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The platunum group elements (PGE) are distributed roughly accorcf ng to the degree :
‘o? dlfferentlatnon in the Tulameen Complex, with the hlghest PGE contents in- dumtlc rocks o
.:and the Iowest in gabbr0|c rocks. ExCeptlons to thls ‘are Pd, which- appears to be
: restrlcted to the least mafic unlts and' Os Wthh is present o‘nly in rocks that are enrlched - ,
in magnetlte otr chromlte “In addltlon Ru.is not present in concentrations that are ‘
quantlflable by the analytical techmques used \ o . _ ‘. o ..

Serpentlmte and serpentinite- dunlte Jhave PGE contents that are substantlally hlgher .
‘ than the.PGE contents of dunite and perldotlte Th:s together.wnth the fact that ‘
serpentlnlzed rocks contain more sulfide- mmerals than their unaltered equnvalents |
suggests that the PGE and base metals are remoblllzed durmg serpentlnlzatlon |

Rocks: contalmng 20 to 100 volume percent chromlte have the hlghest noble metal
.‘contents of any of the lithologies sampled. These samples whrch contann masslve
_nodular and schlleren chromlte in dunite, have PGEenrlchments of one to two orders of
magnitude relatlve to rocks contammg accessory or no chromlte ln addmon dlscrete
platinum group: mmerals (PGMs) were observed only in chromite- rlch samples The PGMs
occur as cublc lncluslons in chromute dominantly Pt -Fe alloys (Type 1) and as anhedral

grains, mannly sperryllte interstitiai to chromlte (Type 2). The Type 2 PGMs are often -

~

assocuated wnth serpentlne and Fe-Ni sulfldes es cially. pentlandlte

pO* +bly monosulf:de sohd solutlon (Mss).

1]

The ranges of .concentration of the PGE in the Tulaiqeen Complex overlap the -
ranges for other Alaskan-type complexes. The. except-lons ar®Ru, which is below the

limits of quantlflcatlon by the analytncal techmques used and Pd, which is apparently

depleted in the Tulameen Complex “Overall” averages for Pt Os and Pd in the Tulameen

"

\ -
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Complex, wetghted on the number of samples agree wnth the hterature values for these

elements in Alaskan- type complexe(s whnle the averages for Rh and Ir are substantially

«

' ?"lower m the Tulameen Complex . T ' AN
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. 1. INTRODUCTION - )

The Tulameen Utramafic Complex is located approximately 26{0 krh east of Vancouver,

o

British Columbia, and 50 km north of the Canada-United States border, along the eastern
margin of the Coast and Cascade geol‘ogical belt (Figure 1). The Complex coyers an area
of almost 60 km?, and has been tentatively_ dated as Late Triassic (Findlay, l é69) The
Tulameen Complex intrudes metavolcanic and metasedumentary rocks of the Trxassnc
Nicola Group and is unconformably overlain along its ‘'eastern margln by the Tertlary

Prlnceton Group WhICh consists of terrestrlal coal bearing sedlmentary and volcanlc ;

o rocks (Rlce 1947; Fmdlay 1963 1869). The Eagle Granodlorlte part of the Coast

' lntrusuons lies to the west., The “Tulameen Complex is largely concordant wuth the reglonal

northwest trendlng structural gram - A ]

o " The Tulameen Rlver area ‘has been known asa gold and platrnum producer for over !
100 years‘(Ralcewc and Cabrl 1876). ThIS district is mterestmg inthat it is, one of. the. few o
areas in Canada in which nuggets of the platinum group eiements (PGE) are found in =

-placers. - Cabrn et a/. (1973), Cabri and Hey (1974), and Raicevic and Cabr!{1976)

examined platmum group minerals (PGMs) from the Tulameen placers They recognlzed

one new PGM, tulameemte and established some of the PGE chemlstry and*mlneralogy in -
the Tulam,een _mate_rxal Essentually all of the noble metal productlon in thls area has been
from placers No hard rock mmlng of platnnum has been attempted partlally because of
the Iack of lnformatlon regardlng the distribution of thePGE Wlthll"\ the Complex: The .
purpose of this pro Ject is to document the- dlstrlbutlon of the PGE in the Tulameen
Complex and to determme any mlneraloglcal geochemlcal and petrologlcal assocnatlons
The major contrlbutlon of this. study is the enhancement of the body’ of knowledge
concernlng the»PGE: in, Alaskan type ultramaflc complexes : Most of the'lhformatnon .
. |available at present is the result of work in the U.S.S. R wnth very little research of thls
‘type publnshed with regards to North Amerlcan examples h o R . S
Some 61 samples from the Tulameen Complex have been analyzed for the PGE and"

other elements in the present study, with a total of 90 analyses camed out for the PGE

Most of these samples were taken in the northern part of the complex as exposure is

llmlted south of, Ohvme Mountaln L R S R
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. A Geology of the Tulameen Complex

A brief, overvnew of the geology of the Tulameen Complex is. glven here, Wlth

-

‘ , specual attentuon to the ma;or omde and SU|fldB mmeraloccurrences For amore. detalled
account of the geology and petrology of thls complex, the reader is referred to Fmdlay
(1963;1969. " : )

_Petrology ofthe Complex ’. AT n ' N
" The Tulameen is,an Alaskan type ar zoned intrusion, such as is common_ in®
southeastern Alaska and in.the Ural Mountains of the U S.S.R. The few Alaskan type
mtrusuons in Canada are found mainly in the north central area of British Columbla -

Although the- Alaskan type intrusions are tectonlcally similar to Alpiné complexes

. .they differ in theur structure and luthochemnstry (Wyllie, 1967). Alaskan type mtruslons :

A characterustlt:ally lack orthopyroxene have no feldspars in the ultramafnc units, and contaln A

‘hnghly magnesnan olnvme on the order of. Fo,,-to Foy; (Wyllie, 1967) The pyroxene is
. usually 4 calcic specnes and in the case ofvthe Tulameen is lepSldlC auglte ThefTuIameen
also shows cryptlc zonmg wuth the bulk Fe/Mg ratio mcreaslng from the core to the
e margms (Fmdlay 1963 1969) The gabbronc rocks i in the Tulameen Complex are alkahc
.whereas those of other Alaskan type perldotltes are tholeutlc (Flndlay 1969) L) addmon
‘both the ultramaflc and gabbrouc rocks of- the Tulameen suite are undersaturated in. sullca
» (Findlay, 1969) Ama jOl’ characternstuc of the Alaskan-type complexes is the S
"crudely developed concentrlc zonmg of theur Ilthologles Wthh generally follows a gattern
“of dunite in the core, wnth sMccesswe shells of mlnor perndotlte o'lnvlne clmopyroxenlte
hornblende. and/or magnetlte clmopyroxemte and gabbroic rocks on the margm
The geology of the Tulameen Caomplex i is shown in Flgure 2. It should be noted
that the, ,contacts between the ultramaflc umts are usually gradatlonal whlle the contacts
between the ultramafic and gabbrouc rocks are typlcally well deflned »
Dunlte in the Tulameen Complex occurs in the northwest end of the area and is also
'elongated to the northwest lt is co?nposed of ollvmé ‘50 percent or less serpentme and
magnetvte 2to 20 percent chromlte and Iess than 10 percent cllnopw'oxene A -
. perldotlte contalnlng 45 to 90. percent ollvune/ serpentme and cjlnopyroxene is present

‘but does not constltute a mappable unit (Fmdlay, 1963) Ohyme clinopyroxenite partly

-

-
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envelopes.the dunite unit in the southern part.of the dunite mass and extends southward as

a single zo_r)e. It consists of.ZO to 80 percent clinopyroxene, 10 to 25. p'erclent

n -

- dunlte orlglnally Hornblende cllnopyroxenute comprlses the outermost unit around much

oliving/ serpen.tlne- some magnetlte"and minor chromite.  For the p'urposes of this paper, S

serpentlnute is deflned as any rock containing greater than 85 volume percent serpentme

_and no primary snllcates The remaining 15 volume percent is usually comprlsed of

‘ carbonates talc and actinolite, with carbonates more abundant than talc’ or actinolite. ' «

o I

) Serpentlnlte dunlte is any rock with greatér than 70 volume percent serpehtlne and whlch

on the ba5|s of serpentlne textures ‘and remnant quvune gralns is consndered to have been

of the complex. It contains 30 t0 75 percent cllnopyroxene 5 to 70 percent hornblende

- B5to 25 percent magnetlte and accessory blotlte ‘Gabbroic rocks syenogabbro and

' syehodlorlte comprlse a large mass along the eastern part of the complex The . L

- R
g ‘syenogabbro contalns 30 to 50 percent cllnopyroxene 2510 35 percent plagloclase

15 to 20 percent K feldspar and minor blotlte and magnetlte The syenodlorlte contams

10 to 25 percent cllnopyroxene and hornblende 35 to 55 percent andesune plagloclase o '.,

‘ (An.ol 15 to 35. percent K- feldspar and accessory buotute magnetlte and apatnte (Fmdlay

-2
1963) These two gabbrolc units’ are typlcally saussurltlzed and where altered are dlfflcult

to dnstlnguush in outcrop n addltlon -a varnety of other’ Ilthologues are present in'the -

© Tulameen Complex mcludlng hornblendlte cllnopyroxenlte maflc7 ultramaflc pegmatltes

. and hybrnd or moxed rocks (Fmdlay 1963 1969)

~ e . .
s . . ’ -
N, .

‘ Accessory mlnerals of the Complex ,

Ry

Chromlte in the Tulameen Complex is Fe-rich (Fmdlay 1969) and ger‘lerally occurs S

as dlssemmated grains in dunlte and toa lesser extent in oluvune cllnopyroxenlte and a s

- usually constltutes less than, 20 volume percent of the rock Massrve chromnte occurs

C, complex (Findlay, 1963)... L - Sy

‘sporadlcally throughout the dumte as small Hess than 0 5 m) pods lenses velns and

_'schlleren There appears to be no systematlc dlstrlbutlon of the chromlte w:thln the

f L4
Magnetlte is present in all the rock unlts of the Tulameen Complex although lt |s

most common in the hornblende clmopyroxemte ln dunite and olwlne cllnopyroxenlte

- magnetlte is generally the product of serpentmlzatlon ln hornblende cllnopyroxenlte R ,»,l:'»

o 4. - . ~ [ - . - -~
z . -



—locally- observed to- constltute greater than 50- percent of-the- rock—-—Eastwood (1859}

_ magnetite typically constitutes less than 25 percent of the rock {Findlay, v‘l 963, 1969).-

. However .near the'summit of Lodestone Mountain and on Tanglewood Hill magnetite is
R

gives a detalled account of thesmagnetlte occurrences on Lodestone Mountain and
Tanglewood Hlll Magnetite in these areas is concentrated in small (typlcally less than one
m) pods and lenses. There are numerous other areas wuthln the-hornblende-
R cllnopyroxemte where the magnetite content is hlgher than 25 percent, although the areal
extent of these patches is not as great as the extent of the pods on Lodestone Mountain
" and Tanglewood Hill. '
Serpentlne is ublqultous in dunute and ollvnne cllnopyroxenrte and is generally
Iocallzed along boundarles of ohvnne gralns Carbonates usually accompany serpentlne
" minerals in varylng proportlons In most instances, serpentnne is volumetrloally greater :
., than the carbonates The degree of. serpentinization mcreases towards contacts and
" shear zones. The greatest development of serpentme in the- Tulameen Complex has beeh
observed near the summit of GraSShopper Mountain where up to 100 percent of the rock
may be serpentlmzed (Flndlay 1963). , v
Sulfldes ocCur throughout the complex but are generally too fine- grained to be
observed in hand specumen Fresh: dunlte and perldotlte contaln very few sulfldes,

'

whereas serpentlmzed rocks have. minor amounts of sulfldes dlssemmated throughout
: )

’

,them. MlCFOSCOpIC sulfldes (mostly pentlandlte and violarite) also occur mterstltlal to
chromlte grains, in massuve nodular and schlueren chromlte "There are scattered
occurrences of macroscoplcally visibie sulfldes chalcopyrlte pyrrhotlte and pyrite, |n

l. ' _ hornblende clmopyroxemte gabbrorc rocks, and hornblendite: dukes The greatest

| ‘ concentratlons of sulfldes are observed Jin hornblendlte dikes north of Tanglewood Hl||
and northwest of Grasshopper M untam None of the known sulflde oc0urrences in the
Tulameen Complex contain economic concentratlons of base or precrous ‘metals (Flndlay

- v

1963)



Previous worlt on the PGE in-the Tulameen"Complex :

Findlay (1 963 1865) reports the results ‘of some-analyses for the PGE in the

Tulameen- Complex—and found-the- greatestconcentrat:ons of Pt-in the dumte -and*
perldotnte with the haghest value of.0.225 grams per toh (20.4 ppb aSSUmmg short tons)
in dunlte on Olivine Mountain. Chrorite segregatuons wnthm the dumte on Grasshopper
" Mountain gave the hlghest Pt content recorded by Findlay (1963 1965) of 7.34 grams per
ton& (6657 ppb), W|th Pt enriched in the magnetic fraction relative to the non-magnetic
fraction. Findlay (1963) detected Pd in only one sample which was'adisseminat.ed sulfide
sample in hornblende chnopyroxenlte from the Tulameen Rlver approxlmately C.5km from

| the eastern margln of the intrusion. No other PGE were detected by Fmdlay 1963,

s

1965) ‘ , ) S )

{

' - Although Fmdlay 5 (1963, 1965) research is the only work carrled out on.
- hard-rock PGE in the Tulameen Complex other workers have exammed the placers
. assocnated with the mtrusuon with regard to thelr PGE contents and the mmeralogy of the )
PGE. Of the studles on the placers that of Raicevic and Gabrl (1976) |s one of the most .
complete although much needed additional mformatlon has. been provnded by. Cabrx et al.
+11973)and Cabri and Hey (1974).. | B |
B PGE in Alaskan-type complexes . '
, Most of the work concernmg the d:str:butlon and concentratnon of the PGE in 2
Alaskan type complexes has been carried out by researchers in.the U S S. R who have
: exammed a number of mtrusvons in the Ural Mountams and the Aldan Shneld Fomlnykh and’l ) '
Khvostova (1970) have glven the most comprehensnve compllatlon of PGE data from o
o ultramaflcs in the Urals. . In addition, Razm and Khvostova (1965) Razm et a/ (l 965)
o Razm and Khomenko (1969) Razin (1968) Beglzov et a/ (1975) and Khvostova etal.:
" (1976) have made s:gnlﬂcant contrlbutlons to the’ body of- lnformatlon regardmg the PGE in .
Alaskan-type mtrusmns o - _ ) ‘ o -
‘ ' Table 1 glves the average PGE content of the Alaskan- type Alplne Stlllwater and
Bushveld complexes in parts per bllhon {ppb).” These values are taken. from llthologles that

are not classrfled as noble metal ores Those horlzons that are consndered PGE ores,

) especrally in the Stlllwater and Bushveld complexes contaln values that are up to an order
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Table 1: Average PGE contents (in ppb) of some types of ultramafic complexes (after
Crocket,, 1881). Approximate ranges of values for all Alaskan-type complexes are.given

in parentheses

S

1Data for the ultramaflc zone, perudotute member.

- 3Chromitite from the Upper Critical Zone.

Pd.

32

...3.2

32

6.7.

" COMPLEX R T mn
- " Alaskan {overall) . 0.65 19
| (0.5-1.0) ' (0.7-29)  {(8-45)
’ . &4 ! . T
Alaskan - . 29
(Alaska, . . o
excluding: -
Salt Chuck) _

Alaskan, © | 065 . 4.4
WUSSR) .k "
Alpine 6.1° 3.0
+(overall) T o
Stilwater’ 230 . 160 -

- Stillwater? ) - 9
Bushveld’ | 57_7  et
_ Bu‘shveld" o 4.3 . - u

0s -
3.7

(0.8-7.0)

"0.42

S

Ir

. 9.6.
(3-13).

~

9.6

3.8

66

77
0.35

43 -

(10 105) A

82
‘9.1

535
20

Average for nine chrommte horlzons :
' 'Basal zone orthopyroxene cumulates which are 25 percent sulf:de bearmg :

. *Orthopyroxene from the Crmcal Transmon and Lower zones.

1
. A

Pt .



- of magnitude higher {Crocket, 1981).

)

Alaskan-type complexes tend to have PGE contents greater than Alpine -

complexes, although t_he Pt/ (Pt+Pd) ratio in Alaskan-type complexes 1 tegds  to be

~somewhat lower than that of the Alpine type (Naldrett and Cabri, 1976). However, the'
. “._l_?t/'(Pt-FPd)~ ratios of both these types of ultramafic complexes are srbstantially higher than
' ;;.‘i_s'_observe'd:ln, large layered complexes (Naldrett and Cabri, 19786; Raicevic and Cabri,
| 1 976) This.ratio is on the order of 0.68 for Alaskan-type complexes, 0.73 for.AIpine
compll.exes, and 0.51 for large Iayere_d intrusions, excluding heavily mineralized zones
_-INaldrett and Cabri, 1976) SR T | : ' -
The Soviet researchers have, for the most part dlrected their attentlon to the |
concentration and dlstrlbutlon of the PGE in chromlte and the role that chrome spinels play
in the petrogenesls of PGE deposnts The results of their work mdrcate enrichments of
the PGE of at least lOO ‘tlmes in massuve and schlieren chromrtes versus rocks contamlng
accessory chromlte (Fommykh and Khvostova 1970) ‘
The data base for PGE concentratnons and distributions in Alaskan type complexes
~from North Amerlca is: very stnall compared to that of occurrences in the U.S.S.R. Itis

apparent from an examlnatlon of the avallable data largely erm mtrusnons in Alaska that

the general abundance levels of the PGE are eSSentlaIly the same jn Alaskan%e intrusions -

in Alaska and the Soviet Unlon (Crocket 1979 1981). The Americans have been malnly
concerned with the correlatlon of Ilthochemrstry 0xlde and sulflde content, and llthology
wuth PGE contents (Clark and Greenwood 1972)
A major problem wnth the North Amerlcan data arises from the analytical

technlques employed WhICh usually utlhze small (less than 10 gl samples. Asa result

_ spurlou_s _dataare often obtamed due to the lnhomogenelty in distribution of the noble

_ metals (Crocket 1979) Also, the determmatlon of all six PGE |s often not possnble due to -
the various- nuclear and chemlcal procedures employed in the analyses (Crocket, 1979)

) However the Sovnet data are often drfflcult to evaluate, as detalled descrlptnons of the -

analytlcal procedures employed are often Iackmg in the literature..



P | PLATINUM GROUP MINERALS IN THE TULAMEEN COMPLEX

Duscrete in srtu platmum group mmerals (PGMs) have been observed only m samples of

. | between the PGE and chromlte in Alaskan type complexes is weII documented (Razm and
Khomenko 1969 Naldrett and Cabri, 1976 Crocket 1981) ” S
_ The PGM phases observed in Tulameen chromltes as well as the ldeal
composutnons of those phases are glven in; Table 2. The ndentlflcatuon of these mmerals ‘ A
: was. based upon the relatlve abundances of the elements in sach gram as. determmed from

energy dlspers:ve spectra obtamed Wlfh ARL/ EMX and ARL/ SEMQ mncroprobes In

addltlon the sulfldes observed in assoclatlon wnth the PGMs were analyzed by mlcroprobe
v:a the energy d:sperswe techmque and aIl appear to be pentlandnte L

A number of atternpts were made to obtaln quantltatlve analyses of the Tulameen

o 7 PGMs by energy dlsperswe analysns ‘ ‘.An Ortec energy dnspersnve spectrometer fltted on

e at a count rate of 1000\counts per second Spectra of 1024 channels are acqunred with -

an Ortec 6220 multlchannel analyzer lMCA) -and the data stored on cassette tapes usmg a

Texas lnstruments 700 Data reductlon was performed wuth EDATA2 (Smlth and Gold

1979) on the Umverslty of Alberta AMDAHL 470 v/ 6 computer after transm|55|on of the -

spectra from the TI 700 to the mamframe

A standard block contammg the PGE -as pure elements and bmary alloys was A

prepared and overlap coefflc:ents for the PGE and elght other elements were calculated U

for use in analyses wnth the ARL/ EMX m:croprebe by means of the EDATA2 program

massnve chromlte taken from the  dunite.. ThIS is_to. be expected ‘as the_close. l:elatlonshlp_»_»__r

- resolutlon at the 5 9 keV photopeak of Mn Ko< of 154 eV full wudth half maxlmum (FWHM) -

" the ARL / EMX was used ThlS spectrometer Wthh employs an Ortec SilLi) detector has a. N "

These overlap coefficlents are shown m Appendxx IX. However a number of mstrumental | R

problems made quantltatlve analysus dlffucult’ and these combmed wuth a decrease in the

nr

beam resolutlon over tlme resulted m_the abandonment of analyses via the EMX s E R

’ Wavelength d:sperswe analysns was then attempted usmg the ARL/ SEMQ which
. has very good beam resolutlon Agaln a number of mstrumental problems cropped up

durmg the analyses As a result no quantltatlve analyses of the Tulameen PGMs are

presented in’ thls thesns lt must be emphas:zed that the mam purpose of the mlcroprobe

work was to :dentlfy the PGMs not to provude complete analyses. Also none of the

o
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Table 2: PGM phases dbserved in Tulameen chromites: =~

- Mineral .. dealFormula’ .. . Minor Elements
S . - : v . Detected

. Tulam'e'leinite' vsPtz.FeﬂC'Zu“. T . ,SB','Ni

" Pi-Fe aIJv_oys,ﬂ. - o Pthe'.' TR i S . Rh; Ni, Cu, Sv
Cstumpfite, PtShr . PdRu
rsite P o " Pd,Ru

Rh, S

Geversite . '~Plt'Sbé o
Genkinite .~ - o Pt,Pd).Sb,
Sperrylite . S - PtAs2 SCEE e ;Ru S, Sb (Fe_i
-Platinum"; . Pt R . Fe, Ni{r)
“rarsite . : IIrA594 o I B -Rh, Sb, Cu -
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' mstrumental problems encountered were msurmountable -but tt seemed unncecessary to
» pursue this type of analysns m the hght of the data requured for thns study

As can. bé’seen. m Table 2, there are.more. specnes of Pt mlnerals than mmerals of.u__s_

the other PGE with lrarsne as the only tr phase rdentlfled AAll of the PGE except Os, have
been detected in the Tulameen PGMs and As, Sb and Fe were found to be the most "
Vcommonly occurrlng accessory elements Among the PGMs Pt-Fe alloys sperryhte and
irarsite are the most abundant. - It should be noted that a-number of Pt- Fe specres are
.'reported in the literature, but thelr specific names are dependent upon thelr structure i
- (Cabri and Feather 1975) No attempts were made to obtarn X-ray. data for the phases
..observed i in th|s study o R ’ .
The- PGMs in the chromlte samples occur as euhedral to subhedral mclusuons in
chromite gralns (Type 1), and as anhedral grams lnterstmal to chromlte (T ype 2) They are -
g typlcally Iess than 30 microns |n dlameter and pentlandrte vnolarlte occasronally bravmte ‘;‘
‘.and serpentme are the mrnerals most often assocuated wrth the PGMs ltshould be noted |
that there are very few sulfide. mmerals mcluded w:thln chromlte grains; most are found ’

‘lnterstltual to chromlte oL - '_ o

-

é

' Flgure 3. |Ilustrates -an example of the Type 1 PGM totally enclosed w:thm a
chromute grain. ) There are at least seven PGM phases wuthm th|s noble metal grain, wrth :
Pt-Fe aIons geversite, stumpfhte and warsnte bemg the major phases although the 1
Type 1 PGMs are most-often Pt Fe aIons Other phases observed in the Type 1 PGMs -
mclude platlnum tulameenite, and genkmlte The shape of thls grarn most likely- mdlcates

: strong spmel structural control durmg the growth ot’*the ohromute Gralns such as thns are

. "belleved to represent PGE rich droplets that have been entrapped durvng prlmary

| crystalllzatron of the chromlte The Type 1 PGMs are the- most commonly observed PGMs .

