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Intro&uAion 

Allwalt: to tht. ;:arv, earth mrmber of tlIc eIYutc. 'Troll? of 

initlerls with 7..oripooltion „enerally e:Trel_;sed af3 
1/

Oas,CO2(FesoFe3)A120.0H(S14247)(SiN). Althou,gh there have been 

several inverti3ationc of :0_1)aite in pegmatites, studies of 

EOlarite from Exanitoid rocks to date are rare. 

study of r_,,cce.:.,sory from the Boulder Creek 

is n adjunct to the couggehenalve petrcloi;ie study 

that butholith by George Phair and David Gottfried of the J. 3. 

GcoloGical Survey. The allanItes studied represent a suite of 

twenty rocks systematically collected from the Precambrian 

Boulder Creek b,,tholith Which intrud:Ls gneisses and schist of 

the older Preca±rian Idah.) Springs formation. Plate 1 shows the 

sample lc.,cations of the twenty allanite concentrates studied and 

the geologic setting of their host rocks. Allanitc• is unusllany 

abundant in these rocks lInd occurs as crystals and/or irregular 

aggrgates ranging from a fraction of a millimeter to a 

centimeter in maximm dimeusion. Unlike most pegmatitic allanites 

these are only partially metanict, thus making it possible to 

Obtatq complete optical and X-ray data. 

1-lam the obse.:ved relationship between the in ices of 

refracon, d-Lpaciags and chemical composition, it 1.3 possible 

to evaluate the role of allAnite in the incorporatiaa of 

radioactive elements, such as uranium and thorium, and how the 

1/ Deer, W. A., Howie, R. A., and Zussmn, j., 1962, rock 
Formana Minerals. Nev York: Sohn Wiley and Sam, Inc., vol. 1, 
P. 211. 
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Plate I Outline map of the Boulder Creek batholith 

showing sample locations (After G. Phair and D. Gottfried 1964) 



	Jf tlivsc .21emn-LJ% the problem of' 

Nbreor, the flt-J. hers 2rcsented furnish aduitional inforL.tion 

';..; to th. dir,-„ribution of the rare earthy (C-IL-1. 2 Net,Lm and f'76 

in 

Gcologic Setting 

The Boulder Creek 1,,,,tholith is west of Boulder, Colorado, 

in t7r,cL.-f,tra1 nortiu of the Colorado Front Rangy'. The study of 

p_.L.olith has beer important because of it c1ow3 

association Olithe Froat Range Miner -A Bei.t which i thuadilt to 

b.:: of Laramide age. 

The brief p-eolcv, c description presentee, her- is avAin 
2/ 

wilily from the work of Levering and Goddard, 19507 md 

unpublisht:d -fork by Phair end Olottfricd. 

The rocks of the Front Fringe consist of a series of 

Pmuan[cria.a batholiths and stocks of granitic composition 

intruzive Wearlier Precambrian sediments which were 

cmsequr.:ntly deformed and met::morphosed. The exposed rocks of 

the Front Range are thus divided into two groupings: the 

Precambrian granitic batholiths and stocks and the metasediments 

of earlicIr Precambrian agg which have been infru4"7- and deformed 

su tlIA they nearly every where surround and interfinoar betlieen 

the various batholiths. 

2/ Lovering, T. S., and Goddard, E. U., 1950, "Geology 
and OrSDeposits of the Front Range Colorado", U. S. Geolojical 
Survey Professioaal Paper E22, 319 pp. 



	

	

	

	

	

	

	

	

	

ollcr Pr(!ramL)ri;:,.n metamurpLic,- ,t 

of gneiss, jaeibwir 

3chis pagmatites. -31 leaser quantitie; of cipfirtzites and 

9e1)1 _re.71... conylJinorate. Th-L lrter Precambrian granitic rocks -
//(16' .;.di 

Eseuer-Ifly growpc:d as the Boulqur Creek grwrait, 00101111ii ra.y. ), 
/.106) 4I 

the Sliver Pluze granite IOW u.y. )Th.ml t4e Pike3 PLak grzzlite 
/6'') 2/ 

, the oldcst and least 

a',unf.

(1111rat.y.), c2he Boulax Creek granite ir.

.: It of the thr.'.7'. It is usu4ily distintuishd. iii the fi,-.1d 

color -?;ad itr, faint bandiag. Pikoc Pv.2.1;-

64-Lott irs very pink and i2..ou.%1J1y coarser grainef.i and the Gilver, 

P'? u, is fine grained and Ives a lioat pinkicth-gra,y color. 

ir.a.; Boulder Creek 1).tholith is the largest sin ;le bot-iy of 

oulde:: Creek 0- cite in the Front Range. It is awroximately 

twenty miles ling in a north-south direatiaa aud eleven miles 

wide in an east-west direction_ lt is seen from Platt.,1 1 th,J;t the 

term Loulder Creek granite iaclude::: a variety of rock types. The 

Eknader Creek butholith lit immediately south of aorthast 

end 02 the Front Range Minaral Belt. The main trend of the 

mineral belt Lgins r r Brckenridge, Co13. wectem..mdo)on 

border (-:.e th Front Range and traces a direction of N 35' E Zor 

Stern, T., EtLir, 3., and Gottfried, D., JaigmbliaLik.d 

Davis, G. L., Tilton, G. R., Aldrich, L. 
WethcrL1, C. W., and It'aul, H., 1957, "The Acre of Rocks acul. 
Minerals", Annual Refit of the Director of the Geo sicai 
Laboratory, C.Arnegie Insitutioa of Was No. 1.77, p. 166. 

