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Scops AND QONTSNTsi  AaphLbolltes from several locdities have been studied
cheoPidly. The rocks were spectrographLcdly analyzed for Cr, v, Ni, Co,
Sc, Zr, Sr, and Ba and major element analyses were done on 20 ampphbooites,
sediments, and igneous rocks. The cheniitry of sediments and igneous

rocks Wh.ch Pght isochemicdly metamorphose to apppiiooite has been studied.
D.i*(MriPLna™lt function analyses were performed on major and minor elements,

to classify rocks of known and unknown origins.
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ABSTRACT

AMMbolites fxoa 12 loccO.itl.aB have been studied ch«mceQ.ly
With regard to major and minor elements. Dscriminant functions have
been calculated using rocks of known origin in an attempt to classify am-
pM.CbO.iteB of undetermined origin. AmplpLbolites my be classified W.th
a good degree of confidence Wthin a geochemcm province by a discrimi-
nant function calculated on data for rocks of known origin. Cr, V, Ni, Co,
Zr, Sr, and Ba were used in the discriminant function analysis. Mjor
elements do not appear to be very useful to distinguish ampPitooite ori-
gins.

Sediments have been analyzed for mmjor and minor elements in an
attrapt to find mteriiaLs Wd.ch mght Csociemccd.ly metamorphose to ampM.-
talite. Mafic graywackes seem suitable and certain t*fg.ilLCees also ap-
proximite ampp”~D”™.” in comppostion.

Niggg.l number plots are discredited us a me&ns of determining the

parentage of ampPibolitrs.
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INTRODUCTION

AAplPLbolites have Irng been recrgnized as having been derived
from either tgnerus rr sedimentary rrcks through mmtamjrplhism. ldenti-
fLoatim rf the pre-metamorplhLc rrtgtn Ls rften difftcULt because rf
stmtarrttes Ln the tec types.

Work by Kudr (1962) demornsrated the posssbility that the chemi-
caL crmppritirn rf amppibiMte Ls a suitable guide tr its origin, pro-
vided that the severaL independent chemcUL variables are crnsidered
simtutaneoualy by the muulivtarLate statistical procedure knrwn as dis-
criminant function anaysis. Such a procedure Ls innately superim tr
the traditL"Dnal approach rf tw”-dipeMiolnrl scatter Oiagrmis, and Ls Ln
fact the extensirn rf such a metted tr many dimemirns.

The purpose rf this tnvesttgrtion has been twofold. First, tr
test the discriminant functiQns calculated by Kudr (1962) in rrder tr
examine the un.veesaa.ity rf their application. It was decided Ohat, 1T
necessary, new discriminant functions wotad be calculated sr as tr obtain
better classifications rf rpppibirltes. The secrnd ~ecti-ve was tr
study the chemistry rf geolrgic parteiirLs wl”*ch might isichep.c”r.ly mmta-
morphose tr amplibirite, particularly sediments and tuffs. In the crurse
rf the Onvestigation, the mpticds used by rther researchers rn ampliLbc-

LLtes have been crnsidered and their relevance eviOLuated.
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DeefLnLtiots of Terms

The definitions used in this study are from those listed by Shaw
(1957). Some of the definitions pertinent to this investigation are as
follows:
Ami]PLbblitel A mitaporplh.i rock of medium to coarse grain, containing
essen™d ammM-bole and plagioclase. AmpHLDbblites are com”c®onLy m"EME"jive
and the ampllibole often has an elongated or acicular habbt, but some
varieties can be classed as schist or gneiss. Many aPiPLbbOltes also
contain pyroxene, mica, epidote, or garnet and can be prefixed according-

ly. Quartz is also a common iontSitrent.

The prefix Ortho. Of igneous origin: thus an ortio-eapplhibOlte (ab-

breviated oA) is an appliibOlte derived from an igneous rock.

The prefix Para. Of sedimentary origin: therefore para-appliibOl.tes

(abbreviated pA) are derived from sed-menns.



Para-amphibolitoa and metasomatic amphibolites: In this paper the term
para-anphibolite is used as mesaiing an amphibolite formed Oy metamorphism
of a sediment With essentially no chemicW changes other than exptU.si.on
of vdatile com»lel'tB such as H,0 and CO”.  Such conditions of meta-
morphism are possible and Likely as iemootSratei Oy Coleman and Lee (1963)
and Shaw (1956)

aclaBiim.lic amppiboiites have formed from igneous or sedimentary
rocks ®th accompanying changes in chemicd cimmPiStion, spec”™ficalLlLy
involving li(i.ttio and subtraction of oonovoiiltll copppooiOs. 'ti@anmPen
cf such changes are i1eBcrrOli by Leith and Hrder (1908), Adams (1909),
Grout (1937), Crotder (1958) and Waaker et aL. (1960).

There is often no clear distinction between these three types
on megascopic and microscopic evidloce. It is not known thhther alLL
the harl_IPpPiioCitl napphln supplied to the author are of un(iLshUtel
sedimentary origin. Out this has been asstmed to be the case.

Tuff is aco?tilrli as a sediment throughout this study lit"o)ugi

some chem-caL chalalttliBttCB appear to be analogous to igneous rocks



REVIEW OF THE AWHHIBDLITE PROBLEM AND CHEMICAL APPROACHES TO ITS SOLUTION
GeneralL
The ImphMboOlte problem results from the difficulty of determining

irich of severalL diverse origins is appropriate to a particULar aBpribo-
Lite. KLiic (1953,  144) gives the foUoiing hypotheses for comjidera-
tim of ImpPMboOite origins:

(1) By tMermal-lkLnetic (regional) metamorphism of sedimentary rocks:
(a) impure carbonate rocks or miris; (b) tuffs or reworked tuffaceous maaeri-
aL; (c) uncontamimated detritus from a basic ignheous terrain

(2) By tMfiffial-kinetic (regional) metamorphism of basic intrusive
or extrusive rocks

(J) By action of hydrothermal or igneous agencies on carbonate
rocks; add.rive (and subtractive) metamorphism.

(4) By the actim of a 'basic front’ produced by gran.tLzltioc;
regional raeeabnmalium.”
Similar hypotheses are considered by Engel (1956) and Engel and Engel (1951,
1962), Wilcox and Poldervaart (1958), Evans and Leake (1960), and waaker
et &L (i960)* Exnampes of metasomaHc ampPMLoOlteu which are alLtera-
tims of marble by contact effects adjacent to granites were described by
Adams and BarJ*oi (1910) Ln the HaJ.burtoc-B'llcroft region of OnCtri.o. Grout
(1957) Mis demoncUrated the alLteration of shUes and slates to rocks of
ImpPMbonitic comppostion upon LccluuLnc Ln gabbrd Heelit and James
(1956) and TiUey (1958) have described metasomaic ImpPMbonites from the

GrenniUe Province of Oll€aalLo



The imaJor and Wrcr ellement cherniutry of many arapPiboOitrs is
simiar to that of basic igneous rocks such as diabase, gabbro and ba%ja-t
as shown by Francis (1958), E”gel and (1962) Waaker et H. (1958),
Evans and Leake (1960), and Wilcox and Poldervasart (1958). Maasive
anpPiboO1trs and those wWLch have relict igneous textures and structures
wHLch are suggestive of a reagaHc origin (e.g. Dodge (1972), Hague et olL.
(1956), Thomson (1978)) uaiutLly provide little difficulty in ldrntifict-
tion. Those ampPiboOitrs wM.ch exM-bit no evidence of theilr pre-meta-
morphic textural and structural nature are the problematical ones.

From a survey of the literature, it appears that p~art-tmpPiColl.tes
may be d-fficWt to identify certainty. Thin, banded and otherwise
Bbdtinroua amiPiboOites wM.ch occur w-thin strata definitely of rnata-
sedimentary origin (e.g. Poldervoirt and Begley, 1959, p. 3) are probably
the best examppes of part-tmpPibolltrs. Banded or *striped”™ tmpPiboOitrs
within metasediments are com”c"oy assumed to be of sedimentary origin.

Eckel-mann and Poldervajart (1957) and Poldervaart and Bentley (1959)
identified part-tmpPiCoOitrs on their interbedding relations with argillites,
gluatZitrs and banded ironstones. Feather ampPiboOitra in Barbie are con-
sidered to be of meeasedimentary origin by Adams (1909) and Adams and Barlow
(1910). Augi~gene tuffs (Ccar-isle, 1963) have been suggested as progeintors

part-ampPiColitrs.

In a study of metamorphic rocks in Colorado, Boyer (1962, pp. 1055-
1957") presents the following discussion of evidence for the origin of mafic

gneisses:



"The hornblende gneisses and some aDphibboltee are meeiajecd.-
mentory; original sedimentary feai“™es are obscured by metamor-
phic iexiures. A sedimentary pprenttge is indicaied by acces-
sory epidote and tourmPinr; m.nortalo(g.C4al banding of biotiie,
hornblende, oligoclase and qgiuftz; rounded grains of accessory
zircon; abundance of qutgtz; and concordant field relationships.
Mot likely ihe parent rock was ~xed calcareous and argilltac<ous
sediments. Other amhibbOitea had a mific igneous parentage;
ihey show almost equal amoouits of hornblende and oligoclase Wth
no oiher essential m.neerals or any segregation, or banding. Prob-
ably ihese represent mafic volcanic rocks or possibly sills in-

Wth ihe sedimentary rocks."

The banded nature of tmphibbOitrs may however also be of iectonic origin
as suggested by Fvana and Leake (i960). Thin bands of aDmPibbOlte In
metamrplhLc rocks may also grsU.t from m”e;a™o”lh.c differenti-ailon
(SsCola, 1932, OrVitle, 1963).

Tlley (1957, pp« 3 -352) has described ampphiboltes formed from
limestone in GrennVille rocks in Ontorio. He stttrs:

. a pusaage can be iraced from pure limestone io hasting-
sit<--inmrstone io ht3titg8iir-pltgiocltar assemblage Wth subor-

dinate cadie. ... Fluethrrmore, ihere seems clear evidence ihai
both plagioclase and ihe mafic m.nerfal are frequently replacing
caLci™ ... tieLg bulk comppoiiions suggest ih™i ihe fluids Which

trats>0orard ihe original ILmestonea brought in not only soda
and alumina and silica but also i1ron.”

Tilley (ibid, p. 356) ™0™ ihal a syerntic magma source provided ihe
met~nsoratizing fluids in ihe area.
mi1,It mntaaomltic PIltrgttiot of limestone adjacent io an andetslLie
AN0L.1N 1s described by Leith and Harder (1908).
Simonen (1957, p. 55) describes diopside from southern
Finland and says of toedr origin: "These strttifird rocks have been original
ly in Which ihe derrittl maieral has been demlied aim'nLitnroualy

Wth calcium curboxmte."



In the laboratory various methods have been employed in attempts
to distinguish between amphibbOltes of meea-igneous and meta-sedlmentary
origin. Carlson (1920)f Turner (1951) and Gorai (1951) have suggested
feldspar tWLnning differences in igneous and metamorphic rocks as one
approach to solution of the problem. Walker et al. (1960) and Evans and
Leake (1960) used these methods With little success. Maneeic proper-
ties were studied by Waaker et H. (1960) With inconclusive resets. Most
attention has been given to the use of chemid? analyses, as discussed in

the following section.

CheWe! Methods

The study of ampphiooltes by modern chemical methods was initiated
by Einjel and Sigel (1951)* They states

"Clues to the derivation of IpphiboOites seem to edst ... in their

difftrtelial inheritance of accessory e™menne. AnmhLbolites de-

rived from mafic igneous rocks, for example, are, like their pa-
rents, commmoSy higher in Co, Ni_ Nr, Sc, and Cu and lower in Pb,

Au, and Ba than IppPiboOltes derived from carbonate stdipene8.

e Appp™MMN dynamotherm!. metamorphism of the gabbros does not

remove the initial conceeeratioes of sc, Nr, Co, Ni, and Cu as

rapidly as it obliterates other dCaneootic p”~ppeties. Converse-

*y. IPphiboOltes derived by replacement of mma™-es tend to mai*t"iain

higher co!n:eteratioes of Ba, Pb, and Au than many known ortho-

IpphiboOites™.

Th.a initial study of trace elements in ImpPiboOltts has given
rise to further investigations along similar lines. Wilcox (1955) and
Wilcox and Polderwaart (1958) concluded that Ga, Ba, Ni, Co, and Cr do
not serve as v!id distirnuisiien criteria for separating ortho- from pura-
apphiboOitts. In the amphiboOltts they studied, Sr was significantly dif-
ferent in the two Nyp”s, being in lower abundance in the harl-lppPiboOittse

Eng? (1956) found that mjor element abundances were not useful in dis-



tinguiahing a.mlhbieitrs w_th regard tr their origins. In a study cn
rmplibirL.te interlayers Ln paragneiss rf the Northwest Addrondacks, N.Y.,
angel and Einjal (1962, pp. 68-69) ccnclude that ” ... analyses rf trace
elements and rf major elements ... seem tr democnsrate effectively that
the amplibirites Ln the gneiss ccmplex have buLk chem.cul cimpliStirns
like many mfic recks cf extremely diverse origin." They further state
(ibid, p. 69) "Some rf the apparent aimiiaaittea in ccmmliStiin rf a\jj"phi-
bOites derived from different parent rrcks might disappear with an in-
crease Ln the precision and accuracy rf the analyseis. But until existing
errors rf analyses are greatly reduced and intrrlaierrtcry standards are
alloyed, trace-element studies cannot be a powerful teel Ln genetic studies
rf rpplibiiites| rr ether rrcks”.

Eckelmann and Poldervacart (1957) fcund trace element analyses ef
little value Ln showing differences between rrtir- and prra-rmppibiel.tes
Ln the Bearteeth Mocnnta.ns. The present study indicates that the Bear-
teeth appPibirltrs studies by Poldervtaart and co-workers are quite dif-
ferent as a group from applhbirltrs from ether areas, especcalLly in their
trace--element character (see later).

Turekian (1968, pp. l0-6) alse states a negative epinim cn the
value rf trace-element analyses as a guide tr the Lnterlretrtiin cf ampphL-
bNitite erigins. le considers LL, Be, B, As, Rb, Sn, Sb, and Cs as the
best elements winch m.ght give clues te rpplitirL.te origins. le cautions
that ... "these elements are alse likely te be highly mCHe in the wet
metamorphism presumably invclved in the frrmatirn rf amppibieites”. The

cenccnnratien rf Sn was measured Ln several shales and basea-ts but nc cer-



relation was found between Sn content and mode of origin of the rocks.
Shale was discussed because it was considered to be the mst i"m”p~o~ant
sediment contributing to ampliioOlte in bulk ioppposSiiot.

Skiba and Butter (1967?) studied plagioclase from gabbro, meta-
gabbro and appPibbOl.tes interleyered wth gneisses, considering the Sr and
amoth-te contents of the plagioclases. The Sr content of the plagio-
clases in the gabbros is almost invariably in the range 1000-1450 ppm.

The country rock applibbOltes adjacent to the gabbros have mmre variable
Sr content in plagioclase, generttly below the 1000-1450 ppm range,

Skiba and Butter found the method useful in separating mmeagabbros from
host rock appPLbbOites. The results suggest that the observed differences
may reflect differences Ln the mode of origin of the rocks and the m”tthod
m.ght be useful in distinguishing ortho- from para-apPibbOiteB,

Lapadu-Hargues (1953) studied the maaor element chelriitry of 89
amplibbOltes and found bimodia distributions for FeO, MgO, CaO, and Na”O.
These were interpreted as correlative wth type of applhbbOlte, 1.e.
ortio-uPilhbbOl.tes are higher in FeO and lower in mMgo, CaO, and Na20.
Wi-ccox and Poldervagart (195%, p. 1362) note that the Oipocha. peaks for
these four oxides are not formed by the same rocks and that the average
olivine basttt from the PacCfic (from Green and Poldervacart, 1955) Ls iden-
tical with the type para-applhibOlte of Lapadu-Hirgues in terms of FeO,
MgO, CaO, and Na20. Liter, (1958) Lapadu-Hargues considered TiO" as an
indicator of applibbOlte origins, stating that most para-ap)libbOltes con-
tain less than 0.8% TiON and mmst ortio-applibbOltes greater than 0.8%

TLO2.
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taLker et aL. (r911) studied amph”bOLles tMch had undergone meta-
morphism and metasomatism in an attempt to find a way cf 1iBtirgutBiiog their
origins. Amayaes for Co, Cr, Cu, and Hi show marked differences between
igneous rocks and htlrl-ImphiroCitlB tiL.ci have suffered minima, meta-
somatism, Where meeasoimaic effects are great, the parl-a~pPit*oCi-tes
appear to aaE"ime an irthi-lpphiroOitl CimpPexiin aiemirally.

