" based on 54.5 lb./ft., casing.
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SUMMARY
GENERAL CONDITION OF CASING

The enclosed Dia-Log Profile Caliper Logs cover 1345' of 13-3/8" 0. D.
casing and the 1955' interval of 9-5/8" 0. D. from 1345' to 3300'. Also.

" enclosed are repeat logs of the upper 500' of 13-3/8" 0. D. casing and

the upper 960' of 9-5/8" 0. D, casing.
It was reported that the 13-3/8" 0, D. casing weighs 56.0 1b./ft.. We

are unable to locate any information on casing of this weight. The:
percentages of the remaining wall thickness, llsted on_ the headlng, are

13-3/8" .0. D. Casing

~ The 13-3/8" 0. D. casing shows to be in good condition. There is no in-

dication of corrosion pitting in any of the 34 joints covered with the

" caliper. The only indication of casing damage is a minor reduction in

wall thickness from what apparently is drill pipe wear. The minimum re-
maining wall thickness recorded is 9/32" in 17 different joints. For

~13-3/8" 0. D. 54.5 1b./ft. casing 9/32" is 74.0 percént of the specified
".nominal wall thickness. Eleven joints logged have 10/32" (82.2 percent)

remaining wall thickness. ‘The other 6 joints have 11/32" (90.5 percent)
remaining wall thickness. ’ ‘

9-5/8" 0. D. Casing

Casing.damage from both corrosion pitting and drill pipe wear is recorded

in this casing string. The most severe damage is recorded in Joint No. 12.
The log deflection recorded at 1814' could be a split in the casing, however,
there. is no indication of an enlarged I. D. which notmally would be expected

“when casing ruptures. Therefore, the damage in this joint is probably from
‘corrosion. ‘ : '

The very wide rounded deflections recorded in Joints Nos. 5, 30 through 32,
and 35 through 43 are typical of wall loss from drill pipe wear. Excluding
Joint No. 12, the minimum remaining wall thickness recorded is 10/32" re-
corded in Joints Nos. 13, 31, 40 and 42. For 9-5/8" 0. D. 40.0 1lb./ft. casing
10/32" is 79.1 percent of the specified nominal wall. All other joints cali-
pered have 11/32" (87.0 percent) or more remaining wall thickness. '




TREATMENT OF SANDED DOLOMITE

Sanded dolomite was encountered at 560' in Forminco #1, and was at
least 491" thick, although the total section was not penetrated.
This sloughing formation caused the premature abandonment of this
well, and resulted in a research effort to develop. a method of
treating this lnterval ' N
The sanded dolomite is believed to occur randomly in the dolomitized:
sections in the area due to acid gas leaching. Consequently, it is
not a lithologic structure that can be mapped, and we must be pre-
pared to combat this problem whenever we encounter it.

For example, sanded dolomite was not encountered in well #42 7 but
-it may have been encountered in well #31-33. An 85' interval of
‘unconsolidated sloughing material was encountered in well #31-33 at.
4785', but due to lost circulation problems, no material was circu- .
lated back to the surface. However, the interval was treated with a
modification of the procedure described below {(due to the depth and
temperature, acid was not used), and successfully stopped the slough-
1ng and allowed the hole to be completed. o

‘Appendlces 1 and 2 give 'a detailed procedure for conductlng this
patented* process.: As can be seen from the. Appendices and the detail
given in the patent, this procedure reguires a significant amount of
~ extra equipment, as well ‘as stockpiling enough chemicals to do the

. treatments. These costs are reflected in the hlgher cost of drill-~-
ing wells in thlS area. : :

* Patent 4,120,369 - copy attached

| DSP:irmw
'Att.»




' PROCEDURE FOR PERVFORMING. A CONSOLIDATION TREATMENT

Volumes for Hole Size (Gallons) -
8 3/6 in (22.2 cm) 12 1/4 in (31.1 cm)
gallons cu.mcters gallons ~cu.meters

1. Fresh water prcfluéh (Pump fluid ’ . . .
‘with the bit on the botLom ) 140 (0:52) ST320, - (1.21)

2. Chemical Prcflush ‘
© 0.2% surfactant -5% calcium . e S
chloride-2% hydrochloric acid 2000 - (0.757) 370 - Q.4)
(Pump while raising the bit to . A R : S
© £ill about 60 feet (18 4 m) of hole.)

3, <Close the annulus and pump water
to displace the chemical preflush,
- but keep the pressure below frac~ S T
‘' turing pressure . - 100% - (0.378) 180% (0.68)
4. .Open the annulus and lower the . ‘ B
- bit to the bottom. Pump water

to circulate the preflush up - e o :
into the annulus 230 . (0.87) - 370 - (1. 4)

5. 50% 41° Bé e sodlum silicate) ) . , N
509 water ) ) .200 (0.757) 0370 (1.4)
. (Pump while raising the bit to :
fill about 60 feet (18.4 meters) e
of hole.) : , : :

6. Close the annulus and pump water
to displace silicate. Keep the
pressure below fracturlng

pressure. . © o 100%7 (63378)f ' 180*“jA1 (0;68)7'

K 7. Open the annulus, lower the bit

. to the bottom and pump water to.
eirculate-the -excess sodium o e T
silicate stage up into the annulus 230 (0.87).'5'. 530 S (2.0) -

8. 5% calcium chloride flush solu- | I o
tion. (Pump while raising the _ - _

- bit to fill about 60 fect (18.4 . e oo
" meters of hole.) - . o 200 - (0.757) .. 370" - (L.4)

9; Close the annulus and pump water ~ - . ' - _'; S . -ff“jj' ';.
to displace calcium chloride ' ' o ' C
flush solution. Keep 'the pressure _ : g A o
below fracturing pressure. : . 100* - (0.378).. - 180% (0.68)

10L’Opcnvthe annulus and léver. the bit ' ' ' A .

. to the bottom; pump water to circu-
late the excess calcium chloride : ' , '
water up into-the -annulus 140 (0.52) 320 . (1.21)
11. Resume normal mud circulatlon ' S o

L B |

L~




APPENDIX ¢«

TOTAL VOLUMES AND CHEMICAL REQUIREMENTS PER 30 FEET

. : Hoié Diameter '
8 2/4 In.(22.2 cm) 12 1/4 In. (31.1 cm)

- . Hole _ __lole
Water | 1540 gal. (5.82m3) 3165 gal. (12.0 pd)
_ Calcium Chloride .. 167 1b. (76 Kg) 308 1b. -~ (140 Kg)
Surfactant A 0.40 gal. (1.51  0.74 gal. (2.8 .
I _ : o _ liters) . liters) ‘
Concentrated Hydrochloric Acid (37%Z) . 9.1 gal. = (34.4 16.8'ga1,' (63.6
. : o : - . ‘lite:s) liters)

41° B& "N" Sodium Silicate Solution 100 gal.  (0.378m L85 gal.  (0.700 md)

Makeup of 10-Barrel Batches Each Stage
© Stage 1 ' ‘

Vater ~ , . 9.56 bbl - (6.51 md)
Calcium Chloride 151 (79.4 Kg)
37% Uydrochloric Acid - 19 gal, (71.9'liters)r
| Surfactant 3 1 0.85 gal. (3.18 liters)
. Stage. 2 | o . ‘ o v o
Vater - . - 50%bbl  (0.80m’)
* 41° B& "N" Sodium Silicate . 5.0 bbl.  (0.80 m’)
- 'Stage 3 ' o R IR
) Water : ,'_' v"“ 10.0 bbl  (1.59 m°)

Calcium Chloride 175 1b . (79.4 Kg)
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(577 - - ABSTRACT
JA method for drilling a well through a subterranican
formation containing ane or more zones of unconsali-

dated dolomite, wherein the drilling operation s inter-
nipted periodically to consolidate the newly drilled -

incompetent dolomite by the injection of a sequence of

reactant slugs comprised of (I) an aqueous solution
containing an acid, a surface active agent and a precipi-
tating agent for silicates, (1I) an aqueous solution con-
taining a water-soluble silicate, and (III) an aqueous
solution containing a precipitating agent for silicates.

18 Claims, 11 Drawing Figures
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METIIOD FOR DRILLING A WELL THROUGIH .
UNCONSULH)A'I'}"D DOLOMITE FORMATIONS
BACKGROUND OF THE INVENTION s
1. Ficld-of the-Invention
This invention relates to the drilling of wells, and

more particularly concerns an improved method for
drilling a well through a formation contammg uncon-

- solidated dolomite. 10

2. Description of the Prior Art
Drilling a well through an mcompczcnt subterranean’
formation has presented many problems. Convention- .

ally, aqucous-base drilling fluids containing water, clay

and various additives are circulated through the bore. 15
hole during the drilling operation to carry-drill cuttings
from the bore hole to the surface. These clay-containing
drilling fluids form a mud cake on the bore hole walls
which reduces the sloughing of the incompetent forma-

_ tion as Jong as the fluid pressure in'the bore hole due to 20

the standing column of drilling fluid, exceeds the pres-
sure of the connate fluid in the incompetent formation.
Therefore, drilling through typical incompetent forma-

- tions per se is not particularly a problem. However, it is

commonplace to encounter a lost circulation zone, ei- 25
ther in the incompetent formation itself or in an under-
lying strata, or to lose the column of drilling fluid due to
the cumulative effect of individuaily manageable fluid
Josses to a plurality of formations. When the lost circu-
lation resvlts in a fluid pressure in the bore hole less than. 30
the fluid pressute in the adjacent incompetent forma-
tion, the formation will slough into the bore hole. A
stuck drill string often resuits. from this sloughing and
may lead to abandonment of the drill string and: the

well. 95

The incompetent formations normallv encountered in
drilling oil and gas wells are generally formations which
contain quartz sand and/or ciay. Accordingly, the prior
art methods of consolidating these .formations have

. been directed to injecting one or more chemical solu- 40

tions to recact with the quartz sand or clay to form a
consolidated sheath about 'the well bore. Depending
upon whether or not it is desirable to permanently seal
the formation from the well bore, the chemical solutions

can be selected such that the resulting-sheath ‘is-either~-45

permeable, such as disclosed in U.S. Pat. No. 3,175,611

to Hower, or substantially impermeable, such as dis-

closed in U.S. Pat. No. b 2,207,759 to Reimers.
Dolomite formations encountered in drilling oil and

. gas wells are generally competent unless the formation 50
-also contains a significant amount of quartz sand or
-clay. Accordingly, dolomite formations which are sub-
_stantially free of quartz sand and clay have not required

consolidation. However, subterranean formations con-
taining one or more zones of unconsolidated dolomite 55
have been encountered in drilling core holes for miner=

" als exploration, and in drilling wells (o explore geother-

mal prospects. The incompetent dalomite is believed to,
result when'a zone of dolomite crystals dispersed in a

-calcite matrx is subjected to- ground water leaching, 60

such as hydrothermal leaching by a geothermal fluid.
The ground water selectively leaches the more soluble

"calcite matrix . materials..to Jeave the .unconsolidated.

fincly divided dolomite crystals. These crystals are
relatively free flowing and are prone to sloughmg intoa 65

' vozd space, such as a bore hole.

e mteacante.tn dnilf through these um.onsoh-

MErous COre NOICS Huu ue seeas
plore a geothermal prospect hnvc been abandoned due
to this problem. Prior art consolidation methods have
been found to be inadequate for the consalidation of the
incompetent dolomite formations. Therefore, a need
exists for a mcthod.for dnllmg through incompetent -
dolomite formations.

Accordingly, a principal Ob_](:Ct of' this invention is to
provide a method for drilling a well lhrough ncompe-
tent dolomite formations. ‘

Another object of this invention is to pravide a -

“method for drilling through a hydrothermally-leached -

formation containing incompctent-dolomite.

Yet another object of the invention is to provide a
method for.consolidating an incompetent dolomite for-
mation during the drilling operation sufficiently to pre-

vent subsequent sloughing of ‘the formation .into the .

bore hole during the dnllmg opcrauon
A further object of the invention is to provide an

_improved drilling method by which a relatively thick

incompctent zone of dolomite can be. penetrated while -
avoiding sloughing of the dolomite into the bore hole
and while reducmg fluid-loss to the incompetent forma-
tion.

Further objects, advantagcs and features of the inven-
tion will become apparent to those skilled in the art
from -the following description taken in conjunction
with the accompanying drawings.

