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WELL IQGGING WITH CALIFCRNIUM-252

W. 8, Heys
Repearch Hydrologist, U, 2. Geclogical Survey
Federal Center, Denvsr, Colerade 80225

A, H. Boulogne
Saranneh River Laboretory, E. I, du Pont ¢e Nemours and Co.
Alkten, Bouth Carclina 29801

AEETRACT

Californium-252 le an iaotoplc neutron souree that has only recently
becane avallabls for experimental well logging. One curic of ®*520F enits
4.4 x 10% neutrons per mscond by espontansous risaion, 300 times the
emizalan rate of any ofher one-curle radicisotople souree, Californlum-2528
hae geveral other mdvantages az a high yilsld source for well logging:
vary emall physleal size, low gamma ghd heat emisslon, and sxpected low
cost relative to cther eources, A 50-millicurie ®®2QF mource fabricated
at the Savannan River Lahoratory wes made svailanls by the 17, 8. Atomls
Energy Commisslon fo the U, B, Geological Survey for a fzaathility study
tn well logging. The nuclear and physaical characteristice of Gbhis source
and some of the health phyaics aspects of its uss in the fisld are
dlecueead,

The pource was uded to make eplthermal neutron logs, whilch are com-
pared with logs made with plutonium-Teryllivm and amerilclum-beryllium
gources in the eame well. The high neutron flux avallsble from 258gr
parmitted the uee of lenger than usual specing while malntaining a high
count rete end excsllsnt sensltivity., In addltion, continuoous sotivation
logs were made utllleing e spacing of 5.5 feet from the source to Satector,
Aluminum-28 was identifled as the chlel radicisctope contritutlng to the
log response, Thie new techhlgee may provide a log more alossly releted
te clay confent then the natural gammsa log., Stationary irradlation
experimente were slso carried cut in borsholes, and sodlum-24 and
mangenese-56 ware readlly produced and identified,

Suggentions for additlonal research on logglng aspplications and
problems resulted from this feaeibillty study, Potantial well logglng
applicatlons aot inwvestigeted include the astivetlion of temporary depth
maerkere end the uss orf stable trecers that 2an be activatad at the &lie or
in the well, The high neutron yield of californium-2R2 will facilitate
in situ activation analysle for many elements e s mld to sawploration far
oll, water, and other minarals,

Fublication authorized by the Dirsctor, U. S. CGeological Survey and by ths
T, B, Atdmic Ensrgy Commleelon, Part of the information contained in this
paper wae developed durlng the course of work under Cohtreact AT(OY-2)-1
wlth the U, 2, Atomle Energy Commigelon,



INTRODUCTION

Californium-252 18 an intense neutron amitter which has only recantly
become available for ressarch in well logging, The Savannah Rivsr Tabora-
tory, ocperated by E, I, du Pont de Nemours and Company for the I, 8. Atomle
Energy Camnmleslon, fabricated the source dessribed in this article., The
gource wes made avalilable to the U, 5§, @, 4, (U, 8§, Geological Survay] far
in sltu sactivation experimente directed toward mineral sxploTation and well
logging, The mineral activation research was direscted hy F. E. Senftle of
the U7, B, G, 5., Geclogle Divielon, who &lso provided aesistence with well
logging., Well logging deacribed in thila report was carrled oub by person-
nel of the U, 8. &, 5. Water Rescurcea Divislon research projsct on bore-
hole gsophysice onder the supervision of W, 4, Heys., The purpose of thig
research i to investlgets the sppllcation of well logging to groundwater
hydrology; however, most of the tachnigues and purpoeer sre guite gimilar
to epplicatlone in the peatrolsum industry.

The acurce, contalning ebout B0 milllsuries of 2P2cr, was made atall-
ahle for a legging feasibllity atudy, whilch wee carried out at the Savannah
Rlver Plant in South Carclina. Durlng the tima of the atedy, moeEt of the
decp obmervatlion wells an the plant contained packere in preparaticm for a
pumplng teet, po the logging wae restricted to two adjacent wells on which
only & llmlited smount of background lnformation wae avallabla,

Ag & result of this feasibllity study, the opsrationsl characterigtics
end limitatiecne of new logging aguipment ware zatablished. Source handling
procedurss were alao tested, and suffieisnt data were collscted to provide
a haeis for the planning of future logging inventigations with 22¥cyp,

Charscterietice of Californium-g&2

Califormlum-252 is & trivalant actinlde wifth an effectlive half-11ifs
of 2.65 years and emite 2.34 x 10'% neutrone per second per gram (4.4 x
10° neutrons per seccnd per eurie} by spontanecus flasion, The averags
neutron energy of the fiseion spectrum (Figure 1) itz 2.3 Mav (millicn
mleztrom volts), Gemme production rabe 12 1.3 x 102 photonas per second
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PEI gram, exclusive of internsl convereion X-rays. Gemma doee rate is

1.4 x 10® R per hour per gram &t one meter, The neutron doss Tate iz

2.4 x 10% rem par hoany per gram st one metar, The gamma spechtran 46 shown
in Figure 2, Callfornium-252 amlts 1.9 X 10t2 glpha digintegrations per
second per gram (5,11 Mev per dipintegration).
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Table 1 ehowe the relative ylald end anargy of ohe-curie neufron
pources commonly used for well logging (Rainidg, 19681

Table 1
Tield of 1-Ci [curle) Heptron Scurce

Source  Average neutron ensrey {Mev) Yield (n/eec)

2U%p, - He b.5 2.0 x 10%
E4lpm. Ba -l 2.0 % 108
Z385._Re ~%.6 1.5 x in7
BB p 2.3 4.y y 1p®

The gamma ¢eoas rate ror & ®FP0f source with a flux of 5 x 10° n/sec te
2.9 R/ur at 1 meter; a #914n-Be pource of the aeme yleld haeg o gemma Goas
rate of 2,5 R'hr st 1 meter,

Total beet output from the lactope 18 39 watts per gram; approximately
508 of thles 16 dus to alpha decay. Pressure created in the innsr capsule
by helium from alphe decey and flassion gas bulldup in & 50-mlllicuris 2900
source Will be 4.8 atm (70,7 psig) at 30°C [at infinite decay).