Davis, G. L., rich, L. T., Tilton, G. P., 
Wether 2 a. W., and Jeffery, P. M., 1956, 'Me Age of Rocix %ad 
Witneral2", Annual Peiort of 1:12e Director of the Georllnicaly 
Lc'.boratory„ CrneglL InstrtuAor. of qaahington, No. 1.2076. 165. 



	

	

	

f3.ppro:dmai-xly filly mal enc,ling c. fey miles northwest of 

Bc,ulder, Color,i4o on the eaztern border of the Front R.,nge. :'hid 

t..:enu is outliaed by a series of Laramide iatrusiv f3tocks and 

amaller linAbyssul bodies: as well as the L%ramide dikes and veins 

associated with them. The Lary aide intrusive stoct are 

enerrq4 intruded into a zoa:' of older Precambrian metasediments 

which lte between major late:' Procadrian igneous batholiths of 

gnytit2t composition. The Laranide dikes and ire in:; commonly 

tren;.; both metamorphic hood igneous terraitle. The reader 

is referred to the work by George lair rlau YriJaci':., Fisher in 

196 for 4.. detailed compreheu3ive study and classification of 

this Lar.miac.- series of rock-. 

Laboratory Kcthods 

Cek-xat ion 

Tuecty to thirty pounas of rock for each sauple were 

crushed and sieved. The portion in the 100-200 mee..1 size was 

then used in the further separations. Appropriate heavy liquide 

were.. used in order of increasing densities in order to keep the 

allanUe in the heavier fractionn and in the meantige floc:Aug 

out i'.-2casing amounts of the lighter Leavy mineral suite. Tilt; 

order of use and the'' of the heavy liquids used Item: 

Mar, G., wad Fisher, F. G., 1962, "Laraimide 
Cow is Series in the Colorado Frort Range* The Feldspors", 
IkArolo-fic atzlies: AVnlu= to Manor A. F. Buddinatano Geol. 
,looe. Am., 07779-522. ------



	

1. brumolorm (2.39) 

2. 21'x.tayle.112 iodide (3.3) 

clerici solution (..-14-) 

4. clertc.1 so:13.thion (3.54) and 

5. cleric' wluticu (> 4.005). 

Generily, at least:8',4 of the allanites remained i the 

proresstvely denser heavy frLAions until the 1.act clerioi 

solAttc. ,lith density > 4.00rj, v-.2 used. here most of the 

allLit.? plus sere epidote a-LA sphene floateJ. partioa then 

wit:1 gravity > 3.54 24d lesL than tLe liouid with a grPvity of a 

littio room than 4.005 was v,;.z,hed repeatedly withlarge voluLes 

of w!-J.rm distilled water to eomnletely remove aay trace3 of 

the .Ilium from tie elerici solution (thallous forte thalloua 

malmir.te). 

Vbst of the sphene and epidote were removed from the 

con..2ontrr...te ()LI Frantz mcgwtic separator. The bulk of the 

u11 rite was obtaiwd at amperage settings varying fraa 0.14 

OM) whila a tilt of 12° and a slope of 20° 

conicA.ltrItes . ere then hand picked to achieve a purity of at 

least 96,t) allanite in all cases. What impurity was L:=Tt if sAY 

con;:z*.:_3ted of scattered .nartial rims of epidote which could not be 

separated from the allanite in an ultrasonic disugar%ator. 

....,..1thodsOpticL.3

Because of the very small initial amounts of allanitc) 

cone nitrated, optics were determined by moulting sir zie 

on the tip of a spindle titago designed and describe,a by 

https://malmir.te


		 		

	

	
	

	

mix L. (7-. S. For each sfulkolc t3epearr:::. Were 

muunt(2d, in turn, the three priacir?le direcic.. (up 9, y) of 

indPx of refraction were then measured on each individual 

The average of these six deterndnatia.as is used here as the 

indices of refraction for each particular sample. In cases where 

suite lae interference figurcs could not be l'ound to tv.xt In finding 

the optical orientatiaao far the principle dire tior of index of 

refs, ice, the ortho3copic procedure described by Wilcox T. 

u;y2q-:. 1?ur all d6terydnat4nr,s mi..de the machine, illdox oil was 

checked on a Leitz-Jelly refractometer. .he indices obtained for 

sanple 245 are aot repre .itive of the entire samplc but are 
i,7tfit,"- /C1 bC.„lhe e76'574 74// 71- 6 6', 

ical determinations on the majJrity of the 

grata.7 were not possible due to the very dark color aad a network 

of crackz and haekly relief whin combined to so disperse the 

light hit following the movement; of a becke line was impossibl. 

The six 3rains uLed were not very fresh axed were of a lighter 

color reIxesenting (Nay aeout 3 of the sample. If optics 

could hie been determined thoy would have: been clue to the 

average for this allanite suite . '1able 1 shows the optical data 

for the allftnites. 

Wilcox, R. 1959, "Use of Sprinule Stage For 
DetermInfalz Refractive indices of Crystal Fragmons", Alwricaa 
...1.1iFEEILL2A, vol. 44p pp. 1'42-1293. 

https://deterndnatia.as
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for Lalanites fror.ithe Bolader ekethoUth 

Samp:L No. 

GP - 1 

GP - .._. 

G2- --, 

GP 

GP - ?7 

GP - 1; 

!-P - i:_:. 

T., - ,4 

,1z2 -

GP - tsi... 

