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ABUNDANCE AND DISTRIBUTION OF URANIUM . AND THORIUM IN: ~IRCON . , 

SPHENE, APATITE~ EPIDOTE~ AND MONAZITE IN GRANITIC ROCKS 

By Patrick M~ Hurley and Harold W., Fairbairn* 

ABSTRACT 

l· 

Analyses were made of uranium and thorium in zircon : sphene, apati t~ '· 

epidote ~ and monazite separated a s a ccessory minerals from samples of ,, 

granitic rock from widely scattered localities to indicate the abundance 

and distribution of these two elements among the f:i ve mineral phases. For 

any pair of mineral phases the distribution ratio remains within the same 

0rder of magnitude over the different rocks testedf although the variability 

of the data is such that only wide departures from constancy could "be 

ascertained. Such gross differences have not been found. The approximate 

distribution of the two elements in the accessory mineral phases 9 taken in 

pairs 7 is as follows ·: 

Minerals 

Zircon/sphene 
Sphene /apatite 
Apa t it~/z:trcon 
M ·t· I t• . onazl e/ upa l ·te 

Sphene/ep"idote 
Zircon/epidote 
Apatite/epidote 

.Ratios 
Uranium Thorium 

6.6 
4.7 
0 .. 08 

> 23 
10 

34.3 
3.,2 

2 .• 1 

2 ~ 9 

0 ~ 32 

> 530 
2.3 
3 ~ 0 

0,.72 

These data are mutually fairly consistent and the partition of the 

minor elements in the mineral phases remains roughly the same despite con '"' 

siderable variation in the absolute amounts of uranium and thorium present. 

*Department of Geology and Geophysics
9 

Massachusetts Institute of 
Technology>' Cambridge 0 Mass .. 

· ~ ·" 
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INTRODUC'.riON 

The principal host minerals for uranium and thorium in the earth's 

crust ~ are zircon., sphene, apatite, epido·te, and monazite.? whi,ch O'C.cur as 

aeeessory minerals in crystalline rocks. In this investigation the object 

has been to obtain an approximate measure of the abundance and distribution 

of uranium and thorium among these five mineral phases. 

Samples of the ac·cessory minerals , generally about 99 percent pure, 

were obtained from a number of granitic ro.cks by standard gravity and , 

.magnetic methods (Fairbairn, 1955) ~ The rocks are <lominantly granite except 

as noted in the tables, and. concentrates were obtained ,from samples of about 

50 poun.ds. The uranium and thorium were measured by a method described by 

Hurley (1956) in which the 238 kev gamma. ray from Pb2~~ in the thorium 

series is used. to differentiate thorium against a total gamma-ray count in 

a. two-channel scintillation spectrometer. 

ERRORS 

In the ~bove reference also (Hurley, 1956), an estimate is given of' 

the expectable errors in measurement,. When the quantity of sample a.nd 

a.ctivi ty is sufficient :for a counting rate o:f at least twice background., 

the standard deviation error in measuring uranium or thor·ium is less than 

10 percent if the constituent in q,uestion contributes an activity of at 

least 20 percent of the total. If the uran.ium a.cti vi ty is proportionately 

very low c.ompa.red to the thorium, or vice versa, the error in its measure­

ment becomes large. The uranium ser:i,.es has three times the activity of the 

thoriUlll series, so that thorium values should be divide(L by three $:or a 

direct comparison of the relative activities of the two cor}.stltuents. 
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For example, if the thoriu:m. content is 12 perc-ent of the uraniu:m. content, 

its contribution to the total .ga.mma count is only about 4 per:cent, and 

the estimate.d .error in measurement of' the thorium as given in the above .. 

mentioned reference, is then 17 percent. On the other hand the error for 

the major constituent, uraniUl'll, is only 4 per:cent •. 

RESULTS 

The results of the analyses are give.n in tables 1 to 7. Table 8 shows 

the average ratios of thorium. to tU"anium in the different minerals. In 

table 9 exa;mples are listed in which two minerals from. the same rock have 

been analyzed, so that the distribution of uranium and thorium in the two 

phases can be observe.d. 

