 to 40, from 10 to 30, from 10 to 25, from 10 to 20, from 10 to 15, from 15
to 50, from 15 to 40, from 15 to 30, from 15 to 25, from 15 to 20, from 20 to 50, from 20 to 40,
from 20 to 30, from 20 to 25, from 25 to 50, from 25 to 40, from 25 to 30, from 30 to 50, from 30
to 40, or from 40 to 50, z represents an amount of silicate ranging from 2 to 10, from 2 to 8, from
2 to 6, from 2 to 5, from 2 to 4, from 4 to 10, from 4 to 8, from 4 to 6, from 4 to 5, from 5 to 10,

from 5 to 8, from 5 to 6, from 6 to 10, from 6 to 8, or from 8 to 10, and y represents an amount of
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H:20 ranging from 1 to 100, from 1 to 50, from 1 to 20, from 1 to 10, or from 1 to 5. The sodium

aluminosilicate hydrate may have a structure as shown in Structure 1:

_ d —
(@] (@] (@]
I\IaJr e
HO Si (@] Al O Si OH
(@] (@] (@]
Si
- - Structure 1

[0060] The sodium aluminosilicate hydrate may have a compressive strength of from 500 to
5000 psi, from 500 to 3000 psi, from 500 to 2600 psi, from 500 to 2200 psi, from 500 to 2000 psi,
from 500 to 1500 psi, from 500 to 1000 psi, from 1000 to 5000 psi, from 1000 to 3000 psi, from
1000 to 2600 psi, from 1000 to 2200 psi, from 1000 to 2000 psi, from 1000 to 1500 psi, from 1500
to 5000 pst, from 1500 to 3000 psi, from 1500 to 2600 psi, from 1500 to 2200 psi, from 1500 to
2000 psi, from 2000 to 5000 psi, from 2000 to 3000 psi, from 2000 to 2600 psi, from 2000 to 2200
psi, from 2200 to 5000 psi, from 2200 to 3000 psi, from 2200 to 2600 psi, from 2600 to 5000 psi,
from 2600 to 3000 psi, or from 3000 to 5000 psi.

[0061] In some embodiments the geopolymer barrier may contain a cement precursor material.
The cement precursor material may be any suitable material which, when mixed with water, can
be cured into a cement. The cement precursor material may be hydraulic or non-hydraulic. A
hydraulic cement precursor material refers to a mixture of limestone, clay and gypsum burned
together under temperatures greater than 1000°C that may begin to harden instantly or within a
few minutes while in contact with water. A non-hydraulic cement precursor material refers to a
mixture of lime, gypsum, plasters and oxychloride. A non-hydraulic cement precursor may take
longer to harden or may require drying conditions for proper strengthening, but often is more
economically feasible. A hydraulic or non-hydraulic cement precursor material may be chosen
based on the desired application of the geopolymer barrier of the present disclosure. In some

embodiments, the cement precursor material may be Portland cement precursor, for example,
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Class G Portland Cement. Portland cement precursor is a hydraulic cement precursor (cement
precursor material that not only hardens by reacting with water but also forms a water-resistant
product) produced by pulverizing clinkers, which contain hydraulic calcium silicates and one or
more of the forms of calcium sulfate as an inter-ground addition. In other embodiments, the
cement precursor material may be Saudi cement precursor, a combination of Portland cement

precursor and crystalline silica, also known as quartz.

[0062] The cement precursor material may include one or more of calcium hydroxide, silicates,
oxides, belite (Ca2SiOs), alite (CasSiOas), tricalcium aluminate (Ca3zAl20s¢), tetracalcium
aluminoferrite (CasAl2Fe2010), brownmilleriate (4CaO-Al203-Fe203), gypsum (CaSO4 2H20)
sodium oxide, potassium oxide, limestone, lime (calcium oxide), hexavalent chromium, trivalent
chromium, calcium aluminate, silica sand, silica flour, hematite, manganese tetroxide, other
similar compounds, and combinations of these. The cement precursor material may include
Portland cement, siliceous fly ash, calcareous fly ash, slag cement, silica fume, quartz, any known
cement precursor material or combinations of any of these. Silica flour is a finely ground
crystalline silica with a molecular formula of SiO2 and with a grain size ranging from 1 to 500
microns, from 10 to 500 microns, from 10 to 100 microns, from 10 to 80 microns, from 10 to 50
microns, from 10 to 20 microns, from 20 to 100 microns, from 20 to 80 microns, from 20 to 50

microns, from 50 to 100 microns, from 50 to 80 microns, or from 80 to 100 microns.

[0063] The geopolymer barrier may include Saudi Class G cement. Saudi Class G cement may
include from 60 to 100 wt.%, from 60 to 99 wt.%, from 60 to 98 wt.%, from 60 to 97 wt.%, from
60 to 96 wt.%, from 60 to 95 wt.%, from 60 to 90 wt.%, from 60 to 80 wt.%, from 60 to 70 wt.%,
from 70 to 100 wt.%, from 70 to 99 wt.%, from 70 to 98 wt.%, from 70 to 97 wt.%, from 70 to 96
wt.%, from 70 to 95 wt.%, from 70 to 90 wt.%, from 70 to 80 wt.%, from 80 to 100 wt.%, from
80 to 99 wt.%, from 80 to 98 wt.%, from 80 to 97 wt.%, from 80 to 96 wt.%, from 80 to 95 wt.%,
from 80 to 90 wt.%, from 90 to 100 wt.%, from 90 to 99 wt.%, from 90 to 98 wt.%, from 90 to 97
wt.%, from 90 to 96 wt.%, from 90 to 95 wt.%, from 95 to 100 wt.%, from 95 to 99 wt.%, from
95 to 98 wt.%, from 95 to 97 wt.%, from 95 to 96 wt.%, from 96 to 100 wt.%, from 96 to 99 wt.%,
from 96 to 98 wt.%, from 96 to 97 wt.%, from 97 to 100 wt.%, from 97 to 99 wt.%, from 97 to 98
wt.%, from 98 to 100 wt.%, from 98 to 99 wt.%, or from 99 to 100 Portland cement. Saudi Class
G cement may include less than 40 wt.%, less than 30 wt.%, less than 20 wt.%, less than 10 wt.%,
less than 5 wt.%, less than 4 wt.%, less than 3 wt.%, less than 2 wt.%, or less than 1 wt.%
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crystalline silica, or quartz. Saudi Class G cement may have a pH of greater than 7, of from 8 to
14, of from 10 to 13, of from 11 to 13, of from 12 to 13, or of 12.4. Saudi Class G cement may
have a bulk density at 20°C of from 70 to 120 1b/ft’, of from 80 to 110 1b/ft’, of from 90 to 100
Ib/ft’, or of 94 1b/ft>. Saudi Class G cement may have a solubility in water of from 0.1 to 2 grams
per 100 milliliters (g/100ml), of from 0.1 to 1 g/100ml, of from 0.1 to 0.8 g/100ml, of from 0.1 to
0.5 g/100ml, of from 0.2 to 2 g/100ml, of from 0.2 to 1 g/100ml, of from 0.2 to 0.8 g/100ml, of
from 0.2 to 0.5 g/100ml, of from 0.4 to 2 g/100ml, of from 0.4 to 1 g/100ml, of from 0.4 to 0.8
g/100ml, of from 0.4 to 0.5 g/100ml, of from 0.5 to 2 g/100ml, of from 0.5 to 1 g/100ml, of from
0.5t0 0.8 g/100ml, or of 0.5 g/100ml.

