
AN ABSTRACT OF THE THESIS OF

}(enneth Charles Bowman, Jr. for the Doctor of Philosophy
(Name) (Degree)

in OCEANOGRAPHY presented onJ 8j/77c2
(Major)

Title: SEDIMENTATION, ECONOMIC ENRICHMENT AND

EVALUATION OF HEAVY MINERAL CONCENTRATIONS ON

THE SOUTHERN ORE GOI CONTINENTAL MARGIN

Abstract approve
Andel

Heavy minerals can contain potentially economic amounts of

metals as both matrix and trace constituents. Such miuerals appear

as unconsolidated black sands on the continental shelf off southwest

Oregon and along the Oregon coast, Two diverse energies are con-.

sidered in this investigation. Environmental energy of the deposition-

al regimen, Part I; energy involved in crystalliz3tion of transition

metals from a magma, Part III. In Part It, an analytical scheme for

the evaluation of opaque oxides is proposed, and an examix3ation of the

results as applied to two samples is presented.

Part I

The unconsolidated black sands on the Oregon continental margin

have been profoundly affected by tectonic uplift aid by cyclic erosive

transgression and regression. Progressive enrichment in heavy
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minerals from the Kiamath Mountains has apparently occurred during

each glacio-eustatic regression of the Pleistocene seas, each re-

gression a period of intensified erosion and sediment transport. Sub-

sequent erosive transgressions selectively sort and redistribute these

heavy minerals into paralic beach and nearshore deposits. Uplift of

the coast and shelf implies that the heavy minerals were reworked

during the Holocene transgression into concentrations of greater

extent and higher ore tenor than relict deposits of earlier trans-

gressions in upraised Pleistocene terraces. Extrapolation of ore

reserve values from the terraces by "Mirror Imageu concepts might

seriously underestimate the potential of offshore deposits. Offshore

heavy mineral concentrations should be coincident with observed

submarine terraces.

Part II

An analytic scheme was developed to investigate opaque oxides

in two samples; one from the Pleistocene terraces; the other from

near the present shelf edge. Analyses involving X-ray diffraction

techniques, atomic absorption and neutron activation established the

mineralogy and elemental distribution in magnetically separated dia-

gnostic splits. Chrome spinel, ilmenite and magnetite comprise the

opaque oxide fraction in both samples.

Correlation studies of these analyses suggest:



(1) Chromium is a matrix metal of chrome spinel and is diadochic

into magnetite.

(2) Iron appears in all opaque oxides and in increasing amounts

with increasing magnetic susceptibility.

(3) Titanium is a matrix metal in ilmenite, and diadochic into

chrome spinel and magnetite.

(4) Nickel and ruthenium are diadochic into and correlated to the

spinel structure; i. e. to chrome spinel and magnetite.

(5) Osmium appears to be correlated to chromium.

(6) Zinc is limited to spinel in these samples.

Part III

Goldschrnidt' s and Ringwood' s criteria for diadochy often fail to

explain the distribution of the transition metals because crystal field

effects are not considered. Favored dn configurations, e. g. octahe-

drally coordinated, low spin d6 cations in the spinel minerals, result

in shortened interatomic distance and significantly strengthened

cation-ligand bonds, possibly affecting the distribution of such metal

cations.

The octahedral site preference energy parameter (OSPE) has

been used to explain distributional behavior of the first (3d) transition

series metals. OSPE calculations for four low spin d6 cations -

Co(IU), Ru(II), Rh(III), and Pt(IV) - give significantly high values for



this parameter.

High OSPE valued transition metal cations possibly form stable

proto-mineral oxide complexes in the magma which persist through

crystallization. These associations predetermine the enrichment of

transition metals in oxide minerals and act as nuclei during cooling

and solidification.

Subduction of oxidized and hydrolyzed near-surface rocks down

a Benioff zone provides progressively higher Eh in the magma, a

variety of cation oxidation states, and water for sepentinization of

ultramafic rocks. The distribution of the platinum metals in a

strongly reducing magma environment should be different than in the

oxidizing magma proposed for the Kiamath ultramafics.

The OSPE parameter offers an explanation for the observed

distribution of platinum group metals in spinel minerals from this

investigation, in chromites from Uralian dunitic massifs and the

Stiliwater complex; and of iridium from the Great Lake Doleritic

Sheet, Tasmania. Chrome spinel from Oregon had twice the concen-

tration of ruthenium, and one-third the amount of osmium as similar

Uralian chromite deposits. The first significant concentration of

ruthenium in magnetite is herein reported recommending continued

research into the platinum metal distribution in southwest Oregon.
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SEDIMENTATION, ECONOMIC ENRICHMENT AND
EVALUATION OF HEAVY MINERAL CONCENTRATIONS
ON THE SOUTHERN OREGON CONTINENTAL MARGIN

PURPOSE AND SCOPE

Anomalously enriched heavy mineral concentrations extend

southward from Coos Bay, Oregon into northern California (Index

Map, Figure 1). They are found associated with the raised Pleisto-

cene marine terraces and present beaches, and there is evidence that

they may be present on the adjacent continental shelf (Kulmetal.,

1968) at depths amendable to mining by modern dredging techniques.

Nine samples selected from box cores and surface samples re-

covered from the shelf were analyzed for metallic elements including

vanadium, lead, copper, cobalt, chromium, ruthenium, manganese,

nickel, zinc, and iron (Forster et al., 1969). The results suggest

that valuable placer ores may, indeed, be present with in situ values

as high as several hundred dollars per ton if the analyses are repre-

sentative. No attempt was made to determine the mineralogy or the

metal/mineral relationships in the investigation by Forster et al.

This study deals with the economic potential of these onshore

and offshore deposits, with special emphasis being given to the opaque

oxides which constitute the bulk of the heavy minerals. The investi-

gation is presented in three parts.

Part I gives an analysis of the sedimentary history and
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environment of these "black sands" as a. response to tectonic uplift

during the regression-transgression cycles of the Pleistocene -

Holocene glacial stages. Unpublished studies of the spacial. cli stribu-

tion and estimated ore tonnages of several of the raised terrace de-

posits near Bandon, Oregon are presented and the problems of extra-

polating these values to the shelf environment using the "Mirror

Image" concept are discussed. The section ends with a brief survey

of the economic implications of both the sedimentary model and the

trace metals described in Parts II and Ill.

In Part II, the methodology developed for analysis of the opaque

oxide minerals present in these heavy mineral deposits is described.

These techniques have been used to investigate two samples; one from

the raised Pleistocene terraces, one from the offshore realm near the

shelf edge. Interpretation of the mineralogy and the distribution of

matrix and trace metals analyzed has been made which suggests that

significant amounts of trace metals, especially members of the trans-

ition elements, may be diadochically hidden within minerals of the

spinel group.

Part III presents an explanation for the observed distribution of

transition metals in these spinel minerals - chrome spinel and magne-

tite. A review of bonding strength and diadochy - the substitution of

one ion for another in a mineral - leads into a discussion of crystal

field splitting and octahedral site preference energy as a satisfactory
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interpretation of the distributional behavior of metal cations of the

first (3d), second (4d), and third (5d) transition series... Values of

octahedral site preference energies have been calculated for a highly

favored electron configuration (low spin d6) for cations of cobalt,

ruthenium, rhodium, and platinum using spectroscopic energy level

formulas and published spectroscopic data. These vahes are com-

pared to values computed by others for metal cations of the first (3d)

transition series. Since there is a strong possibility that significant

amounts of the platinum group metals may be present in the spinel

minerals derived from the Kiamath Mountains of southwest Oregon,

recent studies of the distribution of platinum metals in the Uralian

massifs, in the ultramafic Stiliwater Complex and in the Great Lake

Dolerite Sheet, Tasmania, are reviewed and compared.
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PART I. THE SEDIMENTARY ENVIRONMENT

Minerals From the Continental Shelf

The continental shelves of the world, covering about ten million

square miles, are presently being explored in the search for new

metal and mineral reserves to supply strategic and/or economic

demands. Such diverse materials as magnetite, rutile, tin, diamonds,

sand, gravel, and shell are all being dredged from the shelf areas,

generally from water depths of less than two hundred feet.

Rocks of the submerged continental shelves are basically simil-

ar to many of those found in adjacent terrestrial areas. The Mirror

Image concept has been used by economists for a first approximation

of in-place mineral and metal reserves on the shelf when adequate

samples are not available for delineation and evaluation. This con-

cept implies that the processes and products which shape and corn-

prise the sedimentary materials of the continental shelf are

mirrored by genetically similar rocks which may be observed in

areas now above sea level. Approximations of in situ shelf reserves

are made by extrapolation of onshore mineral values to rocks of

similar genesis on the continental shelf. The closer the approxirna-

tion in terms of provenance and processes, the better the estimate.

There are inherent dangers in the use of this apparently logical

approach to extrapolation which lie in the basic assumptions. These



will be examined under the discussion of sea level changes and pro-

gres sive enrichment.

Since this study deals with heavy minerals laid down in an

aqueous environment, there are implied constraints such as hydraulic

equivalence and re-entrainment processes in sediment transport, as

well as distance from source. These constraints will not be explored

in this paper, except incidentally as they apply to the study. Emery

and Noakes (1968) suggest that both the heavy heavy minerals (the

noble metals and tin) and the economic light heavy minerals (the

opaque oxides such as chromite, magnetite, and ilmenite and the

transparent minerals, rutile, zircon, etc. ) become improve rished in

the marine sediment on the continental shelf away from the present

shoreline. While this is undoubtedly true for many subsiding and

tectonically stable shelf areas, it may not hold for a shelf undergoing

uplift. The effects of tectonic uplift and erosive regressions and

transgressions upon the heavy mineral concentrations on the southern

Oregon continental margin will be discussed later in Part I.

The Black Sands of Southwest Oregon

This investigation is primarily a study of the opaque minerals

concentrated in the black sands of the upraised terraces, beaches and

continental shelf of southwest Oregon. It has been established by

Chambers (1968), Spigai (1971), and others that the nearby Kiamath
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Mountains of southwest Oregon and northwest California are the

source of most, if not all, of the heavy minerals and free metals

found in these environments. The Kiamath area complex of sedimen-

tary, metasedimentary, metavolcani c, granitoid, and serpentinized

ultramafic rocks supplies a variety of economic or potentially econo-

mic minerals to the relatively high energy and oxidizing shelL environ-

ment. These minerals include metallic gold and platinum metals,

chromite, ilmenite, magnetite, garnet, and zircon.

These siderophilic metals and resistant oxides are classified

as residual primary minerals by Hawkes and Webb (1962), who point

out that abrasion during erosion and transport is minimal for these

minerals and that they highly resist chemical weathering in many

environments. Folk (1968) states that the preservation of at least

magnetite and ilmenite is enhanced in an oxidizing environment.

Onshore Investigations

The mineralogy, morphology, and economic import of the on-

shore heavy mineral deposits of the beaches and upraised terraces of

southwest Oregon have been investigated by many workers. Most of

the early investigators, such as Diller (1903), Day and Richards

(1905), and Pardee (1934) stressed the precious metal content of these

deposits. The black sand concentrations of both beach and terrace

have been worked for gold and minor amounts of platinum metals



since 1852, although there has been little or no mining activity for

these metals since the 1940' s.

Presence of chromite among the opaque oxides inspired further

investigation by Twenhofel (1943), Griggs (1945), and Baldwin. (1945)

during World War II. The black sand concentrations in the upraised

terraces were mined for chromite during this period in an attempt to

relieve the shortage of this strategic mineral.

More recently, H. E. Clifton, R. J. Janda, and others of the

U. S. Geological Survey have been investigating the terraces, beaches

and shelf in this area under the Heavy Metals Program; a program

instituted by the Government of the United States to promote research

into and discovery of strategic heavy minerals and metals.

Offshore Inve stigations

The Department of Oceanography, Oregon State University, has

cooperated with the U. S. Geological Survey under the Heavy Metals

Program in an attempt to determine the structure, stratigraphy,

sedimentary processes, and economic potential of the continental

shelf off Oregon.

Chambers (1968) infers from topographic analysis that sub-

merged terraces are present on the shelf off southwest Oregon. at

water depths of 18, 29, 47, 71, 84, 102 and 150 meters. These

features are in some instances associated with magnetic anomalies,



leading Kulmetal. (1968) to postulate the existence of heavy mineral

placers on the shelf. Surface samples, box cores, and piston cores

recovered by marine geologists of the Department of Oceanography,

Oregon State University and by the U. S. Geological Survey furnished

supporting evidence. Analysis of these samples by Chambers (1968)

for heavy and opaque mineral content (Figure 2), and by H. E. Clifton

(1968) for gold content (Figure 3) established several areas of enrich-

ment in these values.

These potential placers were to have been drilled to refusal

depth by the U. S. Bureau of Mines during the summer of 1970, but

the program was unfortunately suspended. Metal tenor in placers

generally increases with depth, the highest values being found at an

impervious basement or parabasement level. It is doubtful if

sampling to date has penetrated to these richer horizons in any of the

potential offshore placers.

J. 3. Spigai (1971) investigated the structure of the con±ixiental

margin off southwest Oregon. Using criteria developed by Byrne

etal. (1966), Janda (1969), and Fowler (1970), he presents evidence

that at least portions of the shelf in this area have been uplifted since

early or mid-Pliocene, possibly as the result of underthrustixig of

oceanic crust beneath the continental margin of southern Oregon.

Uplift of the shelf during Pleistocene and Holocene times should

have a marked effect on the distribution of heavy minerals found there.
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Emery (1968, p. 185) states that, "Continental shelves formed by

wave truncation of old and hard strata appear to be most eommon off

high coasts, particularly where raised terraces also imply that uplift

of the land (and of the shelf) provided only minimal space for deposi-

tion of a thick layer of sediment atop the erosional surface. One of

the main values of wave truncated shelves to studies of regional geo-

logy is that the several levels of truncation that commonly are present

may denote rather accurately the local position of several stilistands

of the shore during the Pleistocene Epoch of oscillating sea levels. H

Sea Level Changes of the Pleistocene and Holocene

The continental shelf off southern Oregon can be classified as

an erosional wavecut platform (Mackay, 1969). Let us examine the

consequences of this.

Kulm (1969) gives an isopach map of unconsolidated Pleistocene

and Holocene sediments on the shelf from Coos Bay to Cape Ferrelo

near the California state line. Thicknesses range from zero on

eroded and truncated pre-Pleistocene indurated rock to a maximum

of about 115 feet; most of the shelf averages 40 to 70 feet of uncon-

solidated sediment. Kulm also notes that no clearly definable

Pleistocene fluvial channels have been identified from the reflection

records across this part of the shelf.

The shoreline has retreated and advanced across this shelf
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possibly four times since the onset of Pleistocene glaciation; this thin

veneer of unconsolidated sediments represents the total sedimentary

record left by a million years of pre- glacial PleiEtocene sedimenta-

tion, plus four cycles of regression-transgression, plus any recent

equilibrium sediments laid down after the present shoreline was

established. This suggests that a great deal of energy has been

available and has been used in eroding, sorting, and transporting the

component sedimentary materials on the shelf.

The following offers a framework for discussion of the sedi-

mentary history of the heavy mineral deposits:

1/ The depositional area of interest will be limited to the

coast and shelf off southern Oregon from Coos Bay to Cape

Fe rrelo.

2/ This. depositional environment has beeh tectonically uplifted

during Pleistocene-Holocene time. No attempt is made to

establish whether the uplift was pulsing or continuous.

3/ The overriding cause of transgression and regression of

the shoreline across the shelf is the eustatic rise and fall

of sea level due to global waters being cyclicly fixed in

continental glaciers.

4/ Maximum erosion and fluvial transport to the shelf of

mechanically weathered products from source areas in the

Kiamath Mountains probably occurred during maximum
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glaciation and lowest stand of the sea. High rainfall

associated with pluvial climatic changes during glacial

periods, possible alpine glaciation in the higher Klamath

peaks, and lowered base level could have all contributed to

mass-wasting of the source area.

5/ Minimum erosion probably occurs at highest stand of the

sea during interglacial periods when reduced rainfall and

a higher base level minimize fluvial transport of sedimen-

tary material from their source in the Klamaths. Much of

the coarser material entering the fluvial cycle is trapped

in estuaries before reaching the shelf environment (Kulm

and Byrne, 1966), a process which suggests that sedimen-

tary equilibrium has not yet been established on this part

of the Oregon coast.

Within this framework, the textural character and the spatial clistri-

bution of the heavy minerals delivered to the shelf would be largely

governed by the relative level of the sea.

During lowest stand of the sea (Figure 4), the site of deposition

of most of the fluvially transported sediments was close to the shelf

edge. Here the sediments show the influence of high erosional rates

in the Kiamaths by a predominance of fresh, angular, first cycle

mineral grains, as the description of the offshore sample will show.

An overall fining in grain size in the paralic sediments of this
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EARLIER HEAVY'
MINERAL DEPOSIT

HEAVY MINERAL DEPOSITS
BEING TRANSPORTED AND
REWORKED

MAJOR HEAVY MINERAL SOURCE

Figure 4. Conceptual diagram of source, transport and
distribution of heavy minerals at low stand of sea
prior to Holocene transgression. Older heavy
mineral concentrations across exposed shelf are
inferred. Main source is Klamath Mountains.
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paleo- beach and nearshore zone reflects the increased distance from

source. Most of the heavy minerals and associated metals, obeying

the laws of hydraulic equivalence, would be concentrated with the

coarser sands and gravels in fluvial channel lag deposits extending

landward from the shelf edge. High grade concentrations of heavy

opaque minerals near the edge of the continental shelf demonstrate the

transport competancy of the torrential pluvial-. glacial (?) streams.

These concentrations near the shelf edge suggest that topographic and

bathymetric differences may result in higher energies in the near-

shore environment during the low stand of the seas than. on todays

continental margins where wide shallow shelves and headlands are

developed. The possibility of climatic intensification with increased

wave height and energy may also play a part in these concentrating

processes.