In .figur.e l the . distribution of uraniutn. and thoriUlll in the accessory 

mineral phases is shown for three o!' these phases at a time. Only :rour 

examples a.re shown, but -ather combinations ca.n be d.ravrn from the average 

figures giyen in. table 9. It was not po.ssible to obtain three accessory 

phases r ·rom the same sample .or granite so that the distribution or u.:ranium 

or thorium. in the different phases had to be obtained from samples Yielding 

two of the phases at a time • Thus in figure lA, f'or example, the· distri ... 

bution of uranium a.nd thorium. in z!rcon and_ sphene wa.s obtained from the 

average of se:veraJ. granite sample.s as listed in table 9A. Bl.milarly the 

distribution of ura.:nium. and thor:i,.'l1ltt in zircon and. apatite (table 9C), a.n:d 

in apatite and sphen,e (table 913) , VIaS obtained independently from different 

sets of granite samples from rocks of differing ages in widely scattered 

lo:cali ties • 
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Table l~ _ ... ,_Ur$tnium and tho:riu.m. :content o! ac ~ eess . Qry :zircon from. 
granitic r.ocks ~Y 

Sample. 

no-. gj 

3004 A 
:B 
c 

)cG05 A_ 
B 

c 
3006 _A. 

B 

3011 
3012 A 

B 

3106 A 
B 
c 

3014 B 
3013 .A 

]3 

c 
3052 
3051 
3·107 .A. 

3050 A 
:B 

1982 

Loc.alit y 

3 miles WSW of Peabody 
do. 
do. 

Massachusetts 

0~5 mile WNW o.f Rockport 
do·;· 
do. 

2 mile.s l(.NW- of Rockport 
do-. 

2 ·.mi1e.s W of Leondn.ster 
2 miles NE of Milford 

d.o_. 
1 ~ 7 miles NNE of' Mil:rord 

do.. 
do. 

2 ~ 5 miles ESE of Wrentham 

Quarry 

Ltneha.m 

F:lat Ledge 

Leavitt 
Noreros_s 

West 

1.5 miles WNW o.f Uxbridge .Blanchard. 
do:. 
do. 

8.2 mi1e.s .N of' North Attleboro 
3 miles N of' North . .Attleboro­
North end of' Whitinsvill~ 
SW side of Hoppin Hill? North Attleboro 

a.o. 
Dedham, on .Route 1 

Nova Scotia 

2090 A Route 3 outside of Ha.lirax 
2093 A}!j Route 3, Birchto:wn, Shelburne 

County 
Dauphine 

B 

2094 

2096 A 

B 

2097 
2098 
2099 A 

B 

d.o ... 

l mile E of Atbood's Brook, 
Shelburne County, Route 3 

0 .• 5 mile E o:f' Albany Cross on 
Route 10, ,Annapoli,s County 

do. 
l mil e 'S of Springfield, Route 10 
3~ , 5 miles N o:f New Ross, Route 12 
8 miles S of Kentville, Route 12, Kings Co.unty 

do. 

Uranium 
(ppm) "J! 

1210-
510 
405 

2765 
2270 
1320 

970 
630 

113-0 
1350 
95.5 

2400 
2080 
1425 
1325 
204Q 
1875 
650 

1820 
1500 
1640 
~000 

1540 
670 

770 
1900 

l550 
680 

830 

620 
84o 
8'50 
630 
560 

Thorium 
(ppm) )} 

375 
205 
130 

1890 
1200 

740 
550 
380 
380 
48o 
445 
915 
705 
490 
680 

1090 
750 
48o 
900 
390 

1000 
2100 
1400 

380 

75 
500 

450 
60 

16o 

75 
0 

.100 
100 
180 
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Table l .... ?Uranium and thorium content of accessory zircon f'rom 
granitic rocks--Continued~ 

Sample 
nos §./ 

3086 A 
B 

3078 
3063 

3087 
3125 
1819 
1644 

Locality 

Miscellaneous 

Murray granite, Sudbury, Ontario 
do .. 

7 miles S of Calais on Route 1, Maine 
Hollingsworth and Whitney Road, 

6 miles W of Route 20ls Maine 
Creighton granite~ Sudbury~ Ontario 
Lausitz ... massif 1 Germany 
Max Patch, N .. C~> 

Beach sand concentrate, N. c. 
Climax, Colo • .2_/ 

Quarry 

]) All rocks are granites unless otherwise noted. 

