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ABSTUCT 

The gas resourc2 lock2d in the thick hydrocarbon-bearing Devonian 

shales which underlie much of the Eastern U.S. has been estimated to'be 

up to three tines the current proven gas reserves of this country. However, 

the economic feasibility of producing large quantities of gas from this 

resource remains in question due to the dense structure and low 

permeability of these shales. Hydraulic fracturing which usually must 

be employed to stimulata the ad 02s flow involves significant risk of formation 

damage by :he fracture fluids and resultant plugging of gas-flow channels. _- -. 

Thus, basic investigation of the effects of such fluids on the shale 

structure and properties, having the objective of developing fracture 

procedures and technology that ?A11 avoid the detrimental damage, is ne2ded. 

This paper describe,s the methods and presents initial r2sults 

Of a currsnt laboratory investigaii 'on of the eff2cts of various fluids 

such as liquid carbon dioxide, aqueous carbon dioxide, water and proprietary 

fluids on shale under simulated do&n-ho12 conditions. The 2ffacti 8re 

evaluated by in situ measurements of permeability, before and aft2r treatment 

with the fluid, under various applied pressures and pressure diffarzncials. 

Tha nature and extent of the "skin effect" are evaluated by examination 

of th2 microstructur2 of the shale. 
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It is eqected that the results will provide additional insight 

into the mechanisms of formation damag2 and will provide guidance to the 

design and utilization of commercial fracture technolgoy. 

INTRODUCTION 
# 

The thick hydrocarbon-bearing Upper Devonian Shales, commonly 

referred to siqly as Devonian shale, srhich underlie many of the mideastern 

states has become a primary target for development based on estimates 

that the gas locked in these shales exceed by several times our current 

proven reserves. Unfortunat2ly, these shales, formed from'muds deposited 

approximately 350 million years ago are extremely fine grained smith very 

low pemeabilities making it difficult to economically produce large 

quantities of gas from them. The problem is that the syst2m of natural 

open fractures in the Devonian shala is not.particularly extensive nor 

well interconnected as evidenced by comparison of the low gas flow rates 
,. . - - 

to the gas content present based on the analysis of cored specimens. Tsus , 

well stimulation in the form of fracturing to increase the producing shale 

surface frequently is necessary to bring the rat2 of Troduction up. 

-Among the fracture methods available, hydraulic fracturing 

currently is employsd most frequently. The us2 of fracture fluids has, 

however, been found to carry with it the risk of formation damage and 

a resultant decrease of, rather than stimulation of, gas production. 

This paper presents som2 initial results of a basic inv2s:igation 

of the effect of fracture fluids on Devonian s’nale structur2 anZ'?roperties 

which is being supported by the Gas Research Institut2 for the ?ur?ose 

of developing und2rstanding of, and ultimately the capability to avoid, 

formation damage phenomena. 
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BACKGilOUXl DISCOSSION 

Formation damage, essentially plugging or bloc'kage of the ?ore 

channels of the formation, results basically from plugging or blockage of 

tSe porZ channels by foreigzl, induced, or inherent particles, or by very 

viscous emulsions or fluids. Contact (by infusion) with foreign fluids can 

result in the formation and/or movement of particles within the pore 

channel structure of :he formation and thus produce plugging and reduction 

of permeability. The foreign fluids of concern include: 

l Drilling fluids 

l Clean completion or workover fluids 

l Stimulation or well-treating fluids 

l The reservoir fluid itself, if modified. 

These fluids can produce free- to-move particles or alter pora-channel 

size in 2 naber of ways including: 

*- l Hydration of swellable cl&y minerals 

l Dehydration of swellable clay minerals 

l Dispersion or flocculation of clay minerals and other 

formation particles 

e Dissolution of formation cementing materials (thus 

freeing particles of other phases) 

0 Precipitation of salts 

l Foration of viscous emulsions. 

Xontonorillonite is 2 water-sxelling clay ;nineral which is 2qanded by 

adsorbing ordered 5;ater layers bet-deen cqystals. tiolinite, chlorite and 

illite are classed as nonsx-elling clay minerals. However, illite which is 

a constituent of the Devonian shal2s bscomes a wac2r-szelLL "ng mat2rial if 

the potassim ions that bind successive illite crystal units together are 
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leached out. Xised clay minerals that contain montmorillonit2 may expand 

and degrade, with particles sloughing off, when water affects the int+r- 

ltiellar bonding of the montmorillonite. Clay minerals also can swell 

due to cation exchange with the fluids and are dispersed by rising pH. 

Particles of other phases present in the formation likewise can be freed 

when soluble camenting materials that hold them in place ar2 dissolved. 

Salt particles may be precipitated within the pore channels due 

to reactions between constituents of the fluids and components of the for- 

mation that are soluble to some degree in the fluids. Viscous emulsions 

also can be formed in the pore channels under certain flow condiiions, 

involving the interactions of several fluid phases. In addition, emulsions 

that have been introduced in the course of -dell drilling or treatment 

operations can be held in stable states. 