[0064] In some embodiments, the geopolymer barrier may contain at least one additive other
than Saudi Arabian volcanic ash. As non-limiting examples, suitable additives may include
accelerators, retarders, extenders, weighting agents, fluid loss control agents, lost circulation
control agents, surfactants, antifoaming agents, specialty additives such as elastomers or fibers,

and combinations of these.

[0065] Insome embodiments, the geopolymer barrier may contain from 0.1 to 10 wt.% BWOV
of the one or more additives based on the total weight of the geopolymer barrier. For instance, the
geopolymer barrier may contain from 0.1 to 8 wt.% BWOYV of the one or more additives, from
0.1 to 5 wt.% BWOYV of the one or more additives, or from 0.1 to 3 wt.% BWOYV of the one or
more additives. The geopolymer barrier may contain from 1 to 10 wt.% BWOYV of the one or more
additives, from 1 to 8 wt.% BWOV, from 1 to 5 wt.% BWOYV, or from 1 to 3 wt.% BWOYV of the
one or more additives. In some embodiments, the geopolymer barrier may contain from 3 to 5
wt.% BWOV, from 3 to 8 wt.% BWOV, from 3 to 10 wt.% BWOV, or from 5 to 10 wt.% BWOV

of the one or more additives.

[0066] In some embodiments, the one or more additives may include a dispersant containing
one or more anionic groups. For instance, the dispersant may include synthetic sulfonated
polymers, lignosulfonates with carboxylate groups, organic acids, hydroxylated sugars, other
anionic groups, or combinations of any of these. Without being bound by any particular theory, in
some embodiments, the anionic groups on the dispersant may be adsorbed on the surface of the
cement particles to impart a negative charge to the geopolymer barrier. The electrostatic repulsion

of the negatively charged cement particles may allow the geopolymer barrier to be dispersed and
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more fluid-like, improving flowability. This may allow for one or more of turbulence at lesser
pump rates, reduction of friction pressure when pumping, reduction of water content, and

improvement of the performance of fluid loss additives.

[0067] In some embodiments, the one or more additives may alternatively or additionally
include a fluid loss additive. In some embodiments, the cement fluid loss additive may include
non-ionic cellulose derivatives. In some embodiments, the cement fluid loss additive may be
hydroxyethylcellulose (HEC). In other embodiments, the fluid loss additive may be a non-ionic
synthetic polymer (for example, polyvinyl alcohol or polyethyleneimine). In some embodiments,
the fluid loss additive may include bentonite, which may additionally viscosify the geopolymer

barrier and may, in some embodiments, cause additional retardation effects.

[0068] Insome embodiments, the geopolymer barrier may contain from 0.1 to 10 wt.% BWOV
of one or more fluid loss additives, the one or more dispersants, or both. The geopolymer barrier
may contain from 0.02 to 90 pound per barrel (Ib/bbl) of the fluid loss additives, the one or more
dispersants, or both based on the total weight of the geopolymer barrier. For instance, the
geopolymer barrier may contain from 0.1 to 90 1b/bbl, from 0.1 to 75 1b/bbl, from 0.1 to 50 1b/bbl,
from 1 to 90 1b/bbl, from 1 to 50 Ib/bbl, from 5 to 90 Ib/bbl, or from 5 to 50 1b/bbl of the fluid loss

additives, the one or more dispersants, or both.

[0069] The method may further include resuming hydrocarbon production from the reservoir
after forming the geopolymer barrier. The method may include reducing water cut by sealing the
water-bearing subsurface formation with the geopolymer barrier. In such embodiments, the
hydrocarbon production after forming the geopolymer barrier may have a second water cut, and
the second water cut may be less than the first water cut in the hydrocarbon production from before
forming the geopolymer barrier. The second water cut may be from 0% to 40%, from 0% to 30%,
from 0% to 20%, from 0% to 10%, from 0% to 5%, from 5% to 40%, from 5% to 30%, from 5%
to 20%, from 5% to 10%, from 10% to 40%, from 10% to 30%, from 10% to 20%, from 20% to
40%, from 20% to 30%, or from 30% to 40%.

[0070] As previously stated, the geopolymer barrier may be acid soluble, due to the presence
of one or both of CaCO3 or Mn304. The method may further include acidizing the geopolymer

barrier after the geopolymer barrier forms between the wellbore and the subsurface formation.
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Acidizing the geopolymer barrier may include introducing an acid solution into the wellbore and
allowing the acid solution to contact the geopolymer barrier, thereby acidizing and dissolving the

geopolymer barrier.

