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'withaa:previousTyﬂestablished-Q-Pb isochron age of-51.0 + 0.5 m.y.

- ABSTRACT -

The accurrence. of quartz adjacent to uraninite in many uranium deposits

| allows quartz to be employed as a detector to record the spontaneous fission

¢ 238

decay o U dccdrring,within the adjacent uraninite. - A thearetical

equatioh~which;modéTs,the:decréase»1n track density within the quartz with

increased distance  from the grain boundary with the adjacent uraninite is

described_inAdetail.'-To test this model, quartz grains were placed in a

235

U-So]ution, irradiated in a reactor to induce U fission, and then the

‘ 1'track distribution within the quartz determined. The theoretical curves very

closely match these data’and'yier;track'densities:in excellent agreement with.
the reactor-calculated track density. | R

| Etching eXpéfiments<on,quartszere undertakén to establish values for

’étching efficiency and etchingffates:for'variOustcrysta11ographic

orientations.  Etching efficiency for a plane perpendicular to the c-axis,

using KOH—NaOHVetching{so]ﬁtion~at 145°C;rhas beeﬁ:determined to be 0.38.
“TOwtest’thissmodei‘on natufal‘materia}w samp1es;from*the'Midnite Mine;

washingtoh=wére.preparediand'dated_using,quartz assdciated~with uraninite;.

ages of‘52:t6354-m;y-were obtained.. These ages- are in excellent agreement
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INTRODUCTION. -

‘To-bettersunderstand the-origin‘and;hfstory of uranium deposits, accurate

,ages of m1nera11zat1on are: essent1a1 “-Radiometric age determinations on

uran1um ores have prev1ous]y used the U-Pb. 1sotopes (Faure, 1977) and U-series

methods (Ham11ton and Farquhar, 1968) . D1scordant,resuTtszfor_uranium

dep051ts‘are~common1y‘obta1nedvby;these-methods:(see~Hameton"and'Farquhar

(1968),,Faure)(1977),'Ludwig,(1977),.LudWig,and voung_(1975) and, Ludwig and -

others‘1977)) because of variance- of the mineral system with respect to two
basic limiting factors: 1) the closure of the system to loss and gain of the

parentuand al] daUghter elements, and 2) lack of sufficiently‘precise

;knowledge of the 1sotop1c compos1t1on of the initial Pb. Thus a method for
:-;ﬁdetermining the -age of uran1um m1nera112at1on 1nvo1v1ng fewer constraints

. would.be of" great value.

The f1551on track: method of age determ1nat1on 1s based upon the: fission of

238U atoms 1nto two heavy, h1gh1y charged high ve1oc1ty fragments. The1r
Apassage through most solids creates narrow paths of 1ntense crystal damage on

-an atom1c scale (F1e1scher and others, 1975) These: damage zones are norma]]y

stab]e in 1nsu1at1ng solids. over geo]og1c t1me at Tow: temperatures (<1009¢)"

u(Naeser,'1976), and,may,be.revea1edvby_use.of.severa1 techniques, depending on -

the nature of the?solid“ -A-fission-track’age-is:related on1y~to-the

dconcentrat1on of 238U closure of the system to uran1um m1grat1on, and. the

'stab111ty of: tracks It does not depend uponfknowledge~of isatopic’

' compos1t1on of 1n1t1a1 Pb, or absence of 1oss or ga1n of radiogenic- Pb or
'_‘1ntermed1ate decay products Therefore,yf1ss1onftrack,data.shou1d yield .

slre]1ab1e:ages:of m1nera]1zatnonﬂfor“uranium~deposits:whtch:haveabeen closed to -

Toss or gainrof~uraniumaandfhavesremained'at,temperaturesubéﬂowaloooc (to

avoid;anneaiing‘of“tracks) since formation.
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The«usejofdaeuapoor mineral phase;adjaCent'to a U-rich phase (wheére track

densities would be'too great'to‘resoTve)'as a register of the fission events

is thefbaSTS-for this. research. PrEVTous-fission—track;dating,methods have

‘usedfthe~uraniumfbearing'minera]-itself‘tofregiSter the fission events. Here,

. however, the*fTSSion-track-density; as~a-functionuof>distance into the.

adJacent detector m1nera1, 1s used- to determine- the number of fission events

h.1n the uran1um bearlng phase Us1ng,thls method, Haines and others (1975)

worked‘w1th U-poor‘phases bordering'U-rich whitlockﬁte-phases in lunar rocks,

and. determ1ned ages of format1on of lunar samples cons1stent w1th those .

. obtamed by 1ndependent methods

The reg1ster1ng m1nera1 adJacent to the U- r1ch mineral to be dated must

»have a verywlow-uran1um concentrat1on, good-track reg1strat1on propertles, an

tab1T1ty to reveaT weTT deveToped tracks, and a h1gh track annea11ng

temperatureu The propert1es of quartz and 1ts common: assoc1at1on with U=-rich

: -phases 1n uranium depos1ts are' the: pr1mary reasons for 1ts seTect1on as the

detector m1neral for this, study

The three main obaect1ves of this:. 1nvest1gat1on were (1) deveTOpment of a

. theoret1ca1 mode] (2) deve]opment of the requ1red techn1ques and: procedures;

d (3) app11cat1on of the method. to a uran1um depos1t.

' THEORETICAL MODEL

To represent the: decrease in track dens1ty in a U- poor phase as a funct1on

of distance. from. the gra1n boundary w1th a: U-r1ch phase a theoret1caT model

‘based on soT1d-angTe geometry was. deve]oped Th1s mode1 calculates the

Aprobab111ty that a-fission: fragment or1g1nat1ng w1th1n the U-r1ch phase will

passvthroughha,gnven,un1t area-on:the'pollshedasurface.wnth1n the.U-poor

. phase, andathenuintegrates;these;brobabi]itiesxover“the%voTume'in‘the;U-rich

phase*from~Wh1Ch’a;fission{fragment‘may_originate and have the required: energy
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-td‘reach'the untt~arEa (see deta11ed d1scu551on in Append1x A). The total

N probab111ty is given by the 1ntegra]

r e

. >
l -9 sin ¢ c0S 8 cOS a + @ COS o s1n a -pcosSalp sinedpde dad ( )
: '(az’cosz a - 2ap cos a CoS o + p2) 3/2

- Variables arefdefined'in Anpendix A and Figure A-1." This integral must'be‘

'numer1ca11y eva]uated due to the abso]ute va]ue w1th1n the numerator, and the
'Adependence of the upper 11m1t for the 1ntegrat1on upon the maxwmum-track

| Iengths.1n'the-m1nerals-under‘study A flow chart, computer - program and

~ generated curves for the numer1ca1 evaluat1on can be found in Append1x A. By

AAp]ott1ng track dens1ty versus ‘distance from the grain boundary- for data from
‘ traverses in. the detector m1nera1, and then fitting the theoretical curves to

B these data, the track denSIty at the- gra1n boundary may be. determ1ned An age -

(A may be ca]culated from th1s us1ng

T (N-238Y 4, p238. 238 S g

where:

'-‘pgu spontaneous f1ss1on track dens1ty in the- 1nter1or of" the U-r1ch
o phase.;e‘ I L |
N C238 number of 238U atoms- per un1t vo]ume~(assumed to be |

N un1formly dlstributed)

A F" decay constant for the spontaneous f1ss1on of 238

R23g = range (average trave1 dxstance) of. f1ss1on fragments in

‘ the U=rich: phase.;



1?38 = etching efficiency (defined on page B-1) of fission tracks

in-the U-poor phase (detector mineral).

(Naeser, 1976)
R : K ' L
- Thegterm:chg38“may be estimated by neutron irradiation of the sample

235,

‘in:contacthithJa.micamdetector’ which'irradiationwinduceszthew U'to

- undergo fission (see Naeser, 1976 and - F1e1scher and others 1975 for various

methods) The 1nduced track dens1ty (p i) is: then determined within the mica -
detector«for4the;ve1nmarea;ad3acent touthe detector grain-to be counted. This
© allows the age of forhatidnvto be calculated using the general fission track

age equation:

"where"""'

A= age 1n years

Ap =

tota] decay constant for 238U (1. 54 x 10” 10/yr)

Ap o

decay constant for spontaneous f1551on of 238U (7.03 x .
107 /g0y N |
‘ ¢='integratedsneutronffTuxéfromfirradiation<

235y, (582.x- 10"24em?)

§.: thermal. neutron f1ss1on cross: section for

L

“mmmamofﬁ5ﬂ”U(1%x¢N%
(Naesers'i975)“ S

TECHNIQUES AND PROCEDURES

Samp]es from the M1dn1te Mlne, Wash1ngton were se]ected as-a

b 235,,,204

207Pb/ U757 ph. 1sochron age for these ares. of 51.0+0.5 m.y.

has been- prev1ous1y estab11shed (Ludw1g and others, 1978) and:the samples B



containvthe requisite uraniniteequartZLre1ationshipS- Polished~thin sections
of the vein samp]es were prepared and stud1ed to- ]ocate the quartz grains to :
.be used for age determ1nat1ons ~ Since viewing down the c-axis is an easily
recogn1zed or1entatwon in quartz- crystals and: th1s orientation produces’
f cons1stent:etch1ng»character1st1cs (Append1x B), gra1ns»w1th'th1s.or1entation
- were. chosen for study.. The- other cons1deratlons in choosing the specific |
_graxn'to be used were, first- that‘1itt1e or no uraninite/coffinite
1nterm1x1ng adJacent to the quartz 'should be indicated. by reflected light
microscopy; and second that the quartz gra1n be no less than 50 um in d1ametert

| A mica. detector was. then taped to the po11shed surface over the entire
,sample This. package was. p]aced into a reactor tube and irradiated: in:the U.§
'.Geolog1ca1 Survey: “Lazy Susan" pos1t1on of the TRIGA research. reactor in |
._Denver: The sample rece1ved a therma1 neutron dose of* 9 45. x. 1011
neutrons/cm‘. _The mica detector was then: removed from the samp]e, etched 1n
HF at. 25°C for 14 m1nutes, and the: 1nduced track dens1ty counted' so that
‘ equat1on 3 couId be used for-age ca]culatlons. , .

| The Mldn1te M1ne samp]e was. etched in a solut1on conta1n1ng 14 g. KOH, 10
g NaOH,. and 10' g HZO at\145°C for'3 5 minutes to revea] the fission tracks
-(descr1bed 1nodeta11,1n,Appendtx»B)., S1nce track dens1t1es of 109
'tracks/cmztor greateruwereaexpected;:count1ng,ofjtracks requnred a, :
transmissfon~e1ectronfm1crosc0pe;(TEM)ﬂ1-Aﬂtw0'stage~rep11cation technique,
mod1f1ed from Kay (1965) was: used- in- preparatlon of TEM spec1mens Briet1y,
this. techn1que 1nvolves rep11cat1ng the etched surface w1th ce]lu]ose acetate.
,softened“w1th acetonev when the acetone has evaporated -and. the cel]ulose
acetate re-hardened the plast1c rep11ca is. carefu]ly pee1ed off the surface

It 1s general]y necessary to do this severaT t1mes before a sat1sfactory

"rep11ca is obta1ned " The: rep11ca 1s then shadow—coated w1th a 20-50 A metal
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layer (Pd or Pt) at 20-30° from the horxzontal, and then carbon- coated

(200-400 A) perpend1cu1ar to. the rep11cated ‘surface in an evaporat1ve coating
apparatus. The plast1c replica is complete]y d1ssolved Jeaving the

metal-carbon‘rep11ca Whichtis;p1aced on a TEM grid. (see Appendix B for

: deta11ed procedure)

The. rep11cated quartz gra1n, which has. been prev1ous]y selected for

- count1ng, is located under 1qw magnification in the TEM. Areas to be counted,
" chosen according to previous1y;defined-eriteria, were:then-photographed;,.ft
1is.necessary that?theAphotdmicrographs cnver:suffitient}djstance,into the

“interior of‘the~grain'to recnrd?all-tracksioriginating trdm~the»uraninite:

phase. A photo-mosa1c was made from the photom1crograph prints. Track

densities at several d1stances from the gra1n boundary were then determined

. .fromtthe photom1crographs, Where poss1b1e, pool1ng of the. track counts was

. used to 1mprove the. stat1st1cs since only tens of tracks per square m1cron i

cou1d be counted.. The: results were: plotted and a theoretical curve fitted to

_the data. -

Curves were f1tted by determ1n1ng the: gra1n boundary angle to the nearest

‘ 10°, using. the max1mum d1stance 1nto the detector m1nera1 at wh1ch tracks
st111 appear, and' the: dlstance from the gra1n boundary at which'.a decrease of

: oneworder of magn1tude'1n»track dens1ty occurs. A correct1on~component in the

Y -axis. was then added or subtracted to the correspond1ng theoretical curve

- until the best apparent v1sua1 fit was. found.. From:the 1ntercept of this
' '.'curve,,anaage:was,determ1ned;usmngrequatnon;3.