~in Tulameen chromltes

-

The second major type of PGM observed in TuIameen chromrtes rs shown in

g Figure 4 As can be seen in thls example the Type 2 PGMs are mterstrtnal to chromlte

.> ’grams Assocuated wnth these PGMs are serpentme Wthh comprrses the bulk of the

, mterstmal materral pentlandlte and a, Ilttle wolarrte The PGMs in thlS example are marnly
' sperryllte wnth some |rars1te Sperryllte is the most common Type 2 PGM observed m

chror_mte samples fromr the Tulameen Complex, although Pt-Fe aIIOys, |rars1te, and ,
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tulamieenite have also been observed in Type 2 PGMs TAn |mportant aspect of the Type 2 S

PGMs in Flgure 4is the apparent paragene515 of the PGMs and Fe-Ni sulfldes “The PGMs

“in, thls lnstance rim the area predommated by’ pentlandlte Gralns such as. those shown in

Flgure 4 are taken to represent material that possibly began as alloys or as.a monosulflde
olld solutlon (Mss) (Kullerud et a/ 1969) or some other sulflde phase at relatlvely hlgh
temperature Wthh on coollng exsolved the phases observed in Figure 4. PGMs
' assocuated wnth SUIfIdBS ln the Howland Reef of the Stlllwater Comptex have been
““attributed to a similar orlgm (Bow etal., 1982) Iti is 1mportant to note that not all of-the

. ﬂ v Type 2 PGMs are assocnated with sulfldes

»

’

S < Athird type of PGM has been observed only rarely These are PGMs Wthh occur
S ‘as 'anhedral unclu5|ons wuthln chromlte and appear texturally to have been exsolved from_ o
“the.chromite (F:gure 5). There may also be substantlal amounts. of PGE that are not wsuble _ i
mlcroscoplcally and whlch have been lncorporated mto the chromlte lattlce These
- cryptocrystalllne phases are also lncluded in the Type 3 classn‘ncaﬂon ‘As can be seen in-
el Flgure 5 these grams are generally located towards the center of chromlte grams and
appear to: be localxzed along defects w:thm the chromlte The examples of. the Type 3
: \ PGMs in the Tulameen chromltes were too small to quantltatlvely analyze by mlcroprobe
) | Based upon these observatlons it is felt that there are three major types of PGE B
mlneralxzatlon assocnated wnth massive, mangatlo chromlte in the Tulameen COmplex X

. : ~

Type 1 are PGMs typlcally Pt- Fe alloys that have CUbIC shapes and -
- are lncluded within chromrte grains; ' BT

’ Type 2 are PGMs usually sperryllte mterstltlal to chromute gralns
. Wthh are in some instances assoc:ated wnth Fe- Nl sulfldes

Type 3 PGMs are those WhICh occur ‘as inclusions within chromite.
gralns but’ appear to have been exsolved from chromlte
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'.Fiéufe 5: Type 3PGM (right of center) exhibiting possibie exsolution texture withina -

. chromite grain.” Note, the small Type T PGM to the left of center. Reflgcted light, in oil.
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T ‘ ‘
ANALYTICAL METHODS ' ' o,

When analyzmg the noble metals in typlcal geologlcal samples the analytical techmque

' employed must be capable of measurmg sub- ppb concentratlons ‘A number of

o mOdlfIBd versvon of the mckel sulfude techmque was used for the analysls of samples rlch

_ technlques such as atomlc absorptton X-ray fluorescence -and spectrophotometrlc o
' methods are genemally not sensitive enough to detect low levels of the noble metals

lBeamlsh and Van Uoon 1972; Crocket and Cabrn 198 l) ln addltlon the heterogenelty of

noble metal dlstrlbutlon wnthln the materlals to be assayed requlres large samples on the - -

order of 30 to 50 grams for representatxve analyses (Crocket and Cabrn 1981 Harrls

' Neutron actlvatnon analySIs (NAA) offers a number of. advantages over many other

,technlques One of its major assets is the high sensmvnty mherent in the method (Gubels

o

- ;
1971 Beamlsh and Van Lo‘on 1972 Crocket and Cabrl 1981) This; combmed W|th a -~

A

i sultable concentratmg procedure results ina very precnse and sensntlve analytlcal tool

The preconcentratlon procedure using agflre assay wnth nlckel sulflde as the

-vadapted for use wuth NAA by Hoffman etal. (1978) has been ut'llzed in thls study A

f,ln chromlte (Borthwnck and Naldrett 'pers comm ) Durmg the early stages of thls o

.'research a radlochemlcal technnque mvolvmg post-lrradlatloh treatment of. O 5 to S

collector flrst descrlbed by Robert et al. (197 1) and Robert and van Wyk (1975) and Iater.

- e 0 gram samples was used (Nadkarm and Morrlson 1974) However it became apparent =

.'_-.'that the small sample snze dld not result in; representatlve analyses (Hoffman 1978;.

B R. A Alcock pers comm. ). In addltlon this techmque could not be used to determme Rh

o and Pd whlch produce rad:onuchdes Wlth short half- Ilves (/ e., short lived radlonuclldesl

- ':The mckel sulfude technlq‘ue Wthh allows for samples of up to 50 grams combmed wrth‘ '

o "and effectlve means of assaylng for all six PGE and gold

A detalled account of the mckel $U|fld6 flre-assay procedure as modlfled for thls o

is glven in Appendlx ll a descrnptlon of the crushmg and spllttlng techmque in Appendlx |ll

‘ and a dlscusslon of the NAA aspects is glven in Appendlx le

e

S17

/A

o study, is given in Appendlx I The procedure for the analysls of sampl,gsnch in chromnte -

' j,careful crushmg and spllttl,ng of the sample and subsequent NAA provndes a falrly srmple s



A. Sample, preparatlon vna the nlckel sulfide flre assay ’
I ' The nlckel sulflde method entaijs fusmg approxifnately 50 grams ‘of powdered

T rock, via two 25 gram allquots with a sodnum borate sodium. carbonate flux for

1. 25 hours, and produclng two nlckel sulflde assay buttons These buttons arg c&:shed
, dlSSOlVGd in concentrated HCI, and flltered usmg membrane fllters The two buttons from _ k
each sample are trpated independently throughout the procedure After flltratlon the two
membrane fllters from each sample are packaged ln one polyethyle " envelope for
- lrradlatlo“n The procedure for chromlte*rlch samples is the same; except that a dlf’ferent
flux (Ilthlutn tetraborate sodium carbonate) is used in a two hour fus:on Bortr vick and L j’ -

'Naldrett pers. comm. ). - Also; one 30 ¢ allquot of each sample is used instead of two

'25 g allquots All chromlte l'lCh samples were analyzed in dupllcate i,

_B lelts of detectlon and quantlflcatlon NiS techmq&e o _ " ; S -
_ Tables 3(a) and 3(b) give the llmlts of detectnon and quantlﬁcatlon for the modlfced

~“version &f the nlckel sulflde technlque used in this’ s;tudy‘ and-the limits for the procedure

used 1o analyze chromite- rlch samples These Ilmlts have been caIcuIated accordlng to the -

| ' method of Currle (1968) .For. typlcal ultramaflc rocks ‘the Ilmlts for Pt, Ir Rh, and Au
: ‘;were calculated from 31 analyses of Tulameen samples and Os Ru and Pd from eleven
analyses of the South Afrlcan noble metals standard SARM 7, ,The SARM 7 analyses were'
- used- because Ru Os, and Pd were not detected in enough Tulameen samples to provnde ‘
‘ statlstlcal rehablllty in the calculatlons The |lmlt5 for Pt . Rh, and Au by the procedure ’
| / used w:th chromlte rlch samples have been calculated from the seven duplicate analyses
performed on Tulameen samples The‘llmlts for Ru and Pd were calculated from#hree
- SARM 7 analyses The Ilmlts for Os \na the chromlte l'lCh technlque have been calculated .
from Tulameen g,hromlte satnples and the three SARM 7 analyses as Os was not quantlfled S
ln aII the Tulameen chromlte s,amples As can. be seen from Table 3. the llmlts for all the |

R N

- metals except Pd Ru, and Os are very low The relatlvely hlgh llmlts for these)w ee

B » - elements, 'WhICh do not actlvate as well'as the other noble metals |s a result of thelr | : D LT
nuclear propertles Also the SARM 7 materlal has El noble metal content that is much ‘ |
hlgher than most Tulameen samples Thls hlgher noble metal content results'ln hlgher

backgrounds durlng countlng and hence sllghtly hngher hmlts than would be found lf the ;o

LR ’ N

S



. Table 3{a): Limits of detection and quantification at the 90 pe‘rbént co‘nfide'n’ce', level for the
Aoble metals as determined by the nickel sulfide preconcentration procedure used with
NAA.  The limits for Pt, Ir, Au, and Rh have been calculated from the analyses of 31

Tulameen samples; Os, Ru, and Pd limits have been calculdtéd from 1.1 analyses of = ‘'

=SARM.7 ‘¢AIl_limijts,ha‘ve»been»calci'Jlated-by:ther-m_é_thod»of—Curﬁie{f1B68).. —

~ g . 4
i me B

‘Element . .  Limitof Detection 7 Limit 6f Quantification -
Lo el T s T ppb),
SRR T 026027 0 L L T T 0706

Pd 18.0£7.9. .« -~ - 7 . 56.8%26.1
Os -.10.4: 85 SRS . 31.8+26.1. -
Pt - 0.2£0.2 . - LT 007207 0 5
Au 0.02+0.02 .- -, ... " . 0.06£0.06 . - -
Ir . 0.06+0.13 - - © T U -0 0.220.4 .
R ' 34.6£32.2 . - . . 1106.7£99.4 .

Table 3(b):-Limits of detectiop:and qu‘éntificatibn at the 90 -p'érc'é'nt confidence level for the, ..

- noble metals as determined by the procedure used for samplés rich in chromite. All limits
- -except those for Pd and Ru have been calculated from seven duplicate analyses of -

" - Tulaméen chromitites and chromite-rich samples; Pd and Ru'limits have been calculated -

"+t 'fram three SARM 7 analyses via-the same analytical technique.

. Element -~ Limit of Detection, - . |~ = . . Limit of Quantification
IR o fppbh- el e T (ppb)
~ Rh 0.9%1.1 - " . . 2.7#35
' Pd 46.2£13.9 o - 146.1x484
- Os 11.3+£10.1 - ’ ‘ 34.7%31.1 7
Pt~ 61.2£83.4 S5 18771£254.7 e
CAu 0.1£0.2 YRR - 0.4%0:6. - ¢
S - 0.9%x1.2 2.9:3.7 .
. Rux® 129.2%126° - S .91.1240.5
," v - /\\‘



| |lf’ﬂlt$ had beer calculated from Tulameen samples

" The uncertalntles assocnated with the limits lnsted in Table 3 are very hlgh because

C the background actnvnty usually produced from Ni; 'Br Ci, PGE and Au |s varlable from

20

sample to sample The background actnvnty results in mcreased uncertalnty in the o
- photopeak df Jnterest and therefore |mposes more uncertamty in the value obtained for
that element Thus, in some mstances the’ Ilmlts of detectlon and quantlflcatron may be at

thelr maxlmum whlle in. others the llmnts W|ll be at thelr munlmum

PR

- C. Néutr‘on activation analysis » _
'-, . All |rrad|at|ons performed fqor this study were done in the Untvers;ty of Alberta
SLOWPOKE l reactor, and all countlng done with the gamma spectroscopy equnpment at
~ that facnllty The nlckel sulflde preconcentratlon procedures were utlllzed for the analysns
‘. of the noble metals ‘and the elements Mn, Mg V T| Al, Fe, Co, Cr Nl and Sc ‘were
analyzed by mstrumental NAA (lNAA) ' o , S ‘
In lNAA no pre- or postvnrradlatxon chemlcal treatment of the samples is
:employed ln thls work approxlmately 200 mg of rock powder were sealed inan
irradiation vral xrradlated arid counted wnth Ge(L|) detectors Thls method is obvuously
preferable to ‘methods mvolvmg chemical treatment, as there is lessﬁtance of sample _
contamlnatlon and the tlme and effort reqmred per sample is comparatlvely small The
fmajor llmltatlon of INAA is that it lS not. as sensntlve as techmques that employ chemlcal‘ '
‘ ‘concentratlon because hlgh background actlvmes are usually produced ‘
' .Table 4 lIStS the nchear reactlons and data_ for the elements of mterest In those
. cases where two or more photopeaks are used for any given radlonucllde l/ €. the 296
-308, and 468 keV peaks for 191Ir) the welghted mean of the. results for those peaks as -
» g ‘determlned durmg data reductlon was used as the value 7for the partncular element |n .

fquestuon Table 5 glves the |rrad|atlon and countmg schemes used for the various groups

"'.Of elements o oL -f

o Two dlfferent detectors were used for countmg One, an Ortec Wln“ coaxral
. Ge(L:) has a resolutlon at the 1332 keV photopeak of 60Co of 2 1 keV. full width half
maxlmum (FWHM) peak-to Compton ratio of 53:1, and a relatlve effxcnency of 18,5

- percent (relatlve toa3"x 3“ Nal crystal) The other a. Canberra 413R,isa closed end

RN

R B

L N
3 .
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Table 5: Irradiation/ decay/ counting scheme used for the varicus elements analyzed in‘this -
-study. - S o Ly ‘ _

¢

. 'Elements Thermal Irradiation Decay. - ' Counting,. ' ‘Counting |
Neutron Period Period" .. "Period...  Geormetry.
Flux (min) . i CAmind); o L em)
o - In/fcm?/s) T Lo _
Rh,Pd - 1x 1017 2. 2min. . 5 B o gs
Pt Au o 1x10m 240 . Sdays . - 60 . . at
I Os,Ru TxA0% . 2400 2wks. 1200 1
Al, Mg, Mn, 1x 101 4 - 6émn. - B . .6
Ti, V . : T o o o

"Fe,Cr,Co, 1x101 120 2wks. 120 0 oo LT
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. coaxlal Ge(Ln) vmh resolutlon of ‘I 88 keV FWHM peak to Compton ratno of 38 l and a

'

, .‘relatlve effucuency of lO 3 percent (all measurements made at the 1332 keV °°Co :

photopeakl. . . .

The Wm” Ge(Ll) is used with a Nuclear Data ND660 multlchannel analyzer (MCA)
which mcorporates an LSl 1M mlnlcomputer The 41 3R GB(LI) is used wuth a Canberra

Serles 80 MCA. Spectra of 4096 channels are stored on floppy dlSkS -Both MCA's have

‘peak search capabllltles and the NDB660 is also capable of performmg data reductlon

onllne wnth the LSI 11, . K

D Data reductlon

Three data reductlon programs were used to process the NAA data Peak

searchmg of the spectra was carried ot on the, MCA used to acquure the md:vrdual

| ,'spectra Peak searchmg for Rh, Pd, Al Mn, Mg V; and Ti. was done wrth the program

. ; PREP 10 on the! ND660 LSI ‘l 1 lApps 1978) The Serles 80 has bunlt-m fUﬂCthﬂS for peak

searchlng and was used for Pt Au, Ir,.Os, and Flu Two of the programs DATRED and -

”"ALETC requnre peak searchlng seperately from data reductlon whlle the third program

NAARUN, performs the peak searchii in addltuon to data reductlon by means of PREPJ 0..
lApps and Apps 198 n. DATRED llsted in Appendlx Vlll and ALETC were wrltten by the

author and J Duke (pers comm ) for.use wuth the Unlverslty of Alberta AMDAHL 470

g v/ 6 mamframe computer NAARUN operates on the LSI l 1 system of the NDGGO (Apps

N

_ short IIVBd radlonuclldes SR

_ samples SARM 7i |s not the |deal matenal to test the ylelds from the of amlysrs of

and Apps 198 1) The only correctrons applled in data reductlon were the

" I|ve tlme/ clock tlme and pulse pnle up correctlons Wthh wereé applled only in the ‘case of

-

E Dnscussnon : -_" - o -

In order to determme the surtablllty and accuracy of the nickel sulfide technlques a

. " total of fourteen analyses of the South Afrlcan noble metals stahdard SARM 7 were

h performed The’ results of these analyses, as well as the recommene@d values, are glven

(3

lln Table 6. Eleven of these analyses were performed utlllzmg the sodium borate fusion,

- ..‘and the remalnmg three analyses were obtalned via the procedure used for chromlte l'lCh
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chromite-rich samples but no chromitite standard was available for’use‘ in thls'study in

) *addition to analyzmg SARM 7. another test of the yields through the chromlte ruch fusion

‘ procedure was made by analyzmg a sample wath a relatnvely iow chromite content
(approxlmately 25 volume percent) by both fusnon proceduresl(sodlum borate and I|thlum .
tetraborate) A comparlson of the data obtalned fOF this sample (G26 4#1 2, and 3) -
shows that although only Rh, lr and Au were quantlfled the values for these three
_elements are substantnally hlgher/ln the analyses by the’ llthlum tetraborate fusion

5 '(G26 4#2 3. Thus it appears that the yields via the. lithium tetraborate fus:on are much ‘

_ closer to 100 percent for chromite- ruch samples than is the case with the sodlum borate"’ :
. fusnon Ny o . Lo ‘

As can be Seen from the data'in Table 6 good agreement between the
recommended and measured values was obtanned for all elements except gold when the
sodium borate fusnon is used. However the SARM 7 material is not suitablé as a gold

‘ standard as the dlstrlbutlon of gold in SARM 7 tends to be erratic (E. Hoffman,
‘. S. J Barnes pers. ‘comm., ). The CANMET gold standard MA 2 arrlved too late'to check

N X ’ A .. -
-the gold ylelds by the preconcentratlon technlques used so all'gold. values reported inthis = .7

o paper should be consndered qualltatlve\ The ynelds by the llthlum tetraborate fusuon as-

"determlned by the analyses of SARM 7, are not as goodlas the ylelds via the sodrum borate
fusson Rh, lr and Os show essentlally 100 percent recoverles by this fusuon but Ru i IS o

only about 50 percent recovered Oddly enough Pd and Pt are hlgh compared to the

»reCOmmendedvalues B e LT T T

N

- On the basus of these observatlons regardlng the analysxs of SARM 7it appears
R that the sodlum borate fusnon produces results that are much closer to the accepted

‘values for a glven sample than does the Inthlum tetraborate fusnon The exceptlon to this i is :
in the case of chromlte rlch samples where the Ilthlum tetraborate qu|on gnves h:gher

) ylelds although itis dlfflcult to determme if even these ylelds are close to 100 percent

-

w:thout a chromltlte standard o e

. An evaluation of the sampllng techque was also made The first’ ten samples for
'assay were analyzed in trnpllcate ‘the results of whrch are glven in Table 7. Although the
repllcates for »each_sﬂample do not alw_ay_s fall within, error of one another;-the data _glven~m"-"
' Table 7 indicate that the crushin_g and splitting' techniqUe_utili_z.'ed provides reasonably 5

Pl ' . .
' . - . . .
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Table 7: Results of triplicate analyses of ten Tulameen samples. - Only.'the four elements .
listed were detected in'these samples. The gold values should be considered qualitative.

~ All values are given'in.ppb at the 95 percent confidence level.” BLQ indicates elements -
below the limit of quantification. - .- T ST e -

Sample . h o Pt Au
“re-1#1 0 UL 0.8:0.3 1.7¢0.1. . © 87.3x10.9 0.2
CT8-1#2 . - 1.3%0.1 1.830.1 9418123 0.7 -
T8-1#3 . - -1.330.2 1.1¥0.1 .~ - 103.7%10.4 - 0.1
© D14-1%1. - 1.7¢0.3 . . - 0.7#0.1- . 18.5%12.9 S 0.8
- Dia-1#2 | 08%02- " +0.7%0.1 19.8+10.7 ''0.5
£, D14-143 . 0/6%0.1 1 0.5%0.1 18.3+9.4 01 .=
R YT 155202 - 1.0%0.1- 106.010.2 o 03
© . eT15-242 ¢ 15+0.1 12501 112.549.6. - - 0.1
L T15243 1.6£0.1 1.420. 1 144.1%10.8 0:1
L. TIBT7#1 . .. 4372033 '4.5:0.1 403.1+18.3 0.3
0 Tas-7#2 0 ' 38:03.. - 3.7%0.1 383.5%16.6 0.2
T16-7#3 .. 38303 3.8+0.1 380.2£17.4 09
© G16-10#1 ... - 0.6%0.1-° - 0.9%0.1  26.1%7.7 . 0.9
. % GI6-10#2 7. .0.9%0.1- . 0.9%0.1 254+6.6 0.8 .
4~ GIB0#3 - 10.7¢01] i 0.9%0] 32.3:7.3 0.4
T Goo-6#1 132001 0.7£0:1 - 4158+9.6 0.4 -
. G20-642 11201 ©0.8+0.1 [26.5:10.9 0.1 -
. G20-64#3 15202 , - 0701 .312:197 0.3
. G20'8#1 27402 1.9+0:1 191.1£12.8 . <05
. G20-8#2 2.8%0.2 7 . 2,401 211.0:12.6. - 0.6
L G20:843 ©72.6+0.2° 123401 198.9+12.4 - 07 .
OM-2# 1 . 22303 1,220 " 144.848.2. 6.3
OM-2#2 . 25%02 - 12201 141.1£10.3 07
M-2#3 24202 . . 10201 136.6+10.9. 0.2
-10#1 24202 02:0.1  60.0+8.9 03
R3-1042 35037 0.3¥0.1  75.9:11.7 08
R310%3 ©29:03 . . 02%01 62.549.6 0
Ha-8#1 ©0.320.1 “0.2:0.1.7 .BlLQ . 0.2
H4-842 © 0.2+0.1 0.120.1 . - . ‘BLQ | BLQ -
H4-843 0.3+0.1 _ ‘BLQ - BL@ .. | BQ
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- representatuve allquots of each sample for assay Also the seven chromlte I'lCh samples

taken from the Tulameen Complex were analyzed in dupllcate The results of these -

analyses are giveniin Table 8. In general there is good agreement xetween the repllcates
for each sample although the values do not always fall within error of one another " This
is probably the result ofa pronounced nugget effect in the chromite-rich samples WhICh

contain PGMs on the order of 10 to 30,u in size’ The 30 g sample size used is not Iarge !

