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A GRAVITY IWV.OTIGATICN
CFP TH? PLRCUPING MUUNTAIIS A0D ADJATHENT A'—"“A,
CNTCHNAGCN AMND GCQLBIC CCUIMTIER, MICHIGAN
Iy ¥illlam iiuer killer
A zravity study concisting of 274 observation points
was8 made of the Percupine lMountalns and neishbering area
in the Ncrthern Penlnsula f bichlsan, A Booyruer ¢ravity
anoraly map, superimposed on a geolormle msn ty lhite,
1962, 18 presented.
The Keweenaw fault, as deflined by clogely spaced,
parallel gravity ccntours, extends completely across
t 2 study area. Gravity lows can be ceorrelated with
the Presque Isle eand Iron River synclines, A linear
gravity hish north of the Keweenaw fanlt delineates thre
hirh-density, Portaze Lake lava series. Tvwo parallel
series of closely spaced gravity contours ccrrelate with
the ‘thite Pine fault and suzzest ancther fault northeast
of and parallel to the Vhite Pine fault.

"eross=profile” method wes attenpted to se urate

Tne
the residual from the re~sional gcravity anoraly, but was
fourd to be unsatisfactory. The "smooth-contour” methed
vas attempted and was found to be gatlisfactory.

The Talwanl two-dimcncicral methed was used to come
pute eanomalles from bodies c¢f sosumed gecweiric cenfilsz-

uratlons and deneity contrasis {o fit the recliiual anomalles,



Variation in the recicnsl pravity is attrivuted to

thickenln: ¢f the laveas dovn~cdip,
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INTRCDUCTICN
Feture and Scope

The Porcupine Mountains are an arcuate epur of
the Keweenawan Trap FRange in the northwest corner of
Ontonagon County, in the Northern Peninsula of Michlzan
(Pizures 1 and 2). They are the result of an anomalous
geologlcal structure in the Keweenawan rocks on the south
shcre of the Lake Superior Basin. This structure is an
arcuate dome, parallel to Lake Superior. It interrupts
the normal succesgion end dlp of the rocks.

Althourh the regional geclogle picture is known,
limited outecrops and accessabllity and lack of explor-
ation drilling have hindered detalled geologicel mapping
and gecphysical investlzaetlons. To contribute to our
geolczic knowledge of the area, 204 gravity stations
were establiched in the Porcupine Mountelns end adjacent
ar=a. The known geoclogy was correlated with the Eouguer
gravity anomaly map. Limited quantitative calculations
were performed on the resultinz ancmaliecs to better

define the geolozy.

Previous Vork
The geolcgy of the Leke Superlicr Rezion has been

studled for over & century. Lozan (1852) was the first



to recosrlze tie saccesslion of rocks commonly accepted
today. The historical ceielcopusit of Lake Superior
~eolosy 18 well summarized by Irving (1383) and by
Van Hise ard others (1211).

Tie firet ccisprenensive gtuldy of Lhz roeks of
Kewsenrawan 3.2 on the sc.ih shore ¢f laxe Superlor was
carrled oat ty Lane (1311). He cCescrived the stracl-
sruphky in detzil and tabulatec rock uensitiez., Liter
Butler ard Burbank (1923) mace contridbutions conceralny
the petrolo y #nc ore degosiis of rocks of the Keweanaw
Feiirsula. More rezently, Lelth (1333) and Brocerick
ard ochers (1940) suaunmarized work cone esince 1920 in this
importent ccpper producle; aren, Unforcunitely, mosc of
thes2 workers viere prlinarily concerrsd wlinh tha racive

zave 1ivcle aotenclon

copper dlstrict to the norcheast, and
to che Forcuplna Mounbtaln area, the area covered vy this
8Lluly.

Thaden (195)) gwawwarizad the work done in the
vicinity of the Porcuapine lountsins and cescribed Lhe
rhyolite erposed in the area, whlte (1354) cescriied tne
E20iogy of the wWinit2 Plae couper deposlts., Later, 18957,
he degeribed Lne re_ional tectonic getting of the Michizan
copper clstrict ard in 1902 mapped the Nonesuch shale from
Black River, on the Michizan-wigconsgin border, to Calumet,
Michizan., Hemolin (1981) evucleu cthe paleogeoirapny of

the sedimentary rocks of Upper Keweeuawan and Cambrian ages.



Alarich (1y22) appliec zeophysical methods to
the study of the Kewee:wz rccks of northern wisconsin.
Broduerick (1923) fourd electrical and maznetic methocs
srplicable to mepplig faulls and lave flowe 1in rocks of

hisen., Thell (19.C) ana Eccan (1957)

’—A
la

Keweenawzi: a.2 1n Mi:
1llusceated the relaticorehip of Douguer gravity ancnoliles
to ;e0lozy of ihe soutn shere of Luke Superlor. 7Tiell

correlatac the Malacorcinent gravity hi h" wilth the grovity

ol

gnomalles over the Kueweentwan of Wilsconseln, The regsloual
siavivy study by Bacon ghiowed a clmilar hlgh in tue
Northern Peninsula of Michl jan, Receally tne U. oo
Geclojteal Survey (1ych) has releasco an acromagnetic

map of part of Lhe stu.y area.



GLCCRLPIY
Locatlon

The study earca 18 shown in Pizures 1 and 2. It
conelsts of the western two-thlrds cf Cntonz-on County
and the sadjolrnins erea of Gozzble County in the Mortrhern
Peninsula of Mlechlzan. It includcs zpproximately €00
8quare miles ketween poarallels 46° 3CY' end 43° 5% ncrth
and meridiens 82° 15' end 90° 00" west (Fizure 2).
lMichigan State hizhusys M-28 and M-€4 end United States
hirhway U3-45 make tre ed:es cf the erca accessable. The
City of Ontonazen lies in the ncrtheast ccrner cf the

area.
Climate

The climate of the area 1s tenpered by 1ts prox-
imity to Lalte fupericr. Autumn and Spring are latzr than
in other areas at the same latlitude. Tha mcan annucl
temperature 1s near LO9 F. The winter averase 18 ncar
23° and the summer avere;e 18 near $5° F, Eizhs of
100° F and lows cf =-30° F have been recordsd., Varizticns
in the dally tempersture cf 40~52 F° are not uncommon,
The average annual precipitation 1s ncar 30 inches, with

snowfall i1n excees of 1300 1inches per year,
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Fhysical ‘ieography

