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ABSTRACT

ABUNDANCE AND DISTRIBUTICH OF CERTAIN ELEMENTS IN SPHENE
by Edwin Robert Rose

Submitted to the Depertment of Geology and Geophysios
Avgust 24, 1959 in partial fulfillment of the requirements
for the degres of Master of Science

The trace element content of accessory sphens from granitic rocks was
investigated to determine if genetic similarity between igneous rocks cen
be detected by such mesns. This study also supplies conasiderable date on
the traoe element contents of sphenes,

Analyees were made using 2 grating spestrograph on a Wadsworth mount-
ing., Quentitative determinations were made for iron, chromium, zirconium,
neodymium, lanthanum, cerium, samarium, gadolinium, scandium, vensdium,
yitrium and tungsten in twenty-three samples from northesstern Forth Amerw
ica, Semi-quantitative estimates were mede for aluminum and astrontium
whenever present,

A standard was prepared from one of the sphene samples, This standsrd
was then used as a "messuring stick™ in the determinations of the analysis
slements in the remaining twenty-two samples, The originsl concentrations
of the snalysis elements in the standard was determined by use of the ad-
dition prosedure, In connection with the addition plots, use was made of a
ratio of the intensity of each anelysis element to either ocaloium or titane
ium; usually celeium. This ratioing of intensities improved the addition
plots in most cases, making it easier to determine the original concentre-
tions of the analysis elements in the standard., It is estimated that the
error involved in some of the determinations may very from about ten per-
¢ent to perhaps as much as twenty percent., Different elements will have
different errors.

I% was found that lanthanum, cerium and nsodymium were geochemically
coherent as were ssmarium and gadolinium, Cerium and lanthanum showed an
inverse relationship to yttrium. Samples highest in chromium seemed to be
lowest in iron., Chromium, scandium and tungsten concentrations were low
in all samples. Iron was always present in high concentrations, averaging
about 20,000 ppm., The remainder of the anslysis elements with an occasional
excepiion were present in gquantities less than one percent (10,000 ppm).
Mangenese, yttrium, and neodymium values generally fell in a range from
3800 to 6000 ppm, Gadolinium, samarium, lanthanum, cerium, zireonium and
vanadium values lie for the most part between 1000 and 3800 ppme

Eleven of the thirteen samples from New Englend showed significant
similarity to one another. This group, containing most of the New Eungland
samples, is distinetly different from the rest of the samples, Similerity
between three samples from Ontaric is noted, Analyses of two ssmples from
Quebsee also show a distinet reletionshin t0 eseh other.



The results seem to indicete that trace elemsnt content of spheme can
be useful in determining the fact of genetic relationships betwsen igneous
rocks,

Thosis Supervisor: William H, Dennen
Asgocelate Professor of Geology
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INTRODUCTION
088

The purpose of this thesis is to investigate the possibility that the
trece element distributions and variation in sphene might be used as »a
neans of establishing or recognizing genetic similarity or dissimilarity
between grenitic rocks, To date little trace element analysis of sphene
has been done and thus little is known conecerning the trace element con-
tent of sphene, This investigation will furnish considerable data on the
abundaence and diatribution of certain trace elements in this minerel,

The usefulness of trace element distribution as a possible meens to
group and separete igneous rocks of similar and different histories is
based on the asaumption that elements present in trace quentities do not
effect the cooling of the megma. It is importent thet one choose elements
accepted into the sphene structure that have vering concentrstions in d4if-
ferent megmas end that this veriation of original concentration be re-
flected by the relestive proportions of the same elements in the sphenes,

Sphene was chosen as the snalysis mineral for this investigation for
two main reasons. First, considering its formulas CaTi(S104)0, and the
previous work done {tc be covered later), it appeared that the mineral
would furnish smple opportunity for substitution of trace elements in its
structure, This 1is quite important since in sn investigation of this
type it is desirable to have detectable emounts of several trace elements
present in order to establish some understanding of the significence of
the results., It is impractical to attempt to make determinations of trace
elements in a minersl which sdmits non-formulary constituents only in
quantities below the detection limits of the method used, It is &lsmo

useless to investigate a mineral which is, so to speask, a trash bin for



a great number of elements which enter its structure without eany selection,
and in a great variety of concentrations,

A seccnd reason for cheosing sphene as the enslysis minersl was the
availaovility of over twenty sphene samples separated from granitie rocks,
These semples were from rocks used in & progrsm of radicsctive age studies
in the M,I.7T. Department of Geology and Geophysics. In connaection with
this program, grenitic rucks from northeastern North America were collected,
crushed, and certsin minerals of which sphens was one, were separated
(Burley and Feirbairn, 1957)., Of course, the fundamental consideration

bshind this availsbility of sphene, is the wideapresd occurrence of sphene

as an sccessory mineral in granitie rocks.

Pravious Work

Review of the literature showed that little work has been done on the
trace slemsnt constituents ond their quantities in sphenes,

Forsman (1926) reports anslysis of a sphene from a nephelite syenite,
This analysis shows 1700 ppm of cerium and yttrium oxides and sbout 1200
nppm of iron oxides both ferrous and ferric. Also reported are trace quan-
tities of magnesium, sodium and potassium., Another article by Fersman
(1937), though not seen by the author is supposed to include some data on
aphan&s.v Bray (1942), states "sphenes sre notable for their high rare-
earth content, as well es high sluminum, iron, manganese, chromium and
vanadium."” The work which Bray did on the sphenes was qualitative and
thus one cennot estimate what "high" means, Bray himself points out that
this is & relstive term for each element and what is high for one elemant
may be low for another.

In a study of four sphenes, one of which was the rare-esrth-rich



varisty, keilhsuite, Prince (1938) reports from about ome to not quite
four rercent iron oxide. In each of the "normal"” sphenes he slso found
about six percent sluminum oxide end several hundredths of a percent of
nenganese oxide was reported in two of the susmplese.e In the keiihauite
veriety, Trince reports 3.58 percent (35,800 ppm)} for the total of cerium
and yttriwa oxides, sbout six percent ferric oxide end over seven percent
of aluminum oxide,

Sshama (1046) reports quantative anslyses of six spheunes, three from
nephelite syenites on the Kola Feninsula, one Trom = limestone, oune from
a gebbro, both of these from Finlerd snd the s2ixth specimen from the Urals,
¥or the rare-esrth group of elements he has values reported for lanthanum,
cerium, praseodymium, neodymium, samarium, gadolinium, dysprosium, erbium,
ytterbium and ytirium oxides. Values for these oxides range from a trace
to about 1200 ppm, with necdymium, lanthanum, cerium and yttrium running
in quantities several times larger than the concentrations of 100 to 200
ppm for the other rare-earth oxides. Other elements determined in oxide
form by Sahama inolude: tantalum, vanadium, aluminum, iron, chromium,
megnesium, zirconium, strontium, barium, manganese and niobium, Niobium
oxide values vary from 300 ppm to over 15,000 ppme Tantalum oxide values
are 300 ppm or less, The valuses for vanadium oxide are of the order of
about 800 ppm. Ferrous iron oxide values lie in the neighborhood of 2,000
ppm, zirconium oxide values average sbout 600 ppm, strontium varies highly,
from 40 to 4,400 ppm, while barium oxide varies from 50 to 500 ppm.
Niobium, tantalum, vanadium, iron, zirconium, strontium and barium were
found in all six semples. Velues for sluminum oxide are reported for only
thres of the semples and very from 500 to about 4400 ppm. Chromium oxide

values are reported for two ssmples with an average value of 150 prm,
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Other elemsnis reported are magnesium, manganese, sodium and potassium,
Of all these elements only vanadiwm, chromium snd ziroconium were analysed
for by spectrochemical techniques,

Sahama (1946) also included an analysis of another supposed sphene,
This supposed snrhena contaius sbout 9600 ppm of yttrium oxide, 1900 ppm
of cerium oxide, These values are considerable larger than those for
any of the other spsecimens, end this sphene is likewise much higher in
tantalum and iron than eny of the other analyses, The total iron oxide
value is reported aa 26,006 ppme  According to Sahama sphene can be used
as an indicator of the bulk composition of the rere-carth slements in
rocks,

In their book, Geochemistry, Rankema and Sahama mention reports of
europium in sphene up to 340 ppr and that 1% mey cuntain up to several
percent of columbium oxide, They feel that the yttrium rare-sarths are
characteristic of grsnites, while the cerium rare-earths usually seem to
be enriched in nepheline syenites. It is also pointed out thet aphene is
one of the main seats of radio-activity in ignecus rocks.