The plugging of formation pore channels by particles is flow-rat2 

sensitive. At high flow rates, particles (e.g., clay) that may be attached 
. . a -- - 

to formation walls are sloughed off and, along with for2ign or induced 

particles migrate rapidly. At constrictions th2y are jamred into place, 

bridging and plugging the channels. Bridging can occur across openings 

with diamet2rs about three times the particle diameter. At lcw flow rat2s 

the particles can bob around at the pore opening until they ultimataly pass 

through. 

Winen particles have be2n "plated out" on, or been carried into 

formations forming blockages, they arz not entirely removed by Sackflush 

because of the tendency for fluid to flow selactively through those channels 

that are opened initially. Thus, differences between permeabilities 

measured with opposing directions of flow in backflush tests provide 

laboratory evidence of particle movement and bridging or pluggi,ng within 

a COie specim2n. 
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Acids used in well treatments can release fines that plug the 

fomation, create sludge, corrode steel and tend to promot2 emulsion 

formation. 

Alcohol which is sometimes used to lower.surface tension can 
, 

Cause salt precipitation. 

Thus, it can be seen that a number of physical and chemical effects 

can be involved in formation damage. Adding further to the complexity 

of the problem is the heterogeneous nature of the shale. Within a single 

short well-core section may be shale material differing significantly in 

physical and chemical properties, having been deposited thousands of 

years anart. 

OBJXCTIVZ OF TX?? RES=&GG? 

The objectives of this research w2r2: 

(1) To determine the natur2 of the physical and chemical 
.I 4 

effects of fracture fliids on the shal2, 

(2) To quantify these physical and chemical eff2cts and 

relate them to the properties of the shale, 

(3) To identify means of avoiding the fomation damage. 

These ob j SC*+ &-v2s are pr2dicat2d on consid2ration of the generally accepted 

model of gas production whic'n recognizes the fracture net-cror!i of the 

formation to be an initial source of readily accessiole gas and ultimately 

the trznsportation net-;ork for gas coming from the matrix rock. Xovement 

of the gas t:hat is trapped in ?ores, or otherwise contained ir, the matrix 

rock, from the rock into the fracture networ!< u1tiza:eI.y is govezzed by 

a permeation process where the gas must pass through t:he surface ragion. 

In accord with the model, the productivity of a well in the gas-bearing 
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Devonian shale can be enhanced or retarded by alteration of the surface 

area, porosity or permeability of the matrtx rock by the action of an 

ihtruded fluid. 

GENERAL APPROAC?I 

The general approach employed was that of first making selected 

property-measurements, analyses or observations on specimens cut from 

core samples from Devonian shale wells. The speclimens then were treated 

by contacting them with fracture or well-completion fluid under conditions 

similar to those that might be employed in actual hydraulic-fracture 

stimulation of eastern gas shale wells. Following the treatment, the 

property-measurements, analyses or observations uere made again, if possible, 

to assess the effects of the treatment. 

In conducting the treatments, the following were expertiental 

variables: 
. c -. ._ 

0 Pressure 

l Treatment time 

l Temperature 

l Hydraulic fluid composition 

l Shale. 

The following techniques 5r'ere considered and/or used for 

evaluation of the effects of the treatments: 

i Permeability measurements 

0 Measurement of dimensional and mass changes 

l X-ray diffracticn analysis 

a X-ray fluorescence analysis 

l Scanning electron microscopy 
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Chemical analysis 

Ultrasound-propagation measurements 

Observation of changes of strength and integri:y 

Porosity measurements 

Surface area measurements. 

. 

Among these, permeability measurement has been the primary evaluation 

procedure used to-date. 

In the early part of the program, shale samples from cores 

characterized on the Eastern Gas Shale Program of DOE were employed.' 

Samples were selected from zells EGSP WV No. 5 (RlL6), EGSP XY Wo. 1 (Y-l) 

and EGS? OH Xo. 3 (O-3) having ;ride ranges of gas contents, open poiOSitY 

and surface area. 

Currently, the investigation is being restricted to experiments 

with shale samples fron a Columbia Gas Company uell, 20169, drilled on a 

program wi:h Gas Research Institute cooperative funding. 
8, . - -. 

nurD-r,mERs ION z2ERIx-E??TS 

Experimental Procedures 

Early experiments on shale samples from the EGS? wells used 

specimens which were 0.25-inch thick by one-inch diameter discs. This 

size was originaily selected to permit the use of the specimens in the 

pexmeabi lity apparatus and the physicai property test rig. .The procedure 

5ias to cut 0.25-inc'n thick slices from the core sample perpendicular to 

the bore axis. X diamond core drill was then used to remove one-inch 

diameter specimens fron the slice. ';he siic2s were cut dry and coring 

was done vet at very low speeds. 
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Specimens prepared in this manner had their major faces parallel 

to the bedding planes of the shale. Hence, permeability, which is measured 

normal to the major faces, vas also measured normal to the bedding planes. 