An extensive description of the phyelcal geosraphy
of the srea ie zlven by Martin (Vhn Eige, 1911). Orly
a brief resume will te attempted Lere,

The most promirent topc-raphic feztures 1in the
ares are the Kewaenawsn Trap Eeonse and the Foreurine
Mour.talrs, The overall relilef in the area 18 zroater
than 1200 feet, varyin; from €02 feet above mean gea
level (the mean elevation of Lake Superlor) to 123573 feet
above mean gea level in the Porcupine Mountains,

The Keweenawan Trap Ranze 18 a rortheastward
trending homoclinal rid.e, esloplny rorthwest. It extoands
from the northern edzs of T. 43 N., R. 42 W, to the south-
west corner of tha study area. Th2 mean elevation of
thia feature 13 near 1500 fest &bove s2a lavel, The
overall relief 13 near 503 fcet, The hishest polnt 15
1775 feet above meacn szz level at th2e Persland fire
tower. The topography, the result of cifferenclal
erosion of the more resicstant lavas snd the lecs regletant
sedimentary rocksa, 1s rugged., Transverse water ;aps cut
the ric;es in many places,

The Porcupine Mouritoins are in the rorthwestern
part of tiie zrea ¢f Investigation. They are an arcuate,

convex norinwird spur of the Keweenauwan Trap Ranze and



are parallel to Lake Superior. The north slope 1B rela-
tively steep, and increases some 800 feet above lake
level less than two milea inland., The mean elevation of
the Porcupine Mountains 18 about 1500 feet @bove mean
sea level, The average local rellef 1is near 300 feet,
The hizhest point in the Porcuplrie Mountains 18 an un-
nemed peak, 1559 feet above mean sea level,

South of the Keweenawan Trap Range 1s a broad,
relatively flat plain., It has an avera ;e elevation of
1300 feet above mezn sea level., The local rellef is
100 feet. North of the Keweeriawan Trap Range a flat
plain gently slopes toward Lake Superior.,

The southern portion of the area is c¢rained ty the
Ontonazon &nd Presque Isle Rivers, They flow rorthward
throuzh zaps in the Trap Range at elther end ¢f the
gtudy area., Streams on the northern slopes of the Trap
Ranze generally flow northward toward Lake Superior.

They &re perpendicular to the strike of the ridges and
have relatively small crainage basins., The largest of
these streams, the Iron River, drains an oblate shaped
basln between the Porcuplne Mountains and the Trap Range.
The Carp and Little Carp Rivers drain the main part of

the Porcupine Mountains. They follow subsequent valleys
until they cut the ridges in the southern part of the
Porcupine Mountains, Several of the streams show evidence
of stream piracy, indicating fluctuations in the crairaze

of the area,



Durirg Plelistocene time, the arca was covered
by the Chippewa and Kewszenaw lcbes cf the VWisconsin
ice gheet (Leverett, 1927). Except for seversl cf
the valleys which have been decpened and wildeneqd,
the tcpography 18 believed to be much the gamne now
as it was befcore glaclation. Lrift in the Trap Range
13 thin where present. VMogt cf the lower elevations
are covered bty relatively thin drift cr glacioclacustrine
deposits.

Industry

The major industry in the arsas 1s mining,
with lesser 1rportance given to agriculture, lumbering
and tourism, hie native copper deposlits in the area
were first exploited by prehistorice Indlans (Dirler,
15€1), ¥Mining by the "white man" d44 not begin until
aboﬁt 1840, (Butler and Burbank, 132¢0). Since that
time mining activity has fluctuasted considerably. The
White Pine ccpper mine 18 the only depcslt presently
beinz exploited.

Azriculture 1s linited to dziry farming and roct
ard hardy orchard crops, The lumbering is primarily
of pulpwocd and minor hardwood. Tourism 18 rapidly
becoming en icpcertant industry.






GECLCOY
General

The Precambrian rocks cf the Lake Superior rezlion
caen be subdivided into three distinct groups or eystems,
separated at most places by rajcr unconformities, They
are overlaln in places by Paleczcie rocks and generally
are concealed by glaclal debris of Pleistocene age.

The Upper Precanbrian 1s the predominate aze of
rocks in the study area. It 18 a thick sequence of
relatively unmetamorphosed, interbvedded lava flows and
sedimentary rccka., These rocks are called the Keweenawan
series. They are conformable with rock units of earlier
end later aze.

The Lake Superior structural basin end the Kewveenaw
fault are two major structural features which control

the structures in the study area.

Stratizraphy

The formations in the egtudy area are: the Portage
Leke lava series of Middle Kewecenawan age; the Copper
Harbor conglomerate, the Nonesuch shale &and Freda sand-
stcne, the lower units of the old Cronto group (Thwaites,
1912), of Late Kewcenawan az2. The youngest unit in the

area 1s the Jaccbeville sandstone which is late Keweenawan

10
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or Cambrlan in age and has been correlatec¢ with the
Bayfield group of Wisconsin, A generalized rzeologsic
colunn is given in Table 1.

The Portaze Lake lava eerles (White, 19:52) 18 a
thick sequence of basalt and ardesite flows, with a
few interbedded rhyolitic conglomerates and, locally,
rhyolites. It comprises the four groups of Irving (1{83);
the Bohemian Range group, the Central Mine group, the
Ashbed group, and the Eazle River group.

The Bohemian Ranze group is a sequence of amygs-
dalolcal basalt flows, It contains subordinate con-
slomeratic beds and rhyollites. It attains a thickness
of 10,000 feet. A basal conslomerate rests unconformably
on the Animlikie or Middle Precambrain rocks (Allen, 1515).

The Central Mine group 18 a simllar sequence char-
acterlized by thick lava flows. Associated with these
flows are minor interbedced rhyolitic conzlomerates and
thin ash beds.

The Ashbed group 1s descridbed as a scries of 1nter-
bedded lava flows and subordinate coarse, sedimentary
rocks. In the Porcupine Mountains the lower part is a
thick sequence of rhyolite (Thaden, 1950).