GP - ;,'' 

GP - 575 

GP - 6-7, 

IP . 70 

GP - 61 

GP - 84 

GP -

GP _ sB 

GP - 167 

GP - 245 

u 

1.752 

1.745 

1.a'; 

1.745 

1.734 

1.726 

1.7')9 

1.723 

1.751 

1.747 

1.747 

1.752 

1.740 

1.7D1 

1.744 

1.756 

1.748 

1.750 

1.749 

1.719 

6 

1.771 

1.761 

1.(0 

1.765 

1.749 

1.739 

1.774 

1.744 

1.162 

1.760 

1.761 

1.766 

1.756 

1.744 

1.759 

1.769 

1.764 

1.763 

1.766 

1.731 

Y 

1 -.19.0t...Fu't 

1.771 

1.770 

1.776 

1.759 

1.74e 

1 •it(' 

1.752 

1.771 

1.767 

1.77c 

1.773 

L.765 

1.754 

1.763 

4..778 

1.775 

1.773 

1.776 

1.741 

r'cr 

.032 

.026 

.024 

.031 

.025 

.02jL 

.C2) 

.024 

.020 

.020 

.025 

.021 

.026 

.023 

.024 

.022 

.027 

.023 

.027 

.022 

est. 2V Cale. 01.ytic
2V sib_ 

..... 78° 

50°-60° 76° 

600-700 800 WA 

-- ILOT-° 

77° 

..... 79° 

-- 72° 

700 70° 

70° 84° 

-- 72° OS, 

OP70* 77° 

70° 70° 

-- 76° 

70° 82° 

55°-75° 75° 
790TO* 

7970°- ,, 0 

-- 82° 

70° 74° 
640-- OP 

Meochrcism strong. X Dale tan to 1104 Drawn 
Y very dark reddish brown,

cecazianally greenish brown 
Z = dark bran 

X << Z < 

110 



	

	

	

	

	

 

	

d-6p2cin2-3 

hwe been detrribled fol all the-e allanitt.a 

thay match 11%,ry closel;r these given in the A.S.T.[. X-ray 

inde for fresh b.11Inite. The '.1.1L.nites of 'ewe:- inaices of 

refrction b.av d-"P-cinkLa vary nearly the sane as th )se for thc 

allanies of th higliest indices of refraction, but the line,: on 

the fi_aa for th witil low optics were mach broader and 

ltiact tilln for the others. Several of to.(.2.-;0 had to 

run si, or more tiw,; at different settinks and varying lent,th•, 

of in order to obtain a pattern that weld meth; 

st,'..ndarel: of line definition for cccurate measurements 

A powaT camera w used on the weak port of a copper rL.kliation 

_source with 'A nickel filter. Beca-ase act reflection:. were 

usi,a11 - absent, a canal—. with a p :,top that coula be turned 

45° fry= the usual position vls used so that a portion of the 

strong frant lines could be exposed on tht her end of the film 
7.q. -1/Y11 7t1 1 

mirril21 shrinkage 111101r be me.u,ured. D-spacing masurements for 

these all anites are quite uniform. Sample 1 rat; been indexed, as 

the me, .seed d-spacin,;5 would show it to fall ziadway in the small 

range xe variation in d-spacings for these a71; rites The data 

for ;plc 1 is shown in Table 2, and can oe considered 

representative for the all,'-nite suite . 

Chen .cal Data 

Because of the small initial size of tbese allanite 

concenGrates orJ y tho::e analyses not requiring large amounts of 

sail : could be made. Several of the sanples were so small as to 
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allow only opticll Aaf. X-r_j 04Leri. were Larer enoagh to 

have thirteen rjor end minoi elements aeternAned by X-ray 

fluorescence analysis with enough sample left for determination 

of ?eu, !Ago, a.m.:. 1720 by microanalytical techniques. Thirteen 
chewicAy /1/0 s titcc av\c\ 

sam,?le vereAanalr-ed by/terwrcise 11111110110 tea.aiqueSfor 

dete-(mrinr.tion of urQuium and thorium, 

4111111111111111 Tables 3, 1 , and. 5 show the result:, ci' these 

ch(.-1„:2,A C.etermLnations. Table 6 chows the sunrrtion_ for the 

'D3,8 of these all niter when the chemical tta are 

cordhir2d. 

Discuss ion of Data 

It should be remealbercd when relationships are discussed 

or she ,a on plotted uiagra the total nualber of samples involved 

will Pr= one set of par titers to another depending on the 

nugliler of allanites arAyzed for those components. Ia those 

cases where definite trends are established a solic: line will be 

used; when only a general trend appears a dashed line will be 

used ai.d in equivocal cases where only a field or fields of 

raationships result these will be distinguished by appropriately 

(Lshed line borders. 

Figare 1 shows a pint of on against the Fecob content of 

six samples of clllanite, which shows On increasing with 

increasing Fee 00 content. Figure 2 shows a decrease in On when 

plotted against increasing Fe0/Fe206 ratio for the same six 

samicaea. Comoaly the refractive indices of a mineral increase 

mith tu2reasing iron content, but when the On for theJe 

allanitez; are plotted against total iron a co4iplete scatter of 



	

	

	

	

	

	

 

	

	
	
					

	

		

	

					 			

								

	

	

	

	

 

	

	

			

SW2 30.0 29.5 3:'.4 

Al2Cs 14.5 14.7 1').1 

4;,20t 11).3 16:3 17.,-.) 
(to.G.1) 

09.0 12.7 13.:, 1:f,..:, 

Ma0 0.45 0.50 0.43 

7102 0.92 0.,26 0.77 

28.0 29.8 

14.3 14.0 

17.5 14.1 

13.t. 11.7 

1.02 0.35 

0.66 1.03 

Table 3 

X-ray fluweseenee auLlysis Gf fraa 

the Boulder Creek batholith* 

Sample No. 15 21 54 51 52 167 245 

30.6 30.3 30.4 

14.5 14.6 14.. 