[0071] In embodiments, from 50 to 99.9 wt.% of the geopolymer barrier may dissolve after
allowing the acid solution to contact the geopolymer barrier. In embodiments, from 50 to 99.9
wt.%, from 50 to 99 wt.%, from 50 to 98 wt.%, from 50 to 97 wt.%, from 50 to 95 wt.%, from 50
to 93 wt.%, from 50 to 92 wt.%, from 50 to 91 wt.%, from 50 to 90 wt.%, from 50 to 89 wt.%,
from 50 to 85 wt.%, from 50 to 80 wt.%, from 50 to 75 wt.%, from 75 to 99.9 wt.%, from 75 to
99 wt.%, from 75 to 98 wt.%, from 75 to 97 wt.%, from 75 to 95 wt.%, from 75 to 93 wt.%, from
75 to 92 wt.%, from 75 to 91 wt.%, from 75 to 90 wt.%, from 75 to 89 wt.%, from 75 to 85 wt.%,
from 75 to 80 wt.%, from 80 to 99.9 wt.%, from 80 to 99 wt.%, from 80 to 98 wt.%, from 80 to
97 wt.%, from 80 to 95 wt.%, from 80 to 93 wt.%, from 80 to 92 wt.%, from 80 to 91 wt.%, from
80 to 90 wt.%, from 80 to 89 wt.%, from 80 to 85 wt.%, from 85 to 99.9 wt.%, from 85 to 99
wt.%, from 85 to 98 wt.%, from 85 to 97 wt.%, from 85 to 95 wt.%, from 85 to 93 wt.%, from 85
to 92 wt.%, from 85 to 91 wt.%, from 85 to 90 wt.%, from 85 to 89 wt.%, from 89 to 99.9 wt.%,
from 89 to 99 wt.%, from 89 to 98 wt.%, from 89 to 97 wt.%, from 89 to 95 wt.%, from 89 to 93
wt.%, from 89 to 92 wt.%, from 89 to 91 wt.%, from 89 to 90 wt.%, from 90 to 99.9 wt.%, from
90 to 99 wt.%, from 90 to 98 wt.%, from 90 to 97 wt.%, from 90 to 95 wt.%, from 90 to 93 wt.%,
from 90 to 92 wt.%, from 90 to 91 wt.%, from 91 to 99.9 wt.%, from 91 to 99 wt.%, from 91 to
98 wt.%, from 91 to 97 wt.%, from 91 to 95 wt.%, from 91 to 93 wt.%, from 91 to 92 wt.%, from
92 t0 99.9 wt.%, from 92 to 99 wt.%, from 92 to 98 wt.%, from 92 to 97 wt.%, from 92 to 95
wt.%, from 92 to 93 wt.%, from 93 to 99.9 wt.%, from 93 to 99 wt.%, from 93 to 98 wt.%, from
93 to 97 wt.%, from 93 to 95 wt.%, from 95 to 99.9 wt.%, from 95 to 99 wt.%, from 95 to 98
wt.%, from 95 to 97 wt.%, from 97 to 99.9 wt.%, from 97 to 99 wt.%, from 97 to 98 wt.%, from
98 to 99.9 wt.%, from 98 to 99 wt.%, or from 99 to 99.9 wt.% of the geopolymer barrier may

dissolve after allowing the acid solution to contact the geopolymer barrier.

[0072] The geopolymer barrier may have a thickening time at 100°F of greater than 1, 2, 5, 10,
or 12 hours. A thickening time test is used to simulate pumping conditions in order to determine
a length of time before the cement becomes difficult or impossible to pump. The most common
method to determine thickening time is via a pressurized consistometer. This device allows

pressure and temperature to be applied to a geopolymer barrier while it is being stirred (typically
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at 150 rpm). A resistor arm on a potentiometer indicates resistance to the paddle turning as the
cement sets. The apparatus is calibrated to a standard output in Bearden Consistency units. The

device is fully automated and can simulate squeeze schedules and/or batch mixing, etc.

[0073] The geopolymer barrier may have a density of from 100 to 140 Ib/ft’. In other
embodiments, the geopolymer barrier may have a density of from 100 to 130 1b/ft®, from 100 to
120 1b/ft?, from 100 to 115 Ib/ft?, from 100 to 110 Ib/ft’, from 100 to 105 Ib/ft, from 105 to 140
1b/ft?, from 105 to 130 Ib/ft>, from 105 to 120 Ib/ft>, from 105 to 115 Ib/ft>, from 105 to 110 Ib/ft’,
from 110 to 140 1b/ft, from 110 to 130 1b/ft>, from 110 to 120 Ib/ft?, from 110 to 115 Ib/ft’, from
115 to 140 Ib/ft?, from 115 to 130 1b/ft?, from 115 to 120 Ib/ft?, from 120 to 140 1b/ft3, from 120
to 130 Ib/ft’, or from 130 to 140 Ib/ft’. The geopolymer barrier may have a density of greater than
100 Ib/ft’, greater than 105 1b/ft’, greater than 110 Ib/ft’, greater than 114 Ib/ft’, greater than 115
Ib/ft’, greater than 120 Ib/ft’, greater than 125 Ib/ft, or greater than 127 Ib/ft’, while being less
than 140 Ib/ft’, less than 135 Ib/ft’, less than 130 1b/ft’, less than 129 1b/ft’, less than 125 1b/ft’,
less than 120 Ib/ft’, less than 116 Ib/ft?, less than 115 Ib/ft?, less than 110 Ib/ft?, less than 108 1b/ft?,
or less than 105 Ib/ft’.

[0074]  The viscosity of the geopolymer barrier compositions may be measured using a standard
oilfield viscometer, such as a FANN® Model 35 viscometer manufactured by Fann Instrument
Company for example, according to test methods provided in the API Recommended Practice For
Field Testing Water-Based Cement (RP 13B-1/ISO 10414-1:2002). The viscometer reports shear
stress readings at various shear rates. The shear stress readings are reported in units of pounds of
force per 100 square feet (Ibf/100ft?). The shear rate is measured in rpm. The viscometer may
report shear stress readings at shear rates of at least one of 600 rpm, 300 rpm, 200 rpm, 100 rpm,
6 rpm, or 3 rpm. These shear stress readings may be used to determine the viscosity of the
geopolymer barrier at any of the shear rates, using Equation 4, assuming a viscometer with an R1

rotor sleeve, B1 bob, and F1 torsion spring:

~ 300
k== On Equation 4

Where

W = viscosity, (cp)
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N = viscometer speed, shear rate (rpm)

O~ = viscometer reading, shear stress (1bf/100ft?)

[0075]  The rheology of geopolymer barrier compositions may be modeled based on Bingham
plastic flow behavior. In particular, the geopolymer barrier composition having Saudi Arabian
volcanic ash behaves as a rigid body at lesser shear stress but flows as a viscous fluid at greater
shear stress. The rheological behavior of the geopolymer barrier composition may be determined
by measuring the shear stress on the geopolymer barrier composition at different shear rates, which
may be accomplished by measuring the shear stress and/or shear rate on the geopolymer barrier
composition using a FANN® Model 35 viscometer operated at 3 rpm, 6 rpm, 100 rpm, 200 rpm,
300 rpm, or 600 rpm, for example. A Bingham plastic fluid may be modeled by Equation 5.

T = (PV)y + 4.79YP Equation 5
Where

1 = shear stress, (dynes per square centimeter (dyne/cm?))

PV = plastic viscosity, (cP)

Y = shear rate, (s™)

YP = yield point, (Ibf/100ft?)

[0076] The rheology of the geopolymer barrier composition may be evaluated from the plastic
viscosity (PV) and the yield point (YP), which are parameters from the Bingham plastic rheology
model. The PV is related to the resistance of the geopolymer barrier composition to flow due to
mechanical interaction between the solids of the geopolymer barrier composition and represents
the viscosity of the geopolymer barrier composition extrapolated to infinite shear rate. In other
words, the PV is the slope of the shear stress versus shear rate curve of the Bingham plastic model.
The PV reflects the type and concentration of the solids in the geopolymer barrier composition,
and a lesser PV is preferred. The PV of the geopolymer barrier composition may be estimated by

measuring the shear stress of the geopolymer barrier using a FANN® Model 35 viscometer at shear
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rates of 300 rpm and 600 rpm and subtracting the 300 rpm shear stress measurement from the

600 rpm shear stress measurement according to Equation 6.

