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PREAMBLE

The United States Department of Energy, Division of Geothermal

~ Energy (DOE/DGE)" awarded Vetter Research (VR) a contract to
perform research related to injection and reinjection problems in

-geothermal operations. This contract No. DE-AC03-79ET-27146, is

‘entitled: ‘"Injection, Injectivity and Injectibility in _

Geothermal Operations®. The present report is -one of the S

deliverables under this contract. .The Present report discusses

. some of the possible chemical damages expected during drilling
and completion of geothermal injection wells. The main objective

ﬂif‘df this report is to attract the attention of drilling operators

/ ;§,jv9eothermé1,wé11-i‘ CEE el T

~ to ‘the cdmmonly“ighoredxchemically.indﬁced wellbore and reservoir
-damage created during drilling,;completionkand/o; work-over of a - -
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: '*fﬁa_'ij'be directly related to a geothermal drilling operation. :
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1. 0 ABSTRACT‘

The. drilling of geothermal wells can result in near wellbore o
‘damage of both the: injection wells and production wells if proper
precautions are not taken. Very little specific information on
‘the chemical causes for drilling damage that can directly be
applied to the drilling of a geothermal well in a given situation

.~ 'is available in the literature. &as part of the present work, the.
- sparse literature references related to the chemical aspects of
?~drilling damage are reviewed.,v‘“_ SR -‘.,‘ e . LT

- " The present report summarizes the various sources of chemically
" induced drilling damages that are related to ‘drilling operations.-
‘The report ‘also suggests various means. of minimizing these L
" "chemical damages during and after the drilling of a geothermal
. well.- R _ : _

‘The following is a summary of our conclusions regarding the |
" chemically induced damage mechanisms related to drilling of .

geothermal wells. These conclusions are based on (a) the

.- -information gathered from various sources of literature. (b)'our : :j-Am
... field experience and (c) some of our own laboratory work: ’ T
'l,experiences under this present research contract(see Preamble)-

1. There is very little published information on the

‘Q:ﬁ]%;,_ ~-chemical damage. during and after -drilling of a

geothermal well, i. e., on the chemical damage that can

Only some rather general -and vague information is
available in the open literature. '

lérf;The susceptibility to chemically induced damage OF

!ifslvur_»_‘geothermal wells which is directly attributable to"

-.drilling-can be considerable. . It has its cause in the T
-various ‘and sometimes extremely complex physical and. e
~chemical interactions between the constituents of the‘ o
~drilling mud and those of the reservoir.  Most of these o

‘,interactions are not- known in sufficient detail.»'

o 3,_'Qu1te often, it is difficult,.if not impossible, to T
- " distinguish between purely chemical and purely physical
. damages caused by drilling operations. Most chemical -
-.-damages are initiated, followed, aggrevated and/or
‘accompanxed by physical damages. S
4, ‘The magority of the physical damages caused during
~,-drilling operations. arises from the introduction of -
solid particles into the wellbore. These particles can
.~ create damage by plugging critical portions of either
m-the wellbore or: the reservoir. :
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5. Theoretically, there are four different mechanisms by

[a)

E T S

Te)

fr within the well.

Ca

’ wellbore.

‘which particles can r01n the productivity or 1n3ect1vity
of a we11°' _

Fill-up of the wellbore with solids._f

Generating a mud cake on the,'sand face

.within either a wellbore or. a fracture.'

Filling up of slots or perforation holes‘{”
within a liner or casing installed ‘

‘Creating of damage collars within the
reservoir by particles which invade -

“the rock matrix and "settle" .or are

retained in some distance from the .

' . 6. -The chemically induced damage caused during drilling .

- .. operations arises from numerous chemical reactions
.involving ‘the invaded drilling mud particles, the .
-drilling mud filtrate and/or the various constituents of

_the reservoir. o : S

Y Seven major categories that can be related to the
' _‘chemical damages -ares R ST

2

AThe precipitation or formation of salts and

other solids within the wellbore or within

the reservoir due to the thermodynamic.
instability of the mud constituents at the

'v ‘ .high wellbore or reservoir temperature. ‘

-The change in the properties of invaded mud ;51‘ -

~particles can cause the subsequent formation

o of plugging with newly 'generated types g

fﬂi*of solids within the reservoir.f\

'f?fé{}

iThe chemical interactions between the e
various components of the invading

~drilling fluids and the native reservoir Fa

‘;;7L7materials can lead to an impairment ,fv‘r_
~.of ‘the injectivity (or productivity).:,,-;.~-i

4

iiThe disaggregation and/or dislodging of

clay or other cementing minerals that .

lvare native to the reservoir through.

the interactions between the dissolved
species of the mud filtrate and the cement
“type materials can cause an injectiv1ty
(or productiv1ty) impairment.»i
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e) The reservoir invasion of solid corrosion
o products, decay products of mud -
additives and/or other chemical reaction
* products can impair inJectivity (or
- ‘productivity). '
. These so0lid products are formed because of
- -chemical reactions between the drilling :
s - £luid components and the materials used- for .
.. .. the completion of a well during and/or_
4. -0 after drilling operations. ~

‘the reservoir solids due to the
. invasion of mud fluids: containing T
;{';korganic liquids and surface active T
-g) 'The utilization of 1mproper fluids S
S - designed to remove the mud or L
. .= - completion fluids after drilling
A - and/or completion of the well can -
lead to an impairment of the injectivity
... . {or productivity) {(e.g.,: formation of . ,‘,, 8
e 20 foam blocks due to the additivies used
© in the cleaning fluids or formation - .
- of so0lids due to the use of chemically T
incompatible waters in the workover fluids).

