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ABSTRACT 

The occurrence, of quartz adjacent to uraninite in many uranium deposits 

aillows quartz to be employed as a detector to record the spontaneous fission 

238 decay of U occurring within the adjacent uraninite. A theoretical 

equation which models the decrease in track density within the quartz with 

increased distance from the grain boundary with the adjacent uraninite is 

described in detail. To test this model, quartz grains were placed in a 

235 
U-solution, irradiated in a. reactor to induce: U fission, and then the 

track distribution within the quartz determined. The theoretical curves very 

closely match these data and yield: track densities in excellent agreement with 

the reactor-calculated track density. 

Etching experiments on quartz were undertaken to establish values for 

etching efficiency and etching rates for various crystallographic 

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

using KOH-NaOH etching, solution at 145^C, has been determined to be 0.38. 

To test this model on natural material,, samples-from the Midnite Mine, 

Washington were prepared and dated using quartz associated with uraninite;. 

ages of 52 to 54 m.y were obtained. These: ages are in excellent agreement 

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

To better understand the origin; and history of uranium deposits, accurate 

ages of mineralization are essen1:ial. Radiometric age determinations on 

uranium ores have: previdusTy used the U-Pb isotopes (Faure, 1977) and U-series 

methods: (Hamilton and Farquhar, 1968). Discordant results for uranium 

deposits are commonly obtained by these methods (see Hamilton and Farquhar 

(1968), Faure (1977), Ludwig (1977), Ludwig and Young (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 

parent and all daughter elements, and 2) lack of sufficiently precise 

•knowledge of the isotopic; composition of the initial Pb. Thus a method for 

determining the age of uranium mineralization involving fewer constraints 

would be of great value. 

The fission-track method of age determination is based upon the fission of 

21fi 

" U atoms into two, heavy, highly charged., high veloci ty fragments. Their 

passage through most solids creates narrow paths of intense crysta l damage on 

an atomic scale (Fleischer and others,, 1975);. These damage zones are normally 

stable in insulating solids over geologic time at low temperatures (<100°C) 

(Naeser, 1975),, and may be revealed by use of several techniques,, depending on 

the nature of the; so l id ; A f iss ion-track age is. related only t o the 
238 

concentration of U» closure of the systen to uranium migration, and the 

s tab i l i t y of tracks. I t does not depend upon knowledge of isotopic 

composition of i n i t i a l -Pb , or absence of loss or gain of radiogenic-Pb or 

intermediate decay products. Therefore,, f ission-track, data should* y ie ld; 

rel iable; ages of mineralization for uranium deposits which have been closed to 

loss or gain o f ur an iun; and have remained at temperatures below 100°C (to. 

avoid annealing of tracks) since formation. 



The use of a U-poor mineral phase adjacent to aU-r ich phase (where track 

densities would be too great to resolve) as a register of the f iss ion events 

is the basis for this; research. Previous f iss ion-t rack dating methods have 

used the uranium-bearing mineral t t s e l f to register the f ission events. Here,, 

however, the fi:ssion-track density, as a function of distance into the 

adjacent detector mineral,, is used to determine the number of f iss ion events 

in the uranium bearing phase. Using th is method, Haines and others (1975) 

worked with U-poor phases bordering U-rich whit lbcki te phases in lunar rocks, 

and determined-ages of formation of lunar samples consistent with those 

obtained; by independent methods. 

The- registering mineral adjacent to the U-rich mineral to be dated must 

have a. very low uranium concentration, good track regist rat ion properties, an 

a b i l i t y to reveal well-developed tracks,, and a high;track annealing 

temperature. The properties of quartz and i t s common association with U-rich 

phases in uraniLsn deposits are the primary reasons for i t s selection: as the 

detector mineral for this, study. 

The three main objectives of th is investigation were: (1) development of a 

theoret ica l model;: (2) development of the required techniques and; procedures; 

and (3) application of the method to a uranium deposit. 

THEORETICAL MODEL 

To represent the: decrease in track density in a U-poor phase as a function 

of distance from the grain boundary with a U-rich phase, a theoretical model 

based on solid-angle geometry was developed. This model calculates the 

probabi l i ty that, a f iss ion fragment originating: within the U-rich phase w i l l 

pass through a given; un i t area on the polished surface within the U-poor 

phase, and: then integrates these: probabi l i t ies over the- volume in the U-rich 

phase from-which a f i s s i on . fragment may originate and have the required; energy 



to reach the unit area (see detailed discussion in Appendix A). The total 

probability is given by the integral 

• • 2 

I - p sin lj) cos 9 cos a + a cos a sin a - p cos a. | p sin 4> d p d 9 d (|) ,, v 
(a^ COS^ a - 2 a p cos a. cos. (j) + p^) "^li 

Variables are defined in Appendix A and Figure A-1. This integral must be 

numerically evaluated due to the absolute value within the numerator, and the 

dependence- of .the upper limit for the integration upon the maximum track 

lengths, in,the minerals under study. A 'flow chart, computer program, and 

generated curves for the numerical evaluation can be found in Appendix A. By 

plotting track density versus distance from the grain boundary for data from 

traverses in the: detector mineral,, and then fitting the theoretical curves to 

these data, the track: density at the grain boundary may be; determined. An age 

(A):may be calcuTated:from: this using; 

p . . 
y v = - • .' ' (2) 

where 

pg = spontaneous: fission track density in the interior of'the: U-rich 

.phase. 
238 p-^R > 

N^C. = number of U atoms per unit volume (assumed to be 
uniformly distributed). 

Ap -decay constant: for the; spontaneous fission of ̂ "^^U. 
238 

R = range (average^ travel distance) of fission fragments in 

the. U-rich: phase. ' 



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

in the U-poor phase (detector mineral). 

(Naeser,, 1976) 

238 
The term N^C- may be estimated by neutron irradiation of the sample 

235 
in contact with a mica;:detector, which irradiation: induces the U to 

undergo fission (see Naeser, 1976 and Fleischer and others,. 1975 for various. 

methods). The induced track density (p^) is then determined within the mica 

detector for the- vein: area; adjacent to the detector grai;n to be counted. This 

allows 1:he age of formation to be calculated using the general fission track 

age equation: 

A *r^ln; 
Pi V • 

(3) 

where : 

A = age in years" 

' 'D = tota l decay constant for ^^^U; (1.54 x; 10"^°/yr) 

X 238 

F = decay constant for spontaneous f iss ion of U, (7.03 x 

10°^^/yr) . 

• !j)- integrated: neutron flux-from irradiation. 

5= thermal neutron fission cross section for U, (582: x-IO" cm ) 

i: = atomic: ratio of ^^^U/^^%, (7.26 X 10"^) 

(Naeser, 1976) 

TECHNIQUES AND PROCEDURES 

Samples from the. Midnite Mine,. Washington were selected, as a 

207pjj^204pjj_235^j^204pj^ isochron age for these: ores of 51.0+0.5 m.y. 

has been previously established: (Ludwig and others, 1978) and the samples 



contain the requisite uraninite-quartz relationships. Polished thin sections 

of the vein samples were prepared and studied to locate the quartz grains to 

be used for age determinations. Since viewing down the c-axis is an easily 

recognized orientation in quartz, crystals and this orientation produces 

consistent etchingcharacteristics (Appendix B), grains with this orientation 

were chosen for study. The other considerations in choosing the specific 

grain to be used were, f i r s t , that l i t t l e or no uraninite/coffinite 

intermixing adjacent to the quartz should be indicated by reflected light 

microscopy-, and second that the quartz grain be no less than 50 um in diameter., 

A mica detector was, then taped to the polished surface over the entire 

sample. This package was placed into aVeactor tube and Irradiated: in: the U.S 

Geological Survey "Lazy Susan" position of the TRIGA research reactor in 
W Denver. The sample received a-thermal neutron dose of 9.45 x 10 • 

neutrons/cm ; The mica; detector was: then'removed from the sample, etched in 

HF at 25*'C for 14 minutes,, and the; induced track density counted so that 

equation 3 could; be:used for age calculations. 

The Midnite Mine sample was etched in a solution containing 14 g. KOH, 10 

g; NaOH,. and 10 g ĤO at. 145°C for 3.5 minutes to reveal the fission tracks 

(described in detail in Appendix B). Since track densities of 10 
• 2 ' ' tracks/cm or greater were: expected, counting of tracks required a 

transmission electron microscope (TEM). A two stage replication technique, 

modified; from Kay (1965),. was used in preparation of TEM specimens. Briefly, 

this technique involves replicating: the etched: surface with cellulose acetate 

softeneid with acetone. When the: acetone has evaporated and; the; cellulose 

acetate re-hardened,;the plastic replica is: carefully peeled off the surface. 

I t is generally necessary to do this several times before a satisfactory 

replica Is obtained. The replica is then shadow^coated:-with a 20-50 A metal 

T . 



layer (Pd or Pt) at 20-30° from the horizontal , and then carbon coated 

(200-400 A) perpendicular to the replicated surface in an evaporative coating 

apparatus. The plast ic repl ica is completely dissolved,, leaving the 

metal-carbon repl ica which is placed on a; TEM grid (see Appendix B for 

detailed procedure). 

The replicated quartz grain, which has been previously selected for 

counting, is located under low magnification in the TEM. Areas to be counted, 

chosen according to previously defined c r i t e r i a , were then photographed. I t 

is necessary that the photomicrographs cover: su f f i c ien t distance into the 

in ter ior of the grain to record a l l tracks or ig inat ing from the uraninite: 

phase. A; photo-mosaic was made: from the photomicrograph pr in ts . Track 

densities at several distances from, the grain boundary were then determined 

from the photomicrographs. Where possible, pooling of the track counts was 

used tO: improve the s ta t is t ics ; since only tens of tracks per square micron 

could be counted. The results were plotted and a theoretical curve f i t t e d to 

the data. 

Curves were f i t t e d by determining the: grain boundary angle to the nearest 

10°, using the maximum distance into, the detector mineral at which tracks 

s t i l l appear, and the distance from the grain boundary at which a decrease of 

one order of magnitude in track density occurs. A correction component in the 

Y-axis was then added or subtracted: to the corresponding theoret ical curve 

unt i l the best apparent v isual f i t was found. From the intercept of this 

curve, an age was determined: using: equation 3. 

RESULTS ' i - . _ . 

Three age determinations for the Midnite Mine, made from two quartz grains 

from; sample: #MD-256v are. presented here. 



Data from the Midnite Mine sample yield the following results. Sample 

MD-256-EW-3 (A) has an intercept value of 35.2 tracks/um^, based on parallel 

count traverses (Table: 1 and Figure 1). Data from sample MD-256-EW-3 (C),, 

based on 6 parallel count traverses within the same quartz grain as 

MD-256-EW-3; (A), yields an intercept of 36.3 tracks/ym^ (Table 1; and Figure 

2)., Sample MD-256-EW-3 (D),. yields an intercept of 35.9 tracks/ym- based on 

1 traverse only (Table.1 and Figure 3 ) . This sample is from another grain 

which has coffinite/uraninite intentiixing problems, as indicated by subsequent 

ore-microscope examination,, and therefore is not included in the final age 

calculation., Data from sample #MD-256-EW-3(B) have not been included here 

because fission tracks: were recorded as far as. 35 um into the; quartz: grain, 

suggesting an irregular distribution of uraninite surrounding the quartz and 

an irregular shape of the quartz: grain. 

Uncertainties: for all counts are based on a Poisson distribution for 

fission events. The relative standard derivation has been determined by 

taking the square root of; the: total number of tracks counted and dividing by 

the total number.of tracks counted. ATI uncertainties given are ^ 2 standard 

deviations :(2a). 

