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The oal azyon, .i-jo-inr, suction of the 'oade Leak 

member of the 'lloshoria formtion is ilecliteq,about 20 miles 

southeast of the type locfllity of the :clack Peak member und 

within the recjon in which the eade i'eak is character-

istically developed. The member is 143 feet thicl: at :oal 

firiyon and consists of dark thin-bedded phosphorites, 

carbonate and quartz-silicate rocks. The rocks of the 

section have been studied in detail with particular emphasis 

upon the characteristics of the phosphorites and carbonate 

rocks and their modes of formation. 

The averar:e chemical :lomosition, in percent, of the 

member is: Si02 - 26.5, TI!) 002, A1203 - 4.5, 1- e203 

1.P, 1;() - 4.5, Ca0 - 27.0, Na2O - 0.0, K20 - 1.6, F205 -

10.6, CO2 - 13.8, 1- 1.1, SO3 - 2.0, 1120- - 0.9, and 

carbonaceous material - 4.8. This "avcrae rock" contains 

unusually hij:;h amounts of phosphorus and fluorine. The 

averae C410:!M0 ratio for the member is 6, but it runes from 

a of 68 for the averar,e phosphorite to a low of 2.9 for 

the averae carbonate rock. 

Important minor constituents that occur in the rocks in 

sinificant amounts are vanadium, selenium, and uranium. In 

four feet of carbonaceous quartz-silicate rock, the vanadif-

erous zone, vanadium averaes 0.7 percent V205 and selenium 

contents ran-- c from 90 to 150 ppm. Se. The uranium content 

1. 



 

of the wi-lole meml)er ranF:es from 0.0005 to 0.034 percent 

and avorn. -:cs 0.0D4 7)ercert. The hi:her uranium contents 

are in phosphorites. 

Dolomite mokes up 21 .;cc:nt of the memer ad 

calcite 8 percent. ..oth miremis contain only small a.pl.Jints 

of cation substitutes, as indieuted by the position of x-ray 

diffraction peaks. The principal ion diadochic for calcium 

in calcite is manesium, and the principal ion diadochic 

for mancsium in dolomite is ciciumf, latios of calcite to 

dolomite in the carbonate rocks of the member, determined 

by an x-ray method, com)are favorably with ratios calcu-

latfs:d from chemical analyses. 

flrbonate-fluorapatite makes up 28 percent of the 

mer-lber. mall rlo;Ints of ionic substitutiOns in the mineral 

are indicated - sodium, strontium and uranium for calcium; 

sulfur and silicon for phosphorus; and possibly some 

fluorine for oxyzens 

The quartz-silicate r'roup of minerals makes up 33 

percent of the member and is composed of luartz and 

microcrystalline qua:Az, orthoclase, microcline, albite, 

muscovite, biotite, Mite, kaolinite‘ titanites zircon, and 

tourmaline. The principal foldspnrs, orthoclase and albite, 

were identified by x-ray. Illite-muscovite, determined by 

x-ray, is more abundant than kaolinite. 

Carbonate-fluornatIto, dolomite, and calcites 

chemically related compounds that have calcium and carbonate 



Ions in common, occur in the rocks of the member in three 

principal associations: carbonate- fluorapatite alone, 

dolomite--carbonate-fluorapatite mixtures, and dolomite--

calcite mixtures. As a basic hypothesis, these occurrences 

arc considered to represent approximatel7 the solid phase 

or phases in equilibrium with the sea water from whic the;,, 

formed. There found alone carbonate-fluorapatite represents 

a first stage differentiation of sea water by evaporation, 

or a precipitation due to a sustained addition of phosphate 

to sea water tic: dissolution of dead or:7:aniss, for 

example. The dolomite--carbonate-fluorapatite mixtures 

represent a second staEo differentiation, following the 

precipitation of apatite alone, in which the two minerals 

form together in proportions hi-11 in dolomite. These two 

closely related kinds of mineral associations are the 

dominant ones in the section. The dolomite-calcite mixtures 

cover a wide range of proportions that is not readily 

explained in terms of simple phase relations. rider 

conditions in which dolomite is the single solid phase in 

equilibrium with sea water, however, calcite could precip-

itate metastebly and change with time, while in contact 

with sea v;ater, to dolomite. In this manner, the amount 

of dololnito formed is a function of the time during which 

calcite is in free contact with sea water, and all 

proportions of dolomite and calcite are possible. 

3 
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Phosphorites of the rhospnoria formation of Permian 

ace are among: the larnest and most widely known phosphate 

deposits in the world and make up a major part of the 

phosphate resources of this country. The formation contains, 

in addition, large potentially valuable amounts of minor 

elements. ..ecause of the present and future economic 

importance of these deposits, the 3. .2eo1o;:ical Farvey-

has undertaken, partly on behalf of the Division of rl- aw 

-faterinls of the S. Atomic Fnergy :':ommission, an extensive 

detailed study of them in the reion composed of south-

western :ontana, southeastern and southcentral Idaho, 

western 'Xyoming, northern -tah, and northeastern :'evada 

(see ficure 1). The present study which is only one of the 

manifold aspects of the broad program, is concerned with 

specific knowledce of the 7eade Peak member of the rhosphoria 

formation at Goal Canyon, 7i:loming rer:arding element, mineral, 

and rock compositions, and the relationships among the con-

stituents. These data bear on many problems of ,eoloE,y, 

but It has been possible to treat, in some detail, only a 

few here. imphasis of the study is on the characteristics 

of the phosphorites and associated carbonate rocks, and some 

hypotheses regardirw the mode of formation of these rocks 

are presented. 

The stratigraphy of the Phosphoria formation has been 
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Figure 1.—Index map showing approximate limits of the western phosphate 

field and location of Coal Canyon stratigrophic section. 
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described recently by :!cKelvey and others (1956). Various 

aspects of the petroraphy and petrology of the formation 

have been treated by ::ansfield (1027); leller (1941); 

:cKelvey (1945); Lowell (1952); - c elvey, swanson, and 

Sheldon (1953); Thompson (1953 and 1054); ':romaan (1955); 

Lerr (1355); icaver (1955); :inigh (1956); . celvey and 

cnrswell (1256); 1'.00ney (L)56); and Sheldon (1957). 

ACKNOWL.F.N=TS 

This study was suc;:ested by V. E. 7'cKelvey, and his 
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;:yeatly appreclated. The work has benefited from my 

discussions with other colleaues, particularily R. 

Cressman, h. P. Sheldon, and T. M. 7.heney, who have worked 

or are currently workin7 on related aspects of the phosphate 

deposits. A critical review of the manuscript by K. 

7Crauskopf has been especially helpful. J, P. "iller kindly 

furnished the optical grade calcite that was used as 

reference material in some of the experimental work. 

THE COAL (.ANYON SECTION OT- THE PHOSPflOHIA 101-NATION 

The 'oal Canyon section of the Phosphoria formation is 

located in sec. 7, T. 26 119 W., Uncoln County, 

Nyoming (fi:ure 1). !' trench exposing the formation, where 

not naturally exposed, is located on the south side of the 

6 



canyon on the steeply ippifl , cast 111) of the :uLlette 

anticline. The section was measured and described by 

"oKelvey, L. and D. '% F,arrabee, and scrIpled 

by E. A. ulbrandsen. Along with chemical and spectro-

graphic analyses, the section is included in a compilation 

of stratiraphic sections of the rhosphoria formation by 

-celvey, smith, Hoppin, and Armstrong (1953). 

Coal 'anyon is about twenty miles southeast of the type 

section of the Phosphoric at Phosphoria Gulch, Idaho, des-

cribed by :iichards and -ansfield (1912), and lies near the 

eastern margin of the rei:,ion in which the Phosphoria is typic-

ally developed. c!\e-lvey and others (1956), on the basis of 

detailed straticyaphic studies, reconize six members of the 

formation, and reference shold be made to their work for 

descriptions of the units and their regional relationships. 

The members present at Coal Canyon are, from the base up-

wards, the Y,eade Peak phosphatic shale member, the hex chert 

member, and the i\etort phosphatic shale member. A ueneral-

ized section taken from 7cKelvey, Smith, lioppin, and 

Armstrong (1953) is presented in fiure 2. The 7 eade Peak 

member is composed of 144 feet of interbedded soft to hard, 

fissile to thick-bedded, dark gray phosphorite, carbonate 

rock and mudstone. The i.ex chert member, 67 feet thick, 

consists of hard gray masFAve chart and a small amount 

of gray limestone rtIndonly distributed in the chert as 

7 
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•1 . -ularly-sliaped nodules and lenses. The :,etort member, 

r).101 feet is composed nostly of thin-bedded hard 

brownish black mudstonc and phosphorito w1 4.11 minor chert, 

and is slmilar to the :cake Peak member In Fencral character. 

DL PTtK ?HO5P71ATIC SliALL 

The :cad() Peak phosiil-atic shale memer is the econ-

omically important member of the Phosphoria formation in 

the southeastern Idaho-western ,:romin-northern Jtah area. 

The Coal Canyon section lies within this area, and the 

member has been studied at this localitzi to obtain detailed 

information about the nature of the rocks, their associa-

tions, and factors relatin to their oriL-,In. 

A detailed columnar section of the member is presented 

in plate 1. It shows raphically, color, yain size, rock 

composition, and thickness of bedding, alonr7 with a des-

cription of mineral composition, structure, and special 

feEtures of the rocks. Color was determined on crushed 

rock samples by comparison with a color chart based on the 

color solid dimensions of the :unsell system; for examples 

be(7 P.50 Is the color brownish black desinatcd as hue 5 

yellow-red of chroma I and value 3, or in short-hand 

notation 5 IR 3/1. The procedure for calculatin the 

mineral n:irms of the rock composition column in described 

in a followini: section. 

9 



',E,THODS ST7DY 

Iine-grained rocks such as those considered here are 

difficult to study and require complementary types of 

analysis for the determination of even a minimum of rock 

characteristics. The analyses utilized here are thin 

section, x-ray, chemical, and spectrographic. Thin sections 

were used for the purpose of mineral identification and the 

study of texture and mineral relationships. X-ray analysis 

was used for mineral identification, a study of diadochy in 

the carbonate minerals, the calculation of calcite-dolomite 

ratios, and differentiation of feldspar types. Chemical 

and spectrographic analysis was used to determine rock 

composition and geochemical relationships, for the 

calculation of mineral norms, and for the study of diadochy 

in carbonate-fluorapatite and the carbonate minerals. 

CiiiICAL CWPOSITION 

ajor constituents - chemical ,analyses. 

t ()% Sixteen chemical determinations have leen made of all 

but two beds of the section by the Tennessee -alley 

Authority under the direction of J. H. ;;althall (table 1). 

The analyses were made on splits of channel samples 

colleted from each bed, givinp: in effect a complete anal-

ysis of all the rocks of the section. The chemical analyses 

serve as the basic data for calculatintr, mineral and mineral 

10 



 

      

TABLE 1 
CHEMICAL ANALYSES 

BED No. CAO M40 CO2 P205 6102 AL203 FE203 NA20 K20 TiO2 V205 F ioA$ 
3 

H20- A. I. 1.3.1. E0 CHEM.0 

P-107 
P-106 
P-105 
P-104 
P-103 

29.80 
39.40 
5.60 
9.00 
6.60 

1101 
0.47 
0.82 
0.67 
0.53 

33.8 
2.6 
0.9 
0.8 
0.6 

0.76 
25.45 
3.25 
6.15 
4.35 

1.7.58 
17.80 
61.52 

, 57.58 
.61014 

2.5 
4.1 

13.3 
10.9 
12.1 

0.9 
1.5 
4.0 
3.1 
3.4 

0.54 
1.50 
0.35 
0.59 
0.40 

0.63 
1.50 
3.90 
3.30 
3.57 

0.14 
0.20 
0.01? 
0.47 
0.45 

0.04 
0.05 
0.07 
0.06 
0.04 

0.13 
2.5 
0.37 
0.59 
0.48 

0.51 
2.3 
0.60 
0.91 
0.76 

0.26 
0.67 
0.79 
1.02 
1.04 

20.0 
17.8 
75.6 
68.8 
73.3 

35.7 
6.2 
5.9 
6.3 
6.3 

.0005 

.005 

.003 

.004 

.003 

.001 

.003 

.002 

.002 

.001 

P-102 
P-101 
P-100 
P- 99 
P- 98 ' 

9.00 
10.40 
40.80 
22.20 
46.2 

4.2 
0.90 
0.39 
10.0 
0.24 

10.4 
3.2 
3.8 
26.6 
4.4 

0.65 
4.51 
25.9 
0.81 
29.8 

'55.26 
' 57.11 
-17.70 
30.02 
9.91 

9.3 
10.2 
3.6 
4.3 
1.4 

3.0 
3.3 
1.1 
1.5 
0.8 

0.84 
1.02 
1.09 
1.00 
0.83 

2.53 
1.67 
0.80 
1.22 
0.60 

0.54 
0.43 
0.17 
0.31 
0.09 

0.02 
0.04 
0.04 
0.06 
0.07 

0.15 
0.52 
2.4 
0.15 
3.1 

0.31 
0.77 
2.0 
0.48 
2.3 

0.43 
0.93 
0.62 
0.31 
0.50 

66.9 
69.3 
19.0 
35.6 
8.2 

13.7 
7.7 
6.5 
28.3 
6.2 

.002 

.002 

.005 

.001 

.009 

.001 

.D01 

.003 

.001 

.008 

I-1 

P- 97' 
P- 96: 
P- 951 
P- 94 
P- 93 7 

49.1 
39.8 
44.1 
39.7 
45.7 

0.20 
0.37 
0.34 
0.36 
0.24 

2.0 
1,7 
2.3 
1.9 
2.2 

32.9 
27.2 
29.8 
26.9 
32.7 

4.73 
13.87 
- 8.85 
-13.28 
4.49 

0.9 
2.3 
1.5 
2.1 
1.2 

0.6 
1.1 
0.7 
1.0 
0.5 

1.01 
0.76 
1.03 
0.91 
1.16 

0.39 
1.10 
0.67 
0.92 
0.54 

0.07 
0.16 
1007 
0.12 
0.05 

0.10 
0.23 
0.28 
0.24 
0.15 

3.8 
2.9 
3.1 
2.7 
3.4 

2.9 
2.9 
3.2 
4.0 
3.5 

0.46 
1.47 
1.26 
1.73 
1.02 

3.2 
12.4 
7.2 

11.4 
5.2 

5.4 
8.6 
8.0 
9.6 
6.9 

.022 

.034 

.026 

.018 

.019 

.021 

.034 

.028 

.019 

.019 

P- 92 
P- 91 
P- 90 
P- 49 
P- 88 

32.4C 
12.80 
2.5.60 
42.24 
48.42 

0.39 
3.8 
4.9 
0.33 
0.41 

1.3 
8.8 
24.8 
1.6 
11.8 

21.6 
3.80 
0.20 
29.3 
24.09 

27.10 
47.36 

i 32.32 
12.90 
6.70 

4.2 
7.8 
3.4 
2.0 
0.8 

1.7 
2.6 
2.0 
2.3 
0.8 

1.20 
0.96 
0.90 
1.00 
1.14 

1.80 
2.30 
1.47 
0.77 
u.45 

0.26 
0.42 
0.01? 
0.14 
0.08 

0.16 
0.09 
0.08 
0.10 
0.06 

2.2 
0.51 
0.12 
3.0 
2.6 

2.8 
1.1 
0.85 
3.2 
2.3 

1.12 
0.83 
0.32 
0.89 
0.56 

22.2 
58.5 
38.6 
10.6 
4.7 

9.0 
13.5 
26.6 
9..5 
15.0 

.017 

.004 

.001 

.009 

.005 

.008 

.002 

.001 

.007 

.003 

),
P- 87 
P- 86 
P- 85 
P- 84 
P- S3 

31.46 
41.60 
44.18 
25.41 
44.00 

0.42 
0.31 
0.29 
0.43 
0.26 

1.6 
2.1 
4.7 
2.0 
2.3 

21.03 
27.45 
27.44 
16.52 
29.41 

27.70 
15.50 
14.10 

J 34.24 
13.20 

4.4 
2.1 
1.4 
5.3 
2.3 

1.0 
1.2 
1.1 
1.9 
1.7 

1.09 
1.25 
1.20 
1.09 
0.94 

1.24 
0.70 
0.40 
1.60 
0.62 

0.32 
0.16 
0.16 
0.40 
0.15 

0.11 
0.06 
0.06 
0.05 
0.05 

1.9 
2.9 
3.0 
1.6 
3.2 

2.5 
2.9 
2.3 
2.4 
1.6 

0.87 
0.89 
0.58 
1.08 
0.47 

29.2 
13.9 
11.3 
40.4 
11.80 

8.3 
8.1 
8.1 
9.5 
5.4 

.007 

.0',7 

.005 

.005 

.009 

.003 
005 

.004' 

.012 

.006 

P- 82 
P- 81 
P- AO 
P- 79 
P- 78 

26.80 
13.40 
76.4' 
15.40 
42,10 

2.1 
4.2 
0.90 
2.21 
0.43 

2-0.8 
10.0 
9.6 
10.5 
1.9 

2.11 
4.04 
9.90 
2.16 
28.67 

- 35.27 
. 47.21 
- 3L21 
J47.41 
v 7,,70 

5.8 
8.8' 
6.7 
9,7 
1.9 

2.1 
2.5 
2.3 
3.0 
2.1 

0.'4 
0.84 
0.45 
0.62 
0.90 

1.45 
2.43 
1.89 
2.45 
0.67 

ro19 
0.42 
0.32 
0.10 
0.14 

0.06 
0.05 
0.09 
0.05 
0.11 

0.24 
0.45 
1.1 
U.31 
2.8 

:,90 
J.90 
2.1 
1.0 
3.5 

0.34 
0.62 
1,35 
0.66 
1.55 

41.2 
56.A 
37,0 
54.7 
0.62 

22,1 
14.2 
16.8 
16.5 
13,1 

.002 

.003 

.006 

.003 

.006 

.0005 

.001 

.u03 

.Luu 

.004 

1v e fr 
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TABLE 1 (CoNTINuEo) 

BED NO. CAC! MGO GO2 P205 5132 AL203 FE203 14,4.20 K20 T(02 F S AS 
SO3 

820- A.I. L.0.1. EU CHEM.0 

P- 77 
P- 76 
P- 75 
P- 74 
P- 73 

30.80 
50.22 
8.40 
6.05 
4.20 

1.70 
1.8 
1.9 
2.3 
2.7 

14.0 
40.2 
5.0 
5.9 
5.1 

9.92 
0.36 
2.73 
0.34 
0.20 

''21.10 
•4.82 

0 47.13 
41.64 

'45.64 

6.2 
1.1 
8.6 
9.8 
9.6 

2.6 
0.5 
3.4 
3.9 
4.0 

1.00 
0.60 
1.25 
0.78 
0.99 

1.49 
0.72 
2.1 2 
2.55 
2:.78 

0.26 
0.03 
0.52 
0.18 
0,23 

0.07 
(.0F 
0.52 
1.15 
1.45 

1.1 
C.0 
0.44 
0.15 
0.23 

2.2 
0.44 
8.6 

12.5 
10.6 

1.37 
0.13 
0.51 
0.83 
0.52 

25.2 
5.90 

59.30 
51.2 
56.38 

22.0 
41.1 
16.7 
24.9 
22.6 

.003 

.004 

.006 

.005 

.003 

.003 

.001 

.002 

.002 

.001 

P- 72 
P- 71 
P- 70 
P- 69 
P- 66 

4.20 
15.60 
36.40 
13.20 
5.40 

2.9 
1.4 
1.8 
0.53 
2.4 

5.6 
6.4 
29.3 
0.52 
5.1 

0.05 
6.30 
0.80 
8.31 
0.76 

52.58 
,( 37.36 
v22.98 

0/48.07 
_ 59.80 

9.7 
7.1 
2.6 
9.2 
9.3 

4.4 
3.3 
1.2 
3.6 
2.8 

1.30 
1.27 
1.10 
1.30 
1.50 

2.85 
2.11 
0.70 
2.38 
2.30 

0.36 
0.20 
0.06 
0.48 
0.42 

0.37 
0.14 
0.06 
0.08 
0.08 

0.08 
0.67 
0.10 
0.80 
0.09 

8.4 
9.4 
0.60 
1.6 
0.90 

0.32 
0.37 
0.29 
1.33 
0.99 

65.75 
46.66 
27.,6 
57.9 
73.0 

18.6 
17,4 
30.07 
10.03 
11.4 

.003 

.004 

.001 

.0(4 

.002 

.0005 

.002 

.0005 

.u02 

.0005 

hJ 
t3 

N - 67 9.48 
P- 66 23.20 
P- 65 22.2 
P- 64' 20.20 
P- 63 24.40 

0.48 
5.4 
1.2 
8.6 
0.80 

0.59 
23.0 
6.1 
23.3 
5.1 

6.02 
0.66 
9.97 
1.51 
12.38 

53.23 
- 33.46 

v 35.28 
/ 32.75 
,/ 29.90 

10.3 
5.7 
8.0 
5.9 
8.5 

3.4 
1.9 
2.6 
1.9 
2.6 

1.20 
1.20 
1.20 
1.44 
1.02 

2.62 
1.30 
2.14 
1.25 
1.95 

0.61 
0,24 
0.36 
0.27 
0.38 

0.06 
0.05 
0.03 
0.05 
0.08 

0.57 
r.08 
1.1 
0.18 
1.3 

1.6 
0.62 
2.0 
0.55 
2.2 

1.41 
0.46 
1.32 
0.39 
1.62 

P5.1 
41.4 
42.4 
39.9 
25.23 

10.3 
25.9 
14.3 
25.7 
15.9 

.013 

.001 

.004 

.001 

.003 

.001 

.0005 

.002 

.001 

.002 

P- 62 
P- 61 
P- 60 
P- 59 
P- 58 

28.40 
32.40 
25.8 
26.40 
29.60 

1.0 
5.3 
12.3 
3.4 

15.1 

7.3 
30.1 
30.3 
7.3 

36.2 

13.73 
0.69 
2.22 

14.29 
2.10 

- 20.82 
'19.60 
'18.63 
/22.60 

8.27 

5.1 
4.3 
3.6 
7.1 
2.2 

2.1 
1.4 
1.3 
2.3 
0.7 

0.94 
0.95 
1.26 
0.89 
0.80 

1.35 
0.95 
C.97 
1.70 
0.50 

0.26 
0.13 
0.10 
0.29 
0.06 

0.17 
0.05 
0.05 
0.08 
0.07 

1.4 
0.09 
0.22 
1.3 
0.22 

3.0 
0.56 
0.80 
2.5 
1.0 

1.85 
0.45 
(.54 
1.76 
U.77 

25.1 
15.0 
23.4 
26.53 
10.47 

18.7 
33,1 
33.7 
18.2 
40.7 

.007 

.001 

.001 

.004 

.0U1 

.004 

.000 

.002 

.004 

.001 

P- 57 
P- 56 
P- 55 
P- 54 
P- 53 

20.07 
29.72 
32.05 
31.80 
32.82 

0.63 
15.0 
6.1 
10.9 
1.0 

0.86 
36.7 
14.4 
32.3 
2.4 

13.63 
2.24 
14.85 
5.38 
21.00 

/
32.60 
- 7.82 
J13.10 
0 8.69 
-10.60 

10.5 
2.2 
4.3 
1.3 
4.5 

3.1 
0.7 
1.4 
0.9 
1.7 

0.75 
0.60 
0.79 
0.50 
0.75 

2.60 
0.71 
1.22 
0.66 
1.20 

0.38 
0.10 
0.18 
0.11 
0.13 

0.05 
0.05 
0.21 
0.04 
0.09 

1.5 
0.27 
1.5 
0.56 
2.1 

2.5 
0.60 
2.5 
1.1 
3.9 

1.86 
0.4:, 
1.23 
0.58 
1.00 

38.27 
25.48 
15.28 
10.8 
11.68 

15.2 
40.0 
22.4 
35.9 
18.9 

.004 

.001 

.005 

.002 

.005 

.002 

.001 

.002 

.001 

."03 

P- 52 
P- 51 
Pb 50 
P- 49 
P- 48 

36.00 
36.45 
27.20 
40.37 
26.60 

13.0 
0.77 
8.0 
0.98 
13.2 

33.0C 
2.2 

28.6 
3.4 
31.2 

6.11 
24.35 
4.42 

26.01 
4.04 

'5.20 
115.53 
-14.50 
11.50 
v11.19 

0.1? 
2.3 
3.0 
3.1 
1.7 

0.5 
1.7 
1.1 
1.4 
1.0 

0.60 
1.15 
0.78 
1.56 
0.58 

0.40 
1.12 
1.12 
0.95 
0.82 

1 .13 
0.25 
0.04 
0.16 
0.07 

0.07 
0.08 
0.06 
0.06 
0.07 

0.78 
2.6 
0.47 
2.9 
0.44 

1.0 
3.1 
1.7 
3.0 
1.7 

0.41 
1.24 
1.07 
0.53 
1.00 

4,93 
16.55 
18.02 
10.06 
13.63 

35.8 
11.9 
34.8 
11.2 
37.0 

.002 

.006 

.002 

.005 

.(:01 

.001 

.003 

.001 

.002 

.001 
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TA8LE 1 (CoNTiNuE) 

