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For their rock is not as our rock; even our ene-
mies themselves being judges.—Deut. xxxii: 31.

PREFACE.

The present paper is a revised and enlarged edition of
Professional Paper 14,' published by the United States
Geological Survey in 1903. In the 13 years that have
elapsed since that paper was published there has been
very noteworthy progress in the chemical analysis of
igneous rocks. This progress is evidént in the greatly
increased number of analyses here tabulated, more
than twice as many having been published between
1901 and 1913, inclusive, a period of 13 years, as. were
published between 1884 and 1900, inclusive, a period
of 17 years. It is also evident in the improved
quality of the analytical work, and one may venture
to think that the publication of Professional Papers
14 and 282 encouraged and to some extent brought
about this improvement. .

The betterment in quality is manifested both in the
greater proportion of more accurate analyses and the
more frequent determination of the minor constitu-
ents; but even now our knowledge of the occurrence
* of the rarer elements in igneous rocks is sadly deficient
for many countries in which the rock analysts, though
doing active and accurate work, have failed to deter-
mine most of the minor constituents.

The present collection embraces the years from 1884
to 1913, both inclusive. With very few exceptions all
the analyses published in Professional Paper 14 are re-
produced here, for that paper is now out of print and
may be inaccessible to many.

Further search of the literature has yielded a con-
siderable number of additional analyses that were
published within the time limits of the first collection
but which were omitted from it. Several sets of anal-
yses published prior to 1884 have also been.included
because they seemed to be of special importance or
because they were not incorporated in Roth’s Tabel-
len, covered by Professional Paper 28. Among these
may be mentioned Hawes’s analyses of -the rocks of
New England and New Jersey, and analyses of rocks
of the West Indies and of Sumatra, published, respec-
tively, by Cleve and Verbeek. Although the end of
1913 was fixed on as the final date to which the work
should be brought, yet a number of analyses published

1 Washington, I. 8., Chemical analyses of igneous rocks published from 1884 to
1000, with a critical (]lScuSSlOlJ of the character and use of analyses: U. 8. Geol.
Sur\ oy Prof. Paper 14, 1903.

3 Washington, H. S., The superior analyses of igneous rocks from Roth’s Tabellen
1869 to 1884, arranged accordmg to the qu:mtxtz\tive systemn of classification: U. S
Gool. Survey Prof. Paper 28, 1004

“seemed to be advisable to include.

subsequently have been included. These embrace
many which were contributed prior to publication by
generous friends and which have appeared since,
as well as a few which, for one or another reason, it
Professional Paper
14 embraced 2,881 analyses, and this paper embraces-
8,602 mcludmg, as has been said, practically all those
in Professmnal Paper 14 but not those from Roth’s
Tabellen,. published in Professional Paper 28,

The collection is confined to analyses of igneous
rocks, though it includes some analyses of ortho~
gneisses. D1 Paul Niggli, of the University of Leip-
zig, is engaged, I undcrstand in the compilation of the
analyses of metamorphic 1ocks a work which will be
of great benefit to the student of these, for the most
extensive collection of the analyses of thcse rocks so
far available has been the selection published by
Grubenmann.® The analyses of meteorites have been
recently collected by Farrington,* who has classified
the stony meteorites according to the quantitative
system. He has also recently published ° a complete
collection "of descriptions and analyses of North
American meteorites to January 1,1909. In this con-
nection may be 'mcntioned the collection of analyses
of meteorites and of some terrestrial peridotites pub-
lished by Wadsworth.®

An aim kept constantly in mind has been to make
the present collection as complete and accurate as
possible and, in a sense, definitive. The search
through the literature has therefore been very exten-

.sive, systematic, and thorough, the serial publications

examined having extended from 1883 to the final
date. Its extent may be gathered from the “List of
publications examined,” which is ‘to bé found on
pages 38-44. In this search the extremely complete
Library of the United States Geological Survey served
as a basis and was examined very thoroughly. In this
connection I take pleasure in expressing my thanks
to Miss Julia L. V. McCord, librarian, and to the other
officials of the library for their many courtesies and
their friendly assistance. The libraries of . Yale and
Columbia Universities, of the Museum of Natural
History in New York, and of the United States

=Grubenmann Ulﬁch Die krystallinen Schiefer, Berlin, 1910.

4 Farrington, O. C., Field Columbian Mus. Pub. 120, 1907; Pub. 151, 1911

6 Jdem, Nat. Acad. Sc1 Mem., xiii, 1915.
6 Wadsworth, M. E., Lithological studies, Cambndge Mass 1884,

5




6 : PREFACE,

National Museum have also been examined, to the -

officials of which I also extend my thanks.

I have also availed myself of Prof. A. Osann’s
valuable collections of analyses,! from which I have
taken a number that had escaped my notice. The
many analyses and the bibliography given by Iddings
in volume 2 of his Igneous Rocks (1913) have also
been collated. A collection of analyses of Swiss rocks
from 1900 to 1915 ? reached me too late for collation
with my collection. The same is true of a set of
analyses of Queensland rocks.®> The authors of both
were so kind as to send me many of the analyses prior
to publication.

Through the kindness of F. W. Clarke, chief chemist,
the records of the chemical laboratory of the United

States Geological Survey were placed at my disposal, -

and the numerous analyses there recorded up to
January 31,1914, are included here. I would express
my sincere appreciation of the courtesy of Mr. Clarke
and the many geologists of the Survey, for whom the
analyses were made, in thus making available; much
of it prior to publication, a great amount of most
valuable material.

It is also a pleasure to acknowledge my great in-

debtedness to many friends and fellow petrologists .

who have been so kind as to contribute analyses
prior to publication and whose great generosity is
deeply appreciated. Among these may be specially
mentioned Prof. A. Lacroix; Dr. K. Inouye, director
of the Geological Survey of Japan; Prof. U. Gruben-
mann, and the Geological Survey of Switzerland; Mr.
J. J. H. Teall, e~(~d1rcct01 and Mr. A. Strahan, dlrectm
of the Geologlcal Survey of Great Britain; Mr R. D.
Brock, director, and other geologists of the Geological
Survey of Canada; Drs. G. W. Card, W. N. Benson,
J. W. E. David, H.-C. Richards, and W. H. Twelve-
trees, of the Australian Geological Surveys; Dr. P. G.
Morgan, director of the New Zealand Geological
Survey; and Drs. F. D. Adams, Florence Bascom,
C. H. Clapp, H. P. Cushing, E. Gourdon, J. B. Harri-
son, J. P. Iddings, G. Kalb, J. F. Kemp, S. Kozu,
G. P. Merrill, L. Milch, E." W. Morley, P. Niggli,
Quensel, G. W. Tyrrell and T. L. Watbon The
many valuable analyses contributed by these and
others have added much to the completeness of the
present collection. - A number of hitherto unpubhshed
analyses made by me are also included.

Considerable changes, both additions and omissions
have been made in the text. The additions consist
in the incorporation of new matter and the expansion
of the old. The oinissions include considerable matter
relative to the quantitative system, which is now so

1 Osann, A., Beitriige zur chemischen Petrographie; Teil 2, Stuttgart, 1905;
Teil 3, (1), Lelpzxg, 1914.

2 Grubenmann and Hezner, Viertjhsch. Nf. Ges. Zur., LXI, pp. 100—203 1916

3Richards, H. C., Pr. R. Soc. Qld., XXVII, p. 105, 1916

- magmatic names.

well known that the discussions were considered
needless. The section on the ‘“Calculation of center
points”’ has also been omitted. Greatly to my- regret,

| the entire discussions of the distribution of magmas

and the average rock have had to be omitted, as it
was found to be quite impossible, with the time at my
disposal to work up the vast mass of data so as to
arrive at a satisfactory and adequately complete
treatment. Both of these topics are to form the sub-
jects of separate publications. '

In the tables the separate columns for CO, and BaO
are omitted and one for the magmatic symbols in the
quantitative classification is inserted. These symbols
will be found very useful (more so than the systematic
names), after a little experience with them, in giving
a concise idea of the chemical character of a rock and
its relations to ethers. These symbols are also used
for the page headings, instead of the magmatic names
used in Professional Paper 14.

All the norms of the analyses given in Professional

- Paper 14 have been recalculated. -Indeed I have

recalculated personally all published norms, to insure
their uniformity and to verify or correct them. In
this connection I would express my thanks to Dr.
H. H. Robinson, who some years -ago very kindly
calculated for me many norms, which, however, were
not used because I subsequently decided to calculate
every norm myself. . It can not be hoped that all
analyses have been collected or all errors avoided in
the present compilation. The list of errata on page
67 of Professional Paper No. 28 is sufficient evidence
that such a hope is vain* My attention was called to
several such errors, both of omission and commission,
by friendly critics, and I trust that the same interest
will be shown in regard to the present collection. I -
would also deeply appreciate the contribution of

‘papers embodying further analytical data, especially

inaugural dissertations and other difficultly accessible
literature, for incorporation in supplements which it is

“hoped to issue in the future.

‘To my friends Whitman Cross and Joseph P.
Iddings I am deeply indebted for much helpful crisi-
cism andadvice, especially in the selection of the
I must also express my thanks to
Prof. M. Kawamura, of Kiushiu University, Japan, for
his great assistance in reading much of the proof.

I would express my sense of deep obligation to Dr.
Arthur L. Day, director of the Geophysmal Laboratory
of the Carnegie Institution of Washington, for his great
liberality and kindness in allowing me to devote a very
large part of my time during the last four years at

‘this laboratory to the prosecution of the present work
and in permitting its publication by the Geological

4To eliminate one source of error every analysis in Part I has been compared by
me or by Dr. Kawamura in the proof with the card on which it was collected, not
with the manuscript.
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Survey. Indeed, had it not been for the opportunity
thus generously given, the completion of the work
would have been impossible.

- Finally, I would add a personal word of appreciation
of the care and accuracy shown by the editorial staff
of the Survey, and especially of the work of the com-

positors of the Government Printing Office in setting |

up.this exceptionally difficult manuseript. Up to No.
140 of IIL. 5. 4. 4, page 656, a count was kept of the

errors in the figures, some of which were unquestion-
ably my own in writing the manuscript. From the
beginning of the tables to this point the proof sheets
show only 79 errors in about 350,000 digits, and in the
corresponding norms 47 errors in about 130,000 digits.
H.S. W.
GEOPHYSICAL LABORATORY,
CarNEGIE INsTITUTION OF WASHINGION,
November 30, 1916. '






CHEMICAL ANALYSES OF IGNEOUS ROCKS.

By H. S.‘ WASHINGTON.

THE IMPORTANCE OF ROCK ANALYSES.