The Eagle River group, a 2000 foot sequence of
baslc lava flows, 18 interbedded with minor amounts of
rhyolltic conglomerates.

The total thickness of the Portaze Lake lava geries
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TABLE 1., GENERALIZIZD GECLOGIC COLUMN

CENOCZOIC
Quarternary

glaclo~fluvitile deposits

PALEOZCIC (?)

Cambrian
Jocobsville sandstone
——~-- (bbbl Commee ?~ unconformity =-?---~- Pemee- Povee- ?~-
PRECAMBRIAN
Keweenawan
Upper
Oronto zroup
Freca surncstone
Nonesuch shale
Corper Harbor group
Outer conglomerate
Lake Shore trap
Great conglomerate
Lower

Portaze Lake lava peries
BEazle River group
Ashbed xroup
Central Mine group
Bohemiarn Range group

------------------- unconformity s - o~ - " " o= o~

Huronian
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is 25,000 feet at Houshton, Michizan but it thins west-
ward, It 1s prcbably no more than 5000 feet thick in
¥isconsin,

The Ccpper Harbor congleomerate 18 the thickest
and mcst persistent conglomerate of the Keweenawan
sequence, It can te traced from Keweenaw Point to Elack
River on the Michigan=l/isconsin border and further west.
In the Porcupine Mcuntains it is 5000 feet thick and
comprises three distinct units, known in the older litera-
ture as; the Creat and Cuter conglomerates which are
separated ty the Lake Shore Traps. Litheclogically the
sedimentary units are poorly stratified conglomerantes,
containing minor interbedded, medium to ccarse grailned,
erkosic sandstones. These units interfincer and pinch
ocut in relatively short distances. The ratlo of sandstone
to conglomerate 18 unknovn due to absence of continucus
exposures. El1-KJalidl (1650) found a predominance cf
sandstcne in measured sections cn the north flank of the
Porcupine Mountains., The leke Shore traps are a 300-400
foot series of basic lava flows. They form the escarpment
overloocking Lake of the Clouds in the Pcrcupine Mountains,

A sharp lithologic break separates the Copper
Harbor conglomerate from the overlying Nonesuch shale and
Freda sandstone, These units are a series cf ellty sheles,
siltstones and sandstcnes, several thousands of feet thick.

The Nonesuch shale 18 predoninately a flagzy, grey
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te reddish-srey giltactone, °00 foet thick, with inter-
belied srey to oreenlsh-srey, 811ty chalea, The pregence
¢f riprle macks cnd cracks lndlcexte » ghnllow murine
or contlinental environmenrt, poosibly c¢z2lizle, YNonrasis-
tant heovy nlneral sultszss zrd ~nulep detritus pusiest
coposlilion near Lo the scurcoe,

Toa contser bLotwann wher Nonopuoh thals 610 Lhe
Proco worviigtore e grovodlorsl.  The Feeox 318 » well
saried, [loe ©o medlum orelned, red to sreenich-gpeey
sekoce Io contulne mirer ducurts of red to rceer,
ricr ceoul ghales and ellterones, Trhe Irada g
corcidered to be the younsest formaitlon of the Koweonawnn
sequence, Afcecurste messuremerts of the thlckrnss of
the Freds cve not avnllable, nowever, data from gooi-
tered erpasures refyr the Forecuplire lounisins indilcovte a
thickinsg of 14,000 feet (Homblin, 1950

The Jecobsville aandgione compriscs the reck unit
gouthizagt of tha Koweersw fzult. It 1la a medium to fine
sruined, rod to white, quartzose candotons, It s 4200
feet thiok (Hemblln, 1G01). IS has been correlatad
wiih the Bryficld sroup in Wiscornsgin and 18 belleved

to 1lila betwaoen rocks of Hewcehiwan ard Croixizn asesn.

1

RBocause 1.0 contacta have Lz2e2n found, 1tes ralocionship
with the unterlyin; Praca susiddetora 18 8tlll conjectursl,
The rlhyolltes and other ec¢ldic rocks on il Kewee-

naw Ferninsula occur in =211 cefiritaly Keoweerswnn lithclo;leal



units (~o0d, 1034). The cxact rzlcoticn of those bodics
to the s2limintrry rocks 13 not fully known, FHoaover,
thicy coull be sovrces for some of the rhyolitic congslonco-

ates cf the Kowecnawan scriss.,
Structure

Lake Superlcr cccuples a preat syu-

cliral structure, the Lzke Superlcr EBcsin, 1n tle southern
Canadlan Shield., The periphery cf the western half of the
basin 18 compesed cf rocks of Keweenawan eze. Lxcept for
& subordinate fcld in the Porcuplne Mcuntains, the beds
dip tcoward the center cf the besin., They ars ste-per
cn the scuth than on the ncrth licmb. £ general flattenlng
of dip cccurs frcm the btase to the tcp of the Kewoonswan
secticn, with thickening of the undits down-31p. Tlese
factors indicate a depositiconzl btosin. Furthermere,
bent pipe eryzdules (Butler ernd Burbunk, 152¢) inlicate
that the lava flowad from the center toward the mar:sla
of the baslin. EKcuecver, fcres=t b:d3ing and pebble
imbrication in the Upper Kewz2enawzn (Hazblin, 1558 end
1961) indicate streem flow from the murzin to the cen-
ter of the basin.

thite (19557) explains thls zpparent parzdox by a
relatively flat baein flocr and generally ccontinuous
downwarping. When lava accumnulaetlion keeps pace with

subslience, the flcor remeins flat end the lava spr=ads
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outward, This causes the streams to flow parallel to
the basin and to pond at the margine, When extrusion
is interrupted, continued subsidence of the basin will
caugse the streams to flow toward the center of the basin.
Later eruptions will flow from thelr source to the lowest

polint in the basin and from there outward.

Folcs The south limb of the Lake Superior
Basin 18 quite irrejular; broad, transverge anticlines and
synclines plunge down-dip toward the center of the basin.,
Many minor fluctuations occur on thase major flexures,

The Porcupine Mountalins are an arcuate done,
parallel to Lake Superior, They are connected to the
Keweenawan Trap Ranze by a sadule, Thaden (1550) confirmed
the presence of rhyclite in the center of the Porcuplne
Mountains as previously mentioned by Butler and Burbank
(1929).

