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Fracture Additive and Formation
Degradations

Reactions and

Subsurface
Reactive Targets

Rock (shale, sandstone, limestone, etc.)
— Matrix

— Natural Fractures

— Hydraulic Fractures

— Fluids (non HC gases, waters,
hydrocarbons)

Tubulars (various alloys)
Cement

Drilling components
Fracture Additives

Chemical & Physical
Reaction Controls

Access (inhibition controls)

Permeability (can reactants reach
each other?)

Area-to-volume ratio (how much
diffusion can occur?)

Inhibition — (diffusion, viscosity,
coatings, form, etc.)

Reaction variables

Flow Rate and Pressure
Temperature
Pressure

Time (average frac 3 hrs at
pressure, 2 to 4 weeks cleanup)

Volumes
By-product solubility
Re-precipitation



Well Described Shale

Reaction/Degradation
Chemical Physical
e lon Transfer, CEC e Creep (Deenadayalu, 2010)

e Solution and re-precinitation ¢ Osmotic
e Dispersion (breakage)
e Saltimbalance
disaggregation (drilling)

— Resolved by more closely
matching salinity.



Permeability (nanodarcy)

Shale Porosity vs. Permeability
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Proppant Diagenesis

SPE 131782, LaFollette and Carman

 Proppants — the conductivity of a propped
fracture can decompose in some conditions.
Proppant decomposition from prop-fluid reaction

— Prop embedment into the formation gouges out /
liberates small formation particles.



Changes in Recovered Water
Composition: Shale + Prop + Fluid

Cations
Sodium
Calcium
Magnesium
Barium
Potassium
Iron

Boron

Silicon

Anions
Chloride
Sulfate

Carbonate

Bicarbonate
Total Dissolved Solids(calc.)

Total Hardness as CaCO3

pH

Specific Gravity

Baseline
80
29
3
1
984

120

Baseline
30
5
640
49
1907
16
9.73
1.0010

30 days
870
371
10
1
970

130
40

30 days
2200
5
1
610
5031
968
7.31
1.0025

60 days
1400
459
4
10
632

137
110

60 days
1591
5
1
721
4943
1160
7.50
1.0025

120 days
1400
312
2
1
660

140
85

120 days
2031
5
1
488
5033
787
7.19
1.0025

240 days
334
100
1
0
290

60
20

240 days
523
5
1
915
2222
250
7.54
1.0014

water composition of the broken fracturing fluid from baseline through the
240 day test using a mixture of shale, proppant, and fluid.

LaFollette, et. al. SPE 131782




Ceramic Proppant Chemistries

o

[
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dense mat of honeycomb structure overgrowth. 2000X

Chemis Wt D/o SPE 139875
/
Proppants Algg:_i\ Fe,0;| K,0/ Si0,\ Ca0| MgO | TiO;, |
20/40 High strength ceramid| 78.1 | 11.2 [0.007| 8.2 |0.021/0.006|2.24
20/40 Light weight ceramic || 49.7 | 1.06 | 0.06||46.7 | 0.02| 0.01 |2.22
40/80 Light weight ceramic \48.5/| 1.22 | 0.19\ 47.6/ 0.28| 0.04 |2.22
W 2
e
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Zeolites

In order to be a zeolite, the ratio (Si + Al)/O must equal % and typically have large
vacant, interconnected spaces in their structure that form long, wide channels of
varying sizes.

Common Zeolites

The first zeolite formed is often

Mordenite Clinoptilolite

SPE 139875



Many Formation Degradations Directly Tied to
pH — Low pH Created by CO2 or Mineral Acid

Partial pressure CO; psi
=

Temperature “F
' ) ' SPE 106815
3000X Closeup of acid-etched shale that showed no
I irs in the Guilf Coast,
§ many reservor in e =ut e detectable amount of calcite or dolomite in XRD analysis.

it has been determined that CO; content is highly
correlated with reservoir temperature. [Grimes and
McNeil 2005] SPE 130875




Reduction of Conductivity with Stress
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50-Hour  Flow" with Achieved Flow Damage Migration |  Stress + Under realistic conditions, the ability of a proppant pack to conduct fluid is severely
Test MNon-Darcy Width (1 Plugging reduced.
Effects Ibfsq ft) + These conditions impact all proppants, to varying degrees.
(2) (b)

Even in simple, planar fracs with uniform proppant distribution, the apparent conductivity is often 50 to 1000 times
lower than in published data from standard tests at 6000 psi closure stress (a). Reductions must be applied to all proppant
types at all stresses (b). All data shown for 20/40 proppants. [Vincent, 2009] Duenckel, et. al., SPE 139875




Decomposition Reactions of Most-
Common Frac Additives (1 of 3)

* Proppant
— Physical
« Embedment (pushes up particles of fracture face)

e Erosive — minor effect with maximum impact on
perforations in the casing (large particles, rough
surfaces and high velocities)

— Chemical

e Diagenesis — solution and common re-precipitation of
silica and some aluminum oxides. Strength loss = 20%.



