American journal of Science
OCTOBER 1947

—&-

TRACE ELEMENTS IN ROCKS OF THE
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ABSTRACT. Spectrographic analyses of 21 specimens from an intru-
sive body in west-central New Hampshire were prepared. The igneous
mass belongs to the Oliverian magma series and is considered to be of
late Devonian age. Though ranging from quartz diorite to granite, all
petrographic types are gradational and, in most respects, are remarkably
similar.

Earlier studies have led to the conclusion that the mass crystallized orig-
inally as a potash-poor granodiorite with quartz diorite locally developed
(border facies). The granite and quartz monzonite are considered to have
developed as a result of the introduction of microcline commonly as large
metacrysts.

Spectrographic analyses also show a remarkable similarity in the various
rock types and a marked uniformity of distribution of trace elements
throughout the body. This is in harmony with the original theory of pet-
rogenesis offered for this pluton.

PURPOSE OF THE STUDY.

HE geologic mapping of western New Hampshire has

revealed four distinct magma series (Billings, 1937, p.
469-470). Within the past 15 years very extensive and
detailed work on these intrusive rocks has been done by
numerous persons which shows that each magma series is char-
acterized by its own mineralogy, petrology, and mode of
intrusion.

In some instances, however, it is difficult to distinguish these
magma series or groups within series, thereby impeding the
correlation of certain igneous rock bodies. The present study
was initiated to determine whether spectrographic work would
reveal differences in the micro-chemistry of the rocks com-
parable with those differences in mineralogy and petrography.
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Since the writers are somewhat more familiar with the Oli-
verian magma series and have at hand a representative collec-
tion from one of its larger and more diversified bodies, they

“.
CONCORD

y

Fig. 1. Index Map.

Showing location of the Mascoma dome in west-central New
Hampshire.
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chose this series as the first to be studied. It was anticipated
that these studies would reveal the more abundant of the trace
elements present, and that a set of “index” or “key” elements
might be determined for each group within the series as well
as for each petrographic type within a group.

The first analyses of the Oliverian magma series were made of
21 representative specimens selected from the Mascoma group
which constitutes the core of the Mascoma dome in west-central
New Hampshire (Fig. 1).

NATURE OF THE MASCOMA GROUP.

Structure. The Oliverian magma series in western New
Hampshire consists of a series of intrusive rocks of late (?)
Devonian age which occur in domical bodies in metamorphic
rocks. The Mascoma dome (Fig. 2) furnishes a typical exam-
ple of this plutonic series, and its relation to the surrounding
metamorphic rocks and is the one chosen for this study. An
igneous core (the Mascoma group) surrounded by concentric
belts of outwardly dipping metamorphic rocks conveys a sim-
plified picture of the more complicated structure shown in
Figure 3. The Ammonoosuc volcanics (Upper Ordovician (?))
constitute the innermost belt and are composed chiefly of
amphibolites. The Clough formation (Lower or Middle Silu-
rian) forms the next outer belt but mainly on the west flank
of the dome. Here the formation is composed of quartzite,
quartz conglomerate, and mica schist. Beyond the Clough
formation, on the west flank of the dome, is a wide belt of mica
schists of the Littleton formation (Lower Devonian). Between
the Clough and Littleton formations, at the north end of the
dome, is a narrow belt of the Fitch formation (Middle Silu-
rian) composed of mica schists and lime-silicate granulite.
At the south end the Mascoma group comes in contact with
the Bethlehem gneiss (Late Devonian). Figure 3 shows the
striking parallelism between the foliation of the plutonic core
and the bedding and foliation in the surrounding metamorphic
rocks.

Petrography. The Mascoma group consists of fine-grained
to medium-grained granitic rocks which range in color from
white to gray. A foliation is detectable in nearly all speci-
mens due to parallel arrangement of small flakes of biotite.
This foliation is believed (Chapman, 1939, p. 155-7) to be
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Fig. 2. Distribution of the Oliverian Magma Series.
The Mascoma dome is indicated by stippling.
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partly primary and partly secondary. In thin section the tex-
ture is typically granoblastic, and large, granulated quartz
crystals (probably phenocrysts) are common in many speci-
mens. Potash feldspar is locally abundant in large crystals
giving the rock a light gray to pink color and a subporphy-
ritic appearance. The senior writer (Chapman, 1939, p. 167-
70) has shown, however, that these large feldspar crystals are
not phenocrysts but are metacrysts which replaced the rock
subsequent to its consolidation.