Source Descripticon and Preperation

Tha apurce aeed 1o thie study contained 90,1 microgram sgulvelsnts of
EERpp [approwimately B0 millieuries) and had a neutron emisalom rate af
2.1 % 10® newtrons per escond on the callbration date {April 29, 1968},

It 18 er point scurce of CfgDa pelletized in a matrix of pleatinum metal,
which is doubly encapeulated in etainless steel,
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To purlfy cellfornium, the tripositlve e=lements were ecavenged by
ferric hydroxlde, and then the aztinides were sxtracted from 12M Li01 -
Q.1M HCL to 0.61M tri-lavocotylemine in diatpylbenzans by & lavoratory-asczle
Tramex process, Actinldes were then etripped from the extractant with
EM HC1 and dried 1n platinum ware. Organlc reslduee wers wet ashed. wlith a
mixture of concentrated HGy and HaOp.

Cellfornium was separsted from residual selts by sorpiion on 2 column
of dl-2-ethylhexyl phoephorde ecld (HDEHP) on a dlatomacecur sarth support
from O,10M HNOy. Californlum was eluted from the HIEHP column with &M
HNOg, and the sclids-free product wae ueed to prepares the scurce by copra-
cipitaticn of Cf{0H], with Fe(OH),,

The hyperpure callfornlom wes carrlied on 2 minimum of 0.5 milligrem of
Fe*' a7 a hydronlde preclpitate. After centrifugation and removal of the
pupermate, the precipitate wae tranaferred to 5 cone of 1.5-mil-thick
plefinum which was hammerswelded to a thin (24 Brown and Sharpe gage) Ph-Tr
wire to facllltate remote hendling in 2 shislded facility., Tigure 3 18 an
axploded rviaw of the varioua source components degeribed here,

"Pig. 3 Exploded view of gaurze
componente,. Left to
right. Pt cone, tube,

and pellet on wire handle;
inner cspsule with pellet
and mapl plug; outar
capiule with pemled inner
capeuls and eeal plug.

Aftar the preclpitate was dehydrgted uhder an infrared lamp and heated to
200% in & furnace, the cons was folded into a thin tube and pleced In &
pelletlesr by drawlng the Pt-Ir wlre to which the cone wae attached through
the pelletlzer base, Thne scurce pellet was then [formed by Ainsertlng a ram
ang applying presewre. The eource was removed from the pelletizer and
mlcwly heatsd to red heat (B00°C) in & furnace to convert remalning hydrous
oxlde to FeglOy and {fp0s, AL approximately 75% of thecretlcal denslty, the
gctive yolume of the sourge 1a ghont six cuble millimeters sfter pelleble-
ing and heating,

The Bource pellet, with 1ts wire 8till attached, wae insaerted into
the primary capsule, which wae pesled with 2llver braze alloy {flow point
EEE°G). This primary cepeule wes enclosed in &n oceter cgpaule, which wes
alsu eeglad with eilver braze alley of & eligntly lower flow point. The
axteripr dlmenelone of the ocuter capsule wore spproximately L2 x 378 Linch,



Elnce thie logging study, the scuves was esaled into 8 third capsule
which was welded clpsed. Henceforth, primery snd ocuwter capeswles will be
eealed by welding,

After the primary capsule was aesled, and agein sfter the outer cap-
gule was pesled, the scurce was pressurleed in a hellum stmoaphers at 30
pelg for 30 minhubes, Leak tests on the ilndiviéual capaules in & hellam
leak deteator whose lower detsctlon 1imit 1e 2.4 x 1077 coble centlmeters
of hellum per sscchd Indicafed no leaks. Dummy sources prepared in fthe
EamE MENNET Wwere maunted, ssctionsd, and subdected (o Matallographic sxami-
natlon to aseure that the method produced well-bondss sesls, A dumny
source wae dropped onto a eteel plate from heights of 30 end 66 fasat. No
slgnificeant damege occurred to the dummy source as & reswlt of theae testa.

4 manganeee-hath method wes used to determlne the rate of neutron
emipsicn from thls scurece, Calibration af the system was valldated with a
*320r gource previcusly calibrated at the Nationel Bureau of Standarda,
The preclelon of the detsrmination of the nsutron emission rate 18 asti-
mated to be approximatsly 52,

Thle pource was loaned te the ¥, B, G, B, under the U, 3, Atomle
Energy Cormisaien's market evaluation program for 2%20f, If inveatigetions
guch m8 thie indicate & large future marksat for TE248 fhe opet of tha
rgdionunrlide may be between 30,50 and 31.50 per milcrogram, At this prise
;he eptinmated cost of a ¥¥Cf mource with a yield of 5 x 109 n/sec 1s

10,000,

LOGOING EQUIFMENT

811 experlmante were carried out with #mall leogging eguipment uti-
lizing 25C0 feet of O,10-inch-dlameter slngle conducfor cable, Thise type
af rabhle 12 vmed on meat water well logeere; therefore, the agulpment
degoribed can be resdlly sdapted to glmoet any logeger, Coneilderable
equipmert development was reguired to ashieve a 1llnear tranemleelon of
varlable helght puleee throogh esversl thousand feet of elngle condustar
cebla, Thip amplifier, which employs infegrated cliroulte, will tranemit
varlable haight'pulues tnrough &8 much as S000 feet of gingle conductor
cable, but lmprovamanta gare needed Lo achleve the linear pulee tranemieeicon
reguired for pulse halght enalyels, Probee ueed for conventional nectron
and gamme loggltg tranemlt eshaped pulees of either poeltive or negative
palarity. Surface sguipment esparates pulsse accerding to polarlty eo
that two radiaticn loge can bBe mase simultanecusly.

The flyet probe developsd for In-hole gammae spectrometry with
the ®%2of wam 1-1/2 inchee in 0.0, and 4§ fast long. A small-diemeter probe
15 desireble because B-1nch-T,0, tubing is ueed in many water rescurces
inveetlgeticne. The WeI(T1) crystal in thls probe is only 574 x 374 inch,
&nd hae acceptabla resolution for gamma peaks below 1 Mev, but the effi-
clency for detecting higher energy photong Arecpes off rapidly. With this
eryetal, resalutlen for tha 0,AA2-Mev cesium-137 peak 1s 10% FWHM [rfull
width helf maximum) through 26500 fset of cable and 11% through 600D feet
of cabls, The dz power for botn the high vwolfage supply for ths photo-
multiplier tube and electronles is aupplled from the surface. A /4 oy
3-1/B-1nch NaI(T1) cryetsl was used for continucus gamme logging, However,
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1% wae net employed for gamma Epectrometry besause our previous investlgs-
tlons had shown thet a more REAarly equant crystal provised bettar phot.opmalk
regolutlon,