Decomposition Reactions of Most-
Common Frac Additives (2 of 3)

* Friction Reducer

— Physical — lowers friction in pipe by 25 to 35+%
(decreases horsepower & resultant emissions)

Chemical high MW polyacrylamide absorbs in rock
e Surfactants — (flow-back, dispersion, IFT, etc) —
most adsorb and are lost.
e Gellants — guar, cellulose derivatives, etc.

— Physical — increases viscosity & proppant carrying
ability, decreases leakoff, absorbs in formation

— Chemical — breakers & temperature induced
degradation leaves partly broken polymer in pores.



Decomposition Reactions of Most-
Common Frac Additives (3 of 3)

* Gel Breakers —ammonium persulfate — reduces
gel viscosity in lower temperature formations.
The materials remain with fluids.

e Biocides — oxidizing biocide vs. metabolic toxin?
Best have low bioaccumulation and bio-
degradation. Some UV use in clear fluids.

e Scale Inhibitors — phosphonates, phosphate
esters, Polymers sorption losses, no
degradation of phosphonate or phosphates.
Polymer breakdown is common degradation.



Observations

Conventional Rocks
sandstone & carbonates

Reactions are well described in
Literature — 60+ years of data

Adsorption, absorption &
graded release very common.

Access —the 0.1 to 5000+ mD
perm & Area-to-Volume ratios
of 20,000 to 30,000 are major
chemical & physical reaction
controls

Meaningful work done on core
and appears reflective of what
happens in the rock.

Unconventional Rocks

shales, mudstones, siltstones, etc.

e Reactions only starting to be
described in Literature

e Access is major limiter - all Rx

Shale perm 100 to 500 nano-Darcies
(0.0001 to 0.0005 mD) limits rate of
fluid movement to millimeters/yr.

Shale pore size of 0.3 micron bars
water entry into the matrix.

Area-to-volume ratios reduced into
the 100 to 1000:1 range, not the
30,000+:1 of a matrix reaction or the
100,000:1 range of ground up shale
particles.

Reaction studies involving ground-up
shale are highly suspect and a worst-
possible (unachievable?) case.



Support Slides (for the record)

e Shale Characteristics
e References



Molecular Diameter

Gas Molar Kinetic Resource for Kinetic Diameter
Mass Diameter
M Tinetic

(g/mol) (nm)
Methane 16.043 0.38 (Gupta et al. 1995)
Ethane 30.07 0.4 (Sadakane et al. 2008)
Propane 44.082 0.43 (Collins et al. 1996)
Carbon Dioxide 44.01 0.33 (Sadakane et al. 2008)
Water 18.015 0.265 (Ivanova et al. 2007)
Nitrogen 28.014 0.364 (Collins et al. 1996)

Freeman, SPE 141125



pH 5 Fluid Effect on Haynesville Shale
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Recognized Mechanisms Affecting Conductivity of Propped Fractures

Category of Damage

Damage Mechanism Causing Higher Pressure Losses

Physical loss of porosity
and/or fracture width

Particle crushing, pack rearrangement, compaction

Particle embedment into fracture face

Spalling of formation material. contaminating proppant pack
Cyeclic stress loading increasing particle crush and rearrangement
Low achieved proppant concentration yielding narrower fracs
Gel filter cake at frac face resulting i loss of effective width
Dispersed gel residue occupying porosity

Complex fluid flow regimes
causing higher pressure losses
thanreported in low

velocity tlow tests

Fluid mertia causing non-Darcy pressure losses due to curvilinear flowpath around
proppant graimns (significant even at modest laminar production rates)

Fluid turbulence (significant only at high production rates)

Multiphase flow

Emulsions, foams, froths. mist flow causing higher pressure losses

Non-linear fracture geometry

Complex fracture geometry would be expected to mcrease total flowpath length and
flowpath tortuosity