LT "8 The drilling mud’ filtrate that entered the reservoir can
[ ;w~p1ug the pores of the rock matrix or fractures ‘within -
.77 7 the reservoir by the precipitation of salts which is :
~-—-caused by the thermodynamic instability and/or e
"reactiv1ty of both the invading fluids and the native
-reservoir materials. There are two ways in which these :
prec1pitations can be caused"' S A U

R ,”i%”i;f' a)jfThe thermodynamic instability of the S o »

et oo dissolved species in the mud filtrate created o
'~ by the high temperature can lead :

L to subsequent precipitations.. -

‘b)m_The thermodynamic instability of the o

... solutions created by the mixing of the
. mud filtrate with the reservoir brine . o

”Vfcan generate various types of precipitation. W

-9, sThe thermodynamic instability of the mud filtrate S
- itself, mainly due to temperature changes, can-result in
a near wellbore damage (skin), e.g., by CaS04 and/or
BaS04 precipitations. The prevention of this type of
’damage would necessitate the proper removal of 804-— :

"1;f)L;The change of the surface. energy of .. . .



e

PAGE 5

ions from the mud or drilling fluid prior to u51ng these
fluids. = . :

10 “The thermodynamic instability caused by the mixing of
~mud . filtrate with the formation fluid can create a
potential for CasSO4, SrS04 and/or BaSO4 type skins. _
‘This would necessitate either the removal of - SO4—- ions -

.. “from the drilling fluids (if theé reservoir fluid- B
lez-;~-contains the ions of alkaline earth .metals) or avoiding -
© * of alkaline earth metal compounds in the drilling fluids

(if the reservoir fluid contains SO4-- ions). .

11. If the reservoir fluids COntain high concentrations of
. . .. divalent or trivalent cations, the normally high pH . . “
e - value and/or the high CO3-- concentration of-the - :74;3;45735f

’i¥;7?5*7:~“‘ drilling fluids can cause heavy precipitation of

hydroxide and carbonate scales. .-

12 The chemical damage caused by the disaggregation or - ,
.dislodging of clays and other cementing materials that
“are native to the formation due to the interaction o
between these solid materials and certain ionic species _
~dissolved in the drilling fluids is caused by very
~-----complex chemical reactions. The chemistry of these - -
"reactions is not quite clear and will change from site .

RSRNE . to site or. reservoir to reservoir.

""13. The swelling of reservoir clays upon contact with :
*drilling fluids <can lead to reservoir ‘damage. . This type

: “f“flr-‘f”ffg 7,f'of damage can.also ‘be. considered a chemically’ 1nduced
S ﬁ? - fdamage. LR :fff”n>,.?f_;fufqifffi;f:._lfff__ ,_. T

14 Certain clays used in drilling formulations can cause .
“numerous problems. At least two types of reservoir : o
damages can be expected due to improper clay additives._"'

: -fa)szertain clays (e.g., montmorillonite) _

.. .can form highly impermeable mud cakes . -
‘which are difficult to remove and may - rtl LR :
. lead to permanent inJectivity problems. Hg B T P

la,n.,b)ﬁ;Other clays (e g., sepiolite and
.. . . attapulgite) -can convert to- swellable R
-+ - clays (smectites) at the high’ temperatures, e
. thus impairing the later. injectivity :
(or productivity) of the well.,Al

15. The damage caused by montmorillonite type clays in the -
high temperature environment of a geothermal well ‘is not,
well understood. Most likely, it is created by the )
- formation of Ca-montmorillonite, a reaction which should.
be further investigated. B
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16. The high-temperature behavior of many drilling fluid -
additives used in oilfield operations is uncertain at
_best and should be evaluated before these additives are
used in geothermal operations. L , _

3 0 RECOMMENDATIONS

' The f°11°Wing general recommendations “can be made to prevent the‘hyu
.various types of chemically induced wellbore and/or reservoir.

_- damage during geothermal drilling operations.

’“5;%1. Drilling operations should be aimed at maintaining a low
L "differential -pressure ‘between thé wellbore -and the near
.~ wellbore region of the reservoir, thereby ‘reducing the .
possibility of drilling mud invas:on (particularly the

filtrate).-

Prior to the initiation of drilling operations, sl

. sufficient information on the nature of the formation

. solids and fluids should be obtained through chemical S

»-—ﬂanalysis or otherwise. - This information should be" used :
“to make up’ proper drilling fluid compositions. _H;. .

The mud composition, especially the make-up water must R

: . be carefully tailored to the very site specific . L
"P;vconditions. There is no generally acceptable recipe for A
) mud compositions.' ' e , SRR

stabilizers should be used in the drilling fluids.

If drill pipe corrosion is a major concern, adding of
-oXygen scavengers {€.g.; hydrazine) and corrosion -

_conventional increasing of the pH value.  This is: of
" “particular importance if the reservoir fluids contain
large concentrations of divalent or- trivalent ions.m

Drilling fluids components should be checked for their :

high-temperature reactivity. 'These components. should be'
evaluated for their-high-temperature stability and their -
- reactivity with other drilling fluid components and/or ’

' with the native reservoir materials.3iz~ RENRCYs

Creating of near Wellbore damage due to- mixing of mud ‘
.+~ filtrate and formation water requires a scale or :

. precipitation prediction modeling. The determination of
the amount of filtrate and the mixing proportions
‘between the mud filtrate and the formation water at -
various distances from the wellbore must be known for
precise damage calculations.v : :
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The ‘water used for drilling mud formulation should

.contain a very low SO4-- jon concentration and should"

have a fairly low pH value if the reservoir brine -
contains appreciable concentrations of divalent ions
(particularly, Ca++, Sr++ and Ba++ ions) as usually.

~ found in-the goethermal reservoirs within the United
 States. . .

',The make-up water for drilling fluids should be R

carefully chosen. If the available water is a water

. which is chemically incompatible with the reservoir .
- fluids, special water preparations could include a -

proper mixing of source water with reservoir water or

‘the precipitating of undesired water’ compounds by adding

~of chemicals and removing of the ‘undesired reaction = -
-products prior to_using the mixtures as a. make-up water
‘Pfor drilling fluids.~}-l, 8 : :

ufThe volume ratio of - source water to produced reservoir

water for drilling fluid preparations should be e

i.carefully calculated based upon the chemical-

compositions of the various types of water and the

'rThe formulations for drilling muds should be selected

. such that their various constituents—do not adversely

.~ affect the clays and other cementing materials that are .
~contained in the formation. . There is no generally .