SUMMARY OF THE INVENTION

The invention provides a method for drilling a well
through an incompetent dolomite formation. In the
method, the dalling operation is periodically suspended
after penetrating a distance into the incompetent forma-
tion and the. portion of the newly drilled formation .
adjacent the bore hole is consolidated by the injection
of a sequence of discrete slugs comprised of (1) an aque-
aus solution containing an-acid, a surface active agent
and a precipitating agent for silicates, (II) an aqueous -
solution containing a water-soluble silicate capable of
reacting with solution I to form a silicate gel, and (111)

~ an aqueous solution of a precipitating agent tor silicates.

Solutions I, Il and 1 react in the newly drilled portion

.of the formation to form.and.set a silicate gel thereby - ’
_ forming a substantially impermeable, consolidated

sheath around the bore hole. This sheath serves to pre-
vent sloughing of the incompetent formation during the

* later stages of the drilling operation and until the well

can be completed.
“In a preferred embodiment of the method of this
invention, formations which contain one or mare zones

" of the incompetent dolomite are drilled by conventional

rotary drilling techniques using an agueous, substan-
tially. clay-and cil-free drilling fluid. The well is drilled
in a plurality of increments and each newly drilled por-
tion of the formation is consolidated by the atoremen-
tioned treatment prior to drilling the next increment,
The invention provxd&.s the important advantage of
consolidating cach portion of the formation as it isen-
countered, thereby avoiding the possibility of a stuck
drill string duc to subsequent sloughing of the forma- -
tion. The consolidation also substantially ‘climinates
fluid loss to the formation adjacent the consolidated
annular sheath. Furthermore, the corsolidation treat-
ment can be and is preferably conducted without pull.

“ing the drxll stnnq from the hole and lhc muhod docs
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BRIEF DESCRIPTION OF THE DRAWINGS

The invéntion will be mare readily understood by
reference to the drawings wherein like numerais refer to
like elements, in which: ]

F1GS. 1 through 11 are schematic dmgrams ofacross
section of earth strata which diustrate the series of steps
carricd out in-a prcfcrrcd cembodiment ot the method ot

this i mvcnuon

DETAILED Descmmow OF THE. 10

INVENTION -

The method of this invention is applicable to all dril-
fing operations in which incompetent dolomite forma-

" tions are to be penetrated, such as core drilling for min- 5.

erals exploration, rotary drilling 1n the exploration for
oil, gas or a geothermal fluid or in the driling of wells .
or shafts to gain access to a subterranean tormation. The
method of this invention {inds particular utility in the
rotary dnlling of a well through an incompetent dolo- 20

- mite formation overlying a geotherral reservoir.

A prelerred embodiment of the method of this inven-
tion is illustrated in FIGS. 1 through 11. As shown in
FIG. 1, well 10 extends from the carth surface 12

through a first subterranean formation 14 and a short 25

distance (from point A to point B) into a second subter-
ranean formation 16. Formation 14 is fairly competent
and therefore does not require consolidation. Forma-
tion 16, however, contains unconsolidated dolomite
which is prone to sloughing into the bore hole. Below 30
formation 16 is a fluid- bearing reservoir 18 such as a
reservoir containing oil, gas, steam or high temperature
brine, or other mineral-deposits of interest. The objec-
tive of the rotary drilling operation is to penetrate into
formation 18 to tap the fluid contained therein or to 35
obtain core samples of the mingral deposns

A drill string, shown generally as 20, is dxsposed in
well 10 in a conventional manner. Drill string 20 in-
cludes rigid conduit 21 and driil bit 22 attached t0 the
end of conduit 21. Well casing 24°is disposed in the top 40
of well 10-in.a conventional manner to seal off the top
strata of formation 14 from the bore hole and to provide
a fluid tight pathway from well 10 to blooie line 28,
During thc'drilling operation. drill string 20 is rotated

- by a prime mover, not shown. and a dniling fluid is 45 s

circulated by pump 60 from mud pit 62 through line 63,
downwardly through dnll stnng 29, upwardly through
well annulus 26 and out through blooie line 28 back to

" mud pit 62. Valve 30 is provided on blooie line 28 to -

shut in well annulus 26. The circulating drilling fluid 50
carries drill cuttings from the bore hole 10 mud pit 62.

Chemical injection pump 64 is provided to inject
reactant solutions from tanks 66, 67 and 68, and spacer
liquid from tank 69 through line 63 and into.well*10.’

Three-way valves 70 and 72 are provided to switch 55

from the dnilmg fluid circulating system to the chemi-
cal injection system. Tank 66 contains solution I which
is an aqueous solution of an acid, a surfuce active agent
and a water-sofuble precipitating agent. Tank 67 con-
tains solution 11 which is an aqueous solution of g water-- &0
soluble silicate. Tank 68 contains solution I1I which is
an aquecous solution of a water-soluble precipitating
agent. ‘And tank 69 contains a spacer liquid which is.

and 11} and’ the drilling fluid. Three:way valve 727is 65
provided- on blooie linc 28 (o direct any excess of solu-
tion 1, 1 and 111 to-a disposal site, not shown, through |

ccemsaas eliina nre nnt

liquid through conduit 21 while drill strimg. 20 s rested
on the bottom of the well. Then, drill string 20 is raised ~

QUHIPCU sy veeee e

of the drilling fluid.

FIG. 1 illustrates the status of wcll 10 after the borc,

hole has been drilled from point A to point B into for-
mation 16 and the newly dalled portion of the Torma-

tion has been consolidated. in accordance with the

method described more fully, hereinafter. During this
consolidation & substantially impermeable  sheath,
shown gencrally as 40, was formed around the bore

hole, which sheath prcvc.nls sloughmg of the formation - -

into well 10,

In the method, the bore hole is extended from point B
to point C into formation 16 in the conventional man-
ner, i.e., by rotating dnll string 20 and circulating a
drilling fluid downwardly through conduit 21 and up-

wardly through annulus 26. Upon reaching point C, the -

drilling operation is interrupted and the newiy drilled

- portion of formation 16, i.e.. from point B to paint C, is

consolidated by the sequence of steps illustrated in
FIGS: 2 through 11. In these steps, a body of each
reactant solution is first positioned in the bottom of the
bore hole by- slowly raising the drill string as the reac-

- tant solution is flowed into the well. This raising of the

drill string reduces the mixing of the reactant solution
with the other fluids in the well and also minimizes the
time during which the drill string is immersed in the

reactant solution. This latter feature greatly reduces the

_chances that the drill string will become stuck in the

well by premature cementation of the reactant solu-

tions. Next, the well annulus is sealed by one of the

methods well known in the art and a spacer slug is
injected under pressure to displace the reactant solution
into the newly drilled portion of the formation. Al-
thaqugh the ‘incompetent formations are normally po-
rous and oiten drain fluid continuously from the bore

haole, the reactant solutions are injected under pressure

“to ensure placement of a sutlicient quantity of the solu-
“tions in the formation to :

'm a sizable consolidated
sheath. Furthermore, the v :neability of the formation
is- significantly reduced bv :he injection of sclutions I
and II, therefore solution 111 must be displaced into the
formation under pressure. Typically, the permeability
of the consolidated sheath will be on'the arder of less
than one thousandth of the permeab:my ob zhc upen
solidated formation, R

As shown in FIG. 2; ‘the dfilling ﬁuld is dlsplaccu-
upwardly through well annulus 26 by injecting a_spags

as a discrete slug of solution [ is introduced through
conduit 21 into the bore hole to provide body 42 .of

other’ conventionai* device, 'such as an expandable

packer, not shown, positioned on dnll string 20. A
spacer liquid is injected under pressure into well 10-

through conduit 21 to displace solution I into the newly
drilled portion of formation 16, as-shownin FIG. 4. The

pressure in well 10 1s then reduced by opening valve 30;.

drill string 20 is rua to the bottom of well 10; and the
excess solution [ is displaced out ol annulus 26 by a

- spacer, as shown in FIG, 5.

. solution L in the bottom of well 10 as shown in FIG. 3.- ;
Next, annulus 26 is shut in by means of-valve 30 or any

Solutions Il and HI arc each introduced into the :

" bottom of well 10and displaced into the newly drilled

portion of formation 16 by the same method as.de-

“scribed - above for the injection of solution I. Driefly,

F1G. 6 illustrates body 44 of sotution 11 in the bottom of
the bore hole, which was formed by the injcction of a
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of solution Il-into the newly drilled portion of forma-
tion 16 by a spacer liquid which was inmiccted into the
shut-in well under pressure; FIG. 8 illustrates the dis-
placement of the excess solution [l upwardly through
the well annulus by a spacer; FIG. 9 itlustrates body 46
_of solution 111 in the bottom of the bore hole, which was
formed by the injection of a discrete slug of solution 111
through conduit 21 as dnll string 20 was raised; and

FIG. 10 illustrates the displacement of solution 1 into -

the newly drilled portion of formation 16 by a spacer
fluid which was injected into the shan well under
- pressure. '
It is preferred that the amount of mixing of the reac-
“tant solutions with other fluids in the well bore, i.e.,
connate fluids and spacer slugs, be minimized and that

the amount of spacer actually displaced into the forma- .

tion between the reactant solutions be minimized, in
order that the reactant solutions become well mixed at
the highest possible concentration of reactant chemi-
cals. Accordingly, it is preferred that the slugs of reac
tant solutions and spacer be sized such that the excess
solution remaining in the bore hole after displacement
by the spacer completely fills the bore hole adjacent the
newly drilled portion of the formation as illustrated in
FIGS. 4, 7 and 10. This procédure reduces the amount
of spacer displaced into the formation to the small
amount duc to the natural fluid loss during the displace-
ment of the excsss solution from the bore hole illus-
trated in FIGS. § and 8.

As shown in FIG. 10, a portion of each discrete slug
of solutions I, I and III has been displaced into forma-
tion 16. Although shown in formation 16 as distinct

20

25

30

fluids, it will be understood of course that the threee3s

solutions will mix in formation 16 adjacent the bore
hole. Solutions I, [T and I1I interact to form a silicate gel
which consolidates the formation adjacent the bore hole
by forming a substantially impermeable annular sheath
about the borz hole. FIG. 11 illustrates the status of well
10 after sheath 48 has set in the newly drilled portion of
‘formation 16. Sheath 40-and sheath 48 together form a

substantially continuous sheath which prevents slough-.

ing of formation 16 into the bore hote and substantially
“eliminates fluid passage between the bore hole and. for-
mation 16.

The third and subsequent portions of formation 16 are
drilled and treated by repeating .these same steps. The
formation containing incompetent dolomite will nor-
mally be dnlled. in a piurality of increments of from

-about 20 to about 100 feet in depth, preferably between
about 20 and about 60 feet in-depth. Once the unconsoli-
dated formation has been passed or the fluid-bearing
reservoir has been penetrated, the consolidation treat-
ment can be suspended and conventional drilling and
completion methods can be used to complete the weil,
such as by running a well liner or production casing and
cementing it in place.

From this.description of the preferred process steps,

it will be apparent that numerous modifications can be:

‘made in the method of injection of the reactant solutions
into the formation. For example, it is contemplated that
the solutions can be injected without the raising and
lowering of the drill string, and that one or more of the
spacer solutions may be deleted without adversely af-
fecting the consolidation of the formation. However,
since the premature mixing of the reactant solutions.or

___some_other unforeseen problem could res result in the dnll

40

45

55
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this result.

In rotary drilling, the drilling fluid employed to drill
through strata overlying the unconsolidated dolomite
formation is not deemed critical, but rather will be-se-
lected according to mecthods well known in the art
which depend in general upon the type of strata pene-

“trated. However the sclection of a dniling fluid for

drilling through the unconsolidated dolomite is critical
to the success of the method of this invention. of

_course, in those drilling methods which do not. require

drilling fluids, such as cable toal drlllmg. none will be
used.

In rotary drilling through an incompetent formation
by the method of this. invention, it is desirable to use a
clay-free drilling fluid.-Clay tends to invade the rela-
nvely porous incompetent formations and causes plug-
ging problems. In addition, when high temperatures are-
encountered, a corrosion inhibitor.is usually required in
the drilling fluid in order to combat the corrosive ef-
fects of oxygencontaining gases or carbon. dioxide in .
either the driiling fluid, such as an aerated drilling fluid,.
or in the connate fluid. However, clay tends to absorb
these corrosion inhibitors so they are not available for
corrosion protection. Furthermore, while clay-contain-
ing drilling fluids normally form a mud cake on the
walls of the bore hole which serves to temporarily seal
off inconipetent formations, this mud cake is usually. not
adequate to prevent the subsequent sloughing of the
incompetent formation when the well goes dry due to
lost circulation. However, the mud cake is difficult to
remove by chemical treatment and. thercfore effectively
seals off the incompetent formnati. &t tfrom any fluids
which are injected into the bore h:..-- .o.consolidate this
formation. Therefore, in drillin,- tiirough incompetent
formations by the method of this vention, clay-con-
taining drilling fluids and other drilling fluids which

form a relatively impermeable and difficult to remove

cake on the walls of the bore hole are to be avoided. To
the contrary, driling fluids which form easily removed -
cakes are preferred.

