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ABSTRACT 
The exploitation of unconventional gas reservoirs has become an integral part of the 

North American gas supply. The economic viability of many unconventional gas developments 

hinges on the effective stimulation of extremely low permeability reservoir rocks. With 

improving drilling and stimulation techniques, many unconventional plays have become realistic 

contributors to the energy budget. The Marcellus shale reservoir contains large amount of natural 

gas resources and its proximity to high demand markets makes it an attractive target for energy 

development. 

Hydraulic fracturing is the stimulation method of choice in shale gas reservoirs. Even 

though hydraulic fracturing technique improves ultimate gas recovery, there are several factors 

that impact the production of natural gas from a hydraulically fractured shale gas well.  

This study was undertaken to quantify the impact of selected post hydraulic fracture 

factors that affects shale gas wells. With the use of commercial reservoir simulator that models 

cumulative production and flow rate from a vertical well located in a 160 acre Marcellus shale 

gas reservoir, we are able to quantify how much impact this various factors will have on the 

ultimate gas recovered from the reservoir under consideration. A base model contains multi-phase 

flow and proppant crushing was simulated and used as the base result for which other factors was 

incorporated and compared. 

The new knowledge from this research should enable engineers to better design fracture 

treatments and helps operators manage the well in the Marcellus shale formation. The observation 

and recommendations will also be useful for further studies in this area.  
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Chapter 1  
 

Introduction  

Fossil fuel, such as coal and petroleum, plays an important part in peopleôs lives. 

Although people started using coal to burn and cook in ancient times, the massive usage of coal 

and petroleum was started from the industrial age. The invention of steam engine pushed the 

efficiency of production into a new frontier, and brought the exploration and harness of fossil fuel 

into an unprecedented stage. The unsatisfied demand and crave for fossil fuel has pushed human 

being to explore both conventional and unconventional fuel in order to meet with the energy 

demands from our society. 

Shale gas refers to natural gas that is trapped within shale formations. Shales are fine-

grained sedimentary rocks that can be rich sources of petroleum and natural gas. Over the past 

decade, the combination of horizontal drilling and hydraulic fracturing has allowed access to 

large volumes of shale gas that were previously uneconomical to produce, as is shown in Figure 

1-1. The production of natural gas from shale formations has rejuvenated the natural gas industry 

in the United States. 

 

Figure 1-1 U.S. Natural Gas Production 1990-2035 
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Marcellus Shale was discovered just in this new realization. Figure 1-2 is a map 

representation of where Marcellus shale is located. As recently as 2002 the United States 

Geological Survey in its Assessment of Undiscovered Oil and Gas Resources of the Appalachian 

Basin Province, calculated that the Marcellus Shale contained an estimated undiscovered resource 

of about 1.9 trillion cubic feet of gas. In early 2008, Terry Englander, a geoscience professor at 

Pennsylvania State University, and Gary Lash, a geology professor at the State University of New 

York at Fredonia, surprised everyone with estimates that the Marcellus might contain more than 

500 trillion cubic feet of natural gas. 

 

 

Figure 1-2 Map of the Appalachian Basin Province showing the three Marcellus Shale assessment units, 

ehich encompass the extent of the Middle Devonian from its zero isopach edge in the west to its erosional 

truncation within the Appalachian fold and thrust belt in the east. 

Hydraulic fracture is the most effective way to stimulate gas formation. Over the past 

decade, the combination of horizontal drilling and hydraulic fracturing has allowed access to 

large volumes of shale gas that were previously uneconomical to produce. Shale gas wells the 
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must be hydraulically fractured before a well can produce economic amounts of gas. Figure 1-3 a 

good representation. 

 

 

Figure 1-3 Size of the fracturing market (Economides 2010) 

Although Marcellus Shale has a great production potential, currently we still know little 

about it. One of the most important facts is massive hydraulic fracture activity, without caution, 

may lead to severe damage on both the formation and fracture. 