1:5.( 16.1 16.') 

12.4 13.8 13.2 

0.7 0.4 0.70 

0.88 0.60 o.87 

Ce0 8.3 9.3 10.5 8.3 6.8 10.8 9.7  9.8 

I.4202 4.6 4.7 5.1 5.4 4.1 5.0 4.3 4.6 

N4201b 2.4 ',-,.'i 3.0 2.3 2.6 3.1 2.8 3.o 

.3=203 0.05 

G420s 0.50 

Y2U3 < .1 

Th0,, c.41 

0.6E,, 0.73 0.65 

0.52 0.62 0.61 

< .1 < .1 0.2 

0.62 0.62 1.8 

070 1.3 1.2 .72 

o.48 0.6 0.5 0.56 

< .1 <.1 < .1 0.2 

1.0 1.5 1.1 1.5 

* Anal:,rsts Harry Rose and Robcna Brawn -- U. S. Geolozieal Stwvey. 



	

	

	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

	

	 	

Table 4. 

Flu,nai3wtric thralliUM c:4113. Thorium deterraination3 cet allanite3 

from the Boulder Creek batholith* 

SaarQl€: No. a pca 

82 4,9,65 

5 84 10,59/ 

15 54 4,%5 

17 107 5,1T 

21 70 60723 

.... 158 i1, 380 

52 3.4C. 9,755 

53 138 9,623 

84 146 9,403 

.140 9,147 

96 122 10,633 

167 146 10,194 

245 102 11,600 

*Analyst Roo9evelt %ore — U. S. Geological Survc....y. 

13 



	 	 

 

	

		

		 

	

		

			 	

Table 5 

1.11,:.:roJaa1yriit, of a/laaites frara 

the Boulder Creek 'bat eolith* 

Sarole No. 0 Fe0 % IT420+ % g23- Va total 1T20 /05 

6.45 1.04 7 0.17 

0.66 2.54 C.10 2.1)4 0.11 

1.00 2.22 0.1 

6.46 6.97 C.11 

52 o.i6 p.55 0.2,) 0.15 

157 5. L J.97 -.59 0.15 , ,rw < 6.03 

1.o4 3.5D N.D. 

* Aaaljst John .2.arixtenko -- U. S. Geological Survey. 
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Summatioy.: for al...nite c,olpoLAtian.: 

34 51 )2 

...••••••••••••••••••• 

SiO 30.0 29.5 3J.4 -8.o 29.3 30.6 , 3.,:; 3o.4 

.13,233  14.) 14.7 15.1 14.) 14.0 14.5 _4.6 4.4 

3e,..3- 11.1. 9.0 11.r1i, 6.90 7.9u ... .1..:. __. 

F . 6.1:‘_ 6.5 5.58 6.46 ..41 

• n. , C.!6 1.0C * 
O'97 0.7 ,.7i 1.'v.. Ag ... J.•.,, 

C3.0 .7 13.j  z.3 13.) 11.7 -1 .4 .r 1:5., 

vie) 0.45 0.50 0.46 1.02 0.5> C.7 

OiJ2 f.).92 k.").56 J.7( 0.86 1.C.5 0.466 -60 0.6" 

210t3 0.17 0.11 0.03 * 0.11 0.15 <u.07) N.D. 

Ce0:- i.!.i 9.x 10.5 8.3 8.0 IDA> 9.7 9.8 

a3 -4..,:, 4.7 ;.1 5.4 4.1 5.0 4.3 4.6 

kiei-20:11 2.4 2.7 3.0 2.3 2.6 3.1 ....0 2:;.o 

br,42‘,,, cf.65- 0.68 ,.-(1.-) o.6r. 0.70 1.3 1.2 0.72 

Gcli20,1  0.50 0.52 O.6, 0.61 0.48 0.6 J.f7. 0*5 

Y26,1 < .1 < .1 <.1 0.20 < .1 < .1 < .1 0.20 

qa06-- 0.56 0.61 0.76 1.80 1.30 1.11 -16 ...), 

Us .., 0.01 0.01 0.0_ * 0.02 N.... ..,e_ 3.02 '.) Ce.. 

D- 0.10 0.12 * 0.26 o.15 
2.57 2.96 3.50 

420+ 2.54 2.2k * 3.55 2.59 

Ittal 97.22 96.59 101.00 94.44 92.28 98.93 99.10 100.05 

* Noe; deter 
H. D. 14e% 6.etect(?.d. 

t. 
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Figure I Plot of beta index for allanite against Fe2 03 content of allanite . 
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Figure 2 Plot of beta index for allanite against FeO/ Fe203 ratio for allanite . 



	

	

	

	

	

 

points ru?sults, i-1cd.ic. tins that the increase in infL1c(2s of 

refrEc:tion is a func.ciLli of Fc2Os content .'ether than Jr tpttl 

iron as Yigure 1 and 2 illustratr.!. This relatinship between 

refractive indices and Fe2Os :Intent is supported by u. study of 

aIlanite from Yose*Itte Nation,-,1 Park by Hutton, 1951. 