From: the reactor irradiation, the induced, track density in the mica 

7 2 
detector was calculated; to be 1.003 x 10' tracks/cm using 

:- P T = ^ — 
5.76 X. 1010 

where 

Py - track density at grain: boundary 

U - uranium concentration in ppm 
2' -̂  

i|) = neutron dose in neutrons/cm 

* believed to have an uncertainty of +10 percent (2o) 



TABLE 1 

Results from traverses op Midnite Mine, Washington quartz grains. Polished surface per-
pendlpular to the Cr-axis of quartz gralrt bounded by uraninite. Track density from pooled 
data from two or. more adjacent traverses into the grain interior. Uncertainties shown as 
t 2 ( i . ' • • • • • ' ' • - _ ; . , ; . " ' • " • ' • ' . ' '• •' • • ; • '• • ' , - . - ' •. 

Sample 
Number 

MP-256-EVI-3 

MD-256-EW-3 
- ' • 

MD-r256-EW-3 

(A) 

(C) 

(D) 

Distance 
Boundary 

of Area 

from Grain 
to Center 
Counted 

(microns) 

0.63 ± 
1.25 ± 
1.88 ± 
2,50 ± 
3-13 ± 
3.75 ± 
4.38 ± 
5.00 * 

0.63 ± 
1.25 ± 
1.88 ± 
2,50 i 
3.13 ± 
3,75 ± 
4.38 i: 
5.00 ± 

1.00 ± 
2.00 ± 
3.00 ± 
4.00 + 
5.00 ± 
6.00 ± 
7.00 ± 

0.10 
0.10 
0,10 
p.10 
0.10 , 
Oi 10 
o.io 
p.io 
0.10 
0.10 
0.10 
O.ID 
0.10 
p. 10 
0. lb 
0.10 

0.10 
0.10 
0.10 
0.10 
OJIO 
0.10 
0.10 

• " '.: • ' - 7 - . ' 

Track Density 
(tracks/pm^i 

12.82 ± 2,56 
11.28 ± 2.40 
14.87 ± 2.76 
11.79 ± 2.49 
8.72 ± 2.11 
6.67 ± 1.85 
5.64 ± 1.70 
3,08 ±1.26 

6.84 ± 3.40 
8.53 ±3.80 

14.34 ± 5.40 
9.22 ± 4.40 
13.31 ± 5.20 
7.17 ± 3.80 
4.10 ±2.90 
3.58 ± 2.70 

19.00 ± 4.40 
8.00 ± 2.80 

14.00 ± 3,70 
8.00 ± 2.80 
7.00 ± 2.70 
4.00 ± 2.00 
3.00 ± 1.70 

Calculated 
Track Density at 
qrain Boundary 
(tracks/p m') 

Calculated Age 
(M.Y.) 

35.2 52.6 

36.3 54.2 

35.9 53.8 
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Fig-ure, 1. ft plo-t of tracks/ ym . versus.^distance 
from the: grain boiindary to determine: the age of 
^mineralization for the; Midnite Mine uranium deposit 
(Washington); a.= grain boundary angle. 
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Figure 2. ft plot of: trac3cs/ym versus distance 
from- the: grain boundary to determine the age of' 
mineralization for the Midnite; Mine uranium deposit 
(Washington); a = grain boundary angle. 
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Figure; 3. A plot of. tracks/ y m; versus; distance 
from: the grain boundary to determine the age of' 
mineralization far the; Midnite- Mine uranium deposit 
•(Washington) ; a = grain- boundary angle. 



238 
The etching eff ic iency ( n ) in quartz for a polished surface 

perpendicular to the C-axis i s estimated,to be 0.38 (Appendix 3) and the 

238 

sample; intercepts were mult ip l ied by the reciprocal of n to calculate the 

number of f iss ion fragments which passed through the grain boundary. Then 

using equation 3,. the following, ages of formation, were determined: 

Sample 

MD-256-EW-3 (A) 

MP-256-EW03 (C) 

MD-256-EW-3 (D) 

Age (m 

52.8 

54.2 

53.8 

•y - .) 

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

given by t h i s f Ission-track dating method, which is in excellent agreement 

with, the age of 51.0 +0 .5 ; m.y. obtained by Ludwig and; others: (1978) using the 

U-Pb method. Uncertainties within the calculated agesr cannot presently be 

determined due to the lack of knowledge of the uncertainties for many of the 

238 238' 238 

variables such, as n ,, Rr , and N C . However, the; data from the 

reactor i rradiated quartz isamples(Appendix. B) indicate a variation; of about 

+10 percent in the calculated track, density from the reactor calculated track 

density. 

CONCLUSIONS 

The agreement of the fission-track age with the U-Pb isochron age of this 

natural sample of known "age and the results, of the reactor-irradiated quartz 

standards (Appendix B),: indicate; this fission track; technique to be a useful 

method for dating uranium mineralization. Two critical areas, however, need 

further investigation. The distance that a fission fragment will travel 

10 



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 
. etching efficiency (n ) of the detector mineral is the second area of 

major concern. Because very few minerals will reveal all the damage zones 

after etching (Fleischer and others,, 1975), determination of the percentage of 

tracks that will be counted for the number of damage zones actually present is 

necessary. This will generally change for the various minerals as well as 

their different cyrstallographic orientations.; 

For fission track techiques to yield reliable results, the system must 

have; remained closed to loss or gain of U, but not necessarily to the daughter 

23*5 233 

products from the decay of U and U; quartz must be found adjacent in 

uraninite or c o f f i n i t e , with uniform composition of uranini te or co f f in i te and 

the correct orientation of quartz desirable; and no thermal event can have 

occurred where annealing, of the damage zones in quartz could have taken place 

after mineral izat ion. 

This f iss ion track dating method should be useful for dating uranium 

mineralization in an age range of about 10 to 500. m.y., using, uranin i te 

adjacent to a quartz detector. . This range i s based on the expected number of 

spontaneous f iss ion events natural ly occurring in the uranini te, and on the 

resolution of the etched tracks viewed on the TEM, The method might be 

extended, however,, to older events by use of other U-bearing mineral, such as 

zircon, sphene, and apat i te, where the useful age range w i l l be dependent upon 

the U^concentration and scale of U-zonation within the mineral chosen. 

11 
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APPENDIX A - Derivation of the theoret ica l d is t r ibut ion of track density as a 

function of distance from the grain boundary on a polished surface. 

, To understand how. the track density within a U-poor phase varies with 

distance from the grain boundary with a U-rich phase, the following, 

mathematical model is proposed. This model uses: sol id angle geometry to 

determine the probabi l i ty that a f iss ion fragment or iginat ing within the 

U-rich phase w i l l pass through a given unit area on the polished surface 

within the U-poor phase. By integrating over the volume in the U-rich phase 

from which a f iss ion fragment: may originate and pass through the un i t area at 

a specif ic distance from the grain boundary, the to ta l probabi l i ty for a l l 

f iss ion fragments may be calculated; fo r the, unit area. Figure A-1 i l lus t ra tes 

the geometrical relationships and; requisi te parameters i n sett ing up the 

integrand. 

DEFINITIONS (See also Figure. A-1): 

?'. i s the t o t a l probabi l i ty that any f iss ion fragment from the U-rich 

. phase may pass through the unit area on the polished surface. 

P'l is the probabi l i ty that a f iss ion fragment or iginat ing within a 

d i f f e ren t i a l volume w i l l pass through the unit area. 

P is the un i t vector from the: d i f fe rent ia l volume dV to the center of the 

unit area.; 

R is the distance from the d i f fe rent ia l volume dV to the center of the 

unit area. 

Z is the; un i t vector normal to the unit area a distance "a" from the grain 

boundary on the polished surface. 

d ' is. the; distance from the; or ig in to the center of the un i t area, 

is the vector from the or igin; to the d i f fe ren t ia l volume dV. 

• . " 7 . : • • . • - ' " . . ' { • • • ' " • ' • 

A - 1 
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/ 

PLANE; OF GRAIN 
BOUNDARY 

Figure A-1. The geometrical relationships and requisite 
parameters: for. setting up the theoretical model are illus
trated in these: diagrams; 



a- is the angle measured from the normal vector to the polished surface to 

the grain boundary. 

lj) is the angle measured; from the posit ive Z axis to the vector . 

e is the angle measured counterclockwise from the posit ive X axis to the 

projection of the vector on the X-Y plane. 

dE/dD is the energy loss (dE) of a f iss ion fragment divided by the 

distance traveled (dD) through a substance during the energy loss. 

The fol lowing equalit ies hold for a spherical coordinate system where ,1 , 

j „ and k are un i t vectors para l le l to the respective axes X, Y, Z: 

^ • / 2 

d - cos, a, 1 + sin a ] 

R' = { ( - p sin (|) cos 9)^ + (- p sin 41 sin e)^ + (a cos a - p cos a)2} 

' . ' " . . , • • • ^ - > • • . • . . . ^ . - » . , . 

p - (- p 'sin lj) cos 6 ) i + (- p s in (j) sin 9) j + (a cos a - p cos Q)k 

; ; • ^ • ' 

d' - a cos a 

DERIVATION OF THE PROBABILITY FUNCTION _„ 

The probability that any one fission fragment from the differential volume 

(dV) will pass through the unit area, is given by the solid angle subtended by 

the projection'of the unit area on a sphere divided by the total solid angle 

(4Tr steradians); of the sphere, modified for the case of fissioning ^^^U 

atoms since two particles are produced in each fission event. Since, for the 

geometrical relationships given in Figure; A-1, the area of the projection of 

the unit area, onto a sphere of radius R. is (P*d),: then P., the probability 

that one of the two fission fragments originating in dV will pass through the 

unit, area, is: it tli 
p. = 'P**̂ l 
:̂ 27rR2: .. ; 

A-2 



To determine the probabi l i ty (P ) of a l l f iss ion fragments which may pass 

through the unit area, P̂  i s integrated over the volume from which a f iss ion 

fragment may originated wi th in the; U-rich phase and have suf f ic ient energy to 

reach the unit area. Substituting in the required quantities and simplifying 

the denominator by sqyaring terms and using the tr igometric equalt iy. 

1 = sin^a + cos^a 

yields the fol lowing equation: 

_!_; / Icos g ( - g sin (!>• cos 9) + sin a. (a cos a - p cos <{>) lo^ sin (j) d o d ad.cj) 

/ 2Tr / (a? cos^ g. - 2 a p cos g-cos (j) +'.p2)-'/2*-

LIMITS OF INTEGRATION . _ . ^ . „ - . - . .. 

Due to; the semi-spherical nature of the volume from which a f iss ion 

fragment may originate (Figure A-2), the l i m i t s of integrat ion fo r the 

integral w i l l , be 0 to 2Tr. Because f ission: fragments do not originate- within 

the U-poor phase, the lower l i m i t for the a integration w i l l be ir/2. The 

upper l im i t for <j» w i l l be IT since angles greater than t h i s would only 

duplicate the; volume already accounted for within the a integrat ion. 

The lower l i m i t for the: p; integration w i l l be zero because f iss ion 

fragments only originate within the U-rich phase.> The upper l im i t of 

integration (pi) however, depends upon the maximum distance a f iss ion par t ic le 

w i l l t rave l through the mineral phases.. Close inspection indicates that p i is 

A-3 



GRAIN BOUNDARY 

(UNIT VECTOR 
NORMAL TO THE 
UNIT AREA) 

Figure A-2. Two dimensional diagram illus-trating quantities 
required; to determine the uppex limit for the p integration-



therefore dependent upon the angle fi> but not on the angle ^, again due to the 

semi-spherical shape (Figure A-2). The total energy loss /(dE/dD) of the 

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

" b " , 

dE; 

dD 

dE' 

dD-
+ 

a 

dE 

dD 

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

directly proportional to the distance traveled in that mineral, if this loss 

Is assumed to be a linear relationship, then the sum of the ratios of the 

distance traveled (R) to the maximum track length (M) is each mineral will be 

equal to unity for total fragment travel. The energy> loss is riot actually a 

linear jFunction of the, distance traveled (Friedlander and others, 1964), but 

the assumption will allow a-first order approximation of fragment travel 

distance especially in'materials where energy loss curves are not available. 