Petrographically the group ranges from quartz diorite
through granodiorite and quartz monzonite to granite. The
areal distribution of these various types, as determined by
field and laboratory studies, is shown in Figure 3. It will be
seen that granodiorite is the predominating type and that
quartz diorite is more or less confined to the borders of the
pluton; quartz monzonite and granite make up the west-cen-
tral portion of the body.

The petrography of the rock types, save for relative per-
centages of the major constituents, is remarkably similar.
Quartz constitutes from 20 to 45 per cent of the rock and is
generally more abundant in the quartz diorite than in the
granite. Plagioclase is universally present in amounts rang-
ing from 17 to 66 per cent. Nearly all of it is oligoclase whose
composition ranges from An,;; to Ans;. Microcline composes
from 0 to 50 per cent of the rock. Where present in large
quantity, it occurs both as large metacrysts and as fine-
grained, interstitial material. =~ Where present in smaller
amount it is usually interstitial. The metacrysts range up to
two centimeters in length and occasionally are composed of
microcline perthite. Myrmekite, replacing potash feldspar,
constitutes as much as 10 per cent of some specimens. Biotite
is in olive-green flakes 0.1 to 2.0 millimeters long, and in some
specimens it constitutes 10 per cent of the rock. Accessory
minerals and alteration products, occurring usually in trace
amounts, are apatite, sphene, zircon, magnetite, ilmenite,
pyrite, rutile, hornblende, garnet, allanite, epidote, muscovite,
sericite, and chlorite.

In order to correlate more closely the petrography and
spectrochemistry of these rocks, a detailed petrographic
description of each analyzed specimen will now be given. The
geographical distribution of these specimens within the group
is shown by the numbered locations in Figure 3.
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Fig. 3. Geologic Map of the Mascoma Dome.
(After C. A. Chapman and J. B. Hadley.)

bg = Bethlehem gneiss (Late Devonian)
Mascoma group (Late Devonian)

mg = granite

mqgm = quartz monzonite

mgr = granodiorite

mqd = quartz diorite

Dl = Littleton formation (Lower Devonian)

Sf = Fitch formation (Middle Silurian)

Sec = Clough formation (Middle or Lower Silurian)
Oam = Ammonoosuc volcanics (Upper Ordovician ?)
Dip and strike symbols indicate foliation or schistosity.
Numbered points refer to specimen localities discussed in the text.
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. Fine-grained, gneissoid granite from near road, 414 miles north of the
village of Enfield. Granoblastic, porphyritic.

Quartz  .......oiiiiiiinnnnn 279, same granulated phenocrysts

Microcline ........ovvinnnnn 50%, no metacrysts in thin section

Oligoclase (An,g) ....o.vens 20%, slight zoning

Biotite ......ciiiiiiiiiinn. 3%, olive green, some chloritized

Sphene, magnetite, zircon, apatite, epidote, muscovite, and
T3 9 13 8 trace

. Fine-grained, gneissoid granite from summit of South Peak on Moose
Mountain, 514 miles north of the village of Enfield. Granoblastic,
porphyritic.

Quartz ......... ...l 33%,

Microcline ........oovvvinnn. 449, mainly as perthite metacrysts

Oligoclase (Anygz) ...covenn. 20%,

Biotite ...............l 3%, olive green, largely chloritized

Sphene, magnetite, zircon, apatite, myrmekite, epidote, muscovite,
and sericite ......... .o i i trace

. Fine-grained, gneissoid quartz monzonite from near road, 114 miles
northeast of North Peak of Moose Mountain. (North Peak is 614 miles
north of the village of Enfield.) Granoblastic, porphyritic.

Quartz ......oviiiiiiiiaann. 259

Microcline ......covinnnnnn.. 47%, mostly in metacrysts

Oligoclase (An;p) ......... 179,

Myrmekite (oligoclase) ..... 8%, mostly replacing microcline

Biotite .......ciiiiiiiiinn.. 3%, olive green, some chloritized

Sphene, magnetite, zircon, apatite, epidote, muscovite, and
SEriCItE  v.ivieriiiti it i i e ieae trace

. Fine-grained, gneissoid quartz monzonite from near road, 214 miles
due east of the village of Enfield Center. Granoblastic.