E enough to correct for these dlstrlbutlon effects in all samples lf Iarger samples were

used, the hlgh noble metal contents of these samples would result in‘errors durlng NAA

(pulse"plle up self shleldlng and self absorptlon) For the purposes of thls study the |

welghted mean of the dupllcate analyses for each chromlte rich sample is used as the

most rellable result for those samples ; f T s : '
Ten whole rock samples were analyzed in dupllcate to determme the

reproducublllty of the lNAA procedure and the sampllng technlque The results of these ’

. analyses are glven in Table 8.. it should be noted‘that the values for MgO have been . '

-

corrected for the 27Al(n p)"Mg vnterference As can be seen from the datain Table g, the“ -

. samples taken for whole rock analysns appear to be representatlve and the analyses are -

g reproducuble Three USGS rock standards DTS 1 PCC 1 and AGV 1, were analyzed to :

- check the accuracy of the whole rock INAA via the short lrradlatlon The results of these o

L analyses mdncated that the values for MgO and TaOz needed sllght corrections. All the

' other elements determmed were found to gnve accurate results Duke (1983) analyzed .

USGS rock standards to determlne the rehablllty of the long |rrad|at|on INAA and found

that the results’ were satzsfactory o ,' S R
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are. pyrrhotlte chalcopyrlte and pyrlte
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IV. DISTRIBUTION OF THE NOBLE METALS IN THE TULAMEEN COMPLEX. ..

COUA General relatlonshlps . v | ‘

R The average noble metal contents of the varlous llthologles in the Tulameen -
“Complex are gnven in Table 10 ln addltlon to analyzlng the llthologles typlcal of the
"Tulameen Complex, samples were grouped on the basus of their relatlve enrnchment m‘ .
oxndes and sulfudes The three classes magnetlte ruch chromlte nch and sulflde rlch

: were determlned by V|sual macroscoplc mspectlon of the samples ‘Tobe consldered
magnetlte- or chromlte rich, a sample must contam at Ieast 10 volume percent of the
oxnde in questlon The magnetlte-rlch samples usually have sugmflcant amounts of |lmen|ta
: and. other Fe-T| and Ti oxudes assocnated wuth the magnetjte Sulflde rnch samples aré

- those wuth macroscoplcally vnsnble sulfldes d:ssemmated throughout the sample as o :_
opposed to the more typlcal ultramaflc samples whnch have very few or no | .

’ macroscoplcally v:suble sulfldes The sulfldes most commonly observed in these samples

The magnetlte- chromlte- and sulfrde r|ch samples are restrlcted in terms of the o

: llthologles in- whlch they occur Chromlte rlch samples were found only in the dunlte
, 'three from near Ollvme Mountaln summlt (samples H3- 3A H3 3B H4 2A) and four from -
the west flank of Grasshopper Mountam (G16 12, 626 4, G26 4A D14-7)

' Magnetlte rich. samples were collected from the hornblende clmopyroxemte southwest of

.Ollvme Mountam summlt lS 1 2 2 812 3 812 4) and near the summlt of Lodestone V

: .Mountam (L23 ‘l L23 2 g24 1 L24 2) Sulflde-ruch samples were collected from
.hornblendlte dlkes near Grasshopper Mountam GGZG 6) and Tanglewood Hl" (L5 13) in
‘ ;.'_hornblende chnOpyroxemte southwest of Ollvme Mountam summlt (S 15- 7) and northeast
" "Lof Ohvme Mountaln summlt (H6- 6) in syenogabbro between Lodestone Mountaln and '

: Tanglewood H|l| (L5 2 L5 3 L5 5) and in syenod:orlte east of Lodestone Mountaln summlt

._‘ - . N ..
. BN Lot
v \ :

_lB4 3) ‘ A 3
The data in Table 10 have beenheawly blased towards dumte perldotlte ’and thelr

- altered equuvalents The reason for this is two fold dunlte has long been noted as. the

'ma JOF host of the PGE in Alaskan type mtrus:ons (Razm 1968) and dumte is the dommant

' llthology m the wel] exposed northern end of the Tulameen Complex Although

30"
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32. .

hornblende cllnopyroxemte hornblendite, syenogabbro and syenodlorlte comprise the
| bulk of the “Tulameen Complex they are volumetrlcally less |mportant than the dunlte in the
prnncnpal area of study Ollvme cllnopyroxemte and cllnopyroxemte constltute the least
“volume of the Tulameen Complex in the prmcnpal study area ‘ahd have been sampled
accordmgly On the basns of the number of samples of eachllthology analyzed it is ’_
'.apparent that statlstlcally Iarge sample populatlons have been produced only for the
dunite/ perldotlte and serpentlmte/ serpentlmte dunite in th|s study o
l Ruthemum was not quantrfled in'any of the samples analyzed ‘and Os and Pd- were
".vfound to be present ina relatlvely small proportlon of the total number of samples
o analyzed (elght and seven samples respectlvely excludlng chromlte rich samples) Of‘th'e :
- remaining noble metals Au and Rh were quantlfled most often, followed by Ir-and Pt Thls .
e dlstrlbutlon is probably a functlon of the very low llmlts of quantlflcatlon for Au, Rh, and
Ir and may be due to the low Ilmlts of quantaf:catlon and the reIatlvely hlgh abut nmnce of

_ Pt.

- B. thhologlcal relatlonsh|ps ' _
Cn the Tulameen Complex dunlte perldotlte serpentlnnte and serpentlnlte dunlte :
have the greatest Pt. Au, lr Os and Rh contents compared with the other- ma;or I:thologles .

(@] / ;
.. (see Table 10) Palladlum appears to be concentrated in hornblende cllnopyroxenlte

o hornblendlte and the gabbronc unlts of the complex lt is mterestmg to note that noPd

was detected ln any of the dumte perldotlte or altered equnvalents of these rocks

o Overall ol:vune chnopyroxemte and cllnopyroxemte have the lowest noble metal contents
- and together w1th the dumte have the fewest PGE (Pt lr and Rh only) quantlfled although
this may be a functlon of samplmg L . ‘ '

Flgure 6 presents a ranklng of the llthologlcal groups glven in Table 10 on the basns_

of the average noble metal content Samples rich in chromlte have not been mcluded in-
~this flgure and will be dlscussed Iater Data for: sulflde and magnetlte rich samples have
been mcluded wrth the Ilthologles m VVthh they occur Thls was done because the values
'obtamed from these two. classes were not substantlally dlfferent from the data for: the’

llthOlOngS (hornblendel cllnopyroxenlte hornblendlte gabbros) so they imparted httle blas

| to the data in Flgure 6 A major exceptlon to thlS is Os in the magnetlte-nch rocks If the . . .

SEELIAN
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SR _— i i { 1 ! ! ‘ 1 ]
P C. . Serpertni ' .. ' Dunite | _ ,l Olivine S » ! Hornblende | . 'Syenogabbro
: : Lo ad ad - .. Clinopyroxenite- Clinopyroxenite - . and |
. Serpentinite- - - Peridofte = = - ‘and : and - Syenodiorite
Dunite - B - Clinopyroxenite - ‘Homblendite ‘ ,

FiéUre 6: Re’létive abundances of the hoble'metals in the Tulameeh Complex according to
- lithology. Chromite-rich samples have been excluded. " :
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data for the magnetite-rich samples had not been inéluded in the hornble’nde
clinopyroxenlte and hornblendite data, there would be.no Os recorded for these
lithologles Another exceptlon is that some of the sulfide- rlch gabbrouc rocks coﬁtam -
‘ substantial enrichments in gold relatlve to typical gabbros The highest gold content in the
sulfide-rich gabbronc rocks is 239 ppb but gabbros with little or no sulfides have a high
value of only 2.9 ppb, This is not surprising, as most of the sulfides observed in the
‘ gabbr0|c rocks of the Tulameen Complex are late and appear to have accompanled the
. alteration of these rocks (mainly saussuritizatlon) Thus, it is most likely that the higher
(239 ppb) gold contents of some of the sulflde-rlch gabbroic rocks in _the Tulameen
. Complex are d'ue. to the presence of sulfides The chromite-rich.samples. are discussed
separately because the noble metal contents of these samples are substantially higher than
| the noble. metal contents of the other lithologies | o : . R
Assuming that the serpentmite and serpentlnite dunite are equ:valent to dunite and
pehdotlte the noble metals are distributed according to the degree of differentiatlon ‘with
the highest noble metal contents in the most mafic rocks. As can be seen in Flgure 6. Rh
.Pt and Au show strong positive correlations with the maflc characteristlcs of the rocks.
»Osmium and Ir are concentrated in the serpentlnized and hornblende rich rocks although lr
is present inall the rock types analyzed Palladium appears to be restricted to the Ieast ..

maflc units of the complex
C. Relationships vvith magnetite-, sulfide-, and chromite-rich sa'm‘pl_es'

Sulfide- and magnetite rlch samples ‘

As can be seen from Table 10, the sulfide- and magnetlte rich rocks haver
. approxumately equal noble metal contents Also the values given for: these two classes of
: 'samples are not significantly different from. the averages for gabbronc and hornblende rlch
""rocks given in Table 10, with the exception of Os and Au. v
It would appear from the data in Table 10 that magnetite rich hornblende
- clinopyroxenite' samples tend to be_ enrlched in Os relative to hornblende clmopyrox‘enites
without anoma'lou's-amounts of. magnetite If we accept the geochemlcal coherence of Ru
Ir, and Os (Crocket 198 1) then we should expect to see these magnetite-rich hornblende \

A
\
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o alone from hornblende cllnopyroxemte o

. cllnopyroxenltes enrlched in Ru and Ir i ln addition to Os. A sllght enrichment in Ir is
observed in these samples but no Ru was quantlfled ‘
There are essentlally no publlshed data concerning the dlstrlbutlon concentratlon
~and mode of occurrence of Os in magnetute rich hornblende cllnopyroxenltes from ‘ '
Alaskan- type complexes. In fact, the author was not able to find data for Os in typlcal
hornbgnde clinopyroxenites from these-intrusions. Razin (1971) pomts out that the
‘ mlneral ‘osmite” (glven as Os, Ir: probably osmlrldluml occurs with magnetlte/m some . |
Urahan dumtes Clark and Greenwood ( 1972) note strong Pt enrlchments |n magnetlte
. separates versus_ollvme separates from the same sample.. They dld not analyze.for Os,
-and gave no mdlcatlon as to the behavior of the other PGE in magnetlte from dunlte let o

A
S

: Chromlte.w:h.samplksmm *R_;__'

~Itis obvnous from an exammatlon of the data in Table 10 that wnth the exceptlon of

2 T-Pd the chromlte rlch samples are greatly enrlched |n the noble metals over the other

llthologles sampled This is expected as the Sowet Alaskan-type complexes show PGE
: enrlchments m chromite-rich samples although Pdis reported to be enrlched in addltlon to

the other PGE i in: these samples (Fommykh and Khvostova 1970; Naldrett and Cabrn 1976

R ‘Croc:ket 1981) Table l‘l glves a. synopsns of the publushed data for the noble metals in

chromlte schlleren and segregatlons in Alaskan-type complexes from occurrences in the
" Ural and Aldan Shleld areas in the U S S R.  These data have been selected on the basns of
: the elements analyzed many authors have not analyzed for alI six PGE, s0 thelr data have

‘not: been included. " Only two llstmgs for gold both from Kraka ‘were found in the ‘

o ,avallable hterature

The data in Table 11 mdlcate that the PGE range from the tens of ppb to hundreds
of ppm, while gold appears to be present in the low ppb concentratlons in the Sowet
' <chrom|te ~rich samples.. The analyses of chromlte-rlch samples from the Tulameen
- Complex given in Tables 8 and 10, show a range from the low ppb to tens of ppm. Thus
B toa flrst approxlmatlon the Tulameen chlte rich samples are depleted in the PGE by an .
order of magnltude compared wnth AIaskan type complexes in the U S.S.R. ln addltlon Ru

and Pd were not quantlfled m any of the Tulameen chromlte rich samples yet they are >

- N ' .
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“Sources of data:

1 Fominykh and Khvostova(1970)

2 Razin and Khvostova (1965)

-~ Y Razinetal. {1965)
. “Sobolevetal. (18974) =

Y
[ ]

\ )
'/
.36
C)
Table 11: Typical noble metal values for Ehromite-rich samples’ from occurrences in the
. Ural and Aldan Shield areas of the U.S.S.R. Values are in ppb.
g _High Low Mean Source
Pt - 390,000 © 1,100 156,560 3
: 7.000 3,000 - 5,400 .
6,000 3,000 4,000 :
I o 4,300 .86 1,687 1
- ."4,000 3.2 3,000 2
9,000 2,000 4,000 3
| os . 8100 42 2,194 .
B - [ 80 ° ' 80 2
f"(1> { : - ‘80 50 75 3‘
o ‘R 680 64 . 479 1
S S 3,000 400 - 1,600 . ? _
| 7,000 200 - 2,700 ?
Pd - .- . 46,000 - 580 18,356 ! |
1,600 500 1,000 2.
| ~ '800. 200 500 -
"Ru . . . 480,000 .65 99,277 .
_ | - 70 . 40 83 o i
. 80 30, 45 2
Ac g 0.4 1 o0
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- analyses for that element.

~ present in the Soviet intrusions in concentrations that are certainly above the limits of

quantification for these two, elements by the analytlcal technlque used n thls study

!
It is difficult to make meamngful comparlsons between the noble metal contents of

the Soviet chromlte rich samples and similar samples from the Tulameen Complex because )

of the dlstlnct dlfferences in the data for these two groups. Pdssvble reasons for these ‘

2
i

dlfferences may be a depletion in these elements in the Tulameen Complex relatlve to the

- Sovuet intrusions, or ‘they may reflect differences in the sampllng and/or analytlcal

» techmques employed by the author versus those employed by the Sovnets

‘_‘
N

3
1 <
Two ‘overall” averages for each of the noble metals in the Tulameen Complex are

D. Compansons wsth other Alaskan-type complexes

glven in Table 10. Chromlte rich rocks have not been included |n these averages because |

Aof their low abundance in the Tulameen Complex. -Hornblende-ruch and gabbrolc rocks

constltute the major proportlons of Alaskan-type complexes (T aylor and Noble, 1960, :

' Wyllle 1967); so any overall averages should take thlS into. account However the

averages based on Ilthologlcal volumes glven m Table 10 may. be tin error because of the .

small sarnple populatnons for the. hornblende ruch and gabbronc rocks The averages

'"welghted on the number of samples although biased towards dunlte peridotite, and their

altered equnvalents appear to be more in agreement with the publlshed data ‘As a result

" these sample welghted averages are plotted with the range of concentratlon for each of

the PGE in Flgure 7, whlch shows the relatlonshlps between the' PGE contents of the

"ITuIar_neen Complex and other Alaskan-type complexes (exclusnve_ of_ chromite-rich -

samples). : - P

As can-be seen in Flgure 7. the ranges of concentratlon for th%e

N Tulameen Complex except Ru, overlap the ranges for other Alaskan type complexes

' Ruthenlum was not present in quantlflable concentrat:ons in’ any of the Tulameen samples

analyzed lS is probably a functlon of the high llmlts of detec'aon and quantlflcatlon for

‘ Ru via the analytlcal technique used, and does not necessarlly reflect anomalously Iow Ru

_contents in the El‘ulameen Complex Crocket (1979) and others have suggested that the ,

very low levels of abundance of Ru in Alaskan-type complexes may result in erroneous

Lo

O
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‘Figure 7: éénges and average v_aldes‘?fdht_he PGE in Alaskan-type complexes, with'data far-
- the Tulameen Complex as determined in-this study (after Crocket, 198 1). - Elemental data
denoted by "A” are for intrusions-in the U.S.A7, "S" for occurrences in the U.S.S.R., "T" for

the Tulameen Complex, and mean values indicated-by "x".. The mean values for.the

Tulameen Complex ha
should be noted that t

ve been weighted on the number-of samples of each lithology. It
he Tulameen data do not include the analyses of chromite-rich . -

. -
-
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~ The average Ir and Rh abundances in the Tulameen Complex are low compared to
the publlshed data by between one and two orders of magmtude and the average value -
for Ir is approxlmately one tenth that of Rh in the Tulameen Complex Chemlcally and '
crystallographlcally Ir and Rh should behaye coherently durlng crystalllzatlon and
presumably during initial melting (Berlmcourt et ‘al., 1881; Crocket 1981). If the

publlshed values for Rh and Ir in Alaskan-type complexes are accurate lr lS usually L ,

T enrlched in these intrusions relatlve to Rh In the Tulameen: Complex the Rh content is- .

about elght times the ir content yet both are low compared to Alaskan type complexes in

general although they have essentlally equal ranges in terms of their concentratlons .
Unfortunately there are few published data concernlng the dlstrlbutlon and. "

. concentratlon of gold in Alaskan type mtrusnons Naldrett and Cabrl l1976) quote an

. _average gold content in Ural dumtes of l 2 ppb, and an average of 2.6 ppb for Ural .

pyroxemtes The range in Au values glven by Naldrett and Cabrn (1976) lS 1. 2 to“?5 ppb

o for Alaskan-type complexes, _wnth a'value of 2 ppb as the preferred average for‘dunltes. S

| Sobolev et al. (1974) suggest that the;ave‘r'age Au values are O. 7 ppb in dunites, . 1.2 ppb

|n pervdotltes 2 7 ppb in pyroxemtes and 8. 4 ppb in gabbros. A comparlson of these

_ Rdsta wuth the data presented in Table lO shows that the Au qontents reported in. this study

a

are substantlally lower than those of other Alaskan type complexes although the Ilterature
data base is too small to provude certalnty The values glven in Table 7 0 also mdncate that
: the overall Au contents of Tulameen samples are much lower: than those of perldotltes
from the ocean floor (4. 4 to 10 ppb) and alplne perldotltes (0. 6 to 165 ppb) and are |
about the same as those of splnel lherﬁolltes (0. 03 to 1.2 ppb) and garnet Iherzolltes

(0 03 to 0.08 ppb) (Grocket and ChYI 1972 Crocket and Tefuta, 1977 Mltchell and

- Keays l§81l However the Au data from thls study may not truly reflect the prlmary Au .‘
contents of the ultramaflc rocks in the Tulameen Complex because the analytlcal ‘

techniques - not tested agalnst a rellable gold standard

FORE L



' V. DISCUSSION

' 'A Correlatlon of the PGE wuth whole rock chemlstry
' Al samples analyzed for the noble metals were also analyzed for other trace
: elements as well as some major and'minor elements (Mg Al, Fe, Cr; Nl Ti, Co, Sc, Mn V) -
: to determine lf any geochemlcal tracers could be used as mdlcators of PGE enrnchment
Element- by-element correlatlons for the ten elements listed above plus the Slx noble n
= metals quantlfled were obtamed usung the MIDAS statlstlcal package on the Umversuty of .
| 'Alberta AMDAHL 470/v6 computer. Two data sets,were analyzed one consnstmg of all
'samples except those rich i ln chromlte and the other consnstmg only of the chromlte I'ICh
‘q samplés. AlI correlatlons were made after the data had been Iog transformed except S
' i'MgO and MnO WhICh have relatlvely normal dlstnbutlons It should be noted that MgO has

a blmodal dlstrlbutlon Wthh tends to affect all the correlatsons made wnth that oxude

_'General llthochemlcal relatlonsh|ps

Table 12 glves the element-by element correlatlons for alI elements analyzed o

o except the noble metals in whlch the correlat:on coeffncuents are better than 0. 79 As

w1th the noble metals dlscussed in the prevnous sectlons these data are—blased towards
*

= ~

" ‘,dunlte perldotlte and thelr altered equnvalents No attempt was made to welght the. data , E | -

; towards the more volumetrlcally abundant gabbronc and hornblende rnch rocks ST “'. R
Only one correlatlon lnvolvmg NnO (wrth Sc) was deemed to be of 2 S|gnlflcant .

value Th|s is due to the low (less than one weught percentl Ievels of N| in the Tulameen :

.. Complex, and is also a functlon of the relatuvely low number of samples in whlch Nl was T

quantnfled (37). Nonetheless the falrly strong negatlve correlatlon wnth Sc is consnstent e L.',;, oy o : e

W|th thelr geochemlcal relatlonshlp _ _

The strong positive correlatlon of MgO with Cr ,0, in samples that are not _
chromlte rlch is expected, as most of the Cr OJ is- found in the. dunlte The strongly
negatlve correlatlon of these two oxndes in chromlte I'lCh samples mdlcates both the lack
'. 5of forsterlte in these samples anda relatlve MgO deflcrency in Tulameen chromltes All
the other correlatlons with MgO that are sngnlflcant are lndlcatlve of the tendency for Mg

to partmon into the early dlfferentlates L

Y
5
; A‘l‘{' :
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_ Table 12: Best elemént-by-element correlations observed in Tulameen samples, exclusive
. of-the noble metals and chromite-rich samples. Correlations for chromite-rich samples

- are given in italics. All oxides and elements,.except MnO and MgO, have been log-

. transformed. . ’ . - S

ALO,  Sc TiO, - Cr,0, V,0, MnO. FeO - Co

0.89

ALO; . e o N
e 0.82 . 0.99 7 0.83 0.84

Se. ., - .. o8 |
oo 4 B ST 0.83

1o, e SRR, 095
- 089 . 098

€O, - <079 e
087 087 097 0.83 0.86
Vo, . ees . - o8y .o
NO . -082 . ... g79.