Therefore, the fragment will reach the unit area= if: 

Ra ̂  Rb , — + — > 1 
Ma Mb. ;̂ 

fl_d 



The maximum l i m i t of integration for p is determined when th is equality equals 

unity since th is would be farthest point within the U-rich phase from which a 

fragment could originate and s t i l l jus t reach the uni t area. Because the 

value of pii is dependent on the angle <!> and the distance d ' , the value i s best 

determined wi th in ' the <|> Integration by. some i te ra t ion technique. This can be 

done when (j) and d' are known by calculating 

2 L d:' : 
Rb. = d' 

L2 + d'2 -, p2 

where 

L = (p2 + d ' 2 - 2 p d' COS.}.0 /̂2 

and 

Ra = L - Rb. 

When 

Ra. _!_ Rb; ; _ | 

Mâ  Mb 

the value used for p, equals pA. Because the p integration i s not dependent 

upon the a integrat ion, the p integration is best evaluated within thee 

Integrat ion. ' 

. The integration to be; evaluated i s : 

1-_±...../__../: .l-Lp.;sin 4) cos 9 cos g + a- cos g sin g - p cos (j) sin g|p^ sin ^ d p d 8 d ^ 

Tfl 2 . 0 0 

fl-R 



This integral is not easily solved exactly due to the absolute value within 

the numerator and must therefore be solved numerically, using an approach 

involving Simpson's approximation. Simpson's rule states: 

"Suppose that f(x) is;, continuous for a <_ x <_ b and; 
{a; = XQ < xi < Xo <: ••• < X2n-i < X2n = b} is a sub^ 
division of [a,bI;into 2n intervals of length 
h= (b-a)/2n. Then, approximately 
r^fix) dx = T f(xo) + 4f(xi) + 2f(x2).+ ••• + 4f(.X2n.i) + f(x2n) " 

a J . 

(from Protter and Morrey, 1967). 

The computation is further complicated since the maximum distance a fission 

fragment may travel within a. crystal lattice varies from mineral to mineral. 

Figure A-3 and Table A-1 show presently available data on track lengths for 

several materials. Thus pJi must be determined during numerical integration as 

described earl ier ^ Figure A-4 anov;s the couiouter ncoMta/a, and table; A-3 
- •" a - • • • • • ' • • • 

l i s t the t abu la te values from-the numerical evaluation of the integral. 
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Figure A-3. Average fission fragment,travel as a function of 
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TABLE;A-1 

The average* di stancie=; a f 1 ssi on fragment wi 11 travel 1 n vari ous materi al s. 

Reference Material 

Air (STP) . 

Quartz 

Apatite 

MgS103 

f̂ ^SiOa 

Mg% 

PbSx 

Ni (metal) : 

Au (metal) 

U (metal) 

Track Length 

17.0 cm 
15.a cm 

10.0 ym 

8.0 ym 

10.0 ym 

8.5 ym 

. 5.8^ym ' 

3.3: ymi 

2.8 ym 

, 2.5: ym: 

3.0 ym 
2.8; ym: 

UO, 3.0 ym 

Friedlander and others, 1964 
Chadderton & Torrens, 1969 

Weiland experimental data 

Naeser, oral comm., 1978 

Schreurs, unpub. data, 1969 

Schreurs,. unpub. data, 1969 

Schreurs, unpub. data, 19.69 

Schreurs, unpub. data, 1969 

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

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

Carpenter, oral corrni., 1979 
Chadderton & Torrens, 1969 

Reimer, oral comm., 1979 

I 



1»BI£ A-2 

Valuaa of B> fxoa tha. noaftzieaX avaluatioa o t tha thaoratical. 
aodal. Tha ly intaqraX was'avaXuatad uain? Sio^soa'a: Rula vith. 
a stap al2« (2n) aqual to 22. Thaaa valuaa ara for an avara^a 
Maxiwai fiaaloa fragaaae traval o t 10 axcrona ia uraainiea aad 
10: alczoas in ijuartz,; 

Oia«aaea from 
S r a i a Bouadazy 

t o Otait Araa 
(microns) 

Q.O 
0 . 5 
i . o ; 
1.5-
2 . 0 
2 . 5 
3 .0 

•. 3 .S: ; . 
4 . 0 
4 . 5 
5 . 0 
5 . S • 
6.0--
6 .S 
7 .0 

'•• 7 ; S . - • 

B.O 
3 . S 
9 . 0 

, S . S 
1 0 . 0 
1 0 . 5 

u.ai 
; U . S . . : 

1 2 . 0 ' 
12.S^ 
1 3 . 0 
U . S 
1 4 . 0 
M ; 5 ! -

1 S . 0 
1 5 . 5 . 
16.0: 
1 6 . 5 
1 7 . 0 
17 .5 
1 8 . 0 

• ia^.5^^ . 
1 3 . 0 
1 9 . S 

Ahgla 

o * - • 

4.as 
3.77 
3 .04 
2 . 4 9 
2 . 0 3 
1.65 
1 .34 
1.08 
0 . a S 3 
0 .666 
O . S U 
0 . 3 8 1 
0 i 2 7 8 
0 .195 
0 .130 
0 . 0 8 1 
0 .045 
0 .022 
0 . 0 0 8 
O.OOL 

f r o a t h a G r a i n Boundary 

10* 

4 . 8 5 
3 .35 
3 . 1 3 
2 . 5 7 
2 . 1 2 
1.74 
1.42::.' 
1.15 
0 .920 
0 . 7 2 7 
0 .S66 
0 . 4 0 9 
0 .319 
0 . 2 2 9 
0^158 
0 . 1 0 3 
0 . 0 6 1 
0 . 0 3 3 
0 . 0 1 4 
0 . 0 0 4 

•• 

o t t h a pQl i ahad ! 
20* 

4 . 8 5 
3 . 9 4 
3 ,25: 
2 .72 
2 . 2 7 
1.90 
1.58 
1 .31 
1.07 
0 .374 
0 .702 
O.SSS: 
0 .432 
6 .328 
0 .242 
0 . 1 7 2 
0 . U 7 
0.074< 
0 .042 
0 .020 
0 . 0 0 6 

J 

30* 

4 . 8 5 
4 . 0 6 
3 .44 
2 .94 
2 .S2 
2 . 1 7 
1.86 

i.sa 
1.35 
1.14 
0 . 9 5 2 
0 .790 
0 . 6 4 7 
0 . 5 2 4 

; 0 .416 
0;32S 
0 .247 

o.iao 
0. us: 
o.oao 
0 ,046 
0 . 0 2 1 
0 ,006 . 

t a eha 
i u r f a c a 

AO* 

4 . 8 S 
4 . 2 1 
3 .67 
3 .22 
2 . 3 4 
2 . 5 1 
2 .22 
1.95 
1.72 
1.50 
1.31 
l . U 
0 .977 
0 .834 
0 .705 
0 .S89 
0 .485 
0 . 3 9 3 
0 .310 
0 .239 
0 .176 
0 . U 3 
0 .080 
0 .046 
0 . 0 2 i 
O.OU 

P a r p a n d i e u l a r 

50« 

4 .85 
4 i40 
3 .96 
3 . 5 9 
3^26 
2 .97 
2 .70 
2 .45 
2 -23 
2 .02 
1.33 
1 .65 
1.48: 
1.32 
1 .18. 
1.04 
0 .914 
0 .796 
0 .688 . 
0 . 587 
0 .469 
0 .410 
0 .333 
0 .267 
0 . 2 0 3 
0 . 1 5 1 
0 .105 
0 .068 
0 .040 
0 . 0 1 9 
0 . 0 0 5 , 

60* 

4 . 3 5 
4 . 5 3 : 
4 , 2 5 
3 . 9 8 
3 . 7 1 
3 . 4 7 
3-24 
3 .03 
2 . 8 3 
2 . 6 4 
2 . 4 6 
2 . 2 9 
2 . 1 3 
1.98 
1,83 
1.69 
1.56 
1,43 
1-31 
1.19 
1..08< 
0 , 9 7 7 
0 . 8 7 7 
0 . 7 8 2 
0 . 6 9 3 
0 , 6 0 9 
0 . 5 3 0 
0 . 4 5 7 
0 . 3 9 0 
0 , 3 2 7 
0 . 2 7 1 
0 , 2 1 9 
0 . 1 7 3 
0 . 1 3 3 
0 , 0 9 8 
0 . 0 6 8 
0 . 0 4 3 : 
0 - 0 2 S 
O . O U 
0 . 0 0 3 



OBIS A-3 

Valu«a o£ K. f rea tha nunar ica l avaluat ion o{ t h a : t h a o r a t i c a l 
aode i . Qia 9. in taqxal was avaluatad usin9 Siopson's Rala with 
a s t sp . aixa C2a! aqual t a 22. Thaaa valvias ara- for an avaraq* 

10 o icrans in 

Distanss fzoa 
Sraia Boundazy 

to Oait AzBa> 
(aiierons) 

0.0 
O . S 
1.0 
1.5 
2 . 0 
2VS-; 
3 ,0 
3 .5 

:• 4-o;.-
4^5?: 
5 .0 ; •; 
5 . S - - . 
6 . 0 

.6 .5^ 
7 . 0 

: . 7 . S 
8 . 0 ; •• • . 

8,5::. 
9 .0 : 
9-.5: ., • 

lOiO . 
10. s 
U.0-
11.5. 
U . Q 
1 2 . 5 . , 
U . O 
1 3 , 5 
1 4 . 0 
1 4 , 5 . 
1 5 , 0 

. 1 5 , 5 -
16 ,0 : 
1 6 , S 
17 ,0 
17 .5 . 
13 ,0 : 
18 .5 
19 .0 . 
19 ,5 

Aaqla 

0« 

1-56.- • 
1.18:-. 
0 , 9 4 2 : 
0 , 7 6 9 - . 
0 . 6 2 T 
0 . 5 1 3 
0 .415 
0 , 3 3 0 
0 ;266 
0 , 2 0 5 
0 . 1 5 9 . 
0- IIBJ. 
0 . 0 8 7 
0 . 0 6 0 
0 . 0 4 1 . 
0 ,026 
0 , 0 1 4 
0 , 0 0 7 
0 , 0 0 3 ' 

-

from tha Grain Boundary 

10« 

1.56 
1,19 
0 . 9 6 2 
0 .787 
0 .649 
0 .530 
0 .430 
0 .349 
0 . 2 8 1 
0 .222 
0 .172 
0 . 1 3 1 
0 .098 
0 .070 

. 0 . 0 4 9 -
0 , 0 3 2 
0 . 0 1 9 
0 .010 
0 .005 
O.OOi 

t o t h a 
of tha PoUshad Surf aca 

. 20» 

1.56 
1.22 
1.00 
0 . 8 3 1 
0 ;693 
0 .579 
0 ,482 
0 .399 
0 .329 
0 .267 
0 .216 
0 .170 
0 . 1 3 3 
0 . 1 0 1 
0,074 
0,054: 

. 0 .036. 
0 , 0 2 3 
0 . 0 1 3 

. 0.006: 
0 .002 

30» 

1.56. 
1.25 

: l .OS 
0 .899 
0 .772 . 
0 . 6 5 9 . 
0 .565 
0 . 4 3 4 
0 . 4 0 8 
0 .346 
0 .289 
0.239-
0.198--
0,159. 
0 . U 7 
0 . 0 9 8 
0 .074 
0 .054 
0 . 0 3 7 
0 .025 
0 . 0 1 4 
0 , 0 0 7 
0 .002 

4 0 ' 

1,56 
1,30 
1,13 
0 . 9 9 1 
0 ,874 
0 ,773 . 
0;68S 
0 ,599 
0 , 5 2 7 
0 ,462 
0 .402 
0.350: 
0 .302 
0 .256 
0 .219: 
0 ,184 
0 .149 
0 . 1 2 2 
0 ,097 
0 ,074 
0 ,055 
0 ,039 
0 .025 
0 ,015 , 
0 . 007 
0 . 0 0 2 

A ' 

Perpandicular 

50* 

1,36 
1.35 
1.21 
1.10 
0 .990 
0 .902 
0.322. 
0 .746 
0 .646 
0 .619 
0 . 5 5 3 : 
0 , 4 9 8 
0 . 4 4 8 

. 0 . 4 0 1 : . 
0 . 3 5 7 
0 .315 
0.276^ 
0 , 2 4 1 
0 . 2 0 7 
0 . 1 7 8 
0 .150 
0 . U 4 
0 . 1 0 1 

. 0 . 0 8 1 
0 .062 
0 . 0 4 6 
0 .032 : 

, 0 . 0 2 1 
0 .012 
0 .006 
0 ,002 

6 0 ' 

1.56 
1,41 
1.30 
1.21. 
1,13 
1,05 
0 .985 
0 .922 
0 . 3 6 1 
0 .805 
0 . 7 5 1 
0 .700 
0 .649; 
0 .602 

o.sbo 
0 ,317 
0 ,474 
0 .437 
0 . 4 0 1 
0 . 3 6 3 
0 .330 
0 .299 
0 .269 
0 .240 
0 .212 
0 .186 
Q;162 
0 .140 
O . l l S 
O.IOV 
tf.083 
0 . 0 6 8 
0 . 0 5 4 
0 . 0 4 1 
0 . 0 3 1 
0 , 0 2 1 
0 .014 
0 . 0 0 8 
0 .004 
0 . 0 0 1 



Figtire A-''. Computer program to; numerically 
eva lua te t h e o r e t i c a l model using Sinpson's 
Approximation. 

