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ABSTRACT

A study of the rock temperatures in the mine in re—
lation to the vein and replzcement ore bodies was made and
is TGhe basis of this paper. The work was mostly carried out
within the replacement area dusz to the inaccesgiblility of
the other parts of the mine and revealed s geothermal gra-

- o n . ko
dient of 2.0-2.5"F per 100 feet of vertics cistance, which,

1

when extrapolated is reduced to 1.8-2.0°3 per 100 feet (sece

Pigure 3). This gradient is not unusvally high since it ondily

- - " + =0 4
slightly exceeds the 1.5 F per 100 feet world averas ge gra-~
alient

The arez svudied is roughly 2000 feet by 2400 Teet
located north of No. 6 shafs Whére the Magma vein cuts and
offsets the replaced horizon. Oan the surface, this area is
capped by a 1200-foot thick welded dacitic ash-flow sheet of
Miocene age wihich probably provided enough insgulation to
have elevated Tthe temperature of the underliying rocks. Plate
I shows relation of the underground replacement zone with
respect to the daclte capping.

L similar study of rock temperatures by an unknown
author in 1937 when the mine workings were still in the main
Megme veln under sedimentary rocks west of the dacitic cap-

. o oo 0 po
oing showed & geothermal gracient of only 1.5°F per 100 feet.

I}

No lateral temperature Cifferences were found and if

M

any relavionships exist between the temperature, ore deposits

- b
CoC .

cmAd o 7 e e an 1 PR B B
NG geology in the mine, they were nct devec



Ihe cre deposit at the Magma mine in Superior, Arizona,
has been compared by‘many writers to that of Butte, Montana,
in mineralogy, paragenesis, zoning, anc ore gem—:gs‘j_srw Magﬁa,
however, is & much smeller deposit, and the generalizations
of mineral zoaning and paragenesis at Butte as studied by Sales
and Meyer,(1949), ars not appiicable in their entirety to the

! N

much more complex mineralogical problem at Magma.

The Magmsa mire has two distinct types of ore depoit:

veln and limestone replacement. The geology of the ares con-

sists of Paleozoic and Tertiary rocks overliying Precambrian
rocks, the whole cut by intrusive,bodieé of varying.agesn

The results of a limited study regarding the mineral-
0gy and paragenesis of the mineral assenblages served only
several previous workers. 4 rough
mineral zoning Tound in the Magma vein has no definite cor-
relation with the replacemens bed. The replaced horizon,
within itself shows no zouning anomaly whatsoever, nelther
vertically nor horizontally.

Examination of the ore mineralis for possible poly-—
morpas was made DY x-ray analysis and some polished ssctions;
the results were negative. The usual aggregate of sulfide
winerals are however, eagily ildentified, hence, the zuthor
is reasonably sure that no polymorphns, such as cubanite and

wurtzite, exist among the ore mirerals at +the Megma mine.

i
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INTRODUCTION

The Magma mine is loceted just north of the town of

Phoenix along U.S. Highway 60-70 (see index map). It is near
the western edge of the Pinal Mountains which trend north by
nortiawest end are comprised of tilted Paleozoic sedimentary
Tocks Qapped by a thick sequence of welded dacitic ash-flows
of Tertiary age. The town of Superior 1s at an elevation of
2,800 feet and the gteep dacite-capped escarpment immediate-

o

ly east of 1t rises sbruptly to an elevation of 4,800 feet.
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Figure 1 summarizes the g£20108y oI the area in an
cddealized general geologic column. A1L units have a uniform
dip of 20-2Z5 degrees to the east.

O the several fault systems that cut the rock forma—
tioms of the area, cnly the east-west system is mineralized.
The Magma vein 1s an east-west irending mineralized fauls
zone that extends from the Precambrian in the west to ke
replaced horigon within the Devonian limestone in the casgt-
ernmost part of the mine. The ore mineralcgy cf the vein and
oZ the replaced bed does not differ to any great extent. Both
deposits sre probably procucts of the same ore solution. The
apparent paragenesis and mineral zoning are alsc similar in
both types of ore.

The Megma mine is the despest mine in the state of

Arizone and hes enjoyed the dubious reputation of being a

Hh

"hot" mine for many years. Many workers during the orevious
N J¢

1

aave

b
',‘.J

years rly taoroughly examined the geclogical and min-

]

erelcgical aspects of Magma, but none dealt with the seeming-
ly existing tempesrature anomaly. It is for this reason that
this work was underiaken by the author.

The ecarth's thermal gradient varies from place to place

-

around the world. There have been wmany theories propcsed to

explein these thermel anomslies(Van Orstrand,19%9., Soilcer,

1942., Birch,19%4). In the czse of the Megme mine, it is
prokably & cowmbination of the presence of a magmatic body and

~ow tnermal cenductivity of the dacite sheet.




The method oFf direct tempersiure

by tae author. Two maximum-rezding the

.

the nearest degree and encesed in metal

instruments degired. Bach slhermorn

cression at o

o+

ne end of a2 6-foot long,

vole. The other end of each-

aces where crill ro
tnernometer was simply buried as deep
pile or in & crack in the wall rock.

Samples were teken at regular in
in the replaced bed for X;ray work in
ninerals.

Pletes IV, V gnd VI show the loc

Vure messuremsnts and samples sites wi

VIL is a composite map of the azree shewing the relative posi-

Ticn of the replacement horizon to tkre

mo,

gres. 1ne area north cof No. 6 shaft wh

nmeasurement was used

roometers callibrated to

was cligped into a de-—

T-inch dizmeter wocden
Loile was attached to a tapered

Lngerted dinto a ciamond

resd—

o

t & day before
ies were abkesent, =2

ags pogsivle In & muck-—

tervals in the veln and

the identification of

atlons of the temvers-

th local geology. Plate

entire mine WO srking

ere mogt of the work

L

vag done remained unexplored and vnkrown until a few years

ago., Trhis payer is the first to be wr

ular part of the mine,

itten about thel pertic-

The most recent paper publisked about the Magme mine

mine was tnﬁi of Hammer and Webster, (1

2. orief description of the geology of

-

962), which hed only

the area. The paver by

rolders provided the .