In contrast to this, paralic sediments of the highest stand of the

seas (Figure 5) on the southern Oregon coast show a marked decrease

in fresh heavy minerals from the Kiamaths. As noted later in the

description of the terrace sample, the extreme range in rounding of

these grains is characteristic of multiple-cycle reworking and

abrasion. Source for most of these multiple-cycle heavy minerals is

the consolidated and unconsolidated rocks found in the nearby super-

elevated coastal area. Longshore transport, predominantly north-

ward, assures some mixing of heavy minerals from different sources
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Figure 5. Distribution of heavy minerals following Holocene
transgression. Channel lag deposits and earlier
concentrations (inferred) from Figure 4 are reworked
into strandline deposits. Headlands tend to localize
present beach deposits. Main source of heavy minerals
is super-elevated coastal area.



19

for both low and high stands of the sea (Scheidegger etal., 1971).

The texture of the paralic and channel lag deposits of heavy

minerals laid down during regressions and transgressions intermedi-

ate between high and low stands of the seas (Figure 6) would have

shown a systematic change from one sedimentary environment to the

other, influenced mainly by the increase or decrease of sedimentary

heavy minerals provided by erosion in the Klamath Mountains. The

heavy minerals transported to the marine environment during both

transgressions and regressions would be concentrated in paralic

deposits correlable with stillstands of the sea, as suggested by

Chambers (1968). Channel lag placers of heavy minerals laid down

during regressions of the sea would be reworked into paralic deposits

during erosive transgression if sufficient time and environmental

energy were available.

With the exception of the shelf edge, which Mackay (1969) and

Spigai (1971) show to be depositional and outbuilding in this area

during Wisconsin glaciation, it appears that much of the unconsoli-

dated sedimentary column of this part of the Oregon shelf was re-

worked and reshaped during the Holocene transgressions of the last

18,000 years. The cores studied by Chambers (1968) show that the

area has only recently been partially covered with a very thin layer

of clay and silt-size sediments in equilibrium with the present

envi ronment.





Several arguments favor intensive reworking during the last

transgression: the overall thinness of the unconsolidated section

(Kulmetal., 1968); the frequency of truncated indurated rocks on the

shelf (Mackay, 1969); the widespread distribution of relict sands on

the shelf (Chambers, 1968); and the apparent absence of relict fluvial

channels - all indicative of highly erosive mechanisms. Unless

evidence of sedimentary structures of earlier Plesitocene trans-

gressions and regressions can be established on the shell, it may be

assumed that many of the topographic features and the spatial distri-

bution of all of the unconsolidated heavy mineral concentrations pre-

sent today on the shelf are a direct response to the erosive nature of

the Holocerie transgression in this area.

Progressive Enrichment

In discussing economic placers on the continental shelves of the

world, Emery and Noakes (1968) note that the median distance from

source for economic fluvial placers of coarse gold and platinum is

less than 15 kilometers. This is probably true of tectonically stable

or subsiding depositional environments, but in an area undergoing

both uplift and cyclic erosion, e. g. the shelf off southern Oregon,

there may be several cycles of re-entrainment and transport. Each

point of deposition of one cycle becomes a new point of source for the

next cycle of erosion. Thus, even the coarser grains of the precious
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metals might be transported some distance seaward on the shelf.

Griggs (1945) points out that there are no black sands evident in

the oldest and highest (1500 feet above present sea level) of the

Pleistocene marine terraces. This has been confirmed by R. J.

Janda (personal communicatiQn) who has made extensive field studies

of these terraces for several summers. Griggs also notes that there

is a general increase in the extent and number of black sand concen-

trations in consecutively lower and younger terraces.

It is possible that there has been a progressive enrichment of

heavy minerals on the shelf during the four glacial stages of the last

one million years. Each regression has probably brought a fresh

influx of heavy minerals from the Klamath Mountains. Subsequent

erosive transgressions would provide energy for winnowing and trans-

porting the lighter and finer materials seaward out of the shelf de-

positional area while the denser and coarser material would be re-

tamed. The net result would be a shelf generally depleted in fines,

but enriched in potentially economic heavy mineral deposits. An

analogy may be drawn to the segregating action of a Wilfley table used

to recover gold and other precious metals from free-milling ores.

The upraised terraces along the present coastline be re-

garded as superelevated relict structures of earlier interglacial

transgressions. The minimum age for any of these has been

established by Janda (written communication, 1970) at 45,000 years
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by radiocarbon dating. It is worth considering that any contiguous

heavy mineral concentrations that these relict structures might have

had, seaward of their present position along the coast, were probably

redistributed into strandline deposits during the Holocene transgres-

sion, as were the channel lag placers. These deposits are probably

of greater extent and higher ore tenor than the relict black sands in

the upraised terraces.

Search for economic concentrations of heavy minerals is greatly

simplified if this reasoning is correct, since only stilistands of the

Holocene need be considered for any exploratory effort. The sub-

merged terraces described by Chambers (1968) may be regarded as

primary exploration targets.

Spacial Distribution, Reserves, and Ore Tenor in the
Pleistocene Terraces

The chromium content of the black sands in several of the up-

raised Pleistocene terraces from immediately east of the town of

Bandon on the Oregon coast to the South Slough area of Coos Bay, a

distance of about 15 miles, has been intensively studied by the

Government Agencies and by private corporations. Some of. the

chromitiferous sand bodies were blocked out and drilled, in an attempt

to delineate the ore bodies, establish the ore tenor, and calculate

reserves for the area. Much of this information has not been
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published.

Dr. G. W. Glee son, past dean of the Engineering School, OSU,

cooperated with the U. S. Bureau of Mines, the Oregon Department

of Geology and Mineral Industries, and private companies, such as

The Krome Corporation and Humphreys Gold Corporation, in. this

effort. He has kindly furnished unpublished data for study, including

reserve tonnages, mineral/metal content, and maps of several of the

properties. The following is a brief summary of these results:

Blocked Out Reserves

Property Location Ore Tonnage Ave Grade % Cr2O3

Sec 10 - South Sec 10 T27S R14W 360,490 5.43

Sec 10 - North Sec 10 TZ7S R14W 175,950 5.37

Sheppard Sec 16 T27S R14W 216,590 7.70

Sec 33 Sec 33 T26S R14W 882,933 3.13

Sec 4 Sec 4 T27S R14W 156,450 5.65

Pioneer-Eagle Sec 28 T27S R14W 360,000 11.70*
Sec 33 T27S R14W

* Partially mined out

Mineral Content

No mineral analyses of the raw ore were included, but an

evaluation of the mineral/metal content of mill run magnetic concen-

trations shows economically potential chrome values in the magnetite



25

and ilmenite' heads after the chrome concentrates had been removed.

In addition, relatively pure fractions of garnet and zircon were re-

covered during beneficiation of the ore from the property in Sec 33

TZ7S R14W. Dr. Gleeson commented on the variability of mineral

content from widely separated ore bodies and stated that in a few in-

stances the content of ilmenite exceeded that of the chrome spinel.

('t.c Pcnrs

A cut off grade of 3.00% Cr203 has been used by Dr. Glee son

for the lower limit of economically potential ore. Average ore tenor

generally was in the 5% to 7% Cr203 range for ore body thicknesses

which ranged from 1 to 20 feet. A maximum grade for any hole

drilled was 13% Cr203.

Spacial Distribution

Most of the ore bodies, as mapped, are tabular in shape; con-

formably flat-lying or gently inclined with the underlying consolidated

bed rock in extent (generally north-south), but have a pod to tear

shape in cross section and dip strongly (up to 10 degrees) landward.

Maximum widths did not exceed 500 feet, but lengths of greater than

2000 feet showing ore continuity were drilled. The ore bodies

1 This study suggests that the chrome value reported for the ilmenite
mill split (27.77% Cr203) is probably due to incomplete removal of
high susceptibility chrome spinel during beneficiation.



26

generally rested on or were a few feet above the bed rock, having

thicknesses from a feather edge to a maximum of about 20 feet. One

ore body (Sec 4 TZ7S R14W) indicated a fades relationship with

barren sands, bifurcating in a northwest direction, but most showed

economic chrome values from top to bottom. Maximum barren over-

burden did not exceed 60 feet for any of these chrome rich sands.

Economic Implications

Based on the recovery from past mining efforts in the Pleisto-

cene terraces and beaches of southwest Oregon, it appears certain

that some values of metallic precious metals, gold and the platinum

group, are to be found offshore on the continental shelf. Whether

these metals will enrich the shelf deposits to a level at which they

may be economically recovered is problematic and awaits definitive

sampling.

This investigation goes on to another facet of metal enrichment;

the metals that are hidden by diadochic processes in minerals repre-

senting the ultramafic suite from which they were derived. Those

acquainted with the mining industry are aware of the importance of

trace amounts of valuable metals. Parts II and III of this study will

show that the spinel minerals - chrome spinel and magnetite -

derived from the Klamath Mountains and now resting along the coast

and on the shelf of southwest Oregon may contain significant amounts



27

of transition metals, especially those of the platinum group. Techno-

logical advances in beneficiation and recovery of precious metals

from their ores (e. g, those under the Heavy Metals Program) assure

that even minerals as resistant as chrome spinel can be made to yield

their hidden values.

Whatever the ultimate value of these submerged deposits may

prove to be, it is obvious that the economics of size become import-

ant since many of the metals of economic import are present in only

trace amounts. A natural concentrating mechanism, provided here by

the erosive trangression of the Holocene, is essential so that heavy

mineral concentrations in well-defined ore bodies of sufficient

quantity are available for development. The danger inherent in such

rule-of-thumb evaluation techniques as the Mirror Image concept be-

comes apparent: extrapolation of Gleeson' s values on distribution and

tonnages may be as damaging in under-estimation as some ill- con-

ceived accounts have been in the over-evaluation.

At this point, it can be assumed that the opaque minerals pre-.

sent in the heavy mineral concentrations of the coastal and shelf

areas of southwest Oregon, and most particularly, the spinel minerals

which make up the bulk of these opaques, can be classified as poten-

tial reserve for many of the transition metals - chromium, titanium,

nickel, the platinum metals and others - which occur in these mine r-

als as both matrix and trace elements. These deposits can be
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expected to carry variable amounts of native gold and platinum group

metals, the size distribution of which will be determined by hydraulic

equivalence, and the quantities of which may be a function of distance

from source. It should be apparent that a diminution in particle size

does not necessarily indicate a diminution in grade or tenor of the

ore for either the precious metals or for the opaque oxides. There

will probably be other metals of economic importance in these de-

posits - metals associated with the transparent heavy minerals such

as zirconium and hafnium, metals absorbed by the clay fraction, and

trace metals concentrated in the hydrous oxides which may be present.

It is conceivable that these deposits, and other deposits of

similar nature, will presently become important ore reserves of the

several metals in view of demand growth and, not less important, for

strategic reasons. A strong justification exists for an immediate and

comprehensive sampling program on the shelf and for extended

research into the metal-mineral relationships in these deposits.
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PART 11. ANALYSIS OF COMPOSITION

To better evaluate the economic potential of the heavy mineral

concentrations of the southwest Oregon shelf and coastal area, an

analytic scheme was devised to investigate the opaque oxides which

made up a large portion of the heavy minerals in the two samples

studied. This scheme was designed to: (1) separate a bulk sample of

mixed heavy minerals into mineralogically simpler splits; (2) deter-

mine the mineralogy of the opaque oxides in each split; and (3) make

accurate elemental analysis of selected fractions.

The Frantz Isodynamic Separator offers a rapid and effective

means of separating a bulk sample into diagnostic splits if a range of

magnetic susceptibilities exist in the component minerals. This in-

strument proved satisfactory for this study.

X- ray diffraction techniques were used to qualitatively identify

the opaque minerals and to quantitatively establish an abundant

mineral component, i. e. chrome spinel. Atomic absorption and

neutron activation methods were used to determine the concentration

of metals for this study. A pycnometer was used to measure the

density of one mono-minerallic split.

The Samples

A bulk sample 9f approximately five pounds of black sand
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concentrations was provided by Dr. G. W. Gleeson. This was a bin

concentrate of chromitiferous ore mined during World War II from

upraised Pleistocene terrace deposits near Bandon, Oregon. Pre-

vious treatment of the sample included scrubbing, desliming, sizing,

preliminary density separation by Humphrey spirals, and partial re-

moval of magnetite.

Binocular microscopic examination of the bulk sample indicated

that more than two-thirds of the grains are black opaque minerals

which range from very fine to fine sand size. Most opaque grains are

rounded to subrounded, although some slightly weathered octahedral

crystals are present. The remaining translucent to transparent

minerals, mostly garnet, range in size from fine to medium sand, are

mostly rounded to subrounded, and exhibit a variety of colors.

The sample was ideal for several reasons. The quantity of

sample insured that a multi- split analysis could be made; the sample

was a well mixed, representative "economic product" which fit well

into the theme of the investigation; and the minerals examined are

probably representative of the opaque minerals on the shelf, since the

variability in rounding of the opaques implies mixing of. several cycles

of erosion.

Box core 6708-44 (42035. l'N, 124°41.OtW) was chosen to re-

present the offshore shelf environment. This core was the nearest

available sample to piston core 6708-43 (42°35.9'N, 124°41.O'W)
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which contained the highest concentration of heavy minera.ls (approxi-

mately 50%) recovered on the Oregon shelf (Chambers, 1968). Cores

6708-43 and 6708-44 were recovered from water depths of 148 and

150 meters, respectively; very close to the outer edge of the contin-

ental shelf and coincident with the lowest stilistand of the Holocene

transgression described by Chambers (1968).

Since the sample is located on the shelf edge - far from proba-

ble source areas - the identification of the same opaque oxides in both

the offshore and onshore samples would support the existence of an

extensive province of potentially economic placer deposits off

southern Oregon.

The bottom portion of core 6708-44 from 35 to 40 cm was used

in the analysis as the best available approximation of a heavy mineral

deposit. It is representative, at least, of the opaque oxides. The

metallic heavy heavy minerals - gold and platinum - if present,

would probably lie at a lower horizon in the unconsolidated section.

Chambers described the sediment from 35 to 40 centimeters as having

a median sand size of 3. 28 phi, and being 87. 6% sand, 7. 2% silt, and

5. 2% clay. The sand fraction contains 33. 5% heavy minerals of which

21. 3% are opaque grains.

Binocular microscopic examination of the sample showed both

the opaque and transparent grains to have a surprisingly angular

texture and "fresh" appearance compared to the onshore sample,
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suggesting that either these minerals represent a first cycle of de-

position or spent a much shorter period in the littoral zone. The

earlier discussion of the Pleistocene-Holocene sedimentation (Part I)

suggests that the former may be true.

Methodology

Figure 7 is a flow sheet outlining the method of analysis used in

this study. A brief summary of these methods is included here, while

specifics may be found in the appendix.

Preliminary Treatment

The onshore sample was washed in calgon, rinsed, and dried.

The offshore sample was wet screened at 62 microns to remove sizes

smaller than very fine sand, after which a density separation with

tetrabromoethane (sp. gr. 2.98) recovered 154 grams of heavy

minerals for the study. Centrifuging and partial freezing with liquid

nitrogen speeded this recovery. Distilled water was used for washing

and distilled, deionized water was used to prepare solutions through-

out the analyses.

Magnetic Separation

The Frantz Isodynamic Magnetic Separator was used to divide

the heavy minerals of each sample into diagnostic splits across the
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OFF SHORE SAMPLE 6708-44 TERRACE CONCENTRATE
HEAVY LIQUID SEPARATION WASHED IN DISTILLED WATER

4 MAGNETIC SPLITS 4
L1EiE

00 I2OcgsxIO6 00 I2OcgsxIO6
Magnetic Susceptibility Magnetic Susceptibility

X-RAY DIFFRACTIONIIMINERAL IDENTIFICATION

X-RAY INTERNAL STANDARD
FOR S CHROME SPINEL

I I t I $

METAL CONTENT I I I I

BY ATOMIC ABSORPTION (Method of Additions)
FOR Fe, Cr, Ti, Zn, Ni

E1E11
METAL CONTENT BY NEUTRON ACTIVATION
FOR Ru a Os (U.S. Geol. Survey - H.T. Millard)

4 I I

Figure 7. Flow sheet showing analytical scheme.
Note offshore sample 6708-44 (on left), terrace
concentrate (on right).
Diagnostic splits* are numbered as explained in text.
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range of magnetic susceptibilities of the opaque oxides present in

each. The susceptibility range of each split was experimentally

selected to furnish sufficient quantities for further inalysis.

Opaque mineral oxides in the black sands of southwest Oregon

are dominated by magnetite, chromite, and ilmenite. Published sus-

ceptibilities of these oxides are shown in Table 1. Significantly

different susceptibilities for chrome spinel and ilmenite were noted in

this investigation.

Table 1. Published susceptibilities of magnetite, ilmenite and
ch romite.

Mineral Susceptibility Equivalent Frantz Amperage

Magnetite 300,000 cgs x 10-6 0.0 amperes

Ilmenite 500 to 32 cgs x io6 0.10 to 0.40 amperes

Chromite 82 to 32 cgs x 1o6 0.25 to 0.40 amperes

It was established experimentally that all the opaque minerals

in both samples could be recovered at amperage settings from zero

to 0. 50 amperes which is equivalent to a susceptibility range from

infinity to 20 cgs x io6 at a side angle slope of 15 degrees and a

foreward slope of 25 degrees. The onshore sample was processed

into six magnetic splits; the offshore sample which contained a signi-

ficant quantity of magnetite was processed into seven splits as shown

in Table 2.
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Table 2. Magnetic splits from the two samples used in study with
susceptibility ranges and Frantz amperage settings. Split'
indicates those magnetic splits analyzed mine ralogi cally
or elementally in detail.