It is Fas) thD113ht th:,t incre asing rare earth content in 

allanitewill result in higher refractive indices, but proof bi.a 

geaerly been lacking due to the incompleteness of optical d_ta 

on nom a single series of differentiat„:d i.nd, therercre, 

related rocks. Nbst optics given for allanite in the literature 

are for pegmetitic allanites from hundreds of widely separated 

localities. Plots of agaist weight percents of the three 

most z4busdant rcae earth oxides (CeO2,La2(, N4203) in the 

c.11aniteo from tne Boulder Creek b,Aholith are shown in Figures 

3, 4, and 5. The plot of against Ce02 (Figure 3), the most 

abundant rare a'trt,h shows a definite field cf increase 

with increasing CeOt with a is t: scatter of the points. Figure: 

4 shots conpiete scatter of points When On is plotted against 

La203, the second most abuncnt of the rare earth oxides. 

However, when Fn is plotted against Nd20s, kigure 5, which 

acct; for only 2..3% by weight of ;he bulk coltion, the 

same C.vcud is shown as in the plot against Ce0 except the 

horizontal scale is shorter. Figure 6, which is a plot of the 

sum of those constituent oxides Which tend to increase the 

8j Hutton, C. O., 19:31, "Al unite from Yosemite National 
Park, Tuolumne founty, California'', American Mineralogist, 
vol. 36, nos. 3 an 4, pp. 235-47. 

https://i-1cd.ic
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Figure 3 Plot of beta index for allanite 

against Ce02 content of allanite . 

.780 
21 

0 
--c .770 167 (5 

52O 
-•51 •• .760

0 

170_ 1.750 • 
34

• 
.740 

4.0 5.0 6.0 

Weight percent La203 in allenite 

Figure 4 Plot of beta index for allanite 

against L 0203 content of allanite . 
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Figure 5 Plot of beta index for 

allanite against Nd203 content of 

allanite, 
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Figure 6 Plot of beta index for allanite against the sum Ce02 + Nd203 + Fe2 03 

in allanite . 



	

	

	

	

l'ofractivc indices (Ce02, Nd203 and Fe203) against On, show thu 

s'Imr2 trend as the three separate plots but with a marked decrease 

in scatter 01' poiats. The trLlid shown in Figure 6 supports the 

conlusion tha the increase in refractive indices for the 'sLite 

of all_tnites studied is related to the increase of ut leant SOUK 

of thy: rare erths as _1:1 to Fe2% conte. 

Figures 7, 8, Lad 9 sbow plots of the three major rare 

D.Yeies for these all: sites (C42, L420, and '6203) as weight 

if bulk composition :di' the allanites agaiul,t the weijxt 

percent sf SiOn for the bulk rock composition. Figura 7 stows a 

god trotid of i:icreusing CeO2 with increasing Si02, but samples 

15 'Ind 51 fall below. It will be noted in Table 6 the at the 

cLlen2ic -.1 compcsitiva summation is much lower for 51 than it is 

for tka others. It is possible this low summation is due in pert 

to lc values 'or some of the rare earths but thii has not been 

established. Sample 15 belon,3s to a group of rocks on which low 

apparent ages were obtained ul,ing the Pb-ce wthod on zircons from 

2/
those rocks. '.1-his group of roei;.s will be discusses later in the 

test. Figurl, 8 shows the sane increase of La2C with increasing 

.i,;th 51 again falling below the main trend. Figure 9 shows 

th_ !_:reace of Nd2Cb with aiO with 15 age in below the 

trenc. pleat of total rare earth oxides, including the leLioer 

cludzati,,:ies ofSia 3 and G4203, against SiO from the bulk rock is 

shown in Figure 10. Samples 15 and 51, as might be surmIsed from 

the pr, ceding plots, fall well below the main trend of increasing 

2/ Ph-ir, C., Gottfried, P., un't?ub3ishec 
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Figure 7 Plot of Ce02 content of allanite against the .i 02 

content of bulk rock. 
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Figure 8 Plot of Lag 03 content of allanite against Si02 

content for bulk rock. 
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Figure 9 Plot of Nd2 03 content of allanite against 

Si02 content for bulk rock. 
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Weight percent Si02inbulk rock 

Figure 10 Total rare—earth oxide content of allanite plotted 

against S102 content for bulk rock. 



	

rare e.-.s-tits iu c-lianite with Increasing 3102 from the bulk rock. 

Figure 11 shows the dii:Axibvticri of th,..-o indivictual r'!.re earth 

oxides recalculated to 100% of total rare earth oxides for these 

allanites plotted according to rock type. It should be noted 

that only three samples represent grauodiorite, three samples 

represent quartz monzonite and two samples represent granite. 

As t.:n. be seen from Figure 11, Ce01, equals about 50% total rare 

ear%hs„ La20.6 about 2; 7, Nd202 about 15%, and Sq7Ct and G4203 

abt, and Yjo respectively of total rare eo.rtLs la these 

alkinites. The total rare earth contents are highest in allanite 

Iron Lranies as expected from preceding plots (Tigures 7, 8, 9, 

and le) of rare eLirths against Si0,2 for the bulk rock, but the 

&,11;Inite5 from the granodiorites show a higher coat ant cf total 

rare earths than those allanitr-s from the quartz monzonites Which 

is not expected . It is pointed out, however, that of the three 

'samples representing quartz monzonite, two of them are samples 15 

and 51 whose tuir-r-1.)lous cha,meteristics have already been pointed 

out. The writer believes that analyses for other parhape more 

representative quartz monzonites would probably show a rare earth 

content for their allantGes higher than that for th- -11anites 

from the granodiorites. 

