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ACCESSORY MINERALS IN SOME SIERRA NEVADA
GRANITIC ROCKS AS A FUNCTION OF CALCIUM

CONTENT

KBNNBTu G. SNorsrNcay, Department of Geology, Stanford.
U niaer sity, S tanJ or d, C alif ornia.t

Assrnecr

Calcium content of the rock is related to abundance of heavy accessory minerals in
granites of the northwest part of the Bass Lake quadrangle, California, and because the

early granitic rocks contain more calcium than later ones, calcium relation appears to pro-

vide a means of determining paragenesis of the heavy minerals. For example, zircon and

apatite are most abundant in the rocks with highest calcium contents, suggesting these

minerals tended to crystallize early. On the other hand allanite and, above about 3.8 weight

percent CaO, epidote become more abundant as calcium content decreases, indicating that

in these rocks epidote and allanite tend to develop late. Calcium relation to magnetite

abundance suggests a slight tendency for this mineral to crystallize late in rocks con-

taining more than about 2.8 percent CaO. In rocks with CaO content greater than 3

percent, sphene and ilmenite appear to have formed late and early, respectively, and

Iow amounts of sphene in adamellite are probably the result of low calcium content of

that unit, titanium then being taken up to form abundant ilmenite.

INrnooucrroN

In a paper that dealt with relation of calcium content to heavy ac-
cessory mineral constituents in some California and Nevada granitic
rocks, Lee and Dodge (1964) found that the CaO content of these rocks
has an important connection with abundance of heavy minerals devel-
oped in them. When this paper appeared, the present writer (Snetsinger,
1965) had values already at hand for weight percents of accessory min-
erals in a series of granitic rocks exposed in the northwest corner of the
Bass Lake 15' quadrangle, just south of Yosemite National Park, Cali-
fornia, and it seemed of interest to determine if a comparable situation
regarding calcium applied to these granites. Accordingly, CaO was deter-
mined in rocks that had been subjected to heavy mineral study. The
results show that calcium has a relation to granitic accessory mineral
abundance in the Bass Lake area and an attempt is made to use the cal-
cium relation to determine paragenesis of the minor accessories.

Gnolocrc Rnr,arroxs

Granites in the northwest part of the Bass Lake quadrangle consist of
two plutons, a small, homogeneous body of adamellite (outcrop area 10
square miles) which has been intruded by a large zoned pluton (55 square

I Present address: Space Sciences Division, National Aeronautics and Space Admin-
istration, Ames Research Center, Mofiett Field, California.
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ACCESSORY MINERALS IN SIERRA GRANITES

miles total outcrop area) that varies in composition from tonalite to
granodiorite. Field evidence strongly suggests that the rocks are of mag-
matic origin, and compositional variations are probably due to differen-
tiation, although some border contamination by basic rocks may have
taken place during intrusion of the large pluton (Snetsinger, 1965).

Hnavv Accpssonv MrrcBnar,s as a. FuNcrrow ol Carcruu
CoNrBNt

Three samples from the adamellite and nineteen from the zoned
pluton were studied. Separatory procedure was comparable to that of
Dodge (1963), and Lee and Dodge (1964), and weight percentage of
heavy minerals from grain counts of concentrates was calculated by a
computer program devised by S. H. Burch, Department of Geology,
Stanford University.l Values for CaO were obtained spectrographically
by N. H. Suhr, Pennsylvania State University.

CaO content of Lee and Dodge's rocks ranged from 0.47 to 3.9 weight
percent whereas values for rocks from the present area ranged from 0.93
to 6.6, with fifteen examples above 3.9.2 Thus, in the current study, no-
tably more calcic rocks are being investigated than those dealt with by
Lee and Dodge.

fn the case of zircon, apatite and epidote, plots of weight percent CaO
in the rock z's. weight percent of these minerals in the rock illustrate the
relation of mineral abundance to calcium. With allanite, sphene and
ilmenite, however, it was found necessary to plot weight percent CaO us.
mineral abundance expressed as weight percent of the total non-ferro-
magnetic fraction in order to reveal a calcium relation, because amounts
of these minerals in the rocks showed little or no relation to CaO con-
tent. The latter was also true of magnetite, and for this mineral a plot of
weight percent CaO against weight percent magnetite in the total heavy
fraction was made. Graphs of zircon, apatite and epidote abundance in
the total non-ferromagnetic fraction os. CaO content are not presented
because these give essentially the same result as plotting calcium against
weight percent of these minerals in the rock. Why allanite, sphene,
ilmenite and magnetite should behave differently from the other ac-
cessories is not clear at present.