In the first two or three decades of the nineteenth
century, when the study of rocks as such was being
differentiated from that of minerals and of rock ter-
ranes—that is, when the science of petrography was in
its infancy, little attention was paid to their chemical
features. Itis true that a number had been analyzed,
but most of these were of such a character as to lead
the investigator of those early days to consider them
minerals, as was the case with the first described
lherzolite and wehrlite.
defined minerals, rocks were regarded as merely aggre-
gates of minerals, occurring in presumably fortuitous
combinations, and lacking that definiteness or constancy
of composition in one mass or in different masses which
would justify their chemical study.as a whole.
however, they became more and more the subjects of
special research, beginning with the earliest investiga-
tions of Cordier,' a knowledge of their chemical compo-
sition assumed gradually increasing interest. The

great importance of this side of the study of rocks was.

first clearly recognized by Abich,? who pointed out, as
early as 1841, the necessity of a knowledge of their
chemical composition for the solution of such prob-
lems as their origin, mode of formation, and connection
with the interior of the earth, as well as the value of a
comparison of their analyses as a proper basis for their
classification and nomenclature. To him, therefore,
is due the credit of introducing the chemical compo-
sition of rocks as a basis for their classification; though
the good influence of this suggestion for their right
understanding was largely nullified by the coincident
use of the feldspars alone as one of the main factors of
classification,®. an idea which has had a deplorably
retarding influence on the development of systematic
petxrogfnphy for many years, and which even now
holds many systematists firmly in its grasp.

For about 30 years after Abich’s publication chem-
ical analyses occupied a prominent position in petro-
graphical discussions, being employed largely for the
purpose of determining the probable mineral compo-
sition of rocks. Abich, in the work just cited, had
&doptcd as a means to this end the ratio of the oxygen

' Cf. Cross, Whitman, Jour. Geology, vol. 5, p. 352, 1902.
* Abich, H., Natur der vulkanische Bildungen, p. 5, Braunschweig, 1841.
3 Cross, Whitman, op. cit., p. 362. .

In contradistinction to well-.

As,.

of the bases to that of the silica, and was thus enabled
to calculate approximately their mineral composition,
as Rammelsberg and others did later.

A modification of this method, known as the  Oxy-
gen-ratio” (Sauerstoffquotient), was introduced by
Bischof,* and was long employed for the correlation of
rock analyses and for the investigation of the question
whether or not the various oxides were present in rocks
in stoichiometric proportions. This ratio for any given
rock is obtained by dividing the amount of the oxygen
in all the bases by that in the silica, and was supposed
to be characteristic of different broad groups. This
supposition was eventually found to be unwarranted,
as rocks of very diverse chemical or mineralogical
characters were shown to have the same or similar
oxygen-ratios. It‘is noteworthy that, although Roth

| himself pointed out this and other.grave objections to

the use of this ratio,® he gives it in connection with the
separate analyses in all his tables—even in the last one, -
published in 1884. He justifies this by saying ® that

‘it is done “only in the absence of a better means of

comparison, as well as to make it possible to compare
the older and newer analyses.”

- It was also shown by Roth and others that rocks
could not be referred to simple chemical formula; in
other words, that the oxides were not present in stoi-
chiometric proportions. This, indeed, is one of the
most important results arrived at by Roth from his
study of the analyses collected by him and first pub-,
lished in 1861.

Soon after Bischof’s suggestion of an oxygen ratio
there appeared” Bunsen’s well-known hypothesis of the
formation of igneous rocks by the mixture of two sup-
posed original magmas-—the “normal trachytic’” and
the ‘“normal pyroxenic.””® For the application or the
discussion of this hypothesis, analyses were, of course,
all important. Founded, as the hypothesis was, on
insufficient data, it had to yield to the evidence fur-
nished by the many analyses to which it gave rise.

"With the abandonment of this view of the genesis
of igneous rocks, and because of the coincident intro-

4 Bischof, Gi., Lehrb. chemischen and physicalischen Geologie, vol. 2, p. 631, 1849.

s Roth, J., Gesteins-Analysen, Berlin, p. 10, 1861.

6 Roth, J., Beitriige Petrographie pluton. Gesteine, p. 87, 1869.

7Bnnsen, R., Pogg. Ann., vol. 83, p. 197, 1851.

8 These terms are 1ll-chocen becauseof their incongruity. It would be more fitting
to contrast ‘basaltic’” with “trachytic,” or else “’feldspathic’ with “pyroxenic."”

9



10 : CHEMICAL ANALYSES OF IGNEOUS ROCKS.

"duction of the microscope in the early seventies,
analyses lost much of their importance. Though they

- were still published, it is evident that they were, as a

rule, inserted perfunctorily in petrographical writings,
in obedience to custom, as ornamental embellishments.
Little or no stress was laid on them, and the efforts of
" the petrographer were devoted chiefly to the elucida-

tion of the purely mineralogical and textural characters
- of the rocks described.

The microscope poured a flood of light upon the
mineralogical composition as well as on the texture of
rocks and rendered easy and certain of -attainment
results which by the older methods, based on analysis,
had been attained only with difficulty or not at all.
At the same time the collapse of Bunsen’s hypothesis
left for the time being no general theory of rock forma-
tion and genesis in its place, Durocher’s liquation
hypothesis ! and Roth’s first suggestion of differen-
tiation 2 attracting little attention. Petrographers
were too busy collecting and assimilating the vast
mass of facts discovered through the microscope to
be able to devote much of their energies to theoretical
studies.

With the opening of the last decade of the nine-
teenth century, however, there arose an interest in
theoretical petrology in contradistinction to descrip-
tive petrography, which had prevailed since 1870.
This was started by the work of Lagorio, Teall,
Rosenbusch, Brogger, Iddings, and others, and
since that time analyses have occupied a more and
more prominent place in petrological discussions.
They are no longer ornamental adjuncts, but essential
parts of most petrographical publications, on which
much of the discussion hangs, and from which the
most important conclusions are drawn. The crys-

. tallographic and optical properties of the constituent
minerals and the details of texture are no longer the
main subjects of investigation, but are finding their
place with the chemistry of rocks and the broad and
far—reachlng phys1co chemical studies based on this.
The mlcroscope is sharing the throne with the balance.

It is coming to be recognized by petrologists in.

general that the study of igneous rocks is in large part
the study of silicate solutions and their equilibria,
often complicated by the presence. of volatile com-
_ponents, and is thus to be regarded as essentially a
special branch of physical chemistry. It is true that
some of the conditions under which they are formed

in nature are not yet reproducible with the pres-

ent laboratory facilities and, that the solutions
involved are of great complexity, but these difficulties
may be and are gradually being overcome, so that it
would seem that the study of rocks is now being
placed on its proper and sure basis. For this rock
analyses are all-important—indeed, indispensable.

! Durochér, J., Ann. des Mines, vol. 11, p. 217, 1857.
2 Roth, J., Gesteins-Analysen, p. xix, 1861.

THE CHARACTER OF ROCK ANALYSES.
GENERAL CONSIDERATIONS.

With the growing interest in rock analyses it is of
the utmost importance that they be used intelligently,
not only in their application to theoretical discussions,
but, which is of especial interest here, with- a just
appreciation of their character and applicability to

| the purpose in view. It is a somewhat surprising

and, it must-be said, a rather saddenlng fact that the
crltlcal judgment of petrographers in general as re-
gards rock analyses often seems to be in abcyancc or
wholly lacking. Though there-has been in recent
years a marked improvement in this respect, yet
there is still among them now, as there seems
always to have been, a. tendency to place implicit
confidence in- the results of analytical work—to accept
readily whatever figures the analyst may furnish,
with seldom an attempt at a critical estimate of
the worth of the analysis or a comparison of it
with the chemical character of the rock itself as re-
vealed by microscopic study. It seems to be taken
for granted by most petrographers that the analyst,
like the proverbial king, can do no wrong: This as-
sumption applies, of course, not to the personal good
faith of the analyst, but to the analytical processes,

“which, possibly because they belong to one of the

exact sciences, are for the most part tacitly assumed
by the petrographer to be infallible. It is noteworthy
that this attitude of mind obtains, not only among
beginners, but among the foremost workers in the
science. There are, it is true, many examples of the
application of . expressed  criteria’ in the selection of
analyses in well-known papers, especially in recent
years, but in all these examples the criteria applied are
few and quite inadequate to the purpose, being con-
fined, for the most part, to the freshness of the rock.
Comparatively few petrographers seem ' to recognize
the difficulties and uncertainties of analytical work
or to. display any practical acquaintance with its
methods.

Tt goes without saymg that this way of 1ega1dmg
analyses is'totally at variance with the best interests
of the science. Analyses constitute the basis of much
of the investigations and discussions with which
petrographers and petrologists must occupy them-
selves, and it is surely not the part of wisdom to erect
elaborate structures on foundations of whose stability
and careful workmanship one is not assured. Time

-and labor will be saved in the end, and the superstruc--

ture, however well built in itself, will have a far better
chance of withstanding the ravages of time and the
attacks of critics if all the rotten and unsound blocks
in its foundation are removed and only the best and
strongest material is retained.

A consequence of this unquestioning confidence in

the results of analytical work.is that it is frequently
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intrusted to a student in chemistry, one with little or
no experience in the analysis of rocks and with no
appreciation of the complexities and difficulties in-

herent in this department of quantitative analysis. .

That the results furnished by such inexperienced and
to this extent incompetent analysts should be received
with the greatest caution is a truism to anyone
acquainted by actual experience with ‘the difficulties
and’ complexities of rock analysis. But Hillebrand *
and Pirsson 2 have expressed so clearly and concisely
- the views which I hold that I can do no better than
refer to them. It is certainly remarkable and signifi-
cant that in petrography the most difficult and intri-

cate work is intrusted to novices, and that their re-

sults are accepted by nearly all with the same confi-
dence that is given to the work of an experienced
‘analyst.

This general laxity among petrographers as regards
the quality of rock analyses is only too painfully evi-
dent in the present collection. There is an astonish-
ingly large proportion of poor work, much of it of such
a character that it would seem that even a tyro would
reject the analyses as hopelessly inadequate for use.
Analyses are given with summations over 105 or below
96. Some analyses of leucite-basanite show alkalies
so low that 10 or more per cent of quartz must be

present, even though in the calculation all the potash ‘

- is assigned to orthoclase and all the soda to albite.
Some a.nalyses of rocks rich in olivine show 30 per
cent of alumina and only small amounts of ferrous
oxide and magnesia. In certain analyses of alkalic
rocks the alkalies have not been separately deter-
mined. Rocks with abundant eegirite contain no fer-
ric oxide, and some with sodalite contain no chlorine,
to judge from the figures furnished.

Lagorio’s long, elaborate, and classical discussion
of rock magmas and the relations of phenocrysts and

groundmass is based on numerous analyses, of which

scarcely any havebeen judged by me to be of “ superior”
quality, so that very few of them appear in Part I of
these tables. Vogt’s well-known discussion of eutec-
tics centers la,rvely around five analyses of graphic
granites in which only five constituents are deter-
mined and which must be relegated to the inferior
analyses of these tables.