Uranium 
(ppm) );./ 

1700 
1200 
2540 
1030 

3000 
950 
237 
312 

2450 

Thorium 
(ppm) L/ 

460 
280 

1100 
46o 

490 
525 
90 
74 

1120 

2/ Samples were separated into different fractions according to mago.etic 
susceptibility, and these were designated A!; B, and. C in order of decreasing 
susceptibility. 

L/ Errors in these analyses are discussed. in the text~ 

!:_/ Quartz diorite. 

'2/ Silica-rich metasomatic· rock. 
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Table 2.-~Uranium and thorium content of coarse .crystals of 
zircon :from pegmatites. 

Sample 
no~ . 

1661 

1669 

1659 

1660 

1795 

· 1800 

1799 

1801 

1805 

1797 

1681 

1962 

1958 

1960 

1678 

1677 

1915 

1664 

2088 

1825 

3038 

.Locality 

Iredell County, N. C • 

Buncombe County, N .. c .. 

Renfrew Cou.nty, Ontario 

Brudenell Township, Ontario 

Haliburton. County, Ontario 

N. Ha.stings County, Ontario 

do. 

Madawaska, Ontario 

Haliburton County, Ontario 

Grattan Township, Onta.rio 

Leeds County, Ont.a.rio 

:Wilberforce, Ontario (acid treated) 

Oklahoma (nonm.eta.mict) 

Oklahoma ( m.etamict) 

Hammond, N. Y. 

Lewis County, N. Y. 

Tigerville, N. C. 

E1 Paso County, Colo. 

South Africa 

Litchfield, Maine 

Ceylon 

Uranium 
(ppm) 

580 

730 

140 

105 

3520 

3550 

4380 

25·,.200 

5380 

6ltoo 

81 

4ooo 

300 

1550 

1570 

aoo 

575 .· 

480 

1020 

535 

5850 

Thorium 
(ppm) 

500 

1650 

10 

50 

i080 

3020 

3840 

1600 

500 

1050 

93 

(100) 

675 

7500 

6Q,O 

10 

1020 

2070 

355 

340 

6oo 
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Table } • .- ... ur~ium and tborium content of accessory sphene from 
granitic rocks.];./ 

Sample 
no. 

3060 
3058 
3055 
3062 
3063 

3071 
3079 
3081 
:3080 
3082 2/ 
3084 -
3085 
3051 
3014 
3.008 
2093 2.1 

3069 4/ 
1968 )/ 
1969 ~/ 
1970· '§) 

1971 7/ 
1684 'ff/ 
1677 '8/ 
1782 2/ 

Locality 

Mo.unt :Waldo, . ~ine 

Sprucehead Island, ,Maine 
Hallowell, Maine 
5.5 miles S of Jackman,, Maine~ Route 201 
Hollingsworth a.nd Whitney ~oad, 6 miles W 
of Route 201, .Maine 

St .• Gideon, Quebee 
1 :mile S o:f Jonesho;ro, Rotite 1, Maine 
J3arrie.field, Onta.ria, near Kingston 
2 miles N of Mt .• Des.e.rt, Route 198, Maine 
6 miles N o£ Kingston, Ontario 
Gaspe, 7 miles S of Gaspesie, Q\lebec 
West end o£ Mountainville, Maine 
3 miles N of North Attleboro, Mas~., Route 
2. 5 miles ESE of Wrentham, .Mass • 
McCarthy quarry, Mass. 
Birchtawn, Shelburne Col.Ulty, Nova Scotia, 

Route 3 
St,. Josef ' s Blvd., Montreal 
Ida,ho. 

Idaho 
Clayton Cone, Uta.h 
Alta. Stock,6/ Utah 
Blueb.erry MOuntain,. Ma.s.s ~ 
Franklin, N .: J. 
Lewis County, N-. y._ 
Nipissing di~trict, Ontario 

l 

_
2
1J/. All samples are g:rani tes unless otherwi.se noted. 
:::; , Syenite ,•· 

T.3t/l 'tuartz diorite . 
:!/, Tinguaite !li 
5/ Gne:Lss. 
"'6/ No information. 
7/ Metasomatic .contact rock. 