Similarly, oil-contaming fluids are to be avoxdcd
when drilling through incompetent formations by the
method -of -this -invention. ‘The use of oil-containing
fluids often results in rendering oil-wet the formation
immediately adjacent.the bore hole with a resuiting -
lower mobility to aqueous fluids. This lower mobility
undesirably reduces the injectivity of the aqueous treat-
ment solutions. It is critical to the success of the consoli-
dation treatment that the reactant solutions I, I and III
penetrate into the unconsolidated formation in an
amount sutficicnt to consolidate a sizable sheath about
the bare hole, such as anannular sheath having a ditfer-
ential radius of at least 3 inches and preferably at least 6
inches. In order to consolidate a sheath this large, a
fairly substantial quantity of the reactant solutions must

“be displaced into the unconsolidated formation. Ac-

60

cordingly, any fluid which reduces the permeability of
the formation, such as clay- or oil-containing drilling:
fluid, should be avoided. In particular, caketorming
conventional drilling fluid additives such as clay, lig-
nite, lignin and lost circulation materials which form
cakes which are difficult to remove should be avoided,
if possible; while drilling through the. sloughlug dolo-
mite formation.

Agqucous drilling fluids whlch are substantially free of
oil nnd clay are prcﬁ.rrcd for use in dnlhng through
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brinc; however these fluids are often not suitable in a

particular well due to a high tluid loss or low density.

As is known, a water-soluble polymer can be added to  §
increase the viscosity of the dnlling fiuid and .to im-
prove the fluid loss properties of the drilling {luid.
While a high fluid loss is to be avoided, a very low fluid
loss is also undesirable since this indicates that the for-
mation has been rendered relatively impermeable to
water. Preferably the polymer is selected to reduce the
fluid loss to an acceptable level without adversely af-
fecting the permeability of the formation to the consoli-
dation solutions. Slightly crosslinked polymers, such.as

0

* slightly-crosslinked acrylic and hydroxyethylcellulose 15

polymers, have been found to be effective. On the other
hand, heavily crosslinked heteropolysaccharides and
polyacrylamide polymers have been jound to detrimen-
tally affect the.consolidation treatment. Preferred poly-
mers included the hydroxyethvlceilulose polymers mar- 20

‘keted by Hercules, Inc. under the trademark Natrasol.

Particularly preferred polymers are the sodium poly-
acrylates marketed by American Cyanamid Company
under the trademark Cypan and those polymer addi-
tives marketed by Rotary Dniling Services and X-L 25
Laboratories under the tradcmark Ben-EX and by Pal-

Mix under the trademark Super-X.

Conventionally, a weighting agent such as calcium -
carbonate is added to an agueous based drilling fluid to
adjust the fluid density and. to improve iluid loss con- 30
trol. A calcium carbonate weighting agent marketed by
Brinadd Company under the trademark Sluggit has

been found to be suitable.

One suitable drilling fluid is an aqueous solutlon con-

. taining about 1 pound per barrel of Cypan sodium poly- 35

acrylate and about 10 pounds per barrel of Sluggit
weighting agent.
Although drilling fluids Wthh form easily removed.

“cakes are preferred. it.is contempiated that under some

well conditions the only suitable drilling fluid will be a 40
clay-containing fluid. The method of this invention can
still be used.to consolidate the incompetent doiomite -
adjacent the bore hole but appropriate steps must be
taken to remove the mud cake before solutions I, 11 and -

11 are introduced into the formation. It may be neces- 45

sary to remove the mud cake by an acid treatment, such
as & flush of hydrofluoric acid, or by means of a me-
chanical scraper.

Solution I is an aqueous solunon contammg an acid, a

surface active agent and a precipitating-agent for sili- 50

cates. The acid is selected from the water-soluble inor-
ganic and organic acids which form water-soluble salts
with the'surface active agent and the multivalent cation

of the precipitating agent. Depending en the particular,
precipitating agent, suitable inorganic acids include 55
hydrochloric, nitric, hydrotodie, hydrofluoric and hy-
drobromic acids. Suttable organic acids include formic,
acetic, propionic and citric acids. Hydrochloric acid is -
particularly preferred. Solution | will normally contain
between about 0.5 and about 20 weight percent of acid, 60
with good results being obtained with between 1 and 10
weight percent, and p.xrucularl) bcuw:cn 2 and $
weight percent of acid.

The surfaceactive agents useful in Solution [ include
anionic, noanionic, cationic and amphoteric agents. (cf. 65
Detergents and Emulsifiers, (1975 Annual, John W,
McCutcheon, Inc.) A wide vanety of surfuctants are

_useful, but the prcfcrrcd surfactant wxll dcpend upon

sQuuon. 1 gencral, Lic SUBtacute must uoC suluvic in an
aqueous acidic solution containing multivalent cations.
Accordingly, surface active sulfates and phosphates
which form precipitates with multivalent cations are
not suitable. Additionally, viscous soaps, such as sodium -
and potassium salts of processed or modilied rosins, as
wecll as other-viscosity increasing agents, such as poly-
acrylamides, are to be avoided since these reagents
adverscly reduce the mobility of the solution. If the
viscosity of solution I is increcased, the quantity of the
reactive solutions displaced into the incompetent forma-

_ tion will be less, thereby reducing the etfccuveness of
_ the consolidation trcatment.

Surface active amines, alky! sarcosines, n-alkyl tri-
methyl ammonium chlorides and sorbitan- monolaurates
have been found to be useful in the method of this in-
vention. An ethylene oxide condensation product of the
primary fatty amines marketed by Armak Company
under the trademark Ethomeen C/15 is an example of
the cationic surfactants found to be useful in thisinven-
tion. Also useful are the cocoy! sarcosines marketed by
Ciba-Geigy Corporation under the trademark Sarkasyl
LC (anioni¢), the n-alkyl trimethyl ammonium chio-
rides marketed by Armour Industrial Chemical Com-
pany under the trademark Arquad T-50 {(cationic) and
the sorbitan monolaurates marketed by Atlas Chemical
Industries under the trademark Tween 20 (nonionic).

The most preferred surface active agents are those -
surface active amines which exhibit corrosion inhibiting
properties. Most corrosion inhibitors have surface ac-
tive properties and, if compatible with the aqueous acid
solution containing multivalent cations, are preterred
for use in the method of this invention. Suitable corro-
swn inhibitors which can be used cither alone or in
addition to the afore-mentioned surfactants in Solution [
include a corrosion inhibitor marketed by the Hallibur-
ton Company under the trademark HAI-75 and an
amine corrosion inhibitor marketed by The Dow Chem-
ical Company under the trademark Dowell-A-130.

- Solution I will contain between about 0.005 and about
5 weight percent of the surfice active agent, with good '
results obtained when the solution contains between
0.05 and 3 weight percent of the surface active agent,

.more.particularly between about 0.1..and".0.5 ‘weight
-percent. The concentration of the surface active agent

should never be enough to cause a significant increase in
the viscosity of the solution or to otherwise reduce the
mobility of the solution in the dolomite formation.

. The precipitating agents suitable for use in the
method of the invention include the water-soluble salts
of multivalent cations which réact with silicates to form
and set a silicate gel. Suitable muitivalent cations. in-
clude the alkaline earth metals, such as magnesium,
calcium, strontium and barium, and certain of the transi-
tion metals, such as zinc, mangancese, iron, nickel and
cobalt. Iron and-calcium are the preferred multivalent
cations due to their avatlability and low- cost. Suitable
precipitating agents include the multivalent cation salts
of inorganic acids, such as hydrochloric,-hydrobromic,
hydroiodic and nitric acids, and the multivadent cation
salts of organic acids, such as tormic, acetic, propionic
and citric acids. Chloride salts are preferred due to their
low cost, with-iron and calcium chlorides being particu-
larly preferred. Solution I should contain between
about 1 and about 20 weight percent of the precipitating
agent. Good results are obtaincd when the concentra-

llon of lhc prucxpnaung nguu is between about 2 and 10
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cent.

Solution 1 comprises an aqueous solution containing
from about 0.5 to about 20 weight percent of a water-

soluble acid, from about 0.005 to about 5 weight percent §

of a surface-active agent, and- from about 1-to‘about 20
weight percent of a water-soluble precipitating agent
for silicates. Particularly preferred compositions for use
as Solution I include agueous solutions comprised of

fresh water containing from about 2 to 5 weight percent 10

hydrochloric acid, from about 2 to 10 weight percent of
iron or calcium chloride, and from about 0.1 to about
0.5 weight percent of either HAI-75 corrosion inhibitor
or Ethomeen C/15 surfactant or mixtures. thereof.

- Solution Il is an aqueous solution containing a water- 15

soluble silicate which is capable of reacting with the
precipitating agent of Solution I to form and set a sili-
cate gel. Suitable silicates include organic silicates, such

- 83 ethyl-ortho silicate, and inorganic silicates, such as
the alkali metal and ammonium silicates. The alkali 20

metal and ammonium silicates are preferred and sodium
silicate is particularly preferred. Sodium silicate is a
relatively complex inorganic substance, available in

various grades from Na,5i0, to Na,0.4Si0, and any of-
these grades may be suitable for the purposes of the.25

invention. A sodium silicate marketed by the Philadel-
phia Quartz. Company as a 37% concentrate under the

- trade. name Sodium “N" Silicate is particularly - pre-

ferred. The concentration of the silicate in Solution II

should be at least about 7 weight percent. The concen- 30
" tration of silicate should not howcver be so large as to

render Solution T difficult to pump.
Preferably, Solution I1 comprises an aqueous soluuon
containing between about 5 and about 40 percent of an

alkali metal or ammonium silicate..One suitable silicate®35

solution is made by diluting the sodium “N" silicate
concentrate in-a one to one ratio with fresh water to

yield a 18.5 weight perceat solution of sodium silicate. -

Solution III is an aqueous solution containing a pre-

cipitating agent for silicates. The precipitating agents 40

disclosed above as a constituent of Solution 1 ére also
preferred for use in Solution 111, and the precipitating’
agents employed in these solutions can be the same or
different precipitating agents selected from the afore-

mentioned precipitating agents. iron and calcium chlo- 45

rides are preferred precipitating agents. Solution [I1
should contain between about | and 20 weight percent
of the precipitating agent, with good results being ob-
tained when the concentration of the precipitating

agent is between 2 and 10 weight percent, particularly 50

about § weight percent,

The spacer liquid is an aqueous solution which is
non-reactive with the drilling fluid and solutions 1, 11
and 111, Suitable liquids include tresh water and dilute

solutions of alkali mctal and ammontum salts, such as a §§

3 weight pereent solution of NaCl. :
Solutions I, IT and I, and the spacer hiquid should be
substantially oil-free. Any oil injected into the uncon-

.solidated formation will adversely alfect the consolida-
tion treatment by reducing the quantity of reactive 60

solutions injected and by causing - the consolidated
sheath to be more permeable.

‘The ~volumes of: the-reactant solutions employed ‘to
consolidate each newly driiled portion of the incompe-

tent formation will depend, of course. on the diamcter 65

of the bore hole, the concentrations of reactants used,
the length of the newly drilled portion of the bore hole,

and the desired thickness of the consolidated annular

following volumes are presented as exemplary for the
treatment of 30 feet of newly dniled formation for the
indicated size of bore hole by the mc(hod illustrated in
FIGS. 1-11.

‘

Volume of
Treatment Slug, Gal.

Bore Diam. Bore Diam.

Treatment Slug Compoasition 8.5-inch 12-nch

1) Spacer 3¢5 NaCl 140 . 320

1) Sclution 1. - 5% CaCl, . 200 310

29 HCI )
S 0.2% HAIL-7S :

3) Spacer - . 3% NaCl . {00 - 1807
20" o

4) Solution I 18.59 Na.SiO, 200 ) 370

5) Spacer 3% NaCl 1007, 1807
230" B2 [v

6) Solution HI. . $% CsCI. . 200 370

7) Spacer 3% NaCf 100¢ 180¢
140" 0*

Sracer injected under pressure 10 displace a like valume of reactant solution into
the fermaton. |
Sgacer introduced to displace excess reactant solution from the bore hole.