Regarding this problem, this project focuses on computer simulation method to help 

understand how much different kinds of fracture damage affect productivity. After observation 

and comparison, conclusions will be addressed regarding on a better understanding of what 

should be taken into consideration before hydraulic fracture 
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Chapter 2  
 

Literature Review 

Hydraulic fracture is the most effective stimulation method in shale gas reservoirs. The 

process of hydraulic fracture may cause formation damages at the same time, if not properly 

designed. All damaging factors may reduce the effectiveness that hydraulic fractures should have. 

Continued from Osholakeôs work (2011), there are three damaging factors considered in this 

thesis, interaction of flow back fluid and formation rock, proppant scale, and proppant diagenesis. 

Interaction of flow back fluid and formation rock is used to describe the situation where 

clay in the formation swells after contacting foreign water. Hower mentioned that clay swell will 

cause severe damage on formation rock, the contact with foreign water will also cause clayôs 

migration from original position. If flow channels are plugged, production will be affected 

(Hower 1974). Bahrami, Rezaee  says as swell clays imbibe water into their crystalline structure, 

enlarge them in size, and hence plug the pore space (Bahrami, Rezaee et al. 2011). Dewan  

described different kinds of clay, their crystal structure, their disperse structure (Dewan 1983). 

Both Dewan and Hower pointed out that Montmorillonite is the most possible type of swell clay 

(Dewan 1983) (Hower 1974). The latest laboratory work conducted on the topic of interaction 

between flow back fluid and formation rock is documented in (Conway, Venditto et al. 2011). 

Conway and his colleages conducted a serious of experiments. They simulated a natural fracture 

in the lab, flow diff erent kinds of fluids through the core samples, and measure conductivities of 

the natural fracture at the same time. They discovered that clay swell caused by the contact of 

foreign fluid may induce the closure of natural fractures. Conductivity data was recorded and has 

valuable usage in our research. 
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Scale precipitation always appears within the pore spaces of the formation matrix or 

proppant pack, or builds up in downhole tubing. Scale is found to be one of the reasons that 

causes successive decline of fracture conductivity. (Lehman, Parker et al. 1999) showed many 

photographic evidence of scale withdrew from down hole condition in his paper. (Mackay 2010) 

summarized produced water life-cycle into three distinct periods. The First period is production 

of formation water only. During this period, brine may have a carbonate scaling. The second 

period is production of formation water and injected seawater. There is potentially an increasing 

sulphate scaling tendency. The third period is production of formation water, injected seawater 

and re-injected produced water. In Garzon and Solaresôs work (Garzon, Solares et al. 2009), the 

OLIôs ScaleChem (2001) prediction program was used to simulate the deposition environment in 

the sandface area and production string. According to his simulation scale did happen, and 

calcium carbonate and iron sulfide are the most likely mineral scales depositing in the sandface 

area. As for the latest research on proppant scale, Weaver (Weaver and Nguyen 2010) constructed 

a serious of experiments to test the effectiveness of WBAA agent in preventing proppant scale. In 

the experiment, the Teflon flow cells were packed with 20/40-mesh sand, simulating the proppant 

pack. The test used a flow combined at a 50:50 ratio from two different. These two brines, once 

mixed together, can form CaCO3 scale. The pressure drop increase across the sand pack was 

witnessed, which not only further proves the fact that proppant scale may impair fracture 

conductivity, but also provide us with quantification of decreased conductivity.  

Proppant diagenesis has been a hot topic since the day it was proposed. According to 

(Nguyen, Weaver et al. 2008), diagenesis is the alteration of sediments into rock at temperatures 

and pressures that can result in significant changes to the original mineralogy and texture. It 

causes a loss of fracture and a reduction of porosity resulting in reduced permeability and fracture 

conductivity. Nguyen and Weaver also provided photographic evidence of diagenesis, in which 

silica and aluminum crystal structures are found to be formed on the surface of proppant after 
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high pressure exposure in laboratory. As for latest research in this field, Raysoni and Weaver 

used static hydrothermal screening test method to test the validity of diagenesis. Raysoni and 

Weaver mentioned in their experiments (Raysoni and Weaver 2012; Raysoni and Weaver 2012) 

that, this method permitted a process to rapidly determine the relative proppant compatibility 

using actual formation core samples. Conclusions Raysoni and Weaver drew from static 

hydrothermal screening test method is that diagenesis chemistry does occur at realistic reservoir 

temperatures, and significant loss of permeability and proppant strength does occur ñrapidlyò. 