Offshore Sample

Amperage setting Susceptibility range

0.00 Split* 1

0.05 oO to 2070 cgs x 10-6

0. 10 2070 to 517 cgs x i06

0.20 5lTto 129 cgsxl06

0.35 129 to 41 cgs x io6

0.40 41 to 32 cgs x 10-6

0.50 32 to 20 cgs x i6
Onshore Sample

0.025 Split* 2

0. 10 Split* 3

0. 20 Split* 4

00 to 8300 cgs x 10-6

8300 to 517 cgs x 106

517 to 129 cgs x io_6

0.35 Split* 5 129 to 41 cgs x 10-6

0.40 Split* 6 41 to 32 cgs x io6

0.50 Split* 7 32 to 20 cgs x 1o6

Upon completion of the magnetic separation, each split was

examined under the binocular microscope, and, if transparent grains

were present, under a petrographic microscope as well.
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X-ray Diffraction

Ten- to fifteen-gram portions of each of the 13 magnetic splits

were finely powdered in an automatic grinder. Random powder

mounts were prepared from each fraction and X-ray diffraction re-

cords were run using monochromatic copper K radiation from a

Norelco diffractometer with a Canberra Electronics numerical con-

trol and signal processing system. The diffractometer is fitted with

a 35-position sample changer activated by punchcard programming.

This system greatly facilitates the diffraction operation. Precision

of angular measurements was checked with a standard silicon wafer.

Mineral Identification

Nomographs prepared from the ASTM file were used to identify

the component minerals from each diffractograrn. A systematic

tabulation of peak angles and corresponding d spacings was then made

from each record (Appendix I). Differences between these d values

and ASTM values for the respective minerals were also noted. The

cell size of the spinel mineral in each diagnostic split* was calculated

from the d spacing values. Correlation from the onshore to the off-

shore sample using diffractograms of equivalent susceptibility ranges

established the presence of similar opaque oxides in both environ-

ment S.
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Specific Gravity

Split* 6 of the onshore sample was determined to be monomin-

eralic, and to contain only a member of the chrome spinel series.

Since nomographs are available (Deer, Howie, and Zussman, 1966)

relating cell size and specific gravity to mineral species of the spinel

group, a specific gravity measurement was made of this split using a

pycnometer and unpowdered mineral grains.

Internal Standard for Chrome Spinel

Investigation of the X-ray diffraction records established not

only that the chrome spinel appeared in every split of the onshore

sample, but also that its abundance varied in a systematic manner.

The concentration of this mineral in each of these splits was deter-

mined by quantitative X-ray diffraction analysis of twinned samples

using the internal standard method following Klug and Alexander

(1962), A standard curve was established from four synthetic

samples using the powdered grains of Split* 6, with quartz as a

dilutant and alpha-alumina (corundum) for the internal standard.

This curve was used to determine the percentage of chrome spinel in

each magnetic split of the onshore sample (Appendix II).



Preparation of Solutions for Atomic Absorption

The literature suggests that fusion with a strong oxidizing flux

is necessary to take the highly refractory and resistant chrome spinel

into solution. T. A. Rafter (1950) found that fusions of chromite and

other resistant minerals could be made using sodium peroxide as a

fusing agent at relatively low temperatures - desirable since corro-

sion and attendant contamination are kept at a minimum. Analysts at

the U. S. Bureau of Mines in Albany, Oregon suggested zirconium as

a refractory crucible material after blank fusions of sodium peroxide

indicated severe corrosion with iron, nickel and porcelain crucibles

below 600 degrees centigrade. Crucibles of zirconium metal obtained

from Oremet Industries, Albany proved satisfactory and were used

for all fusions.

The flow sheet indicates that five magnetic splits were analyzed

by atomic absorption. These splits (Splits* 1, 2, 3, 4 and 6) were

those comprised of oxide minerals exclusively, and represent most

of the susceptibility range of the opaque oxides in the samples.

The fusion techniques were developed experimentally, using as

reference a combination of techniques proposed by Rafter (1950) and

A. E. Pitts etal. (1970). Twin fusions were made for each of the

five splits, using one gram of powdered sample with either four or

five grams of sodium peroxide for each fusion. A second fusion of
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several splits was necessary for complete mineral decomposition

(Appendix II).

Atomic Absorption Analysis

Concentrations of many metals at detection levels adequate for

most research can be determined rapidly and relatively accurately by

atomic absorption (AAS) methods. Analytic techniques used in this in-

vestigation follow Slavin (1968) and others indicated in the text.

A Perkins-Elmer 303 AAS system was used for this study with

an expandable scale, pen recorder readout furnishing permanent

recorder traces of absorbances. Acetylene-air mixtures furnished

the flame for all metal analyses, excepting titanium which requires

mixtures of acetylene and nitrous oxide for a higher temperature

flame. A three slot burner was used, except for titanium where a

one slot burner is recommended.

The following metals were determined in the course of the AAS

surveys: iron, chromium, titanium, nickel, and zinc. Attempts to

determine the concentrations of platinum and ruthenium by AAS were

unsuccessful. Iron, chromium, and titanium are found as ImatrixH

metals of the opaque oxides in the samples, and their concentrations

in the splits serve as a background against which the trace metals can

be tested. Standard solutions for each of the metals were prepared

except for the platinum standard which was furnished by Wah Chang,



Inc. of Albany, Oregon. Blank solutions were prepared under the

same conditions and at the same ionic strength as the sample solu-

ti on s.

Slavin (1968) suggests the Method of Additions when the total
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sample is more than 0.1% of the solution, as was the case here. This

method, which yields an accuracy of 3% to 5% of the amount of metal

present, was used for the analyses of all the metals to insure con-

sistant results.

Approximate concentrations of the metals in each split were

determined by running the sample solutions against the standards.

Three aliquots with known increments of added metal were then pre-

pared for each of the ten fusion solutions (representing the five

twinned splits) for each metal to be determined by the Method of

Additions (Appendix II). During the analysis, three nonsequential

absorbance readings were taken for each aliquot, furnishing nine

absorbance values for statistical evaluation of each metal in each of

the ten sample solutions. These evaluations were computed at the

95% confidence level with the Oregon State University CDC 3300 OS3

computer system using a program devised specifically for the

Method of Additions. Weighted average means and standard devia-

tions were calculated for the twinned fusion samples.

These methods proved successful, within acceptable confidence

limits, for all metals except platinum and ruthenium. Low
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concentrations of these two metals, compounded by the extremely

poor flow characteristics of the necessarily undiluted sample solu-

tions, made these analyses unreliable. Use of an enhancing agent

(0.2% lanthanum chloride), as proposed by Pitts etal. (1970), did not

resolve the problem. Further attempts to determine the platinum,

using a double extraction scheme with MIBK and dithizone as pro-

posed by Anna Simonsen (1969) were also unsuccessful; although

standard solution concentrations as low as 0.05, 0. 10, and 0. 50 ppm

(pre- extraction) yielded linear and repeatable absorption readings

well above the detection limit of the system.

Since it appeared impossible to establish the concentrations of

the platinum metals by AAS methods, outside help was requested.

Hugh T. Millard with the U. S. Geological Survey at the Federal

Center in Denver, Colorado, has recently developed an improved wet

chemical-neutron activation scheme for the analysis of the noble

metals. He agreed to determine the concentrations of the platinum

group metals in the samples, so powdered fractions of Split* 1 thru

Split* 6 of approximately one gram each were forwarded to him for

analysis. His completed analyses - ruthenium and osmium - are

included in this investigation.
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DISCUSSION OF RESULTS

Before analyzing the specific metal/mineral relationships in the

samples, a brief survey of the analytical findings of the diagnostic

splits (designated split* in Table 2 and hereafter) is necessary.

Table 3. Mineralogy of the seven diagnostic splits, their location,
and susceptibility ranges.

Sample Susceptibility
Location Range Minerals

Split* 1 offshore

Split* 2 onshore

Split* 3 onshore

Split* 4 onshore

Split* 5 onshore

Split* 6 onshore

f to 8300 cgs x io_6

8300 to 517 cgs x io.6

517 to 129 cgs x lo_6

129 to 41 cgs x 1o6

41 to 32 cgs x 1o6

Magnetite

Ilmenite and chrome
spine 1

Ilmenite and chrome
spinel

Ilmenite and chrome
spinel

Chrome spinel and
pyrope

Chrome spinel

Split* 7 onshore 32 to 20 cgs x 10-6 Chrome spinel and
transparent minerals

Table 3 indicates the minerals in each split* as identified by

X- ray diffraction. The diffraction records showed these splits con-

tained little, if any, admixed minerals other than those identified.

Unidentified peaks, where present, were so near background count
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that they could not be recognized as specific minerals. The diffracto-

grams of monomineralic splits* 1 and 6, magnetite and chrome spinel

respectively, were especially "clean," with only negligible amounts

of other minerals. This is an important point, since in the rationale

of the analytical portion of this study, it is assumed that all the metal

analytically determined for these two splits can be assigned to the

respective mine rals. Metal/mineral correlations, presented later,

appear to justify this assumption.

The transparent minerals in split* 7 were identified under petro-

graphic microscope as species of pyroxenes, amphiboles, garnets,

and possibly chlorite. The pyrope in split* S was identified from d

spacings of eight subdued diffraction peaks which coincided with

ASTM values. Since these transparent minerals were not analyzed

elementally, they are excluded from further consideration.

Splits* 2, 3 and 4 were identified as binary mixtures of ilmenite

and chrome spinel. The proportions of these two minerals varied

systematically as will be shown later.

The magnetite in the offshore sample is estimated to make up at

least 50% of the opaque oxides in the sample. This is a rough esti-

mate at best, since the offshore sample was badly diluted with

pyroxenes and amphiboles, suggesting that a second heavy mineral

separation, such as with a Clerici solution (specific gravity, 4. 25),

should have been made on this sample. The chrome spinel
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represented approximately 90% of the opaque oxides in the onshore

sample, which is not surprising since this is a concentrate upgraded

specifically for this mineral.

After identification of the minerals in the diagnostic splits*,

correlations were made to establish the presence of these minerals

in splits of equivalent susceptibility range in the offshore sample. By

color coding the diffraction peaks of chrome spinel and ilmenite, it

was possible to establish that the same opaque oxides were present in

equivalent splits in spite of the dilution of the offshore sample by

pyroxenes and amphiboles.

Figure 8 presents a resume of the results of the internal

standard method. The points used to construct the standard curve,

determined from the intensity ratios of mineral to alpha-alumina for

the four synthetic samples of split* 6, are shown in the figure with

95% confidence limits and with the calculated means (X) and standard

errors (m) A regression equation on these points gave the

following linear relationship:

Y 3. 55 (± 5. 59) + 34. 21 (+ 1.45) X

where Y = percentage of chrome spinel

X = intensity ratio of chrome spinelf alpha-alumina

This equation was used to determine the percentage of chrome spinel

in each of the splits*, 2 through 7, entering, for X, the X values

from Table 4 which shows the mean and standard error in the mean
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of the intensity ratios calculated for the twin random powder mounts

of each split.

Table 4. Values of chrome spinel/ A1203 intensity ratios used to
establish chrome spinel percentage by internal standard
method.

Split* X

#2 0.318 0.001

#3 1.122 0.062

#4 1.316 0.044

#5 2.803 0,083

#6 3.154 0.093

#7 1.089 --

Table 5 shows the results of these calculations at the 95% con-

fidence level using for standard error of estimate the following:

I

I (Xk.-X)2est. s. e. = S +
(X X)2
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Table 5. Calculated and corrected value of chrome spinel percentage
determined by internal standard X- ray diffraction for
diagnostic splits of the onshore sample.

Split* % Chrome Spinel at 95% C.I. Corrected Value

#2 13.55 ± 2.39 12.1%

#3 41.98±1.64 37.6%

#4 48.55±1.54 43.5%

#5 99.95±2.27 88.3%

#6 111.55±2.68 100.0%

#7 40.80±1.66 36.6%

Also shown in Table 5 is the corrected value of the percentage of

chrome spinel used subsequently in this study. The calculated per-

centage for split* 6 was corrected to 100. 0% since this was the split

frorri which the standard curve was constructed. The remaining

splits were corrected accordingly by a factor of -11.5% of the total

percentage of chrome spinel in each respective split.

Splits* 2, 3 and 4 are binary mixtures of ilmenite and chrome

spinel, the proportions of which varied systematically over the range

of susceptibilities of these splits, with chrome spinel increasing and

ilmenite decreasing with decreasing susceptibility. These mineral

proportions were directly reflected by variations in peak height

ratios of chrome spinel/ilmenite from the cliffractograms of these

three splits. Table 6 shows the corrected percentage of chrome



spinel, the percentage of ilmenite as the complement mineral, and

the peak height ratios of the most intense peaks of chrome spinel -

the (113) plane, and ilmenite - the (104) plane.

Table 6. Mineral percentages and peak height ratios of most intense
peaks in binary splits containing chrome spinel and
ilmenite.

Split* Chrome Spinel Ilmenite Hchrome spinel/klmenite

#2 12.1% 87.9% 14 / 86

#3 37. 6% 62. 4% 41 / 49

#4 43. 5% 56. 5% 43 / 50

The mass absorption coefficients of normative chrornite and normative

ilmenite under copper radiation are quite similar; 204. 77 and 187. 63

respectively. Ratios of peak heights could no doubt be used as a first

approximation of proportions of these minerals in splits such as

these; use of integrated height ratios, as recommended for quantita-

tive X-ray diffraction work, would undoubtedly result in closer

approximations.

The germane findings of the investigation to this point are sum-

marized in Figure 9. Also included in this figure are the metal

concentrations with precision indices as determined by atomic

absorption and neutron activation analyses. Metal concentrations

and confidence limits determined by atomic absorption analysis were
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OFFSHORE ONSHORE TERRACE CONCENTRATE
SAMPLE
7O8-44

PLIT no. I no.2 no.3 no.4 no.5 no.6 no.7

SUSCEPTIBILITY (cgs x 106)

00 T0 8300 8300 TO 517 517 TO 129 129 TO 41 41 TO 32 32 TO 20

MINE RALS

MAGNETITE ILMENITE ILMENITE ILMENITE CHROMITE CHROMITE CHROMITE

100% 87.9% 62.4% 56.6% 88.3% 100.0% 36.6%

CHROMITE CHROMITE CHROMITE PYROPE RANSPAREP(

HEAVIES

12.1/. 37.6% 43.5% 11.7% 63.4%

METAL CONCENTRATION IN ppm; 95% CI. IN PERCENT
578,750 468,380 389,750 359,750 206,250

Fe ±6.0% ±3.8% ±3.3% ±4.1% ±5.0%

24,660 37,170 139,210 I60,80 383,450
Cr ±4.7% ±2.3% ±1.6% ±1.2% ±9.7%

27,130 170,060 122,260 118,670 2,980
T ±12.0% ±10.1% ±9.5% ±10.3% ±24.9%

880 944 1,540 1,503 1,591
Zn ±8.3% ±6.7% ±5.0% ±4.7% ±4.3%

980 370 390 750 950
Ni ±13.2% ±23.4% ±16.6% ±36.1% ±16.1%

METAL CONCENTRATION IN ppb; STANDARD DEVIATION IN ppb

260 84 120 210
Ru ±30 ±11 ±30 ±20

Os
II 20 32

±1 ±2 ±5 ±3

PLIT no.1 no.2 no. 3 no.4 no.5 no. 6 no.7

LEGEND 111111111 P I
ILMENITE CHROMITE PYROPE TRANS. HEAVIES MAGNETITE

Figure 9. Summary of analyses showing mineralogical and elemental
variation in each split*. Ru and Os in ppb ± one standard
deviation as reported by H. T. Millard, Jr.
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computed separately for each of the twinned fusion splits. These two

values were then combined using the following weighing formula:

1 - 1

- Si2 1

xw
1

sw=
i

SI2 SI2

Results of the neutron activation analysis for ruthenium and osmium,

with comments on the method, may also be found in Appendix IV.

The relatively broad confidence intervals for some of the nickel

analyses reflect the low dilution factor required to keep the solution

concentration of this low abundance metal within optimum operating

range for analysis, and the unfavorable flow characteristics that

resulted. The titanium analyses show intermediate confidence inter-

val values; this element is very sensitive to flame temperatures and

flow parameters during analysis. Most metals had narrow confidence

intervals which is directly related to high dilution factors and the

resulting favorable flow characteristics of the analyte solutions.
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The Minerals

Since this study investigates the diadochic substitution of cer-

tam transition metal cation into the opaque oxides found in the

samples, it seems appropriate to first briefly inquire into the nature

of these minerals and then to relate the findings of this study to those

made by other workers in the field.

The Spinel Group of Minerals

Orgel (1966) describes this family of minerals as complex

oxides having the general formula, M" M11 04, where M1' may be

divalent Mg, Mn, Fe, Go, Ni, Cu, Zn, etc. and M11' may be tn-

valent Al, Cr, Mn, Fe, Go, etc. The regular lattice structure con-

sists of an almost close-packed cubic lattice of oxide ions in which

one-third of the metal cations are accomodated in 8 of 64 possible

tetrahedral sites and the rest at 16 of 32 possible octahedral sites.

A spinel is said to be normal if the M" cations occupy the tetrahedral

sites and the M11' cations the octahedral sites; inverted if the M"1

cations occupy the tetrahedral and half the octahedral sites and M11

cations the remaining octahedral sites; and partially inverted other-

wise. Chrome spinel is a normal spinel; magnetite is inverted.

Greenwood (1970) points out that although spinels are structurally

stoichiometric, non- stoichiometric behavior often occurs in these
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minerals due to inversion, valency clisordering and vacancy defects.

He comments on the high Madelung constant (from 128.6 to 136.5 for

some 2, 3 spinels) suggesting that mineral stability results from the

high lattice energies which this value indicates. It follows from all

this that diadochy should be the rule rather than the exception for the

spinels, with a variety of cations easily accomodated by charge

balancing and cation replacement (Deer, Howie and Zussrnan, 1966).