Columbium is reported in quentities from 1,000 to 10,000 ppm in sphenes
analysed by Jaffe (1547). Jaffe investigated sixteen sphene samples using
spectrographic methods. He found iron, aluminum, and fluorine in all
samples and coiumbium in about half,

Goldeechmidt (1954) notes a sphene variety containing about ten percent
tin dioxide, He also mentions that the calcium in sphene is frequently re-
Placed in part by yttrium, the rare-earths, uranium and thorium and that
one to two percent niobium is found in some sphenes replacing the titanium,

In twenty-four sphene eamples, sixteen of which were also used by the

author, Hurley and Fairbairn (1957) determined uranium snd thorium
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concentraetions. The average thorium concentration was 540 ppr snd the
urenium content averaged near 300 ppm. The minerals ziroon, apstite and
apidote frowm some of the seme rock samples were also analysed for uranium
and thorium, It was found thet the sphenes contained more uranium snd
thorium then apatlts znd epidote, but less uranium and thorium than
zircons. |

Molybdenun concentretions raenging from 34 to 400 ppm have been re-
ported by Rabinovieh end associstes (1952), Of the minerals they anslysed,
gphenes had the largesat molybdenum ocontent, The highest values were from
sphenes obtained from sress neer molybdenum mines. The method of anslysis

wes specirographis.
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Selection of Analysis Zlemants and Lines

It is necessary in choosing anelysis elements to pilck elements whish
might be expected to be prosent at least fairly commonly in detectable
quantitios in sphenes, The selection of analysis elements in this work
was dona using three primary guides. One was the consideration of which
trace olements were of suitable size to substitute for one of the major
elements. Tha second yuide was information available from previous work.
This gulde howsver, was only & rough general guide. The third zuide was
the gqualitative ansslysis of sphoene 3085, the standard., This was the most
important step in deciding on the analysis eloments. It was noticed in
the study of the previous work that while the widespread occurrence of
rare-earths in sphenes was noted in most cases, only in the cese of Sghama
(1946) wes there any msjor breakdown into the individual slements,

On examination of the spectra of sphens 3085 numercus rare-eerth
lines were ldentified, These included lines of neodymiuam, lanthenum,
ceriua, gadolinium, semarium, ytterbium, erbium and praseodymium. The
raro-oarth elaments chosen for analysis were neodymium, lanthanum, cerium,
gadoliniun and samariume. The other rare-earths were not chosen es analysis
elements becsuse of the great difficulty in recognizing the individual lines
of the different slements, due to near scoincidence, primarily with other
rare-earth lines, These other rars-3srth lines were also of very low ine
tensity and thus were assumsd to be much more likely to be present only in
quantities nsar the sensivity limits of the procedure. It should be noted
here thet in the case of gadolinium and semsrium, it wes still quite dif-
ficult to distinguish between the lines of the two elements, since in the
region used they ars very close together. In order to furnish some measure

of a chack on the correct choice of lines, two lines for samarium and
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gedolinium were chosen (see Table 1),

Other elements found to be mresent in sphene 3085 and chosen as
analysis elements were chromium, iron, manganese, molybdenum, scandium,
vanadium, yttrium, tungsten end ziroconium,

Table 1 lists all lines thst were messured for use in constructing
the addition plots, their rated intensities as tabulated in the M,I.T,
Wavelength Tebles, and the wavelength snd intensities of significant
lines that interfere with the particular snalysis line., All lines picked
were the most sensitive lines of each element, which also ked the minimum
of interference from other lines, JAlso considered in cases where inter-
ference of some sort seemed unavoidable, was what element was conflieting
with the analysis line. No analysis line wes chosen that had s conflict
with one of the me jor elements celcium, titanium or silicon. Yvery sttempt
was 2130 made not to uss enalysie lines which confliocted with a line of
enother snalysis element, In csses where this wes not entirely possivle,
the anzlysis line wes picked whose conflieting lire hed the lowest in-
tensity reting. The only elements where it wss impossibls $o avoid choose—
ing enslysis lines with conflicts were molybdenun and neodymium,
Molybdenum 302,983 is the only important molybdenum lime in that reglon
of the spectra investigoted. This line, witi sn inteusity rating of 1000,
bad & msjor interfersence with iron 3%02,94€ with an iatensity rating of
B0O, An attempt wss made to estimate the contribution of the iron to the
intensity of this line, through the use of an intensity ratio of the iron
line to unother iron line, However, it was found on subiracting that
portion of the intensity ceiculsted to be due to the ir&n line, one waa

left with & negative intensity for the molybdenum line for all twenty-three

4



Table 1

Anslysls Lines used in the Addition Proecedure

h Interfering | lntensity of
Line *Intensity Lines Interfering

Lines

Ce 4222 & 80

Cr 4254 % 5000

Fe 4383 & 1000

Fe 4260 & 400

Ga 4251.74 A 500 Sm 4251.79 A 200

Gd 4262,09 & 150 Cr 4262,13 & 40

La 4333 & 800

Mo 4031 & 500

Mn 4034 £ 250

Mo 3902,96 A 1000 Fe 3902,94 A 500

Nd 4303,57 A 100 Pe 4303,58 A 25

Se 4246,83 4 80 Nd 4246.88 4 10

So 4374.5 4 100 |

Sm 4256 A 150 x anne A g

Sm 4329 A 300

v 4379 & 200

Y 4374,94 & 150 Sm 4374,98 & 200

Y 4308 & 150

W 4294 A 50

Zr 4239 & 100

*From M,1.T, ¥Wavelength Tables.
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sphene samples. As a result molybdenum was dropped from the analysis
elements, Heodymium 4303,573 also hed a confliet with an iron line. The
contribution of this iron line was corrected for, as will be describeg

later, and yielded meaningful results,



SPECTROGRAPHIC PREPARATION

Sample Preparstion

As mentioned earliier, the sphene ssmpnles ussd were available to the
suthor as minerals ssparsted from granitic rooks. A list of she samples,
their locetion, the tyne of rock from which they came and the estimated
percent contsminastion is given in Table 2, These sepsrates were derived
from rock samples of sbout £ifty pounds, which were crushed and concen—
trated by gravity and magnetic procedures (Fairbairn, 1955),

The author ftook twenty-thrae separates and orushed each sample in s
stainless steel mortar. The mortar was cleasned with distilled water after
the orushing of each sample was completed, That portion of each sample
which passed the two hundred mesh soreen end wes retainsd on the three
hundred twenty-five mesh soreen was used in the analysis, The samples
were crushed this fine in order to free the included impurities from the
sphens. This fraction of the sample then was run through s Frantz iso-
dynemiec separator. Xach semple was run through several times with verying
amperages and rates of feed in order to remove s maximum smount of con-
tamination. Of course, some semples showed little or no improvement since
the original contemination was 8o low. Estimates of contaminstion were
made under a binoocular microscops., In all ceses more attention was paid
to elimineting opaque and dark impurities than quertz and similar minerals,
since one would expect the opague mineral to contribute much more heavily
to the elemental contamination than quartz. The processing of the crushed
semple through the Frantz separator also hed the important effect of elimi-
nating any contéminatian of iron due to the erushing in a ateel mortar,

After cleaning the samples en estimste was made of the percent con-

temination, This was done by spreading several hundred grains on s small
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Table 2