They also obtained the quantification of decreased permeability of selected proppant pack. Unlike 

Wearver and his colleagues, Duenckel and Conway also did relevant research on diagenesis 

effect(Duenckel, Conway et al. 2011). Duenckel and Conway did both static hydrothermal screen 

test and ISO 13503-5 on proppant samples. The conclusions they draw from their experiments are 

diagenesis effect does occur in static testing but only in static testing. While in ISO 13503-5 test, 

diagenesis effect did not form under extended conductivity testing under flowing conditions with 

reservoir shale core at high temperatures and stress, and thus there is not yet evidence that zeolite 

precipitation poses significant concern in actual propped fractures. They also proposed that while 

no mechanical load was applied during the static test, standard saturated steam tables show that 

water in a closed container at 400°F will generate about 250 psi of isostatic pressure, sufficient to 

activate the stress corrosion mechanism, which might be the reason of permeability decrease after 

proppant samplesô aging. 

Both of these papers are published in recent years, although some of the contents are 

contradict with each other, they tell us some significant points about diagenesis effect. In our 

opinions, the ISO-13503-5 long term conductivity test Duenckel and Conway did might not 

provide sufficient time for diagenesis effect to be revealed; the static hydrothermal screen test 

Raysoni and Weaver conducted did failed to report the crush percentage of tested proppants, and 

thus omit the possibility of crushed proppants impairing proppant pack permeability. Both of 
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these experiments should be refined to provide a more subjective result. We still take greater 

confidence in the existence of diagenesis effect under real conditions due to collections of 

mivrographs from a test in which efforts were made to identify this material formed during 

testing.  
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Chapter 3  
 

Problem Statement 

With improved drilling and completion technologies during the past decades, the 

development of unconventional shale oil and gas resources becomes viable and more and more 

important to the industry. 

Hydraulic fracturing is the most effective stimulation method for tight gas reservoirs but 

there are still possible damages to hydraulic fracture that may decrease productivity. Possible 

damage factors: multi-phase flow of gas and water, proppant crushing, proppant embedment, 

proppant scaling, proppant diagenesis, interaction of fracture fluid and flowback fluid with 

existing natural facture and unpropped hydraulic factures, capillary, reservoir compaction, etc. 

Although there are laboratory evaluations of the damages above, we are yet to quantify each 

impact on gas recovery. As an extension of Osholakeôs work, the objective of this research is to 

understand and numerically simulate effect of three pertinent damage factors on fracture fluid 

cleanup and long-term gas recovery. 

In this research, we first understood the mechanisms of three damages, interaction 

between formation rock and fluid, proppant scale and proppant diagenesis. We then built 

numerical models, conducted parametric studies, and quantified the impact of each damage factor 

on facture fluid flowback and long-term gas recovery. The new understanding would help 

engineers design better facture treatment in Marcellus Shale gas reservoirs. 
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Chapter 4  
 

Damage Mechanisms 

Hydraulic fracturing has been widely used in the industry. Hydraulic fracturing tends to 

increase the productivity of shale gas wells if applied successfully. One of the most important 

facts is massive hydraulic fracture activity without appropriate caution may lead to severe 

damage to both the formation and fracture.  

In this thesis, three major damage effects were investigated: 1interaction of fluid and 

formation rock, 2 proppant scale, and 3proppant diagenesis.   

4.1 Interaction between fluids and formation rock (N.F. and unpropped H.F.) 

Many hydrocarbon producing formations contain clays that can influence primary results. 