RESULTS o

Three age determ1nat1ons for: the M1dn1te M1ne made from two quartz grains:

from: samp]e #MD-256 are:. presented here. .



_ Data from: the M1dn1te Mine samp]e y1e1d the fo]]owang resu1ts 'Sample
. MD-256- Ew—3 (A) has. an 1ntercept value of 35. 2 tracks/umz, based on para]]e]
chount,traverses-(Tab]e;I and Figure 1). Data from samp]e MD-256-EW-3 (C),.
based“onuﬁ”para]Tet:count traverses within the same quartz grain as
MD-ZSG-Ew-ad(A),syﬁelds!an*intercept:of 36’3'thacks/um2 (Table .1 and Figure
2).. Sample MD 256-EW=3 (D) y1e1ds an 1ntercept of -35. .9 tracks/um based on
lftnaverse,on]y (Table,l andfFlgureA3). ‘This samp]e‘1s.from.another grain.
nhich~has}coffinite/uraninite intehmixing problems, as‘indicated by subsequent
ore-mzcroscope exan1nat1on and therefore is not included in the final age.
ca}culation Data from samp]e #MD- 256 EW-3 (B) have not been included here
'~,because4fiss1on‘trackS’were‘recorded as. far as. 35’um*into the-qUahtZ‘grain,
suggest1ng an 1rregular d1str1but1on of uran1n1te surround1ng the quartz. and
-an. 1rregu1ar shape of the quartz gra1n | | |

" Uncerta1nt1es for a11 counts are based on a Poxsson d1str1but1on for
‘bfiss1on events The re]at1ve standard derivation has been determined by
: tak1ng the: square root of the: total number of- tracks counted and dividing by
the total number of tracks counted A1 uncerta1nt1es.g1ven are + 2 standard
deviations. (Zc) ‘ . | | | |

From: the reactor 1rrad1at1on the induced. track dens1ty in the mica

detector was. ca]culated to be 1 003 x 107 tracks/cm u51nge

,}T - '5.76.x. 1010

. where

pT -rtrack dens1ty at’ gra1n boundary
U = uranium concentrat1on in ppm .
= neutron dose 1n neutrons/cm2 T

* be11eved to have an uncertalnty of +10 percent (20)

Q



TABLE. 1

Results ftom traverses on Midnite Mine, Hashington quartz grains. Polished surface per-
pendicular to the C-axls of quartz grain bounded by uraninite. Track density from pooled
- data from two or more. ad]acent ttaverses 1nto the qrain 1nterior. Uncertainties shown as

t20.
Distance from Grain f","-:-7‘~ Jo - calculated
: : Boundary to Center = . - °. - .  Track Density at = = _
Sample ' of Area Counted - "I‘rack Density Grain Boundary ‘Calculated Age
© Number . . (microns) T (tracks/um . (tracks/um ) C(M.Y.)
‘MD-256-EW-3 (A) = 0.63 % 0.10 4 12.82Ai 2,56,
. 125t 0.10 .11.28 £ 2.40
1.88 ¢ 0.10 14.67 t 2,76
2.50 t 0.10 11.79 + 2.49
3.13 ¢ 0.10 . 8.72 % 2,11
- 3.75-% 0;10 6.67 £ 1.85
4.38 t 0.10" 5.64 £ 1.70 _
_ . .- .7 3.00%0.10 leQQ_#_1f26 35.2 | ~ s2.8
MD-256~-EW-3 (C) ~ 0.63 % 0.10 6.84 & 3.40 : . G
-~ .7 .. .. 1.25 £ 0.10 - 8.53 % 3.80
o 1.88 + 0.10 14.34 t 5.40
2.50 £ 0.10 9.22 % 4.40
-~ 3.13 % 0.10 13.31 ¢ 5.20
. 3,75 t 0.10 7.17 t+ 3.8B0
. 4.38 % 0.10 ' 4.10 £72.90
o ~3:00 % 0.10 $3.58 % 2.70 36.3 | 54.2
MD-256-EW-3 (D). . . 1.00 % 0.10 19.00 ¥ 4.40 . ' -
’ ' 2.00 * 0.10 8:00 * 2.80
3.00 . 0.10 14.00 % 3.70
4.00 + 0.10 © 8.00 % 2.80
5.00 + 010 7.00 £ 2.70
6.00 t 0.10 4.00 t 2.00 -
7.00 * 0.10 3.00 t

l'79 35.9 53.8
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MIONITE. MINE SAMPLE

L oo ™ : L T Dl e -

las.1g ~ MD-256-EW-3 A
N CALCULATED AGE:= SZ.B M.Y.

T S

4

L
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* DISTANCE FROM GRAIN BOUNDARY OMICRONS) |

Figure. 1.. A plot of tracks/ um® versus:distance
from the grain boundary to determine: the age of
' mineralization for the Midnite Mine uranium deposu:
(w.ashz.ngton) '&.= grain boundary- angle.



. MIDNITE MINE SAMPLE
'fﬁa: ’ P 7 r e

MD=256-EW-3C .
CALCULATED. AGE .= 54.2 M.Y.

- - ,.
< , ‘ o

| TRACKS / S0. MICRON
o

,’t{' - é, t iﬁ , é;.  éi ' 121 |

~ DISTANCE FROM GRAIN BOUNDARY (MICRONSD

~_ Figure 2. Avplct'offtxacks/)xmzfversuSydistance
" from: the grain boundary to determine the age of
mineralization  for the Midnite: Mine uranium deposit
-~ (Washington); @ = grain bourdary angle.
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 MIDNITE MINE SAMPLE

p— P P——— 7

 MD-256-E¥-3 0 |
CALCULATED AGE = 53.8 .Y,

]
e

2 — . - . - e =
DISTANCE FROM- GRAIN BOUNDARY (MICRONS)

 Figure- 3. & plot of’ tracks/u n? versus: distance
- from:. the: grain- boundary to determine the age of
-.mineralization for the Midnite Mine uranium deposit

(Washington); &: = grain- boundary: angle.



The etch1ng eff1c1ency (n 238)»1‘n quartz for a polfshed‘surface
perpendlcular to the C -axis- is. est1mated to be- 0.38 (Append1x B) and the

‘sample 1ntercepts were: mu1t1p11ed by ‘the rec1proca1 of" n238

to calculate the
. number of f1ss1on‘fragments wh1ch»passed-thrdugh the grain bdundary. Then

1 nusing'equationj3r‘theﬁf01Towinguages-ofﬁfdrmatidnawere*determined:

-  samle. o Age (my.)
'Mdazse-én;3'~(A) 528
O Mp-286-gM03 (C) - 54.2
. w-256-Ew-3 (D) 53.8

By combining results from MD-256-EW-3 A and.C, an age of 53.5 m.y. is

| .  giVen‘bynthﬁs;fissjon-track datfng‘method, which is in excellent agreement

'.nWTth;the agefof'ST d*+50:5*m‘y‘ obtained byvLudWig-andVotFers7(1978) using the.

N U“Pbemethod Uncerta1nt1es w1th1n the calculated ages cannot present1y be-

: ]7determ1ned due to the 1ack of knowledge of" the uncerta1nt1es for many: of - the

238 R238 238 .

;ngvar1ab1es such as.n- ~,. and N C However the: data from the
' reactor 1rrad1ated quartz eamples (Append1x B) 1nd1cate a var1at10n of about
“f +10- percent in the ca1cu1ated track density from the reactor calculated trackr
~ density. | |
CONCLUSIONS . } |
The: agreement of the f1551on—track age thh ‘the U-Pb: 1sochron age of this |
"natura1 samp]e of known age and the resu]ts of the reactor-1rrad1ated quartz
".standards (Append1x B), 1nd1cate this flss1on track techn1que to. be a usefu]
method for dat1ng uran1um m1nera11zat1on TWo cr1t1ca1 areas, however, need

further investigation.. The d1stance that a: f1ss1on fragment will travel

10



throughvcrystalvTattices'and the»fragment's ]OSS«OF'energy-over'the.damage-I'
_zone-must befbetter”Understood to obtain accurate'track'lengths.‘_This is.
essentigi.forjpreciseenunericaleva}uation.ofdtheftheoretica]vnodel.v.The:
' g.etching'efficiency'(h238)’of1thecdetector mineral is the second area of
major concern. 'Because:verv few{mfneraTs will reveaﬁ all the damage zones
.after”etching'(Fleischerfand:othersh.1975),‘determinationiOf the‘percentage of
tracks.thatfwi11 be Counted for the number-of_danage>aones.actua]ly present is
necessary' “This. willigeneraT1y change for the-variouSsminera1s as well as
" their d1fferent cyrsta]]ograph1c or1entat1ons |

For f1ss1on track tech1ques to y1e1d re11ab1e results, the system must
have: rema1ned closed to 1oss or gain of U, but not. necessar11y to the daughter'

f 235U and 238U quartz must be found- ad;acent in

products from the decay 0
uran1n1te or coff1n1te, w1th unwform compos1t1on of uran1n1te or coffinite and-
the correct or1entat1on of" quartz des1rab1e, and no thermal event - can have
v'occurred where annea11ng of the damage zones in: quartz could have taken p]ace
after mxnera11zat1on : o

Th1s f1ss1on track dat1ng method shou]d be usefu1 for dat1ng uranium .
'mineraljzat;on 1n;an-age range-of about 10 t04500 m.y. ,Aus1ng‘uran1n1te~
' adjacent‘to‘a QUartz detector;e This. range 1s based on the expected number of"
' spontaneous f1ss1on events natura]]y occurr1ng in- the uraninite,. and-onuthe
-:resolut1on of the etched tracks v1ewed on the TEM. Thermethod m1ght'be -
extended however to older events by use of" other U- bearxng m1nera], such as

z1rcon sphene, and apat1te where the usefu1 age range w111 be- dependent upon~

the U-concentrat1on and: sca]e of - U zonat1on w1th1n the mineral chosen

T
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o APPENDIX A - Der1vat1on of the theoret1ca1 d1str1but1on of track dens1ty as a

RS funct1on of d1stance from. the grain boundary on a po]1shed surface.
To understand how the track density within a U-poor phase varies w1th

d1stance'from:the'graJnvboundaryrw1th-a-U-r1ch-phase;,the'f011ow3ng.'

. mathematical mode]'is-proposed‘ 'Thts model uses: solid ang1e gedmetry~to

determxne the probab111ty that a f1ss1on fragment or1g1nat1ng within the:

o U-rich. phase will pass through -2 given unit area on the polished surface

: ‘wmth]n-the Uspoorvphase By 1ntegrat1ng over the volume in the U-rich phase
.from;whtch*a fission fragment:may orTg1nate and-pass through the un1t area at

‘ :arspecific distantevfrom-the grainsboeneary; the tota] probability for all

fission fragments may be ca]cu]ated for the unit area. thure-Aél illustrates’

the geometr1cal relatlonsh1ps and; requ1s1te paraneters in sett1ng up the

' 1ntegrand

DEFINITIONS (See also F1gure A- l) | .
P} is the tota1 probab111ty that any f1ss1on fragment from the U rich
.1phase may. pass through the unit area on the pol1shed surface.

: Py is the probab111ty that a f1ss1on fragment orwgwnat1ng within a.
" differential volume will pass through the unit area. |
P 1s:the<unwt'vector-fromjthe;d1fferent1a1'volume»dV-to’the center of the
unit area .'v | ,. | N ‘ ‘ | , | _
R is the distance from the d1fferent1a1 vo1ume dV to the center of the
unit area. o T .;‘ | 1
v' ,afis»thefenit-vettbr’normal tevthe‘unit area a distance "a" from the grain
'boundary on the polished surface.:‘; - ' |
d' 1s the d1stance from -the-origin- to the center of the un1t area.
1s,the;veetor~from>thefor1gjn;to:the<d1fferent1a1 vo]ume'dv.

A=l



. | VECTOR NORMAL TO POLISHED SURFACE.  Z'

. ) A&L
o~ Nl
'+ PLANE OF /" = / . ‘ ,
| p‘ousmzn< | N~ UNIT ARER
SURFACE : ~ L //

PLANE OF GRAIN
M? BOUNDARY

b &

' Y«",

f‘igure A-1l. The geometrical '“r'e‘latzonsm.pé and requisite-
parameters:. for setting up the theoretlcal model are illus=-
trated in. these: diagrams. L '




{ a. is the- ang1e measured from the norma1 vector to the p011shed surface to
" the gra1n boundary _
¢ is. the ‘angle measured. from the pos1t1ve Z axis to the vector
8. is the ang]e measured counterc]ockw1se from the poswt1ve X axis to the
‘-progect1on of the vector ‘on the X-Y plane

dE/dD*iS”thesenergy’1oss-(dE) of a fission fragment d1v1ded by the
Hd1stance traveled (dD) through a.substance’ during the energy 1oss

The f0110w1ng equa11t1es ho]d for a spher1ca1 coord1nate system where i,

1Vj,zand.k are unlt_vectors para11e1 to.thevrespect1ve axes X, Y, Z:

- C R T

d =cos.a i+ sinal . .
R = {(-p sin ¢ cos 8)2+ (- o sin ¢ sin 8)2 + (a cos'a - p cos )2} /2
- P = (- p'sin ¢ cos 8)i + (- p.sin ¢ sin e)j,f (a cosa -p cos 8)k
: —— S - : ’ .