The chief reason for this low standard of criticism

on the part of petrographers as regards analysts and
analyses would seem to be that, while all of them are
necessarily conversant with chemistry from the theo-
retical side, few have knowledge of the theory of quan-
titative analysis or experience in its methods. The

- fact is not generally recognized that the complete and -

adequate analysis of an igneous rock is one of the
most complex and in some respects one of the diffi-
cult problems of analytical science, demanding not

1 Hillebrand, W. F., U. 8. Geol. Survey Bull. 148, p. 16, 1897. )
- % Pirsson, I.. V., U. 8. Geol. Survey Twentieth Ann. Rept., pt. 3, p. 578, 1900.

only chemical knowledge and ‘manipulative skill, but
often the exercise of considerable judgment derived
from experience in solving the perplexing problems
which may present themselves.? :

In view of the prescnt greatly increased i 1mp01 tance
of chemical analyses in petrography, it can justly be
insisted that the ability to make an accurate and
complete chemical analysis of an igneous rock should
form an essential part of the training and equipment
of every petrographer, for by such knowledge one
can best judge the true value of an analysis, see where
errors have possibly crept in, and discriminate be-
tween what is good and worthy of use and what is bad
and to be rejected.

In view of this state of affairs it will be pertinent
to discuss at some length the essentials of a good

- analysis, the theoretical and practical criteria by

which ‘analyses may be judged, and, in a rough way,
to estimate the weight which may be g1ven to any
analysis in theoretlca.l discussions.

REPRESENTATIVENESS.

CHARACTER OF THE ROCK MASS.

An analysis of an igneous rock is of value in direct
ratio as it fulfills three conditions—that the specimen
analyzed is representative of the rock mass, and that
the analysis itself is accurate and complete in its
determination of the constituents present. We may
consider these three factors in the order stated.

The representative character of the specimen de-
pends partly on the character of the rock mass and
partly on the amount of material taken. If the mass
is uniform or if a single uniform facies is the object of
investigation: two courses of procedure are possible.
A single representative specimen from one locality
may be selected for analysis, or pieces of several speci-
mens collected from different parts of the mass may
be taken, pulverized, and mixed, and the analysis
made of this mixture. The course last described
labors under the disadvantages that the analysis can
not be checked by analyses made by others, and that
uncertainty will always exist whether the mixture of
several specimens really represents the composition
of the whole better than does a single specimen.

~ Generally it is by far the best plan to select a defi-
nite locality, preferably one that can be identified later
and that is not likely to become inaccessible through
building or other operations, the rock from which can

- be considered representative of the whole mass, and

make the analysis of a specimen from this.

If there should be doubt as to the general uniform-
ity of the whole mass, it is better to take samples
from different parts, even if this procedure should -
involve considerably more analytical work, for a much
more detailed knowledge will thus be gained, and

3Cf. Hillebrand, W. ¥., op. cit., p. 16.
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important features which may otherwise be over-
looked may be rendered evident. '

In making analyses of a heterogeneous mass, such as
a stock or dike with marginal facies, it is hkevnse al-
ways the wisest plan to have separate analyses made
of the different facies, even if the determination of the
character of the mass as a whole is the only object.in
view.

The decision as to the representatwe character of
the specimen selected must. be left to the collector,
and it would seem natural that a petrographer who
had the analysis of a rock in view and who thought
its analysis might be of value would carefully con-
sider this question in the field and select his material
accordingly. The evidence is concluswe however,
that many specimens analyzed have been collccted
with no reference to-this point, a fact that has greatly
diminished the value of the analytical work after-
ward expended on them.,

In connection with this subject the question natur-
ally arises whether rock masses are indeed so uniform
in character that any single specimen will truly repre-
sent the whole, and whether specimens from different
parts of an apparently uniform mass, even if taken close
together, may not differ widely in composition. A
full treatment of this fundamentally important topic
is impossible here, but the outcome of such a discus-
sion would be tha‘o though differences may be found
in modally or normatively (but not texturally) eutaxi-
tic or schlieric masses, yet a rock mass which is mega-
scopically and microscopically uniform will generally
furnish specimens that, if examined by two or more
‘competent analysts and by reliable methods, will
yield results that are practically identical. In other
words, in the terms of the new classification, they
Would fall in the same subrdng, or very close to.the
same border lines. :

No investigation appears to have been made espe-
cially to decide this point, but the present collection
furnishes a number of examples that sustain the con-
clusion just stated. Among them may be mentioned
the analyses of the Butte quartz monzonite, (No. 5,
I. 4. 3. 3 and Nos. 6, 7, 8, IL. 4. 3. 3), the phonolite of
the Black Hills (Nos. 10 and 11, I. 6. 1. 4), the essexite
of Salem Neck (Nos. 4 and 5, II. 6. 2. 4), the kerato-
phyre of Marblehead Neck (Nos. 20 and 21, I. 4. 1.

3), the leucite banakite of the Yellowstone Park |

(Nos. 10 and 11, II. 5. 3. 3), and the Quincy grfznite
- (Nos. 28 and 29, L. 4. 1. 3).

The -specimens should, of course, be taken from
fresh, unaltered rock,for only such specimens represent
the chemical character of the magma. Insome places,
however, absolutely fresh material is not to be had;
. but if there is more than a very slight degree of altera-
tion an elaborate analysis is not necessary. We can
hope to obtain from an analysis of such a rock but a

general idea of its magmatlc character, and, though the
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main constituents should be determined with accuracy,
it will scarcely be worth while to determine the minor
constituents except for special purposes, as for the
study of rock weathering. If the alteration is slight
the proportions of the main oxides will not be much

- changed, but those of the minoroxideswill be relatively

much more so.
) "b

AMOUNT OF MATERIAL.

The amount of material that will adequately repre-
sent the rock mass is a matter that deserves the careful
consideration of the petrographer and the analyst.

TFor actual analysis at least 10 grams of pulverized rock

should be available, but, in view of the possibility of
the redetermination of some or all of the constituents’
or the determination of some for which large portions
are needed, it is well to have 20 or 30 grams.! No
definite rule can be laid down as to the amount that
should be taken, which-depends on the granularity of
the rock and whether it be porphyritic or not. Foran
analysis of fine or medium-grained, aphanitic or glassy
rocks, which are not porphyritic or are only finely so,
a few chips, amounting to 30 or 40 grams, will be quite
sufficient. Of coarse-grained rocks, or those that are
coarsely porphyritic, much more ‘will be needed, the
amount being dependent on the coarseness of the grain.

. For nearly all ordinarily coarse-grained rocks, or those

in which the phenocrysts are less than an inch in
diameter, an ordinary small hand specimen, or even
a smaller fragment, will be quite sufficient, the size
being determined by the judgment of the petroorapher
If the rock is abnormally coarse, as are some pegma-
tites and nephelite syenites, much niore must be taken,
perhaps several pounds. At a few places a large rock
surface must be measured to determine the relatlve
amounts of the various minerals, and proportionate
amounts of these must be taken and mixed for analysis.
This last condition, fortunately, is of rare occurrence,
and an analysis made of such material must be re-
garded as only approximate at best.

If more than 50 grams or so of material is used it
is not necessary to pulverize the whole, for a sample
may be obtained by making successive crushings and
quartering, as in assay work. Care must be taken to
do this properly and systematically, according to
methods described in any work on assaying.

It should be noted that the whole of the small
amount of chips or sample obtained by quartering
must be pulverized and used for analysis. The rock-

‘making minerals differ so greatly in brittleness that

if only a portion of the sample be pulverized it will

"not represent the true average composition, for the

more brittle minerals, such as quartz and the feld-
spars, will be reduced to powder first, while the

tougher ones, as hornblende, pyroxene, and mica, will

-1Cf. Hillebrand, W. F., U. 8. Geol. Survey Bull. 148, p.23,1897.
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need more crushing and grinding. -If, therefore, the
last portions, which do not pass easily through the
silk sieve, are rejected, the analysis will' show a
slightly more salic composition than exists in fact.

On the other hand, owing to the same fact, the fine
dust lost during the operations of crushing, sifting,
and grinding will be composed chiefly of salic min-
erals, so that, strictly speaking, all rock analyses show

a somcwhnt more femic composmon than they should '

though the err or must be very slight.!
MICROSCOPICAL EXAMINATION.

A microscopical examination of the rock in thin
section should always precede the chemical analysis.
This examination will not only reveal clearly the
general composition and freshness of the rock, but
may indicate its minor constituents, such as zirconia,
sulphur trioxide, and chlorine.

The petrographer can thus indicate to the analyst
the minor constituents to be estimated and those for
which it is not worth while to Jook. Some of the
main analytical processes may also be modified and
shortened by a knowledge of the general character of
the rock. Useless labor may thus be saved to the
careful and thorough but nonpetrographical -analyst,
who, in the absence of such indications and in the
conscientious endeavor to have his analysis complete,
may spend much time looking for constituents that
are absent, or present in only insignificant amounts.

ACCURACY.
DETERMINING FACTORS.

Assuming that the sample analyzed is representa-
tive of the rock mass, the degree of correspondence

between the figures yielded by the analysis and the .

true composition of the rock is dependent on two
factors—the accuracy of the analysis and the degree
of its complctcncss

By accuracy is meant the degree of precision with
which the constituents sought f01 have been deter-
mined, quite apart from the fact whether all those
prese.nt have or have not been determined or sepa-
rated one from another.
which may be discussed apart from its completeness,
depends on the personal ability of the analyst to make
analysis, on the reliability and adequacy of the meth-

ods employed, and on the quahty of the reagents and .

apparatus used.

. The factor. of the analyst has alres. dy been touched
on in speaking of the practice of intrusting rock
analyses to students, and the obvious truth that

1 Tho only instance known to me where this has been especially invesfigated is
that in 8. Zaleski’sstudy of the amount of quartz in granites (Tschermak’s Mineral.
Mittheil., vol. 14, p. 350, 1895). Ie shows by.determinations of silica that the
dust produced in the pulverization of granites is notably richer in feldspar rela-
tively to quartz and dark minerals than the coarser portion of the powder. -

PR
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the personal factor is a most important one in the
making of analyses.need only be stated here. Thus
the work of a trained and experienced chemist will
presumably be of far higher character than that of
a beginner publishing his first analysis in .an inau-
gural dissertation or that of a student in chemistry
to whom the analysis of a rock has been given for -
practice. It is true that the man of experience may
not be a good analyst, or that he may be hampered
by bad methods or poor.reagents, and, conversely,
the work of the beginner may be, and often is, of
very good quality; but the fact remains that the
work of the tyro will not carry the weight of that of
the expert in the absence of confirmation of its char-
acter by other evidence.

The employment of reliable and accurate methods
is of course essential to good analytical work. As

‘this paper, however, is not intended to be a treatise -

on the analysis of rocks, the matter can be only
briefly touched on for the especial purpose of point-
ing out to the nonanalytical petrographer some of

‘the more common pitfalls that beset the path of him

who undertakes the ana.ly51s of rocks.

In view of the wide experience of the chémists of the
United States Geological Survey, and the uniformly
high standard of excellence shown by their work, it
may be recommended that the methods adopted by
them ? should be employed whenever possible, at least
until improvements on them, or better methods, shall -

"have been devised. Too hlgh commendation can

hardly be bestowed on their analyses, especially the
later ones, which stand in a class apart from almost

| all others, as a study of the material here collected

will render evident.
POSSIBLE ERRORS.