" FeO o088 '. SR
o o089 095 . o0g0 L

Co T © 094

‘Mgo - -091 -0.80 .08 -081. - . . .079
S . 097 . -0.93 -0.81 -0.98 .-0.98. -0.84 082 .
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The FeO correlatlons also reflect the part:tlonlng of Fe durlng dlfferentlatlon

Most of the Fein the Tulameen Complex is assoc:ated with hornblende cllnopyroxenlte so ,

the strong posutlve correlatlon wuth TIO2 is not surprlsung In chromlte rich samples the

'posrtlve correlatlons of FeO thh TlOz A O,, MnO Sc and Cr O3 are also to be expected

. as Alaskan-type mtrusnons tend: to have Fe rlch chromltes (Crocket 1981 others)

No sugnlflcant correlatlons of Cr1OJ with: other oxndes or elements were obtalned

e 'from the chromlte-poor samples except for a negatlve correlatlon W|th Al O3 As wuth

N| thls is most llkely due to the strong partltlonmg of Cr |nto the earllest dlfferentlates

.andis further mfluenced by the relatlvely low and constant abundance of Crinthe

"MTulameen Complex

-lndlcatlve of the partltlomng of Co mto early dlfferentlates

TlO2 correlates extremely well w»th Sc FeO, and V 10;. Thls is. especually true in the

- case of the chromlte rlch sarnples and is a reflectlon of the tendency for the Tulameen :

chromltestobeFe l‘lCh . .";' B - I ,' . ', ."
Cobalt is correlated best wnth MgO and T|O2 These correlatlons are taken as .
Thus an. examlnatnon of the data in Table 12 shows that the Tulameen Complex

does not devnate ‘from what would be expected of. a dlfferentlate\d ultramaflc mtrusuon in. -

v terms of lts whole rock chemlstry The chromlte r|ch samples from this complex show

. no strange behawor with respect to the elements hsted except for a tendency to be

enrlched in Fe and therefore elements that behave geochemlcally snmllar to Fe -
o E . ,\‘,“.. .

- Correlatlons among the noble metals

All correlatlons mvolvung the noble metals wuth correlatlon coefflcaents greater

k than +O 79 are glven in Table: 13. ‘These data can be sub dlwded mto two sets

-_correlatlons among the noble metals and correlatlons between the noble metals and other

ey

e of Pt and Pd ThlS relatlonshlp has also been documented by Naldrett and Cabru (1976)

elements As can be seen in Table 13, of the six noble metals quantlfled in thls study all

_but gold show sugnlflcant in- group correlatlons This would seem to lndlcate that goid

e

behaves very dlfferently from the PGE durlng the petrogenesus of Alaskan-typeQ o

o e— . . oLl
complexes ' o ,‘ a

Of the PGE the only correlatlon obtalned from the chromlte poor samples is that

F
#

i



Table 1 13 Best element by-element correlatlons for the noble metals obtalned for

Tulameen samples. Values for samples rich in chromite are given in italics. All elemental :

_.Os

Pt

MgO

" ALO,
.Sc "

o

Cr,0, _
Vo,
N0
_-‘.FeC.)v B

R
i
082
092
_'-o 84
o0&
. 0ss

0.81
L 0.91

. 0.81

0.91

- 0.99

091

om0
0.99

- and oxide data, except MnO and MgO have been Iog transformed _

0.86

084

g-o.'9_5
097

-0.95
__‘.0;9,3; -
095

- 0.87 .
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However, the obvious depletion-o'ﬁ Pd in the chrornlte-rich samples results inno . AT

: ,correlatlon of Pt wuth Pd in such samples Flgure 8 shows six PGE ratlos plotted for: a Y

number of types’ of Tulameen samples as welI as for some Sovret Alaskan type mtrusnons

: Flgure 8 glves a graphlcal representatlon of the dlfferences in the correlatron of some o o

PGE with- others Thus it can be seen that although Pt correlates well wnth Pd.(Pt/ (Pd+Pt))

in aIl Tulameen samples lacklng chromlte-rlch matenal the correlatlon is n|l in: chromlte rlch

samples This contradlcts the Sovnet data whuch mdlcate that Pd and Pt always posutlvely R

: _correlate wuth one another regardless of the chromlte content

“Inthe chromlte rich samples the best correlatlon is between Pt and Os Thls s

b

. .correlatnon is ssmllar ln the Sowet data for chromlte rlch rocks (Pt/ (Os+|r+Pt)) ln addltlon

o '1r correlates posntlvely wuth Os Wthh is. also demonstrated by the cons:stency of the .

__Pt/ (Os+lr+Pt) ratnos However the ir/ (Os+|rl ratlo mducates that Ir and Os are better

| correlated in the Tulameen Complex chromlte rlch rocks than in slmnlar Sovnet samples

Strong posltlve correlatlons are obtalned when Os Ir and Pt are correlated wuth

. :’Rh A comparnson of the Pt/(Rh+Os+|r+Pt) ratlos for chromlte rnch samples and those _

) with accessory chromrte mducates that thls ratlo is. sllghtly hlgher f or Tulameen samples

.

although the values |n the Sovret complexes are not that much lower than the Tulameen

e j_values ThIS mdncates that the Pt- Rh Os Rh and = Rh correlatlons are quute strong and

T

posltlve in Alaskan-type complexes . - s ." ;" " D R T .

ln terms of the overall correlatlons and PGE ratlos it IS obvuous that Pt domlnates "

in all ratlos except the Pt/ (Pd+Pt) In the Tulameen Complex the only exceptlon to thls is in f :

' the case of samples wrth accessory or no chromlte which contaln approxumately equal Pt ..

‘and Pd contents The PGE- PGE correlatlons glven in Table 13 show’ that Pt and Rh are the

most commonly correlated PGE, although all the PGE seem to posltlvely correlate wnth one

‘ another to some extent The obvnous exceptlons are. Pd and Ru wh|ch were not

~-quant|f|ed in the chromlte l‘lCh samples The observatlons glven in th:s sect|on appear to

‘lndlcate that in the Tulameen Complex where chromlte r|ch samples are concerned all the :
PGE except Pd and Ru behaved coherently durmg the dlfferentlatlon of the complex l
_ <the case of Ru, it may be that the Tulameen melt was depleted in thls metal aIthough |t
- ;must be: consndered that the hmxts of quantlflcatlon for Ru by the analytlcal method

. employed may be responS|ble for thls apparent depletlon For Pd the only possnble
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explanatlons appear to be that of elther a depleted meit or almost total partltlonmg of Pd
into later- stage dlfferentlates ' '
: PGE correlatlons with other ele'me‘n'ts
/ Of the six noble metals quantlfled only Rh Os and Ir show any s:gnlflcant
correlatlons wnth the non noble elements analyzed ln samples wuth accessory or no
b‘»chromlte the only s:gnlflcant correlatlon observed is that of Os wnth TlO2 Th|s is
| : probably due to the hlgh amolunts of Os quantlfled in the magnetlte rich samples WhICh
g v contaln the greatest Os contents of any of. the samples analyzed (except for the
' chromlte rich samples) lt is mterestlng that Os does not correlate well wnth FeO orV O,,
| whuch are both heavnly enrlched in the magnetlte l’lCh samples J N
: Strong negatlve correlatlons ex1st between. MgO and Rh, and between MgO and Ir |
: "‘ln the. chromlte rlch samples Thls is mterestung in that the other PGE do not show any
. correlatlon posntlve or negatlve wnth MgO m the same samples e

The only correlatlons wuth Os that are observed in the chromlte l’lCh samples are

e .wuth lVan and NiO. The posmve correlatlon wuth N|O |s notable as none of the other PGE :
o show a correlatlon wuth thns oxlde ‘The MnO correlatlon wuth Os is odd as Os does not - -

correlate wuth any of the other prlnc:pal components of chromlte

The only PGE to correlate posmvely wuth FeO are Rh and ir.. Thls is mterestlng as

© . the PGE have pronounced srderophlle tendencnes (Crocket 1981). Given that chromites i i
B 'Alaskan type complexes are Fe l’lCh and the fact that chromlte l’ICh samples contaln the

greatest PGE contents m these mtrusnons, we should expect all the PGE quantlfled in these .'

samples to show strong posntlve correlatlons with FeO Moreover ‘Rh and Ir-are the only
PGE that show. sngmflcant posltlve correlatlons wrth Al O,, Sc Cr,0;, and \Y% O5 |n R
" chromlte rich rocks These three oxldes and Sc were shown ina prevuous sectlon to be

' major correlatlons in the general' l:thochemlcal data lrldlum also correlates well wnth

It should be noted that no systematlc varlatlons in the whole rock chemlstry of the
' chromlte l’lCh samples relatlve io noble metal content were observed The amount of
chromlte in the sample appears to have some effect on the noble metal concentratlon

wnth hlgher noble metal contents recorded for samples very r|ch in chtfomlte However

-~

T

N
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firstly, Os may }lpartially partitioned between Ni- bearing phases and chromite during the

_ there is no systematic relationship between chromite content and noble metal content in

these samples as samples D‘l4 7 and H4- 2A both contain essentially 100 volume percent

chromite but have significantly different nobie metal contents (see Table 8). = e

A number of c_onclu5ions may be drawn on the basis of these lithochemicai

observations: Of the PGE, the only elements that show significant positive correlations

~ with the prinCipaI components of chromite in chromite rich samples are Rh and Ir. Thus
‘-there is obViously some petrogenetic relationship between chromite and these two,

felements Iridium abpears to be slightly better correlated With chromite than is Rh, as the

correlation coeffiCients for lr with Al O,, Cr,Oa, and V, O, are all higher than the

- corresponding Rh values Also Ir shows a substantial positive correlation with MnO and

TiO,, which are also enriched in the chromite-rich samples relative to dunite

Platinum shows no cogrrelation With any of the non- noble elements anaIyzed which

probably indicates that Pt does'not reSide in the chromite lattice This seems to contradict

1

the assomatuon of high Pt contents With chromite enrichments However this lack of -

'-correlation may reflect a preference for Pt to form discrete Pt-rich phases at the high

W

L temperatures present during chromite crystallization The apparent Pt-chromite

’ relationship would then be one of temperature rather than crystal~ chemical

Osmium in chromite rich rocks correlates well wyth MnO and NiO, and with TiO2 in '

samples cqntaining aceessory or no chromite This may be a reflection of two things

’ F.e and Ti- bearing rocks vduring the Iater stages of differentiation {7 -e during the

. crystallization of laornblende clinopyroxenite containing major amounts of magnetite)

There are a number of pCSSlble explan*ntuons as to why Pd and Ru were not
N

’quantified in any of the chromite-rich samples- these two elements do no partition into the -

- early differentiates the Tulameen Complex is depleted in terms of these elements in’

;chromite-rich rocks; or their absence isa function of the analytical technique employed

Given the very high abundances of the other PGE in.the samples’ rich in chromite it seems

~

)
unlikely that the analytical technique is solely at fault Also the fact that Pd was not

\!

. quantified in any of the dunite peridotite or serpentinized rocks cannot be dismissed

;Thus it appears that at Ieast in the case of Pd the physical chemical conditions assomated

=

0

: } L
early stages of differentiation Secondly Os appears to partition much more readily into .

* 1kt
s
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" which vre“moblllze

- immobility of»the.PGE during the alteratlon of these gabbroic rocks.

with the prlmutlve dnfferent:ates were unsuitable for this element to partltlon into the

crystalllne phase. Ruthenlum probably suffers from the comblned effects of hlgh

_ quantnfucatnon llmlts and a lower abundance in the rocks of the Tulameen Complex

it is obv:ous that Au is not appremably enriched in the chromite-rich rocks

compared with rocks contalnlng Ilttle or no chromlte.v In fact, the Au tontents of these'

R * ' ) . ) » ‘. . N ‘,. . . . ‘.
ghe same. Also since Au shows no sngmﬂcant correlatlon with

j d:p’ossibly ‘ih'troduced some Au, and upon deposition produced the

K observed anomalies ln add*txon the relat:ve oonsnstency in PGE contents between ‘
: sulfldb-rnch and sulflde poor gabbrolc rocks in thls mtrusmn can be taken as lndlcators of

velther the lneffectlveness of the mcorporatlon of the PGE mto eplgenet:c sulfldes or the :

B PGE in serpentmszed rocks

~Up to thls point the dumte/ perndotlte and serpentmlte/ serpentlmte*dumte have

: ‘ been consudered asa smgle rock type This has been done because the discussion has‘

@

. centered on the prnmary dlstrlbutlon of the noble metals However lt is obvnous from the‘ ~

data in Table 10 and anure 6. that there isa sugmfucant—;dlfference in the noble metal s

, contents of these two Ilthologucal groups and therefore warrants a separate dlscusslon

v

As is shown in Table 10 and Figure 8, the PGE are.in all cases enriched in .
serpentmlte/ serpentmlte dunite relative to dumte/ perldotlte In some mstances thlS 8
enrlchment is on the order of a factor of ten. Clearly elther the serpentinized rocks
contalned prlmary PGE contents hlgher than that of the dumtes and perldotltes,- or‘the PGE
have been concentrated in the serpentmlzed rocks durlng serpentmzatlon

Ecletrand (1975) has presented a model for the moblllzatuon and redeposmon of a

. number of alements durlng serpentmlzatlon and has also glven some mdlcatlon of the

oondltlons of serpentlmzatlon Accordlng to thls model durmg the onset of -

9

serpentmnzatlon when, ohvmeﬂééters to: serpentlne and magnetlte reducing condltlons

N predomlnate The opaque mmeral assemblages that develop under these condltlons are

ce
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Jow in sulfur As'the second stage proceeds whnch mvolves the alteration of serpentme

' to tale, ox(d(zmg condmons exlst Whlch result in sulfur l‘lCh opaque mineral assemblages

Many of Eckstrand s 1975) observatlons have been demonstrated experlmentally by

' Fl|lppldl$ (1982)

A Rucklldge (1972) and Rucklldge and Patterson (1977) have shown that large

~amounts of chlorme are lntroduced to the system durrng serpentmlzatlon mostly from the

country rocks Much of this’ chlorme appears to be taken up by serpentme mlnerals

although it seems that catlons in ollvme (such as Fe) form hydroxychlorldes and are taken .

' jlnto solution (Rucklldge and Patterson 1977) These hydroxychlonde phases are Iater

v redepos:ted as magnetlte W|th the release of water and HCI. The entire process is mntrated

' solutlon becomes alkalme near the reactuon front but solutlons behind the front become_

- kept in mlnd that condltlons at the reactlon front are such that pH s as hlgh as 12 may. be L

A ‘\encountered (Barnes and o’ Nelll 1969)

as acid solutlons attack ollvme As the reactlon contmues the pH xncreases ‘and the
L

‘more acndlc once agaln aIIowmg mlnerals such as magnetlte to be deposnted Mt must be -

>

Groves and Keays (1 979) have mdlcated that S Au and N| are redlstrlbuted durmg

- ',serpentmnzatlon but assume ‘the PGE to be |mmob||e under these condltlons Groves and

- thanin- thelr precursors They have also. shown that the Pd/lr ratlos are relatlvely constant'

o of these elements durlng alteratlon The Ni/Pd ratlos in serpentlmtes are Iower than in

,Keays (1979l have observed that the Nl/ S and NI/ Fe ratlos are hlgher in the altered rocks
between @ltered and- unaltered rocks Wthh they take as a sign of the lack of redlstrlbutlon, L
. dumtes and serpentmlzed dunltes mdlcatmg the addltlon of Nl to sulfldes in dunlte prlor to '

: serpentmlzatlon (Groves and Keays 1879). They reason that the Ni released from smcates

' _ durlng serpentlnlzatlon elther left the system enturely or was added to the- sulfldes in"

dunlte On the basis- of S/Pd ratlos wuth the assumptlon of Pd |mmoblllty Groves and :

o ’-';.Keays (1979) consuder that S is added durlng serpentm(zatlon wnth some As and S added :

durmg carbonatlzatnon

Fuchs and Rose (1974) have glven an Eh pH dlagram for the systems Pt- H O CI and

Pd H, o- CI- ' Thelr data at 250 C mdncate that the formatlon ‘and. tranSport of. Pt and Pd as.
-w

- chlorldes or hydrox(des is po/sslbf‘e wuth the formatlon of PtCI‘ -2 and PdCl. -2 occurrlng

belbw pH 7 If we assume that the stablllty fle|d$ for these chlondes and hydroxldes do’ -

‘;-w
L id e
S

\'

w
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Pt contents of@a\péga?(ples analyzed The chromlte rlch rocks are also the only materlals iR

| not shlft sngmfucantly wnth mcreasmg temperature then |t may be possnble to produce

vthese complexes at 350- 400° C.If thls is true, then the remoblllzatlon of’ the PGE may be

' serpentmlzmg fluuds the chlorldes or hydroxndes may be replaced by SU|fIdSS or

: 'hydroxvdes become sulfndes or arsenldes i T

. for these systems at*350 400° C so the foregomg dnscussmn is pure conjecture R ﬁ‘ N

pOSSlble durmg serpentlnlzatlon if the actuvuty of As and the S, increase in the

) .
arsemdes Alternatively, changes in the fO or pH may cause the noble metal complexes
to become unstable resultlng in the precupltatlon of the noble metals Whlch may later form
compounds with the. avallable chalcogens ' '

Another possnble explanatson IS that flrst the chlorldes form at low pH and as

B serpentlnlzatlon proceeds and the pH rises, the chlorldes are replaced by hydroxudes

_‘When fO2 mcreases (or pH' decreases) at the end of serpentlnuzatlon the noble metal

A

The author has not performed the calculatlons reqwred to draw the Eh pH dxagram L

Sat

However it appears from the noble metal dxstrlbutlon data that. somethmg has resulted in

an enrlchment of the PGE |n the. Tulameen serpentlnltes In addltlon the dlfferences in the :

' sulflde contents of the dunlte/perldotlte and serpentmlzed rocks must be consndered

: serpenltmlzed rocks contaln mlnor but wndely dlssemlnated amounts of sulfldes Also

. the fact that the Type 2 PGMs are dommated by sperryhte lPtAs,) may reflect the ,. > c

' Unaltered dunltlc rocks in. the Tulameen Complex contam very few sulfudes whereas

S

fremoblllzatlon of the PGE and theur subsequent deposmon as chalcogen compounds lt is ~T
felt by the author that a relatlvely 5|mple mechamsm of remoblhzatlon and enhanced RO

"_concentratlon of the PGE Ni; Fe As and S in the altered rocks asa result of

‘f‘serpentmlzatton may be a vnable explanatlon for the observed dlstrlbutlons SR BT

i “;C Petrogenetlc model for the: PGE

_jllthochemlcalfac_tors. suggest that thrs is not strictly the case. .

o\ -

Chromlte-rlch rocks in the Tulameen Complex contaln the greatest Rh lr Os and

“in which dlscrete PGMs wére observed Although these observatlons seem to lndlcate

that these four elements are petrogenetlcally related to chromute a number of
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. . !
) a:».,

Of the four PGE Ilsted above lthe»only ones that show substantlal correlatlons with
|  the major components of chromlte a’rse ,-l;h and ir, w»th Ir miore strongly correlated w:th
chromlte than is Rh Osmlum shows a mildly positive’ correlatuon wuth some of the
; prlncnpal components of chromlte but not as strongly as Rh and ir. Platnnum shows no-
* . 1 correlatlon with these components and Pd was not quantlfned in any of the chromlte rich i
"samples : '_ S . Sl l : _ IR
On the basis of these observatlons |t is felt that only Rh and Ir have: relatlvely strong ‘
’ /petrogenetlc relatlonshnps with chromxte wuth Os sjaownng a shght relatlonshrp Platlnum
appears to be most strongly governed by temperature 'so its association with -
_ chromlte rich samples is probably thermal rather than crystallochemucal Palladuum seems o
e .to preferentrally partltlon into the melt durnng the hvgh‘temperature stage when masswe
nodufg‘, or schlleren chromlte is. crystalllzmg S o :

‘i he observataons made wuth respect to the PGMs that occur in chromite- rich S e

. YN

R Sl
samples support these suggestlons The Type l and Type 2 PGMs show very dlfferent
B modes of occurrence and mlneralogy and thenr textures appear to reflect a temporal

e relatlonshup wuth chromnte In the case of Type 1 PGMs whrch are dommantly Pt-Fe =

: alloys it seems quite: llkely that these PGMs begln as- complex Pt-Fe or Pt Sb droplets in

'the é;nelt that adhere to the growth surfaces of crystalhznng chromltes As the. chromrte . q) k
e ,.,_,,grams contmue to crystalhze they surround the PGE-nch droplets whnch are’ shaped" by
o the chromltes to produce CUbIC shaped PGM mclusuons ThlS shaplng reflects attempts by
e the chromntes to mmlmnze thenr surface free energles _ ' ‘ '
| The Type 2 PGM whlch occur malnly as anhedral gralns of sperryhte ina ‘
e o e . 'xenomorphlc texture mterstmal to chromxte grams are commonly assocuated with
a' serpentlne and Fe N| sulfldes especnally pentlandlte They aQ never more than{ rtlally
c , : ‘enclosed by snngle chrom|te gra:ns and rarely are they in dlrect contact wuth chromlte i
o ‘ Two pOSSIble modes of genesns for the Tyme 2 PGMs are suégested “The first mode |s
_ | that of. PGE which are trapped as droplﬁs |n the Ilqwd mterstltlal to- chromlte possnbly in a
) ; » monosulflde solid solutlon (Mss) with Fe Ni, and S as mdepehdent PGE'I’ICh droplets or

- as metal rnch alloys (snmllar to the Cu-Fe-Nn aIons glven by Kuﬂerud et a/ 1969 and Crang
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e .

svm:larly to the Fe- Ni-S system Also, Berlincourt.et a/. (1 981) report that a number of

PGE Fe,Ni-S compounds have been synthestzed at temperatures well within thc}se
w,

consrdered relevant to the Fe N’ Ssystem Substitution of some, Cu and, Co mto Mss can
occur wuth llttle effect on the,phase relatlons in the Fe N| S system (Cralg and Kullerud
1969) Possubly the same ‘may be true for the PGE. Thus it appears highly: probable that :
, the PGE may be mcorporated lnto mmuscnble droplets cons:stlng of sulfldes alons or
| i, o Mss ‘at relatlvely hlgh temperatures From the textural evndenoe exhibited by some of the : : ‘ A
L Type 2 PGMs it Seems that the PGE Fe-Nl S may form Mss that exsolves seperate PGIVls . ‘L'; A
. ‘and Fe Nl sulfndes on coolmg In addltuon some PGE’ maybe mcorporated mto"Fe -Ni *“ .;"-"Y . / .