Snort, et al,(1943), is the most comprehensive of all the
papers on the Magma mine. It includes reviews of the earlier
works of Rensome,(1913), and Short and Httlinger,(1926), and
containg a good desgcripiion of tie regional setting and general
mine geology of Magma. It has become a classic reference for

geologists who work in the zrea. Other papers were published
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e, (1952). Two recent papers, both
unpublished works, describe in great dstail the geology and
mineralogy of the replacement ore body south of No. 6 shaft.
These are by Sell,(1961), and by Gustafson,(1967). The au-
thor has relied almost entirely within the framework of
accumulated knowledge contributed by the above mentioned
men in the geology, paragenesis and mineral zZoning aspects

In the field of thermzl gradient studies, a fairly new
and largely unknown science, therauthor found no lack of
papers published on the subject. Most notable among these
are by Ven Orstrand, (1939), Birch and Clark,(1940), Birch,
2

9
(1954), and Spicer,(1942).

History

Discovered in 1875, the Magma deposit was originally
worked Tor silver. By the time of the formation of the Magma
Copper Company in 1910, enocugh was known of the deposit to
justify the sinking of a shaft. A total of 8 shafis have

been sunk since then(Plate TII), the last one in 1936. The

—lim




mine produced copper ore until 1950 from the Magma vein, a
steeply-dipoing east-west fault zone, and from the muca small-
er Koerner vein, a subparallel Tault about 1100 feet south

the Magme vein.

H,

o)
Exploration extended The 1life of the mine by the discov-

ery of the eazst replacement ore body in 1950. AT present,

the bulk of tae ore being nined comes from this replacement

-

horizon. Unly two stopes remain active in the Magma vein zone,

o the west at levels 4600 and 4800. Daily production ig

being mzintained a2t 1700 tons of ore per day averaging 5%
copper, 1.5;oz.ﬂsilﬁerﬁand;0,03 oz. gold. The replacement
area is not as rick in copper as the Véin ore body, where in
some stopes the extraction of almost pure bornite made Magma

femous many years ag0.



ROCK UNITS

Ihe rock units found in the Superior area are summarized
in a geologic column and tire scale in Figure 1. Except for
The WQuaternary and Recent sediments, all metamorphic-sedi-
mentary units have a general and uniform dip of 30~35 degrees
to the east. The rocks exposed in the ares oonéist of Pre-
cambrian Pinal schist unconformably overlsin by the easterly
dlpping ipache group of younger Precambrian sediments, Cam-
brian quartzite and Paleozoic limestonss. A thick Tertiafy
dacite aghmflow overlies all the others. The schist and pre-
Devonian sediments are cub by diabzse =11l and the entire
rock column has been intruded by quartz monzonite porphyry
dikes wifh the exception of the dacite. The youngest igneous

rocks are Quaternzry basaltic dikes.

Soratigraphy

Pinal Schist (Farly Precambrian)--—-The Piral schist is

e

metamorphosed sedimentary and volcanic rock seqguence. 1t is

W

L

the oldest known Iformation in the area and has been penesrat-
ed by mine workings and expioration drill holes +to a thick-
nese of 1300 feet with no sign of underiying layers. 0L ear-

ly Precambrian age, It is light grey, fine-graired and

sericitic with finely developed schistosity.

Loache Group (Late Precambrian)--- The Scanlan conglom-—

he bpasal member of the late Precambrian Apache




J

group rocxs. Exposures are poor in the ares and the unit has
not been recognized in the mine workings, but where it crops
out 1t is avout 15 feet thick.

The Fioneer shale overlies the Scaznlan conglomerate and
has a known meximun thickness of 250 feet in the mine work-
ings. 1T consists of moderately hard, dark, purplish-brown

arkosic shale which grades into hnard arkosic guartzite in a

Overlying the Picneer shale is the Barnes coanglomerate,

th

which is zbout 15 feet thick znd is composed princinally of

'

vitreous quartzite psbbles in a coarse, sandy arkosic matrix.

.

This distinctive bed

ot

is & good horizon rarker in the workings

~

along the Magma vein.
A disconformity divides the Barnes conglomerate from
The overlying Dripping Spring quartzite. The quartzite has a

e

meagured thickness of 820 feet. It ig

-

buft to yellowish-hrecwn

in color snd is strongly banded. Towards She top, 1t changes

into a series of shaly beds al ternating with norwal quartzite.
the uppermost member oFf the A fpacae group formation is

the Mescel limestene. It is & thin-bedded buff to grey lime-

store with many chert bands perallellirg the hedding and i

1)
4

acout 35C feet thick.

4

Troy Quartzite (Late Precambrian)---Directly above the

thhe 730~foot thick Troy quertzite. Recent
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work Dby Shride,(1958), and Krieger, (1961
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An upper unit of quartzite im comtach with ithe overly-
ng Martin Iimestone igs tentatively dated ag Cambrian; it is
separated from the late Precambrian Troy quartzite below by
a thick iatrusive mass of diabase and is the only rock unit
in the mine that hos an uncertain tire rvals tilonship. Sell,
(19€1), and Sveele,(1958), believe that it is Troy quartzite

cut off from the lower members by the disbase intrusive. On

—

the other hand, Hammer and Webster,(1962), regard it as =n
entively different unis and agslgn it to the Cambrian, al-
though their reasons are nos very convincing. Both gquartzite

units are intruded by the disbase and could easily be of the

sealre age.