PV = 9600 - 9300 Equation 6
Where

PV = plastic viscosity, (cP)
600 = shear stress viscometer reading at 600 rpm, (1bf/100£t?)
0300 = shear stress viscometer reading at 300 rpm, (1bf/100£t?)

[0077] When the shear stress measurement at 600 rpm is not available, the plastic viscosity
may be calculated by determining the difference between any two shear stress measurements,
dividing the difference by the difference of the shear rates that the two shear stresses were

measured at, and multiplying that factor by 300. This formula is provided in Equation 7.

300 ]
PV = m(el\]z - 9N1) Equatlon 7

Where

PV = plastic viscosity, (cP)

N = viscometer speed, shear rate (rpm)

O~ = shear stress viscometer reading at N rpm, (1bf/100£t?)

[0078] The YP represents the shear stress less than which the geopolymer barrier composition
behaves as a rigid body and greater than which the geopolymer barrier composition flows as a
viscous fluid. In other words, the YP represents the amount of stress required to move the
geopolymer barrier composition from a static condition. The yield point is the resistance of initial
flow of a fluid, or the stress required in order to move the fluid. It can be simply stated that the
yield point is the attractive force among colloidal particles in geopolymer barrier. The YP of a
geopolymer barrier composition is correlated with the capacity of the geopolymer barrier

composition to carry rock cuttings through the annulus, which in simplified terms indicates the
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geopolymer barrier composition’s hole-cleaning ability. Yield point affects both the start-up
pressure after a temporary shut-down and the void filling properties of cements during cementing
operations. YP of equal to or greater than 15 1bf/100ft? is considered acceptable for drilling. The
YP is determined by extrapolating the Bingham plastic rheology model to a shear rate of zero. In
other words, the PV is the y-intercept of the shear stress v. shear rate curve of the Bingham plastic
model. The YP of the geopolymer barrier composition may be estimated from the PV from
Equation 7 by subtracting the PV from Equation 7 from the shear stress of the geopolymer barrier

measured at 300 rpm according to Equation 8.

YP = 9300 — PV Equation 8

[0079] The YP is expressed as a force per area, such as in field units of 1bf/100ft?, for example.
The YP may be converted to SI units of dyne/cm?, as 1 1bf/100ft> = 4.79 dyne/cm?.

[0080] The geopolymer barrier may have a plastic viscosity of from 50 to 350 cP. In other
embodiments, the geopolymer barrier may have a plastic viscosity of from 50 to 350 cP, from 50
to 300 cP, from 50 to 200 cP, from 50 to 150 cP, from 50 to 125 cP, from 50 to 100 cP, from 50
to 80 cP, from 50 to 60 cP, from 60 to 350 cP, from 60 to 300 cP, from 60 to 200 cP, from 60 to
150 cP, from 60 to 125 cP, from 60 to 100 cP, from 60 to 80 cP, from 80 to 350 cP, from 80 to
300 cP, from 80 to 200 cP, from 80 to 150 cP, from 80 to 125 cP, from 80 to 100 cP, from 100 to
350 cP, from 100 to 300 cP, from 100 to 200 cP, from 100 to 150 cP, from 100 to 125 cP, from
100 to 100 cP, from 100 to 80 cP, from 125 to 350 cP, from 125 to 300 cP, from 125 to 200 cP,
from 125 to 150 cP, from 150 to 350 cP, from 150 to 300 cP, from 150 to 200 cP, from 200 to 300
cP, from 200 to 350 cP, or from 300 to 350 cP.

[0081] The geopolymer barrier of the present disclosure may have a yield point of from 5 to
70 1bf/100£t%, from 5 to 60 1bf/100ft?, from 5 to 55 1bf/100ft%, from 5 to 40 1bf/100ft%, from 5 to
30 Ibf/100ft2, from 5 to 25 1bf/100ft2, from 5 to 20 1bf/100ft2, from 5 to 15 Ibf/100ft?, from 5 to
10 1bf/100ft2, from 10 to 70 1bf/100£t%, from 10 to 60 1bf/100£t%, from 10 to 55 1bf/100ft2, from 10
to 40 1bf/100£t2, from 10 to 30 1bf/100ft%, from 10 to 25 Ibf/100ft%, from 10 to 20 1bf/100ft?, from
10 to 15 1bf/100ft2, from 15 to 70 1bf/100ft, from 15 to 60 Ibf/100ft%, from 15 to 55 1bf/100ft?,
from 15 to 40 1bf/100ft2, from 15 to 30 1bf/100ft%, from 15 to 25 Ibf/100ft?, from 15 to
20 1bf/100£t2, from 20 to 70 Ibf/100ft2, from 20 to 60 1bf/100ft, from 20 to 55 1bf/100ft2, from 20
to 40 1bf/100£t2, from 20 to 30 1bf/100ft%, from 20 to 25 Ibf/100ft%, from 25 to 70 1bf/100ft?, from
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25 to 60 1bf/100ft2, from 25 to 55 1bf/100ft2, from 25 to 40 1bf/100ft?, from 25 to 30 1bf/1001t?,
from 30 to 70 1bf/100ft?, from 30 to 60 Ibf/100ft?>, from 30 to 55 1bf/100ft?>, from 30 to
40 1bf/100ft2, from 40 to 70 1bf/100£ft2, from 40 to 60 1bf/100£t%, from 40 to 55 1bf/100ft2, from 55
to 70 1bf/100ft2, from 55 to 60 Ibf/100ft2, or from 60 to 70 1bf/100ft2.

[0082] The gel strength of a geopolymer barrier refers to the shear stress of the geopolymer
barrier composition measured at a low shear rate (such as 3 rpm or 6 rpm) following a defined
period of time during which the geopolymer barrier composition is maintained in a static state.
The shear stress of the geopolymer barrier composition at low shear rate may be measured using
a standard oilfield viscometer, such as a FANN® Model 35 viscometer operated at low rpms, such
as at 3 rpm or 6 rpm, according to the test methods described in API Recommended Practice For
Field Testing Water-Based Cement (RP 13B-1/ISO 10414-1:2002) published August 2014 and
incorporated by reference into this disclosure in its entirety. To measure the gel strength, the
geopolymer barrier composition is first stirred by contacting the geopolymer barrier composition
with the spindle of the viscometer and operating the viscometer at 600 rotations per minute (rpm).
The viscometer is then turned off for aperiod of time (time period). For a 10-second gel strength,
the time period is 10 seconds, and for a 10 minute gel strength, the time period is 10 minutes. It
should be understood that other time periods for measuring gel strength may be used as reference
times for measurements of gel strength. During the time period, the geopolymer barrier
composition comes to rest in a static state. Upon expiration of the time period, the viscometer is
turned back on at a low speed, such as 3 rpm for example, to generate a low shear rate. The
viscometer reading is then taken. The gel strength of the geopolymer barrier composition is

reported in units of 1bf/100 ft2.