' - . D, . .w
SN ,-».;. 5ulf|des (Berluncourt et a/ 198 1). ‘Also perhaps due to |mm|sclblllty the PGE/alons are

v

not completely mcorporated mto Mss, bt t through some wettmg or adhesuve propertles i v

adhere to the surfaces of Mss resultlng in the oz'.served textures The |ack of Fe Sulfldes ’ ,’{f S

m assocnatlon w:th the Type 2 PGMs may re5ult from N| enruchment Qithe lquFd phase due o J

to the Iow sulfur pfteSsures in the ultramaflc melt” (Cralg and Kullerud 1969)

l

The second process by WhICh Type 2 PGMs may form is durlng serpentlmzatlon It - o
L_... ) . *ﬁ £ a’{ﬂ' Lo k2
3""{ _ " has been establlshed that the_,lnmal sulflde assemblages formed durmg serpentmlz SHoR’ are . -

% sulfur poor (Eckstraﬁfd 1l975) These sulfur poor sulfides may be formed at,the expense
. of prlmary sulfur-rlch sulfldes The. breakd0wn of the prlmary sulfldes andssnlucates couldﬂ}' R

o L oause any co‘htamed PGE to be released and perhaps dlssolved m the serpentlnnzmg flwds
.é‘ ; L ‘ . ) . . . LI N
o As serpentlmzatlon ends these PGE are redeposuted as d:screte PGMs Smce the = . n S

¢ 1

chromlte-rlch samples analyzed in thns study occur in dunltes that*g;e located away from P

' ‘ thef,mam area°s of ser;pg‘entmlzatlon the PGE have probably no‘t»‘be"en transported over large " | 'Q i}
dlstance,s In fact the d:stances lnvolved could be on the order of centlmeters or less : oo
“for all that»:s requrregd to form these PGMs is the remdﬁﬁzatuon of most of the PGE that S '

. ,,\._,:\ "

. 'contents of serpentlmzed rocks relatlve to unaltered dumte/ perlcldtlte mvthe Tulameén T AZ .

Complex is probably dlrectly observable te\ndence of thls remoblhzatlon ’ ",J‘ E T

'-" 2 .
o stnctly related to chromlte in petrogenetlc terms Type. 1 PGMs form at soméwhat hlgher ‘
- P

, temperatures than Type 2 for they form whlle chromnte is stlllcrystalllzlng ﬁ'he Type 2 - .. |

PGMs formi in the lnqund lnterstltlal_to chromlte after chromlte has essentlally stopped
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W

. crystaHthg and the temperature has decreased The reason for the apparent correlatlon
L

K tween chronﬁte ‘and the PGE ig probably due to strong temperature controls on the
/ . ' : T » o Z‘.)

s |n|t|al partltlomng of the PGE: ‘ L D ‘ .
Eh e T . .
As chrdmme fcﬂ‘ms ln.the rhelt |t begms to settle because of its greater densuty

e

Likewise, the P@E ru;h,and sdfﬁde droplets forme‘@vull have a tendency to settle.
e =1TE ol .

o . Hlems“fra (1 979) l'ﬁs s‘ﬁggested that the small siz€ o the PGMs and sulfldes in the
L ke ‘_::. ~ Mereniyk@eef and UG §Geef would caude. them to settle in the melt less rapldly than'the

- NS 2 .
I larb ¥ ‘Tw[oml’te’ grams He reasons ‘that they may have settled as composnte quulds of PGE
.~.' v rf\

‘/”,w and s'uthdes that were adhered to chromlte grams by a process he calls pepa settllng

e “Hrerhstra (19‘79) proposes “that these. composnte liquids are more likely to wet chromite

,b\f .
In addltlon to settllng as compos\lte droplets .'

g aJhered to chromnte the PGE ma“y~also settle as alloys of.Fe (Hlemstra 1979)\

rnlneraloglcal and textural data presented ln\‘thIS study combmed W|th the phase re

ion

data tend to suggest that pepa: settllng both as PGE droplets/ alloys and as coﬁpbsnte s ;

PGE sulflde droplets /\phases is a viable mechanlsm that can: be mvoked to explam much .
of. the rrch:pnmary concentratlon of the PGE in chromlte rich rocks in the Tulameen

Complex ' o oo R S

Hlemstra (1979) po:rtts out that@lthough many authors mcludmg Razun (1965) and

NN
-2

Naldrett and Cabr| (1976) have alluded to a more actnve role of chromlte ln the

R

concentratuon of the PGE there are no experlmental data that mdrcate the effncnency of ?““

B . such collectuon The quest«on arlses as’to*yvhat degree caﬁ the lsomorph0us substltutlon

' -j‘;; L B ~ ) ) . ,
SO of\ the PGE lnxfhe chromlte structure take place and how llkely are. such substltutﬁ\to PR C

l\,.
. .

. s . occhr? B {' - S e \ A e Lo n S o
A '._,;. . . B Y : . B o o . N
S The stroﬁ%osmve correlatlons between Rh Ir, and chromlte would seem to O L L

_ alndlcate that at least these tworPGE de SUbstltute lnto the‘chromlte structure The : R . . e
- llterature contams no clear eVldence to support such clalms although studles such as that | | h
& | of Grlmaldl and Schnepfe (1969) and Gl jbels etal. (1974) suggest that Ir-and Rhdo

: e occupy sntes w:thlrl’theuchromlte Iattlce Grlmaldl and Schnepfe (1969) argue that Rh v

..;; ES RS occq{g entlre[y wi’dmn and Pd totally outsnde the chromlte lattlce \:Lllth Pt dlstrlbuted both
o B and out of the chrqgntes Gi Jbels et al. (1 974) suggest that chromlte can effectlvety

R : concentrate Ru Os and Ir in its Iattlce but expels up to 25 percent of these PGE durmg

v .
, s ) i . . o e . . . -"‘ v,

1 -
- . . . " . . ‘-‘ Vo
. . ) . LA

N . . I B N . , A R
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_ cooling' (as in the Type 3'PGMs) Unfortunately the Type 3 PGMs observed in thrs s udy '

were too small and few to allow the author to use mlcroprobe analyses to‘vglrlf’ '
- mlneralogy of these phas» - o e o , _

The methods of analysis employed must be consldered when dlSCU E%ls of the
| PGE in chromlte are presented Both the. studnes mentloned above utlllzed fusions to

break down chromlte grams and their conclusnons are based on the apparent amounts of .

PGE contained in chromlte ve' us‘ PGE out5|de chromlte These technlques do not allow “‘ . _- B
' for the dlfferentlatlon between PGE contanned as mcluslons and PGE occUpy:ng lattlce S
posmons tis: hlghly probable that the PGE may be present as mmute PGM mclusnons - -

& ‘(Page ‘1971) Thus itiis felt by the author that although Rh and dr may substltute for Cr in

: chromlte lt is most Ilkely that the amount of these elements (and the other Pﬁjl contamed - - B \\
“in chromvte Q’CICG posltlons is small relative to the PGE contalned as PGM mclusnons in o \
chromlte _ . - . S n J 9

vl .ol

- The llterature contalns confllctlng evndence as to the llkellhood of PGE S R e
: lncorporatlon into slllcate Iattlces As wuth chromlte the author belleves that the. PGE are
. malnly present in smcates such as ohvnne as mlnute mclusnons

In terms of general llthologlcal relatlonﬁé%s Pt, lr and Rh strongly partltlon lnto

“the mest maflc dlfferentlates Osmium partltlons mto these phaseé?‘as well but appears to
gt

'W:partmon equally as’ well into magnetlte rlch hornblendeblmopyroxe# te.” Osmium also o

H

S presents a problem because it'was not quahtlfled in any of the dunlte/ perldotlte samples
but was quantlfled in serpentmlzed rocks Thxs may bean lndlcator of relatlvely hugher T
‘ moblllty of Os. durmg serpentmlzatlon compared WJth the other PG{ lf thls |s the case

A?:« o ey

: the Os quantlfled in-the serpentlnlzed rocks may be the result of enrlchments that are
Pelatuvedy small but great enough to allow th|s element to be accurately analyzed in these

rocks Palladlum appears to partmon only |ﬁto the late- stage dlfferentlates (hornblende
v

cllnopyroxenltes and gabb‘ros) Perhaps thls is an mdlcator of a very pronounced

Q

, s:derophlle tendency oi‘ it may be that Pd prefers rocks wnth hlgher sullca and llght element :

contents Alternatlvely Pd may have 1. very strong temperature dependence in the ’
Tulameen,Complex resultmg in greater partltlomng of thls element into lower :

8 - . - . » .;-' L . . ‘L oo .
V temperature less maflc phases o v P IR q

-
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‘of therocks. : = . ' .

The only PGE not observed to occur in all the major Tulameen Ilthologles are Pd
' and Os In addition, the gabbronc rocks contam the lowest PGE contents, with the o
exceptnon of Pd. Thisis taken as an mdncatlon of two thlngs fnrstly Pd and Os appear to .
.be’ much more sensitive to dlfferences in temperature and melt chemustry compared with

Rh, Ir, and Pt; and secondly Rh,Ir, Pt and Os all share snmllar temperature/chemlstry

requurements as they show a substantlal decrease wnth decreasung rnaﬁc characterastlcs ' o

i . : e o 8 ';, P

"
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. VI CONCLUSIONS

 The PGE are dlstrtbuted roughly accordlng to the degree of dlfferentlatlon in the Tulameen E

Complex with the highest PGE contents in dunltlc rocks and the lowest in gabbrotc l'd‘i‘.Ks
The major exceptlon to this trend is Pd, WhICh appears to be strongly partitioned into
hornblende cllnopyroxenlte and gabbrouc rocks Also Os shows a complex behavnor
partmonlng into early dlfferentlates lI'lCh in chromlte and lnto hornblende chnopyroxenlte
oduT:;* or schlleren chromlte contaln the greatest

concentratuons of the PGE, except Pd The assocnatlon W|th chromlte is taken asan

Rocks contalnlng massnv@ )

mdlcator of a strong temperature control on the partltlonlng of the PGE not as ewdence .

of crystallochemlcal relatuonshlps Thls is not to say that there are no such relatlonshlps

 but rather that if they do exlst thelr slgnlflcance is dwarfed by-the role of- temperature.

‘ The PGE occur in three dlstlnct modes in samples rlch in chromlte The flrst*’ here -

ca’led Type 1 PGMs, are present malnly as Pt- Fe alloy mclusnons wnthln chromite gralns
These mclusnons have CUblC outlmes lndlcatlng that they were entrapped as llqulds whlle v
k chﬁ%mlte was still crystalllzmg The chromlte gralns "shaped" these mclusnons in CUblC '
- forms. to mlmmlze thelr surface free energles (m the same way that negatlve crystal fluud
' lnclusnons form) The. second occurrence Type 2 PGMs consist malnly o‘f sperryllte
mterstmal to chromlte gralns These PGMs are often assocuated w:th Fe Ni sulfldes

espec:ally pentlandlte and serpentme The PGE in thls case. are assumed to have been

orlglnally deposnted as complex sulflde droplets aIons and possibly Mss and as PGE

and Fe-Ni sulfldes “which probably contalned some PGE Many of the PGE sul des and
alloys perhaps adhered to Fe- N|—S pha’ses such as: Mss ~and produced the observed
W

‘ sulfldes we ré;éased transported in solutlon and redeposnted as d15crete PGMs in

& as%cnatlon wuth Sﬂ'dandary (Or laté)}sulfur rlch sulfldes The third occurrence is noted as

S‘i’:’textures or\ oozlgng ‘Durlng serpentlmzatlon the PGE contamed in slhcates and sulfur I'ICh ’

v

g

e

mcluslohs in silicates. Sbme PGE Fe N| sulfldes exsolved from an Mss lnto dlscrete PGMs o

2 L

Type 3 PGMs Wthh appear’tq’ﬁ'lave been exsolved from chromite durlng coohng These P

PGMs may hav&been‘bﬁlgl'ially deposuted in: chromlte lattice posutlons and in fact some -

PGE may still be present in- those lattlces .

’ & | All three types of PGMs occur in mlcroscoplcally vns:ble (and presumably smaller)
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contemporaneous and Type 2 are sllghtly Iater The model for the concentratlon of the .

. chromite gralns

'mclusnons in svllcates and oxudes and in complex Fe Ni sulflde mlxtures or aIloys Durmg

i tPGE by chromlte@ssumes that the PGE are more likely to adhere as droplets to growmg

chromlte grams than to silicates. The PGE are probably. first present as PGE- rlch droplets
alloys and perhaps Mss, which are swept out of the melt and concentrated by setthng

RN . . o N

The PGE in rocks with ; accessory or no chromlte were probably deposlted as L s . o

serpentmlzatlon much of the PGE heId in these mlnerals espemally snllcates and sulfur l’lCh

sulfldes were released and transported asﬁydroxnde or chlorlde complexes Thls

4

. remobullzatlon appears to be able to cause s:gmflcant enrvchments of the PGE and sulfldes

in the serpentlmzed rocks The PGE were probably redeposnted as mlnute dlscrete PGE

sulfldes and other chalcogen compounds The requlred chalcogens are assumed to be

dt

' mamly supplled from the country rocks by the serpentlmzmg fluids.

g relatlvely hlgh limits of quantnflcatlon for '

No Ru was quantified in the Tulameen Complex ThlS is probably‘a functlon of the

- . . : [ . S

i t’he analytlcal technlques used

~(1086. 7+99 4 and 91 1£40.5- ppb) and may ifﬂﬁso be due to a relatlve depletweh“m Flu m the \

o occur in falrly close proxnmlty fo one another The Alaskan-type complexes nearest the .

e

' terms of startmg maternals This may- account for some of the observed dlfferences and

dlscrepancnes between the Tulameen PGE data and sumllar data’ from other Alaskan-type

. Tulameen magma Geochemlcally in terms of maJor minor, and trade elements the o

: complexes In addltlon the dlfferent analytlcal technlques used by the author and other

Tulameen Complex lﬁ not partlcularly pecuhar However the Tulameen Complex IS

. dlfferent compared wnth other Alaskan-type mtrusconstn that most Alaskan-type

complexes are much smaller than the Tulameen Complex and these mtrus:ons usually

-

Lowy T

Tulameen Complex are on the order of 750 to 800 km away, in north central and

; northwestern Bl’ltlsh Columbna Perhaps these two observatnons lndncate that the genesls 5& -

of the Tulameen magma was sllghtly dlfferent from the other AIaskan-type complexes in Lo

PrN
J

, 2

,_,_ 5

o reseérchers could play an |mportant role.in producnng the observed variations. - \

ln splte of the obvnous dlfferences between the PGE characterlstlcs of the ‘ Afﬁ

: Tulameen Complex and those of other Alaskan-type complexes in general terms the PGE

. concemtratlons and dlstrsbutlons are not all that dlfferent -The, baslc Ilthologrcal patterns

IR

e,



f 'y

wnth the data publnshed for other Alaskan-type complexes

There is-a defmlte need for more detalled stud:es of thls type to enable us to

compare and understand the PGE data in the Alaskan type complexes better Thlsistudy
"'sufferf/malnly from a deflcnency of samples analyzed from all the llthologles except the
dumte/ perldotlte and serpentlmte/ serpentmlte dunlte K:le) there is stlll more work that can "
| .be done’ w1th the PGE in the Tulameen Complex Only through analyses of the PGE in many ”_ ‘. . | )
' dofferent Alaskan type complexes by proven analytncal technlques combmed WIth e
experlmental data concermng the role of sulucate oxnde.\ and sulflde mlnerals in the genesns o

" of PGE depos:ts can we hope to begm to understand fully the nature of the PGE in thls

v

: ‘type of ultramaflc mtrusuon Such mformatnon shoul& result in- practlcal appl:catlons as .

théJ\IaSkan-type complexes'ycgontaln petentsally economlc cé}}‘\centratrons of the PGE

B : 2 HE e
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, Vlll -»—APPENDIX H NICKEL SULFIDE FIREPASSAY TECHNICL’E

Descrlptlon of the mckel sulflde flre "assay preconcentratlon techmque including

step by step lnstructlons and a dlscussmn of |ts appllcablllty

LA Reagents and materials = . -

P

o ‘/" %

-

TWe followmg is a'list of the reagents and hardware requnred for the nnckel sulfide

.Vflre-assay preconcentrat:on procedure as used in thl&tudy : : ‘ ’_ ‘/\l

Fused, ground sodium borate (Fisher, s- 252) b ) L g - ’
Calcined, dry, purified sodium carbonate (Fisher, S-261) ’ LT
Silica floated-powder, 240 mesh (Fisher, 8‘153) :
Sublimed sulfur (Fisher, S-591)

" Nickel’ carbonyl powder (INCO Metals Co. Ltd., Nlckel Powder type 123)

30 gram assay cru {bles (Canlab 8522 30Cl o o
12 M HC! (Fisher, A*144) - : e

" ‘Nitrocellulose membrane fllters 47 mm, 5 micron porosrty (Schlelcher and Schuell AE98)

* 800.ml beakers -

‘hot plates -

watch’ glasses to cover 800 mi beakers

panbalance - : . ' _/
analytical balance S : o
~ separatory funnels (at least: 250 ml) S B L e
_ring stand and rihg to hold- separatory funnels : K ’ L ‘ S '
buchner funnels MS m#n is:the size closest to that of the membra}te fllt\ers that.can be NS W,
" obtained: the membranes must be cut down‘to the S|ze of the funnel to’ be of any (IR
‘ - use) - RN , . o
filter flasks and dlaphragms , v o - e T o e
spoonula... - . AR R s S Pt
weighing papers = - : ' 43 " ' '
" muffle furnace capable. of holding at least onhe, assay crucnbleﬂet g,tume and able to maintain

= . stainless steel swung mlll
= distilled water = "
-4 mil polyethylene sheet ‘
.. hammer ortrow bar to smash cruc;bles

' asbestos mnttens : 3y

- 1000°C for extended perlods (a Thermolyge 1400 was used in. thls study WItmvery
.good resuilts) - _ LA . .

unglazed porcelain tiles

carbide scriber

L ey .

safety glasses or: goggles . e C SR : w
long (approximately 0.5 m) furnace tongs e '@_-_

-._.There are two ponnts to bear in, mmd when ordermg nuckel and rg,embrane fllters’ the INCO o

7V5n|ckel is'a very pure nlckel powder and requ:res no roas@lng or other treatment before :

' "BXCBSSIVG actlwty during a'ctlvatlon and mcreases the background Wthh ralses the

:use Whatman cellulose nltrate membrane fllters were found to be unsurtable for the ’

J’a

v
S "»analyses as they contam gold and hlgh concentratlons of bromlne Bromnne produces g o
o ' ? ,i ’

£

N detectlon limits of the PGE durlng countmg Thus the membrane fllters chosen should be o

. i
analyzed by the. researcher to ensure that they are low in bromlne and contam no no%

1

A
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; 1‘ ) ) - ~ "‘" “. C "_. \'.- ‘ i“-'»':'_, . ) : ':-, 7 J :
v\ﬁ)ﬂ.v . B B ‘Y - . - . ) . . . ' ' . ,"\
, B Fusnou procedure CeET - ' T e ke o
YLUtow LT ; T se P L Jxr‘/ E
. . The fus:on procedure is: based 'on the work of Robeﬁr% et a/ (1971 1975) Hoffman A .
o (f9’78) and Hoffman etal.. (1978) It should be.emphasuéy.hat tpe'fysmn procedure _ - {
’ A ‘ e
gNen |n th|s appendlx does not adequate/y fuse samp/es rich.in chrom/te Samples with
T
greater than approxumately 20 volume percent chromute r‘nust be treated in the manner .
outllned ln Appendu( Il Rober‘t et a/ (1971 1975) glVe procedures“whlch they clalm ,
S’ allow this fusnon technlque to p‘r‘operly fuse chromlte rlch samples but it is the present '
" 4 o S author s exper/ence that the/r method does not work v L ,' RS : . et T
; o The procedure is as folld\rvs Approxlm%tely 25 gram: of ;ock powder are e

. ;‘ o
. we;ghed and placed in a clean crucnble ThlS rs done tyv»' ) glve a total sample of

A e & s g )
: ~approx|mately 50 grams Usnng a pan balance the'reagents are ,,‘elghed |ntc the cruc:bles R SIER
e in; the follo\’mng amounts~ T °ﬁ'~-,j, ¢
g ‘ BRI CR) . -
B e 169n|ckelpqwder f L'-.T;,«,'. e TR T e e . .
v e 7-. 45 g sodium boraté. - A T S N
ST o ° 0 22.5.g sodium carbonate q D T R S SN

) : .-;.»f ' 10gsul|ca\""\,.;'. R 2 - S dlea e T

PO Th1s is the basnc mnxture fhat seéms to wqu best for the majorlty of geologlcal samples

If samples wrth more su?ur than the ty sulf;dbe-poor uItramafuc rock are being
assayed the amount of sulfur added to the sample must‘he redﬁced For most ultramaflc o '

(S

rocks with above average sulfide contents (/ e wnth vnslble sulfldes) a reductnon in the. SR o

added sulfur tc 5. 75 to 6.0 grams should %e suf iciant. - S g
i . \“ PR NN .
_p;a spoonula b mg careful to avond B T

.4'

The reagents are mlxed in the crucubles usi

Ca e

cruclbles w/rthaspoonula to br themup e : : :' S o
. . After the reagents are thorou ly mlxed an unglazed porcelaln t:le IS ' 3 ov S o e

.

each of the crucnbles If the tlles jtoo wnde for the furnace they can be cut by scrlbmg
and tapplng The tile cbver-s aT@mportant as th?y prevent spattermg of thé flux onto the

SN L
ellmg of the furnace " If this spatterlng JS not prevented the furnace elements w1|| burn T i

e . .. . . " . Lo

4 : T R B - . . : : U S Y.
. B % o o R . A RO . . CER
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‘;, — rel'nove the excess slag is to scrape it off the button wrth clean spatula dr similar- ob j e
S - One must be careful not to damage the button durm_g thls pl:ocedure S s e S

.

and is the@'emoved to cool Upon removal from the furnace the porcelaln tlle must be

— &
. The crucnbler pla‘c’?ed ona (:lean pnece o

“o ‘ "' g",ﬁ

i caus‘és of mcognplete or poor fusron mclude the followmg ”

f\ Vi >!A b il

T t33<en off the' crucuble 1 this is not done themelt wullﬂqpt convect properly whlch will- s
1 {% in mcomplete collectlon of the nlqkel sulf:de i‘_,_

A.fter the crucnble has &ooled for\ at least one hour the button may be’removed o "’9

- w\t,_‘; s

'ﬁ v »*,':1:‘ [

ﬂ

"‘..fn
paper and'i IS gehtly tapped along |ts sxde, 'Qea.f&%, ey

pom?}for“lf the, cruclwlgle is hxt too sharply or lf t% : ; r

the button can be damegedoor destroy ',

does break awayifrom the rest of th»

S : B '7 ‘-. :

tO recover It

Occas:onally the button ill not be, entlrely free of s fter lthas been released LA
”35 L)

9n the order of less than‘ one,thlrd the arlea of;

‘a ¥ 'q. . = .

the button lt gan-»be dlsregarded ft ,er the amountof slag is emo’égh to cover‘one

tbnrd or more of, the botton it: muS&?b".a

B durmg the dnssolutlon stagg Wthh w;ll clgg the membrane fnlter Th@mplest way to ”\

. E After the button has been released from the crucuble q\d any excess slag

A a’ \ . o el

: removed the brokenblts_ of cruc:ble an\d slag’ are dlscaned .The.bua'oms vvelghed and 'f":l', 2R

¢
1A

buttons should welgh between 20 and 21 grame If tl.ey do not the sample may not have

-

fused properly oF else all of t'he nsckel sulflde dld not co,l‘ect Usually thls mducates too

L much sulfur and another fus:on must be performed wft% another allquot of the same 4_ ". Sp

-

A but’m’ l‘ﬁers on release from the crucnble mdlcates that
o J@ Jtoo muc’h'sulfur has been added :

v T

L

__;.g-- |m|ng of the fusion. beglns The sample is aIIowed to fuse for 1.25° hours e

ﬁved lf it |%not removed lt wnll create a gel a &;';p_ B

~ & ol
basp, Gare must be:efé?crsed at thls TERE % o

e welght recorded If the mlxture quoted atﬁ‘ue begmnmg of thls sﬁctlon is used the . ‘ c

N

»;, ?"iture“ wrll drep*g‘few hundred degrees—and When the" furnaCe |s‘a“g‘a|n up o ‘?'“___r“‘*'ii‘



o 2 Buttons that are marcasute colored are usually mdlcatlve of too

A o mucha@dedsulfur PR o
o 'a. B .