Clays are present in a majority of hydrocarbon bearing formations and their presence can cause 

many problems in the production of oil and gas. All of clays are capable of migrating and causing 

permeability damage when a formation is contacted by foreign fluids. Clay composition and their 

location in the rock permeability can vary extensively. Normally, fluids foreign to a formation 

alter the ionic environment which is responsible for the clays being dislodged from their original 

positions.  A change in the swelling or water retention of montmorillonite enhanced their 

probability of migrating. Thus, any time a clay is present, it can be assumed that permeability 

damage may occur if the proper precautions are not observed. The degree of damage will depend 

upon the concentration and types of clays present, their relative position on the rock and the 

severity of the ionic environmental change (Hower 1974). 
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The nature of shale and clay 

Shale is a mixture of clay minerals and silt laid down in a very low-energy environment, 

principally by settlement from still water. Silt consists of fine particles, mostly silica, with small 

amounts of carbonates and other nonclay minerals. The solids of a typical shale may be consist of 

up to about 50% clay. Fig 1 shows the typical composition of shale (Dewan 1983).  

 

 

Figure 4-1 Partitioning of a shale in Dual-Water Model (Dewan 1983) 

Clay is comprised of crystalline clay minerals, as is shown in Figure 4-1. Clay minerals 

are classified into four specific groups according to their crystal-structure, which are 

montmorillonite, illite, kaolinite and chlorite (Dewan 1983). 
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Figure 4-2 Structure of Illite/Mica and Montmorillonite 

The distribution of clay could be: laminated, dispersed, and structural, as is shown in 

Figure 4-3. 

 

Figure 4-3 Clay distribution (www.spec2000.net/11-vshbasics.htm) 

Damage mechanism 

Damage effect resulted from interaction between fluid and shale formation can be 

resulted in two aspects: clay swelling and clay migration. 
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As is mentioned earlier, clay is normally of crystallized form. Invasion of aqueous phase 

into the matrix causes swelling of clay porous rocks. The damage mechanism is controlled by 

absorption of water by a water-exposed-surface hindered diffusion process. When clays are 

exposed to low salinity solutions it causes formation damage, as swelling clays imbibe water into 

their crystalline structure, enlarge them in size, and hence plug the pore space (Bahrami, Rezaee 

et al. 2011). This circumstance is shown in Fig 4. We can see from the figure that after 

absorption, montmorillinite swells to a larger extent. This is basically how clay swells after the 

contact of water. 

 

 

Figure 4-4 Montmorillinite interact with H2O 

The clays may be classified as swelling and nonswelling. Montmorillonite is the only 

clay that swells by absorbing ordered water layers between clay crystals. Mixed layer clay, which 

contains montmorillonite, will also swell, although the illite portion of this clay is relatively non-

water swelling. Kaolinite and chlorite, as well as illite, may be classed as non-water swelling 

clays. They do not build viscosity in water as effectively as montmorillonite since their crystals 

tend to remain as packets instead of being dispersed as do the montmorillonite crystals. However, 

we must not ignore the fact that these so-called non-water swelling clays do adsorb some water. 

Thus, all clays do adsorb water with montmorillonite adsorbing the most (Hower 1974). 

Clay migration will also cause permeability damage under fluid flow. According to 

reference, when fluid pass though effective permeability zone, some narrow pass ways could be 
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blocked by dispersed clays or other fines, and thus result in aggravated permeability damage. This 

overall effect is primarily found during the flow of water.  

 

Sources of damaging fluids 

Most common damaging fluids are filtrates from drilling fluid, cement, workover fluids, 

water flooding and stimulation fluids. Some of these fluids remain in the rock for long periods of 

time and penetrate the rock to different depths. Such water can also affect the hardness of many 

sand formations. The dissolving of only a small amount of minerals that were acting as cementing 

agents for the rock could release clays and feldspars from their original positions. High pH 

solutions that contain very little dissolved salts will act to disperse clays thus compounding the 

problem of clay migration (Hower 1974).  