Quartz .........cenieenannn. 259%

Microcline ................. 40%

Oligoclase (An,p) ...vvvvnn. 339,

Biotite .......... ..ol 2%, olive green, very slightly chlori-
tized

Sphene, magnetite, zircon, apatite, and sericite ............. .trace

. Medium-grained, gneissoid quartz monzonite from near road, 214 miles
northeast of the village of Enfield. Granoblastic, porphyritic.

Quartz ........iiiiiiiiinnn, 25%

Microcline .......covvvnnnn .309%, mostly in metacrysts
Oligoclase (An,;) .......... 309

Myrmekite (oligoclase) ..... 109%, mostly replacing microcline
Biotite ............ ..ol 49, olive green, some chloritized
Epidote and Allanite ........ 1%

Sphene, magnetite, zircon, apatite, muscovite, and sericite ....trace

. Fine-grained, gneissoid quartz monzonite from near contact, about 34
mile west of the summit of South Peak on Moose Mountain. Gran-
oblastic, porphyritic.

Quartz ...l 199

Microcline perthite ......... 259%, much in metacrysts of perthite
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Oligoclase-andesine (Ang,) ..45%

Biotite ..........ooiiiiil 5%, olive green, very slightly chlori-
tized

Muscovite ..........cooiilil. 5%, in large flakes

Epidote ................ ... 19,

Sphene, zircon, apatite, pyrite, and allanite .................. trace

7 Fine-grained, gneissoid quartz monzonite from the base of Moose
Mountain, 274 miles north-northwest of the village of Enfield. Gran-
oblastic, porphyritic.

Quartz ......oiiiiiiiiiin, 259, some granulated phenocrysts
Microcline ........oovvvnn... 259,

Oligoclase (ADyg) vovvveeenn. 459,

Biotite ........c.ciiiiiiat, 49, olive green, slightly chloritized
Epidote .......coiiviiiiats 19

Sphene, magnetite, apatite, and muscovite .................. trace

8. Fine-grained, gneissoid granodiorite from the ridge, 3 miles north
of the village of Canaan Center. Granoblastic.

Quartz ............oialll, 35%, several granulated phenocrysts

Microcline ............. ceea.209

Oligoclase (Ang) .......... 439,

Biotite .......ciiiiiiiiin., 29, olive green, some chloritized

Sphene, magnetite, zircon, apatite, allanite, muscovite, and
LT3 o T8 trace

9. Medium-grained, gneissoid granodiorite from the hill, 274 miles south-
east of the village of Enfield Center. Granoblastic.

QUATtZ . oveviiiiiiiiieaaen 359,

Microcline ..........c00.... 179

Oligoclase (An,) ........ 459,

Myrmekite (oligoclase) ..... 1%, mostly replacing microcline

Biotite .......... ...l 2%, olive green, very slightly chlori-

tized

Sphene, magnetite, zircon, garnet, epidote, muscovite, and

sericite ...l i i trace

10. Medium-grained, gneissoid granodiorite from the knoll, 3 miles north-
west of the village of Canaan Center. Granoblastic, subporphyritic.

Quartz ...........o.oiiiil 359, several granulated phenocrysts

Microcline .................. 15%, a few small metacrysts

Oligoclase (Any;) «...ovvnnn. 399,

Myrmekite (oligoclase) .... 19, mostly replacing microcline

Biotite .............. ... 8%, olive green, very slightly chlori-
tized

Epidote .................... 2%

Sphene, magnetite, zircon, apatite, and sericite .............. trace

11. Fine-grained to medium-grained, gneissoid granodiorite from near
road, 174 miles east-southeast of South Peak on Moose Mountain.
Granoblastic, subporphyritic.

Quartz .....................279, several granulated phenocrysts
Microcline .................. 15%, a few metacrysts
Oligoclase (An,z) .......... 409, zoned

Myrmekite (oligoclase) ...... 19, mostly replacing microcline
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Biotite ....iiiiiiiiiiia, 10%, olive green, very slightly chlori-
tized

Epidote ........coiviiinnnn 7%

Sphene, zircon, apatite, allanite, and sericite ................ trace

. Medium-grained, gneissoid granodiorite from the hill, about 214

miles southwest of the village of Canaan Center. Granoblastic.

