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ABSTRACT

A.survey of the vertical magnetic field of the earth
was made with an Askania magnetometer at |ron Mountain,
Silver Lake Distlrict, San Bernardino County, California.

The readings obtained were used to draw the Tines of equal
anomalous intensities, or "isogams", on a geologic map of
the mountain. The pattern of the iscgams over the alluvium
is in accord with the southeast elongation and dip of the
orehodies exposed aon the hills. The anomalies over the
alluvium are probably due to sizable orebodies rather than
alluvial material rich in magnetite derived from the exposed
orebodies, for the anomalies are of large magnitude and
their trend seems unrelated to the present drainage nattern.
In some places, the anomalies confirm the fact that tne
exnosed orebodies extend far heneath alluvial cover.

Ore samples were analyzed for magnetic propertizs and
composition. Their mean susceptibility is between 0.10 and
0.17 and their remanent magnetism is about 10 times larger
than the magnetism induced by the magnetic field of the earth.
Polished sections of the ore indicate that it consists mostly
of hematite and magnetite in various ratios, the hematite
“predominating,

Depths to the centers of magnetic concentrations in
the alluvium were determined in two different ways: from

application of half~peak value rules 1o isogams, and from



the ana}ysis of data ohtained by measuring magnetic intensi-
ties atop a platform placed at the centers of anomalies.
Both methods gave values of less than several hundred feet
for the depths.

Feak anomalies over vertically polarized, surface=-
contacting ellipscids of revolution were computed and plotted
as function of true susceptibility, and of the ratio of the
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indicate that the exposed orebodies are rather flat. This
agrees with theliarge magnitude of ithe negative anomalies
surrounding the orebodies and with data obtained from holes
drilled through three of the orebodies by the U, S. Bureau

of Mines.

The ratios of the anomalies expected over vertically
polarized ellipsoids of revolution at depth to the anomalies
espected for the same ellipsoids at the surface were computed
and plotted as a function of the ratio of the principal axes
of the ellipsoids. The curves obtained were used to sstimate
minimum and maximum amounts of are which could produce the
anomalies observed over the alluvium,

lron Mountain probéb]y‘consists of two layers of breccia
‘alternating with two layers of conglomeratic sandstone. The
ore is confined to the lower layer of breccia. The intensity
of deformation and faulting increases westward f{oward the
crystalline~complex. The breccias and conglomeratic sandstone

appear to bhe arched hy the uplift of the crystalline-complex.



Four faults trend hortheéstward. One of the faults offsets
a large orebod_ya

The exposed ore repfesents erosion remnants capping
small hills and ridges. Upon the basis of the magnetic data,
the inferred ore beneath alluvial cover was calculated as
equal to about 10,000,000 long tons.,.

The source and structural history of the ores arsz
presented upon the basis of comhined geologic, magnetic,

and drill-hole data.



ACKNUVILEDGMENTS

The writer wishes to express his gralilude to Dr.
Richard H. Jahns for proposing that a magnetic survey be
made at |ron Hountain. The writer received inspiration
and guidance from Dr. Jahns, who supervised the geoclogical
aépects of this survey, and from Dr. Gennady %. Potapenko,
who supervised the geophysical aspects of this survey.

Dr. Potapenko spent much time critically reviewing the
interpretation of the magnetic data.

The writer is grateful to Dr. S. J. Barnett for the
"use of some of his lavoratory equipment in the calibration
of the magnetometer and in the determination of the magnetic
susceptibility of iron ore samples.

Credit is given to Dr. James Noble and Mr. Lee Silver
for the interpretation of the polished sections of the iron
ore, _

Mr. Richard Sharp was of considerable assistance in
obhtaining the platform readings.

The wife of the writer performed much of the plane

tabling and recording of field data.



CONTENTS

Page
INTRODUCTION 1
FIELD METHODS ' 6
CALIBRATION OF THE MAGNETOMETER 10
AHALYS|S OF ORE SAMPLES 17
INTERPRETATION OF THE ANOMALIES:
 Explanation of the Anomaly Map 38

Analysis of the Exposed Orebodies 42

Analysis of the Anomalies over the Alluvium 56

Estimate of the Ore Reserves beneath 63

Alluvial Cover

Structure and Geologic History 72
APPEND I X 81
REFERENCES 88

Magnetic anomaly map and stiructural cross sections are
on the back cover.