[0083] The geopolymer barrier described in this disclosure may have a 10-second gel strength
of from 5 to 501bf/100 ft?, from 5 to 401bf/100 ft2, from 5 to 351bf/100 ft?, from 5 to
30 1bf/100 ft2, from 5 to 25 1bf/100 ft2, from S to 20 1bf/100 ft2, from 5 to 15 1bf/100 ft?, from 5 to
10 1b£7100 {2, from 10 to 50 1bf/100 ft2, from 10 to 40 1bf/100 ft2, from 10 to 35 1bf/100 ft, from
10 to 30 1bf/100 ft2, from 10 to 25 1b£/100 ft2, from 10 to 20 1bf/100 ft2, from 10 to 15 1b£/100 fi?,
from 15 to 501bf/100 ft?, from 15 to 40 1bf/100 ft?, from 15 to 35 1bf/100 ft, from 15 to
30 1bf/100 ft, from 15 to 25 1bf/100 ft2, from 15 to 20 1b£/100 ft2, from 20 to 50 1bf/100 ft2, from
20 to 40 1bf/100 ft2, from 20 to 35 1bf/100 ft2, from 20 to 30 1bf/100 ft2, from 20 to 25 1bf/100 ft?,
from 25 to 501bf/100 ft?, from 25 to 40 1bf/100 ft?, from 25 to 35 1bf/100 ft, from 25 to
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30 1bf/100 ft2, from 30 to 50 1bf/100 ft2, from 30 to 40 1bf/100 ft2, from 30 to 35 1bf/100 ft, from
35 to 50 1bf/100 ft?, from 35 to 40 1bf/100 ft?, or from 40 to 50 Ibf/100 ft>. The 10-second gel
strength of the geopolymer barrier composition having Saudi Arabian volcanic ash may be
compared to a 10-second gel strength of a comparative geopolymer barrier without Saudi Arabian
volcanic ash. The 10-second gel strength of the geopolymer barrier composition having Saudi
Arabian volcanic ash may be less than or equal to 90% of the 10-second gel strength of the
comparative geopolymer barrier, or less than or equal to 80% of the 10-second gel strength of the
comparative geopolymer barrier, or less than or equal to 70% of the 10-second gel strength of the

comparative geopolymer barrier.

[0084] The geopolymer barrier may have a 10 minute gel strength of from 10 to 60 1bf/100 ft?,
from 10 to 50 1bf/100 ft%, from 10 to 45 Ibf/100 ft2, from 10 to 40 1bf/100 ft*, from 10 to 30
1b£/100 ft2, from 10 to 25 1bf/100 ft2, from 10 to 20 1bf/100 ft%, from 10 to 15 1bf/100 ft?, from 15
to 60 1bf/100 ft%, from 15 to 50 1bf/100 ft%, from 15 to 45 1bf/100 ft2, from 15 to 40 1bf/100 ft?,
from 15 to 30 1bf/100 ft2, from 15 to 25 1bf/100 ft2, from 15 to 20 1bf/100 ft?, from 20 to 60
1b£/100 ft2, from 20 to 50 1bf/100 ft2, from 20 to 45 1bf/100 ft2, from 20 to 40 1bf/100 ft2, from 20
to 30 1bf/100 ft2, from 20 to 25 1bf/100 ft*, from 25 to 60 1bf/100 ft%, from 25 to 50 1bf/100 ft%,
from 25 to 45 Ibf/100 ft2, from 25 to 40 1bf/100 ft, from 25 to 30 1bf/100 ft%, from 30 to 60
1b£/100 ft2, from 30 to 50 1bf/100 ft2, from 30 to 45 Ibf/100 ft2, from 30 to 40 1bf/100 ft?, from 35
to 60 1bf/100 ft%, from 35 to 50 1bf/100 ft%, from 35 to 45 1bf/100 ft2, from 40 to 60 1bf/100 ft?,
from 40 to 50 Ibf/100 ft?, from 40 to 45 1bf/100 ft, from 45 to 60 1bf/100 ft, from 45 to 50
1b£/100 ft2, or from 50 to 60 1bf/100 ft*>. The 10-minute gel strength of the geopolymer barrier
composition having Saudi Arabian volcanic ash may be compared to a 10-minute gel strength of
a comparative geopolymer barrier without Saudi Arabian volcanic ash. The 10-minute gel
strength of the geopolymer barrier composition having Saudi Arabian volcanic ash may be less
than or equal to 90% of the 10-minute gel strength of the comparative geopolymer barrier, or less
than or equal to 80% of the 10-minute gel strength of the comparative geopolymer barrier, or less

than or equal to 70% of the 10-minute gel strength of the comparative geopolymer barrier.

EXAMPLES

[0085] Example 1



WO 2021/188155 PCT/US2020/056825

28

[0086] Wavelength Dispersive X-ray Fluorescence (WDXRF) may be used to conduct
elemental analysis. In WDXRF spectrometers, all of the elements in the sample are excited
simultaneously. The different energies of the characteristic radiation emitted from the sample are
diffracted into different directions by an analyzing crystal or monochrometer (similar to the action
of a prism dispersing different colors of visible light into different directions). By placing the
detector at a certain angle, the intensity of X-rays with a certain wavelength can be measured.
Sequential spectrometers use a moving detector on a goniometer to move it through an angular
range to measure the intensities of many different wavelengths. Simultaneous spectrometers are
equipped with a set of fixed detection systems, where each system measures the radiation of a

specific element.

[0087] For the WDXREF analysis, a sample of Saudi Arabian volcanic ash was homogenized
and manually grounded by an agate mortar and a pestle for several minutes to achieve fine particle
size. Then, 4 grams of the Saudi Arabian volcanic ash powder was mixed well and homogenized
with 0.9 grams of a binder (Licowax C micropowder PM (Hoechstwax)). Then, the powder was
pressed with 20 tons of pressure to a pellet with 31 millimeter (mm) diameter. WDXRF analysis
was then performed on the sample using the standardless Omnian 27 method. The composition is

shown in Table 1 to be presented.