The suitability of a particular combination of reactant
solutions for consolidating incompetent dolomite can be
determined by a Dolomite Consolidation Procedure, as
follows:

Dolomite crystals from a hydrothermally-leached
formation are placed into a 1.5-inch glass tube on a wire
screen supported by a rubber stopper, so as to form a.

. loosely packed, l-inch thick cake on the screen. The

rubber stopper is provided with a }-inch tubing which
provides fluid tight communication between the glass -
tube and a vacuum flask.

" The.dolomite cake is saturatcd with a-3 weight per-
ent sodium chloride solution and then sequentiaily
contacted with each of solutions 1, 1, l1I by placing 40 ..
milliliters of the prepared solution on top ot .the dolo-
mite cake and drawing a slight vacuum through the
iilter cake. Any excess solution which remains on top of
the dolomite cake arter 20 minutes is carefully poured
off and measured prior to treatment with the next solu-
tion. Subsequently the rubber stopper and wire screen
are removed {rom the glass tube and, if the dolomite

"cake-does:not fall ‘out-the-glass-tube, .the tube and cake

are immersed in a beaker of water. After several min-
utes, the dolomite cake is qualitatively Judged for con-
solidation and rated as follows:

CONSOLIDATION INDEX

0 — Cake falls out of the tube prior to xmmemon in
water.

{ — Cake remains in tube but has a mush consistency.

2 — Cake has a hard top. or bottom surface but the
other surface is soft.

3 — Cake has a hard top or bottom surface with the
other surface being semi-hard. -

4 — Cake has a hard top and bottom but had a small
quantity of loose pieces on the top.

'§ — Cake is solid and hard. Based on this test, the
combinations of rcactant solutions selected should
have a Consolidation Index of at least 3 and prefer-
ably should have a Consolidation Index-of 4 or §.

The invention is further illustrated by the following .

examples which are illustrative of specific modes of
practicing the invention and are not intended as limiting -
the scope of the invention as dcimcd by the appended
claims.
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The suitability of various conbinations of reactant
solutions for usc in the method of this invention is deter-
mined by the Dolomite. Consolidation Procedure de-
scribed above. Solution I of Examples 1-6 lack onc or

“more of the essential ingredients of the solutions of this
invention and are run for comparison with Examples:

7-9 which arc within the scope of this invention.

per the Dolomiute Consolidation Procedure.

The compositions of the. various aqueous drilling
fluids and solutions [, I1 and 11}, and the corresponding -
Consolidation [ndices, are presented in Table 2, The
drilling fluids of Exampies 10-14 are suitabic for the
method of this invention. However, the drilling {luids ol
Examples 15 and 16 arc clearly unacceptable since they
reduce the permeability of the dolomite ‘to the subse-

The compositions of the various solutions and thcu‘ 10 quently injected reactant solutions,

TABLE2 ,
Example No. 10 12 13 T4 TS 16
Diilling Fluid B ) : . :

. Polymer L - Super-X  Ben:EX  Natrasol HR250 CYPAN XC.-AL  SC:Polymer
Ib/Libl | 05 1.5 2 1 !
Sluggit. 1b/Bbl i0 10 10 10 10 10 10
ml/16 he. 130 26 230 ’ 42 -0 50 1 . 30
“Solution | o
mi/30 min 6 13 .. 40 T 40 0 - <t <1
CaCl, © . 5% 5% $% 5% - - 8% $% 5%
HQ 2% % % 1% 2% L - 2%
Svrlactant Q. 25% .29 0.2% . 0.25% 025% - 0.25% 0.25%
type - ‘HAL-TS  HAL7S  HAL7S . HALTS HAL1S . HAL?S - HALS
Solution 11 . : . : :
ml/30 min 9 . ) 10 - 22 3 k]

- 18.5% sodium - .
silicate
Solution IH . : )

ml/30 min ] 4 <1 1 L 1 ) 2 <1 2
5% CaCl, S

Consolidation - ’ . - ) i
Index 4 s 5 4 0 -0

XC-AL is a highty crb\slinkd,helerbpolyuccharidc markeied by Xanco Qil Field Products .
XC-polymer is_l high molecular weight heteropolysaccharide marketed by Xanco Qil Field Products . .

corresponding Consolidation Index are presented in

Table 1. The compositions of Examples 7-9 which are
within the scope of this invention have Consolidation
Indices of 3 or above.-And the compositions of Exam-

" ples 1-6, which are outside the scope of this invention,

have Consolidation Indices less than 3 and are not suit-
able for the purposes of this invention.

While particular embodiments of the invention have
been described, it will be understodd, of course, that the
invention is not limited thereto since many obvious .

35 godifications can be made, and it is intended to include

within this invention any such modification as will fall
within the scope of the appended claims.
- Having now described the invention, we claim:

TABLE |
Exsmple . o
No. : 1 2 3y 4 5 6 7 3 9
" Solution 1 :
ml/30 min 40 335 40 40 3 23 Rl . 40 40
CaCl, - 5% 5% 5% 5% 5% - 5% 5% = 5%
HCl : — — L - - 2% 2% 2% - 2%
Surfactant - 0.15% _ 0 1% 02% .~ 0:1% 0:2% ~'0.2%% .0:2%
“type Ethomeen Elhomcen . Sarkosyl Ethomeen Ethomeen Sarkosyl Tween
: i C/1s -C/15 LC. C/15 " C/15, Lc 20 .
. Solution 11 : ) :
ml/30 min 6 - 4 12 3.5 7 13 R [ 16 2
sodium ’ 3% 31% 18.5% 18.5% 18.5% 18.5% 18.5% - 18.5% 18.5% .
silicate R : . . '
Solution 111 o ’
mi/30 min <6 21 . 1 . 10 9 8 3 3
© 5% CaCl, .
Consolidation ) ’ .
Index t <2 2 1 .1 [\ b s 4

‘Emmplcsle—lé .

" Similarly, the suitability-of various aqueous drilling
fluids for use in the mecthod of this invention is deter-
mincd by a modification of the Dolomite Consolidation
Proccdure. Afler the dolomite cake is saturated with
the 3 weight percent sodium chiorde solution, a 100
milliliter column of drilling fluid is poured onto the top
of the dolomile cake and a vacuum is drawn on the
bottom of the cake for 16 hours. It the drilling fluid

drains quickly, apother measured quantity of drilling
fluid is added. At the end of 16 hours, any excess dril- .

ling Nuid is carefuily pourced ofi'and measured. Then the

1. In a method for drilling a bore hole through a
subterrancan formation containing one or more zones of
unconsolidated dolomitc, the improvement which com-

60 prises the steps of:

(a) drilling a distance through said subterranean for-
mation, thercby exposing a ncwly dnllcd portion of
said formation; s

(b) interrupting said dnlhng, )

(c) introducing into said bore hole a sequem,c of dis-
crete reactant slugs of substantially oil-{rce solu-
tions comprised of (1) an aqueous solution contain-
ing a water-soluble acid, a water-soluble surface .
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ing a water-soluble siticate; and (1) an aqucous
solution containing a sccond water- solublc precipi-

tating agent for silicates;

(d) displacing each of md reactant slugs from said

bore hole andinto said newly drilied portion of
. said formation, wherein said reactant siugs become:
mixcd;

‘(e) allowing said reactant slugs to react in said newly -

drilled portion.of the formation, thereby forming a
substantially -impermcable, consolidated - annular
sheath about said bore hole; and '

(D) resuming said dnlling.

2. The method-defined in claim 1 wherein said bore
hole is drilled through said formation in a plurality of
increments, each of said increments being drilled and
consolidated by said steps (a) through (f).

3. The method defined in claim 1 wherein said zones

containing unconsolidated delomite are hydrothermally
leached. zones: which arc subsmnnally free of ‘quartz

" sand and clay.

4. The mcthod defined in claim 1 wherein said first

and second precipitating agents for silicate are water-.
~soluble salts -of multivalent cations which. react with

silicate to form a silicate gel.

-5. The method defined in claim'1 whercm said ﬁrst
and second precipitating agents are selected {rom the
group consisting of caicium chloride and iron chloride.

.6. The method defined in claim 1 wherein said surface -

active agent is selected froni the group consisting of
surface active amines, alkyl sarcosines, n-alkyl trimethyl
ammonium chlorides, sorbitan monolaurates, zmd mix-
tures thereof.’

-

0
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7. The method defined in claim 1 wherein said surface ¢

active agent is a corrosion infibiting composition.

8. The method defined in ciaim 1 wherein said water-.
soluble acid is selected from the group consisting of
organic and inorganic acids which form water-soluble

‘salts with said first precipitating agent. -

9. The method defined in claim | wherein said water-
soluble acid is selected from the .group consisting of
hydrochloric, hydrofluoric, acetic and citric acids.

“10. The method defined in claim 1 wherein a drilling
fluid is.circulated through said bore hole during the

drilling step and wherein said reactant slugs are sepa-,

rated from each other and jrom said drilling fluid by
slugs of an inért'spacer liquid.

11. The method defined in claim 10 wherein said
drilling fluid is circulated downwardly through a drill

40
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string disposed-in said bore hole and upwardly through .

the annular space between said drill string and the walls

of said borc hole, and wherein cach of. said reactant -

slugs are individually introduced into said bore hole and -

displaced into said newly drilled portion of said forma-
tion by the consccutive steps comprised of flowing said

‘reactant slug ‘downwardly through said drill string as
said drill string is raised to-a predetermined pomnon

thereby forming a body of said reactant slug in the
bottom of said bore hole; temporarily sealing said annu-
lar space; injecting a fluid spacer into said drill string
while said drill string is maintained in said predeter-
mined:position, *thereby displacing at least-a portion of
said reactant slug into said newly drilled portion of said

UK Upwardly UIrougil sald annuiar space.
" 12. The method defined in claim I wherein said solu-
tions I, 11, and I11 arc sclected such that their Consolida-
tion.Index is at least 3.

13. In a method for drilling a bore hole through a.
subterrancan formation contatning one or more hydro-

thermally leached zones of unconsolidated dolomite

overlying a geothermal reservoir, wherein a substan-
tially oil- and clay-free drilling. fluid is passed through
the bore hole during the drilling operauon. the 'im-
provement comprising the sieps of:

(a) drilling a short distance through said subterranean
formation, thercby cxposmg a newly drilled por-
tion of the formation; )

(b) interrupting said drilling operation;

(c) introducing into said bore hole a sequence of dis-

- crete reactant sjugs-of ‘substantially oil-free solu-
tions comprised of (1) an aqueous solution contain-
ing from | to 10 weight percent of a water-soluble
acid selected from the group consisting of hydro-
chloric acid, hydrofluoric acid, acetic acid and
citric acid, from 0.05 to 3 weight percent of a sur-
face active-agent selected -from the group consist-
ing of surface active amines, alkyl sarcosines, n-
alkyl trimethyl . ammonium chlorides; sorbitan
.monolaurates-and mixtures thereof, and from 2 to
10 weight percent of a first precipitating agent
selected from the group consisting of water-soluble
multivalent cation saits of hvdrochloric agid. hy-
drofluoric acid, acetic acid and citri¢ acid; (II) an
aqueous solution containing from § to 40 percent of
a water-soluble, inorganic silicate selected from'the
group consisting of alkali metal and ammonium .

. silicates; and (I1I) an aqueous solution containing

~ from 2 to 10 weight percent of a second precipitat-
ing agent selected from the group consisting of the
water-soluble multivalent cation salts of hydro-
chloric acid, hydrofluotic acid, acetic acid and
citric acid, said sequence of said reactant slugs
having a Consolidation Index of at least 4, and each
of said reactant slugs being separated from each

- other and from said drlling ﬂuxd by slugs of an
inert spacer liquid;

.'(d) sequentially displacing each of saxd reactant siugs
from said bore hole into said newly drilled portion

" of the formation, wherein said slugs become mixed;

() allowing said reactarit slugs to react in'said newly
drilled portion of the formation thercby forming a
substantially 1mpcrmcable consolidated annular
sheath about said bore hole; and'

(ﬂ repeating said steps a) through e).