Quartz ....... Ceteeeeeeaeans 389%
Microcline ...... ceeeeanes ...159%
Oligoclase (Any7) covveennnnn 45%
Biotite ............ . 00l 2%, olive green, slightly chloritized

Sphene, magnetite, zircon, epidote, allanite, muscovite, and
T3 o (o) - trace

Medium-grained, gneissoid granodiorite from about 114 miles north-
northwest of the village of Canaan Center. Granoblastic.

Quartz ........... Ceereeaae 359%
Microcline ........cceieinnn 159, interstitial
Oligoclase (Anys) vovvvvnnnnn 459,
Biotite ..........ioiiiill 4%, olive green, very slightly chlori-
tized
Sphene, magnetite, zircon, apatite, epidote, allanite, musco-
vite, and sericite ....... ..ol trace

Fine-grained to medium-grained, gneissoid granodiorite from near road,
234 miles west-southwest of the village of Canaan. Granoblastic,
subporphyritic.

Quartz ........ciiiiiiiienn, 359, some granulated phenocrysts
Microcline .................. 9%

Oligoclase (Angg) vvvenennnnn 509

Biotite ........ciiiiiiii.. 49%, red-brown, somewhat chloritized
Muscovite ....ev.eiiiiii.... 19, in large flakes

Garnet ......oviiiiiiiiiien, 1%

Sphene, magnetite, zircon, apatite, pyrite, and sericite ........ trace

Medium-grained, gneissoid granodiorite from the knoll, 134 miles south-
southeast of the village of Enfield Center. Granoblastic.

Quartz .......co0e... RN L)

Microcline ........cevvunen < 7%

Oligoclase (Angy) ..vvvven...499,

Myrmekite (oligoclase) ...... 19, mostly replacing microcline
Biotite ............. ...l 3%, olive green, slightly chloritized

Sphene, magnetite, zircon, epidote, allanite, garnet, and sericite . .trace

Fine-grained to medium-grained, gneissoid granodiorite from the hill,
214 miles southwest of the village of Enfield. Granoblastic.

Quartz .............. ..., ..379%
Microcline ............... .. 59
Oligoclase (An,s) ........ ...559,
Biotite ...........ooiiilaeL. 3%, olive green, very slightly chlori-

tized
Sphene, zircon, apatite, pyrite, epidote, allanite, and sericite ....trace

Fine-grained, gneissoid granodiorite from just north of the village of
Enfield. Granoblastic.
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Quartz ........coiiiiiii... 259,

Microcline ...... et 5%

Oligoclase (An,;) «.vvvnnunnn 659

Biotite ............ ool 4%, olive green

Sphene, zircon, apatite, epidote. and allanite .................. trace

18. Fine-grained, gneissoid quartz diorite from near road, 214 miles west
of the village of Enfield Center (14 mile north of specimen 4).

Granoblastic.
Quartz .......ooiiiiiiiiian, 329,
Oligoclase (Anys) .......... 639%, zoned
Biotite ........ ..ol 5%, olive green, slightly chloritized
Magnetite, zircon, apatite, epidote, and sericite ................trace

19. Fine-grained, gneissoid quartz diorite from base of Moose Mountain,
3 miles north-northwest of the village of Enfield. Granoblastic to

schistose.
Quartz .......c.cciiiiiiiiannn 21%
Oligoclase-andesine (An,,) ..629%
Biotite ..........oooiiilll, 5%, olive green
Epidote ............ooallln 6%
Sphene, zircon, apatite, and pyrite ......... ..ol trace

20. Medium-grained, gneissoid quartz diorite from about 3¢ mile northwest
of the village of Canaan Center. Granoblastic, subporphyritic.

Quartz .........ciieiiian, 40%, a few granulated phenocrysts
Oligoclasg-andesine (An,,) ..56%

Biotite ......coiiiiiiiiin.. 29, olive green, somewhat chloritized
Hornblende ................. 1%, blue-green

Epidote .......... evessanons 1%

Sphene, apatite, allanite, and sericite ................. . ... trace

21. Fine-grained, gneissoid quartz diorite from the hill, 134 miles north of
the village of Canaan Center. Granoblastic.

Quartz .......ciiiiiiiiiiiens 459,

Oligoclase-andesine (An;,) ..53%, zoned

Biotite .....coiiiiiiiiiin . 2%, olive green, somewhat chloritized

Sphene, magnetite, zircon, apatite, epidote, allanite, mus-
covite, and sericite ......... .. .. i il iiiiiiieee, trace

SPECTROGRAPHIC ANALYSIS.