Because the 3/4 by 3/%-inch Nal(Tl) crvetal was found to have & VEry
low efficiency for dstecting high energy gamma photons, a 1-3/% by 2-inch
cryital wae substituted during the ¥32¢f investigations, A probe 4 innhes
in diameter and 3 fest lemg was built and powsr for the phetomultipliar
and electronices wes provided by sesparate hattariar in the probe,  The
lerger detector hae superior efficiency for highar energy radiatien and
provides Bpactra comparable to that From laboratory aguipmant 1n tha 03
Mev range nesded for thess sxperiments. BResolution for the casium-137 paak
through 2500 feet of cable was 7% (FWHM). Subasduent to the work &t
Savernah Rlver, s 1-7/8-inch-0.D, probe comtalning a 1-3/8 by 2-inch eryetal
anc a battery high veltage supply has been conplated for use in emall
diamefer holes, It provides adeguate resclution of the 2.62-Mev photopsalk
of 991 1n the thorlum serles.

Standard neutron loge wers made with a 1 by 1-1/2-inch 1itnfup Lodide
crystal enrlched in 1lithlum-é in & 1-1/2-in¢h-0,D, probe. BEnergy dlscrim-
ination wae usad 4o reduce Benaitivity to gamms raye below 1.5 Mav, and a
cadmiun shield eliminated most thermal neutrone. Therefora, the gsonds
primarlly detects splthermal neutrons along with some hlgh-energy gamme
reys,

The neutron sourcss ware wesd and stored in 1-1/2-inch-0.D, stainless
8teel sube with deuble O-ring esala, The ecurce subs ara thresdad to mate
the bottom end of spacers of various lengthe which sttsch to the sonde,

The shortest epacers ere made of Mallory 1000 metal for sfficlent ghielding
of gamma radiztion, Longer stainless steel spacers are fllled with water
cr paraffin for neutron moderation.

All of the downhole equipment used was axlally symmetrical, No side
epdlimation, decentralizara, or centralizers were ueed, Tt 12 dogbtful if
decentralized, slde-ccllimated probes would have greatly zltersd tha
results,

The truck-mounted logging equipment and part of the probee ware bullt
by Well Reconnalsesnce Inc, and medifiled by project parsonnel. Logs are
recardad on a Wesfronlee 2-pen recorder and g Robsrts magnetic taps
recorder. Tuo multichannel epectrum anglyzere wers utilized for deta
acquisltion: = Huclear Data 128-channsl analyrer with Polarcld photographs
af scope presentatlon, and a Technieal Measurements Corp, 400-channel
analyrer with peper tape printout and I-Y ploatter output,

The epectral logging =guipnent wae celibrated with small radliomctive
sources at the surface, Ceslum-137, cobalt-60, and thorite (Tho.) were
used most bescause they provided psake throughout the snergy range under
study, Flgure 4 shows a downhole apectrum and an anergy callbration with
& "°Co source and detector at the surface. The major aguipmant problem
encountered was galn shift dus to tempersture effocte at the aurfece ans in
the hola. Gain ehift was aleo caused by aignificant changes Ln count rate.
Burface temperstures reached 100°F tn contrast with downhele temperaturae
averaging 75%F. Spectral shift due to temperature changes can probabiy
be reduced. Howsvar, shlift Jue to drastlc changes in radiatlon intenslty
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and non-lineer energy responee are BL11l problems in much laboratery squip-
ment [Heath, 1964). Galn ehift in downhole equlpment wae very rapid until

tamperature wap 8tablllzed, Flgure 5 shows twoe Iin-hole spectra of podium-

B4 made cus hour apart,

Fig, 4 Bodium-24 spzctrum made at = depth of 995 feet in
wall DRB—% {upper traee) and cobkalt-£0 spactrum
used for snergy calibratlion. Osgillascope pietura -
the ordinate 1s eounts per channel, aend the
shecliees le gamma energy increaelng to thes rlghf.

g, & Two in-hole eBodium-24 epectra on the 12B-channel
analyzer showlng drift over one hour, The 1.37-
May peak has ahifted 1 channel due to Srift 1n the
probe, and the epectrum hee shifted ebout 3 chemnele
due to instabillty of surface electrenlce,

The 4rift dus to downhole 1nstabllify 1s one channel. The poaltionlng
arror due o Arlft of alectremlcs at the surface ip about three channsls,
Tn-hole celibretlion wag sccomplishnad by uweing igentifled metlvation peaks;
mangeanese-56 was Teadily identifisd and present on meet in-hoele apectra,
The gteinleze steel spacere near the epource became actlvated and wers uzed



for surface calibraticn, and 1t wam e eslimple matter to actlvate the cmsling
both above and below the water fabls for in-hole callbration, The cecille-
scope pregentation of aspectra is partlculariy useful for rapld qualltatilve
axamination 1n the fleld and for sdjustment of gain, Digltal printout wase
only adad where guantitative data on peak helghte or ereas wars regqulred.

Source Handllng and Bhlelding

A water-filled Rh-gallon drom was usad ap & phisld over the drlll hole
to minimize persconnel radiatlon exposures because thers was o prior expe-
rienre with thls intense neutron sourcs, Tha drum wes moved and poaitionad
ovel walle by & vahlcle wlth 8 tallgete 11ft, end lopelng wee dons through
the shleld, In retroepect, fthe neesd to perform mll opsratlicns through the
shield le gueeticnable, Tahles 2, 3, end 4 pummarlzs the radlatlon
Inteneiltiep from thes bare and ashlelded asocurce, paraoﬁnel axposure rates,
and cumulative radiation exposurs of pesractnel whe handled the sourcs
during the legging experlimentsa,

Very 1ittle additionsl exposure wouwld result frem 1ifting ths made-up
tool out of the shileld and plecilng 1t directly in the well. Ssveral
problems wars ancountered becezse the veter-filled shimld is hba?y and
cunbersome, A ewlvel plate covering the hole Iln the boifom of fhe drum
could not be operated without ralsing the drum. Therafore, locking chain
clamps wersa occasSlonally used to hold the spacers and sourcs sub whille
thesaded connectlons wers belng meds over the well, During one of these
cperations, B chain clamp rsleased, snd ths socurce and spacers dropped into
a desp wall, After source reccwery, the tailgste 1ift was sguelipped with a
ppring-loaded, sllding dogr thet oould be opereted wlthout moving the drum.
Improvenanta in asuree hendllng procedures are necessary before any further
logging ie done with eallforndivm,