Imperfectly uniform
proppant distribution

Irregular packing should result in greater proppant crush and embedment and also
result in bottlenecks or reglons of aperture restriction

Uncertain or multiple
mechanisms

Contiued degradation over time
Thermal degradation of some proppant types

Chemical degradation
of proppant

Proppant dissolution causing reduction in particle diameter or strength (especially in
acid or steam injection)

Stress corrosion. pressure solutioning. static fatigue

Deposition of sulfate or carbonate scales

Precipitation of waxes or asphaltenes

SPE 139875




pH at Various Points in the Flow Back

pH of Flowback Fluid Recorded by One Operator from Several East Texas and North LouisianaWells

Deep Bossier - 4% CO2 Cotton Valley Lime, Well 1 Haynesville - 3% CO2 Deep Bossier - 4% CO2
bbl % recovery pH bbl % recovery pH bbl % recovery pH bbl % recovery pH
742 4.5% 6.2 559 6.6% 7.2 1193 1.2% 6 720 20.7% 6.4
1245 7.5% 6.5 661 7.8% 7.2 1313 1.3% 6 864 24.8% 6.4
1541 9.3% 6.5 726 8.6% 7.2 1736 1.8% 6 1002 28.8% 6.4
1687 10.2% 6.8 769 9.1% 7.2 1908 2.0% 6 1072 30.8% 6.5
1798 10.9% 6.5 843 10.0% 6.2 2259 2.3% 6 1180 33.9% 6.4
2048 12.4% 6.5 865 10.3% 6.2 2362 2.4% 6 1330 38.2% 6.4
2383 14.4% 6.5 963 11.4% 6.4 2482 2.5% 6 1454 41.7% 6.4
2702 16.4% 6.2 2777 2.8% 6
2827 17.1% 6.2 2947 3.0% 6
2951 17.9% 6.2 Cotton Valley Lime - 5% CO2 James Lime
3080 18.7% 6.2 bbl % recovery pH bbl % recovery pH
3170 19.2% 6.2 797 4.7% 6.4 Haynesville - 6% CO2 1096 8.8% 7
3394 20.6% 6.2 1630 9.6% 6.4 bbl % recovery pH 1457 11.7% 7
3461 21.0% 6.2 1952 11.5% 6.8 1172 0.6% 5 2870 23.1% 7
3634 22.0% 6.2 2246 13.3% 6.4 1448 0.7% 5 3807 30.7% 7
3699 22.4% 6.2 2459 14.5% 6.4 2347 1.2% 5 4339 34.9% 7
3875 23.5% 6.2 2781 16.4% 6.4 4767 38.4% 7
3935 23.8% 6.2 2940 17.4% 6.4 4877 39.3% 7
4073 24.7% 6.2 3269 19.3% 6.4 5054 40.7% 7
4130 25.0% 6.2 3923 23.2% 6.4
4253 25.8% 6.2 3999 23.6% 6.4
4315 26.1% 6.2 4147 24.5% 6.4
4453 27.0% 6.2 4247 25.1% 6.4
4586 27.8% 6.2 4468 26.4% 6.4
4729 28.7% 6.2
4867 29.5% 6.2 SPE 139875

5042 30.5% 6.2




Proppant Diagenesis Conclusions from SPE 139875

1. Static testing of various proppants at high temperature and in the presence of variable tfluids and reservoir rocks shows:
a. Under some conditions precipitants will form but only when formation material 1s present.
b. These precipitants will form on all ot the proppant types tested (ceramics, natural sands and RCS) and inert
materials.
¢. Chemical makeup of the precipitants and their structure show them to be classitied as zeolites.
d. Chemical makeup of the precipitants always includes alumina and in the case of the sand, RCS and inert
materials, the alumina was conclusively sourced from the formation material.
e. Mechanical properties of proppants post static testing shows strength degradation.
1. The degradation 1s related to a stress corrosion or static fatigue phenomena that all oxides undergo
upon exposure to water.
11.  This degradation 1s unrelated to any sort of “diagenetic” process.
1. Static fatigue attacks the silica bonds 1n both sand and ceramic proppants.
1v. Resin coatings did not effectively isolate sand particles from static fatigue even in unstressed testing,
and 1t 1s unlikely that a 100% mmpermeable resin coating can be achieved in actual fractures.
v. Water molecules present in the atmosphere are sufficient to induce static fatigue and 1t does not appear
practical to 1solate proppants from all moisture given that water 1s ubiquitous in the atmosphere and in
IeServoirs.
vi. This degradation 1s already mcorporated in the reference conductivity testing, and there are no
adjustments necessary to account for this phenomenon.
2. Zeolites appear to form only with alkaline pH, and then with poor reproducibility. Hot reservoirs in which zeolite
formation was anticipated are typically too acidic to allow deposition.
3. Zeolites did not form under extended conductivity testing under flowing conditions with reservoir shale core at high
temperatures and stresses. Under these conditions RCS exhibited a higher loss of conductivity than the ceramic tested.
4. Though only a limited sample set 1s available for inspection, flow back proppant samples do not indicate the presence of
zeolites.
5. While 1t is recognized that barium sulfate or calcium carbonate scale can significantly impair productivity in some
reservoirs, there 1s not yet evidence that zeolite precipitation poses significant concern in actual propped fractures, or that
chemical treatment of the proppant surface is justified or effective at mitigating zeolite precipitation. 3%