AopM.boliten from the Lead-Deadwood area of South Didkota were
studied by Rtarchaudhuri (i1961) who concluded (p. 6j), "The major, immor,
and trace eLement colmhoSticos of the Imppiroiitls of the Lead-Deadwood
area do not show any specific evidence pointing to a definite origin®.

Heear (1962) Btuiiei several ImpPiboQitlB on the tBIIOIli of
Lang/y, Norway and found that separation into two groups was possible
using the trace elLement ii.BtriOutions. Ni and Cr appear to be the best
elements for niitthg differences, being marketdLy Lower in abundance in
presumed p'lrl-1"phhioOi-tls used In LLs study.

The u and Th contents in ImppiboOites were measured by BilLings
(1962) in an unsuccessfuL attempt to show differences between pcBible
parl-lImphiioOites and presumed orthi-IPphiioCitls from the LLano area
of Texas.

Evans and Leake (r911) and Leake (1965, 196”) have used chem-cul
anaLyses (miHor and trace and NigggLi number pLots of maor
element data in attempting to determine ImphiboOitl origins. TILLs method
IS tovalLii in tie Light of an eval.wltico described elsewhere in this

paper (hhell—~16)¢



11

In 3Jummary i1t appetars that tie evidence is qWte conflicting
as to whither a cum>paison of sCngir element abundances is of help In
interpreting ampPiCblitr origins. In analogous situations in paleon-
tology and psychology much success has been obtained when methods are
used wihLci permt the aimulLet.nrlua coinjideration of sever! variables
suggesting tie use of such procedures in the present problem.

For Kudo (1962) used mliiviarittr settlsei.cai me!tho<hs.
ABp]Pibblitea of known origin from Ofeandos ®ownsiip ©®ntario were analyzed
for & V Wi € ©c ©r Ba and Zr and the data were used for comput-
ing a Linear discriminant function. Using the function it was possible
to classify correctly many rocks of known origin. The elements wilhLch
gave the must effective OiscrCmCnttlon are €0 Sc Fe2+* P, and Ti. With
emtcr elements alone the m>st effective mrsU.es were obtained using aLl
eight eleinenns.

The present investigation is an tmpPificttiln of Kudo's wjrk
using tmpPibolitrs from widely spaced L.lcaaieles to assess the effect of
provincial v/triteilns. In &ddition sediments which I'igit produce amplh.-

boliees through regional metamorphism have been cieli”~caiy studied.

NigglU Kimber Plots

Before discussing in detuU tie results of tie present 3tudy it
IS desirable to examine further a method in wU-cU two chemical variables
were considered scml!etnelwsly by use of scatter diagrams.

-vans and Leake (i960) and Leake {196] 1?6U) have favored the
use of Nigjgi rmernmers clc!lttrd from chem-c! analyses in ew>-Oiraitn$ional

plots to show BimCLaitCrB between trapPibelites and eaaatCc and sediment-


mrsU.es
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ary rocks: &, if igneous trends are followed on a Nigfgi number plot,
the amphhbboites Lc question are said to be of igneous &rigin IT the
igneous trends are not foHowed, the rocks are Lctflpletfd as being of
moeasedimentary or possibly metasomaHc @rigin

Amayses of the Karroo Doni-tes by WaLker and Poldervaart
(1979) oere used to establish the igneous trends* HiyonhMfical sedi-
meeCary trends oere established using pelite, Limestone, and dolomite an"y-
ges No suites of known ptrl-ampPhbbOltes oere Lcif8tLgltfd by Evans and
Eeake

Because of the uLm.Llarlty of the maaor element abundances Lc both
ortho- and para-amphMbbOItf8, i1t may be reasoned that any transformations
of maaor eLement abundance data Oil letlLn these simiLarities, Hence
It seems un-ikeLy that Ni-ggi number pLots coulLd be usefuL Lc d.utinguiuM-
ing between ortho- and parl-amhMbbOites

Too groups of parl-ampPMboOlte anaLyses (Beartooth MnuCaa-ns (13),
and Ctaandos Toorninip (11)) oere available Lc this study so it ns decided
to pLot their Niggli numbbra Lc the muner of Evans and Leake to find out
ohhther they shoo nnle-ignenuu trends Plots of ¢ against fm and ¢ against
aL-aLk for the CMi’<"os parl-ImpPMibOL.tes shoo some of them follolicl Karroo
trends and others ot All of the Beartooth parl-lmpPMbbnitfu follolfd
the Karroo trends Therefore, it appears that Nigfgi number plots for
m'a<r elements are useless Lc determining ImpPMbbOL.te orLlicu (see fig 1 2)

Minor ellements oere also considered by Uvacs and Leake and the
foUding is stated by Leake (1963, p 119M, "Plots of Or and Ni against

mg sure conclusive Lc deciding the oilLilLc of ampPMibOltes - There is



a positive correlation of Cr with mg and of Ni with mg, which almost pre-
cisely agrees with the correlations shown by the Karroo dolerltes, whereas
para-amphibolites should give negative correlation”. It is not clear why
a negative correlation should be characteristic of para-amphibolite .

Plotf of Cr against mg (Fig. 2) and Ni against mg (Fig. 3) with
data for the Eeartooth and Chandos para-amphibolites indicate that positive
correlations exist and furthermore, these plots overlap those for the Conne-
mara, Adirondack, and Karroo rocks. Thus the evidence shows that these
plots are of no value in determining amphibolite origins.

Because amphibolites are commonly of basaltic composition, whether
of meta-igneouB or meta-sedimentary origin, they will give Niggli number
plots similar to those for basic igneous rocks. Those amphibolites with
compositions greatly different from basalt will not plot close to the
basaltic rocks and such differences are usually obvious without plotting
transformations of analytical data.

It is concluded that two-dimensional analysis is of little general
value in the present problem, although this procedure would undoubtedly
be useful where two clear-cut groups of amphibolites occur as in the case

of the Chandos rocks examined by Kudo (1962),



Figur* 1.

Niggli Numm- Plots foi' ?\ra-uxt-jboliUs
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Figure 2. Niggli mg against Cr (ppm).






SAIM’ILeS

One of the objectives of this investigation was to examine chePcd.-
Ly those rock types wtod have been suggested as parentaL to apphiboCites
and to examine some of the metasomais types.

The nlirmentary rocks wldch Pght cLoseLy approach ampPiboOite in
coappoition are mufic graywacke and imfic tuff. Sa”ppus of these wore
obtained from the wetem Uid.ted States and anaLyned fcr mjor and truce
demenne. Graywackes from an area cf Low- to ioterme(dLIte-graie mmta-
mirphiBP in southern OnOta'ro were also examined aiePiaaly. /ArglL-ites
wen lLso comdierli. No impife carbomten of BULttlIOIl CimphiSiiio coulLd
be Located.

In lidLtico a pBCimaniecun group of apppiioiites whose mede of
origin had been determined geolLog-Ocmy wan analysed. The data obtained
wen used in calLcuLation of the iiscrtLpioaot fnn:ticos wd-ch wen used to
daBBify IpphiioOi-tes of unknown origin. A summary of LocaHties and

sapphln is given in table 1; detmed information on the n™plm is in

Appendix 2.

curces cf Samd-es
Amphibol1tl sapplen from the Beeartooth Monnta.ns cf yorning and
MnOtl'nl were generously provided by li.D. Benniey. These ioal.uie nappies

collected by F.D. +Jokelraann, R.H. Haris, and R.D. Bendey.
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G.K. Billings Bent fourteen aaajdLes of the Packsadd.e sclhst froa
the Llano Uplift area of Texias. Six sanjp.es of the Coimeaajra aapihLbo-
lites were 6ent by B.S. Legate. Saaples froa Broken Hil, AueBtalia were
contributed by B.A. Binns. J.C. Curnmings provided the tuffs and altered
lava froa Oregon. AnMiMir tuff and a 'baaal't sand froa fowwai were sent
by K.J. Murata. Dr. Murata also assisted in obtaining other saaples.
Mafic graywackes froa the Pacific coiast of Oregon and "ashington were sent
by P.D. Suavely. F.B. Van Houten contributed three saaples of the Locka-
tong argiilite.

The saaples froa New Jersey, New York, and Kirkland Lake, Oirtario
were collected by the author. S.B. Liumaenrs assisted in obtaining saaples

froa Linaerick and Dungannon Towinsh.ns in southeastern Onnario.

Preparation of Samples

The rocks from Texas, the Betutooth Mounntdns, Ireland. and Auasraa.ia
arrived in powder form.

Al the other samples were crushed and ptQverized by the author.
A Bico-Braun Jaw Crusher and Pi*vejrizer were used to reduce the rocks to
about 50 mesh size. Then splits of the samples were made using a Jones-
type riffle splitter to obtain 100 gram samples for final piu.verizi.ng to
100 mesh and smller size for chemical amaysis. Splits were made of the

powders so obtained to provide samples for wet chemical and spectrographic

analyses.

Spectrographic Methods
A spectrographic analLysis procedure using a buffer-internal standard

mix developed by G.E. Pattenden was employed in this study. The buffer-



TABLE 1
~“mples used Lc this study

Plirl-lImpIMIbOl tes

Lwdity Number of Samppes
M.-berUa, Neo Jersey 3
Dungannon TohsM-p, OnCtulo 1
Cha®id™ ToldnSM.It OnCario 6
BeLa-tooth Moundcs, ~yolm.ng and Monntina 13

Ortho-ImpPhlbOites

Hamburg Neo Jersey 3
ELi2abethnolC Quadranl.fl Neo York 2
Teck TowcUM-It OnCario 2
Cihacdos TowneShLl, OnCario 6
Broken Hill, Auutralia 1
Ben'tooth MouCains 8
Mefasnimlia ImplMlbnlte
Madoc Towinlh.1, Ontario 1
ApHLDbolites of uncertain origin
Beartooth Muuttd.ts 4
LLano Uplift, Texas 1U
Connemara, Ireland 6
Broken Hil, Auutrraia 9
Sediments and Igneous Hocks
Locaity Rock Number of Samples
New Jersey Argillite 3
Havaali Basalt sand 1
La Hinda, California Tuff 1
eastern Oregon and Washing-
ton Graywacke 2
restern Oregon Tuff 3
v v Lava 1

Limerick ToannlhLi, Ontr”~.o (rraawacke (Wow- tointer-
mmd&ate-mettmrp)hia

grade) 3
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standard m-x contains united Carbon Products vrapiite' 0.02%
POC12, 0.121% In20j and 50.0% Cs™Oy After wwigihlng on a precision
balance and hand m-xing of the mix in an agate mortart tie m.x wan placed
in a Clrtm plastic container wth two plastic btais and hornoogeizeO by
mixing for two hours in a Spex Induusries Micer-MIl.  The mix was then
dried for three hours in a sand bath at 200°F and eirn stored in a desic-
cator. Safflip.es were prepared for ana-yBiB by mixing with aceerne Cn an
agatr rmttar one part sample to one pa't buffer-internal standard Ox.

Wording curves prepared by G.E. P"tt"¢Oen for this method were
used. Data on these is provided in table 2,

Thr entire spectrographic method Cs outlined in detail Cn table

Precision the spectrographic tnaLyBes

Precision of the spectrographic analyses was calculated using a
BCng.e-ftcerm ana-yais of variance method programmed for the [.B.M. 701»0
crmopUer by D.M. Shaw and G.A. Riley. To determine the precision of
replicate analyses the mran square "within analyses” was computed as the
best estimate of the popiuatCon error variance j2. The pooled eBeiotte
of the error variance Sp2* was then computed from anaytical data ti'ans-
formed to irgtmiel'mB. Thr log crncenrratCrn values were used because
It was apparent from analytical meBlU.eB that analytical error is a function
of the ootglitudr of the absolute crnc.cerratCrn. Sp % the pooled variance

is used to commute the anaytical precision (estimated by the standard

error, S* of the mean),


Safflip.es

TABLE 2

WoridLng Curve Dita

ELeaent and Standard Range of Curve
(values in ppu)

V 3183.9/Pd 3242.7 24 - 2444
Zr3391.9/Pd 3242.7 24 - 1244
Ni3414.7/Pd 34J2L.2 14 - 1444
C03453.5/Pd 3421.2 14 - 1444
Sc3911.8/Pd 3&09.5 24 - 1444
Cr4254.3/Pd 3&09.5 14 - 1444
BO4554.0/In 4511.3 34 - 1444
Sr4&)7.yin 4511.3 34 - 1444
Mnno44L3/Pd 3&49.5 1444 - 14444
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TABLS J

Details of the Spectrographic Method

Spectrograph!

Condemning OUcs:

Arc Gap!
Sit Width:

Sit Height:

Intensity Reduction:

VoOtage:
Cicrent:

Exjusure:

Eectrodes:

Gas Jet:

(Cooing:

PltotographLc Plates:

JACO 21 foot grating spectrograph, Wa<te-
Nnrt£ rcunt, first order dispersion
5.2 A/nn.

(distances are from the slit)

0.0 cn. CyyintdicaL lens (horizontal axes)
Food length 25 cn

16.1 cn. CcyindLcal lens (vertical axes)
FocaL length 6.7 cm

27.5 cn. Diaphragm Wth 5 non. aperture

58.1 cn. SphericaL lens, focaL length 10 cn

72.5 cn. Arc location

4 ran.
30 morons

8 ran.

By 7-Btep rotating sector (log intensity
ratio « 0.2) at the slit. Two n”sh screens
used at the diaph”sm

225 volts DC, open circuit
9,5 anps

Sanies burned to cornplltion (60-100 seconds
burning tirne)

Arnade: Umted Carbon Products Co. prfforrned
1/8” diarneter rod; plLain crater 1/16” x 3/8”
Cathode: National Carbon Co, special gra-
ph.te; 1/8” diameter rod

Stallwood jet used with Ar-O" nxtwre in ratio

(suE plied mxed in pressure tank by
CstMIcHLtn iquid Air Co. Ltd.) at 18 s.c.hft.

Vvaer at 15 g.p.h.

Lastraan Kodak Type S.A.l (range 2400-3600 X)
" 1HIF (range '6-4800 Xx)



TABLE 3 (continued)

Processing:

Photometry:

23

Ko&ak D-19 Developer, 3 mnutes at 20*C

Fixer, 5 mnutee
Wash in wetter Fath, 30 minutes

JACO microphotometer, three steps rensured,
background set to 100 on first step read,
correction read on third step.
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where n ® number of replicates for each sample
so for triplicate analyses

AppprsjdJaation of the arithmetic coeeficient of vsfiation* C is

2
made from s~ as follows:

x ¢ S ®m the upper limit* U*
and x - S = the lower limit* L.

Then gives an approximate standard error (S) of the

mean (k) in arithmetic uid.ts. C gives the relative error for triplicate

analyses as

» These values are listed as percentages in table

4, The sums of squares and mean squares are in table 17.

The log transformation of the data is advantageous because a linear
relation eXats between log k and y but not for arithmetic k and y.  Thus
for fimilar absolute deditions y's throughout the range for a particular
element* there are simiar absolute delations in the log k values but not
in arithmetic k values.

TABLE Kk

Precision of Spectrographic Arnjyses for triplicate analLysis

element Precision (%)
Cr 15.1
V 12.4
Ni 6.4
Co 6.7
Sc 15.0
Zr 17.2
Sr 14.9

Ba 18.1
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Accuracy o™ the Spectrographic Arnayses

There is no absolute meassure of the accuracy of the spectrographic
analyses. The standard rock for analysis, W-l has been used as a standard
in this study because of its overtOll chem.c.al similarity to asplibblite.
The results of analyses of K-l by the author and Kudo (1962) are given in

table 5 tf.th the recommended values of FLeischer and Stevens (1962).

TABLE 5

W-1 Axnayses

Fleischer and Stevens This Study Kudo (1962)
Ba 225 160 202
Co 52 48 35
Cr 120 160 114
Ni 80 66 53
Sc 33 44 21
Sr 220/175 145 194
v 240 270 217
Zr 100 100 92

Although the Ba, Sr, and Ki values are lower than the recommended values
and Cr and V are higher, 1t was judged unnecessary to make adjustments
to the analyses. IT adjustments were desired, they could be made by

multiplication by the ratio of the two values in table 5.

Previously Analyzed Rocks
Some of the samples used in this study had been analyzed for

trace-elements by other wookers. These include the Beartooth ampPh.ho~
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lltes, the Cooncemara, Broken HILL, Ctarndos, and PacksaddLe scM.st sa’fpeis,
but not OL1 anUyses include aLl the elements used Lc this study. In
order to obtain uniform relative abundances of elements among the sa”™fpes,
It oas necessary to analyze some of the samplfs by the method described.
All the Connemara, Broken HII, and PaclksaddLe scMLst samplfs oere re-
analyzed and 10 of 25 Besftooth samppes ure done. ConnifBion factors,
oM.cM oere the ratios of the approplilte averages Listed Lc table 6, oere
used to cLicii valLues on the remadClng BeartootM rocks to conform olth
those analyzed. TMe Chandos and Adirondack samples ure analyzed by
Kudo (1962) and the trace-element values for these oere converted by us-
ing V-1 IcMliLysiu values of Kudo and of this study. Averages of trace ele-
ment abundances obtained by other lonkers and by the author on the stme

rocks are Lc table 6.