Permeability measurements were made prior to any treatments. These measure- 

ments were made xi.th helium gas at a one atmosphere pressure differential 

normal to the bedding planes. 

Other property measuremects such as those of mass, dimensions, 

sound-' transmission velocity and strength also were -made prior to treatments. 

The specimens were then set in a screen tray and immersed in the 

selected fluid inside the pressure vessel for treatments under a range 

of conditions similar to those that might be employed in actual hydrostatic 

or gas fracture stimulation of eastern gas shale wells. 

After treatment, the specimens were removed from the pressure 

vessel and permeability and other properties were measured again, as a 

means of*-evaluating the treatment efCec.ts. 

Eqerimental Results and Discussion 

In this tType of experiment, specimens were treated with super- 

critical carbon dioxida fluid, aqueous carbon dioxide and water at pressures 

in the range from ambien: to 2000 psig and at temperatures in the range 

20 c to 40 c. As a result of the treatments, specimens were observed to 

gain weight, lose xeigh:, delaminate and fracture. At the extreme, spec7hens 

fZOr3 EGS? Veils OH Yo. 3 and VV Xo. 5 were observed to break into smail 

1 . 
C~I?S when treated ~it;h aqueous carbon dioxide. 
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Vater Sloclcaqe and Drying Conditions 

X matrix of tests -<as designed to evaluate the degree of potential 

water blockage (formation damage) and the effect of vacuum drying as 

opposed to air drying of the shale samples. Table 1 summarizes the result; 

of these tests. As is indicated in the headings of the columns in the 

table, the shale specimens were dried, treated with fluid under pressure, 

then were dried again prior to measurement of permeabilities. All of these 

specimens were from EGSP well Nee Yor!c No. 1 from the core at the 2.538 

foot depth. The treatment was smith the specimens immersed in aqueous 

CO2 (CO2ls;ater = 2.16 by weight) at %38 C, x1350 psi for 48 hours. 

Pemeabilities were measured through the one-quarter-ixch thick specimens 

normal to the bedding planes. 

It is apparent from results of this vork that vacuum drying does 

not markedly increase the permeability. It. appears that the treatments, 

w'hich are Oater-based, do not result-in appreciable blockage of the 

permeability ?aths as evidenced by the samples which rriere allowed to air 

dry- Sased on this work, we plan to air dry all of the treated samples. 

It would appear that air drying to a constant relative hunidicy will corn2 

clos2st to representing the actual situation. 

Figure 1 illus:rates some of the other reasons YGe retain 

reservations about the use of vacuum. As can be seen, the vacuun drying 

prior to tzeatmezt did produce a minor amount of permeability and it would 

seem that the vacuum dried samples may have been more responsive to the 

treatnent. This figure also illustrates the effect of vacuum di?iTlg the 

samples which -dare originally air dried after ti?at3ent. In the case of 
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FIGUBE 1. _. ---.---- . - ---. -. 
TEST MATRIX TO EVALUATE TREATMENT EFFECTIVENESS AND DRYING CONDITIONS 

(a> EGSP Veil New York so. 1, 2538 foot core 

(5) Specimens imersed in aqueous CO2 (CO2/;later = 
2.16 by weight) at - 38 C, - 1750 ?si for &8 hours 
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Sample 22, the permeability decreased dramatically, whereas in the case of 

Samples 19 and 34, there vere pemeability increases. It has been gosiuiatad 

Chat the permeability decrease could have be22 caussd by the collapsisg 

of shale layers due to the vacuum pressure where a carbonate material had 

been acting as a prop. The pemeability increases nay be sirnply due to 

the removal of additional water. In this experizaental sequecce w2 also 

examined the potential for water blockage in greater detail by reim?regnating 

the vacuum dried samples and then pemitting them, to air dry. In three 

cases the perzeabiiity increased and in one case the rather substantial 

pemeability was destroyed. We do not at present have a firn conclusion 

regarding the reason for this result. 

Laaching Exuerisents 

A long-ten (eight days) treatn2r.t run (E:qeri.-,ent 34536-U) 

was made with samples from well R-146 with aqueous CO? (CO2/H20 weight 

ratio = 2.16) at 40 C, 1300 to 1700 psig. 
\ 

The liquid from this treatnent 

run was evaporated to dryhess to recover dissolved solids which were analyzed 

as a ste? toward elucidation of the chemical attack. .-1. syhilar exp2rlizent 

(?lo . 34836-17) Gias run using -dater as the treament fluid. 

Results of optical emission spectogra?hic analysis of the 

dissolved solids recovered from the txo solutions (Table 2) show that th2 

solution in the aqueous CO:, consisted primarily of calcium and oth2r 

alkaline ekrth and iron com?ou;lds, whereas the, -,a:erial dissolved by ~af2.r 

was aainly alkali nersal (>?a, X> compounds. . . .1\ WP_L~~K of dissolved sc1iCs 

equivalent to 0.32 percent of th2 weight of th2 shaie treated has r2covered 

from tSe wat2r TJhi12 that frcm ths aaueous CO2 was 2quivalznt to 1.1 ?er:2r.t 

of the shale weight -- roughly thr22 tlizes the fraction dissolved ia 
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TABLE 2. 