The fact must not be lost sight of by petrographers
unacquainted with quantitative a,na,]yms that in cer-
tain portions of the processes there is liability to
serious error, due either to inherent defects in the
method or to the necessity for special care in manipu-
lation, such care as can be exercised only by a careful
and experienced analyst. The most prominent of
these sources of error will be briefly stated.

-Liability to error attends the determination not
only of the minor constituents, which is generally of
comparatively small moment, but unfortunately that
of most of the main and important chemical constit-
uents, where it becomes a matter of great importance.
The determinations which will be discussed are those
of silica, alumina, ferric and ferrous oxides, magnesia,
lime, soda, potash, titanium dioxide, phosphorus pent-
oxide, and manganous oxide.

2Cf. Hillebrand, W. F., U. 8. Geol. Survey Bull. 422, 1910 and ‘Washington,
H. 8., The chemcal ana]ysxs of rocks, New York, 1910.
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In regard to silica, Hillebrand, has clearly shown
that the methods usually employed do not yield ac-
curate results, but that two-or more evaporations,
alternating with filtrations, together with prolonged
ignition over the blast, are advisable. He also shows
that silica is not wholly thrown down by ammonia
or sodjum acetate along with the aluminum and iron,
and that it is appreciably soluble in melted potassium
pyrosulphate. But assuming that the silica has been
corrected for impurities' by evaporation with hydro-
fluoric acid, as must always be done, it may be said
that these errors incident to its determination are in
general of small magnitude and do not seriously affect
the value of the analysis, especially as this constitu-
ent is almost invariably present in greatest amount.

Alumina is, of all -the constituents, the one most
liable to serious error, the. general tendency being
almost uniformly toward too high figures. This
tendency arises in part from the fact that alumina is
determined by difference, so that the nondetermina-
tion of certain constituents raises its apparent amount.

Increase in the apparent amount of alumina, due

to imperfect separation of magnesia, is probably the

error of considerable magnitude most commonly met
with in rock analyses, especmlly m those of the more
femic (basic) rocks. It arises from the fact that mag-
nesium hydroxide tends to fall down with aluminum
hydroxide on precipitation with ammonia. This can
be prevented only by the presence of sufficient am-
monium salts and by repeated precipitations, either
with ammonia alone or with sodium acetate as well.
These conditions are easﬂy neglected by the inex-
perienced analyst, and in compiling the present col-
lection so many analyses have been noted where this
error has certainly been made, and so many others
where it is strongly suspected but not definitely
provable, owing to the insufficiency of the petro-

graphic description, ‘that I must add my word of

warning to those of Hillebrand ? and Pirsson.?
 Another error, probably of very frequent occurrence

but of less magnitude, and hence less readily detectable,

is that due to the use of ammonia water which is not

fresh and which has absorbed carbon dioxide from the

atmosphere. A certain, though generally a small,
amount of lime will then be precipitated along with the
alumina and weighed with it.

A third error, which may be of very considerable
magnitude, arises from the use of ammonia water
that has been kept in uncoated glass bottles. The
glass is invariably decomposed and the ammonia
water becomes contaminated with impurities, chiefly
silica, which add to the apparent weight of the alumina
of the rock. This error can readily be avoided by

1U. 8. Geol. Survey Bull. 422, p. 91, 1910, and Jour. Am. Chem. Soc., vol. 24,
Pp. 362 et seq., 1902.

2 Hillebrand, W. F., U. S. Geol. Survey Bull. 176, p. 55, 1900. . .

3 Pirsson, L. V., Jour. Geology., vol. 4, p. 688, 1896,
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purchasing the reagent in ceresine bottles and, as the
ceresine stoppers are not usually effective in excluding
carbon. dioxide, by transferring it to a glass-stoppered
bottle that has been coated lnternally with paraffine.
For the same reason it is also well, in the most accu-
rate work, to make the ammonia precipitations in a
gold or platinum basin. ' .
~ In regard to the determination of ferrous oxide,
Stokes * has shown that ferric sulphate exerts a marked
oxidizing effect on pyrite, and, starting from this fact,
Hillebrand ® demonstrates the unreliability of the
Mitscherlich method, commonly employed in Europe
for the determmation of ferrous oxide—that is, decom-
position with sulphuric acid in a sealed tube. It should
also be noted that the glass of the tube is likely to be
seriously attacked. This method often gives, espe-
cially in rocks rich in iron, too high results for ferrous
oxide. Decomposition by hydrofluoric. acid in an -
atmosphere of carbonic acid is to be preferred, which,
however, in the hands of inexperienced analysts, is
liable to give low figures for ferrous and correspond-
ingly high figures for ferric oxide, in consequence of
the partial oxidation of the ferrous oxide due to care-
less manipulation. These errors undoubtedly explain
a number of anomalous figures for ferrous oxide found
in the present collection, for these figures do not accord
with the mineralogical composition shown by the
descriptions.

The error involved in the determination of ferrous
oxide through its oxidation in grinding ¢ should also

" be considered. - Though possibly of importance, espe-

cially in rocks high in ferrous oxide, if the grinding is
prolonged and the powder is very fine, I believe that
it has been exaggerated and that it is negligible if
the portion of rock powder taken for the determina-
tion of ferrous oxide be that used for the main analy-
sis, without further grinding than that involved in
preparing- the sample for analysis—a matter of a few
minutes’ grinding after crushing.’

Another possible error in the determination of the

" iron oxides, one that may be easily made by the novice,

is that which is involved in the reduction of the solu-
tion of the precipitate by ammonia water for determin-
ing the total iron. If the current of hydrogen sulphide
or sulphur dioxide is not continued for a sufficient
length of time, the ferric sulphate will not be com-
pletely reduced to the ferrous state, so that the ap-
parent amount of ferric oxide will be too low and
that of alumina correspondingly too high. This will
not, of course, affect the ferrous oxide, as this is always
determined in a separate portion. If zinc is used for

1.Stokes, H. N., U. S. Geol. Survey Bvll. 186, 1901.

5. 8. Geol. Survey Bull. 422, p. 157, 1910.

6 Mauzelius, R., Sver. geol. Und., Arsbok T, No. 3, 1907. Hillebrand, W. F.,
U. S. Geol. Survey Bull. 422, p. 154, 1910. Washington, H. S., Chemical analysis
of rocks, p. 135, 1910.

7 Cf. Washington, H. 8., Chemical analysis of rocks, p. 135, 1910. In this opinion
Dr. J.C. Hostetter, of the Geophysical Laboratory, is in accord with me.
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the reduction of iron, titanium dioxide will also be re-
duced to sesquioxide, which will be titrated with potas-
sium permanganate, and will add to the apparent
amount of ferric oxide.

The source of error in the determination of hme due .

to the presence of calcium carbonate in the ammonia
water has been mentioned in connection with alumina
on the preceding page.

The error involved in the liability of t,he magnesia
to be precipitated in part with the alumina, which has
- already been noted, will lead to figures that are too
low for this constituent. '

Another error in the determination of magnesia,
though in general of less magnitude and importance,
is that involved in its precipitation as ammonium
magnesium phosphate. Under the conditions usually
obtmmng in this determination there is .a tendercy
toward errors that apparently increase the amount

of magnesia, owing to the presence of excess of the

precipitant, ammonium salts and free ammonia.
Since this error is due to the fact that, under these
conditions, the ammonium magnesium- phosphate
contains more phosphorus pentoxide than is called
for by the ideal constitution, it will not affect other
constituents but will be positive in its effect, and will
thus raise the summation of the whole analysis.. This
error will usually be small, and even if the analyst is
not expert will be of less magnitude than that in-
volved in precipitation of magnesia with alumina,

In regard to the determination of the alkalies, I
need only add a word in confirmation of the view ex-
pressed by Hillebrand as to the advantages of the
Lawrence Smith method, both as to accuracy and as
to time saved. The slight correction necessary for
the minute amount of alkalies in the calcium car-
bonate used is constant and is easily and safely
-applied; whereas the other methods of decomposition,
involving the preliminary separation of alumina, iron
oxides, lime, and magnesia introduce a large element
of uncertainty and possible error, owing to the im-
purities contained in the magcnts or taken up from the
glass vessels.

The colorimetric method for the determination of-

titanium dioxide is by far the most accurate and the
quickest, and should be uniformly used, for the older
‘methods, based on its precipitation by prolonged boil-
ing, are very uncertain unless the conditions are very
oxactly adjusted, especially when much titanium di-
oxide is present, in which case it is very liable to be
contaminated by alumina and ferric oxide. The as-
sumption which is sometimes made, that the residue
left on evaporation of the silica with hydrofluoric acid
represents all the titanium dioxide present, is quite
unwarranted, for this residue contains only part of it,
and also some alumina, fOI‘I'lO oxide, and phosphorus
pentoxide.

Because of the likelihood of error involved in the use
of the acetate method, as well as the far greater expe-

_ditiousness of the colorimetric method, manganese

should always be estimated in a separate portion by
the latter.
COMPLETENESS.

CONSTITUENTS ‘ TO BE DETERMINED.

The ideal analysis should show the percentage of
every constituent of the rock, and, for practical pur-
poses at any rate, all thosé that it contains in amount
sufficient to make their determination a matter of
interest or whose presence or absence bears on the
problem for which the analysis is made.

The amount which may make a constituent worth
determining and the number of constituents to be
sought will vary, of course, for different rocks. Thus
for rocks as simple. as most granites, rhyolites, and
anorthosites it is not necessary to determine so many
constituenss as should be determined in nephelite
syenites .and rocks belonging to the dosalane and
salfemane classes. But as an analysis should truly
represent, the composition of the rocks, as it may, if
complete, be of use to others for the discussion of
problems other than the one immediately in hand, and
as only good 'work should be countenanced in science,
every analysis should be as complete as it is practicable
to make it.

) MAIN CONSTITUENTS.

In every rock analysis worthy of the name all the
main constituents must be determined. These include
silica, alumina, ferric and ferrous oxides, magnesia,
lime, soda, potash, and water.

Unfortunately, in many analyses the iron oxides have
not been separately determined but are given together
as either Fe,0; or FeO or equivocally bracketed oppo-
site both of these. Unless the iron oxides are present
in very:.small amount—for example, less than 1 per

‘cent—or unless the presence of a considerable amount

of pyrite or pyrrhotite makes the determination of
ferrous oxide very uncertain, this is unjustifiable, as
the proper separate determination of these two is essen-
tial to the complete chemical discussion of the rock
magma and the calculation o6f the mineral composition,
either normative or modal. This fault and the. error -
involved in the separation of alumina and magnesia
are the most common defects in rock analyses, and a
surprisingly large number have been rejected from
Part I of the tables on their account.