Possible solutions for clay migration 

Clay problems should be considered by the well operator in the initial planning of the 

well (Hower 1974). Damage caused by fluid invasion can be minimized by choosing the proper 

base fluid for facture treatments. Muds and cement slurries can be treated with potassium chloride 

to minimize damage when fluid is lost to the formation (Hower 1974). The addition of 2% KCl to 

water-based fluid for temporarily controlling clay swelling is widely accepted as a standard 

practice for a very long time. Research on the technology of matrix acidizing treatments has 

revealed that the use of 2% KCl transforms into 1.5% saltwater as a result of ion exchange. The 

1.5% saltwater solution is too weak to prevent clay swelling. Clay swelling can be prevented 

using a 1 molar (7%) KCl salt solution as is introduced by reference (Gijtenbeek, Neyfeld et al. 

2006). 
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Wellbore heating is also a treatment that can remove aqueous phase traps around the 

wellbore. Electrical heaters can be used to elevate downhole temperature high enough such that 

water is vaporized into the gas phase, resulting in reduced water saturation around the wellbore 

(Bahrami, Rezaee et al. 2011). 

Experimental quantification 

Conway and his colleages (Conway, M. W., J. J. J. Venditto et al. 2011) conducted a 

serious of experiments regarding clay stabilization and flow stability in various north American 

gas shales. In this test, they adopted flow test on several shale samples. The schematic figure is 

shown in Figure 4-5. In the figure we can see that a core sample of Marcellus shale was firstly cut 

from middle, then confined with stress that is similar to ♬min, then different fluid were flown 

though the core sample in sequence, during the experiment, conductivity value was measured. 

The sample was firstly treated with 7% KCl after hexane and was marginally stable, and less so to 

synthetic produced water, and completely lost flow capacity with fresh water containing 2 Gallon/ 

1000 gallon Choline Chloride.  

 

Figure 4-5 Sampling procedure to obtain representative samples for testing from heterogeneous reservoirs 

and schematic of Conwayôs experiment on clay stabilization (Conway, M. W., J. J. J. Venditto et al. 2011) 

The data acquired in the test is shown in the following Figure 4-6. 
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Figure 4-6 Flow characteristics of various salinity fluids through a created fracture in Marcellus 

Shale (Conway, Venditto et al. 2011) 
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7% KCl is regarded as fracture fluid, which, in our case, is the first kind of fluid that is in 

contact with formation. The synthetic produced water w/o Ba and Sr, in our case, can be regarded 

as the formation water. Fresh water can be regarded as aquifer water. As we can acquire from 

previous literature review from (Mackay 2010), fluid will be produced in a sequence of formation 

water, injected water, and aquifer water. When taking into consideration of the first contact of 

foreign fluid with formation rock during hydraulic fracture, the sequence from fluids that affect 

formation rock will be injected water, formation water, injected water, and aquifer water. 

Extracting data from the previous figure, we can conclude in the following Table 4-1. In 

Galeôs work (Gale, Reed et al. 2007), he did an investigation on natural fracture works on Barnett 

Shale. He found out that the width of the natural fractures range from 0.003mm to more than 

1mm. Considering the procession of the core sample in Conwaysôs experiment, 0.65mm should 

be a moderate value of the width of the unpropped natural fracture. After transforming 

conductivity into permeability, we can get the data we need in the simulator. 

Table 4-1 Data extracted from Conway's experiment 

Fluid 7% KCl 
Synthetic 

produced water 
Fresh water 

Constant 

value 

Conductivity (last point) / ud-ft 0.25 0.15 0.028 0.2 

Permeability / md 0.1172 0.0703 0.0131 0.0938 
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4.2 Interaction between fluid s and proppants 

Hydraulic fracture stimulation is widely used to improve the economics of hydrocarbon 

production from a reservoir. In many of these fracture stimulations, the fractures are ñpropped 

openò by filling  them with a high-permeability pack of granular material (proppant) that ideally 

provides a highly conductive pathway from the reservoir to the well (Garzon, Solares et al. 2009). 

However, post-fracture-stimulation well testing indicated that conductivity values 

obtained from lab are often one to two orders magnitude too high. In many fields, the productivity 

of fractures declines rapidly. In addition, many stimulated wells show loss of fracture 

conductivity with time, leading to reduced productivity and lost revenue (Garzon, Solares et al. 

2009). 