Looality, Rock Type, Other Accessory Minerals, and Dstimated

Pereent Contamination

of Semples Analysed

Sam-[Rock Type Locality Other Accessory Estimated %
ple Kinerals Contaminatio:
3011| Granite |Leavitt quarry, 2 miles | Bliotite,magnetite,apa~ 6-quartz
W. of Leominster, Mass. | tite,tourmaline,zircon
2055| Cranite | Hallowell, Maine Blotite,muscovite,ape., S=quartz
| fluorite,monazite,zir.
3014| Granite | Curry querry,Mass.,mi.[Biotite,chlorite,enidote max. O-
XSE of Wrentham sta,lass| apatite,fluorite,zircon quertz
3058| Quartz Sprucehead Island, Maine Biotite,epidote,apatite,] 7-qusrtz
monzonite towrmaline, ziroon
3071 Granite | 5t. Gideon, Gue,-Lake Bio.,chlor.,amph. ,magn., 2-quartz
3t, John sresa ilmn,epd.tour.fluor.zir.
3080| Granite | On route 198, 2 mi, N, | Biotite,chlorite,magn., | B-dark min,
}Mt+ Desert, Maine ilmn, ,epidote,zireon and quartsz
3139| Granite |Route 11, 13,5 mi., E. off
Yite Laurier, Que.
3051 Grano- | North end of N, Attle- | Chlorite, ilmenits, S5-quartz
| _diorite | boro, Mass, epidote, zircon
Z06G| Granite | Mt, Waldo, Maine Biotite,pyrite,apatitae, 3-quartz
tourmaline, mircon ~
3061 | Rhyolite | Moosehead Lake, Maine on Biotite,chlorite,magn., | 4-dark min,
route 16 anph.,epd.,fluor, ,zircon and quarts
3062| Granite | Route 201, 5.5 mi, S. of] Chlorite,magnetite,epi- | o-(% quartz
Jackman, Maine dote, apstite, ziroon %_dark min,)
3083| Granite | Hollingsworth & Whit.Rd,| Biotite, chlorite, epi-
6mi,W.from rte., 201, Me.| dote, apatite, zircon
B3079| Granite |On rte, 1, 1 mile 3, of | Chlorite, epidots, apa- 3-quartz
{rapakin)| Jonesboro, Maine tite, zircon
5081 | Granite | Barriefield,Ont.on out- | Amphibole,garnet ,magn., | 6
akirts of Kingaton, Ont. epetite, tour., zircon
3082| Syenite | Kingston Mills, Ont,, Biotite, pyrite, magn., | 2
- 6 mi. N. of Kingston ilmn,, apatite, zircon
3485 | Alaskitio| Hope Lake, Kenora msis.,w 2
Grenite | Ont,
3067 | Syenite | Brome Mt,, Quebec, on Biotite,muscovite,ilmen 4-quarts
Iron Hill Road ite, apeatite, zircon
<069 | Tinguaitel 3t, Josef's Blvd., Amphibole, magnetite, 2-quartz
Hontreal East apetite
3084 OGranite | Gaspe Nat'l, Park hiway | Chlorite, magnetite, 4~quartz
Porphyry| 7 mi, S.of Gaspesie,Que| tourmaline, zircon
3085| Granite | W, end Mountainville, Bio.,chlor, ,amph,.,pyrex,| 0
Deser Is. Quadrangle, Me, magn,,epd., apa., zircon
2093| Quartz | Dauphine querry, Birch- | Biotite,chlorite, apa- 6-pyrite and
Diorite | town, Nova Scotia tite, zircon quartz
[3013[ Granite | Blanohard quarry, 1% ni] Blotite, magnetite, 4~dark min,
WNW.of Uxbridge SteJldassy fluorits, zircon
3138| Granite | Rte. 58, 14,1 mi, W, of 12-opaque
fine pinkl Mt, Leurier, Que, or dk, min,

18



grid under a binocular microscope, counting two to three hundred grains,
and recording the number of non-sphene grains in this count. Due to the
extremely small size of the grains used, it was not possidble in the time
availeble to determine what the impurities were, That portion of the
impurities that were opaque minerals is listed with the estimates of con-

tamination in Table 2, Quartz wherever discernible has also been noted,

Mixing

A1l mixing was oarried out using a small agate mortar snd pestle,

both of which were scrubbed with cleanser and then well rinsed with dis-
tilled water before mixing each sample with either csrbon or additive
oxides, In the cese of the semples to which oxides of the analysis ele-
ments were added, mixing in the mortar wes carried on in the mortar for

at least thirty minutes. During this time the semple was swept into a
small pile in the center of the mortar at least six times. This procedure
was followed in order to get s uniform mixing of the additive oxides with
the sphene standard., The rest of the mixings consisted of mixing one part
of the addition sample or pure sphene sample with two parts of carbon by
weight, The mixing with carbon was ocarried out for at least five minutes

with at least five coning procedures,

Electrodes
Bach sample was run in duplicate, It was found in preliminery quali-

tative work that one eighth inch electrodes with a cylindriocal oavity one
sixteenth of an inch in dismeter and three sixteenths of en ineh deep was
the best available size to use for the sample electrodes, Spectrographic-

ally pure graphite electrodes were used rfor sll samples throughout the

19



investigation,

The twelve electrodes used for the additlon procedure were weighed
before end after loading of the samples, The varistion in the weights of
the semples in these elestrodes averaged about give nercent. None of the

other slectrodes was weighed,

Photogrephic Materials
Xodak 103-0 spectrographic plates were used in all cases, After

arcing, each plate was put in a developing tank for four snd & helf min-
utes at & temperature of twenty degrees centigrade, Then the plate waa
fixed for at least fifteen minutes, ususlly longer, Finally, the plate

was washed for at least thirty minutes,

Fhotometry
Memnsurement of line and background intensity was done with a Hilger

non-recording miorophotometer, Msasurement of both line and bseckground

was made on all anslysis linea,

Spectrograph

The analysis instrument was a twenty-one foot, 30,000 lines per ineh
concave grating speatrograph on & VWadsworth mounting., This instrument has
a dispersion of sbout 2,8 2 per millimeter, The good dispersion of this
instrument was the basis of the cholee of this instrument, The near
coincidence of many of the rare-esrth lines requires & large dispersion
in order to get meximum possible separation of the lines of the different
slements, The region used in this investigetion lay from about 3900 X to
4500 ;i.. A 813t width of 0,015 imch and slit height of adbout 8,0 milli-

weters was used,
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Areing Conditions

All semples were sreed 10 completion using ancde excitaticn at sbout
geven smperes, The elestrode separation was about seven and s helf milli-
meters, One sighth inoch spectrographicelly pure graphite sleotrodes con-
taining the sample were used st the anode, The counter electrodes used
were three sixteenths inch spectrographically pure cerbon rods, sharpenad
to & fine point. Counter electrodes were changed efier each sample and
resharpened for later use, The average completion areing time was about
one minute end fifty seconds, with a variation of about fiva.parcent. The
varistion of arcing time is to some extent releted t0 the amount of sample
arced (see figure 1), However, this relationship was not determinable,
It undoubtedly depends on many other things also, such as matrix, smperage,

electrode size, ete.

Sector

In order to reduce the intensities of certain lines to the point where
they could be measured guantitetively, a sector was used. An eight atep
sector with a factor of one-half per step was used for the addition pro-
cedure on sphens 3085 and for three other sphsne samples. A newly prepared
sector with a step factor of one-~fourth was found to be more ussful, and
was used on all the remsining samples, This sector had five steps, UWhst
is meant by a step-factor of one-fourth can be explained as follows:
assuning constant intenaity over the entire ares of the sector, the firat
step allows the passage of all the lighi, whils each sucoeeding step per-
mits the passage of a quantity of light equel to only one-fourth that

allowed to pass on the preceding step.
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SOURCES OF ERROR

There are twe general types of errors involved in quentitative

spoectrochemical anslysis. They are thoze inherently present in the ssmple

end equipment used, =nd those introduced by the analyst,

In the firat group ere included errors due to contsmination of the

samples, develomment of the plates, non-linear step factcr, and due to im-

purities of standards used in the edditfon procedure,

1,

Contamination: The estimates of percent conteminstion are listed
in Table 2, The asverage percent totel contsminetion is sbout four
and & half percent., However, it is very important to notice that
in at least ten of the sphenes nearly all of the conteminating
material was quartz., One would expect qusrtz to contribute very
little to the contemination in the elements being analysed for,
This 13 especially true when quartz is compared to minerals such
a8 auglte, horndleonde, or hemetite, Hemaetite for instance con-
tains seventy percent iron, and a twenty milligram sample with a
one percent contamination by hematite would have 7000 ppm of irom
due to the hemetite alone. This is very considerable contamination
and is an extreme example. Hematite is gquite unlikely to be
present as s result of the sepsration procedure used, Most con-
taminating materials will contain many times less of the con-
taminating elements than hematite contains iron. Quertz can be
expectad to meke essentially no significant contribution to the
contemination of the semple in any of the analysis elements, On
the basis of this consideration and the observetion of ten sam-
Ples, whose only visually detectable granuler conteaminstion was

quartz, the estimated aversge effective contaminetion is about
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two and a half percent, This lies well within the error introduced
by %the snalyst,