10 COM 3aoov,Tstiooi,A; 
20 MAT 3.-SBR 
30 MAT t.-2ER 
4() RAO 
SO REM WBItAHO riSSIOM TRACK OISTRIBOTIO!! CAbCOtATIOH 
60 O l M ' X l S O l . t l S O l . l l S O V 
70 REM ISITIAI . IZ8 M.T. REQUIRBO QUAHTITI53 
ao OISP "AHGLB BETHBEII HORMM. TO POtlSHBB SURFACE AMD 3RAIS BOtnTOAHt"! 
90 IHPOT A 
100 OrS.P "STB? S U B rOR LIMIT- RSO rirrBGRAI.*f; 
110 IWOT H2 
120: o i s r 'STEP IHTSWAt POR IWTEGRATIOS" ji 
130 IHPOT M 
140 OISP "^AX PHAGMBHT TRAVeX, IH ORANIHITE'r. 
ISO IMPOT 0 
160 OISP "MAX PRACHSST TRAVet IH QTt*|: 
170 IMPOT Or 
180 0 I 3 P *t)ISTA>lC8 IHTERVAt'i . 
190 IHPOT 00 
200 0-00 
210 REM OETER»<I«e NIHSRAti WITH MAX PRAGHESTTRAVEt DISTANCE TO 
220 REM OETER^tNE LIMIT OS THE BHO lOTEGRATldH 
230 1?; 'a<Q TREH 260 
240 Ml-0 
250 GOTO 280 
260 Ml-Q 
270 R5M3ETBRMISB STEP SIZE PORTSETA AMD PSI INTEGRATIOSS 
230;Hl»Pr /TI 
290 H2-PiyM*TI) 
300 REM PRIHT DATA 3BA0ISGS FOR OOTPOT PROM PROQSA>* 
310 PRIHT t IS l 'TRACK C.SHCTH aRA.HI.HITE'TA830, -tPhCK LBNGTS OOARTS-tlMlj. 
320 PRIIJT TAB6,O,TAa30,Q 
330 PRINT I.1RI*OISTAMCE|MIC»OS3)"TAB2S,'PROBA8H.ITT''TAB30, •AMGI.2"TA86Q,*N*t.IS2t 
340 PRINT TAa50,A.TAB60,:l 
350 REM C3Al«n: AMGT.E TO: RAOTAdS; AHO DBTSR^iaS I T i ' 3TH ANO COS 
380 A 9 - 4 / 1 0 
370 A O - ^ • p r / ^ 3 o 
330 Al-<?1HA0; ^ 
390 K2-COSA0^ 
400 l l - I H T U 0 / ( O 0 « A 2 ) - l . ) 
410 M S : WOP TO r/ALOATB 0I3TAMCS PROM TRB GBAIH; 30HM0AHY TO THE: 
420 PEM OHIT AB-SA OS THE POtlSHEa SOHP.<CB 
430 POR J-1: TO" 11 
440 OISP; J 
450 Ol-0«A2 
««0 REM IdOP TO EVALUATE THE PHI IHtSCRATIO?! 
470 K7-1 
480 MAT X-8SR -
490 POR P- . (PI72) TO PI+H2 STEp-32 
500 P1-9IHP 
510 P2- : ' )3P-
520 REM LOOP TO SET LIMIT OM RSO I3TSGSAriOH 
530 PORvR0-0:TQ'Ml STEP Ml/MX 
540 R9"SQR(n0*RO-K.l*Dl-2»a0«Ol«92V 
550 Rl«(2*R9*'31*01»/(iI<»«R9+Ql*Ol-R0»R0) 
560 R2-R9-R1 
570 ly . { R l / Q l + { R 2 / 0 ) > - 1 THEM n o 
SBOOISPRO. 
5 9 0 ; M B X T RO 
600 RSM e\rtLtJATIOK OP STEP 3158 POR' RHO IH^EGHATtOM 



Figure A-H continued. 
SIO H3-R0/(2«M) 
620 RBM LOOP ro EVALUATE THE TSSTA ItlTEGRATIOS 
630 S6-1 
540 MAT T"ZS» 
S50 ?0R T-0 TO (2*PT)+Ht STEP 3 1 
S6C T l - S I S T 
670 T2-OQST 
630 RC* LOOP TO SVAf.UATZ THB HrfO IHTEGRATIOH 
590 I P RO-fl THS»I 950 
700 H3-P0/(2«M»-
710 R5-1 
720 MAT t-SER 
730 POR R-0 TO R0+a3 STEP H3 
740 P -R*2*P l* !A8S(Al* (Dl -R*P2>-R*Pl*T2«A2n 
750 a»(SQR(Ol*2+R*2-2«01*R«P2) )"3 
760 r t K 5 1 - P / a 
770 X S - « + l 
780 HBXT R 
790 REM SVALUATE S r W S O H ' S APPROXIMATtOS POR RMQ IHTEGRATIOS 
300 ?i(S31«PNAN 
810 KS-KS+l 
520 MSXT T 
330 REM BVALHATR: SIMPSON'S APPSOXWATIOa POR THETA IHTEGRATIOH 
340 X{K71-PMBM 
350 K 7 - R 7 n 
360 NEXT P 
370 REM EVALUATE SIMPSON'S *PPBOXIMATI0N POR PHI INTEGRATION 
330 StJ"«»PNCH 
390 T t J I o O 
900 REM PRINT NtmESICAL VALUE OP THE PROBABILITY POirTTION POR 
910: REM THIS DISTANCE PROM THE GRMN BCONDART ANO PROCEED TO NEXT DISTANCS 
920 PRINT T A B 6 , T t J l , T A B 2 S , S { J l ( 
930 0 -0*00 
940 SBXT J 
950 REM INPUT WHERE DATA IS TO 38 STORED 
960 OISP '^JTOREDATA IN TRACXI,. PILEI'j. 
970 INPUT Pt,P 
980 STORE: DATA t P l . P : 
990 DISP *00 YOU WISH TO ISPTT SEW DATA"r 
1000 IHPUT O 
1010 I P 0 - 1 THEN 30 
1020 END 
1030 REM S03RO0TINB TO WALOATE; SWPSOS'S. APPROXKATION POR RHO INTEGRATION 
1040 DBF PNA(H) 
105O L-M-0 
1060 PW ;̂ S-2 TO 2»:» J T S P 2: 
1070 L-EIXWL 
108O IP T-2«M THEN 1100 
1090 M-a(X>ll*M 
1100 NEXT K 
1110 RETURN H3/3-(2(11+4«L+2*M+T(2«N+1H 
1120 REM SUBROOTINE TO EVALU.ATS: SIMP^OS'S \PPROXl:iATI0:« FOR THETA I;JTEGRWI0!J 
1130 OBF PMB(N) 
1140 L-M-0 
1150 FOR X-2 TO 2«S STEP 2 
1160 L - t I K I * L 
1170 IF r.-2«M THEN' 1190 
1130 M-!f(X+ll*M 
1190 NEXT X 
1200 RETURN H2/3-<Y(ll*4«t.+2«M+rl7.*S<-ll« 
1210 REM SUaROOTlNB TO EVALUATE 5I7.PS0?»'9 \?PROXIMATION fOR PHI INTEGRATIOS 
1220 OEF PNCIN) 
1230 L-M-0 
1240 POR K-2 TO 2«N STEP 2 
1250 L-X(K1+L 
1260 IF K-2*N THEN 1230 
1270 M-XtX+D+M 
1230 NEXT K 
1290 RETURN'al /3*(Xt l l>4«L+2*M+X(2*N+lH 
1300- END 



Once maximum track lengths for the two minerals used and the angle a have 

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

unit area. By computing P for a series of unit areas at varying distances 

from the grain boundary, curves are generated showing the dependence of Pj- on 

distance; (Figure A-5). To find the dependence of track density as a function 

of distance from the grain boundary, the following equality is used: 

p^ = A- (N/238) {,238)(x̂ ) p^ 

where 

p = track density per unit area 

A = age in years 

238 238 
N̂C - number of U atoms per unit volumei 
238 n = etching effidency for the detector mineral and crystalIdgraphic 

orientation. 

F ?38 

X = decay constant for the spontaneous fission of U. 

P. 'probability per unit area for a: fragment to pass through the unit 

area at a specified distance from the grain boundary. 

This relationship can be rearranged to show the dependence of the age on 

the track density at a given distance from the grain boundary when values of 
'^vC"° and are known. This yields: 

A = . ^ 1 

" / ( N / 2 3 8 ) ( ^ 2 3 8 ) ( x ^ ) .^ 

However, since= obtaining a. value for N,̂ Ĉ ^̂  is often very difficult, i t i s 
V 

best, to use a different approach when determining the age of formation for a 

sample. By using the curves generated to show track density as a function of 

A-7 
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Figure A-ST. Theoretical curves determined from the numerical evalua
tion of t h e ^ integral for the various grain boundary angles (degrees). 
Â  represents the case vfhere the average fission fragment travel distance 
is 10 micron^ in both the U-rich and U-poor phases, whereas B̂  illustrates 
the case where the travel distance is 3 microns in the U-rich phase and 
10 microns in the U-ppor phase. 



distance and then fitting these curves to the data, an intercept value may be 

determined. The intercept represents the expected track density at the grain 

boundary. By placing the same sample Into, a reactor with a mica detector on 

235 
the polished surface, then inducing the fission of • U, an induced track 

density may be counted, in the mica detector. This allows the use of the 

general fission track dating equation 

!.,.,„ ,.,!l,(^5JiUU) 

where 

A - age 1n years 

Xg = total" decay constant-f6r^"^%( 1.54 X 1 0 ^ ^ % r ) : 

238 -17 
Xp = decay constant for spontaneous fission of U (7.03 x. 10' /yr) 
(j)- neutron" dose from'irradiation 

235 ° 24 2 

a - thennal neutron: fission cross section for U (582 X 10" cm ) 

I = atomic ratio of ^^V^^^U (7.26 X. 10'^) 

(Naeser, 1976): 

in determining, an age of contact between the two minerals, assuming no track 
23ft 

annealing has occurred, avoiding the possible problems with the N„C 
\ • V 

term. 

APPENDIX B - Quartz experiments to develop procedures-and.techniques. 

The following describes; two experiments performed to evaluate the 

theoretical model, determine etching characteristics of quartz, and to develop 

the .required procedures and techniques for this fission track dating method. 