BED W. GAO Me0 CO2 P205 Si02 AL203 PE203 NA20 K2u Tio2 V205 F §,A8
vv3 

H3-2 A.t. L.Ool. EU CHEM.0 

P- 47 
P- 46 
P- 45 
P- 44 
0- 43 

27.36 
24.96 
45.45 
38.80 
43.73 

13.9 
9.9 
0.39 
0.58 
0.57 

32.8 
24.4 
4.3 
2.0 
1.8 

3.05 
4.85 

20.85 
26.24 
29.26 

'10047 
/19.38 
, 5.17 
'12.80 
9.50 

1.7 
3.7 
1.3 
2.3 
1.2 

0.9 
1.7 
0.9 
1.2 
1.0 

0.84 
0.89 
1.00 
1.35 
0.97 

0.69 
1.59 
0.49 
0.79 
0.54 

0.06 
0.22 
0.07 
0.15 
0.11 

0.09 
0.08 
0.0b 
0.25 
0.13 

0.35 
0.56 
3.3 
2.9 
3.2 

1.6 
1.6 
2.7 
3.8 
3.0 

1.10 
1.15 
1.01 
1.46 
0.79 

12,92 
23.8 
3.46 
10.0 
8.9 

38.7 

534:0 
13.6 
8.7 

.000 

..001307 

.015 

.018 

.000 

:0(018 
012 

.01( 

P- 42 
P- 41 
P- 40 
P- 39 
P- 38 

28.40 
18.40 
16.2 
20.00 
23.2 

12.8 
1.9 
9.4 
1.5 
12.4 

30.6 
4.3 

19.5 
3.5 
28.6 

4.41 
10.75 
1.55 

12.33 
1.90 

14.42 
v36.90 
v38.32 
--36.80 
, 25.56 

2.0 
7.9 
4.6 
8.5 
2.2 

0.8 
2.5 
2.1 
2.5 
0.9 

0.70 
1.44 
1.19 
0.87 
0.45 

0.85 
1.62 
2.17 
3.27 
0.85 

0.11 
0.28 
0.06 
0.34 
0.06 

0.05 
0.05 
0.05 
0.07 
0.04 

0.44 
1.1 
0.19 
1.1 
0.21 

0.96 
1.8 
0.63 
1.8 
0.71 

0,44 
1.06 
0.59 
0.20 
0.41 

17.8 
48.2 
47.4 
47.2 
28.7 

33.7 
11.7 
22.5 
10.2 
31.5 

.001 

.005 

.001 

.004 
<.011 

.001 

.002 
401 
.002 
.007 

r- 37 
P- 36 
P. 35 
P- 34 
P- 33 

1.--, 
C.4 

P- 32 
P- 31 
P- 30 
P- 29 
P- 28 

24.20 
24.53 
34.40 
43.65 
12.7 

--
27.2 

__ 

21.5 
26.7 

10.3 
9.1 

0.41 
0.19 
0.64 

5.4 
0.39 
3.0 
4.8 
9.5 

24.4 
22.6 
1.6 
1.6 
1.1 

13.1 
1.3 
7.2 

11.6 
22.9 

4.75 
7.08 

23.34 
30.00 
8.1 

7.2 
18.1 
8.0 
6.0 
6.4 

4 26.12 
•/25.76 
- 23.79 
'10.75 
- 44.45 

- 30.01 
--

v36.28 
./ 22.93 

2.3 
2.4 
3.7 
1.8 
3.0 

2.2 
2.0 
2.5 
2.4 
1.3 

0.8 
0.8 
1.3 
0.7 
2.6 

2.0 
1.8 
2.2 
1.9 
1.2 

0.80 
1.00 
1.00 
1.08 
0.30 

0.86 

1.10 
1,,02 

1.05 
0.97 
1.40 
0.51 
2.73 

--
1.81 
--
2.03 
1.30 

0.26 
0.13 
0.22 
0.08 
0.40 

0733 
--
0.36 
0L23 

0.05 
0.05 
0.06 
0.09 
0.35 

0:42 
--
0.23 
0.16 

0.50 
0.75 
2.3 
3.2 
0.83 

0.71 
1.8 
0.84 
0.88 
0,71 

1.0 
1.2 
2.9 
3.4 
4.5 

2.0 
3.7 
2.1 
3.1 
1.3 

0.54 
).S0 
0.77 
0.72 
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TAULE 1 (CommuE., ) 

8Eo No. 0%0 MO c52 P205 Si02 AL203 E203 NA20 K20 TiO2 V205 F S As 
SO3 

HBO- A.I. L.0.1. EU CHEmou 

P- 17 
P- 16 
P- 15 
P- 14 
P- 13 

30.9 
28.2 
36.40 
30.60 
35.00 

5.9 
12.2 
2.4 

12.3 
6.7 

16.0 
33.2 
7.1 
29.8 
17.7 

13.3 
5.2 
21.55 
6.4 
15.69 

v21.25 
16.21 

- 16.5-
15.20 
16.02 

1.7 
1.2 
3.1 
0.5 
1.2 

1.1 
0.5 
1.3 
0.8 
1.5 

0.42 
0.33 
0.83 
0.40 
0.77 

1.65 
0.79 
1.52 
0,78 
0.83 

0.31 
0.09 
0.15 
0.08 
0.17 

0.05 
,2.05 
0.05 
0.05 
0.05 

1.6 
0.55 
2.5 
0.74 
1.6 

1.5 
1., 
2.6 
1.1 
1.2 

0071 
0.59 
0.71 
0.51 
(.55 

22.7 
16.1 
19.5 
16.5 
16.2 

9.0 
32.6 
11.9 
31.7 
20.2 

.004 

.J08 

.004 

.001 

.003 

.004 

.u02 

.003 

.001 

.002 

P- 12 
P- 11 
P- 10 
P- 9 
P- 8 

32.15 
43.82 
16.32 
26.8 
31.1 

10.1 
0.6 
3.7 
9.5 
0.57 

25.3 
3.7 
8.0 
21.9 
1.9 

11.5 
28.9 
7.5 
9.7 
20.6 

- 13.00 
. 10.09 
39.08 
17.98 
26.27 

0.9 
1.1 
5.6 
2.4 
3.2 

0.7 
0.7 
2.7 
1.4 
106 

0.62 
1.09 
0.45 
0.42 
0.79 

0.69 
0.45 
2.25 
1.31 
1.58 

0.12 
0.16 
0.24 
0.14 
0.19 

0.05 
0.11 
0.09 
0.09 
0.17 

1.3 
3.4 
0.91 
0.93 
2.2 

203 
3.5 
2.8 
2.1 
3.7 

1.46 
J.70 
1.53 
1.35 
1.82 

1e.2 
7.9 
44.0 
20.0 
26.4 

27.3 
9.1 
18.3 
25.6 
9.0 

.004 

.015 

.008 

.002 

.008 

.003 

.013 

.005 

.301 

.007 

P- 7 
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l'a p... 3 
41. 

9.1 0.80 
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4.96 3.0 
0.64 0.87 
7.28 0.72 

0.8 
13.3 
6.1 
0.3 
0.3 
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0.3 
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Eroup norms, and for determining the 0;eochemical relation-

ships of the elements. 

,ilantitative chemical analysis of rocks of the 

illosphoria is complex and difficult. The accurac7 of the 

analyses is not known, but some measure of precision Is 

obtained from a number of duplicate analyses. or theso 

the moan deviation ran:os from about 0.5 percent to 1.5 pen-

cent for a nuLer of constituents. Percentace error (mean 

deviation divided by avorace amount of constituent) is 

greatest for those constituents in small amount and is as 

much as 50 percent. In general the precision is sufficient 

for most purposes for those constituents in large amount. 

The overall precision is not sufficient for the calculation 

of silicate mineral norms, yet the mineral norm calculations 

for carbonate-fluorapatite, calcite, and dolomite are the 

host quantitative estimates that can be made for these 

minorals. Comparisons of the constituents among individual 

beds are hazardous, but the comparisons of averacs or 

groups of beds are very useful. 

Avera6es and comparisons 

The averw:e chemical composition of the eade Peak 

member (table 2) is unique among stratiljraphic units for 

which chemical data are known because of its high phosphorus 

(about 11 percent P205) and fluorine (about ono percent) 
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Table 2 

Avera2e chemical composition of end-member 
rock typos (15 sarlples of each type) and 
of total . oade Peak member 

:ieight percent 
:!eade 

:Alrbonate Phosphorite ..0 ru,tz-silicate Peak 
rock memberrook 

CaO 28.9 43.9 7.0 27.0 

•u 0.9 0.5 1.7 4.5 

13.830.3 3.0 3.4 

2.6 20.5 2.6 10.6
P205 

26.5SiO2 17.7 10.0 56.1 

,-) r 9.6 4.5A1203 1.5 

:-e203 1.1 1.0 3.4 1.8 

0.9:lac0 0.8 1.0 0.7 

ic.20 oo 0.6 3.4 1.6 

Tio, 0.1 0.1 0.4 0.2 

I, 0.1 0.1 0.1 0.1
Y o205 

0.3 3.1 0.4 lel 

SO,
0 

1.0 2.9 2.3 2.0 

0.00.6 0.6 1.0 

L.O.I. 
(losc on 

33.8 ,.0 10.4 10.5 

Carbonaceous 
material 

(L.O.I.
.00r, 44. Ile,04.4) 2.9 4.4 6.1 4.8 

v olow& imommarimmo 
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contents. :alcium and silica are l)resent in about equal 

amount. The silica content (about 2(3.5 percent) is low, 

however, relative to 1.ts amount in -nany sedimentary rocks, 

and this indicv.tes the subordinate role of detrital com-

ponents in the rock section. Some measure of the rane in 

concentration of the c3nstitilents is shown in table 2 which 

compares the avertwe values of the member as a whole with 

the averaes of the three major end-member rock types that 

occur in the section. 

These end-member rocks, fifteen of each type, are those 

that contain the greatest amounts of their characterizing 

constituents—carbonate minerals, carbonate-fluoraputite, 

and quartz and silicate minerals, respectively. The 

number of samples was larrely arbitrarily determined, but 

an equal number of each type was selected in order to 

simplify statistical calculations, which are used in other 

kinds of comparisons, that are described farther one 

The averae end-member carbonate rock is manesium-

rich and contains more dolomite than calcite. The avertwe 

quartz-silicate rock is fairly similar to avera(le shale, 

although phosphorus is still more than ton times Teater 

than :aarke's (1924, p. 30) value. 

Ratios of constituents, which are often better than 

absolute amounts for comparison purposes, are presented in 

table 3. 3ome of the lar,7or differences:slest that 

titanium of all the eade i'eak rocks is low, relative to 
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Table 3 

Comparison of ratios of constituents in end-member 
rock types and entire ,!ende Peak metnber with other 
shale and limestone avcrees. 

3100 .402 10 Ca0 K,0c. 3 
••=011..111=111 

cr.()T102 A1203 14120 

7.eade Peak member 
(total) 130. 3.9 2.4 6.0 

Carbonate rock 
(13 samples) 130. 7.1 2.3 2.9 

Phosphorite 
(15 samples) 100. 6.7 1.5 06.0 

-alartz-silicate rock 
(15 samples) 170. 6.0 2.8 4.1 

Average shale 
(1;larke, 1924, p.30) 90. 3.8 1.6 1.3 2.5 

Average limestone 
(Clarke, 19'24, p.30) P6. 6.4 1.5 5.4 6.6 

Average carbonate rock 
of 'flississippian, 
Pennsylvanian and 
Permian af;es 
(Chilingar, 1956, 

p. 2257) 13.5 

*Total le calculated as le004 
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silica, in comparison with average shale and limestone; 

aluminu is low, possibly iron is too, in the c7uartz-

silicate rocks as compared to shale; ;.1a(:neslum is relatively 

very low in phosphorite and hi.11 in carbonate rock in 

com2arison with average ]Jmestone, and low in quartz 

silic!3te rock versus avera:c shale; and sodium is in 

phosphorite and carbonate rock as compared to avertyce 

limestone, but low in the quartz-silicate rock as compered 

with shale. 

it is not known to what extent these variations are 

sinificant, but they may reflect particular conditions of 

origin of the rocks. (.:he hih sodium relative to potassium 

in the carbonate rock as compared with the avernge limestone, 

for example, may Indicate c7reater salinity, with respect to 

sodium, of the solution in which the carbonate minerals 

formed, particularly if much of the sodium occurs in 

occluded liquid, or in substitution in the carbonate 

minerals. 

?inor constituents 

,pectroraphic analyses 

SpectropTaphic analyses for 2) minor elements, including 

vanadium and titanium which were also analyzed chemically, 

have been made on samples of all the beds of the section by 

the U. S. l'ureau of ':ines Laboratory in Albany, Oregon --

included in an earlier report by !'c;431voy, Fnith, Hopping 

and Armstrong (l)53). The results of these analyses are shown 
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alally in plate 2 In whLeL the h(yAvy vertical lines 

re•22.)et the nodal class (i.e., the Ilost frequently 

ocr1-1.n: class) for each eleT:.ent, and the blocks represent 

tose n2nj::,1e5 whose values are al)ove or below the modal 

clans. l'atterns within the blocks Indicate the principal 

end-meber rock type—phosphorite, carbonf:to rock or Tlartz-

silicate rock--occlIrrinc in the section. Tor examdle, bed 

34 is a phosphorite; its copper content falls in class ki 

one class above the modal class; the silver value falls in 

the modal class and so is not represented by a block; and 

SO on. 

Table 4 summ3.rizes the spectroa-raphic data with respect 

to the end-meml;or rock types. on the basis of the frequency 

of occurrence of the classes of values with the rock types, 

phosphorite contains relative concentrations, with respect to 

one or both of the other rock types, of Ac, Pr, Pri, V, and 

Id CO; (7uartz-sil1cate rock contains relative concentrations 

of P, Ti, V.r, V, Pb, fost n, and :ft; and carbonate rock 

contains Pu (?). 3ome of these relationships can lo ex-

plained readily. Ptroritium undoubtedly occurs in apatite of 

the phosphorite; titanium In titanite)(sphene), zirconium 

in zircon, and boron in tourmaline are associated with the 

quartz-silicate components; and mananese is an expectable 

constituent of c-lcite and delorlite. The others cannot be 

explained so simply as constituents of specific minerals 

althour,h ':connell (1953) believes vanadium can occur as 



 

Table 4 

Occurrence of minor elements in end-member rock types. 
The number of samples of each rock type falling within 
each concentration class are listed below. 

Concentration Class* 
l',ock Types D F G 

Copper 
(r:u) Phosphorite 3 12 

Carbonate rock 1 14 
-alartz-silicate rock 1 14 

fAlver 
(As) Phosphorite 1 14 

Carbonate rock 9 6 
Quartz-silicate rock 8 7 

14eryllium 
(re) Phosphorite 3 12 

Carbonate rock 1 14 
,uartz-silicate rock 1 14 

Strontium 
(Sr) Phosphorite 1 10 4 

Carbonate rock 6 9 
Quartz-silicate rock 4 2 9 

F'arium 
(Pa) Phosphorite 7 8 

Carbonate rock 9 6 
Quartz-silicate rock 10 5 

Zinc 
(Zn) Phosphorite 7 2 6 

Carbonate rock 2 13 
ivartz-silicate rock 3 12 

Foron 
(-1- ) Phosphorite 1 14 

Carbonate rock 1 14 
.4,uartz-silicate rock. 13 2 

Titanium 
(Ti) Phosphorite 15 

Carbonate rock 15 
Quartz-silicate rock 10 5 
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Table 4 (ontinued) 

Occurrence of minor elements in end-member rock types. 

Concentration :lasses*
•:, • rc,Element 1:ock Types I) ....-, F G_--- ---- ---- -----

Zirconium Phosphorite 5 10 
(Zr) Carbonate rock 4 11 

,uartz-silicate rock 15 

Lead Phosphorite 12 
(Pb) Carbonate rock C 13

0i:41artz-sllicate rock 13 

Vanadium Phosphorito 10 
(V) Carbonate rock 13 

12artz-silicate rock 4 10 

Niobium Phosphorite 2 2 10 
(11b) Carbonate rock 13 

4k.uartz-si1icate rock 10 5 

Chromium Phosphorite 1 14 
0(Cr) Carbonate rock 13 

,uartz-silicate rook 13 2 

J,01ybdenum Phosphorite 13 2 
(,o) Carbonate ruck 11 4 

.tuartz-silicate rock 5 9 1 
0'!.anEanese Phosphorite 11 2 

(-n) Carbonate rock 5 10 
uartz-silicate rock 9 6 

Nickel Phosphorite 10 5 
(Ni) Carbonate rock 1 6 7 

;4uartz-silicate rock 13 2 

Concentration classes: 

D = 
U. S. Geological Survey

F = OPEN FILE REPORT
G = 0.001: This map or illustration is preliminary

17) = not detecte and Ilea not been edited or reviewed for 

conformity with Geological Survey 
standards or nomenclature. 
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an ion substitute in apatite, and iabey (in !cKelvey, 

1946, p. 30) su6::,ests that vanadium occurs in part in a 

clay mineral or mica; J. Owen (written co:Imunication) and 

A. D. '.'seeks (written connunication) have identified 

sphalorite in eade Peak rocks at other localities, which 

could account for the mode of occurrence of some zinc, at 

least. ,anEanese tends to favor quartz-silicate rock but 

the reason for this is not known. The other elements, Ag, 

Ni, A), and 714p, are likely associated with the carbonaceous 

component of the rocks. 

Krauskopf (1955, p. 422) found that the group of 

elements, Ag?, As, Pb, V, Zn, and Cr, is enrichod 

in both black shales and phosphorites, and ho attributes 

this to the carbonaceous material common to both. In 

addition to these elements he found Co, iL4. (rare earths), 

Sr, l'e?, and Nb? enriched in the phosphorites. In the 

Coal Canyon ssrlples, Co was not detected at the sensitivity 

level, .01 percent, of the method at the time the analyses 

were made; R. E. wore not looked for; Sr is enriched as 

noted above; T:;49 would be of questionable enrichment, ac!ain 

because of its sensitivity level; ;A), in contrast is dis-

tinctly enriched in the quartz-silicate rocks, hut all the 

determinations here are probably in error, on the basis of 

later and bettor analyses of other Phosphoria rocks. 

In a study of the factors controllirw concentrations 

of rare metals in sea water, Krauskopf (1956, p. 30) found 

42:5 



that adsorption and bioloic processes are the most 

7enoral controls, that sulfide formation may be of lo.1 

importance for a few elements, and that one element, 

chromium, forr:is an hydroxide in a reduciw: environ!.lente 

de determined from his experinents that adsorption of the 

rare metals by a variety of kinds of materials was sinif-

leant in nearly all cases, but that only copper, zinc:, and 

lead were stroncjy adsorbed by all constituents and that 

iron and man:!.anese oxides were the best overall adsorbents. 

Prediction of the amount and kind of adsorption with 

respect to secific solid phases urder various conditions 

does not appear possible, at least with much confidence; 

but it is apparent that the process of adsorption is 

important in the concentration of minor elements. All of 

the above factors, in addition to diadochy of minor elements 

ir major mineral phases, have apparentl-j played roles of 

varyln importance in the concentration of minor elements 

in the rocks of this section, and this is illustrated in 

part by the relationships of the constituents in the 

vanadiforous zone. 

Vanadiferous zone 

lods P-71 through P-75, totallin7 3.7 feet, compose 

an extraordinary rock unit that contains an avertwe of 0.7 

percent 7205 and reater than modal concentrations (plate 

2), for a majority of beds in the zone, of Cu, Zn, ?b p Cr, 

and o--elemonts included in Krauskopfts (195G) investiga-

24 



tions. In ad(lition the unit is rich in carbonaceous 

material and contains about 10 percent total sulfur, 

exressed as :.;03, which occurs in part as sulfide and 

probably in part as an or(aric complex. 

Although sphalerite was not identified in this section, 

Its occurrence in the correlative vanadiferous zone of the 

ParIs, Idaho, locality (A. D. :Eleks, written communication) 

is an example of minor element sulfide formation. On the 

basis of Krauskopfts work, Cu and Pb could occur, in part 

at least, in this manner also. Cu, Zn, and Pb, however, 

are elements that al:e stronfl_y adsorbed by many kinds of 

materials, and it soems possible that they mirht have been 

concentrated first by adsorption on the carbonaceous 

material or mineral phases and could have formed sulfides 

secondarily. Chromium probably occurs as an hydroxide as 

mentioned above. olybdenum can be considered as a product 

of organic action, following Krauskopf (1)56, p. 31), 
although no direct evidence is available here. The unusual 

concentration of vanadium is difficult to explain. Its 

mode of occurrence is not known, although, as mentioned 

1)revious1y, its occurrence in a mica or clay mineral has 

been sugested. Krauskopf (1)55, p 421) cites references to 

two principal kinds of occurrence--in micas and in organic 

compounds. 2ulfide formation should not be a major control 

of V on the basis of solubilities (Krauskopf, 1956, p. 14), 

and in some black shales and V are not associated 
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(Krauskopf, l)55, p. 421). In this vanadium zone, however, 

sulfur is abundant and the pos3ibility of soicx vanadium 

occurrir*: as a sulfide cannot be excluded at this time. 

Krauskopf (195G, p. 31) sftic-ests tiiat processes 

may play a large role in concentratinv vanadium, an 

explanation compatible with the rock characteristics lut 

also one that cannot be proved or disproved with the data 

at hand. In summary, the concentration of minor elements 

in the rocks of the vanadiferous zone is not due to any 

single factor, but all the possible factors involved are 

closely related to the general conditions of an environment 

in which organic materials play a principal role. 