These spinels all belong to the cubic class of the isometric

crystallographic system. Unit cell sizes (a0) have been calculated

for the spinel mineral in each of the diagnostic splits* following

Cullity (1956) and are shown in Table 7.

Table 7. Unit cell sizes of the spinel mineral in each diagnostic
split determined from X- ray diffraction record.

Split* a0 Mineral

#1 .8. 39 A rna.gxietite

#2 8. 34 A chrome spinel

#3 8. 30 A chzome spinel

#4 8. 30 A. chrome spinel

#5 8. 30 A chrome spinel

#6 8. 29 A. chrome spinel

#7 8. 25 A chrome spinel
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Magnetite. The average calculated a0 for split* 1 (8. 391 A.)

lies between values given in Deer, Howie and Zussman (1966) for

magnetite (Fe11 F411 04) of 8.396 A and that given for magnesio-

ferrite (Mg111 Fe11 04) of 8.383 A. Comparison of the diagnostic d

spacings (the largest d spacing and the d spacing of the three strong-

est diffraction peaks) of this mineral to ASTM values for magnetite

and magnesioferrite in Table 8 also suggest that this mineral lies

structurally between the two. Qualitative comparison of peak heights

with ASTM intensity ratios gives added weight. Deer, Howie and

Zussman (1966) note that continuous replacement of Fe11 by Mg11 can

occur. It is significant that elemental analysis of this. split suggests

the cliadochy of other metal cations - Ti, Cr, Ni, Zn., Ru and Os

(Figure 9).

Table 8. Comparison of diagnostic d spacings and peak heights of
spinel mineral in split* 1 to ASTM values of magnetite
and magnesioferrite.

Split* 1 ASTM Values

Magnetite Magnesioferrite

d(A) peakheight d (A) I/I d (A) I/I

4.846 10 4.85 40 4.84 4

2,966 33 2.966 70 2.96 40

2.529 98 2.530 100 2,52.5 100

1.615 21 1.614 85 1.612 30

1.483 27 1.483 85 1.481 35
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Chrome Spinel. In a study of a wide range of chromites of the

Western Hemisphere, R. E. Stevens (1944) showed that in his

samples the percent of Cr203 varied directly with the unit cell size.

Split* 6 of the present study, the monominerallic chrome spinel, has

an a0 of 8. 29 A. and a chromium content of 383, 450 + 37, 000 ppm.

This correlates well with values given by Stevens in the same range

of cell sizes; i. e. 8. 305 A and 406, 000 ppm; 8. 288 A and 377,000

ppm.

This cell size is plotted against the specific gravity (4. 488)

determined for split* 6 on a nomograph from Deer, Howie and

Zussman (1966) in Figure 10. The field range of the plot suggests

that the mineral in split* 6 falls nearer to magnesiochromite

(MgCr2O4) than it does chromite (FeCr2O4). Investigation of the

chromite spinel minerals in several recent mineralogy texts and in

the earlier work by Stevens indicate that the pure end members,

chrornite and magnesiochromite, are seldom, if ever, found in nature.

The chromite series is defined to include members of the spinel

group with Cr" as the dominant trivalent cation; the dominant di-

valent cation being either Fe" in chromite (also called ferrochromite)

or Mg11 in magnesiochromite.

The systematic variation in cell size of this mineral shown

previously in Table 7 indicated an increase in this parameter from
0 08. 25 A in split* 7 to 8. 34 A in split* 2. This increase in cell size
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appears to be directly related to the increased magnetic susceptibility

of the splits, suggesting, as Stevens noted, that increases in the

abundance of the Fe11' cation may be responsible for both effects.

Parks and Akhtar (1968) point out that the presence of a ferromagnetic

impurity such as Fe', even in very small amounts, can completely

mask the magnetic susceptibility of a host mineral; possibly explain-

ing the wide range of susceptibility established for chrome spinel in

the present study. The possibility of exsolution lamellae of magnetite

or haematite, as noted by Deer, Howie and Zussman, in the chrome

spinel in split* 2 cannot be discounted, but this argument fails for the

less susceptible splits.

Comparison of d spacings from the diffraction records of

splits* 2 through 7 for the four diagnostic peaks, with the ASTM

values of these same peaks for chromite (ferrochromite) and magnes-

iochroniite can be found in Table 9. Qualitative analysis of these

values indicate that most of the chrome spinels in these splits lie

between those listed as ASTM values. A single exception can be

noted; the values of d for split* 7 are all slightly smaller than those

listed for magnesiochrornite. It should be noted that the mineral

used for the ASTM values is not an end member magnesiochrornite,

having Fe" as well as Mg" as divalent cations. There appears to be

a systematic decrease in crystal lattice spacing from split* 2 to

split* 7, with the higher susceptibility splits approaching
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ferrochromite, while the lower susceptibility splits lie much closer

to magnesiochromite.

Table 9. Comparison of diagnostic d spacings of spinel mineral in
splits* 2 through 7 to ASTM values for ferrochrornite and
magne siochromite.

Split* 2 Split* 3 Split* 4 Split* 5' Split* 6 Split* 7

4. 800 A
0

4.790 A
0

4.790 A
0

4. 782 A
0

4.782 A 04.741 A

0

2. 505 A
0

2. 500 A
0

2. 502 A
0

2. 499 A
02.499 A

0

2. 480 A

1.601 A. 1.596 A. 1.595 A 1.597 A. 1.597 A 1.585 A

1.463 A 1.464 A 1.466 A. 1.455 A. 1.466 A. 1.455 A.

ASTM Values

Ferrochromitè (Fe(Cr, Al)204) Magnesiochromite (Mg Fe)(Cr, Al)204
0 0

4.82A 4.76A

2.52A. 2.49A

1,60A 1.59A

1.46A 1.47A

For the purposes of this investigation, this mineral shall be

identified only as a chrome spinel. A more specific name is not

possible since several of the normative cations were not included in

the elemental analysis. The wide range of magnetic susceptibilities

:nd the systematic variation in d spacings suggest that elemental sub-

stitution, or diadochy, of cations may be occurring in the lattice
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Minerals Other Than the Spinel Group

Ilmenite. As described by Deer, Howie and Zussman, ilmenite

has the normative formula, FeUTiVO3. In this mineral, the oxygen

anions are arranged in a slightly distorted hexagonal packing; the

cations, Fe" and TiW, form alternating pairs in each cation layer,

both of these in octahedral (sixfold) coordination. This restriction of

the cation sites to the octahedral holes can be compared to the spinel

minerals in which both the octahedral and tetrahedral holes are

available as cation sites. Deer, Howie and Zussman notethat a

II IIlirmted amount of Mn and Mg can be substituted into ilmenite and

about six percent Fe203 will go into solid solution in this mineral in

nature.

Table 10 gives a comparison of the diagnostic d spacings from

the diffractograms of the three splits* containing ilmenite to the

ASTM values for the same d spacings of ilmenite and haematite.

There is a systematic variation in lattice spacings across the range

of magnetic susceptibilities, and in no instance is there an exact

match to ASTM values. Deer, Howie and Zussman(l966) note that

there is a steady decrease in rhombohedral cell edge in the series

from ilmenite (FeTiO3) to haematite (Fe203). Since there is a de-

crease in d spacing with increasing susceptibility in splits* 2, 3 and 4,
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there is a strong possibility that a variation in the abundance of Fe'11

is responsible for the paramagnetic behavior of the mineral in these

splits. This conclusion is quite similar to that made for the chrome

spi nel.

Table 10, Comparison of diagnostic d spacings of ilmente mineral
in splits* 2, 3 and 4 to ASTM values for ha.ematite and
lime nite.

ASTM Values ASTM Values

Haematite Split* 2 Split* 3 Split* 4 Ilmenite

3. 66 A. 3.706 A 3.709 A, 3.714 A. 3.73 A

2. 69 A 2. 728 A 2. 730 A 2.734 A 2. 74 A

1.6 1.713A. 1.713A 1.7l7A 1.72A.

2, 51 A 2. 532 A 2, 530 A 2. 533 A. 2, 54 A

For the purpose of this investigation, it may be concluded that

this mineral is structurally very close to ilmenite, but that a vari-

able amount of Fe11' is substituted into the octahedral cation lattice

sites. Other cations may be also substituted, but this mineral does

not appear to provide as favorable a lattice environment for diadochy

as the spinel minerals based on published information and considera-

tion of site geometry.



The Metals

The metal concentrations in the diagnostic splits are investi-

gated in this section. Several correlations of metal to metal, metal

to mineral, and metal to crystal structure have been analyzed to show

that some of the transition metals especially nickel and ruthenium,

can be best correlated to crystal structure rather than to specific

minerals or other metals. In Part III, a possible explanation for this

will be examined and the findings of this study will be integrated with

recent findings on the distribution of platinum metals by geochemists

in Russia (Razin et al., 1965 and 1969), in the United States

(Grimaldi and Schnefe, 1969) and in Tasmania (Greenland, 1971).

Correlations

Since the relationship of diadochy to crystal structure is to be

established, it is essential to first examine the affinity of metal for

metal and metal for mineral. Figure 11 and Figure 12 are graphic

representations of the metal concentrations in the analyzed splits. In

both these figures, the percentage of chrome spinel is shown. This

percentage line represents the amount of total spinel minerals if the

dashed line is followed in Figure 12 - the monomineralic magnetite

split is 100% spinel mineral. Figure 11 compares the coxicentrations

of the three matrix metals, chromium, iron and titanium, while
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Figure 12 compares the trace components, nickel, zinc, ruthenium

and osmium. The use of semilog plots emphasizes the least abundant

concentrations, but introduces some visual aberation.

The strongest parallelism in Figure 11 is that of chromium to

chrome spinel, indicating that the two independent analytic methods,

AAS and the internal standard, are in reasonable agreement. An in-

verse relationship exists between chromium and iron which is partial-

ly explained by the systematic decrease in ilmenite in binary splits* 2,

3 and 4, since normative ilmenite is 37% iron, and chrome spinel

only 25% iron; the high iron content of split* 1 (magnetite) being

self-explanatory. The abundance of titanium in the intermediate

binary splits is also a function of the presence of the ilmenite in those

splits, while the presence of titanium in the end member monominer-

alic splits is probably the result of diadochy into the crystal lattice of

the chrome spinel and magnetite (Deer, Howie and Zussman, 1966);

the observed enrichment of titanium in magnetite over chrome spinel

by almost 10 to 1 is expected.

In Figure 12, several parallelisms are evident. Zinc shows

only a moderate parallelism to the spinel minerals, but one strong

enough to suggest that this metal is diadochic into the spinel rather

than into the ilmenite lattice. The parallelism of zinc and osmium is

more apparent than real; osmium being much more correlated to

chromium, as shown later in Figure 13. The most interesting
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parallelism, and one which will be re-emphasized, is that of nickel

and ruthenium to total spinel. Unfortunately, only three splits were

available for comparison of these two metals; however, correlation

plots of the metals and of metal to structure, (Figures 14a, 16a and

16b) support this parallelism.

Metal to Metal Correlations

Pearson s coefficinet of determination, r2, has been calculated

for many of the correlations that follow. This value ranges from zero

to one with increasing correlation of two sets of data. A value of one

suggests that all deviations are accounted for by a linear regression

and a perfect correlation exists. No causal relationship is implied,

but one may, of course, exist. At the 95% confidence level, r2 is

significantly different from zero when the sample r2 is greater than

0. 72 for n, the sample size, equal to 5, or greater than 0. 90 when n

is 4.

Figures 13a through 13f are correlations of chromium against

the other metals. To evaluate the effect of an anomalous end member

(magnetite in split* ].), two different values of r2 have been calculated

for some of the plots; the first value includes split* 1, the second does

not. Several interesting correlations need comment.

Figure 13a shows iron to be strongly inversely correlated to

chromium, especially if split* 1 is excluded; probably a function of
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both variable spinel content in the splits and of diadochic replacement

of chromium by iron (Fern) in the chrome spinel itself. The same

strong inverse relationship exists for chromium and titanium,

Figure 13b, although inclusion of split* 1 results in a much lower r2

value. Nickel, Figure 13c, appears to have a moderately strong

correlation to chromium unless split* 1 is included, suggesting that

thckel may be strongly correlated to the spinel structure, rather than

to chromium per se, as shown in Figure 16a. Zinc appears to be less

strongly correlated to chromium (Figure 13d), although the direct

correlation suggests, again, that zinc is associated with the spinel

rather than the ilmenite mineral. The three coincident analyses of

ruthenium and osmium versus chromium are shown in Figures 13e

and 13f, respectively. These two similar platinum metals - both have

8 valence electrons in the atomic ground state and are closely related

chemically (Cotten and Wilkinson, 1962) - show very different correla-

tion to chromium; osmium being strongly correlated to chromium as

was also noted by R iTi'etal. (1966) while ruthenium appears to be

very poorly correlated if split* 1 is included, although well correlated

for splits* 4 and 6. These plots appear to indicate that both osmium

and ruthenium can be associated with the chrome spinel rather than

Zinc is expected to occur as the Zn11 cation - a d1° configuration.
This cation occurs in the regular tetrahedral coordination site in the
spinel structure due to its spherical synmetry (Burns, 1970).
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simple metal-metal or metal-mineral associations. This same

conclusion seems valid for ruthenium as can be seen in Figure 16B'

when magnetite is treated as the equivalent of chrome spinel. The

most significant point is that both nickel and ruthenium show high and,

for each, almost identical concentrations in the monomineralic end

members (magnetite and chrome spinel) of a wide range of magnetic

susceptibilities.

Other Correlations

Figure 17 shows the results of the neutron activation analysis.

Similar ratios of ruthenium to osmium in splits* 4, 5 and 6 suggest

they are present in the same host mineral; probably as has been

shown in the chrome spinel fraction. The ratio of ruthenium to

osmium in magnetite (40:1) imply that a fractionation process may be

responsible for this anomalous value, possibly a function of the

sequence of crystallization of the host minerals, chrome spinel and

magnetite.
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CONCLUSIONS, PART II

It appears the following interpretations are valid for these

sample 5:

(1) Several independent analytic techniques give corelatahle

results and offer a reasonable scheme for analysis of opaque oxides

in bulk samples.

(2) The trace metals analyzed in this investigation can be

assigned to specific minerals.

(3) Chromium is a matrix metal of the chrome spinel and is

also diadochic into the magnetite lattice.

(4) Iron is found in all the opaque oxides present and in incre-

asing amounts with increasing susceptibility.

(5) Titanium is a matrix metal in the ilrnenite and is also

diadochic into the spinel minerals, chrome spinel and magnetite.

(6) Nickel and ruthenium are found strongly correlated to the

spinel structure; i. e. to both chrome spinel and magnetite.

(7) Osmium appears to be correlated to chromium, although

this may not be a causal relationship.

(8) Zinc is limited to the spinel structure, but does not have the

strong correlation shown by the transition metals of interest.
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PART III. SITE ENERGETICS AND DIADOCHY
OF TRANSITION METALS

The balance of this investigation is an inquiry into the role of

crystal bonding in the diadochy of favored transition metal cations into

the lattice sites of chrome spinel and magnetite, spinel minerals which

can be early-crystallizing from ultramafic magmas (Wyllie, 1967).

The concept of site energetics - or crystal field effects - will be used

to explain the distribution of the platinum metals and other transition

metals observed in this study and obser'cied in other recent studies by

both Russian and American geochemists. The results of the inquiry

indicate that under certain conditions members of the platinum metals

may be diadochically partitioned into the spinel minerals: a possibil-

ity of economic significance.

A calculated enthalpy value - the octahedral site preference

energy - has been used by several investigators as an indicator of the

relative order of uptake of transition metal cations frorri a magma.

This parameter has been calculated for three of the platinum metals;

rujhenium (II), rhodium (III) and platinum (IV), members of the

second and third transition metal series; and a new value is proposed

for cobalt (III), a member of the first transition metal series.

The Crystal Lattice and A Review of Diadochy

The central theme of this investigation has been the distribution
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of trace metals (zinc, nickel, ruthenium, osmium, and in part,

titanium) and matrix metals (chromium, iron and titanium) among the

three minerals present in the diagnostic splits (chrome spinel,

magnetite, and ilmenite). It appears that the spinel minerals, rather

than ilmenite, are the host minerals for the trace metals above, All

of these, excepting zinc, are classified as members of the transition

metals.

Mason (1952) suggested that crystal lattices act as sorting

mechanisms for metal cations in a melt: that cation which makes the

greatest contribution to the lattice energy of the crystal will enter a

crystal in the greatest amount, relative to its concentration in the

liquid. Burns and Fyfe (1964 and 1967) point out that consideration

must be given to thermodynamic criteria when dealing with the transi-

tion metals since the stabilities of cations In both the liquid and

crystal environment are quite similar: as crystallization continues,

enthalpy values become progressively more negative for these transi-

tion metal cations and distribution coefficients are set up because of

differences in cation sites in the melt and in the crystal. Phillips and

Williams (1966, Chapter 34.7) point out thae uptake of a cation into a

crystal is characterized by an increase in the average coordination

number and a decrease in interatomic distances, both consistent with

greater bond energies and lower heat content on formation of the

solid stage. They contend that selective uptake of transition metal
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cations is a direct response to site configuration and shortened inter-

atomic distances. These views will be examined in greater depth

later.

While the foregoing suggests that both lattice energies and cation

sites are factors in the distribution of some metal cations, the role of

these in transition metal trace element diadochy has been clarified

only for the first (3d) transition series of metals.

Rules of diadochy, proposed by Goldschmidt (1937, 1954) are

based on consideration of ionic radii and oxidation state of the metals

of interest. These rules are generally suited to the ionic model, and

they satisfactorily explain the distribution of metals in which the

cation-ligand bond is mainly ionic in character (Phillips and Williams,

1966, Chapters 20-1). The failure of the Goldschrnidt Rules to ex-

plain the distribution of the B metals is attributed to the effects of

covalent bonding. These effects are adequately explained by the co-

valent bond model (Phillips and Williams, 1966, Chapters 30-5).