INTRODUCTION

Iron Mountain is in secs. 11, 12, 13, and 14, T. 15 N.,
R. 6 E., San Bernardino County, Californie, and is about 18
miles northwest from the town of Baker. A rough road extends
12 miles eastward from lron Mountain to U, S. Highway 127,
which passes through Bsker 8 miles to the south. The nearest
railroad is at Baxter siding about 20 miles southwest from

Baker. The siding is separated from U. S. Highway 91 by

6 miles of graded road., (See fig. 1.)
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‘Figure 1. (Location of Iron Mountain shown in red.)
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Tne lron Mountain orebodies consist of long tabular
masses of nematite-magnetite that dip, in Jeneral, to the
southeast., The ore exposed on the hills can be easily
shovelled from the surface. The ore which is inferred to
lie beneath alluvial cover would have to be mined by open=-
pit methods,

The mean elevation of the orebodies is about 2400 feet
above sealevels To the north, the Avawatz Mountains rise
3000 to 5000 feet above lron Mountain. To the south and
southwest, smaller mountains, which are an extension of the
Avawatz Mountains, rise 1500 feet above Iron Mountain.,

The nearest water can be obtained from wells near
Silver Lake, which is 12 miles to the east of and 1500 feet
below lron {dountain.

Brief descriptions of the ore deposits at lron flountain
have appeared frequently in mining journals since 1906,
However, a detailed account of its geology and an accurate
estimate of its exposed ore reserves did not appsar until
a joint article by tamey and Gilluly (1) was published in
1948, Under the auspices of the U. S, Geclogical Survey,
Lamey mapped |lron iountain in 1943 on a scale of 1000 feet
to the inch, and Gilluly remapped Iron Mountain in 1944 on
a scale of 200 feet to the inch., Core logs recoraed ny
Gilluly from U, 3. Bureau of Minegs diamond=drill holes
furnished a basis for several cross sections from which
tonnage estimates were made. The geology shown on the

enclosaed anomaly map was compiled partly from the map of
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Lamey and mostly from the map of Gilluly. The lithology
shown on the anomaly map is reproduced almost entirely from
the maps of Lamey and Gilluly; whereas, the fault system is
drawn primarily from evidence noted by the writer and does
not necessarily coincide with the faudts shown by Lamey and
Gilluly.

The iron ore breccia lies within the basal portion of
a layer of limestone breccia. Associated with the iron ore
breccia are separate lenses of quartz monzonite breccia, and
lesser amounts of andesite, basa]t, and rhyolite breccias.,

The ore=bearing breccias overlie Tertiary congiomeratic
sandstone, possibly with minor angular discordance.

As shown on the anomaly map, limestone breccia caps
hills a, B, and Y. 1% is underlain by Tertiary conglomeratic
sandstone ana is probably distinct from and stratigraphically
above the ore-hearing oreccias. Lamey and Gilluly have
indicated a single sheet of breccia on their maps; for Gilluly
considers the breccias to have been thrust-faulted over the
sediments.

Lamey and Gilluly state that the breccias have been
derived from a zone of contact-metamorphic minzsrals associated
with @ quartz monzonite intrusion. Jince the source rocks
of the bresccias have not been located, it is not possible to
~tell how far they have been transported. Whether the breccias
are sedimentary or tectonic in origin, or both, is a problem

not completely solved,



The gangue minerals consist chiefly of limestone and
dolomite, and.consist of lesser amounts of orthoclase, quartz,
and gypsum, Much of the ore is nearly free of gangusz, but
that which eppears cong]omerétic or represents zones of partial
replacement in limestone may contain from 10 to 50 percent
limestorne.

The older crystalline rocks west of |ron Mountain,
hereinafter designated the "crystalline-complex™, consist
predominately of quartz monzonite, having phenocrysts of
pink orthoc]aée as much as an inch in length in & grounamass
of quartz, hiotite, orthoclase, and plagioclase. Locally,
the groundmass is rhyolitic. There are lesser amounts of
hornblende andesite, diorite, and amygdaloidal basalts.