Selenium 

Nine samples of this section, four of them phos-

phorites and five quartz-silicste rocks, have been chem-

ically analyzed for selenium (table 5) by J. A. cCarthy, 

J. L. :Averly, and H. Levine. 

The samples of quartz-silicate rocks show about a 

ten-fold concentration of selenium as contrasted with the 

phosphorites. This is not, however, a relationship that 

is 7eneral for Phosphoria rocks. 7npublished analyses of 

samples from other localities show that some phosphorites 

and oil-rich shales contain selenium in amounts of the 

same majTnitude as those of the quartz-silicate rocks of 

this section. Selenium is not, however, consistently 

associated with the ()manic component of the rocks either as 
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Table 5 

Selenlum analyses 

I.2,ed no. I,ock type Percent f'e 

1)-08 Phosphorite < .001 

-2-37 Phosphorite < .101 

P-96 Phosphorite .002 

P-35 Phosphorite .101 

P-75 ,uartz-silicate rock .015 

r-74 ,alartz-silicate rock .015 

P-73 aiartz-silicate rock .')15 

P-72 4uartz-si1icate rock .010 

P-71 Quartz-silicate rock .009 
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some 1.rbonacos-1ich rock contains very 1:ttle. The 

-7Jartz-silicte rocks of t:Iis soction tht were annlyzed 

for seleni= arc from thc 1.,Inajlforous zone, disclissod 

above, which Is rich not only in cr,..rbonaceos material but 

also in sulfur. The association of sulfur and sclerOum Is 

predictable on the basis of their chcniical properties and is 

found In natural oc:urrences; for exarlple, Colonan (1)56, 

p. 112), among others, has found selenium in sioaificant 

amounts (0.65 to IC percent) in some sulfides from sed-

imentary rocks, and A. D. -eeks (written communication) 

identified selensulfur in samples of the vanadiferous zone 

of the ::eade Peak member at the Paris, Idaho, section, The 

correlation of sulfur and selenium, however, for Phosphoria 

rocks in general is poor. Thus the principal factor, or 

factors, con.-oollin the concentration of selenium is not 

known, but tho controls are probably the kind Investigated 

by Krauskopf (1966) and discussed above with respect to the 

concentrations of other minor elements. 

' Uranium 

ChemIcal and radiorletric determinatio,.o of uranium !-IfAvo 

been made on sarwles of all beds of the section (table 1). 

The nvorne content of the member is 0.004 percent and the 

range in content is 0.0005 to 1.034. A sub..aample from bed 

P-06 contains 0.060 percent (Thompson, 1153, p. 50), the 

crentest amount yet found in any rocks of the Phosphoria 

formation. 7-rom a lance at the analyses in table 1 a 
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general correlation of percent U and percent P205 is 

obvious, but Thompson (1053) has found that the correlation 

of equivalent 1_1-P205 in phosphorites is consistently good 

only anon:: samples in which the averae percent equivalent 

uranium is high. Thompson found also that equivalent j and 

organic matter generally are neE:atively correlated, hut one 

L7roup of samples that has an avera -e low contort of equiva-

lent uranium did show a positive correlation. This nay 

indicate, as suE,ested by ...elvey and Carswell (1956, p. 

465), that small aLlounts of uranium occur in some oranic 

matter but that large amounts only occur in the phosphate 

mineral, carbonate-fluorapatite. Despite complications of 

this kind, the overall correlation of uranium and P205 is 

good, and the work of Altschuler and others (1)54, p. 1125) 

shows that uranium occurs in apatite as a quadrivalent ion 

in substitution for calcium. 

;() attempt has been made to study the detailed 

relationships of uranium In this section, but such studies 

by others on a larE,er scale are in progress. ..ach about 

the occurrence of uranium in rhosphoria rocks, however, is 

already known aril reference should be made for a more 

complete treatment to csKelvey and Nelson (1150), :c1Celvey, 

1:verhart, and ,:.arrels (1955), and Thompson (1954), in 

addition to the references mentioned above. 
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'PIrLRAL 1T1.61; 

The suite of minerals found in the :eade ?cak member 

is unusual only with respect to the occurrence of carbonate-

fluorapatite and fluorite; the others are common sedimentary 

rock constituents. carbonate-fluorapatite makes up about 

26 percent of the member and Is the most abundant single 

mineral, though quartz and the silicate minerals toFether 

compose about 33 percent, Other major constituents in order 

of abundance are dolomite, 21 percent; calcite P percent; 

and carbonaceous material about 5 percent. The silicate 

minerals are orthoclase, microcline, albite, muscovite, 

biotite, Mite, kaolinite, tourmaline, titanite, loucoxene, 

and zircon, Iron oxides are represented by limonite and 

hematite, iron sulfides by pyrite and possibly a simple 

iron sulfide (TeS). iluorite is a minor constituont of many 

phosphorites. The character of the mineral suite Is 

essentially constant throughout the member, and the many 

different rock compositions are due principally to different 

minoral proportions rather than different mineral suites. 

"ineral norm calculations 

-ineral norms are calculated from the chemical analyses 

for apatite, dolomite, calcite, a mineral group estimate of 

quartz plus the silicate minerals, and a rough estimate of 

carbonaceous material. These calculations are shown 

graphically in the rock composition column of plate 1, and 
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the values for carbonate fluorapatite, dolomite, and 

calcite are listed in table 6. 

Carbonate-fluorapatite Is the only phosphate mineral 

present and all phosphorus is assigned to that mineral. Its 

composition, however, is not precisely known because it is 

not possible to obtain pure separations for analysis; and 

it is apparently complex, as discussed further on. l'or the 

purpose here, as an approximation and somewhat arbitrarily, 

carbonate-fluorapatite is assumed to contain 30 percent 

P205;• and a factor of 2.6 times the percent P205 in the 

rocks provides an estimate of their contents of carbonates. 

fluorapatite. 

7;ormative dolomite is calculated by multiplying the 

percent MgO by the factor 4.58. Here the assumption is 

made that magnesium occurs only in dolomite. It is known 

that g substitutes for Ca in calcite in small amount, 

though this is largely counterbalanced by some substitution 

of Ca for NIg in the MgCO3 phase of dolomite. Possibly some 

7g occurs in carbonate-fluorapatite or Mite; the amount 

of such occurrences cannot be large, however, and does not 

seriously affect the usefulness of the normative calculation 

of dolomite. Nevertheless, the calculation gives maximum 

values for dolomite, and that they do tend to run high is 

suggested by the comparison of calcite-dolomite ratios as 

determined from chemical analyses with the ratios determined 

from x-ray analyses, discussed in the following section. 
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Table 

Mineral norms for carbonate-fluorapatite,
dolomIte, and calcite 

Percent by weight 

Tod Carbonate-
no. fluorapatIte Dolomite Calcite 

P-107 2.0 50.8 21.60 0 ftowoP-I06 66. 2 &., e IC, 

P-105 0.4 3.6 --
P.404 16.0 381 --

we op?-103 1103 2e9 

P--102 1.7 19.2 2.7 
Ps.101 11.7 4.1 2.3 
P-100 67.3 1.8 308 
P- 99 2.1 45.8 10.7 
P- 98 77.5 1.1 5.4 

P- 07 65.5 0.9 --
so 41P- 96 70.7 1.7

P. 95 77.5 1.6 --
P.- 94 69.9 1.6 --
r- 93 85.0 1.1 --

P- 92 56.2 1.0 --
P.. 91 9.9 17.4 0.7 
P- 90 0.5 22.4 32.0
P. 89 76.2 1.5 -.-
P.- 88 62.6 1.9 22.0 

P. 87 54.7 1.9 --
.,11. 86 71.4 1.4 -. 
P.- 05 71.3 1.3 6.1 
P- 84 42.9 2.0 0.7 
P. 83 76.4 1.2 0.7 

r rP. 82 <J414.1 94,6 36.5 
P4* 81 10.5 19.2 1.4 
P.- SO 20.7 4.1 16.1 
1)... 79 5.6 10.1 12.7 
P 78 74okiR 200 --
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Table 6 (continued) 

led 
no. 
P-77 
P-76 
2.75 
P-74 
?-73 

P-72 
P-71 

2-69 
P-0 

P..67 
P-66 
P.PC5 
P-64 
P-63 
P-62 
P-61 
P-60 
P..59 
2-56 

P-57 
P-56 
P-.55 
P-54 
7-53 

P4-52 
'-v1 
P-50 
P-43
P.40 

P-47 
P-46 
P-45 
P-44 
P...43 

Carbonate-
fluora)atIte 

25,8
0,0 

0.0 
0.5 

0.1 
16.4 

21.6 
2.0 

15.6 
1.7 
25.9 
3.9 
32.0 

35.6 
1.8 
5.8 
37.2 
5.5 

35.4 
5,0
36.0 
14.0 
54.0 

21.1 
63.3 
11,5
07.6 
10.5 

7.9 
12.6 
75.0 
0C.2 
76.1 
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Percent by woicht 

Dolomite 

13.3 
C.4 

2.4 
11.0 

0,.e, ."
24.7 
r rs04) .,

30.4 
3.7 

4.6 
24.3 
50.3 
15.6 
69.2 

2.9 
GC.7 
27.0 
49.9 
4.6 

59.5, r
0. ...)

36.6 
4.5 
60.5 

63.7 
45.3 
1.8 
2.0 
2.0 

Calcite 
on n 
C2.4 
1.6 
2.0 

6.8 
57.6 
..r 

a. la 

25.4 
6.0 
10.0 
6.1 

10.0 
42.0 
7.5 

6.0 

S0 
0.4 
18.4 

9.3 
rr 

24.7 
00 NA 

4.8 
0Jogs

6.1 
4.5 

ow al 

eels. 



 

Table C (Continued) 

Bed 
No. 

P.42 
P-41 
P-40 
P.-39 
P.M 

P-37 
2..36 
1")...35 
P...34 
P...33 

p.32
e031 
2-30 
P-20 
28 

P-27 
P-26 
P.25 
P-24 
P-23 

P-22 
P.21 
P-20 
P-19 
P18 

P-17 
P...16 
P-15 
P.-14 
P...13 

P-12 
P-11 
P...10 
Pm 0 
PM C 

Carbonate-. 
fluorapatite 

11.5 
42C0 

4.0 
32.0 
4.9 

12.4 
10.4 
60.7 
70.0 
21.1 

10.7 
47.1 
20.0 
15.6 
16.6 

60.4 
67.0 
70,7
74.4 
60.4 

54.9 
40.6 
33.3 
40.3 
17.9 

34.6 
13.5 
56.0 
16.6 
40.8 

09.9 
75.1 
19.5(lr ,1x.,oit.,,
53.6 

Porcent by unit lit 

Dolomite Calcite 
50.6 5.4
0.7 -. 
38.5 0 , 
6.9 es MO 

56.0 3.0 
47.2 3.6
41.7 r 0

Jfic.
1.9 .. 
0.9 ..... 
2.9 ... 

24.7 2.0
1.0 .. 
13.7 0.4
22.0 1.0
43.5 4.1 
2.1 --
6.9 0.7
2.7 ..... 
2.7 1.1
3.7 0.0 

10,1 1.1
16.9 2.0
20.9 1.0
15.1 1.4
41.2 7.9 
27.0 5.4
55.9 14.1
11.0 1.0
56.3 5.9
30.7 5.0 
46.2 5.32.7 2.0
1649 .. 
43.5 1.4
2.6 .. 
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Table G (Continued) 

Iod Carbonate- Percent by weic:htno. fluorapatite 
P.7 Calcite13.0P.6 .7 PI0.7P.5 Oor 

0.8 26.6P.4 
1.1 13.7 1.4. 
0.4 

WameP.3 4.0 
0.0 

OpOa 

T).1 1.7 
75,5 6.4 

8.7 Wee 
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Calcite is calculated by multiplying the percent 

CO2 not assigned to dolomite and carbonate-fluorapatite 

by the factor 2.27. The calculation is made from C00 

rather than Ca0 bec,Jise the assignment of Ca() is cornplicated 

by its occurrence in many other minerals, such as carbonate 

fluorapatite, dolomite, albite, titanite, and fluorite. 

In usin7 CO, as the base, the calcite calculation is low if 

dolomite is estimated too high; it also depends upon the 

amount of CO, assigned to carbonate-fluorapatites The 

amount of 000 in carbonate-fluorapatite is taken as 2 

percent, a value more likely too low than high. 

The acid insoluble (A.I.) determinations, table 19 

are good estimates of the amounts of the quartz-silicate 

f:roup of minerals, although the values are consistently low 

duo to the partial solution of some minerals. It has not 

been found possible to approximate even roughly the amounts 

of the principal individual silicate minerals because of 

the complexity of the assemblage and the lack of precision 

of the analyses. A rough estimate of quartz content can 

be made, however, by utilizing the silica to alumina 

ratios of the principal silicate minerals. The theoretical 

ratio for orthoclase and albite is about 34, and the ratio 

for muscovite, Mite, and kaolinite generally falls in the 

range of 1.2 to about 2.0. If an intermediate value between 

these two 71-ioaps is taken, an estimate of the amount of 

silica combined in silicate minerals can be made; and the 
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estimate of quartz is made by subtractin!:, the combined 

silica from total silica. 1or examdle, usin• a ratio of 

205, bod P-3 contains 49 percont qua.rtz, the ;:reatest 

amount of all the beds, and 22 percent combined silica; 

and the bed containirc the least amount is P-45 with 2 

percent quartz and 3 percent combined silica. 

The amounts of caronaceous matcrial In the rocks are 

calculated as the difference between the L.O.I. (loss on 

ignition) determination and the sum of the CO2 and H201" 

determinations (;.2 Lable 1. Besides carbonaceous material, 

these values include structural water from clay minerals, 

sulfur from iron sulfides, and possibly as Jacob and 

others (1033) found, WM fluorine and silica that 

volatilizes at high temperature. The calculated amount 

of carbonaceous material is therefore consistently high. 

Awe accurate values probably can be obtained by a partial 

combustion method described by (7rimaldi (in Thompson, 1953, 

p. 64) that does not E;o to a temperature high enough to 

drive off structural water. Using this method, determina.-

tionn by Bond Taber average approximately one percent less 

than the others, and cive some idea of the magnitude of the 

inexactness of the carbonaceous material determination. 
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Comparison of percentaf:7e ratios of calcite to 
dolomite calculated from chemical' analyses 
with ratios calcuiated from x-ray analyses 

Chemical and x-ray analyses permit independent 

calculations of the percentae ratio of calcite to dolomite 

in carbonate rocks. The amounts of calcite and dolomite 

in fifteen end-member rocks have been calculated from the 

chemical analyses as previously described, and are the 

values used throughout this study. These values have been 

checked, however, by x-ray analyse.. using a method 

described in the appendix, which is based on the observation 

that the ratio of x-ray peak heights of calcite to dolomite 

give a LTood estimate of the percentage ratios of the two 

minerals. 

The two sets of estimates of the percentage ratios of 

calcite to dolomite in the fifteen en'-member carbonate 

rocks are listed in table 7 along with the calculation of 

to a test of the hypothesis that the two sets of paired 

data are not significantly different. The calculated t 

value of 0.55 is far below the t value of 2.14 at the 

5 percent probability level, indicatin17 with a good deal 

of confidence that the hypothesis may be accepted. nowever, 

an examination of the data shows that the amount of varia.-

tion between the ratio measurements is large, indicating 

poor precision of measurement of one or both methods; and 

that twelve of the fifteen ratios determined from x-ray 

analyses are larFer than those determined by the other 
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Table 7 

Comparison of ratios of calcite to dolomite
as determined by two independent methods. 

01Sample no. X.ray Chemical 
loi", 100 calcite log 100 calcite 

dolomite dolomite 

3 
Difference 
(1-2) 

P-107 1.741 1.620 0.112 

P- 99 1.386 1.360 0.017 

P- 90 2.337 2.155 0.182 

P- 76 3.277 3.002 0,275 

P- 70 3.120 2.846 0.274 

P- 60 1.142 1.124 1.018 

P- 58 1.014 0.993 0.021 

P- 54 1.135 1.567 -0.432 

P- 50 1.046 1.820 -0.783 

P.. 42 0.865 0.829 -0.034 

P- 47 1.973 0.912 0.061 

P- 46 1.565 1.129 0.436 

P- 42 1.048 3.965 0.083 

P- 38 0.938 0.723 0.215 

P.. 37 1.084 0.862 0.202 

r= 0.043 
s2 = 0.0899 
t = 0.55 

-7.05 = 2,14 
..11••••••Ioarr"maw 
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method, indicatinv a systeaatic difference between the two 

sets of values that is counterbalanced in the total 

summation of differences by two exceptionally large neg-

ative differences in which the ratios c,.lculated from 

chemical analyses are larger. 

In summary, the test in which the two sets of values 

are compared indicates that within the precision of 

measurement of the ratios, the two methods yield the same 

results. however, the lack of precision makes the 

comparison unsatisfactory; and extremely lar7e variation 

of a few measurements may have occurred by chance in such 

a way as to obscure a si;:nificant difference between the 

two methods of measurement. 

MINLA.LLOGY 

Carbonate minerals 

Dolomite and calcite are the carbonate minerals of the 

section and one or both occur in all beds. Dolomite is 

more abundant than calcite and is found in all parts of the 

section, although it Is concentrated more in the lower half 

as shown in the columnar section, plate 1. These minerals 

contain only small amounts of ion substitutes. They 

occur mostly as fine-size particles, usually mixed with one 

another in a large ranee of proportions. Fossil fragments 

are not common. 

Dolomite and calcite are the common rock carbonate 
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minerals and have been studied intensively by many workers, 

yet much about their natural ocurrences is ir:precisoly 

or poorly known. An extensive summary of most of the 

present day flowledge of the properties of calcium and 

magnesium carbonates has been made by ;1-oaf and Lamar (1155). 

The application of x-ray techniques, one of which is 

described here, in conjunction with other types of analysis, 

to the study of dolomite and calcite is provi,:ing valuable 

new information on the composition of the minerals and on 

proportions of the two in carbonate rocks. Those kinds 

of data, though limited in amount at the present time, are 

contributing to a better understanding of the conditions 

under which these minerals have formed, 

A.adochy in doloilite and calcite 

Diadochy (ionic substitution) for calcium or ma7nesium 

in calcite and dolomite is well known for a nur,:ber of 

elements, such as 111 and Sr for' Ca, and and Mn for Mg. 

The kind of diadoch.3 is determined principally by the 

radius and valence of the ions, thour:11 the size ranre Is 

unusually larr'e in some cases. Ions larf7er than :a (1.99), 

such as Sr (1.12) and fla (1.34), substitute for a in 

calcite in small amount because of the size limitation 

imposed by the calcite structure. They are diadochic in 

greater amount in the aragonite structure and tend to 

stabilize it (Faivre, 1944; and Faivre and Chaudron, 1948). 

Ionic radii in angstroms from Ahrens (1952, p. 160) 
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(0.00), intermediate in size letween Ca (0.03) and 

_c (0.G6), is taiadochic in all roportions with :11 between 

the calcite and rhodochrosite end-mmbers on the b!zsis of 

the rane of proliortions found in natural sar..plos by .iayland 

(1)42) and Kriener (1931), but the experimental work of 

Holdsmith and ::raf (1)57) indicates that the complete rawe 

of diadochy is only posAble at temperatures Frcater than 

5500 C. and with (70r. pressure sufficient to prevent de-

composition. i, and diadochy in all proportions between 

dolorlite and mani7ando1omite appenrs possible (Anchell, 1951, 

1).73), 't (0.6(3) and Fe (0.74) are diaflochic in all 

proportions between dolomite and ankerite (Palache, Ferman, 

and 1:rondel, 1951, p. 212; and Winchell, 1)51, p. 73), 

thoui:h compositions near the ankevite end meiJ)er are appar-

ently rare. ]'errari and A)11a (1936) have 1o7lnd that 

Co (0.72), Zn (0.74), and Cd (1.97) are diadochic with Ca and 

Mg to various deFTecs, and many other elements -2rebably occur 

naturally in such relationships. Although substitutions for 

Ai and Mg of calcite and dolotr,ite are common, substitutions 

for 0 or 0 in the carbonate radicle are not known. 

Diadochy of al and 7g for one another in dolomite and 

calcite is theoretically prohibted because of their 1.1rge 

difference in size, 0.99 for a as compared to 0.66 for 

a difference much larger than the empirical limit of 15 

percent for those ions that rer.ldily substitute for one 

another In nearly all proportions. 1Cg, however, substitutes 

for ca in the calcite of the tests of modern organisms in 
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anoints frequently more than 10 percent by weiht e,7u1va1ent 

and up to ac as 29 percent (have, 1252 and 

1054a; .olds:Ith and others, 1055; and larke and :1-leeler, 

1922). 1ost natural calcitin fossils contain lens than 

10 percent ..1:CO3 (Chow), 1954b, p. 525), as do many natural 

calcites (olds- p. 222 and 223) and most::lith and others, 

modern calcareous sediments (Chow), 1954b, pf, 598). 'ost 

of the - 7i!). in calcites formed at low temperatures is unstable 

(7raf and C;oldsmith, 1955, p. 109), but at hi7h temperatures 

hichly mamosian calcites arc stable, although the relation-

ships near the dolomite co:iposition end are not known 

(Earl:or and Tuttle, 1155; and .rof and :oldsmith, 1955). 

Considerable information is now ovation°, as noted 

above, about the diadochy of 74; for Ca in calcite, whereas 

essentially nothin' is known of the diadochy of these ions 

for one another in their ordered positions in natural 

dolomite, Small variations of the Ca:Mc atomic proportions 

in 1.117,h temperature synthetic dolomite were noted by 

Harker and Tuttle (1955, p. 27) but were not considered 

sinificant. In other htf.;11 temperature s:inthetic work, 

1-,af and ColdsmIth (1955, p. 124) measured amounts of excess 

cat.:03 in dolomite of as much as 5 mole percent. It should 

be pointed out in considertn diadochy in calcite and 

dolomite that the two minerals all) not strictly isomorphic. 

Dolomite has an ordered arronement of a and :4; atoms 
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that occur in altornatin:: planes normal to the trional 

axis. All the substitutions in calcite are of a random 

or disordered nature, and s.rler and Tuttle (1355, p. 274) 

suE7,7est that a disordered dolomite may be stable at high 

temperatures. raf and ]oldsith (1955, p. 124) found 

11-17mole percent CaCO3 in some synthetic high temperature 

ordered dolomites. It is clear that more information is 

needed on these relationships. 

A measure of the approximate amount of diadochy in the 

calcite and dolomite of fourteen end-member carbonate rocks 

of this section was made by x-ray powder analysis using the 

old lorelco "spectrometer" and chart recorder. The method 

%consists of the measurement of the amount of shift (028) of 

the most intense peak (104) of calcite and dolomite with 

respect to standard calcite and dolomite, and the correla-

tion of the shift with the element or elements in diadochy 

that produced it. The measurements were made with refer-

ence to quartz as shown in fir:ure 3. The dolomite-quartz 

interval was measured in the fourteen samples of carbonate 

rocks, and the calcite-quartz interval was measured In all 

but one of the same samples. Gine° the precision of 

measurement with this equipment was not hizh, the values 

were averaged to give mean dolomite-quartz and calcite-

quartz intervals. These averaes were then compared with 

average values of the same kind obtained on fourteen 

stvTles of prepared mineral mixtures, described in the 
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Figure 3 .—Method of measurement of diadochy in caicite and 

dolomite using quartz as reference by x-ray spectrometer 
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appendi s that all contained qunrtz an(1 varying proortions 

of calcite and dolomite standards (see spectrorTa?hic 

analyses in table ). The respective peak shifts for 

dolomite and cyilcite determined in this manner are not 

large (tables 0 and 10) but can be considered significant 

on the basis of the t-tost. jor the purpose of the 

followin: discussion these mean peak-shift values are 

considered representative of the mat7nitudes of diadochy in 

the dolomite and calcite of this section. 