. The micthod defined in ¢laim 13 whucm said
<hort distance compnscs between about 20 to about 100 |
fect. . _

15. The mcthod defined in claim 13 wherein said first

" -"and second precipitating agents are selected from the

group consisting of iron chloride and calcium chioride.
16. The method defined in claim 13" whercin said
surfau. sctive agent is-a corr051on mhxbmng composi-,
tion.
17. The method defined in _claim 13 wherein said

~ solution 1 comprises an aqucous solution containing

65

formation; opening said annular space; Idwering said

drill string to & point near the bottom of said bore hole; |
and circulating a fluid spacer downwardly through said |

about 5 weight percent calcium. chioride, about 2
weight percent hydrochloric acid  and between about

“0.1 and 0.5 weight percent 6f an ¢thylene oxide conden- -

sation product of the primary fatty amines.



18. The method dcﬁncd- in claim 13 wherein said

. drilling fluid is circulated downwardly through a driil

string disposed in smd bore hote and upwardly throush
the'annular space between swd drill string and the walls
of said bore hole, and wherein each of said reactant
slugs arc individually introduced into said bore hole and
displaced into said newly drilled poruon of said torma-
tion by the consccutive steps comprnised of flowing said
rcactant slug downwardly through said dnil string as
said daill string is raised to a predetermined position,
thereby forming a body of said reactant slug in the

AU .
bottom of said bore hole; temporarily sealing said annu.
lar space; injecting a fluid spacer into said- drdll string
while said drill string-is mantained in said predeter-
mined position, thereby displacing at least a portion of
said reactant slug into said newly dritled portion of said

- formation; opening said annular space; lowering said

20
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drill string to a point near the battom of said bore hole;
and circulating a fluid spacer downwardly through said
dnill string to displace the remainder of said reactant

slug upwardly through said annular space.
] L] * . *
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' TREATMENT OF SANDED DOLOMITE

Sanded dolomite was encountered at 560' in Forminco #1, and was at

least 491' thick, although the total section was not penetrated.

. This sloughing formatlon caused the premature abandonment of this
well, and resulted in a’ research effort to develop a method of

treatlng this interval. :

The sanded dolomite is believed to occur randomly in -the dolomitized
sections in the area due to acid gas leaching. Consequently, it is
‘not. a lithologic structure that can be mapped, and we must be pre-
pared to combat thlS problem whenever we encounter it.

For example, sanded dolomlte was not . encountered in. well #42-7, but
it may have been encountered in well #31-33. "An 85" interval of
unconsolidated sloughing material was encountered in-.well #31-33 at

. 4785"', but due, to lost circulation problems, no material was circu-
lated back to the surface. However, the interval was treated with a
. modification of the procedure described below (due to the depth and
temperature, acid was not used), and successfully stopped the slough-
ing.and allowed the hole to be completed

Appendices 1 and 2 give a detailed prbcedure for conducting this
‘patented* process. As can be seen from the Appendices and the detail
‘given in the patent, this procedure requires a significant amount of
extra equipment, as well as stockpiling enough chemicals to do the
treatments. These costs are reflected in the higher cost of drill-
1ng wells in this area. : :

* Patent 4,120,369 -  copy attached

DSP:irmw’
Att.
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PROCHDURI TOR PIRIORNINC A CONSOIIDAFIOV TRTATMTNT

.

Volumes‘fof;nolevSize (Gallons) =~

. 8 3/4 in (22.2 cuw)

12 1/4 in (31.1 cm) . -

- gallons- cu.mcters
Frcsh water prcflush (Pump fluid . o o
with the bit on the bottom ) - 140 L(O?52)-

_Chemical Preflush

0.2% surfactant -5% uﬂcium

. chloride-2% hydroch1011c acid - 206_ VV,(O;757)_;
.(Pump while raising the bit to - R ST

£fill about. 60 feet (18 4 m) of hole )

- Close ‘the annulus and puunp water
- to displace the chemical preflush,

but keep the pressure below, frac-”

" turing pressure o 100% A (0.378)

s;Open the annulus and lower the

bit to the bottom. Pump water
to circulate the preflush up , ‘ )
into the annulus : ) 230 . (0.87):

50/ élo Bé "N" Sodlum Slllcate) ) 200. . (0. 757)

50% water : : )

. (Punp while raising the bit to

fill about 60 feet (18. 4 meters)' - .
‘of hole.) ' . S '

Close the annulUsrand-pumpﬁwater
to displace silicate. Keep the

. pressure below flacturlqg

 'Eressure , L S 100*'_ (dk378)

9,

~10.

‘Opeﬁ the annulus, lower the bit
to the bottom and pump water to
circulate the excess sodium

“ silicate stage’ up into the annulus 230 _ (0.87)
,80" ‘

57 cqlcium chloride flush solu-
tion.  (Pump while raising the

‘bit to £ill about 60 feet (s. 4

weters of hole.) .- 200 . (0.757)

Closc the annulus and pump wvater

-to displace calcium chloride

flush ‘solution. Keep the plCSSUle _ ’ :
below fracturing pressure. = - - 100%* (0.378)

Open the annulus and lower the bit
to the bottom; pump water to circu-

late. the ‘excess calcium chloride . :
“tan rn €9\

gallons

320 -

370

© 180%

370“

370

- 180%

530

370

-180%

250 -

cu.meters

o)

@

@6’
(L.4)

.“(0.68)
:(2[di’f
»(1.4)'.
(0.68)

(1.21)
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TOTAL VOLUMES. AND CHEMICAL REQUIREMENTS PER 30 FEET

. Yole. Diametcr. A
8 2/4 In (22.2 cm) 12 1/4 In. (311 cm)”

Hole ~__Hole.
CWater S " 1540 gal. -:(5.'82m3)‘3165; gal. (2.0
~ calcium Chlorlde N Ty 51 T (76.Kg) 308 1b. (140 Kg)}
Surfactant o 0.40 gal. (L1.51 0.74 gal. (2.8 .
L . B T ' ENEE liters) . - liters)
-Concentratcd Hydrochloric Ac1d (37%) -: 9;1 ga1-  :(3& 16.8 gal (63.6 ’
U . T , litcrs) - ikliters)
' fl.1° 3 "N" ‘Sodium Sillcate Solution 100 gal. (0.3‘778m3):.L:85. gal;,*". (0.700 w*)
a ﬁakcup_of IO—Barrel;Bd%ches Eéch'Stqgg'; 
‘Stage 1 S o | B . o
" water S © g.s6bbL - (6.51 m)
Calc1um Chloride '; S _ ; : f "175'lb‘ : (79;4 ng‘ ;
37£ Hydrochlorlc Ac1d . T 19-ga1.> ’(71;9 liters) .i
Surfactant © 0.85.gul. (3.18 liters)
{ . Stage 2 - “. .f§- | | ' A | .- '
T water - e 5.0 bbl  (0.80°m)
¢ 41° BE N Sodium Slllcate | s.0bbl.  (0.80 )
| 7Stage 3 ‘ L BT B - )
. CWater 7 10.0bbl (1,59 m)

Calcium Chlorlde S 175 1b - (79.4-Kg)
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METHOD IOR DRILLING A WELL TIHHROUGH

. UNCONSOLIDATED DOLOMITE l()I(MAllUI\S

BACKGROUND OF THE INVENTION =

1. Field of the lnvention
This invention relates 1o the dnlling of wells, and

- more particularly concerns an improved micthod for
-drilling a well through a formation Conlammg uncon-

solidated dolomite. .
.2. Description of the Pnor Art
Drilling a well through an incompetent sublcrrancan

_formation has presented many problems. Convention-

ally, 2qucous-base drilling fluids containing. water, clay

- and various. additives are circulated through the bore
hole during the drilling operation to carry drill cuttings- .
from the bore hole to the'surface. These clay-containing.

drilling fluids form a'mud cake-on the bore hole walls
which reduces the sloughing of the incompetent forma-
tion as long as thefluid pressure in the bore hole due to

‘the standing co]umn of dnlling fluid, exceeds the pres:

sure of the connate fluid in the incompetent formation.

Therefore, dnllmg 1hrous1h typical incompetent forma-
- tions per se is not particularly a problem. However, it is

commonplace to encounter a lost circulation zone, ei-

the cumulative effect of individually manageable fluid

.osses to a plurality of formations. When the lost circu-

lation results in a fluid pressure in the bore hole less than
the fluid pressure in the adjacent incompetent forma-
tion, the formation will slough into the bore hole. A
stuck dnill string often results, from. this sloughing and
may lead to abandonment of the drill string and the
well.

~The mcompetent formauons normally encountered in
dnlhng oil and gas wells are generally formations which
‘contain quartz sand and/or clay. Accordmgly, the prior

art methods of consolidating these formations have’
been directed to injecting-one or rmore chemical solus
- tions to react with the quartz sand or.clay to form a

consolidated sheath about the well bore. Depending

“upon whclher or not it-is desirable to permanently seal
“the formation from the well bore, the chemical solutions

can be selected such that the resulting sheath is either
permeable, such as disclosed in U.S. Pat.-No. 3,175,611

to Hower, or substantially impermeable, such as dis-

closed in U.S. Pat. No. b 2,207,759 to Reimers.
“Dolomite formations encountered in drilling oil and
gas wells are generally competent unless the formation
glso contains a significant amount of quartz sand or
clay. Accordingly, dolomite formations which are syb-

4,120,369
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merous core holes and at least one well drilled to ex-
plore a geothermal prospect have been abandoned due
“to this problem, Prior art consolidation methods hiave
been found to be inadequate for the consalidation of the
lncompétcnt’ dolomite formations. Thercfore, a need
exists for a mcthod for dnllmg through mcompctcnl

- dolomite formations.

Accordingly, a principal object of this mvcnuon isto
provide a method for drilling a’ well-through incompe-
tent dolomite formations,

Another object of “this invention is to provide a

" method for drilling through a hydrothermally- -leached” -

20

formation containing incompetent dolomite, .
.Yet another object of the invention is to provide a

“method for consolidating an incompetent dolomite for-

mation during the drilling operation sufliciently to-pre- .
vent subsequent sloughing of the formation into the’
bore hole during the dn]lmg opcra!xon

‘A further object. of the invention is to’ prowde an
improved drilling method by which a relatively thick
incompetent zone of dolomite can be penetrated while
avoiding sloughing of the dolomite into the bore hole

- and while reducmg fluid loss to the mcompctent forma-

25

~ therin the incompetent formation itsell or in'an under- -
lying strata, or to lose thé column of drilling fluid dué to

tion.

I'urthcr objects, advantagcs and features of the inven-
tion will become apparent to those skilled in the art ’
from the following description taken in con_juncuon

~ with'the accompanying - drawings. -

30
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SUMMARY OF THE INVENTION

The invention provides a method for dn]lmg a well "
through an incompetent dolomite formation. In the -
method, the drilling operation is periodically suspended -
after penetrating a distance into the incompetent forma-
tion and the portion of the newly drilled formation
adjacent the bore hole is consolidated by the injection
of a sequence of discrete slugs comprised of (I) an aque-

- ous solution containing an acid, a surface active agent

40

45

50

stantially free of quartz sand and clay have not required

consolidation, However, subterranean formations con-
taining one or more zones of unconsolidated dolomite

- have been encountered-in drilling core holes for miner-

55

als exploration, and in drilling wells to explore geother- -

mal prospects. The incompetent dolomite is beljeved to
result when a zone of dolomite crystals dispersed in a
calcite matrix is subjected to ground water leaching,
such as hydrothermal feaching by a geothermal fluid.
Thc ground water seléctively leaches the more solublc

¢ mntme mareriale ta ledve the unconsolidated,

and a precipitating agent for silicates, (11} an aqueous

'solution containing a water-soluble silicate capable of |

reacting with.solution 1 to fori asilicate gel, and (111) .
an.aqueous solulion of a precipitating agent {or silicates.
Solutions I, 11 and 111 react in the newly drilled portion
of the formation to form and set a silicate gel thereby

‘forming a substantiaily’ impermeable, consolidated

shéath around the bore hole. This sheath serves to pre- .
vent sloughing of the incompetent formation during the
later stages of the drilling- operat:on and unul the wcll
can be completed.

In a preferred embodiment of the method of this

invention, formations which contain one-or more zones

of the incompetent dolomite are drilied by conventional
rotacy drilling techniques using an aqueous, substan-
tialty clay-and oil-free drilling fluid. The well is drilled
in a plurality of increments and each newly drilled por-
tion of the formation is consolidated by the atorcmen-
tioned treatment prior to. drifling the next increment,
The invention provides the important.advantage of
consolidating each portion of the formation as it is en-
countered, thereby avoiding the possibility of a stuck

drill string duc to subsequent sloughing of the forina-

tion. The consolidation also substantially Llnmnucs
N N Y
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'BRIEF DESCRIPTION OF ixiE DRAWINGS

“The invention will be more readily understood by

: rcfcrcncc to the drawings wherein-like numcrals refer to

like elements, in"which:
FI1GS. 1 through 11 are. schcmanc diagrams ofa cross

thls invention.