Changes in Recovered Water
Composition: Prop + Fluid Test

Cations Baseline 30days 60days 120 days
Sodium 80 125 162 85
Calcium 29 84 34 58
Magnesium 3 2 3 1
Barium 1 5 0 1
Potassium 984 1243 1018 827
Iron 1 1 1 1
Boron 120 140 127 90
Silicon 2 95 100 80
Anions Baseline 30days 60days 120 days
Chloride 30 219 220 156
Sulfate 5 5 5 5
Carbonate 640 1 1 1
Bicarbonate 49 1092 987 305
Total Dissolved

Solids(calc.) 1907 2904 2552 1521
Total Hardness as CaCO3 16 218 97 145
pH 9.73 7.12 5.78 7.27

Specific Gravity 1.0010 1.0015 1.0015 1.0007

water analysis results for the proppant +fluid series tests. SPE 131782




EDS Analyses of Diagenetic Materials from Pinedale Shale Cells

SPE 139875

Al203 Fe; 03 K,0 SiO; MgO TiO2 C

Figure 15A Spot 1 - HSC 63.5 175 0.6 15.0 0.4 22 0

Figure 15A Spot 2 — Precipitate 35.8 7.0 4.6 456 1.8 1.6 0

Figure 15B Spot 1 — Sand 2.6 0 0 974 0 0 0

Figure 15B Spot 2 — Precipitate 18.4 7.5 5.0 66.7 2.0 0
Figure 15C Spot 1 — RCS 9.0 0 0 19.6 0.7 0 70.7

Figure 15C Spot 2 — Precipitate 23.9 0 4.3 47.4 2.7 1.7 0
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Test of Onset of Proppant Diagenesis —
requires formation to be present.

Diagenetic materials formed on all types of proppant — sand, ceramic, glass, resin coated
materials, steel balls, etc.

Cell| Proppant Fluid |Core Present | Time |Diagenesis Present| Crush % Incr|SPC % decr
1 20/40 HSC Dry No 7 days None 0 12
2 20/40 HSC DI Water No 7 days None 34 11
3 20/40 HSC DI Water |Pinedale Shale |7 days None 21 12
4 20/40 HSC Dry No 14 days None 11 2
<) 20/40 HSC DI Water No 14 days None 21 7
6 20/40 HSC DI Water |Pinedale Shale |14 days Extensive 108 9
7 40/80 LWC Dry No 14 days None 16
8 40/80 LWC DI Water No 14 days None 26
9 40/80 LWC DI Water |Pinedale Shale (14 days Extensive 952
10 | 20/40 Sand Dry No 7 days None 0 (6)
11 | 20/40 Sand DI Water No 7 days None 43 (3)
12 | 20/40 Sand Dry No 14 days None 30 (5)
13 | 20/40 Sand DI Water No 14 days None 43 2
14 | 20/40 Sand DI Water |Pinedale Shale |14 days Extensive 209 (4)
15 | 40/70 RCS DI Water |Pinedale Shale |14 days Extensive 158