~ . .2 ~ //. .Metamorphic rock. 
Pegmatite .• 

Uranium 
(ppm) 

1270 . 
105 
190 
120 
g50 

.214 
39 

165 
245 
70 
55 

300 
16o 
155 
175 
280 

25 
370 
206 
4oo 
287 

1380 
215 
218 
127 

Thorium 
(ppm) 

165 
20 

140 
4)0 
375 

0 
80 

6oo 
950 
150 
150 

1070 
90 

325 
3150 
180 

90 
900 
190 
560 
350 

2430 
190 
170 

70 
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Table 4 .--Uranium and thoriUm. content of accessory apa.ti te f:ram 
granitic rocks.~/ 

Sample 
no. 

2090 
2092 
2093 2/ 
2095 -
2096 

2097 
2098 
2099 

2100 
3007 
3008 
3011 
3o42 
3059 
3055 
3085 
3056 
3057 
3063 
3066 
3067 
3065 
3068 3/ 
3070 -
3074 
3078 
3073 
3081 
3082 'f../ 

~ocality 

Route 3 outside of Halifa.x, Nova Scotia 
3.8 miles E o..f Port Monton, Nova Sc"Otia 
Birchtown, Shelburne County, Nova Scotia 
w. Nicteau.x, Annapolis Cmmty, Nova pcotia 
0 .• ) mile E of Albany Cross, Route 10, Nova 
Sco~i:a. 

1 ffi:ue S of Springfield, Route 10, Nova Scotia 
3.•·5 miles N o.f New Ross, Route 12, .Nova. Scotia 
8 miles S of Kentville, Kings County, Nova 
Scotia 

Near Shelburne, Nova S~otia 
Harris quarry, Massi$. 
McCarthy quarry, .Mass .. 
2 miles W- o.f Leo:mins ter, Mass • 
Westerly, R .• I. 
Lincolnville quarry, Maine 
Hallowell, Maine 
Mountainville, Maine 
N. Jay, Maine 
Waldoborq, Maine 
Hollingsworth and Whitney Road, Maine 
Scotstow.n, .Quebec 
Brome Mountain, Quebec 
Mount Megant~c, QUebec 
Mount J .ohnston, Que bee 
Chicoutimi, Quebec, Route 54 S of Route 16A 
N side of Bagotville, Quebec 
7 miles S of Calais, Route 1, Maine 
Kenog®ti, Route 54, Quebec 
l3a.rrie£ield, Ontario, near Kingston 
6 miles ,N of Kingston, Ontar.io 

']) All s.a.mples are granites unless otherwise noted., 

£/ Quart2 diorite~ 

z/ Ess,exite. 

!f../ Syenite. 

Uranium 
(ppm) 

95 
Bo 
30 

215 
90 

140 
105 
85 

85 
10 

15.0 
20 
10 
85 
55 
4o 
50 
50 
60 

160 
25 
50 
.10 
3Q 
75 

100 
tr., 
10 
5 

Thorium 
(ppm) 

80 
tr. 
30 

0 
8o 

95 
80 
50 

4oo 
10 

5 
10 
20 

100 
eo 

100 
50 
10 

120 
5 

85 
75 
4Q 
60 
50 

250 
tr .. 

20 
5 



Table 5 •""''""Ura:nium and. thorium content of co.ars.ely crystalline 
apatite. 

Sample 
no. 

1654 

1658 

1656 

1657 

1655 

Locality 

Bedtor:d. TownshiJ?, Ontario 

Templeton, Quebec 

uranium 
(ppm) 

10 

285 

;o 

4Q 

20 

1'ho;rilll'D. 
(ppm) 

25.Q 

1600 

16~ ~ 

4(!)· 

260 

T~ble 6,.'""'•Uranium and tharl'l.lnl eontent of mnazite concentrates. 
frena grAnite$ (percentage conce:ntration .mostly 80 percent)., 

Sample 
no a 

2092 

2096 

210() 

3008 

304~ 

3078 

3055 

3056 

3066 

3109 

3107 

Locality 

:; •. 8 miles E of Port Monton., :Nova Scotia 

0 .• 5 miles E. Gf JUba;ny Cross, Route 10, 
N~ Seotia. 