DETAILED DESCRIP’I‘ION OF THE
INVENTION )

Thc method of this invention is apphcablc to all dril-

' ling operations in which incompetent dolomite forma-

tions are to be penetrated, such as ¢ore drilling for min-

“erals exploration, rotary drilling in the exploration for

oil, gas or a geotherma) fluid or'in the drilling of wells

. orshafts to-gain access to a subterranean formation. The |
- " method of this invention finds particular utility in the

rotary drilling of a well through an incompetent dolo-

" mite formation overlying a geo!hcrmal reservoir.

A preférred embodiment of the method of this inven-
tion is illustrated in FIGS. 1 through 11. As shown.in
FIG. 1, well 10 extends from the earth surface 12
through. a first subterranean formation 14 and a short
distance (from point A to point B) into a second subter-
ranean formation 16. Formation 14 is fairly competent

-and- therefore does not require consolidation. -Forma-
‘tion .16, however, contains unconsolidated dolomite

which is prone to slougliing into the bore hole. Below
formation 16 is a fluid- bcanng reservoir 18 such as a
reservoir containing oil, gas, sieam or high temperature
brine, or other mineral deposits of interest. The objec-

tive of the totary drilling operation’is to penetrate into
- formation 18 to tap the fluid contained therein or to

obtain core samples of the mineral deposits. .

A drill string, shown- generally as 20, is disposed in
well 10 in.a conventional manner.. Drill string 20 in-
cludes-rigid conduit 21 and drill bit 22 attached to the
end of conduit 21.-Well casing 24 is disposed in the top
of well 10 in a conventional manner to seal off the top

" strata of formation 14 from'the bore holé and to provide

- section of earth strata which illustrate the series of steps -
carricd out in a prcl'crrcd embodzmenl of lhe method of

4, 120 309
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dumpcd into mud pit 62 in order to avoid contammauon
of the dn))mg fluid.
FIG. 1 Nustrates the status of well 10 1ftcr the borc
hole has been drilled from point A to point B into for-
mation-16 and the ncwly drilled portion of the {orma-

tion has been. consolidated in accordance with the-
method. described more fully hereinafter. During this,

consolidation a subsiantially impermeable sheath,

shown gencrally as 40, was formed around the bore

hole, which sheath prcvan(s sloughmg of the (ormzmon
into well 10.

.In the method, the bore hole is cx!cndcd from point B
- to pomt C into formation 16 in the conventional man- -

ner, i.c, by rotating. dnll smng 20 and circulating a

drilling {luid downwardly through conduit 21 and up-’

wardly through annulus 26: Upon reaching point C, the

"drilling operation is interrupted and the newly drilled

" 'portion of formation 16,-i.¢.; from point B to point C, is
consolidated by the sequence of steps illustrated in -

20,

FIGS. 2 through 11. In these steps, a body of each .
“reactant solition.is first positioned in the bottom of the- -

- bore hole by slowly raising the drill string as the reac-

25

tant solution is flowed into the weli. This raising of.the-

drill string reduces the mixing of the reactant solution
with the other fluids in the well and also minimizes the

time during which the drill string is immersed in the

reactant solution. This latter feature greatly reduces the

‘changces that the drill string will become stuck in the
‘well by préemature cementation of the reactant solu-

tions. Next, the well annulus is séaled by one of the

 mcthods well known in the art and a spacer slug is

35

a fluid tight pathway from well 10 to blooie line 28. -

During the drilling operation, drill string 20 is rotated.
- by a& prime mover, not shown, and a drilling fluid is

circulated by pump 60 from mud pit 62 through Jine 63,

E downwardly through drill string 20, upwardly through

well annulus 26 and out through blooie line 28 back to

45

mud pit 62. Valve 30 is provided on blooie line 28 to- =

* shut in well annulus 26. The circulating drilling fluid

carries drill cottings from the bore hole to mud pit 62.

Chemical- injection. pump 64 is provided to inject.

reactant solutions from tanks 66; 67 and 68, and spacer
liquid from tank 69 through line 63-and into well -10.

.Thrcc~way valves 70 and 72 are provided 10’ switch

from the drilling fluid circulating svstem to the chemi-

50

55

cal injection system. Tank 66 contains solution [which

is an aqucous solution of an acid, a surface active agent
and a water-soluble precipitating agent. Tank 67 con-
tains solution II which is an squeous solution of n water-
soluble silicate. Tank 68 contains solution {1 which is
an aqueous solution of a warter-soluble prccipinting
agent, And tank 69 comams a spacer liquid which s

60

‘is significantly reduced bv
and 11, therefore solution 111 must be displaced into the

injected under pressure to. displace the reactant solution,

into the newly drilled portion of the formation. Al-
though the incompetent formations are normaily po-

rous and often drain fluid continuously from the bore .

ho]e, the Feactant solutions are injected under pressure
to ensure placement of a sut'icient quantity of the soiu-
tions in the formation to -
sheath. Furthermore; the v neability of the fofmation
‘he injection of solutions I

formation under pressure. Tvpxcally, the: pcrmeablhty

of the consolidated sheath wiil be on the order of less
-“than one thousandth of the permeabtlxty oﬁ the um‘n
solidated formation. e T

As shown in FIG. 2, ‘the drilling. ﬂllld is dxsp]aecu

im a sizable consolidated

upwardly through well annulus 26 by injecting a_SpagEris i

liquid through conduit 21 while drill string 20 is rested

on the bottom-of the well. Then, drill string 20 is raised °

as a discrete slug of solution I is introduced through

conduit 21 into the bore hole to provide body 42 of '
sotution 1 in the bottom of welt 10, as shown in FIG. 3.

Next, annulus 26 is shut in by means of valve 30 or any
other conventional device, such as an expandable

packer, not shown, positioncd on drill string 20. A -
spacer hqmd is injected under pressure into well 10
through conduit 21 to displace solution [ into the newly -
drilled portion of formation 16, as shown in FIG. 4: The

pressure in well 10 is then'reduced by opening valve 30;
drill string 20 is run 1o the bottom of well 10; and the

excess solution I is displaced out of annulus 26 by a

- spacer, as shown in FIG. 5.

ia itk reencet 0 solutions I, 11

Solutions 11 and I are cach introduced into thc'

bottom .0’7“6“ 10 u_n‘d ‘displaced.into the newly drilled
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discrete slug of solution 11 through condml Zl as_drill

- string 20 was raised; FIG. 7 illustrates the displacement

of solution 11 into the newly drilled portion of forma-

- tion 16 by a spacer liquid which was injected into the
shut-in well under pressure; IF1G. 8 illustrates the dis-
placement of the excess solution [l-upwardly through

the well annulus by a spacer; FI1G. 9 illustrates body 46
of solution I11 in the bottom of the bore hole, which was

" formed by the injection of a discrete slug of solution 11

through conduit 21 as drill string 20 was raised; and

FIG. 10 illustrates the displacement of solution 11l into -
. the newly drilled -portion ‘of forniation 16 by a spacer

fluid which was injected into the shut-in Well undcr
pressure.
Ttis prcfcrrcd that the amount of mixing of the reac-

tant solutions with other fluids in the well bore, ie.,

connate fluids-and spacer siugs, bé minimized and that
the amount of spacer actually displaced into the forma-

" tion ‘between' the réactant solutions be minimized,-in

order that the reactant solutions become ‘well mixed at
the highest possible concentration of reactant .chemi-
cals. Accordingly, it is preferred that the slugs-of reac-
tant solutions and spacer be sized such that the excess
solution remaining in-the bore hole after displacement

" by the spacer completely fills the bore hole adjacent the
newly ‘drilled portion of the formation as illustrated in
-FIGS. 4, 7 and 10. This procedure reduces the amount

of . spacer displaced into- the formation to the small
amount due to the natural fluid loss during the displace-
ment. of the excess solution from the bore hole illus-
trated in - FIGS. § and 8.

As shown in FIG. 10, a portion of each discrete slug
of solutions I, Tl and III has been displaced into forma-
tion 16. Although shown in formation 16 as distinct

solutions will mix in formation 16 adjacent the-bare
hole. Solutions 1, 1-and 1 interact to form a silicate gel
which consolidates the formation adjacent the bore hole

4, 120,369

6

string being stuck in the well, the above-described. pro-
cess steps are preferred in order tosubstantially proh:bu .
this result. .

) In rotary drilling, the drilling fluid employced to dnil
through strata overlying the. unconsolidated dolomite

formation i§ not decmed critical, but rather will bese-

lected according 1o mecthods well known in the art -
which dependin general upon the type of strata pene-
trated. However the seléction of a drilling fluid for

_drilling through the unconsolidated dolomite is critical

to the success of the method of - this invention. Of

| -course, in those dr’illing’methodé which do not require’

. 'dnllmg ﬂuxds, such as cable 100l dnlhng, none will be

uscd

" In rotary dnllmg through an mcompctent formauon_,
by the method of this invention, it is desirable to use a -
clay-free drilling fluid. Clay “terids to invade the rela-

" tively porous incompetent formations and causes plug-
- ging problems. In addition, when high temperatures are

20

encountered, a corrosion inhibitor is usually required in
the drilling fluid in order to combat the corrosive ef-

fects of oxygencontaining gases or ‘carbon dioxide in .

25

30

either the drilling fluid, such as an aerated drilling fluid,

-of in the connate fliid. 'However, clay tends to absorb.”

these corrosion inhibitors so they. are not available for
corrosion protection. Furthermore, while ¢lay-contain-’
ing drilling fluids normally form a mud cake on the
walls of the bore hole which serves to temporarily seal
off incompetent formations, this mud cake is usually not
adequate to prevent the subsequent sloughing of the

‘incompetent formation wheén the wéll goes dry due to

 lost circulation. However, the mud cake is difficult to

-fluids, it will be understood of course that the threes 35

by forming a substantially impermeable annular sheath -

about the bore hole. FIG. 11 illustrates the status of well
10 after sheath 48 has set in the newly drilled portion of
formation 16. Sheath 40 and sheath 48 together form a

substantially continuous sheath which prevents slough-

ing of formation 16 into the bore hole and substantially
climinates fluid passage between the bore hole and for-

mation 16.

The third and subsequent portions of formation 16 are

40

45

remove by chemical treatmeént and tncrcfore effectively
seals off the incompetent forma:inn from any fluids
which are injected into the bore he.:+ . consolidate this
formation. Therefore, in drillin,” Girough incompetent

formations by the method of this invention, ¢clay-con-

taining dnlling fluids and other drilling fluids which

‘form a relatively impermeable and difficult to remove
“cake on the wails of the bore hole are'to be avoided. To =

the contrary, drilling fluids which form eastly removed

_cakes are preferred.

‘Similarly, oil-containing fluids are to be avoxded

- when drilling through incompetent formations by the A

method of this invention. The 'uscof-oil-‘contnining
fluids often results in rendering oil-wet the formation

" immediately adjacent the bore hole ‘with a resulting =

drilled and treated by repeating these same-steps. The ~

formation containing incompetent dolomite will nor-

. mally be drilled in a plurality’ of increments of from

about 20 to about 100 feet in depth, preferably between

about 20 and about 60 feet in depth. Once the unconsoli-

dated formation has been passed.or the fluid-bearing
reservoir has been penetrated, the consolidation treat-
ment can be suspended and conventional dnlling and

completion methods can be used to comiplete the well,

such as by running a well liner or production casing and
cementing it in place. )
From this description of the preferred process steps,

it wil) be apparent that numerous modifications can be

50

55

made in the method of injection of the reactant solutions -

into the formation. For example, it is comcmplaxcd that

the solutions can be injected wxlhout the raising and’

S

lower .mobility to aqueous fluids. This lower mobility
undesirably reduces the injectivity of the aqueous treat-

ment solutions. It is critical to the success of the consoli~

dation treatment that the reactant solutions I, 11 and 111
penetrate into the unconsolidated formation in an
amount sufficient to consolidate a sizable sheath about -
the bore hole, such as an annular sheath having a differ-
ential radius of at least 3 inches and preferably at least'6

-inches. In order to consolidate a sheath this large, a

fairly substantial quantity of the reactant’solutions must
be displaced into the. unconsolidated formation. Ac-
cordingly, any fluid which reduces the-permceability of

. the formation, snch as’ clay- or oil-containing drilling

fluid, should be avoided. In particular, cakeforming
conventional drilling fluid additives such.as clay, lig-
nite, lignin and lost circulation materials which form
~alee which are difficult ta remove <honld Be avaided
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fncompetent dolomite formations. Suitable drilting flu-

ids can consist essentially of water or a sodium chloride

_brine, hoswever these fluids are often not suitable in-a
particular well due to a high fluid loss or low density.