S d" = a cos a

~ DERIVATION OF THE PROBABILITY FUNCTION:

The probab111ty that any one f1ss1on fragment from the d1fferent1al vo Tume
(dV) will pass through the un1t area is. given by the: solid angle subtended by
the prqgectxon of the un1t area on a sphere d1v1ded by the total solid angle
(4TT steradians) of the sphere, mod1f1ed for the: case of fissioning 238U
atoms:s1nceutwo part1c1es are:produced 1nveach f15510n event. Since; for the
Qeometrdcai relationships given invFigurefAQI;»the area of the projection of
- the’ unit area onto a sphere of  radius. R is (P'd); then“P‘ , the prdbabi]ity

that. one of the two f15510n fragments or1g1nat1ng in dV w111 pass through the
unit.area is: 4 T d a | |

A amR2.

o A-2



f ‘Tb“determineethelprpbability (P-) of all %155105 fragments which may pass

‘ through thefunit area;ng is.integrated“over'the*volume‘from»which a fiseion:"
fragment~may:priginatefwithin‘the}U-richTphase‘and'have sufficient energy to

' freach the unit area;wfsubstituting in}the,reqUired.quantitieé and simplifying

;_the~den0minator byrsquaring.terms and using the trigometric equaltiy.
' ”i_:1-= sina + cos?a

. yiers.the fo]TOWIngfequation:.

_ Lgps a (— a sin ¢ cos. e) +'5in @ (a COs o - g COS g}lpz sin- a do d ad. ¢
EER CE cos2 a - 2 ap cos o cos 4+ 92) /2 ‘

LIMITS OF INTEGRATION

Due to: the semi- spher1ca1 nature of the volume from which a fission
. fragment may: or1g1nate (F1gure A-2) the 11m1ts of 1ntegrat1on for the -
\n1ntegra1 w111 be: 0 to 2n. Because fiss1on fragments do not originate. w1th1n
the U-poor: phase, the 10wer 11m1t for the 8 1ntegrat1on w111 be x/2.  The
upper 11m1t for’ ¢ w111 be T since: angIes greater than this would only
‘Adup11cate the vo]ume a]ready accounted for within the 8 1ntegrat1on
The 10wer~11m1t for the o 1ntegrat1on will be zero because fission
vfragments on]y or1g1nate within the U-r1ch phase - The: upper Timit of"
‘_1ntegrat1on'( %) however depends upon the maximum- distance- a. fission particle

w111 travel through the m1nera1 phases C]osez1nspeptnon indicates that pt is
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Pigure- Ae-z;" Two dimensional diagram illustrating quantities
required. to determine- the uppexr limit for the P integration.



ftherefbre'dependent upon the angle ¢ butenot on the angle 8, again due to the
| semi-spherica1 shape (Figure A-Z)':fThe‘totaT energy>1o$s S (dE/dD) of”the

- fission. fragment will be equal to the sum of the energy loss in phases "a" and

(e e | L |de
/a0 |do{a [dD |b

by conservation of energy. Because the energy loss in each mineral is

,“."b"

-d1rect1y proport1onal to the distance trave1ed in that mineral, if this loss’

is assumed to be a 11near relat1onsh1p, then the .sum. of "‘the . ratios of the .

' ;d1stance traveled (R) to the max imum track 1ength (M) is each mineral will be -
fequal to. un1ty for totaT fragment travel The energy loss. is rnot actual]y a .

. lxnear,functmon qf theedqstanceftraveleg (Friedlander and others,_1964), but .

" the. eSSUmption will allow a- firsf‘order'approximation of fragment travel

dIStance espec1a11y in: materials. where energy loss. curves. are not available.

: Therefore the fragment w111 reach the unlt area: if:

" Ma oMb

ny



- The maximum. 11m1t of 1ntegrat1on for o is determ1ned when th1s equa11ty equa]s

; un1ty since th1s would be farthest point- within the U- r1ch phase from wh1ch a

3:fragment could dr1g1nate and st111 just reach the unit area. Becausevthe

- value:of pL. 1s dependent on the ang]e ¢ and the distance d', the value is best.
“?'determ1ned w1th1n the ¢ 1ntegrat1on by some 1terat1on technique. This can be

'_done when ¢ and d' are known by ca]cu]at1ng

: "‘“Rbi cg 2L
L2 + 42 _.pz
(
. Qheref' - |
n .;-:L ;_(92'+d'2 ~~2dp d' e05'¢)1/2'
-_andk T o
R e BB

| Nhen“

y ,-V.Majf‘».‘- Mb-

- the value usedaforip?equaiscpzm, Because~the.p.ihtegration Ts,ndt‘dependent
- upon.the;e~integration; the.d~integration'is best:evaTUated’within the o

| o 1ntegrat1on

~ The 1ntegrat1on to. be eva]uated is:

"

"HNL__p sin. ¢ COS- 6 COS + a cos o s1n a -p COS ¢ sin alg, sin ¢ do d 8 d QA_J;

(a2 cos? o - 2ap cos a Cos > - * 92)3/2



This: integral is not easily solved exactly due to the absolute value within
'thé.numerator and}mUSt therefore be. solved numerically, using: an approach
invo1ving;$impson's approximatidn. Simpson‘svrule states: -

: "Suppose that f(x) is. continuous. for-a < x <b and

{a = Xg < Xy < Xp < *+9 < Xph.p < Xpn = b} is a sub-

'd1v1s1on of [a,b]. into 2n 1nterva]s of length-
= (b- a)/2n Then,. approximately

af f(x)idx = f(xo) + 4f(x1) + 2F(xy) # eov + 4f(x2n-1) + f(xyn) "

(fromfProtter.andaMorray,11967).

Thevcompufatioh is‘fufther complicated~since-the*makimum“distance a fission:

| .’fragment may travel w1th1n a. crystal lattice varies from mineral to mineral.

.F1gure A-3 and Table- A 1 show presently ava11ab1e data on track lengths for |
several materyals. Thus pE must be determ1ned dur1ng numer1ca1 integration as
described, earHer F1gure A-4 shows the couputer projrad, and table A-3

1ist the tabulatgx values from the numer1ca1 eva]uat1on of the integral.



' AVERAGE TRACK LENGTH FOR' ONE

14

~ FISSION FRAGMENT (microns)

o

e

©

Scheurs etial;} 1969
Fiiedlander et al., 1964
NaéSer, C. oral commun.; 1978
Reimer;.Mm, oral. commun., 1979

Carpenter, S. oral commun., 1979

e xPom

Chaddertén:and Torrens,- 1969
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_ DENSITY (g/em). .

" 'Figure A-3. Average fission fragment travel as a. function of
“density. : Since reliable values-for tracks lengths are diffi-

.~ . cult’ to. ascertain, uncertainties for this data have.not been
.. established. ' '



TABLE A-1

The average"distance:a fission fragment will travel.in various materials..

" Material f‘1‘z'  Track Length ’ Reference

Air (STP)  17.0em . . Friedlander and others, 1964
. S . 15.0cm - Chadderton & Torrens, 1969 -

'Qﬁartzi o o “.  10,0 pm- . Weilénd,experimental data
, %Apatite'f"' j'ﬁ;f-p 'H'- 8.0‘um";:“" " Naeser; aral comm., 1978
- MgSi0, R } ' 'ihroio:ﬁm:v5f>' Schreurs, anub;jdata,=1969'
| .Fe5103;  _ - . 85um  Schreurs, unpub. data, 1969
Mgs, :Li 'v:>i: : 5;8igh::f'f o Sthkeurs,ndnpub; data;‘19691'
Copps. | o 33um . schreurs; unpab, data, 1969
NT (metal) - '.8";mn’ !‘v~j.,Frigﬂiandervand'others,A1964?(Figﬁre 4-6)

- ;0=ﬁm7"':v‘ , Carpentér, oralvcomm.; 1979 -

3
7 2
'. Au_(meta1)-:;-Ai_‘,7':3‘,¢2;ssum3» ;"'> Friedlander and others, 1964 {Figure 4-6)
o - o --‘ |
2.8 uym: - '~‘_ Chadderton:&’Torrens, 1969

U (metal)

w,  3.0um . Reimer, oral comm., 1979




" TABLE A~2

Values of P, from the numerical avaluation of the. theoratical.
nodel. P, intagral vasg avaluated using Simpson's: Rule-with
a- geap size: (2:_1). equal to 22.. Thesae values are for an average

Mazimm fission fragment travel of 10 microns im uraninite and
10: miczons. in quaresz..

Distance from = - : . ‘
Grain Boundary ° Angle from the Grain Boundary ta the Perpendicular

to Unit Arsa ' of the Polished Surface

(microns). 0% - 10% . 20° 30% - 40° 50° g0
[+ 4.85.° 4.85 . 4.85 4.8%°  4.85 4.85 4.8%

Q. 3.77  3.8% 3.94  4.06 4.21 . 440 4.53

1. 3.0¢  3.13 1.25 3.44  3.87 3.96 4.25

1. 2,49 2.57 .72 2.94. . 1,220 1.59 3.98

. © 2,03 2,12 2.27 © 2.52 2.8 3.26 3.7

. 1.65.  1.74 1.0 2.17  2.51 2.97 3.47

. “Ll.34° 1.42 . 1l.58°  1.86 2.22 2.70 3.24

. 108 1..1§ 1.3y 1.58 - L.9% 2.45 3.03

. 0.853 0.%20 1.07° . 1..35. 1.72 2.2 2.83

. '0.666- 0.727° 0.874 1.14 1.50-  2.02 2.64

A "0.511 0.S66 0.702 0.952 1.3l 1.83 2.46

. . 6.383 ' 0.409 0.555. 0.790 1l.13 1.65 2.29

© 0:278 0.319  0.432 0.647  0.977 l.48 2.13

©0.195 0.229 - 0.328° 0.524 0.834. 1.32  1.98 -
- 0.130° 0.158' - 0.242. . 0.416 0.70S . 1.18.  1.83
0.081 - 0.103 '0.172 0.325 . 0.589 1.04  1.69
0.045 0.061 - 0.117 0.247 0.485 - 0.314 . 1.56
0,022 0.033 0,074 0.180 - 0:393. 0.796 1.43
" 0.008 0.014 ' 0.042 0.135 0.310 0,688 1.31
~ 0.00L 0.004- 0.020 - 0.080 0.239 0.587 1.1i9
: . 0.006 0.046. 0.176 ' 0.469° 1.08
g . 0.021 ©0.123. 0.410 0:977

0.006. 0.080. 0.333 0.877

0.046 0.267 0.782

0.021° 0.203 0.693

0.011 0.151 0.609

0.105 0.530

Q0.068. 0.457

0.040° 0.390.

: 0.019 - 0.327

. ' . 0.005, 0.271

- ~ - 0.219

0.173

0.133

6.098.

0.068

0.043:

. 0,025
8.011

0.003.

. 6 8. g8

. e . ] . e K
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TABLE A-3

.

Valuss of P.. from: the numerical qvaluation of the: theoretical
model. The. P, inteqral was svaluated using Simpson's Rule with
a stap. size (22} equal to 22. These values ars: for an avarage
saximom -fission fragmeat. travel of 3 microns in uraninits and . -

10 miczons in quarts. - L

Distanoe from. - .
Grain Beundary: = Angla from the Grain Boundary .to the Perpendiculas
to Unit Azea: - of the Polished Surfacs
(miczons) _o% 10% . 20% 30> | a0’ sg? 60°

1.56- 1.56 - 1.56  1.56 . 1.56- 1.56  1.56
©1.18.  1.19 1,22 L.25 - 1l.30 1.35 1.41
0.942° 0.962. 1.00. . 1.08 - 1.13. 1.2l 1.30
0:769-. 0.787. 0.831 0.899 '0.991 1.10° ~ 1.21
T 0.627 0.649 0.693° 0.772) 0.874  -0.990 °1.13
0.513.° 0.530. 0.579 0.859. 0.773 . 0.902  1.0%
0:.415° 0.430 - 0.482 0.565 0.685- 0.822 Q.98
©0.330° - 0.349° 0.399. 0.484 0.599 0.746 0.922
" 0,266 0.281 . 0.329  0.408° 0.527 - 0.646 0.861
7 0.2080 0,222 0.267  0.346. 0.462° 0.619  0.805
" 0.159 . 0.172 0.216° 0.289 0.402 ~ 0.558° 0.751:
. 0.1185 0.131. 7 0.170 0.239 0.350° 0.498- 0.700.
0.087 - 0,098° 0,133 0.198: ~0.302-  0.449  0.649
0.06Q0° © 0.070 . 0.101. 0.15% '0.256 - 0.401. 0.502
0.041. ..0.049 0,074 0.127 .0.219: 0.357 0.s800
. 0.026° 0.032° 0.054 0.098 0.184 - 0.315 0.517
©+ 0.014. 0.019 . 0.036. 0.074 0.149 0.276. 0.474
- 0.007- Q.010° ° 0.023. 0.054 0.122 ~ 0.241 0.437
. 0.003°. 0.00S 0.013 0.037° 0.097 0.207 0.401
. 6.001 . 0.006: 0.025 0.074- 0.178 0.163
» 0.002 0.014 0.055 - 0.150 0.310-

¢ 0 s 2" e 0 e @ @&

@ o 4 &

e
hoLoLoOLOLOUOUOKOUOUOLOUMOLOUDUOMOWOMOULWOWD

I ri g Rk el B o o S ol o ol o o o - R A X VI UGV SRS

. 0.007 0.039 0.124 0.299
. ©0.002 0.025 0.101 0.269
o C 0.015.. 0.081 0.240
. 0.007 0.062  0.212

. 0.002 0.046 0.126

. 0.032:- 0.162.
. . 8.021  0.140

. . N - 9.012 aQ.1l19 -
. - - : T 0.006 0.10%
. ' : o . 0.002 d.o0a83

X 9.068
. = 9.054
. 9.04)
. 0.031

A 0.021.
. © 0.014

. Q.008"
3 0.004

A 0.001.