The amount of diadochy with respect to one element in 

terms of its equivalent carbonate is determined from the 

graph, fiEure 4, on which the ordinate represents the shift 

from pure calcite and the abscissa is composition. The 

linear relationship between peak shift and composition is 

assumed for most of the compositional ram:es between calcite 

and the end-members, magnesite, siderite, and rhodochrosite; 

however, the relationship is supported in the greater than 

50 percent rane of calcite by the data on :4'; diadochy of 

f2;oldsmith and others (1955, p. 215) and Harker and Tuttle 

(1955, p. 270), and by the fact that dolomite falls very 

close to the theoretical disordered "dolomite"; and the 

linear relationship holds for :1.1 diadochy in this sane range, 

as shown by Andrews (1950, p. 92), using Kriegerts data; but 

no data of this kind dealing with Eb a.l.e available, though 

it is reasonable to expect the relationship to apply equally 

well for Fe diadochy. In figure 4 the mean value of the 
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Table P. 

Spectro:raphic analyses of dolomite and calcite standards 

Al - 0.101-D.01 ia - none detected 
re - 0.001-0.01 - none detected 
*:g 0.011-0.01 Li - none detected 

- 1.01-0.1 -n - none detected 
Ti - 0.101-0.01 '!(:) - none detected 
V 0.T)01-0.01 - none detected 
As - none detected ri - none detected 
AL, - none detected Pb - none detected 

none detected Sb - none detected 
none detected Sn - none detected 
none detected - none detectedt 

r.r - none detected Zn - none detected 
Cu - none detected ?Jr - none detected 

Dolomite 

• 0.11-0.1 
Co - 0.01-0.1 
11 - 0.01 

120 - 0.1-1.0 
-0.01-1.1 

Na - 0.01 
Sr - 0.10-1.0 
Zn - 0.01-0.1 
Al - none detected 

- none detected 

•Calcite from near -anuel flenevides, Chihuahua, exico. 
Analyzed by R. Allen for Mier (1252). 

•Dolomite locality unknown. Analyzed by H, L. Lovell, 
Pennsylvania f',tate ',Tniversity. 

U. S. Geological Survey 
OPEN FILE REPORT 

This map or illustration i3 preliminary 
and has not been edited or reviewed for 
conformity with Geological Survey 
standards or nomenclature. 

47 

https://0.T)01-0.01
https://0.101-0.01
https://0.011-0.01
https://0.001-0.01
https://0.101-D.01


 

   

Table 9 

Comparison of the menn differences (degrees
2 et X= Cu) between x-ray peaks of cicite 
(104 peak) and quartz (101 peak) in carbonate
rocks and in prepared mineral mixtures. 

Carbonate rocs Prepared mineral mixtures
calcite-quartz interval calcite-quartz interval 

,=ample no. Degrees 2 8 Sample no. De;'rees 2 e 

P-37 2.82 lh 2.79 
P-42 2.83 2R 2.68 
P-46 2.82 31i 2.75 
P-47 2.80 4h 2.70 
P-48 2.95 5R 2.82 
P-50 2.78 6R 2.73 
P-54 2.70 7R 2.74 
P-58 2.87 8h 2.77 
P-70 2.70 9R 2.78 
P-76 2.81 lOR 2.69 
P-90 2.80 11R 2.67 
P-99 2.78 12h 2.77 
P-107 2.72 13R 2.80 

15h 2.79 

71 = 2.7905 "2 = 2.7486 

C01 = 0.0564 SS2 = 0.0302 

71 - 72 = 1.1490 

pooled s2 = 1.103464 
= 

* signifionnt at P.05 probability level 

U. S. Geological Survey 
OPEN FILE REPOET 

This map or illustration is preliminary 
and has not been edited or reviewed for 
conformity with Geological Survey 
standards or nomenclature. 
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Table 10 

Comparison of the mean differences (de7reos 
2 S s A= Cu) between x-ray peaks of dolomite 
(104 peak ) and quartz (101 peak) in car-
bonate rocks and in prepared mineral mixtures 

Carbonate rocks Prepared mineral mixtures 
dolomite-quartz interval dolomite-(7uartz interval 

ample no. -roes 2 e Sarlple no. Derrees 2 e 

P.37 4.25 1R 4.36 
F-30 4.26 2R 4.28 
P-42 4.20 3R 4.34 
P-46 4.18 4R 4.39 
P-47 4.28 5R 4.29 
P-48 4.40 6R 4.26 
P-50 4.26 71( 4.35 
P-54 4.2P 8R 4.34 
P-58 4.24 91t 4.35 
P-70 4.21 lOR 4.21 
P-76 4.32 111k 4.2P 
P-90 4.26 12h 4.33 
P-09 4.17 13R 4.30 
P-107 4.12 15R 4.35 

= 4.2407 = 4.31641 A2 

CNC, ,0 
= 0.0607 = 0.0301 

772 .0.0757 

pooled s2 = 0.003492
t = 3.39* 

significant at P ol probability levele 

U. S. Geological Survey 
OPEN FILE RE7ORT 

This map or illustration is preliminary 
and ha3 not been edited or reviewed for 
conformity with Geologicvl Survcy 
standards or nomenolature. 
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FIGURE 4. Relation of 104 X-ray peak with composition between some end-mwriber carbonate 
minerals, and composition of dolomite and calcite in carbonate rock samples. 
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peak shift of calcite of the rock samples from standard 

calcite (d(104)=3.037) is plotted on the calcite-map:nesite 

join, an,..1 represents an tio.,;nt of diadochy in terms of 

of about 0.4 percent or as equivalent -!cCO3 of about 1.5 

percent. A sliclitly F:reater amont of either or 

could produce the same shift in the calcite peak. 

SpectronTaphic analyses of these samples show insufficient 

Th to account for the shift. lements with ionic radii 

larger than Ca, such as Sr and ia, would cause a peak shift 

in the opposite direction to the observed one, and they are 

excluded on that basis as well as for the fact that they 

occur in very small amounts in these samples. "ET and Fe 

are the likely substitutions that have caused the peak 

shift. There is no sound 1:asis for detormInirT the con-

tribution of either, and the total amount in diadochy is so 

small that the determination is not critical to any of the 

followInC discussion. 

The mean peak shift of dolomite of the rock samples 

from standard dolomite (d(104)=2.887) is plotted in fiFure 4 

on the calcite-dolomite join, which is slihtly offset from 

the calcite-maiTesitc join. This peak shift is toward 

calcite and indicates substitution of an ion of radius 

greater than Mg in the Mg positions or one reater than Ca 

in the Ca positions. The latter type of diadochy is un-

likely for the same reasons discussed above with respect to 

calcite. and Fe are common Ions larger than that 
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theoretically could produce the shift; however, usin the 

theoretical positions of kutnahorite and ankerite in 

firure 4 and assuming a linear relationship, the observed 

peak shift of dolomite of the rock samples would require 

about 10 percent MC03 or 24 percent leCO3 in substitution 

for :7--neither case possible. Kutnahorite has an ordered 

dolomite structure (1.ronde1 and Fauer, 1955, p. 749), and 
presumably ankerite does too; thus the theoretical positions 

plotted in firure 4 are only approximations, yet close 

enouF,h for the purpose here. Ca, however, is larger than 

and very likely occurs in excess in the dolomite, sub-

stitutini: for 7.1g in an amount of about 1 percent ',/1 or 

2.5 percent equivalent CaCO3. 

The small amount of diadochy found in the dolomite and 

calcite of the carbonate samples studied very likely repre-

sents a stable relationship, and one that conforms, with 

respect to Ca-7c7 diadochy at least, to general low temp-

erature extrapolations from the high temperature relations 

determined by :;raf and joldsmith (1955, p. 125) and Harker 

and Tuttle (1955, p. 279). The amount of ':!,CO3, approx-

imately 1.5 percent if all the diadochy is attributed to 

7g, in the calcite of these samples is similar tkthe 

general modal amount found in pre-Cenozoic calcitic fossils 

and to one mode in Paleozoic limestones (Chave, 1954b, 

P. 595 and 598), and it is markedly 1052 than the amount 

commonly found in the calcite of ''.enozoic fossils and 



modern s:celetons. These data arc inadequate at present 

for deterrlinin:: the conditions under which natural calcites. 

have formed, but more work of this kind on calcites of 

many environments, as well as dolomites a?-:out which there 

are now few compositional data, offers promise of aiding 

tho chievement of this ;7oal. The various amounts of 

hold metastably 1.n the calcitic skeletons of modern marine 

ori7anisms have an important bearinr: on the .significance of 

dolomite-calcite proportions found in the older rocks, if 

it is presumed that similar amounts of occurred in 

fossils of the past and formed, with time, equivalent 

amounts of (2olomite ennentlally in situ. This aspect of 

dolomite formation will be discussed In a later part of 

this report. In addition to Ca an relationships, 

quantitative determinations of minor elements, particularly 

Sr, 111., and Pe, in calcite and dolomite should be helpful. 

2trontium may, be a valuable indicator on the basis of the 

work by Zeller ani :ray (1256); Tureldan and Kulp (1056); 

Kulp, Turekian, and l'oyd (D52); - urray (1354); and 

Lowenstam (17!54). The semiquanti tative determinations 

on the carbonate rocks of this section, all less than 0.1 

percent and most less than 0.01 percent Sr, only show that 

these rocks probably contain on the avera7e althtly less 

than the averae value of 510 ppm for limestones (Turekian 

and Kulp, 1:356, p. 245). 
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Carbonte-fluorvatite 

The character of the phosphate mineral in the 

Phosphoria formation has been obscure because of the 

difficulty of obtainin pure homopeneous samples for 

analysis and because its composition is complex. Amsfield 

(1927, p. 367) suested that carbonate (CO3) and fluorine 

were chemically combined with the calcium phosDhnte but 

could not satisfactorily prove it. :ubsequent analytical 

work by Jacob and others (1333) and ":,endrici:s and others 

(1:31) conclusively e2tab1ished the mineral to be a 

fluorine-apatite, and both 1::ro!.:.p3 noted the relationship of 

carbonate with the mineral. The occurrence of carbonate 

as a structural component of the phosphate mineral of the 

Phosphoria formation has been in doubt and has been part of 

a controversy involvin the vraidity of carbonate-apatites 

in general. The problem has been to determine whether the 

carbonate occurs as calcium carbonate intimately mixed with 

the apatitc, as carbonate on occluded surfaces (tendricks 

and Pill, 1950), or as carbonate occupyin,- lattice positions 

of the apatite structure. Mverman, flyat, and 'Neiser 

(1950), in an oxcellent study of the problem, show by 

several tests that although calcite Is commonly intermixed 

with apatte, some of the carbonate, approximately 1 to 2 

percent equivalent CO2, occurs homogeneously in the apatite 

mineral and not on occluded surfaces. ray analyses by 

Altschuler, :isnoy, and arlow (1152) show that carbonate 
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fluorapatite is a homojeneous phase distinFuishable from 

fluorapatIte and hydroxyapatite. Apatite from the rhos 

phora formation was tested in the latter two studies, and 

it is a carbornte-fluorapatite, as are other marine apatites, 

anr.ordin:,, to Altschuler and others (D52), in this country 

and °tiler parts of the world. AlthouEh carbonate-fluorapa-

tite is distinct chemically and structurally fro-: other 

apatites, a dilemma persists as to the specific manner of 

occurrence of the carbonate in the structure. Trautz (1955) 

has made a recent general review and detailed study of the 

problem of the carbonate-apatites but no explanation is 

entirely consistent with accepted structural principles, 

and present terminology is inadequate for describing some 

of the possible relationships. This aspect of the 

carbonate-fluorapatite problem is only touched on in the 

following discussion. 

Relation of carbonate-fluorapatite 
to the apatite mineral group 

Carbonate-fluorapatite beloll's to the apatite r.roup of 

minevals having a feneral formula A5(X04)32;(1. The struc-

ture of the group was first described independently by 

Naray-Szabo (1930) and !', ehniel (1930, and 1031)* They have 

shown that the unit cell of fluorapatitc contains 10 Ca, 

6 Pp 24 Op and 2 Y ions; or in formula 0a1O(PO4)612e In 

this structure a large number of substitutions have been 



described, as shown in table 11, taken from :ci_Connell 

(1030). i.ucently (1)53) has aded vanadium, 

chromium, and possibly aluminum to the list of what he 

considers to be adeTiately demonstratcJ aubstitftions for 

phosphorus. 

onsilerinL- all of the substitutions toother the 

following general formula is obtained: 

(Ca,Sro Mn,141.,K,C (,Si,As,V,Cr,A1(?),
)10/"' 

IMMO 

(0,(OH),D )24/(17*C10(311)0°)2' 

Other minerals of the apatite group belongitv to the 

pyromorphite and svabite series (Palache, Ferman, and 

T:rondel, 1951, p.C77) are chemically distinct from the ones 

considered in table 11 in that they represent end-members 

for which few naturally occurring intemediate members with 

the apatite seriet; a..e known, particularly with regard to 

the diadochy of 7a and Pb. 

A glance at the elements in table 12, reported as 

substitutions In the apatite structure, shows an unusual 

range in ionic size and charge. Carbon is so extremely 

small that, from crystal chemical considerations, it would 

not be expected to substitute for either calcium or 

phosphorus. In fact It is this consideration that pre-

cipitated the argument concerning the mode of occurrence 

of carbon in apatite minerals. From the study of minerals 

in which oxygen is the dominant anion it has been found 

that the ionic radius ratio of the cation to oxyv:en is a 
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Table 11 

Diadoehy in some mineralc of the apatite TToup 

irioral 

FLIorapatite 

Hydroxyapatite 

Dahllite 

,Dohrnite 

1,Taneolite 

Lewistonite 

iko 5. to and 
Ellestaalto 

Permorite 

77anr;anapatite 

l'ormula 

Ca10/("4)6/r2 

• a _RP()  /(OH)
lu 4 )6 2 

( Ca* )10/ ( P°4 )6/( °" 

(CasNapc)10/(PO4)W(OH)0 

(Ca, )10/(13PC )6(0,0H,P)24/F2 

(CaoKs atC)10/(1404)6/(OH)2 

(CasC)10/(P,S, Si*G)6°24/(C1,12,0H2O)n 

(1a
( 'Sr)10/(P2A5)6024/(I' ):,())2 

(Ca T ") 0/("4)6F.2 

U. S. Geological Survey 
OP= FILE REPORT 

This map or 111ustration is preliminary 
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Table 12 

Ionic radii* (six-fold coordination) and radius ratios
of 10ns in apatite 

Ionic radius* Ratio 
Ion A cation/oxen 

Ca2+ 0.99 0.71 
31,2+ 1.12 1.80 

0.80 0.57 

Ta+ 0.97 0.69 

K4- 1.33 0.95 

C4+ 0.16 0.11 

U4+ 0.97 0.69 

R.7.3+(ineluding Y and La) 0.85-1.14 0.61-0.221 

p5+ 0.35 0.25 

(-64. 0.30 9.21 

31.4+ 0.42 0.30 

As54- 0.46 0.33 

V5+ 0.59 0.42 

r7r6+ 0.52 0.37 

Al3+ 0.51 1.36 

,4+ 0.16 0.11 
....nra. 

02-
11111111.111 11•1111111110MINIIMIONIONISININI, 

1.40 

1.33 

1.81 

OH" similar to 02"' 

* Ahrens, L. H., 1952. U. S. Geological Survey 
OPEN FILE REPORT 
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principal factor in deterT:11..in the coordination of oxygen 

ions about a cation. Table 13 shows the ran.je of radius 

ratios for the different coordinations. Tons whose ratios 

with oxyon fall near the border of a group have been found 

to occur in minerals with a coordination of either group. 

On this basis carbon generally would be expected to have a 

coordination of two or three as it commonly does. vc:'onnell 

(1931-1) proposed a structurally possible mechanIsm for the 

substitution of calcium by carbon, one in which carbon 

would be coordinated by throe oxyc_ens, hut the mechanism 

does serious violence to crystal chemical principles. 

firbon and phosphorus, in their respective C,03 and PO4 

groups, each require more than one half the charge of each 

of their coordinatinc. oxyEens. Thus their groups cannot 

share oxygens as would be required in :cConnell's hypothesis. 

In the phosphorus position carbon would be in four co-

ordination in the center of a tetrahedron, a position at 

variance with the concepts mentioned above; however, 

:Tendricks and Hill (1042) and - 7cConnell (1152) have pro-

posed that four CO3 groups substitutir4: for three PO4 groups 

would be possible and would iive carbon the desired three-

fold oxygen coordination. 

:cConnellts arrangement of the carbonate ,roups, 

however, would result in a positive rather than the negative 

birefringence apatite has, according to Irautz (1955, pi. C99). 

Supporting 7cConnol1's arrangement in which most of the 
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Table 13 

Coordination of cations 

Oxygen coordination Badius ratio 
about cation Position of oxyren ions cation:oxyo 

0 corners of a cube le-1.732 

6 corners of a regular
otahedron 0.732-0.414 

4 corners of a square 0.732-0.414 

4 corners of a re!:-.ular 
tetrahedron 0.414-0.225 

3 corners of an equilateral
triancje 0.225-0.155 

linear 0.155-0 

*Evans, I: C., 1946, P. 176. 

U. S. Geological Slirvey 

OPEN FIDE REPORT 
This map Or illUStration is prr)liwinary 

and has not bee* edited or rt.vivic,d 
for 

conformity with Geological Surv,:y 
standardS or nomenclature. 
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planar CO3 7roups arc oriented parallel to the c axis is 

the fact that, accordinc to most workers, the conate-

containinE apatitea have a smaller a axis than -the 
OM, 

correspondinL: carbonate-free ones. old idea that 

can occupy 11 or OH positions in apatite has been 

revived by iomo (1254). ;,-3 has synthesized a carbonate-

apatite that has an x-ray pattern closely similar to 

hydroxy-apatite, and has an infrared curve that shows the 

presence of CO, radicles and the absence of OH radicles.0 

.1.-om this he deduces that the CO3 replaces the 31I. This 

kind of substitution is not important with respect to the 

marine carbonate-fluorspatites, however, since they 

commonly contain an excess of fluorine above that necessary 

to fill the reular lattice positions. The infrared data 

of lomo (1954), as well as those of ijosner and Duyekaerts 

(1954) and of :nderwood and others (1355), are important in 

that they provide concrete evidence of the occurrence of 

•0,2 in apatite as CO3 groups, always a tacit assumption 

except for 6runer and -jeConnellts (1D37, p. 213) hypothesis, 

which ::cConnell rejects in later works, that carbon sub-

stitutes for phosphorus directly and is coordinated by 

four oxygens. 

xplanation of the occurrence of carbonate in the 

apatite lattice in terms of classical substitution is not 

entirely satisfactory; but of the possibilities the sub-

stitution of (;03 for PO4 groups seems to me the more likely. 
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Other explanations delvin Into the .cap between true 

substitution and true inclusion are discussed by Trautz 

(1955), but in this realm knowlede is as yet insufficient 

to describe and test ade,luately the 7:,ossi. penornena. 

On the basis of size, K+ and Cl- also appear to be 

unlikely substitutions, respectively for .7c12.4" and F-; 

however, they seem to occur in some of the apatite minerals 

In ap;:reciable amounts. lAements of the same vnlence but 

of clic:7htly different size 7enerally require in substitution 

an incronse or decrease in volume of the unit cell but do 

not present the corlplications resultinc from the sub-

stitution of ions of different valence. The latter requires 

compunsatin substitutions to preserve the overall electro-

static equilibrium of the structure; for example, 36+ and 

:74.4 4" for p5+; or :6"1- for r5+ and Na+ for 0E12+; and so on. 

Compensatin substitutions of this kind are apparently 

commonplace in the apatite mircrals but are little under-

stood. 

Diadochy in the carbonate-fnora?atite 
of the :cade Peak member 

Diadochy in the carbonate-fluorapatite of the :oath) 

Poak member has been established previously only for 

uranium, although the substitution of sodium for calcium 

has been sur;cested by Hendricks and others (1931). Other 

substitutions in siL7nificant but small amount, however, 

are indicated by an appraisal of the analyses of phosphorite. 
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A comparison of ;:s.hemIcal analyses, tale 14, of the 

three end-member rock type:7 shows that phosphorite conts:ns 

concentrations of sulfur, so(1 11m, and varadium relativo to 

one or both of the other rock types. The mean values of 

the constituents of carbonate an euartz-silicate rocks are 

compered in turn vith the respective mean values of phos-

phorite by a modified t test (l'ennett and 'eanklin, 1054, 

p. 177). This test provides a more precise test of the 

difference between the means than does the ordinary "student" 

t test for the case in which the vrianceo of the 7roups 

are not assumed to be elual. 

The amount of sodium in the phosphorite is sic.nifi-

cantly Treater (table 14) than it is in the other rock types, 

althouh the ap?arent excess unique to phosphorite is 

small. ome of the sodium, then, is believed to substitute 

for calcium in the apatite strIcture--a relationship that 

appears to be 7cneral for phosphorites of the Phosphorin, 

as shown by other unpublished analyses. 

Sulfur is distinctly concentrated in phosphorite 

relative to carbonate rock (table 14), but not to quartz-

silicate rock. it is probable that the modes of occurrence 

of sulfur in phosphorite and quartz-silicate rock are 

different. Jacob, and others (1033, p. 42) found that most 

of the sulfur in Phosphoria phosphorite sa)les occurs as 

soluble sulfate, whereas sulfur in the quartz-silicate rock 

occurs as sulfide and possibly in some other forms, as 



 

 

Table 14 

Comparison of the amounts of :4120, 303, and V205 
in phosphorite with amounts in carbonate and quartz-silicate rocks 

percent ::6120 percent SO percent V205
phos. carb. phos. carb. phos. carb. q-sil.
1.0 0.6 0.3 0.9 0.4 1.6 0.10 0.06 0.11 
1.2 0.6 0.4 3.5 1.0 1.1 0.15 0.07 0.06 
1.1 0.5 0.4 3.4 0.5 0.6 0.09 0.04 0.07 

0.2 2.3 1.6 3.7 0.07 0.00 0.19 
rt1.0 0.5 0.2 3.2 1.1 1.5 0.26 0.04 0.04 

2.7 0.6 0.4 r) 1.7 0.8 0.08 3.07 0004 
()1.0 0.7 1.5 0 • 1.0 0.0 0.10 0005 0.0E' 

1.0 1.3 1.0 3.0 0.8 0.6 0.13 0.05 0.04 
1.0 1.1 0.6 2.2 0.5 0.9 0.10 0.06 0.06 
1.1 0.6 0.6 3.5 1.7 0.3 0.11 0.06 0.02 
1.0 0.4 1.3 2.7 0.7 6.4 0.06 0.04 0.37 
0.9 1.0 1.2 3.5 0.5 1.6 0.11 0.06 0.06 
0.9 0.9 0.6 2.6 0.6 3.1 0.09 0.06 0.09 
1.2 0.9 1.2 2.9 1.6 8.6 0.06 0.08 0.36 
1.2 2.3 1.0 1.1 0.06 0605 0.52 

r 1.00 0.76 0.74 2.92 1.00 2.33 0.106 1.060 3.142 
comparisons
t/ (phos.-carb. )=3.02* 11044 
degrees of freedom 22.8 28.0 
tl (phos.-q-si1.)=2.21* 0.84 
der:rees of freedom 17.1 14.6 

si,.Inificant at the .01 probability level
sicnificant at the .05 probability level

tt modified t test (P,ennett and l'ranklin, 1954, p. 177) 

https://phos.-q-si1.)=2.21


discussed _:*1-ticr on. 3o1ub1e sulfate in phosphorite Is 

consideroci t In1ciio l:.a)chy of sulfur with phosphorus 

in the aptito, because ncit.lcr -.7-,Tpsum nor anh7drito„ the 

only other likely soluble sulfate compounds, has boon found. 