.. acceptable recipe.  Each formulation: should be tailored
Vto the verymsite specific conditions. ' : L

" The solid components of drilling mud should be selected’~v
°s0 that :the high temperatures of the geothermal =

formation do not adversely affect ‘the nature of these

"“solid mud components. A typical example is the NGt
conversion of ‘sepiolite or attapulgite to smectites R
“-(e.g., to stevensite). ;; , . _,,' ;

The clays used in some high temperature drilling fluids R

(e.g., sepiolite and attapulgite) should be checked forjdvr

’.*atheir -quality. Often, these clays are heavily-- s e

' contaminated with other clays {e.g., sepiolite;f-
'rcontaminated with montmorillonite)._ :

Injection wells should always be back-flowed after each'*”

drilling, ‘completion or ‘work-over operation. All -

- ‘materials which invaded a well or reservoir should be’

removed through back-flowing before. any other well -
operation is started. Displacing of the invaded fluids

with the injection brine prior to back-flowing may o
generate . severe and irreparable damage far. away from the

'_wellbore.

—
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15. Disposal of waste fluids (including drilling fluids)

“into the injection wells should be avoided or carefully

_evaluated for the potential of generating reservoir
‘damage prior to starting of any of these disposal

- operations. These disposal operations of drilling -

..£luids may solve an environmental problem but may create
a damage problem.- = ,

e 16 Disposal of drilling fluids into a- injection well during
Tt ... or after. drilling operations is often adviseable if
- these fluids are chemically treated in a proper way
*y—prior to their disposal into a well.ﬂ;“,,u_,u,,i t

- 4. o INTRODUCTION

Basically, the conventional oilfield technology of rotary e
- drilling is used. for drilling of geothermal wells. Some minor .

- improvements are made to the: drilling fluid components used. in
0ilfield operations so that they become suitable for the high

. temperature environment of geothermal reservoirs [1,2]. -Some

" extensive: R&D efforts are being made by Sandia National

... Laboratories under the auspices of the U. S. Department. of Energy

‘not only in improving the various components used .for
‘conventional rotary drilling operations,-but also in developing
of an advanced technology for geothermal” drilling [3,4)]. Water
“based drilling muds using sepiolite and/or attapulgite or simply

->j -clear brines are suggested (a) ‘to-transport the-cuttings to the'j_;j“*

-surface, (b) to cool the bit and: (c) -to prevent the formation

" fluids from-entering the wellbore {5,6].—The-technology of DR

geothermal -drilling ‘is constantly improving through some- research
- programs funded by DOE/DGE as well as through industry sponsored
R&D programs. _ : S i _ SR

B operations ‘can result in an injectivity ‘impairment due to
c¢hemically: induced damages if proper precautions are not taken.
"In addition, the disposal of various fluids during and/or after .
‘ these drilling operations into the injection wells is still
- common -practice.  Such disposal can also result in serious.
inJectivity problems due ‘to chemically induced damages..x

Very little specific information is available on the chemically

‘induced damages.of injection wells due to drilling and completion

“operations which are presently prevailing in the geothermal .
industry. - Only-some rather general and vague information is

-ﬁ available.‘“"

Despite the potential danger, some” geothermal reinjection _
"operations seem to be rather successful. These "successes®" do
not change the facts that (a) immense reinjection problems are’
caused in several foreign [7] and domestic operations despite
frequent c1a1ms to the contrary and, (b) _some of these

No matter what types of drilling practice are - utilized, these -”;.‘,
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-« successful" operations may use damaged injection wells even i
: - without the recognition or knowledge of the operator. Many of

_ __these damage problems can be related to chemical damages created
*during well drilling and - completion operations. : :

T The purpose of the present report is (a) to review the literature
v .. on the damages that are anticipated during the drilling and
~  _ completion of geothermal injection wells, (b) to evaluate our own
- =-..— laboratery studies under this present contract as far as they

- -relate to drilling operations, and (c) to offer some possible:

- solutions to prevent or repair such damages based on our field A
: - - 'experience. ' Even though the report mentions the physical damages
& - -as well.as chemical damages, the emphasis is placed here on the ’

: .various. damages of chemical origin.;-lxr,.pf.ﬂnv,k:. -

5.0 VARIOUS TYPES OF DAMAGES EXPECTED DURING R
. DRILLING OPERATIONS

w . “The damages to injection ‘wells (or production wells) of oil field 5
. . and geothermal operations have their origin in the various o
~ physical and chemical interactions between the components of. the
- drilling muds and the components of the geothermal formations.
‘~° ."Glenn and Slusser ‘[9,10] and Nicholson [11] have summarized some
e of the various factors contribiting to the damage to geothermal
w . __ - --wells during and/or after the well drilling and completion
w-'~~'-~~operations.r ‘However, none of the literature-references seems to

RS —— contain sufficient detail of the chemically induced damages. 1;-_r<"

ft Two types of damages can be expected during geothermal drilling

e ,fsoperations- . o R o
. [l;n;Physical damage°» the damage caused by the invasion of
. .- suspended particles of the drilling fluid into the S
*;porous formation. T L lff‘“”
v R #i~”g2}-gChemica1 damage°' the damage caused by the chemical )

. ‘reactions “involving the invaded particles, drilling mud
“'filtrate and the formation components.r e :

SPUE R It should be noted, however, that it is often very difficult, if
% - not impossible, to distinguish between purely chemical and purely
RIRR - .physical causes for a wellbore and/or reservoir damage created

© ‘during and after drilling operations. Considering the ‘specifics .-
. of geothermal formations, the major factors contributing to

L drilling damages are as. fOllOWS'

'l The reservoir rock is porous and, normally highly
' permeable and/or contains pronounced fractures, thus
'allowing drilling fluids to enter the reservoir.-
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: , : 2. The reservoir is under relatively low pressure and the
-« : - drilling fluids are often applied at external pressures
‘ higher than the reservoir pressure during drilling, thus ~
forcing the drilling fluids into the reservoir._” - R
-~-. 3. -The drilling fluids entering the reservoir contain -
o -~ suspended particles. - Both the entering suspended solids
v ... and liquids will generate a host of undesired reactions
' e . either through their own thermodynamical instability or
~ through chemical interactions between the various
‘  components of the invading drilling fluids and the j?
,vmaterials that are native to the reservoir. ‘

