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ADRGTPANT

The primary ore controls on the Morebic iron ran~e are a series of
eastward nitching dikes which intersect the footwall aquartzite ard im=~

permeable layvers of the iror formetion to form vlunsire trouchs, the

locus of the majoritv of the ore bodies. The dikes are mineralocically

similar, bein~ classified essentially as diabas~e irtrmsives in treir
nraltered phases, At denths, tre Aikes form complex patterrs 4ve to

treir intersectin~ n=atire, and are frrther comlic~ted by the effects

of the ~eolo-~ic processes of fanltine, alteration hir lenckin: solutions,

and nossibly metamormhicm,

Yence in sub-srriace disamond drilli-~ and minine~ develonnert, tre

identification ard correl~tion of ennecifiec dikes, which is of ecornsider-
able economie importance, has become 2 difficuvlt nrohlem,

It w2s the aunthor's contention that wherras the dikes were essen=-
tinl1ly mireralocieally similar, a snectrochemiecal an~lysis mi~ht reveal
congiderahle differences in troce element contert, either mruentitative-
Lr and /oy aualitatively vnon which identificnaticn »nnd erorrelation couwld
b2 mrAa,

In =n effort to idertifr ard correlate trhe dikes of the Go~ebie

5]

iron rarge, a spectrochemical =n3lrsis was made on 20 dike semrles, 15
from the Davis dike, which is nscociated with mojor cre prodvction on

the ran~a, and 5 from two assori~ted dives, the Tenera Aie ~ni tre

Irorton di%e, which are also related to ore nroduction,
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The Davis dike was set up as a control to test the homorenity of a

sinpgle dike es to its trace element content and to serve for correlative

purpeoses in the identification of the other dikes of the ranre. The 15
samples taken from the Davis dike were chosen so es to include a lateral
coverace of anproximately 3,300 feet alonrng strike and 1,000 feet alenn
dip.

A aqualitative analysis showed virtually ro variaticns in tre ele-
ments present with the exception of minor traces of scandiuvm ard lith-
ium distributed erratically amons the samples analyzed. Thre szme ele-
ments found in the Davis dike were also found in the Ironton and Geneva
dikes. A semi-nuantitative analysis revealed varyinge de-rees of inten-
sity of the spectral lines of the elements identified, thus irdicatinq
varyin~ concentrations of these elements in the samples studied. Fur-
ther invéstiﬁation elong these lines, utilizinc ratios of chemically

related elements (Fg/Fe, Sr/Ca etc.) reverled marked differences in

elemental ratios between varyinc locational samples of the Davis dirze
and elso betweer the Davis dike and the Tronton and Gereva dikers.

These variations aprear to te related to the derree of alteratior,

environmentsal control and structuvral trends ©f the dikes. It anpears

that thouch a sincle dike may have been homoreneovs at the time of its
intrusion, tre reologic factors menticned above, overating either sinwv-
larily or in combinaticn with each other, have swcceeded in destroyinr

this irnate homosenitv. Fence, anry idertification or correlation of

the dikes on these rrourds mist ew-~it further study.



GENERAL GROTOCY

THR_GOGRRIC RANOR

The Gorebic district lies south of the west half of Iake Surmerior
in the states of Michisan and Wisconsin, extending from Lake MNumakagon
in Wisconsin approximately N30CE to Lake Gorebic in Michigan, a total
distance of about 80 miles. (Firure 1)

The major tovorraphic features of the district are dependent unon
the relative resistance of the formmntions, the strike of the harder
formaetions being the primary directional controls of the ridgces on the
rance. (Van Hise, 1011)

Two main ridges trending somewhat south of west and separated by
a valley from one to two miles in width exist. The crest of the south-
ern-most ridee is formed by the iron formation or the formations imme-
dintely underlyin~it, quartzite and Archean granite and grecenstone,
while the northern ridye is formed by the Keweenawan trap rocks (lava
flows) (the copper bearing series of Michiran). The valley in between
is underlain by the Tyler rraywacke and slate formation. (W. O. Hotch-
kiss, 1933)

The present area streams cut an unorthodox path almost directly
across the ranfes and the lorngitudinal valley between them and pursue

a stargered course of a few miles to Lake Suverior, which is about one

thousand feet lower than the iron ranre.

-1-
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The rocks of the Gogebic range dip about 60°N and form the south
1imb of the Lake Superior syncline, with the conformable overlying
Keweenawan lava flows and sandstones extending continuously from the
northeast end of the Keweenawan Peninsula into Minnesota. (W. O. Hotch-
kiss, 1933)

A generalized stratigraphic column after W. O. Hotchkiss (1933) is
shown in Figure 2.

The oldest rocks of the district, occurring to the south, are pri-
marily granites, greenstones, and green schists, igneous in origin and
immediately underlying the Huronian rocks. The Bad River cherty dolo-
mite lies unconformably on this base and is generally found as isolated
remnants, most of it having been eroded away before the succeeding for-
mation was deposited. In the eastern part of the district, the dolo-
mite has a rather pure quartzite base, known as the Sunday Lake quartz-
ite. Upon the dolomite, or lower formations where it is absent, lies the
Palms formation. It is generally LOO to 500 feet in thickness, reaching
a maximum thickness of 800 feet at Sunday Lake. It is marked by a
slight unconformity with only thin lenses of conglomerate being dis-
cernible at its base. The lower part of this formation is a quartz
slate displaying thin to irregular ripple marked beds. The upper por-
tion of this formation is a hard, glassy quartzite, 30 to 100 feet
thick, forming the footwall of most of the ore-bodies found on the range.
The Ironwood formatiocn, which is conformeble on the Palms formation, is
the economically important iron bearing stratum of the Huronian series.

It is dominantly a chert formation; interbedded with the chert are

-3-
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thinner beds of iron mirerals. The iron minerals in the unaltered part
of the formation are siderite, magnetite and hard blue hematite, while
in the productive part, the siderite is completely replaced by or
altered to hematite. This formation is divided into five members based
on differing litholoric characteristics of the material, as demonstrated
by both iron content and specific eravity. 1In order of succession from
the footwall auartzite, they are the.Plymouth member, characterized for
the most part by irregular wavy-bedded chert with iron minerals occur-
ring both in the bands between the chert layers and also in small par-
ticles throughout the chert; the Yale member which is chiefly a thin,
even bedded ferruginous chert and slate member; the Norrie member, a
dominantly wavy-bedded ferruginous chert; the Pence memter, preceded
by a‘sliaht erosion interval, which is unusally even bedded throuchout
most of the range and contains a moderate amount of macnetite; and the
Anvil member, which is also a wavy-bedded ferruginous chert comvosed
largely of rounded chert granules and differine from the other wavy-
bedded members in this resvect.

The Tyler formation lies upon the Ironwood formaticn throurhout
most of the district except in those places where it has been removed
throurh erosion. It is primerily a slaty formation reaching a maxi-
mum.thickness of 10,000 feet and divisible by material content into a
ferruginous slate member, cherty and frarmental member (Pabst), iron
carbonate slate member and a sraywacke slate member. The deposition of
the Tyler was followed by the formation of the sreat Sunday lake fault

which moved the beds east of it up and to the northwest. This was

-5~
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followed by an erosion interval of sufficient lercth to remove the
Tyler and part of the Tronwood east of Sunday Take. The Keweenawan
sediments were laid down on this uncornformable surface, the lower por-
tion varying from sandstones in some localities to quartzites in others,
followed by successive volcanic flows, mostly dark green diabases and

amygdaloids with porphyries and syenites.






STRUCTURAL ETSTOPY

A discussion of the geolesic processes of foldinge, faultirg, and
intrusive activity which have occurred in the Gorebic range and their
relationship to ore develovment and its localization now follows:

Foldine: Extensive folding in this area has occurred only in the

non-productive east and west ends of the range. Folding in the produc-

tive portion of the range is of a minor character, being confined to
small drag folds only a few feet across. These folds as far as known,

have nct played any part in ore localization.
Faulting: Faulting throughout the extent of the iron formatioun and
the rocks associated with it is very commcn. (W. O. Hotchkiss, 1937)
The influence of faults in cre develcpment has been cited ovreviously
and hence, thr 7.~ jen vich follye -~ in refere-ce ¢ the t 7es of
fanlts and tlreir are relationsrins.
On tre basis cof the evidence on hurd, Tfour t.mes of fanlts of rela-
tive ace occrrring thror~hovt the rance have heen described.
An adopted description of these fanlts after Yotebkiss, 1037
follows:
1. Transverse faults = Faults strikirs nerrly nernendicnlar to
the formrticon and rearly vertical in din.
2. Aureva tyoe fanlts - Fanlis striling nearly parallel to the
strike of the formetien or mavellel %o e2ctunrd-nitehins diven,

and nrerly pernendicnlar to tre tedc.

3. Tre rreat Sundny Talke favlt, the onls cne of its t:~e,

-7~






L4, Tedding faults - Farlts oarcllel to t'e Yeds of the ircn for-

mation.

The transverse fauvlts are the only ones krown to affect the Xe-
weenawan volcanic rocks and are probably the latest faults to be forred.
Horizontal disnlacement by this time of fau't rar-es upwerd to 1500°;
thoneh in ceneral tre displacement by these fanlts throughout tre Tron-
wood formation is of the order of 20 - 1C0'. Vertical movemert is mn-
determirable.

The Evreka faults are ramed after a type of fanlit found in the
Fureka mine, which dins toward the feootwall and strikes nearly parallel
to it. Thiz tyne of fault which offsets the iron formation has also
been observed in the Asteroid and Mik-cdn mires to the east, and in tre
Plymouth and Wakefield mines.

The Eureka fanlt is offset by the transverse faults and so is
older. It in turn offzets the bedding fanlt and the sill so that
these must be still older. (W. O. Fotechkiss, 1937)

The Snnday Take fault, which revresents the greatest fault movement
on the ranre, has a northwest strike and is nearly vertical in dip. The
base of tre iren formation on tre eart side of tre fanlt bas heen dis-
placed horizontally ore and one-talf miles to the northwest relstive to
the base of tre iron formation on the west rnide. (M. C. Iake, 1017)

The movement aon7, this fault plane, which took place while thre
beds of tre iron formetion were still horirzontal, was such that tre beds

on the east side of tre fault were over-thr-st 'mward in a westerly

direction. (W. O. Yotcrkiss, 1937)
-8-



Ty



Followine tre formation of this fault, there was a pericd of ero-
sion which almost completely removed the Tyler slates on its eastern
side allowing the outnonrins of the Keweenawan lava flows to rest
dirertly or the iren formation in many nlaces.

As far as knowr, this fanlt does not c»t the Keweenawan volcanics
and is not affected by the bedding falt. Rather, it seems probable
that the Srndav Tave fault mnst have disnlaced the beddin~ fanlt since
smaller beddinec fanlts belileved contermooraneons with the main beddine
fault are known in the iron formation east of the funday I.ake fault,

Bedding fanlts within the iron formation are foomd rear the tase
of tre Plymoutb member, in the Yale member, the Pence member and also
in the Prbst membher of the Tyler formation. The movement on thece fault
planes is relativelyv small excent for the great teddin~ fault found in
or necar the blark ferrurinous slate of the Yale member. (W. 0. Hotch-
kiss, 1937)

The main movement alons this fault nlane was such that the beds
above were moved to the east, with minor movements up or down the dip
of the beds. The main movement resulted in displacements, where measnur-
able, un to 950 feet.

The beddin~ fault is disnlaced by the transverse faults and by
faults of the Furekn tvve which indicates this fault was older thnn
the two latter tvmes., In turn, the main beddins fault is known to
displace at least one intrusive in the iron formation and possibly

affects others.






A discussion on the intrusives and extrusives originating in the
Huronian and the Keweenawan geologic periods in this area now follows.
Particular emphasis is given to this phase of the geologic setting due
to its intrinsic relationship to the problem at hand, namely, that of
dike identification and correlation. A real problem arises because of
the similar mineralogic and structural relationship of these rocks.
Although the author is primarily concerned with those dikes on the
range which have been instrumental in the formation of the ore-bodies,
the innate geologic behavior of the sum total of all intrusives is so
integrated that a solution to this immediate problem necessarily in-
volves postulation as to the origin and age relationships of all in~
trusives on the range; because of their interrelated characteristics,
extrusives are also included in this discussion.

Geologists have yet to agree on any absolute means of differen-
tiating Keweenawan intrusives from those of the Huronian, although par-
tial evidence related to metamorphic effects, rank and mineral assem-
blages, chemical analyses, and to some extent structural behavior and
the concept of polarity have been introduced in this respect.