Phos.2horite cuntains more vrinwilurr, than cnrbonato rock 

(tall() 14) but only as much as or possibl:r even losF. than 

quartz-silicate rock. Elnadium ma: e dindochIc with 

phos,)horus hero, a substitution in apatite that -

(1953) considers substantiated; if so its :lode of occur.r.enco 

is different from that in quartz-sillento rock, ore 

informnton is needed to verif7 this, however, because the 

mannor of occurrence of vanadia,1 in quartz-silicnte rocl,. la 

not known with certainty either. 

Alkolte and ollestadite t.l?c apatite 7Toup nInerals 

that show the dladochic substitutions of silicon for 

phosphorus, and this kind of substitution in believod to 

occur in carbonate-fluorapatite also. :Ilicon in this 

occurrence is acid soluble silica and is shown to occur in 

phosdhorlte in this manner b7 the fact thnt the total silica 

in end-member phosphorite is renter than the total acid 

insoluble of the rock by an averRge amount of 1.7 porccnt. 

In contrast, the cnrbonate and eluartz-silicate 

contain more acid insoluble than sllicn, the common re-

lationship because of the presence of elements other than 

silicon in insoluble silicr, te minerals. 1. or comparison, the 
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values for each rock type are the following-: 

carbonate quartz-silicate 
phosphorite rock rock 

A. 1.-2102 3.4(1, 11.V'd 
(acid insoluble) 

The amount of soluble silica in phosphorite cannot be 

determined with any precision in this manner, but the 

value of 1.7 percent is probably a minimum estimate. 

spectrographic analyses (table 4) show that k7, Zn, 

and Sr are also relatively concentrated in end-member 

phosphorites. r2he disposition of Ag and Zn in the phosphor-

ite is not known, but likely occurs in the apatite 

structure diadochic with a common relationship and 

ore that also appears to be Feneral for all phosphorites 

of the l'hosphoria. ::hy strontium favors apatite as against 

calcite, however, is not known. 

Of the elements described in the precediric paragraohs 

as possibly occurrin to some extent in the apatite 

structure of the phosphate mineral in the ':::.eade Peak 

member, the substitution of La and Na appears to be best 

substantiated and significant in amount, Assuming that 

and Si4+ are diadochic, respectively, with and P5+, 

other substitutions of cations of higher valence than 

phosphorus and calcium or of anions of lower valence than 

oxyen are necessary to preserve the electrostatic 

equilibrium of the apatite structure. Thus sulfur 

diadochic with phosphorus tends to satisfy this demand, as 
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would fluorine In substitution for oxygen. The excess of 

fluorine found in the phow)hate rocs over that require(1 

for the theoretical coilposition of fluorapiAtIto well 

be explained in this anner; that is, fluol:Ivle, diadochic 

with oxyt7en, is present in Lw.ount nocoJsury to balance, 

at 'cart partially, the sul)ctitions of lona of lower 

volcnco for calcium snd • ouch ao Aodium and 

silicon. onsidcrini7 the olemeni;s discussed al,ove as the 

ones lost prelnbly occurlAug a,11 Jubstitutions in the apa-

tite structure a --(moral formula would be as follows: 

Va° 110/(111:1t 3)6-x(°11 )24-3::( C°3)Xtt 2 

phosphate mineral names 

, ollophano and francolite are the mineral names that 

have Loon a-,)pliod, respectively, to Isotropic and aniso-

tropic phosphate material of the Phonphoria 

though chemical differences, if any exist, ',Java not boon 

detected. As .:cConnell (1D50, p. 10) and 2a1aches. erman, 

and Yrondol (1351, p. 685) succest that collophane be 

used to Omni:nate any crypto-crystalline phos-i)hatic material 

for which specific mineralozic inforuation is not known, 

the use of cellophane for the phosphate mineral of the 

Phosphoria forrlation in no lonc;er desira'ole. 

?!cConnell (1930, p. 0) su7y:ests that francolite is a 

suitaLlo name for an apatite which contains an appreciable 

amount of crbon dioxide and more than 1 percent fluorine. 
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The carbonate-fluorapatite of the eade ieak member falls 

well within the definition; for a species name, however, 

it is not inclusive enouh for a mineral In the apatite 

croup --a rmlp that is noted for the number and amount 

of ionic substitutions in Its minerals, Cliould the dia-

dochy described above exist, the phosphate mineral of the 

phosphatic shale 3-.1c -..,1.)cr would be compositionally intermes-

late betweerT -rqncolite, dehrnite, and wilkeite and 
II 

ellestadite a shown in table X. lecause no adequate name 

is available, the phospate mineral in the :eade Peak 

member is here called descriptively carbonate-fluorapatite, 

or simply apatite where it is the only phosphate mineral 

of reference. 

r9a submicrocrystalline character of 
carbonate-fluoraatite 

The column mode of occurrence of crbenate-fluorapatite 

in the eade Peak member is as submicrocrystalline 

isotropic masses. As x-ray analysis shows it to be well 

developed crystalline material, its submicrocrystalline 

and isotropic character is due to the random aregation 

of submicroscopic particles. Vollfkovich and others 

(1952), in an electron-microscope study of natural phos-

phates, found the diameter of the smallest particles to 

be several hundred anstroms. A possible explanation for 

this form of development can be derived from the inherent 

character of the mineral. rrystal !7rowth is a surface 
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phenomenon, depending upon surface forces and their 

distribution. It seems possible that the asynnetry of 

forces developed on a crystal surface becLuse of ionic 

substitutions such as discusser.'. abov, of different 

sizes and chari7es, is sufficient to restrict crystal 

7rowth to relatively small size -- particles containing 

relatively few unit cells. It mic.ht well he clue to the 

effect of stont: and small ions of high polarizing power 

on anions that are easily 7olarized. Thus the forces on 

a crystal surface would be quite different from those in 

the interior. "arbor., silicon, phosphorus, and sulfur, 

in particular, would cause pronounced asymmetry at the 

surface, polarizing the anions, oxygen and fluorine, to the 

extent that they make the principal but weak contribution 

to the surface energy. A similar phenomenon is described 

by ;eyl (1951, p. 14) about which he says "the equilibrium 

surface may deviate sufficiently from the ideal surface to 

make further crystal growth improbable". Trautz (1:355, 

p. 708) visualizes a coprecipitate concentrated aloniT 

certain layers of the host servin to breal-: the coherence 

of the structure and limitin crystal size. 

Yeldspars 

.luch pro-moss has been made in the past several 

years toward an understandin;: of the origin of feldspars. 

This is due in large measure to the fundamental work of 

09 



Pow= and Tuttle (1951) on artificial alkali feldspars 

and Tuttle and Fowen (1950) on high albite and hi,-11 mod-

ifications of other sodic plar7loclases. J.-ray techniques 

that they developed for determining composition and hirh 

and low modifications have served to simplify and spur on 

the study of natural feldspars. An additional x-ray 

technique described by rnith and 'acKenzie (1)55) provides 

precise information about the phases comprising single 

alkali feldspars. X-ray data, obtained by these several 

procedures, together with chemical and optical data on 

many feldspars of somewhat well defined origins (Tuttle, 

1952a and 1952b; Tuttle and Keith, 1954; laci.c.enzie and 

smith, 1955 arid 1956; and 1:askin, 195!7) row permit precise 

identification of feldspar types; and, as data like these 

accumulate, the environments of oririn become more pre-

cisely defined. Although there is a great deal more to 

learn about feldspars, it is possible now to vain much 

information about the origin of rocks that contain feldspars, 

such as the sedimentary rocks reported on here, by the 

identification of the specific type or types contained 

therein. Ath this in mind nearly half the samples of this 

section were studied by x-ray powder analysis and nearly 

all in thin section. The fine grain size of the materials, 

nearly all of silt size except the apatite pellets, greatly 

restricts optical work and makes mineral separations 

prohibitively difficult, but nevertheless this study of the 
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feldspars, particularly the x-ray analysis of acid in-

solubles of the samples, has yielded some interestin.- and 

useful information even thouFh not entirely complete nor 

concl,Asive. 

The fel3spars were identified mainly from the x-ray 

powder charts of acid insonbles that consist, in addition 

to the feldspar, nostl:i of (luartz and some illite-muscovitee 

The presence of quartz and illite-muscovite was undesirable, 

but fortunately, in this particular mineral mixture, the 

coincidence of some peaks did not prevent the identifica-

tion of the feldspar. :ore difficulty, as miE;ht be imapjned, 

IS encountered where there are two feldspars, ns there are 

in most of the samples here; but even in such cases, 

reasonable identifications are possible. Two feldspars 

and two modes of occurrence have been found. In one mode 

of occurrence, orthoclase occurs as the only feldspar 

present; whereas in the other orthoclase and albite occur 

together. !icrocline has been identified in thin sections 

of many samples but is minor in amount and not detected 

by x-ray. In fi$:ure 5 x-ray patterns of samples P-6 and 

P-28 are examples of the orthoclase and orthoclase-albite 

occurrences. The orthoclase of sample P-6 is close to Its 

end-member composition as indicated by the fact that Its 

201 peak is located at or very close to 210 (an-le of 2 e 

using Cu radiation), even though the stron quartz peak at 

that position obscures the weaker orthoclase peak. The 
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201 peak occurs at approximately 210 for pure orthoclase 

and at about 220 for pure albite. owen and Tuttle (1950, 

p. 491) have used the position of this peak for determining 

the composition of hich temperature alkali felds p ars for 

which there is complete solid solution between the coda 

and potash end-members. or comparison with the orthoclase 

of sample patterns of sanidine and orthocle, both 

perth!tes that were homogenized by heating at 150°C for 

2-3 hours, of compositions about Or50 and 31,75 are shown 

in fi ure 6. 

Orthoclase, in the mode of occurrence in which it is 

essentially the only feldspar present, is believed to be 

of authiFenic oririn on the bases of its near-end-member 

composition, nonperthitic character, and petroraphic 

relations. 'fiskin (1956), in a comprehensive study of 

authir;enic feldspars, found that they are uniquely pure in 

composition and that the K-feldspars rarely contain more 

than two percent equivalent albite. in contrast, K-

feldspars of plutonic salic rocks commonly contain as much 

as 20-35 percent equivrAent albite (including Ca-feldspar) 

(Tuttle, 1952b, p.111), and also are commonly perthitic. 

An anomalous feature of authienic K-feldspars is that 

they apparently occur more commonly as the high temperature 

monoclinic form than as the expected low temperature tri-

clinic microcline. faskin (1956, p. 151) considers that 

a:lthigenic monoclinic K-feldspar forms metastably. Evidence 
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of authi!!,enic development in thin section is su:--ested 

by the occurrence of orthoclase in irreETul—arly-saped 

patches that can be considered cenent, and by the inclusions 

of carbonaceous r:laterial that must have been el,o,)e: 

th.c orthoclase in its :rowth. 'any grains, howevr, c3 (-)t; 

show any definitive features of oric7in--they ran[7e in shape 

from anhedral to subhedral and contain few to many in-

clusions of bubbles, illite, and carbonaceous and iron 

oxide materials. 

The samples in which orthoclase and albite occur 

toFethor are more difficult to interpret. In firrure 5 

a pattern of a mechanical mixture of orthoclase and albite 

is presented for comparison with the pattern of P-2e. 

The similarities of the two patterns are apparent, dis-

rei7ardin-, of course, the two stron quartz peaks of P-2r 

at approximately 210 and 26.50; yet a comparison like this 

is not sufficient in itself for identification purposes, 

and a detailed study of the position of peaks that are 

present or absent of all possible feldspars must be made. 

;:ithout doubt the feldspar present, other than orthoclase, 

is a p1w.7,ioc1ase, but its identification as albite is not 

certain. The choice is only between albite and oligoclase, 

however, and albite Is favored by the x-ray and optical 

data. The unresolved or poorly resolved x-ray peak at about 

2.30 is characteristic of This peak shifts to 

hirther anvles and is clearly resolved in plagioclases more 
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calcic than albite, and it is °lie of a pair of peaks used 

by :ood;fear and ":uffin (1254, p. 310) for determinin:: the 

anorthitc content of plaioclases. Indices of refraction 

and extinction atvles favor albite, thouh neither of these 

was determined precisely enouh for positive identification. 

The occurrences of orthoclase and alLite twether pose 

some interestino: problems that are not resolved here: their 

mode of occurrence, petror7raphically, is similar to that of 

orthoclase in the one-feldspar-rocks, and the orthoclase in 

both modes of occurrence is considered of authienic ori7in, 

uthientc ori7.in of the albite is not as clearly estaTAAsha. 

ed, because knowlede of its precise composition is lacing, 

but the TAltroraohic similarities of the occurrence of 

albite and orthoclase - est that the albite is probably 

of authigenic origin, too. If the feldspars in these rocks, 

then, are mostly of authiFenic origin, one is faced with 

the problem of explainin: their different occurrences. 

Orthoclase occurs alone in the rocks comprisin about the 

lower one-quarter of the section, and in some of the quartz-

silicate rocks of this part of the section it may occur 

in amounts of as much as 15 to 20 percent--the most of any 

rocks in the entire section. In the upper three-quarters 

of the section, most of the rocks contain orthoclase and 

althou12 occurrences of orthoclase alone are common. 

There is no apparent correlation between the mode of feld-

spar occurrence and the major rock types. The amount of 
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feldspar in a rock, however, is row:hly proportional to 

the amount of quartz. Thus it would seem that the constit-

uents from which the feldspa-L-s were formed were derived 

ultimately from the same source as the ..ivartz. Volcanic 

class Is an appealin source material for the feldspars 

and is often cited as a possibility, 1:oness and Jeffries 

(1940, p. 17) for exa7;:p1e, but is not well substantiated. 

The rare occurrence of biotite in a few samples and the 

characteristics of some .illartz s,.1i2;: est a volcanic orid.n 

for some of the material, but this evidence is not con-

clusive. 

Although an authivenic ori7in of the feldspars is 

favored here, an importsnt alternative interpretation of the 

occurrence of two feldspars is possible and cannot be ex-

cluded on the basis of the present data. It is Possible 

that the orthoclase-albite association is actually an 

orthoclase cryptoperthite, i.e., a perthite of orthoclase 

and albite phases, as detected by x-ray, which appears to be 

a homoEeneous feldspar under the microscope. This alterna-

tive is not readily excluded b..; )etrographic data since 

twinning is not common, and where it is developed it is 

often fuzzy. Since perthites can be homogenized by heating 

at teperatures above the solvus and below the solidus 

(Vowen and Tuttle, 1950, p. 497), some of the samples con-

tain:Inc two feldspars were tested by this means. Homo-

genization was nearly complete but a couple of modified 
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albite peaks persisted. tilizing the position of the 
WO 

201 peak, apparent Or compositions raned from about 

to Oro 5. This test is not definitive here, howevcr,Or75 

because it was found that finely rround :echanical mixtures 

of orthoClase and albite, treated in the same manner, 

reacted similarly. 

-,uartz and microcrystalline quartz, 

..uartz occurs in all beds of the section and micro-

crystalline quartz in many of them. The total amount of 

quartz and microcrystalline quartz, as estimated from the 

chemical analyses, ran :es from a few percent to about 50 

percent. A.crocrystalline quartz makes up only a s!'iall 

proportion of the total, although in beds P-16 and P-56 

thin interbeds are composed nearly entirely of micro-

crystalline quartz. 

::ost of the quartz occurs as discrete anhedral 

particles that tend to be equidimensional though subangular 

in shape, but a marked variation in shape is shown by the 

particles that are lath-shaped or splinter-like. They 

have a length to width ratio greater than about 3 to 1 and 

generally have extinction inclined to the long dimension. 

EJaver (1955, p. 168) suggests that lath-shaped quartz in 

some samples of the Phosphoria in Thntana is of volcanic 

origin, and that the particles are similar to the quartz 

paramorphs after tridymite described by Ray (1947) and 
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i:er and others (1:453). inclined extinction of the 

particles noted here is similar to that shown by the 

quartz paranTlorphs, but Inclined extinction would also 

occur where elonation was determined by the rhombohedral 

cleavage, the type of fracturing ingerson and Ramisch 

(1942, p. 597) found was favored in some quartz crushing 

experiments. Authienic quartz crystals tend to be elonrate 

due to the stron3 development of the prism form, but they 

then exhilit parallel extinction. Organic quartz spicules 

and spines are nearly always composed of microcrystalline 

quartz in Phosphoria rocks, It thus seems that the lath-

shaped quartz particles are either quartz paramorphs of 

volcanic oriein or are fractured particles elorvated in 

the direction of the rhombohedral cicavace but data are 

insufficient at present to decide between the two possi-

bilities. 

Inclusions in quartz are common and of medium amount. 

'ost of them are bubbles up to several microns in diameter 

but generally about 1 micron or less. Their distrit)ution 

is mostly irrey:ular though some occur along planes, 71.1fing 

the common bubble or dust chain appearance. Carbonate 

occurs as apparent inclusions in a wide ranp7e of amount, 

because its relationship to quartz is one of replacement. 

illite is common as replacfment inclusions in some beds. 

Tho iron oxide-carbonaceous material occurs as inclusions 

around the border zone of sozrA3 particles. Other rare 
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included minerals are zircon (figure 7), and fine needles 

of rutile,(?) (bed r-70). 

An occurrence of nlr.rt7 in very small veins In Lcd 

F-107 (fiure 0) shows an unusual combinatior of prop-

erties. Its index of refraction is slihtly loss than 

(:anada balsam, and it shows stron[:: irreculzIr extinction 

like microcrystalline quartz; yet it has a rood crystal 

outline.):.-ray analysis verifies that It is quartz. 

'Acrocrystalline quartz occurs mostly as matrix mat-

erial, that is, it Is mixed intimately wIth the Iron 

oxido-carbonacoous material and the clay minerals. In such 

occurrences discrete particles or masses of microcrystalline 

quartz are difficult to define, and estimates of amount 

cannot be made from thin sections. However, its occurrence 

Is distinct in some carbonate rocks, formin:- small 

serocations of irre.oxlar form. In these c:'rbonate rocks 

the refractive index of the microcrystalline quartz is less 

than canada balsam. 

Aside from its mixture with other materials, micro-

crystalline quartz is typically full of bubbles, though 

the concentration of bubbles is variable. The bubbles are 

believed to be liquid-filled cavities as shown by their 

moderato relief and low refractive index with respect to 

quartz. The refractive index of the microcrystalline 

quartz is distinctly loss than Ainada balsam in some 

occurrences and slihtly ;ilenter in others. rolk and 
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Figure 7. Zircon inclusions in quartz particle 
and curved muscovite lath to the right of the 
quartz. Other particles are carbonate and 
quartz. Bed P-70. 

U. S. Geoloc7ica1 Survey 
OPEN FILE REPORT 

This map or illustration is preliminary 
and has not been edited or reviered for 
concomity with Geological Survey 
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Figure 8. Q,uartz crystal in vein in carbonate 
rock. Its index is less than balsam and it 
shows strong irregular extinction. Bed P-107. 



=leaver (1952) show that the lowerirv; of the refractive 

index of microcrystalline quartz with respect to normal 

quartz is a direct function of the abundance of liquid-

filled cavities in the microcr,:stalline quartz. 

l!,ica group 

uscovite and biotite are the mica minerals present 

in the section. Two petroRTaphic types of muscovite, 

defined somewhat arbitrarily on the lasis of size and mode 

of occurrence, probably represent at least two of the 

polymorphs of muscovite determined by Yoder and scster 

(1955). Although fine fractions of the samples have not 

been sufficiently pure to identify the polymorphs by x-ray 

with precision, the muscovite in the clay fraction of 

sample P-101 is apparently- mostly the 1 polymorph„ or 

what is here called illite - the very fine-size mica. The 

differential thermal analysis pattern is characteristic 

also of illite. The other petrographic type present as 

larre laths, is probably a different muscovite polymorph, 

but, without specific information, it is called simply 

muscovite in further descriptions. 

Ilscovite has been identified in nearly all the beds 

of the section. It occurs as discrete laths that comrionly 

have a lencth of 0.05 mm to 0.15 mm and a ratio of lerwth to 

thickness of about 10:1. Amavace lines are :enerally well 

expressed and the laths show various decrees of "freshness". 
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f3ome are sharply rectangular with strai..ht rer'llar borders 

and others are irregular and ra7ed, particularly at the 

ends of the laths. It is not uncommon to find laths that 

have been bent or broken durin compaction of the sediment 

(fivure 2). ::;train developed at the points of bendin 

results in the lowerinr, of interference colors and irrenular 

extinction. There are few to many inclusions and they are 

mostly iron oxide-carbonaceous material that occur along 

cleava:7e )lanes or alon the maiTin of the laths. Other 

inclusions are carLonate and in one instance zircon. The 

bent and broken laths and the zircon inclusions in one 

particle suest that the muscovite is exoFenic. 

Illite Is petroraphically the very fine-rained mica 

that occurs in and makes up a considerable portion of the 

rock matrix. menerally it is so mixed with iron oxide 

carbonaceous material and microcrystalline quartz that its 

character is lar;7,ely indiscernible; in acxref7ates, however, 

Its characteristic relief and interference colors are 

distinctive. In contrast to muscovite at least part of the 

illite is authienic, as shown by its development in and 

alory- the marcins of quartz and feldspar particles. 

.1.otite is rare, at least in recocjiizable form. In 

the three samples in which it was found, P-3, P-82, and 

P.19, it is strongly altered. The biotite is considered 

here as volcanic in orifjn and indicative of the occurrence 

of an unknown amount of pyroclastic material in the 
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.Ctirnrn. 

Figure 9. Bent muscovite in carbonate rock. 
Marked strain shadows shown by upper lath 
where bent. Bed P-99. 
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section. This interpretation Is based on the fact that in 

a review of descriAlons of tuffs and lentonites, ITIotite 

Is nearly ubiquitous in occurrence. In addition, because 

of biotite's poor resistarice to weatherinc, at the earth's 

surface, it is commonly found only in rapidly deposited 

sediments, represented by raywackes and arkoses. Hiotite 

has been found in the Phosphoria at one other locality, 

the Telly (.;u1ch section in southwestern -ontana (eaver, 

1155, p. 172). 

group 

Kaolinite is used in she broad sense ss that group of 

clay minerals, other than the chlorites, which show the 

typical x-ray basal reflection (001) with a spacing of 

about 7.153. It occurs in many of the beds but only in 

very small amount. In thin section it is easily recognized 

by its characteristic occurrence as "books" of meilium 

relief and its low interference colors. In one bed 

several "books" are aligned end to end in such a way as 

Lo sucxest that they had been ,;crived from muscovite--

that a lath of muscovite had been altered to kaolinite 

before deposition and had been broken during the compaction 

of the sediment. In other places kaolinite is found as 

relatively large aggregate particles. 