[0088] Table 1: Composition of Saudi Arabian Volcanic Ash

Element Wt.%
0] 442
Si 21.8
Al 8.5
Fe 8.5
Ca 6.4
Mg 42
Na 3.1
Ti 1.5
K 1.0
P 03
Mn 0.1

[0089] The WDXRF results show that the sample consisted of mainly O and Si with
appreciable amounts of Al, Fe, Ca, Mg, and Na.
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[0090] Example 2

[0091] X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline material and can provide information on unit cell dimensions. The
analyzed material is finely ground, homogenized, and average bulk composition is determined.
X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, and an X-
ray detector. X-rays are generated in a cathode ray tube by heating a filament to produce electrons,
accelerating the electrons toward a target by applying a voltage, and bombarding the target
material with electrons. When electrons have sufficient energy to dislodge inner shell electrons of
the target material, characteristic X-ray spectra are produced. These spectra consist of several
components, the most common being Kq and Kp. Kq consists, in part, of K1 and K. Ko has a
slightly shorter wavelength and twice the intensity as Ko2. The specific wavelengths are
characteristic of the target material (Cu, Fe, Mo, Cr). Filtering, by foils or crystal monochrometers,
is required to produce the monochromatic X-rays needed for diffraction. Ko1 and K are
sufficiently close in wavelength such that a weighted average of the two is used. These X-rays are
collimated and directed onto the sample. As the sample and detector are rotated, the intensity of
the reflected X-rays is recorded. A detector records and processes this X-ray signal and converts

the signal to a count rate which is then output to a device such as a printer or computer monitor.

[0092] For the XRD analysis, a sample of Saudi Arabian volcanic ash was homogenized and
manually grounded by an agate mortar and a pestle for several minutes to achieve fine particle
size. Then, 4 grams of the fine Saudi Arabian volcanic ash powder was mounted into the XRD
sample holder by back pressing. XRD was then performed on the sample using the SALAM 014

method. The composition is shown in Table 2 to be presented.
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Table 2: XRD Composition of Saudi Arabian Volcanic Ash

Compound Wt.%
Amorphous Material 70
Labradorite: Cao.ssNao32(Al1.625123808) 19
Augite: Ca(Fe Mg)Si206 6
Forsterite: Mg>Si04 5

[0093] The XRD results show that the sample consisted mainly of amorphous material with

appreciable amounts of labradorite, augite, and forsterite. The WDXRF results confirmed the

XRD findings.
[0094] Example 3

[0095] Geopolymer barriers were formed in accordance with the previous description. The

compositions are described in the tables to be presented.

Table 3: Compositions of Examples A, B, and C

Water A-3L NaOH (6 Saudi Micromax | CaCOs3
(mL) (Naz2S103) Mol Arabian (Mn304) (g)
(mL) solution) Volcanic (2)
(mL) Ash (g)
Example A 110 7 4 40 200 -
Example B 180 26.2 4 40 200 -
Example C 81 7 4 40 - 200

[0096] A-3L is commercially available from BJ Service Company Limited (headquartered in
Houston, Texas), and includes from 30% to 40% NaxSiOs3. Micromax is commercially available
from Halliburton (headquartered in Houston, Texas), and includes hausmannite ore (Mn3Oa)

ground 1o an average particle size of 5 microns,

[0097] The physical properties of each example were then measured and are provided in the

tables to be presented.
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Table 4: Viscometer Data for Examples A, B, and C

RPM 600 300 200 100 6 3
31 24 21 18 17 16

Example A
35 25 21 18 17 16

Example B
200 105 68 35 3 1

Example C

Table 5: Rheology Data for Examples A, B, and C

Density PV YP 10 second gel | 10 minute gel
(pcf) strength strength
128 7 cP 17 65 1bf/100ft? 60 1bf/100ft?
E le A
rampre 1bf/100f¢*
107.2 10 cP 15 15 1bf/100ft 20 Ibf/100ft
E le B
rampre Ibf/100ft*
115.52 95 cP 10 5 1bf/100ft 45 1bf/100ft
E le C
rampre 1bf/100f¢*
[0098] Example A had a density of 128 pounds per cubic feet (pcf). Example B had a density

of 107.02 pctf. Example C had a density of 115.52 pcf. It may be desirable to increase the density
of the geopolymer barrier to increase the hydrostatic pressure exerted by the geopolymer barrier
onto the water producing formation. Additionally, increasing the density may also increase the

penetration of the geopolymer barrier into the water producing formation.

[0099] Example A had a yield point of 17 1bf/100ft>. Example B had a yield point of 15
1bf/100ft>. Example C had a yield point of 10 1bf/100ft>. It may be desirable to decrease the yield
point of the geopolymer barrier to increase the penetration of the geopolymer barrier into the

subsurface formation and to reduce water production.
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[00100] The acid solubility of Examples B and C was then tested by adding a 15 vol % acid

solution to Examples B and C. The acid solution was prepared by slowly and carefully transferring

417 milliLiters (mL) commercial HCI acid to a 1 liter standard flask containing 400 mL distilled

water The commercial HCI acid included 37 vol.% HCI and is available from Sigma-Aldrich. The

acid solution was then mixed well.

[00101] The procedure for the acid solubility experiment is shown in Table 6 below:

Table 6: Acid Solubility Data for Examples B and C

Step # Description

1 Weigh 10.0 g of the Example (B or C) to the nearest 0.1 mg, record the weight and
then transfer it to a dry, clean beaker.

2 Measure 150 ml of the 15 vol.% acid solution. Slowly and carefully add the 15
vol % acid solution to the beaker containing the Example (B or C) sample.

3 Heat the sample gently for 1 hour at 150 °F and keep stirring with a glass rod. Use
a thermometer to check and maintain the temperature.

4 Turn off the heat, cover the beaker with clean evaporating dish, and cool the sample
to room temperature.

5 Thoroughly clean a filtering crucible with the 15 vol.% acid solution and deionized
water.

6 Dry the filtering crucible in the oven at 230 °F. Remove the filtering crucible from
oven using tongs and cool the filtering crucible to room temperature in a desiccator
for one hour. Weigh the filtering crucible to nearest 0.0001 g,

7 Place the filtering crucible on the filtering flask using flask adapter and connect to
a vacuum source.

8 After the insoluble materials settle (residue) in the beaker, transfer the clear
supernatant liquid into the filtering crucible by directing the stream of liquid into
the filtering crucible along a glass rod without disturbing the residue.
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9 Add about 20-25 mL deionized water to the beaker containing the residue and stir
thoroughly. Allow the residue to settle once again and transfer the clear liquid in to
the crucible as above.

10 Repeat the washing process with small quantity of deionized water till the washing
does not give a precipitate with AgNOs solution (free of chlorides).

11 Transfer the residue completely into the filtering crucible. Remove any particles
sticking to the side of the beaker with a rubber tipped glass rod.

12 Wash the residue in the crucible once again and wait until water has completely
drained off.

13 Carefully remove the crucible with the residue from the filtering flask; place it in
the oven vertically to avoid losing any insoluble material. Dry it at 220 °F for two
hours.