Flate Levelopment: ZRErrors due to development are extremely smsll
on the seme plate, Trrcors from plete to rlate due to veristions
in the plates «nd in the development of each plate are thought to
heve been largely compenseted for by calibrating sach plate in
three separate wavelength regions and by the use of comperison
stendards on esch plete, ZXrror due to this scuree is considered
to be negligible in relation to errors introduced by the sna-
lytieel procedure, |

Error due to Nom-linear Step Fector: As expleined earlier, s

step sector with an assumed linear step facior of cne-half and
later one-fourth derived from the g eometry of the sector was used
during the investigation. Actually, however, the inteusity of the
light in the ore verles with the position in the erc #op, and thus
the intensity of the light resching different steps on the sector
varies (ses Dennen, 1945), In order o miniuize the error from
this source, intensity readings were made on the same step wherever
possidle, Howsver, this was not possibls in meny cases and thus
since the factors of one-helf or one-fourth were assumed, error
has resulted. Based on the work of Dennen (1949, illustrated in
figure 11 of hias manuscript) concerning this probles, light from
the center of the arc was as acourately as possible caused to fell
along the slit., Dennen found that the intensity in the ceniral
portion of the arec was the most nearly constant, In this way it
is felt that the error from this source was minimized., It has

been assumed in this investigetion that this source has not
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contributed signifiocantly 4o the srrvor,

Errors due to Impurity of Stenderds Used: Oxides of the analysis
eiements usged 1p preparing the additlon standards are in cenersl
quite pure =nd contributs errors which ere very definitely nsgli-
gible, ard sctuslly in most cases lie below the dstection limit,
This 1s the case for the oxides of zireonlum, irom, vttriunm,
vansdium, tungsten, chromium and scandium used in this study.

(The oxides are listed in Tabls 3.) However, in the amse of the
rare-earths, 1% is muoh more probeble that larger errors, sigaifi-
cant ones perhsans, may have besn introduced due to impurity of the
oxidss used in preparing tha standards., The reasons for this lie
basically in the great similarvity of the various rers-earti ele-
ments and thus the greatar eade with which they substitute for
ana another, The kind or degrae of nontomination of the rarse-
sarth oxides used is not known. It is known that they are old,
howevar. It 1s f21% that error from this source, especially in
the oases of samarium snd zadoliniwm may bs rsal. But aincs no
data is avallable on the purity of these oxides, 1% was not pos-

sible to meke any corrsctions and it was assumed that only the

an=slvais element of the oxide was present.

In the second group are errors introduced in weighing end nixing of

additive oxides, loading and ercing of the semples, messurement of line in-

tensity, construction of curves and errors due to loss of unvoletilized

sample,

1.

Weighing Errors: 4ll weighings of the additive oxides were made
to the nearest tenti: of a miiligram. ZHError due to thias sourco is

esrtainly considerably less than a percent.
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Mixing Hrrors: ZHrrors due %0 non-uniform mixing of the oxide
gdditive 1s wiknown, The mixing rrocadure described carlier is
cenalderad t¢ heve rendered error from this scucce to Ye negli-
rible,

Yirror dus *tc Lozding and ircing of the Semples: Yrom twalve
londed 2leetrcdes used in the addition vrocedure it is eztimeted
that the error in the asample weipghts erced is of the order of
five percent, This varistion in samnle weights, of course, is
alse reepongible in pome messuve for veriation irp sreing tine

snd thus expcsure. As mentioned earlier the sroing time showed
ebeut » five nercent varistiecr slsc, PFhe nature ¢f the reletione
ship between sample weight &nd sreing tine is not Yuowi, apc was
rot inveostigated in this study. However, some indiestion of &
reletionship between veriotdicie in semple weight and ercing time
may be sean in Tigure 1,

Frrors dne to Messurement ¢f Line snd Becksround Intensities:
Frrors frem this source are, from general experience in the Cobet
Lreboretory et M.I.T, where this werk wes carried cut, considered
to be of the order of cne persent,

Errors due to Loss of Unvoletilized Semple: ZXrrors due to this
source sre unknovn, but considered to be smell, leas than a per-
e¢ent, The sroing conditions and weight »atio of sphens to carbom
used geave a very stesdy end smooth arc, with very little sputter-
ing. None of the samples used in the snslysis had any significant
noticeable sample loss, All semples were arsed to completion,
frrors due to Construction and Use of Curves: Kkrrors from thie

scurce can be introduced st three stages in the particular
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procedure used in this investigation. Errors are introduced in
the plotting of the mddition curves used to determine the original
smount of each =slement present in sphene %085, These curves elso
introfuce error sfter plotting, in the interncletion to determine
the originsl coneentyations of the various elements, This problem
is disoussed under the seotion desling speeificslly with the ad-
dition vrrocedure. T4 1= sufficient heve to note thet errors in
this pert of the etudy will heve an imporitant effect on determine=
tions in all the samvles, since 1t is by the standerd {3085) that
the concentrations in ell the rest of 4the semples are devermined,
The offect will Be o shiff of 11 detemminations in the same
direction from some mbaclute value,

A sacend place whars errors are introducad throuszh graphical
proosduras 1a in the plotting and the use of galibration cwrves,
Thiz esrror, while nrebably not an aritianl or as seneralized in
effect a2 the error involved in the addition plots, could be
signifisant, It iz felt, howevar, Jue to the conatruction of
meny such curves, that tha slopo of these curves is subjeot to a
compearat ively smell srror,

The pemaining graphieal error is that iavelved with the work-
ing curves for eacch elencnt, This giso is ulscussed in more de-
tall elsewhers,

Ho actual estimate of the error due to¢ the construction and
use ¢f these curves is availablie. Ilowsver, it sesms reasonsble
to expect thet an error of fruwm five tov ten perceunt may be intro-

duced froewm thisg souarce,
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It is estimeted that the total probable error involved in the deter-
minations reported liea between about ten percent to0 perhaps as much as
twenty percent. Different elements will have somewhat different probable
error. While these sound like, and are, sizeable errors that need to be
allowed for, it is important to realize that the importance say of a
twenty percent error quantitatively speaking 1is dependent on the general
level of concentration of the particular element. Thus with a 100 ppm
level of concentration similar to the values obtained for chromium, the
actual value lies between 80 and 120 ppm, While in a ¢sse such as iron
with a general level of about 20,000 ppm, the possible values range be-

tween 16,000 and 24,000 pmm.
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ANALYTICAL PROCEDURE
Method of Anslysis

In order to maks quantitative measurement of the elements of intsrest,
it 1s neceasary to construct & "yardstick" using one of the samplss. Cnce
this has been done, this standard csn be used $o make determinationsot
these same elements in the raast of the samples. I chose sample 3085 as
the standard since it contained no visible impurities, The addition
method was employed to detemmine the original concentrations of the
enalysis elements in spheme 3085,

In this method an oxide mix containing equsl or nearly oqdal amounts
by weight of each of the fourteen originel snslysis elements was prepared,
A 1list of the sources of these anelysis elements and the percentage of the
source that is mede up by the anelysis element 1s given in Table 3, This
oxide mix was then mixed with sphene 3085 in such a proportion that eash
analysis element had an approximate concentration of one percent or 10,000
rpme Then one part of this prepared addition sample was mixed with nine
parts of pure sphene 3085, Thiz gave an approximste concentration of about
1000 ppm in each of the analysis elements, In analagous fashion other ad-
dition concentrations of 5,000, 2,500, 350, 100 and 35 ppm were prepared,
After mixing these samples one part to two perts of carbon by weight, they
wors aroed in duplicate, Addition plots were then prepared tc determine
the original concentration of the snalysis elements in the pure sphene
3085, The graphical procedure is discussed in the section concerning ad-

dition plots,
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Teble 3

Compounds of the fourteen original enalysis elements used in
the addition procedure and the percent of each comprised by
the snalysis element

Percent of
Compound | Anslysis

Element
Ceg03 85.4 Ce
Lag03 85.3 La
Ga(wo3)3 | 45.8 Gd
Nd03 85.7 ma
Vs 56.0 v
Y405 78.8 Y
MO, 63.2 Mn
MoO €6.7 Mo
W 100.0 W
Zr0, 71.0 Zr
Crp05 8.4 ¢r
Fe 04 £9.9 Fe
Seg04 65.3 Sc
Sm 100.0 8m
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Graphical Procedurs