CHEMICAL ANALYSda) OF DISSOLVED SOLIDS 
- -- . _ 

Element 

Dissolved in Aqueous CO2 Dissolved in Deionized Vater 
(Treatment 34836-11) (Treatsent 34836-17) 
Weight, Percent Weight, Percent 

Ca 

Na 

K 

xlg 

Sr 

Ba 

B 

cu 

Xi 

Si 
r &e 

Al 

al 

co 

Cr 

Ti 
U 1.0 

#’ . 

Hajor 

5-10 

l-3 

0.5-2 

0.1 

0 .Ol 

0.1 

co.01 

6-10cb) 

2-4 

l-3 

0.5 

0.2 

0.02 

0.02 

0.02 

2-4 

Y2jor 

2-4 

0.1 

0.03 

0.1 

0.3 

co.01 

0.1 

3-5 

0.2 

0.3 

co.01 

co.01 

0.03 

co.01 

(a> Optical etission spectrographic analysis; other 2l2zen:s vert sou2:rlt, but 

were not found. 

(b) Shown to be from g,ressure vessel. 
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water. Results of analysis of the liquid from a blank ran (no shale 

specimen) made with aqueous CO3 under identical conditions showed the presence 

of nic!cel but not iron. Thus, the iron apparently was dissolved from 

the shale, while the source of the nickel is indicated as a component 

of the pr2ssure vessel. 

Ultrasonic Tests 

Ultrasonic transmission velocity measurements, the results of 

which are given in Table 3, were made with a single set of shale speckaens 

before and after treatment in aqueous CO:, under pressure. TSe results 

show little or no effect in the horizontal direction (i.2., the radial 

direction of a well-core section). 'HoFever, in all but one pair of specimens, 

ultrasonic travel time in the vertical di-a A-ccion is increased significantly. 

This is interpreted to indicate thet voids or separations in the shale 

have been produced by the treatment... _ 

berinental "rocedures -c 

The previously described application of hydrostatic pressure 

to specimens immersed in fluid is not a good simulation of the unidirectional 

application of fluid pressure oupJard i2to the shale from a 7211 bor2 

during fracturing. A F-referred vay of treatlzg shale vi:5 fluid and 02 

similating t:le entrance of fluid into the sha12 formation during fract.Jring 

would be to apply gr2ssure unidirectionally. To simulat2 condiricns 

following a hydraulic fracture, the liquid xould be removed and gas pressure 

wouid be applied in the o??osite dir+ctfon duplicating t:le tendenc;l for 
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TGLE 3 L --2.. 
RESULTS OF ULTRASONIC VELOdlTY TESTS ON SHALE SPECIMENS 

BEFORE AND AFTER TREATMENT 

(Treatment 34836-l 5, Aqueous CO2) 
_ - 

Travel Tine Wcroseconds) 
Radial Direction Axial Direction 

Sample Number Fiefore Xf ter Sefore After Comments 

R-146-3311-4 6.0 6.0 

R-146-3311-3 5.9 5.95 

R-146-3311-2 5.85 5.85 

R-146-3311-1 6.0 6.0 

R-146-3201-3 6.3 6.0 
.- c 

R-146-3201-1 6.65 

R-146-3341-3 6.3 6.05 3.1 2.7 

R-146-3351-2 6.35 6.2 2.75 2.6 

Ziroken 

2.75 5.8 

2.95 6.05 

2.5j 5.5 

4.10 6.45 

3.8 8.5 

- .-. 
3.8 Broken 

Split in half after 
'creament 

Fell ir, pieces after 

treatx2nt 
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the gas to flow from the formation. An apparatus has been designed and 

assembled with which shale sgecimens can be c arried through such a sequence. 

Illustrations of the apparatus are shown in Figures 2 and 2a. 

As indicated, the shale specimen is mounted to ?emit the unidir2ctional 

application of gas or fluid pressure in either direction and the measure- 

ment of permeation rates tSrough the shale rdhile maintaining a simulated 

lithostatic pressure ou the Specimen. Two methods of permeation measurement 

can be implemented. The volume of gas flow can be measured Ath a gas 

buret if the pressure drop is to atmospheric Tressure. At elevated pressures 

and at various pressure differentials, the rise of pressure in a high- 

pressure receivei of known Volume can be measured by use of a pr2ssure 

transducer. Although permeabilities usually have been determined using 

helium, other gases such as carbon dioxide, methane, hydrogen.can be 

employed equally well. Permeabilities detenined with carbon dioxide 

have been found to difi2.r from helium pezneabilities by only about ten 
; . ._ ._ 

percent. 