Diebase (Late Precambrian)--—-~Disbase sills have intruded

Tthe Pinel schist, Apache group and Troy quartzite with a re-

AT

cord

{

d thickness of 3000 feet within the Magma veln workings.
They are typically dark green to black in color, mediun-
grained and contain abundant magnetitve. They do not intrude

vae overlying Devonian limestons snd has been given a late

Precambrizsn age.

Paleozoic Rockg——~Immediately above the Trov gquarzite

1%

[ 5 . R . . . . - a - 2 :
\figure 1), is the Marsin simestone, 350-400 feet thick, of

-8—



Tevonian 28¢.

The lower part of the Msrtin contains the replacement
ore body of the Magma mine. The replaced bed ranges from 6 to
50 feet in thickness and averages 15 feet. Woere nonminersl—
ized, it is 1ight to medium grey with = fine crystalline
structure and indistinct bedding which is usually marked by
very thin layers of black shale.

.

The basal unit waich maxes up the footwall of the re-~
placec horizon is 2 to 12 feet thick and is = very light grey
cdolomivic limestone or limestone containing small lenses an@
thin beds of sand and quartzite.

That part of the Martin overlying the‘replacement bed is
known as the hanging wall beds. In normal mining operatioas,
thls vnit is seldom exposed,‘but where observed, it is thick-
er bedded than the footwall limestone and has no sand grains
orguartzite lenses.

The Escabrosa limestone overlies the Marsin. It is of
lower Mississippian age and averages about 500 fest in thick-
ness. lmmediately above the Zscabrosa is the Lower Pennsylva-
nlan Naco 1limestone which is exposed or the surface to a
thickness of 1400 feet. Both these limestone units db not

affect mining and geological aspects at the lMagme mine since

They are not mineralized and are fouand far above the replace—~

3

Y
il

3

t ore body.

-

grtiery Rocks—--The 3350-fooh thick Whitetsail conglomer-—




zte is the oldest Tertiary rock uni®t iz the area. It congists
ol silt and coarse debris accumulated in nid-Tertiary Sime on
the pre-dacitic erosion surface.

Numerous guartsz mozzonite dikes are located within

placement area (Plate IV), where a %0-foot thick POr LYY

dike cuts the replaced horizon in an east-west direction.

HA porphyry tnit of undetermined thickness is usually
encountersd above the replaced bed in diamond drilling opera—
). It is a sill-like body congistently follow-

-

ing the confilguration of the beds and may or may not be re-—

fated To the quartz monzonite dikes. It is of very lignt

Q

grey color and has abundant soft sericitized "phenocrysts.”

Intense alteration makes correlation impossible.

in an vnpubiished FhD digsertation, D.W. Peterson,

(1960)y has described the Lithology and provable origin of

.

Miari and Glode (see index map and Plate I). It is actually

a quartz latite in composition, but To aveid confusion, all
workers hnave stuck to the use of the original given name of
cacite. Creasey and Kistler,(1962), has assigned it an age of

-~
=

X-Ar ratio method.

[
0]

20 million years, or wmid-Miccene, by
It 1s 1200 feet thick and could have been as much as 2000
Teev thick before erosion. Pelerson estimates that it could

£eve coverel originally an area of hetween 400 to 1500 square

Liles. The present ercgional remnants are exnosed over an

-10=



area 0X onity 100 gquare miles.
The dacite sheet 1g mace up of at least 5 separate ash-
el

flows; a single ash-flow resulting from the eruption of one

-
Le

nuee ardente (Smith,1960). According o Smith, a nuée arden
has Two parts: a basal avalan that contains the bulk of
the eruptive material, and ar over-riding cloud of duss and
expanding gas. The five stratigraohic zones have been recog-
to groundmass differences and all the zones

arg oi the same normal guarsz latitic compositiocn, with pre-

quartz paenocrysts. It is partly welded and cartly uawelded.

. el

Lithologically, the flattening of the pumice fragments

=

vhich shows an increase downwards, suggests that the dacite

ep03it formed z8 a gingle cooling unit. This susggestion is
£ fu=] () OS

s

n

rengthensd by the fact that the porosity increases upward

=

o
[

6]

S

but the specific graviity reaches & maximum in tae upper vitro-

ohyre zone and remains constant Trom that point to the top of

il

[

the section, since, if any part of the sheet khad ccoled appre-

ciably befors a following eruption was deposited, its upper

wart would have shown a decline in specific gravity followed

"

by en 2brupt increase.

Since the dacite is mid-Miocene in age, topographic evi-

i

aas

-

dence of the sour.e has been eroded. Peterson, (1960),
maywed a nearly circular fracture 3- )é miles ir dizmeter in
the gouthwest corner of the Haunted Canyon cuadrangie adja—

oy n o T e mia e T £ T o g - - A = mmy = - T o
cen to and nortia of the Sujerior cuadrangle (Pilats i), and




.

cnls may be the remns-ts of = collapse caldera

M

represent the source of The extensive dacitic ash-

The youngest igneous rocks in the ares occur as small

nat cut the dacite sheet and are aggigned to

13

ertiary.
Tertiary-Quaternzry Gils conglonerate and Recent alluv-
ium dlenketv the area west of the steep dacite escarpment near

Superior. The town stands on an urknown Shickness of thege

_sedimemtary ualts.

SIRUCTURES

-7,

There are three major fault systems in the Magms mine

area: the east-west, north-scuth and northwest-northeast con—

jugate systenm.