Thres types of plots were used to determine the concentrations of the
analysis elements. These are calibration curves, addition plois and worke
ing curves,

Calibration Uurves: A calibration curve has to be used et each wave-
length in order %o convers dﬂflectioha fros the miorophotometer to relative
intensities, OCalibration curves for different lines way have different
slopes. 4 separate calibretion curve wus prepared for each line listed in
Table 1 on the addition part of this investigation, which was all contained
on one photographie plate, ZIExaminstion of these curvea showed that only
three calibration curves wers required. One was for use with molybdenum
3903, & sesond used for manganese 4031 and 4034, and the third was used for
the region 4200 Z to 4500 3, which region included the rest of the analysis
lines,

Addition Plota: Two plotting techniques were used for each analysis
line in the addition part of the proocedure, The first of these wes the
stendard addition plot discussed in Ahrens (1985, page 33)., This is mersly
a plot of the relative intensity of the line of an element as the ordinent
versus the amount of the element added to the sample, on the sboissa, A
curve is then drawn through a succession of these points., Ideally this is
a straight line which is then extended to intersect the sboissa, The point
of interseotion of the abcisse and the extended addition curve indicates
the original concentration of the analysis element in the sample,

The second type of plot is the seme in all respects except that the
intensity of the analysis line was ratioed to the intensity of one of the

major element lines, calcium or titanium, These major elements were
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agaumed to be present in an easentially constent proportion, This methed
thsn 18 really just the internsl stendard method epplied %o the =addition

nlot,

To the best of the author's knowledge the only previocus use of this
retio method with addition plots, wes that of Jjhrens end Uorfinkle (1951),
In thie erticle little more wus sald of the method other than steting the
feet of its use,

In the particular csse of this investigation, cslcium, comprising
about twenty percent of sphene was used as the constent internsl standard
alemont for ell enslysis elemants except chromium end zireoxium, The
caleciuw line used was 4302, In the cases of chromium and zireonium,
titanium, meking up about twenty-five percent of sphene was used. Since
there does seer t0o be some relation between the weight of sample =zad are-
ing time, there is presumably some effsct slso on the measured intensity
of the lines, I% was hoped that by using this ratio of intemsities, thet
variation in the asample waight in the addition procedure would be com-
pensated for snd result in addition plots whose points would be the game
a8 1f there had been no veristion in sample weight,

It is important to note here, as concerns the graphicel procedure,
that while both of these types of addition plote ideally give a straight
line, this 1s not the case in actual experimental work. One important
suspectsd cause of the non-lineerity of the addition plots, is that as the
congentration of the enalysis element increases, the amount of self-absorp-
tion also increases., This of course varises with the element, This would
have the effect of reducing the intensity of the line at higher concentra-

tions and thus result in a decreass in the slope of the addition plot at
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these higher concentrations. This decrease of the slope of the eddition
curve with incrsasing concentration of the snalysis slement, espsciully
at the 10,000 ppm added level, was noted in alil cases except two Or three
of ths ratioed addition plots. In nearly all cases the ratioing of in-
tensities is obssrved to heave reduced the amount of non-linearity as come
pared 1o that of the ordinary plotas.

In constructing the addition plots and determining the original con-
centrations in sphene 3065, the straight line thut best fitted the curve
defined by the lower concentration points (0 through 5000 ppm added) %as
used. It does not seem that the ratioing of tne intensity of the analyeis
line to that of the caloium or titanium line necessarily reduces the varie-
tion of the two points from the mesn, However, the raticed type of ad-
dition plot definitely does seem to inorease the linearity of the addition
curve in meny cases, This definite improvement is illustreted in figures
2 and 3, which show the results for ircon 4383 and iron 486G. As can be
seen from the figures both iron lines give larger velues for the original
iron concentration in sphene 3085, in the standard addition plot, than
they do in the ratioced addition plots, Also in each case the linearity of
the ratioed eddition curve is increased over that of the standard curve,
This 1s particularly evidenced in the cese of iron 4383, in which case a
straight line cen be drawn entirely within the envelope of intensity ratio
variation at all points of coneentration. Thls retioed addition curve
determination of iron was used &s the experimentally determined iron cone-
tent of sphene 3085, 1 have drawn as can be seen in figure 3 the best
curve through the ratioced intensity points for iron 4260, which gives

nearly the same value obtained from the ratioed iron 4383,
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In most ceses the ratioing did scem te give improved velues. There
wers sone ceses, however, in which the raticing did not improve the curve
at all =nd may in e cese or twe have medes it worse,

Porking Curves: After devermminipg the conecentrsidon of the vericus
anulysis clements ir the stendard, working curves were estublishked and
constructed for sach element. A working curve wae plotted for esch slement
on sech plate. This was done by plotting points frox three different known
concentretion levels cf the standard for each element on esgh nlstae, The
slone of the working curve for each slement wes assumed tc be fortr-five
degress (ihreng, 1951), The base experimental working curve wss constructed
from the addition dete, usirg sl the concentrstion levels prerared, In
mogt cases the concentrstion determined from the addition plots gave a
working curve with a slope of nearly forty-five degreea sad thus agreed
quite well the assumed slope suggested by Ahrens. In the csse of ohromium,
yttrium and gadolinium, mincr adjustments were made in the orizinsl econ~
centrations of these elaments in sphens 30856, until the working curve was
within a dsgrse or two of forty-five degrees, The exact procedure used ia
this sdjustment is &s follows. When the angle of the working ourve is
raueh areaater then forty-five degrses, the original ooncentration used for
the working ourve was too high, while sn angle lese than for$y-five de-
grees indicates that the original concentration used was tco low.* This
procedure was used in deteil with manganese, which is discussed below,

In the case of wnngenese, two analysis lines, ¥n 4031 and ¥n 40734,
were chosen for purposes of furnishing s check throughout the investige-

tion. The original concentretion of menganese in sphene 30B5 as determined

*Personel communication from Dr, %. H., Dennen.
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from the best addition plots, was 4700 ppm from Mn 4031 asnd 3800 pp; from
Mn 4034, TFor both lines ell the working curves for ell the plates used
wore plotted for each of the two sssumed original concentrations in sphene
3085« 1In all cases except the working curve from the addition material
for Mn 4031, the engles of the curves for the 4700 ppm concentration were
considerably greater then forty-five degrees, On the basis of the above
mentioned eriteria the 4700 ppm value wes regarded as being too large,

The angles of the working curves for the 3800 ppm concentration were in
all except the case of the addition plot for Mn 4031, very closa to forty-
five degrees. Thus 3800 ppm was the consentration value used foy monganese
in pure sphene 3085,

In the determinations of the analysis elements from the working curves,
only one line of each element was used., Seleetion of Lhe line used in sach
case was based on comsiderations of apperent seusitivity {as revealed by
the addition plete) and minimuwn interference. The only exception to this
general method of selection was manganese, In the aase of manganese, the
working curves indiceted that Wn 4034 gave more reliabie intensity values
for the remaining twenty-two saﬁplea. Thue, for these samples, iutensity
values for ¥n 4034 were used in preference o those of in 4051, The

ansiyais lines used in the final working curve stage were:

3¢ 4375
La 4333
% 423%4 A

o

’€S

<3

x>
lorodmofisoftrojisofpeofi o ol-o Beo o iaa e
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Molybdenum was discerded a&as en snalysis element in this stege, when it was
found that overcompensation hed cgeurred for every sample when g correction

feetor wes applied.
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DISCUSSION OF RESULTS

The concentrations of each snelysis element in each semple are tebu-
leted in Teble 4, Each value shown in the teble is in all csses, except e
few, the average of two determinations., Also given in Table 4 1s the
aversge pexrcent deviation from the mean or probable errcor for each element.
This fizure wes calculasted fur each element by dividing the deviaticn from
the mean of cach pair of determinatiocns, by the reen itself, and then
totaling nll these deviaticns znd dividing by the toisl number of samples
for vhich two qusntitetive determinations were mede, This snswer was then
oxpressed in percent.e Thus in the cese of chrumium the aversge yercent
deviation from the meen is 6,76 percent., This means that any reported de-
termination for chromium has a £ifty percent chunce of being within 8,78
percent of the correet velue. The exror of the aversge of twe determine-
tions ig then simply the probeble error ¢f ¢ single determination divided
by the sguare root of two, i.3., 6,78 //E for ohromium. It was not
ressible to meke quantitetive debverminetions in «11 caszes, In these caces
the elements weare aot detected or at best Just gave trazce indications,