Specimen preparation procedur2 is to cut one-inch thick vertical 

slices from the core sample paralld. to the bore axis. The slrces ar2 

cut into one-inch cubes -Aich ar2 then sanded into cylinders. The resulting 

specimens are one-inc:? thic!< by one-inch diamettr cylinders cut entir2iy 

dry with bedding planes rur-ing normal to the major faces. Sampl2 holders 

have been designed in s;hich the sample is mounted 75th epoxy cement a: the 

top and bottom 2nd a gas i.m?eFTious sheath suryou?.ds t-&e outer circcaferenc2 

aliowing unidirectional flow of fluids or gases through the sample gaiall2.l 

to bedding planes, du?licacizg the Tr2dominant dir2ction of Flora of fluid 

2nd gas through the shale a': the surface of a ~211 bore and of a ver:ical 

fracture face. This method of nounting the shale s?ecizen for determination 
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Oressure Transducer 

inltc for Treaczent 
?buids or Test Gases 
such as YetSane, Hydrogen, 

3ygass Outlet 
(rIXough Flow- 

setet) 

SeLium, Bitrogen . 

I I 
Jack-?r2SSUit 

J 

or 
, Reverse-?iow 

I 

\ J i 
II 
L 
II I- 

! 
I ; 

?ressure Vessel 

--I 

/' 

inert 'da; idat 
/ 

(SFnulatcd LitSost2tic 

Pr2SSUi2) 

1 Sha12 SD=-i-es - -we- 

2 Specken ZOidti 

3 zpory C2a2c: 

4 Gas-izper-doas SheatS 

FIGLE 2. - _ . ~_. _ ---- 

SCHEMATIC OF A?PARATUS FOR INVESTIGATiON OF THE EFFECTS OF FRACTURE 
AND TREATMENT FLUIDS ON SHALE UNDER DOWN-HOLE CONDITIONS 
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of permeability and for the in situ treatments at elevated pressures has 

been found satisfactory for use at pressures up to at least 1100 psi. 

For purposes of recording and reporting data on this work, 

sever21 conventions have been adopted. One direction of flow through 

the shale specimen has been designated the forward direction, analagous 

to the direction gas would flow through the shale when a well is in 

production. The reverse direction, then, will always be the diraction in 

which the force intended to drive the flow of fracture fluids will be 

applied. Following the hydraulic fracture fluid treatment, the gas, 

driven by formation pressure, would tend to flow in the forJ2rd direction 

carrying fluid that had penetrated the shale out with it. Thus, following 

the laboratory hydraulic fluid treatments, g2.s pressure was applied in 

the opposite (forward) direction to monitor the value and/or the recovery 

of permeability as th2t process occurs. 

X second convention is that of maintaining 2 conSt2nt Containment 
I- . - -. 

pressure surrounding the shale specimen within tha pressure vessel. The 

contai;zcent pressure is held constant at 2 level corresponding to the 

estimated lithostatic pressure for that depth from which the well core 

sample was tzlcen. The maximum applied pressure (i.e., the pressure applied 

to drive the gas through the shale) is held a‘c 100 psi below the containment 

pressure. 

Currently, 211 eqeriments are being conducted at room temTer2ture 

c-417 to 20 C> to insure that some data are obtained. 

Specimens are labeled according to well nmber, core depth and 

locatfon within the core. Eience, a sample labeled "201&9-630.14-a-2" 

is from s;ell number 201&9 at 2 de?:h of 630.1$ feet. The designation "a-2" 

refers to the slice of core sample taken and the exact location -kthin 

. 
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that slice of the speciaen. x11 specimens are stored in dessicators 

following removal from the sealed c2ns in w'nich they were delivered to 

minimize potential deterioration. 

The apparatus and the procedures that have been developed 2re 

seen to be significant because they make ?ossiblc: 

l The determination of permeabilities at docin-hole 

pressures and ambient conditions 

N The determination of permeabilities, treatment and 

posttreatment redeterminat%on of permeability of a 

single specimen without disturbing the specimen. 

The effect of having docin-hole containment pressure is illustrated in 

Figure 3. It can be seen that the detenined perrceability varies significantly 

with contairJnent pressure 2nd that the peneability determined smith about 

1100 psi simulated lithostatic pressure is quite different from that which 

would be,.o'gtained from measurement at one atmosphere ambient. - 

Exnerimental Besults and Discussion 

Helium pemeabilitias were daf-A.-+ned over 2 r2nge of applied ---*Id&& 

pressnres and ;rith a constant contairment Tressure simulating the estimated 

li:hosta:ic pr2SSUi2 for s2veral specim2r.s from Columbia Gas 'riell 20149 

at the 530 foot depth. The results, shosrT1 in Figures 4 through 6, indicata 

that ?ermeabilities are in the range of 20 to about jOO0 microdarcias and 

that they general.17 increrse ;rith increasing applied pressure.. nis 

increase is beli2v2d due to added ?err.eation :hrcugh additional (finer) 

channels as the pressure 2iff2rential 7as incieasad and 2s the 2?pli2d 

pressure appioac:hed the containment pressurs. I712 differences *he::<aen 

permeabrlities determined for the t;'o flos; directions are great2r than the 
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expected e.xneriaental error and therefore are believed to be real. They 

are Selieved to be due to the movement of fine particles within the gas-flow 

channels of the shale or a differential blocking action of particles at 

the two specimen surfaces. It can be seen that the permeabilities are 

significantly higher for the 3 slice than for the adjacent C slice from the 

core. 