Modification of the Goldschmidt Rules to include the role of

electronegativity in diadochy (Ringwood, 1955) met partial success in

interpreting deviations from ideal behavior seen in some of the B

metals, but unfortunately left the impression that ionic character

indicates increased bond strength, while covalency necessarily leads

to weaker bonding (see Burns, 1970, Chapter 8.4. 3). This is not a

true generalization and is especially not true of the cation-ligand bond
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formed by the transition metals, which is often stabilized rather than

weakened by overlap of atomic orbitals (Phillips and Williams, 1966,

Chapter 24-10).

The Transition Metals and Bonding Strength

Transition metals have relatively high electronegativity values

and, based on Ringwoods criteria, cation-ligand bonds of these metals

would be expected to have some covalent character. It has been

established that these metals can be stabilized by crystal field split-

ting; a phenomenon due to the non- spherical nature of the d orbitals in

a crystal field. oldschmidt' s rules fail to satisfactorily ecplain the

distribution of the transition metals because they fail to take these

crystal field effects into account (Burns, 1970, Chapter 8). Ligand

field and molecular orbital theories, outgrowths of crystal field

theory, explain the high energies and increased stabjlities of many

transition metal complexes and compounds (Basalo and Johnson, 1964,

Chapter 2-5). A recent publication (Burns, 1970) offers a comprehen-

sive review of the Implications and potential of these theories as

applied to geochemical problems. The author points out that non-

ideal behavior can be expected, and has been experimentally, verified,

for the transition metals in a nunbe of cases - in hactionization of

these metals from a melt into a crystal lattice, in thermodynamic

properties, in significantly contracted interatomic 3lstances, in
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lattice energies and in spectral and paramagnetic properties.

The behavior of the first (3d) transition series metals in the

spinel minerals have been investigated by several workers; including

McClure (1957), Dunitz and Orgel (1957), Buris and Fyfe (1964, 1967)

and Burns (1970). These investigators show that non-ideal behavior

was evident in the distribution and properties of these transition

metals in the spinels studied; and that this behavior, as well as the

phenomenon of spinel inversion, could be adequately explained by

crystal field, ligand field, or molecular orbital theories.

Enrichment of the Platinum Metals in Spinel Minerals

Before dealing with the behavior of the platinum metals diadochic

in the spinel minerals, it should be established that these metals

exist, without doubt, as cations within the spinel lattice. This

question is, unfortunately, still unsettled (Wedepohl 1969, Section

78-F), but several recent investigations will be cited favoring this

versus the possibility that the metals exist in a finely disseminated

metallic state.

Razinetal. (1965, 1969), have studied the occurrence of

platinum metals in Uralian type dunitic intrusicns at three platini-

ferous localities-the Inagla, Konder and Nizhniy Tagil massifs. In

all three localities they found significant quantities of total platinum

metals within the chrome spinels. These values ranged generally



from 10 to 70 parts per million, although values as high as 120 parts

per million were analyzed. These investigators contend that this

enrichment to obviously economic quantities1 is a function of isovalent

and heterovalent diadochy into the chrome spinel lattice and that it is

sensitive to cation size and ambient pressures during crystallization.

Members of the U. S. Geological Survey have intensively studied

the ultramafic Stillwater complex of Montana, a lopolithic intrusion

with banded structures similar to the Merensky Reef of South Africa.

Grimaldi and Schnepfe (1969) have established the presence of plati-

num, rhodium and palladium within the chrome spinels in this corn-

plex. They determined that, in averaged chrome spinel samples,

70% of the platinum, equal to 7 parts per million and 100% of the

rhodium, or 2. 7 parts per million, was internal within the mineral

and, in their opinion, almost certainly diadochic; while all the

palladium - 13 parts per million - appeared to be external. Using

ionic size as a criteria, these investigators suggest that diadochic

platinum is present as Pt(IV) and rhodium as Rh(III). The present

study indicates that these are the most probable oxidation states for

reasons implicit in molecular orbital theory. These conclusioxs

closely parallel those regarding the distribution of ruthenium and

1 One part per million of platinum at $120 per troy ounce equates to
approximately $3. 50 per ton for the chrome spinel, in situ.



osmium reached in the present investigation since in the present

study most of the osmium is evidently within the chrome spinel, while

the ruthenium is present within both the chrome spinel and the

ma gn eti te.

Several comparisons can be made between the investigations of

Razin etal. and the present study. In a heavy mineral placer derived

from the platiniferous massif at Nizhniy Tagil, 100 parts per billion

ruthenium and 100 parts per billion osmium occur together with 29

parts per million of other platinum metals within the chrome spinels

from the placer. The present investigation establishes 210 parts per

billion ruthenium, but only 32 parts per billion osmium in chrome

spinels from heavy mineral placers in the upraised Pleistocene

terraces of southwest Oregon; more than twice as much ruthenium,

but one-third the osmium. Most significant is the quantity of

ruthenium found in the magnetite in the present study. Razin et al.

found only traces (10 ppb or less) of this element in magnetite from

any of the three areas studied. The values established in this investi-

gation - 260 parts per billion - are the only significant ruthenium

values ever found in mangetite.

In analyzing the platinum metal distribution in the chrome

spinels of the Konder district, Razin etal. (1969) established a rela-

tionship of ruthenium to Fe203 and of osmium to Cr2O3. The latter

is similar to the correlation established in this study (Figure l3f),



although a very different mechanism of enrichment is believed

responsible; they apparently believe that diadochy occurs as a metal

for metal substitution, while this investigation suggests that a

selective crystallizing force exists between a transition metal cation

in a melt and a specific lattice site configuration because of crystal

field splitting.

Analyses for other transition metals in the chrome spinels from

the Inagla massif (where total platinum values ranged from 10 ppm to

120 ppm) yielded average values in the same range as those of this

study. Comparison of Inagla values to values from this study, in that

order are: chromium, 315,000 ppm, 383,450 ppm; titanium, 3350

ppm, 2980 ppm; nickel, 314 ppm, 950 ppm.

Crystal Field Splitting

Crystal field stabilization energy (CFSE) represents the net

stabilization of a transition metal cation in a specific crystal field

configuration. This value is directly related to the crystal field

splitting parameter, (or 10 Dq), which is calculated from

spectral, paramagnetic or interatomic distance measurements0

While CFSE generally constitutes only a small fraction of the total

lattice bonding energy in a mineral, differences in values of this

parameter are believed important in explaining the behavior of the

several transition metal cations (Burns, 1970, Chapter 7-1).



Values of CFSE will be used in a subsequent section to calculate

the octahedral site preference energy (OSPE) following McClure

(1957). These calculations will show that the values of both CFSE

and OSPE are much higher for some of the platinum metal c8tions

than for the metal cations of the first (3d) transition series, implying

an increased stability for these platinum cations in favored lattice

sites (Greenwood, 1970, Chapter 2.7. 2).

Variations in the Crystal Field Parameter ,

The value of reflects, in addition to the electrostatic inter-

action between transition metal cations and ligands, the covalent Q

(directed) and the'Tf (delocalized) capability of the ligand (Lever,

1968, Chapter 7-4); and is increased as follows:

1. increases with an increase in oxidation state. General-

ly, M" < M111< MIV.

2. L increases from 30% to 50% with each succeeding transi-

tion series in the order (3d).<(4d).<(Sd). Thus, metals of

the third (Sd) transition series, which includes osmium,

iridium, and platinum, have much higher values than do

equivalent first (3d) transition metals; iron, cobalt and

nickel.

3. Ligands that promote strong crystal fields, i. e. polarizing

ligands, promote high values of. The O anion of the



spinel oxides is an intermediate field ligand which promotes

strong crystal fields, and low- spin configuration, with some

second (4d) and third (Sd) transition series metals such as

the platinum metals (Lever, 1968, Chapter 9), but weak

crystal fields and high-spin configuration, with all the

metals of the first (3d) series except cobalt (III).

4. The geometry of the coordinating ligands promotes A.

Using crystal field theory as a theoretical model yields the

ratios for octahedral : body centered cubic : tetrahedral as

1 : 8/9 4/9. The platinum metals will occupy octahedral

sites if present in the low spin d6 configuration.

5. iiaries inversely approximately with the fifth power of the

average cation-ligand distance. Small decreases in this

distance result in more extensive overlapping of atomic

orbitals and consequent strengthening of the cation-ligand

bond (Basalo and Johnson, 1964, Chapter 2-6),

6. Low-spin configuration, in which electrons are paired

contrary to Hundt s Rule, always denotes a large increase

inover equivalent high spin configuration, In molecular

orbital theory, Q' orbital overlap and IT electron delocali-

zation are often strengthened by synergetic interaction, as

noted by Orgel (1966, Chapter 9-3). This synergism in

low spin configuration leads to contracted interatomic



distances and greater stability. Phillips and Williams

(1966, Chapter 26-3) point out that the platinum metals are

particularly stabilized in low spin d6 octahedral configura-

tion, as is cobalt (UI). Available spectral measurements

indicate that cations of the platinum metals are always low

spin when octahedrally bonded to water molecules as hexa-

hydrates or to oxygen anions in octahedral coordination.

A specific example will show that these crystal field effects are

especially important in these low spin d6 cations. Golds chrnidtt s

rules of diadochy state that ions whose ionic radii differ by more than

15% will not replace one another in a crystal structure. The published

Pauling ionic radius of cobalt (III) in octahedral coordination is given

as 0. 63 ; however, the actual radius of this cation in LaCoO3, a

perovskite type structure in which the cobalt is low spin d6 (Phillips

and Williams, 1966, Chapter 26-2), is 0051 A, a contraction of 19%,

Use of Pauling' s radius in this case could lead to miscalculations for

diadochy of cobalt in the perovskite structure and, by anology, into

the spinel structure. Published tables of electronegativity must also

be used with extreme care. Neither ionic radii nor electronegativity

are invarient properties of an atom or an ion (Burns, 1970, Chapter

8-4-3); they change with oxidation state, as is well known, and, for

the transition metals, they change with composition and configuration



of the ligands.

Spectrochemical Series and Nehpelauxetic Series

The comparative bonding properties of some of the platinum

metal cations can be seen in the following sets of series taken from

J6rgensen (1966) and Lever (1968).

The spectrochemical series indicates the order of increase of

L. for central metal cations with a given ligand. The most compre-

hensive list available shows this progressive sequence: Mn(II)<

Co(U)Ni(II)ZV(II)<Fe(III)<C r(III)# V(Ill)<Co(III)< Ivin(IV)<

Mo(III)<Rh(Ill)<Ir(III).<Re(IV)<Pt(IV). While this list does not in-

dude all the cations of interest (ruthenium and osmium are not

present), there are enough of the platinum metal cations to suggest

that they generally have the highest values of, and, consequently,

for a particular d'1 configuration, the highest value of CFSE.

The nephelauxetic series may be expressed in several sub-

series for the transition metal cations. These series indicate the

relative degree of orbital overlap; hence, the relative degree of

bonding strength of the cations. Before examining the cation,

sequences, it should be noted that the oxygen (O2) ligand gives gen-

erally higher (i. e. weaker) nephelauxetic values than other ligands,

except the fluoride anion; however, Jrgensen (1966) notes that in

solids, the behavior of 02- is irregular and sometimes the



nephelauxetic effect is very pronounced.

and
3

parameters give, respectively, the degree of co-

valent, directed, C' bonding and the degree of covalent, delocalized,

'fl"bonding. Reduced values indicate increased overlap and reduced

electron-electron repulsion in the molecular orbitals. The variation

of as a function of the central cation with a given ligand is:

IvIn(II)''Ni (II)>C o(II)'Mo( III)>..0 r( III)>.F e(]fl)>Ir(III)fdRh(III)>'

Co(III)'>Mn(IV)%#Pt(IV). The variation of is: Cr(UI)'dMo(Ill)>

Mn(IV)r'JRe(IV)>O s(IV)>'O s( VI)>'Ir(VI)>Pt( VI), Again not all of the

desired cations have been determined, but it is evident that the plati-

num metals in general show the greatest reduction in interelectronic

repulsion between cation and ligand as indicated by these series.

Numerical values of these parameters for a variety of ligands

in Lever (1968), Jdrgensen (1966) and Cotton and Wilkinson (1962),

confirm that the platinum metal cations generally give the highest

values of A. and the lowest values of and of any metals,

These values can be related, in many cases, to the low spin configur-

ation, and more especially, the low spin d6 octahedral configuration

evident for Ru(II), Os(II), Rh(uI), Ir(III), Pd(IV)2 and Pt(IV).

The arrangement of electrons in low spin d6 octahedral

2 Spectroscopic measurements are not available for palladium and
there is some doubt whether it should be included in this discussion,



configuration - i. e. three pairs of electrons in the tzg low energy

orbitals and none in the eg high energy orbitals - is the major factor

facilitating cation+-ligand delocalized"py' bonding due to the particul-

ar instability of the paired tzg orbitals (Phillips and Williams, 1966,

Chapter 28-7). This delocalization of cation electrons to the ligand,

together with the synergetic increase in bonding noted by Orgel

(1966), is believed to significantly reduce interelectronic repulsion

and result in increased values of , shortened interatomic distances

and increased bonding strength.

Reinen (1969) points out that in the spinel and corundum struc-

tures, each oxygen is surrounded approximately tetrahedrally by

metal cations, so that the four O electron pairs are nearly ex-

clusively engaged in ' bonds without any important ligand+..metal

-vr'bonding activity. This implies that for these structures metal

ligand bonding may be accentuated by the presence of'ir' acceptor

orbitals on the oxygen ligand. This may explain Jrgensen' s

comment about the irregular nephelauxetic behavior of the 2_ ligand

in some solids - especially if low spin d6 cations are present.

Octahedral Site Preference Energy (OSPE)

The OSPE is a calculated energy (enthalpy) value which des-

cribes the difference between the octahedral and tetrahedral crystal

field stabilization energy for a particular transition metal cation of
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specific dfl configuration; i. e. specific oxidation state and spin state.

While there is some disagreement in the literature on the true signifi-

cance of this value (see Burns, 1970, Chapter 8.5), several investi-

galors have shown a direct relationship exists between the relative

order of uptake of the transition metal cations from a magma and the

OSPE values of those cations.

Williams (1959) noted this relationship for the first (3d) transi-.

tion series cations in the Skaergaard intrusion silicates. Henderson

and Dale (1968) demonstrated a linear correlation between. OSPE

values and the natural log of the distribution coefficients for Mn(II),

Fe(II), Co(II), and N1(LE) between olivene crystals and groundmass,

which was assumed to represent the composition of the parent magma,

in several oceanic basalts. Burns (1970, Chapter 6.4) states that the

OSPE value may be regarded as a measure of the affinity of a transi-

tion metal cation for an octahedral coordination site in an oxide

structure such as a spinel.

Burns and Fyfe (1967) point out that the distribution of transition

metal cations in a melt is characterized by both octahedral and tetra-

hedral coordination, while in a crystal those cations with significant

OSPE values are found partitioned into octahedral sites. They also

state that the bonding energies in both the liquid and solid phases are

comparable, and any mechanism such as crystal field splitting that

binds something in a solid state will also operate in a melt to some



extent; therefore, free energy changes between the liquid and solid

phases must be considered.

Other investigators such as Phillips and Williams (1966,

Chapter 34. 7) have commented on the more or less irregular coordin-

ation of these transition metal cations in the magma and contend that

shortened interatomic distances in the crystal provide the ligand field

energies necessary for early uptake of favored - high OSPE valued -

transition metal cations from the magma. Basing the argument on

shortened interatomic distances is appealing since it has already

been shown that, for instance, low spin d6 cations in octahedral

coordination should under go significant contraction of cation- ligand

distance compared to similar high spin cations. Burns (1970)

believes, however, that the energies involved in this contraction are

insufficient to explain the observed fractionation of transition metals

based on the small structural and energy differences between ions in

the solid and liquid phases.

A possible solution to this apparent dilenma exists. Burns

(1970, Chapter 8. 5 and Table 6. 2) has pointed out that there are

higher proportions of transition ions in octahedral sites than in tetra-

hedral sites in the magma. Parker and Fleischer (1968) contend that

some cations - especially those of high oxidation state and relatively

small size - tend to form stable complexes with oxygen anions

(among other anions) in the magma which maintain their identity
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during the crystallization process. It appears that the mechanisms

described in the present study are operative in the magma at temper-.

atures well above those of crystallization of the respective minerals.

Transition metal cations with high OSPE values (e. g. Cr(Ill), a d3

cation and some low spin d6 cations) may form more or less loosely

bound high temperature, pre-crystallizati.on octahedral complexes

with, for instance, the oxygen anion in a proto-mineral structural

configuration. These proto- mineral associations would persist and

become more ordered throughout the cooling and solidification pro-

cesses in the magma. Due to the added stability from crystal field

effects, the enrichment of transition metal cations with large OSPE

values would be predetermined long before crystallization occurred.

These more tightly bound proto-mineral transition metal oxide corn-

plexes might act as nuclei around which other cation-anion associa-

tions of similar structural affinities but lower binding energies might

form in the melt during the cooling process.

Unfortunately, relatively few spectral measurements -of the

transition metal oxides and silicates have been made at elevated

temperatures so stabilization energies at higher temperatu.res are not

available (Burns, 1970, Chapter 8. 5). A comparison of these values,

when available, to the bonding energies of non-transition cations at

elevated temperatures would indicate whether the proposal had merit.

An alternative test to this supposition might be found in the Boltzniann
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energy distribution. The Q parameter of this distribution is defined

by Chalmers (1964) as a measure of the energy necessary for an atom

to leave its site at some temperature, T. Its value appears to be a

summation of various independent energies: potential, kinetic, rota-

tional, vibrational, internal electronic. It should be, at least in part,

a function of the bond strength of the particular atom (or cation) in a

specific structural site and, if so, may reflect the value of CFSE or

OSPE for that cation. If it could be established that cations with high

values of CFSE/OSPE also had significantly high values of Q, then it

would be possible to compare this latter value with the mean Qvalue

bf the mineral in which the cation appears, A sigrificant difference

between the specific and mean Q values would support the supposition

that proto-mineral nuclii of cations with high CFSE/OSPE values may

exist in the melt.