The first experiment uses a, slabbed single quartz-crystal to. determine the 

etching characteristics for various crystal orientations. The second 
235 

experiment uses reactor-Induced U fission, simulating a natural system, 

to evaluate the theoretical model. 
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252. Cf IRRADIATED QUARTZ SAMPLES 

252 ; 

A Cf source was used to induce fission tracks in quartz to better 

understand its etching characteristics. One experiment was carried out to 

determine etching efficiencies for various crystallographic orientations, 

while: the other experiment measured track lengths and track diameters as a 

function of etching time. 

Etching Efficiency for Quartz 

Etching efficiency (n) is defined as-
"the fraction of tracks intersecting a given surface that are etched on 
the surface under specified conditions" (Fleischer and others, 1975, p. 
58). 

238 
Since then has been established at/^l for a mica detector (C. W. Naeser 

oral cormun., 1977), the number of tracks etched in the oriented quartz 

samples were compared to the number of tracks etched in mica detectors 

252 
irradiated on the same Cf source. 

Sample Preparation 

A large single quartz crystal was slabbed paralled to represented crystal 

faces (Figure B-1). Several slabs were also cut perpendicular to the C-axis 

from the remaining crystal core. The slabs were then mounted on glass slide 

and polished on a vibro-lap unit with tin oxide for 8 hours. This polishing 

method reduced the problem of crowning found when hand polished on a diamond 

wheel. 

Sample Irradiation -

The polished quartz slabs where; then placed in direct contact with a 

252 
Cf source (electroplated::onto gold foil) for 24 hours. Three mica 

252 
detectors were-placed on the same Cf source, again for 24 hours, during 

the course of this experiment.to determine: heterogeneity within the source and 

for calculation of the: etching efficiency for quartz. 
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Figure p-1. Diagrain indicating indices of 
crystal f̂ ces used in etching characteristic 
studies. Miller indices determined from 
descriptions in Dana (1944), To retain natu^ 
ral crystalographic orientations, the crystal 
was slabbed parallel to these faces. 
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Sample Etching 

The f iss ion tracks in the quartz were then revealed by chemical etching 

with: a If^equimolar solution of NaOH and KOH at 145°C, Etchants previously 

used for quartz have been described by Fleischer and Price (1964), Sowinski 

and others, (1972), and Fleischer and others, (1975) with the general 

conclusion tha t these etchants are less than sat isfactory. Many attempts with 

HF and HCIO^ at several temperatures and concentrations, and various 

temperatures of NoDH solution were undertaken before the above etchant was 

decided upon for use in these experiments. The etching apparatus is shown in • 

Figure B-2. The etchant is used unt i l the 145°C temperature can no longer 

be maintained, suggesting changes in composition and concentration of the 

solut ion. The mica detectors were etched in 481 HF for 14 minutes at 25*̂ C. 

Track Counts.' 

Each: of the quartz, samples were etched for several di f ferent time periods, 

counting between each addit ional etching. Because of the heterogeneity of the 

252 " 

Cf source,, tracks in the: mica detector (sample no. CF-a-23-78-MC) were 

counted with an optical microscope on a grid S}fstem to determine the best 

areas to use; in counting the quartz samples. From this, an area of 25 fields 
-4 2 of view, where: 1 field of view =8.4 x 10 cm ,. centered over the 

distribution of fission tracks, has been; used for all subsequent track counts 

CFigure B-3);. 

Results .. • • -̂  " - • ' 

The results for,the different crystallographic orientations are found in 

Table B-1 and Figures B-4 through B-6. It can be seen that etching efficiency 

varies.considerably for the different orientations,. The orientation 

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

shows a generally consistent, but low etching efficiency of 0.38 (Figure 

B-3 • 
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Figure 8-2. DiagrsLm illustrating apparatus used 
for etching queurtz grains. 



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. 



TABLE B-1 

Track density in oriented quartx and mica used for 
determination of etchin9 efficiency in quartz. 
Tracks cciunted with opticai microscope." Uncertainties 
are fhpwn as'i20'. 

Sample 
Number 

m C A 

CF-ip-:3q-78-MS 

CF - 8-23-78-MS 

CF - f T l-7a-HS 

PUAHT2 

R(n)a 
11(12) 
»(U» 
R(l4)a 
R(I5) 
i<(f«lb 

R'(n» 
ft-(8S|a 
l»*(«5)b 

R"(»n 

Z*(ll)a 
2-(IJ)b 
a"<li)c 

M,Cll»a 
H,(|4)a 
H,(|S)a 
H)(ll»b 
M,<|5)b 
M,<|2»a 
M,(|2)b 
M,(M)b 

Orientation 

001 

001 

001 

loll 

Ilpi 

Olll 

OlTl 

To 10 

etching Time 
(minutes) 

1* (HF) 
14 (HF) 

l i (HF) 

8 
10 
15 
20 
io 
40 
45 

20 
30 
45 

45 

20 
10 
40 

15 
16 
20 
25 
28 
30 
38 
45 

Tracks/cm' 
(X 10*1 

10.9 » 2.4 

i i . i * 2.? 

10.9 i 1.6 

3.8 
3.4 
8.S 
6.8 
8.0 
4.2 
2.8 

1.8 
1.6 
1.7 
1.4 
I.J 
l.() 
1.0 

10.0 » 1,7 
10.0 i 1.1 
y.9 * 1.3 
9.4 * 0.9 

7.9 t 1.5 
6.5 * 1.6 
8.8 * 1.3 

4 
2 
4 

10. 
7, 
5, 
6. 
3. 

1.7 
1.1 
1.8 
1.8 
3.4 
0.9 
1.9 
1.1 

Sample 
Number 

QUARTZ 

M)( I3 ) 
M , ( l 2 ) a 
M , ( l 2 ) b 
H , ( 1 1 ) 

M , ( | 3 ) a 
H . d l ) 
M , ( | 3 ) b 

M , ' ( l l ) a 
M , « ( i l ) b 
H , ' ( l 2 ) a 
M . M I D c 
M , ' ( l 2 ) b 

H , ' ( l l ) a 
M , ' ( | l ) b 
M , ' < | 2 ) a 
H > ' ( i 2 ) b 

i C ( l 3 ) a 
i C ( H ) a 
l C ( 8 3 ) b 
i C ( l 2 ) 
i C ( l 4 ) b 
I C ( I I ) 

O r i e n t a t i o n 

iToo 

QlTo 

loTo 

TlOO 

oooT 

etching Time 
(minutcw) 

12 
20 
30 
40 

20 
30 
40 

IS 
25 
30 
38 
45 

15 
22 
30 
40 

16 
20 
25 
30 
38 
45 

T r a c k s / 

3 
5 
6 
4 

3 
8 
5 

4 
10 
10. 

7. 
4 . 

4 . 
10 . 

5 . 
8 . 

3 . 
2 . 
4 . 
4 . 
3 . 
3 . 

i i 

. 0 

. 1 

. 8 

. 3 

. 1 

. 3 

. 1 

.6 

.4 

.6 

.9 
P 
3 
7 
1 
1 

0 
7 
2 
1 
9 
2 

10> 

t 0 
t 1 
i 2 
1 1 

* 0 
* 3 
* 1 

* 1 
» I 
1 2 
* 2 
* I 

* 1. 
i 2 . 
t 0 . 
* I . 

* 0 . 
* 0 . 
* 0 . 
* 0 . 
« 0 . 
* 1 . 

' rm' 
) 

. 6 

. 1 

. 8 

. 2 

. 6 

. 2 
•0 

. 7 

. 8 

.0 

.2 

.0 

.1 
4 
9 
9 

9 
6 
7 
6 
8 
0 
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track density found in mica standards (11 ± 2 x lo'' tracks/ cm?) . 
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B-6). This etching efficiency may not be valid for the shorter etching times 

used for very high track densities and TEM observation. However, results from 

238 the Midnite Mine sample (see text) Indicate that this value forn*^"^" is 

justified. 

TRACK LENGTH AND DIAMETER 

Employing the quartz samples from the previous experiment, replicas were 

made of the etched surface at the various etching times and prepared for 

observation in the SEM as follows. 

Sample Preparation 

Replication of the etched surface was accomplished using cellulose acetate 

softened with a drop of acetone placed on the sample surface (Figure B-7). 

When the acetone had completely evaporated (~20 minutes), the plastic replica 

was carefully peeled off and taped to a SEM conductive stub. The replica and 

stub were then coated in an evaporative system with 200-400 % of Au-Pd or Au 

to produce a conductive surface. This replication procedure produces a 

negative image of the etched surface, allowing the entire track length and 

diameter to be observed. 

Results 

Track diameter and track length as a function of etching time were then 

determined for several crystal orientations (Table B-2). From Figure B-8, it 

can be seen that track lengths show a dramatic increase at etching times 

\ between 20 and 30 minutes, whereas track diameters increase linearly to about 

40 minutes, where bulk sample attack begins enlarging track diameters at a 

greater rate than the track lengths. This suggests that, for optical 

observation,, optimal etching time is 20 to 30 minutes. This was. also seen in 

the etching efficiency curves (Figures B-4 and B-6) where a maximum track 

density generally occurs within this 20 to 30 minute etching period. 

&-4 



-FOFMVAR SQUARE 

Y//X///^f/y^^^//X/77i y ACETONE DROPLET 
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SEM STUB 

•MOUNTED FORMVAR 
REPLICA 

Figiare Br-7. Replication of etched sample surface 
using acetone-softened Formvar (cellulose acetate), 
and subsequent mounting and coating for observa
tion in SEM-



TABLE B-2 

Fiasion track etching rates in quartz. Measured, 
using plastic replicas of the tracks and- observa
tion with a scanning electron microscope. Uncer
tainties are shown as ±2 a . 

C r y s t a l 
O r i e n t a t i o n 

to 10, itoo. 
oiTo 
W ^ *B^« 

lO lO , TlOO 

• -

loTl, Tioi 

ador 

. ' -

E t c h i n g 
Time 

( m i n u t e s ) 

8 
: 10 

12 
I S 
16 
2a 
25 
45 

a 
15 
20 
40 
45 

8 
10; 
15 
20 
30 
45-

4 
8 

16 
20 
30 
45 

T r a c k 
D i a m e t e r 

( m i c r o n s ) 

0 . 1 5 ± 
0 . 2 0 ± 
0 . 1 5 ± 
0 .28. ± 
0 . 3 0 ± 
0 . 5 5 ± 
0 . 7 0 ± 
1.60 ± 

0 . 1 0 ± 
0 . 2 7 ± 
0 . 6 0 ± 

- 1.00 ± 
1.50 ± 

0 . 1 5 ± 
0 . 2 5 ± 
0 . 2 9 ± 
0 . 5 0 ± 
0 . 7 5 ± 
0 . 9 0 ± 

0 . 0 3 ± 
0 , 1 5 . ± 
0 . 2 5 ± 
0 . 3 9 ± 
0 . 8 0 ± 
1.80 i 

0 . 1 0 
0 . 2 0 
0 . 1 0 
0 . 1 0 
0.10: 
0 . 2 0 
0 . 2 0 
0 . 3 0 

0 . 1 0 
0 . 1 0 
0 . 2 0 
0 . 3 0 
0 . 2 0 

0 . 1 0 
0 . 1 0 
0 . 1 0 
0 . 2 0 
0 . 2 0 
0 . 3 0 

0 . 0 1 ^ 
0 . 1 0 
0 . 1 0 
0 , 1 0 
0 . 2 0 
0 . 5 0 

T r a c k 
Leng1:h 

( m i c r o n s ) 

0 . 9 6 ± 0 . 2 0 
0 . 9 5 ± 0 . 1 0 

3 .20 ± 0 . 8 0 
7 . 2 0 ± 1.00 

0 . 3 0 ± 0 . 1 0 
0 . 8 0 ± 0 . 1 0 

6 .50 ± 1.00 

0 . 3 5 ± 0 .10 
0 . 7 0 ± 0 . 2 0 
0 . 8 5 ± 0 . 2 0 
1 .45 t 0 .30 
5 .40 ± 0 .80 
7 . 0 0 ± 1.00 

0 .15- ± 0 . 0 5 
0 . 3 9 ± 0 . 1 0 
0 . 8 0 ± 0 . 2 0 
1.40 ± 0 . 3 0 
5 .60 ± 0 .80 
6.80: ± 1.00 
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REACTOR-IRRADIATED QUARTZ SAMPLES 

To develop the procedures and techniques required for dating natural 

samples, and to check the validity of the theoretical model, quartz grains in 

a uranium solution of known U-concentration (natural isotopic composition) 

were irradiated with thermal neutrons in a reactor to induce U fission. 