The bsat that could he done was 0 make 2 rough estimate cf the nexinum
possible concentratior.s This was done in ell casee except cne for
tungsten snd numercous times in the case of soandium,

The aversges of tho two deteruinctions for each elerient ¢f esoh sample
ara pletted both by slsmoent, grephs 1-¢, and by sample, grephs 10-2G, Semie
logeritimie rpaper has besp used in the plots in crder 4o eaocormodste the
wide differences in concentration, ond msintain reletive varistions cf the
elementa., The results will first be discussed by element end then by

sarplea,
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Table 4

Average Concentration of Analysis Elements in Each Sample

{A

Samplﬁ h383

¥n
Lo3k

values given in garta per millian}
V][ Cr Ce| Ia Nd

1398

4379

L25)

239

L222

1333 L303

[ Sm
4329

Gd

L262! |

Sc

3011 | 8250
3055 | 9300
1L L1350
3658 [L6150
3071 [20350
3080 [27500
3139 [LeoO
3051 |2L200

3061 [20L00
3062 18250
3063 [18150
3079 (22300
3081 [20750
3082 [20800
3485 [82%0
3067 [21950
3069 [5500
3084 [13000
3085 [15900
2093 [11600
3013 p5250
3138 51500

3060 (21100

5200
1930
6150
3650
1200
héQO

5320

6100
5950

3900
5300

L780
1050

2760
3350 |

2680
5170

2750 |

| 620
3800
1540
8550
L750

1600
2320
11L00
3720
7650
22000
1120
14850
9550
6320
36L0
1ikoo
13650
3700
ékzo
1660
2120
995
7ho
2700
2480
15500
1050

1010
860
L70

1080
220
650
300
LLo
600
860
760

1060
880
570
130
860
310

1040

1060
800
9k0
2ko

1160

360
600
28
70
28
165
18
26
78
100
k3t
67
85
125
22
91
36
23
92
70
635
38
16

680
1000
bk50

Lgo

520
2250
2280

750

580
2800
2350
2800

820
3120
1900
2380
5900
3900
1760
3100
2180

18900
2280

500
190
550
200

320

820|

1360
1160
1620

1030

4250
Lo20
1780
1L80

81)G~

3580
2850
3620
k200
820
100
1340

3Lo
L70
530
260
2715
150
1660
520

950

700
1020
1760
2290
1330
3980

3550

2680
2280

3000

8700
100
1000

2720
‘2450
2120
1400
1910
3780
2500
2680
Lo50
1750
8350
8500
11200
6100
1880
10350
L4950
L550
5150
;200
1550

<dbo

<s8fo

1650
1220
11900
2100
5800
9150
3020
7800
k500
5700
3980
6500
5450
3650
1700
5250
2600
1450
2000
1850
2020

970
3480

1650
1390
5000
2050
3950
5800
2950
5900
1,000
3900
1580
3850
3700
2080
1100
2060
3820
20,20
1500
1800
1650
2200
2600

140
<75
510
130
<75
980

<75
360
280

210

<75
<100

<75
<4100
210
150
<75
oo
180

130 |

160 |

380 |

<75

5

5 5 8 5 5

13

O

5 8 B B %s

g 8§

trace

9’:5 {:'6""1 h.lO

Mean

L 37

3.03

5.33

678

Lol

5.6l

2.79

L.78

3.81

3.85

7.65

' 5 5 3

# overcorrected for iron conflict

¥D= not

40

cetected, less than 200 ppm



Discussion of Results by Elewent

1.

4.

Iron: Iron (greph 1) is present in all samples, The iron content
varies from about 8,000 to 28,000 ppm, with the exception of over
51,000 ppm in semple 313E, It 1s slmost a certsinty that much of
this last velue is due to contaminstion, as incleated by the esti-
mated tvelve percent ecntemination consisting of Op&gue greins
(Teble 2), Most of the iron veluse seem tc lie in the neighbor-
hood of £80,0C0 vpme One can notice sume degres of gimilerity in
the shepe cf the gurves for gedolinium (graph &), ssmerium '
(gxaph 7), and iron,

Chromium: Chromiws (greph 1) is slsc present in =211 samples,
Chromium vsaluss sre much more vsrisble rwoportionstely thsn ircn
ard are o grest desl leower, A1l the semples snelyeed sonteined
less thasr 700 pre, The wejority of the valuce, 32 may be szen
from elther Table 4 or gresh 1, are lesc then 100 rom. It is
noticed tnst the three samples conteining the hichest soncentrs-
tiong of chromium slzc hsve the threze lowest vwslnes of iron,.
These semples sre 3055, 3011 snd 50903,

Menzenese: Manpensse {grenh 1) is vresent in ell ssmples, with
o3t of the va2lues lying in the range of 4000 to 6000 npm, There
anwears to be genersl similsrity in the shane of the curves Tor
mangeness {(greph 1) and gsdolinium (svenh 8),

Zireonium: Zireonium (zreph 2) was found to be mresemt in £11
semmles, The variability in soncentration is rather high. About
half of the veluss obtained lie beiwsen 1800 snd 3000 Prm. 4n
unusually high econcentration of slmost 19,000 prm is revorted for

srwple 3013, If would seem likely thet some of this is dus to

Y
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Je

6o

7.

8.

B

contemination, perheps by zircou,

Vanadium: Vanadium {greph 3) was found in all samples end varies
from about & 100 ppm to sbout 1200 ppm, Kost of the samples had
values between 800 and 1200 ppm,

Yttrium: Yttrium (graph 4) shows & wide range of varistion from
about 700 ppm to about 22,000 npm and ia present in all sasmples,
Most of the values lie in the range 3500 to 6500 ppm. It is poe-
8ible that a few of the very high values may in part be due to
contaminetion ss all samples with high values have at least three
percent contamination,

Lanthanum: Lanthenum (greph ) was found to be highly variable
in concentration sud was present in =11 samples, ZExcept for & few
extreme osses the values lie betwesn 300 and 4000 ppm. ILenthanum
generally seams to have values which are the inverse of yttrium,
1,0., in general when a sample has & low yttrium concentration,
the lanthanum value is reasonably high end vice verss. As may be
seen from grephs § and 6, there is a definite parallelism of the
concentrations of lanthanum, cerium and neodymium. When a sample
iz low in one of these elements 1t is also low in the other two,
Cerium: Ceriwm (graph 5) was found in all semples and was highly
variable in concentration, The values determined rénged from
about 100 ppm to about 8000 ppm., There seems in general to be an
inverse relationship between cerium and yttrium velues.
Reodymium: Neodymium (greph 6) varies over a range of 130 ppm to
about 11,000 ppm, and was found to be present in all samples ex-

cept two, which i1s disocussed below,
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As mentioned earlier Nd 4303 has = confliet with an {ron line
et about that same wavelength (see Table 1), In order to remove
that part of the intenalty of this lino due to iron, the follow-

ing procedure was followed,

A smaple containing s mixture of ferric oxide and quartz was
arced, Then the ratio of the intensities of Fe 4303 to Fe 4383
was caloulated, Since the Fe 4383 intensity was known for each
sampie, it then became theoretically possible to celaulate how
much of the intensity of the lins at 4303 was due to irom, This
value was theu in each case subtracted from the measured intensity,
theoretically leaving just the intensity due to the neodymium
present.,

In all csses except two this procedure gave positive intensity
valuss, which are meaningful, However, in the cases of samples
30173 and 3138, negative intensity values resulted., This oertainly
indicates that these samples were quite low in neodymium relative
to the other assmples, and it has been assumed in this study that
they were also low in sbsolute concentration. The negative in-
tensity values, which have no real meaning, do indicate that there
is some sort of en inaccuracy in the correction factor used. It
would seem that there has bean some overcorrection to give these
negative values. Thus it is probable that all the samples have
besn somewhat overcorrected. Since most of the samples alrsady
have high neodymium values, the elimination of this overcorrsction
would simply increase the peake for this element seen in the sample

plots. In the cases of samples 3014, 2061, 3067, 3082 and 3085,
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necdymium, while reasonably high, does not comstitute & peak, dut
might become a peak value in these sample plots if not overcome
penseted, This would eliminate one of ths more common discrspancies
noted in the discussion of results by samples, However, both 3013
and 3138 would still be low in neocdymium relatively spsaking.