We O. Hotchkiss (1933) describes the intrusives in the Huronian
as numerous basic dikes whose structural behavior is that of near per-
pendicularity to the beds of the iron formation which they intrude.
This structural relationship has also been observed by the author.

Two of these dikes are known to intrude both the Ironwood forma-

tion and the Keweenawan lava flows, but most of them cannot be traced

into the Keweenawan.
-10-






At Bessemer, a thin sill, which thickens toward the east until it
reaches a maximum thickness of 450 feet at the old Mikado mine, is
found near the great bedding fault. It is intruded by a dike, but is
not known to cut any dikes. The other significant intrusive is found
at the east end of the area near Lake Gogebic, where Huronian forma-
tions are intruded by Presque Isle granite. (W. 0. Hotchkiss, 1933)

Hotchkiss reserves any opinions as to definite age relationships
of the sum total of intrusives found in this region though suggesting
two different periods of intrusive activity and hinting that the
Presque Isle granite may be pre-Keweenawan in age.

Van Hise (1892) proposes that the Kewcenawan eruptives above the
Penokee (Huronian) series are the volcanic equivalents of the Penokee
dikes and sheets, their contacts being sometimes intricately related.
"These facts strongly suggest that the Penokee dikes are the pipes
through which the volcanics passed. The identical lithological char-
acter of the dikes and sheets suggests that the former fed the latter.
We are thus led to the hypothesis that all of these eruptives belong
to a single period, the Keweenawan." (C. R. Van Hise, 1892)

The author at this time wishes to reserve any personal opinions in
regard to this controversial issue and instead present a nmore detailed
description of these intrusive rocks, particularly of those found in
the Ironwood formation.

These dikes are essentially typical diabase rocks in their un-
altered form, but within the range they are commonly altered to what

is referred to by mining personncl as soapstones.
-11-






The lithologic significance of this term (soapstone) is that of a
rock which is soft, friable and greasy to the touch in which little,
if any, of the original constituent minerals of the primary basic rock
remains.

These dikes, however, even in their most altered form, frequently
retain a relict diabasic texture and can be traced in many instances
into comparatively unaltered phases which are true diabases.

Alteration of these rocks has extended furthest in those portions
of the iron formation which contain the ore-bodies. The feldspars in
the dike having been altered to kaolin or replaced by chlorite and the
pyroxene being converted to hornblende, biotite, or chlorite. The con-
tinuation of these dikes into their unaltered portions, usually finds
them cutting relatively impermeable beds of the upper slates,

Van Hise (1892) suggests that the contrast between the altered and
unaltered portions of the dikes is a result of the influence of environ-
ment upon decomposition, the diabases enclosed in the impervious upper
slate being kept in a well preserved condition since their intrusion,
whereas the portions of these same dikes in a formation which contains
evidence of having been subject to the leaching action of percolating
waters have been almoust totally decomposed.

It is assumed that the alteration by leaching solutions is post-
metamorphic in origin.

Because of their intimate association with the iron ores, the
structural trends of the dikes are given with reference to the iron
formation in which they occur. The iron formation has & general east-

~12-






west strike and dips to the north at 60°  The dikes, however, though
varying considerably in their dip and strike at various mines, always
dip to the south with a southernly component of 20° - 40° and generally
pitch to the east with a pitch as high as 350, but this amount may vary
to horizental or even a slight western pitch. (Van Hise, 1911) From
these observations, it can be concluded that if the iron-bearing strata
were returned to a position of horizontality, the dikes would be near-
ly vertical. This suggests that the dike intrusion took place before
the sediments were tilted to their present attitude.

The intrusives vary greatly in thickness ranging from a few inches
to as éreat as 90 feet; at depths some of the main dikes are known to
split into tongues or stringers and ore is occasionally found between

these components,

The function of these dikes as ore controls has initiated diversi-
fied opinions among geologists.

Van Hise (1912) propcses the leaching action of downward percola-
ting waters as the main contributary cause to ore formation and hence
assirms the role of the dikes to be due to their orientation and rela-

tionship to the land surface and the forces of gravity acting upon

meteoric waters.

Se. A. Tyler (19L49) sugzests that the escaping water from the dike
magma plays the more important role in ore formation, whereas J. W.
Gruner, (1930) proposes that the dikes served as conduits for ore-concen-
trating hydrothermal solutionse

In either of these latter cases, the structural position of the

-13-






dikes in secondary concentration is not of primary importance.

Structural and mireralogical data and ore-dile relationshins tend
to support Van Hise's theory of downward percolating waters as the
primary enriching agent contributine to the formation of ore-bcdies.
For this reason the discussion of ore develcoment in relation to struc-
tural controls which follows is intricately related to this theory.

The dikes in intersecting the more impermeable layers of the iron
formation and the footwall quartzite form eastward pitching structural
troughs which acted as the main circulatory controls for downward per-
colating surface waters, the arfents which enhanced the formation of the
iron-ores. Structural controls are also formed by the intersection of
two or more dikes. The channelways which carried these solutions were
generally fault and fracture zones or the more permeable members of the
iron-bearing series. In almost every case the ore-bodies are found
immediately overlying the dikes in the apices of these trourhs. The
alteration of these dikes (through decommosition) avnears to be taking
place from their structural tops downward, thus suvporting the hypo-

thesis of enrichment of the iron formation by downward percolating sur

face waters. A peneralized cross section across the Gogebic iron for-

mation is shown in Figure 3.
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INTRUSIVFS AT T/R PETERSON MINE

The dikes of the Peterson mine are typical of most of the dikes of
the range as previously described. They have a diabasic texture which
is persistant even in their altered phases, and correlate closely with
the general mineralogic description of the sum total of dikes on the
range as described by Leith and Van Hise having approximately 51% feld-
spar, L0% ferromagnesium minerals, 1% quartz, 5.3% magnetite, 1.5% il-
menite and small amounts of calcium-magnesium carbonates and apatite in
their less altered portions.

These dikes are approximately parallel to each other, generally
forming low angles in those instances where they do intersect. Their
horizontal traces on the footwall are inclined about 1h4° east, these
intersections forming the axes Pf eastward pitching troughs as pre-
viously described.

The main ore carrying dikes at the Peterson Mine are the Davis,
Geneva, Ironton and Puritan dikes. Ore production along the Davis and
Puritan have now ceased.

The Davis, Geneva and Ironton dikes were selected for this study
and sampling was confined within the limits of their boundaries.

Their structural positions are described as follows: The Davis

dike has an average strike of N 65°E, a variable dip ranging from 250
to 50° southeast and pitches (rake on iron formation) from 0° to 2¢°
northeast; the Ironton dike has a strike varying from N4LOPE to N62CE,

bas a dip of 23° scutheast and pitches 13° to 24° northesst; the Geneva
=16~
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dike has a strike varying from NS6CE to N78°E, dips 41° southeast and

has a pitch which varies from near horizentality to 16° northeast.
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LOCATION A'D_FIFLD, PROCEDURR

The samnles utilized in this study were obtained from diamond drill
core and underground workings at the Peterscn Mine located in Bessemer,
Michifan, in the heart of the Gorebic ircn ransre, seven miles from the
eastern border of northern Wisconsin, and 16 miles south of the south-
ern shore of Lake Supeior. Tris mine, one of the six still active on
the ranre is operated by Pickands Mather ard Commany affiliated with
Pethlenem and Younsstown Steel Cornoration.

Due to the nature of the ore-bodies as to shane, size and manner
of formation, the majority of the mines on tke range are confined to
the underrround type utilizine sub-level caving mining methods for ex-
traction of the ore. Since the dikes are the main ore controls and
hence the locus of the majority of ore bodies, mnst of the mining de-
velonment is close to the dikes making them accessible to reolocic in-
vestigation. PRecause of the otherwise inaccessible nature of the dikes,
samples had to be confined to those portions of a dike exnosed by un-
derground workings and diamend drill core which had intersected the
dikes during preliminary exploration.

The Davis dike has been one of the larger "ore producing” dikes of
its lateral and vertical extent and strictural trends beirg

the ranre,

confirmed throurh numerous exposures as a conseanence of prelimi~ary

exnloration and mining develooment. Mining alonc this dike has been

carried on extensively at the Peterson Mine, hence the chnice of this
particular dike for preliminary sammling.

-18-
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The svacinc of the samples was not as selective as the author
would have preferred, hut they were taken at 21l accessible exposures
to include a lateral coverare of 3,30C fret along the strile ard annroxi-
mately 1,000 feet alon~ the dip of this varticular rock unit. Two addi-
tional samples of the Ironten and three of the Ceneva dike were taken
for correlation.

The locations and field descriptions of the varirus samples are
piven below:

Davis Nike

%i. 27th Level "A" chaft v-cut 2°00E, lffﬁf, 1772 Elevation strike YQQEL
Dip 50721, piteh 0°,
Hurd, fire rreired, dark mray-olack, fresh appearing, nunaltered
diehase rock. Come red-rYematite stnin alen~ jeint »nlones and
fractures. OQwverlain by iron fomoition above and gnartz slate re-
low. Carmmle token 4 feet from iron formotinn cortect.

#2, 27th Teval "A" slafi w=cvt, B. Drift, 125 feet from x-ert.

~3kn @, 17h0 Y., Dletmtion 1700, strike ITN0T, pin 257 aw

pitching QSEE.
Fard fine-~r-ired, darlt ~rar-hlack, vialtered diabase roci:.
Samnle taven 12 feet from lower anartrz slate contoct.

#3. 27th Tevel shaft x-cvt, P, drift, 75 feet from 2600 B

loading snb. 2625 P, 1845 M, Tley-tion 1701, strike MAST® Din

b

L2O 57, pitehing 0030t

Semi-hzrd, fine crained, partially altered, 1i-ht creen-rray dia-

base roeck with red-hematite s+tain alor~ fract res and evidrnce of

-19-
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#6.

#11.

kaolirization and chlcrite alteration takinr~ nlace.

27th Tevel, 2TLO x-eont North 2720 B, 1040 M, Tlevation 1700, strike

MRAC M Din 457 ©7 ) Pitchire 20 T,

Soft, friable, red-tematite steined altered diarase rock (soan-
stone). fAreen ar~illaciovs mnterial alon~ joints and fractures.
Samnle tnlen 3 feet from iron formation contact.

Lth Sub nbeve 27th Tevel, 1600 R, Raise 1800 1, 1040 N, ®leyation

X}

1520, strike 160° Dip Lo® o7, Piten o,

Semi-hard, fine grained, red rematite-stained nartially altered
diabase rock. Soft write clav-like mineral insinuated along
fractures and joints planes. Yerd blre Vematite ore abecve dilke.
Sarple taken L feat from cre contach.

Tth sub above 27th Tevel, 1550 B. Paise, 1550 ® 5 1900 N, Wlevya-

tion 1470, strixe WA0° ¥, Dip Lo® @, Pitch 0°.

Soft, friehle, extremely fine ~rained, red hemetite-stained al-
tered diabase rock. Scft white clay-like mineral insinr=ted aleng
fractures and joirts planes. Hord blre hematite ore ahove dike.
Cample tolen L4 feet from ore cortact.

28t Tevel fro% Avifr, 2900 0 DNAG M Rleyatian 1RO atrile NSOT,

Dip LO®%m, Pitehin~ P00,
Fard, fine to mediim craine”, prrtially altered, dart ;rav to
green=-black diatase rock. TUnnrer ccntact with auarts slatn.

Sarmle tnken 7 feet from this contact.,

285th Leval, "A" shaft x-cut 22207, 13757, Tlevation 1902, strile

N50°®, Dip L0z, Pitching 20°.

-00) -



#12.

#1L,

6.

17,

Hard, fin= to medium rrained, unsltered, fresh apnearinc~, green-
black diabase rock. Soft, oranme-brown translucent mireral alon:
a joirt mlane {telc). Contrct with cranite at its Ptase and qrartz
slate at its ton. Sample taken 15 feet from crenite contact.

20th Tevel "A" shaft x-cut, 200 feet S. of car-shifter crtout

A

2280 ™, INANT, Tlavetion 2104, Gtrilre Y57, Dip 25007 Piteh is

undeterminnhle {dike intrmded into rranite)
Hard, fine to mediym crrained, eenerally frech anpenrins dark rray
to Freen-black diabase rock. Slipht kaolinization along fractnres.

Samnle taken 2 feet from nrner contact with eranite.

Nayin Nika (Diemond Nril) Yole Camiec)

Diamend Trill Fele 512, 2075%, 25250, Wleyation 1179, Ctrike N657,

Din 300¢  Pitching lgifz, dike from ?13-271 feet.