Although the local dip differs widely in magnitude and
direction, the prevailing dip ranges from 10°to 50°to the
southeast., The prevailing dip and intensity of folding
increase westward towaro the crystalline-complex,

Lithology governs the tbpography. lron ore and limestone
breccias form resistant cappings to ridges and hills that riss
several hundred fest above alluvium filled basins. Sandstone
crops out in saddies and gullies. Talus and wlluvium obscure
many of the lithologic contacts, Samples pits reveal the
presence of conglomeratic sandstone beneath the ore-bearing
kreccias. This sandstone is generally stained a reddish-
brown as a result of the iron minerals leached from the ore

above.



FIELD METHODS

The vertical anomalies at iron Mountain range between
-0.30 and +0.32 oersteds. The fiducial value chosen for the
‘anomalies is equal to the regional (normal), vertical field
~of the earth, namely, 0.44 oersteds. Hence, the anomalies
amount to as much as £ of the normal, vertical field of the
earth., The magnitude of these anomalies obviates some of the
refined corrections necessary for most magnetic surveys. The
corrections for the diurnal variation of the earth's field,
for the effects of temperature on the magnetometer, and for
the permanent changes of the elements of the magnetometer
produced by shock and wzar were lumped into one corrzction,
This was done by distributing the difference between two
hourly base checks uniformly among the station occupied
in the intervening time. The difference in base checks
taken two hours apart varied from 0 to 60 gammas, and
averaged about 25 gemmas. Because of the enormousnass of
the anomalies over outcropping ore, the base corrections
for traverses over the exposed oresbodies weres more a malter
of formality than of necessity; and for this reason, four
hours weres sometimes allowed to elapse between base checks.

The corractions were due Targely to effects of temp-
erature on the maanastometer. The magnetic readings decreased
rapidly with the rise of the sun on cold mornings, the

-1

temperature increasing in an hour from about 4°C. to 15°C,

Since a decrease in reading with an increase of temperaturs

required a positive correction, the instrument wes under=-

» : ) -5
A "gamma" is defined as 10 oersteds.




compensated for ~zmperature effects, The shift in readings
dug to the rise in tempsrature was considerably reducsd Dy
"warming-up" the magnetomster in the morninyg. This was done
by opening the door of the magnetometer cover and letting

the rising sun shine directly upon the main magncts before
taking any readings. In this way, the hourly courrections

for the early morning were reduced from about 75 to 29 yammas.
During the late afternoon, the corrections became negative as
a result of decreasing temperature; however, these correc-
tions were not large, for the temperature decreased slowly.
In regions of high magnetic anomalies, any systematically
calculated temperature correction is difficult to make, for
(according to Heiland (2) ) the temperature correction js a
function of the vertical magnetic field intensity,

The effects of diurnal variations in the earth's field
wefe‘smaT1 in comparison tao the effects of tomperature.
Throughout the field seascn, the possibility of magnetic
storms was not considered likely, because the agreement
between successive base checks was always rather close.

The zera point of the magnetometer decreased some
500 gammas (rom the first time the instrument was brought
into the field in November 1950 until the last time in May
1951. The decrease is too large to be ascribed solely
to secular variation of the sarth's magnetic field; and
hence, may have resulted from one or more of the following:
a horizontal shift of the center of gravity of the moving
system, a progressive dulling of the quartz knjfe edges,

or a weakening of the main magnets. Since, during the



field scuson, the sensitivity of the instrument decreased
about 1 percentl, i1 is probable tihat there was cither some
dulling of the knife edges or weakening of the main magnets,
or Loth, for the sensitivity is inversely proportional to the
vertical component of the distance of the center of gravity of
the moving system from the knife edfges, and dirzctly proportional
to the moment of the main magnets. Although the knifz =zdges
viere visibly chipped, it was possible to duplicete readings
to within 5 gammas if the instrument was set up twice in rapid
succession at the same location.