The Iron River syncline lies between the Porcupine
Mountains and the Kewecnawan Trap Runge. It is assymet-
ric and strikes northeast, It 1is truncated on the north-
east by the White Pine fault, The beds on the north 1limb
are near vertical and locally overturned,

The Presque Isle syncline 18 on the west flank of
the Porcupine Mourntalns. It plunges rniorthwest.

Several other folds exist, Many are the result
of draz along faults., They vary in size from a few feet,

to several miles in maznitude.
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Fxuillis The Keweencw fault is & hi_h angle re-
verse fault, It striges norchesst and cilps roerthwest,
It has been mepped alorn; the southern edze of the Koues-~
nawan Lrap Renge frem the end of tne Keweencw Perninsula
to the ncrthern el e of Like Goseble., A broud ithroush-
like arca exists betwecn the Kcweenaw fault on the rorth
and the South Trap Range ¢nd Frecombriesn hijhlands tc the
southeast, This trcugh 1s _senerally thou ht to contasin

£

a weit e of Jocobsville sandstone deposited prior to
deforz:tion. Figure 2 1s the postulated conflguration
of the fault and aesoclated sedluentary wedge.
The rocks are offset in nany places by otuer
faults. The rajority of thcose are treneversce faulis
spsoclated with post-dcpositionel deformation., Lorne (1911)
notes the occurrence of lorn,ltudlinel svrike cnc olp faults,
Tl.e Whlte Pine fauvlt, & major troarcverce foult,
strikes northwegt ond ¢lps stecply northeast, It 1s
a rizht-handed tezr fault. Laterzl digplacement 18 only
about one mile &ud vertical cisplacement 18 only a few
buncreds of feet (White, 1954). Cther faulls in the crea
are winor, Fizure 4 is & gencrallzed structure map of

the area and shows only the majoer structural features.
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FIELD FPROCELURE
Instrument

The gravity cbservations were taken in the stuoy
area during July and August, 1663, ewmploying Worden
sravimeter rno, 99. The zgravimeter mecsures the relative
acceleration of gravity with a sensitivity cf 0.01 myals,
which 1s about one part in 100 milllon of the earin's
acceleration of gravity (930 zale). Tue meter has a
linear callbration constant of 0.934(5) msals per scale

d¢ivision and a range of about 890 msals without resetting,
Stations

Gravity stations (Plate 1), were placed at one-two
mile intervals along the exlstini road syctem. They were
plotted firom U. S, Geological Survey, 15 minute, vopo-
graphic maps with an accurscy of 0.1 miles, Transporta-
tion to the majority of the statlions was by autonobile.
However, foot traverses were made to remote areas whera
necegsary, One foot traverse was made slorg the shore
of Lake Superior on the Lake Superior Trail from the east
end ¢f Porcupine Mcurntaln Stete Park to the mouth of the
Presque Isle River, a cdistance of 1) miles., Elevations
were ascertained for this traverse with 8 hand level

ueir; Leéke Superlor ss a reference catum,
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Cravity base stations (Flrure &), located cn or
near easlly accessable roeds, wer: chosen to minimlze
travel time and the nunmber of times the gravimeter neecdsd
to be reset. They were tled to each cther by the methed

" was chcsen a3 the

of looping (Fizure 5). Station "A
primary base and the cthers as secondary bases, The
study was adjusted to the "internotionel gravity datum"
throuzh the Eergland and Vekefleld gravity bases cof

rofessor Licyal Facon (Hinze, 1784).
Elevatilons

The majority of the zrovity stetlions were placed
wilthin 50 feet of U.S. Geologlcal Survey or U.S, Coast

and Gecdetic Survey "tench warks"

cr at rcad intersecticns
with known eleveticns., Elevatlons for these statlons were
determined with a hand level end have en accuracy of £

2 feet. Elevaticns &t road intersecticns glven on U.S,
Geological Survey toporraphic maps, with a 20 foct contcur
interval have an accuracy cf #4 2 feet (Meyer, 1063).

The remeinder of the staticns were established at rocd or
trail intersectlens and the elavations interpclatcd from
the 20 foct contour interval, It 1s the author's opinion

that these elevations have an accuracy of at least A 20
feet and might aspprcach ¥ 10 fect.

Drift

The elastic properties of the working parts of the
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gravimeter and temperature variations cause changes of
readinzgs with time, This change 18 called érift., Control
of this ¢rift was accomplishecd by one of two methods,

Por automoblle traverses, stations of known gravity
(vase stations) were occupled at least once every two
hours. The gravimeter rcadings were then plotted versus
time and the indlcated drift removed from the stations
read between the bape statlions., This method assumes
linear drift and is called the "base-check" method.
Fizure 6 18 8 typical daily drift curve.

On foot traverses, the "rate” method (Woollard,
1958) was used. This 18 accomplished by occupyinz any
given station at least twice during each troverse. 1In
this case, each statlon was read at least twice during
a perlod of one-half hour., The rates of Crift are then
plotted and the indicated drift removed in a manner simi-

lar to the "base-check" method.
Rock Sampling

Samples of various lithologlcal units were collected
at several sites throughout the area, Limited outcrops
made sampling of all units difficult. Only the more
resistant units (those that wer: well exposed) were sam=
pled. The Nonesuch shale was sampled at the Nonesuch mine
and in the White Pine mine. The conglomerates were

sampled at various exposures alcng the shore of Lake
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Superior as well as on the south flank of the Forcupine
¥ountains., Basic rocks were collected frcm the escarp-
ment overlooking Lzke of the Clouds and from scattered
exposures in the Keweenawan Trap Range, Fresgh, unweath-
ered samples are necessary for reliable density measure-
mer:ts, However, fresh samples were rnot always obtainabdle.

Therefore, & certain emount of error has been introduced,



LABCRATORY PROCEDURE
Rock Densitlies

Lane (1911) compiled a list of densities for
Keweenawan rocks of Michigan, He used values previously
determined by MacFarlane (1886), Marvine (1872) and others.