Semi-bard, fine to mediim srained, vartially altered, dark cray
disbase rock, with thrin (1/64 inch) white, clay-like laminne 1/L
inch apart throuchout., ©li-ht red-hematite stain discernible.
Ore irmediately above dike, cherty ircn formation below. [rmmle
taken at 2LO feet.

Diamond Drill Hole 508, }Qﬁqﬂ, 1325M, Tlevation 1203, Strile WA6OT,

Din 3007, Pitchine 13°T%, dike from L84-526 feet.

Hard fine to medium grained, unaltered, preen-black diahace rock,
intrmsive within footwall quartz slates. Cample taken at 510
feet.

Diamond Drill Fcle 507, P200%, 1795M, Elevation 1102, Ttrike N630T,

01~






#17, Dip 3073, Pitching 11977, dike from 502-540 feet.
Hard, medinm grained, unaltered, frech annesrine, doark pgray-
black dicbase rock. Some 7Tiartz discernidble but cnly in miror
amoymts. Dile intrusive within the onartrzite phase of the Palms
formation. Fault zone irmediately ~rhove. Sample taken at 520

feet,

#18, Diemend Drill Pole 509, 2°00®, 2359, Rlevation 1185, Strike NG3E,

o

Dip 39°g, Pitehine 117-30°T", dika from 0-34 feet,

Pard, fire to medimm grained, slichtly altered, dark gray to
green-black diabase rock. Wavy-bedded chert:r iron formation at
bottom and top. “ample faiten at 15 feet.

#19. Diamond Drill Fole 510, 32157, 1785N, Rlevntimn-1184, Ctrike NH5T,

Dip 3902, Pitchin~ 100V, dike from 205-726 feet.

——

Semi-hard, medium grained, partially altered, gray-c¢reen, diabase
rock. Some kaolinization, but primarily chlorite alteration
throushont., (A green mineral which may be epidote, present.)
Contact with gnartrite slate above and qrartrite below. Samnle

taken at 210 feet,

=
ro
-
.

Diamond Drill Tole 511, 3010%, 2607, Tlevation 1177, Strike NA9T,

Dip 2073, Pitching 109, dike from 128-1°7 feet.,

Hard, fine to mediim crnined, sli~rtly altered, gray-black dia-
base rock. Some chlorite alteration and red-hematite stain alon-
fractures., Vavy-bedded ir~n formition above and below. Srrmle

taken at 155 feet.

’
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Geneva Dike
# 7. 27th Level, W. Drift of 1300E. x-cut, 850 E, 213CN, Elevation 1690,
Strike N78°E, Dip uS®SE, Pitching 2°NE.

Semi-hard, fine grained, altered red hematite-stained, diabase
rock. Extensive kaolinization throughout. Sample taken L feet

from contact with iron formatione.

#13. 29th Level, x-cut N., 2550E, 2275N, Elevaticn 2093, Strike NOSE,
Dip 45%E, Pitching 2°NE.

Semi-hard to soft, medium grained, altered, green-dark gray dia-
base rock. Chlorite alteration common throughout. Schistose
like structure along a joint plane. (Caused by alteration of a
fiberous mineral?) Sample taken 10 feet from upper contact with
Yale slates.

#20. Diamond Drill Hole 505, (1215E), 2l0UN, Elevation 1190, Strike
N56°E, Dip 43%, Pitching 16°NE, dike from 614-703 feet.
Semi-hard, medium to coarse grained, partially altered light to
dark gray diabase rock. Kaolinization and chlorite alteration
common throughout. Some red-hematite granules scattered through-
out, believed to be alteration of magnetite crystals. Hard blue=-
hematite ore immediately above dike, cherty iron formation below.
Sample taken at 660 feet.

Ironton Dike

# 8. 27th Level, main drift, LOOW, 1260N, Elevation 1675, Strike NLOCE,

Dip L59CE, Pitching 2LONE.

-23-



# 8. Semi-hard to soft, medium grained, altered light to dark green-
gray diabase rock. Extensive kaolinization and chlorite altera-
tion throughout (talc present along joint plane). Sample taken
2 feet above floor 5 feet from quartzite contact.

#10. 28th Level foot drift OF, 1L4OON, Elevetion 1680, Strike NolE,
Uk, o b on_ 1O 10 H

Dip LO®SE, Pitching 13°NE.

Hard, medium grained, generally fresh appearing gray-black to
green-black diabase rock. Some chlorite alteration along with
transversing veinlets of white argillaceous-like material. Some
red-hematite stain along fractures and joint planes, Sample
taken 3 feet from upper contact with quartz slates.

The samples taken from underground workings were carefully removed
from exposures with extra precaution being taken not to contaminate
the sample with foreign matter. This was done in the following manner.
First, a portion of the immediate wall exposure was pried away with a
geologic pick exposing a section of the dike free from contamination
likely to occur during mine operations. A sample was then removed
from this exposure, the portion of it touched by the pick being broken
off, using another piece of the rock as an improvised chisel and
striking it with the pick. Similar procedures were used on all other
samples collected. A representative sample approximately 2 inches by
2 inches was obtained from all locations. These were placed in doubled

paper bags, marked and stored. (See Fifure L4 for sample locations)
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DETERMINATIONS OF STRUCTURAL ATTITUDES OF DIKRES

Determinations were made of the structural trends and thicknesses

of the dikes at their various sample locations. No direct thicknesses

wvere measured in the field, but rather camputed from mine map data.
All rakes (pitches) and plunges of the dikes were computed by the
sterographic projection method as described by Walter H. Bucher (19Ll).

In every instance, the rake (pitch) computed, was that of the dike

on the intruded formatione. The results disclosed that these dikes all

pitch to the northeast, contrary to the southeasterly pitch as described

in previous literature. See Figure 5 for an illustrative example of the

method used to derive these results.
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Stereographic Projection of intersection of Davis dik
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As wns indieated previouveslyr, trle determiration of a~e rel-tionching
of these dikes still remairs a controvernial. fiasre. Come of the evi-
derce uncovered in this resnect based on varticlar mineral asserbla e,
mere cormon to either the Frronian or Keweerawan intrusives is rel=ated

below.

Huronian NDikes: The Vuronian dikes are renerally metamornhosed, the

orisinal plagioclases being recr:stallized with a rreater Ab/An ratio
since calcium is removed dnrinc metemorpbism. Hence, a metamorphic min-
eral assemblare, denendient on tre metamorvhic rank attained (in this
case, mest likelw thnt of the chlorite svb facies rark) is to be exnected
in dikes of Hu»orian are., Trece dikes presvmahly never reancked the pre-
existing surface, and rence, mort alteration is concluded to be the re-
svlts of tre effects of downward vercolating svrface waters.

The two corntributory causes tc tre present physio-chemical maxenn
of thesa dikes are thus believed to be tre effects of metamorphism with
resultine new mineral assemblaces and the alteration of these minerals
throurh the action of leachine solutions.

Keweenawan Dikes: - The Keweenawsn diles are uvnmetamorphosed and ren-

erally fresh appearin~, witr the orizinnl mineral content beins preserved.
Tre altered phases are a result of weathering and not due to metamorphic
effects. A number of these dikes reached thre surface and no doubt served
as conduits for the Keween=zwan lava flows. Tre original mineral content
typical of diabases is present with an abrndance of calcimm rich placio-
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clase, monoclinic pyrovene, some olivine, micmetite and/or ilmenite and

blotite.



PETROGRAPHY

The extent of the petrographic study of these dikes was confined
to that of a supporting role in an effort to predict the geo-chemical
behavior of the trace elements found therein and deduce their origin
and also possibly supply evidence in regard to age relationships of
these rocks.

For a more complete discussion of the petrography of these dikes,
the author makes reference to literature by Irving and Van Hise (1892)
and the work of George A. Hoffman (1950).

An adapted description of the diabases of the Gogebic range after
Irving and Van Hise (1892) is as follows:

"The diabases usually have a well developed ophitic structure, the
augites being of large size and including many somewhat idiomorphic lath-
shaped plagioclases. In the diabases in which this structure reaches
the extreme, the feldspars have a tendency toward two generations, there
being aside from the smaller lath-shaped plagioclases, larger, somewhat
porphyritic appearing ones. The rocks vary from ophitic diabases to
true gabbro, all grades of variation being observed. The gabbro occurs
in only a few localities and is of little importance as compared with
the diabases.

The original minerals are apatite, magnetite, olivine, plagioclase
and monoclinic (augite) and orthorhombic pyroxene. The latter occurs

only in one exposure and in the most widespread phase of rock, the only

important original minerals are magnetite, plagioclase and augite. The
-30-
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order given is that of crystallization. In some of the rocks, this suc-~
cession can be made out with a good deal of sharpness, each mineral
present having nearly completed its crystallization before the succeed-
ing one began to separate. This is particularly true of the ophitic
diabases and becomes less and less true in passing toward the gabbros."”

The environments were peculiar to each sample utilized in this

study, selected in such a manner as to permit a petrographic investiga-
tion from the most altered to unaltered phases of these rocks, thus
allowing the observation of the mineralogic changes taken place through
processes (and possibly metamorphic effects).

Four thin sections were prepared from samples of the Davis dike.

The samples utilized came from three environments; namely, granite,
footwall quartz-slates and the iron formation. An additional thin
section of the Geneva dike was prepared from a sample taken close to
relatively unaltered iron formation.

The degree of alteration showed a marked increase in going from
the granitic environment through the footwall quartz slates and into
the iron formation.

In the slides examined, the minerals present consisted of labradcr-
ite, olivine (questionable), augite, magmetite, some ilmenite and biotite,
along with leucoxene, hematite, biotite, chlorite, sericite and kaolinite.

The iron oxides were for the most part (except in altered phases)
magnetite and some ilmenite, occurring as subhedral crystals or linear
masses scattered throughout the thin section. They are primary consti-

tuents of the rock and fairly abundant. The ilmenite is generally
-31-






represented tir its alterstion nrodret, lencoxere, and ic intimntel:r asco-
cirted vith tre magmetite. CSome ovidation to red lematite is discerm-
inle withir individual mametite ~rairs, T tre more altered nhrrces,

the ircn oxides consist wholly of re?d hematite, the marmetite havine

heen completelv oxidized. TPecausea of the deen peretration by red-
hematite stain, the other constituent minerals of the thin secticns
rerregenting the alteved vhases of this dike ‘could not be determined,
with onlyv the orbitic strmicture beine vreserved.

The feldsnars are restricted to the cer'lci-rish end of the nla~io-
clase series being essentially labredorite with the possihility of
some andesine. Thev are renerally found as small idiomorvhic, stristed,
lath-shaned individual crystals disnlayvines nolysvnthetie twirmines ard
on rare ocecasions also Carlshad twinnine, In the fresher portions of
this rock thev are well preserved and extremely abundant, whereas in
apnroaching the altered phases they are freaquently altered to sercite
and in some cases kaolinite (the determination of kaolinite was based
on x=-ray study). Determinaticn of specific plagioclase was based on
indicative refractive indices and ertinction angles.

The vyroxenes are essentiallyv those of the auite-ferrnaugite
series with some indicaticns of associated pigeonite, althourh this
variety is minor in the rock slides examined. They are rouchly eoui-
demensional, stubby +o elongated crystals displaying prismatic clecva-e
on the 110 plane and 100 parting. In the unaltered vortiors of this
rock the individual prains are fairly well rreserved, their crystal

boundaries being sharply defined in some instances, but for the most
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part contreclled by the vlagioclease laths., Tn the altered vhaces, the
pvroxenes have been converted almost wholly to a pale creen chlorite.
In some instances aucite can he found g=owine around vlarinclase 1aths
indicating that the mineral is later than the feldspars.

Riotite was precent in these rock svecimens in which alteration had
bezun to pass from that of intermediate to an advenced stace. Tn thece
slides no oyroxene is apvarent, marretite is abundant and chlorite ard

kaclinite alteration is extreme. The biotite which is auite pleochroic

in shades of brown freauently surrourds marnetite ~rains. Some of this

mineral appears to be secondary after the pyroxenes and for the most
vart is an alteration oroduct or a reaction mineral. Biotite is con-
spicuously absent from the secticons of the unaltered rock that were
examined,

The vresence of olivine is suspected in only one instance where an

area of what appears to be serpentine alteration maintains a roundish

boundary suemestins the former presence of an olivine granule. The exact

determination of the secondary mineral serpentine, however, is uncertain
due to the obliteratinz effects of a red-hematite stain.
The order of crystallization of these minerals as indicated by

petrorranhic evidence, annears to be, ilmenite, mammetite, olivine (?),

labradorite, pvroxene. Some biotite may have been formed from the resi-

dual liquid phases of the macma or as a reaction mineral durins the
final stages of solidification.