TABLE 6

Average trace--element abundance valLues Lc rocks previously anUyze™d

Connemean A™mp”“Loo™iLLtes (6) BeeftootM A”pp'Llo™:!-;~ (10) Broken 1H11
AMmpAL-b™MtLL;es (10) PacksadcdLf ScLMst (17+)

Evans & Leake vac de Joensuu van de Allen van de Billiigs van de

Kamp Kamp Kamp Kamp

Cr 97 103 390 391 36 41 100 271

i 50 47 134 109 32 51 67 98
Co 26 34 38 42 39 58 13 50
Sc 35 44 118 203 32 56
Zr 199 306 96 127 no 173
v TLf &« 322 157 223 344 379
Sr 187 104 248 246 63 120 145 205

Ba 248 93 245 174 128 115
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In the case of Crf Ni and co the author's results agree well wth
other analysts except Billingst whose figures are 10%. There is less
agreement for the other elements listed Cn table 6 and it was therefore
deemed aOvisa™e to restrict further discussion to the author's dataf

wh-ch (whether right or wrong) were obtained in one iaerrttrmy by one

method.



POSSIBLE PARENTS OF AMPHIBOLITES - CHEMICAL CONSIDERATIONS
As with petrographic and mineralogic aspects, cosppoliiomalL simi-
LaritLes in the chemitry of ortho- and para-amphibooites wade difficult
the distinction between the two types. In general, mat appphbooites
have OuLd comppoitions simiar to baiudtic rocds, as illustrated Oy
averages (A-D) in table 7. The folLlowing discussion desds With the

cheimcal aspects of apphiboOi.tes and some possible purent rocds.

Igneous Rocks

In contrast to the probLems of understanding the genesis of para-
apphibolitss, i1t is reLatlveLy sim|p.e to understand how ortio-appPiioOite
may Oe formed. Gabbro, basalt, and basic andeeite are cheiWially similar
to many apphibolites with regard to maaor and minor elemenns. Wter
may be added upon metamorphism to appPibbOits but unLess further meta-
somatism occurs, ortio-apphhibOits8 may be considered as identicalL to basic
igneous rocds for mist purposes. In fact, under high water pressure, a
basaltic magma mil yieLd apphibolLte upon crystallization (Yoder and
TilLey, 1962, p. 459).

The trace eLement abundances for the average bastatic rocd (table
7, D) are simiar to those for the average of 16 ortio-appPiiblLtss except
for Cr and Sc wh.ch are Lower and Sr and Ba which are higher. These dif-
ferences may be due to pptam)”p”iLc effects or andytical errors. A Larger
amphibolite sample m.ght give m>re comppaable resets or else subbtutiate
differences shown here.

28
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The preceding summary shows that derivation of amphhbboite by iso-
cherm.cAL metamorphism of basaltic rocks is a relatively simple matter.
Problems of derivation of aapphbblites from sedimentary rocks are reviewed

below.

Sedimentary Rocks

Some investigators of amp”™Hles (e.g. Edwads, 1957; AdamSt
1909; Kalsbeek 1962; Shaw 1962; Eckelmann and Poldervtairt, 1957; and
Evans and teake 1960) have suggested various sedimentary rocks Wh.ch
m.ght be metamjrptosed isochemicaalLy or met'\i'?i*itc'aa™ly to amPhbblites.
Few of those who have studied ippphbolltes have attempted to dernonssrate
quaanttitcvely how sediments may be transoomed into ipphhboOltes meta-
morphLc and mpeasnmaliic processes.

In reviewing the literature on the subject, 1t is found that the
mat cnmm”™nn.y suggested sedimentary parents to amp”ibo”™e are shalLe en-
riched in Mg and €a Ttaarl impiure argillaceous limestone and dolorm-te, and
mafic graywacke. Comphar8ns of these sediments with ampphiooite shows
that most are chemicaiy urnsudtable for i.Bochem.CiaL metamorphism to amplhL-
bomte for reasons outlined below.

Shaae. In aJPphiboOlte the Na™Q/K” ratio is norm.-J-ly greater
than udty whhreas in shalLe i1t is generally less. AL and Si are im>re
abundant and Fe, €a Mg are Less abundant in mot shakes (analyses E and
F in table 7). Some shal.es mre closeLy approximate a’“pphbboL"ite except

for the Na”O/K"O ratio as demossrated by anALyses G and H in table 7.


shal.es
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It is apparent that considerable alteration of shOLes upon rneta-
rnorphisrn is necessary to produce aiflpphbooite. Ricks such as G and H,
table 7 woodd require the ad(H-tion of Fe, Mg, and Na and subtraction of
K.  Grout (1957, pp. 1521-1572) dmoossrated that shalLes and slates
altered towards an tpppeboOitic copp”™s-lou when included in

He (ibid, pp. 1545-1546) showed that Si, a., and K were lost In
petasopati6P of the SLaarB Whle Fe, Mg, Ca, and Ti were added. The
net resCt is a hornfels with the comppostion of apppeboOite. It nay be
possible for sirilar pptasomti6m to take place on a large scale during
regional netamnorphism to produce appleioOite frorn BhULB.  Howweer the
connon occurrence of 18oceepicat.ly petam)Ophosrd shales shows this to be
un_ikely.

CrivVlle (1965) has suggested a rnechanisrn by which the Nu/K
ratio in carbolnite-Oearitg shalLes night be altered during metalnorplhLsm.
It is explained as follows:

“The large variabblity of CaO conopared to that of the alLkaLirr

(Na20 and K20) ... can be explained if shalLes are considered to

coinsist largely of argillaceous patelr-aL of relatively cnif:orp

copppoition, combined w.th a snl! but variable a™id*lt of car-
bornite patari-aL. Under conddtions of poOeratr to high-grade
regional metan”rphi8m it is reasonable to suppose that a naaor
part of the Ca originally cornnined w.th carbonate Orconrs in-
corporated in plagioclase together w.th Na and that at least
part of the K in the rock occurs in a K-feLdspar phase.

assiining that an al kaLi-bearing vapor phase is present, Na und

K HI1 be exchanged between Ca-rich and Ca-poor layers. It

the carbonate fraction of the original Bhalr was dolonite,

al;errating appPhboOite layers without K-feldspar and grirntic

layers containing abundant K-feLdspar woiuLd be the natural re-

suLt of this pet<anoeplhLC differentiation,” (ibid, pp, 2J4-255).
Presumably the creation of such a layered rock wouLd resulLt in n”fficcon-

ponents going to the appPeioOite and leucocratic conprnents going to the

grantic phase.
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Sodie argillites were suggested as possible progenntors of ampphi-
eoriee by Professor A.F. Buddd.ngton (pers. com?”.). Three armpPea of the
Lockatong arg-lllte from the Triassic lowland of New Jersey were analyzed
(table 7, 1tJ,K) and troptaerO to arnpPibeOitels. Although they differ from
typical anppiberites rith their high rlkali-ietrl contents and low Mg, they
are not greatly different and rith m.nor changes wooELO compare chemi-caiy
to anpPiberite. The trace element contents are rare chiaacteristic of
shaLes (cf. Turekian and Wedej'¢"hL, 1961), table 7,M.

Thr average abundance of many trace elements in shalLe is different
from basic igneous rocks as shown by Tiurekian and Vedejpohl (1961) but some
elements occur Cn Bliiltm abundances in both rock types (e.g. Zn, Zr).
Meea60!m.tit rOcO-tCrnB of mfic trmppnenta to shaLe rig.t 'aLter thr cunts
of trace merris so as to make them tropprablr to ea5iatCc rock values, thus
compPicatCng attempts to decipher thr origin of the end product.

Edwards (1957, pp. 19-20) described ropPiCeriteB from the Broken
HILL area of Auuteaair wMch have low Al, Na, and Fr andhigh Mg and Ca
abundances. These are quite different from any igneous rock and are be-
lieved to be OrrlveO from sandy or argillaceous maganaim Limestones.
fckelmann and PolOervajart (1957, p. 1251) suggest a similar parentage for
thr part-ripPiieriteB they describe. PoolOervaart .md Bentley (1959,
pp. 5-4) found eite ... Oolrritit shales or graywackes ... form para-
.upp”bbol.tes upon met;i*d"lUls'o. Fine 1NnterbeOOCng rith quartzite ietvrB

no Qoiublt of the sedimentary origin of thrsr ripPiberiteB,..
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Graywackes. Kalsbaak (1962) proposed that graywackes derived from
baisatic flows right produce aaphhboOite upon metamjrphLsm. In this study
severaL mTic graywackes have been analyzed (table 7. L-Q).

The Yactats formation of western Waathngton contains ba’J-tic sand-
stones or rmfic graywackes Which appear to be weaahering products of ba-
saltic igneous rocks. When the ana.ysis of this rock. AppenbL.x 1. No. 75,
Is recalculated on a CaCOyfr«e basis, the rock compoosiion is seen to be
similar to amphhbblite. table 7. L. The graywackes from Oregon and Ca.i-
fornia also are similar to a™pphtboi*lte when their analyses (Appenrix 1)
are considered on a OoM/MJ*ee basis (table 7. M. N.

The trace elements are of interest in these rocks (tabla 7, L, M)
and 1t can be readily sown that Or. Ni. Co. and Sc are present in lower
abundance, than in the average bassatic rock (table 7. [D. Comparison
rith the average trace element contents of 16 ortho- and 16 para-amplhibo-
iites shows that the graywackes are sirila to para-amphhioOitas (table 7.
B. C. L. M. Mg Ls lower than the average for b-asiatic rocks and ampM-
boHtas and may represent depletion of Mg Ln weathering and BedLmennation.
Similar graywackes froa LLnarick bownshLp. Onnario (tabla 7, 7. P. Q) also
have the charicja characteristics of the graywackes described above.

Tha LLmsnick rocks represent the sama sedimentary faciea at dif-
ferent mmtamupphic grades. Al are limy graywackes; 0 has bnnn mmta-
imorptosad under lower greanjcldst facies, P at upper graanjclh.st bacie6,
and Q at apidota-tmphhioOita facdes conditions. Soma trends w>rthy of
note are tha decrease of OOf and 0a0O with increasing pptamrp”™hLc grade
and increase of total Fn. Ti. Mn. 7i, and Al. These trends may rasrit

from iacarblnation. variation Ln the original sediment. or from mmta-

m>rphLsm and pptaslratism.
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The trace element abundances are similar to those in the other
graywackes and mre comhaable to those in p<Mra~amphhioOites than in ortho-
amphhboOites (table 7, B, C* Q. p* Q. It i1s difficULt to establish
trends on the Oasis of three analyses Out Co and V abundances appear to
increase W.th increasing grade of metamorplhLsm; 1f they are associated
Wth Fe* they reflect the increase in total iron.

In two graywackes (tablle 7, L, m)* a Large portion of Fe occurs
in the trivalent state. In the other graywackes (table 7, N“Q)f the
greater pirt of Fe is in the divaLent state as in para-amphibooites (table
7, C). aside from this* all the rafic graywackes show many sLmiiari.tLes
Wth aaphhbbOltes (e.g. Connermara 2506* 2518).

Limestones and Metasomauized Limeetones. The classic study of
Adams (1909) and Adams and Barlow (1910) cites examphes of the transfom-
tion of relatively hure limestone to amphhboOite in the Grenniile province
of OntairLo. Metasomatism by intrusive grud-te has added Si* Al* Fe* Mg*
Na* and K to the limestone. Ca and CO" have been extracted in the meta-
somatism and the resulting hroduct is amphiboOitr. The chemical changes
are illustrated by analyses S-V in table 7. Amd-yEis R (table 7) is of
a hartly silicated limestone (simlar to S) from iiadoc Townshih* Ornario.
The unatered marble stratigraphically eqiu,va.ent to this rock ahhears
g<u.te hure so it is ahpurent that the silicated rmatrial in a granite con-
tact aureole has undergone changes simiar to those described by Adams and
Bcorlow. Cr* Ni* co* and Sc in this rock are in very low abundances. Kth
further metasomatism to a carbonna™e-free amphibolite* i1t may be expected
that the abundances of trace elements wo'cld increase as the mmjor mafic

compootnts. If it is assumed that the rock is one-third amphhbbOitr and



two-thirds limestone, then it m.gh't be inferred that with completion of
metasomiti.im to yield amplhbboite «dd yield trace element abundances
much lower than those for ortho-amplhbooites. This inference requires
further study.

Tuffs. Maffic tuffs have been suggested as being suitable to meta-
morphose isochemicEdLly to arnplhiblite (Wilcox and Poldervaeart, 1958, P« 1J65).
They are particularly suitable to explain banded amplhbboltes wtbh great
lateral continuity. Such tuffs, depooited in a marine environment m.ght
produce lara-ampliiboltes upon metamorphism 1f the diagenetic effects were
sufficient to alLter their igneous trace churned chaeactelistlcs to give
them a sedimentary complexion.

Four aquagene tuffs were analyzed in this study (table 7, *~2Z).
Theer bulk chertistry comp”ares well with ampliboOites (table 7, A-C) and
the trace elements have abundances similar to those for ortho-amphhiolites
INn some cases and to parc-cmpPiibOltes in other cases. Thi3 indicates

that tuffs may have either ignuus or sedimentary chudci! chaactteistics.

Sumnary

From the preceding review it is apparent that only a few ge”logLcd
meater-als are suitable for isochemic.il metamrphism to amphiboOitl. These
include msfic graywackes, mfic tuffs, and baBcO-tic igneous rocks. Other
sediments would require metasomaaic alterations to produce cmppibolite.
Among these, the Ljckatong a”igi”lite wsodd require the least change and
limestones the greatest. Trace elements in mafic graywackes compare eell
wth para-cmppiioOltes and are distinct from basic igneous rocks. The
orgllit®es have trace abundatices analogous to those of p<ara-

cmplibbOites also.


isochemic.il

The itatistical analysis of data and classification methods for

amphibolites are discussed in the following pages.
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Sio2
TiO2
u20?
Fi 2O 5
FeO
MnO
MgO
CaO
Na,0
K20
\/5

Co2

Cr

Ni
Co
Sc
Zr
Sr
Ba

56

TABLE 7

Amayses of AnmbibolibeSf Sediments, and Tuffs

49.73

1

o

1.39
4.92
2.97
8.77
0.21
6.57
9.51
2.70
0.98
0.25
0.85

49.33 5151 51.0 58.38 56.30 48.12 46.81
1.56 0.97 1.4 0.65 0.77 0.78 0.67
1470 1474 15.6 15.47 17.24 12.80 14.00

2.65 2.01 1.1 4.03 3.83 1.60 5.35
9.72 7.82 9.8 2.46 5.09 3.25 -
0.19 0.17 0.2 - 0.10 0.09 -

6.45 6.36 7.0 2.45 2.54 2.55 4.66
9.17 10.10 10.5 3.12 1.00 10.77 10.36
2.79 2.94 2.2 1.31 1.23 0.60 0.34

1.09 1.12 1.0 3.25 3.79 3.60 3.67
035 020 0.2 - 0.14 065 0.05
0.87 1.17 264 084 919 9.65
328 118 170 90

319 220 250 130

97 41 130 68

52 32 48 19

54 38 30 13
185 183 140 160
235 252 465 300
232 304 330 580

Average of 262 araphiboOites (analyses from literature averaged
by author)
Average of 54 ortio-amphiboOites (analyses from literature
trace elements for 16 am.)
Average of 42 para-amphibooites ( from tiis study )
Average basalt:mmjor elements (for tioleiite), Poldervaart
1955; trace elements, Turekban & , edepoKl, 1961.
Average sialoimajor elements, Plarke, 1924; trace elements,
Tiurekian and ' (diepoil, 1961.
Average pre-Cmbrian alate (N;mz, 1953)-
Stale, Grdovicinn, Oliio (Souut, 1941).
Marl-Siade (Muniee, 1921).