The anomalies over the gently sloping alluvium were
much lower "in magnitude, broader in areal extent, and shovied
more continuity than those over the ridges and hills outcropping
with iron ore. A square network of readings sbout 100 fezt
apart was takesn over the alluviumi wherecas, lingar profiles
with readings about 50 feet apart were taken in several direct=-
ions over each of the larger, exposed orebodies. A complste
network of readings taken 50 feet apart over the orechodies
would be useful, but there was not sufficient timeg to take
the thousands of readings such a close network wouli havs
necessitated., On the alluvium, control points were determined
by stadia rods. On the ore-~hearing hills, stedia rods were
used sparingly; rather, mine adits, drill=holz sitzs, and
nrominent topographic features were used as contral points,
beéause they are accurately located on Gilluly's map, a tracing

of which was used to plot the location of the magnetic readings.



“Wherever the anomalies changed abruptly, the readings were
spaced as close as 25 feet in order that the magnetic profiles
might show better cnnfinui{y and more accurately indicate

the true maxima and minima.

In order to obtain additional data for the determination
of the depth to the disturbing masses, a platform 11.7 feet
high was constructed. It was assembled with brass holts,
wingnuts, and screws in order to be non-magnetic and gasily
disassembled for automobhile transport. However, the platform
was not used much for there were only a few places where the
anomaly associated with one localized magnetic mass was
relatively undisturbed by the influence of a neighboring
mass and where the topography was not too steep for a

platform setup.



CALIBRATION OF THE MAGNETOMETER

‘For the calibration of the magnetometer, a coil of
10,000 turns was centered axially over it, so that the quartz
knife edges of the magnetometer lay in the plane of the coil.
The current which was passed through the coil by dry cells
wés measured by a precjsion Weston D. C. ammeter accurate to
3

% of 1 percent at full scale after proper temperature correction,

The axial field intensity at the center of the coil is

10R

where N= number of turns = 10,000
I= current in amperes through the coil
R= mean radjus of the coil = 23.23+0.05 cm

Equation 3.1 considers the coil tc be a flat plane of no thick=
ness. To compute the effect due to the thickness, a formula
#as developed as follows: The equation for field intensity

along the axis of a single loop is

27IR*
TO(R—+ Z5)%

302 . h =

where the new quantity z = the axial distance from
the center of the loop

The field intensity at the geometrical center of a coil of

“many turns may be obtained by integration of squation 3.2;
+7 )
3.3 Ht = | emNiR"dz - 2|

C, OT(R¥ 25)% 0VRe+ (1/2)
- a

where the new quantity T = the thickness of the coil

The proportional difference between the field intensity

determined by the equéiion 3.1 and that determined by equation



3.3 is

2uNl =il
3.4 H = IR 10V @2 T2/4
H 2mi |
10R

= V1 + T/4R - 1

~ /(TR since 1>> T/2R
For T = 3.75 cm and R = 23.23 cm, equation 3.4 yielded 1/308.
Thus the field per unit of current determined by equation 3.1
had to be reduced 1 part in 308 to allow for the thickness of
the coil.

A correction was made for the fact that the field intensity
acting on thes four poles of the paired needles of the magnet-
ometer was greater than the field intensity at the centsr of
the coil. According to Smythe (3), the normal component of

field intensity at a point off-center in the plane of @ loop is

3 -

R - r
(R =~ r)

3.5 H" = K -+

where the new quantities are

r = radial distance from the center of the loop
=4.1 cm, assuning that the polss are at o
distance in froum the ends of the nszadles

-~ 1/12 of their length. (See Heiland (2).)

K = an elliptic integral of the first kind

W
[t
o V1 - bRr sin*/(k + r)*

£ = an elliptic integrai of the second kind

L
4/1/ 1 - 4Rr sin®*d/(R + r)* 4@



Substitution of numesrical values into equation 3.5 showerd that
the field intensity was 2.4 percenf greater at the poles than
at *he center of the loop. FEquation 3.1, when corrzctaed for

the thickness of the loop and the increased field strength at

the pole positions, gave
3'6‘ H = (2'(56] iO‘]O)'

The scale sensitivity of the magnetometer was determined
by noting the amount of current required by the coil to produce
a inen deflection of the scale. The sensitivity «t the center
or zero position of the scale was 0.0183 divisions/gamma.
The sensitivity increased monotonically from 0.0176 divisions/
gamma at the extreme negative scale deflection of -4Q divisions
to 0.0190 divisions/gamma at the extreme positive scale
deflection of +40 divisions. That the sensitivity is a function
of the scale deflection arises from the fasct that the vertical
component, d, of the distance of the center of gravity of the
moving system from the knife edges changes with scule displace~
ment. A negative scale deflection, expressing a decrease in
intensity of the vertical field, lowers the center of gravity;
and conversely, a positive deflection, expressing an increase
in intensity, raises it., Since the sensitivity is inversely
proportional to d, the sensitivity would be expected to decrease
with a neygative deflection, and to rise with a positive
deflection. This agrees with the experimental observation.