The results of this petrorranhic study provided no conclusive evi-

dence that misht be used in are differentiation of these intrusives. The
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apparent lack of olivine in the sections studied suggest dikes of
Huronian age, since Keweenawan intrusives and extrusives (if the dikes
are related to the flows) are generally reported to be quite rich in
olivine., A Huronian age for these dikes is also supported by structural
evidence. Yet, the abundance of calci-rich plagioclase and monoclinic
pyroxene and the lack of amphibole suggests dikes of Keweenawan age.
Biotite offers no clue to the solution of this problem, as it is ccn-~
spicuously absent in one section and particularly abundant in another.
No flow structures were noted in any of the sections that might postu-
late intrusives of Keweenawan age, such as might be expected had the
dikes furnished the pipes through which the Keweenawan lavas poured
out.

This suggests that age determinations based on petrographic evi=-
dence alone is inconclusive and hence a more fundamental approach in-
volving research on the physical chemistry of magmatic differentiaticn

and crystallization in these rocks is necessary in the final analysis.
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QUALITATIVE AND QUANTITATIVE SPECTROSCOPY

The basic theory of spectroscopy is outlined briefly in the fol-

lowing paragraph, succeeded by a discussion on qualitative and quanti-

tative methods of analysis. For a more detailed discussion on the
theory of spectroscopy, the author makes reference to the works of
Ahrens (1950), and Willard, L. L. Merritt, J. A. Dean (1948).

The quantum theory introduced by Planck to explain the emission of
radiant energy from the excitation of an atom or ion, predicts that
each atom or ion has definite energy states in which the various elec-
trons can exist. In the normal or ground state, the electrons are in
the lowest energy state, but upon addition of sufficient energy by
thermal, electrical, or other means, one or more electrons may be re-
moved to a higher energy state farther from the nucleus. This condi-
tion is an unstable one and the electrans upon returning to their ori-
ginal orbital position emit radiant energy of specific wave lengths
which can be recorded as spectral lines on a photographic plate.

Since radiant energy when dispersed produces a spectrum unique for
each particular atom or ion, identification of a mixture of unknown
elements is made possible by interpretation of their characteristic
spectra emitted during excitation. Final identification is achieved by
visual comparison with known standard charts and tables.

Quantitative analysis of these elements is achieved through the
measure of the intensity or optical density of their characteristic

spectral lines which is reflected on the photographic plate as varying
-35_






degrees of blackening of a particular line. This immediately follows
since the radiation emitted by any element is directly proportional
to its concentration in the sample and the intensity or blackening of
a spectral line on the plate is in turn proportional to the radiation
emitted.,

Various techniques utilizing this concept have been employed in
the semi-quantitative determination of trace elements from spectro-
chemical analysis.

Harvey (1947) describes a method by which weighed amounts of
samples are completely volatilized and selected line to background
ratios are determined on a microphotometer. The background continuum
is used in principle as an internal standard and the conditions of
arcing must be closely controlled. This method is applicable to the
analysis of a wide number of elements.

Van Tongeren (1938) has made use of a method involving cathode
layer excitation on carefully weighed samples diluted with NQCO3 in
which successive exposures were made on each of the samples at varying
amperages and exposure times. Seml-quantitative determinations were
made visually by comparing line responses of the unknown with those
of standards which had been prepared in a base of quartz and Na2003.

Another general method which employs cathode layer excitation is
that described by Mitchell (1948). This method which has been widely
applied to the analysis of soils, minerals and rocks, requires that
a small accurately weighed quantity of specimen be loaded into a cath-

ode cavity and arced at a predetermined amperage. Three successive
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exposures of about orne minute are made., To facilitete visnal compari-
son of the line response, a step sector is employed and the plates are
examined in a comparator.

The semi-quantitative methods just described are desicned to
handle a relatively larfe nimber of elements and are anplicable to a
wide variety of materials. The value of these methods is that of en-
abling the analyst to obtain much irformation about mary elements in a
short time.

The method employed by the author is similar to that as described
by Mitchell with some modifications, and is described later on in this
work.

Strictly quantitative methods utilizing interunal standards and
possessing a greater degree of accuracy have been described by Ahrens
(1950). 1In trese methods, intensity ratios are measured, that is, the
ratio of the analysis line to that of a lire of an element, the "in-
ternal standard". The advantage of using an internal standard is that
it affords comrensation for various factors affecting the intensity of
line emission such as arc wandering, change in lensth of arc column,
failure to time the evrcrure exactly, ard lack of mmiformity in the
techniqne of vhotorraphic development. The main disadvantage of inter-
nal standardization is that each element or a limited number of elements
mey require a separate internal standard, and a complete and accurate
analysis becomes very tedious.

Since this study was designed to cover a wide range of elements, it

did not seem feasible to employ internal standardization, but rather
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PREPARATION OF SPECIMEN PRIOR TO ARCING

The laboratory techniques and procedures utilized in this study
followed a preliminary investigation of crushing and grinding methods
as described by Ahrens (1950).

Because it was necessary to obtain a small and accurately repre-
sentative powder sample from a rock-Specimen whose physical-chemical
properties made it quite resistant to ordinary crushing and grinding
techniques, certain modifications in these techniques had to be
employed in the procedure followed by the author.

First, the original rock specimen was cracked into two smaller
pieces approximately 1" x 1" in size with the aid of a porcelain pestle
and mortar. One of these pieces was then selected for further prepara-
tion of the powder sample, and washed with dilute HNO3 in order to re-
move the oxide minerals (particularly red hematite dust which had col-
lected on dike exposures from mine operations) as soluable nitrates.
The specimen was then rinsed in de-ionized water, placed in an electric
furnace and heated to 600° C. for 25 minutes. The specimen was removed,
chilled in de-ionized water and placed in an electric oven for drying
(30 minutes).

This procedure not only facilitated secondary crushing and grinding
but also served to drive off volatile components (primarily H,0) which
are often the cause of the erratic behavior (spattering effect) of sili-
cate minerals during initial arcing.

After being removed from the dryer, the specimen was crushed and
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ground in a mullite mortar. Final grinding in an agate mortar was
continued until the bulk of the sample was homougenous and reduced to
about - 150 mesh. A one-half gram weight of this sample was accurate-
1y weighed out, mixed with an equal portion by weight of purified
powdered carbon and stored in a clean glass vial.

All samples were prepared in this manner with particular care being
taken to cleanse all laboratory equipment used in their preparation
between samples. Such procedures limited possible contaminatlion.

Control samples were then run in an effort to determine moisture
loss during preliminary heating in the electric furnace. The results
disclosed an average moisture loss of 3¢ 5% by weight.

The addition of powdered carbon to the samples in a 1l:1 ratio was
made to facilitate arcing. Ahrens (1950) states that "The presence
of powdered carbon speeds up volatilization rates considerably, without
affecting total line intensity, provided the specimen is arced to com-
pletion and the change in composition does not alter the arc temperature
significantly™.

Arcing to completion, is referred to as the total energy method
since it allows the total intensity of emission to bé recorded. For
this reason, the total energy method can be effectively employed in
semi-quantitative analysis and was utilized by the author. The main
requirements imposed upon this method are accurately weighed samples,

a carefully controlled excitation source, a smooth burning arc, and

arcing to completion.






SPECTROGRAPHTC TRCHFNTCIRR

The ?pectrographic techniques employed for the respective sumple
analyses were designed to maintain nwiform rate of volatilization and a
constant temperatvre range which insured eanal levels of excitation and
hence the consistency of treatment of each particwlar sarple. Prelim-
inary samples were first run to determine the optimm operatinz condi-
tions of the spectrograph relative to the 'mknowns to be analyzed.

The instrument used for these analyses was a Bauch and Lomb large
Littrow Spectrorravh possessing a ran~e of 2100 to BOOOX and capable of
recording this entire range in three photogranhs on 25.4 cm. photo-
graphic plateé. The dispersing media is a quartz Littrow prism, with
the dispersion being about 0.k mm/Ao at 25OOAOand 0.10 mm/A0 at LOOOA,

An interchanceable glass prism can be inserted for increased disversion in
the visible repgion.

For the purposes of this study the quartz Littrow prism was used
exclusively and the computed dispersion for the particular spectral
rangre used was O.7 mm/Ao . A direct current arc enerrized at TO volts
and 3 arperes was used as the excitation source with an average exposure
time of two minutes.

The reason for D.C. excitation is as stated by Willard, Merritt, Jr.,
Dean (1948), "The D.C. arc is a very sensitive source and is used for the
determination and identification of substances present in very small con-
centrations. A comparatively larce amovnt of the substance being analyzed

pesses tbrouch the arc, and on this account, an averace or more representa-
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tive value of the concentration is shown ovrovided the complete sarmle

is burned".

The recording device used were Kodax Spectrum Analysis Number One
plates of size 10.2 by 25.4 cm, wrich were developed by use of Kod=zk
Developer D-19 for L minutes at 70°F, followed by a 30 second stop bath,

a 15-20 minute acid fix, a 30 minute washinec veriod ard a firal rinsine

with distilled water.

4o~



BIRUITG OF TE SAMPTE

The procedure involved in the actual burnins of the sample is
outlined as follows:

Eight millirrams of a samnle were accurately weirhed out and placed
into the drilled out recess of the lower electrode. Transferal of the
sample to the recess was done by means of a beveled carbon rod of elec-
trode material, thus eliminating the introduction of any foreirn im-
purities. The upper electrode was beveled to & point to prevent arc
wandering and maintained at a distance of 1/L inch from the lower elec-
trode durinm all arcinns, a condition which is descrited by many spectro-
analysts as optimum for a smooth, continuous burring arc.

A power supply unit furnished the ammerare and induced voliare, con-
trolled by a rheostat to the particular reauirements deemed necessary for
optimum results in these analyses; arcine was induced by means of a
striker electrcde. The spark imave was then centered on a plastic screen
and the shutter orened with exvosure time necessary for comnlete consumm=-
tion of the sample. The shutter was closed and the plate racked uvn 3
millimeters, allowing an interval spacin~ of 1 millimeter between suc-
cessive spectra. A slit width of 2 millimeters was used in all exnosures.
The ori~inal procedure was then reveated until the spectra of a sufficient
number of unknowns were recorded con one plate. A copper spectrum and
FeCl spectrum were then reﬁorded immediately above ard below the unkncwns
to act as a giide and external standard for aunalitative prrnoses.

Final identification of tre recorded svectrims was actieved by
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comrarative methnds with ¥nown etardard charts ard tahles.

The definite presence of any varticnlzr element was corfirmed
throurh the identifiration of at lenst two of its most nersisternt lines.

A semi-anantitative evaluation of these elements was achieved hy
setting up an irtensity scale (1-10) designéd to measure tre relative
concentration of an element in a vrerticular samnle. A persistent line
of an element wis chesen from the spectrum in which it apveared to be
most intense and civen an intensity ratines of ten. The same line wes
then examined in the other svectra ard an internsity ratins from 1-10
assirmed to it accordinely. In this manner, the relative concertra-
tion of each element, as it anpeared in a varticuler samnle, wns de-
termined.,

The ermulsion factor between a number of spectrum analvsis plates
has been known to vary, causing an apparent deviation in the concen-
trations of elements recorded on these nlates. Since the avthor used
two plates in recordine the total samples analyzed, and since the in-
tensity of the recorded iron s»ectra between the two nlates varied, the
relative concentrations of the elemerts in one plate had to be multi-
plied by a variance factor (1.4), comnuted as the proportional differ-
ence in the intensities of a persistent iron line &s it apneared in the
iron spectra of the two plates.