Near Shelburne, Nova Scotia 

McCarthy quarry, Mass ... 

Westerly, R •. I. 

7 miles S Qf Calais, Rout~ . 1, Maine 

llallowell, Maine 

N .• Jay, .Maine 

Scotstown, Quebec 

6 miles W of Lowell, ,Mass ..• 

Whitinsville, .Mass-. 

Uranium 
(:{?:pm.) 

,,.ooo 

2,000 

lo:w 

1,200 

low 

2,500 

2,500 

low 

y 50,000 

];_/ .Probably a ura.nium-bearin,g mineral in concentrate. 

T.ho:riunt 
(ppl'll) 

~9,000 

26,0QQ 

75;·Q()9: 

5Q}O@Q 

75 , ,~()0 

33,500 

44,000 

51,000 

50,00Q 

58,000, 

45,00.0 
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Table 7.,--Uraniu.m ~nd thorium content of accessory epidote :from 
granites _. 

Sample 
no. 

Locality 
Uranium 

(ppm) 

3063 

3008 

3062 

3051 

1982 

3085 

3058 

3014 

3079 

Hollingsworth and ~i tney Rd •. , ·*ine 27 

McCarthy quarry, Mass .. 27 

Jackman, Maine 30 

3 miles N of N. Attleboro, Mas.s • . 4o 

Dedham, Mass. 43 

Mountainville, Maine 23 

Sprucehea.d Island, Maine .2 

Wrentham, Mass. .23 

Jonesboro, Maine 175 

Table 8.-~.Average ratios of thorium to; uranium in the different . 
minerals .• 

Mi...'leral Ratio Th/U 

Accessory zircon o.-4 

Pegmatite zircon 1.0 

Accessory apatite 

Pegmatite apatite 10 

Accessory sphene 1.7 

Monazite ;V' 25 

Epidote 4 .• 8 

Thorium 
(ppm) 

160 

86 

73 

26 

l85 

65 

4oo 

.260 

6oo-
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Table 9 ...... JJistribu.tion of ura.niu.m and thoriwn bet-ween pairs of 
acees~o . ry minerals :from gra.ni tic rack samples • 

Sample no. 

3014 
3051 .: .1 

2093 
3063 

Average 
Ratio, zlrcon tG sphene 

B. 

3058 
.3055 
3063 
3082 
2093 

Average 
Ratio, sphene tq: apatite , 

c .• 

30ll 
2090 
2093 
2096 
.2097 
2098 
2099 
3063 

.Av:erage 
Ra.tio, apatite to zircon 

Uranium 
(ppm) 

Zircon Sphene. 

1325 155 
1500 160 
1700 280 
1030 250 

l390 2l0 
6.6 

Sphene Apatit~ 

105 4o 
190 55 
250 6o 

70 5 
280 30 

l80 4o 
4 •. 7 

,Apatite Zir:con * 

20 

95 
30 
90 

l4.0 
105 
85 
60 

ll:JO 
770 

1700 
720 
840 
850 
630 

1030 

80 960 
0 ... 08 

Thorium 
(ppm) 

Zircon Sphene 

680 325 
390 90 
475 180 
460 375 

500 240 
2.1 

Sphene Apatite 

.20 60 
l40 8Q 
375 120 
l50 5 
l80 30 

l75 60 
2 .• 9 

Apatite Ztre-on 

10 
Bo 
30 
So 
95 . 
80 
48 

l20 

~: j8o 

75 
475 
12Q. 
tr., 

lOO 
100 
4.6o 

70 215 
0 .• }2 



Table 9.~-.Distribution of' uranium and thorium. between p~irs of 
accessory minerals from granitic rock samples--Continued. 

Sa.mple no. 

2092 
.2096 
2100 
3008 

*3042 
*3078 
*3055 
*3056 

3066 

Average 
Ratio-, mona.zi te to apatite 

Uranium 
(ppm} 

:Monaz.ite Apatite 

3000 

2000 

1200 

2500 
2500 

Bo 
90 
85 

150 
10 

100 
55 
50 

160 

2000 85 
> 23* 

Thorium 
(ppm) 

Monazite ,Apatite 

39,000 
26,000 
15,000 
50,000 
75,000 
34,ooo 
44,000 
51,000 
50,000 

tr. 
80 

4oo 
5 

20 
250 

80 
50 
5 

50,000 95 
> 530* 

*.Pure monazite values would exceed those for concentrate by several perc · ent~ 

E. 