Dast-West Svstem

An east-west sed of steeply dipping faulvs is pre-ore

()

With post~ore movement. The Magme vein fault is <he largest
ant most important of these. It dips 70-80° north dowa to -the
800 Level (a8 measured Trom the No. 1 shaft collar). From the
800 Level down it is vertical and below the 1200 level -4
Cins south 70-75° and meintains this dip as deep ag the low-
&8t level of the mine (4900). The wall rocks heve been dige

3 !

slaced 300 feet dowaward and 375 feet westward on the soush

oz ka;@;ﬁﬂ we.l glde of the fault. Movement occurred along a

g —

zone cof clogely spaced fraciures. Vein mineralization wes by




renlacement of Tthe crushed zone between the walls. The vein is
easlly Traceable anc has definite walls in diabase but changes

terminately wide ghear zore in schist. It has also

ne replacement bed 300 feet down and 375 feet wesSs on

the south side (Plates IT and VII).

vein south of No. & shaft (Plate IT), hag a displacement of

30-40 Teet with the south gide dGNﬂLJ"OW“u Displacement along

.

the east-west strike is not known, albthough it is assumed %o

be 1n The same direction as the right-lateral Magma vein. Ite

North-Scuth System

A set of nmorth-south faults cuts The ore bodies, both

veln and replacement. Three zre very prominent: the Main

- ] ! o )

fault, tae Concentratcer fault, and the NS-5W faultb. A1l three
The Main fault has displaced the west end of the Magnma
eln 800 feet to the south ard 600-7C0 fees @bWEward s shown
on Piate III. It dips sbout 57° west down to the 2000-Footb
level whercupon it flattens to an angle of 45°. It is of
The stoped ore outiine

J

in The main ore body of the vein ig roughly parallel to the
erly dipping Main fault along the fottwsll, suggest

nes
D

ain fsult.

b

gome kinc of control of miners’ization by the

“hus the Main Fault may have had 1itile pre—ore movement with

" R R o R < S R . S Y A
T3 LﬂaaO,{‘ clsglacensnt OCOhﬁf_M”_g Tter the ore GeDOSITion nac
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The Concentrator fault cutiting the Magms vein is located
aveut 1700 feet west of the Main fzulv (Piase III). The total
amovnt of displacement along the Concentratcr fault is not

!

known, but 1t has brought the dacite into contact with the

, whick is a vertical zomponent of greater than
2000 feet with the west side downthrown. Notuning is known of
any movement elong the strike. The dip is & uwaniform 60°, The
Magma veln cut off by the Concentrator fauli has not veen
loceted on the downthrown or west side of
—ate 1 shows that that part of the Concentrator fault

west o0f the mine area has a general strike of T‘O W and that

e’

it converges with

1 ! oy

the Main fault at a point northeast of
Superior. Beyond ite junction with the Main favlt, it contin-

ues gouvh for miles on a fairly straight north-south line

a4

},‘J

to the cacite escarpment. Bscause of the indication

4]

'

'0
(\}

P T s
Chaa’t To

Main fault had pre-ore origin, it is proba

[}
—

lier than The Concentrator fault. Much of the movement in
The Main Tzult provably occurred at the time the west side
o7 the Conceatrator fault was down—-dropped.

The Third major north-south hf”ﬂmlﬂg Tault is The NS-5W

0 - n
57 west of the north-

2]

Tault, so called because it strikes
south alrection. The fault is of great signilicarnce in The

)

replacement area of the mine since it offsets

horizon soush of No. 6 shaeft., It has 530 feet of horizontal
cZfset and 90 Ffeet of veriical sejaration. The ~eft-lateral



side up and to the north relative

movenent kes moved the eas I

vo the westernm block. Its dip varies From 88° o vertical.
Tae NS-HW faa T 1s post~ore and offsets bhoth the vein and

the replacement ore bodies. It has been traced laterally in
the mine Workings ror over 2000 Teet. Within the diabase The-

ault tends to flatien, whereas in cuartzite it steepens. In

Hh

limesvone, the Tault surface Zg irregular.

The trace of the NS-5W fault on the surface of the da-
cite has not been TFound, which s&pgescs that, unlike the Main
and the Concentrator faults, the NS-5W fault wes formed be—
fore the dacite deposition. However, the NS-5W Toult has s
smell vertical separation when comvared to the other north—
soutk faults. It is possible that such 2 small movement would
nos te exopressed by & surface tfaoen Thus, the NS-5W fault,
&8 with The Main and Concentrator faults, all of which have

The same left-lateral movement, possibly formed at the same

tine after the emplacement of +the dacite shees.

v}

rest-Northeast Jonjugate Svsten

i - e e O

A conjugate systen of transverse faults s—rikes N60YW
arc NAS5™E and dips steeply westward. The system i1s post-ore
and is of no significance exceot to complicate and make

Lining cdangerous due to broken ground.




SUMMARY OF MHESQZOIC AND TERTIARY EVAENTS

T - - N
Al

Je

Mesozole ox early Tertiary time, the Supsrior

[§le

,
bjected to volicanism accompanied by the tilting
bward of the earliier sedimervary uanits. This tectonic zc-—
vicn was probably contemporanecus with She economic mineral-
the area. The author believes the pre-ore Magma
fewlt and its South Branch split acted ag the channelways of
The ore solutions that came up from some megmatic soﬁffen The
reovlacement of the Martin limestone came Tirst, was interrupt-
ed by movement along the Magma fault and followed by the form—
ation of the vein deposit. After the. cesssation of minersliiza-—
vicn and during mid-Miocene time, tremendous gquantities of

et, covering hundreds of square milesg

of The surrounding region Tto depths of perhaps as much as 2000

Teet. Following the deposition of the dacite, the north-south

oriented faults were formed, offsetting both the Magma vein
and the replacement deposits, and the crustal block west of

the Concentrator fault subsided, forming the Superior basin.
i o
Subseguent erosion and deposition of sediments produced the

regent genersl Ttopography of the region.