Figure 1 demonstrates that zircon becomes more abundant in the
rocks with increasing CaO content, but the tendency is not so marked as
that noted by Lee and Dodge; apatite also increases in abundance with
increasing CaO (Figure 2) although again the tendency is not so well
developed as found by those writers. The weight apatitef zircon ratio in

I Current address: U. S. Geological Survey, Menlo Park, California.
2 CaO values of 1.25 percent and below represent samples of the adamellite.
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Fre. 1. Weightpe(cent CaO as. weight percent zircon.
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Frc. 2. Weight percent CaO as. weight percent apatite.
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ACCESSORY MINERALS IN SIERRA GRANITES 835

the rock is plotted in Figure 3 as. weight percent CaO in the rock; the

graph suggests that, with increasing CaO, apatite increases more in

amount than zicron.
Allanite shows only a questionable tendency of decrease in amount

with increasing calcium content of the rocks, but Figure 4 shows that as

CaO increases allanite tends to decrease in abundance in comparison

with the other non-ferromagnetic heavy minerals. Insuffi.cient monazite-

bearing samples are available to obtain a satisfactory number of points,

WEIGHT APATITE/ZIRCON RATIO

Fre. 3. Weight percent CaO zs. weight apatite/zircon ratio.

but the antipathetic relation of monazite to allanite, noted by Lee and

Dodge (1964), is also found in rocks of the present area: allanite is present

to the exclusion of monazite in rocks containing 2.8 or more weight per-

cent of CaO, whereas below 2.8 percent monazite is present and allanite is

absent or very rare.
Up to about 3.8 percent CaO, epidote (clinozoisite-epidote) appears to

increase in abundance slightly with increase in CaO, but above that value

a strong tendency for decrease is apparent (Figure 5). In the CaO range

0.47 to 3.9 weight percent Lee and Dodge found that epidote increases

with increasing CaO.
Magnetite abundance bears no relation to CaO content of the rock, but
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836 KENNETH G, SNETSINGER
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WEIGHT PERCENT ALLANITE IN NON-FERROMAGNETIC HEAVY FRACTION

Frc. 4. Weight percent CaO as. weight percent allanite in

non-ferromagnetic heavy fraction.
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WEIGHT PERCEM EPIDOTE IN ROCK

Fro. 5. Weight percent CaO 0s: weight percent epidote.
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ACCESSORY MINERALS IN SIERRA GRANITES 837

the mineral does show a slight tendency to increase in amount with de-
creasing CaO over the other minerals in the total heavy fraction (Fig. 6).
Weight percent of ilmenite in the rock is also not a function of calcium,
but the statement of Lee and Dodge (1964, p. 1663) that ". . . i lmenite is
present where CaO content is low, but is rare or absent where CaO con-
tent is high. . ." generally describes the situation shown by Figure 7. In

o . 2  0 . 3  0 . 4  0 . 5  0 . 6  o , 7

Fro 6 weight,.':i:;;:. ffi;'::Jffi:'J.ta, heavy rraction

addition it can be seen that above 3.7 weight percent CaO ilmenite tends
to increase slightly in abundance over the other non-ferromagnetic ac-
cessory minerals with increasing CaO content of the rocks, a result that is
not unexpected because ilmenite is abundant in many diorites and gab-
bros (c/. Dodge, 1963, p. 58). Data from two studies of CaO influence on
heavy mineral assemblages thus suggest that ilmenite is common in low-
calcium rocks (CaO content below, say, 2 percent), rare in rocks of inter-
mediate calcium content (CaO ranging from about 2 percent to 5 or 6
percent) and abundant in rocks high in calcium (CaO content greater
than 6 or 7 weight percent).