The drilling and/or completion fluids",f
.entering the reservoir may be S
. thermodynamically unstable under thesev
A LI . high. temperatures and. may form chemical
;zf,g;fge}»;.rop;;iunﬂgasvr—«—reaction products. leading to subsequent - T
T e e —-reservoir~damage.f EEERS e e TE L S

b)Y “ The temperature of the geothermal
.. formations. are high (in excess of '
e , © +. 260°F and sometimes as high as 800°F), :
.. ... ... ... . thereby creating a favorable environment . . . .-
' o ! . : for many undesired chemical reactions. I

¢) 7The formation: fluids often contain -
~ fairly high concentrations of dissolved
- species which are chemically _ -
~-{ncompatible with the- entering. drilling
_ DU ~ -fluids thereby -also creating the basis
gf o e for . many ‘undesired high temperature chemical
‘ SR " reactions. = These:reactions include ; _
. (but are not limited to) the precipitation
‘ “;of many scale forming and plugging solids. S

‘;".u, - Some of ‘the components normally contained in drilling fluids may
.. . lead to formation damage through' physical and chemical - ,

.. interactions . The major factors that contribute to this R

: ﬁchemically induced formation damage are as fOIIOWS"‘ EERDERITR AU R

v o _’pf‘l;ijhe drilling fluids may contain various dissolved :
v ... . species (especially, ‘the S04-- and. CO3~-- ions), and can
S - ‘have an artificially high pH value thereby creating an
- environment in the’ ‘porous formation which is favorable -
for sulfate, carbonate and hydroxide scale formation.,

2. rThe drilling fluids may contain newly generated and very
-~ fine suspended particles (reaction products) which can
-~ invade and plug the porous formation., : o
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~ T ’“y"3 = The- drilling fluids contain clay minerals (e.g., .

A _ montmorillonite, attpulgite or sepiolite) which can

s SN - enter the high temperature environment of the formation
- and can chemically react to create a massive damage to
' the formation. : : .

v - 4. The drilling fluids may contain thermodynamically S
S L . unstable additives or chemicals which can chemically
S : : ~’~‘react with each other or with the reservoir materials,
+ . thus causing various types of wellbore and reservoir
~*damage. : r ) S , SR

?'=?7>"v) Summarizing we can state that the drilling fluids may contain S
T --additives .which chemically react (a). by themselves (b) ‘with other
E;;I”'4v ““additives. (c) with any material native to the formation, thus
' - vssfcausing.a host of different types of chemically. induced: damage. . S
-. —.This ‘means, the major sources for a chemical. wellbore: and - .-

R reservoir damage during drilling and completion- operations must

f~”'fﬂ' “be seen-in the chemical reactivity of various components of the
‘ geothermal formation and the drilling fluid system. : 5

s 1 pnysxcm. DAMAGE

,*?fff_jff“Finejparticles of clay solids are- added (a) to- increase the Cimer
=TT yiscosity ‘of the drilling fluid, (b) to improve the hole'f”ff““ o
~— .~ gtabtlity and (c) to-aid inthe suspending of “thedrilling .~ T
o cuttings. These clay particles can form filter cakes within the = .
- ".wéllbore or on the faces of a- fracture. At high: differential S
- = . -pressures, some of these .clay particles can also enter the porous
W . formation. A comprehensive research work was conducted at Vetter -
. " 'Research as _part of the present DOE /DGE contract to study the
;%%*characteristics of the-flow of particle suspensions through = - - -
.. porous media. The results of this work are being described in a
' separate DOE- teport  [12]. A portion of this work was already
- published before [14]. o S , KR e

5 2 CHEMICAL DAMAGE v
u«;This type of damage to the geothermal formation has its origin in
' the chemical reactions occurring during the. drilling operations. .
T ' “The various types of chemically induced damages within the =~ -
¥  wellbore or reserv01r have their origin in various sources as_ B
IR gfollows- : & _ _. A e R .
1. -The changes in the properties of invaded mud particles
. and other mud components in the drilling. fluid within
¢ .. -the environment of the geothermal formation due to the
& . . . thermodynamic instability of the drilling fluid ‘

Fcomponents.'

"zf_fThe prec1pitation of salts or other solids due to the.
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chemical reactions between the.mud filtrate and the
reservoir brine. - . o

3. The disaggregation of clay minerals that are native to
- the formation caused by certain ionic species contained
"in the mud filtrate. = R T
4. The conventional operating methods aimed at overcoming
" corrosion of drilling equipment at high temperature in
- the presence of highly saline geothermal brines.

. 5.2.1 THERMODYNAMIC INSTABILITY OF DRILLING FLUIDS

The thermodynamic instability of a drilling fluid and its
“implications are rather difficult to measure or even to e ,
- comprehend. This ‘instability is not only & function of-the . " . .

~ ‘precise mud composition and the various temperatures encountered -
- .in the wellbore, but also the relationship between.the nature of =

the suspended mud solids and their concentration within the mud. -
7o complicate things further, the nature of the solids suspended

. in the mud and their concentration may change constantly in an -
. .actual drilling operation as a function of temperature, time, _ __

- drilling conditions, etc. An additional -and complicating factor
- is given by the change of the mud composition as mixing with

drilling operations. - .

reservoir materials (liquids and solids) may occur during the

_.In the foiic&ihgipéfaétéphs}gwe wi11*6h£1iné7§6mé56f the aémége o
' _problems created by the thermodynamic instability of the drilling
fluids. These problems are twofold, namely, the problems caused

by the solid particles suSpendedvin’thg_mud and those caused by

-~ the liquid phase ("mud filtrate"). ... . .. . .