MetamictizatIon 

It was felt thatthis suite of allanites would be 

particularly well suited to a study of the problmm of 

metarictization. Although unusually fresh, highly birefringent 

for allanites, there is a r-zze of birefringence within this 

suite as determined by optical measurements of a and y indices. 

26 
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Figure II Combined plot showing individual rare-earth oxides from 

allanite recalculated to 100 43/0 and plotted as to rock type. 
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Birefriugew:e may be :stated nvnrrict'Aly as immemiand in thc.-

samples it rani es from 0.020 to '..).1,)32. 

The process of metamictizatian involves the gradual 
-fik I 

destruction of the internal J structure as a result of the 

bombardment from within of the crystal lattice by the alpb-

particles euatted by the caaaimd radioactive elements and the 

accompAying recoil of the emitting nuclei. Previous workers 

hav- „v- ..t:latc-cl. several probablt. rechanism of thi'l „,-ocess- 0. 

canv7r6. iaj a crystalline substance into a non-crysLaline 
121 

substance; of tee the mechanism proposed by Holland and 

Gottfrief.q. seero to be the best documented. 

Progressive alteration of whatever origin often c=hanges 

the optics of a crystalltne substance. Available data on x:,3.1.: mite 

show that those supposed metamict varieties have very low 

birefr±ngence or are isotropic and those least metamict have 

high r birefringnee. The degree of alteration of these allanite 

therefore can Le estiLinted on the basis of variations in 

birefringence. 

No definite trend was discerw.ble relating birefringence 

to water content. However, plots of uranium and thorium versus 

12/ Hurley, P. M., an Fairbairn, H. W., 055, "Radiation 
Damau. n Zircon: a possible age method", Bull. Geol. Soo. Am., 
val. 64, p. 659; Slater, J. C., 1951, "Effects ok-EFJAIO'n o 
Nhterials", Jour. /al.Phys., vol. 22, p. 237; Ueda, T., and 
Korekawa, 14.,1954, (In the Elatamictization", Mmoirs of the 
Colle of Science, Ua.ivers ity of K/oto, Series )i„ vol XXI, 
no. , 

1.1./ Holland, H. D., and Gottfried, D., 1955, "The Effect 
of Nuclear Radiation on the Structure of Zircon", Acta 
Crystzlllographical vol. 8, Pt. 6, pp. 291-300. 



	 	 	

		

	

	

	

	 	 	

	

wirefrint.L2AI: it:'st.ssfriaL.,trls sLA 

coAteht, of Lr.d sllows 

iAsrcsia6 vsaugss fullowfrss, thu lodsr values fox 

birsfrLa. pasticle tisissios, for a csiven amunt 

of tsrsslium is about. four tip that of an ectua,-i. szsount of 

thorix_11 cs Figure 13 shsws 1-iirefriabsalce plotted agsanst U 

Th rts pcsc thoussis. to 'ost,bsr balance the alph,1 emission of 

th. .1,vu eleisea'ss. esIgp trend is otserved in 

tiut wit a slihtly t;rea:Ser scatter o';.' psiss. This 

choss tr.. robs th-t thorium plays in the alterati'Jn of 

aIso conlirmb that this is alt- ration 

rssultinj, fros) the process oi• metamictizs,tioh. 

A decrease is birefrLigence should show L. con..sspunding 

decrease in rei'l%ctive indiess. This Is shown in Figure 14 

N./hers 1.41 is plotted againbt birofringslace. I mi-jor trend of en 

ineressing with increasing birefrinizexice is shown with SOMQ 

scatter of points, but in addition there also appLai%; to be a 

smaller sub-parallei tr,m,d otT set towards the hithcr indices 

cad 104er birefringence portion of the coordiniltes. Qa Plats; i 

it is seen that samples 21, .,)00 512 53, and 8i, comprising this 

ries nd,-.ry trend on Figure 14, form a north-south aliGancnt 

ths. sJue,hwestern border of the Boulder Greek bathslith. Further 

petrologic study is needed to disclose Whether a real belt does 

exist there, or if it io fortuitous, and if this "belt" h„).s been 

subjected to somis "thermal event" for some reason restricted to 

that particular portion of the batholith. 

29 
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Figure 12 Th02 content of allanite plotted against 

birefringence of allanite . 
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Figure 13 U + I /4 Th content of allanites in 

parts per thousand plotted against birefringence of 

allanite . 
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Figure 14 Beta index for allanite plotted against 

birefringence of allanite. 



	

It has been noted by Holland and Gottfried (1935) that 

during i;he metactictizatioa of zircon the extraordinary direction 

of index (the highest index) is effected core readily than the 

ordinary direction (direction of loveat index:). It uas decided 

to see if the larger index (y) was affected core readily than the 

smallcst index (a) for these allanites. Figure 15 is a cotbined 

plot of a', 02 and y indices against aa exparfled scale for 

birefringence for these allanitcs. The figure shots that within 

both the major trend and the minor tread pointed out in Figure 14, 

the 3 and y indices ii recce at the case rate with respect to 

birefringence and the a indices increase at a sliCatly smaller 

rate. It is shown then that with increasing metamictization the 

decrease in 13 and y indices is more rapid than the decrease in cr 

indices in these aflaaites. 