A number of shale specimens were treated with fracture fluids, 

with pemeability determinations being made before and after treatment 

using the scenario that has been described. Short discussions of the 

experiments follow. 

Specimen 3Y-l-2765. Eelium permeahili ty data for one of the 

New York shale speckaens, obtained before and after a five-hour treatment 

with aqueous CC2 as is indicated in the figure, are shorN-n in Figure 7. 

It should be noted that this early ev?eriment differs from the standard 

procedure- w$:h respect to the containment pressure; in this eqeriment - -. 

containment ~rsssurc was adjusted ~5th aTplied pressure to a 100 psi 

higher value. TN-O sets of pemeabiiity determinations were made on different 

days before the treatment to assess ieproducibillty. In the fiiSC S2t, 

duplicate measurements were made and it is believed that the reproducibility 

of the measurements is well wiihin the difference shorzn betxeen the t-do 

sets Of measuiements. This sample was lkeot in tank helium atmosphere 

in the apparatus in the interim het*reen measurements. The cause cf Such 

changes in ?ermeabilities TAhich have been cbseFled for other specimens, 

are not known with certainty, but are believed to resuit from changes 

in humidity and/or pressure the specimens ai subjected to during the 

measurements. The fairly large increase of ?eceability Traduced b:J 

vacuum drying the sample has been observed for other specimens and is 
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believed due to the removal of infused fluid. 

Specimen 29149-580.14-a-2. Permeability data for specimen 

20149-680.14-a-2 which are presented in Figure 8 show that following the 

twenty-five minute treatment uith 33 percent carbon dioxide in water, the 

forward flow permeability which dropped from approxinately 40 to 14 micro- 

darcies at 500 psig slowly recovered and in a period of 140 hours (about 

six days) levelled off near its pretreatment value. The reverse-flow 

permeability which had initially been much lower than the forward permeability 

was found to be up near the latter following the short treatment, possibly 

indicating that some gas-flow inhibiting particulate material was dissolved 

by the fluid. An additional 25 hours of treatment with the 33 percent 

aqueous carbon dioxide did not appear to change the reverse flov permeability 

at 500 psig. ?To peznanent adverse effect of the 33 percent aqueous CO2 

fluid is indicated in these initial results. 

,’ . 

Specimen 20149-1030.32-a-2.- -- The ends of this specimen had been 

polished in preparation for after-treatment microscopic and/or X-ray 

evaluation of the e ffects of the treatment. Under applied pressures up to 

900 psig, no flow of helcyl through the specimen could be detected. It 

was felt that clogging of the pores of the shale produced by the polishing 

could be blocking the gas-flow channels. To check this, the poiished 

surfaces were scraped, removing the potentially smeared layers. Pollowing 

this, there still was no detectable flow of helium through the s-hale under 

800 psig of applied pressure. 
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Specimen 20149-1030.32-a-3. An X-ray diffraction ?at:zrn ~-as 

run on :he to-be treated surface of this sneciaen prior to zounting. TSe 

r'esul:s of permeability determinations before and after treatment with 

33 percent aqueous CO2 at 800 psig for four hours (Figure 9) shosi that 

some gas flowed through this specimen. :',owever, the flow rate was reduced 

by the treatment, and decreased further with tine under continuously 

applied pressure, to a value after 90 hours corresponding to a permeability 

less than one microdarcy. An "after-treatment" X-ray diffraction pattern 

is to be run on this specimen. 

Specimen 20149-650.14-b-2. Since the first two treatments Of 

specimens from this core with 33 percent aqueous CO2 for 25 minute and 

25 hour periods appeared to have 1i:tle FrrevarsiSle effect, the period 

of tr2atnent of this * specimen was extended to 64 hours at 670 psig ?ressure. 

Tne result of pemeability determinations which are shobn in Tigxe 10 

Lndicate**tHat the permeability ;-as reduced nearly two orders of magnitude 

(from nd250 to %3.3 sicrodarcies at jO0 psig) by the treatmznt. There 

appears to be a recovery with tL32, the permeability has risen only to 

nine sicrodarcy after 210; hours. P2meability nay eventually recover 

to the initial range, but a very long time may be required. The biockaoa J- 

could be due to infused fluid, a reaction bepjeen the fluid and the matrix, 

or 50th of the Do. 