-~ 7 '5.,2.1.1 THERMODYNAMIC INSTABILITY OF MUD SOLIDS . .- =~ =

" .The mud solids are normally difficult to define. When mud is.
"freshly prepared and stored in the mud tanks, the solid o
_composition, concentrations and particle size parameters can be
- fairly well defined and measured. ' All these parameters become
- drastically changing variables as soon as the mud is pumped into
. “the_wellbore 'and becomes exposed to the high temperatures of a -
geothermal well even without the mud coming in contact with = =
‘reservoir material, New solids may form due to precipitation of
~salts created in the liquid phase of the mud caused by the Lo
“temperature effects as outlined later in this report. ‘The "old"

“or original particles contained in the freshly prepared mud may
- (a) dissolve or {(b) change their nature based on various -

. physicochemical reactions. Thus, the chemical composition,

. concentration and physical particle characteristics of the

suspended mud solid may already drastically change as a function

_of temperature and time even without any further complicating

factors.
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'As the mud comes in contact with the reservoir materials under
~.drilling conditions, additional and, possibly, more drastic-
~changes of the solid properties may occur. .Liquid from the
- original mud may invade the reservoir, thus leaving the solid
" behind, or liquids from the reservoir may. enter the mud, thus -
-also causing drastic changes of the solids properties of the
v ,.', i suspended solids in the drilling fluids. . In addition, the

o grinding action of the drill bit and friction and/or impact T
R .forces within the mud phase can also have large effects on the

o critical solid properties within these drilling fluids. B RECN

**['f'V?F*?These mechanical and thermodynamic instability problems related
o to the drilling fluids within the wellbore can be carried back
into the surface facilities. Solids may be continously taken’ out
- - through the shakers, desanders,” desilters, centrifuges or any L
' *;T“’“” _other type of solid removal equipment, thus constantly. changing S
G ‘the pertinent solid characteristics -and" composition of “the - S
‘~Wdrilling~f1uids pumped back 1nto the hole. -»f; v —

ML el B I T

characteristics ‘of the solids in the drilling fluids is further’
compounded by the facts that (a) some solids may form a mud cake
—..on the sandface (within the wellbore or within a fracture) and

v e reservoir rock. , R R
To- complicate things ‘even further, the operator may change ’
: deliberately his mud composition, particularly, the solid content‘
‘at ‘any time during a given drilling operation. ' He may see -a need
to add or delete a weighing agent (e.q., barite), an oxygen
S scavenger (e.g., hydrazine), and H2S scavenger (e.g., 2ZnC03), a
bt e - fluid loss agent (e.g., saw dust), a viscosifyer (e.g., tlay or
.~ ». - an organic polymer) and/or many-other additives. depending upon ,
T“*““*”“’ ‘the condition and/or problems encountered and/or suspected in the '
L wellbore. o S f‘u_ UL - o
T The chemically induced damages caused by changing, adding or
Aﬁ? S. 7 " deleting .of any of these and other mud additives can be very . .
AT complex. These solid additives mixed into the drilling fluid: for - " -
- various reasons and purposes can chemically react and can, - o
~ conceivably, cause numerous types and degrees of- damages: to’ the,‘:' e
R _;}wellbore and reservoir. Because of .this high temperature - - .
ST T reactivity: and/or thermodynamic instability, these additives can T
le;',.‘ react-gl _ S SR : o ; ER
1.'fo themselves, i e., they can chemically degrade under.ﬂ
. the conditions of a wellbore during and/or after-'=‘3*
““drilling. : , v o ‘ S

o .7“/;?:",2.1,w1th other components or additives in the drilling
SR ~ fluids. | |

3. With reservoir fluids ‘or solids after being exposed to
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these reservoir materials either during or after

- i ' drilling operations,
'~~The ‘numerous additives used during dtilling operations in a
geothermal field and the large variety of different reservoirs or
L .~ wellbore conditions generates a host of complex chemical
- reactions which can lead to an infinite number of different
" chemical damages. It is impossible to name all the possibilities

.. for these chemical reactions and the subsequently induced damages
r_to geothermal wellbores and reservoirs. , 3

’There does not seem to be any alternative to the old—fashioned
.- testing of any of these materials (mud additives) prior to
... applying these mud additives in a given situation. Some of these
..t additive candidates have been checked in our laboratories e
Fele 149450, 51]." The conclusions of this test work are not quite

;,chemically induced damages must be expected due to the
application of these materials during drilling of a geothermal
well. . : ; . _

‘*jf“f“ - caused by these solids. partially forming a mud cake and partially
- invading ‘the porous matrix of a reservoir rock. The particles
'”““ft“f’“ that entered ‘the porous matrix of the reservolr can—begin-to plug

oTE the pores. The plugging of the pores (or the reduction in the =~

- local; microscopic permeability) is. physical in nature. -All the
information related to the mechanical or physical plugging by -

f“*“particles is described in a separate report {[12]. However, as.
| 3 described above, some. of the invaded solids may alter their
",;‘ ~ critical properties as a function of (a) the mud temperature and
composition and: {b) the mixing of. mud ‘components with reservoir

_ definite ‘about the -damage mechanisms. : However, ‘the experimental =
——.results given- in-these references--[49-through 51} “indicate- that4~f>{

Thus, one of the most complex problems in drilling operations is ;Q;,,.

i'""‘”_"*fluids at—the-reservoir temperature. “-Some ‘specifics of these- . -~ .

“changes of the critical mud solid: properties due to chemical
Section 5 2 3).; o 7 ’ 7 7 _ o
' S 2 1 2 THERMODYNAMIC INSTABILITY OF MUD FILTRATE

During the initial stages of drilling into a geothermal S
- formation; the solid particles as well as the 1liquid components
- 7" of ‘the-drilling fluid enter the pores of ‘the" reservoir. The -
v o ~depth and the rate at which the filtrate enters-the porous matrix
: ‘, of the reservoir are determined by many factors. - Some of these
factors include, (l) ‘the local (microscopic) permeabilities of

_the’ reservoir, (2) the viscosity of the fluid at the temperature'

-and pressure near ‘the invaded region, (3) the pressure difference
o between the wellbore and the near wellbore region of the
“f ~© .. reservoir (differential pressure). Similarly, -the 'depth and the
- concentration of the particles entering the reservoir are also
determined by many factors. ‘Some of these factors are.a_

.reactions is described in. some detail later in this report (see'?‘f’;'
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k 1.-‘The differential pressure between wellbore and
i o A reservoir." , .