Magne, Vein

(7 m W] s N I 2 B~ I ] T T ) g e = - - 2 1-

LAg Maghme vain fevlit cuts all cag pre-~lLer Lary rocis.
T T < aes 4 E-I B I . I S A . ~
~C BUTrLLEs g Iagv Leglreeg nortlh of cast and CL08 7VMQU tGegrses

6




north from the collar of No. 1 ghaf

Ter 800 Teet where it becomss verticel. Below +the 1200 level
it dips south 70-75 degrees and maintains this at

-

the 4900 level. The south or hanging wall side of the Mag ame
vein Zault has moved about 300 feet dowaward and 375 feet
westward, giving it a righi-~lsteral movement. Plate TII
SHOWS the-geoiogy 0¥ the north wall of the Magma vein and its
o stoped ore. One ornly has to visuslize another
sucn section dropped 300 feev down and 375 Teet o the west

; 1

in order to show the relative down-droovped position of the

gouth wall of the vein.

The fault zone oc cupied by the Magnma vein ranges from
20 to 75 feet in width but the vein material averages only

o

abous 12 ve 15 feet wide within the Tault zone. Vein mater—

S_)

ial throughout the mine hag been emplaced almost entirely by

eplacement of the crushed zone bebtween the wall rocks.

Within the vein, ore grade minera ization may occur adjacent

0]

el
T

To any of the pre-Tertiary rocks that meke up both wallg of

-+,

Lne

F1

ault. Structure, rather than chemical characteristics
of <he wall rocks appears to have been the effective ore
control.

Tae vein had ite highest grads of copper ofe production
Tfrom the stopes which, in gross outline, plunge westwarc and

parailel to the west-dipping footwall of the Main fault(Plate

IIZ). Collectively, thase high-grade stoopes were known as

= o

trre main cre body and has been Tollcwed to the 4900 level.

-7



Minerallzavion persists, but prcalbitive mining costs from

A

so deep an ore body prevent the Company from continuinb op&r-
atlons in the area. At the end of 1964, cnly two stopes were
being wdrked.and kept.open in the entire vein deposit.

The so-called Koerner vein occupies & subparallel Tfault
about 1100 feet soutn of the Magma vein and is similar in |

all respscts but size to the Magma veirn., The deposit has been

exhausted meny yves

Hy
u
w

[4]0]
O

and 1s now completely inaccessible.
Zastward from the mein ore body, the structure cf the
Fagma veln becomes more complex with aumerous vein splits
ard discontinuous ore shoots. Economic vein zineralization
dies out as the N3-5W fault is approsched. This area of irreg-
niar stopes is called the centrzl ore body and it is from
cere that the South Branch vein, walch ig of great importance
in the replacement zre a,ls Thought to aave split away fronm

the Magma vein, although, because of the numerous Splle and

H

elatively low-grade Mlﬁe*alléaulOﬂglbb exacth junotion cannoct

determined.

I¢)

0]
D

Replacsment FBad

Along a horizon near the base of the Devonian Martin
1imestone below the 2000-Ffoot level and to the south of the
Magma veln itself, lies the South Branch vein and the bulk
of the replacement ore body (Plates II and VIL).

e \

The replacement horizon occurs in the Martin limestone

.

in a2 zone 2 to 12 fee’s above the dizcornformity cverlying the

Yroy quartzite. In thickness, the replaced bed varies from




4 5o 30 Teet but averages about 15 feet. It has besn traced

uocip beyonc the 2000 level where copper ors fingers and

nches out and has been explored down to the %5600 level with

FJ.

j—

no gign of ending (Plate VII). The enclosing sedimentary beds

S
(6]

0-35 degrees east rather uniformly.

of
i_ Jd
@]
SN

The replacement horizon could be divided into two gener-—
al arsas, altnough voth are connected. The arditrary dividing
line is an east-west line through No. 6 shaft (Plate II) with
the South Branch vein area to the south of the line and the
Magme veln area to the north. Until Custafson,(1961), the on-
ly replacement ore body known was that adjacent to the South
Sranch vein. Recent exploration has revesled that the replaced

norizon aoces connect the South Branch vein to the Magma vein,

w

although the area vetween the veins is somewhat erratic in
mineralization (Plate VII).

In guartzite below the replacement bed, both the South
Branch vein enc the Magma veiln are weakly mineralized and the
veing disappear entirely & short distance above the core hori-
zon. The inTtersections of these faults with the revlaced bed
are The loci of'irregular but massgive tabular bodies of cop—
Der ore which finger out a2long the bedding. There are rumer-
ous wvarren embayrentvs of unreplaced limestone within the

minerzlized horizoa. The 1imits of the replacement body are

generally sharp assay walls or faults.

~Bhort, et al(’i%i)y recognized "& definite relavtion
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nd the shape ¢f tae main ore shoot." As

evidence, he stated that,"where both walls are diabase, there
is a disvinct increase in stope length and that the meximum
increases are parallel to the dlabase-sedimentary beds con-

ot
jS¥]
Q
ct
w

 Gustafson,(1961), disagresd, and stated That, "the spe-

cific chemistry of the wall rocks is not reflected in he

i

cre patltern, with the exception of the limecstone replacement. ™

Indeed, Plate III tends to support Custafsoan's statement. In
the central arez east of the main stopes where minerslization
is extrenmely irregular, this conclusion is even more Justi-
fiec. The control by wall rocks on ore cmplacement is insig-
any, snd could have been indirectly asserted

nificant, if

to Tthe fraciure natiern.