FigurétA—V " Computer progrém to: numerically
evaluate theoretical model uszng Simpson's
Approxzmat:.on .

"10. Con- sttoo;.rstxoou,a _
20° MAT $=ZER . o
30 MAT T=ZER. ‘ :
40.-RAD - '
50- REM WEILAND PISSION-TRACK DISTRIBUTION: CALCULATION:
60 DIM-X(50},2150},2(30Y ~
70° REM INITIALIZE. ALL REQUIRED QUANTITIZS
. 80"D1SP' "ANGLE BETWEEN NORMAL TO POLISHED SURPACE. AND. SRAIN SCTNDARY®;
90 INPUT A ‘
100 DISP "STEP SIZE' FOR LIMIT RSO INTEGRAL®Y:
110 INeoT M2
120. DISP. *STEP INTERVAL FOR: INTEGRATION®;:
130 INPUT N
£ 140 DISP ™AX PRAGMENT TRAVEL IN URANINITE®;.
150° INPUT O
160 DISP ™AX PRAGMENT TRAVEL: IN QT3
170" INPOT Q-
- 180" DISP *DISTANCE. :urzavan'u
190 INPOT DO . , ,
" 200 pe00 :
210 REM- DETERMINE MINERAG WITR MAX FRAGMENT  TRAVEL DISTANCE T
| 220' REM DETERMINE. LIMIT ON.THE RHO INTEGRATION
© . 230 1¥ U<Q.-TREN 260
. 240 Mleg
. 250 GOTO: 280- , »
260 Ml=Q :
270 RTM DETERMINE STEP sxzz POR THETA AND PRI’ INTEGRATIONS -
280: ALlePI/N:
290 H2=PI/(A*N)
" 300.REM PRINT DATA HEADINGS POR QUTPUT PRON- PROSRAM |
/310 PRINT LINL“TRACK LSNGTR TRANINITE®TAGQ, *TPACK" LENGTH QUARTI®LINL;.
' 320 PRINT TABG,T, TAB3O,Q
130. PRINT" an&'DISTANC!(Htcnouas'"kazs.'?!08\3!&1?!’1\830.'\NGuz'Tansn.'N'Llﬂza
' 346 PRINT TABSG,A,TABSQ,N
350 REM CINNGE. ANGLZ TO: RADTAMS AND DETZRMTIE' IT7 SIN'AND COS.
160 A9=a/10° S
370 A0=A*PT/180. , o .
380.A1=SINAQ. S L : : )
390- 12=COSA0. '
400 n-mﬂm/(nu-xz)-u '
410" RZ4: LOQJP TI EVALUATE DISTANCE PROM THE. "RAIH BOUNQRR! T3 THE
420- REM- - ONIT. ARZA- 0’1 THE: POLISBE SURPACE
© 430:P0R J=Ll. TO IL. _
440' DISP: 3
- 450 Dle=0"A2". : : N
| 460 RSM LOOP TO" EVALUATZ THE PaL [N12 rwartow T
4760 K7=1
. _— 480 ¥AT X=ZER. : . , SN
\ , . 490 POR ?-(px/za to Preuz- sree-az :
500 2 L=S1Hp" :
. 510 p2w203P- S .- , . ;
520' REYM LOOF T SET LIMIT ON M0 TUTEGRATION :
530 POR'R0=0- TO-ML STEZP M1/M2
'540° R9=SQR (RG*RO+LLDL-27RA*OLYB YY"
sso.aL-(z-us'uL-oL»/(aq-n9+ol'u1-gn-wn)
560 R2=RI-RL
570: 1¥. (R1/Q) +{R2/U) >= L TREN 510:°
580: DISP RO- ~ _
$30: N2X™ RO
600° REM: EVALUATION 0P STEP sIz2 POR’ RO INTEGRATION




Flgure=A-4‘continued.
610 43=R0/(2%%)
620 R2M LJOP-TJ TVALUATZ. THE THETA INTEGAATION-
630 XG=L
$40 MAT YwZER
550 POR.T=0-TO (2YPT)+AL STEP. 4l
660 T1aSINT
§79- T2aasT
6§30 REM LOQP TO ZVALU A"B TRE RHQ I‘ﬂ'EGRA‘l’IO“
§90 IP- RO=Q TRIN 950
700 A3=pQ/ (2N
. o 710 KSsl .
720 MAT T=ZER : : '
730. POR. Refl. TO ROSH3 STEP A3
740 PeR"2°PL¥IABS (AL*({D1-R*P2)-R*PLIT2A2))
750 Ge(5QR(DL-2+R°2-2*01*R*P2))"3
760 Z{RS}=€/G
770 XS=KS+1
780. NEXT R
790 REM EVALUATE. STYPSON’S APPROXIMATION FOR R9G INTEGRATION
300 Y(X3)soNAN
817 XS=KS+l
20 NIXT T _
. 830 REM EVALUATP: SIMPSON’S APPROXIMATION -POR' THETA- INTSGRATION-
340 X{K7]ePNaN
350° K7=K7+1"
360" NEXT P
870 REM EVALUATE SIMPSON'S APPROXIMATION POR PHI INTEGRATION
330 S{J1epNCH
390 T{J1w0
© 900- REM PRINT NUMERICAL VALUE OP THE PROBABILITY PUNTTION POR
910: REM THIS DISTANCE PR0M THE GRAIN' SCUNDARY AND PROCEED TO NEXT DISTANCE
320 PRINT TABS,T(J],TAB2S, stalc,
930 D=0+00
340 NEXT J:
950° RE [NBUT WHERE DATA. [S TO 3E 3TIRED
/260 DISP °STORZDATA. IN' TRACKY,. PILEN" .
970°.INUT PL,P :
980. STORPE: DATA $PL,P
990' DISP *D0- YOU WISH: TO. INPUT ¥EW- DATA®;.
1000: INPUT O
1010 IP Qel THEW 80
1020 230 _ .
1030° REM SOU3ROUTINE TO: M7ALONTE: STHPSON 3. APPROKIMATION POR. RHO INTEGRATION
1040 DEP PNA(N):
1050 LuMes,
1060 POR: Re2' T9 2*% 3738 2
1070° Laz{X}»L
1080 IP Ta2e¥ TAEN 1100
1090 4=z (K+ L]+
1100 4eXT K
1110 RETURN H3/3%(Z[1]+4°L+2°M+T (204 +1])
1120- REM SUBROUTINE TO EVALUATS SIMPSON'S \PPROXIATICH roa THETA INTEGRATION
1130 DEF PNB(N).
1140 Ledug
1150 POR Xe2 TO 2°N STRP 2
1160 L=Y[RI=L
1170 1P re2*N TEW 1190
1180 MwY(K+L] +M
1130 Nex? K
1200° RTTORN 52/3% (Y (1) +don+2eMey(2oN L]0 ) :
© 1210 REM SDBROUTINE TO EVALUATEZ SIMPSON’S AJPROXIMATION. POR PHI INTEGRATIGN
1220 QEF. PNC(N). ~
" 1230° LaMe0.
1240: POR" K=2° 7O 2N STEP- 2
. 1250: LsX{X)1+L -
1260 IP Kew2*N: THEN. 1280
1270 4M=X{X+1] M
‘1280 NEXT K
1290 RETORN AL/3%(X[11+4°0L+2*MeX (29N +111
1300. eND.




Once max1mum track Iengths for the two m1nera1s used and the angle a have

been estimated, the total probab111ty (P.) may be calculated for a specific

/!
unit area. By computing Pf for a series. of unit areas'at varying distances
from the grain boundary, curves are generated showing the dependence of P, on

- distance: (Figure A-5). To3f1nd the dependence of track density as a function

‘oﬁ'distancé from the grain boundary, the foTTowing~equa11ty‘is used:
. 238) (238 -
AN C2E) (n238)(3g) Py

where
pg = trackddensity:per dnit.areai
A = age in years
238
ch

238

= number of 238U atoms per un1t volume -
"etch1ng eff1c1ency for the detector: m1nera1 and. crysta]]ograph1c

orientation.

=‘decay.constant.for'the'spontaneous fission of 238u;

P} = probability per unit area for a fragment to pass thnough-the unit

area at a‘specifiedldistancevfrom'the:grain boundary. '
This relat1onsh1p can be rearranged to show the dependence of the age on
the track density at a given d1stance from the grain boundary when values of

| N C238 and. 23? are known. -This y1e1ds=

s 1
Pro(N,€238)(n238)(a ) .

However, since: obtaining a. value for‘va238 is often very difficult, it is
~ best. to use‘a»differentfapproach when determining the age.of formation for a

sample. By using;the'cukves‘generated to show-.track density as a function of

A-7
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Figure A-5. Theoretical curves determined from the numerical evalua-
tion of the P, integral for the various grain boundary angles (degrees).
A represents the case where the average fission fragment travel distance
is 10 microns in both the U-rich and U-poor phases, whereas B illustrates
‘the case where the travel distance is 3 microns in the U—rich phase and
10 microns in the U-poor phase.



distance:and-then:fitting[thesercurves‘to the data, an 1ntercept value may be
_determined The-intercept‘represents the expected track density at. the grain
boundary. - By plac1ng the  same sample 1nto a reactor with a mica detector on

the polished. surface, then inducing the f1ss1on of 235U, an induced track
. density may. be. counted dn-the.mica detector Th1s-al]ows;the'use“of‘the_ .

genera] fission track datwng equat1on

A

N S T S (_Q_Qigzlely.
oA ? F

where-
A = age 1n years

~total decay constant for 238U (1.54 x 10 1O/yr)

Y
o
"

>
.l
L

= decay constant for spontaneous f1ss1on of 238U (7 03 X. 10 17/yr)
_A¢’ neutron dose from 1rrad1at1on - |
‘of = thermal. neutron-f1ss1on-cross section~for 235U (582 10'24 2) o
". I‘ atom1c rat1o of 235U/238U (7. 26 X 10“3)
- (Naeser, 1976) . |

in determining. an age*of'contact betWeenathettwo,minera]s, assuming,no_track
: anhea]ing has occurred,,avotding the possible problems w?thitheoNvC238
term. 4 | _ v' | | |
APPENDIX B - Quartz exper1ments to deve]op procedures .and. techniques.

The fo]1ow1ng descr1bes two exper1ments performed to eva1uate the
~1 theoretxcal mode1 determ1ne etch1ng character1st1cs of quartz, and to develop
the: requ1red procedures and techn1ques for: th1s f1ss1on track dating method.
Theﬂf1rst exper1ment uses a. slabbed»s1ng]e quartz*crystal to. determ1ne the
etching characterist1cs for var1ous crysta1 or1entat1ons The second
exper1ment uses. reactor 1nduced 235U flss1on, s1mu1at1ng a natural system,

to eva]uate the theoret1ca1 model.

" B-1



252 Cf IRRADIATED QUARTZ SAMPLES

. A 252Cf source was used to induce-ffssion tracks in qﬁﬁrtz to better

' undefstand_its.etching.chafacteristics; One experiment was carried out to
determine<et¢hing efficiencies for various cfysta]Xographic.orientations,‘
while;the:othér experiment.meésured'track lengths. and track diameters as a
fuhction‘of‘etchihgjtime.-'

'.>Etching¥Efficiency for anrtz

Etching efficiency (n) is defined as. |

"the fraction of tracks intersetting'afgiven surface: that are etched on
Egi.surface-under_;pecifjed,coﬂditions“'(F]eischer and others, 1975, p.
Since thevﬁ2387h&steen*estab11shedxétyml for a mica detecédr (C. W. Naeser
'qral cohmun,; iQ??),,the]numper-of.tracks etched in the oriented quartz
samples were cémpared to the number of trécks“etched‘in,mica detectors
'irradfated on the same ZSZCF;sourée;.'.‘ |

- Sample Preparation -

_ A?TargeﬁsingIe?QUértz'crystaT was slabbed paralled to represented crystal
faces (Figure:B;l).? Severa1 slabs.QereAa1sb«cut pefpendicular‘to the C-axis
from the remaining crystal core.l'Tﬁelslabs were then mounted on glass slide
and polishedﬁoﬁ a vibro-Tap unit with tin oxide for 8 hours. This polishing
methodfreducedlthé:broblen of*croﬁning.found whenlhandapo1ished on a diamond
wheeT. ' | AN |

' sample Irradiation .