Since the sensitivity varies with displacemznt, and since,
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it is the tangent of the angle of scale rotation rather than
scale displacement which is proportional to changes in the
vertical magnetic field, the attempt was made in gathering
the field date to keep the scale deflections close to zero
by use of the auxiliary magnetis.
o The auxiliary magnets were calibrated by using the
magnetometer as a null device; that is, a scale reading with
no @agnet and no coil current was recorded. Then, after
setting an auxiliary magnet at a known distance from the
knife edges, indicated by a brass scale built on the instrument
for that purpose, the amount of current required to return
the scale to its initial position was then recorded. Current
values corresponding to various distances of each of the
three magnets from the knife edyges were recorded in positions
both aiding and opposing the vertical field of the earth,
designated respectively, as the S/N and N/S positions. The
current values were then reduced to gamma values by equation
3.6, In figure BT, the absolute values in gammas are plotted
against the distance of the center of the auxiliary magnets
from the knife edges.

The scale had a range from -2250 to 42100 gammas about
its zero. By various combinations of the scale and the
auxiliary magnets in different positions, it was possible to

read continuously anomalies from -31,500 to +32,000 gammas,

TFor details concerning the significance of the curves in
figure 3, see note 1 in the appendix.
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An attempt to calibrate the magnztometer within a
building was abandoned beceuse the field intensity varied
erraticaliy, and, as a result of the steel framework of the
building, the field intensily was rzduced to about nalf that
of its regional value cutside. The instrument was calibrated
in an open field where the magnetic intensity wus comparatively
constant as a result of the nearest power lines ana buildings
being nearly a mile away. At this locality, the vertical
field intensity was such that the instrument scalz rezad
approximately zero with no auxiliary magrets, This w~as
desiraktle for no large counter=-current had to be seat througn
the caliorating ceoil in order to keep the scalz ncar its
zero value. Had such a counter-~current bzen nccessary, the
desired current changes would havs bezn less uccuratzly
measured as 3 result of tneir supzrpoesition upon the countar-
current.

An Askania Helmholtz coilt designed especially for the
field determination of scale sensitivity, gave sansitivity values
in fair accoraance with those given by the single coil, Th=
Helmholtz ccil can be used to calihrate the auxiliary rag-
nets. 0Oy making the proper intcrchange of magnets, it s
possibie to celibrate them in terms of divisions of scale
deflection, and after the determination of the scasie sensitivity,
to reduce them to their effecltive guwsma values. However, this

would not 02 a very accurate procedure, for the scale

P A Helwholtz coil consists of a pair of identical coils
oriented so that their axzes coincide, and so that the distance
between tneir planes is equal to their diameter,



sensitivity is 4 function of.the deflection, Furthermore,
reversed maxinum currents throuyh the Helmholtz coii produced
a deflection of only 10 scale divisions or aboutl 550 Jamnas.,
To calibrate the large magnet, the value of ahich ranges

from 12,000 to 30,000 gammes in its positions of extreme ad=-
justment, in taerms of 10 scalzs divisions equalling about 550
gammas, would bhe a large extrapolation introducing a com=-
pounded error.,

Since the single coil had 10,000 turns and ths Helwmholtz
pair nad a total of 40, the former required less current to
produce a given fiz2ld intensity than ths latter. The use
of small currents has the advantage that they can be furn-
ishad by dry cells with excellent regulation, and can bs
mzasurad over & wide rangs of valuzs on one pracision multi-
range ammzter.,

A Helmholtiz coil has the advantage over a single coil
in that tne correction for its axial and radial variation of
field intensity is usually negligible. The hest type of
coil for magnetomster calibration would be a Helmholiz pair

vwwith several thousand turns.