Tabla P

Radlatlcn Intensitlep From the 50-m0l 2P9¢f Spuree

Type of Radiation (unsblelded) 30 em 5O o 1 meter
Fast Neutrons {mrem/hr) 1700 200 230
Camma {mr/hr} 154 a0 15
Typs of Radiation (through field ahisld] 3 inches 6 inchex 3 feat
Total Neutrone (mrem/hr) - 40 8
Gamma [mr/hr) 55 - -



Table 3

Fargemnel Ixposure Ratee Encountsred to Inetall
50-mCi #PECe Spurca 1n Bhield znd During Use

Heuftrons and Gamma

(mrem/hr]

Unahielded

Body 1,025

Harnda 22,000
Boures in eub
{changlng toole)

Body A0

Hende 200
Te handle shisld
{at one foot)

Body ” =10

Table 4

Redlatlon Bxposure Accumilated by Peracnhnal
Curing this Feaslbllity Study

Gemma Neutrons Total

Pereon {mre} {myem} (mrem)
E5 = 130
R 15 G0 T5
15 50 &5

NEUTRON REACTIONS TN WELL IOQOING

In crdar to ralata thae axpariments daseribed In this report ta con-
vantlonal neutron logelng, s ahart raview of the relevant neutren resctions
ia necemgery, The modsiatlon of frat neutrons by elmatiec poatiering from
nydrogen nuclel 1p well underetood., It le the wmaln provess in conventlonal
neutron poroslty logglng, which 1 widsly usad 1n the patrolagn lndusiry,
and in negtron moleture logging, which 15 common in groundwater inveetlige-

tions, The seme procegs i saffectlve in producing the neutroen poroslty
loge made with *32gor,

The varicus pesutron reactlone that produre gamma radlatlon ars not
widely underatood and yet thay form the baesle for m number of technlques
that are potantizlly useful for ldentifying slsmsntes in situ. Thersfors,
gamma-producing neutren reactlions that might take place in well logging
are degorited brlefly In the following paregrephs, For s complete
deseription consult the references by J. . Owen, 1966 and R, L, Caldwell
et 81, » 1965-



In gensral, gammsa radlation wlth snergles cheractsristis of the target
nucleus are produced by the Inelastic scattering of neutrons by nuslsi and
by the capturs of neutrons, The probabllity that neutron remcticns of
theee types will teke plsce 1s defined as crosm section and im eXprassad
in varna (107%% om®), Neutron croge sectlons ars & function of tha type of
reacticn, the esnevgy of the impinging nautren, and charscteristica of the
target nucleus,

The gamma raye or photons produced by neutron reschtione are classifisd
here a8 prompt, capfurs, and astivation. Prompt gamtnas reasult Pfrom
inelastic scattering of fast neutrone with energise mbave a threshold that
ie characteristic of the target nucleus., Prompt gemma radistion is ot ly
present during neatron irredimtlon and so 18 not & factor in the sativation
experiments at the Bavannah River Ieboratary, 4n example of thie type of
reaction ls tha 06,09-Nev gamms produced when s neutron above 6,465 Mev ip
inelastically scatterad from an oxygsn nucleus,

NMeutron capture can ocour with either feet or thermal neatrons,
Howaver, dus to tha 2,.3-Mev averags ensrgy of newtrone from 20761 and the
hydrogencus environment below the water table, thermal nsutrone are proba-
bly moet Important in the Savannsh River experiments, Capturs gamms raye
are emitted immediately affer a meutrom iz incorporated in the nucleus,
They dis away within s few milliseconds after neutron irradlation 1g
terminated and ec were not meesured Lln the experimente Asscribed, An
example of the uge of rapture gamme rays in well logging ts the fdentifi-
catlon of chloriane ©y neutron ilrradimtion,

Neutron actlvation produces radleactive nuclides from mtable igotopss.
The emlselon of actlvatlon or deleyed gamma rays beglne with neutron irra-
dlatlon anéd diee off after the neutron flux is terminated me & fuonetiscn of
the half-life of the redlolsatoper produced. The half~lives of lectopes
preduced and identified dn well logging vary from e few secondE to Mmany
hours. Previous well logging investigaticne utilizing nentron irradistiom
and gamme gpectrometry (Musench and Dsoba, 1357, and Baker, 1957) applied
anly to the measurement of capturs gamma raye,

The gamma actlvity thet mey be produced by neutron irrsdlstion le
related to the neufron flux used end to the nuclear characteristice of the
parent and product nueclides Ly the following exprassion (ILyon, 1964):

- ﬂ.ﬁ?@ i

3

A= NU¢(1 - B

Whers indured gamma sctlvity (dielntegrablone/second)
rumbher of farget atcme preeant

croas sectlon {om®)

a9 o = or
I

neutron flux (Rautrons/em® sas)

irrediaticn time
half-1life aof product puclide

H o
=
| |

base of naturel logarithms

L1
1
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faturatlon is the higheat activity that can be produced 1o a sample
with a glven neutron flux, Yhew ty = 5Ty, an activity of 96.58%¢ of sefura-
tlon will Te produced, At seturaticn sativity, A = Nod, W can be caleus
lated from the rfollowing relaticna:

N - Nay wk
Atomle welight

whare Nagv = Avogadro's number (6.02 x 10%* atomes/mols)
w = welght of element {grems}
k

ir

fractional lsctopic abtundancs of target laotops

From these relaticnshipe it can be aaen that 1 & preduct nuclide is
ldentifled, a quantitative analysls can be made £rom Measarements of tha
gamma activity preasent., It iz doubtful whether sccyrate quanfltative mcti-
vatlcon anaiysis 1g possible in welle, Tut thesee seme relatlons provide a
bazla for plannlng gualltetive anelyale for apecifis parent nuciides,
Numerous tables provide data on garma energies, half-lives, lsotople abund-
ances,; and erose azcetione in order to help plan mctivetion experiments,
Jenftle and Hoyte, 1964, camlculated counting retea for various nualidee in
both a themmal and 14-Mev neutron flux after & E-minote frrediztion and s
S-second delay fime (Table 5). With a smaller flux and shorter Lrradiation
time, a sufficlent gamma intensity for logging purposes can still he
gchimved,