' The;polished'quartZ'slabsfwheresthen~plaged in direct contact with a

4 25?Cf sdurce (e1ectrop1ated:onto~gold_foil) for 24 hours. Three mica
' 252

A;detectorS'Weré(p1a¢ed on the same ~ Cf-squrte, again for 24 hours, during
~ the course of this experiment to determine: heterogeneity within the source and

for calculation of the etching efficién¢y=f6rjquartz,

B-2



- Figure B-1. Diagram indicating indices of
crystal faces used in etching characteristic
studies. Miller indices determined from
descrlptlons in Dana (1944). To retain natu-
ral crystalographic orientations, the crystal
was slabbed parallel to these faces.. :

°



5amp1e Etch1ng .

N

o The f1ss1on tracks 1n the quartz were: then reveaTed by chem1ca1 etch1ng
WTth a lN equlmolar solut1on of NaOH and KOH at 145°C EtchantSepreviousTy

, used for quartz’ have been descr1bed by FTe1scher and Price (1964), Sowinski
and others, (1972), and FTelscher and others, (1975) w1th the general

: concTus1on that these etchants are Tess than sat1sfactory Many attempts with
_ HF and HCTO4 at severa] temperatures and concentrat1ons, and var1ous
temperatures of NGOH solut1on@were~undertaken before the above etchant was=“
decided'upon*forrUSe in these experiments The etch1ng apparatus is shown 1n-
| Figure B}2 The etchant is. used until the: 145°C temperature can no longer
be. ma1nta1ned, suggest1ng changes 1n compos1t1on and concentrat1on of the:

soTut1on The m1ca detectors were etched 1n 48% HF for 14 m1nutes at 259,

uTrack Counts ' k B

| Each of the quartz samp]es were etched for severaT d1fferent time per1ods,
count1ng between each add1t1ona1 etch1ng Because of the heterogenelty of the
'252Cf source tracks in the mica detector (sampTe no. CF-8- 23-78-MC) were

| counted w1th an opt1caT m1croscope on a gr1d system to determlne the best
areas to'use: 1n count1ng the: quartz sampTes From,th1s, an area of‘25 fields

0—4 2

of view, where 1 f1e1d of view 8 4 X 1 . centered over the

d1str1butlon of f1ss1on tracks, has been used for aTT subsequent track counts

‘_ :(ngure B-3)

"ResuTtS f R IR
The resuTts for the d1fferent crystaTTograph1c or1entat1ons are found in
' Table B-l and F1gures B-4 through B-6 ' It‘can.be seen~that=etch1ng<effncwency'
.‘rvarves cons1derab1y for the d1fferent or1entat1ons Thedorientatfon'

: perpend1cu1ar to the C~ax1s is ea511y recogn1zed in poT1shed thin sect1ons and

"rr shows a genera]]y cons1stent but Tow etchwng eff1c1ency of 0. 38 (Figure -

'3;3‘:



THERMOCOUPLE

WIRES
| /;PLATINUM CRUCIBLE
GLASS m<\ / : ,
(HEAVY)
~—14. g KOH
10 g NaoH b @ 145°%
10 g Hz0

|  HOT PLATE

Figure B-2. Diagram illustrating apparatus used
for etching quartz grains.



-AREA- CONTAINING INDUCED

/ -~ PISSION TRACKS.

~~——25 FIELDS OF
VIEW COUNTED

"Figure B-3. Schematic diagram illustrating area
counted to determine’ average track density in the
~ oriented quartz crystals for the experiment on
' etching characteristics. '




Track density in oriented
determination of etchl
- Tracks counted wi
are shown as $20.

Etching Time

TABLE B-1 -

M, (#4)b

Sample ‘ 1 Tracks/cm?
Number erentatlop (minutes) {x 30%) -
HICA : [ A
Cr-10-30-78-M5 34 (HF) * 2.4
CF - 8-23-78-Hs 14 (uF) 2.2
CF - 6~ 1-78-Hs 14 (HF) t 1.6
‘QUARTZ o :
R(I3)a - 9 3.8 t1.8
R(I2) 10 3.4 ¢ 1.6
R{1) 15 8.6 ¢ 1.7
R{l4)a 20 6.8 ¢ 1.4
R(45) - 30 8.0 ¢ 1.3
R{#4)b 40, 4.2 ¢ 1.0
R{13)b 5 2.8 ¢ 3.0
R! (83) 20 10.0 ¢ 1.7
R*{2S)a 30 10,0 ¢ 1.2
R (35)b 45 3.9 7 1.3
Re(P1) 45 8.4 *o.9
Z°(#1)a 20 7.9 t 3.5
2° ()b 30 6.5 ¢ 1.6
Sz (i)e 40 8.8 t 3,3
My (81)a 15 4.6 + ),
My (id)a 16 2.8 ¢ ),
M, (15)a 20 4.2 ¢ 3,
“Hy (41)b 25 10.4 2 3,
My (#5)b 28 7.3 ¢ 3,
M, (12)a Jo 5.0 ¢ g,
My (E2)b 30 6.1 '3,
45 3.4t

Sample

quartz and mica used for
ing efficlency in guartz,
th optical ‘microacope.” Uncertainties .

Etching Time

Number Orientation tminuteca)
. QuART: |
Mz (3) 1To0 12 .0 t 0.6
My (12)a , 20 d 21
- Mg (82)b - 30 .8 2.8
M, (01) 40 4.3 112
My(t)a 0110 20 3.1 { 0.6
THITT 30 8.3 £ 3.2
My (1)b , a0 5.1 ¢1.0
Mt ()a 10To 15 4.6 t1.9
M, i) b 25 10.4 t 1.8
M, ° (62)a 30 . 10.6 t 2.0
M (1) c T .9 2.2
Mt (02)p - a5 .0 10
Mt (4)a ‘Y100 15 3t
M (11)b v 22 7%2.4
M (82)a 30 1 to.9
H;* (§2)b 40 1 21,9
1C(83)a ‘000T 16 0 to.9
JCld4)a ' 20 1 to.6
1cEn 25 2 10.7
jci82). 30 1 to.6
iciiap 38 9 to.g
1cian) 45 2 210
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Figure B-4. Plots of track densxty versus etching time for data from the 1520
1rrad1ated quartz samples to determine etchlng efficiency of quartz relative to
mica standards for indicated crystal faces. " The stippled bands represent the
track densn:y found in mica standards (111 2 x 10* tracks/ cm? )
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B-6). Tﬁis etchfng efficiency may not be vaiid,For the shorter etching times
used‘for'very.high track densities and TEM observation. However, resuits from
the Midnite:Mine,sampIe-(see text) indicate that>this~va1ue for'n238 is
justified. | |

TRACK LENGTH AND DIAMETER -

Emp]bying the quartz samples from the~previous experiment, rep]icas were
. made of the etched surface at the various etch1ng timas and prepared for
observat1on in.the SEM as fo]]ows

Sample Preparation

Replication of the‘etched~surfece;was,actomplished using cellulose acetate -
~ softened with a drop of‘ecetone placed.oh the sample surface (Figure B-7).
Nhen\the‘ecetone had. completely evaporated (~20 minutes), the:plastic.replica-A
was. carefully pee]edvoff‘and‘taped*to a-SEM“conductiVe'stub. " The replica and
‘ Stub~were-thenﬂcoeted»jn;an-evaporative‘system.with200-400e3—of Au—Pd.or'Au
to produce a cdnductive surface.  This rep]ication procedure produces a
'negat1ve 1mage of the etched surface, a110w1ng the entire track length and.
d1ameter to be observed |
ResultsA‘ |

Track_diameter'and‘traEk 1quth~as*a‘fuﬁetion‘of etching time were then
determined.feriseveral crystaT orientations (Table B-2). From Figure B-8, it
- can belseenfthat‘tra¢k~1engths shoﬁfafdramatic increase at etching times
' bet&een'ZO andﬁjo'minutes, whereasftraek}diametershincrease linearly to about
40 minuteSawhere~bu1k’sahp1e atteck begihs_en1arging track diameters at a -
. greater rate"than,the:track\1engths; 'ThiSreuggests that, for optical
observation,. optimal etch1ng time is 20 to 30 m1nutes ThiS'was also seen in
~the etch1ng eff1c1ency curves. (F]gures.B-4 and- B-6) where a max1mum track

density generally occurs w1th1n:this‘20 to 30 minute*etching period.

B-4



 ETCHED QUARTZ SAMPLE

/—-—FORMVAR REPLICA

T g

ETCHED QUARTZ SAMPLE

-

Au DEPOSITION

\H/\H'\H/WH/

MOUNTED FORMVAR

SEM' STUB

Figure B~7. Replication of etched sample surface
using acetone-softened Formvar (cellulose acetate),

and subsequent mounting-and. coatlng for observa-
tion in. SEM.




TABLE B-2

Fission track etching rates in quartz. Measured
using plastic replicas of the tracks and observa-

tion with a scanning electron microscope.

tainties are shown as 2 g.

Crystal
Orientation

- 'Etching

Time

Toio, 1Too, -

0110

. 1070, T100
10T1, Ti01

000l -

(minutes)

8.

- 10

.12
15
16
20
25
45

. 8 .
15
20
. 40
45

A 8
- 10
15
20.
30
45

4
8-
- 16
o 20

30

45

Track

Diameter
(microns)
0.15 £ 0.10
0.20 £ 0.20

0.15 = Q.10
0.28 + 0.10
.0.30 = 0.10
0.55 = 0.20
0.70 + 0.20.
1.60. = 0.30
0.10 £ 0.10

0.27 + 0.10
0.60 + Q.20
1.00 £+ 0.30°
1-50 * 0.20
- 0.15 £ 0.10
- 0.25 ¢ 0.10
0.29 £ 0.10
0.50 = 0.20
. 0.75 £ 0.20
1 0.90 + 0.30
0.03 £ 0.01
0.15 + 0.10
0.25 £ 0.10
T 0.39°¢ 0.10
0.80 .+ 0.20
+ 0.50

Uncexr-

Track.
Length
(microns)

' 0.96
- 0.95

3.20

7.20
0.30
0.80
- 6.50

0.35
0.70

0.85

1.45

5.40
7.00

0 .'15»

0.39
0.80

1040-'

5.60

6.80:

A 4

+H W

(L0 NS

i+

O

o

0.20
0.10

.0..80

1.00
0.10

- 0.10

1.00

0.10
0.20
0.20
0.30
0.80
1.00

0.05
0.10
0.20
0.30
0.80
1.00



_ LENGTH AND DIAMETER OF TRACKS ( ®icrons)

_ : TRACK
o/ _ DIAMETERS
/%l '

.;;Cf1:§%§4zfi§?”l. : R T .
P« ENCER U+ 20.- 30. - 40. 50
- - ETCHING TIME (minutes)

Figure B~ g: ~ A plot illustrat:.ng etching time
versus- track length and track dlameter from.
quartz etchan studies.. :



REACTOR-IRRADIATED QUARTZ SAMPLES

o fo develop the procedures and techniques required forAdating natural
samples, and to check thé~Validity~of the theoretical model, qdartz grains in
a uranium solution of known U-concentration (natural isotopic composition) |
were irradiated with thermal neutrons in a reactor to'induce'235U<fission; .
This.experiment.a]ldwed}close;approximatiqn of a natural system, with the

d‘235U,fission instead:of the spontaneous

major differences being induce
fission of'238U and ‘a U-solution instead of uraninite for the U-rich phase.

- Sample Preparation and Irradiation

" Quartz crystals were crushed to 80-120 mesh,. then hand}picked for
uniformity of sphericéT‘éhapg. Thirty to fifty of these selected grains were
weighedAinto.a po]ygthy]ene’vial with a weighed'HN03 solution of 1.202 mg .
hatura}‘uranium'bgr gram:of.so1ution.i'Theaviélsfwere;then'p]aced into reactor .
tubes,'cushidhéd ﬁfth tis§ue paber, and“irradjatedlin.the “Lazj Suéan" reactor
}at the=DenVer Federél Center.' The samples receivéd,a neutron dose of 9.46 x
1016 neutrons/cng'whi¢h corresponds to é-grain~boundary track density of
1.97 i_Z X 109 tracks/cmz'dsfng_thezempirica] formula:

- U () |

o} = .
"T 5.76 x 1010

where:
oT ='track;density at grain boundary |

U

uranium- concentration in ppm

) 'neutronadose.in,ﬁeutrons/cmz*?f

Whén.the~samp1esuhad?cooTed:to near—backgroundf]eve]s.of radiation, the
U=-solution waS'drainéd.and‘dis;arded,and'the quartz. grains thoroughly rinsed
with water and ethanol. | |

*believed to. have an uncertainty of +l0 percent

-~ -



Mounting, Polishing ‘and Etching Grain Mounts.