AHALYSTS OF ORE SamFLIS

Humerous samples of ore weres selectzd at randoi from the
outcrops of the major orehbodies., The orebody from which each
sample was taken was racorded,.

The streaks of the samples wers various shadss of black,
brown, tan, or rec. The streak of an individual sample was
rarely a single color. A pure black streak was assumed to be
due toc magnetite; pure red, to hematite; and tan, to goethite.
The stfeaks showing composite hues were presumed to represent
various mixtures of thess minerals. 3JSome samples consisted
of intergrowths of octahedral, dodecahedral, and even cubic
crystals of magnetite as much as an inch in dianmeter. These
crystals haa streaks ranging from black to hrown, and some
of them could be lifted by & permanent magnet. They probably
represent primary magnetite (FeBO+) being weathered into
martite (Fe,0,). No correlation could be made hetwsen the
streak qualities of the samples and the major oreboaies
from which they were taken.,

Table 1 gives the results of the chemical analyses of
the ores listed hy Johnson and Ricker (%) of ths U. 3. Burzau
of Mines, The iron content of the four classes of org analyzed
exceeded 52 percent, which is the lowest limit for material
acceptable in steel blast furnaces. The hiyh iron content of
the deposits is the justification for calling thein "orebodies".

Polishad sections were mads of thre:z ore samplzs having

widely different streak characteristics. Two, or possibly
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Analyses of iron ore from Iren Mountain deposita (Silver Lake)

A B c D
Fo_____._ 58 8 57.2 55.6 54.2
N80k oo enns 3.9 E 3 N IO
803 - 2.6 1.7 5.9 8.73
8o 0.01 0.01 0.13 0.087
P 0.03 0.03 0.014 0.012
[ 071 & 2RI 5.6 8.2 4.04 4.49
MgO- - 2.0 1.2 2.58 2.41
Al e e ciaan 0.9 0.8 2.32 2.94
MO e 0.1 0.1 0.05 0.06
CUe oo 0.06 0.02 oo
Pbe e 0.05 R T I
BN Nil NIl oo
TiOg oo 0.05 0.05 | _oofeeeaoos

A—Surface anmples, north outerop.
B—=8urface samiples, south outerop.
(—Ore indicated by diamond drilling,
D—Ore inferred by diamond drilling.

three, primary minerals were noted. The bluish metallic laths
were identified as magnetite upon the basis of the black powder
produced by drilling into them with a tiny diamond drill.
Within these laths were some brighter specks, which might well
have been ilmenite, except for the fact that table 1 shows the
presence of only a minute amount of titanium. [Intergrown with
the'magﬁetite were ]a{hs of a pitted gray mineral which was the
most abundant mineral in the specimens. This mineral was hema-
tite (possibly the specularite form) as evidenced by the bright
red powder produced by drilling into it with the diamond drill,
The fact that the hematite appeared brighter than the magnetite
accords‘with the larger coefficient of reflectivity commonly

listed for hematite. Visual estimates of the mineral content
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of the threz polished sections are recordsd in table 2,

Tabie 2
Sample magnetite grmatite Hematite,Goetnite,Limestong,
(primary) (primary) and Silicates
(seconaary)
€253 15 60% 20%
cesh 40 55 5
€255 25 55 20

The fdct that C254 jumped readily to a magnet corrobor-
ates the visual estimate for it of a high magnetite content.

There is no evidence for the presence of maghemite in
the polished sections. According to Newhouss and Glass (5),
maghemite is supposed to be developed along fractures, grain
bounoaries, and along octahedral directions; and it is commonly
a weathering product. Diamond drilling into the primary inter-
growths of the polished sections failced to disclose any darlk
brown powaer wihich signifies the prescnce of maghemite; but
some maghemite may have escaped detecltion in the veinlets
filled with soft alteration producls. 3ince, as will be
shown subsequently, the magnetic susceptibi]ity of the pol-
ished sections seems to be related to the content of magnetlite,
it is not necessary to postulate the presence of maghemite as
the cause of the higyh susceptibilities. Since the sampies
which appeared to be almost wholly alteration products had
low susceptibilities, little maghemite could be present in
the veinlets of secondary minerals.