Takla

Counting Rates for Some Common Wuplides Ezplly RActivatad
by Thermzl Neutren Captura™

Tounte per Sacond Energy of

Farant % Laughter par Gram After Mejor Gsmma
Buclide Abundance Nuciige 2emin, Irrediatilon Ta Pegke (Mavy)
PTa1 100 2841 2,7 x 108 2.3mln  1,7B

3Tm 24 5 2801 8.1 x 10® 37.5 min  2.16,1,63

¢ 6,88 2y 1,9 x 1p® 1.4 hr 1.53

® Mg 11.2 BTng 3.1 % 108 2.5 min  0.84%,1,00

® *Mn 100 58 1.2 x ro% 2,58 hr  0.84,1,81,2.13
2314 100 Zayg 2.1 x 108 15.0 hr 1,37.2.75
8Osy 3.09 lay 5.9 2.6 nr 1,26

* Based on 10% counting efflelency, m flux of 10° n/om®/sec ané g
tormal nuclide abundance,

{After Benftle and Hoyte, 1966, with sdditional date from doldman
and Stshn, 1961},
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In borehols ectlvatlon experiments, irredizticn and analyeie must be
plammed fe favor formation of the deaired aertivatiom products, Fertunately,
both energy snd hall-11fs can ba usad $o produce a nearly unique solution
to the ldentiflcation of lecfopes, Irradietion times Bhould be selectes to
create the maximum activlty poselble in the element scught with &he minimum
poseible actlvity in interfering slements, If a short half-1ifs nuclide is
gought 1n a matrix of long half-1life nuclides, irradiation should be short,
If 2 lcng nalf-1lfe lactope 18 sousght where a coneldersble hackground of
ghort half-1lf'e lsotopes exists, long sctivation im necessary, and spactral
analyels should be delayed to allow Aecey of background radloiastopms,

Fagt neutroem resetlons with sllicon-28, silicon-29, and oxygan-16,
which are present in large guantities in most rocks, may produce a back-
ground which would mask other elements (Senftle and Hoyte, 136E), The
relatively low average energy of neutrons emitted by #R2CP reduces the
background from feet neutron reactions,

LOGGING EXPERIMENTS

The Zavarmah Rlver Flant of the U, &, Atomile Energy Commiseion was
chodan for thls feemlbility study because at the tims the U, B. Geclogieml
survey dld net have an A.E.C. llcense for the transportation and uge of
#22or in well logging. The fisld experiments describad 1n thile report were
pomplated in twe weeks during June and July, 1988, Thne plant f£8 leeated on
the Atlantie Coesateal Plaln about 20 miler southeast of the Fall Linhe where
eryatalline rocks crop cut. These arystalline racke, which are sneountered
at a depth of 300 to 1000 feef on the plant elte, ere predominantly echiet
and gnelsa wifkh lesser amounts of guartzite (Marine, 1967). Overlying the
aryetalline rock ia a leyer of saprotits which averazsss 50 feet in thick-
negs end then unconaclidated to pemiconeclidated ssdlimente consleting
pradominantly of esnd snd cley. HEuploratory drilling, logging, end
bydreulio teating are belng carrled out to lnvestigate the feasibility of
aloring radloactive weete in chambere excavated in cryetalline rogk, Ths
daprolite affectlvely separates poor gquallity water iln the crystelline rooks
from poteble water in the ovarlylng esdlments, FPermeability of the cryetsl-
line rock 1s a functlon of the elze and abundance of open fractures, Send
bede in the lowar part of the sedimentary esquence are the producing
aquifera,

Two holes were logged wilth the 2580f source: DRE-3 which is 1088 feet
deep and has & inch ceBlng to 950 feet with the remalnder cpen hols; and
PIA which ie 809 feet deep and ham & inch caeing to 755 feaet., The casing
of bath welle wee predpure cemented, The only 1itheologle information
avallable was from driller's logs., Geophyelcsl loge mads by 2 commeroial
servlee oconpany lnglude a gamms ray end 8 neutron log of DRE-3 and m caliper
and electric log of PIA,



Conventlonal Neutron lLogeing

The firat phase of this atudy wss fo compere cobwventlonal neutron logs
made with other aources with loges made with P*™CF, Allen et al., 1967,
suggest that an ilmproved porcslty log can be obtained by the use of longer
apacing between source and detmctor snd with sogrcea having s yleld of
5 x 10® neutrone per Pecond or gramtar. Wo poroelty data were avallabls
for DRE=-3 and only thres anslyses from PIA 5o Lt was not pomsible to test
thelr theery gquantitatively. Howsver, the poroslty ranges Ifrom about 35%
in mome mediment sections to leem than 1% in the bedrock, PFilgures B and 7
suggest that ecallfornlum dose provide 2 gquelitatively suparler log under
tha condlitlona in hole DRE-3.

mpr G CUMIEE Py-Ba 1 CURES A By 5O MILLICURTS Cf
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Flg. & 4 comparison of three neutron loge made with
d1rferent sources in cesed esction of well DRB-3.
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Fig. 7 A comparlech of thres neutron logs made
with different sources Iin caeed and cpan
, secticns of well DHE-3.

The left log in fthese figurss wae made pricr to thie etudy, by & commercial
gervice company that used a plutonlum-beryllium source, The middle log was
made wlth an gmerlelum-berylliom source ag part of thils study. The greater
neutron yield from ®®20f and 21-3/4-inch epacing produced & leg Wlth the
game baplc character 28 the other two logs, btut with o greater eengltivity
to lithelogy, reduced statietlcal fluctuatlens, and lower aensitivify te
variatione in borehole dismetar in the uncasad pertion where a ecalipar log
wes mede, MelJor nsutrem log deflections due to hoveholse dismeter changes
are marked with arrowe on the log mede with 24iim-Be in Figurs 7.