As is known, a water-soluble polymer can be added to

“increase the viscosity of the. drilling fluid and to im-

prove the fluid loss ‘properties -of. the drilling, fluid.
While a high fluid loss is to be avoided, a very low fluid

Toss is also undesirable since this indicates that the for-

mation has been rendered relatively impermeable to
water. Preferably the polymer is.selected to reduce the
fluid loss to an acceptable level without adversely af-
fecting the permeability of the formation to the consoli-

-. ‘dation solutions. Slightly crosslmked polymers, such as
slightly-crosslinked. acrylic and hydroxycthy!ccllu!osc:

polymers, have been found 1o be effective.-On the other

" hend, heavily crosslinked hetéropolysaccharides and

polyacrylamide polymers have been found to-detrimens-
tally affect the consolidation treatment. Preferred poly-

"- mers includeéd the h)droxyclhvlccllulose polvmcn mar-
keted by Hercules, Inc. under the trademark Natrasol..
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Particularly preferred polymers are the sodium poly- -

acrylates marketed by American Cyanamid Caompany

under the trademark Cypan and those polymer addi--
tives marketed by Rotary Drilling Services and. X-L

Laboratories under the tradecmark Ben-EX and by, Pal-
Mix under the trademark Super-X. -

Conventionally, a weighting agent such as calcium
carbonate is added to an aqueous based drilling fluid to
adjust the fluid density and to improve fluid loss con-

- trol. A ‘calcium carbonate weighting agent marketed by

Brinadd Company under the trademark Sluggit has
been found to be suitable.
"One suitable drilling fluid is an aqueous solution con-

-taining about 1 pound per barrel of Cypan sodium poly-

acrylate and about 10 pounds per barrel of Sluggit
weighting agent. ..

Although drilling fluids which form- eas:]y removed
¢akes are preferred, it-is contemplated that under some

- well conditions the only suitable drilling fluid will be a
. clay~comammg fluid. The method of this invention can .
. still be used to consolidate the incompetent dolomite

adjacent the bore hole but appropriate steps must be

“taken to.remove the mud cake before'solutions 1, Il and
111 are introduced into the formation. It may be neces-

sary to remove the mud cake by an acid treatment, such

‘a3 a flush of hydrofluoric amd or by means of a me-
_chamcal scraper. - s -

Solution 1 is an agqueous so]uuon containing an acid, a

surface active agent and a précipitating ‘agent for sili-

cates. The acid-is selécted from the water-soluble inor-

_ganic and organic acids which form water-soluble salts

with-the surface active agent and the multivalent cation

the tybc of acid and precipitating agent contained in the
solution, In general, the surfactant must be soluble inan -
aqueous acidic solution containing multivalent cations.

-Accordingly, surface active sulfates and phosphates

which form precipitates with. multivalent cations are
not suitable. Additionally, viscous soaps, such as sodium’
and potassium salts of processed or modified rosins, as’
well as other viscosity increasing agents, such as poly-
acrylamides, are to. be avoided since these reagents -

_adversely reduce the, mobility. of the solution. If the

viscosity of solution I is increased, the quantity. of the

* reactive solutions displaced into.the incompetént forma-

tion will be less, thereby reducing the effectiveness of

-the consolidation treatment.
5
.- methyl ammonium chlorides and sorbitan monolaurates .~
have been found to be uscful in the method of this -

Surface-active amines, alkyl sarcosines, n- alkyl tri-.

vention. An ethylene oxide condensation product of the

_primary fatty amines marKeted by Armak Company -

under the trademark Ethomeen C/I35 is an example of

-the cationic surfactants found to be useful in this i inven-

tion. Also useful are the cocoy! sarcosines markctcd by -

- Ciba-Geigy Corporanon under the trademark Sarkasyl

25

30

35

40

45

LC (anionic), the n-alkyl trimethyl ammonium chio-

rides marketed by Armour Industrial Chemical Coms -

pany under the trademark- 'Arquad T-50 (cationic) and
the sorbitan monolaurates marketed by Atlas Chemical
Industries under the trademark Tween 20 (nonionic).
" The most, preferred surface active agerits are those
surface active amines which exhibit corrosion inhibiting
properties. Most corrosion inhibitors have surface ac-
tive properties and, if compatible with the-aqueous acid -
solution containing multivalent cations, are preterred
for use in the method of this invention. Suitable corro-
sion inhibitors which can be used cither alone or in
addition to the afore-mentioned surfactants in Solution I-
include a corrosion inhibitor marketed by the Hallibur-
ton Company under the trademark HAI-75 and an
amine corrosion inhibitor marketed by The:Dow Chem-’
ical Company under the trademark Dowell-A-130.

- Solution I will contain between about 0.005 and about
5 weight percent of the surface-active agent, with good
results obtained when the solution contains between.

"0.05 and 3 welght percent of the surface active agent,’

more particularly between about 0.1 and 0.5. wcxght
percent. The concentration of the surface active agent™ .
should never be enough to cause a significant increase in
the viscosity of the solution or to otherwise reduce the
mobility of the solution in the dolomite formation.
The precipitating agents suitable. for use in the -
method of the invention include the water-soluble salts
of multivalent cations which react-with silicates to form

" end set a silicate gel. Suifable multivalent cations in-

of the precipitating agent. Depending on the particular .

precipitating  agent, suitable 'indrgani¢ acids include

‘hydrochloric, nitric, hydroiodic, hydrofluoric and hy=

drobromic acids. Suitable organic acids include formic,
acctic, propionic and citric acids. Hydrochloric acid is

particularly preferred. Solution 1 will normally contain-
between about 0.5 and about 20 weight percent of acid,

55

with good results being obtained with between f.and 10

weight percent, and particuldrly between 2 and §

-weight percent of acid.

~ ¢ ey N S

-clude the alkaline earth metals; such as magnesium,

calcium, strontium and barium, and certain of the transi-
tion metals, such as zinc, manganese, iron, nickel and
cobalt. Iron and caletum are the preferred multivalent
cations due to their availability and low cost. Suitable |
precipitating agents include the multivalent cation salts
of inorganic acids, such as hydrochioric, hydrobromic,
hydroiodic and nitri¢ acids, and the multivalent cation

_salts of orgunic acids, such as formic, acetic, propionic -

. and citric acids. Chloride salts are preferred-duce to their . .

faw enct. with iron and calcium chlafides beine nartici-
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wclgh( pcrccnl, more pamculuxl) ubout 5 weight pcr~

“eent.

Solution I comprises an aqucous solution containing
from. about 0:5 to about 20 weight percent of a water-
soluble acid, from about 0.005 to about 5 weight percent §
of a surface active agent, and from about-1 to about 20
weight pereent of a waler-soluble precipitating agent

- for silicates. Particularly preferred compositions for use

as Solution I include aqueous solvtions comprised of
fresh water containing from about 2 to 5 weight percent 10
hydrochloric acid, from about 2 to-10 weight percent of
iron or calcium. chloride, and from about 0.1 to about

" 0.5 weight-percent of either HAT-75 corrosion inhibitor
- or Ethomeen C/15 surfactant or mixtures thereof.

- Solution I1 is an aqueous solution containing a water- 15
soluble silicate which is capable of reacting with the
precipitating agent of Solution 1 to form and set a sili-
cate gel. Suitable silicates include organic silicates, such
as ethyl-ortho silicate; and inorganic stiicates, such as.

~ the alkali metal and ammonium silicates. The alkali 20.

metal and ammonium silicates are preferred and sodium

- silicate is particularly preferred. Soditum silicate is a -
_ relatively: complex inorganic substance, available in

various grades [rom Na,SiO, to Na,0.48i0yand any.of
these grades may be suitable for the purposes of the 25
invention. A sodium silicate marketed by thé Philadel- -
phia Quartz Company as a 37% concentrate under the
trade name Sodium N Silicate is particularly pre-
ferred. The concentration- of the silicate in Solution I

. should be at least about 7 weight percent. The concen-- 30

tration of silicate should not however. be so large as to.

- render Solution 1 difficult to pump.

Preferably, Solution I comprises an-aqueous solution
containing between about 5 and about 40 percent of an
alkali metal or ammonium silicate.\One suitable silicate®35
solution is made by diluting the sodium “N” silicate
concentrate in & one 1o one ratio with fresh.water to

‘yield a 18.5 weight percent solution of sodium silicate.

Solution III is an aqueous solution containing a pre-
cipitating agent for silicates. The precipitating agents 40
disclosed above as a constituent of Solution I are also
preferred for use in Solution II, and the precipitating
agents employed in these solutions can be the same or

- different precipitating .agents selected from the afore-
" mentioned precipitating agents. Iron and calcium chlo- 45

rides are preferred precipitating agents. - Solution III
should contain between about 1 and 20 weight percent
of the precipitating agent, with good results being ob-
tained when the concentration. of the precipitating
agent is between 2 and 10 wexght percent, pamcularly 50
about 5 weight percent. -

The spacer liquid is an agueous solution which is
non-reactive with the drilling fluid and solutions I, 11~

. and IIL Suitable liquids include frésh water and dilute

solutions of alkali metal and smmonium salts, such as a 55
3 weight pereent sohition of NaCl. A
Solutions I, IT and 111, and the spacer liquid should be

“substantially oil-frece. Any oil injected into the uncons

solidated formation will adversely afluet the consolida-
tion' treatment by reducing the -quantity of reactive 60
solutions injected and by causing the consolidated
shcalh to bc more permeable.

~f «h~ ranctant solutions employed lo

10

» shcuth Al(hough thc volumes can vary wulcly. thc

following volumes-are presented as exemplary for the

treatment of 30 {ect of newly drilled formntion for the

indicated size of bore hole by the method illustrated in
FIGS. 1-11.. :

Vaolume of
Treatment Slug, Gal.-
S .- Bore Diam. = Bore Diam. -
Composition 8.5-inch 12-inch

Treatment Slug
1) Spacer 3% NaCl 140 ©.320
1) Solution I . 5% CaCl, 2000 - 370 -
L . 29 HCI- . ) )
R S ©.0:2% HAI-TS e
3) Spacer ~© - 3% NaCl : 1004 . 1807
o ¢ 230 - 370t
4) Solution 11 "18.5% Na.Si0; - 200 370,
. 5) Spacer -~ - 3% NaCih o oo 80Y
I e 200 . 8
- 6) Solution 1. "~ $% CaCl, 200 - .. 370
7) Spacer -~ - 3% NaCl 100 . 1807
. ST T 320

Spacer injectrd under pressure 1o displace & llke vnlume of réactant solution-intd
the formation,
Spaccr mlroduccd to displace excess reactant mlunon {rom the bore holt

The suitability ol‘a pamcular combmatxon of;eactant
solutions for consolidatifig incompetent dolomite can be -
determined by a Dolomlte Consolxdzmon Procedure, as
{ollows:

Dolomite crystals from a hydrothermally leached

- formation are placed into a 1.5-inch glass tube on a wire

screen supported by a rubber stopper, so as.to form a
loosely packed, t-inch thick cake on the screen. The
rubber stopper is provided with a }-inch tubing which
provides fluid tight commumcanon between the glass
tube and a vacuum flask. o

 The ‘dolomite cake is saturated wnh a3 welght per-

ent sodium chloride solution and then sequentially
contacted with each of solutions I, 11, I1I by placing 40"

milliliters of the prepared solution on top of the dolo-

mite cake and drawing a slight vacuum through the
filter cake. Any excess solution which remains on top of -
the dolomité cake after 30 minutes is carefully poured
off and ‘measured prior to treatment with the next solu-

‘tion. Subsequently the rubber stopper and wire screen

are removed from the glass tube and, if the dolomite
cake does not fall out the glass tube, the tube and cake
are immersed in a beaker of water. After several min-
utes, the dolomite cake is qualitatively Judged for con-

, solldatxon and rated as follows:

CONSOLIDATION INDEX

0 — Cake falls out of the tube pnor to 1mmersxcm in
. water.
"1 — Cake remains in tube but has a mush consnstcncy
2’ — Cake has a hard top or bottom surface but the
other surface is soft. - ‘
3 — Cake has a hard top or bottom surface with the
" . other surface being semi-hard.” . _
4 — Cake has a hard top and. bottom but had a small
quantity of loose pieces on the top.
5 — Cake is solid-and hard. Based on this test, the
" combinations of reactant solutions selected should
‘have a Consolidation Index of at Jeast 3 and prefer-
‘ably should have a Consolidation Index of 4 or 5.
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‘ " v . . dolomite cake is contaéted with the reactant solutions
. EXAMPLES 1-9 - _ per the Dolomite Consolidation Procedure.
The suitability of various conbinations of reactant =~ The campositions of the various aqueous drilling
- solutions for usc in the method of this invention is deter-- fluids and solutions 1, 11 and i11; and the corresponding

mincd by the Dolomite Consolidation Procedure de- § Consolidation Indices, are prcsenlcd in Table 2. The-
scribed above. Solution I of Examples 1-6 lack one or drilling fluids of Examples 10-14 are suitable for the

more of the essential i ingredients.of the solutions of this  method of this invention. However, the drilling fluids of
invention and are run for comparison with Examples hxamplcs 15.and 16 arc clearly unacceptablé since they
7-9 which arc within the scope of this invention, reduce the permeability of the dolomite to the subse- -
The composmons of the-various solutions and lhcxr 16 quently injected reactant, solutions. .
' . TABLE 2 .
Example No. 1o ©H o1z ) 3 14 s .16
Drilling Fluid ) _ I - il
Polymer — Super-X Ben-EX  Natrasol HR250 CYPAN -~ XC-AL  SC-Polymer,
-Ib/Bbl o R 0s - 1.5 R N e
Sluggit, fo/Bbl. 107 10 10 10 . 10 10 10
mi/i6 hr, 13- 6 -0 42 - . 50 . N 30
‘Solution §- . . o . L
< ml/30 mia 6 R I w0 - 40 - <l <t
. CaCl, 5% .. 5% - $% 5% 8% % %
HCi : 1% % 1% 2% 2% 2% 2% .
Surfactant 025%  02% 0.2% 0.25% 0.25% © 025% - 025%
type " HAL?S  HAL7S  HAL7S HALTS HAL-75 - HAIL-?S HAL-7S
Solution 11 . : - : - Lo o
ml/Wmin - -9 L | 10 -2 3 A |
. 18.5% sodium . . . o
silicate
Solution HI . - . : o IV . :
m1/30 min 4 <1 1 | A | <l 2
8% CaCl, iy . o
Consolidation T - B :
Index 4 4 3 s 4 0 0

" XC-ALisa highly ctosslinked heteropolysaccharide marketed by Xanco Oil Field Products .
XC-polymer is & high molecular weight heteropalysaccharide marketed by Xanco Oil Field Products

corresponding Consolidation Index are presented in . While particular embodiments of the invention have
Table 1. The compositions of Examples 7-9 which are been-described, it will be understood, ofcourse that the -
within the scope of this invention have Consolidation invention is not limited thereto since many obvious".
Indices of 3 or above. And the compositions of Exam- 35 glodifications ¢an be made, and it is intended to include

ples 1-6, which-are outside the scope of this invention, within this invention any such modification as -will fall
have Consolidation Indices less than 3 and are not suit- - within the scope of the appended claims.
able for the purposes of this invention. g o Having now described the invention, we claim: -
L , TABLE 1- B » ' '
Example : : - S ‘. U
~ No. : H 2 AR 4 5. 6 - T .. 8. 9
.Solution 1 R : ' ; R
mi/30 min’ 40 335 40 © 40 . 23 - i1 . 40 40
CaCli, % 5% - 5% 5% % . —_— 5% - - 5% 5%
- HCI . - = - - 2% 2% 2% 2% .
Susfactant ~  — 01% . — . 0 1% - 02% 0.1% 0.2% '0.2% 0.2%. -
Aype . " Ethomeen ‘ Elhomccn Sarkasyl Elhomccn Ethomeen . Sarkosyl Twccn
o Cc/1s - C/15 LC - Cns ¢ - /s LC .20
Solution 11 . . . . }
" ml/30 min 6 4 12 . 8.5 7 1 10. 16 .22
sodium 31%. 3% 18.5% 18.5% 18.5% = 18.5% 18.5% 18.5% 18.5%
silicate : o ) . o ’
- Solution H1__ » ' o A
ml/30 min <1 6 2 1 10 9 ] b I )
5% CaCl, ' :
Consolidation o .
Index 1 2 2 T2 2 o : 5 s 4
Emmplcs ]0'16 o 1. In a method for drilling a bore hole through a.
S\mllnrly. the ‘suitability of various aqucous dnlhnq ~ subterrancan formation containing one or more zones of
fluids far use in the mcthod of this invention is deter- unconsolidated dolomite, the improvement whxch com-
mincd by a modification of the Dolomite Cansolidation 60 prises the steps of:
- Procedure. After the dolomite cake is saturated with . (a) drilling a distance through sald subterranean for- .
the 3 weight percent sodium chloride solution,.a 100 mation, thercby exposing ancwly drilled portion of *
milliliter column of dritling fluid is poured onto the top said formation;

Y latoernintineg catd Amtling:
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_active agent and a first water-soluble prcc.ipimting
" agent for snhcalcq (11) an aqucous solution contain-

Ing a waterssoluble silicate; and (1)) an aqueous.

. solution containing a sccand water- soluhl( precipi-
tating agent for silicates;

(d) displacing each of mxd reactant shmc from ‘said -

bore hole and into said newly drilled portion of

said formation, wherein said reactant slugs become -

mixed;
- (e) allowing said reactant slugs 16 react in said newly
.drilled portion of the formation, thereby forming a

" . substantially -impermeable,’ consolidated annular -

sheath about said bore hole; and
(f) resuming said drilling.
2. The method defined in claim 1 whcrcm said bore

increments, each of said increments being drilled and
consolidated by said steps (a) through (f).
3. The method defined in claim 1 wherein said zones

" containing unconsolidated dolomite are hydrothesrmally

leached zones which are substantially frec of quartz

sand and clay.
4. The method defined in clalm 1 whercm said first
and second precipitating agents for silicate are water-

_soluble salts of multivalent cations which react with

silicate to form a silicate gel.
-5, The method defined in clalm 1 wherein said first
and second precipitating agents are selected from the

. group consisting of calcium chloride and iron chloride.

6. The method defined in claim 1 wherein said surface
active agent is selected from the group consisting of

tures thereof..

" hole is drilled through said formation in a plurality of |
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. surface active amines, alkyl sarcosines, n-alkyl trimethyl
. ammonium chlondes, sorbitan monolaurates, and mix-

. 5
7. The method defined in claim 1 wherein said surface ¢

. _ective agent is a corrosion inhibiting composition.

- 8. The method:defined in claim 1 wherein said water-
soluble scid is selected from the.group consisting of

" organic end inorganic acids which form ‘water-soluble

salts with said first precipitating agent.

9. The'method defined in claim 1 wherein said water-
soluble acid is selected from the group consisting of
hydrochloric, hydrofluoric, acetic and citric acids.

10. The method defined in claim 1 wherein a drilling
fluid- is circulated through said bore hole.during the
drilling step and wherein said reactant slugs are sepa-
rated from each other and-from said drilling fluid by
slugs of an inert spacer hqmd

11. The method defined in claim IO wherein said

of said bore hole, and wherein each of sidid reactant

slugs arc individually introduced into said.bore hole and
-displaced into siid-newly drilled portion of said forma-
~ tion by the consceutive steps comprised of Nowing said
reactant slug downwardly through said drill string as

said dnill string is raised to-a predetermined position,
thereby forming a Body 'of said reactant slug in the
bottom of said bore hole; temporarily sealing said annu-
lar space; injccting a fluid spacer into said drill string

" while said drill string is maintained in said predeter-

—imad cncitine tharehu disnlacine at.least a portion of

40
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" drilling fluid is circulated downwardly through a drill -
-string disposed-in’said bore hole and upwardly through'
“the annular space between said drill string and the walls

14

drill string to displace the remainder of said reactant

sslug upwardly through said annular space.

12, The method defined in claim 1 wherein said solu-’

“tions I, 1, and 111 are sclected such that their Consolida- -

tion Index.is ot least 3.
13. 1n & method for drilling a borc holc thrnugh ]

subterranean formation containing one or more hydro--
‘thermally leached zones of unconsolidated dolomite. .

overlying a geothermal reservoir, wherein a substan-
tially oil- and clay-free drilting fluid is passed through

the bore hole during the drilling operation, the im- .~
' provcmuu comprising the steps of:

(a) drilling a short distance through said subterrancan'

“formation, thereby cxposmg a newly dnllcd ‘pors '

tion of the formation;
(b) interrupting said drilling operaﬂon
{c) introducing into said bore hole a sequcnce of dxs-'
- crete reactant-slugs- of ‘substantiaily oil-free solu-
-, tions’comprised of (I)-an agueous solution contain-
ing from 1 to 10 weight percent of a water-soluble

acid selected from the group consisting -of hydro-

chloric acid, hydrofluoric acid, acetic acid and"
citric acid, from 0.05 to 3 weight percent of a sur-
face active agent selected from the group consist-
ing of surface active amines, alkyl sarcosines, n-
alkyl trimethyl ammonium chlorides, sorbitan
‘monolaurates and mixtures thercof, and from 2 to
10 weight percent of a first precipitating agent

- selected from the group consisting of water-soluble

multivalent cation salts of hydrochloric acid, hy-

_drofluoric acid, acetic acid and citric acid; (II) an

aqueous:solution containing from 5'to 40 percent of
“a water-soluble, inorganic silicate selected from the

group consisting of alkali’ metal and ammonium

silicates; and (I1I} an aqueous solution containing

from 2 to- 10 weight percent of a second precipitat-

ing agent selected from the group consisting of the -
water-soluble multivalent cation salts of hydro-

chloric acid, hydrofluoric acid, “acetic acid. and-
citric acid, said sequence of said reactant stugs

having a Consolidation Index of at least 4, and each

of said reactant slugs being separated ‘from -each

other and from said drilling ﬂmd by slugs. of an
inert spacer liquid;

(d) sequentially displacing each of saxd reactant slugs
from said bore hole into said newly drilled’ portion
of the formation, wherein said slugs become mixed; .

{¢) allowing said reactant slugs to react in said newly
drilled portion of the formation thercby forming a
--substantially impermcable, consolidated annular
sheath about said bore hole; and

(f) repeating said steps a) through e).

14, The method defined in claim: 13 wherein said
short distance compnsu between about 20 to about 100,
feet.

15. The method defined in clmm 13 wherein said first’

" and sccond precipitating agents are sélected from the

group consisting of iron chloride and calcium chloride.
16. The method defined in claim 13 wherein said
surface acuve agcnt is a-corrosion mhlbmng composn-
tion..
17. The mczhod defined in claim 13 whcrcm said’
solution 1 comprises an aqucous ‘solution conmlmn_g'
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18. The method dcﬁncd in cla‘im 13 wherein said .

drilling fluid is circulated downwardly through a drill

string disposed in said bore hole and upwardly through
the annular space between said dnll string; and the walls
of said bore hole, and whercin each. of said reactant
slugs arc individually introduced into said bore hole and
displaced into said-newly drilled portion’ of said forma-

tion by the consccutive steps comprised of lowing said

thereby forming a body of said reactant slug in the

" reactant slug downwardly through said dnil Slrin_g as -
said drill string is raiscd to a predetermined .position,

15

20

: AV .
bottom of said bore hole; temporarily sealing said annu-
lar.space; injecting a fluid spacer into said drill string
while said drifl string is mamntained in sad predeter-
mincd position, thereby displacing at least a portion of
said reactant slug into said newly drilled portion of said
formation; opening said annular space; lowering said

drill string (o a point néar the bottom of said bore hole;

and circulating a fluid spacer downwardly through said
drill string to displace the remainder of said reactant
slug upwardly through said annular space.

. : ¢ & o » e o
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. DelbertE.Pyle - . . March 21, 1979

- Manager of Operations

Contracting Officer

U.S. Department of Energy
- Nevada Operations Offlce
. P. 0. Box 14100 - -

Las,Vegas, Nevada 89114

ATTN: Mr. James Cotter

TRE;_,CoutractuNo}'EG¥7?4Cf0841522'_ﬁi:f““;

Cooo T Pursuant to Artlcle 2C(lO) of Department of Energy,Contract
. -t . 'No. EG-=77-C-08-1522, Procedure for- Consolldatlon of Caving
! Formation is forwarded as Deliverable Data.  Such. Procedure
was patented under United States Patent No. 4, 120,369 on .7~_.5 —
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