This experiment allowed close approximation of a natural system, with the 

235 major differences being induced ^ "'U fission Instead of the spontaneous 

238 fission of • U 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 spherical shape. Thirty to f i f ty of these selected grains were 

weighed into a polyethylene vial with a weighed HNÔ  solution of 1.202 mg 

natural uranium per gram of solution. The vials were then placed Into reactor 

tubes, cushioned with t issue paper, and irradiated in the "Lazy Sjsan" reactor 

at the Denver Federal Center. The samples received a neutron dose of 9.46 x 

16 2 
10 neutrons/cm , which corresponds to a grain boundary track density of 

q 2 
1.97 + 2 X 10' tracks/cm using the empirical formula: 

U (<^) 
PT 
, 5.76 X. IQio 

where 

PJ = track density a t grain boundary 

U = uranium concentration in ppm 

2 <li = neutron dose in neutrons/cm * 

When the samples had cooled to near-background levels of radiation, the 

U-solution was drained and discarded and the quartz grains thoroughly rinsed 

with water and ethanol. 

*believed to have an uncertainty of _+10 percent 



Mounting, Polishing and Etching Grain Mounts 

The grains were then mounted using the method described by Naeser (1976): 

5-15 grains were placed on a teflon sheet, and several drops of epoxy added to 

the grains a glass slide marked with sample numbers was placed on top, using 

spacers to level the glass slide (Figure B-9), and the. epoxy was allowed to 

harden. The grain mounts were polished using the procedure described by 

Naeser (1976): Coarse emery paper was used to expose an interior surface of 

the quartz grains; and. the samples were then unldirectionally polished, 

alternating 90° with each decreasing abrasive to the final abrasive of one 

micron diamond paste. This polishing procedure allows scratch marks to be 

distinguished fran fission tracks. 

The fission tracks were revealed by the chemical etching procedure 

described in the previous section. 

Observation and Counting of Ti-acks 

Observation and counting of tracks was accomplished using a scanning 

electron microscope (SEM) after the samples had been mounted on a conductive 

SEM stub and coated as described in the previous section. Due to inherent 

problans with the SEM's operation, the inability to "see into" the etched 

track is a major disadvantage of using this machine. Discrimination between 

crystal defects, polish scratches, and fission tracks may therefore be 

difficult, if not impossible. Resolution of the SEM also limits its use to 

6- ? track densities generally less than 10 tracks/cm . 

Replication of etched surface as; described in the previous section 

eliminates most of these problems, but heat from the electron beam tends to 

destroy the replica causing a- problem with obtaining accurate track 

densities. Therefore, for natural samples where track densities are expected 

9 2 to be greater than 10 tracks/cm , procedures, for the transmission 
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Figure B-9; Diagram, illustrating mounting procedure 
for quartz grains with epoxy (After Naeser, 1975). 



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 two stage replicating procedure to observe the fission tracks. To 

make a two stage replica, first the sample is replicated with cellulose 

acetate as previously described for the SEM, then this plastic replica is 

taped, replicated side upwards, to a glass slide. This is placed into an 
o 

evaporative coating system. F i r s t , 20-50 A of metal (Pd or Pf) is shadow 

. coated at an angle of 20-30° from the horizontal (Figure B-10). The formula 

for calculation of evaporaive coating thickness i s : 

^ _ m (3 sin e) (109) 

16 r r2 d 

where 

m = mass of material (g) 

t = thickness, of deposit (A) 

e = shadowing angle (radians). 

r = distance from source to specimen (cm) 

d - density of material (g/cm ) 

(Kay. 1965) 

This coating Increases the contrast of the f i na l TEM specimen. Next, a 

200-400 A carbon coating: iS: evaporated uniformly onto the sample surface. The 

p last ic repl ica is then dissolved leaving only the metal-carbon repl ica. The 

plast ic repl ica i s dissolved using methyl acetate by transferr ing the repl ica 

through four such solutions to remove a l l the plast ic residue from the 

metal-carbon repl ica. This repl ica must then be "f ished" onto a 100 or 200 

mesh copper TEM grid and dried. 
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Figure B-1 ô ^̂ Ĵ agramatic representation of shadowing 
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TEM Observation and Counting 

Photomicrographs of the grains show the etched tracks as light-colored 

spikes. It can be seen also from the photomicrographs that indicate track 

densities do indeed decrease with distance from the grain boundary. Track 

densities computed from the photomosaics at several distances from the grain 

boundary are shown in Table B-3. Since fission events follow a Poisson 

distribution (Naeser, 1976), where the standard deviation is the square root 

of the number of tracks counted, the track density counts were pooled, where 

possible, to improve the statistics. 

Results 

Results from these, experimental quartz grains, are plotted in Figures B-11 

and B-i2. The Intercepts of 18.4, 18.5, and 19.3 tracks/ym show excellent 

agreement with the calculated, track density of 19.7 .+ 2 tracks/um'" from the 

reactor irradiation.. Data shown in Figures B-1^ from sample #9-12-4FC show no 

correlation with any of the theoretical curves, and the sharp drop in track 

density at a distance of & microns indicates that this sample may have had 

another quartz grain in very close proximity when irradiated, yielding the 

misleading results. 

Another noteworthy-observation concerns the decrease in track density for 

distances of less than 2 microns from the grain boundary. This is due to the 

increased relative etching rate at the corner of a crystal, which is being 

etched from two surfaces instead of one. This increased bulk etching rate is 

nearly equal to or greater than the track etching rate, causing the reduction 

in size and number of tracks at. the grain boundary. Therefore, for dating 

natural samples,, track densities were only used for distances greater than 2 

microns from the grain boundary to minimize this effect. 
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TABLB B-3 

Rasulta fzoa travvrsac on raactor lxradiat«d quartz grains. 
Caleolatad track danaitjr at tha ̂ raia boundary equals 19.7 
tracks/u-B^ froa irradiation. Track dansitias ara coiqiutad 
froa poolad counts. Oneartaintias ara ahovn as t3 3 . 

Saopla 
Humber 

9-I2^4E (AfiB) 

9-U-4r (A) 

9-12-47 (B) 

9-ia^-» (CJ? 

Oistaaea £rem Grain 
Boundary to Canter 
of Araa Couatad 

(microns) 

O.S 
1-5 
2.5 
l.S. 
4.5 
5.5 
6.5 
7.5 

0.5 
1,5 
2.5 
3.5 

,4.5-
5.5 
6.5 : 
7.5 

o.s; 
1.5 
2.5 
3.5 

• 4.5-
5.5 
6.5 
7.5' 
8.S: 
9.5 
X0.5 
U.S 

o.s> 
1.0 
1.5 
2.0 
2.5 
3.0 
3 . 5 - • • • 

4.0 
4.5,-
5.0 
S.S 
6.0 

Track Density 
(tracks/u a*) 

6.13 « 1.40 
7.38 i 1.45 
7.2S t 1.45 
4.01} S 1.23 
2.25 * 0.99 
1.56 t o.aa 
0.63 t o.sa 
0.50 S 0.58 

U.44' £ 1.9S 
10.49 ± 1.71. 
6.34 £ 1.46 
7.07 4 1.-46 
3.66 t 0.98 
3.66 S 0.98 
1.95- t 0.73 
0.73 t 0.49 

2.44 i 0.49 
4.36 i 0.73 
5.52 t 0.96 
6.68: t 0.99 -
5.01 tO.72 
5.78 * 0.96 
4;24 * 0.67 
3.72: t 0.74. 
3.21 4 0.74 
1.28 * O.Si 
1-16 * 0.46 
0.39 4 0.20 

S.6« ± 1.89 
5.66 4 1.39 
6.29 t 1-99 
5.66 4 1.89 
4.40 t 1.66. 
3.77 f USA 
2.20 £ 1.09 
1-26 S 0.89 
1.57 t, 0.99> 
0.63 t 0.63-
0.31 ± 0.44 
0.31 t 0.44 

Calcttlatad 
Track Oansity at 
Grain Boundary 
(tracks/u m*) 

18.4-

19.3 

18.4 

no correlation with 
theoretical curves 

(see>explanation in text) 
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Figure B- M. 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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Figure B- 12.. Plots of track density versus distance from the grain 
boundaiT for data from the reactor irradiated quartz samples to test 
the theoretical model. 
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ABSTRACT 

The occurrence of quartz adjacent to uraninite in many uranium deposits 

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

238 decay of U occurring within the adjacent uraninite. A theoretical 

equation which models the decrease in track density within the quartz with 

increased distance from the grain boundary with the adjacent uraninite is 

described in detail. To test this model, quartz grains were placed in a 

?35 
U-solution, irradiated in a reactor to induce U fission, and then the 

track distribution within the quartz determined. The theoretical curves \ iery 

closely, match these data and yield track densities in excellent agreement with 

the reactor-calculated, track density. 

Etching experiments on quartz were undertaken to establish values for 

etching efficiency and etching rates for various crystallographic 

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

using KOH-NaOH etching, solution at 145*̂ C,. has been determined to be 0.38. 

To test this model on natural material,, samples from the Midnite Mine, 

Washington were prepared and dated using quartz associated with uraninite; 

ages of 52 to 54 m.y were obtained; These ages are in excellent agreement 

with a previously established U-Pb isochron age of 51.0 t 0.5 m.y. 

file:///iery


INTRODUCTION-

To better understand the origin and history of uranium, deposits, accurate 

ages of mineralization are essential. Radiometric age determinations on 

uranium ores have previously used, the U-Pb isotopes (Faure, 1977) and U-series 

methods (Hamilton and Farquhar, 1968). Discordant results for uranium 

deposits are commonly obtained by these methods (see Hamilton and Farquhar 

(1968), Faure (1977), Ludwig; (1977); Ludwig and Young (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 

parent and all daughter elements, and 2) lack of sufficiently precise 

knowledge of the isotopic composition of the Initial Pb. Thus a method for 

determining the age of uranium mineralization involving fewer constraints 

would be of great value. 

The fission-track: method of age determination is based upon the fission of 

238 

U atoms into two heavy, highly charged,, high velocity fragments. Their 

passage through most solids creates narrow paths of intense crystal damage on 

an atomic scale (Fleischer and others, 1975). These damage zones are normally 

stable in insulating solids over geologic time at low temperatures (<100°C) 

(Naeser,. 1976), and may be revealed by use of several techniques, depending on 

the nature of the solid., A fission^track age is related only to the 
238 concentration of U,. closure of the system to uranium migration, and the 

stability of tracks. It does not depend upon knowledge of isotopic 

composition of 1n1tial-Pb, or absence of loss or gain of radiogenic-Pb or / 

intermediate decay products. Therefore, fission-track data should yield 

reliable:ages of mIneraTization for uranium deposits which have been closed to 

loss- or gain of uranium and have ranained at temperatures below 10b°C (to 

avoid annealing of tracks) since formation. 



to reach the unit area (see detailed ciiscussion in Appendix A). The tota l 

probabil i ty is given by the integral 

'".r 2 V % 

p sin tj) cos, e cos a + a cos a sin a - p cos a | p sin 41 d p d 8 d îi ,, ̂  

(a^ cos^ a - 2 a p cos a cos (j) + p^) ^/2 

Variables are defined in Appendix A and Figure A-1. This integral must be 

numerically evaluated due to the absolute value within the numerator, and the 

dependence of the upper limit for the integration upon the maximum track 

lengths in the minerals under study. A flow chart, computer program, and 

generated curves for the numerical evaluation can be found in Appendix A. By 

plotting track density versus distance from the grain boundary for data from 

traverses in the detector mineral, and then fitting the theoretical curves to 

these data, the track density at the grain boundary may be determined. An age 

(A) may be calculated from this using 

Ps 
A = - • ^ (2) 
.. (N^C238) Xp R238 ,̂238. . 

where 

P5 -spontaneous fission track density in the interior of the U-rich 

; • phase..."̂ -

238 P'̂ ft 

N^C = number o f U atoms per unit volume (assumed to be 

unlformly di stri buted) 

Xp = decay constant for the spontaneous fission of U. 
238 

R = range (average travel distance) of fission fragments in 

the U-rich phase. 



contain the requisite uraninite-quartz relationships. Polished thin sections 

of the vein samples were prepared and studied to locate the quartz grains to 

be used for age determinations. Since viewing down the c-axis is an easily 

recognized orientation in quartz crystals and this orientation produces 

consistent, etching characteristics (Appendix B), grains with this orientation 

were chosen for study.. The other considerations in choosing the specific 

grain to be used were, i'irst, that little or no uraninite/coffinite 

intermixing adjacent to the quartz should be indicated by reflected light 

microscopy, and second that the quartz grain be no less than 50 um in diameter. 