Preparation of Samples. Samples for spectrographic study
were prepared from hand specimen‘s, care being taken to
obtain representative material. These were crushed to about
20 mesh and the original 100 gram sample reduced to about
1.5 grams by the quartering method. These smaller samples
were then finely pulverized in an agate mortar and stored in
small glass phials until ready for use.

Method. The instrument used was the Bausch and Lomb
Large Littrow Quartz Spectrograph. Arc excitation of the
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powdered sample was employed at 220 volts D. C. with an
electrode gap of 2-3 millimeters. The slit width was adjusted
to about 0.03 millimeters and the positions used were numbers
3 and 5 giving ranges of 2900-4500A and 2500-83400A re-
spectively. The electrodes were made of National Carbon
Company’s specially pure 3/16-inch carbon rod, the cathodes
having a concave cup of about 5 millimeters depth, the anodes
having a convex surface about 5 millimeters high; both were
34-40 millimeters in length. An iron spectrum was placed at
the top of each plate for purposes of comparison, to be men-
tioned later. Each sample was exposed for 90 seconds. The
iron spectrum was produced by using spectroscopically pure
iron electrodes and exposing for 10 seconds.

Preliminary qualitative analysis was made by projecting
the plates upon a calibrated iron spectrum and master chart
bearing the more persistent lines of most of the elements
known. In this manner, lines on the plate could be identified
by comparison with those on the chart. The spectral ranges
employed did not contain usable lines of several elements that
would have been desirable for study, notable among which
are lithium and boron. Other desirable lines were either
obscured by sensitive lines of major elements, were too diffuse,
or were obscured by cyanogen bands. Some of these are rubid-
ium, cesium, rare earths, and a few of the heavier elements.

The densities of the various lines in the rock spectra were
then determined by use of the Gaertner densitometer. Since
the density of the lines varies logarithmically with the quan-
tity of elements present, it was possible to give to the qualita-
tive work a semi-quantitative aspect. Since no attempt was
made to prepare or examine standard mixtures of these minor
elements, it is not possible to assign an absolute percentage
value to any particular density; the density readings can be
considered as only relative. They can be used only for com-
paring an element in one sample with the same element in
another sample. It must be emphasized that no inter-com-
parison of elements can be made, as the sensitiveness of the
various elements varies widely.

Table I gives the minor elements detected in the samples,
together with the spectral lines found most satisfactory for
their identification. In the case of most of these elements two
or more lines were detected and their densities determined. In
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general, the denser lines were selected as the more satisfactory;
however, the relative densities were so similar that any one
line would "serve equally well as representing that element

TasrLe I.
Spectral Lines of the Minor Elements.

Element  Spectral Line or Lines in Angstroms

Be 2650.95

Sr 4215.52, 4967.92

Ba 4934.09

Ge 2740.43

Pb 2833.07

Ti 3088.3, 3385.95, 3387.84
Zr 3241.05, 2700.14

v 3053.38, 2962.78, 2943.20
Cr 3014.76, 3014.92

Mo 2816.15

Mn 2949.21, 2933.06

Ni 3064.63

Ru 2568.76

Rh 2703.72, 2671.04

Ir 2694.22, 2673.60

Pt 2646.89

cd 3252.55, 2712.6

Results of Spectrographic Analysis. Table II is a list of
the 21 specimens referred to in the previous sections and the
densities of lines given by certain minor elements contained
in the rocks. It seems preferable to use the letters A = absent,
L = light, M = medium, H = heavy, and VH = very heavy,
instead of referring to such quantitative terms as trace, small,
medium, large, etc. Nevertheless, the relative density of a
line is a rough measure of the relative quantity of an element
present in the specimen. It was not intended to identify all
the trace elements in these samples but rather to select only
those with more easily identifiable lines. Many elements are
difficult to identify because very few of their lines are suf-
ficiently intense to record photographically. Hence, absence
of an element from the table does not necessarily indicate its
absence from the sample. Again, it must be emphasized that
one can only quantitatively compare an element in one sample
with that same element in another. No intercomparison of
unlike elements can be made.
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TasLe II.

Spectographic Analyses of Rocks of the Mascoma Group,
New Hampshire.