10, Samarium: Samarium (graph 7) was found t© be present in =211 same
ples and varies from epproximetely 1000 te almost 10,000 pmm. In
all except two or three cases, the concentrations of samarium and
gadolinium (graph 8) parallel each other. In addition to the gen-
eral perallelism obaserved in grsphs 7 and &, one notices that the
actual concentrations of each of the elements are in many cases
similar numerically.

1l. Gadolinium: aadolinium'(graph 8), like semarium, was present in
all samples snd veries over a range of 1100 ppm to about 6000 ppm,

18, Scandium: Scendium (greph 9) was not detescted in seven of the
samples, It is estimated that the concentration of scendium in
these zamples is 75 ppm or less, A trace smount of scandium was
detected in three other samples and are tabulated as having values
neer 100 ppm, The remaining samples have values varying from 130
to almost 980 ppm.

13, Tungsten: Tungsten was detected in only two samples, The non-
detection is estimated as indicating that less than 200 ppm of
the element is present in the sample,

Bemi-.quantitative estimates have been made for strontium end saluminum,
The strontium estimates were made using line Sr 4215,5 and the aluminum

estimates were made from line Al 3961,5., Sample 3069 has an estimated
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2600 ppm of strontium asnd sample 3139 an estimsted 1200 ppm. None of the
other ssmples showed any detectable strontium. All of the samples con-
tained aluminum, estimsted to be present in quentities of 10,000 to 20,000

ppre in esch ssmnle,
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Discussion of Results by Semple

In this presentation and discussion of the data by samples, I am
attempting to determine by trace element anslysis if any of the sphenes
might be from gsnetically related rocks. Reasonable evidence of genetic
similarity or relationship between twc sphenes and slso presumably between
the two rock sources from which they were separsted, is teken to be =
parallel relationship between the plots of the concentration of the ele-
ments in each of the two semplee, It seems reasonable to expect that two
sphenes from genetically related rocks would illustrate similar relations
between elements., It seems well to point out here that there may not
always be complete sgreement or similarity dus t¢ the errors involved in
the determinations, but that & general similarity is necessary. If two
ssmples have nearly the seame concentration of the elements, one might
suspect they came from not only from genetically related sources, but that
the sources were alsc in close geographical proximity,

The samples are discussed by groups arranged on the bagis of the
author's impression of significant aimilarity snd relationship, The only
relationship smong the semplesof the last group is that they have little
or no similarity to any other samples in the author's opinion,

In the first group are semples 3011, 3014, 2051, 3055, 3058, 3080,
3061, 3062, 3083, 3071, 3079, 3080, end 3139, In genersl thease samples
have high peak concentrations im yttrium, iron, neodymium, semarium, and
gadoliniun, Samarium is usuelly higher than gadolinium, These samples
8ls0 heve minimum values for scanuium, lenthanum, dhromium and tungsten,
Cerium is often nearly as low as lanthanum, Closer similarity between

some of the ssmples than between others was noted within the group. The
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samples of this group will be disoussed in reletion to these apparent
closer similarities within the group primarily for sonveniencs, ss it is
folt there is a significant similerity between all of the samples of thie
&roup,

The first subgroup of group one contains ssmples 3011 and 3055 (grapn
10}, There appear to be two distinguishing characteristics of these sem-
ples., Firat, both have decidedly highsr‘ehramium values and decidedly
lower iron values than any of the other samples in this group. Second,
the pesk concentrations, while agreeing with the general case for the
group as far as elements are concernsd, are considerably lower than the
concentrations of the same elements in the rest of the semples of group
one, This 1s espscially noticeable in the casee of yttrium and iron. In
the case of iron both of these semples have less tham 10,000 ppm, while the
rest of the samplea all have at least 16,000 ppm,

The second subgroup of group one contsins samples 3014, 3058, 3071,
3080, end 3139 (grephs 1l and 12), These semples are distinguished from
the other ssmples except those in subgroup one on the basis of their cerium
values, which are nearly es low as the lanthanum values and in the cases of
3058 and 3139 are somewhat lower. The first subgroup also possesses this
quality. The seoond subgroup was seperated from the first on the observa-
tion that in subgroup two the ssmarium and gsdolinium values are in ell
cases greater than the values for neodymium, while in subgroup one the
neodymium values are in all cases greater than both the samarium and
gadolinium velues. Sample 3014 (graph 11) shows a dissimilerity, with &
peak concentration for zireconium. This, if not a real varistion, could

be due to too large e zirconium value or too smsll a neodymium value, It
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might be due to contaminstion by some zircon, as we notice from Table 2
that this semple has an estimated nine parcanﬁ contamination, It should
also be noted that the soandium véluaa in samples 3014 ond 3080 (graph 12)
are higher than in most samples of this group,

The third subgroup of group one contains samples 3051, 3060, and 3081
(greph 13), This subgroup differs from the first two in that the cerium
values are substantially higher then the lsnthanum velues. This subgroup
differs from the fourth and last subgroup in that the samarium spnd
gadolinium concentrations are substantially larger then the neodymium eon-
centration. Semple 3061 has an apparent discrepancy in & peek walue for
zirconium, which may be due in part to contaminetion., This is not neces~
sarily true, as it c¢an be seen from graph 2 thet this velue for zirconium
is in the gensral rsnge of zireonium values,

Ths fourth subgroup of group one contsins semples 3062, 3083, and 3079
(graph 14). This subgroup differs from the Tirst two, in thet it does not
have & minime for cerium. It differs from the third subgroup by virtue of
the fact that samarium and gedolinium values are lower in each sample than
the neodymium value. In the case of sample 3062, the lanthsnum value does
not show & minima or low point, but was determined $o be slightly greater
than samerium., This iz the only discrepancy within this subgroup, and it
can be seen thet if this lanthanum value (4000 ppm) wers lowered by twenty-
five percent this discrevancy would be eliminated, This percent change is
not too much greater than the estimated ten to twenty percent possible
error. It may well be that this relatively high lanthenum value is due to
sontamination, The estimated nine percent contamination could conceivably

account for an additional 2000 ppm of lanthanum above that normelly present
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in the sphene, Sample 30862 has been included in this subgroup after the
etove eonsideration and cn the observation of definite similarity in the
cases of all other elementas, Actuslly, samples 3062 and 3063 not only
show & pearallal relationship, but in sll elements except three, they show
nearly equal congentration levels. As can be seen from the map of sample
locations these twe samples are within about five miles of each other,
The above mentioned observation about the similar quantities of the
analysis elements present would seem to indicate that the rocks from
which these samples cems are very closely related, They may be from the
sane igneous body.

The seoonﬁ group contains samples 3081, 30B2 and 3485 (graph 15).

This group like the firat group hes pesks for iron, necdymium, samerium
end ybdsrium, There are minimes for chromium, secandium end tungsten, This
second group differs from the first group in thet the zireonium, neodymius,
cariwm and lanthanum velues all are greater than the gadolinium values for
their respective aampl#a; Also the lenthanum is much higher relative to
sameriun in this group than is the oase in the first group. Sample 3082
is slightly out of vhase by 1ts lzok of » pesk for necdymium,

The third group contains samples 3067 and 3069 (graph 16), Here sgain
chyromium, scandium end tungsten are low and iron is high. Other general
patterns present in the other groups are changed, Cerium and lenthanum,
while not attaining pesk values, sre guite high relstively. They certeinly
are not lov values. Also the samarium concentrations in both casses are
significantly lowsr {about 1000 ppm) then the gadolinium values, It ashould
be noted that these samples show differant relations as regards zirconium-

neodymium and venadium-yttrium. However, their general similarity otherwise
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is quite apparent,

The fourth group contains samples 3084 and 3085 (graph 17). This
group differe in the ooccurrences of minima within the group of elements
zireconium, neodymium, ceriua, lanthenum, semarium end gedolinium, The
lowest wvalue in both semples is found tc be thet for gedolinium. This
value is pot overly low in reletion to most of the =bove menticnsd elew
ments, The similarity between these two ssmples aould be more striking,
Semple 30E4 hes pesk values for neodymium snd vansdium, which 3085 does
nots It would be possible with an adjustment or twoe for esch sample in
group three and group four, to bring the curves of these samples into gen-
erel similarity with the samples of group two., The suthor, however, sees
no justification or reason for doing so. In samples 3084 and 3085, for
instance, & decrease of 400 to 800 ppm in the samarium concentration would
bring these two samples into similarity with samples 3067 and 3089,