Relation of Veirs o Beds

The Magma vein is easily traceable as it cuts through
The replaced horizon by virtue of its steep dip transverse

To the replaced bed. It is narrow (4-6 feet wide) and has a

bed anc 1s composed mecstly of hematite and Pyrite with some
sphalerite, chalcopyrite and bornite.
]

The Soutn Branch vein ig difficult to Follow within the

replaced bed. Only the presence of some guarsz in the vein

—20~
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28 osen more extensively mizned and studied than The

rea north of No. 6 shafy. iﬁ dizbase, the vein ig a poorly
fraciure zone with hemasite, sphalerite and very
1ittle copper. As quaritzite is approached Trom below, the
vein widens and the copper values hecome of commercisl inter-
eat. The width and grade of the vein reaches & maximum in

narszite. In the downtlhrowsn or south side of +the veln, the

abuncant quarbz, oyrite, chalcopyrite and

"3
[©)
o]
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reln is genewally lcost as the upthrown or rorth
side of vthe replaced bed is encountered. Followed up invo
the nanging wall above the replaced horizon, only a fracture

zone 1s Tound, with minor hemstite and sphalerite.

In The replaced ares arocund the Magme vein, stooping and

cevelopment work have not bean 28 extensive s that of
sSouth Branca vein ares, but 211 indications point to the same

reletionship between the vein and the bed as found in “he

soutn Branch vein area, although the Magma vein maey be a
that facilitated weak mineralization far-

Taer above and below the repizced horizon.

v

savsico-Chem? cal Controel of Minerslizatica

it hes already been stated tThat the chief ore control
in the Magma vein 1s the fault structure itself. Wall-rock

e

cherisgsry had 1ittle or no infiuerce on the emplacement of

The vein ore minerals.

~21=
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Martin limeswone are the conltrolling fectors on this type of
minerallzation. Samples from tThe vnmineralized (barren enbey—

rments) varts of the replaced bed contain high amovnts of cal-

civm and very Llow magnesiuw or noze &t all (Se11,1961). The
same results were obtained Zrom samples Zn the Footwall of
Table I). From the resulis of gsampnling ana—

lyeis, the replaced sectlon of the

[}
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D
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4]
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Was pPosSs—

ibly dolomivic in composition, altiough there is no bagis
for comparison.
Secuence oFf Structural Bvents and Micerslizstion

‘n the replaced ares, the ore horizon has been di Laplaced
by movement along the Magma fault and its Soush Branch s

indicating posi-ore movement of the fault. The Magma Tau

oo
oooF

-+

was provably just an open Iracture with 1ittle or no displace-—
mens Ln the bsglnning. Then mineralizing solutions came up

gsome open charnel in The fracture and found a heven for re-—

acement of The Martin limestone. Because the Magma vein

3

Cre pocies to the west show very 1ittle evidence of post—oTe

;-

novementv, the priacipal displacemsnt along the Magme fault

5

nave occurred after tas redlacement action. Such move-

4

ment might cut off the ore channelways leading to the re-

viaced area and open un new onss _eading o the western
stopes of The mein ore body in the Megma vein.

The nostulate That the Magma fauvlt had gome pre-ore
movement and that the solutions cawe Uz along it to select-

“vely renlace the udper and _ower ssgments of the displaced

2 P




Mertin limestone could hardly be possible due Lo the feot

Le veln mineralization itself tends to die out zhove

ER PP
Lﬁ("
Q- 2
PO Y o
e ,A_‘c_plcuuu L oed .

er The movement along the Magma fault occurred, the

=5

o : -

Fault was offset by the north-soutn trending Mein fault.

Plate LI shows a rough para’lelism of the mein ore bocy with

[
i

1
1
Yy

alpping footwall of the Maia faulst

that the Fault had some sort of cé:ﬁrolling gffect in the

depcsition of the main ore shoot. Although 1t is not very

fevlt possibly acted 28 a sort of barrier
e

aingt the mineralization of the Magma vein west of the Main

fault. Some stoping was done west of the Main fault as shown

3

ce IXI, indicating that the Ffault had ellowed some of
the mineralizing solutions to get through. It is possiblie,

although difficult to prove, tThat some movement alon

b4
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arrier against mineralization west of it.

B . e

vaeccnomic mineralization extends from

the stoped area

,)

the Magma Fault was
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~y nov completed, leaving a devosit that dies oub
felirway bevween No. 1 and No. & shafts (Plate III). Consider—
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S -1 T Az pam T e e -
4g Tae 1lrreguiarily 0

the stopes, telescoping deposition

Y T P [ S, J R " LR s . ) I o -
can be deduced from the minersl zoning lines shown in Plate
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foer the ore denositicn had cezsed, the western block
[ T P o P A= S [ g P - . p ey
of The newly ceposited valck dacite cepouing subsided with

digplacemens on the Conceniraior Tauls. The faul< possidly
Followeld the line of weaknesg afforded by the earlier lain
Tavlt along much of 1ts length south of Superior. Movement

)

along the Concentrator fault could have given impetus to 14

(¢!

rinal end princlpal movement along the Main fault.

The NS-EW Tfault could have formed and offset the vein

= i} ! > PR I

and replaced bed contemporansously with the Mazin fault, ox
it covld have originated later and at the same Tinme ss the
e

Concentrator Tau gince 1% has no surface

d clsplacement as compared

O

decite, possitly due to its limite

_:L..

H_‘

the Concentrator

Hy

- DI TR I
O Thaet o

-

Moet of the Magma ore minerals have been described by

(Plates IV, V ané VI) to see if

Gther uareported minerals could be Tound. The results of
Z-ray esnalysis veriZied the thoroughress of the mineralogical
work Core previously and revealed no new minerals (Table 1),

Iy o e T e e o e  Bom % Wi neme N . ¥ PO
e minerals reported from the Magma mine ore bhodies are

_94_
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Anoaviempt o determine The existence of ore mineral

polymorphs by x-ray and polished section work proved 5o be

. 1 !

rezative, whereas the usual complement of sulfide minerals

rere readlly Zdentified. Zn the absence of other determins—

tive work, the results indicated that ro wolymorphns, such

] - ' - i

3 cudnanite and wurtzite, exist in “She Magma mine.