SDeclmn c)h 3-1015.5-a-3. 32fore treatment, :sis speclne?. 

exhibLted ?ezx.eabilit<es in the range 30 to 80 microdarcy. As Is s'novn in 

Figllre 11, treatzent ;ri:h water for Tao hours a: 700 ?sig decreased the 

&to,yLir.ed ?erPeabili:i2s to ajcut six sicrodaic;f, with little or 1?0 
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signifi cant increase after five days under unidirectional appli2d gas 

pressure. Xowever , following 96 hoers in vacjuo, the observed ?ermeabLlities 

were increased to the range 100 to 400 microdarcy. The results suggest 

tSat the use of reduced pressure may be one means of clearing liquid 

blockage and of improving gas pemeation rat2. 

Specimen 20149-1030.32-a-4. The results of determinations of 

the permeability of this specimen before and after treatment with kerose22 

which are shoLn in Figure 12, indicate that the permeability before 

treatment passed through a minimum as presscre was Increased. Cne possible 

explanation for the seemingly anomalous variation of permeability siith 

pressure is based on the movement of very small particles within the 

gas-flow passages of the shale. At low pressur2s, gas-flo;r veiocities 

are low and the small particles may b2 at rest within the void spaces, 

having little or no 2ffect on gas flax-. As yressurss and thus velocit:l2S 

are increaxd, ths particles withi2 -&e.voi.ds (i.e., vide portions) of 

th2 flow system are picked un and carried to narrow portions of the passages 

where th2y lodge, blocking flow eith2r as single particles or 2s a collection 

of particles bridging the Fassagevays. J-s pressure is izcreas2d further, 

additional small Tassages thit ha-12 b22r. held 2ssen:ially ciosad by th2 

containing Fressure or are too smail to be effacti72 cocduc:ars zt 1OW 

pressures corn2 izto play as significant gas-flow passages a-d obserxd 

permaability ixcreas2s with incraasizg ?r?SS*Ui2. 

It can 'bi: s20,3 in Fig:ur+ 12 t:qat tb.2 ?ezea'oilL:;v* Ln t'?.e 3r2ssT;r2 

range of great2s: interest ini:Lally dro3~2d from about 2.9 nicrodarcy t0 

zero ficw. Th2 flaw rccoverzd wi:y. :be, and, after about 20 hours, 

a??ears :0 have stabilized at about 2.2 :3 2.3 nicrodarcy -- 75 to SO p2rcer.t 

of the b2fore-treatment value. 
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Sueciaen 20149-680.14-b-4- Data on the specimen :reat2d for 

four hours at 500 psig xitb foan fluid, which are presented In Figures 

13 and 14, show that the permeabilitg under 500 psig driving force 'Jas 

decreased from about 500 microdarcy to about 30 microdarcy initially. 

Plow recovered wits time (Figure 14), but levelled off at about 40 percent 

of the initial rate. Pezneability as a function of applied pressure 

(Figure 13) also is somewhat lover following the foam-fiuid treatment. 

Summary Discussion of ?eraeabilitv/Treatment 
Investigation 

In general, pemeabilities have been observed in the ranges, zero 

to several hundr2d microdarciss at low (e.g., 200 psig) applied pressures, 

and zero to several thousand sicrodarcias at the 'high (e.g., 600 to 900 psig) 

aTplied pressur2s. Of immediat2 practical concern are the pezeabiiities 

at appl ied pre=,3UL- --'*-=s near those of expeci2d fomation gas pressures, both 

before andlafter contact Edith the ve&l-tr2atment fluids. Some data of thlis 

t=e have been assenbl2d in T.aSle L, using 500 ysig applied pressure. 

Zefore treatment, perme2bilities ar2 se2n to be g2n2rally in 

the ten to one hundred microdarci2s rang2 except for 2 high ~erseabllity 

(225 to 250 microdarci2s) layer in the 580-foot cor2 from !*i2ii 2(31&9 and 

the low ?er,eabili ties (zero to six microdarcies) for s-~2cLnens from th2 

1030-foot depth of that ~211. I 

Following treatment ;iith f1.ui.d under pressure, tk2 >er,eabilities 

ar2 generally lower -- by one or ;-io ordera of magnitude in so=2 cases. 

In th2se cases, tbLs appears to *be due to fluid blockage which cL2ars 

under ?rolonsed aas ?ress+ur2 and flow. In other cases, Some zp2 of blOC:i2%2 

iS S2tn t0 persist for iOKlg 22riodS. T:?e r2sul:s for Spe.cine? Oh 3-1,?1j.j-2-3 

. , -*-lz3& again snow c..-i suclh ?ersistep.t jloc:;age soretimes c22 32 cl22r2d rar, izly 'zv _ 

OS2 of vacuum. 



36 
. . 

. 

. 5000 

B 1000 

‘G 
h 
x 

*g 500 

i 
.Z 
Z 
0 
u” 
E 
2! 
E 
3 .- 
z 
r 

100 

50 

10 

Containment Pressure, 770 psig 

Before Treatment , 
a 1st determination 
o 2nd determination 

n After Treatmen t: 

. 

- Foam Fluid, 
670 psig, 4 hr, 
then 164 hr 
applied helium 
flow at 500 psig 

I I I 
I I I 

0 100 200 300 400 500 600 

Helium Pressure, psig 

FIGG?.E 13. -- _. 
HELIUM PERP/IE&3lLlTIES FOR SHALE S?ECIMEN 20149-680.14-b-4 



, * 
. . 