3063 
3051 
1982 
3014 

Average 
Ratio; zircon to epidote 

3063 
3008 
3085 

Average 
Ratio, ~a.tite to epidote 

Zircon 

1030 
1500 

670 
1325 

Epidote 

27 
4o 
43 
23 

1131 33 

Apatite 

6o 
150 

4o 

34.j 

Epidote 

27 
27 
23 

26 

Zircon 

460 
390 
380 
680 

160 
26 

185 
260 

477 158 

Apatite 

120 

5 
100 

3.0 

Epid.o.te 

160 
86 
65 

75 1o4 
0 .• 72 
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Table 9.--Distribution of uranium and thorium between pairs of 
accessory minerals from granitic rock samples=-Continued. 

Sample no •. 
Uranium Thorium 

(ppm) (ppm) 

G. Sphene Epidote Sphene Epidote 

3063 250 27 375 160 
3062 120 30 430 73 
3051 160 4o 90 26 
3085 300 23 1070 65 
3058 105 2 20 4oo 
3014 155 23 325 260 

Average 182 18 380 164 
Ratio, sphene to epidote 10 2o3 
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Zircon Zircon 

Sphene Sphene 

A. Data of B . Dat a of 
table 9A,B, C • t.a.ble 9A,,E, G._ 

Zircon E:pid.ot .. e 

4 Thorium 

~ Uranium 

Sphene Mon.az i te Sphene A.pa t i te 

c. Data of 

table 9• 
D. Data o-f 

table 9B,f ~G ., 

Figure 1.--Distr ibution of uranium and thorium among three 
ac·cess.ory mireral :phases for four combinations of accessory 
minerals. 
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Tn figure 1 the iocati.ons of uranium and thor ium on the diagram, 

indicating their distribution in the accessory mineralsj)were obtained 

by the intersection of three lines drawn from each apex and dividing 

each base in the proportion :found. for the pair of minerals at either end 

of the base. The intersections of these lines form the triangJe.s shown 

on the figure.. The size of each triangle thus indicates how closely the 

lines came to intersection at a point, and thus is an indication of the 

analytical error or the constancy of the distribution of uranium and 

thorium in these three minerals. The values are averages only. Individual 

ratios may depart considerably from the average values, but it is difficult 

to tell at this stage of development · of the analytical techniques how much 

is true variability and how much is due to precision errors in analysis. 

In monazite the values for the distribution have an uncertainty that 

results from a low proportion of inert impurities in the mona·zi te concen­

trates and from the difficulty of measuring the ·uranium in the presence of 

such high proportions of thorium •. 

CONCLUSIONS 

From these diagrams it is concluded that the partition of the uranium 

and thorium among the accessory mineral phases must have taken place under 

nearly equilibrium conditions, or else there would be less consistency in 

the results. Because the tolerance of the crystal structures of' these 

five minerals for uranium and thorium (regardless of the mode of substitu ~ . 

tion) is undoubtedly a function of temperature and pressure, it cannot be 

expected that the distributions will be identical in each sample of' granite •. 

Furthermore, if the distribution factor giving the ratio of uranium in 

the solid phase to that in the fluid. phase at time of crystallization is 
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less than 1, the high concentration of l.lJ:"a.niu.m in the final interstitial 

fluid may upset the ratios because of the development of _a late phase 

which may be intimately associated with the earlier rock.;;:forming minerals. 

Evidence for this association is observed in autoradiographs of polished 

surfaces of granite which show concentration of uranium a.lohg grain 

boundaries, and also in acid leaching experiments (Hurley, 1950; Larsen 

and others, 1956) which demonstrate that this interstitial material con-

taining the radioactive elements is soluble in di}..p.te acids whereas most 

of the ac·cessory minerals are not soluble .• 

Most granites have .a ratio thorium/uranium of about 3 :for .th&.whole 

rock. Because zircon, sphene, and apatite have a smaller ratio than this, 

it seems likely that much of the interstitial radioactive material has a 

Th/U ratio higher than 3. 
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