It is noteworthy that only ill; to and kaollnite clay 

minerals have been identified in this section, although it 
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is possible that small amounts of others may have been 

overlooked. 'Tixed layer illite montmorillonite has been 

found in one sample at Trail f.inyon, Idaho, and ,err (M5) 

found it to be common in some rontana samples; and mont-

morillonite has been identified in samples of the Phosphoria 

in 'ontana by :;eaver (1955, p. 175), 2,00ney (1.)56), and 

Herr (1955). 

' Iron sulfides 

Pyrite has been identified only In rock of the 

vanadiferous zone", beds i'-71 through P-75, which contains 

the most sulfur Of any beds of the section. Pyrite probably 

occurs in small amount in most of the other beds, although 

it has not been found in them by x-ray or in thin section. 

The "vanadiferous zone" samples taken from an adit were 

unweathered, whereas the other samples contain iron oxides 

that probably have been derived in large part from pyrite 

in weatherinq. The pyrite in the "vanadiferous zone" was 

detected by x-ray. It is not identifiable in thin section 

but apparently comprises part of the black opaque amorpous-

appearim- matrix material of the rock which is presumably 

an intimate mixture of carbonaceous material and sulfide. 

This same rock may contain another sulfide, since hydro -en 

sulfide is evolved when the sample is treated with hydro-

chloric acid. Pyrite and marcasite are unaffected by the 

acid, but pyrrhotite or a simple iron sulfide would produce 
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such a reaction. Pyrrhotite is an unlf.kely constituent 

of these rocks. It is more likely that the material is 

similr to that found In some modern marine sediments by 

1. .mery and nittenber3 (1.952, I). 7)l), which reacted in the 

above manner, and wIlich they suf.;Fest is hydrotroilito 

(FeS•nnr0) or melnikovite (a cryptocrystalline 

Another possibility is that the roFi.ction is with sulfur.. 

containin organic compounds rather than iron sulfide. 

Iron oxides 

The identification of the iron oxide minerals is 

possible in only a ceneral way because of their very 

finely particulate state. An exception is the iron oxide 

occurrin:: as snail globules, usually in swarms in which 

some of the -lobules are spherical in shape. These arc 

blood red or opaque in transmitted liTht and blood red in 

reflected licht, and have hih relief. Though other optical 

properties cannot be determined because of their small 

size and stronr, coloration, the mineral is believed to be 

hematite, 

:ost of the iron oxide occurs as finely disseminated 

brawn particles mixed with black organic material. This 

is desilT.ated limonite in its broad ustufe as includthT all 

of the hydrous and hydrated iron oxides. This material is 

ubiquitous and, along with the carbonaceous material, is 

responsible for the colorinP of the rocks. 
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Sulfur compounds 

Sulfur has several modes of occurrence in these rocks. 

As discussed previously, it occurs in pyrite and possibly 

as a simple iron sulfide; and it is believed to occur in 

apatite diadochic with phosphorus. Some probably occurs in 

organic compounds that compose the carbonaceous material. 

crre occurs as gypsum in weathered rock of the "vanadiferous 

zone", derived presumably in most part from the oxidation 

of pyrite. 

Jacob and others (1933, p. 48), on the basis of 

chemical analyses of phosphate rock of the Phosphoria, 

list five forms of sulfur: sulfate soluble in 1:4 HC1, 

sulfate insoluble in 1:4 HC11, 1125 evolved with 1:4 11C1, 

sulfide insoluble in 1:4 1101, and organic sulfur. The 

results of these analyses showed that most of the sulfur 

occurs as sulfate soluble in liC1, followed in order of 

amount by orir,anic sulfur. The other forms were of minor 

wrount. These findirws tend to confim that sulfur occurs 

in apatite - SO4 substitutinc for F04 - as sugLested in the 

discussion of apatite mineraloFy. gypsum or anhydrite would 

be other coramon forms of soluble sulfate. l'volution of 

E25 with HC1 suests the presence of a simple sulfide as 

discussed previously, and Jacob's insoluble sulfide would 

be pyrite or marcasite. 

An acid insoluble sulfate mineral, slwested by 
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Jacob's determination of acid insoluble sulfate, has not 

been reconized here; however, icabey (written 

communication) found that sulfur in some other "vanadifcrous 

zone" rock of western :;yominc occurred larely as acid 

insoluble sulfate, conceivably as alunite althou;-h not 

specifically identified. 

Carbonaceous material 

Little is known of the chemical character of the 

carbonaceous material, though part of it is bituminous as 

indicated by its odor. ::;ulfur is undoubtedly a component 

of the carbonaceous material, but it is not known How much 

occurs in orlinic compounds rather than in iron sulfides. 

The carbonaceous material is black and opaque in con-

centrations but brown in disseminations. rt r:ives the rock 

its black color, and the blackness of a rock is row:h 

indication of the amount of carbonaceous material the rock 

contains. Thus, the carbonate rocks are ionerally the 

li7htest in color and contain the lcast carbonaceous 

material. 

Accessory minerals 

1-luorite, titanite, and leucoxene, tourmaline, and 

zircon are common but minor constituents of the rocks. 

Iluorite occurs mainly in phosphate rock, thch most of 

the phosphate rocks do not contain fluorite. A sinle 
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occurrence was found in dolomite, bed P-42. Fluorite is 

readily identified by its h141 neative relief and isotropic 

character. In phosphate rock it ocrurs both within 

carbonate-flaorapatite pellets and between then. The 

fluorite is purple or colorless but mostly colorless; the 

two colors may occur in the same rock. 

Titanite is relntively abund,-Int. its hir,h interference 

colors, h14-,11 relief, and stronc dispersion are distinctive. 

senitranslucent particles are tenatively identified as 

leucoxeno. Touraline is less abundant. It 1,7,encrally Is 

brown in color but some is Preen or grayish-blue. Tourmaline 

particles range in shape from irregular to subhodral form. 

Zircon occurs in its typical rounded prismatic form. 

PE:Tri OC, A 1)7 

Rock types, 

hocks of the phosphatic shale member are of three 

principal end-member typos--carbonnte rock, phosphorite, 

and nuartz-silicato rock. In !7enera1. their physical char-

acter is similar. All are fine-Exained--modal size of silt,/ — 
/ 

except those phosphorites composed of pellets and oolites 

that are of sand size. All arc dar colored, black and 

dark shades of i-,ray and brown. In order of darkest to 

lihtest they are, respectively, some of the quartz-silicate 

rocks, cihosphorite, and carbonate rock. i',11 are thin-bedded, 
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measured in tenths of a foot, exce)t some carbonate beds 

of a foot or ,lore. ;:ith the exception of a few of the 

carbonate rocks and phosphorites they weather to a typical 

shale, small and thin plates of quartz-silicatc rock and 

phosphate rock and small irre7ularly-shaped chunl;s of 

carbonate rock. 

Composition 

Carbonate rock is composed largely of dolomite and 

calcite, and is subdivided to dolomite rock and limestone 

for specific purposes, but the two are best grouped to-

ther or eneral comparisons. Phosphorite is composed 

predominantly of the mineral carbonate-fluorapatite. The 

quartz-silicate rock Is composed largely of quartz, feld-

spar, muscovite, :Mite, and kaolinite. The amounts of 

these latter constituents have not been determined individ-

ually so that their :coup total is represented by the acid 

insoluble chemical determination. The r147orous acid in-

soluble determination involves solution, oxi::ation, and 

strory ignition so that only the very resistant quartz and 

silicate minerals remain; and of these there is some loss 

in solution and ignition, presumably from muscovite, 

illite, and 1:aolinite. This loss is indicated by comparison 

of Ail, and the summation of CO2, A1203, K20, and Na2O 

wherein the summit:Ion of the main silicate constituents 

exceeds the A.I. by approximately two percent in the 
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fifteen rocks of highest quartz-silicate content. This 

figure does riot include strlIctural or absorbed water lost 

in ignition above 1050 C. Thus the quartz-silicate content 

of the rocks as represented by the A.I. determinations is 

in general a minl=um value. 

panne of mixtures of end-member rock types 

Only the end-member rocks have been considered up to 

this point, but in order to show the relationship of their 

principal mineral components in all of the rocks of the 

section, the components are plotted on a ternary diaeyam in 

figure 10. The three components, carbonate (calcite plus 

dolomite), carbonato-fluorapatite, and quartz-silicate have 

been recalculated to represent one hundred percent for all 

beds of the section not composed of interbedded litholoi:ies. 

As can be seen in fiiTure 10, the rocks tend to cluster 

toward the apices of the trianrle; that is, rocks of end-

member composition are more common than those of ini,;er-

mediate composition. The quartz-silicate component -:fixes 

with carbonate and carbonate-fluorapatite in about all 

proportions, though the intermediate mixtures are uncommon. 

However, mixing of carbonate and carbonate-fluorapatite 

appears to be restricted; the two components do not tend 

to occur with one another in proportions less than about 

3:1. Such a restriction is indicated by not only the left 

central barren zone of flure 10 but also the lack of rocks 
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Figure 10.—Ternary plot of principal m;neral components 

representing end-member rock types recalculated to 

100 percent of all beds except those composed of inter-

bedded lithologies 
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that would compositionally fall in the central zone of 

the triangle if proportions of carbonate and carbonate 

fluorapatite less than 3:1 tend to be prohibitive. -,the 

relationships of the three com)onents that have just leen 

described are understandable if the quartz-silicate com-

ponent Is primarily exoenetic and the carbonate and 

carbonate-flaorapatite are endcy:onetic (prociDitates). 

Thus two independent modes of derivation are represented, 

so that th3oretically their products could mix in all 

proportions. On the other hand carbonate and carbonate-

fluorapatite are both derived from chemical processes, 

and they contain a major ion, calcium, in common. In such 

a circumstance the two components would not be expected to 

occur torether in all proportions. In a following section 

the phase relations of thc minerals derived from chemical 

processes, dolomite, calcite, and carbonate-fluorapatite, 

will be discussed in detail. 

:arbonate rock 

Petroraphic typos of carbonate 

The dominant mode of occurrence of the carbonate 

minerals is as sub-eTaidimensional, anhedral, inclusion-

filled, pale brown particles. Variations from this type of 

carbonate are marked but continuous, and cannot be dis-

tinctively cateorized, except for the carbonate which has 

filled fractures, replaced quartz, feldspar and muscovite, 
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and that which constitutes fossil shells or fragments of 

s'?.olls. The carbonate occurrin as veins and as a replace-

ment of minerals, other than carbonate-florapatite, is 

distinuished from the modal type carbonate by its lack of 

color and by its relative lack of inclusions. The car-

bonate of shells of foraminifera and shell fraF:ments of 

brachiopods or pelecypods is characterized by its fineness 

of f7rain, shape, and structure. These latter two carbonate 

types make up a very small proeortioil of the total carbonate. 

Texture 

Carbonate rocks are composed of particles or rrains of 

carbonate and other minerals that produce a LI-ranular texture 

(figure 11). There is essentially no matrix. Size and 

shape of the carbonate particles are frequently difficult 

to determine, because discrete particles are not easily 

defined. Physical boundaries around particles are often 

discontinuous or indistinct, and particles largely defined 

by physical boundaries may not be hty-o7eneous with respect 

to optical properties. In contrast carbonate microfossils 

and fossil fragments which occur in significart amount in 

some of the rocks that contain much calcite, are sharply 

defined. 

The common size of the carbonate particles lies in the 

ranve of CO to 60 microns in diameter. The smallest par-

ticles that can be resolved are about 2 microns, and the 

9'7 



.01,71M 

Figure 11. Granular texture of carbonate rock 
composed of anhedral particles of dolomite and 
calcite, 51 percent dolomite and 22 percent 
calcite. Bed P-107. 
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lar!Test carbonate particle found, not including shell 

material, is about 300 microns, The size distribution is 

approximately seriate with a single mode, except for bed 

P-42 where relatively lar,zo phenocrysts are set in a :-mich 

finer-grained matrix with few, if any, intermediate-sized 

particles. A few beds show a marked uniformity of size; 

that is, a mnall size range and a distinct modal 7roup, 

analogous to that in well sorted beds of detrital material. 

Iloth dolomite anA calcite occur most commonly as sub-

equidimensional anhedral particles, a mode of occurrence 

that reflects upon their tendency to crystallize as 

rhombohedrons. Variations from the sub-equidimensional 

anhedral form tend, for cElcite, toward greater irregularity 

of shape accompanied by increase of particle size; and for 

dolomite toward ;7.reater euhedralism alon[--, with increase in 

size. hell material contributes to the irrep:ular shape of 

some calcite; however, the irregular shape of other calcite, 

as in bed P-66, is due to secondary growth which has re-

sulted in the incorporation of other mineral particles 

within the calcite particles. Luhedral dolomite particlos, 

as rhombs, are not common but are striking in their 

occurrence, as in figure 12, in which the rhombs are like 

phonocrysts, much larger than any of the surrounding par-

ticles. In bed P-56, (figure 13) tho dolomite has been 

reorganized into large subhedral particles whose unequal 

development is the result of mutual interference in growth. 
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Figure 12. Dolomite phenocryst set in a fine-grained 
matrix of carbonate and dark brown material. Note 
that both phenocryst and smaller carbonate particles 
contain much dark brown material as inclusions. 
Bed P-42. 
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Figure 13. Dolomite subhedral particles showing 
mutual interference in growth. Note that the 
particles contain many inclusions. Bed P-56. 
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Nost of the carbonate rock textures reflect two main 

stages of modification of a primary accumulation of very 

small particles: (1) Aggregation and primitive reorraniza-

tion: and (2) Advanced reoranization. 

The stace of are7ation and primitive reorganization 

is one in which the physical boundaries of the particles 

are vague and discontinuous, and one in which groups of 

particles have attained a degree of optical homogeneity. 

Particles separated by a physical boundary may have nearly 

the same optical orientation, tivinF., rise to the common 

phenomenon of migratinr extinction that is observed in thin 

section under crossed nicols with rotation of the stage. In 

such instances the darkness of extinction passes uniformly 

from particle to adjacent particle, indicatilv, a gradual 

chance in orientation of the particles that is not affected 

by apparent physical discontinuities. This phenomenon is 

interpreted to indicate that a marked reorganization of 

the carbonate particles has occurred, one in which particle 

growth, apparently by accretion of adjacent particles, is 

imperfectly attained. 

Advanced reorganization is indicated by an increase 

in particle size; a tendency for euhedral development, 

except where the particles mutually interfere in growth; 

and by the attainment of the greatest degree of physical 

and optical homogeneity of all the carbonate particles. 

Included iron oxide-carbonaceous material occurs in some 
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instances as relatively large sec,reirations within the 

particles or as concentrations alon;:-. their borders, a ode 

of occurrence that represents an attempt by the particles 

to exclude foreir:n particles durin their reorganization. 

In rare instances other minerals were Included durim- the 

carbonate reorganization. 

Inclusions 

Inclusions in dolomite and calcite particles are 

common and generally abundant. Due to the aggregate 

character of most of the carbonate particles, the instances 

in which an aFFTeate is composed of one lar7o and several 

small particles may be considered as instances of carbonate 

inclusions in carbonate particles. In addition to carbonate 

Inclusions, there are cenerally many bubbles, presumably 

liquid inclusions, and very finely divided dark brown 

material that is believed to be mostly carbonaceous matter 

and iron oxides and, in some instances, brown isotropic 

carbonate-fluorapatite. The dark brown material is always 

present but ranges considerably in amount. It accounts for 

the weak brownish-colored darkness of the carbonates. ':there 

it occurs in large amount the nature of the carbonate is 

obscured to a considerable decree. illere it occurs in small 

amount and is finely disseminated throughout the carbonate, 

the coloring and darkening is hardly perceptible except 

whore it may be contrasted with clear colorless vein calcite. 
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Only in bed P-66 have other minerals occurred as 

inclusions in the carbonate. :iere calcite has boon re-

or:7anized into some lare irregularly-shaped masses that 

have enclosed quartz, feldspar and muscovite particles. 

heplacement 

carbonate replacement of other minerals seems not to 

have occurred on a lariTe scale, though a significant amount 

has occurred in bed P-20. In this bed the replacement of 

brown isotropic carbonate-fluorapatite by calcite Is dis-

tinct in that relict pelletal outlines have been preserved, 

and in some places raed apatite masses occur as nuclei 

within the relict pellets. Also, the replacement calcite 

within the clobular outline is stronrly brown-colored as 

compared to the calcite enclosin: the relict pellets.. 

Eeplacement has taken place on a small scale in 

nearly all beds. The most common carbonate ro7lacement is 

of quartz, occurrin as projections and embayments along 

the quartz particle boundaries. Feldspar and muscovite 

have been replaced by carbonate in the same manner but not 

as frequently. The carbonate replacin- these minerals is 

colorless and stands out sharply in contrast to the 

recular carbonate. 

Replacement of carbonate has been noted in only one 

bed, P-56, where microcrystalline quartz has replaced the 

corner of a dolomite rhomb, and the rhomb-corner outline 
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has been precerved. 

Cleavage and twinning 

Cleavae is weakly developed and Is E!ererally found 

in only the larger carbonate particles. Twinned particles 

are uncommon in the section as a whole, but are abundant 

in some beds such as P-28 and P-79. 

• Phosphorite 

Petrographic types 

ost of the carbonate-fluorapatite is submicrocrystall-

ine, brown, inclusion-filled, and optically isotropic. 

Light brown anisotropic apatite occurs as bands on oolites 

that show the extinction cross, indicatin8 a radial orien-

tation of the crystallites in the bands. "'ost• fish scales 

and fragments of bone and/or tooth are also composed of 

this typo of apatite, but orientation of the crystallites, 

although not radial, is indicated by wavy extinction. 

Others contain colorless apatite probably due to re-

crystallization. Colorless and inclusion-free anisotropic 

apatite frequently occurs as small segregations in pellets 

and oolites. Apatite euhedra have been found in veins in 

the phosphorite and, in one instance, in a local matrix of 

microcrystalline quartz (figure 14). 
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Figure 14. Carbonate-fluorapatite crystal 
in matrix of microcrystalline quartz, iron 
oxide, and carbonaceous material. Bed P-16, 
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Texture 

There are two principal textures of the phosphorites, 

microphanite and pelletite -- textural terms used in an 

unpublished rock classification by IcKelvey, Culbrandsen, 

and Sheldon. 7.1crophanite is cor:Lposed mainly of inter-

lockilv, sutured, mosaic, subhedral or euhedral crystals 

less than 0.0625 mm. Althow,h the apatite microphanite 

considered here is composed of submicrocrystalline par 

tides, there can he little question but that the relation-

ship between the individual crystallites is of the kind 

described in the above definition. Pelletite, figure 15, 

Is composed mainly of well sorted spherical or sub-spherical 

aggregates with no internal structure that have a modal 

size of 0.0625-2.0 mm. °onto, fiure 16, is the equiva-

lent term of pelletite except that the au7rerates have a 

concentric internal structure. Only in beds P-I and P-97 

is the oolite texture predominant. Pelletite is a more 

common texture than microphanite. Phosphorites may contain 

only pellets, but those that contain oolite FJ-ains contain 

pellets too. :Axtures of microphanite with pelletite and 

oolite occur in many beds, but where microphanite is in 

small amount it in considered as cement. Pellets are 

Indistinct in some phosphorites, representin6 a texture 

intermediate between microphanite and pelletite, and such 

incompletely developed arrerates are called incipient 

pellets. 
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Figure 15. Apatite pellets in phosphorite. White 
interstitial material is calcite and quartz grains. 
Bed P-85, 
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Figure 16. Apatite oolites in phosphorite. 
Interstitial material is carbonate and 
apatite. Bed P-97, 
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Very nearly all of the carbonate-fluorapatite is 

submicrocrystalline in size. The remainder is macro-

crystalline and consists of small anhedral to euhedral 

crystals. l'ellets and oolitos, aggregates of submicro-

cr,,,-. stalline apatite, ranize in shape from spherical to 

markedly elongate. Those that are elonate have their 

axis of elongation remarkably parallel in some beds, 

although in others a preferred orientation is absent. The 

pellets and oolites are well rounded, even those whose 

outline is irree:ular. Their common size is generally much 

larger than that of other mineral particles in a bed. lor 

the member as a whole their modal size is in the range of 

about 0.1 to 0.5 mm., and the maximum is about 500 mm. 

rish scales and fragments of bone and tooth commonly are 

measured in tenths of a millimeter. 

Inclusions and color 

Pellets and oolites may contain inclusions of any of 

the major minerals in the rocks but tend to contain few or 

none. Small segregations of colorless anisotropic apatite 

are common but few occur in one pellet or oolite. Some 

fluorite is present in this manner also. Nuclei of fish 

scales and bone or teeth fra7lents in the aurep.ates are 

rare except in bed P-1. 

The submicrocrystalline apatite ranes in color from 

a light brown to a very dark brown. The coloration is 
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commonly splotchy and Is due to the presence of finely 

divided iron oxides and carbonaceous material. .fpon heating 

the apatite to 1,200° C. most of tl-:e color and carbonaceous 

material is lost, loavinr only reddish brown iron oxide as 

a residue of the included material. 

Development of pellets and oolitcs 

Apatite microphanito represents an unmodified accumu-

lation of apatite. A post depositional formation of aggro.. 

_rates from such a primary accumulation of apatite is 

indicated in those rocks that show incipient pellets. 

Complete pelletization is not recognized with certainty, 

but some of the pelletites that dTiet show evidence of 

pelletization prior to deposition may be of this derivation. 

Pelletization prior to deposition is indicated by the 

presence of pellets in carbonate and quartz-silicate rocs; 

by the occurrence of quartz and silicate minerals inter-

stitially to pellets that do not contain those minerals as 

inclusions; and by the occurrence of apatite cement between 

the pellets. 

The development of oolites is not well understood and 

only a few observations about them will be made here. one 

of the oolites are completely banded from center to edce. 

In a sense, then, they all must have nuclei, even though 

most of the nuclei consist of structure-less apatite. 

Other nuclei are orv,anic apatite frarpents and, rarely, 
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quartz trains. The oolites most likely developed prior 

to deposition at their final resting place, and they 

probably have a calplex or varied earlier history of 

formation. Development of the remarkably uniform and 

delicate bandints seems to demand conditions such that the 

entire surface of an oolite was free to accrete new material 

evenly and essentially simultaneously. rowth while the 

oolite is spinnirij in suspension or roll inc gently on the 

bottom may be the explanation, but it is difficult to 

conceive of how uniform bandin concordant with the 

irregular shape of some oolites could develop in this 

manner, particularly by a bottom rollinF mechanism. It 

may be that the bards of oolites are not accretionary but 

duo to reaction and recrystallization of the outer portion 

of pellets, a scheme suggested by Lowell (1952, p. 35). 

,aaartz-silictIte rock 

Texture 

quartz-silicate rock contains two elements of texture, 

grains and matrix. The grains are dominantly quartz, 

feldspar, and muscovite; and the matrix is composed largely 

of illite and some microcrystalline quartz mixed with iron 

oxide-carbonaceous material. The matrix materials are 

very finely divided and intimately mixed. Variations in 

amount of the matrix components relative to each other 

occur to the extent that individual ones dominate in 
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particular samples; e.., rocks of the vanadiferous zone, 

beds P-71 to F-75, contain :nuch carbonaceous material and 

finely divided pyrite that causes thin sections of the rock 

to be nearly opaque and obscures other mineral relation-

ships. Carbonate minerals and apatite occur in a wide 

rarve of proportions with the quartz-silicate constituents, 

as shown earlier. Pellets of apatite arc Fenerally larce 

relative to other Trains of the quartz-silicate rocks and 

produce a distinct bimodal size distribution. 