2. The pore size distribution near the entrance into the
reservoir. : .

3. “The size and shape distribution of the particles.:;>
-4, The forces between the particles and the surface within

_':»the porous matrix of the reservoir. v

. In addition to this type of pore plugglng the suspended

i 7 " which the drilling mud enters the formation. Some ‘evaluations
! f:""j" ‘regarding the plugging of the porous media and the subsequent
s-~g"~;74 ‘clean ‘up by acidizing or high pH fluids has. also been done as
' “part of the present DOE/DGE ‘contract. This work will be -

- the .pores through the precipitation of salts which occurs because
-of the thermodynamic instability of the entering fluids and the
“reactions between mud filtrate and reservoir brine. Thus,
-damaging precipitations are caused by two different thermodynamic
——“~——instabilities'“'-f11_ , _ r~*=~[f~jﬁ# S e

‘_;l,.vThe thermodynamic instability of the dissolved species

—  in the filtrate ma1nly due to temperature changes.,_,*
A-;;%;g;lrve%«z;_IThe thermodynamic instability of the dissolved species
W o e through mixing of incompatible waters.f“r _ :

"%"f”;b ~—-Some of the causes’ for a. chemically induced~wellbore-or reservoir

damage during and after geothermal drilling are described 1n the ol

following paragraphs.vr_,t..,

— - ———————— " a———————— —t————————————

:9, 5 2 1 2. 71 INSTABILITY OF DRILLING FLUID FILTRATE

The filtrate of the drilling mud contains various dissolved
ERE species in ‘thermodynamic equilibrium at the temperature and
G ~m*~pressure-under-surface conditions. ~During and after—drilling,
¥ - the formation near the wellbore contains some filtrate. The
~filtrate is ‘now subjected to the. -higher temperatures and :
pressures of the geothermal reservoir. Various thermodynamic ,
~instability problems related to this filtrate fluid invasion are
described in this paragraph. ' : ,

v The invading mud filtrate ‘can form scale deposits even w1thout
mixing with the chemically incompatible reservoir fluids (see
Sectin 5.2.1.2.2). As _the CaS04 solubility decreases with o=
‘increasing in temperature, the filtrate in the pores is now

. particles can also. form a filter cake which reduces the rate at

“if ,described in. a separate report [14]. fﬁf%@;¥g?,:r_v o ':Q;;f?; _"

| The filtrate that entered the formation ‘can cause the ‘plugging of“
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w o supersaturated in respect to CasSo4. of course, the degree of
‘ supersaturation is usually low. In spite-of the low -

.~ . supersaturation of CaS04 and frequently used arguments, it can
ST ‘precipitate due to the heterogeneous environment of the porous

;_m_-structure (heterogeneous nucleation). Some laboratory injection

- - . experiments conducted as part of the present contract clearly

% - indicated that CaS04 can precipitate easily within the porous
'¢~,h:gg_, media even at low degrees of supersaturation. The results of .
e these experiments are described in another report [15].v

{
!

S Another typical damage caused by the thermodynamic instability of~
~ . - the mud filtrate is caused by the organic compounds used as mud
. additives. in drilling fluids. For example, water soluble -
polymers still find their geothermal use in the drilling fluids'“w
~and can rapidly deteriorate under the conditions of a geothermal
Lo .well [50,51} after.invading ‘the pores of the reservoir.. The = .
v%{’l:~ degradation products can cause. chemically induced reservoir ,im S
5 damage. ~ . , = ,

Numerous other soluble mud additives are highly suspect to create

“ similar chemical problems. Only the previously suggested testing
~of these drilling fluids and the suggested additives under
‘simulated or real field conditions can determine the full

o potential ‘of these. chemicals as far as chemically induced » -*?g

w reservoir damage is concerned. S - St

5 2 l 2. 2 MIXING OF INCOMPATIBLE WATERS AND
- RESULTING INSTABILITY PROBLEMS

, The filtrate of the drilling mud generally contains small el
hﬂf~«9b:v concentration of S04-- ions and the formation brine of frequently
-~ ‘encountered geothermal fluids can contain substantial
‘wm . ..-.concentrations of Ba++, Sr++ and .Ca++ ions.. Mixing of the mud -
filtrate and the’ formation fluid creates a potential for Baso4, _‘
. Srso4 and CaSo04- prec1pitations within the reservoir. Thus, . -
Ll Baso4, Srso4, and/or CaS04. skins can form near the wellbores and’
v M-K_Tu can-cause a reduction in the critical permeability. 1In other.
" words, the drilling mud filtrate is incompatible with .the
- . 'reservoir brine and mixing with reservoir brines. ‘containing
*; appreciable concentrations of Ba++, Sr++. and Ca++ ions can form

Some geothermal reservoir brines contain high concentrations of
»sulfate ions. In this case, the potential chemical problems
caused by brine incompatabilities are similar. what is changed
is only the origin of the chemically incompatible ions. ‘This -
L - means, the drilling fluids, in this case, may not contain
. appreciable concentrations of divalent ions. - :

Not only sulfate scale problems must be expected upon mixing of
-chemically incompatible reservoir fluids and invading drilling
fluid filtrate, but also carbonate and: hydroxide precip1tat1on

Srso4 and CaSOd scale through mixing near the wellbore [16 ﬂuj%;.lm7‘
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v - can occur and will subseguently lead to very similar problems.f
Quite often, water soluble carbonates, bicarbonates or hydroxides
are added to the drilling fluids. The resulting high C03--, »
HCO3-- and/or OH—- content of these drilling fluids renders the
drilling fluid filtrate invading the reservoir extremely =

et incompatible with many geothermal reservoir fluids. : For example,

v fff a pH value of 10 or even 11 in the drilling mud will definetely
ST cause a’ chemically induced damage in a reservoir such as the S
: Mercer, Currier or various Niland leases in the Imperial Valley, .