The oxidation 1line in Plate IZI coes not follow She
pedding atvitude downdip, so that oxidabion nrobably occurred
arter the beds were tilted. Movement along the Magms Fault

!

ras separated tae north sicde 300 fees higher than the south

zide of the Teult. laterally into the north side replaced
nerizmon, oxidavion has venetrated Tto a limited but unknown

depth. Oxication in the dowrn~dropped south side is nonexist-—

~Lie exalpites the wsual suite of secondary covper minerals,

Zrom chslcoclte to chrysccolia. Having been mined out years

ag0, the area is now inaccessible.

-n any paragenetic study, it is customary to summarize
The evidences of the spparens seguences of mineral formation

10 The form of a paragenetic diagrem. Time is ore axis of

ne known minerals in their order +the other

exis. Tlie sccusnces thus obitalned may rejresent a veln, an

v o 1

Cre bely oz e nining district. Very rarely can one fiad She




sme mineral relationships in 211 The specimens studied, how-

Bl

srom texiural ovservation is that 1t is commonly somewhas am-
viguous and influenced by Thas coserver's bias(Gustafson,i961).

/

agenesis av the Magma mine has
been compared o that at Butte, Mentana. It isg true that both
districts have certaln similarities, but the gereralized par-

agenesils at Butie cannot be fivted to The whole Magma cepos-

it. The Magma mireralization is vastly more complicated than
suvte, and the "telescoping” manner of deposition vroduced

A0t cane DuT geveral paragenetlc seguences.

No single sequence fits the textural evidence in all

agenesis of various tynes of ores occupying similar positions

Table IIT, L11 se-

o
}.J.
3

in the zonal pattern are summarize
¢uences Indicate that Magme is a mesothermal depogit. Gustal-
son, (1967), has an even wmere comprehensive description of
the wvarious sequences. Polished section work by the author
agrees with Gustarlson'’s conclusions, except for a few minor
differences.

The seguences in Table III are discussed velow in some
detall for each ore type. Minerals szjarated by a comma are

- : .o o

Provably convenporaneous or deposited ag a single golid-solu-~

tion phase. Minerals in parentheses are rare or zbsent. The

B ey D el T B . I A . = Tomp 2 A

LIraT mamed winerals s ezriler thern The cone following 17T,
fasw)

LN P N Y| [ = ~ A - Sam A e A A A M s T

~ne wineral svmucls used are inadicsted in Table III.
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(3)
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Ta-Py-Co-Bn, {Tn) —-Hi

Am-(Rh,Sp)~

PARAGENETIC SHQUENCEZ OF VARIOUS ORE TYPES AT MAGMA
(After Gustafson, 1961, revised)
o Lave Aree
(Ba)-Bn,Cc,Ta jiddle and upper main ors
body.
) A Y g — . -
Py-Ee~Cp, (Bun)~Ba,Cc, Tz, D1 Lower main ore bhody.

lentral core body.

Replacene

1t ore body.

Minsra s

Minerael

Py —— Pyrite
G; o — C’lq._._co JT"‘ o

Bn ~~ Bornizte
Cc —~—~ Chalcocite
T —— Tennantite

Rn —— Rhodochrosgsite
Sy —-— Svnhalerite

cr absent.
contemporansous

—-golution phase.

~30—




uence 1 refers to the rich covper ores from the mid-
cle and upper parits oI the zain ore body; the area that made
re Magma mine famous for the »ure magsive bornite produced.

Trese stoves are now completely sexhaist

CD

sC. Zornite 1s pre-
dominant and exhibits deaubtiful natterns of exsolved chalco-
nyrite. Chalcopyrite and chalccoclte are never found in con~

tact. Teanantite is a common accsssory mineral and could be

a product o exsoliution from bornite and chalcopyrite, but

ig provably of distinet aypogene deposition.
Py - En - Cp,(Bn) - Bn, Cc, Trn, Di {Seguence.2)
seguence 2 belongs to the lower oart of the main ore bo-

dy where enargivte is the predominant copper mineral. Tenaan-

Tive reyplaces enargite selectively. Chalcocite and borrnite

are rare while digenite is a minor congtitusent,

o - Py - Cp - Bn,(Tn) - Zn(Se) (Sequeace 3)
Ore from the central srea exhinite seguence 5. Hematite
ig abundant and spannsc the entire lengih of tine in denosi-

. but was mogtly replaced by pyrite. Bornlte and ternan-—

<)
i_J .
@}
t

al

zre minor and sphalerite occurs 11 scatbttered patches

o+
i_l

[ )]

associated with hemstite.

Zm - (Rh, Sp) - Py - Cp - In, Cc,{Ta) (Sscuence 4)

Seguence 4 belongs to the replacesment horizon. Hematite
end pyrite ars predomirnant mirerals. Hematite was formec
mosvly before the copoer ors depogition but could have

-3
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In all the seguey gold aend silver are present in

(‘)
]
w

-

amounts. Sillver sometimes occurs as rare stromeyerite.