S S L

. s "-3. Powder around the button |nd|cates mcomplete fusuo At first, -

T Y R N

. T ; I a

- R Coit is difficult to determine whether the’ powder obse red is thg - u

» ) result of mcomplete fusion or has been produced by criashing -
P 5 of tge slag and crumble durlng removal of the button
RETEEN . :‘ ::’v. - A . . . . . S .

Lo ~4r¢'-Areas in the»slag tgaip’pear white or chalky green lndlcate that e
i A r, “.some of the borate or oarbonate was not completely crushed BT

--,befOre fusnon : 5 ‘ o o _ :

. . . N ! N

&
E R Lo . o Sen

',-su ide suspended in the slag s
) f the sdlﬂde mto the button AL

S e ) P , L
' o @ N %’:ﬁﬁ,. R

. B ples wuth large amounts of chrorﬁﬁe are’ assayed AP LT

N omple‘te fﬁc onof the chromrte may result. In general’ if - IREDTETRN.
L, . -there are refractody mlnerals ihthe: ‘sample that. hava’?tot P B S
;7 fused: they will precipitate, along with the N|S°durmg coolmg R
":: and will f¢ §o+ a blarket aboxeshe button.  Often; thiswill' s e
“result in'drall droplets of NiS'being-caught by thi§blanketof . & |, .
: material, s¢ that in addition to mcor?ﬁte fusnon of the sample A i
L ,y‘ "ltthere IS also°|ncomplete collectuon . _ B 7 CLU

SETR i JRETOY BN
R 7 The typlcal slag |s°dark green to dark brown lnqgolor and shoulgs;
S "show.signs of convectioh when the crucible'is opened. If R

S v sl g is_a strange color, or if there.is no:: sigR of donvectlon the , c SRR
. : L e sample may nOt bﬁ;roe K 'fUSBd B AR e ".--,- T ' ‘. P a . T A :

v ’ 'h-m ) . : , + . ‘o

ln general rf any of the above observatlons are made,,.lt is best 1g ¢ dlscard the button and

.

produce another fromthat sample e e e ‘; ':.:_- : S

P . ._ ‘ . B _.“,'. . 'i“ﬁ. - . L B - . : ~, ’ 7.'~ : . . } BN R
C. Crushing, dissdlution, and filtration of th'e‘button's T e SRR v

e Crushlng ' L e - . e - Ve
. . e " : L . ’ ’

. ~T

After two satlsfactory buttons have been produced from a sample the next step is - o .

-

T '. o to crush and dlssolve them Each button from a- sample lS crushed dlssolved and flltered

«

lndependently of the other button from that sample v s .
A stamless steel swmg mlll of T4 cm msnde dlameter wlth a rmg of 12 cm outsrde e ’

dnameter and a puck of 7 5 cm dlameter was used for the crushlng of the buttons.

Tungsten carblde swnng mills. contrubute too much tungsten to the sample Wthh doesnot - R
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dlssclve in the HCI. Tungsten actlvat durlng neutron lrraduatlon and due to the e

2

y
i
IR

C -SLOWPOKE fac\llty Count’soj 1000 seconds were made on three dlfferent test blanks

" jmsrsase- in- background durlng 'c“oun s

: A',‘,crushlngs should Iook llke a flne gray dust wuth I|ttle or no glossy materlal remau;/hg It |sa )

| '.not’w15e to crush any longer than specuﬁ?d as the NIS |s suffucxently malleab}e 3

' ,i 4 and drled W|th compressed air. g

A

only major elemental cohtrlbutlon fro ., : taunless steel swnng mill used in this study lS

’ -

. chrom:um WhICh presents no sugnlflcant problem*s durmg NAA L
' ; One complete unbroken button is placed in the mlll between the. puc%and the r|ng
' Thle :rnvll is turned on for ten seconds off, and then on and off for a'series c{f\four |

.crushes of flve seconds duratlon each lt is advnsable to check the contents o he:,’(nill . R ',

P ,

' between five: second crushlngs to see |f the crushlng is complete When flnlshed‘lthe ' o £

o,‘ *

]smear onﬂﬁ'& o

hlS crushmg procedure may nbt be "R

.

parts of the m|II resultlng in- ggnlflcargt loss

appllcable to other swmg ml“S.« ,,', T ” et e ‘?. T, iy -
- -.3‘,., co . . . . R S . g R

o h',: After the matersal is comp}etely crushed each«plece qf the mlllss carefully brushed

X clean 'onto a clean: sheet of papel‘," The crushlngs are transferred to a'clean-800 ml ) §
; nk) g e

beaker rea@y fo dlssolutlon The swmg mill is cleaned usnng thPee loads of

After the three Ioads of sand have been crushed the mlll is washed wuth detergent water,

- s . R i g

PO o ; . con - ¢ o -

" The® cleaning procedure was tested by radlotracer tests Buttons splked wnth mIr }»\, -

produced in tr(e SLOWPOKE reactor were: prepared' along wuth blank buttons One of '
‘ the splked buttons was crushed the mlll cleaned and then one ofthe blanks crushe\d The 3 g
: , S §
crushlngs frpm both buttons were transferred toa medlum srzed |rrad|at|on vnar : e

(approxumately 7 mi)” Thls,slze v:al fits neatly m‘to the well of a 3" 3“ Nal detector at the .‘ . }f L

R o R - ‘ e J{i%}%

"and -No’ mlr actrvutyﬁwas observed oy \; R (AT EEPERO S SOV NS

e The actlvnty in. the splked buttons was measured before and after crushmg b)f v"\;f‘ e

- 1 000 second counts on the Nal detector The splked buttons were flrst crushed to less -

than approxnmately 0.5.cm wnth a platner mortar and placed in‘a: medlum lrradlatlon vral - % , :

v

vThe act:vnty of the button vyas recorded over a 1000 second count and then the button

was crushed in the swmg mlll The crus)lmgs were. agaln Qlaced in - nedlum xrradlatlon vial.
. ,70. ". o - . .)41

.
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, ‘and were counted a second tll"ne A comparlson of the counts over 1000 seconds

s

befoceand after. crushlng in. the 5wmg mlll nndncated that no- detectable change in the

= activity had occurred Thls was taken to |nd|cate that the losses due to, smearmg and

lncomplete recovery of the crushmgs are neglnglble when care is taken in this procedure R oy
‘ ’b O The above method ok determlnlng losges through crushing i 1s preferable to o I

elghlng the button before and after crushmg as the swmg mill often contnbutes a sn‘xall K .

>'..<

W
%mount of steel to the crushln%;; In most mstances it was found that the crushlngs

b

'.L,"l
oy welghed more than the orlglnal button Thus the we:ght method does hot glve a tr:}'e
. .indication of the losses through crushlng VR S . :
S ._Dlssolutlon of. the buttons R — L s e o
TR . 'u A ‘ : E :
it Lo The crushed button |h tge »800 ml beaker is. ready for dlssolutnon 450 ml of -
kY e R R . . .
‘--'-'?'-. el concentrated (lQ'MglCl are a%d tq,}he beaker and crushlngs and the beaker oV
‘ ‘ ‘ t}‘;, w:th ] Watch glass The beaker is therﬁlaced or'a hot pfate set below the bov i RS
o T o cr
HCl. Thlsgtust be the settlng for the flrst flfteen mmutes or losses dué to effer escet‘lce -
" will occur After flfteen mlnutes the hot plate is turned'up 10 |ts max:mum settmg s .
Dlssoletlon generally takes two to four hours a'hd requures the addltlon of HCl as™
. & \
evaporatlon o’ocurs Dlssolutlon @j:ompfete when the bubbllng of the solution i is very
» sIow At thls pomt the solution should be a dark,,clear greeﬁcolor wuth}ryﬂlttle if : any ) ",‘ )
Lo, T oo
‘ %W dark maternal on the Bottom of the’ beaker The solutlon is allowed to oool for about flve
. : ' 'ﬂ ;\ : . 4
. : mlnutes in air, and |?then gvven a wa'ter bath to hasten coohné ' e Sy 2
I "

o c ‘ T
Durlng dlssolutlon% is lmportant to ensure that the volurﬁ‘e of HCl never falls below ’ ¢

L an

about 150 mI if. th:s occurs, the sulfur m solutlon wnll precrpltate out‘ and is very dlffchlt :

o . to get back mto solutron “This if turn causes. blockage of the pores |n the membrane ﬁlter :

durmg flltratlon Another Amportant pomt tgbear in mlnd is that there should always be

RNe ~'“° ‘?/ &%ﬁnd elémental‘sulfnr_;mwatey able in the beaker durmg dlssolutlon Sulfur is :

f

e S T usually observed as a yellow rlnd depos:ted‘ at the lnterface of the beaker and watch glass
' and H, S lS easny detected by smell “An. excess of sulfur acts asa buffer preventmg the ‘ S - . .. -
noble metal sulfldes from becomlng soluble chlorldes whlch would be Iost durlpg - |
fnltratnon Also .one must be careful not to allow the SOlUthﬂ to "bump" durmg dussolutlon -

‘_ asan explosnon can result from superheated solutlons o ?‘, RN i’l' :

‘.

.
.

IS



I"* \:Filtretion of the solutions : ’ 4@ o "
P . After the solug n_has_been. allowedio’coot to. room temperature itiis. pouredtnto- W
5 S .. a separatory funnel, aé ‘the walls of the beaker'washed down twice W|t Gd, % ,
' | ‘concentrated HCl These washlngs are added to the solutlon in the sepa‘ra’tk'oqry funnel ) ':‘"""
After the two Washlngs the beaker is held above the separqttory fun@el and the bot‘ton# A%
)

and sides washed mto the separatory funnel agaln wnth colQ &hcentrated HCl Thrs |s RN

2

‘

'?.:‘

R

v also repeated twnce

Iti is almost lmpOSSlble to purchaset,small buchher funnels that are tH‘e same suzeaas

v v
,1,,, B

the memt;r ne fllters avallable on t@market i hns 2, fllter cutter,fashnoned out of*" ‘ : " STy

, .

‘@amless steeT was’ used}b hlgh when tappedgagamst thebrlttle fllter cut lt to the 43 mm
) RS e

| dlameter of the“buchner guhnels The cut. fxlter ls placed"ln a dlap'ntagm supported ‘
S buchner funrtpl on a h
R &"“ - RN < 3 W

; “j concentraté‘d HCI o

. - R R

i ter flask The vacuum xs t@rnedt on the fllter washed w1th cold

‘ stopcock omthe separator :jfunnel slowly opened~ Itis w KL
' Y KA ‘ A

ﬂi_ggﬁfrom’the fu_nnel is at a rate slow enough

occur |f the fllterndoes not flt snugly in the buchner ‘ :-?: R m :

When the separatory funnel is empty it-is washed down twnce Wwith cold . e ey

concentrated HCt. A wash bottle (nalgene) works best for- washlng down the separatory

funnel and beakers After the two. HCl washlngs ha\?e flltered the funnel is agam washed %~ h

thls t:me wnth dlstllled water. The water wash is repeated three tlmes makmg sure that all - B
., . _‘ “the. sldes of the separatory f’t"mnel are rmsed thoroughly After the water washes haye e

flltered the edges of the fllter are carefully washed wuth tjlstllled,water ,Ihls step takes a:

&
blt of practlce as too much water wull result in lost materl) sunce the flne colloudal ,
Joe . Sl e e
T resudue on the fllter is extremely surface a&tlve The rmsu'lg wrth the wash bottle lS IR

. c

RO complete when no traces offnlckel chlorlde solutlon or HCl can be detecfed ‘oh: the fllter

S
500 mI of dlstllled water through the seperatory

_-;~The next step Jnvolves pass
- Y
t‘unnel and through the fllter : ThlS makes falrly certa;n that as. llttle chlorlne or nlckel v

. . o remaln on the filter as possnble These two elements are ma;or contrlbutors to the T - R

K bacmrou!gd actlv:ty durlng NAA e lt is desnrable to ensure that as Ilttle as possnble is-
ﬁw‘. o » o ) . . o - K
mcluded for anaIysns . ' = ;_ L __..“ '~;", ,‘_ - “; L,




AP The fllters are allowed to dry in the buchner funnels under covers to’ prevent dust )
oy o

frompossx@ly contammatmg thesamples When dry, the-two. ﬁlters from-each- samp

2 "“ are carefully unloaded from the buchners us:ng forceps and a spatula The two fulters are
. ; W ‘ -
: stacked one’ gn top of‘the other and are placed together ina polyethylene envelope The ’
. . (i X S
SRR D author made these envelopes by cuttmg}l gml polygthylene sheet into strlps of.

AR .,‘
“ ‘ﬁ: ; lO cm x5 cm foldlnggthe strlps lengthwnse and heat@sealmg the two sides. Thls leaves
' | _».the top open to perrmt the fllter, pape,rs It should be thed that the plastlc strlps had been

develdpment and

S Analytlcgl blank’determlnatlons were, made thrp':
L™ e ';‘ T

C ok

showed no detectable contamlnants ln any of the reagehts, or,ln the crigh
:u:qw L PR I : i -

L " or handllng of the samples and buttOns : %/_' -

e "9‘{’:-

two types of membrane tllter \ er‘% analyzed Whatman membrane fllters of - A
, P . .
-A-nltrocellulose not only contaln sngnlflcant quantltles of bromlne but also contain detectable .

" amounts of gold The Schlelcher and Schuell membrane fllters used for this study contam

: ‘i
\ for lrradlatlon was also analyzed and no noble metals were detected

B .
o
. : . .- . .
-~ . . Ehd : '

.

low levels of brommgand no detectable noble metals f%_e, of. tl:;e,polyethylene envelopes

\
e

" L . . L Q-

E Samples not su:table for treatment by’ the nlckel sulflde procedure N i

" Lo Durlng the analysns of Tulameen samples several rock and ore standards were P
L analyzed as well as samples of terrestrlal sedlmentary rocks and one galena sample i ‘

o Hoffman (1978) glves a: formula that can be USed to take mto account the nlckel and sulfur

s ) .in a sample so that the amounts‘ of mckel and sulfur added to: the sample can«be adjusted

"l

: accordlngly However‘ itis the author sexperlehce that H&fmans(1978) correctlons :

e

- ) '“ L - . .. . . B . v»’ :,

B EERT




.‘ -for nlckel and sulfur do not work as the buttons made from the CANMET standard PTC 1

L4

R A

A R

i mckel sulflde flotatlon concentrate, never r came ( out successfully lnvarlably.thev
[

- resistant to attack by the flux. t _ _\ " PRI e

.contamed too much sulfur and had Iarge amou%&pf slag attached to them

_During analyses for Dr J. Lerbekmo the author had occasion to analyze some

".,'Cretaceous sedlmentary rocks The nnckel sulfide fusion procedure was found unsuutable

for the qu|on of un- ashed\coals and samples rlch in bentonitic clays must be thoroughlyG

' dlsaggregated before fus;gn I the coals are. not ashed before fu5|on large amounts of

‘qw&‘"ﬁu ;

" graphlte are produced w}alch causes problems durmg dlssolutlon and flltratlon lf the

. clays are not totally dlsaggregated théy tend to: bake durlng fusron and become hlghly

4

- The one galena sample attempted proved to be problematlc as well AItHough the
-3 A & o

must belfeached from the sample before fus:on ‘or the coollng rate must’be slow enough

y [

to allow the lead to segregate completely from the nickel after fusuon IR
. . N ..va 3 ) .
’ B N
(Y
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X APPENDIX n: FIRE ASSAY USED WITH CHROMITE RICH SAMPLES

N

All samples W|th approxnmately 20 volume percent or more. chromlte were prepared via_
the procedure Eescrlbed here. Most he consnderatlons made wuth regards to the
0 ) varlous steps lnvolved in the procedur detalled |n Appendlx I should be applled to the :

techmque dlscussed in the present,appendlx

‘ R P . [ a
-8 - - | :
LA Reagents and materlels “ . |
- o The reagents and hardware used for the chromlte rlch procedure are baslcally the

‘' same as. those Ilsted in Appendlx l; The onIy dlfjerence is the use of Ilthlum tetraborate

e/(AIdrlch Gold Label 22 253 ;1) lnstead of sodlum borate as the major component of the ,

flux Also, it was found to Ke advantageous to mix the reagents |n a 1000 ml beaker as.

o+

R opposed to mlxlng in the cruelbles for the reasons glven subsequenjtly

T e l»zrf

v

LR

’ lfB Fusnon procedure R \@, A :
, . . R P
The fuslon procedure employed with. g:hromltel l’ICh samples is that of BorthW|ck

-

and Naldrett {pers. comm ). Approxlmately 30 g of crushed sample are welghed and

placed ina ‘IOOO ml beaker Borthwuck and Naldrett (pers comm. ) gnve the followmg

..‘ .

masses of reagent requured i'_ N l

lO g mckel powder o
60.g llthlum tetraborate

30 g sodiura carbonate** I F
6gsilica . S N I
o Bgsulfurs e “d' N .
}: S The reagents are welghed into the ‘lOOO ml beak?r contalnmg the sample and the contents '

\/ l

eN .
thoroughly mnxed wvth a spoonula The analyst must make certaln that aII clumps of sui'fUr SR

fand Ilthlum tetraborate are broken up durmg m:xr ing. M&xmg cannot be done |n the -,

-

crucnbles as ;ge large amount of *reagent plus sample fllls\the crucubles 1o the top As

‘)A

long as clean dry beaker‘s are used there should be essenl\lally no loss of materlal asa

result of adhesuon to the beaker . '.‘ o _' _: "l

. After the reagents are mlxed in the beaker the mlxtur
(JY

Some compactlon of the materlal W.I” be requrred for lt all to flt inte the crucuble An

unglazed porcelaln file i is placed on the crumble(as a cover) artd the CFUCI e |s loaded Into a

\is transferred to a crucuble _ '




to fuse for two hours The crucnble is then removed from the furnace and the tile cover :

&

lmmedlately removed to allow convectlon to proceed

. fu$lon the buttons prpduced by the Ilthlum tetraborate fusion have not been observed by
j the author to have remnant slag adhermg to them In addltlon these buttons have been

found to be less llkely to chlp or crack upon release from the’crucnbles The typlca& - R

~ removat frpm the furnace appear to be controlled by the amount of chromlte in the

e C Crushlng, dlssolutlon, and flltratlon of the buttons L e s

'astalnless steel swmg mlll descrlbed m Appendlx LA ma;ot‘s’dlfference in the pr«esent case L

v F’GE% chr%te-rlch ?les often contam very hlgh noble l?re?l conqentratlons lf a
: total of 60 gﬁof' sampl vlv

_than thosb produced via the_soduum' borate fus_lon. Thls is pa‘rtly _due:to their smaller size . | R

After coolmg to room temperature the button is removed from the crucnble by

" breaking. the crucnble withea hammer. Unllke the buttons forméd via the 'sodium borate -

:' button produced via the llthlum tetraborate fus1on is gun metal blue ln color and yvelghs : . ,Q' .

-

about 15 g

.

The phys:cal appearapce of the slag and the' vngorousness of‘eonvéctnon upon T o '_

[ e

sample Samples very rlch |n chromlte (/te. true chromltntes) produce a rough-'textured L ” s

\ ‘f_ .ns of convectlon The melts produced from - »?“‘u‘

égtly when ,ﬂge cruc:bles ar&z re,_;noved from T
" i : R
wer chromlte contents op the order of to 30 volume

Tt

- et ¥ "‘.'-

percent chromlte produce an emerald green slag that has a smooth glassy texture These

‘ low chromlte melts also effervesce but not nearly as vuolehtly as the hngh chromlte melts R A

v,

. N . “._, C e e N

e

S e S S ot

- . - ‘ . . . - . . PR

' 'Crushmg T T S R P .