.California. These reservoir fluids contain large concentrations -
“of various divalent and trivalent ions which will eagerly react
“with these filtrates to form numerous and heavy carbonate and
. -hydroxide scales in the reservoir near the wellbore _upon. using o
N R these drilling fluids. ‘,“1.,,”; o .w,mi,;g o -..,»,~,;,,,,_ et

The damage due to the incompatible water mixing during drilling _
S Ff"has been recognized for many years, but-has been discussed in the

< U7 s+ 1literature only ‘in a very qualitative manner {9,11,19}. A .
v . guantitative discussion of the chemical problems (sulfate scale)

=7 -due to mixing of incompatible waters has been discussed

== " . previously as part of the present contract {16 through 18].- Some.‘
L ' experimental work related to the various aspects of drilling
‘filtrate is being done by the investigators of Sandia. -

R “Laboratories [3]. However, the results of their studies are- not
v ~-ﬁ~fu11y published at. the present time.A : v :

e Besides the prediction of scale formation, two other factors are"
-~ -extremely important in determining the near wellbore damage due B
“to 'the mixing of the drilling mud filtrate and the reservoir -
- “fluids. These two factors are, (1) the determination of the
v f amount of filtrate that invaded the formation water, and (2) the
- mixing proportions of the two waters. Millar and Buckles [20] :

~ have used radioactive techniques using-tritiated water to ~

T] determine the drilling mud filtrate which has invaded the fml"ﬂ
formation water. -Using this technique, . the radial extent of the =
.. invasion was determined.- ‘In a similar way, the invasion of the - _ -
v - -~ core samples can be determined by comparing the pore water with - :
N the drilling fluid [21 22]. . e R

A calculation of the mixing proportions of the drilling mud e
-filtrate and the formation water at various locations ‘is’ needed.’-'-;,‘*7

.. s rto determine the amount of scale formed during and after a .
¢ drilling operation. This is generally done through models basedf,
T ' ‘on the dispersion equation. Some of the concepts that are . =~

pertinent to the drilling mud filtrate and the formation can be,

~found in the literature on the mixing of fluids in porous media

[23-through 27). However, to our knowledge, none of these ‘
- techniques have been used for actual investigations of drilling ’
L damages in the field.,. e e - S S
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5,2.2 DISAGGREGATION OF CLAY MINERALS

) Certain clay minerals that are native to.the formation may be

extremely sensitive to the various ionic: species (including pH)

- -of the drilling mud filtrate. These clay minerals may
._.disaggregate upon coming in contact with these ionic species..
- This, in-turn, can cause damage to the porous media of the

reservoir by a chemical alteration of the reservoir clays.;_ o
Specific information related to this type of chemical damage has

-~ not-been -found in the -literature which is directly applicable to
~~geothermal drilling operations. There is a- considerable amount

~of literature related to the clay minerals and the damage caused

~'by these clay minerals .in oilfield operations. This 1nformation,
. .z-however,. cannot be directly transferred to the discussion of
_-clays .in geothermal operations. .The clays found in geothermal
-formations are-substantially different from those found in -
oilfield formations. Also, the high temperature reactions = . -
.. leading to various reservoir damages may be quite different from -
;'jthe low temperature reactions in oil and gas fields.,, o

m_@Montmorillonite clays are commonly found in shallow oil and gas
.. fields. . In geothermal fields, on the other hand, :
montmorillonite, montmorillonite mixtures, ‘and montmorillonite

mixed-layers are comparatively rare. Especially under the high

| —-temperature conditions of a geothermal -reservor -they may have -

o Kristmansdottir [30] reported three zones of clays depending upon
- temperature in Icelandic geothermal areas. The first zone is -
* ‘charactérized by smectites (below 200°C), the second zone by the - r,r;

. been completely converted to non-expanding ‘phases such as illite R

and chlorite. These converted clays and clay-type compounds
(illites and chlorites) show considerable ‘ion exchange capacities

.. which have serious implications in causing a- chemically induced "ﬂ.q_]i
»drilling mud filtrate damage. ,;,1“,,,,_rww, [ : S

“The types of clay structures found in geothermal formations are
-given in the literature [28 through 31]). . For example, Fan’ [29] ,
- noted that the first zone of alteration in Hawaiian basalt is . -

.. .characterized by an alteration of the montmorillonite at a o .
" temperature range between 290 and 325°C. A second zone of clay e
-~ alteration s characterized by a chlorite zone at’ higher" e

~temperatures._’ . R

swelling chlorites (between 200 and 230°C and the third zone by

 chlorites (above 231°C): Hoagland and Elders [30] on the other

hand, reported ‘a different type of distribution at depths of

.}i'sandstone reservoirs.  They report a transition from the S
- "diagenetic" to the "illite-chlorite" stage around 150°at the

Cerro Prieto geothermal field. The diagenetic zone is defined by

,the presence of kaolinite and montmorillonite.‘-- B

Based upon ‘this information, the effect of the following clays on

"the damage during drilling operations should be considered:
,nnMontmorillonite, chlorites, smectites, illite and kaolinite.
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*"; 'E However, it should be ‘mentioned that chlorites (non-expandable)

" are the more common clays for most high temperature geothermal
~formations. : . e

o The non-expandable clays such as’chlorites and illites can absorb .
-~ — - enough water in their characteristic platelet-type structure and
¥ - consequently, -thus making the platelets easily slip and cleave
o .- the original clay particles into smaller particles. Illite and
.- . chlorite, normally bonded by K+ ions, can degrade and lose the
* . .~=ions by leaching when ‘exposed to slightly acidic fresh water.
2w After -the removal of potassium ions, illite will expand to 24 A
. ~° " (normally 9.5 A) ([31]. Even if the individual particles of these
& . . ‘clays ‘do not disintegrate, all clays are subject to .. - -
z ‘{'*;“"'dEfIOCCUIatiOD' a condition wherein agglomerated masses of clays
i - (flocs) are broken up and dispersed, thus leading to moveable
fines within the reservoir. The presence of salt water in the
. -rock pores make the clays to exist in flocculated condition.
TR .Neesham [33] has shown with SEM micrographs the physical =~
h’,‘3f- ﬁ appearance of some of these clay flocs. He found. that kaolinite

~ pore system. 1Illite, chlorite and montmorillonite,. on the other

. hand, are attached to pore walls to form a relatively continuous"