SPE 139875




Same Test with Another Shale

Cell Proppant Fluid Core Present | Time |Diagenesis Present | Crush % Incr|SPC % decr
1 20/40 HSC DI Water No 14 days None 37 19
2 20/40 HSC 2% KCI No 14 days None 37 8
3 20/40 HSC DI Water Steamboat Shale | 14 days Minor 43
4 20/40 HSC DI Water Steamboat Shale | 14 days None 26 1
5 20/40 HSC DI Water No 21 days None 58 6
6 20/40 HSC 2% KCI No 21 days None 29 14
7 20/40 HSC DI Water Steamboat Shale |21 days None 16 24
8 20/40 HSC | Hynsvle Water No 21 days None 155 18
9 20/40 HSC | Hynsvle Water | Steamboat Shale |21 days None 55 9
10 20/40 LWC DI Water No 14 days None 61 7
11 20/40 LWC DI Water Steamboat Shale | 14 days 1 pellet 76 3
12 20/40 LWC DI Water No 21 days None 97 12
13 20/40 LWC DI Water Steamboat Shale |21 days None 97 6
14 20/40 LWC | Hynsvle Water No 21 days None 158 12
15 20/40 LWC | Hynsvle Water | Steamboat Shale |21 days Moderate 121 22
16 20/40 Sand DI Water Steamboat Shale | 14 days Moderate -4
17 20/40 Sand DI Water Steamboat Shale |21 days None 187
18 40/70 RCS DI Water Steamboat Shale | 14 days Moderate 93
19 40/70 RCS | Hynsvle Water | Steamboat Shale |14 days Moderate 417

SPE 139875




Shale Reactivity

e Shales reactive in the following manners:

— Chemical Reactivity

e Shale units are highly laminated and contain acid
soluble minerals

e Acid soluble minerals are homogenized in the shale
bulk matrix and natural fractures

e Reactive fluids may be capable of etching the face of
shale fractures.

e Aluminum oxide, Al203



Water Chemistry Changes

e Water chemistry in the presence of shale
(Haynesville) changed out to 240 days

Ca+t, Sit/, CI, HCO, increases sharply and then
decreased=>dissolution followed by precipitation

— The formation initially weakens, then strengthens.

— There is about a 10% to 20% net strength loss, but
that may be due to changes in moisture levels or
adjustment of mineral structures to salinity change.



Additive & Formation Degradation Conclusions

e Several chemical and physical actions occuring
over time

e Short time tests may be misleading

— Re-precipitation and Prop/Shale strengthening
observed

— Additives often disappear to absorption,
adsorption, precipitation or modification

— “Lost” additives may or may not come back as
extremely dilute solutions.



Proppant Changes

After 120 days of exposure, all the silica in the proppant had been leached out, leaving
aluminum oxide behind. Precipitation of minerals on the proppant grains was varied.

' SPE 140110
SEM photo of proppant at 240 days at 500x



Variables that Influence Rock Typing

Porosity

TOC

Quartz

Calcite
Dolomite

lllite

Mixed Clay
Siderite

Total feldspar
10 Total Carbonate
11. Total Clay Content

LN AEWNRE

The first three
principal components
explain almost 70% of
the variation in the
data set.
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they explain (11 variables case).
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Interactions of Components
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Average Tensile Strength (MPa)
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Exposure to Flowback Water
LaFollette, SPE 140110

TDS = 158,000 w/ barium, strontium, sodium and calcium. pH = 5.8.

Brinell Hardness Flowback Water
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Petrofacies Variation

Avg. Porosity, Avg. TOC

(%)
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O Porosity @ TOC @ Calcite

Average porosity, TOC and calcite content of three

petrofacies in Barnett shale play.




Shales - Composition

o Sadimantarv in Natiire

— Seal and gumbo shales high clay content — 40%+
clays, Organic content of 10 to 30+%

— Gas productive shales — called a shale because of
particle size. Actually a siltstone or mudstone.
<10 to 30% clay and TOC usually 1% to 8%.

— Young’s modulus of gas prospective shales plots
with tight gas sands — distinctly different from seal
and gumbo shales (Britt, 2009)



Core Chemistry / Mineralogy

Core Chemistries

Chemistry. wt. 9
Shale Si0; Al,O, Fe;0; K;0+Na,;0 Ca0+MgO
Pinedale 66.2 20.0 3.2 5.3 3.8
Steamboat 77.0 13.9 2.1 3.0 3.1
Hnysvl/Bssr 1 57.5 20.3 4.9 5.9 10.2
Hnysvl/Bssr 2 61.4 15.5 4.6 5.1 12.7
SPE 139875
Core Mineralogy
Mineralogy, wt. %
Shale lllite Quartz Kaolinite Calcite Muscovite
Pinedale 48.6 349 11.0 -- --
Steamboat 26.1 56.5 9.3 -- --
Hnysvl/Bssr 1 34.2 25.2 1.5 16.6 17 .4
Hnysvl/Bssr 2 29.1 33.4 4.9 14.0 14.9
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