A mica detector was then taped to the polished surface over the entire 

sample. This package was placed into a reactor tube and irradiated in the U.S 

Geological Survey "Lazy Susan" position of the TRIGA research reactor in 

Denver. The sample received a thermal neutron dose of 9.45 x 10 

neutrons/cm . The mica- detector was then removed from the sample, etched in 

HF at 25?C for 14 minutes, and, the induced track density counted so that 

equation 3 could be used for age calculations. 

The Midnite Mine sample was etched in a solution containing 14 g. KOH, 10 

g NaOH,, and 10 g HgO at 145''c for 3.5 minutes to reveal the fission tracks 

• • ' 9 

(described in detail in Appendix B). Since track densities of 10 
2 tracks/cm or greater were expected; counting, of tracks required a 

transmission' electron microscope (TEM). A two stage replication technique, 

modified from Kay (1965), was used in preparation of TEM specimens. Briefly, 

this technique involves replicating: the etched surface with celluloise acetate 

softened with acetone. When the acetone has evaporated and the cellulose 

acetate re-hardened, the plastic replica is carefully peeled off the surface. 

It is generally necessary to do this several times before a satisfactory 
o, 

replica is obtained. The replica is then shadow-coated with a 20-50 A metal 



Data from the Midnite Mine sample yield the following results. Sample 

MD-256-EW-3 (A) has an Intercept value of 35.2 tracks/um, based on parallel 

count traverses (Table 1 and Figure 1). |Data from sample MD-256-EW-3 (C), 

based on 6 parallel count traverses within the same quartz grain as 

MD-256-EW-3 (A), yields an intercept of 36.3 tracks/um (Table 1 and Figure 

2). Sample MD-256-EW-3 (D), yields an intercept of 35.9 tracks/ym based pn 

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-microscope examination, and therefore Is not Included in the final age 

calculationi Data from sample #MD-256-EW-3 (B) have not been included here ^ 

because fission tracks were recorded as far as 35 um into the quartz grain, 

suggesting, an Irregular distribution of uraninite surrounding the quartz and 

an Irregular shape of the quartz grain. 

Uncertainties for all counts are based on a Poisson distribution for 

fission events. The relative standard derivation has been determined by 

taking, the square root of the total number of tracks counted and dividing by 

the total number of tracks counted. All uncertainties given are + 2 standard 

deviations (2a).. 

From the reactor irradiation, the induced track density in the mica 

7 2 
detector was calculated to be 1.003 x 10 tracks/cm using 

U ^ 
PT = ^ — 
' 5.76- x IQiO 

where 

Pj = track density at grain boundary 

U = uranium concentration in ppm 

2 
^ = neutron dose in neutrons/cm 

* believed to have an uncertainty of +10 percent (2cf) 
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Figure: 1.. A plot of tracks/ li m^ . versus ̂.distance 
from the grain boundary to determine the age of 
mineralization for the Midnite Mineuranium deposit 
CWashington); a = grain boundary angle. 
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Figvure 3. A plot of tracks/ U m versus distance 
from the grain boundary to deteinnine the age of 
mineralization for the Midnite Mine uranium deposit 
'(Washington); a «= grain boundary angle. 



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 
etching efficiency (n ) of the detector mineral is the second area of 

major concern. Because very few minerals will reveal all the damage zones 

after etching (Fleischer and others, 1975), determination of the percentage of 

tracks that will be counted for the number of damage zones actually present is 

necessary. This will generally change for the various minerals as well as 

their different cyrstallographic orientations. 

For fission track techiques to yield reliable: results, the system must 

have renalned closed to loss or gain of U, but not necessarily to the daughter 

products.from the decay of U and U; quartz must be found adjacent in 

uraninite or coffinite,. with uniform composition of uraninite or coffinite and 

the correct orientation of quartz desirable; and no thermal event can have 

occurred where annealing of the damage zones in quartz could have taken place 

after mineralization. 

This fission track dating; method should be useful for dating uranium 

mineralization in an age range of about 10 to 500 m.y., using uraninite 

adjacent to a- quartz detector. This range is based on the expected number of 

spontaneous fission events naturally occurring in the; uraninite, and. on the 

resolution of the; etched tracks viewed on the TEM. The method might be 

extended,, however,, to older events by use of other U-bearing mineral, such as 

zircon, sphene, and apatite,, where the useful age range will be dependent upon 

the U-concentration and scale of U-zonation within the mineral chosen. 

11 
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Figure A-1. The geometrical relationships^ and requisite 
parameters for setting up the theoretical model are illus
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Figure; A-2.. Two dimensional diagram illustrating qxieuitities 
required to determine the upper limit for the p integration. 



therefore dependent upon the angle <l> but not on the angle 9, again due to the 

semi-spherical shape (Figure A-2). The total energy loss /(dE/dD) of the 

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

" b " . 

dE 

dD 

dE 

dD 
+ 

a 

dE 

dD 

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

directly proportional to the distance traveled in that mineral, if this loss 

is assumed to be a linear relationship, then the sum of the ratios of the 

distance traveled (R) to'the maximum track length (M) is each mineral will be 

equal to unity for total fragment travel. The energy loss is not actually a 

linear function of the distance traveled (Friedlander and others, 1964), but 

the assumption will allow a first order approximation of fragment travel 

distance especially in materials where energy loss curves are not available. 

Therefore, the fragment will reach the unit area if: 

Ra ^ Rb , — + — > 1 
Ma Mb 

A-4 



This integral is not easily solved exactly due to the absolute value within 

the numerator and must therefore be solved numerically, us;ing an approach 

involving Simpson's approximation. Simpson's rule states: 

"Suppose that f(x) is continuous for a <_ x <_ b and 
{a = XQ < Xi < x, < ••• < X2n_i < X2n = b} lis a sub
division of [a,bj into 2n intervals of length 
h = (b-a)/2n. Then, approximately 

/ ^ f (x ) dx = 4 f(xo) + 4 f (x i ) + 2f(x2) + ••• + 4f(x2n-i) + f(x2n) " 
S . J , 

(from Protter and Morrey, 1967). 

The computation is further complicated since the maximum distance a fission 

fragment may travel within a crystal lattice varies from mineral to mineral. 

Figure A-3 and Table A-1 show presently available data on track lengths for 

several materials. Thus pji must be determined during numerical, integration as 

described earlier. Figure A-4shov;s the coinputer prog ram, and table A-3 
d 

list the tabulate/ values from the numerical evaluation of the integral. 

A-6 



TABLE A-1 

The average 

Material 

Air (STP) 

Quartz 

Apatite 

MgS103 

FeSi03' 

MgS2 

PbS 

Ni (metal) 

Au (metal) 

U (metal) 

distance a fission fi 

Track Length 

17.0 cm 
15.0 cm 

10.0 um 

8.0 um 

10.0 um 

. 8.5 um 

5.8 um 

3.3 um 

2.8 um 

2.5 um 

3.0 um 
2.8 um 

Reference 

Friedlander and others, 1964 
Chadderton & Torrens, 1969 

Weiland experimental data 

Naeser, 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) 

Carpenter, oral comm., 1979 
Chadderton & Torrens, 1969 

UO, 3.0 um Reimer, oral comm., 1979 



TABLE A-3 

Valu** of V, froa th« ntanerical avaluacion of Cba theo re t i ca l 
nodel . ISie P. i n t eg ra l was evaluated using Siopson's ' Rule with 

C2a) 

10 nicrons in 

Oistanoa; froB 
Grain Boundary 

to Dnit Area 
(mierona) 

0.0 
0 . 5 
1.0 
1.5 
2 . 0 
2 .5 
3 .0 
3 .5 
4 . 0 
4 . 5 
5 .0 ' 
5 .5i • 
6 . 0 
6 .S 
7 .0 
7 .5 
8 .0 

• 8 . 5 . • : 

9 .0 
-'• 'a.s- ' -

10.0 
10 .5 

u.o-
11 .5 
U . O 
12 .5 
13 .0 
U . S 
14 .0 
1 4 . 5 
15 . Oi 
15 .5 ; 
16 .0 
16 .5 
17 .0 
17 .5 
IBiO 
1 8 . 5 
19 .0 
19 .5 

. . . . . . . . . . . 1 . 

1 q u a r t s . 

Angle 

0« 

1.56. 
1.18 
0 .942 
0 . 7 6 9 
0 .627 
0 . 5 1 3 
0 .415 
0 .330 
0 .266 
0 .205 
0.159-
0 ;118-
0 .087 
0 .060 
0 . 0 4 1 
0 .026 
0.014>. 
0 . 0 0 7 
0 . 0 0 3 ; 

from the Grain 

1 0 ' 

1.56 
1.19 
0 .962: 
0 .787 
0 .649 
0.530 
0 ; 430 
0 .349 
0 . 2 8 1 
0 .222 
0 .172 
0 . 1 3 1 
0 .098 
0 .070 
0 .049 
0.032 
0 .019 
0 .010 
0 .005 

d.ooi 

Boundary 
of the Polished '. 