The trace elements listed in the following table along with their
identifyins spectral lines were studied semi-nuantitatively in this

work. Photorraphs of the smectra used in this analysis are denicted

in Firure 6.
LL-






SPECTRAL LTMES USED TN FETREMSTIT IDWNTTRTCATTON

Iron (Fe)
Marnesium (me)
Alvminm (A1)

Vanadimm (V)

Silicon (Si)
Cobalt (Cc)
Chromium (Cr)

Niclel (Ni)

Conver (Cu)

Titanium (Ti)

Potassium (K)
Sodium (Ma)
Calcinm (Ca)
Lead (Pb)
Platinum (Pt)
Beryllium (Re)
Antimony (Sb)

Cadmium (C4d)

spectral
3090,00,
3006.92,
3082.16,
201,65,
3703.57
2981.,59,
3158.76,
3578.69,
30L3.06,
3619.89
3247.55,
3088.03,
36L2.68,
3217.1
330234,
3158.87,
3739.95
3628.11,
3130.72,
3232.52,

3261.05,

Iines - Vavelercth in &

3100, 31,
3336.59,
3092.72,

2008, A1,

3905.52
3254, 20,
3593.L8,

3380.5h,

3273.96,
3190.a2,

26835.19,

33027, aly

3179.33,

3672.00
3131.06,
36T 4T

3466.20,

—L45-

3100.67
3832.31
3akL.03,
2023.63,

3377.06,
425k, 3k,
3433.57,
3307.95,

3227.84,

3956. 34,

36LL. 39,

3321.08,

3467.66

0

3961. 54

3118.38,

3365.23,
289,73
34kh,. 26,

L062.75

3341.97,

3058, 21

4302.53

3321.35

3183, 094,

3L53.51

3LA1. 66,

3372.80,



Rlement
Molybdenum (Mo)
Strontium (cr)
Rarium (Ra)
Seandium (Sc)

7irconium (7r)

Lithium (Li)

Spectral Tines - wqye1en:thﬂin'A?
3112.12, 3132.60, 3327.31

Lo7T.80

L300k, 0

3589.66, 35060.52, 3AL2 AL

3106.57, 3165.97, 3L438.23, 3Lo6.09

3232.67

Ry relative concentrations, silicon, marnesium, aluminum, calcium

ard iron are by far the most abundanrt of the elemerts studied. Some

potassium and possibly some barium mirht be attributed to the presence

of potash feldspar and barium feldspar which are known to occur within

the limits of the irtermediate plarioclase feldspar series. Some

marsanese may be present as a specific mineral or on rare occasion re-

placing the ferrous iron in the alteration product of chlorite. Petro-

rranvhic study also indicates thot a sreater pronortinn of titanium is the

result of the nresence of ilmenite in these rocks,

The remaining elements do not form cormon rock makinz minerals and

their presence is hence concluded to he due to substitution in the

silicates, oxides and possiblyv sulfides (ovrite) of the rocks.

The occurrence and behavior of some of these elements in irreous

rocks follows.
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GROCTTEMICAT, NATITRE OF TRACE KTRMENTS

Recause of the important role assigred to trace elements in this
work, a discussion on their occurrence, aburdance and vphyvsio-chemical
relations with rocks of marmatic ori~in is deemed recessary before
presenting the resuvlts and their interpretation as derived from this

spectrochemical strdy.

The investirations of Clark and Washinﬁ£on (1o22, 192k) rased on
5,150 analyses of igneous rocks from all pvarts of the world, confirmed
that the eight elements cornstitutine the bulk of the upper lithosphere
vere also the primary constituents of all irneous rocks. These main
elements, oxvren, silicon, alumirum, iron, calcium, sodium, potassium
and marmesium comnrise G8.25% bv volrme of the elemental commoesition of
all irmeons rocks; all other elements as a grovp, accesscory or minor or
trace elements formines only L.7°% nf the total mass of igneous rocks.

Of these latter elements, titanium, phosphorous, hydrogen and manranese
comprise 1.13% and hence only 0.50¢ is left for br far the grentest part
of tre elements.

Renkama and Sahama (19hk0) defire trace elements as those elements
not common in the urper lithosphere, that is, all elements other than
those which make up the bulk of the upper lithosnhere according to the
findings of Clark and Washinrton, and pronoses a division of the trace
elements into two grovps according to their manner of ocerrrerce in

immeous rocks. The first of these provps is comnrised of the trace
elements which ordirarily form indenendent accessory constituents in
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igneous rocks: and the second erovp heinr commased of these elements
which rorely, if ever, form irdenendent minerals, their presence in
iemeous rocks rein~ tre result of incorvnration in solntior in other
minerals.

Tre auther is primerily concerned with the second gronun of troce
elements as it was mostly elements comrrising this gronn that were
nsed in the final ausntitative analvses.

Regrrdirg the ircorroration of trace elements in mirersl struc-
tures, foldschmidt (10LL) states that, "Three structnrally different

tyres of diadechy rerulate the disversed manner of occurrence of the

trace eleweartg™.

These are further described as: (1) ecamovflac~e, which occurs when a
trace element replaces a cormon element of similar valence (2) cap-
turineg, which is the renlecemant, of a commen elerent by a trace ele-
ment of hisrer valerce, 37d finally (3) admission, which occurs when

2 trace elemert renlaces a corren elemert with a valence hirher than

itrelf,

Pactorn crveyrins Hle introsdvehion of trace eloments into nin-

erals ar~: (1) tre effective cize of tie atom or ion in the strieture
wiich denands 'rmen the rond ctre-~th to nei-trerin~ at-ms or ionc, on
tre eloertrenin comfimraricn of the stom or ion ard on its co-ordira=

tien (2) the acfinitr of »n elorent for a particrlar nhince, t a4 -

2 silicate, ryide or ~»'ntida b an rnd tla alordonce of 2 0f these

nheces in the varticnlar melt () the relative ahimAence of - parsi-
Ulrr trece Alemert in fha oricinal melf from whence the pirare?
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erystallized, (Aeldsehmiat, 1ahk)
T™e sizes of the icre or atoms irvolved in renloement, m st te

sick as moh he disrunt the riciditr of the nricire) erratel atroetore,

3 0r inns k-

15

t¥e tolerance in sire differerce tetwsen ary tuo atonm
stitntins for each otrer reineg aboudb 13@ of tha Iarrcar af tha tyo,

an meacvrred b thelr ctomic or ionic rodive In terre of ancstrome ns

tha it of meaarrement, (Torkama and Catara, 1040),  Tyeartions to

nrarahlor Ave o tre inflrevce of tomeratre and rrecsure ad

the tima of arretellicatior /Ttaretcn-a, 1062),

™o decidir~ factoer coverrips initiel srhetitotion in £ e relative

brnd gtren~th eof twvo ~tems or iors in identiecal necition in a strie-

trre, the atom or ion providinz rreater bond stren~th being substitrted

in preference to thnee contribrtinz wyeairor honds, Tn ~eneral, for

“

Pone ohare, the lar-ar tends to

thore atoms or iors with similar v

gimn, the ome with

weakXen the hond, while for ators or ions of similar
a hicher volenr:s charre will terd to stren~tien the hord (0a)dschmidtg,
1027).

Cantrrae of troen elomentn acenra dvrin~ tha initisl stac~e of cr--
stalliration of a mrma and “ence thesn are fornd in tho earlyr

cri-stallized mineralc, whereas airitted firoce elements are inmorner-

atzad into tre struetnre of later cryotallizinc miner-la,
fin i1dnstrative exarmle of tris nrememena in tht of triveolent
Q'4—
seandinm (2o T0,030¢) whick dis eamtired b memesivm (157 0 7R0y) gnaA

is corncentroted in ncie vonts, wrereas (T3] 0.7Wv) in adnithad bor

rarmacinsm and ecorecnmtvoted in acid. rockse.
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o) 4 .
Minkal Tt (0, 70w and ferhatt 0n (G080

Yiekel ond Mehn't are nresent in normal 1imencs roeks of tha poin
stara of mrmntis cristellication, treir occrrevce tein- dyue in mort
tn the preceonce of ol arentities of cormon salfide minerals anch na
rentlandite, vrrriotife and prrite and of molior irmortanca hein: doe to
™

treir incorneration inte the ctrietrres of ailicete rirer-ls,

Tntter ca-e indicotes thet niclel and cornlt 2are ovirile in the vrner

litheoonhera,

The nickel ion, with tre same radins a»d ebor-~e as rorresiun, i
ordirarily enmonfloed in memegsivm minar-ls altlon - the hic~h i
rotio ion e rlv formed crirctnls and £}~ ctendsr danlira 90 1nter formed
rocs ard minerals indieates its canture in come ma-menirm minerals,
evidently the niclel ion with a volence of rrescter than 12 is contured,
(t~son, 1962),

™e bivelert ecobnlt ion eon the other band is practicall:r tbe come
size ns th~ ferrons ion (0.82%) and i this reneraily comonflo~ed in

ferrous cormmmmds, Tandell ard “oldich (10L3) feard thnt corelt varies

linrarly with rarmesirm over a wide ran-2 of corcentrationsg ard hence

his relatirmshin i5 more soparent thon tre one hetrieen

cobalt and ferrous iron.

Totr ecobalt and nickel are relatively abundant in bacie raciks and

deficiert in silicic recrks, the abumdnnee of cohnlt in the lotter rocks

increncin~ st the exmence of ko nickel. (Tark-mr and Tobama, 10L1)

M™a envichmert of nickel in tre early criatallized mn~resinm ~n?



forromarmesiim minerals is Adve to the ~uit bility of i*s incornorotien

irto thre cryatal) stricture of olivire and »—ergthene,

Mirkel is

Tans

shundant in an~ite, armmbihala and hictite (Renkama and Caharmn, 1941)

The content of nickel and coralt nrecent in placioclzce, Piymers-

thene, an~ite and biotite from a diorite is indicated in the followin-s

table after Teckolds and Mitcrell (1abt),

M ram
Plarioclace -
¥mersthene 300
Ancite 200
Biotite 150

Tre followine tables after Waser and Mitehell (1051) show the

Co_
15

100

70

Lo

relative contents of nickel and cohnlt in prroxene, ilmerite »nd

mametite “rom an olivine free ~ahbro,

M{ nrm Co mm
Plariocl-ze - -
P:rovere 50 60
Marmetite 50 80
Ilmerite 100 100

Tvese mirerals are 211 present in the diahace dikes sampled.

of these elements also occur in hormhlende.

o]
Manmnese Mn“* (0.91kx)

Throush manmnese forms cnecific mirer~1s in i~reovs rocks,

are of mincr imertonece in commoricon to the manconecnr ccenrinc ir

silicates and oxides.

culfides 2are ra'l~tively free cf manconece

t‘w:nr
.



(5tonehonse, 1952).

~ 1

PR

* " ! C
Divalent man arase renl-ces M~ (0,7¢kx) Te' (0.A2x) and On

(1.06kx). Tt is afmitted in place of momesivm and ferronus ivon ard

is eantured in vlace of Caleinm, (M con, 1052) MNoekolds and Mitehell

(1948) show a relative incrense of Im:We in later differenti~tes in-

dicating that removal of moncanese fyom mrme2s is due to a lerre ev-

tent to their admittance to ferrome mnesi-m minerals. Only traces of

mis $
S0 s

min~are~e are found in placicclrses vhere trer renlace calcinm,

(¥}
is attrihited to the fact trat the " ion is too em2ll to ~ive

stability to tre feldspar stroetire. (Mason, 10672)

Fiesrns by NMockolds and Mitchell (LOLR) ~nd W-cor =2n9 Mitche !l

(1$51) show trnt pyroxene is a more irnortant rest mireral for tle
acceptance of manrrrese than is biotite.
31
Chromivm Cr”  (0.6kicx)
Chromium occurs in igneons rocks as chromite or other chrome
sninels and as traces in the strictnres of silieate and oxide mirerels,
Tts most imrortont occurrerce is t'at appecrin~ ip silierte minerals

+

3 2
wiere it is ermeaflo~ad by aliminm (AT N.57vx) and iron (Fe 0.A7Fx)

and cantired by ma~mesium (M“?+ 0.77%) ond iren (“e?+ 0.830%). (“tenn=
honise, 1952)

Chromium is hi~hly conecentratad in t e carl; differentiate’ sili-
cates ocerrrin~ in mopesium-rich nlivine ard dinmnroyere thocsh chew-

inT a preference for the 1atter. 7t ~21l<o ceevrs in cormen ancite and

hormtlenle., (Tiade—rdh, 10L%)

Mhromi-m rontonts in the primer; mivcrals of a diorite ~5 showm
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by Necko'ds and Mite' o111 (10LR) are listed elou:

Plaioclase -
-nerst’ ere 200
Ar~ite 1507
Tintite 28]

Telntive noitants of chromitm in »n nlivire Tren ~Yhrra aftor

ravar and Mitehell (1061) £Al1ovns

Oy nrm
Piz sicelere -
Prroyen= -
Mo metite 200
Timenite 100
:) N
Crnpsr o (0,63kx)

Tha "i~h at'fi ity of conmer for g1 r 9o tia ~rimar: fartor de-
terminineg the marrer of oceenrrence of comer in i Tems roeta, Tt

in almest entirely nresert as choleorvrite in nreltered irmeous rorks,

but, small amounts meyr alse rev'ace ferrmus iron im mirer=1 structure-«

in the nbserce of sufficient srlfur.
Ramohr (194n) Yelieves this renmlacemert wenld ta'=2 nlace in

av~ites, Carobhi and Piernceini (1047) su~mest that comer can ra-

D+ +
place hoth Fe  and M~ , for examle in tormmnline.