The alkalies are occasionally estimated together (as
Na,0) or determined by the difference from 100 per
cent. This procedure is followed especially in analyses
of the more femic rocks, but sometimes .in analyses
of rocks in which the alkalies amount to several per
cent. For this form of slovenliness there should be no
excuse, except in analyses of rocks composed largely or
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entirely of such minerals as olivine, magnetite, and
ilmenite, in which the alkahes can be present only in
traces at most.

The molecular weights of orthoclase and albite are

so high! that in any chemicomineralogical system of
classification, or in the calculation of the mode, the
determination of both of these oxides is of great im-
portance. Furthermore, the assumption is made that
the sum of the analysis will be exactly 100 per cent—
an assumption quite unwarranted in view of the great
- rarity of this occurrence, especially when the chemist
thinks so little of his Work as to be unwilling to deter-
mine the alkalies properly.

In some analyses of highly salic or highly alkalic
rocks magnesia and lime are not determined but are
given as “traces.” In most of these analyses their
nondetermination will not seriously affect the results
of calculation, but it is to be deplored; it shows that
the work was not first class. In the statement of an
analysis the term ‘“trace’’ should indicate strictly and
uniformly that the constituent has been looked for
and found, though in negligible amount (0.1 milligrarm
or less), but if it is not looked for because it is supposed
to be present in small amount, some such phrase as

‘““present, not determined” (p., n., d., not det., or
- undet.) may be employed. The hmlts asmgned to the
term “trace’” vary widely, and the present collection
includes analyses in which this term is used of con-
stituents that are certainly present to the extent of
1 or 2 per cent or more. This applies especially to
titanium dioxide. ‘
' MINOR CONSTITUENTS.

Assuming that the nine main constituents are
determined, we may now consider those usually
regarded as “minor.”” Both Clarke ? and Hillebrand 3
lay stress upon the importance of their determination
for the solution of some broad petrological problems.
Thus the work of the chemists of the United States
Geological Survey has demonstrated the comparative
abundance and general distribution of titanium,
barium, and strontium, and a greater abundance of
barium along the Rocky Mountain region than in the

eastern and the extreme western parts of the United

States. The presence of vanadium in many of the
more femic (basic) rocks and of molybdenum in the
more quaric (siliceous) rocks,* of zirconium in presodic
and especially nephelite-bearing rocks, and of nickel
and chromium in very femic rocks has been dis-
covered by means of complete analyses. The cor-
relative distribution of the minor elements has been
discussed elsewhere.5

1 One per cent of K20 corresponds to 6 per cent of orthoclase, and the same amount
of NagO to 8 per cent of albite.

2 Clarke, ¥. W., U. 8. Geol. Survey Bull. 591,p 17, 1915.

3 Hillebrand, W F., Jour. Am. Chem. Soc., vol. 16, p. 90, 1894.
vey Bull. 422, p. 18, 1910

¢ Hillebrand, W. F., Am. Jour. Sci., vol. 6, p. 216, 1898

8 Washington, H. S., Am. Inst. Min Eng. Trans., p. 735, 1908.
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Indeed, Hillebrand has entered so strong a plea
for completeness in rock analysis that little .moro
need be said to convince petrographers of the correct-
ness of his position. Since, however, there is a strong
tendency to regard as adequate for petrographic
purposes analyses in which only the nine main con-
stituents have been determined, further remarks,
especially in elucidation of some special points,

may not be amiss.

It is obvious that if a rock carries notable amounts
of minerals that contain as essertial ingredients any
of the minor constituents, these should always be
determined. Thus, Cl and SO, shculd be included
in the analysis if the rock contains sodalite or noselite;
TiO,, if it contains titanite, ilmenite, hornblende
augite, or magnetite; P,O;, if it contains apatite,
and ZrO, if it contains considerable zircon or eudialyte.
If these constituents are not determined the analysis
will not show adequately the composition of the rock,

. or, as Clarke puts it, ¢ the petrographer has been more

thorough than the chemist.”

It is chiefly for this reason that a microscopical
study of the rock section should always precede the
analysis. The conscientious chemist who is not a
petrographer, and who therefore does not know what
minor constituents are especially to be looked for, can
only make sure of the completeness of his work by
the determination of everything possible. The results
of his work will be of value, yet in many analyses part of
his labor may be quite unnecessary, involving a waste
of time which would be obviated. if the petrographer
furnished with the material an indication of the minor
substances that should especially be looked for.

Although the determination of all constituents,
even those which are present in mere traces, is to be
desired, yet in practice a compromise must be made,
generally, between the degree of completeness and the
time to be devoted to practical analytical work. The
determination of most of the minor constituents takes’
considerable time, and if the number of aralyses to be
made is great or the time available is short it may not
be advisable to determine all the lesser constituents,
but only those essential to a proper understanding of
the rock. This is ‘especially true of the rarer sub-
stances, such as ZrQ,, Cr,0,, V,0,, F, NiO, CoO, CuO,
and SrO, as well as SO, and Cl in rocks without the
sodalite group of minerals. ~On the other hand TiO,,
P,0;, MnO, BaO, and S, which are now known to be
commonly present and widely distributed, should be
determined in every analysis that aims at complete-
ness. It is also generally of interest to determine
Cr,0, and NiO in the most femic rocks, expecially if
olivine is abundant, as they are likely to be present in
considerable amount.

In view of the length of time needed to make a

] rock analysis and the very considerable addition

to it involved in the. determination of the rarer
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elements the following general procedure seems to me
to be advisable in investigating a region, locality, or
volcano where there is much variety in the igneous
rocks. At least two analyses should be made of each
of the main rock types, the specimens to be taken from

different parts of the mass or from different flows, and’

one analysis of each of the minor types. All these
analyses should show, besides the nine main constitu-
ents, TiO,, P,0;, and MnO, but not the rarer elements,
which need be determined only in two or three of the
analyses, each representing one of the main types from
the most salic to the most femic, as their amounts and
variations are small and the verification of their
presence or absence in the region or in the various
magmas is of most importance. We would thus
obtain, with a minimum expenditure of time, the
data needed for a proper petrologic discussion of the
region in its main features and-a sufficient knowledge
of the presence of the rarer elements to permit its
comparison with others.

In discussing this matter a point to bear in mind is
that the determination of certain of the minor con-
stituents affects the figures for other and often very
important ones. This arises from the methods of
analysis necessarily employed, in which several con-
stituents are precipitated together in one operation,
and subsequently some of them separately determined,
the figures for one being represented by the difference.
Of these those of by far the most influence are titanium
dioxide and phosphorus pentoxide. These are not
only almost always present, often in very considerable
amount, but their determination affects that of the
highly important alumina. In the course of the
analysis alumina, ferric oxide, titanium dioxide, and
phosphorus pentoxide are precipitated together, the
three last are determined separately, and the alumina
is estimated by difference from the sum of the four,
since so far no satisfactory method has been devised
for its independent determination. It is obvious,
therefore, that, if the oxides of titanium and phos-
phorus are not determined, the figure for alumina
will be too high. In analyses of all but the most
salic rocks the error may be of great moment, for
these two oxides may be present in a very considerable
amount, and the alumina is the only measure we
have for the calculation of the amount of anorthite—
modal or normative—from the analysis.

Similarly, the nondetermination of ZrQ, and Cr,0,
will raise the figures for alumina, since these are also
precipitated together. In most analyses, however, the
error due to these defects will be negligible, owing to
the minute quantities of these oxides usually present.

As the vanadium is thrown down with the phos-
phorus as a vanadomolybdate its amount should be
subtracted from the P,0; and not from the alumina,
Vanadium also affects the determination of ferrous
oxide, and if presumably present in more than traces
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it may be determined and a proper correction applied
to the ferrous oxide in the most accurate work.
Fortunately this course will seldom be necessary, as
its amount is almost always exceedingly small.

As strontia is precipitated with lime as oxalate, its
nondetermination will make the apparent amount of
lime too high. But strontia rarely occurs in more
than traces, so that this error is negligible for all but
the most accurate investigations.

Lithium remains with the sodium after separation
of the potasium as platinichloride, but has rarely
been found in quantity great enough to warrant its
estimation. )

In Professional Paper 14 the determination of man-
ganese was discussed and the conclusion was reached,
in view of its usually very small amount and the
liability to error in alumina involved in the acetate
method, that its determination was not usually called
for as essential to good work. Since then the simple,
accurate, and expeditious colorimetric method for this
element has been introduced in rock analysis, so that
it may be said that it is always advisable to determine
it. The long list of analyses made by the chemists
of the United States Geological Survey, as well as
those made elsewhere, show that, though almost
always present, its amount is very small, in general
little more than a trace. Indeed, it is of interest to
note in this connection that Clarke’s estimate of the
average composition of the igneous rocks™ of the
United States shows that the amount of manganese in
them is only about one-sixth of that of titanium, and
is even less than that of phosphorus. In view of the
great variety of igneous rocks represented by these
analyses and of the very high character of the analyti-

-cal work, the high figures sometimes found for this

oxide in analyses are to be regarded with suspicion,
the probability being that in them the error already
spoken of has been made.

That the nondetermination of manganese will affect
the figures for other constituents is certain, but to
what extent is not very clear. If the alumina, etc.,
has been separated with ammonia water, a portion
will be thrown down and be weighed as alumina.
Part of that which passes through in the filtrate will
be thrown down with calcium oxalate and weighed
as lime. But as manganese oxalate is slightly soluble
in water, some of the manganese will be thrown down
as phosphate with the magnesia and weighed with
this. Little is known of the various proportions of
the manganese which will thus be distributed, and the
matter is one that calls for investigation. Hillebrand *
gives some figures of George Steiger for carbonate
rocks, which indicate that most of it generally falls
with the magnesia, an equal or much less amount
with the alumina, and only a very small portion with
the lime.

1 Hillebrand, W. F.,

U. 8. Geol. Survey Bull. 422, p. 114, 1910.
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In regard to the determination of water, I am in
accord with Dittrich* and Hillebrand,? that the rock
powder taken for analysis should be air dry, and that
it is advisable (though not necessary) to discriminate
between combined and hygroscopic water—that is,
water driven off above and below 110°. The impor-

tance of this distinction appears to be much exagger-

ated, as the amount of ‘‘hygroscopic” water driven
off is not .constant for any given sample of rock
powder, but varies with the temperature and the
time of heating, thus including some of what would
be called ‘‘ignition’” water. Furthermore, it is well
known that a small but perceptible amount of water
is adsorbed from the atmosphere by rock powder.
The remarks of Hillebrand on the inadvisability of the
method for the determination of water by ‘“loss on
ignition”” will be concurred in by every experienced
analyst who has considered the matter, because of
the oxidation of ferrous oxide and the loss of Volamle
constituents. |

Except where minerals contsumng water or hydroxyl,
as analcite or muscovite, are primary components of
a rock, the determination of water is not essential to
a proper comprehension of the rock magma, but its
amount, as well as that of carbon dioxide, is of impor-
tance as a measure of the freshness of the rock. The
determination of water must therefore be regarded as
essential to every rock analysis, and that of carbon
dioxide also when the presence of calcite or cancrinite
or the altered condition of the rock demands it.