37 

400 

v) 

.: 
G 

200 

3 
0 
t .- 
E 

s 
.Z 
= 
2 1oc 

g 
ct 80 

E 
2 
P 

6C 

4c 

2c 

1c 

Containment Pressure, 770 psig 

Permeability Before Treatment -A---------------- 

,------ ---- --_ 
tie0 / 

/I 
I’ 

- -. 

After Treatment: 
Foam Fluid, 
670 psig, 4 hr 

20 40 60 80 100 120 

Time, Hours With Helium Pressure Applied at 500 psig 

140 

FIGLIE 14. 
RECOVERY OF PERMEABILITY WITH TIME FOR SHALE 

SPECIMEN 20149-680.14-b-4 - AFTER FOAM-FLUID TREATMENT 



(600 psig applleC ?rtssure)'") 

PemeabFLLty ?eneabillty 
aefore After 

ilow Tteamen:, Treataezt, 

Direction 1~ darcy u darcy Treatment 

20149-680.14-a-4 

-a-2 

ii 72 

B 41 

F 13 

a -- 

23 172 hr L 39 

33 

35 46 hr 35 

C-2 

-b-2 

20149-1030.32-a-2 

-a-3 

-a-4 

Oh 3-1015.5-a-i 

-a-2 

-a-3 

F 

R 

i 

F 

F 
, i 

F 

F 

i 

i 

76, 93 

58 

225 

256 

3 3 213 hr g 3 

33'6 CO?, 25 sin, 580 psig 

33: CO?, 25 hr, 670 psig 

33:: co2, 6b k-c, 670 psi; 

ob) 
,w 

2j 9rjhr Cd) 4.s, 5.1 - 0.9 332 CO?, 4 hr, 800 psig 

3.1 - .. 

17 

11 9 il& hr 9.; 

64, 51 (b) j g 155. ham s 

(a) E:cce?cions mtad 
(b) ?oiFshed sTecFze5 235s 

!:I Scraped s?ecFz=n ex!s 

(6) Lij psig applied ?rtssure 

(2) L66 ?sig amliad pressure . . --- 

266(‘) After 96 hr in vaczo 



h 39 

, 
Zvaluation of Effects 3y Other Vethcds 

Work on other methods of evaluating the effacts on the shale 

of treatPent fluids is just getting undemay. Methods thai are 

utilized include K-ray diffraction analysis, X-ray fluorescence 

scanning 212ctron microscopy and electron probe analysis. Some 

is being placed on det2mination of the deptfi of penetration of 

as V.-e11 as the nature of the effect. 

being 

analysis, 

2zaFhasis 

the fluid 

Experimental results have been presented which indicate that 

the shale is attacked by aqueous COi, supercrltical CO2 fluid and water 

at do%,-hole t2nperaturcs and at pressures equal to, or below, static 

pressures that might be used for fluid facicg of the shale fornations -- 

. . procucing fractvxres ar, d/or increase in psmeability to gas flow ig both 

short- aud long-ten treatment ?ericds.-. 

Data prese.nt2d indicate that the effects of tr2atzents with the 

fluids can be d2tected by pemeability, ultrasonic-v2loci:y-trazsnission 

and by visual observaticn. 

Sesults of analyses of dissoived solids show that ‘*'at2r orizaiiiy 

dissolved alkali constituents fron the shal2, whereas aqueous CC2 dissolved 

prLxarily alkaline-e art:? and iron-containing species and 'Gas indicated to 

dissolve a greater proportion of t:?e shale than the water did. 

A test matrix d2sigzed to svaicats th2 degr2e of Totential ~.ter 

blockage (fonatlon daaage) and the effact of vacuum. drying as OQ?OS~~ 

to aLr dryir.3 gave inconclusive resu:lZs, prizarlly because Of the ;l,2t2Zo- 

g2n2ity cf t11e shalt. 
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X unique facility has been developed in -+Aich the permeability 

of shala can be determined, the shale can be treated with well-compl2tion 

fluids under simula ttd field conditions, then geneability can be remeasured -- 

without disturbing (and thus possijly altering) the shale specimen throughout 
. 

the sequence. In this-apparatus, shale Teneability can be determined 

under applied containing pressures to simulate lithostatic press*ure, with 

various median pressur2s, pressure differentials and gases (e.g., tie, 

C'H4, H:, and CO2). 

The first data available on the Ferzszbiiity of Devonian shale 

under simulated dov*m-hole conditions have been generated. 

Initial results of work directed toward investigation of the 

physical and chemical skin effacts of hydraulic treatments of Devonian 

shaie tend to confirm that fluid blockage occurs w'nic'n, in some cases, 

has been observed to clear under prolong2d gas Tr+ssure and flow. In 

other cases, how2v2r, blockage persists and it is not yet clear whether 

irreversible damage results. 
- - 
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