In the Pifth group are samples 2093, 3017 and 3128 {graphs 18, 19,
and 20), The ssmples of this group sbhow no overall similarity either to
sach other or to any of the other samples, The zirconium velue of nearly
19,000 ppm in sample 3013 is thought to ba due in pert to contemination,
This value is about 13,000 ppm higher than the next highest zirconium
value, 3Sample 3013 is also notable for its very low values for neodymium,
cerium and lanthanum,

Ssmple 3138 {gradh 20) is similar t¢ the samples in group ome with one
vory siriking exception, nemely a very low neodymium velue. However, 1t
should =lso be noted that this sample hes an extremely high velue for iron,
over 51,000 prm, This is more than 20,000 ppm greater than the next highest

iron value far any of the other samples.
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It is quite probable that a major portion of this wvalue 1s due to
contamination, sstimated to be sbout twelve percent, all of which consiste
of opaque grains. The problen of overcompensation in the correction of
the neodymium line wms discussed earlier, However, it 1z possible that
the overcompensation was unduly ssvers here due to the exceptionally high
iron vslue, It is, of course, impoassible to know if 3138 would show any

greater similarity to group one if this overcompensstion was eliminated.
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Supmery of Results and Conelusions

Results indieste thet sphenes sre generslly low (up to several hundred
prm) in chromium, sesndium and tungeten., Ulements present in the middle
renge of concentrstions from sbout 100C te 3500 ppm, include lanthsnum,
cerium, gedelinium, semarium, zircenlum and vansdium., Fresent in somewhst
kigher concentrations are mangenese, yttrium end neodymiun, All the above
elements were only occasionslly present in guantities grester than 2 pere
cent, Iron velues are very much higher then sny of the other elements
studies, averaging about two percent., This iz as might be expected due to
the greater gecchemical sbundence of iron 2s compsred to the otlier alements,
A portion of this high value for ironr doubtless ig due tco contamination,
Aluminum, while not determined guantitatively, i3 estimated to be present
in the range of one to two percent,

There very definitely appesrs to be parallelism between the values of
lanthanum, eerium and neodymium present in sphene., A sample high in one
of these elements is alsc high in the other two, Semerium and gadolinium
also show very striking parallelism, These relations are as might be ex-
pected from considerations of ionie radii (see Table 5), An inverse re-
lation is noted between iron snd chromium in cases of highest chromium or
lowest iron velues, Lanthanum end osrium show an inverse reletionship
with yttrium,

Of the thirteen ssmples of group one, chosen as having significent
similarities b ¥ the author, eleven sre from New Ingland, end two are from
fuebec, Of the eleven from New Ingland, three are from Massschusstts out
of four samples from that state, and eight are from lMeine of nine samples

from there., The only Maine sample not listed in group one iz the standard
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Table 5

Tabulation of Iconic Radii of Certain Elements

Element | Valence | Radius Element | Valance | Radius
in °4 in °A
Ca +2 1.06 Ti +4 C.64
b4 +3 1.06 Al +3 0.57
La +3 1.22 Cr +3 0.65
Ce +3 1.18 Fe +2 0.83
Nd +3 1.17 Fe +3 0.67
Gd +3 1.11 v +3 0.75
Sm +3 1.13 +, 0.61
Mnn +2 0.91 Mo +4 0.66
Sr +2 1.27 Mo +6 0.62
U +4 1,05 W +4 0.68
Th +4 1.10 81 +4 0.39

(From Appendix
Physics and Chemistry)

Stillwell, 1938 and The Handbook of
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3085, The loostions of the semples eregpt for 3480, in far western Cmntario,
esn be seen on the mep of sample loeslities (figure 4), The samnles of group
two, 3081, 3082, and 3455 sre ell from Onterio, Ssmples 3081 end 2082 are
within ten miles of each other, while 3485 is about eight hundred milss
away, Sinilarity is elso noted between semples 307 and 3069, whish =lsc
show some gecgraphicel proximity. The remminder of the ssmples show relew-
tively little truce element zimilerity and nc geographissl relstionship.
There thuy does appeer tc be some definite geographiesl grouping of the
senples, with New England being by far the most obvious group., The reason
other geographically groupings are not so obvicus msy well be due to the
much fewer number of semples from these aress,

The grouping of sauples by similarity of thsir plots for the thirteen
enalysis elewent sz, wuld seem to indieete that trace element analysis of
sphenes can he used, given enough semples from su area, in correlating
rocks that have scme genetic and geogrephical relstionship., It is possible
that this is due only to the general selective nature of sphenes, seleoting
the varicus elemsnts in csrtain proportions %o sach other in nearly all
caseg, It would seem, though, £ rom tihe fact thet only little more than
half the namﬁlas (group one) show general similarities amongst themselves,
while the rest seem to be sigrificantly dissimiler from this group, that
there is soma genetic relationship indicated. The author concludee that
troce elesment analysis of sphenes may be helpful in establishing due fact
of genetic relationship between mcks. OFf course, additional work 1s
necassary, as will be suggested briefly under recommendations for future
work,

It is concluded with respect to proesdure, that fha use of intensity

ratios of an anslysis element with = similsrly behaving element present in
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nearly constant proportion in sdditionplets is quite helpful. It wes
found in this investigaticn thet this intensity ratio in mwst cases ime
proved the addition plote, meking them nore neerly linesr and thus melking
it essisr t¢ uetermine the originel concentrations of the znelysis ele~
monts 1n the standards The use of these ratiocs for this purpuse is recome
mendeds

« tabulation of slemeuts snd their concentretion rauges in sphene by

various aunslysts is presented im Table &,
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Elements and their Concentration Renges in Sphene
by Various Anelysts

Table 8

(A1l values given in parts per million)

Oxide of Sahama Prince Element Rose

Element (1946 ) {1938) (1959)
Fog0u 0-19,100 | 9500<61,700 Fe 8250-27 ,500
Fel 10006900 0=10,700
Zr0g 500=-1100 1100 ay 500-5900
Crg0s | 100200 Cr 15-635
Lag0g 200-500 Le 100-8700
Caglx 600-1900 ]. 35,800 Ce 100-8150
Y503 200-9600 Y 740-22,000
HdgOn 600--800 Ha 500-11,200
Gds0n 100=-300 Gd 11006900
SapOn 100-300 Em 970-9450
Mn0 100-800 0-500 ¥n 620-8550
Vy0g 50-1100 v 130-1160

w 200-730

SegO3 300 Se 75--980
A0, 0-44,400 AL 10,000-20,000
8r0 40-4400 Sr 1200-2600
Wb ,0g 300-16,000 |
Ta,0g 100-17,500
PrgOy 0=200 Cb (1)500-10,000
Dy ,0x 0=-200 U (2) 25-1270
Bro0Os (=100 Th (2) 40-m150
Yog03 0=100

(1) Jarte (1547)
{2) Hurley and Peirbairn (19%7)




Recormmendstivns for Tulure York

srnelysis of the rocks from which semples of sphene came for msjor
elaments would furnish useful information. Petrogrephle studies of the
rozk end sphene would z2lso be helpful 17 tins and purposes of the study
peruit. It would be very helpful in an investigetion of the typs roported
in this thesis to cheek the determinaticns of esel element by u different
uethod, woneelally for ithe stsndard. vuentitetive determinaticns in the
stondard are the cnes needing the znost verification, since these values
are ussd to determine the values in other samples. ‘The sbove suggestions
For additional work would furpish greatsr confidence snd resasursnce in
the resuits obteined end thus elsc in the intsrpretations made,

Howevsy, more importszait purposes wuld be served by analysing ade-
ditional sphene sswples and establishing greater geographical demzity of
trace elsments anslyses for the minseral, especially in sress from which
few sphenes heve besn anslysed. In order tc draw any really well based
conclusions concerning the topic of this thesiz {t 13 necessary to have a
statistically significant number of analyses,

Aven nore slgnificant end indicstive would »e & almiler tresce element
anslysis of seversl eccessory minerals from each of the rock samples, If
sevoral mineral phases indicsted thet certain rocks appesred to be genstie-

ally related, one would be much more confident in his conclusions,
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