Be Mg Sr Ba Cd Ge Pb Ti Zr V Cr Mo Mn Ni Ru Rh Ir Pt

Granite
1 M M H M MMMMMMMMMILMMMM
2 MMVH M MMMMMMMMMMMMMM
Quartz monzonite
S MMVH M MMM MMMMMMMMMMM
4 M M L M MHMMMMMMMAMMMM
5 MMVH M MMMMMMMMMMMMMM
6 M M L M MHHHMMMMMAMMMM
T MMVH M MMM MMMMMMMMMMM
Granodiorite
8 M M H M MM ML MMMMMILMMMM
9 M M L M MMML MMMMMAMMMM
10 M M H M MMMMMMMMHILMMMM
11 M M H M MMMMMMMMMMMMMM
12 M M H M MMM MMMMMMLMMMM
I3 MMVH M MMMMMMMMMMMMMM
14 H H L M H H H HMMMHHAHHHM
15 M M L M MMMMMMMMMAMMMM
16 M M L M MMMMMMMMMAMMMM
17 M M L M MMM MMMMMMAMMMM
Quartz diorite
18 M M L M MMMMMMMMMAMMMM
Yy MM VH M MM M H MMMMMMMMMM
20 M M H M MMMMMMMMMMMMMM
21 M M L M HMMMMMMMHAMMMM

Note: Density of spectographic lines is indicated by symbols:
A = absent, L = light, M = medium, H = heavy, and VH =very heavy.

TasLe III.

Major Elements in Granitic Rocks.

Element Group Valence Ionic Radius*
Si v 4 0.394
Al 11T 3 0.57
Fe VIII 3 0.67
Fe VIII 2 0.83
Mg II 2 0.78
Ca 11 2 1.06
Na I 1 0.98
K 1 1 1.33

% Values of ionic radii are taken from: Goldschmidt (1927).
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GEOCHEMICAL RELATIONS.

General Principles. Before considering the geological sig-
nificance of the spectographic results, it seems advisable to
consider briefly certain well established principles of crystal
chemistry and geochemistry insofar as they are concerned
with the distribution of minor elements in minerals and rocks.

A list of the major elements, excluding oxygen, found in
granitic rocks is given in Table IIT together with their group
numbers in the periodic system, their valences, and their ionic
radii. A similar listing is given in Table IV for the trace ele-
ments determined in the present study.

TasLE IV,
Minor Elements Identified in Rocks of the Mascoma Group.
Element Group Valence Ionic Radius*

Be 11 2 0344
Sr 1I 2 1.27
Ba 11 2 143
Ge v 4 0.44
Pb v 4 1.32
Ti IVB 4 0.64
Zr IVB 4 0.87
v VB 5 0.75

4 0.61
Cr VIB 3 0.65
Mo VIB 2 0.68
Mn VIIB 2 0.91
Ni VIII 2 0.78
Ru VIII 4 0.65
Rh VIII 4 0.65
Ir VIII 4 0.66
Pt VIII 4 0.55
Cd 1IB 2 1.03

* Values of ionic radii are taken from: Goldschmidt (1927).

The Si0O, tetrahedron is the fundamental unit of silicate
structures. This group consists of a small silicon atom sur-
rounded by four much larger oxygen atoms. The numerous
types of silicate structures are formed by different arrange-
ments of these fundamental units. Thus the SiO, groups may
form rings, chains, sheets, three dimensional networks, or exist
separately.

Within certain limits, as can be seen from their ionic radii,
trivalent aluminum may replace tetravalent silicon in the sili-
cates. In such a case, however, an unbalanced charge is left
and this is usually neutralized by the addition of a sodium or
potassium ion. The amount of substitution of aluminum for
silicon helps to explain the additional cations in a silicate,



Elements in Rocks of the Oliverian Magma Series. 611

because ions, other than sodium and potassium, may be taken
up to balance the charge difference.

In addition to the charge balance phenomenon between sili-
con and aluminum, other factors influence the minor element
content of a silicate. These include the substitution of one
element for another and various defect structure phenomena.
The most important is the substitution mechanism. It is gen-
erally recognized that the substituting and replaced ions must
have similar chemical, physical, and geometrical properties.
Generally ionic size is the most important factor, with ionic
type exhibiting a secondary influence. In some instances, the
chemical similarity acts as a stronger influencing factor than
do ionic radii. In the case of sodium and potassium this
phenomenon is illustrated by the frequent replacement of one
of these elements by the other. In this instance a considerable
difference in ionic radii is to be noted.