In this connection a common practice may be briefly
alluded to, namely, that of deducting water and carbon
dioxide when the rock is not fresh, calculating the
remainder to 100 per cent and assuming that the

result represents the composition of the original unal-

. tered rock. This assumption is unwarranted and may
lead to erroneous conclusions, since the processes of
weathering or alteration do not usually consist in the
simple addition of water and carbon dioxide, but in
the assumption of these concomitantly with changes,
either additive or subtractive, in some or all of the
other components. We are not yet able to determine
these with much success. Furthermore, by concealing
the original summation, such a procedure, like any
recalculation to 100 per cent, unless the original figures
are given, deprives others of one of the methods of
judging the value of the analysis.

RATING OF ANALYSES.
METHOD OF RATING.

We have hitherto considered rock analyses from the
point of view of the analyst. It remains to discuss
them from that of the petrographer who wishes to
use the results, and who therefore needs to have some
means of judging their reliability. For this purpose
it is necessary to discuss the features of an analysis on

1 Dittrich, M., Mittheil. Badischen Geol. Landesanst., vol. 3, p. 79, 1894,
2 Hillebrand, W. F., U, S. Geol. Survey Bull. 422, pp. 65 et seq., 1910.

which this judgment may be based, and it will also be
cénvenient to formulate a mode of expressing con-
cisely the general character of an analysis. The ex-

pression of the relative worth of an analysis may

conveniently be called its * ”

that of commercial houses.

The user of the analysis must rely on the judgment
of the collector and the analyst that the specimen,
both as to locality and size, correctly represents the
rock mass, unless some reason appears to the contrary.
The analysis in itself rarely gives any decisive indi-
cation as to this point.

Analyses of the groundmass of a rock are, however,
not uncommon, and may be briefly discussed. For
the general purposes of petrography such analyses are

‘rating,” in analogy with

- of little use, and they have been excluded from the

present collection. On the other hand, for the solu-
tion of certain special problems they may be of great
value. It mustbe pointed out, however, that an essen-
tial adjunct to their use is a knowledge of the relative
amounts of the phenocrysts and the groundmass, un-
less only a knowledge of the composition of, for ex-
ample, glassy or microaphanitic groundmasses be
desired. If the purpose is the study of the order of
crystallization, or some such thing, a knowledge of the
quantitative relations is indispensable.

Unfortunately, this knowledge is wanting in most
cases, quantitative relations being given only in analy-
ses of the portions soluble and insoluble in acid. This
is-another example of the prevailingly qualitative way
of regarding petrological problems.

It can scarcely be reiterated too often that the
science of petrography must become quantitative.
The time has passed when a simple statement of the
minerals composing a given rock and a description of
their physical properties will suffice. We need to
know in addition the relative amounts of the minerals
as accurately as may be, with their chemical composi-
tion, as well as that of the rock itself, derived either
from chemical analysis or from determination of the
quantitative mineral composition. Otherwise many
of the broadest and most fundamental problems in
petrology will be incapable of solution, and the science
will still consist of vague gropings after the truth,
because some of the most essential facts—the quanti-
tative relations—remain neglected and unkmnown.

ACCURACY. |
EVIDENCE AVAILABLE.

Assuming, therefore, that the analysis is representa-
tive as far as the material goes, we have its accuracy
and its completeness as means of judging its value.
The features on which this must rest, as far as accuracy
is concerned, may be stated as follows:

(a) Agreement with the mode.
(b) Summation.
{(c) Analyst.
External evidence{ (d) Methods of analysis.
(e) Indirect evidence.

Internal evidence{
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INTERNAL EVIDENCE.

Agreement with the mode.—It may seem superﬂuous
to state that the chemical analysis of a rock must
accord with its quantitative mineral composition as
determined by the microscope. Such a statement is
however, necessary, as a study of the many discordant
results given in the present collection will clearly show.

The mode of a rock affords the best means of ascer-
taining whether or not the analyst has done his work
well. If the composition and the amounts of the min-
orals present are known, the chemical analysis can be
easily checked by the calculation of the chemical com-
position from the mineralogical data. The agreement
need not be exact, and indeed it seldom is except under

the most favorable conditions, for the measurement of -

the amounts of the constituent minerals seen under the
microscope can not be of the highest order of accuracy,
and assumptions must often be made as to the chem-
ical composition of some of them. But the result will
often be sufficiently accurate to show whether or not
notable analytical errors have been made.

In the great majority of cases, however, only the
roughest kind of quantitative data are either given in
the descriptions or conveyed by the present rock
names, if indeed one is fortunate enough to have any
kind of quantitative information as to the mineral
composition vouchsafed him. Here one can detect
only errors of a flagrant kind and of magnitudes in-
volving several per cent of certain constituents.

In cons1dclmg the possibility of any of the errors
already mentioned, the judgment of the petrographer,
based on a knowledge of the chemical composition of
minerals as well as on his knowledge of analytical
work, comes into play. All the chemical feafures
must be taken into consideration in connection with
the description, especially in' the absence of exact
quantitative mineralogical data.

Thus high alumina (for example, 20 per cent or
more) in & rock containing 50 per cent or less of silica,
and even with low magnesia, is presumably, but not
necessarily, due to error in the separation of alumina
and magnesia. It may be caused by the nonde-
termination of titanium and phosphorus oxides, or by
the presence in abundance of anorthite or nephelite,
which will be indicated by correspondingly high lime
or soda. Apparently high soda and low potash in
a so-called orthoclase rock may arise from an imper-
fect description or incorrect identification of the feld-
spar, which may be in reality a soda-orthoclase.

It must also be borne in mind that the micro-
scopical may seemingly be at variance with the
chemical analysis, and yet the chemist may be un-
deniably correct. This is especially true of analyses
of very fine-grained holocrystalline or hypocrystalline
rocks, and not infrequently further, more critical,
microscopical study will reveal the presence of a
constituent which has been overlooked but which is

manifest only after the analysis has indicated its
existence. .On the other hand, the most careful
microscopical study may not reveal the presence of-
certain minerals, such as quartz or orthoclase, which
the analysis shows must necessarily be present. These
undiscovered constituents have been called by Id-
dings?! ““occult” minerals. This phenomenon is pos-
sibly due in part to solid solution.

An example of this phenomenon is afforded by
the kulaite of Phrygia, investigated by me, in which

“the rather abundant nephelite was at first overlooked

in the partly glassy groundmass and was discovered
only when repeated careful chemical work and calcu-
lation of the mode showed that it was necessarily
present.?

Other well-known rocks whose chemical analyses
do not correspond with their microscopical characters
are the wyomingite and orendite of the Leucite Hills.
In the wyomingite, although modally the only salic
minerals visible are leucite and noselite, the analysis
shows a large excess of silica. In the orendite there
is an excess of ‘alkalies over alumina, with excess
of silica in one case. These discrepancies have not
yet been explained, but there can be no doubt of the
high degree of accuracy and completeness of the
analyses® or of the mineralogical determinations.

Another example is the lava of Grenada, West
Indies, called ‘‘augite andesite” in the first collection
(p. 353), with the remark that the norm and mode
do not agree. Prof. Harrison has kindly informed
me that a reexamination of the rock shows the
presence of considerable nephelite in the glassy base
(analogous to the base of the kulmte) and that it is
really a nephelite tephrite.

The norm and mode are seemingly at variance,
though the analysis is correct, in many basalts and simi-
lar rocks in the dofemane and salfemane classes. The
norms of many of these rocks show several per cent of
quartz, though the presence of this is not mentioned in

_ their descriptions; or the rock may even carry a con-

siderable amount of olivine. Examples may be found
in andose (IIL. 5. 3. 4), hessose (II. 5. 4. 4-5), campto-
nose (III. 5. 3. 4), and auvergnose (III. 5. 4. 4-5).
If the rock is holocrystalline, examination often re-
veals the presence of small amounts of quartz, gener-
ally as micropoikilitic interstitial patches. Quartz
also occurs thus with olivines, or it may be "occult
in the groundmass. Here we are dealing with the
fact, established by Bowen and Anderson,* that olivine
crystallizes out—that is, it is stable and less soluble—
at high temperatures, leaving the liquid with an excess
of silica, which appears as quartz if the cooling is rapid.
If the cooling is sufficiently slow, the olivine will be

1Tddings, J. P., Igneous rocks, vol, 2, p. 19, 1913.

2'Washington, H. S., Jour. Geology, vol. 8, p. 611, 1900.

8 Cross, Whitman, Am. Jour. Sci., vol. 4, p. 132, 1897.

4+ Bowen and Anderson, Am. Jour. Sci., 4th ser., vol. 37, p. 499, 1914. Bowen.
N.L., Am. Jour, Sci., 4th ser., vol. 38, p. 260, 1914,
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reabsorbed, forming metasilicate (hypersthene) with
the excess s1hca

But unless there is reason to suspect the presence
of occult minerals, and unless explanation is afforded
by the description to account for the peculiarities of
the analysis we may, in general, assume that errors
have been made and consider the analysis untrust-
worthy in this respect.

In this connection it may be well to mention that
the calculation of the norm of a rock is of great use
in checking an analysis. Though this calculation may
appear complicated, it is as a rule really simple and
easily and quickly made. Some knowledge of the
relations of the standard and the mafic minerals then
affords a means of making sufficiently close determina-
tions of the mineral molecules to permit a comparison
of the mode with the analysis.

It must not be forgotten, even here, that in the ab-
sence of a knowledge of the quantitative relations of

the component minerals very serious analytical errors

may not be revealed by calculation of the mode, in
this or any other way, from the chemical data. The
error in one or more constituents may amount to sev-
eral per cent, and yet a mode can be calculated which
will apparently agree with the description or with a
qualitative microscopical examination. This fact is
illustrated by my own first analysis of the ciminite of
Fontana Fiescoli, near Viterbo.! The mode, as calcu-
lated from this analysis,? seemingly agreed with the
microscopical examination, although subsequent in-
vestigation and analysis showed that the alumina and
the magnesia were, respectlvely, too high and too low
by about 3 per cent.’

Of the very common error involved in the incom-
plete separation of magnesia and alumina, perhaps the
most noteworthy illustration is found in Doelter’s
analyses of the augitites of the Cape Verde Islands.
These analyses show 16 to 24 per cent of ALO, and
only 3 to 5 per cent of MgO. It is significant of the
common ignorance of possible analytical error that Ro-
senbusch,* who gives some of them .in his table of
analyses of augitites, merely remarks, ‘“ueberraschend
ist ihr hoher Gehalt an Al,O, bei niedriger MgO.”