2 0 ' 

1-56. 
1.22 
1.00 
0 . 8 3 1 
0 .693 
0 .579 
0 .482 
0.399 
0 .329 
0 .267 
0.216 
0.170 
0 . U 3 
0 . 1 0 1 
0.074 
0.054 
0 .036 
0 .023 
0 .013 
0.006 
0 .002 

• } • 

3 0 ' 

1.56 
1.25 
1.05 
0 .899 
0 .772 
0 .659 
0 . 5 6 5 ' 
0 .484 
0 .408 
0 .346 
0 .289 
0 .239 
b . 198 
0 .159 
0 .127 
0 .098 
0 .074 
0 .054 
0 .037 
0 .025 
0 .014 
0 .007 
0.002 

to . t h e 
Surface 

4 0 ' 

1.56 
1.30 
1.13 
0 . 9 9 1 
0 .874 
0 , 7 7 3 
0 .685 
0 .599 
0 .527 
0 .462 
0 .402 
0 .350 
0 .302 
0 .256 
0 .219 
0 .184 
0 .149 
0 .122 
0 .097 
0 .074 
O.OSS 
0 .039 
0 .025 
0 .015 
0 .007 
0 .002 

Perpendicular 

so' 

1.56 
1.35 
1.21 
1.10 
0 .990 
0.902 
0.822 
0 .746 
0 .646 
0 .619 
0 .558 
0 .499 
0 .449 
0 . 4 0 1 
0 .357 
0 .315 
0 .276 
0 . 2 4 1 
0 .207 
0 .178 
0 .150 
0 .124 
0 . 1 0 1 . 
0 . 0 8 1 
0.062 
0 .046 
0 .033 
0 . 0 3 1 
O.OU 
0 .006 
0 .002 

6 0 ' 

1.56 
1.41 
1.30 
1 .21 
1.13 
1.05 
0 .985 
0 .922 
0 . 8 6 1 

o.aos 
0 . 7 5 1 
0 .700 
0 .649 
0 .602 
0 .600 
0 .517 
0.474 
0 .437 
0 . 4 0 1 
0 .363 
0 .330 
0 .299 
0 .269 
0 .240 
0 .212 
0 .186 
0 . 1 6 3 
0.140 
0 .119 
O . lOl 
tf.083 
0.068> 
0 .054 
0 . 0 4 1 
0 . 0 3 1 
0 . 0 2 1 
0 .014 
0 .008 
0 .004 
0 . 0 0 1 



Figure A-4 continued. 
510 H3«R0/(2«S) 
620 R2M LOOP TO WALUATB THE THETA riTBGRATIOS 
630 <C6-l 
540 M\T Y-ZSR 
650 ?0R T-0 TO (2*PX1+H1 STEP; HI 
S60 Tl -SIHT 
670 T7»O0ST 
680 RCT LOOP TO CVAt.UA?3, THE RHO INTEGRATION 
S90 IP RO-fl THS»I 950 
700. H 3 " P 0 / ( 2 * S f 
710 KS-1 
720 HAT l-SEP 
730 FOR R-0 TO R0+H3 STEP H3 
740 P-R*2»Pl»!ABS(Al*(01-R*P2)-R«Pl*T2«A2n 
750 G-(SQR(Dl*2+R*2-2«01»R«P2))*3 
760 r t K 5 i - r / G 
770 S 5 - « 5 * l 
780 SEXT R 
790 REM SVALUATE SIMPSON'S IVPPROXIMATIOS FOR RHO INTEGHATIO?! 
300 fHXai-PUAN 
aiO KS-RS>1 
820 JJSXT T 
830 REM EVALUATE: SIMPSON'S APPROXIMATION POR THETA INTEGRATION 
940 XlKTV-P^BTI 
350 K7-K7+1 

870 REM- EVALUATE SIMPSON'S APPROXIMATION POR PHI INTEGRATION 
380 S(J<»FNCH 
890 T t J I ^ O 
900 REM PRINT NUMERICAL VALUE QP THE PROBABILITY PUM-rrtON POR 
910 REM THIS DISTANCE PROM THE GRMN BOUNDARY AND PROCEED TO NEXT OISTANCS 
920 PRINT TABS,TUI.TAB2S.S t J l ' 
930 D-O't'OO 
940 nSXT J 
950 REM INPUT WHERE DMA IS TO SB STORED 
96d OISP 'oTOREOATA IN TRACXI, P l L E I ' j . 
970 INPUT P l , P ' 
9 80 STORE DATA » P l , P : 
990 OlfJP ' 0 0 YOU WISH TO INptTT SEW DATA" j 
1000 INPUT 0 
1010 IP 0 - 1 THEN 80 • 
1020 SHD 
1030; REM SUBROUTINE: TO WALOATE. SEffSOS'S; APPROXIMATION POR RHO INTEGRATION 
1040 DEP PNA(M) 
1050 L-M-0 
1060 POR X-2 TO 2»S 3t3P 2; 
1070 L-StXl»L 
1080 IP X-2«:« THEN 1100 
1090 M-ZIR*H *M 
1100 NEXT K 
1110 RETURN H3/3«(Zlll+4»L+2*M+rU*'S+in 
1120 REM SUBROUTINE TO EVAL'JATS SIMPSOS'S \PPR0XIMAT10:| POR THETA lUTEGRATIffil 
1130 DEP PNB(NJ 
1140 L-M-a 
1150 POR S-2 TO 2*N STEP 2 
1160 L-YIKIx-L 
1170 IP K-2*N THEN 1190 
1 1 8 0 : M - X ( K + H + M 
1190- NEXT X . 
1200 R'StURN H2/3*(Ym*4«L+2»M+Yl7.*M*lH 
1210 REM SUBROOTINE TO EVALUATE 5r ' .PS0U'S \?PROXIMATION POR PHI INTEGHAflON 
1220 DEP PNC(N) 
1230 L-M-0 
1240 POR K-2 TO 2«N STEP 2 
1250 L-XtXI+L 
1260 IP K-2*N THEN 1230 
1270 M-Xtxn i+M 
1280. NEXT K 
1290 RETURN Hl/3* (XJll-t-4»L+2*M-fX(2*N+ll) 
1300 END 
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10 microns in the U-poor phase. 



252 Cf IRRADIATED QUARTZ SAMPLES 

252 
A Cf source was used to induce fission tracks in quartz to better 

understand its etching characteristics. One experiment was carried out to 

determine etching efficiencies for various crystallographic orientations, 

while the other experiment measured track lengths and track diameters as a 

function of etching time. 

Etching Efficiency for Quartz 

Etching efficiency (n) is defined as 

"the fraction of tracks intersecting a given surface that are etched on 
the surface under specified conditions" (Fleischer and others, 1975,. p. 
58). 

238 
Since the ^• has been established at "̂ 1 for a mica detector (C. W. Naeser 

• • ' , • - . • I 

oral commun., 1977), the number of tracks etched in the oriented quartz 

samples were compared to the number of tracks etched in. mica detectors 

?52 
irradiated on the same Cf source. • 

Sample Preparation 

A large single quartz crystal was slabbed paralled to represented crystal 

faces (Figure B-1). Several slabs were also cut perpendicular to the C-axis 

from the remaining crystal core. The slabs were then mounted on glass slide 

and: polished on a vibro-lap unit with tin oxide for 8 hours. This polishing 

method reduced the problem- of crowning found when hand polished on a diamond 

wheel. 

Sample Irradiation 

The: polished quartz'slabs where then placed in direct contact with a 

252 / 
Cf source (electroplated onto gold foil) for 24 hours. Three mica 

252 
detectors were placed on, the: same Cf source, again for 24 hours, during 

the course of this experiment to determine heterogeneity within the source and 

for calculation of the. etching efficiency for quartz. 

B-2 



Sample Etching 

The fission tracks in the quartz were then revealed by chemical etching 

with a 1_N equimolar solution of NaOH and KOH at 145°C, Etchants previously 

used for quartz have been described by Fleischer and Price (1964), Sowinski 

and others, (1972), and Fleischer and others, (1975) with the general 

conclusion that these etchants are less than satisfactory. Many attempts with 

HF and HCIO^ at several temperatures and concentrations, and various 

temperatures of NoOH solution were undertaken before the above^etchant was 

decided upon for use in these, experiments. The etching apparatus is shown in 

Figure B-2. The etchant is used until the 145°C temperature can no longer 

be maintained, suggesting changes in composition and concentration of the 

solution. The mica detectors were etched in 48% HF for 14 minutes at 25°C. 

Track Counts ^ . 

Each of the quartz samples, were etched for several different time periods, 

counting between each additional etching. Because of the heterogeneity of the 

Cf source, tracks in the mica detector (sample no. CF-8-23^78-MC) were 

counted with an optical microscope on a grid system to determine the best 

areas to use in counting the: quartz samples. From this, an area of 25 fields 

-4 2 
of view, where I field of view =8.4 x 10 cm , centered over the 

distribution- of fission tracks, has been used for all subsequent track counts 

(Figure B-3). 

Results 

The results for the different crystallographic orientations are found in 

Table B-1 and Figures B-4 through B-6. It can be seen that etching efficiency 

varies considerably for the different orientations. The orientation 

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

shows a generally consistent, but low etching efficiency of 0.38 (Figure 

B-3 



AREA CONTAINING INDUCED 
FISSION TRACKS 

25 FIELDS OP 
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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Figure B-7. Replication of etched san̂ jle surface 
using acetone-softened Formvar (cellulose acetate), 
and stibsequent mounting and coating for observa
tion in SEM. 
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Mounting, Polishing and Etching Grain Mounts 

The grains were then mounted using the method described by Naeser (1976): 

5-15 grains were placed on a teflon sheet, and several drops of epoxy added to 

the grains a glass slide marked with sample numbers was placed on top, using 

spacers to level the glass slide (Figure B-9), and the epoxy was allowed to 

harden. The grain mounts were polished using the procedure described by 

Naeser (1976): Coarse emery paper was used to expose an Interior surface of 

the quartz grains; and the samples were then unidirectionally polished, 

alternating 90° with each decreasing 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 revealed by the chemicar etching procedure 

described in the previous section. 

Observation and Counting of Tracks 

Observation and counting of tracks was accomplished using a scanning 

electron microscope (SEM) after the samples had been mounted on a conductive 

SEM stub and coated as described in the previous section. Due to inherent 

problens with the SEM's operation, the inability to "see into" the etched 

track is a major disadvantage of using: this machine. Discrimination between 

crystal defects,, polish scratches,, and fission tracks may therefore be 

difficult, if not Impossible. Resolution of the SEM also limits its use to 

fi 2 

track densities, generally less than: 10° tracks/cm^. 

Replication of etched surface as described in the previous section 

eliminates most of these problems, but heat from the electron beam tends to 

destroy the replica, causing a problem with obtaining accurate track 

densities. Therefore, for natural samples, where- track densities are expected 
9 2 

to be greater than 10 tracks/cm , procedures for the transmission 
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*̂  

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 two stage replicating procedure to observe the fission tracks. To 

make a two stage replica, first the sample is replicated with cellulose 

acetate as previously described for the SEM, then this plastic replica is 

taped, replicated side upwards, to a glass slide. This is placed into an 
o 

evaporative coating system. First,, 20-50 A of metal (Pd or Pf) is shadow 

coated at an angle of 20-30° from the horizontal (Figure B-10). The formula 

for calculation of evaporaive coating thickness is: 

^ _ m (3 s in e). ( IQQ) 

16- ir r^ d 

where 

m - mass of material (g) 

t -thickness of deposit (A) 

e = shadowing angle (radians); 

r - distance from source to specimen (cm) 

2 
d = density of material (g/cm ) 

(Kay, 1965) 

This, coating Increases the contrast of the final TEM specimen. Next, a 
o„ 

200-400 A carbon coating is evaporated uniformly onto the sample surface. The 

plastic replica is then dissolved leaving only the metal-carbon replica. The 

plastic replica is dissolved using methyl acetate by transferring the replica 

through four such solutions to remove all the plastic residue from the 

metal-carbon replica. This replica must then be "fished" onto a 100 or 200 

mesh copper TEM grid and dried. 
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TEM Observation and Counting 

Photomicrographs of the grains show the etched tracks as light-colored 

spikes. It can be seen also from the photomicrographs that indicate track 

densities do indeed decrease with distance from the grain boundary. Track 

densities computed from the photomosaics at several distances from the grain 

boundary are shown in Table B-3. Since fission events follow a Poisson 

distribution (Naeser, 1976), where the standard deviation is the square root 

of the number of tracks counted, the track density counts were pooled, where 

possible, to improve the statistics. 

Results 

Results from these experimental quartz grains are plotted in Figures B-11 

and B-12. The intercepts of 18.4, 18.5, and 19.3 tracks/ym show excellent 

2 
agreement with the calculated track density of 19.7 + 2 tracks/um from the 

Z/ 

reactor Irradiation. Data shown in Figures B-lgr from sample #9-12-4FC show no 

correlation with any of the theoretical curves, and the sharp drop in track 

density at a; distance of 6 microns, indicates that this sample may have had 

another quartz grain in very close proximity when irradiated, yielding the 

misleading results. 

Another noteworthy observation concerns the decrease in track density for 

distances of less than 2 microns from the grain boundary. This is due to the 

increased relative etching rate at the corner of a crystal, which is being 

etched from two surfaces Instead of one. This increased bulk etching rate is 

nearly equal to or greater than the track etching rate, causing the reduction 

in size and number of tracks at the grain boundary. Therefore, for dating 

natural samples, track densities were only used for distances greater than 2 

microns from the grain boundary to minimize this effect. 
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