Tre content of cermer in the mirerels of a diorita (Nocolds =nd

Mitebell, 10LR) is Yisted hrelow:

-5h-



Cu prm

Plagioclase -
Hvpersthene 150
Auprite 100
Biotite 3.0

Its nresence in minerals of an olivine free gabbro (Warer and

Mitchell, 1951) follows:

Cu prm
Plarioclase 15
Pyroxene 50
Marnetite 50
I lmenite 50

)4-0-
Titanium Ti  (0.6kkx)

Titanium tepds to become strongly enriched in the early products
of crystallization and hence occurs in irneous rocks mainly as oxides,
the most important of which is ilmenite, although it c2n replace Al+
and avpears, therefore, in pyrcxene, hornblence and biotite in which
case it is captured by such minerals due to its hicher charge., 1In
hirhly siliceous marmas it is removed as titanite, which is probably
the reason for its lack of occurrence in muscovite (Mason, 1952).
Though titanium is not generallyv considered as a trace element, its

inclusion here is due to its important geochemical relationship with

vanadium,

+
Vanadiun V' (0.61kx)
Vanadium generally does not form independent minerals in irmeous
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rocks and hence is usually found in the structures of other minerals,
essentially as the gnadrivalent ion. It is similer to titanim in

that it tends to become concentrated in basic rocks. The highest

vanadium content in jegneovs rocks is found in those formed during the

initial steps of the mrin stare of crystallization. (Rankama and

Sahama, 19L1)

Ramdohr (1940) believes the major content of vanadium found in

ismeous rocks is due to its vpresence in magnetite, whereas Lebedev and

Levedev (1934) concluded that it was primsrily concealed in ilmenite.
Vanadium occurs in additional titanium mivnerals in irmeous rocks

such as sphene and rutile where the phenomena is evidently a renlace-
+ u+ :

L
ment of Ti by V o

+
Quinquevalent vanadiim renlaces nhosphorous (PS ) in apatite.

(Rankama, and Sahama, 1941)
Feldspers are nearly entirely deficient in vanadium, whereas

pyroxenes, amphiboles, micas almost alwa;’s carry some vanadium as

L+ 5+ 3* 3*
V' and Vv ions which replace Fe’ and Al . (Rankama end Sahama, 1941)

Vanadium, hence occurs in nearly all of the primary constituents

of the diabase dikes.

The distribution of venadiyum in a diorite and an olivire free

gabbro is as follows:

V_ppm vV rom
Plagioclase 20 Plagioclase 10
Hypersthene 100 Pyroxene 100



V nrm

V rom
Aucite 200 Macnetite 800
Riotite LOO  Timerite 300

(Nockolds and Mitchell, 14L48) (Warer and Mitchell, 1951)

: t
Strortium gr2 (1.27kx) and fgxigpvPag (1.43kx)
Strontium and Parium ordinarily do not form indenendent mirerals

in i~neous rocks, but are rather concealed in the rock mrkire minerals.

Strontium renerally accompnnies calcium (Ll.0Hkx) in these minerals,
whereas barium is usually substituted for notassium (1.33%x).

The behavicor of barium in ismeous rocks is similar to that of
strontinmm and the presence of one usually indicates that of the other,
althourh, in peneral, the content of barium in calec-alkali rocks de-
creases rapidly towards the granites, whereas strontium, thourh in
low concentrations, is more evenly distributed in all irmeocus rocks.

The most imvortant occurrence of strontium and barium in irmreous

rocks is in the feldsvar structure. Here strontium is admitted by

calcium or captured by potassiuvm with an increase in the Sr:Ca ratio

in the later differentiates.
Rarium being too larce to replace calcium or sodium is fFenerally

only found in potash feldsvars replacine notassium. It Aalso annears

in biotite and muscovite.
Strontium also revlaces calcium in apatite and the calcium bearinco

pyroxenes and amphiboles.

o-
Beryllium Pe  (0.3bkx)
The studies of Goldschmidt and Peters (1932), Sandell ard Goldich
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(1943) and Saharma (1945) show that beryllium tends to become erriched

toward the late stares of marmatic differentiation, ard hence displays

a maximum content in both rranites and nerheline syvenites. 1In alkalis

rocks low in silica, tbhe denree of enrichment is considerably hisher
than in silica-rich eranites.

Sahama end Vahatalo (1939) have also established the concentration
of beryllium in the residual snlutiorns of diatase marmas.

The most important occurrence of beryllium in isneons rocks is
that contsined in other mireral structures since too little of this
element is contaired in the rocks to allow the formation of its inde-
vendert minerals,

4
This occurrence is based on the substitution of Pe for Si

(0.39kx) in the Sioh tetrahedra. The alkali feldspars, micas, alkali

amnhiboles and alkali vyroxenes vrovide suitable structures for the

renlacement of silicon by bveryllium.

Recause of its smnll size and low charre which rives a weaker
hond, the main ccntent of beryllium becomes concentrated in the resi-

dual solntions and nerce enriched in permatites.

Ly
zirconium 7r = (0.£7kx)

Thourh Zirconium resembles titanium chemically in manr resrects,

their manner of occurrence differs considerably.

Ziroonium, because of its hirh charre anrd relatively hi~h radius,

does not enter into ary of the cormon rock-forming mirersls, bhut

rather arpears exclisively as zircon

Unli¥e titanium, the cortent of zirconium is low in the early
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crvstalates but terds to become erriched in the last rocks to crirstal-

lize.

The following teble after Ronvama and Sahama (19L1) indicates this

terdency.

cl ton
Peridotites, eclorites, dnnites 60
Gabbros 140
Diorites 250
Granites L&o

. 3+
Seandium Sc” * (0.£83kx)

Goldschmidt a~d Peters (1931) show thot the bulk of scendium ore-
sent in the upper lithosprere is that concenled in ferromasmesium
minerals o the early crystallates ard of such ultrabasic and basic
rocks as prroxenites and gabbros.

. . . L 2 o 2 LR i

Fere scandium is captured by M~"  (0.7%x) and Fe 0.63%kx) in
ferromasnesi'm mireral structures.
This indicates a concentration of scandium in the pyroxeres,
amvhiboles and biotite in the basic fractions of a crvstallizing mogma.
The anparent lack of scandirm in the earlier formed olivines ir due
3 2F
to tre fact that a renlacement of Sn for Mg here would not bal=nce
the excess positive charge thus irtroduced by other suitable ren)nce-

ments. (Mason, 1052)

3+ . .
Scardium mav also replace Al (0.57Tkx) in aluminum minerals, tut
p ;

onlyvy if the Al3+ is in octahedral cncrdiraticn and in general d~es not

follow aluminum durin~ differentiation.
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M1y traces of scandium were diccernible in the disbaszes studied.
2
M~alybdenim Mo
Molybdenum is nreferentinslly concentrated in the lsat ¢ifferen-
tiates during marmatic cencentrations and hence anmenrs in notable

amrurts in eranitec, =2nd less co in r2hbras and neriteg, the order of

ma-nitude beinp indicated bty the follcwing tanhle:

~1 ton
fabbros and Morites (Hevesy and Habbie, 1933) 3
Snbsilicie roers (Tnandell and 007A3ch, 1043) o
franite (Hevesy and Yohkie, 1733) 12

D
The incorporaticn of Mo  in minera) structures is vare and 1% is

usvally fourd in the form of the sulfide molybdenite Mo 7, The higa

TR A R R AR £ o anlfur remtwichs tha Paver biom of 50 £ les of

. PO '~

o%'er matals v leag aviilable ol fnr fa neoaor g,

Cadmivm £d " (1.03x)

Madminm clonely follcws zine in its monrer of ocerrrence  ir
icneors vocks, althmch it in meeh Jess abrndept than the l-tter.

Tt remeins lar~ely in the residnl melts and solntiora throv*a
ort the mein sta~e of criballimaticrr,

ponnriir~ to Uandell and Notdick (1043) cadmium sesms to ba cona-
centroted in ferrcrimesi~n miner=l)s of 2cidic imeonc reckts norfi-

c1l2rly in hictite, althor~h traces of codminm “ave al~n hear rencrted

in enatite,

aoldaehmidt op? Hormann (1037) £And neotoahle ecreentrati-na of

AN






cadmium in certain plasgioclese rocks, but have been unable to deter-

mine the manner of occurrence of this element in these rocks, and

report that actually cadmium rarely beccmes enriched in igneous rocks.
ot

Zinc Zn“ (0.683kx)

Zinc is concentrated in a greater proportion tban cadmium in the
silicate rocks formed during the main stare of differentiation. The
menner of occurrence of zinc is determined by its proverty of dia-
dochically replacing ferrons iron (0.53kx) and mienesiim (0.78kx) in
mineral structures. (Rankama and Sahama, 1uLl)

This similarity of size between zinec and ferrons iron causes the
presence of zinc in macrnetite and ilmenite. Amphiboles, pyroxenes and
some plagioclases are also carriers of zinc. Rankama and Sahama (1641)
state that the main carrier of zinc in normal igneous rocks is biotite.

Only traces of zinc were found in the diabases studied.

+
Antimony Sb

The content of antimony in irmeous rocks is gcnerally lov. Anti-
mony was absent in a comosite samnie of grbbros analyzed by Preuss
(1941) and in a composite analysis of granites only 0.3 ppm was found,

Silicate minerals of antimony are very rare and it is penerally

found in the oxides or sulfide prase. It forms antimcnides with

various heavy metals, praferably with cooper, iron, nickel and cobalt.
The strons affinity of antimony for sulfur sirrests tk~t it is

predominantly present in this phase in irneous rocks.

Platinim Pt

Pletimm is eenerally found in nature in the native state due to
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its reluctance to combine with other elements. It does, however, form
such independent minerals as coonerite (PL7), Pracrite (Pt, ™d, Ni 3)
and Sperrvlite (Pt As,).

e to its reluctance to comhine with olher elements and jts hich
melting point, platinum is preferentially erricted in the early-sepa-
rated fractions divrire maomatic crystallizetion and hence is often found
in considerable auantities in dunites, pyroxenites and sermentinites.

In the ultraobasics, platinum may freocuently be concentrated in chromite.
(Rankama and Sahama, 104l)
Lithivm 1i% (0.76A)

Since the lithium ion is smaller than any of the other alkali ions
(Na*, 0.98A, K¥, 1.334) it does not follow these elements during
magmatic crystallization, bt ratﬁer follows masnmesium since their
ionic sizes are identical. Because of its lower charge, lithimm is
admitted into masmesium minerals with an increasing Li/Mg retio in
later formed rocks and minerals. Lithium has been found in pyroxenes,

amphiboles and particularly in thke micas.
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SEMI-QUANTITATIVE ANALYSIS

(Pavis, Ironton, Geneva Dikes)
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Pefrra nrorecding directly with the disenseion of tHn srertiro-
cranhje resrlts attoined in this sth?;r it 1is nereas ry to corciier t3a
vrencmern of differerntiation =s connectedl wift’ tle ro-ko evarired, “or
there is no derbt that if tris frctor were i red o misrenyaanmtofiion
of farts vertainin- to semi-1mr nhitative me siwe o frace elements
evrmined -rould result.

™ f, this ds the cose, ds due by e Tooh ghat the inccorroranticos
of vorionsg trace el merts into Ai"fere~t hwest minar ls o a9 relective
procecs whirh i3 intimtrl rcorrechcd uill £ e velative time of
eryrstallization of +vose mirer=1c, TT Aif€ervertiotion Pad trlen nlace
in the Ainbhrse diles stiied, wmriri- derrecs of concenhrafinrce of
rorticulay minerals in trrersivs £ Ain freeom 15 hrae to ito stroe-
tiral ton or from the certer ortunrds fn tle ghy ectrre]l tons, 2rd Yonen
AT ffarent, liwals nf concentration Af nrticyl y troce elementn wonld " e
exnected, [Mmernlation in rerard tn differentiation 2lone din mist
21sn be included in this nerticular nese, since miny ~f +ha Ailag of
the Cnrebie rancre were nearly vertical at the time of their epmlacea-
ment,

An illus*treotive examila nf this is affcried hy the P-lis~“es gill
of Wew Jersev, JIr this i-neous »ody there is a lover re-r the hnse
rreatly enriched in olivine crystals while the rest of the mags eveent

at the chilled comtacts is free of nlivine,
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Sirce the sampling of these dikes could not be narticularly selec-
tive, it would be easy to introduce an error in the internretation of
the auantitative results if differentiaticn, which mi~ht have tnken
nlace, were nerlected in the final analvsis.