-~ . and-thin (less than 12 microns) coating ("pore-lining") or extend
B far into or completely across a pore or pore throat to create a

W ... bridging effect. This microporous- ‘structure-is comparatively

: ~easily broken ‘down. When fresh water (such as drilling mud -
filtrate) enters the rock, the clays will be in a deflocculated
~condition. The individual particles will then be entrained by

S the fluid, transported, and deposited as microscopic. filter cakes
S ,ss,plugging-narrow pore .openings.--Such- interal. filter cakes can .
e reduce the permeability of the rock considerably [33].- ’

RN One of the most damaging clay substance is montmorillonite.aumhisf
'7w‘~type of clay is found to be present in high temperature
: ' geothermal reservoirs only in’ greatly reduced amounts, or to be
L completely-altered due to the high temperatures found in the -
v ;jr- geotheraml formation. However, it should be pointed out that if
R “montmorillonite is present .even in small amounts, this could
“become significant from the point of drilling damage ‘because’ of
.the proximity of the expected damage to the wellbore or :
f“productive portions of fracture faces, - 2 L

v 5 2 3 CHEMICAL ALTERATIONS ‘OF SOME INVADED MUD SOLIDS R IR
RN Drilling muds that are utilized In geothermal well drilling are'”
j normally formulated from an aqueous liquid phase with various:
-so0lid phases to provide the ‘Proper viscosity and fluid loss i
- control., Also, various chemicals are added .to ‘the drilling muds.
© - " The chemicals generally added ‘to the mud are fluid loss agents,
(%) .~ scale inhibitors, corrosion inhibitors, friction reducers, clay
: - stabilizers, etc. ‘During drilling operations all the. components
-of the drilling mud may enter the reservoir and will be exposed
to the high temperatures of the geothermal formation. This )
generates numerous possibilities for some unwanted chem1ca1

“exists. in discrete, plate~like particles scattered throughout the
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reactions and subeSequent chemical alterations of these
additives. R :

‘One - of _the most damaging additive used in geothermal drilling mud

~is montmorillonite. 1In oilfield drilling, montmorillonite type

clay has been in use for some time.. The high temperature B

v geothermal environment not only would create a gelation tendency

v o= q:s_”»—to this type of" clay ‘[34], but, long exposures of this type of

) ' - clay to high temperatures can actually form low grade cement

. {calcium montmorillonite) inside the pores of the formation near

“the wellbore. Field experiences in the Imperial Valley clearly
‘demonstrated the severity of the damage caused by chemical

o changes of the invaded clays [11].>. : : R .

éyjjyfjl“ Montmorillonite type clayS"are not generally used in the United
SR States for-high-temperature geothermal applications.- Instead,
: - sepiolite and attapulgite clays are used in drilling of
~geothermal wells. Very little information on the chemical ~
- i . damaging effects due to sepiolite and attapulgite clay particles
w. 777 ‘seems to be available. On the otherhand, recent literature
" . contains information on the hydrothermal transformation of
~ sepiolite and attapulgite to smectite type clays i.e., the
" 'normally non-swelling clays (e.g., sepiolite) because now
- ‘swellable clays (e.g., smectites, e.g. stevensite). Such -
" transformation is favorable for drilling operations because of .
- "~ the resulting alteration of the rheological ‘properties of the -
: drilling fluids [8). However, there is considerable disagreement
- among the various studies on the hydrothermal transformation of
" sepiolite (35,43]. Of notable importance of: this transformation
- is the existance of a new species of clay, namely the stevensite,
- and its relation .to montmorillonite {39 through 42]. Guven and
5?1Av;;_ ~Carney [42] reported the effect of pressure,. ‘temperature and thev
L presence of various ‘alkaline metals on the hydrothermal S
~—-—~*w*~“transformatton of sepiolite-to stevensite:--Carney et al- [43]
"/ utilized the information of these transformation studies in_
- - formulating some fluid loss control agents for geothermal
.~ - drilling applications. - However, the impact of such - .-
‘{,x';.v ‘transformation reactions on the damage to the formation is not
S "known and needs further study. e . S R

lri*:G O VARIOUS PRECAUTIONS TO ‘BE- TAKEN TO REDUCE

| cmmmn  A— ————— g ——

- CHEMICAL DAMAGE DURING DRILLING OPERA TIONS I

v '.a.w{The prevention of the ‘near wellbore damage during drilling of the
" injection of wells should address’ the various damaging mechanisms -
- described in Section 5.0. ' One obvious way of preventing drilling -
' -damage is' by reducing the differential pressure ‘'so ‘that there -
~7will be @ minimum of drilling mud: invasion .~ “This requires some :
- .. ‘development work on drilling techniques.~ ‘Another way.of '
w . preventing drilling damages is by back- flowing sufficient
<. " 7 ‘quantities of reservoir fluid immediately upon drilling and
" " 'completion of a well to remove any invaded material.  In addition
‘uﬂto these, several other precautionary methods can be utilized to
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minimize the drilling damage;_ They are as folloWst

fSelect the liquid components of the drilling mud
formulation so that they are chemically compatible with ,

the reservoir materials. If no such source water is

-available, use chemically incompatible waters only after
a proper treatment prior to injecting these fluids into

;the wellbore..

;Select the solid additives so that they do not form
‘j“adverse reaction products at high temperatures. o

'1In cases such -as exploratory drilling, where the nature
"of the reservoir materials is not known, use chemical -
-hinhibitors [44] to prevent a potential scale formation._

-

'iThe selected chemical inhibitors should not form adverse

by-products at high temperatures (pseudo scales:mlu,

Select suitable clay stabilizers so that the formation

.!clays do. not disaggregate (44 through 46]. :_’,_

Avoid using of high pH drilling fluids wherever
afpossible. - NG M el LT

GZAvoid u51ng excessive amounts of carbonates and
.y,bicarbonates ‘in’ geothermal drilling muds. '

-In case~the high temperature-behavior of a'geothermal

g-drilling fluid is not known,-avoid utilizing.these R
fluids prior to the proper testing of these fluids. o
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