The problem of low apparent age 1111111111111.1111 rocks in 

the midst of over all higher age rochs, which 

structurally seen to be contemporaneous, was recognized in the 
12/

zircon study by Phair and Goi:tfried of this batholith. As in 

that *zircon study, plots of uranium and thorium coatent of these 

allanites against Si02 content for the bulk rock and the 
Ca0lime alkali ratio 45.05717  70.) for bu/h roch composition show two 

general groupings of samples. The croup to eat in uranium and 

thorium content is in all cases Where age data (ft-elpha aa 

zircon) is available comprised of roots Whose zircons gave 

Li Holland, H. D., and Gottfried, D., 19552 op. cit. 

la/ Phair„ G. and Gottfried, D., unpublished data. 
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Figure 15 Combined plots of alpha, beta and gamma indices for allanite against 

an expanded scale of birefringence for allanite. 



anpar-;nt low aged. Figure 16 shows the! ur.:nium content of the 

aflnuites plotted against weight percent SiO, for the bulk rock. 

Two general fields are seen. The upper field consists of the 

higher age rocks with no particular correLition to iacreasiug 

Si02. The lower group consists of 2, 5, 15, 17, 21, and 245. 

Pb-alpha ages are not available for 5 and 245, but the other four 

samples are low-age rocks. Figure 17 is a plot of Th0., of these 

a11-.rit:s against Sits in the Lulk rock. Two general fields are 

seen ::amain with the lower group again being 2, 15, 1.7, and 21. 

Figure 18 a pl,Yt; of tho:flum d.gainst the lime /alkali ratio for the 

bulk i-ock, Chows as the lower scatter of palate 2, 15, 17, and 21, 

all low-age rocks. Figure 19 is a plot of thorium against the 

Th/U ratio and Figure 20 is uranium plotted against the Th/U ratio 

for these a11anite3. In both cases the low-age group falls away 

from the main group. Phair FinP Gottfried (oral communication) 

feel that quite possibly these rocks of apparent low age may have 

had some thorium, uranium and radiogenic lead leached while 

undergoing late: deformation. This writer has grouped these 

rocks according to extent or degree of foliation and found that 

samples 2, 15, 17, and 21 are all within the top third group of 

most :o12.ated rocks. This is compatible with the 127pothesia that 

the more defold (foliated) rocks Itay have lost a portion of 

their uranium, thorium, and radiogenic lead during deformation 

possibly due to leaching of the elements by hydrothermal fluids 

of low pg. 



 
 

 	 

	 

					

	

			 		

	

	 	

200 

a.) 51 
High apparent • 

0 150 84 167 age rocks • 
95 

• • 52
0 .53 • 
C 

98 
• 

I7 245• •100 
5 Low apparent2
• • age rocks 

21 
• 

15 
•

50 

I 1 I I I 1 
60 62 64 66 68 70 

Weight percent Si02 in bulk rock 
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Figure 17 Th02 content of a!Ianites plotted against Si02 content for bulk rock . 
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Figure 18 Plot of Th content of allanite in parts per thousand against the lime-

alkali ratio of bulk rock. 
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ParaGettesis cam' allanite and epidote 

Prom observation of allanite in hand specim:m and in thin 

section, it has been observed that the long axis of the ailanite 

shows no preferred directioa of orientation with respect to the 

foliation. Allanite is normally fo.=d in ttla felsic bands of 

these foliated rocks but always associated with cloi,w of Earle 

minerals. Biotite was always present in these mafic clots with 

the :,,her mafics consisting of hornblende and opact..2 accessories. 

Plate 2 shows several drawings of allanite and its associated 

minerals as seen in thin section with a petrographic microscope. 

Epidote in all cases at least partially rims the allfIrrite„ and, 

in many oases, the allanite is a relatively small core within 

euhedral epidote. The drawings illustrate that when iacoulqplete 

epidote rim of the allanite occurs the epidote ha.3 forrLad 

only along those regions of the allanite in contact with biutite 

and is absent where in contact with quartz, plagioclase and 

microcline. It was also rioted that the smaller the allanite 

cores relative to the thicknes,; of the epidote rim, the less 

euhedral is the crystal habit of the allanit3. The larger the 

all:mite core with respect to the epidote rim the more prismatic 

is allanite. 

The aflp-ilte formed after the rocks were foliated and is 
2,191 

probably of deuteric origin. Lovering and Goddard believe the 

::ocks were at least partially foliated durin3 emplacement after 

most of the major rock-forming minerals had crystallized. Me 

1i Lovering, 2., and Goddard, E. N., 1950, Q. cit. 
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generali,y uniform chemical composition of these allanitea also 

suggests a deuteric origin as they prolJabiy crystallized from a 

residua.' fluid of relatively homogeneous composition that 

pervaded the entire batholith. These factors indicate the age 

for these ailanites as probable late Precaezian. E.,:cause cf the 

epidote-rimmInz relations the epidote is considered to be later 

than the allanita in fact, it; nay- be as late as the Laramide 
12/1 

oror- Loverin and Goddard, 1950, have pointed out the common 

occura:,1,2e cf hydrothermal epidote in the tungsten vl..ias of thy: 

Laranide milleral belt. Nkuy of these tungsten veins cut across 

the northwestern part of the Boulder Creek batholith. 