The c:rains of the rock are mostly of coarse silt size, 

modal size in the ran-e of 0.02 to 0.05 ram. 7uscovite 

occurs typically as lath-shaped particles that range in 

lenr:ths from about 0.05 to 0.15 mm. and have a common 

ratio of lenzth to thickness of about 10:1. q,uartz and 

feldspar tend to be equidimensional and sub-anp:ular to 

sub-round, and both, but particularly feldspar, may be 

subhedral to euhedral. Additional description of the 

characteristics of these minerals and other constituents 

in the quartz-silicate rocks is included in the mineral 

descriptions of an earlier section. 

PETROLOGY 

The constituents comprising the rocks of the eade 

Peak member are broadly classed as exogenetic or endogen-

etic. The major part of the quartz-silicate suite of 

minerals is exocenetic, derived principally as detritus 
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but possibly in part as pyroclastics. The occurrences of 

this mineral c.roup are the result primarily of physical 

processes. The group of major constituents composed of 

apatite, dolomite, and calcite is endo - enetic, and its 

occurrences are largely the result of chemical processes. 

The occurrences of these two Froups were shown prevtAisly 

to be essentially independent of one another, and attention 

is directed here to chemical iprocesses involved in the 

formation of the endor!;enetic 7_roup - apatite, dolomite, 

and calcite. Other endoc,enetic constituents, such as 

carbonaceous material, sulfide, some illite and feldspar, 

and many minor constituents, have been described to the 

extent possible at this time in other parts of this report. 

The chemical composition of this section of the eade 

Peak member, as noted earlier, is unusual in that phos-

phorus and fluorine are abnormally abundant. These elements 

occur in the mineral carbonate-fluorapatite, which is the 

most abundant mineral in the member. Apatite is also one 

of a r:roup of chemically related minerals - apatite, 

dolomite, and calcite - that comprises more than 50 per-

cent of the total mineral composition. The occurrences of 

these three minerals in the rocks at this locality and the 

associations of the minerals on a broader scale provide a 

basis for investigating their modes of formation. 
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Nature of rock type chant as in the member 

The member is composed of three principal rock tlipes, 

some of which contain exceptional amounts of their char-

actevizing minerals, as explained previously. The rock 

strata, most commonly beds 0.5 to 2 feet in thickness, 

occur in an unsystematic alternation of one upon another. 

As determined from the columnar section, plate 1, there are 

56 alternations or chanpm of rock type and 57 rock units 

(determined by L-roupinc adjacent beds with the same rock 

name). The 13 quartz-silicate units do not appear to 

preferentially overlay or underlay either of the other 

types. Carbonate rock (23 units) and phosphorite (21 units) 

overlay one another about the same number of times. Also, 

there is no favored sequence or triplet of the three rock 

types. ;there adjacent beds are of different composition, 

the difference is large. It is unusual for a group of beds 

to show uniform progressive chalve. 4,ualitatively the 

mineral composition of the member is the same throu-hout--

the different rocks are due to different proportions of the 

major minerals. In addition, the number of major minerals 

is small. Those features indicate that hiptly selective 

physical and chemical processes prevailed during the time 

that the rocks of the Meade Peak member were formed, and 

that specific conditions prevailed for considerable 

lengths of time in order to produce the thicknesses of the 
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individual rock units. The relations noted aLove provide 

no obvious key to thc oricin of the phosphorites and 

carbonate rocks, beyond indicatinr: an intimate association 

of the rock types, hut the features conform in Feneral to 

the hypothesis explored further on which considers the 

relationship of vertical lithologic chanF,es at a local i ty 

to lateral chanes or facies of rock units. 

hanne and distribution of calcium contents 
of the rocks in the memter 

Apatite, dolomite, and calcite are chemically related 

minerals that have two ions in common, calcium ion and 

carbonate ion; although carbonate occurs in the apatite 

in only small amounts, calcium is a major component of all 

throe minerals and is the most abundant oxide (26.9 percent 

CaO) of all the constituents in the member. A frequency 

diarram (figure 17) shows that Ca() contents are essentially 

symmetrically distributed with one distinct mode. This 

is taken to signify that calcium was supplied continuously 

and uniformly as sediment in one or more of its three 

mineral phases, and that the amount concentrated at any one 

time was dependent upon the amount of dilution by quartz 

silicate detrital material. Thus the modal class of 

concentration of calcium represents the most common or 

prevalent condition, and variations from that to the riE,ht 

are toward greater concentrations of calcium minerals and 
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to the left toward lessor concentrations and greater 

dilution by detrital minerals. .:'hick calcium mineral formed 

at a particular time depended essentially upon the effective 

concentrations of magnesium and phosphate ions in the 

marine waters. 

:ixtures of rmatite, dolomitc, and calcite 
in the rocks of the member 

Apatite, dolomite, and calcite occur in the rocks of 

the member nearly entircly as mixtures of one with another 

(binary mixtures) or all to :ether (ternary mixtures). 

Apatite occurs essentially alone in a few of the rooks. 

In figure 18 the percentaFes of the three minerals, re-

calculated to 111 percent, are plotted on a ternary diagram 

for all beds of the section in which the three total more 

than 50 percent and which are essentially compositionally 

homoi7eneous. The 50 percent cutoff is an arbitrary figure 

whose purpose is to exclude from consideration samples of 

lower endoi7enetic content in which modifications resulting 

from secondary processes, such as diagenesis and weathering, 

would be proportionately Ftreater and would tend to obscure 

primary compositions.calcite that occurs alon fractures 

and joints in the rocks is a known contaminant of this kind. 

It is also known that the samples selected here only approx-

imate the ideal of a homogeneous rock, and therefore, the 

rocks are not precise representatives of discrete primary 

mineral mixtures. It is not likely, however, that the 
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effects due to lack of complete homoreneity of the rocks 

and to secondary processes are large enough 1,lost cases 

to obscure priar-,; relntionships entirely. 

The samples shown in figure 18 are distributed alen 

the dolomite-apatite and dolomite-calcite edges of the 

triangle. There are two principal groups of sales. 

Samples of the larger group are composed essentially of 

apatite, and samples of the other group in the dolorl!..te 

corner are essentially dolomite-apatite mixtures. Samples 

distributed along the dolomite-calcite edge cover nearly the 

entire range of dolomite-calcite proportions. The near 

absence of points alon%7 the cfacite-apatite ek7e and in the 

central part of the diagram sw7ests that there is an 

antipathetic relationship between calcite and apatite. The 

two groups of samples, described above and which include a 

majority of all the samples, represent the dominant types 

of mineral associations in the section. The dolomite -

calcite mixtures represent the only other principal mineral 

association, but they cover a large range of mineral 

proportions. 

Prouder relations 2L mineral associations 

All the features of the member just described are 

concerned with differences of mineral phases; and an 

hypothesis explored here attributes these differences to 

compositional changes of sea water. This hypothesis, 
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although considered here with respect to the rocks of a 

part of one l'hos:)horia section, is suu,ested also by some 

aspects of the overall mineral associations of the Permtan 

rocks in Idaho and Wyominf:,. I acies chaft:es eastward from 

southeastern Idaho to central ;:yoming, with respect to the 

constituents of concern here, are phosphorite to carbonate 

to anhydrite. If this is actually a continuous series, as 

stratiF7raphic data su7i7est, it might result from a con-

tinuous eastwv.rd increase in salinity, or salinity fradient, 

of the Permian sea. Thus :cruton (1953, p. 2506) ascribes 

the possible formation of lateral fades of carbonate, 

anhydrite, and salt to a salinity gradient; and Campbell 

(1955) considers this hypothesis as a possible explanation 

of the carbonate to anhydrite fades chance of the Permian 

rocks in the ir. i:orn Fasin of north-central yoming. A 

real r7enet1c relationship between phosphorite, carbonate, 

and anhydrite fades - all of which have calcium as a 

common ion of their characterizing minerals - is suested 

further by the fact that the Permian phosphorites of the 

Tra1':ountains region of Eussia have carbonate and gypsum 

fades (Kazakov, 1938). The occurrence of phosphorite and 

C,YPsum in Jurassic deposits in :exico (hogers, and others, 

1956, p. 85), in Cretaceous-Tertiary deposits in the Atlas 

Mountains of lorth Africa (Visse, 1152, p. 17, 20), and in 

Upper Cretaceous deposits in Israel (lentor, 1953, p. 07) 

may be additional examples, but the fades relationships 
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of these deposits are unknown. Since neither anhydrite nor 

gypsum occurs in i.fual Canyon, only phosphorite and car-

bonate fades are treated here. 

Pasic hypothesis of the formation of 0.olomite, 
palcitel , and carbonate-fluorai2atite 

As a basic hypothesis, the oc7urrences of dolomite, 

calcite, and carbonate-fluoradatitc the rocks of the 

member arc considered to represent approximately tha solid 

phase or phases in equilibriuv v:ith the sea water from 

which they formed. The three minerals are chemical com-

pounds that have two ions in common so the conditions for 

the formation of the minerals must be interrelated. Thus 

the carbonate rocks and phosphorites represent accumulations 

of primary precipitates whose mineral proportions are due 

to the specific conditions prevaill!- at any one time. 

The oroof of such an hypothesis must show, as a minimum 

requirement, that the occurrences of the minerals siml.y 

or as mixtures are possible relationships in terms of 

theoretical requirements and are possible with respect to 

pertinent experimental data. The hypothesis assumes that 

equilibrium conditions were attained between sea water and 

the minerals formed from it. Common experience, however, 

has shown that in low temperature reactions, such as those 

considered here, equilibrium is frequently not attained 

and that unstable or metastable compounds are formed; e.c., 

rooks and others (1150) have shown that metastable phases 
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of calcium caftonate and its hydrates are reproducible 

under some nondttions. One kind of mineral nsoof::iation is 

reasonably explained in this manner, but e ,-,uilit, rium is 

implicit in the ceneral hypothesis. 

rpt requirement of circulatin sea water 

The minerals dolomite, cdette, and carbonate-fluorapa-

tite together make up more than fifty percent by weir,ht of 

the total mineral content of the ioade j'eak member; the 

wet -ht of the carbonate minerals is about equal to that of 

Although the carbonate minerals occur in large 

amount throughout the 'coloc.,ic column, apatite is relatively 

rare. In order to emphasize the ma;:,nitude of the amount of 

phosphate in the Phosphoria formation as a whole, !cKelvey, 

Swanson, and :,lieldon (1055, p. 56) calculated that the for-

mation contains about 1.7 x 1012 metric tons of P205, an 

amount that is more than five times the 0.32 x 1012 metric 

tons of 1005 in the total volume of ocean and sea water of 

1370. x 106 km3 (Sverdrup and others, 1942, p. 15 and 220). 

These figures serve to show that oceanic circulation over a 

long period of time is a i)rerequisite to the deposition of 

such an immense amount of material, and that the total volume 

of oceanic waters, so to speak, ;lust have passed over this 

locus of deposition many times in order to form the Phosphoria 

formation. The importance of oceanic circulation to the 

development of large phosphorites is reconized also by 
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Kazakov (1)37 and l93C). :Te postulates that cold phosphate". 

rich upwellini:, currents become saturated arid preclipitate 

phosphate on shelf areas as the water's temperature and pH 

increase and its COn-content decreases upon risinz to the 

surface. 

' The role of ori7anisms 

Animals and plants :)lay a dual role in the formation 

of rock, directly contributin skeletal and shell material 

as sediment and affectirw. the overall physical-chemical 

environment by their life processes and decomposition after 

death. 

As a whole, skeletal and shell material make but a 

small contribution to the carbonate rocks and phosphorites 

of the eade Peak member, but the amount is significant in 

some--shell fragments in limestone beds and bone frarments, 

fish scales, and teeth in phosphate rock. Though some 

carbonate shell material has been reorganized in various 

degree, no petrographic evidence sugests large scale 

reorganization of this kind in either the carbonate or 

phosphate rocks. 

Though organisms thus probably did not play an 

important direct role in the formation of the eade Peak 

sediments, they may have played an important indirect one 

through their affect on the physical-chemical environment. 

The elements phosphorus, carbon, and calcium--major elements 
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in the carbonate and phosphate minerals--are elmonts 

essential to the metabolism of animals and plants. Those 

elements are extracted fro:: sea water by ortanisms and 

returned after their death. Thus life abounds near the 

surface of the sea in water rich in nutrients, and carbonate 

and phosphate minerals miht not form other than as hard 

parts of the animals and plants; however, upon death the 

elements are returned to solution and conditions may become 

favorable for precipitation of the minerals. Probably the 

best known hypothesis today for the ori7in of the phosphate 

in the Phosphoria formation is the one proposed in detail 

by Flackwelder (1215) in which precipitation of phosphate 

resulted from the dissolution of phosphate of masses of 

animals killed in a catastrophic manner. An excellent 

larce scale study of mass mortalities associated with 

"red tides" by 1.ronjer8ma-anders (1940) lends credence to 

the possibility that such a mode of formation may be 

si71ificant in the oricin of some phosphate. 

The physical-chemical conditions of sea water, however, 

are basic to the formation of the carbonate and phosphate 

minerals, re ardless of the indirect or intermediate role 

that animals and plants may play. And it should be noted, 

too, that the minerals composinF the hard parts of plants 

and animals are closely similar to the minerals that are 

formed as precipitates. Thus the basic hypothesis proposed 

in this study for the formation of the carbonate and 
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phosphate minerals applies in ceneral to both the oiyanic 

material and precipitate modes of 

The system,
dolomite--ca1cite--ca7FEnate-f1uorai)atite--sea water 

Lxperimental study of the system, delomite--calcite--

carboHe-fluorapatite--sea water, as a whole, has not been 

made; and most of the available data that pertain to the 

system only treat relationships of the individual minerals 

with sea water. Inferences made here about the system are 

based on mineral solubilities, the nature of c7eneral phase 

relations, and indicated phase relations in the rocks of 

the member. 

As an approximation, sea water is treated as a simje 

component. Although the chemistry of sea water is complex, 

its gross effect upon the formation of doloTAte, calcite, 

and carbonate-fluorapatite is considered constant. In 

p;eneral sea water is remarkably uniform in the proportions 

of its dissolved constituents but varies sinificantly in 

its total salinity (Forchhammer, Natterer, and Dittmar in 

2verdrup and others, 1942, p. 166; and flubey, 1)51, p. 1125). 

Average sea water (liubey, 1151, p. 1126) at 3° C. has a 

salinity of 35 g/kg. Deviations of temperature and salinity 

toward higher values that have been observed in today's 

oceans and connectinu„ seas rane up to 350 C. for temp-

erature and 42 c/kg. salinity (1:mery, 1956, p. 2359, 2361), 
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although the extreme surface salinity in the oceans proper 

is only about 37 g/kg. (Sverdrup and others, 1942, p. 126). 

Even though the salinity variations are not large, Trask 

(1936) found that the development of calcium carbonate was 

favored in the ocean v:atePs that had the hilT,her salinities. 

Larcer compositional chan:.,es are postulated for Permian sea 

waters in this investiLAtion of the foration of apatite 

and the carbonate minerals, and are indicated to have 

occurred in the extreme case by the large scale development 

of gypsum and anhydrite on the east side of the basin. 

Solubility of calcite 

The solubility of calcite has been studied extensively. 

(1952), in an excellent ceneral study, has reviewed 

nearly all of the significant earlier solubility determin-

ations. He suggests that failure to control carefully the 

CO2 concentration accounts for many of the discrepancies 

in calcite solubility data. 7i1ler (1952) and :Faust (1949) 

have summarized the most recent data bearini,. on part of 

the system CaO-0O2-H20. 

Some of the more comprehensive a,. .:aportant theoret-

ical and experimental work on the solubility of calcite in 

sea water and the affect of major physical chemical var-

iables upon the solubility has been done by Carrels and 

Dreyer (1952), Miller (1952), hevelle (1944), Sverdrup and 

others (1042), smith (1940), .,attenberg (1936), 'Nattenberg 
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and Timmerman (1036), and Trask (1?36). Calculated 

solubility products in sea water, although not in close 

aFreement, are all of the sae order of maiT,nitude, n-G, a 

value of sufficient precision for the purpose of comparison 

with dolomite and apatite determinations. The solubility 

of calcium carbonate in sea water is affected in the 

following ways: 

1. Solubility increases with increase in total 

pressure on the system. 

2. :lolubility increases with increase In total amount 

of (1 )2* as Carrels and Dreyer (1952) point out, however, 

the increase is due to the decrease in pH--at constant 

pH the solubility decreases with an increase in CO2 

concentration. 

3. Solubility decreases with an increase in salinity 

due to loss of C00, though an increase in salinity 

(ionic strength), particularly by the addition of ions 

other than Ca and CO3, enerally results in increased 

solubility. 

4. Solubility decreases with increase in temperature. 

5. Solubility decrease- A.th increase In ,J.. 

The variables important in determining ca(103 

ibrium are, in art at least, not entirely Independent, 

particularly the relationship between pH and CO2 concentra-

tion, as the latter is the principal control of pH in sea 

water. In solution (702 forms the radicles ITO- and CO'3 3. 
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These in conjunction with those of boron and phosphorus 

make up what is called the alkalinity or "excess base" of 

sea water, and c;ivo it a large buffer capacity (':oberg and 

others, 1934) that tends to limit the variation of pH to a 

small rance. 

'ost solubility prodt determinations indicate that 

sea water in general is saturated or nearly saturated with 

calcium carbonate; and considerinc the factors that affect 

the solubility, supersaturation and conditions favorable 

for precipitation .7,enerally occur in near-surface waters 

that are relatively of high temperature, low Jressure, and 

low CO2 concentration. 

Solubility of dolomite 

The solubility of dolomite has not been studied as 

extensively as calcite, and much of what is known is due 

to the works of Mitchell (1923), A.ahn (1920), gar (1932), 

Halla (1935), Yanat/eva (1949,1950,1954, and 1956), 

Yanatleva and Danilova (1956), and Sveshnikova (1952). An 

excellent review of the dolomite system has been made by 

l'aust (1949) and Faust and :',allaghan (1948). 

Halla (1935) has determined the solubility product of 

dolomite at 250 C. under a partial pressure of CO, of about 

one atmosphere; and, of most importance, he has calculated 
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the thermodynamic equilibrium of the followin-, reaction: 

- ++ ,0c.aCO3 + ,A7, = CECL1(Ct)3)2 + ,a++ 

4F = - 11501. 50 cal. at 25° C. in sea water 

with Ca++ = 0.197 
mg++ 

The attainment of equilibrium can be questioned because 

alla did not experimentally determine the reversibility of 

the reaction. If on14 the sl4T of the free enery value 

for the above reaction in sea water is correct, however, 

it indicates that dolomite is the stable phase under those 

conditions, that it represents the solid phase in equili-

brium with the solution from which it formed and for which 

the system is at its lowest energy state. Halla shows 

that the principal factor in determining the equilibrium 

of the reaction is the ratio of the concentrations Ca
++ in 

solution. The value of the solubility product for dolomite 

determined by '!ialla is 3. x 10-17 (05° C.) 

An approximate check of this solubility product is 
ft 

provided by the data of Klahn. The average solubility of 

three essentially pure dolomites in CO2 - free water at 

15-20° C. is'.023 g/1000 ccm. of solution (lahn, 110C„ 

p. 5374 and the solubility product crilculated from ti:lat 

value is C. x 10'16. KlLin did not achieve complete 
equilibrium in his determinations, but the error involved 

is probably not great. Tven so, a greater solubility of 

dolomite would increase the difference between the values 
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I,
of :o,11a and Uahn, an::1 thus these values only vc nn 

order of :la nitude of the dolomite solLillty proclict. 

Klahn (192C) found that dolonite was less soliible than 

calcito in :,:02 - free water at 15-20° lolomite is also 

less soloble than calcite in sol 0. under a 

002 pressure of 1 atm. (Yanatleva, 1")49 I954; and 

.7meshnikova, 1952). At a CO, pressure ofi.j112 atm., 

however, Yanat'eva (1954) found a dolomite solubility 

.,/-,eater than calcite. This indicates, accordiry to 

Yanat'eva that dolomite is incongruently soluble (the 

elements or radicles in sol'Ition are in different proportion 

than in the solid compound) at low 002 pressures, and it 

supports Br's (1932) earlier hypothesis of an com;ruent-

inconruent solubility dependent on 00, concentration. 

21a11a (1036) contends that this is an impossible relator-

ship simply on the basis of the nature of equilibrium 

constants and that only temperature could produce a chance 

from one condition to the other. And - nat'eva (1156) did 

in fact find that dolomite was inconi.Tuently soluble above 

C. at 1 atm. CO2 pressure and that calcite wus the 

stable phase in saturated solutions of 1:1 Ca-E7 mole ratio. 

This problem is of particular importance in diarenetic and 

metamorphic reactions and more determinations are needed in 

the experimentally dl.fficult low CO, pressure ranTe to 

clarify it. The ar7ument is not critical, however, to the 

considerations here of pr1mar7 relationships. 
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The solubility of dolomite is affected by other 

variables in the sa.ne way as ctacite. Tetween 700 and 

00 C. and at 1 atm. 002 pressure dolomite solubilit:i 

increases in - W.7,1 solutions up to 2 percent in concentra.-

tion (ianatteva, 194:?). 

If dolomite is the st:Ile phase in averar,e sea water 

with respect to calcite over the rarve of sea water temp-

eratures, as suested by the data of :]alla (1335) and 

Yanatteva (1256), a calcite precipitate would be ev:pectod 

to chan - c ;it._I time, as ion: as it renlaincd contact -.%.;th 

sea water, to dolomite. 2,uch a procesL, would bc what is 

7enerally called ponecontc-voraneous doloitization. Thus 

the arlount of doloitization would be directly related to 

the lenth of time ccicite was in contact with sea water, 

and the time factor would be related to the rate of 

sedimentation and subsidence. This method of dolomitization 
V. t. 

has been sir7ested by laust . (1948,''p. 60 and 63)* 

Solubility of carbonate-fluorapatite 

The solibility of carbenate-fluorapatite in any type 

of solution has not been determinod except by Craham (1925, 

p. 324) who measured the solubility ol phosphate rock of 

the Phosphoria formation and other naturally occurring 

phosphate rock mixed with limestone in various salt and 

acid solutions, presumably at room temperature. Some early 

work on the solubility of calcium phosphate in water and 

132 



salt solutions was performed by. Hameron and :ledel (1/04), 

a7:leron and urst (1204), an:a 2endroy ..astins (1927). 

,iviere (1941) determined tIc sol ubi11tl, of calcium 

phosphate In sea .iater at r:everal pHs and concentrations of 

CO,. Dietz, and -ilopnrd (1942) used the data of 

'iendroy and :astinr:s to calculate a solubility product for 
or

,:1113(PO4)2 in sea water at 3C° of 3.73 x 10-" and 

concluded that sea water is nearly saturated with phosphate. 

since carbonate-fluorapatite is presumably the static) 

phosphate compound in sea water, its solubility product 

would be even less than the one calculated for tricalcium 

phosphate. 