Pressure transient analysis and fracture conductivity 

A fracture generated during a hydraulic-fracturing treatment is a fluid conduit and has 

conductivity. This conductivity is responsible for the difference in the pre- and post-fracturing 

well productivity. Cikes (Cikes 2000) used pressure transient analysis of post-frac pressure build 

up data to demonstrate that fracture conductivity decreased dramatically in high-temperature 

wells that were propped with high-strength proppants. He suggested that there must be some 

unknown damage mechanism causing the dramatic conductivity decline even in the wells that 

were not on production (Garzon, Solares et al. 2009). 
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Proppant pack conductivity decline: what counts  

The hydraulic conductivity of a proppant pack more than a monolayer thick is limited by 

the porosity of the pack. The most efficient packing of particles is a rhombohedral arrangement 

that can produce a pack porosity with about 26% void space (Lehman, Parker et al. 1999). Small 

changes in pack porosity result in significant changes in pack permeability and fracture 

conductivity. Fracture conductivity is designed by controlling concentration of proppant used to 

hold the fracture width open and is limited by the porosity of the pack (Garzon, Solares et al. 

2009). 

Rapid loss in fracture conductivity has been attributed to, according to many researchers, 

frac gel damage, embedment, proppant crushing, and fines invasion, proppant scale, proppant 

diagenesis, etc. All these damage mechanisms have been well studied in the laboratory, resulting 

in materials and methods employed to minimize their effect on conductivity. While these methods 

have improved productivity, stimulated wells rarely achieve the theoretical conductivity expected 

from a given proppant. In addition, fracture conductivity often declines continuously, suggesting 

that there are other factors that influence long-term fracture conductivity (Garzon, Solares et al. 

2009). 

4.2.1 Proppant scaling 

Fines are generally thought to be sourced by the crushing of proppant that occurs during 

fracturing-treatment operations, fracture closure, and closure-stress cycles during well production. 

In addition, some quantities of fines and formation debris are created during the initial fracture. In 

some cases, fines are produced from the formation matrix itself. Reactions of chemical elements 

in connate formation fluid and fracture fluid, pressure drop of nearly fully saturated solutions are 

all possible sources of chemical precipitation. 
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Wells completed with gravel packs, high-rate water packs, or frac-packs often respond 

with high productivity initially for some period of time. However, after this high initial 

production, the production flow rates begin to drop off, indicating the flow paths have been 

choked off. The well operators often perform acid treatments on proppant packs or frac-packs to 

help rejuvenate the well production after verification that the production decline was caused by 

fines plugging or scale deposit. The well production is often restored, but this is usually 

temporary. Scale precipitation reappears within the pore spaces of the formation matric or 

proppant pack, or builds up in downhole tubing because the scaling conditions still exist. Scaling 

problems are often an issue in fields (Lehman, Parker et al. 1999). 

Evidence of chemical scaling 

Evidence of in-situ chemical precipitation has been obtained from many wellbores. 

Figure 4-7 shows a proppant grain that was recovered from a producing well where conductivity 

loss had caused a severe production decline. This conductivity loss was largely attributed to 

siderite precipitation in the proppant pack. Figure 4-8 shows an example of geochemical 

precipitation that occurred post-stimulation during production. In this coal bed methane example, 

a calcium-carbonate species attaches to proppant grains by using coal fines or other organic 

particulates as nucleation sites (Lehman, Parker et al. 1999). 
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Figure 4-7 Ceramic proppant grain recovered from a downhole bailer sample following a postfracture 

production decline. The pore-filling texture is evidence of in-situ siderite precipitation. In this case, the 

proppant grain is a nuleation site for the geochemical precipitate (Lehman, Parker et al. 1999). 

 

 

Figure 4-8 Geochemical precipitates affixed to coal fines recovered from a wellbore, marked by a 

premature, rapid decline in productivity. Precipitate textures revealed a combination of calcium carbonate, 

quartz proppant, and fines (Lehman, Parker et al. 1999). 