TABLE 7 (continued)

Si02
T102
ai2®
r.20,
FeO
MnD
MgO
Ca0
Na O
k20

/5
C02

Cr
vV

Ni
Co
Sc
Zr
Sr
Ba

49.20

0.78

15.99

TOZ=ZrxXG=—

1.70
5.89
0.15
5.36
6.15
5.62
3.50
0.18
7.06

145
270
39
56
tr
87
280
475

J K L M N
38.24 48.94 4954 5335 50.33
0.60 0.81 2.84 2.74 -
12.86 17.19 16.59 13.01 14.27
0.72 2.81 7.76 13.71 2.82
4.75 4.05 5.73 2.00 3.48
0.15 0.11 0.69 0.27 0.50
5.79 3.36 4.56 4.40 6.27
12.90 4.00 6.25 458 16.55
3.43 7.35 3.79 3.16 3.79
3.64 2.28 1.44 2.07 1.55
0.17 0.16 0.82 0.64 0.33
14.46 4.62 0.10
93 85 52 17
136 275 244 235
28 43 19 17
19 39 25 44
26 tr 16 45
47 124 455 270
240 200 695 335
500 335 365 625
Lockatong &rgillite New Jersey

ditto
ditto
Yachats basaltic %andstone Oregon

Mafic Yraywacke

ditto

Graywacke

"ashington

* Mt. Biablo
Limerick ¥ownship Ontario

ditto

California {Clark

37.29
0.51
9.34
0.34
3.96
0.09
3.20

23.26
2.09
1.17
0.18

17.86

103
11
12
17
35

190

305

47.85
0.86
12.77
0.81
6.29
0.10
3.67
13.85
2.72
1.17
0.24
8.39

12
190
11
28
43
52
215
425

1924)



TABLE 7 (continued)

Si02
Tio2
al205
r.2o3
FeO
MnO
MgO
Cao
n»20
K20

Q

58.61

1

N<X=<C Hnxoo

1.00
3.81
1.41
8.53
0.14
3.50
3.55
3.22
3.34
0.40

0.93

tr
210
12

33
tr

195
130
595

R

32.21 32.88
0.01 0.49
0.90 9.04
0.38 0.77
3.78 3.48
0.38

10.68 4.18

31.54 30.90
0.12 1.17
0.02 0.85
0.01

19.69 15.20

tr
75
5
tr
n.oO.
15
115
tr

Meea6omaeieod Cime8rone. Madoc Township. Ontario
, Glamorgan TownsM-p, Onnario (Adams, 1909)

Tuffi Org
ditto
ditto

50.20
0.75
13.80
1.18
5.31

6.38
17.71
1.79
1.30

50.00
0.82
18.84
2.57
5.51
0.08
4.63
10.65
4.46
1.18

0.10

50.83
1.10
18.64
2.84
5.97
0.10
4.90
7.50
4.22
1.83

0.11

Limerick Township , Ontario

OAto
ditto

difo
ditto

o>n

Tuff. La. Honda. QaiiforrCLa

45.61
2.67

4.00
11.76
0.29
10.17
6.23
151
1.95
0.24

0.13

210
125
24
33
59

151
230
635

47.65
4.02
14.49
7.92
5.97
0.13
8.70
6.51
2.26
2.01
0.52

53
420
48
53
68
140
390
420

38

50.11
1.86
16.01
10.02
3.10
0.21
9.82
4.67
2.85
1.45
0.10

182
300
ol
38
tr
30
140
230

metaltUlated rithout caco~

51.61
2.01
17.70
6.13
4.97
0.14
7.03
6.62
2.81
1.01
0.26

270
190
124

42

34
165
785
430



DISCRIMINANT FUNCTION ANJUYSIS THEORY

The discriminant function is a muHtViariate classifying function
introduced by R.A. Fisher (1956) that permits an individual' on the b<asis
of Beesiurements of its dhaacCeristics, to be assigned to one of several
groups. In two or rare sets of individuals, that linear function of the
several chhifa®a’ci™xMirtires 1s determined wrich Wil distinguish mot clearly
between the groups. It is necessary that the groups to wrich individuals
are to be assigned be pre-determined, so that the discriminant function
can be computed using individuals wtose classification is known; unknowns
may then be classified by using the discriminant function. The function
Is especi™ly useful is that a linear combiiration of several variables
yields a single transoomed variate.

The discrUnant function is discussed in detiU by Rao (1952, pp.
256-578)" Kendaai (1957, pp. 111-116, 144-17)), and Williams (1959, pp. 175-
194). In recent years there have been some apjp.ications of discriminant
function analysis to geolog-d problems (Griffiths, 1957; Potter et al.,

1965; MiddLeton, An application to amphiliOltrs was made by Kudo

(1962).

Explanation-of-Statistical Procedures

In a mullivariatr popiu-ation, p varicilles (X, x, ..., X, ..., XV
are mensured on each of n individuals maiding up the samite. IT there are
t'wo poptu-ations, then two mullivariate populations (k = 2) composed of n”

and n individuals respectively, resist. The mulltv'arlatr analogue of the

59
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sam”e variance is the covtariance (dispersion) m£rix. The covariance
M~ rix is obtained by dividing the SSP matrix by the appropriate number
of degrees of froidUm. The covariance mtrix is made up of elements,
such that the diagonal element, Is the variance of the ith vaTLate,
and the off-diagonal element w?j (i a j) 1s the covariance of the vsa'dates
1 and J. Thus the covarianco matTLces for any two mlltMMaarlfte popula-
tions wtose variables have the same variances and covariances are identi-
cal. An analysis of variance (dispersion) may be performed where the co-
variance mdrix is sp-it into the between groups and rithin groups co-
variance marices.

The discriminant function for a pa”rticHar set of data is estimated
as that function for Wh.ch the ratio of the sums of squares and products
between groups to Within groups is a maximum. The comppltaion<tl proce-
dures for discriminant functions are outlined by Rao (1952, pp. 247-248,
287-289) and Kencdll (1957, pp. 146-147).

In this study two groups are used for classification, so the follow-
ing discussion is limited to the two group case. In comppuing a discrimi-
nant function it ie assumed that the two pM“tuitltion™ are Clulliv/arittr nor-
mal with means .o, UM and un, eeeeu?2p estimated by >Xj and
X. for the first and second groups respectively and with identical co-

variance matrices wj* The logaritim of the likel.h]te>od ratio is:

where the maarix w W is the reciprocal of w? and x* is the ith variable

measured on each of n individuals of the p~™"™ation. According to Kenddall

(1957, P» 146): "The second part of this expression is a constant and

wthout losing gennrta.ity we cun take as our function",
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When the estimators are inserted, the resulting discriminant func-

tion ia

. . 2
Matalanobia* Geeneraized Dstance, D can be used to measure the
degree of overlap between any two aulti-variate populations in p-dimeusional

2
apace. The basic equation for D La given by Rao (1952, p. 246) aa

where

By using the discriminant function, regions in p-dimemionH apace
are separated by a hyperplane With the above equation for a auitabty deter-
aned cormtant. An individual for Wh.ch the value of the left-hand func-
tion, X, exceeds the constant value chosen ia assigned to the firat group
and when It ia teaa it ia assigned to the second group.

An individual ia aaaigned to one of the k-groups according to which
of the x’s 1a greatest when the measurements of the variables of the indi-
viduH are mlbbtitlted in each of the k equations. Thia i1a applicable
for k equal to two groups, but for thia caae one equation i1a sufficient.

In thia study two discriminant functions were computed which were combined
In one egmtion. Although thia may be erroneous, the a priori pBaaibiities

of an individual belonging to one or the other group were assumed equid..
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IT the value of x is punitive for an Lc&ividua. i1t la classified Oth the
first group (orthn-ImppibbOiie), and 1f x iIs negative® the individual is

assigned to the second group (larl-Imppibonite).

Teets of hypotheses
All the tests are based on the nU.1 hypOhesis of variance ratios.
The hflPOhesis of equ&L means between two mltiTsuriate poptUations

given that the covariance natirLces are equaL is tested by the statistic

TlhLs test may be used as a variance ratio Wth and p
degrees of freedom (Rao, 1952. pp. 24&-2!+7).
The contribution of each variable 1 to the measure of the total

separation of the two groups is given by ®ud* in the equation.

Those values contributing most to the discrimination can easily be deter-
mined by inspection.
. ) i 2 . )
The variance of x is given by D . winch is also equal, to

therefore D is a measure of the standard deviation of x and the relation-

ships

provides a measure of the probbabiity of rniiccaasification (p) of a single
individual. The discriminant function is assumed to be normaaiy distrit™-

2
ted for each group. The vaLue jD /D is the ratio of the delation from



*3

tie mean to tie standard deriation and is equal to tie standardised normal
deviate, Z (Dixon and Musty, 1957, p» 52 and Table A--4), so tie area cor-
responding to iD gives tie proboiObity of riicCaisificition.
Awing tie usumppions made in discxwinant function analysis are
tie foliowing!
1. tie populations are muuUiivsar.itl normrf.,
2. tie populations baye identical covariance, dispersion maarices,
3. tie discriminant functions are normlly distributed in a paati-
cular group wibi equal variances,
4. tie a priori proboibLitils tiat any belongs to any group
are eqgiua., and
5. individuals of unknown ciaracter must belong to one or tie otier
of tie a priori groups and cannot belong to an undefined group.
Assuappion (1) is not valid as tie distributions are skewed boti
in arithmetic and iogiritlmic plots of tie data.  Assuappion (2) ias not
been tested but is probably invalid as explained by Mdd&eton (1962, p. 124).
He states tiat normal distributions and identical. covariance maarices are
tie exception ratier tian tie rule In practice and tiat i1eterogeneity of
covariances rf.ll werfcen tie discrimination only when great. Assuappion
(3) is probably invalid as tie populations do not fit tiese requbrepenns.
Assuappion (4) is probably aph”™oxLpailly correct. A survey of tie litera-
ture indicates tiat ortio- and para-imphiboOites are reported in approri.-
paiely equal abundances. Assuappion (5) is difficult to ecquate because
tie peea8omptib™alLly derived impPiboOitls must be considered. Tiese are
difficult, 1T not bpp)osibll to separate from ortio- and hara-imphbboOitls

as tiese two types may be to a greater or lesser degree petasoimiic



Use of a discriminant function in problems such as the classifica-
tion of ampphiboitea With a group of trace elements has several advantages.

As pointed out by Potter et al. (1963, p. 677),

"One advantage is that an unknown individual can be assigned to
one of severe groups on the basis of a linear combbration repre-
senting 0.1 k variables rather than attempting to classify the
individual by the separate outcomes of each of the k variables.
The latter procedure gives each variable the same weight in the
discrimination when in reaLity the variables contribute un-
eqiudly. A weighted linear combbration also avoids complications
that might develop in evirating individual sam”es e.g.
having three out of six trace elements indicate one origin and the
remaning three the opposite origin.”

Fiurtherf they state (ibidf p. 678)t

"The discriminant function also provides a puUlivaarLate test of
the difference between the two control groups. In adtUtion

It perrits testing of different linear coppiraaions of the dis-
criminatory elements so that the beet linear combiraaion can be
identified and subsequently used in classifying unknown samplee,”



STATISTICAL ANALSIS AND RESULTS

One objective of thin study was to determine wither a single OCs-
criminant function codO serve to classify riPiibOitea from many Irc'a.ieleBe
In order to do tilB( samples from srveraL Lrc'aieieB were used in crLcUir-
tion of the 0lstmCLoinant function. A of the samples used In tmrte
element BeatlBelcal cricULrtirnB is in table 8.

Mem, correLation oatmCces| and OiscrliCnant functions were cCL-
tULreed for erti group of ripPibbOite3. The tonpPCeriona for correlLation
marices and OCscrim-nant functions were performed on a BtenOix G15D Oig.tal
comppuer using programs wri.ttrn by G.V. MdOOeton. In thr BeatlBelcalL
calLculLations on truce element data, on<e.]lhaf and one-tenth of thr BemS.tivity
limit valLues were used for "tr" and "n.O." respectively.

Thr nature of the distributions of trace elements in the two ampphi-
borier groups has not been r8trelCsirO. Kith smai sam]pLe sizes as in
eiiB study, Ct Cs O.ffltULe to assess whhther the OCBtrCLbceirn is norm
or lognormal. Therefore OiscxCLmlInant functions were calculLateO for both
aritimetic and irgrrCtLO.ClaLly transsfocmeO Oata to determine wh.ch was
best to use in thCs case. As may be seen in table 12,Xa, cdculateO
on arithmetic Oata Cs expected to give suponr-or OCscrim-natCon and tlrs-
sification to X o, for logaritimic transformation of data. Hence onLy
arithmetic data has been retained.

The arithmetic and geometric means and tte ranges for tte eight

trace elements in each group are listed in table 9. for Sr and Ba,

S
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th* arithmetic meanB of elements in th* 16 ortho-aaphitblit** ar* greater

than in th* 16 hara-aaphiholit**. Of th* eight *L*mants, Cr, N., Co,

and So appear to 8 mat #Lff in th two groups and may 8 §f<

to provid good discrimination. Th #m vaLu for trac s

in th Befurtooth &mPiboOiLb &r tajdgd high r than thos of tto
Bbth  &* "IN gtudi Ties* ¥aLu suggest that Cr, V, Co, Ba,

and Sr O.ght 8 good discriminators for this group of rocks, which is
#t prwat in th following.

PLots of th &Oundanc vSLu*s of th kments in th rocks #s
for caLc”Lating th discriminant functions §figur 4 and 5, &ft  Faust
*t al., 1956) show that ta(i5id overlap occurs Ooth amphhi-
telit groups for all tentB so that &#ngi comppaisons &r
not Nk to 8 w EisOie  for distiigAshing &nphiboOit

FTh m>r* powerf! &ultivtarLat methods app”™r to & 3ULtsOL in
attempting to &ffectiv utlLizo th data.

CoorWation mStric of th fora

where 1/~ e 1.00 and 1 m 1, 2, - p were obtained from the covariance

(dispersion) mttTLcea as
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Saappea Used to calculated meens, correlation matricea,

and diacriminant fumtiona

16 ortho- and 16 para-anphlbolites, DecrimLnant Functions

ortho-aMphlbollte group

Kirkland Lake - 1

-2
Haeburg - 1
-2
-3
Metagabbro - 1

-2
feuraii Basalt Sand
Broken HII - 44
Packsad&lLe ScUst L-13
L-14
Beartuth RH 153-55
RDB.42B
RDB-1J5
Chandos 69-30-2
69-35-7

hari-aMphlboOlte group

Lisertck - 4
-7
-9
DeWor - 12
Kadadar
Y actats
SR 64-24
Chandos 68-74-16
69-27-2
69-32-1
PacksadcdLe ScMst L-10
L-12
Beertooth PA-21
PA-23
92-55
Lockatong - 2

Beeartooth Mauritania, 8 ortho- and 8 para-ampPiibSiteat Diacriminari

I"thl-aMphhbolite group

RDB - 42B
- 47
- 56
- 135
- 218
- 238
- 265

HH 153-55

Fu[xctioc X4

hara-impPlboOite group

PA - 16
- 17
- 19
- 21
- 22
- 23
PAQ - 1
DE 227-54



Cr

Ni
Co
Sc
Zr
Sr
Ba

Ni
Co
Sc
Zr
Sr
Ba

TABLE 9

Meeuis and Ranges for Trace

16 ortho-aaphiboOitee
Mean Gtxoetric Mean  Range

328 259 32-990
319 295 172-585
97 75 30-190
52 57 29-118
54 48 10-115
185 100 41-610
235 215 100-465
232 170 35-730

8 Sawtooth orrho-aaphiboOiteB

Mean Range
320 50-990
200 140-315
104 48-160
38 29-57
51 27-103
108 43-195
369 210-520
436 175-780

48

AbiukdinceB

16 para-amhii°OL.te«
Mean  Gteoetric Mwan  Range

118 54 5-435
220 201 103-520
41 24 8-147
32 29 12-56
38 35 16-73
183 87 35-455
252 226 90-695
304 226 37-625

8 Baca-tooth hara-amphiboOitt8

Mean Range
493 135-1500
314 155-505
100 48-173
o7 20-187
59 18-112
112 45-325
129 tr. -365

226 62-640



Figure t. Abundance diagram of trace elements for rocks used in calculation of
discriminant functions, Xa, X”*, and X-*op.

° Ortho-amphibolites, X man
+ Para-amphibolites, + mean



Figure 5« Abundance diagram of trace elements in rocks used in calculation of
discriminant function, Xc.

¢ Crtio-arnphibolitss, X mean
- rara-amphiboHios, + m»an
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where W,;J' are the elements of the convariance matrix. The colrreLatist
matrices are in tables 10 and 11. The significant correlations are
(Hagramatiially represented in figures 6 and 7 using the method of Clhave
and Maakenzie (1961).

CoorteLations of CN MI, Co, and V in ortho-almplhiiOitea may ref-
lect the tendencies of these elements to associate wth fendc ma°r com-
ponents in igneous rocks (Rarkonia and Saharna, 1950, p. 512, %93, 681-
682). Sc is correlated in a similar fashion and presumably also because
of association wth femic compmnets in lara-ampPibiOiteB. The
correlation between Ba and Sr in amplibbOitea suggests that they have
simiar geochemical behaWor in these rocks. In the lara-ampPiiiOites,
Sr and Zr are strongly correlated; this may be interpreted as mearning
that both behave in similar ways in these rocks and may both be concentrated

in ampd-boles and biotites.