Important work with reard to the relations of phos-

phate in sea water has been done by :.s.zakov (1937, 1230 # and 

1950) and ;yazakov and 'k)kolova (1250). ilazakev studied the 

system il0-Pp05-:',I-H20 at the 05° C. Isotherm over a rarce 

of. low concentrations to determine the solid phases formed 

and the reL;lons in wh1c':1 they are stable. The liquid phase 

in equilirium with fluorapatite at a pl of around 8 was 

determined to contain 0.100 mill of P203 and 1.0-10.0 mE/1 

of F, values that he holds to be similar to those in ocean 

waters of the upper and rAddle part of the shelf. The Al0 

content of the liquid phase, however, is disturbin7,1y far 

below its amount in avertwe sea water. In the system 

mentioned above, it is noteworthy that jazakov found only 

one phosphate mineral, fluerapatite, to be stable in the 
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ranr,o of compositions that ap.droximate those found in sea 

water. The phosphate mIneral of the phosphatic shale 

member Is carbonato-fluorapatite, but, of course, .:azakov 

found only fluorapatite in Ms experiments because CO2 was 

not a component of the system; he assumed that the effect 

of ,700 would not 71-icat1y char:To the conditions except that 

the solid phase wo-.1.1d be carbonate fluorapatite. :,)n this 

point Liviere (1941) found that calcium phosphate in sea 

water solutions transforms to a tt phosphooarbonate". 

Kazakov (1137 and 193P) and Krumbein and Carrels (1952, 

p. 9) note that the factors affectin:7 the sol).bility of 

calcium carbonate affect the solubility of the rock phos. 

phate compound in the same way. Thus it appears that a 

chane in conditions that would favor the precipitation of 

carbonate minerals would also favor the precipitation of 

carbonate-fluorapatite, althourh, of course, they need not 

precipitate together. 

];xplanation of phase relations in the system 

The studies described above provide data that deal 

mostly with the individual relationships of cicite, 

dolomite, and apatite with sea water, and furnish but 

little information about mutual relationships of the com-

pounds. Possible mutual relationships can be described 

qualitatively, howevr, in terms of simple phase equilibria. 
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The system has four components. If temperature and 

presure are constant, the system may be completeli. des-

cribed in terms of the phases that may be present fit 

various compositions of the total system. A theoretical 

example of such a system will serve to illastrate some of 

the possible relationships. Let the four components be 

three compounds with common ion, that do not form 

double compounds, and water that does not form hydrates 

with any of the compounds. The followin: states of the 

system or associations in the system arc possible: 

1) 1 phase - all sol7Ition 

2) 2 phases - I compound plus solon 

3) 3 phases - 2 compounds plus solution 

4) 4 phases - 3 compounds plus solution. 

A i. eneral course of crystallization upon evaporation 

of an unsaturated solution could result In the sequential 

appearance of one, two and three solid phases (compounds 

A, and C). The phase that appears first depends upon 

the total composition of the unsaturated solution, Two 

solid phases, i.e., A+I3, 134-C, or A+C, could form as the 

first precipitate, but the range in unsaturated solution 

compositions for which this could occur Is small in com-

parison to that for one solid phase formation. Also, If 

two compounds precipitate toether, the ratio of their 

amounts is likoly to chanTe as evaporation proceeds. Three 

solid phases could form at the same time only from one 
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specific composition of solution. This composition Is 

the invariant point of the system, the condition under 

which the system is completely and rigorously defined. 

The kind of crystallization described here represents a 

differentiation of a solution by the continual removal of 

water, a.,.1d the stay,e of differentiation attained depends 

on the amount of water re=ved from the system. Another 

kind of crystallization occurs If one of the compounds, 

A, for example, is continuously added to a solAtion that 

is saturated with respect to A. Although obvious, it is 

important to note that A will bef7in and continue to pre-

cipitate as long as the addition of A is the only charv7e 

imposed on the system. 

These phase relations for a four component system are 

the simplest possible, and it is unlikely that the mineral 

relations in natural systems arc as uncomplicated. The 

ceneral principles, however, provide a basis of under-

standing of the kin0s of factors that may play a part in 

the formation of common ion mineral associations. 

Phase relations of dolomite, calcite, and 
carbonate-fluorapatito in the rocks 

of the :eake Peak member 

The mineral mixtures of dolomite, calcite, and 

carbonate-fluorapatite in the rocks of the -eade Peak 

member may be examined in the lic,ht of the principles in-

volved in phase equilibria. The mineral mixtures shown in 

136 



flure le and discussed previously are considered to 

represent essentially three principal kinds of minerfll 

association: apatite alone, dolomite-apatite, and deloite-

calcite. true primary ternary mixtures, in terms of 

phase relations, are represented, or cannot be recognized 

if any exist, because of the very wide range of proportions 

of the minerals in the apparent ternary mixtures. 

The large apatite-alone group of samples indicates 

that apatite was the first and only mineral formed under 

the conditions and for the period of time in which those 

beds were deposited. This could result from a first stiv;e 

differentiation of sea water or by the addition of phosphate 

by a special means. 

The only other distinct group of samples occurs in the 

dolomite corner of figure 10 and consists essentially of 

dolomite-apatite mixtures, although a few samples near the 

dolomite-calcite boundary are better considered as mixtures 

of dolomite and calcite. The dolomite-apatito mixtures are 

interpreted to represent the stace followinc: the single 

phase precipitation of apatite in which dolomite and apatite 

form together. A high ratio of dolomite to apatite would 

be expected in this circumstance because of the much larger 

amount of carbonate than phosphate in sea water. This 

croup of samples and the apatite-alone group to7ether make 

up a majority of all the samples and represent the dominant 

types of minepal associations in the section. The other 
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samples of dolomite and apatite mixtures not included in 

these croups have to be considered in this hypothesis as 

products of special processes. 

Dolomite and calcite mixtures cover a wide rane of 

proportions that is not readily explained in terms of 

simple phase relations, but metastable precipitation prob-

ably can account for the associations. 7nder conditions 

In which dolomite Is the sinc,le solid phase in equilibrium 

with some composition of sea water, c'.1cIte could precipie. 

tate metastably and chane with time, while in contact with 

sea water, to dolomite, the stable phase. In this manner, 

the amount of dolomite formed is a function of the time 

the calcite is in free contact with sea water, and all 

proportions of dolomite and calcite are possible. 

conclusions on 2122.1c. relations and modes of formation 
of doloni_te,7E1-Fite.,_ and —1771=71=1apatIto 

From the foregoing considerations, it seems likely 

that the mineral mixtures of dolomite, calcite, and 

cqrbonate-fluorapatite in the rocks of the 7!eade Peak 

member can be explained in part by phase relations. Al-

though the Into are larfj:ely speculative, because 

of the lack of critical criteria for evaluatinc the effect 

of many factors within and outside the system, three 

principal c:eneralizations are postulated for the modes of 
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formation of the three minerals from sea water. 

(1) Precipitation by Increase in total salinity, due 

to evaporation. tartin with a mass or sea water in a 

state of near saturation with respect to one or more of tho 

three solid phases, dolomite, cracite, and carbonate. 

fluoraatite, and assumin a fixed temperature ane _rossure, 

precipitation of one or more phases will occur upon the 

removal of water and the consequent increase in concentra-

tion of the three compounds in the same proportion as they 

occur in the primary mass of sea water. A.th continuing 

loss of water, the course of precipitation would be like 

that described previously in the ex:4anation of the phase 

relations--probably one solid phase first, then two, and 

conceivably all three solid phases if the differentiation 

proceeds that far. This method of precipitation is a 

likely one if a mass of sea water moves into an environment 

in which loss of water by evaporation is the principal 

chance in the systen. If the solid Phases formed from this 

movinj; mans of sea 'rater are deposited directly under their 

area of formation, the deposits wcYlld show an ideal lateral 

7,radation in composition in the direction of movement of the 

water mass from that composed of only one mineral to mix-

tures of two minerals in chan7,ing proportions to a final 

deposit of three minerals in fixed proportion (figure 10). 

:cruton (1053) has described this kind of precipita-

tion in terms of a salinity gradient that can be established 
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Figure19.—Formation and deposition of dolomite, carbonate-

fluorapatite, and calcite from moving mass of sea water 
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in inland seas and thich could produce lateral Mnies of 

limestone, anhydrite, and salt. :Jan.:, (1337, p. R.5) and 

Eichter-ernburg (1955) have also utilized the concept of 

the salinity r;radient as an explanation of evaporite fades 

in the Permian of 7Tew r:exico and Texas and in the 7cchstein 

and other evaporites of ',ermany, respectively. 

(2) Precipitation by the relative Increase in con-

centration of one component. Again assuming fixed tempera-

ture and pressure for a mass of sea water at near satura. 

tion with respect to one or more of the three solid phases, 

and movinr., the water mass into an environment in which one 

component Is relatively increased by addition to the system 

from a previously unavailable source, precipitation of the 

added component will occur because the t-:tal composition 

of the system will lie within the ficl' of primary formation 

of that phase. The ir.crease in concentration of one com-

ponent could be produced by the release to solution of the 

component from organisms, or as a result of mixing with 

other waters with a net effect of relatively raising its 

concentration. In this case only that one solid 7)ha3e will 

form and continue to form as lon7 as the conditions defined 

above prevail. 1147ure 20 illustrates this concept. 

Oranisms, particularly phytoplankton, would be a probable 

cause for this typo of formation hj returning to solution 

in death the components they extracted by their life pro-

cesses. Ior example, the rapid dissolution of phosphorus 
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would precipitate immediately as apatite. 

(3) Precipitation by cllan;7e in temperature and 

pressure. In prevls discrqssions of pane relationss 

these two variables have boon considered to be constant 

for the ourpose of simplification. Aside from the direct 

effect of temperature and pressure upon the kind of mineral 

structure that can form, they affewt the composition of sea 

water by helpin to control COI-, equilibrium whch, in turn* 

plays a larce part in determinin- the p of sea water. As 

mentioned proviusly the effect of chanes in tunporatre 

and pressure upon the solubility of the three minerals is 

qualitatively the same, increasin temperature and de-

creasini,'., pressure docreasinc, the solubility of the minerals. 

On that basis and to the extent that temperature and 

pressure effects can be treated independently of concentra-

tion* the course of precipitation as a result of increasirv: 

temperature and decreasinc pressure would be similar to 

type (1) above, but the effects would be small by com-

parison and more by way of modification than control. 

The relationship of modes of formation (1) and (3) to 

rock facies is plain. If tho locus of differentiation in 

a current of sea writer remains stationary for a considerable 

period of time, continuous deposits will form, which from 

one place to another are L:rossly different in composition. 

The different compositions will constitute distinct facies 

of the depositional unit. owever, the locus of differ'. 
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entiation may not be expected to remain stationary; more 

likely it will shift around, thu. h favorin one position 

on a frequency basis. r..11ftin locus of differentiation 

would mean shiftinG facies, so a vertical section at nry 

one place would repliesent a recapitulation of lateral 

facies chanc,es. Thus the phosphorites and carbonate rocks 

of the :oal :Tanyon section may represent various lateral 

facies, and of course, those rocks Have served as the basis 

for the development of this tesis. Locks composed mostly 

of apatite and rocks of dolomite-apatite mixtures are the 

most abundant types, and it is su - ested that the latter 

may be lateral facies of some phosphorites. A possitle 

example of this kind is illustrated by the compositional 

chanTe in the well defined lower phosphate zone between the 

southeastern Idaho area and Coal Canyon. The lower phos-

phate zone in southeastern Idaho is about 6 feet thick and 

is one of the principal hich grade economic zones in the 

Heade peak member. Tihere it is composed larnel:T of car-

bonatefluorapatite, a small amount of quartz and silicate 

minerals, and only a trace of carbonate minerals. At 

(oal Canyon this interval, beds P-8 through P-15, contains 

about the same amount of quartz and silicate minerals, but 

dolomite occurs in large amounts at the expense of carbonate-

fluorapatite. 

Sharp contacts between beds and marked chances in the 

proportions of minerals, as described previously, are 
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understaLdaLle on the basis of the principles presented; 

for exam2le, the chanr.,e from apatite precipitation alone to 

a dolomite and apatite mixture would be sharp nne the 

proportion of dolomite to apatite would be hif7h. 

-'ode of formation (2) is an appealin:. explanation of 

the or : In of phosphorites when come other factors are 

considered. The 1)hosp:aorites arc dzIrl brownish-ra to 

black and contain appreciable carl;onaceous material. :21s 

suests, alon: with the fine ,:rain size of associated 

lotrital material, that the rocks were formed in a low part 

of the chos)horia sea basin whore circulation was poor and 

the water deficient or low in oxyen. 2: low part of the 

basin would also contain sea water of f:reater salinity 

(density) than that in higher parts, if a significant range 

of salinity was produced in the Phosphoria sea waters by 

evaporation. Such bottom water would certainly be saturated 

with respect to a:)atite If it is assumed that normal sea 

water is nearly so. rider these circumstances, as mentioned 

before, phosphorus added to the system by the decomposition 

of dead oranisms would precipitate as apatite. Apatite 

formed by this scheme would likely not be a first pre-

cipitate but would follow one or both of the carbonate 

minerals. 

The formation of apatite just described ett' be ex-

plained as well, however, in surface waters as those on the 

bottom. if a salinity gradient c.:7.1sts in the surface 
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waters, a saturatl;. 4: would be reached weveLy any 

os2. Late :17.ven up by deceEsed or7,, nisr:.s, whose death 

could also be due to increased salinity, must ho pre 

cipitated. In this instance al)atite wcvAld be a first 

rather than a late preci)itate, and sea waor differentia-

tion could even continue as in :ode of formation (1). 
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A method of x-ra-, analysis for detcrmit'Inf.,- 37671 _to to dOlo7lite-T7rninen-1 tlixtIlres 

Introduction 

The need of a method for readily determining the 

proportion of calcite to dolomite in rocs is well known. 

Differentiation by optical means In thin section is rarely 

possible. ..tainin;:, methods are rot i7enoral in application--

depcndini, in large part on characteristics of the rock 

other than carbonate composition. The use of x-ray for 

determinin t:Ic proportion of calcite to dolomite in 

carbonate rocks is apparently not common, and a method of 

measurement has been described only recontLy (Tennant and 

lorer, 1957) and since this work was done. everal workers, 

however, have quantitatively utilized relative diffraction 

intensities in mensurinr, the proportions of carbonate 

compounds in artificial mixtures (Stolkowski, 1948; Faivre, 

1944; and i)e Keyser and Degueldre, 1050)• 

The method described her. has been designed and tested 

for a particular series of closely related rock typos. Its 

general application is not known; however, the procedure 

for testing the significance of the method is applicable 

to other rock types. 
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Desicn of the experiment 

The experiment was des147ned to test the usefulness of 

relative x-ray diffraction intensities of calcite and 

dolomite as a ncqns of estinatin theLr percentri -e ratios 

in carbonate rocks of the 7eade Peak phosphatIc shale 

member of coal canyon, 71olmin. To do this, sixteen 

artificial mineral mixtures were prepared of compositions 

sil-:.11ar to those of the carbonate rocks of the phosphatic 

shale member. The composition of the mixtures was con-

sidered in two parts, carbonate mineral composition and 

background mineral composition. :;alcite and dolomite were 

each at four levels of concentration, 5, 20, 35, and 50 

percent, providinc a convenient 4x4 factorial plot (table 

1). The background mixtures were eiJlt types composed of 

a ran,-el of mineral oroportions of quartz, apatite, mus-

covite, K-feldspar, and la-feldspar (table 2). As an ex-

ample, t:Te IIB background mixture is composed of 10 per-

cent muscovite, K-feldspar, and Pa-feldspar in the 

proportion, 0.50:0.25:0.25; and 90 percent quartz and 

apatite in the proportion, 0.35:0.65. These mixtures were 

randomly assi:Tned to the sixteen mixtures of calcite and 

dolomite; thus each background mixture was used twice. 

The purpose of the background mixtures and their random-

ization was to determine if they had any effect upon the 

peak intensities of calcite and dolomite; or in other words, 

if there was any interaction. The total composition of 
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each mixture is listed in tatle 3. 

The 4x4 factorial type statistical dos4 c 

possible the tcstthrr of the followinL: hypotheses: 

(1) Are the differences between the ratios of peak 

heihts of cicite and dolomite due to the 

divference in amounts of calcite and dolomIte? 

(2)[re the peak heiht ratios useful as a measure 

of the ratio of calcite to dolomite? 

Preparation of the mixtures 

The minerals - ere ;' round to pass a 325-mesh sieve. 

The proportions assned to each mixture were weihed on 

an analytical balance to three decimal places. A volume of 

water approximately twice that of the mixtures was aided, 

and these combinations were mechanically shaken for two 

hours. :.-ray mounts were made on ret:ular i:lass slides from 

these water mixtures with the aid of an ee dropper and 

rapidly dried in an O0 Ce oven. 

Procedure of analysis 

Samples were run on the 1:orelco x-ray spectrometer, 

usinj7 copper radiation. The peas selected for measure-

ment were those reprosentini: diffraction from comparable 

planes of calcite and dolomite, peaks at approximately 

29.4 and 30.9 decxces 2 es respectively. They were select.. 

ed because they are the peaks of E7yeatest intensity for 
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Talo 

7,inera1 comi)osition of ;::17.tures 

by wei.:ht 
total 

calcite dolomite quartz apatite muscovite feldspar 

1 5 5 2P.4 52.6 4.5 4.5 

0,_ 20 5 43.9 23.6 3.75 3.75 

3 35 r0 35.1 18.9 3.0 3.0 

4 50 5 14,2 26.3 2.25 2.25 

5 5 20 60.9 6.6 3.75 3.75 

6 20 20 37.0 20.0 1.5 1.5 

7 35 20 27.0 15.0 1.1 1.1 

e 50 20 2.9 25.6 0.75 0.75 

9 5 ,.r.
0,, 504 40.6 3.0 3.0 

10 20 35 30.G 4.2 1.1 1.1 

11 35 35 24.3 2.7 1.5 1.5 

12 50 'yrOt) 1.4 12.1 0.75 0,75 

13 5 50 1500 2708 1.1 1.1 

14 20 50 2.9 25.6 0.75 0.75 

15 35 50 12.0 1.4 0.4 0,4 

16 50 50 •.• • •.. ..• 

U. S. Geological Survey 
OPEN FILE REPORT 

This map or illustration is preliminary 
and has not been edited or '9W6d for 
conformity with Geological ':.;urvey 
standards or nomenclature. 
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both cnlcite an0 dolomite; they are relativ,;ly frov of 

Interference from peaks of other minerals in the mituros; 

and they are close toi7ether. 7easuraont of the peaks was 

In recorder chart units (4 linos to the inch) from a 

baseline determined pr!_arily by te bac;.:i:rounfl lino 

between 140 and 200. This part of the traverse was 

relatively free of peaks and provides the best indication 

of the background trend. The total traverse was from 

380 to 40 

7,ontrol of the procedure was ::opt at a minimmi 

On the spectrometer only the silt openin::s and the assur— 

ance of a warmed machine were controlled condition • The 

amplitude and damping; wore varied purposely. Sample runs 

were made in :Toups on different days and at different 

times of the day. The order of the runs was randomized 

using a table of random numbers. Peak heiht measurements, 

peak he147ht ratios, and percontace ratios for the mixtures 

are listed in table 4. 

Statistical treatment. The analysis of variance. 

Logarithms of the ratios were used in this typo of 

treatment in order that the plot of the ratios of the peak 

hei .hts arainst the percentaes be a linear function. The 

plot of the loarithms of these values on arithmetic paper 

(figure 1) clearly indicates a stral ht line trend as shown 

by the calclarlted least squares line. 
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Table 4 

1 

easured peak hot and ratios 

Lot: of 
percenre

Loc., of peak ratios,
Peak height oak hoiht heicht ratiosi calcite/
calcite dolomite* calcite/dolonite dolote 

0.25 1.05 1.2566 2.0000 

2 3.75 1.25 2.4771 2.6021 

3 4.60 1.05 2.6415 2.8415 

4 7.10 0.00 2.6971 3.0000 

5 1.60 4.25 1.5752 1.3079 

6 2.70 2.65 2.0086 2.0000 

7 2.20 4.25 1.7143 2.2430 

8 6.60 3.60 2.2066 2.3979 

9 0.60 4.15 1.1614 1.1553 

10 3.85 5.•:*...) 5 1.0561 1,7566 

11 4.50 4.70 1.9809 2.0000 

12 7.60 4.80 2.1987 2.1553 

13 0.05 5.15 1.2640 1.0000 

14 3.45 7.70 1.6513 1.6021 

15 4.50 5.30 1.9289 1.0451 

16 5.15 5.30 1.9877 2.0000 

* !.!easuremonts in recorder chart units. 

Lorarithrim of 100 times the ratios. 

U. S. GeOlogical Survey 
OM FILE REPORT 

This map or illustration is preliminary 
er,1 has not boon edited or reviewed for 
conformity With Geological Survey 
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The analysis of variance is sliown in table 5. The 

variance ratio (Y) indicates tat there is leoL, than 1 

chance in 101 that the ratio would be exceeded by random 

variation; that is, the variation of the peak hei7}it ratios 

for all levels of calcite and dolalite is de to variation 

in amount of calcite or dolomite. Thus question (1) above 

is answered In the affirmative. 

Interaction between calcite and dolomite ratios and 

backrround minerals, though not directly tested, is not 

evident. 

Correlation (oefficient and least Aqua_rep trend.--The 

value for the correlation coefficient, 

132c (ax) (S'r) 
(sy)2/NyA = 00541, indicates(sx2 (Sx) 

a very high correlation between peak heights ratios and 

percentaf7e ratios. This provides an answer to question (2); 

the peak height ratios are very useful as a measure of the 

ratio of calcite to dolomite. 

Application 

An estImnto of the ratio of calcite to dolomite in 

a bulk rock sample would be made with the use of figure 1. 

1,er example, the value for the log of the peak height ratio 

(Y) would be followed along, the abscissa until the lino of 

least squares y = 0.3921 0.7S35 was intersected. The 

value (X) read on the abscissa at that point would be the 

estimate of the log of the percentage ratio of calcite to 
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Table 5 

Analysis of variance 
,Source of Tormulas 

0 0 
1

variation Items (n-1) 
01 

calcite 
levels 4 3 f4 -4 N2 rT1 1.4r11 0.4670 230G 6.99 

dolomite 
levols 4 3 51(Six)2 -, 41114, 5204 0.500C 24.G 6.90 

remainder 1-T1 
IND • • 

4 1 •, 0.V152 0.02')C
dol 

. 

cal 

• re.,total 16 15 (-16 2 
^. • • 3.1667 0.2111" 

:there: 
D•rt• = Decrees of ireedoll (n-1)

= Sum of Squares
T 

= :'ean Square 
Fcal U. S. Geological Survey-0ocal/"0-*remainder 

OPEN FILE REPORT"0rdol °"doli-"°remaindei This sop or illustration is preliminary
C•To 6 %Correction Term = (S ix)2 /16 giud has not been edited or reviewed for 

conformity with Geological Survey 

standards or nomenclature. 



dolomite in the rock. 

Ackno,liodu,:nents 

)crimont was su7:.ostod 

by 2rofessors K. h. lennet and J. C. Criffiths and 

. A. i.osenfeld of l'onnsylvania tate -niversity. Aid 

by :r. hosenfeld in the statistical analysis was much 

appreciated. 

The statistical desi r. of the cx,
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