Weight percent of sphene in the rock shows no relation to weight per-
cent CaO, but for the calcium range of rocks studied by Lee and Dodge
(1964) sphene tended to increase with increasing CaO. So far as variation
of sphene with respect to the other non-ferromagnetic heavy accessory
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838 KDNNETII G, SNDTSINGER

minerals is concerned, Figure 8 shows that in the present rocks sphene
tends to decrease in abundance relative to the other minor minerals above
about 3 weight percent CaO.

Garnet is present only in
weight percent and this was
Dodge.

the granites that have CaO less than 2.8
observed for the rocks studied by Lee and
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WEIGHT PERCENT ILMENITE IN NON-FERROIIAGNETIC FMCTION

Frc. 7. Weight percent CaO us. weight percent ilmenite in

non-ferromagnetic heavy fraction.

SrcxrlrceNcE ol rHE C.tr,cruru RBr,arroN To rHE HBavv MrNnners

Compositional variations in these granites are probably due to differ-
entiation and the calcium relation noted above is, therefore, considered
a result of age connection of calcium with the heavy minerals: calcium
in magmatic granites is usually more abundant in early-formed rocks,l
and heavy minerals that form early may be expected to show in-
crease in abundance with increase in CaO, while those that crystallizela.te
will tend to show decrease in abundance with increasing calcium. Cal-
cium relation may thus, in the present area, be helpful in establishing

1 C/. Bateman et a1,.,1963, figure 13, variation diagram for Sierran granitic rocks, where

CaO shows the greatest variation of any of the common oxides, exhibiting a steady de-

crease in amount with increasing silica. By "early-formed" the present writer therefore

means early wit} respect to a difierentiated series of igneous rocks.
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paragenesis, and, together with some textural considerations, it is so used
in the following section. With regard to the Mount Wheeler mine area,
however, where the calcium relation is also found, Lee and Dodge (1964,
p. 1661) note that variation of the intrusive rocks is controlled by differ-
ences in composition of the host rocks: where the stock intrudes lime-
stone, it is granodioritic in composition, and where it intrudes quartzite,
qtartz monzonite has developed. Apparently calcium may be related to

:l{I SPHENE IN NON-FERROMCNETIC HEAVY FMCTION

Frc'8'weight"?"',',H:*??n"x;r1;,::,'ff ntsphenein

heavy minerals even if the element is in part extraneous to the magma,
and in such a case application of calcium relation to determination of
paragenesis of heavy minerals may not be valid.

PenecBwBsrs or. THE HB,q,vy Accpssony MrNpner,s

That zircon and apatite have formed early is indicated by their relation
to calcium: both minerals increase in abundance with increasing CaO.
Apatite increases in amount more than zircon with calcium and this sug-
gests apatite tended to crystallize somewhat earlier than zircon. There is
no textural evidence-such as abrasion or corrosion of crystals-that
zircon or apatite have been recycled from pre-existing rocks, and the rela-
tion of zircon and apatite to calcium is considered evidence these minerals
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840 KENNETH G. SNETSINGER

are primary: if reworked or recycled they would have been randomly in-

corporated in magma of varying calcium content' and the writer would

suggest this initial lack of relation to calcium would have been retained

upon solidification of the melt.
Epidote seldom occurs at cores of plagioclase in rocks of the present

areal and the writer is therefore led to consider a primary origin for this

constituent. Increase in abundance of epidote with decreasing CaO con-

tent in rocks containing more than approximately 3.8 percent CaO sug-

gests that in these more calcic rocks epidote tends to crystall ize late, at a

time when calcium is becoming relatively less abundant. This seems

anomalous because epidote contains 22-24 percent CaO. But consid-

ering that plagioclase, the major calcium-bearing mineral, is at late

stages approaching a more albitic composition, partition of the element

might increasingly favor the formation of other calcium-bearing minerals.