Cr

Ni
Co
Sc
2r
Sr
Ba

Cr
V

Ni
Co
Sc
Zr
Sr
Ba

At th 95% tev
t 0.482 &r

TABLE 10

Coorelation mtrix, 16 pA* Arithmetic Data* Trac* *i*ments

Or \%
1.000 0.047
1.000

Ni

2x252
0.299
1.000

Co

0.118
0.802
0.451
1.000

Coorelation matrix, 16

Cr V
1.000 0.025
1.000

Ni

0.470

0.293
1.000

significant.

Co

-0.191
0.484
-0.176
1.000

Sc

0.482
0.487

2X522
0.664

1.000

Zr

-0.180
0.500

-0.253
0.094

-0.117
1.000

Sr

-0.009
-0.172
-0.222
-0.301
-0.211

0.610

1.000

oA, Arithme*ic Data

Sc

0.178

0.267
0.506
-0328

1.000

Zr

-0,592
0.042
-0.140
0.060
0.308
1.000

-0.200
-0.398
-0 077
-0.174
-0.088

0.295
1.000

Ba

-0175
0 524

-0.494
-0.481
-0.455
-0.083

0.293
1.000

Ba

-0.064
-0.490

0.032
-0.243

-0 229
-0,023

0.399
1.000

of significance, ~r™lation coeeficient8 ptt
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TABLE 11
Beerrtooti ABm”PLLiblitea

Ooorelatlon *aarix 8 pAf Arieimeric Data

Or \Y Ni Co Sc Zr Sr Ba

Cr 1.000 0491 0.142 -0.246 0.637 -0.434 -0.584 -0.464

% 1.000 oO2s" 0.156 225 -0.712 -0.&1 -0.645
Mc 1.000 0.358 0.546 -0.537 -0.504 -0.528
Co 1.000 -0.245 -0.251 -0.080 0.066
Sc 1.000 -0.460 -0."36 -0.409
Zr 1.000 0.895 0.936
Sr 1.000 0.890
Ba 1.000

Ooorelatirn aarl”™ 8 oAt ArrCeimitic Data

Cr V Ni Co Sc Zr Sr Ba

cr  1.000 0667 0.716 0.090 0.646 -0.095 -0.392 -C.085

Vv 1.000 0.858 0.615 0.397 -0.106 -0.847 0.246
Ni 1.000 0.646 0.866 0.123 -0.855 0.343
Co 1.000 0.761 -0.217 -0O1909 0.257
Sc 1.000 -0.308 -c.887 0.003
Zr 1.000 0.037 0.759
Sr 1.000 -0.355
Ba 1.000

At the 95" Level of significance, tor”elreirn coefficients greater
eirn +0.666 are Elgnifltrnt.
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16 pA 16 0A

Figure 6. Correlation diagrams for 16 para- and 16 ortho-amphibolites

Positive correlations indicated by solid lines; negative
correlations by broken lines.

S oA 8 pA

Figure 7. Correlation diagrams for 8 ortho- and 8 para-amphibolites from
the Beartooth Mountains.
Positve correlations indicated by solid lines; negative
correlations by broken lines.
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Discriminant Function anH”eia -c-eaUta
TruccjJlsnsnta

The apjparently aucoeesfUl uph.icutioc of the dLacrlaicant function
to uaphhboOite claaaificatisc by Kudo (1962) woe the baaia for further wrk
along aimi.ar linea in thia atudy. The influence of geociem.Cill provinces
haa been considered in attimpting to cllcUIlute a u”™vereiHly apppicable dia-
crimtnant function for aBpPhboUlte clasmificutisc.

G”ochiemcal. proVincea may be ptartially defined on gulo~™d and
geofgrryA ™M™ grounds but are largely defined by differencea in the relative
Iblc&lcces of particular elements in given rock typea in different regions.
Such prosriinsial differencea have been shown for Zr (Chao and Fleiacher,
1960), Sc (Fxykltmd and Fleiacher, and Sr (Turelkilc and KUIp, 1956)
in igneous rocks. During thia atudy, 1t mooc became apparent that the
truce-&le ment complexion of amphlibolitea variea from oce loc”ity to
another. For examp-e, ortho- and plra-uaphibbUitea from the Beu'tooth
Muunt®na contain, on the average, different amsunts of V, Ni, Sr, and Ba
than the other umPi6oUIlltea atudied. In the Beu'tooth plru-uappiboOltea,
Cr and Ni, are, on the average, in greater abundance than in ortho- and
hara-umphhbbOltea from other tuceU.itiea.

Such differencea in element abundancea compileate the diaticctiuc
of uaphhboOlte typea by diacrimicact function uJnlLy"mLa aince the abundance
vHuea of a particular element overlap greatly between ortho- and haru-
a“pp”~booiltea. eiecaenta wMch c*rnMitiMtently have different relative abm-
dancea in the two groupa and wkh.ch have minimum overlapping between groupa

m!(e the best diacriBLnutura
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In this study the discriminant functions calculated by Kudo (1962)
were used originally to attmpt classification of samples used by the author.
It soon became obrious that the two functions for trace elemwits wold be
of little use because of the high incidence of mis:CLaaifikatiot of samip.es
of known origin. The errors in kiaaalficatist may have been due to dif-
ferences In anaytical resets compared to Kuta's results and to provincial
differences in the of the amppibboites.

It was deemed necessary to calculate new discriminant functions in
order to obtain better classification resets. This was done (see table
12) using a Bendix G15D konpllUer and programs written by G.V. MidcQeton
(Usr's Project No 695). Eight truce elements, Cr, V, Ni, Co, Sc, Zr,
Sr, and Ba were used as was done by Kuta. @ The samples used in calcula-
tion of the functions are listed in table 8. Functions for arithmetic
and I'ogarlhmic data were calculated. The best two discriminators are
Co and Ni and a separate function wais calculated using only these two vtaTi-
ates. Vvarimcce>ratis tests (Rao, p. 247) show that the diacrLmitatiot
iIs effective at the 95# level of significance (table 12) for the functions
calculated on arithmetic data but not for the function calculated on log-
ariilmic data.

Of the 32 samples used to compute the discriminant functions,

X ps )v%]» and )J(tbg . 4 (12.5%) wwre riiaCassified by the 8-element arithmetic
function, 7 (22#) were plsaCLUsSified by the 8-element iogarii'mLc function
and 5 (15.6%) were pliaCas8ified by the arithmetic 2-element function.
These are different from the theoretical probibiiities of miiaka6aifikutist’

P, of 2.0# and 16.2% respectively for the 8-element and 2-element arith-

meic functions. P is figured from the equation,


samip.es

o7

where ID is the limit of overlap of groups and
therefore whiere meKluMsiflcation nay occur.

When a totaLL of 52 locks of known origin was used the mscliaseificar
tion was 9%«4% using both 8 and 2 element functions (tables 13 and 14). Among
those rocks correctly classified using other workers’ analyses (unconrected
truce element vULuis because no meanj of interlaboratory compprison was
uvtriiLable) are basalts from six basJ.tic provinces of the United States
analyzed by BtarteL et ulL. (1963); three glaucophane scih.sta from CU.ifarnLu
(Coleman and Lee, 1963); a graywacke (Pettijohn, 1963) and the "average"
shale, carbonate, and basalt of TiurelkLan and *edepnhl (19&)» The stan-
dard diabase, 1 was incorrectly classified using both the recommended
values (Fleischer and Stevens, 1963) and the values obtained in this study
(table 12). Al of the sedimentary rocks analyzed in thia investigation
wire correctly classified. Three of four tuffs were classified with the
para-anaphicoitesa

The 8 element function, x”», was used to classify amPhbolltes of
uncertain origin from several HlIU.itLez. The Connemara aaphlboOltes
were studied by '.vans and Leake (1960) who concluded that the rocks are
probably of igneous origin, being ""... intrusions, lavas, or tuffs of sodic
baudt coappoiiion”. Six samjp.es of these rocks were analyzed and five
were classified us of pet“a-sedLP<eltury origin and one of mmta-igneous
origin. These resAts appear to be mns.Btent with the (data (i.e. low Cr
and Hi in some specimens) wh-ch appear mere akin to sedimentary rocks than
igneous worm. They could represent tuffs with sedimentary lla*xaltei3tilz

as the Oregon tuffs analyzed in this study.
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Four aTChlbolltes from the N.'l. Addrondacks supplied by A.K.J. 'kge
were classified as of meea-sedLuentary origin. No conclusions on thdLr
origin have been reached by Engel (1962, pp. 76-78), but Leake (1963) con-
cludes that they are of igneous origin on somewlrat dubious grounds (see
section on NigfgLi No. plots).

The Packsad&Le ScUst of Texas is an aaphhiboite investigated by
Billings (19&2). Both banded amphhboOltes wth bands from several miili-
mti?jrs to several centimeters thick Within meea-sedimentary gneisses and
thick, ma-saiTe tmppiioOitts occur in this group, Billings (ibid) con-
cluded that the banded amppiioOltes were probably formed from tuff-sediment

and the maa”ive am>PiboOltes are meea-igneous rocks. The re-
sults of the witer's w>rk classify some of each group of individuals as
para-amppiicoltes and some as ortho-ampphboOintts.

AumM-bolites from Broken Hil, AAssr.ra.ia were also studied and
classified. A metagabbro in the group was correctly classified. The
other nine amhibolites are of undetermined origin and some were clas-
sified as ptrt-amphiioOltes and others as ortho-tmphiioOitts. Binns
(1962) rejects a sedimentary or metasomatic origin for the rocks and
favors an igneous parentage.

A meta8BOMti7e.td limestone from Madoc Townhip, Ontario was clas-
sified as a part-tmphiboOlte. The rock is partially ntapPiboOitiztd,
and i1s analogous to rocks described by Adams (1909) and Adams and Barlow

(1910) from Glamorgan Towin}h.p, Orin.-fio,
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Mountd-ms Aphibolltea

Ntdihar of the two dLsoriLmitant functions emjp.oyed it claBsifioaaiut
gave good resULts Wth rooks uf known origit from the Bearrtooth Moum-ms.
Thia is a refleotion of the great differetoes in the trace element oheriitry
of that provLnoe. Ait eight—el<mena fUmotL c ", X (taOle 12) poppled ns-
ing 8 para- and 8rupéliniemteo from the BeEartooth group was fairly
sUKMiNisfUL in olaesifyitg BKaTtoolth rooks of known origin. Four of 21
(19%) samples were mLsl-aslfied. The thuratioal value e Ls lees than
0.9& A varLamme-ratio test irdLoates eignifilant d-sorim-nation at the
95% level (taOle 12). The two Oest individual dLsorimLnators in this gronp

are Hi and va CLLa"filation results for this gronp ore in taOle 14.

Mjor elements were successfully need Oy Kudo in a &Laoripinant
function to dLetirgullsh Oetween ortho- and para-amppibooitea. @ Cixnidera-
tion of the means of the two groups of amphibolites, the variation of con-
centration of mjor elements, and the great overlapping of the two groups
With regard to rajor element cheWcal comppoition has led the author to
conclude that discriminant function anJLyisLa on major elements is unlikely
to be significant. TI, whLch has been suggested as being of use In dis-
tinguishing ortho- from para-amphiiolltes by Lapadu-Mo’fgies (1958) is
clearly not useful. haumhes of p<ara-amhiboOltes With greater than
0.8» TLO? (the limLting value for pA according to Lapadw-IMofguea) are
LLmeeTLck No 9, Detlor, No 12, KWudar, PA-17, PA-21, und &9-5"-1. come
ortho-am>PiioOltes have less than 08% TLO, including 155-55,

RDB-5), and M)B-1j55. Other elements display such overlapping of concen-

trations also.



TABLE 12

Discriminant FuxCionfi
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TABLE 13
CiMMdL flcation of AgmIPLbbLites and Some Other &>cks of Known OTLgLn

using 8 trace elements

OTLgLn CLmsri. fication
Average of 16 pA meeta-sedimentary -8.35 sedimuitary
Average of 16 oA meeta-igneous 5.85 igneous
Baslt ) Twrekian igneous 2.37 igneous

ShOLe ) & sedimentary -10.36 md& L mdntary
Cturtoxndte ) Wed«ex>HL  sedimentary -30.32 sedimaitary
Graywacke PettiJohn sedimentary -23.50 sedimentary
Lcclkatong AAggLlite
1 sedimentary -1.28 sedimentary
2 sedimentary -15.72 sedimentary
3 sedimentary -8.98 sedimentary
W-L (Diabase) Igneous -2.21 sedimentary
BasQ.ts
Mt. Lassen, Cdif. igneous 15.61 igneous
Far™~ngton, Conn. igneous 0.77 igneous
KLLauea, Huraai Igneous 8.81 igneous
Detrick, Idaho igneous 6.08 igneous
Jon» Mtn., N.H. ieous 14.85 igneous
Johnnycake Mt, Ore.Lgneous 2.68 igneous
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TABLE 14
CILU3Em.tcuti.uc of Anplp.bolitea by

D-scrimicmt Fuwtiona XA and XE’,

OLgLc from C.naificatioc

Samp.e Geeo©"™!. by D.BcrimLnact XA S
Evidence Funtoon XA

Kirkland Lake - 1 igneous igneous 2.05 0.85

-2 n o 10.47 2.16

-1 t medLment -3.27 -1.78

-2 5 igneous 12.92 2.01

-3 " it 3.46 -0.58

M~ giatablhro - 1 it t 7.45  0.72

-2 " i 22.69 5.34

HutoH Sacd t l 10.53  2.62

Broken KII - 44 I i 2.26 1.07

Padtaaad&e Sslh.8t L-13 it It 11.73 2.74

L-14 W i 3.00 1.53

B«euntuuth BH 153-55 H . 1.76  1.39

RDB - 42B L it 586 0.94

-135 f . 27.85  3.24

dhacdos $9-30-2 i mediment -0.78 -1.33

69-35-7 c igneous 16.55 5.08

LLaBerLck - 4 medimentary aediAect -22.60 -4.50

-7 - - -16.68  -3.30

-9 N . -11.84 -2.88

Deeior - 12 t " -5.65 -1.09

KHacdwr t : -9.36 -3.02

SR 64.24 ! | -5.33 -1.87

Y actata " rt -10.89 -3.23

Clhandos 68-74-16 B - -4.52  -0.12

69-27-2 ! | -8.95 -1.84

69-32-1 ! . -13.91 -3.76

Puclkaadcdle Sith-st L-10 u it -14.31  _5 g5

L-12 ! igceoua 12.47 3.35

Btn'tooth PA-21 it ! 0.26 -0.48

PA—23 R aeddment -3.95 0.56

92-55 ¢ ! -1.55 -2.52

Loclkatcng - 2 ! : -15.72  -3.36

Atove 8amp.es ware used to compute discriminant functions x» and Xg


8amp.es

TABLE 14 (contiirned)

JCC -1
-2
-5
- 4
Hberin.a - 1
-3
Lockatong - 1
-2
Madoc
Broken HU - 1
-3
-9
- 12
- 13
- 14
- 28
- 29
- 37

Packsud<dLa Slhst

Ortgin from
G«KjCofg.cul
EVLdence

sediment

It

It

igneous

meta-sediment

M

H

sediment

tt
metasomtic
unknown

it

Vi

unknown
ii

ft

ClctMification
by Discriminant
Function

sedimentary

it

igneous

sedimentary

tt

sedimentary
it
H
it
igneous
sedimentary
igneous
sedimentary
it
igneous
sedimentary

ignooua

1

it

n
sedimentary
igneous
sedimentary
igneous
sedimentary

XA

-3.78
-3.65
-8.62
*1.60
-5.30
-4.91
-12.08

-1.28
-8.98
-28.77
-6.69
*6.86
-7.07
+0.08
-3.85
-4.00
6.28
-6.29
-0.31

10.94

4.22
15.cs
11.13
-4.44
17.99
-2.84

4.78
-0.96
-6.71

to

-2.45
-0.07
-1.09
+0.62
-2.29
-2.55
-3.03

-0.17
-1.31
-5.25
-0.48
-3.11
-0.50
1.76
2.48
-0.22
3.10
0.16
1.07

2.85
2.00
4.47
3.10
-0.81
2.06
-0.03
2.30
1.16
-0.77



TABLE 14 (oontlxmed)

Sam4.e

165
- 560
- 522
-2506

-2515
-2522

-2518
- 194

- T765A
-2516

Connemara

A8
- ALG
- Al7
- A32

Aetf.roiidajl®

Ctandoa TowuMLp

Cnaadero Avea,
Coleman & Lee

6

69-30-
69-34-
69-28-5
69-28-2
68-78-1
70-146-6
70-139-1

6
-

16-CS-59
SFS-13L
SFS-192

Origin from
netoo”csCL
Eridence

unknown

n

W
it
tt
It
fl
o

tt
n

tt

tt

Igneous

tt

il
sed itmentary
I

i

sedLNiMiNfary
I"gneous

tt

CIM61flcatltan
by Dscriainant

Fun:tlon X
A

sedimentary

N
H
tl

L.gneous
sedL"mA inltary

tt

Luneaus
n

sedimentary

n
n
ft

L.gneous

tt

sedL™M\i"Mtary

tt
n
tt

tt

tt
tt

tt

*A

-16.50
-6.99
-0.67

-10.96
+7.40

-16.J4
-4.94
-6.09
13.70
57.52

-0.02
-3.79
-7.50
-8.19

10.59
20.59
-15.40
-3.00
-10.96
-23.53
-25.70

-20.44
462.21
+4.66

64

-2.78
-1.26
+0.36
-3.56
+1.25
-2.67
-1.09
-0.83

5.43
15.07

2.24
-0.12
+0.14
-0.21

-0.53
-0.62

-3.65
-3.04
-3.65
-4.49
-4.63

-2.15
24.88

6.2C
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TABLE 14 (continued)

Classification of Biou'tooth Moantd.nB A"&Lbolit«« by Dscriminant Funtion X&

OxTLgLn fxom  ClMedLfication

SamP-C GTOlofgciaL by Discriminant *C
Evidence Fwntion

PA - 16* seta-eeciLment sediment -53.17
17* H it -18.42
19* a " -58.59
21* i igneous 40.28
22* t sediment -23.75
23* " " -40.31
PAQ-1* It it -24.83
DE 41-53 " E -58.00
227-5** " " -57.31
125-53 H igneous 22.30
131-54 " sediment -112.34
2-5 " igneous 117.71
92-55 " : 90.05
RDJB-42B* mmeta-igneoua igneous 120.23
56 e n " 76.63
135 * " " 52.31
218 - " " 89.99
238 ! " 138.03
265 * " " 126.87
RH 153-55* " " 103.17
RDB-47 " i 84.82
RD1B-80A unknown igneous 109.63
254 " " 195.93
236 E sediment -33.66
Zr-8 ! igneous 72.42

* SamPes used in calLctiLation of discriminant function, x»
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Crrlection matrices were calculated for 40 ortho- and 40 para-
uppibboites listed in table 15, using TiO> P"O-, 1% ™206* « and
CsO. The correlation ore in table 16.