Another example of the error in the separation of
alumina and magnesia is seen in an analysis of the
essexite of Rongstock,® which shows 46.93 per cent of
silica, 24.19 alumina, and 2.42 magnesia. Part of the
high alumina is to be ascribed to titanic and phos-
phoric oxides, which were not determined; but, even
after due allowance is made for these, it is evident
that some of the magnesia has been weighed with the
alumina. This will clearly appear by comparing the
analysis with two other analyses of the same rock

had been precipitated with the alumina.

mass published by Hibsch,® which, with 50.50 silica,
show about 17.85 alumina and 3.35 magnesia. The
error will be even greater than that indicated by the
difference between these figures, for the percentages
of silica and other constituents shown by the analysis
published by Lang make it certain that his specimen
was more femic than those of Hibsch. '

‘Another example of this very common error is the
first analysis of the monchiquite of Shelburne Point,’
which gave 18.06 alumina and only 1.12 magnesia,
although hornblende and olivine are abundant. At- -
tention having been called to the manifest discrep-
ancy,® it was reanalyzed by another chemist, with a
result showing 15.87 alumina and 8.32 magnesia. Al-
though this second analysis is by no means above
reproach, yet it is sufficiently accurate to show that
in the first analysis the greater part of the magnesia
It is also
almost certain that the two chief errors in the first
analyses had been made in the determination of iron
oxides—one due to the partial oxidation of the ferrous
iron in the course of its determination and one involved

.in the reduction of the solution containing total iron

by insufficient treatment with hydrogen sulphide.
The figures for the alkalies also are very improbable
and indeed the only figures that have any semblance
of correctness in this unfortunate example are those
for silica, lime, and water. .

An illustration of the incorrect determination of the
iron oxides, specimens of the rock being taken as a
basis of judgment, is furnished by the oft-cited analy-
sis of the syenite of Biella®, in which the ferric-oxide is
given as 6.77 and the ferrous as 2.02. Here there is a
large excess of ferric oxide over that needed for the
maximum possible amount of magnetite or for the
augitic molecule Fe,0O,.(Mg,Fe)0.Si0,, with no hema-
tite in the rock to account for it. We are therefore
forced to conclude that a partial oxidation took place
in the determination of ferrous oxide, resulting in the
erroneous figures reported.

A striking example of the error due .to incomplete
precipitation of alumina by the sodium-acetate method
in separating manganese oxide is seen in two analyses
of the quartz-syenite of Fourche Mountain, Ark." One
analysis gives 13.45 alumina and 5.29 manganous ox-
ide; the other gives, respectively, 18.15 -and 1.00, the
sum of the first pair being 18.74 and that of the second
19.15. Here it is obvious that in the first analysis
more than 4 per cent of alumina has been weighed as
“MnO,” and it is almost as certain that the 1 per cent
of the second is too high from the same cause, for the
rock is very largely felic (feldspathic), and no manga-
nese-bearing minerals are mentioned as present.

1 Washington, H. S. Jour. Geology, vol. 4, p. 837, 1896.

2 Idem, vol. 5, p. 354, 1897.

3 Washington, H. S., Am. Jour. Sci., vol. 9, p. 45, 1900.

4+ Rosenbusch, H., Elemente der Gesteinslehre, p. 378, 1901.

6 Lang, H. O., Tschermak’s Mineral. Mittheil., vol. 15, p. 191, 1896.

6 Hibsch, J. E., idem, p. 487.

7 Kemp and Marsters, U. S. Geol. Survey Bull. 107, p. 34, 1893.

8 Kemp, in Weed and Pirsson, U. 8. Geol. Survey Bull. 139, p. 116, 1896.

9 Cossa, Mem. Acc. Sci. Torino, vol. 18, p. 28, 1875,

10 Williams, J. F., Ann. Rept. Geol. Survey Arkansas, 1890, vol. 2, p. 99, 1891,
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Two analyses, by different chemists, of a solvsber-
gite of Port Cygnet, Tasmania, given by Paul! also
afford examples of the same error. One shows
18.21 ALO, and 2.61 MnO and the other 20.91 Al,O,
and 0.77 MnO.

Examples of error in the determination of the alka-
lies are furnished by a large series of analyses by Ric-
ciardi of Italian leucite-bearing rocks. One of these
rocks is & leucite-basanite of Monte Jugo, near Monte-
fiascone, which, with 48.30 silica and 15.07 alumina,
shows only 0.94 soda and 1.73 potash. The amount
of potash reported in the analysis yields but 7.8 per
cont of leucite and is certainly far too low. . This
analysis and others of basanites of this region by the
same chemist are so low in alkalies (especially potash)
that if they were correct the rocks would necessarily
carry as much as 10 per cent of quartz, even on the
assumption that all the bases took their highest possi-
ble quota of silica, yielding orthoclase instead of
leucite and hypersthene instead of olivine. An analy-
sis of the Monte Jugo rock (both specimens coming
unquestionably from the same small quarry) made by
me 2 shows 47.39 Si0,, 14.79 Al,0,, 1.49 Na,O, and
6.93 K,0, and yields a norm that is quite consistent
with the measured mode of the rock.

What appears to be an instanc> of the coprecipita-

. tion of lime with alumina (see p. 14) is seen in two
analyses of ‘‘albite-oligoclase porphyry,” given in por-
phyrite (p. 1015) and 1.5.2.5 (p. 301). Comparison of
these two makes it appear probable that much of the
limo in the first was precipitated with the alumina
through the use of impure ammonia water, as there is
by no means sufficient to form enough of the anorthite
molecule to justify the use of the qualifier ‘‘oligo-
clase.”

Many more examples of incorrect determinations
could be cited, both of these and of nearly all other
constituents, but the above must suffice to point out
the importance of close scrutiny of the analytical fig-
ures in conjunction with the mineralogical data. It
may be mentioned that in none of the analyses cited,
and indeed in scarcely any analysis containing serious
orror, has misgiving been expressed by the petrogra-
pher at the time the analysis was published as to the
possibility of error, nor has there been any comparison
of the analysis and the mode, no matter how apparent
thoe incorrectness. As a result of some experience in
judging analyses it may be added that in manifestly
poor work the figures for silica and lime are generally
the only ones which may be accepted with some degree
of confidence as to their approximate accuracy.

Summation.t—The summation of a rock anelysis
may be a good index to its character, and should
always be taken into consideration in rating it. In

1 Pau), F. P., Tschermaks Min. Pet. Mit., vol. 25, p. 295, 1906.

'Wnshi.ngton, H. 8., Carnegie Inst. Wnshington Pub. 57 p. 124, 1906.

8 This topic has beon discussed by M. F. Connor (Cong. géol. mtemat Comptes
rendus, p. 888, 1014).

discussing the limits in the summation that are consist-
ent with good work, Hillebrand puts the matter very
clearly * in his remarks to the effect that a summation
somewhat over 100 per cent is better than one below
100, and he also assigns the limits for good work
as 99.75 and 100.50. With his reasoning and his
limits I fully concur, though in practice one may be
lenient and extend the allowable limits to 99.50 and
100.75 with advantage.

Though figures tha.t do not fall within these limits
are good cwdence of error, either of omission or com-
mission, in the analysis, the converse is not necessarily
true—that figures within these limits are proof of cor-
rect-results. Several errors may balance one another,
so that the summation may be very close to 100, al-
though the analysis is very poor. At the same time,
unless indications appear that the analysis is not good,
it must be taken at its face value. A good summation
is evidence of good analytical work, as far as it goes.
On the other hand, very low or very high results prove
that an analysis is incorrect in some particulars, or
possibly as a whole.

A low summation may be due to the nondetermina-
tion of some constituent, to poor methods, to careless
manipulation, or to all combined. The determination
of water by ‘““loss on ignition”’ tends to yield a low
total, owing to the oxidation of the ferrous oxide.
This error will reduce the apparent weight of water
and may give an unfavorable summation, though the
other cssentlal constituents may have been accurately
determined.

It must also be borne in mind that a low summation
can not be ascribed to the nondetermination of a con-
stituent which is precipitated ®nd weighed with others
that have been determined, such as TiO, and P,0, with
Al,0,, or SrO with CaO. If it is due to incomplete-
ness, the missing constituent must be sought among
those which are determined independently in the
course of the analysis, such as CO,, SO, Cl, S, or
BaO. If the deficiency i$s marked and the description
of the rock indicates that none of such constituents
are present, the low summation must be held as evi-

dence of error somewhere in the analytical work.

It may also be noted in this connection that if ferric
oxide is calculated as ferrous there will be a deficiency
of one-tenth of its weight, due to the loss of oxygen.
The converse is also true. Consequently, if the iron
oxides are given only as FeO, the total of the analysis .
will be too low by one-tenth of the amount of ferric
oxide really present. And, conversely, if they are
given as ferric oxide the sum will be too high by one-
ninth of the ferrous oxide. If the amount of either is
considerable, as it usually is in very femic rocks, the
nonseparation of iron oxides may thus give rise to an
apparently poor or an apparently good symnmation.

¢ Hillebrand, W. F., U. 8. Geol. Survey Bull. 422, p. 27, 1910,
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In analyses of rocks containing such minerals as
sodalite, fluorite, much biotite or apatite, pyrite or
pyrrhotite, in which chlorine, fluorine, or sulphur has
been determined, it must be remembered that an equiv-
alent amount of oxygen is to be deducted to get a
correct result. If the amount of these constituents is
considerable, an apparently high summation may
prove to be satisfactory, whereas one that lies within
the assigned limits may prove to be too low.

It is possible that a summation higher than that
allowable may be due to the determination of iron
" oxides as Fe,0, only, the excess being attributable to
the excess of oxygen in this over that in FeO, as just
explained; or it may be due to the fact that no-cor-
rection has been made for the oxygen equivalent to
chlorine, fluorine, or sulphur, also mentioned above.

In the absence of these two possibilities, the high
summation can be attributed only to analytical errors,
such as impure reagents, poor glassware, imperfect
washing of precipitates, incomplete ignition, or a dusty
laboratory. No explanation based on incompleteness
and the nondetermination of some constituent will
apply here, and if the excess above the allowable limit
is considerable the presumption is strong that the
analytical work was caréless.

Furthermore, it must be remembered that the excess
or deficiency in all high or low summations can not be
distributed among all the constituents, for ‘“it is more
than likely to affect a single determination.”

The importance of the summation in determining
the rating of an analysis lies in the fact that it is itself
presumptive evidence of good or poor analytical work
somewhere in or all through the analysis, so that if
the sum falls within the limits assigned for good work
the analysis is presumably good, provided that no
marked discrepancy is evident between the analysis
and the described mode, that the degree of complete-
ness is satisfaotory, and that there is no other evidence
tending to throw doubt on the results.

On the other hand, if the sum is considerably below
or.above the limits fixed the evidence is much stronger

than the apparently slight departure of a fraction of -

1 per oent from the limits might at first sight seem to
indicate, as it shows that some error or errors have been
made, and that consequently the character of the
analytical work as a whole is open to suspicion. Thus
a summation of 99.00 may be due to the nondetermi-
nation of some constituent, but in the absence of evi-
dence to this effect we can only conclude that some
error has been made. This departure of but one-half
of 1 per cent from the limit of the standard of good
work may affect either the silica or the alumina, the
constituents that are present in largest amount, and
may not seriously affect the value of the analysis; or
it may affect some constituent present in less amount,

1 Hillebrand, W..F.,U. S. Geol. Survey Bull. 422, p. 28,1910. Cf. Appendix to
Fresenius’s Quantitative Analysis.

and thus be of relatively greater importance; or it
may be distributed among several constituents. We
have no means of deciding the nature of the errors in
most of such analyses, but we must conclude that, as the
work is certainly incorrect, even to so small an extent,
in some particular, it may be incorrect in others, and
possibly all through.