14 Place the crucible in the oven and dry at 220 °F for two hours.

15 Remove the crucible from the oven; and cool it to room temperature in the
desiccator for one hour.

16 Weigh the crucible with insoluble material to the nearest 0.0001 g.

Table 7: Acid Solubility Data for Examples B and C

Initial Undissolved | Dissolved | Percentage
Weight Weight (g) | Weight (g) | Dissolved
(W) (2) (%o)
8.654 0.779 7.875 90.9
Example B
11.919 1.1 1.0819 90.8
Example C
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[00102] Examples B and C both exhibited good acid solubility, where greater than 90% of the

geopolymer barrier was dissolved.

[00103] It is noted that one or more of the following claims utilize the term “where” or “in
which” as a transitional phrase. For the purposes of defining the present technology, it is noted
that this term is introduced in the claims as an open-ended transitional phrase that is used to
introduce a recitation of a series of characteristics of the structure and should be interpreted in like
manner as the more commonly used open-ended preamble term “comprising.” For the purposes
of defining the present technology, the transitional phrase “consisting of” may be introduced in
the claims as a closed preamble term limiting the scope of the claims to the recited components or
steps and any naturally occurring impurities. For the purposes of defining the present technology,
the transitional phrase “consisting essentially of” may be introduced in the claims to limit the
scope of one or more claims to the recited elements, components, materials, or method steps as
well as any non-recited elements, components, materials, or method steps that do not materially
affect the novel characteristics of the claimed subject matter. The transitional phrases “consisting
of” and “consisting essentially of” may be interpreted to be subsets of the open-ended transitional
phrases, such as “comprising” and “including,” such that any use of an open ended phrase to
introduce a recitation of a series of elements, components, materials, or steps should be interpreted
to also disclose a recitation of the series of elements, components, materials, or steps using the
closed terms “consisting of” and “consisting essentially of.” For example, the recitation of a
composition “comprising” components A, B, and C should be interpreted as also disclosing a
composition “consisting of” components A, B, and C as well as a composition “consisting
essentially of” components A, B, and C. Any quantitative value expressed in the present
application may be considered to include open-ended embodiments consistent with the transitional
phrases “comprising” or “including” as well as closed or partially closed embodiments consistent

with the transitional phrases “consisting of” and “consisting essentially of.”

[ (13
a

[00104] As used in the Specification and appended Claims, the singular forms an”, and
“the” include plural references unless the context clearly indicates otherwise. The wverb
“comprises” and its conjugated forms should be interpreted as referring to elements, components
or steps in a non-exclusive manner. The referenced elements, components or steps may be present,

utilized or combined with other elements, components or steps not expressly referenced.
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[00105] It should be understood that any two quantitative values assigned to a property may
constitute a range of that property, and all combinations of ranges formed from all stated
quantitative values of a given property are contemplated in this disclosure. The subject matter of
the present disclosure has been described in detail and by reference to specific embodiments. It
should be understood that any detailed description of a component or feature of an embodiment
does not necessarily imply that the component or feature is essential to the particular embodiment

or to any other embodiment.

[00106] It should be apparent to those skilled in the art that various modifications and variations
may be made to the embodiments described within without departing from the spirit and scope of
the claimed subject matter. Thus, it is intended that the specification cover the modifications and
variations of the various embodiments described within provided such modifications and
variations come within the scope of the appended claims and their equivalents. Unless otherwise
stated within the application, all tests, properties, and experiments are conducted at room

temperature and atmospheric pressure.

[00107] Having described the subject matter of the present disclosure in detail and by reference
to specific embodiments of any of these, it is noted that the various details disclosed within should
not be taken to imply that these details relate to elements that are essential components of the
various embodiments described within, even in cases where a particular element is illustrated in
each of the drawings that accompany the present description. Further, it should be apparent that
modifications and variations are possible without departing from the scope of the present
disclosure, including, but not limited to, embodiments defined in the appended claims. More
specifically, although some aspects of the present disclosure are identified as particularly
advantageous, it is contemplated that the present disclosure is not necessarily limited to these

aspects.

[00108] The presently described subject matter may include one or more aspects, which should
not be regarded as limiting on the teaching of the present disclosure. A first aspect may include a
method of sealing a water-bearing subsurface formation comprising: introducing an activation
solution comprising an aqueous solution, Na2SiOs, NaOH, and one or both of CaCO3 or Mn304
into a wellbore; introducing Saudi Arabian volcanic ash into the wellbore, in which the Saudi
Arabian volcanic ash comprises SO3, CaO, SiO2, Al203, Fe203, MgO, and K20, and allowing the

Saudi Arabian volcanic ash to contact the activation solution in the wellbore, thereby forming a
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geopolymer barrier between the wellbore and the water-bearing subsurface formation and sealing

the water-bearing subsurface formation.

[00109] Another aspect may include the previous aspect, further comprising: producing
hydrocarbons from a reservoir, where the hydrocarbon production has a first water cut, before

introducing the activation solution and the Saudi Arabian volcanic ash.

[00110] Another aspect may include any of the previous aspects, further comprising stopping
hydrocarbon production from the reservoir before introducing the activation solution and the

Saudi Arabian volcanic ash.

[00111] Another aspect may include any of the previous aspects, further comprising resuming
hydrocarbon production from the reservoir after forming the geopolymer barrier, where the
hydrocarbon production has a second water cut, and the second water cut is less than the first

water cut.

[00112] Another aspect may include any of the previous aspects, in which the activation solution

comprises from 10 to 90 wt.% CaCO3 or Mn30a4.

[00113] Another aspect may include any of the previous aspects, in which the activation solution

comprises from 25 to 50 wt.% Na2S103 and from 15 to 35 wt.% NaOH.

[00114] Another aspect may include any of the previous aspects, in which the Na2SiO3 has a
ratio of Na20 to SiOz of from 0.250:1 to 0.350:1.

[00115] Another aspect may include any of the previous aspects, in which the activation solution
comprises Si02 in an amount of from 2 to 4 times the amount of Al2Os present in the Saudi Arabian

volcanic ash by weight.

[00116] Another aspect may include any of the previous aspects, in which the activation solution

comprises a pH of from 11.6 to 13.0.

[00117] Another aspect may include any of the previous aspects, in which the Saudi Arabian

volcanic ash has a particle size of from 20 to 30 um.

[00118] Another aspect may include any of the previous aspects, in which the Saudi Arabian

volcanic ash is free of TiOx.



WO 2021/188155 PCT/US2020/056825

37

[00119] Another aspect may include any of the previous aspects, in which the Saudi Arabian

volcanic ash comprises from 40 wt.% to 50 wt.% SiO2 and from 10 wt.% to 20 wt.% Al2Os.