Cmelations of Mg, Ca, TL, and Fa-oXides in oithr-tmhlibOitts
probacy resist from their close association in mafic mnnfras. Ca and
P—oxidas are correlated and this cun be traced to their association in
apatite. Ths Mg, Fe, TL, and P-oXides loxritlttions in parr-tBphiiorltes
are probably also due to their association in mfic manera-s.

A function, xj. calculated by using data for the 40 ortho-
and 40 part-amPiihritts (5 metttaolmtil ampiiboites from limestone inclu-
ded) listed in table 15. The oXides used in the ctLcULttions include,
Tion, PgOj, 0, C‘0, and MgO.  The function is in table 12 and
the variarnce- ratio test shows it to be significant at the 99.9'- level.
The theoretical probhthiity of misClasifilttirn is about 11.5T. A
total of 84 ampphiboltes of known origin were classified with MisllajHi-
fication occurring for s56% of the individuals. Kith these poor results,

no lILassifLLIttion of unknowns by maor elements was attrapted.



TABLE 15

Sources of Mjor Element Aina-yaes for Cor*eLation Maxlces and

M.scririLnant Function

Ortho-amDhiiooites
Source
Haris (1959)
Bartley (unpublished)
Simonen (1953)
Wi.cox and Poldervaart (1958)
SnpeL (1956)
Binns (1962)
Kudo (1962)

This Study

Para-aaDih.boo.ites

Source
Sckelmunn and Poldervurt (1957)
BenttLey (unpublished)
Harris (1959)
Wilcox and Pco-dervaart (1958)
Adams and Barlow (1910)
Nngel (1956)
Simonen (1953)
Kudo (1962)
This Study

WIiton et aL. (1964)

No. analyses
1

7

12

No. Amayaes

4

7
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Table 16

ChorMieM™ML"ot Marioes' Major Elements

40 uraho-amphiL»Ultea

T102 Fe203 FeO Mgo CaO Pa=3
1.000 on21 -O-ffi -0.269 0.475 TiO2
1.000 -0.069 -0.133 -0.441 0.428 FA0 4
1.000 -0.208 -0.041 0.119 FeO
1.000 0.037 -0.412 MgO
1.000 -0.467 CaO
1.000 p2°3

40 para-amppiioOltes

T1°2 p2°3 FeO MgO CaO P203
1.000 0.096 0.408 -0.243 -0.017 0.447 TLO2
1.000 0.284 0.009 -0.122 -0.134 f_203
1.000 0.230 0.217 0.049 FeO
1.000 0.226 -°d;2 MgO
1.000 -0.026 CaO
1.000 b

Ba°3

At the 93# level of significance, correlation coefficients greater

than +£0.320 tire significant.
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Figure 8.

Correlations between major element oxides
in 20 ortho- and ™0 para-amphibolites.
Positive correlations indicated by solid
lines; negative correlations by broken
lines.
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CONCLUSIONS

In thia investigation it was attmpted to mavar aev”ral questions
pertaining to umphiboOitea. They are:

1. la Lt possible to uae ti“"E™“ment data tramforaed to u linear
diacripicuct function to dLaticguiai ortho- from plrl~lappiboOt.tem7

2. Are there icy sediments w.th the cupphuation of ImphiboOitem
acd Lf so, how do they compare to plrl-ImphiboUIltea with regard to trace-
element chumstry?

3. How do baallLtic tuffs compare chemidly to apphiboOltes7

4. Are prow.csill influences aigCLficuct w.th respect to chemical
variations ic uppPiboUites7

Amswrs have been found to theae questions although they are not
uOlaslUte ic 11l cases. It hua been shown that discriminant function
acl.ysia ctc be successfully applied to ImphiboOite claa6ificatiuc problems
w.th tipitatiucs imposed by extreme vrniutioca ic trace-element abundances
ua exempified by the Bseartooth uappiboliiea. A function which maclus-
siflea 10% of the rocks classified is dearly a considerable Improvement
over the 50)% chance of misCtuMificatluc incurred ic guessing.

There are sediments, chiefly of mfic graywacke type which are
mLmLur to ampphiooltea ic conppoiiion. ALthough these may be derived
from basic igneous rocks, their truce element chemstry is aclluguua to
that of h£aru-apphiboUitea. @ Some sodle argiltLaceula rocks are also more

like amppiboOitea chemidly than has been previously realized.
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Boaltic tuffs are chemL:sa.ly oLmiap to amPhbblites; theLr
trace-element chemstry may be coMiderably L"DJ""t"n"ced by their enlLron-
nent of de]p>sStbot and dLagenetic processes. Therefore, tuffs may dLs-
play m.nor element chemL”ny chaacteelstLc of L.gneous rocks or sedimeets.

btfluentes are qiU.te sbgtlfbcctt as regards them.alalL
IcrLctL.ot Ln a”pPhLooltes, esp<Kbla.ly Wth m.nor eleaenns. Thus, the
Bota tauunta-re ampPhtbUtes have extremely dfferent tracc--elemett
abundances than the other amPh™bi”es studied. Prond-nnial d-fferences
reflect differences Ln parent magmas, the rocks from rfdeh sedLaents
were derl'ved, and dLcgenetic and menm'rj"Ph-c processes.

Wile Lt Ls Possible to tlassbfy any amPhbollte W.th the dLs-
trirtlnatt futctiots calculated, the resets may be of queBtiotalbLe value
Ln some cases. ThLs Wil be true espoeila.Ly for amPhbbntes of unknown
orbgbt from an area where none of the c”pPhbolltes are of known origit
so that there are no "knowm" to use as'standards"™ for conpPaison. 1t
Ls therefore recommended that Lf Possible, several analyses of amplhlOo-
ILtes known origit be used Ln &Lscrmitatt futctiot analysis of un-
knowns from a given area as was done by Kudo (1962). aven when such Pre-
tcutiots ure taken, miLsCacfdfbtctiot Ls Passible as Ls bLIuBtrated by
the stctbstitcl resUts on the Beiortooth rocks and the Ctihandos rocks
(Kudo, 1962). The degree of mbstucsSfbtctbot wil be less than when
a genera dlstrioinatt fun’itlon Ls used us Ls cgabt bLlustrated by the
Betartooth rocks.

With this Ln m.nd, Lt may be understood that the classifications
of the Connemara and Broken IHH ampPhbboites ore less reLlaOLe than those

of the Onttcrlo, New Jersey, and Btea*tooth rocks.
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APPENDIX 1

Chorr.ital AAnlyses
Ortho-aT.pPibolltcs

1 2 3 4 5 6 7 8
SiOp 47.53  48.79 48.01 55.78 50.20 52.98 53.32 52.61
11wA 1.23 0.87 2.88 0.71 0.75 0.35 0.40 0.30

AJ.nC? 17.10 15.02 15.12 13.82 15.01 19.40 18.38 12.44

*2°3 1.80 2.03 1.53 2.20 2.41 1.77 2.02 1.92
FeC 7.02  9.28 13.55 6.38 6.48 4.60 4.68 7.12
XnO 0.23 0.20 0.21 0.14 0.14 0.10 0.10 0.15
EgO 485  7.09 -5.73 7.13 9.27 6.52 738 1r 70
Cao 14.17  9.90 7.42 6.77 9.66 9.41 9.62 7.29
Na20 3271 2.0 9.12 n>0 2.62 3.10 2.77 1.66
K¢ 0.64 1.32 1.04 1.92 1.26 0.53 0.59 0.89
h,ot 1.14  2.36 0.42 1.54 0.76 0.35 0.46 0.45
HNQ- 0.09 0.15 0.15 0.07 0.04 0.00 0.03 0.01
P2°5 0.13 0.06 0.40 0.23 0.45 0.04 0.05 0.10
co2 0.18  0.12. 0.09 0.15 0.05 0.00 0.00
l.o.i. 2.23

99.38 a 99.71a 99.71a 99.28a 99.20b 99.20b  99.80b 100.32b

Cr 375* 485* 119* 148* 240* 50# 1907 990*
v 237 315 235 216 240 140 140 01 ¢
Wi 30 122 47 113 107 48 64 160
Co 39 47 64 41 38 29 33 43
Sc o2 38 35 142 45 27 27 103
Zr 53 53 360 112 195 52 65 43
Sr 156 265 240 355 320 520 450 250
Pa 160 310 395 495 780 195 175 00 e

description and location of samples given in Appendix 2.

* Trace element analyses by P.C. van de Kamp --
f Trace element values by conversion ( see pp. 2%--6 )»
Najor element analysts at end of this appendix.



Si02
Tio2
Al-C
cJ
F\/ ;
FeO
MnO
KgO

CaO

Na O

Kpo

HzO-

?205

CO2

Cr

Ki
Co
Sc
Zr
Sr

Ba

9
52.13

0.42
9.07?
3.X)
7.34
0.18
13.96
10.86
0.Q9
0.90
0.34
0.01
0.26

0.00

99.90b

150#

225
128
57
81
72

210

505

10
55.81
0.50
12 pp
2.71
6.19
0.14
8.67?
8.65
2.30
0.92
0.39
0.00
0.24

0.00

99.43b

44CH#

168

120

>>

45

195
400

455

11

57.40

0.85

14.11

4.89

4.90

0.13

6.83

5.68

2.85
2.04

0.46

0.01

0.37

0.00

100.52b

XL

H20

lol

4 <

>3.3

1.92

13.8

3.0

12.10

0.29

3.6

6.6

3.44

0.40

0.97

.2.16

0.43

0.74

100.7a

400#

160

96

27

130

450

595

32#

172

63

29
|

610

445

160

13
48.5

1.86

151
2.2

10.46

0.19

7.1

9.5
2.84

0.20

1.19
1.72

0.16

0.67

100.0a

340#

435

190

53

115
210

145

60

14
48.7

1.47
15.7

1.8

9.53
0.18

6.8
10.4

2.69

0.32

1.19
1.84

0.09

0.4Q

99.5a

625#
315
47
46
110
165
132

73

50.0

2.15

15.7

55

5.23
0.11

3.6

7.0

3.67

3.25

0.82

1.47

1.48

0.33

98.8a

3#

248

64

(e]e]

210

2450

5200

48.5
0.94

13.2
0.72
4.83
0.07
3.8

16.8
2.75
LIPS
0.73
7.74

0.34

6.95

101.0a
105#
180
20
19
10
190
1000

605

£0



parl-1"phhboOL.:ta5

17 18 19 20 21 22 23 24
Si02 4985  50.5 60.2 55.5 57.3 48.7 53.8 56.5
Tioo 1.06 3.03 0.80 0.76 0.78 1.60 0.76 0.93
AL20; 16.14 145 14.9 15.8 13.5 15.6 15.6 16.4
Fe Oj 3.05 3.0 0.76 2.1 0.75 3.3 0.88 2.9
FeO 8.33  13.85 5.72 4.55 3.43 8.74 5.69 4.30
MnO 0.19 0.32 0.02 0.07 0.05 0.20 0.04 0.15
MgO 7.36 2.6 4.6 4.3 3.4 5.4 4.5 2.9
Ca0 12.14 6.3 5.4 10.1 13.1 10.3 5.8 7.5
40 U 1.87 4.58 4.29 2.04 2.64 3.76 5.31 4.88
K20 0.22 0.44 0.91 2.24 0.33 0.26 0.45 0.89
eQG+ 0.46 H-0 0.88 0.34 0.63 0.69 1.19 1.22 1.10
H20- 0.06 10i.1.63 1.60 1.77 4.65 2.01 2.23 1.73
2205 0.02 1.31 0.13 0.22 0.21 0.15 0.19 0.27
co2 006 102 100 384 o067 094 069

100.75f 101.4a 99.1a 99.4a 100.0a 99.9a 100.2a 99.4a

Cr 315 34 174 3# if 120# 1707 Se.
v 345 24 320 160 163 520 154 121
Ni 96 12 20 28 13 55 72 17
Co 45 31 19 4 12 49 18 19
SC 66 40 10 10 4 55 40 34
Zr 85 460 155 205 25 245 200 280
Sr 100 225 330 875 134 17C 260 310

Pi ar 117 1730 275 129 37 210 355



S<02
Ti02
al2°3
Fe2°3
FeO
MnC
MgO
CaC
N52C
k20
H9O+
ri°4-
Co

C°2

Cr

Ni
Co
Sc
Zr

Sr

Ba

25

51.67

0.70

13.95

1.55

6.24

0.12

8.93

9.89

3.51

1.11

1.72

0.23

0.14

0.13

99.89a

365*

280

26

34

47

63

190

220

26

47.85

0.86

12.77

0.81

6.29

0.10

3.67

13.85

2.72

1.17

1.02

0.17

0.24

8.39

99.91a

12*

190
11
28
43

CcoO

215
425

27

58.61

1.00

13.81

141

8.53

0.14

3.50

3.55
3.22

3.34

1.25

0.17

0.40

0.93

99.86a

tr.*

210

12

33

ir.