Pecause manrcanese is known to concentrate in the late differenti-
ates, it was used as an index element to determine whether or not any
differentiation had taken onlace. T1If the dikes renresent a case of a
vertically differertiated marma, the manranese content woild be exnected
to rise in proportion to the distance from the bottom., Relative roncen-
trations of manranese were determined in L traverses of 3 samples, each
along the dip of the Davis Dike. Of the twelve samvles, four were taken
near the original base of the dike, four near the middle, and four near
the top of the dike. The results showed that the manranese content was
monotonously consistent in the twelve samnles studied, indicatin-~ that
little if any differentiation had taven place. A slicht increase in
manc- nese concentration in coinr wm din arpears to be related to altera-
tion rather than differentiation.

A mecascooic study of the total samnles utilized in this stndv con-
firmed this idea, as no visible marked variaticns, otrer thar those in-
troduced through varying degrees of alteration and slicht charr~es in
frain size were observed to occur between snecific samrles.

The slirht variations in rrain size do not anmear to be related to
any particular structural ohase of the dike, that is, ton, bottem or
middle, but are rather erratic in their m~ammer of occurrence and are
hence concluded to be the result of nature of the enclosin~ rock forma-

_67_






tions which probably acted as buffers in preventing rapid heat loss.

An attempt was made to correlate mineral assemblares determined
from petrographic study with trace element content by establishing if
possible a relationship between frequency of occurrence of particular
minerals and relative concentrations of trsce elements inherent to them.

Two thin sections of samples 11 and 13 were utilized for this pur-
pose, The petrographic study of sample 11 revealed alteraticn in the
intermediate stare with an abundance of biotite and chlorite, little or
no pyroxene and quite extensive kaolinization of the feldspars. GSample
18 was relatively unaltered, displayed an abundance of pyroxene, little
or no biotite and fresh avpearing feldspar. The small amounts of acces-
sory minerals, anatite, sulphides etc., appearing in these sections were
neglected in this study since the method was not considered sensitive
enough to pick up the variations associated with these minerals.

The results of this study failed to show any correlation between
mineral and trace element content with the exception of a decrease in
concentration of the alkali earth elements in the altered sample (11).
This decrease was anticipated and corresponds very closely to the chemi-
cal analyses of fresh and altered dikes.

No relationship was shown to exist between the ferromasnesium min-
erals and the trace elements common to them although the pyroxene and
mica content between the two samples varied considerably.

An interesting point brousht out by this study was the sharp de-

crease in barium content of sample 1l relative to the decrease in
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potassium, its diadocic counterpart.

The results cohtained from the srectro-ranhiec analvses are dis-
cussed below under the he~dings of the various trace elements.
Titarimm

The values obtained for titanium from the traverses sarmoled show
slirht but rather definite trends with a dercrensine order of corecen-
tration when nroceedinc~ down din and alons the plunre in on eastwardly
direction,

The hirher concentration valves are found in those samples which
are relatively altered, whereas those of lower values are found in the
fresher portions of the dike, those enclosed Ty relatively immermeable
beds, such as, the ouartz slate, mmertzite, A check on the reoloric
cross-section of the ranre discloses that in proceedins alon~ the din
of the dike to the southeast relatively more immermeable formations are
encountered and hence, ideally, the uraltered phases of the dike.

The indicated trerd then, of a decre~sirg order of concentration
of titanium alone~ din is warranted by these observations. Tn proceed-
ing along the strike and down plurce ir an easterly direction from the
traverse sampled, one encounters the same rereral trend of titanium
concentration, that is, a decrease in content.

This trend is arain relafted to the derree of alteration of the
dike which in turn arnears to be controlled ty environment.

It is concluded from these observatiors that the hi~her concen-
trations of titanium are a result of residual concertrations of il-

menite, left tehind durinc the weatherinc processes and are not the

=9~
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result of introduction by solutions of meteoric or hirothermal ori~in.

We can assume then, within reasorable limits, thet tre corcentra-
tions of titanium throurhout any traverse should be constant in an ideal
sitnation (unaltered dike) ard any denarture from this constancy is
primrily the result of the reoloric vrocess of weatherine,

Venadinm

Tt was shown that van~dium is similar to titarium in its behavior
ard manner of occurrence in imeous rocks and since it substitutes
diadocically for titarnium, it would be exvected that the ratio of reln-
tive concentrations between these two elements would remain fairlv con-
start, indeperdent of any orrticular vhase of the dike,

This was not the case, in three traverses studied. DNervarture from
the ideal was found ir sammles 3, 5, and 1lh where low values for vana-
dium were recorded. MNn explanation cen he ¢iven for the low valves of
of vanadiym in samples 3 and 5 except to mention that the values of most
of the elements show a nornortional, thourh not as an extreme, dron in
these samnles. Samnmle 14 w s the only dike snmnle taken in a comletely
fFranite enviro-ment. Since this sammle was taken close to the contact
between tre rranite and the dike, it is rrobable that some varadivm
mitrated into suitable minerals from the rranite., Thris, however, must
remain as pure snecnlation in view of tre lack of sunportin~ evidence.
Man-pnese

The mancrnese concentraticn both alon~ dip, and a2cross strile in
an easterly direction, closel;r varallels tbat of titarim in a retio of

approximtely l:1. Deviations from this ocer in sammles 3, ) oand 18
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vhare the relative ratios of mon~rnege nomtert tn titoritm covtard in

(.775) (1.33)  (.000)

(T2aR, 075, ond L0, Tt "5 hesr steom £ ot mineenpea tends o con-
rentrate in the Jote Aiffare-ii- tag, nrefarersio1lv in the ferpremmme-

siim minersls, -3tk povidienl v oecccertivatio in Yte niroxeres. A com=

19

5

ariseon hetween sarmiles “mA 1, stor similor menmavese content,

alt*onzh a pet=o r nhiac stody of trese tvo narnles roverls trat sornle

-

e

18 tas ahmndont pirorenes and is deficicrt in biotite, 203 somale 11 s

relntivelr abirdart in bicotite and Aefiriert in prrevene, “ronre, there

is ro arnrrant corralstion betwecen norticrlar ferrers recism minerals
and man anese contert in treso somrnlen,
Tt seems locieal to assume then, thot tha 1174 trerds of man-a-

1

rese concentraticn 2)eornt Ain ond serocs strive are reloted to the samre
cansnnl fachors orodncing voristions in titanirm corcentrotion.

Mirlel onAd febalt

Tre bekravicr of niclel in the trowrarses denarts from constaney,
brt mrinteirs a fairlr eomsiatert ratio betwren its conecentrotion ~rA
tint of wme-nasiim,

This is tmderstoné e in tama of Hleir sone ieniec radi (0.75k)

anl same charce of 25 which endles tie comonfla~e of nieckel in early

formed mroresimm minerala, Simifieont devietioms from their concen-

tration ratio cecur in sammles 1 and 3, "t resnective distances of
S0Y and AN ~uey frem thaese sarples are two thrust faulis dinnicc 4o
the north ard disnlacinc the dike someat,  “tetler tlese frrlho ara

associ~ted with tre erratin behevior of tihe YiiM~ rotio in these 4o
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sarmles cornet he predicted,

Tn reneral the Mits rotio shows a rli-hY ircresse in coin~ fron
the uralter~d portions of the dikes to th~ alterad nertions. This is
believed to b2 atiribited to the removal of m -nesivm from these
altered poriiors durine wentlerir-,

The wlnes of cobalt in the traversns studiod nra otrikinely pro=-

nortionzl) toH tlane vnlues of Te, 13 and I, In rereral, they all shew

w3

a slight decrens2 in concentration down din and crstw.rd alorz the

.
strike. FEvcentions to this are the low voluns civen for mormaninm i i
v

swrmles 5§ and 6 which con be emliined by their hi 1 Je_rea of 2 tera-
tior,

The sisnificince of this intimate relaticnshin between Co, Fe, M-~
and !m is baged cn tle fact that both Co and Mn are eannble of sbati-

N P . . .
tuting dizdnciecz)ly for Ba7 " ara =7 ard hener treir relative ratios
(CO:?&, Moty Qo) chanld be corstart “hvon kot this porticniar
rcalk sarica, Tre nest corsintant of thace rotios is the ToiMn followed
b tre Cn:D~ oA ghen fhe o,

There is ro ~np rent correlaticn between niec’2) nd eobilht enrcen-
trotiors iv thnva troaverses,  The sovetdot erratie bernvior of nickel
mizkt Pe assoctah:d with the prroaerce of some early formed sulphida
minays 15, but this r> ains at mogt o nere eporvlation,

Crromiam

Te Acyiati ~n of ehromive wnlnes from o rstaney tvrovchout the

troverses is aite proncunced, Delotivelrr high corcertieticrs are

fomd in sarples 6, 1, 2, 17, 18 crd 21, Miese lves dcerease to lows

-”
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in samples 12 axd L, s cre nrcceeds dewe Ain,  Alcoe Lhe strite, the
frreatest differerce ~nmenrs in the hirhs ot A ard 1, Other than these
twn v lves, the corcentration of (v i» the fv-rerce mada aler~ strive
rerain fairly constant. Tn twe treverses, the chromivm values are
srmevhat nrovnortional to those of titarium, Tn a third traverse the

chrominm to minrmanese ratio remairs corstornt with the orl1r excention

.

heirs in sample 21. Tn genernl it ormvenrs thot correlntive velnes of

S
I

chreminm Adecrense with inereasir~ nlteratior,

-

The vrlues for corper remain avite constont thronm~hout »2)lY troverses.
The corsistarc of these wnlues of conner is prohahly dne 0 its strens
affirity for sulphur and herce, existence in these rocks vrrimarily as
the sulphides (chaleconrrite) a3 rot 2s a renlacemert of sofium in the
pla~ioclase feldsvars.
Strortium and Barivm
The spectral irtersities preoduced by strenfium concertratiors very
in a direct preovortion with those riven by calcium valves in the diven-
tion of dip of the dive and en almest direct nronortior alons the strive
of the dive, the onlv excentions occrrrin~ in somnles L Aand 5 in wvhieh
alteratior has removed sore calcinm lesvyin~ a hicher relstively stron-
tium content. This was articipated since strontium is 2dmitted by
calcivm in the nla~ioclase feldsnars.
Parium valves are more erratic and do not follow potassivm as
closely as strontivm follows caleium in 2y of the traverses. *~s

mentioned previously, this is nrohably dve to the presence of miror
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amourt.s of irdenendent barium minerals. Tn renernl, the Sr:®a ratio
seems to incrercse with alteration of the dike, but either remiins non-
stant or decremrses in the 1maltered Adive,
Peryllinm

Feryllinm irtersity ratios nronertional to bervlliim concertraticon
vary similarly to the silicon concentration. For the most ovart theyr

remain constant alon~ the direction of dip, tut shnw a sli~ht erratic

-

decrease in an eastw ri traverse alon~ the strike. In general, the
Re:Si ratio ammears to inecrense with alteratior, thou~h in some in-
stances this situation is reversed.
Zireonivm

The nresence of zirconium in these somnles is attributed to the
formation of the mirersl zircon and not the incormoration of the
elemert into any mineral structures. Tts vnlues are somewhat erratic
alone the strike of the dike, but are rronortional to those values of
man~ranese in the direction of dip with an excention in sarmle 1 where
a low value for zircenium relative to that of marcanese is recorded,
Both zirconium and manranese are helieved to he nreferentially concen-

trated in the latter differentiates.

Zinc ard Cadmiim

Tre zinc and cadmium concentrations renresented by the intersity
of their smectral lires are very slir~ht thou~h somewhat constart ard
invariant with resnect to the structvral trerds of tre dike and decree
of alteration. Neither of these elements should form independent min-
erals in this rock tyme but rather occur in other mineral structures,

~Th=~






the zirnc primarily in marnetite and ilmenite reolacires ferrous iron
and the cadmium in the nyroxene and mica.

The relative concentraticns of these elemerts as recorded are not
held to be comnletely wvalid due to their low spectral irtensities and
hence difficulty of semi-cuantitative mensurement. Their occurrence
here is butf, of rereral interest.

Molybdemum

The values recorded for molybdenum in these traverses are low and
hence, comparison between snectral intensities is difficult. WNo gen-
eral trends in the traverses were observed., The element is probably
present as its sulfide (molybdenite)

Antimony

As in the case of molydenum, the content of antimory in traverses
is very low. This element is also pcessibly nresent as its sulfide
(stibrite). The nom-nersistency of occurrence of bhoth molvhdenum and
antimony in the various traverses mirht be associated with introduction
by solutions of a hvdrothermal nature.