[00120] Another aspect may include any of the previous aspects, in which the Saudi Arabian
volcanic ash comprises: from 0.05 wt.% to 0.2 wt.% SOs; from 5 wt.% to 10 wt.% CaO; from 40
wt.% to 50 wt.% SiO2; from 10 wt.% to 20 wt.% Al203; from 10 wt.% to 15 wt.% Fe20s; from 5
wt.% to 10 wt.% MgO; and from 0.5 wt.% to 5 wt.% K:0.

[00121] Another aspect may include any of the previous aspects, in which introducing Saudi
Arabian volcanic ash into the wellbore comprises: introducing an ash solution comprising an
aqueous solution and Saudi Arabian volcanic ash, in which the aqueous solution comprises
deionized water, tap water, fresh water, salt water, natural or synthetic brine, municipal water,
formation water, produced water, well water, filtered water, distilled water, sea water, or

combinations of these.

[00122] Another aspect may include any of the previous aspects, in which the ash solution

comprises from 30 to 60 wt.% Saudi Arabian volcanic ash.

[00123] Another aspect may include any of the previous aspects, in which the ash solution
further comprises one or more additives selected from the group consisting of dispersants, fluid
loss control agents, retarders, expansion additives, antifoaming agents, stabilizers, accelerators,
extenders, weighting agents, lost circulation control agents, surfactants, gypsum, hematite,

manganese tetroxide, silica flour, and silica sand.

[00124] Another aspect may include any of the previous aspects, in which the geopolymer

barrier has a compressive strength of from 1300 to 1500 psi.

[00125] Another aspect may include any of the previous aspects, in which the geopolymer

barrier has a ratio of Na2Si03 combined with NaOH to Al20s ranges from 0.5:1.0t0 9.0:1.0 .

[00126] Another aspect may include any of the previous aspects, in which the geopolymer

barrier comprises a sodium aluminosilicate hydrate.

[00127] Another aspect may include any of the previous aspects, in which the sodium

aluminosilicate hydrate comprises a formula of: Nan [(-Si02) z —AlO2] n . y H20, where n
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represents a degree of polymerization ranging 1 to 50 and z represents an amount of silicate

ranging from 2 to 10.

[00128] Another aspect may include any of the previous aspects, in which the sodium

aluminosilicate hydrate has a structure of:

__ g —
0 0 6]
Na+ e)
HO Si 0] Al 6] Si OH
0] 0] 6]
Si
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CLAIMS

1. A method of sealing a water-bearing subsurface formation comprising:

introducing an activation solution comprising an aqueous solution, Na:Si03, NaOH, and
one or both of CaCO3 or Mn304 into a wellbore;

introducing Saudi Arabian volcanic ash into the wellbore, in which the Saudi Arabian
volcanic ash comprises SO3, Ca0, SiO2, Al203, Fe203, MgO, and K:0; and

allowing the Saudi Arabian volcanic ash to contact the activation solution in the
wellbore, thereby forming a geopolymer barrier between the wellbore and the water-bearing

subsurface formation and sealing the water-bearing subsurface formation.

2. The method of claim 1, further comprising reducing water cut by sealing the water-bearing

subsurface formation.

3. The method of any previous claim, further comprising:

producing hydrocarbons from a reservoir, where the hydrocarbon production has a first
water cut, before introducing the activation solution and the Saudi Arabian volcanic ash,;

stopping hydrocarbon production from the reservoir before introducing the activation
solution and the Saudi Arabian volcanic ash;

resuming hydrocarbon production from the reservoir after forming the geopolymer
barrier, where the hydrocarbon production has a second water cut, and the second water cut is

less than the first water cut.

4. The method of any previous claim, in which the activation solution comprises from 10 to 90

wt.% CaCOs or Mn3Os, from 25 to 50 wt.% NazSi0Os3, and from 15 to 35 wt.% NaOH.

5. The method of any previous claim, in which the Na2SiOs has a ratio of Na2O to Si0O: of from
0.250:1 to 0.350:1.

6. The method of any previous claim, in which the activation solution comprises SiOz in an
amount of from 2 to 4 times the amount of Al2Os present in the Saudi Arabian volcanic ash by

weight.
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7. The method of any previous claim, in which the activation solution comprises a pH of from

11.6to 13.0.

8. The method of any previous claim, in which the Saudi Arabian volcanic ash is free of TiOa.

9. The method of any previous claim, in which the Saudi Arabian volcanic ash comprises from

40 wt.% to 50 wt.% SiO2, and from 10 wt.% to 20 wt.% Al20s.

10. The method of any previous claim, in which the Saudi Arabian volcanic ash comprises:
from 0.05 wt.% to 0.2 wt.% SOs;
from 5 wt.% to 10 wt.% CaO;
from 40 wt.% to 50 wt.% SiO2;
from 10 wt.% to 20 wt.% Al20s3;
from 10 wt.% to 15 wt.% Fe2Os3;
from 5 wt.% to 10 wt.% MgQO; and
from 0.5 wt.% to 5 wt.% K20.

11. The method of any previous claim, in which:

introducing Saudi Arabian volcanic ash into the wellbore comprises introducing an
ash solution comprising an aqueous solution and Saudi Arabian volcanic ash, in which the
aqueous solution comprises deionized water, tap water, fresh water, salt water, natural or
synthetic brine, municipal water, formation water, produced water, well water, filtered water,
distilled water, sea water, or combinations of these;

the Saudi Arabian volcanic ash has a particle size of from 20 to 30 pm,;

the ash solution comprises from 30 to 60 wt.% Saudi Arabian volcanic ash; and

the ash solution further comprises one or more additives selected from the group
consisting of dispersants, fluid loss control agents, retarders, expansion additives, antifoaming
agents, stabilizers, accelerators, extenders, weighting agents, lost circulation control agents,

surfactants, gypsum, hematite, manganese tetroxide, silica flour, and silica sand.

12. The method of any previous claim, in which the geopolymer barrier has a compressive

strength of from 1300 to 1500 psi.
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13. The method of any previous claim, in which the geopolymer barrier has a ratio of Na2SiO3

combined with NaOH to Al203 ranging from 0.5:1.0 to 9.0:1.0.

14. The method of any previous claim, in which the geopolymer barrier comprises a sodium
aluminosilicate hydrate comprising a formula of:
Nan [(-Si02) 2 —AlO2] n. y H20, where n represents a degree of polymerization ranging 1

to 50 and z represents an amount of silicate ranging from 2 to 10.

15. The method of claim 14, in which the sodium aluminosilicate hydrate has a structure of:

Si
0] 0] 6]
+
Na ©
HO Si 0] Al O Si OH
@) @] O
Si
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