195
130

595

28

51.46

2.93

14.75

2.30

10.54

0.12

5.c°

6.47

4.59

0.23

0.66

0.23

0.36

0.41

100.05a

40*

355
20

53

49
280

120

o7

29

55.89

1.08

11.68

3.69
4.64

0.11

5.61

10.44

2.49

1.35

1.34

ml

0.16

1.56

100.04c

116*

130

27
24

36

130

150

265

30

50.82

0.68

12.24

2.99

9.86

0.20

10.34

10.96

1.37

0.50

0.19

0.00

0.00

0.00

950#

310

84

55

72

45

90
70

31

50.72

0.86

11.15

2.96

9.43

0.26

11.03

10.26

2.25

0.73
0.46

0.00

0.00

0.15

100.15b 100.26b

720#

365
144

61

63
81
90

91

32

48.86

0.72

14.50

2.84

8.78

0.14

9.20

12.39

2.15
0.60

0.14

0.02

0.04

0.00

100.38b

S540#

335

80

47

81

46

90
70

82



33 34 35 36 37 38 39 40

Si.C2 52.96 50.71 53.97 48.08 48.45 52.76 50.92 48.06
TiO? 1.23 0.98 1.20 0.82 1.36 0.40 0.42 0.49

n2°3 1524 1458 1492 1420 1613 1256  14.07 1657

Fe2°3 2.49 3.63 3.06 1.52 1.24 1.86 2.23 1.83
FeO 7.17 8.71 8.06  10.15  10.47 7.10 9.96 9.32
MnO 0.16 0.23 0.20 0.24 0.24 0.27 0.15 0.18
MgO 519 7.04 6.29 10.04 7.82  10.79 7.96 8.C6
Cp0 7.69  10.39 9.52 11.42  10.30 8.14 9.62 9.38
Yoo 3.46 2.5l 2.08 2.37 1.56 2.61 2.09 3.32
K2C 1.89 0.80 0.87 0.59 0.78 1.28 0.54 0.47
H20+ 0.98 0.27 0.08 0.05 1.32 0.93 1.50 1.72
h20- 0.06 0.08 0.02 0.04 0.05 0.00 0.17 0.12
p2°5 0.61 0.08 0.18 0.06 0.11 0.04 0.02 0.12
02 0.25 0.20 0.00 0.00 0.00 1.01 0.00 0.00

9933P1 100.51b 100.45b 99.58b 99.83b 99.75b 99.65b  99.64b

Cr 225* 230# 135# 5204 158+ 1500 183+ 510*
v 233 320 265 335 500 196 505 402
Ni 74 132 84 132 75 173 48 151
Co 35 187 44 38 63 51 59 57
Sc 46 45 27 72 63 45 112 89
Zr 265 70 01 78 118 48 ro 54
Sr 270 120 90 125 170 70 tr. 10

Ba 335 155 70 20 490 62 325 co



41 42 43 44 45 46 47 Ur

SiC2 56.80 62.34 37.29 48.57 32.89 49.20 38.24 48.94

Ti02 0.95 0.54 0.51 2.51 1.89 0.78 0.60 0.81
A12°3  15.47 16.94 9.34 11.87 11.06 15.99 12.86 17.19
FcoOq 2.52 1.91 0.34 12.51 5.31 1.70 0.72 2.81
FcO 5.05 3.74 3.96 1.83 3.82 3.89 4.75 4.05
KnO 0.05 0.10 0.09 0.25 0.46 0.15 0.15 0.11
MgO 5.79 3.29 3.20 4.03 3.04 3.36 5.79 3.36
Ca0 5.82 5.43 23.26 4.20 21.14 6.15 12.C0 4.00
Ma, 0 3.06 3.54 2.09 2.91 2.53 5.62 3.43 7.35
*2° 2.41 1.44 1.17 1.90 0.96 3.50 3.64 £k
H,&+ 1.53 0.83 0.90 3.80 1.12 1.82 1.86 3.83
H, C- 0.07 0.05 0.12 4.95 1.83 0.61 0.31 0.44
p2°5 0.05 0.01 0.18 0.59 0.55 0.18 0.17 0.16
cc2 0.00 0.00 17.86 0.09 13.38 7.06 14.46 4.62

99.57b 100.16b 100.31a 100.0l1a 99.98a 100.01a 99.88a 99.95a

Cr 300* 435 3+ 37+ 52+ 345¢ 93 85
v 155 156 103 235 244 270 136 275
Ni 91 49 11 17 19 39 28 43
Co 23 20 12 44 25 56 19 39
Sc 18 41 17 45 16 tr. 26 tr.
Zr 325 173 35 270 455 87 47 124
St 305 365 190 335 695 280 240 200

Ba 640 490 305 625 365 475 500 335



49
040% 40.72
T102 2.38

13.88
“@2°3 3.57
FeO 10.50
MnO 0.26
MgO 9.08
Ca0 5.56
Na20 1.36
K20 1.74
HoO+ 8.06 '
H,,0- 2.49
Boin c.21
02 0.12

99.93a
cr 210*
v 125
Ni 24
Co 33
sc 59
2r 151
Sr 230

3a 635

50

41.50

3.51

12.64

6.92

5.22

0.11

7.61

5.70

1.98

1.76

5.23

6.11

0.46

1.50

100.25a

3
420
48
68
140
390

420

o1

42.83

1.59

13.68

8.56

2.65

0.19

8.39

3.99
2.44

1.24

5.61

8.69

0.09

0.28

100.2%7a

182*

300

51

38

tr.

30
140

230

52

41.82

1.34

20.54

5.67

2.56

0.18

5.05

8.52

0.81

1.15
6.25
5.41

0.14

0.10

99.54a 100.27a

160*

235

69

52

32

90

1250

245

53

50.94

2.67

13.53

1.97

9.45

0.17

6.81

10.95

2.37

0.43

0.24

0.08

0.28

0.38

360"

335

95
66

tr.

115

465

135

54

38.23

1.49

13.12

4.55

3.68

0.10

5.21

14.37

2.08

0.75

3.38

4.44

0.19

7.77

99.36a

170*

190
124

42

34

165

785
430

55

48.93

0.99

17.63

0.98

8.08

0.16

9.18

10.67

2.81

0.23

0.07

0.02

0.10

0.01

99.869

400

300

200

50

50

90

300

100

56
50.47
1.10
14.14
2.83
7.29
0.17
7.38

8.38
4.24

0.38

2.79
0.44

0.15

0.09

99.85b

250

260

110

42

40

140

220

15C

85



S102

TIC?

AlInO"

i
FeO
NnO
MgO

Ca0

Cr

Ki
Co
Sc
Zr

Sr

57

50.73

2.62

13.74

1.83

9.45

0.17

7.23

11.22

2.20

0.46

0.02

0.14

0.22

0.01

100.04g

400

300

100

50

40

200

700

130

‘

58

45.67

3.23

14.96

1.62

12.71

0.23

7.26

9.49

2.77

0.89

0.02

0.18

0.99

0.01

100.03j

250

300

94

39

40

370

300

580

59

51.40

1.52

16.33

7.06

1.98

0.15

5.34

8.28

3.82

2.02

0.57

0.65

0.68

0.01

99.81k 1C0.05m

400

200

100

50

70

200

900

800

60

49.38

1.44

15.39
4.87
6.24
0.18
6.49

10.55
2.71
0.49
1.48
0.59
0.22

0.02

270

360

81

41

58

100

190

260

61

61.1

0.21

7.8

3.3

9.6

0.21

4.8

2.0

4.6

0.10

1.1

0.10

0.22

0.53
3.7

99.37n

30

300

70

15

70

15

62

43.8

1.5

11.4

4.1

7.3

0.16

14.2

7.5
1.6

0.07

6.1

1.7

0.15

0.05
0.01

99¢(64n

300

70

700

70

30

30

15

63
45.6
1.6
14.0
1.2
9.4
0.16
10.15

6.5
2.2
0.21
6.0

0.74

0.15

1.4
0.02

99.33n

150
70

300

15

30
70

70

56
64
49.22

2.35
14.64

12.37, Fe as ?7«2"3

0.20

7.64

2.45

1.00

170
250
130

48

30
140
465
330



C4Q

<02
A1203
F2°3
FeO
MnC
MgO
CaC
N»£0

K20

Cr

N'i
Co
Sc
Zr
Sr

Ba

65

58.42

0.77

15.12

Fe

6.75

0.11

2.49

1.31

3.21

90

130

68

19

160

300

580

66

5.14

0.07
0.79

as Fs003
0.54

0.14

7.80

0.05

0.33

11

20

20

19
610

10

67
51.90
1.30
16.02
3.53
7.34
0.12
5.72
6.16
3.44
2.37
0.64
0.02
0,80
0.00

99.36b

100#

250

44
24
36
300
620

560

68
49.65
0.45
8.37
4.10
9.29
0.21
14.12
11.78
1.29
0.55
0.15
0.02
0.05
0.00

100.03b

2400#

265

128

55

72

28

40

70

69
49.32
1.15
8.03
0.68
12.82
0.40
16.25
10.13
1.03
2.04
.0.17
0.00
0.02
0.00

100.49b

1400#

225

520

88

31

105

25

112

70
44.03
2.62
12.85
5.68
11.52
0.20
8.54
9.66
2.21
0.78
1.46
0.04

0.22

99.81p

165#

1075
64

76
42
200
100

94

71

1.30

0.26

8.28

9.70

1.86

215#

455

55

49

38

100

116

125

72

2.23

0.27
6.28

8.38

1.88

13#

775

42

60

42

150

88

120

87



Sio,,
Ti02
alL2°3
r.20j
FeO
NnO
hgO
CaO

Ka2°

Cr

Ni
Ce
Sc
Zr
Sr

Bs

73

49.72

2.13

13.53

3.99

10.68

0.24

6.29

9.54

1.58

0.92

1.40

0.03

0.16

100.21p

69#

480

44

53

42

87

78

54

74

50.55

1.28

17.08

0.36

11.80

0.16

5.80

10.47

1.67

0.12

0.56

0.00

0.09

99.94f 100.32f

68*

265

47
46

41

80

125

175

75

52.66

2.45

12.09

6.74

13.25

0.34

1.91

6.46

3.42

0.22

0.39

0.03

0.36

12*

49

10

31

40

1190

160

260

76

53.73

1.70

14.47

1.14

13.68

0.36

5.24

8.66

0.49

0.16

0.42

0.00

0.04

100.095

12+

430

30

56

44

185

140

17

77

44.04

2.91

12.46

2.49

16.88

0.32

6.29

10.04

2.56

0.64

1.18

0.02

0.07

99.90f 100.36f 100.23f

10*

550

67

70

185

65

170

78

45.06

2.15

17.84

0.67

16.21

0.49

5.33

9-85

1.63

0.16

0.86

0.03

0.08

49*

600

114

rc

30

100

105

21

79
46.36
1.51

18.39
0.58

14.33
0.35
5,75

10.62
1.59
0.08
0.54
0.03

0.10

60*

305
60

r*

cr

200

90

10

80
48.1
1.3
13.4
1.1
13.1
0.3
9.7
10.8
1.6

tr.

0.5

0.1

100.0f

58*

610

73
83
80
150
74

160

88



81 82 83 84 85 86 87 88
Si02 45.6 4P.36 51.34 48.96 48.13 54.68 51.89 50.45

tio? 3.0 1.80 1.99 2.27 1.87 2.06 1.49 2.48

Alo0? 13.1 17.47? 14.68 15.27 17.34 14.43 13.75 14.03

Fs"O-A 0.4 3.09 5.37 511 2.51 4.91 2.82 5.54
FsO 19.0 10.55 9.03 9.18 8.18 8.10 6.20 9.22
MnO 0.3 0.12 0.26 0.22 0.22 0.24 0.13 0.24
KgO 5.8 3.89 4.40 5.13 6.58 3.50 6.25 4.89
Ca0 12.2 11.36 6.91 7.17 8.09 4.02 9.98 6.56
n 0.6 1.04 3.85 4.30 3.95 5.55 4.22 4.32
K20 tr. 0.41 0.43 0.70 0.76 0.44 0.61 0.53
0.0 0.55 H20 1.94 2.00 2.00 1.71 1.79 1.59
h2o. 0.co
2905 0.1 0.08 0.27 0.32 0.24 0./5 0.21 0.29
co? present

100.1f 99.72f 100.475 100.63d 99-87d 100.09d 99.34d 100.141

Cr %5 54 22 34 185 r.d.* 425 23
v 220 365 44-5 455 280 165 220 370
Xi 75 69 17 36 6? 8 132 20
Co 43 58 32 43 40 26 30 32
Sc 70 80 57 51 40 35 42 30
Zr 100 195 168 380 310 505 245 235
S 70 165 29 93 225 55 139 82

Ba 30 72 66 58 145 110 130 50



SiO,
Ti02
Al1203
F'203
FeO
KnO
MgO
Ca0
Na?0

K20

k20

P205

Co

Cr

Ni
Co
Sc
Zr
Sr

Ba

89
L&66

2.94

12.91

3.21

13.93

0.36

10.02

6.09

1.95

0.2?

2.98

0.30

99.62d

12#

300

2/\

5l

60

315

55

90

90

44.78

2.03

14.50

5.90

9.17

0.34

8.94

7.21

3.80

0.40

2.09

0.29

99.45d

130#

300

50

42

36

195
140

38

91
46.46

1.33

16.73

2.56

8.06

0.20

8.37

9.60

3.36

0.55

1.86

0.16

0.40

99.64d

300#

300

210

48

28

150

315

140

92

46.52

1.10

14.00

2.42

8.00

0.17

12.88

9.78

2.45

0.46

2.56

0.08

10C.42d

1080#

300

465

53

30

90
140

60

93

46.13

0.99

15.18

4.7

10.02

0.30

6.4

13.5

1.11

0.31

0.13

315*

380

93
70
65
90
OOP

84

94

49.38

0.64

16.53

2.4

7.65

0.20

4.3

16.5

0.78

0.17

0.08

360"

350

128

42

58

49

235
68

95
49.01

0.93
14.84
2.3
10.12
0.22
5.1
12.4
1.61

0.26

0.12

475*
430
175
52
4?
99
260

118

96
44 .97

2.05

13.73

6.7

10.65

0.22

1.9

16.9

0.77

0.32

0.88

tr*

185

34

46

175
390

165

90



SiC2
TiOo
a,c3
Fa20"
F«0
MnO
KgO
Ca0
Ns20

k20

P2°5

Cr

Ki
Co
Sc
Zr
Sr

Ba

97

49.36

0.65

16.39

15

7.25

0.15

3.5

16.5

1.30

0.15

0.05

380

285

147

56

73
40

205

66

98

49.55

2.00

12.14-

3.9

12.37

0.28

6.5

9.2

2.48

0.19

+ 0.28

330

570

115

58

66

350

150

75

99

49.02

1.75

14.08

4.8

10.97

0.28

6.4

9.6

3.03

0.19

0.25

26¢C

585

92

53

80

185

165

81

100
48.34
1.44
13.85
3.1
10.81
0.22
5.6
10.7
2.39
0.25

0.17

350
395
129

56

65
170
140

58

101

53.32

1.76

11.86

3.4

12.31

0.34

5.1

9.3

2.36

0.34

0.35

%40

295

a7

45

23
220

110

85

102

53.62

0.80

15.43

7.3
2.14

0.22

52

8.3

2.78

2.48

0.31

590

290

140

37

37

200

365

875

103

50.05

1.04

14.48

15

10.89

0.21

7.2

9.8

2.36

0.82

0.13

200

320

68

44

63

93

163

122

104

51.58

0.72

15.43

3.8

8.4

C.17

3.9
14.6
1.14

0.21

0.09

215

255

107

56

47
74

168

49

91



105 106 107 108 109 110 il 112 113
sicy, 4888 5582  Cr 430% 400 150* 380* g1* 125% 150%
202 0.86 209 V185 190 470 260 240 360 225

Al2°3 15.49 10.01 Ni 124 36 62 94 45 24 10

f.2c- 2.4 4c Co 44 52 g 43 28 33 32
FeO 8.39 11.82 Sc 29 42 29 34 20 57 33
KnO 0.20 0.38 Zr 235 41 255 50 345 295 94
KgO 55 4.4 Sr 170 210 175 155 760 170 240
Ca0 15.6 9.4 Ba 305 205 130 105 50 34 305
Xi20 2.13 0.92
k2° 0.18 0.17
p2°5 0.10 0.31

e e
Cr 145* 26*
v 255 375
Ni 84 39
Co 52 48
Sc 50 36
Zr 63 310
Sr 180 100 .

31 23 10



o

Major element Analysts

J. Nuysson, McMaster University

li.B. Wiik

W.H. Herdsman

B.E. Leake

G.K. Billings (MnO spectrographic by P.C. van de Kamp)
R.A. Sinns (80,81 are calculated from mineral analyses)

D, Powers and P.R. Barnett

. J. Goldsmith and N. Conklin

. L. Trumbull and P.R. Barnett

L.C. Peck and R.S. Harner

. R. Kittrell and P.R. Barnett

P.D. Elmore, I.H. Barlow, S.D. Botts, and G. Chloe
C.G. Engel

A.A. Chodos (X-Ray fluorescence)
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APPENDIX 2

SAMPLE LTCAALTIES AND DESCRIPTIONS

ORTHHO/AMPHIBJLITES

Aml/sis

Nunber Sample Number Lcclity and Desccrption
111 K.L. -1 Teck TownnWLp, Ontario, U500 feet S.E. cf
2 K.L. - 2 intersection cf HLghnayc 66 and 112 nnst cf

Kirkland Like. Rocks are basedtic pilCon
lavas transformed tc anpPibbCite in the
aureole cf a syeidte intrusive. They are
made up cf hcrnblende, p-agi”™~I1"e, biotite,
and cM.orite.

Reference: Thcrson (19'*3)

1 Hanbiurg - 1 Sussex County, New Jersey, abcut 6 riles N.E.
108 -2 cf Hanbirg. ArnphibbCite dth relict pillow
109 -3 structures ccrposed cf pla™™lase, horn-

blende, bictite, scapCite, pyroxene, cd-cite,
and sphene.
Reference: Hague et al. (1956)

3 Ad_rondick - 1 North side cf Newprt Pond, ELizabethConn
no -2 Quadrangle, A<d.rcndack Mouunains, Nen York.
No. 1 represents a fine-grained bcrder phase
and No. 2 a co”arse-grabted phase. Mbneralcgy
includes pyroxene, hornblende, garnet, plagic-
clase, sphene, and ralntebte.