Other Factors Related to Crystal Field Splitting

Several other factors are important and need to be considered

since this study involves minerals derived mainly from the Klamath

Mountains; a complex melange in which the ultramafic rocks have

been highly serpentinized.

Oxidation State of the Magma. The assumption that the required

oxidation states of the several transition metals are present in the
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melt is implicit in the argument. Krauskopf (1967, Chapter 14-7)

shows that the Eh or state of oxidation of a magma is important in

determining the trend of differentiation and suggests that the partial

pressure of oxygen may be the controlling factor. The Eh of a deep-

seated magma is an unknown quantity, approximated only empirically

from observations of mineral sequences, or of extrusive processes at

or near the surface, or by controlled experiments in the laboratory.

One possible mechanism by which deep- seated alpine type ultrabasic

magmas might be enriched in oxygen (and in water) is through sub-

duction of relatively highly oxidized and hydrolyzed surface and near-

surface rocks down an active Benioff zone to the magma site. This

process would provide a gradually increasing Eh as subduction con-

tinued; which in turn would furnish a variety of oxidation states oI the

several metals in the melt. A corollary point - the water necessary

to serpentinize the ultramafic dunitic and peridotitic rocks would be

furnished at the same time.

Ionization Potential. A review of ionization potentials of the

metals of interest to this study shows that the platinum metals have

values approximately equal to the equivalent metals of the first (3d)

transition series. The first four ionization potentials of iron (3d)

and ruthenium (4d), and of nickel (3d) and platinum (5d) are

compared in Table 11.
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Table 11. Ionization potential of selected pairs of transition metal
cations. Values given in electron-volts (absolute). ( )' s
indicate extrapolated values. From Ahrens etal. (1964).

Oxidation State Fe ------- Ru Ni -------- Pt

I 7. 868 7. 364 7. 633 8.962

II 16.178 16.758 18.147 18.558

III 30. 643 28.459 35.165 (29)

IV (56) (46) (56) (41)

The same relationships seen here hold for the other platinum metals.

It is apparent that an environment capable of oxidizing metals of the

first (3d) transition series is capable of oxidizing the platinum metals.

Pressure and Temperature. Pressure and temperature have

opposing effects on both interatomic distances and on the value of .

Burns (1970, Chapter 9-3) believes pressure to be the dominate

factor in the Earth' s interior. In the high pressure, relatively low

temperature environment associated with an active Benioff zone,

interatomic distances are probably shortened and crystal field effects

would be slightly accentuated, compared with these same effects at

the Earth' s surface.

Notes on Calculation of OSPE

Values of the octahedral site preference energy parameter for
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the low spin configuration have not been previously calculated, except

for Co(III). This section contains several comments on the method

used to arrive at a value for OSPE and an example of the method

applied to one of the platinum metals. OSPE values have been cal-

culated for four metals with low spin d6 configuration for which

adequate A and Racah B parameters were available; ruthenium,

rhodium, platinum and cobalt. The Racah C parameter was available

for only one of these; cobalt. Since availability of these parameters

controlled the choice of metals that could be calculated, it was

fortuitous that values could be obtained for representatives of each

column of the Group VIII metals and for each of the first (3d), second

(4d), and third (5d) transition series.

The calculation was made for the low spin d6 configuration of

each metal, since, as was outlined earlier, this should be the most

stable configuration with the oxygen ligand and the most probable for

these metals in the spinel structure. Lever (1968, Chapter 9) points

out that for platinum, at least, this is the only possible configuration

in the spinel lattice, since Pt(II) d8 is square planar and never octa-

hedrally coordinated; Pt(III) d7 are unusual ions (Phillips and

Williams, 1966, Chapter 26-2) and should suffer strong Jahn-Teller

distortions. By analogy, it can be shown that each of the platinum

metals should take the low spin d6 configuration if present in the

spinel lattice.



The method used to calculate OSPE follows Cotton and

Wilkinson (1962) and Lever (1968). An assumption was made, of

necessity, for each of the platinum metals, which involved the value

of the Racah C parameter. This value was used in the calculation of

P(0) and P(T), the octahedral and tetrahedral electron pairing

energies. Generally, if the Racah C parameter is not available, the

assumption is made that C is equal to 4B. In hexahydrated, low spin

cobalt (UI), however, C is equal to 8. 36B. In order to obtain a con-

servative value of OSPE for the platinum metals, the value of C =

8. 36B was used in the calculations that follow - note that a negative

value of ZP(0) enters the calculation for the octahedral low spin

CFSE enthalpy value.

Todeterniinethehypothetical tetrahedral spin state, both ratios,

C equal to 4B and C equal to 8. 36B, were used in an attempt to

bracket the most probable spin state, since values for the Racah B

and C parameters were not available for the tetrahedral configura-

tion. When the results were still in doubt, as for Pt(IV), two values

of OSPE were reported, even though Basalo and Johnson (1964,

Chapter 3-1) point out that the tetrahedral crystal field splitting is

apparently too small to cause spin pairing.

The octahedral, ( lODq) and Racah B parameters were

taken from published values of low spin hexahydrates of the metals of

interest, except for platinum. It has been established that the value



97

of lODq is similar in the hexahydrate, lODq(H),, and in the oxide

(Dunitz and Orgel, 1957). For platinum, the only available spectral

data was for the hexafluoride, Pt(IV)F. Use of this value should

result in conservative estimation of OSPE for platinum considering

both the spectrochemical and nephelauxetic series for the oxide

versus the fluoride; a lower value of lODq and a higher (weaker)

value of Racah B parameter would be evident for the fluoride than for

the oxide.

The tetrahedral value ofA, lODq(T), was taken to be 4/9 of

lODq(H), as proposed by crystal field theory. Dunitz and Orgel (1957)

point out that this calculated value may be in error by as much as

Z5%, but a more accurate approximation has not yet been proposed.

A new value of OSPE has been calculated and is proposed for

low spin cobalt (III), since adequate spectral values of lODq(H) and

the Racah B and C parameters are now available, which McClure

(1957) did not have. His octahedral site stabilization [CFSE(0)] was

estimated from the heat of hydration increment caused by the crystal

field and the tetrahedral site stabilization [CFSE(T)] was taken to be

the same as Cr(UI), giving a lODq of 18,600 cm' and CFSE(T) of 26

kcal mole. These compare with values of 20,760 cm for IODq(H)

(Lever, 1968, Chapter 9) and a calculated CFSE(T) of 15.8 kcal mole'

used in this investigation.

In order to compare he high spin, octahedrally coordinated
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cations generally found in the first transition series with the low spin

d6 configurations of cobalt (III) and the platinum metal cations, the

calculated CFSE must be reduced by the energy required to pair two

electrons in a tzg orbital (Burns and Fyfe, 1967). This calculation

has been made for each of the metals using energy level equations

from Lever (1968).

An example of an OSPE calculation for low spin d6 cations:

Abbreviations:

(H) - hexahydrate CFSE Crystal Field Stabilization Energy

(0) - octahedral OSPE Octahedral Site Preference Energy

(T) - tetrahedral P low spin electron pairing energy

(hS) - high spin lODq

(iS) - low spin 1 cm 2.8575 i0 kcal moie

120 B2Energy level - low spin (tzg)6 1A1 = -24Dq + SB + 8C lODq

Energy level - high Spi.fl (tzg)4(eg)2 = 5T2 = -4Dq

120 B2-2ODq + 5B + 8C -

Energy level formulas from Lever (1968) p. 183.

p



OSPE - Low Spin d6 Rh(III)

lODq(H) = 27,000 cm J/rgensen, 1966, p. 11

Racah B 510 cm'

Assume Racah C = 8. 36 x Racah B

Racah C = 4264 cm'

120 B22P(0) = SB + 8C -
10 Dq( H)

35,502 cm

101.4 kcal mole1

P(0) = 35.502 = 17,778 cm'

'S It

lODq(H)>P(0) ; therefore Rh(III) is octahedral low spin since
condition that lODq>P is satisfied.

CFSE(H) = lODq x x 2.8575 x io = 185.2 kcal mole1

CFSE(O, iS) = CFSE(H) - 2P(0)

= 185.2 - 101.4 = 83.8 kcalmole1
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lODq(T) lODq(H) x = 12,000 cm'

CFSE(T,hS) = lODq(T) xx 2.8575 x i0

= 20. 6 kcal mo1e

CFSE(T,1S) lODq(T) x--x 2.8575 x io-

= 54,9 kcal mo1e

Values of Racah B and Racah C are not available for the hypothetical

tetrahedral configuration, hence Racah values for the hexahydrate

were used to estimate tetrahedral spin state as follows:

64 B2P(T) = 6B + 5C lODq(T)
from Lever, 1966, p. 183

Racah B(H) = 510 cm'
Case 1: Assume Racah C = 8.36 x Racah B

Racah C = 4260 cm1

P(T) = 22, 556 cm"

Case 2: Assume Racah C = 4 x Racah B

Racah C = 2040 cm1

P(T) = 11,456 cm

Since lODq(T) = 12,000 cm1

Case 1 P(T) >> lODq(T)

Case 2 P(T) lODq(T)



101

So, tetrahedral configuration of Rh(Ill) is probably high spin since it

appears that the condition lODq>P is not satisfied.

Then:

OSPE = CFSE(O,1S) - CFSE(T,hS)

= 83.8 - 20.6

= 63.2 kcal mole

It seems improbable the tetrahedral configuration of Rh(III) would be

low spin in view of the low value of lODq(T). However, if it is low

spin then the value of OSPE for this cation would be 28.7 kcal mole

still a significant value in the OSPE series.

Similar calculations were made for the other three metals

(Appendix III). For cobalt (III) and for ruthenium (II), the tetrahedral

configuration is almost certainly high spin and a degree of confidence

in the resulting values of OSPE is justified. As noted earlier, the

value of OSPE for platinum should be conservative since spectral

values for the fluoride were used. The OSPE values for this metal

were significantly higher than for the other metals whether the

tetrahedral high spin or low spin was used.

Table 12 presents these values of OSPE in increasing numeric

order, together with values selected from McClure (1957) or Burns

and Fyfe (1967), although cations with strong Jahn- Teller distortions
*

are omitted. Calculations from the present investigation are under-

lined.
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Table 12. Energy values used in calculation of the octahedral site preference
energy (OSPE) in this investigation (underlined) and OSPE values
selected from earlier studies by McClure (1957) or Burns and Fyfe
(1967). OSPE values are listed in order of increasing energy.

Electronic
Cation Configuration lODq(H) Racah B CFSE(H) 2P(0) CFSE(0) CFSE(T) OSPE

.ç-_- cm1 44 kcal mole

Zn(II) d1° full shell* ------------------------------------------------------ 0

Fe(Ifl) 3 2(tzg) (eg) ------------------------------------------------------- 0

Mn(II) (t2g)3(eg)2 ------------------------------------------------------ 0

Fe(II) (t4g)4(eg)2 ------------------------------------ 11.9 7.9 4.0

Ti(llI) (t2g)1 ------------------------------------ 20.9 14.0 6.9

Co(U) (t2g)5(eg)2 ------------------------------------ 22. 2 14. 8 7.4

V(III) (tzg)2 ------------------------------------ 38. 3 25. 5 12.8

Ni(II) (tzg)6(eg)2 ------------------------------------ 29.2. 8.6 20.6

Co(UI) (tzg)6 (McClure's values for Co(III) --------- 45. 26. 19.

Co(llI) (tzg)6 20,760 510 142.4 100.4 42.0 15.8 26.2
(ttacafl L., = 'OV)

Ru(II) (tzg)6 19, 800 475 135. 8 93. 8 42.0

Cr(III) (tzg)3

Rh(III) (tzg)6 27, 000 510

Pt(IV) (tzg)6** (33. 000) (380)

or, if tetrahedral is high spin -------

53.7

185.2 101.4 83.8

226.3 76.6 149.7

226.3 76.6 149.7

15.1 26.9

16.0 37.7

20.6 63.2

67. 1 >82. 6

25.1 '124.6

* Note that zinc is a B metal. The Zinc(II) cation has a full outer d shell and, conse-
quently, experiences no crystal field splitting effects.

** Values for lODq(H) and Racah B for Pt(IV) taken from fluoride Pt(IV)F
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ni

This investigation into bonding effects due to crystal field

splitting has been made in order to explain the observed di-stribution

of trace metals in the spinel minerals from the continental margin of

southwest Oregon. Using techniques acceptable to ligand field

chemists, the value of the octahedral site preference energy has been

calculated for several low spin d6 transition metal cations. These

values would, as inferred, have rather wide and ill-defined confidence

limits. This is of little import if the ranking of order as shown in

Table 12, is correct and if the basic assumptions dealing with parti-

tioning effects are true. There can be little doubt that the platinum

metals, with a variety of other transition metals, are present in the

spinel structures studied here and in spinels studied by other

workers. The OSPE series may give an explanation for this presence.

A test of this reasoning exists if these processes are a function

of the oxidation state of the magma and of the resulting electronic

configuration for the transition metals. In a strongly reducing magma

environment, such as Krauskopf (1967) postulates for the Skaergaard

intrusive of eastern Greenland, cations in high oxidation states (e. g.

Pt(IV) ) would not be present in the melt, although lower oxidation

state cations (e. g. Pt(II), Ru(II), etc.) might. Partitioning of these

oxidation states into lattice sites in various minerals would then be a
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function of site energetics. The interplay of two different processes

might be deciphered for specific d" configurations of the several

platinum metals. The first of these processes would be the difference

in available cations as a result of the Eh of the magma. The second

would be the stabilizing energy given specific cations in specific

lattice sites. Since certain dni configurations show strong Jahn- Teller

distortions, the partitioning effect of these distortions would have to

be considered. Octahedrally coordinated, low spin Pt(II), for in-

stance, shows a marked square-planar distortion (Basolo and

Johnson, 1964). Perhaps such cations would find favorable lattice

sites in the olivine3 minerals rather than in the spinels. The inter-

esting and somewhat anomalous partitioning of platinum metals

shown by Grimaldi and Schnepfe (1969) in the Stillwate r complex may

be the result of such a process. In contrast, the oxidation history of

the magma producing the Uralian massifs is probably quite different

from that producing the lopolithic intrusion of the Stillwater complex

and a different distribution of platinum metals would be anticipated.

Similar reasoning explains the distribution of ruthenium and

osmium observed in this investigation; i. e. ruthenium in both.

3 Diadochy of the platinum group metals into olivine, the earliest cry-
stallizing silicate of an ultramafic magma, is not specifically con-
sidered in this investigation. Razinetal. (1965) found trace amounts
of platinum metals in members of the olivine suite.
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magnetite and chrome spinel, osmium significantly enriched in only

the chrome spinel. The OSPE for Os(II), a Sd transition metal, is

probably significantly higher than for Ru(II), a 4d metal. A high

correlation would therefore be expected between Os(II) and Cr(III)

which has an OSPE of 37.7 kcal mole and the osmium would tend to

be enriched in the earliest of the regular octahedral lattice sites, i. e.

the chrome spinel. Ruthenium (II), having a reduced value of OSPE

(26.9 kcal mo1e) would tend to be distributed over a somewhat

wider range of spinel minerals than osmium. This range includes

magnetite which apparently formed after the chrome spinel in the

Kiamath ultramafics.

Although these views are admittedly highly speculative, it is

encouraging to note that Greenland (1971) established a high parallel-.

ism of iridium to chromium in a differentiated tholeiitic dolerite from

the Great Lake dolerite sheet, Tasmania. The abundance of both

metals increased with depth - toward earlier crystallizing rocks -

from surface to about 2000 feet in a drill core. The correlation of

iridium and chromium was obscured only in the 400 to 800 foot por-

tion of the core where a sulfide phase was noted. If iridium is

present as low spin d6 Ir(III) cation and chromium as the d3 Cr(III)

cation, both in octahedral coordination, then the enrichment of the

iridium with depth and the high parallelism of the two metal cations

can easily be explained by consideration of site energetics. This
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relationship is similar to that of osmium and chromium noted in the

spinels from the southwest Oregon continental margin and in the

platiniferous chromites studied by Razin et al. (1969) in the Konder

massif.
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CONCLUSIONS

In summing up their investigation into the substitution of plati-

num metals into chrome spinel and other minerals, Razin-etal. (1965)

state, H]f should be noted in conclusion that all platinum-bearing

massifs of the Inaglinsk type have practically identical characteris-

tics, and conclusions presented here are applicable to all of them,

The practical and theoretical importance of platinum-bearing massifs

of the Uralian type is self-evident. The similarity of the metal

distribution in the Uralian massifs to that of minerals derived from

the Kiamath ultramafic complex - an alpine-type peridotite- serpen-

tinite association (Wylli.e, 1967) - has been demonstrated. Further

investigation of the platinum-group metal distribution in minerals

derived from the Kiamath Mountains would be justified from a

theoretic and economic standpoint. The enrichment of ruthenium into

the magnetite lattice has interesting implications as to partitioning of

transition metals into spinel minerals and, perhaps, to future

economic studies of these minerals.

This study supports the existence of an extensive province of

potentially economic placer deposits off southern Oregon. These de-

posits result from progressive enrichment of heavy minerals in a

depositional area with high environmental energy. Tectonic uplift of

a shelf undergoing glacio- eustatic transgre $ sions and regressions



forms the basis of the sedimentary model. It is anticipated that

metals of value will be present in several mineral phases in these

deposits. The spinel minerals, which form the bulk of the opaque

oxides, will, perhaps, be the most important of these, since we have

seen that they are significantly enriched in several valuable transi-

tion metals, including members of the platinum group.