1% shows a

general zonirg of minerals in the Mag-
me, veln. No apparent zoning was
elther vervicelly or lavera_ly. Zzcept for the irregulsr zinc
lize, all the zoning lines form a rough semi-circle, with the

censer somewiere below aand to the west of the main ore body,

indicating that region as the source of mineralization.

ing below walch 1T becomes the predcainant ore minsral. It
corresponds remarkably with the Top of the Pinal schist on
The north side of the Magma vein fault (Plate III). This is
Drooebly just a colincidence, since 1t is the only one of

1

the mineral zoning lines that have such a relation with

R

g PR .

boundariss. The line above which btennantite be-

comes more aovundant then enargl

liwit of the occurrence of digenite ig in
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Bornite inov shewn in Plste ZI1T) is the predominsnt min—

I T

e. LT has bheen noted

in The course oX mining that bernite ig predomirant where cop-—

wer convent 1s highest:; in leaner greas, chalcooyrite end py-
rite are LnLg Tach doeg not nold in the lower
~evels In scalst where the massive ore, mostly enargite and

Spnalerite~~-The zinc 1ine shown in Plete TIT - o
lower 1imis at walch the amount of zinc as gonhelerite hecomes
less than the amount of copper., Thazre is a sharp upward in-

nig zixne oocuadary asg it approaches the main ore

zones 1n the waln ore shoot where the greatest flow of the

ne ccpper ors deposivion higher aznd railse

vhe critical isotherm at which sphalerite could be precipitat

H0CK TEMPERATURE MEASUREMENTS

“he method used by the avthor to determine rock tempera-—

was by

were
wged. Both were of the type that registers The maximum tern
serature 2t any poiat and will not change in the interval

-

ed.




withdrawal and the actual reacing of the instrument.

vent accidental breskage, th

w
[
o,
l,l
v
-
o
|>.J
4]
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m
<D
<
O]
8]
<
(@]
[®]
H
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ere perroreted to inmsure projper circulation of zir

rater wihile in place in & drill hole or muckpile

There are numerous Strategica.ly located old diamond
noles shroughout the mine, especially near the ore
These holes were ideal places In which to insert =

meter and measure rock temperatures seversl feet

\
=
P.J .
ot
tID_.

rocke themseives. The thermomete: wWe.s

()

agstened into a
a 6-~Toct long woodern pole an inch

ameter. Wiere the hole was ncs: caved, which fortunately

was

Q)]

case wmost of the times, the antire 6~foot oL
serted. IF the hole was shortened by caving, a shorter

as used.
S0 prevent the relatvively cold stove air from circulst-
she hole and introducing an error, a tapersd wooden

P

attached to the other end of <he »pole axn

wle Tor at Least a cay before a reading was made.
weskends intervened, the thermometer was left in

8t - 0of the holes flowed water in volumes renging Irom
trickle To as much as 10 gallons per minute. The vlug,
of wet holes, was so adjusted as to allow & small

r

bae water pressure aand yet tight enocugh

~ 7 5 i W Y e o~ T o~ -
during measguremenis, based on
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wish the surrounding rock.

"~ A ey « - . -~ T | -~ o P o e
Togram going on under CETOUNG norTa

adaba NN VRS

vie opportunllty for the auther to

AL

behavicr of holes during Crilling. A1l the new holes

noleg-~——spurting Lot water a+t rotes uo to ZC gal-

L

1 - - 1 . N - e T e L T S e o e o
A€ ereas wiere no noles were avsilable, 11t was ne-

.

cessary to bury the thermomester deswn enougin to prevent the

. P N T LW RO R UV i .
corcuLatin s vODe aiyr Irom reachi & the lnstrurment. I'nis was

-—L‘u

y

accomplished by simply buryirg the thermometer in an undis—
wurved nmuckpile, usually a foot deep, or in a crack in the

Wall rock and coversed with mud.
feates IV, V oand VI show the locations of +he veoints

-

wisre rock temperalture measurements were mede in the revlace-

ment azree north of No. 6 shatt, VMost of the work was done in

iols area where the author was sssisned as a geologist cur-

wag time when data Tor this thesis was beilng gathered.

sible and working. Ls a check, a few temperature measurements

0 skzft. The resulis

e core from the active diamcnd drilling explo-




iticns at Suverior
20 years. Underground femperatures heve been Found o fluc—

a3 surface conditions, so That 1t was ne-
Es

cessary to orevent circuliaticn of

rocx tewmvrature measurements in order to minimize the EOSSlH

From Figure 2, the mean snnual air tempsrature 2t Sup-
e V- PR e 1. o Om M A e e - = PR o e -
gricr is Iound To be 68.57F. The mean annval soil temperaiure

wes arrived at by burylng s thermometer about & foot deep in

Thig continued Trowm July to February, Trom summer

sncompassing The periods of Semnerature extremes

av Superior. Tae soil temperstures recorded were always 4-5

chan the alr vemperatures and a Iigure of 73°F, which

./“
e S o aeey | N o R sl Rilma A& —O':‘ e oy - Ao = S an
L5oseveral degrees LAan 02 o, b L ean annt 2

temperature,is taken as The msan annval soil temperature.

o8 v

\J-\,O J ..\_k/.‘ S

Gotted line
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suggests an
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~ure from cne rock unit to ancther at the sane

] evation,

(I‘;

wres 4 and b oare idea’lzed vervical sections across

and the revlacensat ore bodiss showing the tempera-

. B I, 5 R IV N R = a2 e OTTes T (P ey o 1 o m e
tares neasured along different lsvels golng away from each

CW o snomslous resa-—

+2onshiy between tie ore deposits ard the reccried tempera~

[ oy e S el o oo P | = -+ fatd
in Gemperatures Zeasurenents =25 crude as these

-

are bHound To be srrors introduced. Some are lnown

-

can ve corractad, Cithers srye indelerminate errors whoss

of Ths obgerver.

:cryecvion is left to the judgn
The temperatures vaken in muckniles showed a tendency

A A T
O Qe Lower

chan those in nearpy boreholes. This was expect—
ed, since muckpiles are not in place and are more vermeable

0 eir ciwceuletion than golid rock. Most of the wuckpile

cudy of latera
, Sirce any error would have to be :

all 0 them al any one leval ant any cxisting

coctable,

A bl )
still he de
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