Hydroxyl and ferric iron, both constituents necessary f or development of

epidote, might have become more available at late stages and combined

with calcium to form epidote. The opinion is therefore offered that epi-

dote, in rocks containing more than about 3.8 percent CaO, is orthomag-

matic and tends to form late. Below that calcium value, however, epidote

appears to increase slightly in abundance with calcium, and it is tenta-

tively suggested that (1) in rocks in the lower calcium range' epidote

abundance may be directly related to abundance of calcium, partition of

the element to plagioclase being less important because more sodic plagio-

clase is forming, or (2) that formation of allanite influences the amount of

epidote that forms.
Allanite, present in significant amounts only in the granites that con-

tain more than 2.8 percent CaO, does not show any evidence of seCondary

mode of occurrence in its host rock, and it tends to increase in abundance

in heavy mineral assemblages with decreasing calcium in the rock. These

observations suggest it is primary, tending to develop late. Conceivably

allanite crystallized later than epidote, at a time when the larger-radius

rare earth cations were becoming more plentiful, and greater availability

of these cations may actually have favored formation of allanite at the

expense of epidote.
Magnetite has often been regarded as an early product of crystalliza-

tion in magmas, but Figure 6 suggests a slight tendency for the mineral to

crystallize late in rocks containing more than about 2.8 percent CaO'

Occurrence oI qtartz as occluded material in magnetite from several of

these samples is, in addition, evidence that magnetite has formed in part

late.

r A plot of weight percent epidote in the rocks as. anorthite content of cores of pla-

gioclase grains shows no trend, and this is further evidence for Iack of association of

epidote with plagioclase.
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Above approximately 2.8 percent CaO sphene decreases in abundance
compared to the other non-ferromagnetic heavy minerals with increasing
calcium, and this indicates the mineral is late in these rocks. Sphene is for
the most part euhedral and is only rarely associated with chlorit ized bio-
tite; these relations suggest the mineral is primary.

Ilmenite is particularly abundant in assemblages from the adamellite;
ilmenite cutting K-feldspar was noted in one of these samples, possibly
reflecting a late, orthomagmatic origin of i lmenite of this unit. In more
calcic rocks the mineral exhibits a tendency of increase in abundance over
the other heavy constituents with increasing calcium, and this suggests it
is on the whole early in those granites. Ilmenite and sphene, the two
titanium-bearing heavy minerals, show an antipathetic relation (y'.
Figures 7 and 8) and this may tentatively be accounted for as follows. At
relatively high temperatures and high calcium contents titanium is being
used to form ilmenite, but l i tt le t itanium enters sphene because calcium
is being preferentially used to form calcic plagioclase. As temperature
falls and total calcium decreases, a more sodic plagioclase forms and
partition of calcium between sphene and the plagioclase tends increas-
ingly to favor sphene. Thus titanium enters sphene at the expense of
ilmenite, and sphene forms more abundantly than ilmenite. At low cal-
cium values, however, only small amounts of sphene can form and there-
fore titanium is again concentrated in ilmenite. Sphene therefore is not
abundant in the adamellite, owing to low calcium content of that unit,
titanium then being used to form abundant ilmenite.

A mechanism involving change in plagioclase composition influencing
abundance of epidote and sphene has been suggested so it is well to con-
sider why, in contrast to the behavior of these minerals, the calcium-bear-
ing mineral apatite should tend to form early, in rocks with highest CaO
content and most calcic plagioclase. Phosphorus is concentrated early in
Sierran granitic rocks because, as Figure 9 shows, it tends to increase in
abundance with increasing calcium in the analyses presented by Bateman
et al. (1963). Apatite is the only phosphate mineral in most of the rocks
dealt with in the present studyl and the suggestion is therefore made that
partition of calcium to calcic plagioclase was insufficient to prevent early
development of apatite.
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WEIGHT PERCEM P2O5 IN RocK

Frc. 9. Weight percent CaO os. weight percent PrOo in some Sierra Nevada

granitic rocks (data from Bateman, et aJ.,1963, p. 29, Table 3)'
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