If the sedimentary model is valid, other continental shelves

which show evidence of Pleistocene-Holocene uplift become poten-

tially economic if there is a nearby source of valuable heavy mine rals-

metals. Many high coasts of the world have upraised terraces

(Emery, 1968) which may be similar to those of southwest Oregon.

The shelves seaward of these terraces should be critically evaluated

to determine the possibility of economic concentrations of heavy

minerals-metals using criteria developed in this study.

The analytical scheme used in this investigation appears satis-

factory for bulk samples of opaque heavy minerals. Certainly the

analyses of magnetic susceptibility splits such as those made in this

study offer a relatively rapid and informative means by which diadochy

of trace transition metals may be studied. The emphasis on the role

of structure and site in diadochy is in agreement with many contemp-

orary investigators.

The importance of diadochy itself to economic potential should

be re-emphasized. Minerals other than the spinels can be enriched
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by substitution. Parker and Fleischer (1968), for instance, point out

that ilmenite is always found enriched in niobium and tantalum. The

association of hafnium with zirconium in zircon - another heavy

mineral - is well known. From an exploration standpoint, it is

obvious that metal deposits easy to find have already been found.

Those that remain are either well hidden or so widely dispersed as to

be unprofitable.

The concepts of site energetics - crystal field effects - has

been applied in this investigation to the problem of trace metal distri-

bution of transition metal cations. The added stability acquired due

to crystal field splitting and increased bonding strength may play an

important role for those transition metal cations which show anoma-

lously high early enrichment patterns in minerals crystallizing from

ultrabasic and basic magmas. I suggest that the octahedral site

preference energy parameter can be applied to the pre-crystallization

magma environment to explain these anomalies, especially for those

cations which acquire high values of CFSE and OSPE due to particul-

arly energetic d electron configurations-the low spin d6 and the d3.

Use of these concepts is not limited to the role they play in

magmatic crystallization. Burns (1970) points out applications to

other puzzles such as the enrichment of transition metals in mangan-

ese nodules and in laterites. Since the transition metals constitute

some 40% of the bulk of the earth, the solutiors to these problems
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are worthy of study.

Several indicated lines of inquiry are suggested by this investi-

gation:

1) Other heavy mineral concentrations need to be studied from the

standpoint of their paleo- environment and tectonic- glacio- eustatic

history.

2) Thorough sampling of the unconsolidated sediments on the con-

tinental margin of southwest Oregon is necessary to support the

sedimentary model proposed here. It is important that this sampling

tests the entire unconsolidated section to hard basement.

3) Analyses of the samples for the four platinum metals not

analyzed here (platinum, rhodium, iridium and palladium) need to be

made to test the economic potential of the spinel minerals from the

Kiamath ultramafic complex.

4) Investigations into the partitioning of 4d and 5d transition

metals into various minerals as a response to crystal field energies

and Jahn- Teller distortions should be made.

5) The relationship of the Q parameter of the Boltzmann energy

distribution to CFSE and OSPE energy parameters should be esta-

blished for specific transition metal cations and specific sites.



BIBLIOGRAPHY

Ahrens, L. H., F. Press, S. K.
and Chemistry of the Earth,
MacMillan Co. 398 p.

111

Runcorn, Editors. 1964. Physics
Vol. V. New York. The

Baldwin, E. M. 1945. Some revisions of the Late Cenozoic strati-
graphy of the southern coast of Oregon. Journal of Geology.
52:32-46.

Basolo, F. and R. C. Johnson. 1964. Coordination Chemistry: The
Chemistry of Metal Complexes. New York. W. A. Benjamin,
Inc. 180 p.

Burns, It G. 1970. Mineralogical Application of Crystal Field
Theory. Cambridge, England. Cambridge University Press.
224 p.

Burns, R. G. and W. S. Fyfe. 1964. Site preference energy and
selective uptake of transition-metal ions during magmatic
crystallization. Science. 144:1001- 1003.

Burns, R. G. and W. S. Fyfe. 1967. Crystal-field theory and the
geochemistry of transition elements. Researches in Geo-
chemistry. 11:259-285.

Byrne, J. V., G. A. Fowler and N. J. Maloney. 1966. Uplift of the
continental margin and possible continental accretion off
Oregon. Science. 154:1654-1656.

Chalmers, B. 1964. Principles of Solidification. New York. John
Wiley and Sons, Inc. 319 p.

Chambers, D. M. 1968. Holocene sedimentation and potential placer
deposits on the continental shelf off the Rogue River, Oregon.
Master's thesis. Oregon State University, Corvallis. 102
numb, leaves.

Clifton, H. E. 1968. Gold distribution in surface sediments on the
continental shelf off southern Oregon: a preliminary report.
U. S. Geol. Survey. Circ 587. 6 p.

Cotton, F. A. and G. Wilkinson. 1962. Advanced Inorganic
Chemistry. New York. Interscience Publishers. 1136 p.



112

Cullity, B. D. 1956. Elements of X-ray Diffraction. Reading,
Massachusetts. Addison - Wesley Pub. Co. 514 p.

Day, D. T. and R. H. Richards. 1905. Useful minerals in the black
sands of the Pacific slope. Mineral Resources U. S. 1905:
1175-1258.

Deer, W. A., R. A. Howie and J. Zussman. 1966. An Introduction
to the Rock-forming Minerals. New York. John Wiley and
Sons, Inc. 528 p.

Diller, J. S. 1903. U. S. Geol. Survey Geol. Atlas, Port Orford
folio (no. 89).

Dunitz, J. D. and L. E. Orgel. 1957. Electronic properties of
transition element oxides, II, Cation distribution amongst
octahedral and tetrahedral sites. Journal of Phys. Chem.
Solids. 3:318-333.

Emery, K. 0. 1968. Shallow structure of continental shelves and
slopes. Woods Hole Oceanographic Institute. Contribution
No. 2100:173-194.

Emery, K. 0. and L. C. Noakes. 1968. Economic placer deposits
of the continental shelves. Technical Bulletin ECAFE 1:95-111.

Folk, R. L. 1968. Petrology of Sedimentary Rocks. Austin, Texas.
Hemphills. 170 p.

Forster, W. 0., J. R. Naidu and 3. 3. Wagner. 1969. Trace
elements in bottom sediments off southern Oregon coast.
Progress report, July 1969. Ecological studies of radio-
activity in the Columbia River estuary and adjacent Pacific
Ocean. Corvallis. p. 88-91. (Oregon State University
Department of Oceanography. Ref. 69-9. RLO 1750-54).
(Mimeographed)

Qoldschmidt, V. M. 1937. The principles of distribution of chemi-
cal elements in minerals and rocks. Journal of The Chemical
Society. 655-672.

Goldschmidt, V. M. 1954. Geochemistry. Oxford, England.
Clarendon Press. 730 p.



113

Griggs, A. B. 1945. Chromite bearing sands of the southern part
of the coast of Oregon. U. S. Geol. Survey Bull. 945 - E
113-150.

Greenland, L. p. 1971. Variation of iridium in a differentiated
tholeiitic dolerite. Geochimica et Cosmochimica Acta. 35:
319- 3Z2.

Greenwood, N. N. 1970. Ionic Crystals, Lattice Defects and non-
stoichiometry. New York. Chemical Publishing Company,
Inc. 194 p.

Grimaldi, F. S. and M. M. Schnepfe. 1969. Mode of occurrence of
platinum, palladium and rhodium in chromitite. U. S.
Geological Survey. Professional Paper 650-C:149-151.

Hawkes, H. E. and J. S. Webb. 1962. Geochemistry in Mineral
Exploration. New York. Harper and Row, Publishers. 415 p.

Janda, R. J. 1969. Age and correlation of marine terraces near
Cape Blanco, Oregon. (Abstract) Program of the 65th Annual
Meeting, Corilleran Section, Geological Society of America,
Eugene, Oregon.

J,rgensen, C. K. 1966. Recent progress in ligand field theory.
Structure and Bonding. 1:3-31.

Kiug, H. P. and L. E. Alexander. 1954. X-ray Diffraction Proce-
dures. New York. John Wiley and Sons, Inc. 716 p.

Krauskopf, K. B. 1967. Introduction to Geochemistry. New York.
McGraw-Hill Book Co. 721 p.

Kulm, L. D. and 3'. V. Byrne. 1966. Sedimentary responses to
hydrography in an Oregon estuary. Marine Geology. 4:85-118.

Kuhn, L. D., D. F. Heinrichs, R. lvi. Buehrig and D. lvi. Chambers.
1968. Evidence for possible placer accumulations on the
southern Oregon continental shelf. Ore Bin 30:81-104.

Kuim, L. D. 1969. (Compiler) Study of the continental margin off
the state of Oregon. Technical report 1 Feb 1968 through 31 Jan
1969. 134 numb, leaves. (Oregon State University Department
of Oceanography. Ref 69-1. U. S. Geological Survey Office of
Marine Geology and Hydrology Contract No. 14-08-0001-10766).



114

Lever, A. B. p. 1968. Inorganic Electronic Spectroscopy. New
York. Elsevier Publishing Co. 420 p.

McClure, D. S. 1957. The distribution of transition-metal ions in
spinels. Journal Phys. Chem. Solids. 3:311-317.

Mackay, A. J. 1969. Continuous seismic profiling investigations of
the southern Oregon continental shelf between Coos Bay and
Cape Blanco. Master' s thesis. Oregon State University,
Corvallis. 118 numb, leaves.

Mason, B. 1952. Principles of Geochemistry. New York. John
Wiley and Sons, Inc. 276 p.

Orgel, L. E. 1966. An Introduction to Transition-Metal Chemistry:
Ligand Field Theory. 2nd ed. New York. John Wiley and
Sons, Inc. 186 p.

Pardee, J. T. 1934. Beach placers of the Oregon coast. U. S.
Geol. Survey, Circ 8. 42 p.

Parker, R. L. and lvi. Fleischer. 1968. Geochemistry of niobium
and tantalum. U. S. Geological Survey. Professional Paper
612. 43 p.

Parks, P. S. and S. Akhtar. 1968. Magnetic moment of Fe11 in
paramagnetic minerals. The American Mineralogist.
53:406-411.

Phillips, C. G. S. andR. J. P. Williams. 1966. Inorganic
Chemistry. Vol. II. Oxford, England. Oxford University
Press. 683 p.

Pitts, A. E., J. C. Van Loon and F. E. Beamish. 1970. The deter-
mination of platinum by atomic absorption spectroscopy. Anal.
Chim. Acta. 50:181-194.

Rafter, T. A. 1950. Sodium peroxide decomposition of minerals in
platinum vessels. Analyst. 75:485-492.

Razin, L. V., V. P. Khovostov and V. A. Novikov. 1965. Platinum
metals in the essential and accessory minerals of ultramafic
rocks. Translated from: Geokhimiya. 2:159-174. Geochemis-
try International. 6:546-557.



115

Razin, L. V. and G. A. Khomenko. 1969. Accumulation of osmium,
ruthenium and the other platinum - group metals in chrome
spinel in platinum-bearing dunites. Translated from:
Geokhimiya. 6:659- 672. Geocherni stry International. 2:118-
131.

Reinen, D. 1969. Ligand field spectroscopy and chemical bonding in
Cr3 - containing oxidic solids. Structure and Bonding. 6:30-51.

Ringwood, A. E. 1955. The principles governing trace element dis-
tribution during magmatic crystallization, I, The influence of
electronegativity. Geochim. Cosmochim. Acta 1:189-202.

Scheidegger, K., L. D. Kuim and E. J. Runge. 1971. Sediment
sources and dispersal patterns of Oregon continental shelf
sands. Journal of Sedimentary Petrology. In press.

Simonsen, Anna. 1970. Determination of platinum in basic rocks by
solvent extraction and atomic absorption spectroscopy. Anal.
Chini. Acta. 49:368-370.

Slavin, W. 1968. Atomic Absorption Spectroscopy. New York.
Interscience Publishers. 307 p.

Spigai, J. J. 1971. Marine geology of the continental margin off
southern Oregon. Ph. D. thesis. Oregon State University,
Corvallis. 214 numb, leaves.

Stevens, R. E. 1944. Composition of some chrorrdtes of the Western
Hemisphere. The American Mineralogist. 29:1-34.

Twenhofel, W. H. 1943. Origin of the black sands of the coast of
southwest Oregon. Oregon State Dept. Geol. and Mm. Ind.
Bulletin 24. 25 p.

Wedepohl, K. H., Editor. 1969. Handbook of Geochemistry. Vol. II
New York. Springer - Verlag. Loose leaf, unnumbered,

Williams, R. J. P. 1959. Deposition of trace elements in basic
magma. Nature. 184:44.

Wyllie, P. J. 1967. Ultramafic and Related Rocks. New York.
John Wiley and Sons, Inc. 464 p.



APPENDICES



APPENDIX I

20 (degrees), d Spacings (A), and Peak Height (chart units) from
X-ray Diffractograms of Magnetic Splits. Corrected to
Standard Silicon Wafter Measurements

Terrace Concentrate

to 8300 cgs x l0_6

20 d I

18.47 4.800 2

23.99 3.706 25
27.42 3.250 5

30.35 2.942 4
32.80 2.728 86
35.42 2.532 43
35.82 2.505 14

40. 50 2. 225 14
43.40 2.083 2

44.60 2.030 2

49.01 1.857 19

53.44 1.713 27
56.8 1.620 6

57.5 1.601 3

61.88 1.498 12

63.55 1.463 13

70.83 1.329 6

74. 84 1. 268 3

79.66 1.203 2

79.90 1.200 2

81.6 1.179 2

82.0 1.174 2
84.1 1.150 3

87.55 1.113 2

8300 to 517 cgs x 1o6
20 d I

lR.51 4.790 9
23.97 3.709 18

27.43 3.248 3

30.48 Z.930 12

32.78 2.730 49
35.45 2. 530 30
35.92 2.500 41
40.51 2.225 11
43.62 2.073 10

44.62 2.029 5

49.02 1.857 13

53.43 1.713 20
56. 70 1. 622 4
57.72 1.596 10

61.82 1.499 9
63. 50 1. 464 18

64.96 1.434 2

70.87 1.328 4
74.95 1.266 2
80.00 1. 198 1

81.6 1.179 1

84. 1 1. 150 1

87.6 1.113 1
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APPENDIX I (continued)

517 to 129 cgs x io_6

ze d I

18.51 4.790 10

23.94 3.714 17

30.42 2.936 12

32.73 2.734 50

35.40 2.533 28

35.85 2.502 43

40.42 2.230 9

43. 61 2. 074 10

44.60 2.030 2

48.90 1.861 12

53.32 1.717 16

56.62 1.624 3

57.73 1.595 11

61.91 1.497 7

63.40 1.466 17

64.98 1.434 2

70. 63 1. 332 4

74.8 1.268 2

41 to 32 cgs io6

18.54 4.782 33

24.44 3.639 2

30.43 2.935 33

33,75 2.654 3

35,90 2.499 100

37.52 2.395 41

38.44 2.340 2

43. 60 2. 074 28

44.64 2.028 2

54. 10 1. 694 5

57. 68 1. 597 26

63.38 1.466 30

65.0 1.434 2

66.6 1.403 2

71.7 1.315 1

74.9 1.267 4

75.8 1.254 2

80.0 1.198 2
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129 to 41 cgs 1o6

29 d

18.54 4.782 33

30.45 2.933 32

31.00 2.882 7

32.58 2.746 2

33.62 2.663 1

34. 74 2. 580 15

35.90 2.499 95
37.53 2.394 4

38.20 2.354 3

42.93 2. 105 3

43.60 2.074 28

44.53 2.033 3

48.60 1.872 2

54.07 1.695 6

55. 11 1.665 2

57. 65 1. 597 27

60.00 1.541 4

63. 39 1. 466 28

65.0 1.434 2

75.1 1.264 5

90.9 1.081 5

32 to 20 cgs x 10-6

18.70 4.741 14

25.57 3.481 10

27.20 3.276 10

30.52 2.927 27

30.80 2.901 19

31.05 2.877 10

33.04 2.709 14

33.24 2.693 14

33.60 2.665 11

36. 19 2.480 33

43.83 2.064 13

45. 39 1.996 13

58.15 1.585 21

63.92 1.455 9

64.85 1.437 12



APPENDIX I (continued)

Offshore Sample - 6708-44

s cgsxlO6
2e d I

18. 29 4. 846 10

24.43 3.641 4
30. 10 2.966 33
35.47 2.529 98
37.07 2.423 6

43.08 2.098 20
53.41 1.714 8

56.97 1.615 21
62.57 1.483 27
70.91 1.328 2

74.00 1.280 4
75.02 1.265 2

to 2070 cgs x io6
29 d I

17. 37 5. 100 7
18.47 4.799 8

22.00 4.037 10

22.83 3.892 12
23.71 3.749 11
28.00 3. 184 36
28.58 3.121 16
29.82 2.994 26
30.33 2.944 28
30.85 2.896 20
32.35 2.765 13

32.75 2.732 13

33.20 2.696 25
35.55 2.523 65
43. 12 2.096 12

49.55 1.838 6

52.25 1.749 9
53.40 1.714 8

54.08 1.694 9
57.00 1.614 17

62.60 1.483 19

62.80 1.478 19

1l8
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APPENDIX I (continued)

2070 to 517 cgs x io6 517 to 129 cgs x 1o6

28 d I 20 d I

17. 35 5. 106 7 10. 56 8. 370 20

18. 59 4. 769 8 12. 47 7. 092 6

2 1. 97 4. 042 11 17. 38 5. 098 4

22.86 3.887 11 18.52 4.787 3

23. 70 3. 751 8 22. 00 4. 037 9

23.87 3.724 8 22.84 3.890 8

24. 15 3. 682 7 23. 83 3. 731 13

24.50 3.645 6 27.7 3.218 25

26.67 3.339 7 28.01 3. 183 48

27. 20 3. 276 9 28. 58 3. 121 20

27.60 3.229 29 29.85 3.017 41

28.00 3. 184 55 30. 32 2.945 35

28. 57 3. 122 28 30. 97 2. 885 36

29.83 2.992 41 32.66 2.739 34

30. 3 1 2. 946 38 33. 17 2. 698 29

30.97 2.885 34 35.32 2.539 35

32. 30 2. 769 10 35. 70 2. 513 44

32.72 2.735 21 40.43 2.229 8

33. 10 2. 704 27 42. 50 2. 125 10

35. 70 2. 5 13 52 42. 95 2. 104 11

36. 10 2.486 28 48.85 1.863 8

42. 92 2, 105 12 49. 50 1. 840 7

52. 25 1. 749 10 52. 30 1. 748 9

56. 8 1. 620 13 53. 25 1. 7 18 11

62.5 1.493 14 56.60 1.625 11

64.00 1.454 8

66.92 1.397 7
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APPENDIX I (continued)