The high susceptibility of the ore may be attributed

entirely to magnetite if tne primary nematite in them is of



the ordinary type, the susceptibility of which, according to
Heiland (2), ranges from 40 x 10°to 100 x 107°. Even if the
primary hematite should be wholly of the specularite variety,
the susceptibility of which, according to Heiland (2), is
3200 % 107°, its effect on the susceptibility of ore contain=
ing appreciable magnetite would be negligible, for magnetite
has a susceptibility several hundred times greater than that
of specularite.

By means of the magnetometer, the susceptibilities and
the ratios of remanent magnetism to the magnetism induced by
the vertical field of the earth were roughly determined for
25 samples. The samples were placed at a known distance be=-
neath the magnetometer and oriented so that both the maximum
and the minimum possible readings were obtained. Such read-
ings occurred when the remanent magnetism was oriented essen=-
tially parallel to the earth's vertical field, the maximum
resulting from the remanent magnetism aiding and the minimum
resulting from the remanent magnetism opposing the earth's
vertical fields One sample had one minimum and two distinct
maxima. The field intensity due to remanent magnetism is
b1 Hy = ‘T(f’-—;—i—)
and that due to induction by the vertical field of the earth is
4,2 Hy = _.]_.(E;_:._S.e. -so)

c 2
where ¢ = scale senéitivity
s, = maximum scale reading

s:= minimum scale reading
s, = scale reading with sample removed



The ratio of the remanent magnetism to the magnetism induced
by the vertical field of the sarth is proportionai to He/Hi o
In order to obtain the ratlio of 1he remanent magnastism 1o
the magnetism inducible by the total field of the earth, H;
was multiplied by the ratio of the total field of the earth
(0.49 ocersteds) to the vertical component of the ficld of
the éarth (G.4] oersteds); a step which is justified bzcause
the susceptibility of magnetite is nearly constant for small
differences in field strength. For 23 out of the 25 samples,
the results were conclusive that the ratio of the remanent
magnetism to the magnetism induced by the total field of

the earth was definitely greater than unity, the median of
the ratios being about 10. For the other two samples, the
results were indeterminate because they produced no percept-
ible scale deflection. Since the samples were held at a
distance below the magnetometer large compared to their
sizes, they were assumed to behave as simple dipoles. The

field of a dipole along its axis is

.3 H, = —

the moment of the dipole, or, in this
case, the induced moment of the sample
r = the distance between the center of the
sample and the main magnets of the
magnetometer

where M

i

Upon substitution of k'VH for M , where k' equals the

geffective susceptibility, V equais the volume of the sample

the
in cm® , and Hp strength of the inducing field in gauss, and



upon solving for «', equation 4.5 bzcams=s

b b Lt o= s
Z\VH
In order to ascertain their true susceptibilitizs, the
demagnastizing effect of the samples upon themselves was
considered. 3Since only rough accuracy was desired, the mean
shape of the samples was assumed to be spgherical. As 4
function of the effective susceptibility, the true suscept-

ibility of a sphere is

!
4. ke =
. 1 = 4/37rk?

The true susceptibilities calculated by squation 4.5 ranged
from impercaptible valuzs to 4.0, and had a median value of
about C.10. The anomalies of the major orebodies could not
be correlatad with the suscaptibilitias of the samplas taken
from them.

In order to determine thes susceptinilities of 14
samples accurately, a ballistic method was used., Ballistic
methods of susceptibility desterminations make use of the
fact that the induction currant produced in a coil by pulling
a magnet through it rapidly is proportional to the momznt of
the magnet.

In order to eliminate the effects of remanent magnot-
ization, the samples were powdered by means of a mortar and
pestle. The powders obtained were put in small cylindrical

giass tubes which had corks at both znds. The tubes
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averaged about 0.7 cm in diameter in their interiors and 7.0
cm in length. They were jarred to pack the powders as tightly
as possible. The density of the powder in each tube was
determined to an accuracy of about 1 percent.