 

 

21 

 

According to many researchers, chemical precipitates have played a significant role in 

fracture conductivity reduction. Chemical precipitation occurs downhole during or after the 

hydraulic placement of proppant in a fracture.  Aqueous fluid and formation equilibria or 

disequilibria govern the precipitation of primarily inorganic substances. The mineralogies 

observed and predicted can vary widely, but usually consist of carbonate species, sulfides, and 

various forms of iron oxides/hydroxides. Mechanisms controlling the precipitation and 

consequent loss of conductivity are explained through phase equilibria. These equilibriums 

involve a wide range of aqueous-fluid parameters including Eh, pH, partial pressure to various 

gases such as CO2, and fugacity of sulfide (Lehman, Parker et al. 1999). 

In another work done by Garzon and Solares (Garzon, Solares et al. 2009), the OLIôs 

ScaleChem (2001) prediction program was used to simulate the deposition environment in the 

sandface area and production string. According to his simulation scale did happen, and calcium 

carbonate and iron sulfide are the most likely mineral scales depositing in the sandface area. He 

also simulated the influences of scale on well productivity when mineral scales accumulate in 

both sandface area, he observed significant drop of gas production when mineral scales are 

applied. 

For mineral scales precipitating in the production strings, he analyzed 35 solid samples 

collected from the tubular of different gas producers.  Figure 4-9 shows the distribution of 

mineral-scale compounds found in 35 collected solid samples, grouped by generic type. 
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Figure 4-9 Distribution of mineral scale compounds found in 35 collected solid samples, grouped by 

generic type (Garzon, Solares et al. 2009) 

Experimental quantification 

To get an understanding of the quantification of this damage, we adopted the laboratory 

data from Weaver 2010ôs work(Weaver and Nguyen 2010). In their work, they constructed a 

serious of experiments to test the effectiveness of WBAA agent in preventing fines migration and 

proppant scale. Within their researches, the part of proppant scale is of our most concern. 

In the experiment, the Teflon flow cells (1-in. ID and 4-in length) were packed with 

20/40-mesh sand, simulating the proppant pack Pressure transducers were installed at the inlet 

and outlet of the flow-cell assembly as means to measure the pressure drop across the sand pack 

during fluid injection. The back pressure regulator was set at 800 psi. The sand pack was first 

saturated with four pore volumes (~100 mL) of 3% KCl brine. The cell assembly containing the 

sand pack was then heated up to 200 ºF. This temperature was maintained during the entire flow 

period of the experiment. 

 The test used a flow rate of 1 mL/min of a solution that was combined at a 50:50 ratio 

from two different brines (shown in Table 4-2) immediately adjacent to the inlet of the flow cell. 
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These two brines, once mixed together, simulated a seawater source that can form CaCO3 scale. 

The pressure drop across the sand pack was recorded during the injection of the brine mixture 

through the sand pack. A pressure increase versus time indicates a restriction of the flow path 

caused by scale buildup within the sand matrix. The blue line in Figure 4-10 illustrates this 

phenomenon. Figure 4-11 is the assembly of the experiment. 

 

Table 4-2 Composition of brines for forming CaCO3 scale 

Brine 1 Brine 2 

Composition g/L Composition g/L 

NaCl 49.59 NaCl 49.59 

CaCl2.2H2O 7.48 NaHCO3 1.38 

MgCl2.6H2O 4.43 _ _ 

KCl 2.0781 _ _ 

BaCl2.2H2O 1.0138 _ _ 

SrCl2.6H2O 0.8824 _ _ 

 

 

 

 

 

Figure 4-10 Delta pressure across the proppant packs 
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Figure 4-11 Configuration of experiments assembly 

 

What worth noticing is that, delta pressure shown in Figure 4 is delta PA, which represent 

the increased pressure at one location but different time. PA
n+1- PA

n. 

According to Darcyôs law: 

ὗ
ὑὃὖ ὖ

‘ὒ
 

Transform into: 

ὑ
ὗ‘ὒ

ὃὖ ὖ
 

According to the definition of Darcy, the unit of permeability, we did the unit convert for 

each of the components in the above equation, shown in Table 4-3. 

 

 

 

 
































































































































































































