4 RH 153-55 Beaftcoth Mourtailnc, Wyycdng.  AmrpbbbCbte
ccmpsed cf qiuftz, plagicclase, hornblende,
raanteite, apatite, bboCbte, sericite, and
epidote.

Reference: Haaris (1959)

5 RDB - U2B Beeftccth Mourtailtc, Moutamt. Samppes ccl-
6 47 iected by R.D. Bedley fcr report in prepara-
7 56 ticn

8 135

9 218

10 265

11 238

17 44 Broken Hil, AurCrea.ia. Meeagabbro ccmposed

cft pyroxene, hornblende, p~g”~dase, magne-
tite, garnet, and aplite.
Reference: Binns (1962)
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PAGA-AMPHIBLITES

Axnlyais

Niunber  Sample Number Loclity and betcciption

37 DE 41-53 Beurtooth Munnsl'inc, Montana, Quad Creek Area.

40 DE 227-54 P —ibpPiioOittc composed of plagioclase,

38 DE 125-53 pyroxene, quartz, hornblende, biotite, magne-

39 DE 131-54 tite, and aplite.

Reference: xkeilbann and Poldervaart (1957)

42 92-55 Beurtooth Monnta"ms, "ty°obng.  Grtantized
parl-Im‘PhioOitt composed of hornblende,
pLagioclase, biotite, quartz, microcline,
aplite, and magnhate.

Reference: Hai'i.c (1959)

30 PA - 16 Beeartooth Monne™ms, Montana. Sa’j“iea col-

31 - 17 lected Oy R.D. Benniey for report in prepara-

32 - 19 tion

33 - 21

3* - 22

55 - 23

36 PAQ- 1

28 Detlor 12 Duxnjannon Townnldp, OnntarLo, Deeior Road, .
m.le E. of Dattor Station. Feather amplhL-
Oo00ite from 8-inch band in imable. Connaina
hornblende, plagioclase, and magnate.
Reference: Ueedtt and James (1956)

29 Kaladiar - 1 RocKdcut along Highway 41, 2 miles N. of KalLa-
dar, Onnurio. Minenaiogy includes plagio-
clase, quartz, hornblende, epidote, biotite,
N.OXMN011”, and diopside. Rock is a con-
glomerate maarix.

Reference: Walton et iL. (1964)

26 Limerick - 7 Limei'ick Ontario, from readouts along

27 -9 Highway 62. Rocks are graywackes wldch have
been mmtamorpltased under upper greenBcl™st
and tpidote-1mpPiLoOite conddtionc.

o5 H.berin.1 - 1 H.berlltL1, New Jersey, HibermlLa Mine Area.

2 Ampholides intercalated Wth quartzo-

ﬂi : 3 ftidcpathic gieisces. Comjposad of plagio-

clase, pyroxene, hornblende, and biotite.
Reference: 1tba (1958)
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AMlyaiB

Nirber Sample Nvusber Locality and DeaBciption
41 z -5 Beea-tooth MoontalmB, Wyoabng. Rocks con-
112 z -8 tain qiuarz, microcline, plLagioclase, horn-
blende, biotite, opaques, ipalite, sphene,
zircon, epidote, and alLLanite.
References Baaris (1959)
Table 7,

R Madoc - 2 Madoc Cnnd-io, StolkLosar Quarry.
An amppliboite formed by metasomatism of
marble by grumte. Cobains ampUibole
and cd-cite.

AMIOJBILITES GF ORIGIN

85 BL - 165 CoimeimiLra, Ireland. Composed of hornblende,

84 - 560 plagioclase, cHLorite, qiusrtz, pyroxene,

85 RB - 522 biotite, epidote, sphene, ap”aite, and

86 BL - 2506 opaque mnertalLs

87 - 2515 Reference: Evans and Leake (i960)

88 - 2522

89 - 2518

90 - 194

91 - 7654

92 - 2516

74 1 Broken Hil, Auu™”.  Mineralogy includes

75 5 quartz, hornblende, plagioclase, pyroxene,

76 9 garnet, ilmernte, and apa”te.

77 12 References Binns (1962)

78 15

79 14

80 28

81 29

82 57

05 L 4 Llano County, Texas. Packsadidle ScHst.

94 L5 Comjxosed of quartz, hornblende, plagioclase,

95 L 8 pyroxene, potash feldspar, biotite, sphene,

96 LIO aplite, zircon, garnet, and opague minterlB.

97 L12 Reference: Billings (1962)

98 LLs

99 L14

100 L15



Amaysis
Niuaber

101
102
103
104

105
106

Subfile Nvwmoer

L 16
Lw 2
HC 2
HC13
HC15
HC16

SEDIMENTS AND TUFFS

46
47
48

44

45

43

49

50

51

52

Loctaltong - 1
-2
-3

SR - 64 - 24

Yachts - A

Limerick - 4

jcC - 1
JCC - 2
jcC - 3
JCC - 4

97

Lcality and Dessription

New Jersey Loctaatong Asgiilite, Triassic:
composed o illiSe, feldspar. inilcibe.
dolomite. and miinor d-cite and gmrtz.
Reference: wvan Houten (19&) 1962)

Government Point. one mile N. of Depee Bay.
Cape Fo"d.wwother Quadrangle. Oregon. Ba-
sHtic sandstone and pebble ronglomeratr
(graywacke) associated With late (?) Miocene
flows.

Intersection of west section line 23 with
roast. 1.5 miles north of Yaakhts. T.14S..
R.12v.. Wadjport Quadrangle. Wahhin”~tJon.
ClIncene.

Limerick Township. Onnario. Highway 62 near
southern boundary of towimrip. Graywacke
with knots of hornblende and chlorite.

Sec. 27, T.13S.. R.4'e.e near HJ.8ey( Oregon.
Gid.f Oil Co. well. TJ. Porter No. 1. core

sample of tuff breccia from 8100 ft. depth.
Eocene.

Sec. 27, T.14S.. R.8”.. Out of Tiiamoook.
Oregon. Core sample from drill hole. Con-
tains palagonite. nontronite. plagioclase,
clinopyroxene, glass, analcime, and heu-
Itn(dLtr. Eocene.

Sec. 28. T.10S,. R.4W.. Cofin Butte. Oregon.
Tuff from a quarry. Eocene.

Sec. 2. T.13S.. R.7W. Alsea Quadrangle.
Oregon. Seooltic piioow lava from road cut

along State IH.ghway 34. Eocene.



Analysis
Number

54

53

Sample Number

La Honda

Hawaii

ORTHO-AMPHIBOLTT3S

12

15
14
15
16
18

PARA-AMPHIBOLITE

19
20

21
22

23
24

68-78-1
70-146-6
70-139-1
68-74-16
69-27-2
69-32-1

98

Locality and Description

Langley Hill - Mindego Hill area, La Honda,
California. Tuff with Intermixed car-
bonates. Miocene.

Reference: Haehl and Arnold

Koimu Beach, Puna District, S.£. coast of
Hawaii. Basaltic glass sand containing
about 1% calcareous shell fragments, pos-
sibly from 1750 or 1780 eruption.

ADDSQA

Chandos Township, Ontario
Ref. Kudo (1962)

Chandos Township, Ontario
Ref. Kudo (1962)



HLMent Cr

Ni

Co

Sc

~<U

or

aPPHIDIX 3

Suns of squares and raean squares

for precision of spectrographic analyses

Between Groups
Within Groups

Total

d.f.

65
125
260

50
152
200

65
125
260

65
125
260

65
125
260

50
152
200

65
125
260

65
125
260

6-6¢
95.70951

2.50259
98.21190

5.02166
1.50703

6.32869
26.01425
0.44369
26.46294
4.60999
0.49182
5.13131
25.70582
1.86779
27.57561
15.55915
2.49776
17.85691

15.84745
2.42590

18.27333

36.64499
3.57125

40.21624

n.s.

1.47245
0.01283

0.10043
0.00871

0.40022
0.00230

0.07215
0.00252

0.39547
0.00958

0.30718
0.01665

0.24381
C.01244

0.56377
0.0x831
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pA

Or

25976.(00

0A

Cr
671181.75

n» 16

\%

9665.50
164858.44

nmilo6

%

106D.63
261614.94

Ni

56747.50

17799.94
21565.44

Ni
6552.75

24942.63
27779.75

APPENDIX

4

ssp MtxdLcaa

Co

3186.50
17263.81

3510.31
2814.94

APPENDIX

Co
-12385(63
19261.06
-2278(63
6048(94

100

Sr Ba
-2616(00 -66474(50
-39664(63 -158562.56
-18487(63 -54093(06
-9059(88 -19030(19
-6959(25 -19718(13
155105.88 27659.69
321577.75 123732.38
555482.44

Sr Ba

Sc Zr
14266.00 -41147(50
11500.88 54606.69

4939.88 -16665(81
2047.63 2234.56
3381.75 -3050(62
201147.94
5
Sc Zr
17734.50 -296061(25
16289.75 12961.63
10073(50 -14012.25
-3050(75 2824.38
1427500 22117.50
361463.75

-70393(38 -39996(50
-15892.56-119611.75
-5395(38  3993(50
-5728(44 -14301(25
-4456(25 -20751(00
74940.63 -10596(50
178361.94 127555.25
573145.00

Cr

NI
Co
Sc
Zr
Sr
Ba

Cr

Ni
Co
Sc
Zr
Sr

Ba



16 pA and 16 oA

APPENDIX 6

SSP Mtricea

J Btvun Groups SSP tatrix n = 32
| Or Vv NL Co Sc
«1W20.50 682955.00 386863.75 13832D.00 113249.50
31205).00 176762.50 63200.00 517455.00
100128.13 35&XL25 29311.25
1280D.00 104&0.00
8580.50
APPENDIX 7
’ithin Groups SSP Matrix n ° J2
Cr v NL Co So
955225.75 20356.13 121903.25 -9199.13 32000.50
426473.38 4274256 36529.88 27790.63
49345.19 1231.69 15003.38
8863.88 -1003.13
17656.75

Zr

Sr

8212.75 -155177.75

3752.50
2125.63
760.00
622.25
45.13

Zr
-33720.88

-70902.50

-40163.13
-14360.00

-11757.25
-852.63
16110.13

Sr
-73009.38

67568.314125557.19

-30678.06
5063.94
19066.88
562611.69

-14788.31
-11415.50
230046.50
499939.69

101

Ba
-497519.75
-227322.50
-128768.13
-46040.00

-37695.25
-2735.63
51651.13

16561X0.13

Ba
-106471.00
-348174.31

-50099.56
-33331.44
-40469.13
17063.19
251287.63
1128627.44

NL
Co

Zr
Sr
Ba

NL
Co
Sc

Sr
Ba



11/

APPENDIX 8

Corearianca MtxTLcas (Daparaion Matrices)

pol»d WilWLn groups covwianca mtrix n » 32
Cr Y Ni Co Sc
75%0.66 161.56 967.46 -730.09 253.97
3*8.47 339.25 289.92 220.56
391.63 9.78 119.07
70.35 -7.96
140.13
APPENDIX 9
InTerss polled Within groups covariance matrix n = 32
Cr % Ni Co Sc
0.0X"1'<4 0.000411 0.00)0470  0.013635  0.026077
-0.00)0048 -0.000236 -0.00)981 0.(0)6540
-0.C0XX)07  0.000M493 -0.000315
0.00226 0.000375
0.000206

Zr Sr
-2676.26 -579.44
536.26 -996.49
-243.48 -189.55
40.19 -117.37
151.32 -90.60
4465.17 1825.77
3967.78
Zr Sr
0,XX)5067 0.(X0661
-0.(X»790 -0.00271
-0.003317 -0.0)2258
0.000154 -0 0(0)620
-0.XX0048 -0.(00077
-0.00039 0.M0063
0.00091

102

Ba

-845.01
-2763.29
-397.62
-264.54
-521.18
135.42
1994.35
895*7.36

Ba

0.00258
0.(X0)X07
-0.00493
0.000122
-0.00242
0”160
-X.(XX)O66
0.20012

Cr

Co
Sc
Zr
Sr

Ba

Ni
Co
Sc
zZr
Sr
Ba



8 0A, SSP matrix

Cr
62099.03

\Y

83956.00
25373.50

8 pA, SSP matrix

Cr

53117.50

\%

50246.25
19750.88

NL

53228.00
12865.00
88%.00

Ni

8901.25
9568.88

7352.88

BIKKTOOTH AMHIIBJUTES

APPENDIX 10

Co

1666.00
2297.25
1425.50

549.88

Sc

37548.00
105)3.00
5998.00
1311.50
5046.00

APPENDIX 11

Co

-23660.00
2531.50
4051.50

17456.00

Sc

27693.75
58*71.13
1647.17

-1790.50
37<60.88

Zr

-2729.00
1865.00
-823.00

-3664.00

26144.00

Zr

-67975.00
-19300.50
-6395.50
-5887.00
-4912.50
37194.00

Sr

-12168.00 -87134.00
-37930.25
-22619.50

-5988.38

-18329.50

1672.00
78982.88

Sr

-53727.50
-21624.25

-8300.25
-2039.00
-5157.75
33MMA.00
36859.50

103

Ba

-36826.00

21468.50
17676.00
3308.75
129.00
67309.00

-54714.75
300741.50

Ba

-83258.75
-22216.63

-6920.63

2133.50
-5567.78
44384.50
42036.75
60503.88

Cr

NL
Co
Sc
Zr

Ba

NL
Co
Sc
Zr

Ba



jttrtooih Mountains

Cr

82516.68

Cr

0.00018

APPENDIX 12

8oA ¢ 8pA
V Ni Co Sc Zr
9585.88 4437.80 -1571.00 4660.13 -5724.50
3223.19 1602.42 344 .91 1169.58 -1573.54
1157.78 391.21 545.79 -323.61
1286.13 -34.21 -479.29
604.78 -612.61
4524.14
APPENDIX 1J
Inverse of pooled within groups Covariance Matrix
V Ni Co Sc Zr
0.00060 0.00154 0.00819 0.00138 0.00993
0.00016 -0.00049 -0.00079 0.00030 -0.00130
-0.00046 0.00086 0.00070 0.00103
0.00030 -0.00019 -0.00155
-0.00019 0.00060
0.00037

Covariance Batrix (Pooled within Groups)

Sr

-10061.54

-4253.89
-2208.55
-573.38
-1677.66
2486.21
8274.46

Sr

0.00302
-0.00248
0.00034

-0.00227
0.00101
0.00008

-0.00028

104

Ba

-8577.48
-53.44
763.24
388.73

-388.17
7978.11
-907.71

25303.24

Ba

0.00003

-0.00003
-0.00006

0.00004

-0.00017
0.00002
-0.00004

-0,000002

Cr

Ni
Co
Sc
Zr
Sr
Ba

Cr

Ni
Co
Sc
Zr
Sr
Ba



80 ApMbolitM

40 irtho-amhilLolltes

TL®2
56.364

40 part-tttphilLolitss

TLO2
11.369

F*2°3

15.255
61.791

F«2°3
2.579
63.313

APPENDIX 14

Mjor LIimente

SSP m.txrLx

F*O MgO
79.837 -47.811
-4.895 -17.276
333.396 -62.953
274.166

APPENDIX
SSP Mtir.x

FeO MgO
19.596 -16.063
32.213 1.357
202.909 69.980
385.047

CaO

-24.687
-52.754
-11.314
9.302
2.313

15

CaO
-1.070
-18.370
58.323
83.638
356.326

5.391
6.335
4.097
-12.821
-13.301
3.540

p2°5
1.386
-0.979
0.636
-1.780
-0.446
0.845

105

Ti02
Fe~03
FeO
MgO
CaO

B2B5

Ti02
F*2°3
FeO
MgO
CaO

P2°5
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APPENDIX 16

Covwiance Mtrix (Pooled Wt&Ln groups)

TL"Og **)°h5 FeO MgO CaO p2°5
0.6121 0.2284 1.2748 -0.8189 -0.3302 0.0869 W02
1.6039 0.2862 -0.2041 -0.9119 0.0636 E7003
6.8757 0.0901 0.6027 0.0607 FeO
8.4514 1.1922 -0.2644 rigo
7.5334 -0.1762 CaO
0.0562 pP2°5

APPENDIX 17

Inverse of pooled WthLn groups covitritnce mtrix

TLO2 FegVj FeO MgO CaO p2°5
26.6375 0.1549 0.1584 0.2858 0.7082 4.2858 1102
02964 -0.0023 -0 0567  0.0099  -0.2215 Fe2°3
0.3959 -0.0348 -0.0283 -0.7618 FeO
0.4812 0.0692 0.2830 MgO
-0.4491 0.0852 CaO

-3.9334 B0