The grains were-then_mounted using the method described by Naeser (1976):
5-15 grains were o]aced on.a>tef1on‘sheet,‘and"severaT‘drops of epoxy added to
the grains a- g]ass sl1de marked w1th samp1e numbers was p]aced on top, using
spacers to 1eve1‘the»g1ass slide (F1gure B-9), and the epoxy was allowed to
harden. The grain mounts were po1tshed using the«procedure descrtbed by
Naeser_(ié?S)ﬁ Coarse emery paper’was;used tO'eXpose,an interior aurface of
the quarti-gratns; and-thevsamples'wereathen uoidirectionally(po]ished,
alternating 90°"with:eacﬁ decreasing abrasive to the final abrasive of one -
micron'diamondwpaste' This po]1sh1ng procedure allows: scratch marks to be
dtst1ngulshed from fission tracks.

"~ The fission tracks were revealed-by the.chemical etching.procedure
described in the previous section. | |

Observation'and*COUnting,of‘TraCEs

Observation and count1ng of tracks was. accomplished us1ng a scann1ng
electron microscope ( SEM) after the samp1es had been mounted on a conduct1ve
'SEM stubfandzcoated'as descr1bed,1n=the prevnous-sect1on Due to. inherent
problems. w1th the SEM's operat1on the 1nab111ty to "see into" the etched
track is a maJor d1sadvantage of using thlS machine. Discrimination between
crystal defects, poT1sh-scratches, and fission tracks,mayitherefore-be |
difficu]t,lif_not'impossib]e.g Resolution of.the,SEM also limits its use to
track densities generalty lees thantlosatracks/cmg.

Rep1icatiooﬂof etched*surfacefasadescribed in the previous section
4e11minates.most-offthese;proolems;.but heat.from~thefeﬂectron‘beam-tends4to-
destroy the=replica:causing:a:prob1em with'obtainidglaCCUrate~track
densities. Therefore, for natural samples where track densities are expected

2

to be greater than“log'tracks/cm s procedures.fOr the transmission
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Figure B-'9, Diagram: illustrating moﬁnting pro

for,quartz:grains.with:epoxy (After Naeser, 197

ceduré
5).



electron microscope (TEM) were also developed using these irradiated quartz
samples. | *

TEM Specimen Preparation

Since the electron beam must pass -through the specimen viewed, the TEM
requires a twouStage,rep]icéting procedUrektOfobserVe:the fission tracks. To
make -a two stage replica,. first the sample is replicated with cellulose
acetate as previoué]y described for the SEM, then this plastic replica is
téped, replicated side upwards, to a glass'siide. This is p1a¢ed'into an
evaporative coating system. First; ZD-SOxK of metal (Pd or Pf) is shadow
) coatéd at an'angIerbf 20f30° from~the horizonfa] (Figure B-IO). The formula

for calculation of evaporaive coating thickness is:

- @.(3 sin e)'(108) ‘:

.
16 T r2 d
where.
‘m = mass of matéria]'(gf
t = thiékness,of'deposit (A) -
g = shaddwing éng]e (radians).
r~=-dis£ance from~sbufﬁe:£o specimen (cm)
d = density of material (g/cm®)

(Kay, 1965) ,
fhis‘cdating"inﬁreasesfthéaéontrast of'the=fﬁna] TEM»spec1mén;v Next, a
2006400;;~cafbon'coatingei§ evaporated'uniformly'ontO-the~samp]e~5urface. The
p]éstic repTica;is.theh(dissolvedfﬂeaving:ohiy the metal-carbon replica. The
piastiC'rep1icanis.diS#oTvgd using methyl acetate by transferring the replica
through'fbur‘such'sojutions‘to removgfail the plastic residue from the
metal-carbon replica. This rep]iéa-must‘then be-"fished" onto a: 100 or 200

. mesh‘copber'TEM-gfid.and dried,,'
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TEM QObservation and Counting

Photomicrographs. of the grains show the etched tracks as Tight-colored
spikes. It can be seen also from the photomicrographs that indicate track
densities do indeed decrease with distance from the gfain boundafy.' frack
Adensities-cunputed from: the photomosaics. at: several distances from the grain
boundary are shown 1n'TEbTe-B;3; Since fission events follow a Poisson
distributicni(Naéser; 1976), where the standard,dEViaiion is the square root
of the number-of‘tracks cdunted, the traék density counts were pooled, where
passible, tOfimpkovéfthe-statis£1¢s. ' |
Results |

. Resu]tﬁ'from-theée.experimenté] quartz grains are plotted in Figures B-11
and 8-12. The'intercept550f118;4, 18.5, and 19.3 tracks/um2 show excellent
agreement withithe~caicuTéted,tfack»dgnsityﬂqf 19;7 §r2_tracks/um2:from the
'reactor“irradiation;. Détafshown.in.Figures B-;%(from_sample #9-12-4FC show no
correlation with any of the-théoretical,curves,'and‘ﬁhe-sharp drop in track
: density at,a:diétgnce of 6‘mitr6n511ﬁdicates that this sample may have had
.another quartz5gra1n‘inivery close proximity wheh,irradiated, yielding the
misleading resu1tsw‘  , |

| Ahothe} noteworthy'obserﬁation:éoncerns the decrease in track density for
distances of less than:2’micron§~from;thefgrain'bpundary. This is due to the
increaéed EeTaﬁfvé etchfng:rate at the’corher;of'a crystal, which is being
;_etched“from two surfaces. instead of one. ThisJinCreased“bu]k,etchingrrate is
near]y'equa].tb“or greater than the%track'efchinglrate, causing the reduction
~in size and number of tracks at.the‘grain'boundary} Therefore, for dating
natura] samples, track densitiesfwere:onlytused:for'disténces greﬁter than 2

* microns from the grain boundary to minimize this effect:

B-8



. TABLE B-3

Results from traverses on reactor irradiated quartz grains.
Calculated track density at the grain boundary equals 19,7
tracks/ um® from irradiation. Track densitias ars computed
fzon pooled. counts.. Uncertaintias: ars- shown as $20. .

no- correlation with
thaoratical curves.
{see: explanation in text)

Distanca. from Grain ’ " Calculatad -
] ‘Boundary to Centar Track Dansity at
Sample. of Area: Counted Track Density Grain Boundary
Number (microns) (tracks/u =% (tracks/y m?)
9=-12-4E (A&B) Q.5 6.13 £ 1.40
1.5 7.38 2 1.45
2.5 7.2% £ 1.45
3.5. " 4.00 % 1.28
4.5. 2.25 £ 0.99
5.5° 1.56 % 0.88
8.5 0.63 : 0.58
7.8 3.50 £ Q.58
. 18.4
9=12=4F (A)- 9.5 12,44 2 1.95 -
1.5 10.49 £ 1.7,
2.5 6.34 2 1.46
3.5 7.07 = 1.46
4.5 3.66 £ 0.98
5.5 3.66 % 0.98°
6.5 . 1.9% £ Q.73
7.5 0.73 £0.49
. ) -19.3
9=12-4P" (B): 0.5 2.44 £ 0.49 -
1.5 4.36 £0.73
2.5 §5.52° £ 0.96
3.5 6.68: £ 0.99 -
4.5- 5.0} £0.72
5.5° 5,78 £'0.96.
6.5 4.24: ¥ Q.67
7.5 3.72 ¥0.74
8.5 3.21 *0.74
9.5 - 1.28:- % 0.51
10.5: 1.16 £ 0.46.
11.5: 0.39 £20.20
18.4
9=12=4F" (C)~ 0.5« S.66 ¢ 1.89
- ) 1.0: 5.66.%. 1.89
1.5 6.29 ¢ 1.99
2.0+ 5.66 £ 1.89
2.5 - 4.40 ¢ 1.66.
3.0 3.77. ¢ 1.54
3.5 2.20-% 1.09
4.0 1.236 2. 0.89
4.5 1.57 £ 0.99%~
5.0 8.63 £ 0.83.
5.5 0.31 £ Q.44
6.0 0.31 % 0.44
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ABSTRACT
* The occurrence of quartz adjaéent to uraninite in many uranium deposits
allows: quartz to be employed as'afdetector to record the,spontaneons fission

decay 6f 238

U occurring within thévadjacent uraninite. A theoretical
equation which'modelsathevdecreaée»in~track densgty within the quértz with
jncreased distance from the grain bouhdaryfwith the adjacent uraninite is
~ described inidetail;‘ To test this model, quartz graihs were placed in a
U-solution, irradiated‘ih é.reactor to inducevzasu fission, and then the
track distribution within the quartz determined. The theoretical curves very
.chsely,match;these data and yield track densities in excellent agreement with
, the-feactor-calcg]atgd;trackvdensityy |
| Etchfng»exbefiments on quartszere undertaken: to establish values for
‘ etchinglefficiencyrand,etchiné rates. for various. crystallographic J
orientationg, Etchfng effjc;ency for atp]ane~perﬁenditu1ar to the c-akis,
" using KOH-NaOH etching. solution at. 145°C, has been determined to be 0.38.
Tb test.thisvmodelroh natural matefiél, samples from the Midnite Mine,‘
washingtoh;were prepared énd dated using quartz assobiated Qith_uraninite;
) ages-of'52'to:54‘m;inere:pbtained; These ages- are in excellent agreement

W1th a previously established U-Pb isochron age of 51.0 + 0.5 m.y.


file:///iery

INTRODUCTION“

To betten understandhthe origin and history of unanium.deposits, accurate
ages of minenaiizationrare'essentfa]} Rad1ometric age determ1nat1ons on ’
uraniun~ones:have previously used the U-Pb 1sotopes (Faure, 1977) and U-series

‘methods'(HamiTton and'Farquhar,:1968).w“Discondant-resu1ts.for uranium
deposits are commonly obtained by these methodsv(see‘Hamilton and"FarquharV
(1968), Faore‘(1977), LudWig;(1977)jVLudwigpand~§oung (1975)’and, Ludwig and
others;1977)) becaUSetof'Qariance of the mineral system with respect to two
basic 1im1tingrfactors:€'l) the’closure of the.systemrto 1oss and gain of the
.parent and atl daughterVelements, and 2)'1ack ot‘sufficiently precise
'aknowledge of the 1sotop1c compos1t1on of the 1n1t1a1 Pb.. Thus a method for
fdeterm1n1ng the age of uran1um m1nera11zat1on 1nvo]v1ng fewer constra1nts
would be of great va]ue |

' The f1ss1on track method of* age determ1nat10n is based upon the fission of

.'238U atoms 1nto two heavy, h1gh1y charged high veloc1ty fragments. Their
passage through most so11ds creates narrow. paths of 1ntense crysta] damage on
S an atomac sca1e (F1e1scher and others, 1975). Thesezdamage zones are normally .
stable in‘insulatingtsol1dsrover"geologic~t1me at’low temperatures (<100°%C)
~ {Naeser, 1976), and may be revea]ed by use of several techniques, depend1ng on'
the: nature of the solld A f1ss1on-track age ‘is related only to the

f 238U c]osure of the system to uran1um mlgrat1on, and. the

concentrat1onvo
stability of‘tracks It does not’ depend upon knowledge of’ 1sotop1c

"composit1on of 1n1t1a1 Pb or absence of 1oss or gain of radiogenic- Pb or
intermediate decay: products. Therefore, f1ss1on-track data should y1e1d
reliablerageS'of'mineralizatiOnd?orvuranium deposits which have been closed to
:1oss or ga1n of uranium and have rema1ned at. temperatures below 100°C (to |

avaid annealing of tracks) since formation.



to reach the unxt area (see deta11ed d1scus51on in Appendxx A). The total

probab111ty is g1ven by the 1ntegra1

/f ] =0 sin gfcos 6 cos a + a cos o sin a - pcosa | p singdpdseda (1)
. (a2 cos2 @ - 2ap cosacos+ pz) 3/, o

VarlabIes are def1ned in Append1x A and F1gure A- 1 This integral must be

| numer1ca11y eva]uated due to the absolute value w1th1n ‘the numerator and. the .
'dependence of the upper 11m1t for the 1ntegrat1on»upon'the max.imum track -
1engths in the m1nerals under- study. A f]ou chart computer program, and
generated curves far the numer1ca1 eva]uatlon can be found in Appendix A. By
p1ott1ng track density versus distance from the graln boundary for data from
'traverses in the detector mineral,. and then fitting the theoret1ca1 curves to
these data, the track dens1ty at the gra1n boundary may be determ1ned An age