Recently Theil (1956) discussed the density relation-
ships of gravity anomallies with Keweenawan rocks in
rorthern Wiscorsin. Mack (1957) also studied densities
of Wisconsin rocks. Density values prescently accepted by
Professor Lloyal Bacon (Hinze, 1964) are incorporatea
into this study. Denslties were measured of rock specimens
collected by Thaden (1950) and by the author,

The censlties were determined by the normal method
of loss of welght in water. More than ons determination
was made for each specimen, The first measurements were
of irnitlally dry samples, the second after sosking for a
period of one week, and the third after sosking for a
period of one month., Some of the samples dlsaggressted
with soaking. G@Gracual increasge in densities was observed
with soaklng, especlally the =ore porous unite, This
increase mey be explained by saturation of the more
permeable rocks, The dersities determined by the author
are glven in Table 2.

The c¢enelties cdetermined by the writer are

25
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appraclably different {rom thcese determined by cthers

vh> heve studled the rocks of Keweenawan er2 (Table 3).



39

Teble 3. Densltlies s determined by cthor workers and by
the cuihcr,

Lene Thell Buacen Miller
Sandstcnzs and
Shules ----  2.,30-2.35 2.25 2.35
Ccenglomerates 2. T4  ~e-=meeee --—- 2.65
Rryolite 2.50 ~-=---m--- 2.67 2.55
Busic rocks 2.87 2.91 2.90 3.00

Table 4, Donsities used in Reducticn

Litholeogy Densg

g/cc

Sandstcnes and thales 2.40
Conzlomerates 2.60
Rhyclite 2.55

Basic Rcceks 2.C0



Lecavse only & 14nitzd numter of exposurces wers sanmzled
and those that were sarpled ere the mure resistant unilis,
ticy are nct represenistive of the toital secticn, There-

fere, the donsliles measwred are prodbadly not entl

Iu

valid., To te concistent with cther gravity stulles cf
Kewcenaen rocks, the denalitles uced in this stuly ere
those used by Frofessor Llicyal Tacen (Tadble 4), IZxcepiicns

&re tle dencliiles of the riyclite and the conzlomerates.
Reduction ¢f Data

Cbserved pravity Gata must be reduccd to roowve
the effecta of latitulda, elevation, and mozg disziribiticon.

The reduction is azcordin:; to the equation:

where gpn = Docguer gravily encialyy gg = cbaerved gravity;
8= thecretical esea level gravitys Gy = {rece gir correcticns
£ = Douguer or wass correction; and Bp = terroin cocrrection,
The Boujuer gravily sacoaly 48 the aravity vuelue
that exdsts after the Boujucr ccrrecticn has been applis
to a level datum (ACI Glossary, 1230). It is the differ-
ence betwcon the calculated thecoretlcal end the ctasorved

gravity at the etation gite,
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Cbeerved zravity 13 the mezsured acecelerztlion cf
gravity at any point, It 1s computed Ly multiplying
the meter readinge, ccerrected for drift and adjusted
to the primory base of this study, by the meter callbra-
tion constant,

The theoretlcal cea level gravity or latitude cor-
rection removes the effect of the cdecrease in the accel-~
eration of gravity from the equator to the poles. It is

expresged by the "1930 international gravity formuia™:
sgm 9T8.049(1 £ 0005258451126 = 0,000005981n°20)

where 973.049 is the mean sea level gravity at the eqguator
and gg- 1s the gravity at latitucde &,

Nettleton (1340) has shown that differerces in lat-
itucde corrections are nezlislble for small latitude
changes., The correction factor used in this study is
the averaze of the corrections for the least and the
greatest latitudes of the study area. The latitude
correction 1s edcded to the observed gravity 1f the station
i8 south of the primary base latitude and subtracted 1if

it is rorth.

Table 5, Latituce Corrections
Correction Factor

Latitude (eg/ms) (mg/ft)
Least latlitude 450 300 1.3052 0.0002471
Greatest latitude 4G 55¢ 1.3041 0.00C24¢9

Mean 1.20465 0,000247
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c fzr the eleva-
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“he free alr ccrrection corpencat
tion of uhe Sruviivy staticon ebove a cowmmon lev:l doturn,

It 1s founu bty mulitlplying the elevztlon of the station
above the datum by the vertlcecal gsrucient of gravity,
0.2,405 mzals per foot.,

The Bouguer or mass correction compensates for the
mass distribution between thne station erd datum. It 18
found by multiplying the elevatlon cf the etation zbove
¢atum by 0.01276 m;als per foot, where is the cens-
1ty of the mass between the station and catum.

Ulfferent denslties for the Bouguer reductlion were
assigned to the gravity statlons escecrdins to the geole;
a8 mapped by white (Flate 1). “The cata wee recuced to a
datum of 600 feet above mezn sca level, the cpproximate
level of Lake Superlor. As stateéd by Vajgk (195€):

"1. If the cdensity of the surface rocks varies,
the effect of the topoiraphy cannct be elim-
inated from the gravity cata by corputing the
Bouguer correction with a constant censity.

2. Bouguer correctlons with varyins; censity must
be used only to the datum surface of the ctopo-
graphy..." (the lowest elevation in the
stuuy ).

Terrain corrections account for the variatlions 1in
the Bouguer assurptions (Nettlebton, 1940)., They were
determined according to the melhod outlined by Hammer
(1929). Only zones E-K incluslve were found to be
applicable vo the stucy arca, These zones include the area

between circles with radlil of 553 faet vo 32,490 fect
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away from each station. Because of their proximity

to major topographic features, 25 per cent of the grav-
ity staticons were selected for terrain corrections.

The corrections were applied only where they exceeded
0.1 mzal.

A1l calculations in the reduction and interpreta-
tion of the data were perforued by the CDC 3000 dizital
corputer. Exceptions were the drift and terraln correc-
tiona. The origlnal data and the computer programs are
on file at the Departiment of Geology, Michlzan State
University.