Summations somewhat above or below the limits
fixed are excusable in analyses of complex minerals or
of meteorites if the material available for analysis is
scanty or the analytical processes are especially com-
plex or difficult, and the allowable possible limits of
error are consequently considerably greater than that
fixed for analyses of igneous rocks. It must also be
remembered that the analyses of minerals may be
checked by their agreement with the known calcu-
lated chemical composition. For most analyses of
rocks, on the other hand, we have no such check, as
adequately exact data as to the relative amounts of
the constituent minerals are seldom given. If, there-
fore, the analysis of a rock is satisfactorily complete,
there is no excuse, as Dr. Hillebrand remarks, for a
summation that does not fall within the somewhat
liberal limits here assigned.

In a series of analyses by the same analyst, some of
the analyses may show summations within the accept-
able limits, whereas those of others may be as high as
102 or as low as 98 (an actual case). The bad summa-
tions in such a series of analyses indicate serious errors
in the whole series and lead one to reject those analy-
ses of the series whose summations are apparently ac-
ceptable, for one is justified in assuming that the good
summations result from the chance balancing of errors.

In stating analyses it is the almost universal prac-
tice to use two places of decimals, a practice justified
because the last figure, though not very significant,
expresses the limit of accuracy in weighing (0.01 mil-
ligram), and because of uniformity. Also, when the
amount of any constituent is less than 1 per cent, the
use of but one decimal is clearly not adequate. The
use of three decimals is unjustifiable, for it implies a
greater degree of accuracy than can be reached in
practice, and my experience shows that most of the
analyses thus stated clearly afford other internal evi-
dence of unsatisfactory work. .

EXTERNAL EVIDENCE,

Analyst.—Among the factors that may come under
the head of “external evidence’” the analyst himself is
the most important, but for several reasons this factor
can be used only with caution and subsidiary to other
criteria. That is, the analyst is to be judged by his
work rather than the work by the analyst.? Though
as a general rule it may be said that the work of a be-
ginner will probably not be so good as that of an expe-

2H. H. Robinson, in a recent paper (Am. Jour. Sci., vol. 41, p. 257, 1916), dis-
cusses the work of different analysts on the basis of the summations of their
analyses. .
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rienced analyst, yet exceptions occur; so that we
must not be too sweeping in our judgment of the
analyses of & student unless they show distinct signs
of poor work. On the other hand, an experienced
analyst may turn out analyses that are manifestly
incorrect, possibly because of the employment of poor
methods or poor reagents, so. that in the appraisal of
these the long experience of the analyst will count for
little, for a rock analysis made by him which can not
be checked by comparison with the mode will be
looked on with misgiving.

A word may be said of the analytical work of women:
I know of but three! who have made any considerable
number of rock analyses, and I have found the work
of all to be uniformly good. It would seem that ana-
lytical work is especially well adapted to feminine
characteristics, and that rock analysis could be advan-
tageously undertaken by women.

Methods.—The methods employed in making an
analysis are seldom stated -and are therefore not often
available as a means of judging its value. When they
are known, however, a petrographer who is experienced
in rock analysis can determine the extent to which they
may affect the value of the analysis.

" Indirect evidence.—Evidence of an indirect nature is
sometimes afforded by analyses of the same or similar
rocks by other analysts, which may either corroborate
or diScredit an analysis under consideration. Also, as
noted above, if some analyses of a series show evident
signs of error the presumption is strong that the others

are also subject to the same error unless they can be,

checked by comparison with the mode.
COMPLETENESS.

In order to ascertain fully and accurately the com-
position of a rock the exact amount of every one of its
constituents must be determined, so that, in general,
the more constituents determined the more closely will
the analysis represent the composition of the rock.
This statement, however, is subject to the limitations
that some rocks are of simple composition, containing
only a few chemical constituents, and that the state-
ment of figures for all these possible constituents is no
ovidence that they have been correctly determined.
Assuming, however, that the analysis is accurate and
that the rock is of complex composition, as it usually
is, we may briefly discuss the relative importance of
the various constituents in the rating of analyses.

Speaking generally, and bearing in mind the possible
-occurrence of rocks containing large amounts of min-
erals that are regarded as rare, or that are usually
only sparingly present, it may be said that in the
most satisfactory work every constituent should be
determined that is present in amount greater than
traces, as already defined, or the knowledge of whose
absence or presence, even in minute quantity, is essen-

' M. W. Adams, L. Hezner, and N. Sahlbom.

tial to our study of the rock or to the object of the
investigation.

This determination will include the nine main con-
stituents that are almost universally present and whose
absence would be a matter of interest; that is, SiO,,
ALOQ,, Fe,0,, FeO, MgO, Ca0, Na,0, K,0, and H,O.
The iron oxides should be determined separately, or
the absence of one or the other should be shown, even
in analyses of the most salic rocks, though it must be
borne in mind that the influence of this separate de-
termination increases with increase of the femic com-
ponents. Likewise, the alkalies should always be
determined, of course separately, and even in the most
femic rocks their presence in traces or their complete
absence should be definitely proved. CaO and MgO
should also be determined, even though they exist
actually as traces, as defined above. H,0 should, in
general, be determined directly, and not by ‘“loss on
ignition,” but the distinction between that below and
that above 110° is not usually essential, yet is desirable..
CO, should, however, be determined if the rock is not
fresh, or if ‘calcite or cancrinite be present.

It is next of interest to know the amounts of the
so-called minor constituents likely to be present in
notable amount, including TiO, and P,O; in nearly all -
rocks, except the most salic ones, Cl and SO, in rocks
containing sodalite, noselite, or haiiyne, S in a good
many femic rocks, ZrO, in rocks with nephelite, much
eudialyte, or zircon, and in alkalic, especially sodic,
rocks in general, and Cr,0, and NiO in many dofe-
manes and perfemanes. It is also well to determine
BaO in alkalic and especially potassic rocks.

Of course any one of these may at times assume the
importance. of one of the nine main constituents, as
TiO, in nelsonite and ores produced by segregation -or
differentiation, Cl and SO, in such rocks as taimyrite,
tawite, and hatiynophyre, P,O; in the apatite syenites
of Finland and nelsonites, or Cr,0, in many dunites.

Assuming that, as usual, the minor constituents are
present in only small amounts, the most noteworthy
are TiO, and P,0;, especially the former. Both are
almost invariably present and are also of special im-
portance, because their estimation affects that of
AlLQ,, as already explained. In fact, on this account
these two should always be determined in any analysis
that is to be considered good. MnO, although. also
nearly always present, is of comparatively little con-
sequence, and its determination or nondetermination
should not affect seriously the rating of the analysis.

Of the other generally rare or very minor constitu-
ents, such as ZrQ,, Cr,0,, NiO, BaO, SrO, little need
be said. Except when they assume an important
role, as already mentioned, they scarcely affect the
value of an analysis for general purposes. Still, since
they are or may be of great value for the study of
certain broad and as yet undeveloped problems, and
as their determination, other things being equal, is
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evidence of careful and thorough analytical work,
analyses in which they are reported must be rated
higher than those in which they do not appear.

RATING ADOPTED IN THE TABLES.

We come now to the practical application of the

foregoing remarks—that is, to a concise expression of
our judgment of the wvalue of any given analysis,
based on the features described. We have been
accustomed to express our judgment in a rough way
by calling analyses good, or poor, or bad. - But there
seems to be a need of making these terms more pre-
cise, of defining their meaning more exactly.

As a preliminary, the fact must be recognized that
though the features discussed permit a fajrly accurate
judgment on most analyses, some or all of these fea-
tures are not invariably available and an analysis
must often be taken, so to speak, at its face value.

" Thus it frequently happens, especially with the
prevalent almost purely qualitative descriptions, that we
can form little or no estimate of the correspondence of
the analysis with the mode. In a gabbro, for instance,
of which it is merely known that the constituent min-
erals arelabradorite, augite, and magnetite, the analysis
may show high AlLO; and low MgO. This showing
may be due to the common error in the separation
of these two; or, again, it may be due to the fact that
the rock is very salic, so that anorthite is abundant
and the mafic minerals present in small amount,

though the rock would be called a gabbro," eéqually

with a very femic one, in the .current vague quali-
tative systems. In the first case the analysis would
not and in the second case it would correspond with
the mode, and the analysis would be, respectively,
either incorrect or correct. But in the absence of
some evidence to determine the matter, such as an
~ indication of the quantitative relations of the two
minerals in the description, we should have no means

of deciding the question provided that CaO was high

enough, with the alkalies, to satisfy the AL O, and if
the analysis were otherwise good we should scarcely
be justified in rejecting it on this account.

We must also make the general assumptions, in the
absence of evidence to the contrary, that the material
analyzed is representative of the rock mass and that
the analyst is competent and the methods employed
are reliable.

Admitting these serious difficulties in judging many
analyses and the fact that any such concise char-
acterization is necessarily to some extent arbitrary
or subjective, I venture to propose and have used
throughout this collection the following practical
method of expressing the rating of analyses.

The method is closely analogous to that of Dun
and of Bradstreet in rating the credit of mercantile
houses in the United States, which, indeed, suggested
the present form of the scheme. In commercial

rating the credit of a firm is dependent on two fac-
tors—the amount of capital invested or at command
and the personal character and reputation of the
individuals. The rating or credit will be high as the
personal character and the capital both approach the
maximum.

Following out this analogy, our judgment of analyscs
is dependent on two factors—the accuracy and .the
completeness. For most of the purposes for which
rock analyses are used each of these may compensate
the other to a certain extent. Thus if the analysis is
not, very complete this fault may be partly com-
pensated for by the accuracy of the determinations
which have been made, and, conversely, if the accu-
racy of some of the determinations is not entirely
satisfactory a complete determination of all the con-
stituents may partly make up for it. This, of course,
should be within reasonable limits. Furthermore, the
higher the standard of each factor the more valuable
will be the analysis.

To express the degree of accuracy the letters A, B,
C, D are used, and to express the degree of complete-
ness the figures 1, 2, 3, 4. These are used in combi-
nations of a letter and a figure, the letter preceding,
since, in general, the degree of accuracy is more
importent than that of completeness. The bases on
which these are assigned are as follows, the limitations
and the frequently arbitrary character of the scheme
being understood:

A is used when the analysis gives evidence of the
highest degree of accuracy—that is, when it corre-
sponds well with the mode and when the summation
is between the limits 99.50 and 100.75. When the
analyst is of the first rank and when the methods are
known to be of the best, these facts constitute addi-
tional reasons for the assignment of this letter. It
must be understood, however, th