Platinum

Platinum concentration in these trnverses thourh low, is ouite
consistant with excentions in samples 12, 15 and 16 where slirhtly
lower than averare values are recorded. The manner of occurrence of
this element in this particular rock canmot be ascertained definitely,
althourh it is susmected to be related to a sulvhide phase.

Tithium

Only traces of this element were determined in varions traverses,
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and hence ro tre-ds were otserved, The low cortert of 1it irm mi~ht
be attributed to the fact thrt the snectral ron-e msed in *this stnd:
did nct cover the most versistont lines of lithium.

Scandinm

Only traces of scandium were determined in the dil'es studied,
thou~h its occrrrerce in these rock tyves is not 'musmal., It should bhe
present in the bpyroxenes, probably only in minor amotints becarse of
the difficulty in balancin~ the excess nesitive cnar«e thus infrcduced
by other suitabhle revnlacemerts. Fence, little importance can be placed
on its occurrence here as a mears of dike identification and correla-

tion.
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Tt apmears, then, trat the Davig dive i ecsertinlly hemo-eror's in
recard to trace element contart from a v 1itative view~oint, Tt de-
narts from remomeneritss in reanact tn cnartibative mecaromonts of
these trace elerents, Mhis den~rtvre from tle ide~l samnars to e
reloted tn a nmomher of yariahles oneratin~ ajthor sinlarly cr in
comhinnticn with each other and are listed heve in vhot gorears o Te
their decrencing order of immortorce in ~ntitative control: derrre of
alterstion, environments1l contrel (rforiyr rock intynded), strietrral
trends (gtrile and din, niteh 2and nlnrce), rel-otive thic'neaces, and
farltine and »ossibly hrdrotheyrs) antdvrits-,

Tre dn~vee nf alteration of tre dike is alraaly reloted fa it
environment, Tn the crses vhere It intrudes more imermenhle formotions,
such ns, tha nuartz slates, anertaites, some members of the iron formn-
tion ~pd ~ranite, it is rel~tively ural*ered. This situation is modi-
fied by fanltin: and fracfhiving which provides channelusirs for alterin -~
solvtions,  Tn loenlities of ore develonmert, her lanchin~ co'ntiors, the
dike is suhsemuant iy altese?,

The elements maat svacentihle fn the leachin~ cntiom of theae z0lr-

[ I .
- R P+ R - R L

+ 4 Sr ,!m , ™ , %0 , Vi ,

: 19 .
tions mwe 177 M T T4 T, B,

and hence “teir purtizl remeval drrins this nrocess of westherin<, A1l of

these elements are nresent in the mineralocical mikevrp of this dike, ~n?
in remersl; their decresse in concartrotion in the more altered portions
is well incinoted by the spectrockemienl anslyses, Dyveenbiens 4o thia

_7"{ -






D1 ot

are ¥ apd Or  , ‘onoirene shows only 4 ~lic 4k decreran in conren-

tration thenah the /My rotin rigas ot » mieh fantes rote dun to thoe

rr:'\i(}_ romoral of T,’fc. Come A lant hshekualalalelal rolanagrd frem Toarrns

le+
mirnesitm mincrals mor remain ng 0o and vt

nagnninted witk the
oxides (ilmenite) will remein intact Torirc 2 terstion sroeasser, Ttron-
tim also, shrus onl;m A slickt eherea jn o coneertetion yith alteration,
althoreh the Cr/ra ratio remmins firl: asnshnt,  Tha or/7 potio con-

er:lly incren~nes in roine from the 21feved ta svmnltered nortions of tha

~ that most of the atro-titm acecrrs ng a renlaecormant of

s

dike, irfdicott

crleivm in the nla~ioectase Feld-n ra,
N’ +

Mra gharn decreace in Ca " ~pad M- in the altered portions of
dike, snc~ests tre altering solvrtions ware sli~t+1rr neidie, ™hig ig
also sipnorted byr tre presence ~f koolinit~ in trese alters? porticns
which is favored hy arn 2cid enviromment. Ferroroe mesise minersls and
calcie fe'dspars cormonly ~lter to mirer-le of t'~ montrmorillonite
Froup, whese stractueres are coanahle of cornniderable atemier gohetittior,

fecordin~ £o Moson (1052), the foll wir: srhstit tions are nossirle

n tk> montmorill-rite strvcture; tte sLmir m eom ha nortls o el

e

roplaced Py ferrie iron, Wt manesior, Lt mire ord horogrnllor ameevtg
of lithivm, +ri-mlent, chremivm, masmneas and mictal: apd tla gfliarn
can ha nartl;s romlaced hyroalamic o,

This sucrests thot the hahavior of £ 2 o3 marts an relahed Adovs

is comtrnllind to a somewrat lasscer Ac~ves by the mirarelosic mobkacy of

tle prediets Af alterrtion in thane dfling, Mg thn voemev 1 of such

2+ +
elamants as M4 y TF 0, eter Aurirs alterotion, ~c errentad fonlgamg
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mey not re as effentive 38 wvonld he the c-se vnder idenl corditjons,

Mlemerts vhich tend to he more starle 1mnder weatherin~ corditiors
are met t L Y a3 et wme” L et T st meeir
st hility is hased on their relatively hi~h icnie notertial. OFf these
elements of hydrolyeates, chromium my also convert to 2 solnhle anm-
nlex 2arion and hence be remnved in this mirner. Tts low volues in
some of the altered vnortimrns of the dike m~r be attributed to thris
cause., PRervlilium conrcentration rerainrs frirly constart thrru~hmt the
dile, with a sli~htly hirher Re/Si r~tin beir~ ohserved in the altered
vortions., This wmor he due to the removel of srme siliemn ps 3 ~elleid
dvuring alteration., The concentration of silicon in ~enert, bowvever,
remains cuite constart throu-hout the dilke, Circeonium, which is present
as zircon is anite resistent to alter~tior 2nd hence i*ts corce~tration
throuchont the dike should remaiin fairly corstart, if denendent mm this
variahle alore, Tn rener=1, this wrs fourd tn re the case in the
samnles studied, althonrh scme erratic smlues ocenr in proceedin~ alone
the strie. Hirher values of varadinm a»d titaniym apme-r tn he re-
lated to residual concentratiors of the miner-ls containin~ these
elemerts, Cnly trares of scardium were observed in the dikes and hence
its presence in these rocks is relatively imimportart, ~&~1in the
occurfence of nlatinum, cadmium, ~inc and melrhdemim in these roeks
remains 2t best, as a chemical curiosity.

The envirommental influence on trnce elemert concentration in these
dikes arpears to be one of corsiderahle immortarce. The four majior

rock tyres intruded by the dikes are the crarite, av~rtz slate, avnrtzite,
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and iron formation., ¥Fach of these rock tynes cortzin varinus trace ele-
ments in concentrations neculi~r tn treir resmective minersl assemhla~es
znd terce mutunl mirration or absorption of these trace elements between
these rock tymes and the dikes at the time of treir intrusion is nessible.
Trourh mirration even in the ideal case would be throu~h relatively shert
distances and thus corfired to the interfaces of these rork tvres nnd
the dikes, the comhined irfluence of altermtion ccould result in a much
deeper peretration of various iorns. The most obvious ex'mmle of this
is the hi~h concentration of the Ve ion in the altered dike whose
immediate ervironment is that of the iron formation or ore where more
comnlete alteration has taken nlace.

The snecific effects of each of these environments on trace ele-
ment concentration in the dikes cannot be nredicted without further
snectrorranhic anal:ses on each of thece rnck tyres themselves., The

] [l

. 2 2° . . .
hich values of (a , N2 and BRa~ in the dike srmples associ~ted with

the rranite environment mav sucrest the irmeobility of these and other

ions in thkis tyne of environment and hence an oririnal trace elemert

concentration in these portions of the d:ike,

Tittle can be said about the ouartz slate or mwiartzite envirorment

excent, that the quartz slate is probahly more inflvertial ir trace ele-

ment misration.

The iron formation plavs a well marked role in various trace ele=-

ment concentrations as indicated opreviouslv. FElements that mrv be
2* o
directly affected by this envirormert are Co which can renlace Fe

3"

N
and V3 which revlace Fe .
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The importance placed on the structural trends of the dike in con-
trolling trace elemert concentration is primorily that of arting as =
circulatory control for the altering solutions. Variations in trace
element content across strike and along din are essentially related to
the derree of alteration and environmental influence.

It is vpossible that the variance in thic¥ress of the dike may have
exerted some irfluence on the concentration of various elements durine
the earlier sta~es of solidification. An isopach map of the section of
the Davis Dike utilized in this study reveals two linear pinch-ont areas
running avnroximatelv N - S. VWhether these sreas played any vart in re-
stricting uniform trace-element dispersion or not, camnot he predicted
until a more thorouch sampline of these areas can he made.

In rerard to faultine and hydrothermal activity, neither of these
arnears to have any immortant. bearing on trace element concentration in
the dives. The role of faultings is confined to that of onrovidir-~
channelwnys for alterine solutions and is secondaryv in immortance in this
resvect, Vydrothermal activity thourh seemir~ly lackines in the nortions
of the dilre studied may reveal itself in other areas of this rock with
the possible introduction of new elements or increased concentration of
those already present.

In rerard to correlation of the Davis, Geneva and Ironhton Tites, all
three of these rocks have similar trace element assemblares, ard in this
resnect are identical. Tt has alreadv been shown that a sincle dile
(Davis) varies from homoserenity with resmect to perticular trace ele-

ment concentrations and hence differentiatior hetween the Davis, Geneva

-



ard Ironten Dikes on these prourds is difficult if not imnrssible. TH

aprears that the Davis Dike may have a hicher Pe content than the
Irorton Dike and the Irerton a hicrher Re and Cr content than the Ceneva
Dike, thourh this is ireconeclusive in view cof the few samles taken on
either the Trontorn or feneva DNikes.

It amnears then, that anyv identification of these dikes, would have
to be based on a srectrocrapniec analyvsis of each in an unicve environ-
ment (sranite, auartz slates or avartrite) common to all of them with
further smectrorranhic anzlyvsis of the particular environmert, selected
to determine the effects of mirretion and absorntion of iors on trace

elemert concentrations in ary vmarticnlar dike,
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*R MOV RITLIETTNA MY STy

is recomrmendad thot 25 o sumlerent to this werk a»@ a5 ~n aid

identificaticrn and correlaticn, furfher stufy be nursued alrnyr

Celected samnrling of a nurber of dites in e~ch of 2 numbar of
envircnments common o 211 of them, 2long vi‘h e close order
semnlirg from their bcundaries irtn the immediate country roclks
which they intrude.

Qnectrocherical anelysis of these somples with narticulsr em-
vhasis on those from the country »cek in an effort tn determine
the role nlayed by mifFration and abs r~tion in the present
trace element mnkeun of the dive.

4 study of the alterati-n effects of slichtly acldic sclution:

‘

(reverally sccentrd no notire of dennldp s e loticps) on 1A

miners) acgemn] - ceg of ettt Fe Adling ond dlha Intyedad peroantes

roexs in an ~ffort to ~redict inftraTretior ar o rararel of firanca

eloments din this m ~rere Tn comdvretion wit™s thdin, nerhio?

o
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In regard to age differentiation of these intrusives, it is recom-

mended that:

1.

A petrographic and spectrographic analysis be made on the
Keweenawan extrusives in an effort to delineate any similari-

ties either in mineral assemblages or trace element content

which might be inherent to both rock types. ‘ '
A petrographic and spectrographic analysis of a dike known to f
intrude the Keweenawan sediments, if such a dike is accessible.

A petrographic and spectrographic analysis of the great sill ;
which was intruded along the Yale slate member of the Ironwcod

formation to determine its mineralogic and trace element re-

lationship to the dikes on the range.,

Further mining development and geologic exploration should

allow a more complete investigation of the age relationships

between such structural events as folding, faulting, and

intrusive activity and hence permit a more accurate reconstruc-

tion of the geologic history of the area.

* ¥ ¥ *



APPENDIX

The graphs which follow represent the relative concentrations of
the various trace elements in samples along iwo main traverses of the
Davis dike, one along the strike and one parallel to the direction of
dip.

In these graphs, the ordinates are represented by an intensity
scale from 1 - 10 (described earlier in manuscript on pace LL), where-
as the absissas are represented by map coordinates in hundreds of feet
with indicated sample locations.

In plate 1, (lower half of page) the plunge of the dike at the
various sample locations in the traverse along strike is represented
graphically, with elevations being given in hundreds of feet. The dip
of the dike at these locations is indicated.

In plate 4, (lower half of page) is a graphical representation of
the dip of the dike at the sample locations in the traverse parallel to

the direction of dip.
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