In the uncasad part of ths hole, the ®®*Cf neutron log wag mede at
1/10 of tha sengitivity of the ®41jip-Be neutron log, A log with the celi-
fornlum mource P6-3/4 Inches from the detector had deflsctione similar in
emplitude to those shown on the ¥4 1im-Be log, but the deflections are
smaller than thoes seen on the T80 log where shorter spaclng wae weed,
In thesry the probe having longer =zpaclng rhioild bhe more responelve to
litheologle propertles and lepe repponslve to borehols affecta. Thlas
appears to be the caae with the loge In the present study but mere beok-
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ground Information 1e nesded to deflnltely esetabliskn thie relatlonanip,

In general, as the spacing wae incresssd the log shewed fewer deflectlons
duz to thin beds or borehole rugoelty 1n the cased parf of the hole,

Table & gives the logging parametears for the three logs shown in Figures 6
ant T,

Table &

Igging Paranatsrs

Hautrong Spacing Senpltivity Logglng Bpeed
Bouree per Sscond f{inches) Caged Hole  Opesn Hole [fo/min]
5 ¢l #*Fpu.Bs 8 x 10° 15-1/2 160 API 640 API &0
srits/in,  units/inm,
304 TClAp-Be 8.6 x 0% 16«3/4 10 epa/in. 10 cpsfin, 40
50 mCl #%20r 2.1 x 10* 21-3/4 10 eps/in. 1020 npa/in, 40

The count ratss measursd for tha 25¥0f log made with 213 U-1nch
spacing varled from about 200 ope (counts per second) to over 3000 cps, and
were only slightly lower for 26-3/b-inch spacing., Allen and cthers, 1967,
atate that a count rate of 18P cps 18 acceptable in high porosity eand-
etones, The highest apparent poroeltles shown on the neuwtron logs of DRE=3
are In the claye, and the lowest are ln the wnfrastured orystalline rocks,
Redicactlive tracer ftests ghowed that the highest pemeabllity in the bed-
rook of well DEBE-3 wae at about 7B Feet where a high poroslty ls showvn on
the neutron loge (I, ¥W. Merine, Personsl Commumication],

Continuous Activation Logping

After 1t wag determined that less than one-minute newiron lrradiation
in the heole produced sctlvatlon gamme Intenelties conelderably sbove back-
ground, 1t was decilded to attempt smoetlvatlon shd logglhg oh & contlhnucna
bepaia, of ftha gatma radiation produced. The DAL lag [eontinnous actlivation
lngj ghould be cleaprly diptinguiahed from the convantlonal newtron-gZamma
1pg, becauss prompit gamma photons from inelasgtis ssatfering or capture ars
an lnagignificant pert of the radisfion recorded on the CAL log,. A spacing
of B-1/2 feet was used between the 2I8Cf gource and s 3/4~ by 3-1/2-inch
WaI{Tl] crystal. When this probe was statlonary in the hale or logging up
the hole, radiatlon detected wee only slightly above natural background.
Thearefore, wlth our eguipment CAL loge can only be made with the sonde
travyeling down *he hole, The legglng speed and spacing determine the
length of lrradiation time and radicactive decay prior {o counting., WNo
energy dlscrimingflon wes used for the CAL log, All acuipment ad]ustments
were axgoctly the same ag thode used to make the low-aensitivity garma logs
shown immediately to the left of &he CAL log in Figuree 8 and 9. The
logging apeed wad malntalned ae conetant ap poselble. The average for
DEB-3 wea sbout 5 fpm (feet per minute) and for PTA gbout 5.5 fpm, Repld
fluctuatione in legging epeed did not cocur. The gifference in logelng
apeed betwsen FIA and DRE=-3 did neot notiesably sltsr the character of the
logs.
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The use of larger 32 or zources thet will be areilsble in the future
will parmit a Tapter logging epesd dvring continuous activation. GSpesds
of 20 fpm, commonly uesd for puleed neutron logelng, sare probably, feeplbls
wilth a lefger source, ané shorter spacing or enerpgy dlgerimination to
readuce background. Two datectore at different digtances from the dource
will permlt the caleulation of half-llfe or wlll distingeish between ecti-
vatlon producte heaving different balf-llvea, Two detectors heving dla-
criminator windowe eet for dlffarent snergy rangee wlill alec provide mors
dlagnostlc information.

After the CAL log of PLA wap mede £o n depth of 70O feat, the probs
wal malntalned etationery in the hole for epproximatsiy T-lfb minutes gt
whish time the radtetlon Intenality was spproaching wormel background, A
log was then made moving up the hols at the normal logzlng speed of 30 fp
tut with no changes 1n senmitivity or posltiening (Figure §). The low=
aeneltivity naturel gamme log producsd with the soures folliwing the
getectar 18 almoet exsatly the same as a log made on the same settinge
without the scurce attached to the probe, Therefore, very little radlstion
from the vleinity of the source wae reachlng the defector, Count rates
varisd from 200 £o VOO cpe on the CAL log and from 7O to 130 cpe on the
gamme log meds with the source attached,

For comparison purpcoees, & natural gamma log madse on & pore aenalflve
seale 1s shown on the left slde of Flguree 8 and 9. In meneral, in thege
welled the CAL lcg i elmilar te the natural gammg log, but the sediment
beds ares more mharply delineated partly bevause of the slower logglng
ggeed, Some thin pediment heds that are not apparent on the naturel gemme
1og atand aut se atretigraphic markers on the CARL 1log., &tratigraphic corre-
lation 1s scmewhat ezeier with the CAL log becsuse of the delineation of
thin pede. Apparently, an elsment or elements mora abundant 1n the pedl-
mant heds with s higher content of radicective materiel are actlvated by an
Intenas neutron flux. Changes in porcelty should heve some effect on the
charactar of the CAL log; howevar, no coneletent rslationship to the con-
vantlional neutron loge i obvlous.

Becauge of similarlty with the naturel gamms log, 1t wee initially
belleved that potepelum-390 or 2 nucllde In the uranium or thorlun decay
peries was being seotlvated to produce the effecte nicted o thea DAL logs.
Fil=1d syparimente with both the T520f ang 24lim-Be mources showsd that the
gantma actlvity of ursnium cre and thorlte wed inpressed by neutron irre-
dimtlon, but the specific 1lastope reaponalble wes neot clearly ldentified.
Bismuth-214 pasks did sssm fo be emphaeglzed after an acilvation af 10 to
20 minutes. However, pubseguent work has ehown that mogt of tha apparent
2l4p] activity was due to the artlvatlon of alumlnum-27 in the samples,
Because spontanscus or neutron-1lnduced fisélon of uranlum doss cccour in
nature, flasion end the resulting producte may be responalble for some of
the incrmased gemms actlvity [Rankeme, 1563).
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Steticnary In-Hole Actlvetlcon