The principal facts for the gravity basecs are given

in Table 6.
Sources of Error

U. S. Geological Survey, 15 minute topographic
maps at a Bcale of 1/62500 were used to locate stations
for latitude corrections. The location accuracy is £ 0,1
miles, which creates a gravity effect of about , 3.13
mzals, Elevation errors very from £ 2 to /£ 20 feet and
introduces a maximum error of /£ 0.13 to £ 1.26 mgals in
the reduction of the data. The combined errors resulting
from obeervation and removal of drift are estimated to
be no greater than £ 0,1 mgals. Terrain results in a
maximum error of 0.1 mzals.

An accuracy of £ 0.50 mzals was sought in this sur-
vey &nd undoubtedly has been achieved for the majority of
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the stations. However, individual stations may be 1n

error by £ 1.6 mgals.



INTERPRETATION
general

Bouguer gravlty masps reflect variations in the
Bouguer gravity anomaly resultinz from horizontal changzes
in density. These changees are caused by surface and
subsurface geoloyy, ceep-seated structures, and rezioral
as well as local changes in lithology, The variations
in the Bouguer gravity anomaly can be areally large with
gentle gracdlents or can be local with sbrupt changes and
are the combined effect of shallow and deep-geated sources,
Deep-peated, as well as shallow, widespread sources (wide-
spread with respect to the slze (I the area of investi-
gation) produce broad, areslly large enomalies with
generally gentle gradlents. Theee broad anomalies are
callad the regional gravity anomalies, Local anomalles
with abrupt changes in gradlient a2 :alled residual

gravity anomalies,
Gravity Map

Plate 1 18 the Bouguer gravity anomaly map drawn
at a ctwo mzal contour interval and superimposed on the
geolc:ic map es adapted from White (1352). The medien
gravity anomaly value is - 33 n;als., This value is

appreciably lower than the averaze of zero mals observed

37
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from a regional gravity study of the same area by Bacon
(1957). This difference 1s explained by the use of a
reduction catum of 600 feet above sea level instead of
the sea level datum that was used by Bacon.

The total variation in gravity is 75 mzals., The
gravity values increase from south to north., They vary
from - 78 mgals in the southeastern part of the study
area to a maximum of - 2 mgals on the north side of the
Porcupine Mountains.

The correlation of the observed gravity aromalies
with the geolozy of the area 1s excellent., However,
inadequate station cencsity 1n some remote areas limits
the complete reliability of the correlation.

A lilnear gravity high occurs over the high deneity
basic flows of the Keweenawan Trap Renge. A well defined
gravity low exists over tlihe Iron River synclire, An
1l1l-defined low of lesser magnituce occurs over the
Presque Icle syncline and extencs to the northwest out of
the study area. A broad gravity low defines the trough
souath of the Keweernzw fzult,

A cerles of closcely spaced contours parallel the
Kewecrnaw fault., They 1indicate that the fault exvencs
completecly across the stuuy arca, Parallel to the white
Fine fault are a geries cf closely spaced corntours, A
similar anomaly exists six miles northeast of the wWhite

FPlne fault. Thece two anomalies delireate an elonzate



poeitive zgravity feature, several miles long, which
strikes northwest. It may represent a horst-like
structure,

An east-west trending gravity hizh occurs south
of Ewen in the vicinity of scctions 26-29, T. 43 N., R.
40 w, It could orizlnate from a&n elonzate intrusive in-
to the sedimentary rocks, or it aay represent an old
ridze of Keweerawan lavas buried beneath the Jacobsville
sandstone and glaclal debris,

A Berles of tizhtly grouped contours extends southe-
west across sections 4, 8 and 13, T, 49 N., R, 44 w. It
correlatea with a fault previocusely mapped by wWhite., A
fault mapped as extending across secticns 4, 10 and 15, T.
49 N., R. 44 W. 18 not defined by the Bouguer gravity
anomaly map, probably because of inadequate station
coveraze,

A flexure in the Bouguer gravity contours in sec~-
tions 9-11 and 14-16, T. 49 N., R. 42 W. represents a
gravity minimum that correlates with a body of rhyclite
napped by Wrizht (1929). It has a magnitude of about
five m3als.

Severel other veriations exist in the Bouguer
Zravity anomaly map. However, more detailed station
coveragze 18 riecessary for further interpretation of

these griomalies,
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Isclatlon of Ancmalies

There are many methods of isclating the residual
gravity ancmalies from the regional gravity picture,

Only the graphical methods were considered in this study,
because of inadequate statlion coverage end inccnsistent
station spacing.

Several s=ts of cross-profiles were drawn from the
Bouguer gravity anomaly map to isclate the residual ancm~
&lles, dbut, this method was not utlilized in the final
analysis because a great many interpretations were found
to be plausible and it wes 1lrpossible to determine which
interpretation was most correct. In view of the uniform
gravity gradient that exlsts in the area of investizetion,

' was used to isolate

the method of "smooth-contouring'
the residual gravity enomalies from the regicnal picture,
This method involves drawing emooth ccentours cver the
ancmalies connecting the regular spaced contours on the
mergins of the study area,

Plate 2 18 the mep of the regional gradlent cf
the Bouguer gravity. It shcws that the gradient lncreases
at a rate of 2 mgals per mile nerthward., This increuse
can be ettributed to the thickening of the lava flows
down~dip. In generel, the contours rcuchly parallel the

strike of the Keweenawsn rocks.
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Intergretation of Prcfiles

Seven profilea (Flatz 2) were é&revn normal to the
strike of the rezicral gravity and the anzinalies tc ke
studied. The Talwanl two~diinensional methcd (1333) vas
used to ccmpute ancmalles from bedles of &ss wed yecuet-
ric confizuration and céenelty contrasts to fit the resid-
vual ancualies, Several essmptions were made in flttirn:
the coniputed ancwalles to the observed residual grevity
anomalles, They are:

1. The residual gravity ancmalies citelirned

frcm the "smocth-~contourinz” methad are
the true resgidual gravity ancualles,

2., The densities used in the reducticon of
the gravity data &are valid.