’
-As wuth the procedure outllned in Appendlx l, the buttons are crushed |n the '

. < .
e

)

is that only ong, button |s produced per sample Thns is lmportant in the context of tl;\}e v

@

T

ere used the amount-of noble metal recovered would’be very

B S L3 .-... e EO,
hngh |n some |nstances causrng errors durmg N/ Nso the cost of Ilthlum tetraborate is: '
- Yan o -
: substantnal so one must consnder the cost-effectl ness of producnng two but‘tons per -
- \». R . . ._. . - Vo EN s T _/:., . -
- sample e ' - ' ' el n T,

"

The buttons produced by the hthlum tetraborate fu,slon, crush much more readlly



L} . ..
- A .
: ' SN o _
“ R 76 .
: KN ' ' - ’

(15¢g as opposed to 21 g) and may also be due to structural/ chemical dlfferences Asa B

. - . -

result, the author found that one ten second crush followed by.one five- second crush

[
was suffncnent for these buttons D

. ' ¥ . ‘ \ . A y . .
Dissolution of the buttons LT _ e N "
Therprocedure for transferrlng the crushlngs to an 800 ml beaker, a;d cleamng of

L % ’ 5

- the swung mill are the same as that. descrlbed in Appendux I, There a;e basacally two ma jor LA _

St ) \ - . * . :1:.

< lfferences in the dlssolutlon procedure used wnth theapresent fu5|on compared wvth the o

» sodlum borate fusuon Flrstly the hot plates are nev‘e’r turned to thelr hlghest settmgs e ' _ é

5

‘ they are always kept sllghtly below the; bolllng-po‘lgt:of g:oncentrated HCI. Thls effectlvely " f .

e means that the dlssolutnon is. carrled out at a s;ﬁ’)ga’ Secdhdly it has been found that the

o R
’ buttons re unre between 0‘5 and two hours olve, pro nded hat 450 ml of
i o . a:’@ﬁ_ s proy o

N S C ;concentrated HCl and*theT

S v;- o

. T
L Flltratlon of the solutlons o

e “",'»4 o The flltratlon procedure used is. exactly the same as’ that descrrbed in Appendlx l N

vabvever one polnt md?t be noted the noble meta/ /’E'S/d extreme/ Y surface' act/ve i ) o

much more so than the reS/due from the sodum borate 'p (2Je, uced buttons Thus great

Y i

e care must be exercnsed to keep any Iosses due t@surface actlve mater;al to a mlnlmum Yo

R
it

,_Blanks IR I O Ly a
Sy : RN

Total analytlcal blanks were prepared usTng snllca powder mstead of asamp ,9" On

SR
e ®

e 8 : o - analysls lt was found that 0. 4+O 1 ppb gold was present in: the reagents Slnce‘the A .
. L ' .’ e ( e

' blanks from the sodlum borate fusnorpshowed no detectable noble metals the author’ .

' 'consnders the"l'tthlum tetraborate as the source oiféthns contamlnatlon The O 4-ppb value b

Al T

B was taken mto account before quotmg the results of the analyses from\the chror#ute-rlch S .

3 R R T T T T e m e e
samples, R e . S S Ce . e S
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X. APPENDIX Ill: DESCRIPTION OF‘THE CRUSHING AND SPLITTING METHOD USED IN.
| . THIS'STUDY :

One of the most lmportant c&nsuderatlons facvng the analyst when deallng W|th the , i, y
noble metals is how to address the crushmg and spllttlng of samples (Harrls 1982) '
‘noble: metals commonly occur as gralns in the tens of microns, are relatlvely inert .

.
geochemlcally and tend to be erratlcally dlspersed throughout a sample (Crocket and

Cabrl 1981 Harris, 1982) ‘As a result one must take steps to make certann that the

o allquot analyzed is truly representatlve of"the entlrepsample C s T e R
. . L L . CE f--‘, o o A -
A, Crushmg S S T, .»*’ :
L The followmg is a descnptlon of the%%rushmg technlque used in thls s,tudy fo 'j. L
; ] . - o [ b'.'d'
samples wuth Iess than approxumately 20 volume percent chroml’te The crushlng A
procedure for chromlte rlch samples utlllfézﬁln thls stddy is glven in.a subsequent sectlon R

? Each ? eld sample to be ahalyzed typlcally on the order of. four to flve kllograms was: cut

'- . ‘ ln half wuth a dlamond saw Gne half was saved for’%m sectlomng an‘d as a: reserve wglle

the other half was carefullv washed and prepared for cr‘ushlng Thé half Jfor analysus was "

ol

crushed ina }aw crusher to a phlp size pf about 1em or less ThlS mater|5l was then spllt

by the use of a chute sphtter to glve two halves a-he of these halves was set a5|de for )

g ‘
the fmal crushmg wh|Ie the other half was agaln spllt wuth the chute splltter glwng two

quarter sectlons Each of thesegquarter sectlons was run thrgugh a tungsten carblde u
swmg mulL(to ensure that no contammants from a pr‘evnous sample 5uch ase‘maarad PGE ' -V
or gold remalned on: the mlll wese were then bagged sealed and stored as pulps tThe ' %
remamlng half was then crushed untll approxlmately 200 grams of materlal that Vl?as : JERPER

‘1 70 mesh or l ss was obtalned

.'96 percent 120 rnesh or less 51 percent of WhIC AR
- Sy o Pt e

The remalnl g materxal was bagged sealed and saved m resenve The sWIng mlll was then i\.’.'@_ ”_

cleaned' usmg‘fO v/ 30 mesh sandblastmg sand washed wnth detergent water and drled

e wntr.\ compressed air.’ lt should be noted that tungsten is not collected by the mckel sulflde b s
S . ‘e“)v‘,’.ll_ X . .}
dunng the fusnon procedure so a tungsten carblde swmg mlll can be used to crush the R
' ‘ 2 oL o R
- o L P L R
) ’ ‘ : ' \ ., :
T : -
' A » 77 » = . | R .
<vipt



made 'for this study, conslstlng of tWO pieces of stainless steel ded at rrght angles Io- . lg,

S

" one another, producmg a e shape in plan view. The 200 gram allquot orlglnally placed in. :
' ', a large plastlc vial, ‘was dumped onto a clean sheet of paper ‘This produced a’ - '_. e
butte shaped mound of material rather than atrue cone The.cutter was placed through

- the bUﬁe and each qu‘gr swept away\wuth a small brush whlle the cutter~was held flrmly , ‘
%@ place The fo“" Cuts Were lnduvudually packed in plastlc vials, ready for analy51s R

‘ % 8 S
Besndes result’ ng in the sample(s)cfor» noble metal assay ZDO mg of the spllt materlal were o
' , . taken for whole rogk ar@Lysns by INAA it should be mpntloned t‘hat all of the samples . a% o

R \ i
v analyzed for thlS study were crush\ed no,more than o&e d%y ln‘ladyance of fusnon so the" .

effects of oxlda‘tlon in, the sample were. mnnlmnzed & " ". 5 8 'g.,

, ln an a’ttempt to determme the representatlveness"of the sphttmg technlquea a
R N
‘ serles of experlrhents was(parrled out usmg a blmodal snlt samplelﬂ A sample of

_ 1599rams consisting of. 90 grams of -140 +160 mesh and 60 grams of , -_"-'y SRR ' '- R

.

| ,%80 ;+2:Od mesh materlfl‘evas prepared and homogenlzed by rolhng ona plece of paper ' <
A cone or butte was?bullt on the paper by pourln‘g the s.l'lt“from a plastnc vnal as is done o b‘* S ’
E : wuth the actual samples for ass’ay The quartermg tool was then used 6 obtam one R |
quarter whtch was sneved and the two fractlons (-1 40 +160 and 180 +200 mesh) | ‘

ERTA v,yelghed' A total of 20 such experlments wag carried out. R . g "_‘
s g The@oarse fractlon shoWed a'lmear ;‘grease frOrg start toﬁflnISh Th:s was . R

. attrlbuted to. abraslon of the matenal durmg suevung ln fact the coarse fractlon showed a RO

: . . * i R
oo .; 'correctlon faetor for abraslon kuth—é standard devnatlon of 2 68 Thus although the

quartermg method does apply a shght bua to the samples |t does not appear to be great
O . SRR
‘. \, R O « w . . . ‘l,. ~

enothto cause conz;ern R e ST ce

:«."
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As a furthe? test of the rellablllty of the sampllng procedure the f|rst ten samples
¥ o

m\g\

3

analyzed far the noble metals weré done in triplicate, with each of the three repllcates

-

commg from three of the four quarters made from each sample The results from these

: analyses are shown in the body of the thesns:m ‘l‘able 7. 'As was dlscussed in the text 3_ .

- these results mdncate that the quarterlng method en'tployed does give allquots that are

'J;\',: .

>

]

representatlve of“he sample taken for analysns R IR

j o N : N o LN '
P S \ . . t
S P ) . . A . . . o Y

Crushmg of samples rich m chromlte S RN Q 7

Bt
5 T '_ cedure o tllned here for the crushln of am les*rlch in chromlte is. not b
L ot 9 @ pl V

J 7. o
basis, and. therefore took advantage ot the sntuatlon S

short t

) l

Seven samples of mas,slve Qr essentlally massnve chromlte from the Tulameen

0
Complex were’ collected These samples typncally wenghed about@ne knlogram A?l but

L

2 the‘ camster wath the r"otor sp‘lnnlng at 20 OOO r p'm, The crushed materlal is /warranted to

. about 200 grams of ‘thlS maternal was crushed ina jaw crusher w:th the remamder saved

ful" pollshed sectuonsliﬂ The cruShmgs from the ;aw crusher were then’ crushed to lesevthan

. B

. eyl
170 mesh usmg a Brlnkman Pulverlzer *whlch was: lent }o the author %y Brlnkman
lnstruments for evaluatuon Thls devnce consusts of a tungsten carbude rotor Whlch SplnS'

‘ at between 10. COO and 20 000 r p m. msude a tungsten carbl’de st;reen of 170 mesh A

any mea ‘@:equnred However the author had the opportumty to employ thls method on a .

c tch tray- surrounds the screen ‘and the ent:re n‘t’echanlsm is. contalned wuthm a s f." e

Io ked down camster’ The jaw crushed matenal was fsed mto a hopper on the oiltslde of

The erushmgs were removed from the catch tray and dumped ento a clean sheet

™. . ,,n ( v‘/ »‘

of paper,. Sample spllttlng was the same 'as that USed fOr

swung f‘l"Il" usmg \20/ ,30 mesh sandblastlng eand followed‘ , y detergent water and . R

blow drymg . 3 '\ , C \ ’ e '° ; ‘:_ ,"'} o

ST R \

i ":; Unfortunately it was foundathat although the mghufacturer of th;s dev'f’ce clalms

that itis capable of handlmg materlal of hardnesa'es o' .apprommately Mohs 6 5 thls does

.a

not appth to b the case After all seven chromlteerch samples had been crushed the

- rotor and screen showed apprecxable wear and'even the small amount's of sandblastlng,

Loy

P

he othen samples (see prevnous A

e sectlon in thls appendlx) The crushlng machme was clean d in the\;same manner as the L | )

)
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- sand used to clean it (approximately 20 ml) could not be crushed in the end.

. .',“

~This crushing instrument was lent to the author approximately‘four months before .

the chromite samples were analyz'qd. Since the machine was on temporary loan for the

- purposes of testing, the author chose to crush the samples well in advance of the time of

~.

* C. Contaminants N . -

fusion. ‘The crushvg samples were stored in sealed plastic vials, which shouid have kept -

oxidation to a low lavel.

\

N

Tests for bcontz_;minants arising from the crushing procedure involv%se_ crushing
of éliquots of 20/ 30. m\‘ash sandblasting sand mixed with 2710, maesh silica powder. Five -
200 milligram samples ;f\this material were taken fof NAA before ¢rushing, and the
remainder crushed with‘.a' tung‘sten carbide swing mill. Five more 200 milligram sambles-_
were then taken for NAA.‘ A )\

" The ten sampies were analyzed for:trace élerr(ents, and.the weighted mean of the

five analyges for each type of Sample takem{g rep}esent'the composition of that sampAIa

" The results indicate:

L]

1. Tungsten is contributed to the sample in quantities great enough
" to result in background activities that aretoo high for counts
to be made ,after five days of decay. . | . -

o

2.' Cobalt is introduced to the sample on the orde: of 33 ppm., -

3. OIP average, 0.05 ppm scandium is introduced.

4. There is no detectable contribution of Ni, Cr, Fe, Sb, or noble
metals to the sample

As aresult of these findings, corrections for Sc and Co were required after data

. reduction. The average contamination was subtracted from the ppm value .giv“eh in data -

- reduction so that the values given in this report are more reliable than if the correction was -

not applied. Also, no counts wire made until after two weeks of decay so that the

tungsten activity would pose no problem.

One fault of this test is that the sample crushed did not duplicate the hardness of

; B . ]
" each ultramafic sample crushed. This in turn should make a difference in the true
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A

contamination from sample to sample. However, in the interests of attempting to quantify

-these effacts, it is felt that the method described was sufficient for the analyses

-performed.
Samples of 20/ 30 mesh sandblasting sand were also crushed in the buiverizer,

used to crush chror‘éite;rich samples. Samples of this material were analyzed by INAA and

shown to contribute no detectable noble metals, and little in the way of Cr, Fe, Sb, Sc, ahd

.
4

Ni. However, Iérgq quantitieé of tungsten were contributed to the samples.

.



XI. APPENDIX IV: NEUTRON ACTIVATION ANALYSIS'

Neutron activation 'analysis (NAA) has been employed in this research, bothasa -
means of quantifying the noble metal con’tents of Tulameen samples, and as a m_eans of
obtaining other slemental dat&] for lhose samples. The use of NAA for the analyses was
chosen malnly because of the\hlgh sensmvuty of the method, which becomes paramount ’
when worklng in the parts per bnll:on (ppb) range (Gubels 1971; Beamish and Van Loon,
18972; Crocket and Cabri, 1981). This section gives the NAA data and analyticat '

’ procedures, as ilvell as*an account of the standardization and corrections. For amore
complete discussion of the theao‘r\y‘of. NAA and gamma ,spec}roscopy, the reader is

. referred\'}o Rakovic (1870), Krug\er (197 1), De Soete et a/. (1972), Muecke.(1980); and

Duke (1983. . \ | | .

o \

' ’A Nuclear data and standardlzatidn ‘

: The nuclear reactlons and nuclear data for those reactions are presented in the text

~inTable 4. As’i is mentioned in Table.-'}, some of the data were taken from the literature

. (Nadkarni and Morr;son, 1974; Chart o‘f the Nuc_lides,V197-7.;’ Lederer and Shirley, 1978).

-While others were cal_c_ulated using standards. .'_l’he short-lived Aradionuclides of Rh, Pd, Al,
Mn, Mg, V, and Ti were a'nalyzed by cornparator NAA. This technique uses the measured
counts per pg ina given irradiation- decay countmg scheme from standards as 2 means. of
directly comparing the concentration of the element in the standard to its concentratlon in
the sample. Standards for thete elements ‘were prepared from a number of dilutions of
atomic absorption standards, and' the resulfino coun'tls per ug calculated after applying
corrections for live time/clockvtlrne and pulse‘pile‘-.up effects (see later section in this

. appendix). . o . RN

3 . i

The elements Pt, Au, Ir, Qs, and Ru were determined by the absolute method of

. by .
NAA (Bergerioux et a/., 1979). This technique utilizes the basic NAA equation, given

below as equation V. 1: oo

F3 .
m= AAM

0" 0.N.f.LE(1-ei ) (g-3H )(1-g-Mc ) NV
. . ‘\\ . . N .
where o s

\

m is the calculated mass of the element of interest
82 \



Ais the decay constant of the radionuclide of interest
A is the integrated peak area for the radionuclide
M is the atomic mass of the parent nuclide

-0”is the effective cross-section for the reactnon

Q is the thermal neutron flux .

N is Avogadro's nimber (6.023 x 10%)

t is the fractional isotopic abundance of the parent nuclitle
| is the fractional gamma yieid for the photopeak of interest -

E is the fractional detector efficiency at the energy of the photopeak of interest
ti is the irradiation time :
td is the decay time

tc is the counting time

' .
The only terms in this equatlon that are not accurately known are the effective
cross-section and the detector efficiency, which are factors of the reactor and detector
used. In practice, the cross saction of interest is not the thermal cross- sectlon but the
effective cross-section, which mcorporates the resonance integral for the reaction.

Thus, in order that this method of analysis can be used, the analyst must have accurate

- determinations of the effective cross-sections and the detector efficiencies for the

various photopeaks of interest. '

As mentioned earlier in the body of the text, the counting for Pt, Au, Ir, Os, and Ru
is done on the 413R Ge(Li).. Early on in the development of the techniqu_e_ used in this
research it was decided that in order to maintain a constant countino'geometry, it would be

best to construct a sample holder that held the filters flat over the detector in a

~well- defined position. This therefore’ requnred calculation of the detector effncnency at

each of the energles of the photopeaks of interest for the flat 1.cm geometry as this .
-detector (4 13R) had been calibrated for efficiency using sources in 1.5 ml vials. ThIS in

turn meant that the effective'tross-sections be measured before the ‘efficiencies could be :

’ calculated Thus two sets of standards were prepared Atomic absorptlon standards

waers diluted to 20 ,ug per ml for each metal, except Os, which was prepared with 100 pi
of stock solution of 1041 yg per ml. ‘ThIS was because of the highly pmsonous and
volatile nature of OsO,, which is the for'm in which the Os is prepared for atomic
absorption standards.  © . _ ‘

Ten to twelve standards were prepared for each of the elements half were
prepared by placing 1 mi of the standard solution in 1.5 ml irradiation vnals and half by

carefully dropping 1 mi of solution onto membrane fllters In the case of the 1.5 mi vuals

. this is relatively sumple as all that is required is clean vials and a burette to measure the
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1 ml of solution into the vrals lrradlatlon of volumes greater than about 100 yl is not -

[y

-‘recommended for extended perlods in hlgh neutron fluxes, as radlolytuc decomposmon of

solutlons can result in damaged contalners and contamlnatlon of the vrradlatlon facilities.

" Asa result the solutlons must be evaporated to dryness before the vuals can be sealed and

. |rrad|ated After irradiation, a hypodermlc syrlnge was used to in ject 1 ml of water into .

- the vuals The in )BCthh hole was- sealed and the vial allowed to stand for at least one

hour to allow the reS|due to return to solutlon

h ) i .
In the case of the membrane fllter standards the procedure was a llttle more

'dlffncult The fllters were suspended on a clean steel ring or cylmdrucal tube of sllghtly

smaller diameter than the fllter over a hot plate. Then one drop at altlme was allowed to
fall from. the burette onto the membrane filter. After each drop had evapora“ted another -
was added, and soon untul 1 ml of solutlon had been’ placed on the fllter, The fllters were
then placed in polyethylene envelopes, heat-sealed and lrradlated In the case of Os the
100 p of solution were not allowed to dry prior to seallng the envelopes Thls was to

keep losses through volatlllzatlon toa minimum.

The standards in the 1 5 mi vrals were counted using the Wints GelLi) detector,

-which has been calibrated for effrcnency usmg sources |n 1 5 mI vrals The spectra

resultlng from these standards were peak searched, and the effectlve cross sectlons

calculated The welghted mean of all the effectlve cross- sectlons for each reaCtlon was

- taken as the flnal value. The fllter standards were counted on the 41 3R GG(LI) and usung

the effective cross-sections calculated wuth the 1. 5 mi vnal standards the efflcuency for
each of the _photOpeaks of interest was calculated. Agaln, the we}ghted meanvof all the

efficiency. determinations for each photopeak was taken as the detector efficiency for .

that peak.

Membrane filter standards'were also prepared for Rh and Pd Solutrons of 0.1,.1,

and 20 ,ug pgr' ml were prepared for Rh, and solutions of 20 and 100 7] per ml for Pd.

Six standards of each concentration weére made, and smce these two elements produce :

short-lived radlonuclldes it was possible. to analyze each standard twnce The'resultmg

.

* counts per ,ug were calculated after correctlons for live tlme/ clock. tlme and pulse plle-up

effects were made.



Standards for MA,.Mg, Al, Ti, and'V were prepared from atomic absorption .
standards. Since the irradiations for these elements were only four minutes at )
1x 101 n/cmi/s, the liquids could ‘be.irrad‘iated,'wlth no need to evaporate to dryness'. 4

~ As with Rh and Pd, about five standards’on the average fveré amalyzed for each element,

and those standards Were each analyzed tvln"ce ‘4At leas tyvo, and dometimes three
different concentratlons of standard solutlon were analyze r each element. _Counts /
per Ha for each element were then caléulated after applying corre ons for |
live time/ clock tlme and pulse plle up effects (see Iater section in this appendix for a
dlscu55|on of these correctlons) The USGS rock standards DTS- 1 (dunite), PCC-1
(perldotlte) and AGV-1 (andeS|te) were analyzed for Al, Mn, Mg Ti, and V to test the

‘ standardnzatlon and correctlons used in'these analyses o
Standards for Sc Cr and Fe were prepared from atomic absorptlon standards
and were checked agalnst USGS r0ck standards J. Duke pers. com;n 1983l Ni and Co
| standards were prepared from both pure metal and atomlc absorptlon standards were
| _ analyzed and the data abtained compared to USGS rock standards (J Duke pers. comm.,

1983). |
B. Irradlatlon and counnng ‘ .
The |rradlat|on and countlng scheme given in Tabte\5 ln the the3|s was chosen on

the basns of the nuclear data of the radlonuclldes of mterest The tlmes and fluges used in |
the irradiations were chosen to maximize the avctlwty of the radlonuclldes produced while
keeping the background activity.as low as possible. Thus elements produc:ng short thed

radionuclides, such as Rh, Pd, Al, Mn, Mg Ti, and Vv, were%ub jet:ted to short u‘?’adlatlons
and short counting periods soon after |rrad|at|onx _Elemen_t_s producung_longfe/r' Inved s

. . . . I L . TR ,
radionuclides requured longer irradiations to achieve useful activities, and the counting

perlods required: were longer as well. - C _,_,-‘f i._

Counts for short-lived radlonuclldes were done wnth the Wln“ Ge(Ll) in. an open
geometry (un-shielded). The filter paper holder was used for Rh and Pd, whereas a small.
., irradiation vial holder was used for the whole rock analyses as the whole rock samples
were packaged in 1.5 ml lrradlatlon vnals that had been cut |n half Counts for the

_ long-lived radionuclides were done wnth the Ge(Lll detectors mounted insideza lead cave

e



~with 10 cm thick walls, fioor, and ceiling, vyhich is |ined with a graded shield of 0.2 cm of
~copper sheeting and,0.5 cm 'of'plexiglass sheet. Theave is useful in lowering the °
environme‘ntal background during co,unting. “The lead cave was'not.necessary for the \
short-lived work, .as those samples tended to have.high acti\}ities whichwould have o
produced fluorescent lead x-rays if the samples were counted i in the cave. - These x- rays

can be sngmflcant contrlbutors to the low energy background while counting.”