In order to Ildentify the radicleptoper contributing to the CAL log,
ahort irradiatich experimente were performed at a number of dapthe in the
two wells, Short-term activation wes carried out with 5-1/2-foot specing
between the scurce and the 1-3/4 2 2-incn detector, ec that the zZamme
Aapectre could bs exemined immedistely after ectivation, & ons-minute =cti-
vatlon wap found to produce & sherp pesk of aafficlently high gamma
intanglty eo that the detector could be accurately located. 4 one-minute
irpadlation produced count rates in the vioinity of the malor photopeak
that aversgad 100 cpm per channsel in contreef to s background of leae than
10 cpm per channel at the same enargy [Filgure 10},
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Flg, 10 A compavison of getmma epectre produced at
diffarent depthe by ataticnary irradietion
wlth califormium-252,

Hapokgroond waa subfracted for T calsuylatlena. The depths of points to be
actlyratad ware zelanted on thea beale of the different radlatlon intemslty
showyn coh the CAL log, In gesneral, the helght of the major photopsak in the
sgetlvatlon spectiran increased with higher total gamma intensity shown on
the CAL log.
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Figura 11 1s a typlcal epectrum reaulting from & one-minute scetlvation
in PIA compared with the patureal backgrouns at the pame polnt. The major
photopeek hgs an everage energy of 1,76 Mey bessed on Beveral different
gpectra. At three differant depthse, esevaral delaye=] specire wlth one-
minute llve times were prinfted out with the last ohe six mlnutes after
lrrediaticn was terminsted, Half-1lyes caleulated on the 1,76-Mav photo-
peak wers 2.1, 2.4, and 2.4 minutes. & table of lectopes arrangsd in
ascending order based on thelr gemma energlae [UBABG, 1980) shows thatb
ottly eluminan-28 hag sn snergy and half-1ife cluse to the calsulabed values,
Recent data ylelded an energy of 1,78 Mev and & T} of 2.3 minutes, P®=Al is
produced by thermsl nsutron sctivation (215 mb) from the only stable laeotops
of glumipum, #TAl, P52l ik alen derived from P81 by faet neutron rescticn
with & cross saction of 250 mb for l4-Mev neutrons, Leboratory sxparimente
with & *4%am sourca, which hae a higher average neutron energy than °%7cCr,
indicate that £7A1 1z readily activeted end *®Si Ls not. IBlsmuth-214,
wiich 1g pragent in the uranium decay eerles, has 2 peak &t 1.77 Mev bub
haz a half-1life <f 15,7 minutes.

Irradiation of 10 minutes ar move in PLA praduced & 0.84-Mev *®im
photopeek that wae not obvioue ont the one-mhinute activatlon gpeatrs,
Irradiation for the longer pericd d41d not eigniflcantly improve the B4l
spactra; therafors, one minute was used in order to reduce lhterfarshce

frem tha 1.81-Mav "®Mn peak.

RE ST

Fig, 1! Background {lower 5pactrum) compared with epectrum
produced by one-mlnute actlvailen in hole PIL at &
depth of 282 feet, The maler photopeak Iepressnts

aluminum=-28,
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Tha clay minerale ars asmpantiplly hydrowcs aluminum silicsates,
Lluminum oxide ip the second most abundant oxide in many elaye (Rankams
and Sahsma, 1950), Clay tends to heva & highar aluminum nontent than the
parent lgnecus rocks, Theare 1a = significent lneresss in the percentags
of alumlnum and iron oxildes and a dscreass In quarte content with decreome-
ing grain size from fine sand to ¢lay (Pettljohn, 1939},

It appears thet at lwast part of the eimllarkty of the CAL Iog and
the natural gamme log 18 dus to higher content of both natural radiolectopes
and alumlnum 1n fhe flner-grained sedimente. LCiffsrences hetwesn naturel
rgdipastivity and alumlinum content can ales be determined by compering
lege. Bassd on these preliminary studles 1t appegre that the CAL log
reaponds badlesnlly o the alamlinum content of the medimente, and may he
the clay log suggested as & poesible future technlgue by Mardeck, 1960,

A elay and sandy ¢lay unit separeting the upper end lowser eguifers 1e
elaarly defined on the CAL icgm, In DRB-3 {Figurs 8}, the unlt iz betwesn
580 mnd 520 femt, mnd Iin FIA (Flgure 9}, beatwaen 560 and A20 feet, Lenses
cf sandy clay in the upper sguifer sre much more elearly defined on the
CAL log fthan on slther the naturel gammz or neutroh logs.

At the Bavennah Rlver Plant, it wae convenisnt and safe to lsavs ths
E220F source positioned in a well overnlght in order to investlgste the
poeaibility of activeting long-lived radisiectopes, The gamma radiatlion
pregent &t the depth of lrradiation wae locsllzed In & thla zone, had very
high intensity, and perslpted for several daye. Onhe overnight sctivatlon
peak 2t & depth of 285 feet in the uncased portion of DRE-3 wesa measured
parlodically for three daye. PFlgure 10 .compareer apectra efter 2- and 73-
hour dscay, Peardodic spesctira wers reacordsd on the 400 channal analyzar,
At mn anergr of about 1,37 Mey, the beokground before actlvation avaragsed
9 counte psr chennal: 2 hours after irrediatlon wee terminated, the
actlvity war 35,000 pounte per channel st fhie energy, and three days
later, it wes etlll over B00 counte per chennel, . Several energy caloula-
tions on the persistent peek near the centsr gave 1,38 to 1,39 Nav,
Half-1lifa calculaticns on thle peak Indicated en sverage of 13.5 hoars; the
higher energy peaks gave a T3 of 15 and 16 hours, ESodlum-24 has major
gamma peake 82t 1.37 &and €.75 Mevr, a T& of 15 houre, and the most Likely
parent, ¥%Na, hes a the'rmel neutron oross aection of 530 mb, Two other
poeelbls parent nuclldes, “Hg and 2731, have feet neutron capture crope
gactions of 18C and 120 mb, respectilvely, mezsured with neutron snergles
greatar than 14 Mev, The identifleation of T4Ha is gults positive, but the
ralative zontributlen from savearal poeslble parent nucllides reguires mora
atudy, The gamma-Tey Bpactrum catelogus {R. L, Heath, 1564) mhowe plotted
ppactrs mesgured in the laboratory for mest of the common radiolsoctopes Bo
that unknowne can be tentatively ldentlfled hy visual comparipgon Lf inter-
faring igotopss are not pressnt.