129 to 41 cgs x io6
29 d

10.57 8.362 27
12.56 7.042 17

17.40 5.092 7
18.65 4.753 5

22.00 4.037 8
22.88 3.883 9
23. 82 3.732 13

25.21 3.530 8

26.70 3.336 9
27.65 3.223 22
28.05 3. 178 54
28.60 3.118 27
29.85 2.991 29
30. 35 2.942 30
31.03 2.879 42
32.60 2.744 33
33.20 2.696 37
34. 55 2. 594 12
35.30 2.540 33
35.70 2.513 38
36. 15 2.482 22
36.50 2.460 19

42.91 2. 106 12
44.52 2.033 8
46.20 1.963 9
48.80 1.865 8

53. 18 1.721 11
54. 10 1. 694 9
57.05 1.613 13

61.60 1.504 12
62.40 1.487 12

41 to 32 cgs x io6
29 d I

10. 54 8. 386 186
12.50 7.075 24
17.24 5. 139 11
18.60 4.766 10

19.64 4.516 10
21.08 4.211 7
22. 80 3. 897 12
25. 17 3. 535 16

26. 30 3. 386 18
27.20 3.276 25
28.02 3. 182 66
28.58 3.121 112
29.86 2.990 18
30.35 2.942 36
30.99 2.883 42
31.86 2.806 17

33.00 2.712 50
34.47 2.600 19

35. 15 2. 551 28
35.86 2.502 29
38.40 2.342 15
41.65 2. 167 16
44.80 2.021 16
55.60 1.652 15
64.71 1.439 14

Note: Diffractograni. of 32 to 20 cgs x 10-6 not included.
Poor record.
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APPENDIX II

Notes on Analytical Techniques

Frantz Isodynamic Magnetic Separator

Magnetic susceptibilities are generally given in units of cgs x

io_6. These units can be converted to amperage settings on the

Frantz separator by the following inverse relationship:

20 sinA -6Km= xlO
iZ

Where KmiS mass susceptibility;
A is side slope angle;
I is amperage.

Magnetite, if present, is the first mineral to be separated from

the bulk sample. To recover a clean, undiluted sample of this mm-

eral, the current to the electromagnets was completely switched off,

leaving the slide vibrator motor on, there being sufficient remanent

magnetism in the coils to effectively separate the magnetite. If the

current to the electromagnets is left on, flow stoppages will occur

when magnetite grains stack up on the slide.

An annoying sample loss was experienced from the non-magne

tic portion of each split during separation which appeared to be

caused by "grain bounce" from the slide. This was remedied by

taping a transparent plastic cover to the top of the slide.

The samples were run at a maximum flow of 1 cc per minute.
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Re- running both portions, magnetic and non-magnetic, four to five

times insured that a susceptibility-pure sample was obtained at each

Frantz amperage setting.

X-ray Diffraction

Powder Preparation and Diffraction Run

A portion of each magnetic split was hand ground in an agate

morter under acetone. After preliminary grinding, the powder was

transferred to an automatic grinder where continuous grinding for

two hours under N-butanol insured a very finely ground powder

suitable for diffraction powder mounts. A thin layer of these powders

was evenly spread in an aluminum sample mount, backed with pow-

dered coffee and compressed at 50 pounds.

After checking for low angle peaks, most of the powder mounts

were run from 15 to 80 degrees two theta; a few from 10 to 80 degrees.

Scanning speed of one degree two theta per minute, chart speed of

one-half inch per minute and a time constant of four were used. Slit

angles were one degree for incident beam and 0. 2 mm for receiver

slit. As noted in the body of the text, punch-card programming

activating the sample changer and setting angular two theta limits

facilitated the operation.
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Internal Standard Method

Four one- gram mixtures of varying proportions of powdered

chrome spinel from split* 6 (100%, 70%, 40% and 10%) and quartz were

combined with a constant weight of 0. 5 grams of alpha corundum.

Twin random powder mounts were prepared as above. A punch-card

program was set up for an integrated one degree scan of the (ill)

chrome spinel peak at 18. 52 degrees two theta and an alpha corundum

peak at 25.58 degrees two theta. Two one-degree integrated scans for

background count were included between these two peaks for computa-

tion. The standard curve was constructed using the numeric results

of this program. The same program was used in determining the

necessary ratios from twin random powder mounts of the six magnetic

splits of the terrace sample after one-gram portions of these had been

mixed with 0. 5 grams of alpha corundum.

Specific Gravity Calculation

Formula for specific gravity calculation:

Sp. Gr. = L(W2-W1)
(W4 - W1) - (W3 - W2)
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L Density of Liquid

W1 Weight of pycnometer empty

W2 Weight of pycnometer plus solid

W3 Weight of pycnometer plus solid plus liquid

W4 Weight of pycnometer plus liquid

Observed Values

L forwaterat23.3°C = .99747

W1 = 13. 3971 gm

W2 = 21. 6756 gm

W3 44.1186 gm

W4 = 37. 6721 gm

Sp. Gr. = 4. 488

Sodium Peroxide Fusions

Twin one-gram portions of each split to be analyzed by atomic

absorption, weighed to 1 x lO gram, were intimately mixed with

four grams of sodium peroxide in zirconium crucibles. The crucibles

were placed in an electric muffle and the temperature raised from

room temperature to 500 degrees centigrade over a period of two

hours. The 500 degree temperature was maintained for an additional

one-half hour. The crucibles were then heated to a dull red over a
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gas burner until the mixture melted - usually taking about two mm-

utes. After cooling, distilled deionized water was slowly added to the

frit while still in the crucible causing a virgorous reaction from the

unused sodium peroxide. When this reaction ceased, the moistened

frit was washed into a 250 ml beaker and the volume increased to

about 100 ml with d. d. water. A brownish precipitate is present at

this stage, probably hydroxides of high valence state metals present

after the fusion. Concentrated (12 N) hydrochloric acid was added in

5 ml aliquots, with stirring, until these precipitates were taken corn-.

pletely into solution. Twenty-five ml of acid was sufficient in all

cases to accomplish this. The acid solutions were taken to 250 ml in

volumetric flasks and transferred to polyethylene bottles.

Atomic Absorption Analysis

Standard Solutions

Standard solutions of each analyte were prepared in 1000 ppm

strength from spect-pure and/or analytical grade reagents from the

following sources:

Fe - iron wire, analytical reagent, Ma1linckrodt, HC1

acid soin.

Zn - granular metal, analytical reagent, Mallinckcrodt,

HC1 acid soln.



126

Cr - K2Cr2O7, spect-pure, Fischer, HC1 acid soln.

Ni - pellet metal, analytical reagent, Mallinckcrodt, HC1

acid soin.

Ti - sponge metal, analytical reagent, Oremet Industries,

HF acid soln.

Ru - (NH4)2Ru(H2Q)C15 powder, spect-pure, Jarrell-Ash,

HC1 acid soln.

Pt - 300 ppm standard solution obtained from Wah Chang,

Inc., aquaregia soin.

The standard solutions were checked, where possible, against

the standard solutions available in the Atomic Absorption laboratory.

No significant differences were noted.

Method of Additions

After preliminary AAS analysis to establish the approximate

concentration of the several analytes in each split*, three aliquots

of 25 ml each were prepared for each analyte metal for each of the

five (twinned) splits* , as follows:

1st aliquot - no additional analyte metal added.

2nd aliquot - analyte metal added from standard solutions

to approximately match concen±ration of

analyte metal in 1st aliquot.
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3rd aliquot - analyte metal added from standard solutions

of exactly twice the amount added to 2nd

aliquot.

Lamps

Operating parameters for each AAS analysis followed the sug-

gested parameters given in the Perkins-Elmer Handbook or in

Slavin' s Atomic Absorption Spectroscopy. Some of these used are

given below.

Lamp

Fe

Zn

Cr

Ni

Ti

Wave Length
A

2487

2 144

3578

2321

3654

Fuel Flow
liters / mm.

7. 5 acetylene

9.0

9.0

9.0

5.0

Oxygen Flow
liters/mm.

6. 5

9.0

6. 0

9.0

5. 5
(nitrous oxide)
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APPENDIX III

Octahedral Site Preference Energy Calculations

Abbreviations:

(H) - hexahydrate CFSE = Crystal Field Stabilization Energy

(0) - octahedral OSPE = Octahedral Site Preference Energy

(T) - tetrahedral P = low spin electron pairing energy

(hS) - high spin lODq

(iS) - low spin 1 cm = 2.8575 iO kcai moie1

OSPE for Low Spin d6 Co(III)

lODq(H) = 20,760 cm Lever (1968) p. 305
Racah B = 510 cm-1 'I

H

Racah C 4260 cm'
C/B =8.36

120B22P(0) 5B + 8C -
10 Dq

ZP(0) = 5 510 + 8 . 4260 - 120 5102/20760 = 35, 127 cm'
= 35,127 cm'/lOOO 2. 8575 = 100.4 kcal mo1e

P(0) = 35,130/2 = 17,564 cm

since lODq(H) = 20,760, the lODq > P(0), and Co(III)(H) is low spin.
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CFSE(H) iODq(H) 12/5 2.8575 i0' kcal mole -1

= 20,760 12/5 2.8575 icr3 = 142.4 kcal mol&'

CFSE(O,1S) = CFSE(H) - 2P(0)

= 142.4 - 100.4 = 42.0 kcal mole'

CFSE(T,hS) = lODq(H) 4/9 3/5 2.8575 b.3 kcal mole'

= 20,760 4/9 3/5 ° 2.8575 10-i 15.8 kcal mole''

CFSE(T, iS) = lODq(H) 4/9 8/5 2.8575 i0 kcal mole'

=20,760 4/9 8/5 2.8575 10 = 42.2 kcal mo1e

lODq(T) = lODq(H) . 4/9 = 20,760 4/9 = 9226 cm'

64B2P(T) = 6B + SC - lODq(T)

Case 1: Racah B 510 cm; Racah C = 4260 cm

P(T) 6 510 + 5 4260 - 64 5102/9226 22, 556 cm'

Case 2: Racah B = 510 cm1; Racah C = 2040 cm1

P(T) = 6 510 + 5 2040 - 64 5102/9226 = 11,456 cm

For both Case 1 and Case 2:
P(T)>bODq(T) ; so tetrahedral configuration is assumed to

be high spin
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Then: for Low Spin d6 Co(III)

OSPE = CFSE(O,1S) - CFSE(T,hS)

= 42. 0 kcal mole 1 - 1 5. 8 kcal mole 1 26, 2 kcal mole 1

OSPE for Low Spin d6 Ru(L1)

lODq(H) 19,800 cm1 Lever (1968) p. 305
Racah B = 475 cm H

Assume Racah C = 8.36 . Racah B = 3978 cm

120 ' 4752
ZP(0) = 5 475 + 8 . 3978 - = 32,832 cm19, 800

= 32,837 2. 8575 10 = 93.8 kcal mole'

P(0) = 32, 832/2 = 16,416 cm

since lODq(H) = 19,800 cm, then lODq).P(0), and Ru(II)(H) is
low spin.

CFSE(H) 19,800 12/5 2. 8575 io- = 135.8 kcal mole

CFSE(O, iS) = 135. 8 - 93. 8 = 42. 0 kcal mole

CFSE(T,hS) = 19,800 4/9 3/5 2.8575 10 15.1 kcal mole'

CFSE(T,1S) = 19,800 4/9 3/5 ° 2. 8575 . i0 = 40.2 kcal mo1e
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lODq(T) = 19,800 4/9 = 8800

Case 1: Racah B = 475 cm"; Racah C = 3978 cm"

P(T) = 6 475 + 5 3978 - 64 4752/8800 = 21,099 cm'
Case 2: Racah B = 475 cm; Racah C = 1900 cm"

P(T) = 6 475 + 5 1900 - 64 4752/8800 = 10,710 cm"

For both Case 1 and Case 2:

P(T)>'lODq(T) ; tetrahedral configuration is assumed to be
high spin.

Then: for Low Spin d6 Ru(II)

OSPE = CFSE(O,1S) - CFSE(T,hS) = 42.0 - 15.1 = 26,9
kcal mole'

OSPE for Low Spin d6 Rh(III)

The calculations of OSPE for this cation may be found in the text.

OSPE for Low Spin d6 Pt(IV)

(Hf) = hexafluoride

lODq(Hf) = 33,000 cm J6rgensen (1966) p. 11
Racah B = 380 cm"' H H

Assume Racah C = 8.36 Racah B 3180 cm'
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Note: value of lODq for hexahydrate should be greater than that of the

hexauluoride [Lever (1968) p. 204] and the value of Racah B

should be smaller for the hexahydrate than for the fluoride

[Phillips and Williams (1966) P. 402]. The estimate of OSPE

using the fluoride measurement will, therefore, be smaller

than that of the hexahydrate. A value of l0Eq was not avail-

able for the latter.

ZP(0) = 5 380 + 8 3180 - 120 3802/33,000 268l5 cm'

= 26,815. 2.8575 i0 76.6 kcal mole1

P(0) = 26, 81 5/2 = 13,408

since lODq(Hf) = 33, 000, then 10DqP(0) and Pt(IV) (Hf)
(and hexahydrate) is low spin.

CFSE(Hf) = 33,000 12/5 2.8575 iO 226.3 kcal mole'

CFSE(O,1S) = 226.3 - 76.6 = 149.7 kcal mole'

CFSE(T,hS) 33,000 4/9° 3/5 2.8575 10 = 25.1 kcal mole

CFSE(T, iS) = 33, 000 4/9 8/5 2.8575 i0 67.1 kcal mole1

lODq(T) = 33,000 . 4/9 = 14,667 cm'



Case 1: Racah B = 380 cm'; Racah C = 3180

P(T) = 6. 380 + 5. 3180- 64. 3802/14,667 17,550 cm

Case 2: Racah B = 380 cm; Racah C = 1520 cm'

P(T) = 6 380 + 5 1520 - 64 3802/14, 667 = 9249 cm

For Case 1: P(T)>lODq(T) For Case 2: lODq(T)>P(T)

Tetrahedral configuration is not determined by this esti-
mation procedure, Since lODq(T) would be higher for the
hexahydrate than for the hexafluoride, the etrahedra1 low
spin appears more probable.

Than: for Low Spin d6 Pt(IV)

If tetrahedral configuration is low spin:

OSPE(Hf) = CFSE(O,1S) - CFSE(T,lS)

= 149.7 - 67.1

and OSPE(H) is greater than 82. 6 kcal mole'

If tetrahedral configuration is high spin:

OSPE(Hf) = CFSE(O,lS) - CFSE(T,lS)

= 149.7 - 25.1

and OSPE(H) is greater than 124.6 kcal mole'

133

= 82,6 kcal mole1

= 1?4 k-1 1'



APPENDIX IV. Neutron Activation Analysis by Hugh T. Millard, Jr. (U. S. G. S.)

Bkg. to Chem.
Weight Peak cpm cpm Yield Flux

Sample (g.) (cpm) atDT at t=0 (%) Corr. ng. ppb

Ruthenium (counter background = 0. 20 cpm, carrier = 2. 00 mg)

Ru monitor 7 256 4 348 67 .0610 cpm/ng

#1 0.2222 0.43 l.46±.08 1.96 55 .976 57 260±30

#4 0.2734 0.34 0.52±.06 0.69 49 .998 23 84±11

#5 0.1231 0.36 0.23±.06 0.30 35 1.012 14 120±30

#6 0. 2142 0.43 1. 28±. 08 2. 38 85 . 970 45 210±20

Osmium (counter background = 1. 6 cpm, carrier = 0. 6 to 2. 0 mg)

Os monitor 10 160±4 360 3. 6 1. 09 cpm/ng

#1 0. 2222 2.2 l.52±.14 1.14 55 .796 1.5 7±1

#4 0.2734 2.1 0.86±.14 1.84 45 .814 3.1 11±2

#5 0.1231 2. 3 0. g 14 1. 21 37 . 825 2. 5 20±5

#6 0.2142 2.8 3.24±.l7 6.59 70 .791 6.8 32±3
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Notes

1. Samples irradiated four hours in a flux of 2 x iol3 n/cm2! sec,

carrier Os and Ru added, Os and Ru separated in a single fraction by

wet chemical techniques, and this fraction counted on a 30 cc Ge(Li)

detector.

2. Peak areas fouril hr.

cpm
channel

£7er9y

area (cprn)

rrou,d to
(cp)

"Bkg. to peak" is higher than counter background due to other peaks

at higher energies.

3. "cpm at DT" = cpm at decay time when counted

"cpm at tOu cpm corrected for decay

"Flux Corr.H = correction for different neutron fluxes received

by different samples (due to flux gradient in the

reactor)

= (cpm at tO)sample x 1 x (Flux Corr.)(Chem. Yield) sample (cpm/ng)0j0

4. Chemical yield determined by reirradiation (note poor chemical

yield for Os monitor).

5. ± value on ppb is standard deviation for all counting statistics

(sample cpm, standard cpm, chemical yield).



136

6. Test for consistency of data:

Ru/Os

#4 7.6

#5 6.0

#6 6.6

7. This magnetite (#1), when compared to chrornite, tends to concen-

trate Ru relative to Os (Ru/Os = 40).