3. The denslty contrasts between the inferrcd
bodies and the host ere correct,

L, The tcdles that produce the sravity
ancmalies which satlsfy the ctserved
resldual gravity enomalies are geolorlcally
reascnabla,

Profiles A-A' to F-F' inclueive were drz-.n to
study the depth extent &nd the gecmetric confluraticn
of the Keweenaw fault and the adjacent trou-h to the
south ccntalning the Jacotgville sanistcone, There are
several factors which influence the pcsition and ehepe
of the gravitaticral field cver a fault. Amcng thece

are} the ragnitude and depth of the dz2nsity contrast

that exists betwezin the upthrown and downthrcwn sides
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of the feult, the dip c¢f the fault, and the throw cf thne
favlt,

The Keweenaw fault may produce two pcgsible
scurces cf denslty contrasts. Near the surface, there
exlsts Juxtapoeition c¢f the lcw deneity Jacctsville
sandstcrie to the scuth (/, = 2.4 g/ce) with the hizh
density lava flows to the ncrth (p = 2.9 g/cc). This
glves a density contrast of 0.5 g/ce which should result
in a gravity low south ¢f the fault. In &dditlcn, a
deneglty contrast mey cccur at depth between the lava flovs
and the urderlying basement rocks. If this deep-seated
density contrast exists, it should be reflected in the
Bouguer gravity anomaly, either as a ne:ative ancmaly con
the ncrth side of the fsult cr by a platesu in the
gravity gradient, This, however, 18 not evidant on the
Bouguer gravity map.

Several explanations may be offered for tie
apparent lack of ancmaly due to a deep~seated density
contrast. The Juxtapousition of the lava flows with the
tasement rocks may be &t such great depths, that the
gravity effect 18 too widespread to be 1dentified in the
Bouguer gravity ancmaly. In addition, the dencity ccn-
trast way be too emall to have gny detectatle effect on

the Rouguer gravity. Alsc, the dip of the fault mey

change with depth resultinz in an ancmaly vhcee effect
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13 not evident near the surface trece cf the fault,
Because there is no reflection cf a deep~-scated
density contrast evident on the Eouzuer gravity ancnely
map, it 1is assumed that variations on the Bouguer greavity
map are caused by near sgurface structures,
Profile A-A' (Figure 7) origzinates in section 34,
T. 48 N., R. 45 ¥W. and extends north-northwest to section
23, T. 45 N., R. 45 %, The anomaly has a minim:m value
of - 17 mcals., A 3100 foot wedze of Bedlments c¢ould
cauce & gravity ancmaly that would fit the residusal
ancraly.
Profile B-B' (Fizure €) extends fronm section 23,
T. 48 N., R. 14 W, to section 29, T. 49 N., R. 44 W,
A simple wedze of sedirmentary rccks 2300 feet thick
would ac-sunt for the 20 m;al anomaly vwhich 18 chown,
Proflls C-C' (Fizure ¢) bezins in section 34, T,
43 N., R. 43 wW. and extends to section 30, T. 49 N., R.
B3 W, This 20 mzal anomaly ié an unusual cne to fit.
All geologlcelly reasonable geometrice conflzurations
felled to aceccunt for a large deflclency c¢f gravity over
the northern pcrtion cf the profil:. Study of topesraph ¢
meps and aerial photocraphs reveals a circular sheped
hill which shows marked topographic similarities to
exposures cf rhyolite further eust. It is concluded

that & rhyclite body with a density cf 2.55 g/cc occurs in
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this part of the area. The residusl anomaly 1s satizsfied
by a wedge cf ssdimentary rocks 3800 feet thick plus a
body of rhyolite 1000 feet thick. The geomstric configu-
raticn cf the rhyolite used tc it the anomaly sug-ests
a possidble intrusive body.

Frofile D-D!' (Fizure 10) extends from cection 35,
T. 43 N., R. 42 =, to secticn 25, T. 43 N,, R. 42 W,

A 2300 foct welge cf sedlments 18 telleved to cause this
17 kgal anously. The neorth egllde of this wedze, the
Keweenaw fault, appears to be vertical,

Profile E-E' (Figure 11) has a total anomaly cf
21 rzala. It regins in section ¢, T. 43 N., R. 41 w,,
and extends ncrthwest to secticn 14, T. 43 N., R. 42 v,
A viedze of sedlments 4730 feet thick fits the ancmaly
very well,

The largest cf these ancmalies, 33 mcals, cccurs
cver profile F-F' (Fizure 12). This profile extends
from section 30, T, 49 N., R. 40 W., to sa2ction 21,

T. 50 N., R. 81 W, A €100 foot wedze of sediments
would account for thls ancoaly.

The gecmetric confizuration of the trouzh of
Jacobsville sandstone as determined from the interpre-
tation of the gravity profiles 1s different from that
norially postulated and as illustrated in Figure 3.

The north side c¢f the troush, which is the Keweenaw
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fault, 18 found to dip scuth, pcgsibly at & hizh angle,
rether than north. There are sgeveral pcselble explanations
fcr trhis interpretation, It 1s generally telleved that
the Keweenew faultling occurred in prot-Jeccbsville time
(¥amblin, 1058), If the faulting occurred es a eerles
of parellel feults incteed of one major fault, the
resulting anomzly could te misinterprcted as due to a
vertlcal cor souvth dipping favlt., Mcore detalled gravity
investizations over tre Keweenaw fault may reflect the
presence of perallel faults in the Bouruer gravity anomaly.
As 13 readily eviicnt frem the grevity profiles,
there 18 an eppearent chanze in dilp cof the fault froem
the west to the east end of the study area, The dip
of the fault apparently chan-es from near vartical,
eaet of Lalie Qogellc, to south con the western side of
the lake, This may bte the result cf chanze in the dip
of the fault or it may te evidence cf the fault dying
out and chainging to a monrcclinal ridge.
An alternative interpretation that may explain
the confizuration of the troush south of the Keweenaw
fault, surcests that defcrmation 18 concurrent with
dcposition., If this 13 the cace, each vertical movement
of the fault willl result in depositicn of clactic material
to the south from the tpthrowm s&lde of the fault., This

willl result in a vwedze cf sedlrments similer to a bajada.