Flgure 10 ahows £ rather prominent peaek 2t about Q.84 Mev mfter 2-nour
decay in both the caped mnd open holsa, This pesak 1la not preasht the
following day beceuse 1t hes & much shorter T, than 24Na. Because of the
high **Na activity 1t 18 necsasary to subtract background ln computing Ty
for this peak, A half-llfe of epproximetely 2.5 hours i then obtalned,
Manganeae-56 heas & mefor peak at 0.54 Mev =nd a half-Iife of 2,6 hours.

The thermal neutron crsss sectlon for the reaction ®FMa(n,¥y)%®Mn 1s 12
barna, The famt neutron croge sectlon for the fallowing raectlon 1s 150
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mb:  *"Fe(n,p}"*Mn, Because the reletlve amounts of mangenese and iron
in the crystelilne rocka are not known, the parent nuelide eannot be defile
nitely ldentified. A comparison of activation with and without a thermal
heutron shleld might provide ldentlificatlcon of the parent lsctops by
changlng the domlhant neutron snergy.

Overnight astivatlon in the cesed portlon of DREE-3 414 not produce an
1dentifliable aodium ppectrum even after the %®Mn peake from ths caelng had
neerly decayed. The water in the bedroek containe from G518 to T40 ppm
aadium, and the water in the esdiments averages less then 2 ppm sodium.

It 1s probable that the fluld column in DEBE-3 has only minor changess in
fiuld quality; numarcus tripe with logging sohdes and ecurcs recovery
operaticne served to mixz the fluid column., Shielding by casing or grout
did not affect short-tem activation of sluminum, For thess reagsons, it
appesars that actlvaticn In DRB-3 does indlcete the relative sodium content
20 the formatlon watera; however, the sodlum cohtent of the rockes Lp nob
known. Actlvation of dry emmplas of the orystslline rocks produced a
godlum apectrum of much leee intenclty than brine gctivatlem, HNo apparent
podium peaks wers preduced by neutron Lrradiation of dry ssdiment samples,
In general, the sodlum content of the matrix of spedimentaery rocks sghould
be relatlvely low so moflvation anslyveis would be Indleative of sodlum in
formation waters, If the approximate sodium content af the rocks can bhe
dgetermined, neutron sctivatlon analyele providea s potentiel tesns for the
samligquantitative determination of sodium chloride 1in the formation weters
of hoth caged and open helea, In-hole zetlvation snalysle can provics a
mere poeltlve ldentification of brine than the sometimes ambigucus neutron
chioride loga,

FURTHER STUDY AND POTENTIAL APPLICATIONE

Tt ia hoped that ®%%Cf scurces with a yleld of at least 10% nfesp will
become avellable for legging research by private companias as well as
govarnmant agenclee in the near future, 48 a result of the fessibility
atudy reported here, saversl recocmmendatlions for additicotml fleld lnvesti-
gatlong can be made, Comtinucus actlvatlon experimentes should be zone at
various logeging speeds and with source-to-detector spsringes sslected o
emphasize leofopsad of interss=t. Tweo detectore st differsnt distancess from
the acurce mey provlide a means of dlstinguiehing seversl phort-lived raglo-
lectopes, TFor this purposs accurately regulated and recorded logging spesad
is desirable. Experiments with the (AL log should also lnolude tha pps of
& plogle-channel anklyzar 1o order to sliminate undesired radlation. In
conJunetlion with energy diecrimination, the multiecaling capabillty of most
pulee helght analyzers can be uaed to plet the decay of short-lived radlo-
igotopss, A larger eource would alss be helpful for contlnucus activation
legglng, Forther inveatigations of the zctlvation of natural radiociectopea
ghould be mada to definltely establieh their contribution to the ¢AL log,
Oomtinuoue and stetlonery sctlvation experimente should ba performed with
and wlthout cadmium and boron shlelde around the aource.

If galn phift problems due to changes in temparature end radlgtion
intenelty cannoet be completsely eplved, an lnternsl energy standard ahowld
be uked., A spectrum stabllizer can then be locked on e preeelected peak,
Celncldence counting and selid state detectore may ultimetely ilmprove the
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regolutlon of in-hole activation analyses, When eguipment problame are
solved, technligues devealeped in the lsborgtory for the analysle of multl-
canpenent spectra may permit semlguantltetlve actlvaticn anelyses in
boreheles, In order to attempt semlguantltative snalyels, L1t willl be
necespary to utillze correction curves for borehols parumatera auth ap
those published by Ehodee and Moft, 1366, A decentralized, side-cellimated
datector should be used Iin ordar to reduce gacmetrlc varlables. Future
logging investigations with ¥ 0f should be carrled out in & borahols whare
chismical and physical anelyses of the core are availahls for comparison
wlth log raspones,

Baceuma of 1tm relatively ahort half-11fs, #®#cf may not replacs
843 pm.Be and 2?*®Pu-Be sources for conventlonel poroeity and moleturs log-
glng. However, aeveral other borshols appllceations are possibles 1o a2ddl-
tion to the activetion anelysis dsscribed hers, The €°Pof source has
gaveral advantsages ror borehele investigations: aswell slze, no malntenance
regquirad, and a stable predlctable flux thet regulres no nonltoring, Other
applicatione wlll undoubtedly be found for s nautron source thet comblnes
an intense flux with very small physlcal eles, Actlvatlion analysls of
fluld in a hole can be accomplished by appropriste shlelding of the gamma
detactor, Activetlon cen be umed to produce temporary depth markers in a
hole or In s string of casing or ¢rill pipe, BSolubls or lnecluble tracere,
wlth energles and half-l1lvee pulted to the problem, can ke actlvatsd In the
wall, & =324 gource can bte incorporatsd in a redicactlye tracer ejector-
datector saanda in order te activate a traser in the well., In wells filled
wlth brine, a esgment of tha {lulg coluom cab be actlvated and then
folliowed with a gamme detector under injecticn or pumping emonditdona,
Aluminum in drilling mud can aleo be easlly activated in aitwe with 2%2Cf
for measuring fluid velcclties ln boreholeg (Wichmann, 19587). The usa of
actlvaeble tracere reduces the problems gescclpted with obtelnlng short
half-tife tracere in the proper etrength at the proper {ime,

In concelusion, downhole neutron metivation analysls Le fasnlbla with
isotople Bources and relatively ilnexpensive portable egulpment. Wilth
further development, the tszhpnigues despcribed here sahn provids informaticon
on the chemicml naturs of the snvircnment ln boreholes which can be ugeful
in the development of petroleum, water, and other mlnerals,
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