(A) may be ca\culated from this us1ng

= (ch238) )\F R238 n238

where, | ' » ‘
R = spontaneous flss1on track dens1ty in ‘the 1nter1or of the. U -rich-
_ phase | o | - -
NVC238 = number of 238U atoms per un1t volume (assumed to be:
- un1form1y distr1buted)

Ap = decay constant for the spontaneous fission of 238U

R238 = range (average trave] d1stance) of flSSTOﬂ fragments 1n o ff

the U-r1ch phase



EOntain~the requisite'uranintte;quartZ‘re1ationshtps\‘~Polished thin”sections
of° the vein samp]es were prepared and studied’ to 1ocate the quartz gra1ns to
be used for~ageadeterm1nation5u Swnce v1ew1ng down the c- ax1s is an ea511y
recogniaed'orientation>in1QUartz crystals and this arientation produces
:consistent~etChingpcharacterTSticskappendix B); grains"with.this orientation
'were chosen for;studya :The4other'considerations in chOOStng,the specific
grain toibe'used were, first"that 11tt1e-or no uraninite/coffinite
1nterm1x1ng adjacent to the quartz shou]d be 1nd1cated by reflected 11ght
: mlcroscopy, and’ second that the quartz grain be -no 1ess than 50 um in d1aneter
A mica detector was then taped to the po]1shed surface over the entire.
samp]e- Th1s package~was p]aced 1nto-a'reactor tube and 1rrad1ated in the U.S
‘eGeo1og1ca1 Survey “Lazy Susan“ position of the TRIGA research reactor in

“Denver. The sample rece1ved a thermal neutron dose of 9 45 X. 1011

'f neutrons/cm The m1ca detector was then removed from the samp]e, etched 1n

HF at 25°C for 14 m1nutes, and the 1nduced track dens1ty counted so that -
Aequat1on 3 could be. used for age. ca]cu]at1ons _
~ The M1dn1te M1ne sample was etched in a so]utlon conta1n1ng 14 g. KOH, 10
g NaOH,, and 10 ¢ H20 at. 145°C for- 3.5 m1nutes to revea1 the fission tracks
.(descr1bed-1n:deta1]:1n Appende 'B). . Since track den51t1es of 10g
tracks/cmZ:or~greaterawere‘expected‘ countJng‘of tracks requ1redia
transm1ss1on e]ectron m1croscope (TEM). A two stage rep11cat1on techn1que,
.modified- from Kay (1965), was used 1n preparat1on of TEM- spec1mens. Briefly,
,th1s techntque 1nv01ves.replncat1ng;theﬂetched surface~w1thfce]lu]ose'acetate
',softenedswithiacetone; ,when the.acetone has evaporated and the cellulose
acetate:rebhardened,:the7p1asticlrepiica>iS'carefu11v;pee1edioff_the surface.
- It is- generally necessary to dorthjs.severaTVtimesJbefore“aisatisfactory- |

repTica_isuobtained. The-rep1ica.is then'shadow-coateduwith:a 20-50 Aimetai



Data from the-Midnfte Mine: sample yield the following results. Saﬁp]e
‘MD-256-EW-3 (A) has'an intercept‘value-of 35.2 traeks/umz,;based on parallel
' count traverses (Table 1 and Figure 1). Data from sample MD-256-EW-3 (C), -
based on 6 parallel ceunt7traverses within the same duartz grain as
MD—ZSGLEw-j (A), yields an intercept 01"3:6.,'3‘._1:racks/um-2 (Table 1 and Figure
2). Sample MD-256-EW-3 (D), yields an intercept of 35.9- tracks/un’ based on
1 traverse,only (Table 1 and Figure 3)._;This sample is from another grain
_which has coffinite/uraninite intermixing.problems, as- indicated by subsequent
-ore-microsc0pe examination, and therefore is.not;ine]uded-in fhe final age |
ealculational Data from sample #MD-256-EW-3 (B) have not been incTuded~here .
because~fiSSion tracks were-recordedkas far as 35 um into the quartz grain,
suggest1ng an 1rregu1ar d1str1but1on of uran1n1te surrounding the quartz and
‘ an 1rregu1ar shape of the. quartz gra1n | .

o Uncerta1nt1es for a11 counts are based on a Po1sson d1str1but1on for
rfission events The re]atlve standard der1vat1on has been determined by
tak1ng the square root of the tota] number of tracks counted and d1v1d1ng by
_the tota] number of tracks.countedm A1T uncertainties given are + 2 standard
dev1at1ons (20). - N |

- From: the reactor 1rrad1at1on, the 1nduced track dens1ty in the m1ca
detector was ca1cu1ated to be 1.003 x 107 tracks/cm using |

.U .
T 576 x 1010

where

o = track density at grain boundary ..
U =,uran1um:concentrat1qn.1n ppm |
¢ = neutron dose: in neutrons/cm2

* believed to have an uncertainty of +10 percent_(zc)
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through crystal lattices and the fragment's loss of energy over the damage
zone must be better understood to obtain accurate track lengths. This is
essential for precise numerical evaluation of the theoretical model. The

238) of the detector mineral is the second area of

etching efficiency (n
major cohcern;- Because very few minerals will reveal all‘the damage zones
-after etching (F]eischer-ahd others, 1975), determination of the percentage of
tracks that Wi]] be;counted for: the number_of damage 20nes actua11y'present is
necessary. This will generally change for thehvariOUS minerals as well as
their d1fferent cyrsta]]ograph1c or1entat1ons

For f1ss1on track tech1ques to yield re11ab1e results the system must
| have.rema1ned closed to 1oss or gain of U, but not necessarily to-the daughter'

£ 235U and: 238

products_ from the decay o U quartz must be found adJacent in
uran1n1te or coff1n1te, with un1form compos1t1on of uran1n1te or coffinite and
the correct or1entat1on of quartz des1rab1e, and no thermal event can have
occurred where annea11ng of" the damage zones in quartz could have taken place
xafter m1nera11zat1on |

This f1ss1on track dating: method should be useful for dat1ng uranium
m1nera]1zat1on in an age range of about 10 to 500 m. y » using uraninite
ad;acent.toua quartz detector. Th1s range is based on' the expected number of
spohtaneous\fission-events natura]]y-occurring'in?the:uraninite,-and.on'the
.'-reso1ut1on of the. etched tracks v1ewed on the TEM. The method might be
‘extended however to older events by use of other U-bearing m1neral, such as

ZJrcon,.sphene, and apatite, where thezusefu] age range will be dependent upon

the»U-concentration and scale of U-zonation within the mineral chosen.
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: therefore.dependéht upon the ang1e1¢'but‘not on the angle ®, again due to the
semi-spherical shape (Figure A-2). The total energy loss f(dE/dD) of the

fission fragment Wi]}:be equal to the sum of the energy loss in phases "a" and

[ dE " _| dE S
. dD b |a | dD |b

by conservation of energy. Because the energy loss in each mineral is

llbll .

directly proportibnal to the»distancé trave1ed in that mineral, if this 1o§s
is assumed to.be-é }inéar-re]ationship, theﬁ'the sum of the_ratios-of'the
distance~traye1ed-(R)'to £he'maximum track 1ength‘(M) is. each mineral will be
‘ eqﬁa] tonunify for total fragment travel. The:energy loss is not actually a |
' 1inéar functiqn af the distance traveled (Friedlander and others, 1964), but
the assumption-wi]] aTlow*a*first Qrder,apprdximation of fragment travel
distance espeéia]]y-in materia1s,whére:energy_1055»curyes are not available.

Therefore, fhe‘fragmenf will reach the unit area- if:

~Ra _ Rb
Ma Mb

nv

A-4



This integral is not easily solved exactly due to the»absdTufé value within
the numerator and must therefore be so1Ved.numerica]1y,.using an approach
involving Simpson's approximation. Simpson's rule states:
- "Suppose .that f(x) is. contlnuous for a-< x < b and
{a = x5 < X1 < xi < ses < XNy < Xpn = b} 75 a sub-

d1v1s1on of [a,b] into 2n intervals of length
= (b- a)/2n Then, approx1mate1y

v f(x) dx = 7 f(xo) + 4f(x;) + Zf(xz) + oeee 4f(x2n-1) + f(xzn)

(from Protter and Morrey, 1967).
The computation'is;fUrther"complicatéd'since.the maximum distance a fission
fragment may travel witﬁinaa crystal lattice varies from'minera] tb minerél.
Figure A-3 and.TabIé.AQl-showxpreéent]y available data on tﬁack lengths for
several materials, 'Thﬁs.pz must be determined during numerféal.integration as
described earl'i’er-' Figure A-4 sibows the cumDuLer “)EOqfail and table-A-3

list the tabu]ath va1ues from the numer1ca1 eva]uat1on of the 1ntegra1

"A-6



TABLE A-]

The average distance a fission: fragment will travel in various materials.

Material

Air (STP)

Quartz
Apafite
- MgSiO3 :
.Fe5i03’
MgS2

PbS

Ni (metal)

Au (metal)

U (metal) .

U02

Track Length

17.0
15.0

10.0
8.0
10.0
8.5

5.8y
3.3

2.8

3.0
2.8

3.0

cm
cm

um
um
um' 
um

um’

um-

um-’
Hm

um
um.

um

Reference

Friedlander and others, 1964
Chadderton & Torrens, 1969

Weiland experimental data
Naesek, oral comm., 1978

Schreurs, unpub. data, 1969

' Schreurs, unpub. data, 1969

Schreurs, unpub. data, 1969

Schreurs, unpub. data, 1969

" Friedlander and others, 1964 (Figure 4-6)

Friedlander and others, 1964 (Figure 4-6)

Carpehter, 6ra1 comm., 1979
Chadderton & Torrens, 1969

Reimer, oral comm., 1979



TABLE A-3

Valuss-of P, from the numerical evaluation of the theoretical
model. The P, integral was evaluated uaing Simpson's: Rule with
a-stap size (23} equal to 22. These values are for -an average
maximum- fission fragment travel of 3 microns. in uraninite and
10 microns in quartz. '

Distanpe- from . . : : .
Grain Boundary - Angle from the Grain Boundary to: the Perpendicular
to Onit Ares: ) of the Polished Surfacs

(microns) 0? 10° 20° 30° 40° s0° 50°

1.56. 1.56. 1.56. . 1.56 1.56 1.56 1.56
1.18-- 119 - 1.22 . 1.25 1.30 1.35 1.41
0.942 0.962. 1l.00- 1.05. . 1l.13 - 1l.21 1.30
0.769 0.787 0.831 0.899 0.991 1.10 1.21
0.627 0.649 0.633 0.7727 0.874 0.990 1l.13
0.513° 0.530 . 0.579 0.659 0.773 0.92 1.0%
0.415: 0.430 0.482 0.565° 0.685  0.822 0.985
0.330. 0.349° 0.399 0.484 . 0.599 0.746. 0.922
'0.266- . 0.281 0.329 0:408 0.527 0.646- 0.861
. 0.205  0.222 0.267 - 0.346 0.462° 0.619- 0.805

S . 0.159 0.172 0.216 0.289 0.402 0.558 0.751
0:118° 0.131 . 0.170 0.239 0.350. Q.498 . 0.700
0.087° 0.098 0.133 0.198 0.302 0.449 0.649

0.060° 0,070, 0.101  0.159 0.256 0.401 0.602

" 0.041 0.049 0.074 0.127 0.219 0.357 0.600
0.026- '0.032. 0.054 0.098 0.184 0.315 0.517

0.014: 0.019- 0.036 0.074 0.149 0.276. 0.474

0 0.007 0.010° © 0.023 0.054 0.122  0.241 0.437

- 9,003 0.005. 0.013 0.037 0.097 0.207° 0.401
- 0.001 0.006 0.025 0.074 0.178 0.363

" .0.002 0.014 0.055 0.150 0.330

. 0.007 0.039 0.124 0.299

0.002 0.025 . 0.101. 0.269

0.015: 0.081 0.240

.0.007- . 0.062. 0.212

0.002 0.046.  0.1£6

0.032- 0.162

0.021 0.140

0.012° 0.119

0.006 0.101.

0.002. d.083

0.068:

0.054'

0.041

0,031

0.021

Q.014

0.008

0.004

0.001
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. Figure A~4 continued.

610 ¥3=RA/(2*N)

620: R2M- LOOP-TD TVALUATE THE THETA- [NTEGRATION:

6§30 REal .