The Geochemistry of the Mascoma Group. Of the Group
II elements, beryllium, probably octahedral when in trace
amounts, is thought to replace octahedral magnesium. Barium
and strontium, with properties similar to those of calcium,
probably replace the latter. The similarity in ionic radii
between potassium and barium indicates that the latter may
replace the former. This relation has been observed in many
instances.

In Group IV, germanium is probably octahedral when pres-
ent in small amounts, resembling titanium more than silicon.
One school of thought believes that germanium replaces ferric
iron and does not enter into the silica tetrahedra. Lead may
replace potassium according to ionic radii considerations and
this replacement has been observed.

Titanium and zirconium, of the Group IVb elements, are
present. It is now generally considered that these elements
replace ferric iron instead of silicon as formerly believed.
It is interesting to note the marked difference in ionic radii
of titanium and zirconium as compared with silicon.

Vanadium is known to replace ferric iron in many instances
and this is the most likely explanation of its presence in these
rocks. Chromium and molybdenum are also found accompany-
ing ferric iron and, hence, they probably also replace ferric
ions.

Manganese, nickel, magnesium, and ferrous iron are all inter-
changeable. Hence, manganese and nickel are believed to sub-
stitute for magnesium and ferrous iron.
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The platinum metals (Ru, Rh, Ir, and Pt) are in the same
periodic group and have ionic radii comparable with ferric
iron; hence, it is probable that they have replaced the latter.

The relation of cadmium in these minerals is questionable,
and the writers prefer not to advance an opinion.

The probable relations between the various elements present
in the rocks of the Mascoma group are summarized in
Table V.

TaBLE V.
Replacement Agents.
Displaced element Replacing element
K Ba
Ca Sr, Ba
Mg Be, Mn, Ni
Fe (ferrous) Mn, Ni
Fe (ferric) V, Cr. Mo, Ru, Rh, Ir, Pt, Ge, Ti, Zr
Si Al
(?) Cd

From these relationships, it seems logical to assume that
the trace elements may be localized in the more abundant
minerals as follows:

1) barjum replacing potassium in microcline; 2) barium and stron-
tium replacing calcium in oligoclase; 8) the trace elements replac-
ing magnesium and iron may concentrate principally in biotite.
Perhaps most of the zirconium is confined to zircon, much of the
titanium to sphene, and possibly some of the other minor constituent
minerals carry small amounts of the trace elements.

CONCLUSIONS.

A study of Table II reveals a marked uniformity in the
intensity of any one line, save for strontium, among the vari-
ous samples, indicating a similar uniformity in the quantity
of the elements represented by that line. There are no marked
qualitative differences between samples. The variation within
petrographic types is as great as any variation between them.
There are, for example, no outstanding differences between
the quartz monzonites and quartz diorites. As far as trace
elements are concerned, therefore, the whole Mascoma group
is remarkably uniform. Any differences are insufficient to
indicate reliably types within, or subdivisions of, the group
itself.

Strontium is the only element shown to be extremely vari-
able. In general, it is more abundant in the rocks richer in
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potash feldspar, but there are several exceptions to this.
Barium is remarkably uniform. The variation in iridium, as
shown by the Gaertner densitometer readings, is very con-
sistent with that of platinum and the same may be said of
ruthenium and rhodium. This would be expected from the
chemical similarity of these metals (platinum group).

These spectographic data, therefore, check well with the
petrographic studies. The petrographic types of the Mas-
coma group are not in themselves very different; the micro-
cline content is the major variable. This marked petrographic
similarity may be noted from the detailed description of the
specimens already given.

The senior writer (Chapman, 1939, p. 166-70) has pre-
viously suggested that the rocks of the Mascoma group were
derived from a potash-poor granodiorite magma which assimi-
lated small amounts of Ammonoosuc volcanics locally.
From this slightly heterogeneous magma were crystallized the
quartz diorite border facies and the granodiorite core. At
some later date, potash-rich solutions were introduced to
develop microcline, thereby changing some of the solid gran-
odiorite and quartz diorite to the quartz monzonite and gran-
ite (Fig. 3). Such an interpretation, which was developed as
a result of petrographic studies, seems quite in harmony with
the results of the spectrographic analyses.
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