There is some data available on allanites from granitoid 

rocks. Lee and Bastron, 1962) describe allcnite from a wlarts 

monzonite intruzive of JUrassic(?) age Navinz a slightly higher 

range of refractive index and birefringence than those from the 

Bouldcr Creek batholith but having nearly equal amounts of 

rare-earth and Th0.2 content as the allanitee studied here. 
LC/

Smith, et. a1., 1957, report al.lanitcs from graaodiorites, quartz 

monzonite and Gyanitcs of Late Jurassic or Cretaceous age with 

refractive indices an:.. birefringence slightly lower than for 

those - -:-P,20rted here on the allarrites from the Boul6e.7 Creek 

•••• •••••••••••••..... 

12/ Levering, T., and Goddard, E. 1950, op. cit.N., 

11( Lee, D. E., and Bastron, H., 1962, "Amite From 
the eelor Area, White Fine County, Nevada", Arzriean 
Vaneralocjist„ vol. 47, nos. 11 and 12, pp. 1327-131. 

2.1/ Smith, rack 11. and Shervood0 A. !1.,W. L., L., 

1957, "Uranium and Thorium in the Accessory Allanite of Igneous 
Rocks", American Mineralogist„ vol. 420 nos. 5 and 6, 
PP. 367-377. 



 

batbolith but with nearly the sane range ia rart2-cu..cth and ThOsa 

content as those from the Bouller Creek bflthelith. A heating 

Affect may have restored the crystullintt-,:,' of the aTlanites 

studies here suLe time since the Precambr.an, for if they are 

truly that old it might be expected they Ithould be more motamict 

than they art. 

Summary and Couclusionq 

Several princil conclusions m4y be drawn fri this 

detailed study of allartites from rock of the Boulder Creek 

batholiths 

1. The refractive LaCices of the suite of allanitcs 

studied increase with increasing Fe2%, CeO2, and NO3d2 content. 

12/
Hasegaug, 1960, Who has probably contributed more information to 

the literature on the compositions of ancaites than any other 

researcher, could not detect any distinct relation') between 

optics and conposition. This is probably directly related to 

the fact that he was dealin with pegmatitic allanites from a 

large number of localities reprek;enting diverse geoahemical 

environments. The ob2ervations of the relationship between 

optics and composition of the Pllanites in this paper were no 

doubt facilitated by a common geochemical environmvnt for the 

host roclm. 

ly Hasegawa, S.; 1960, "Chemical Convositions of 
Allanite , The Science Re....222111? of to Tohotu Uhlversity, Series 
III, vol. V17no. 30 pp. 331-387, Japan. 

https://Precambr.an


	

2.The total rare-earth content of these allanites 

ingreases slightly with increasing silica for the bulk rocL. 

Averagp percentages of the rare-earth oxides recalctlated to 

percent of total rare-earths show that CeO2 constitute about 5O; 

14203 25%j Nd203 15%; S4 20s 5;2; and G4203 about 30. These 

percentages of rare-earths vexy by only a few percent for 

allanAes separated from granoliorite, quartz monzonZte and 

granite of the Boulder Creek bltholith. 

3. The uranium and thol.kam content dhow no apparent 

correlation to either line-a3lui1i ratio or silica caatent for the 

bulk roch, but it is interest to note that the allanites with 

low urealum and thorium content comprise a gro4p Whiea give lov 

apparent ages determined by the Pb-alDha method on zircons from 

those rocks; and the uranium and thorium content of those zircons 

was also lower than for the zircons of higher apparent age rocks. 

This correlation of relatively low uranium aad thorium content in 

allandte and zircon with low apparent age rocks and the usnal3y 

higher degree of foliation of those sane rce12 lends support to 

the hypothesis of Fhair and Gottfried that these radioactive 

elements and radiogenic lead bwe in some way been partiall,y 

leached from the rockas, possibly durirg later deformation. 

4. Those R.Przlites of this suite with the highest uranium 

and thorium content are the most metanict and those with lower 

amounts of uranium and thorium are least metaulet. Radioactive 

decay of thorium is the &mina:It process in the netamactizatioa 

of these alltirigtes as it is W.3 hundred tines as abundant than 

the uralnium. It was also folm.1 that in allanitea such as these 

from the Boulder Creek batholith, which are fresh enough for 



		

precise refractive indices determination, that optical methods 

Appear to be a more se nsitiva indicator of the degree of 

metanactization than variations in X-ray (I-spacings. The 

decrease in $ and N/ iciest during metamictzatian is more 

pronounced than the decrease in a index. 

5. Alla:lite in the Boulder Creek batholith is probably a 

late-stage deuteric mineral formed after the win roc :.fa 

miner-as had crystallized allel after the rocks were foliated. 

Yrom textural evidence, epidota appears to be later than the 

allpnite; the epidote may be a hydrothermal rodnc a3soelated 

with the lizamide metnAllzatiol. 

6. The allanite is unusually fah considering its age 

(1110111Precatbrian) and its content of radioactive elements which 

is comnarable to the content of many metamict varieties from 

other localities. Pups the geothermal maize associated vith 

the Laramide cliageny and the length of ti c that orogen/ mAY 

have teen sufficient to restwe some of the allanite structure. 

In summary, this study, aside from increasing our 

knowledGe of the mlneraloa and chemistry of the allrinite group 

in general, pwovidg additional data on the tit ion of 

mre-earths in a consolidatiaz magma and on the rule of deeay of 

radioactive elements in metamictizatian. These data, together 

with oUlar corroborative petrologic and geologic obe,:vations, 

fUrniCa other m heretofore overlooked tool in reconstructing the 

geologic history of batholith .e rooks. 
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