(Ko
pIpcs

The density of this wedze will decereace evwey from the

source as a functlon c¢f sortinz (Kane, 15561). ThLis chunce

las

In densitly may result In a Loujucer gravity that mwy be
interpreted g8 a fault with a scuth 71p.
| Tte &bove interpretaticrs are cnly tentatlve
becauge of trhe Jifflculiy in Celiring the reolonal
gradiernt cf gravity. CZleveral attenpts were malos to de-
crease the grrarent roszicnal gradlent of gravity. This
would eteepen the recllucl gravity proefiles and result
iIn a gravity irterpretaticn rezrer to that of Fizure 3.
Hcwever, such attenpts resulted in rezicensl gSradlents
that did not fit the clzerved gredlent ¢f the Pouguer
gravity. The reslonagl gredicrt of gravity uced in thie
interpretation 13 eazsswed to Le valid., FKHovever, extensicn
cf the swrvey to the w.oet end soulh ney result in better
rescluticn of the resional graciexnt of grovity and better
definiticn of the recldual ancralles,

Prcfile G-G' (Fizure 13) bezins in sectiocn 22, T,
43 N., R. 42 ¥. and extcnds north=northwest across the
Iron River gyncline to the ncrth clope cf the Fereupine
Younteins in secticn 17, T. £1 ¥., R. 4% W, A residual
low ¢f 18 mgals exists over the trouch south cof the
Yeweenaw fault. A& lod of 25 n;als exlistis cver thie Iron
River cyrncline.

A 3000 focot wedse of seiimentary rocks £its the
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residuval ancmaly scuth of the Keweenaw fault. The
configuration ¢f the Ircn Fiver syricline 1s relatively
well known to the base c¢f the Ncnesuch ghale. The gzo-
rctrie confizuration used for the Ir.a River gyncline 1s
e triargular sraped boldy 2000 feet Ceep and six ndles
wide, a5 Cetlernmdred from a structure-contour tap ty
Larcernter; (176L). A Cerczity cf 2.4 g/cc vas uced for
the N:onesuch ghzle end the overlylr; Frelda sandctcre,
Lowever, the ernotraly conputed to the tase cf the Nonesuch
grale resulted 1n a gravity deficiency when conpared with
the recflducl gravity arorsly. An additlcnsl encmalous
source must te used to {1t the ctserved encwaly. Rhyolite
18 Tfow.d in Arill holes scuth &nd within tie Ircon Flver
syncline and in the Perevpline Mountelrs. Cersequently,
a rcdy of rhyolite 1g srcepesed to help eccount for tre
anonaly., Tre cdenslty of the rryclite weas escumed to te
2.55 g/cc.
The Yoly of rhyollte rcuzhly parallels the baee

cf the Ncnesuch

tn

hale, To the south of the syncline the
rriyclite 18 two miles acrcss strike and appears to thin
to no wmore than 2500 feet thlck under the syncline. It
exterds to the Porcuplrie Mountelns where 1t attains a
thickness cf 15CC to BCCO feet. DBecause cf limlted
etaticn coveraze, the conflguraticn of the rhyclite in
the Percuplne NMeuntalns preper muct le conzidered as

tentative,






CORCLUSICKES

l. A Dougzuer grevity anciuizly we) has been prepored
for the stuly area which shows sowme cf the mest interesting
gravity ancmalices that oécur in rocks of Keweenawan .

2. In generel, the gravlty map correlatcs ver;
well with the geology &s mapped by Wwhite (1:562).

3. The posltive ancralied correleate with the lava
flous cf Koweznawan age.

, The major gravity lcus between the Porcuplne
‘cuntains and the Keweenawsn Trep Ranze and south of the
Keweenaw fault ccrrelate with the Iron River syncline
end the troush of Jacotsville sandstone, respectlvely.

5. Gravilty profiles drawn over the Keweecnaw fault
indicate a decreasce in throw from northeast to scuthwest
varying from 6C00 feet north of Ewen to 3000 feet west
of Lake Gogebic. The dip of the fzult cppears to te
south instead of north as previcusly postulated.

6. The Bougucr gravity encmaly mep indicetes the
Keweenaw fault extends ccmpletely acrcss the study erea,

T. There i3 no apparent cffect of a deep-szated
density contrast thet might occur with the Keweenew fault
on the Bouguer gravity mep.

8. A gravity snomaly exlsts that correlates with

the White Plne fault. A similar anomaly occurs six miles






(W
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nertlcest of the ‘hilte Fire faulu.

Ge A gravity encrely exista that correlatces with
en winazed fault whilch extends southwest tirougn eectlons
Y, Cenl 13 1n T. 43 N., B. 44 W,

12, The Ircon River syncllie may te widerlaia by a
thilk roycllite btoldy tiaet externds into the Forcuglae
Lountadns. It 1. 2i00-2003 feet thlex under thwe gyncline,
1520 feet thilck in the Forcoplne Mountulinsg and exiends
for sue distarnce to the south ¢of the sy nelline,

11. The methcd of crcas-profiling dces nct eppear
to ke epplicable to tae study erea. However, smooth-
contourlng proved edeijuate.

12, Tie rsgicnal gredlent of sravioy, wileh
1acreases nerthward, can te attributed to thilciening cof

the levus down-dlp.

[
w

e Th2 agzlication cf gravity methods to the 1in-
vestijations of Precalizrian Terranced 13 a acelul tocl

fcr ceclesical explereticen,



SUGGEZSTICONS FOR FUTURE WORK

l. A detalled sampling of the varicus lithcloglc
units should be atterpted, using beth evalleble well cores
and outcrops. The subsequent densitiss obtalned should
be applied to the origlnal data collacted by the author
if significantly different frcm the values used in this
study.

2. Several detalled proflles are necessary to study
the Keweenaw fault for possible soluticns of the apparent
goutherly dip of the fault.

3. Among the many causes of varlation in the Bouguer
gravity anomaly map which warrants further investisatlicn
are the 'hilte Plne fault and asscclated enomaly to the
northeagt, and the faulting which occurs in the wouthwest
part of the study area,.

4, A detailed fleld mapping end petrolcgical study
of the rhyollte which crops out south cf the Iron River
syncline 1s in crder.

5. Several gravity stations should be placed in
critical polnts of the survey area to increase the valldlity
of this estudy.

6. The survey area should be extended to the east
end west for better resoluticn of the rezional gradlent

of the Bousuer cravity.
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T. The area snould be extended to the soiuth to in
the South Trep Rante to study the thiclmess c¢f the Jaccbvs

ville sandstone and its relaticnchip to the lava flovs,
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