+

C. Corrections
Two types of corrections are reouired for the NAA. The firstis the

live tima/ ctock time, or deed time correction. This correction adjusts the measured

. counts for each photopeak for decey occurring while the counting system is busy. The

‘method of Takeuchi et al. (1980) has been employed in this study for the calculation of

‘ these correctlons The equation used for the correctron is glven in equatuon v.2:
A'=A.(tk/'tl)((l-e"§“ /(e MRy VL2

*-where

~A'is the corrected counts

~ A'is the measured counts - s .
tk is the clock time _ . . ' ' &

tl is the live time ‘ . o -

\is the decay constant for the radionuclide of interest

- \ -, |
a . ) . . .
The live time / clock time correction is necessary only when countlng short lived
radlonuclndes as the live time/ clock time effect is essentlally neghglble when dealing thh

Iong lived isotopes. : .

‘ . .

7T

e The second correction is the pulse plle up correction. Pulse pule-up or random
summlng results in the Ioss of counts in photopeaks when two or more photons are
‘summed during detection at hugh count rates(Wyttenbach, 197 1. The method used for

thiscorraction is that of Wyttenbach (197 1). This correction was found to be.necessary

. .l

.only for the short-lived radionuclide work, as. much lower count rates were sncountered
during the countung of long- hved lsotopes One set of correctlons was made for the flat
geometry used to count samples for Rh and Pd, and’ another set_{or the countlng of

samples for Al Mn, Mg Ti, and V.



~ where o .

’ . N
. The procedure for calculating the puise 'pile-up correction as described by'
Wyttenbach (197 1) involves the use of a precision pulse generator or pulser. Fifteen
spectra with only the pulser sendlng sugnals to the preampllfler and essentially no dead
time were obtained to clearly define the rate of the pulns.er. After these spectra were
acquired, 12 to 18 spectra were obtained for each of the two'counting geometriee with
varying dead times'using the sta'.ndards prepared for the comparator work as eources
The correctlon factors were calculated from best fit lines on plots of dead time versus .
the ratuo of observed pulser c0unts to true pulser counts (/. e., the actual rate of the pulser
_*as defined with no dead time). These correctlon factors result from the \Talue of the slope
of the best:fit lines, and are used in the purpose developed data reduction programs
DATRED and ALETC.
The live time/ clock time and pulse pll\e ~up correctlons were applied to the
integrated peak areas from the peak searches before the final data reduction. This was /,/"
done by the data reduction programs, which onlyrequired the live time and clock time to ’
make the correcﬁionsP Equation IV.2 and the following equation, V.3, both appear in the -

-maim rogtines of DATRED and ALETC:
3 - o ‘0 . .

CAT=AL(1-(-1.481(tk /th-1) L V.3

- A" is the final corrected counts . : . C .
- A’ is the corrected counts after the-five time/ clock time correction has been applied

tk ifthe clock time
tl is the live time

~ -1.481 is the slope of 1€ best fit line for the pulse pile-up effect plot 4 . \

The only difference between the pulse pile-up correct:on used in DATRED and the one
used in ALETC is the slope, which in the case of ALETC is -0.32. The dnfference in slope
is due to the differences in count rate between the two geometriaes and the dlfferen_ces in
the-radionuclides counted. | | ] ‘
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D. Errors . <

In any analytlcal technique, there are always soprces of error and uncertainty. In

this study, the,ma;orulty of the quantifiable errors result during NAA. This section deals. -

/ <

with those errors. ) . ' /)

M

Nuclear data

Uncertainties in the nuclear data are, in this caSe. the result of the spread in values .

' calculated and can be traced to measurement errors of various types Thus the value

' obfmed for the effective cross- sectnon has a level of uncertainty associated with it, and

when this value is used to calculate the detector efficiency for the 4 13R Ge(Lll |t

propogates this error. The resultant error from the combmed effects of these two

‘sources, when they are multiplied or divided, is calculated by equatlon IV.4:

, = (€ +Ees - V.4

where

E is the total percentage error

- E, is the percentage error from one source
- E is the percentage error from another source

‘\\
\‘/

This method of calculatung the error was used throughout this work

Pulse pile-up correctlon <

The error. lmposed by the calculatlon of the pulse pile- up correctlon also

‘ propagates through the data reductlon Th|s error is the result of a number of factors

mcludmg the uncertalnty irf the actual pulser rate as well as the uncerta:nty in the pulser

peak, both with dead time superlmposed on the pulser spectra and without, as determmed

: durmg the peak search These were accounted for durlng data reductlon where a

staFLdard pulse pile~ up error factor was calculated This was done by taklng the

uncertainty in the pulser rate from the weighted means of all the observed pulser counts,

and the error associated with each of the pulser peaks-as taken from the peak searches of -

the spectra of the pulser with dead time.

! ’ | . : V.A.A i \

PN
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Counting statistics _ - ' \j
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A dhiap
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A third type of error resul.tmg tzgo;n ;\IA

- s
i 7//~P-"
as determined durlng the peak search ofvﬁef,spg

. ‘/L;p""'; AN
iy
analysis, the probabuhty of thepc%ence oixebeing% can mvol«e errors in the analysis

SN

(Knoli, 1979). The best way: mmg;lze the e.?eﬂ,‘:.& random fluctuations in the
occurrence of these events \ito mcrease the folarnumber of counts for any glven
photopeak However, an error will etlll exist when the spectrum is peak searched as the
shape~9f the peak and the background under that peak will impart an uncertainty in the
integrated peak area..' This error is noted as the peak error, or uﬁcertaiﬁty in the peak area

determination, and is given by equation IV.5:
E= A+2B x 100% N V.5

where : \ L )
A is the photopeak area

B is the background under that peak
E is the error

Counting geometry

' Couhting.'geometry is the positional reil_‘ationship between the sample and the -
detector: The closer_ the earhple is to t»he' detector, the greater the effect of,elight .
deviations in the ccunting geometry on the counts for each photopeak. Thus, itis
extremely important that the samples be place‘d in as reproducible a position with respect
to the detector-as possible. .The triplicate analyees"given in Table 7 and the duplicate
~ analyses given in Table 8. as well as the replicate analyses of SARM 7, given in Table 6,

indicate that the geometry used for the analyses gave repr‘oducible\resmts.

\ .
Reactor fluctuations i : _ .

_ The SLOWPOKE reactor is one of the most inherently stable neutron sourCee
.available (Bergerioux et a/., 1979). As a result, the day-to-day or hour-to-hour
fluctuations in the neutron fiux and neutron spectrum are,'extremely small, even over

periode of months. This results in essentially no significant errcr in the neutrdn flux as

measured at the reactor control console, and very little deviation irl the total neutron

-
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spectrum. Thus, it |s not necessary to irradiate and count flux monltors and other
standards with every batch of samples In fact, once an analytical scheme has been
standardlzed no further standardlzatuon is required, although most analysts run checks

A

from time-to-time. , T

_F;inal uncertainty
The final, or total uncertainty, as listed on the output from the data reduction
programs is the square root of fhe sum of the squares of all the errors discu?;ed above..

This total uncertainty is then translated into ug, perce;\\ and ppm values for the final
output of data reduction. : ' h
Obwously there are other sources of uncertamty\whuch are not so readlly
quantlfled as those mentioned above. Uncertainties in.the measurement.of mass and tlme
may be considered negligible when qompared to the other errors already mentloned,
provided that the analyst takes steps to ensure théf‘ihese measurements are done as |

carefully as possible.

E. Inteﬁerences ‘ . ‘

There are tWo Jmain types of interference that are likely to be encountered in NAA:
spectral and nuclear. Tableé 14, 15, and 16 list the typical interferences that might be -
expected du'ring the NAA of the samples uséd in this study. One of the most ihportant
considerations in the determination of interferences is the recognition of potehtial
interferances befor.e,they occur, or by a careful analysis of typical spectra. This provides

3

a means whereby the analyst is not Iikely to misinterpret the data acquired.

Spectral interferences

Spectrai interferences result when photopeaks of different radionuclides fall
close enough to one another jh the spectrum so as to be beyond_the resolving power of
the spectrometry system in use (detéétor, énalogue-to-digital converter, and countrate-
are all faétors to consider). In th_e case of the PGE aséays, spectral ihterferences are
effectively eliminated by the preéoncentration procedure, and by careful selectioﬁn of the

photopeaks for analysis. The only sbéc'tral interference encountered in this study of the

(]
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' PGE was the 3 16 keV 2r pt?mopeak and the 320 keV aCr photopeak. This problem was
circumvented by using the 296, 308, and 468 keV photopeaks of r for the analysis of’
Ir. Inthe wholerrock analyses three spectral .interferences waere significant (Table 14).
Thus the analysis of Mn is done with the.181 1 keV peak of 6Mn, Mg with the 1014 keV
peak of Mg, and Sc with the 890 keV peak of 4Sc. Th|s results in Inttle chance of .

’

spectral interference in these analysesI

Nuclear interferences

" Nuclear interferences result from the productio.nof' a radionuclide of interest via
reactions't}tat are not of the type required for the analysis, which is usually an (n,¥ )
reaction in NAA, These other types.of reactions may be (n,p). '(n,f), or (n,X) reactions.
The nuclear interferences most Iikely to occur in tne PGE analyses used in this research are
given in Table 15. The cross-sections for these reactions tend to be smalt compared to
the (n,¥) cross-sections. Also, these reactions tend te be unirnportant unless the
interfering element makes up the matrlx oris present ina quantnty greater than the
element of interest in the sample (Gijbels, 197 1). ThIS is not the case with the PGE un}hls
stu‘dy.'....‘ ' s

In the case of the whole rock analyses, the most irnportant nuclear interferen_ce is

the #Si(n,p)**Al reaction. This is because Si is presént in much greater abundance than Al in
ultramafic rocks. Duke (1983) has shown that in the analysis of the USGS rock standard
DTS-1, a dunite with 40.5 percent SiO,, the (n. p) reaction given above can result in the

productlon of 0 06 percent Al,0,. DTS-1has a recommended value of 0.24 percent {
"

Al,0,, so the Si-produced Al results i in 25 percent of the total Al content of this standard
The only means of correcting for this is to measure the Si content of the.rocks and
calculate the amount of Al that will be produced from Si. ) ' |
Another nuclear interference of concern in the whole rock analyses is the
Al(n,p)*’Mg reaction. Using the spectra obtained for the comparator standardlzatlon of
Al, the author calculated the mass of Mg prodté}per g of Al. After convertmg this
value into one applicable to the oxides of these two metals, it was used as'a correction'

factor for the MgO values in all samples with greater than one percent Al,0,. Samples

with less than one peréent Al,O, required no correction, as the contribution of

[ 3
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Table 14: Potential spectral and nuclear mterferences that may be encouwtered durmg the
whole rock NAA in this study (after Duke, 1983).

Analysis’

Isotope

- nAj
SeMIy

'”MQ '

SIV

N

OGSC

PStential Spectral
Interference

Mg at ,84‘4:k’e\f/ _

“Mn at 847 keV :
Eu at 842 keV

-* Potential Nuclear

Interference
' ' o -,"S'i(n,p)"Al .
T UP(nx )AL
¢Fe(n,p) *Mn

.. $Coln, o<)“Mn

Al ) Mg
J°Sl(n O()”Mg

- . ’ - “Cﬂ. )s;\/
ot _ ' SSMn(n- u)51v

.

.
. ;
e ' A
- el .
i g t
3 ) .
* . 3 :
Y L8
i N
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Table 15: Selected primary interference (n,p) and (n,x ) reactions (after Gijbels, 1971). (@,
and @y, refer to the fast and thermal neutron fluxes respectively.)

‘Activation reaction of
interest; isotopice-
abundance and thermal .
~ gross-section

103Ru(n, ¥ PRy |
31.35%; 1.3b

10Pg(n, ¥ 1omPy
26.75%: 0.19(+11)b

1900g(n.¥ mOs
26.4%: 10 +3b

-"wOs(n,X )”’OS ) }‘
41.0%; 2.0b

l9l|r‘(n’x )l!lmlr i
38.5%; 520+ 436 b

193r(n, ¥ )19
61.5%: 110b

1900Qs(n, ¥ )!*1™ Os
26.4%: 10+3b

19108(n, ¥ |130s
. 41.0% 2.0b

L epR Y pUmpPt
25.2%:;0.05+ 0.8b |

' "9‘!Ir(n,b’)""lr_
61.5% 110D

Interfering reaction:

- isotopic abundance and

fission cross-section

"°‘Pd(n,o< NO3RY ‘

27.3%; 2.7ub

lo’A (nlp)l(w"\ Pd
48.65%; 0.2 mb

191|r(n, pi%im Os

38.5%; 0.02 mb

I?Slr(n'p)l9JOs
61 B%; Sub.

x92}5t(n'b)mm Ir

-0.78%; 0.02 mb

’»"Pt(n,p)”‘lr
32.9%: 8 b

l9lPt(n'u)l9lm Os

32.9%: <0.1pb -

196PY(H, 190
25.2%; <0.1 ub

'“’Au(n,p)"’""Pt

100%: 7 b

l?'IAu(nl“ )19‘“—
100%; 0.1 pb

Interference if - Element
0, /0y, =0.1 determined
‘ (ppm) and matrix
0 .
0.19 "~ RuinPd
3.3 ‘PdinAg
0.23 .. Osinlr
4x10+ Osinlr
4 x 108 Irin Pt
Tax10™" rinPt
<103 Os in Pt
<3x 10 Os in Pt
2.95 . PtinAu’
~1.5x 10_" Irin Au
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AlNn,pl"Mg is negligible. - The other nuclear interferences given in Table 14 are

insignificant in the context of these analyses (Duke, 1983).

I5rimary interferences from (n,f) reactions can be a major factor when analyzing
geological materials. These reactions result from the production of radionuclides of
interest via the fission of U and to a much lesser extent U and 1 Th. Gijbels (197:1)
points out that in cases where the U confent of a sample is greater than the noble metal
content, reactions such as 135U(n, f)!*Ru and "%J(h,f)f”Pd can be significant. Fortunately,; |
this is not the case in the analyses performed in this study. The ultramafic rocks have
extremely low abundances of U and Th, so the wh’ole’-ro‘ck analyses do not suffer from
this type of interferenpe. Also, the préconcéntratic’m téchnique used for the noble metal
assays ehsures that no U or Th will be present in the samples analyzed.

_Second-orde; interferences result when a radionuclide of interest is produced by
coupled n,¥) reactions, Examples of such interferences, as they ;pply to the PGE, are
given in‘ Table 16 These interferences increase with the neutron flux and irradiation time,
which can be choéen to minimize these effects. In gé;werall, itis ‘better to increase the flux
fnd decrese the irrd;diation time as opposed to increasing_the irradiation time and -
decreasing the flux (Gijbels, 1971). o - G "

N

Potential pro.blematic second-order interferences in the analysis of the PGE

include: .

. 191Au(N,¥ )'9AU (n,¥ AU
This reaction can result in the apparent loss of Au and increase in Pt during counting, if .
. | ‘
"Au is used to determine Pt (see Table 4 and Table 16). Although Au does occurin

Tulameen sampiles, its abundance is low. In addition, this reaction only becomes a serious .

problem Whgn high fluxes and long irradiation tirﬁes are used (Nadkarni and Morrison, '
1974). During the calculation of the effective cross-section and efficiency for gold, the

author never observed the production of SAu during the four hour irradiations at

1x 102 n/cm?/s, even when 20 ,ug of gold were present in the Stgndard.

»
a



\ , ’ : |
. Table 16: Second-order interferences, with an example of the calculated interference of
\ 1¢Pt on the determination of gold via !**Au at various irradiation periods (t irr.) with thermal
_—_neutron flux-0f-5-x-10'n/mm?/s-and-epithermal-neutron-flux-of-5- x—10' n/-mmi/s- (after
\ Gijbels, 1971). .

192Ry(n, ¥ )“”Ru(lB‘)”"‘ Rh

19Pd(n, ¥ NOPd(B- P AgIn,¥ N1iom Ag
107Ag(n, 3 N AG(B*, E.C.IOPd(n, ¥ 19Pd
1900s(n, ¥ )"‘Qs(é‘) 191, ¥ o2y
1910s(n, ¥ 19°0s(8-) 1%Ir(n, ¥ Josir

191ir(n, ¥ J192Ir(E..C.) 1920s{n, ¥ 1905
"3Ir(n,X)”‘lr(B")‘."Pt(n,X)”’"l‘Pt ‘
199, Y PIPHE.C) tir(n, ¥ )19 | ' : - -

AN

196Pt(n, ¥ NIPYB-) ”7Au(h,x puAy . :
~tirr. (hr)= 1.62 6.48 .+ 25.83 103.7
ppb Au=_0.135 2.095 30.17 345.4
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F. Self-shielding and self-absorption

Errors due/(o self-shielding result when materials containing isotopes of high

" uses the program PREP10 (Apps 1978) Thus program returns all the |nformat|on glven-

by the Series 80 peak search, without the |setope identification.

capture cross-section are analyzed. Self-absorption effects result when samples contain

large quantities of dense elements. . In the case.of the noble metal assays, th
concentrations of the noble metals are always less than 10 ppm, so these two ff.ec':ts are
of little importance. SimilarI;l, the small (200 mg) size and the chemistry of the wWhole rock
samples helps to'minimize the effects of self-shielding and self-absorption.
In one instance self shielding and self- absorptnon may have been a problem rir
the standardization of gold. The standards for effective cross-section and detector
efficiency were originally produced with 20lpg of gold. Inan attempt to ensure that the'

self-shielding and self-absorption effects were not a problem in this case, a second set o \\ :

standards of 1 M9 gold were produced; The results from the 1 ug standards were in good '

agreement with those of the 20 Ag standards, indicating that the effects of self-shieiding

and self-absorption were insignificant. -

G. Data reductlon ~N '

As stated in the text, three data reductlon programs and one peak search program

were utlhzed for the data reductlon in this study The programs DATRED and ALETC were

written for offl:ne analysis usmg the University of Alberta AMDAHL computer These
programs wrltten in FORTRAN‘IV take all their data from the peak searches and |rrad|at|on
data.. NAARUN peak searches and reduces the data onlnn; with the NDGSO LSI-11 (Apps
and Apps 1981). ‘A hstmg of the program DATRED is g:ven in Appendlx VI, .

" Peak searchmg on the Serles BQ_MCA is done wuth built-in functlons Output
includes the ‘region of interést, mtegrated peak area, background counts, counts per- .

second in-the region of mterest the uncertalnty in-the peak (ln percent) the full width half

_ maximum (FWHM) of the peak in ke, identifies the peak centroud ln keV and has the

capablllty of uslng a Ilbrary for radlonuchde identification. Peak searchmg on the ND660

L

-The 4096 channel spectra are stored on floppy d:sks In the case of NAARUN

: peak searching via PREP10 is part of th_e data reduction routme, so altthat is requlred is
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the 'specification of parameters such as sample identification, mass of sample, irradiation

date and time, and counting date and time (Apps and Apps, 198 1). For reduction ‘with

- DATRED and ALETC, the mtegrated peak areas, peak errors Iuve time and clock time,
irradiation date and time, the date and time of tounting, sample |dentlf|cat|onAand sample
mass are required. The results from NAARUN and DATRED are given in /g and ppm, those
from ALETC in ppm or percent, and as oxides whers approprlate All three programs
| provide the user with the total calculated uncertamty for each anaIyS|s expressed either in
| percent of the result for each element (ALETC, NAARUN)} or in the units of output, such as

ppm (ALETC, NAARUN, DATRED).



XIl. APPENDIX V: PGE ASSAY RESUL»TSFOR—TULAMEENSAMEI:ES..-

@

This section gives a tabulation of all the PGE analyses performed for this éfu"dy. All results

—————are"in ppb at 95 percent confidence limits.~ Those values that are presented without
uncertainty should be considered semi-quantitative, and blank entries indicate that the '
element was below the limits of quanitification. ‘

n?
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XIIl. APPENDIX VI: RESULTS FOR WHOLE ROCK ANALYSES
All samples assayed.for the PGE were analyzed for other elements, both major and trace,

via INAA on whole rock samples. The results of these analyses are given here, in ppm or

in weight percent where noted. All values are given at 95 percent confidence limits, with
bISnk entries indicating that the element was-below the limits of quantification. The values
for AlLLO, have Hot been co_rrected for the contribution from "Si(n,p)‘"AI, so samples low |
';n Al probably have erroneous values of Al,O, ._cc;rded. Samples with Al,O, greater than

about one percent are reasonably accurate. L : g
~N N .

~a,

;. . . 104
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- XIV. - APPENDIX VII MINERAL ASSEMBLAGES OBSERVED IN TULAMEEN SAMPLES
' Thin sectlons polished thin sections, and pohshed blocks of all samples analyzed for the
__._,_m_b,A_PGE were_examined._ Thls _table_ glves the. mmeral assemblages observedby hthology An__u___ S
explanatlon of the abbrevnatlons used i in thls apper\d:x is glven before the Introductlon of

the thesis.
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© XV.  APPENDIX VIiii: SOURCE LISTING OF THE FORTRAN PROGRAM DATRED

" This program was written by the;auth‘or. for use in thé comparator and absofute NAA of

' ‘the PGE. | , N
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Xy VXVI APPENDIX IX OVERLAP COEFF’ICIENTS GENERATED‘FOR USE WITH ENERGY

DISPERSIVE MICROPROBE ANALYSIS OF THE PGMs

l The overlap coeffacnents given m this appendlx were generated using pure element spectra

o f‘wa the program EDATA2 (Smlth and Gold 1979) An element that appears along the

- ’ -axns of the table is overlapped by an element on the y-axns by n percent (7. e Ptis
‘overlapped by S by 5 51 percent M(a) L(a) and Kia) refer to, Mo< Lo< ‘and Kox: X~rays L
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