540 MAT Y=ZER

650 POR T=0 TO (2*PU}+H1 STEP dl

66C TLIwSINT

670 TIwOST

630 REWM LOOP TO CVALUATZ THAE: RHO :nrssaarxow

690 IP RO=0. THZN 950

700. A3=00/ (2%W1°

710 KSwl .

720 MAT Z=ZER

730 POR-R=) TO RO+H3I STEP M

740 F=R” z~p1-zAas(AL'(ol—n-pZ)-a'pL'rz'Az»m

7%0 G=(S5QR(DL"2+R" 2-2'01'R'92)) 3

760. TIRS51=£/G .

770 XS=KS+)

780 NEXT R:

790 REM EVALUATE SIMPSON’S Appaoxanrxow FOR- RHO INTEGRATION
800 Y{X5)=PNAN :
819 XSwKS+L

820 NSXT T

830 REM EVALUATE: sxﬂpson S APPROXIMATION. POR THETA: tur°cnartou
340 X[{X7)=PuBN:

" 350 K7wK7+}

360 NEXT »

870 REM: EVALUATE. SIMPSON'S A?pmxmmxmu POR mu INTEGRATION

880 S (J1eFRCY

890 T(Jimp - ‘ 4

900 REM PRINT NUMERICAL VALUE GP THE PROBABILITY PUNITION roa

910 REM THIS DISTANCE YROM THE GRAIN BCONDARY AND pnocszo To ‘NEXT DISTANCZ
920 PRINT TABS,T(J},TAB2S5,S {31 .

. 930 D=D+00

940 WEXT J- . . . -

- 950 REM‘INPOT WHERE DATA IS TO BE STORED

964 DISP- *3TORZDATA IN rnncxs. PILE#":.

970 INPUT FL,P!

980 STORE ODATA #F1,P

990 DISP *N0 YOU WISH.TO xvpur NEw. unra'

1000 INPOT O - - ,
1010. IP 0=l THEW 80" : . . -
1020- 2ND

1030° REM- SU3ROUTINE TO. E/ALUATE: STHPSON’S: APPROKX“ATION POR RHO INTEGRATION'
1040° DEP' FNA(N)

1050 Lareg"

1060 FOR Kw2 T 2%% 37382

1070 Lag(Xint

1080 Ip X=2#% TREN- 1100

1090 Maz[K+l) +4-

" 1100 NEXT K°

L1L0- RETURN RI/3® (Z{1]+4*L+2MIT (20N +L]Y)

" 1120 -REM SUBROUTINE TO EVALUATR 3IMPSON’ \?P?OXIIATIO“.POR'TﬁETA‘XﬂTBGR\TIOﬂ

1130 oge pNB(N)

1140- Levs=Q.

1150 POR X=2' TO 2¢N STEP-2

1160 Lay{Ki+L

1170 1P Z=2*N THEN 1190

1180 M=y {X+1] +M

1190. NE2XT X

1200. RSTURN 12/3'(!(1]#4'L 2'"+Y[7'101]!
1210 REM' SUBROUTINE' TO EVALUATES SIMPSON’S ADPROXIMATION POR PHI INTZGRADIOV
1220 DEP PNC(N)

1230 La=Me=0

1240: POR:K=2 TO 2*W STEP 2

1250 Lax({X]+L .

" 1260-1P R=2*N THEN 1280

1270 Mmx{X+1] +M-

1280: NEXT K

1290 RETURN: 51/3'(xlll+4'n+2'n¢x(zﬁu+1n)
1300 exp
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Figure RA-5. Theoretical curves determined from the numerical evalua-
tion of the P, integral for the various grain boundary angles (degrees).
A represents the case where the average fission fragment travel distance
is 10 microns in both the U~rich and U-poor phases, whereas B illustrates
the case where the travel distance is 3 microns in the U-rich phase and
10 microns in the U-poor phase. '
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252 Cf IRRADIATED QUARTZ SAMPLES
A'ZSZCf_source was,used.to-induce fission tracks in quartz to better
understand its etchingucharacferistics; One experiment was carried-out'to
vdetermine ecchino efficiencies for variou5'crysta1]ographic orientations,
while-the ocher experiment measured track 1engths and track diameters as a

function of etchxng t1me

Etchlng Eff1c1enc1,for Quartz

. Etching eff1c1ency (n) s def1ned as

"the fraction of tracks 1ntersect1ng a given surface that are etched on
the surface under specified cond1t1ons“ (Fleischer and others, 1975, p.
© 58). : : . :

Since the n238:has.been estabiished'at vl for a mica detector (C. W. Naeser
oral comhun';‘1977)r the number- of tracks etched. in ;he'oriented quartz
-samples. were compared to the number of tracks etched 1n mica. detectors
irradiated on the same 252Cf seurce.

Samp le- Preparat1on

~

A large s1ngle quartz crystaT was slabbed paralled: to represented crysta]
faces (Figure-B-l), Severa] s]abs»were also cut perpendicular to the C-axis
from: the remaining;crysta1;core;d'Thenslabsrwere then mounted oh'g1ass,s]ide*
andrpolfshed on‘avvibro-lap uhit with: tin oxide for 8 hours. This polishing
method: reduced the problem of crown1ng found when hand. po11shed on a diamond

whee]

Sample Irradiation

Thezpolished'quarfiis]abs where-then placed in~d1rect.confact with a
2_SZCf sourcef(electroplatedfonto~go]d foiT) for 24 hours. Three mica

detectors'were-p1aced'on‘th’e?samez-52

cf source, again for 24 hours dur1ng
the course of th1s exper1ment to determine heterogeneity w1th1n the source and

for calculat1on'of=theuetch1ng efficiency for quartz.

B2



Sample Etching
| The;fjssion»tracks in the quartZ‘were then revealed by chemical etching
. With‘aelﬂ.equimo]ar’501utioh of NaOH and KOH at 145°C, Etchants previously
4ueed'for quartz have been described’by Fleischer and Price (1964), Sowinski
and others, (1972),‘and Fleischer and ethers,'(1975) with the general
cpnC]usibn that these etchants are less than satisfactory. Many attempts with
HF and.HC1O4 at'several'temperatUres and.concentratibns, and various
temperatures:of NaOH solution were undertaken before the above etchant was
decided upon forvuse in these.experiments. The etching apperetus.is shown in
‘_ Figure'B-Z The etchanteis used Unt11.the 145°C temperature can no longer
_be ma1nta1ned suggest1ng changes in compos1t1on and concentrat1on of the
solution. The mica detectors were etched in 48% HF for 14 minutes at 25°C

Track ‘Counts

Eachzof'thefduartiesahpleseweheVeteheeffohjsevera] different time periods,

~ counting between:eaeh'edaitjohei etching. Beceuse of the heterogeneity of the
‘252Cf-sohrce§ tracks. in the}mica*deteetor-(sampJe no. CF-8-23-78-MC) were

, counted with ah'obticai microsedpe on~a~grid system to determine the best

| areas to use: in counting the quartz samp]es 'FrOm‘this; an~area'of 25 fields

2, centered over the

of view, where 1 field of v1ew 8 4 % 10™%m
distribution: of fission tracks, has been used for all subsequent track counts
-',(Figure,B-3). | o o | N o
Results |

The results fpr'thefdifferent‘crystallographie orientations are found in
Table B-1 and FigureéfB;4rthreugh B-6. It can be‘seeh that.etching efficiency
varies considerably for the-different'orientatibne.‘ The orientation )

‘perpendicular to the C-axis is easily recognized in polished thin sections and

shows‘azgenere11y'consistent, but low etchingeefficiency of 0.38 (Figure



R '— AREA' CONTAINING INDUCED
- / FISSION TRACKS

~~——25 FIELDS OF
' VIEW COUNTED

.. Figure: B-3. Schematic diagram illustrating area
- counted to determine average track density in the
_oriented quartz crystals for the experiment on

etching characteristics.
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ETCHED QUARTZ SAMPLE
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R

SEM STUB

Figure B~7, 'Replidation of'étched'sample surface
using acetone-softened Formvar (cellulose acetate),

and subsequent mounting and coating for observa-
tion. in SEM. ‘
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Mounting, Polishing and Etching Grain Mounts

The grainsawere_then mounted using the Method described by_Naeser (1976):
5-15cgrains wereipTaced on a teflon sheet, and several drops of epoxy added to
the- grains a,g1ass-sjide;marked‘hith~samp1e nuﬁbers-was placed on top, using
| spacers to leveltthe glass slide (Figure Beg), and‘the:ep0xy was allowed to
hardeh. The grain mountszwere polished using the‘procedure described by
Naeser (1976): Coarse>emery paper was used to'expose;an interior surface of
'the.quartz-grains; and the‘samptes,were'then unidirectionally po]ished,
alternating QOQ with,each decreastng'abrasive'to the final abrasive of one
micron diamond paste..: This.polishing.procedure allows- scratch marks to be
distinguished from fission tracks. | |

The fission tracks were revea]ed by the chem1ca1 etch1ng procedure |
-described in the prev1ous sect1on

"0bservat1on and- Count1ng of Tracks

Observation and count1ng of tracks was’ accomp11shed us1ng a scanning
e]ectron m1croscope (SEM) after the samp1es had been: mounted on a conductive .
- SEM stub. and- coated. as descr1bed in the previous section. Due to inherent
problems with'the-SEM's operatton the-inability to "see'into” the etched
track is a maJor d1sadvantage of us1ng th1s mach1ne Discrimination between
crystal defects, polish scratches, and f1ss1on tracks may therefore be
difficult, if not'impossibTe. Reso]ut1on of the SEM also 11m1ts 1ts use to
track dens1t1es genera11y 1ess than 106 tracks/cm

Rep]icat1on of etched surface as descr1bed in- the previous sect1on
‘ _e11m1nates.most-of these: problems, but heat from the electron beam tends to
destroyvthe~repTica-causing a problem-with obtainihg accurateetrack |
densities Therefore for natural samples. where track densities are expected

to be: greater than 109 tracks/cm , procedures for the transm1ss1on

B-6



electron microscope (TEM) were-also developed using these irradiated quartz
samples. | | ‘

TEM Spec1men Preparat1on

Since the electron beam must pass through the specimen viewed, the TEM
reqo1res a two stage‘rep11cat1hg procedure to observe the fission tracks. To
‘make a two Stage rep]ica first the‘sample is replfcated with cellulose
acetate as prev1ous1y described for the SEM, then th1s p1ast1c replica is
taped, rep11cated side upwards to a glass s11de Th1§ is placed into an
evaporat1ve'coat1ng system. First, 20-50 A of metal (Pd or Pf) is shadow
coated at an ang]e of- 20- 30° from the hor1zontal (F1gure -B-10). The formula

for ca1cu1at1on of evapora1ve coat1ng th1ckness is:

-.m (3 sin ;)w(103)a'

t
o 16T r2 d
where »
m = mass'ofvmatehia]f(g)".
Tt =hthickness of“depoéit'(h)
€= shadowing angle (rad1ans)
r = distance from- source to spec1men (cm)

d = den51ty of mater1a1 (g/cm )

(Kay, 1965) S | |
Thi's. coat1ng 1ncreases the contrast of the f1na1 TEM spec1men Next, a
200-400 A carbon coating is evaporated un1form1y onto the sample surface. The
plastic replica is then dissolved 1eaving'on1y the meta]-carbon replica. The
plastic replica is dissolved. us1ng methy1 acetate by transferr1ng the replica
through four such so]ut1ons to: remove all the plastic residue from the
metal-carbon rep11ca. Th1s rep]1ca must}then be-"fwshed"‘onto a‘100 or 200

mesh copper TEM grid and dried.



TEM 0bservat1on and Counting

Photom1crographs of the gra1ns show the etched tracks as 11ght ~-colored
sp1kes. It can be seen also from the photom1crographs that indicate track
densities do indeed decrease W1th distaoce~fr0m:the grain boundary. Ttack
~densities conputed from the photomosa1cs at several distances from the grain
boundary are shown in Table B-3. Since f1ss1on events fo1low a Po1sson .
distribution (Naeser, 1976), where the standard dev1at1on is the square root
of the number of tracks,counted, the_track den51ty counts were pooled, where
possible, to improve the"statistics;

Results . | ‘ —» i _

Results. from these experimental QUartz grains are plotted in Figures B-11
and B-12. Theinterceptsof 18.4, 18.5, and 19.3 tracks/um® show excellent
‘.agreement with. the ca]cu1ated track density of 19.7 + 2 tracks/um from the
reactor 1rrad1at1on Data shown in F1gures B- %ﬁ/from samp]e #9-12-4FC show no-
corre]at1on w1th-any of the*theooet1caﬂ curves, and the sharp drop in track
density at azdistancevof'ﬁ mfcrons,indicates-that,this sample may have: had:
another'quarti,gkain in_very3c]ose_pfoximity when irradiated, yielding the.
‘misleading results.. }t_ ‘_ ' | |

Another noteworthy observat1on concerns the decrease in track density for
distances. of less than 2 microns from the grain boundary. This is. due to the
| increased.relatiye'etching‘rateﬂat the corner of a crystal, which is being
etched from two surfaces fnstead of-one. . This iocreased bulk etching'rate is
nearly equal to or greatehithahethe-treck etching:rates.causing the reduction
in size and number of track§ attthe grain boundary. Therefore, for dating
oature1“samp1es, track densities were:only used for distances greater.than 2

microns from the grain boundary to minimize: this effect.
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- Figure B- 1l. Plots of track density versus distance from the grain

boundary for data from the reactor irradiated quartz samples to test

the theoretical model .
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