The equipment for the accurate determination of the
éusceptibi1ities of the powdered specimens comprised a large
double~solenoid, and Einstein—de Haas coilT, a Hibbard Standard
flux generator, a test coil, a ballistic galvanometer, batter-
ies, and resistance decade boxes. Figure 4 illustrates how
part of this equipment was set up. The Einstein-de Haas coil
was centered within the large double-solenoid. The ballistic
galvanometer was hooked across the Einstéiﬂ-de Haas coil. A
uniform magnetic field was produced within the large double-
solenoid by current supplied by the batteries. The sclenoid
was oriented at right-angles to the field of the earth in
order that the component of the earth's field along.the axis

of the solenoid would be zero, The specimens whose magnetic

T An Einstein-de Haas coil consists of a pair of symmetrical
double~solenoids placed axially adjacent to each other and wired
In opposition so that their combined self~inductance is zero.
The deflection produced by moving a magnetic dipole through
both solenvids is twice that which would occur for movement
through one solenoid. Since this coil enables the specimens
to be moved through a uniform field, the effects of eddy
- currents and of time delay in magnetization are eliminated.

’ The accuracy of the susceptibility measured by those
methods which depend upon the detection of a small change of
self-inductance of a coil when the specimen to be tested is

placed within it is limited by the necessity of measuring small
differences in ballistic swings. When an Einstein-de Haas
coil is used, the swing of the ballistic galvanometer is due

solely to the magnetic moment of the specimen to be tested,
-See note 2 in the appendix regarding the calculation

of the coil constant.



*ua11oas Sso0dd | 2uipn}ifuo]

B Ul UMoYs ode [ 102 SBeY Jnnc_ T}suULT eyl pue plousios
-ajanop eyl rsuollediwdsio mwm__g_#angnf Jo) pasn
ruswdinbe eyy Jo 1aed Jo cgwmvm Jijrwweavp=~luss y

NAWIITIES 23830CMN0E -

#ILINONYAIYD

SO Sy 30 SNIJASNES

GIONITIE T a0 o .



o
Uit

moments were to be determined were jerked from the center of
one Einstein-de Haas sclenoid to the center of the other, and
the resultant deflection on the critically damped galvan~
ometer,récarded.

The galvanometer deflection could not be calibrated
directly in terms of the accurately known flux generated by
the Hibbard Standard, because as a result of the high sensi=-
tivity required for the accurate detection of the magnetic
moment of the specimens, the lowest flux output of the
Hibbard Standard was several times beyond the range of full
scale galvanometer deflection. This problem was solved by
use of a test coiITwhich was, in effect, a secondary standard
calibrated in terms of the Hibbard Standard.

The galvanometer deflections were non-linear, foar the
Hibhard Standard did not produce opposite deflections of
exactly the same magnitude when the connections to the
galvanometer were reversed. However, the correction for
noen=linearity amounted to an extreme of only 0.25 percent
at tull scale deflection,

The magnetic moment of a specimen is

4,6 M = ¢D

where ¢ = galvanometer sensitivity determined by
: use of the intermediary test coil
D = galvanometer deflection due to the
specimen

T For details regarding the calibration of the galvanometer,
~see note 3 in the appendix,
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The effective susceptibility of a specimen is

);“7 Kt = _ﬁ._
VH
where M = magnetic moment of the specimens deter-

mined by equation 4.6

volume of the powdered specimen

magnetic field intensity produced by the
large double=solenoid

v
H

I}

Substitution into equation 4.7 of 1G for H, where | equals
the current through the large double-solenoid, and G its coil

constant T, and substitution of ¢cD for M gives

+0 = T
For a constant magnitude of field in the double-

solenoid, each specimen was pulled through the Einstein-

de Haas coil four times in the same dfrection, The polar-
~ization in the specimen was reversed for each successive read-
ing, This was done by alternately reversing the field in the
double~-solencid and reversing the orientation of the specimen
1860° . Owing to the starting of an equilibrium B-H cycle,
the first reading was always higher than the last three.
Because the galvanometer period was rather short, it was
~difficult to measure its peak swing precisely; hence, for
greater accuracy it was desirable to use the average of the
‘data from several readings. However, only the first reading

was valid In determining the initial susceptibility., In

tFor the calculation of this coil constant, see note 1 in
- the appendix.
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order to improve the accuracy of the determination of the
initial susceptlibility, a computational procedure using all
four readings was developed. The arithmelic mean for each
set of four readings wes computed. The residual of gach
first reading from the mean of its set was computed in terms
of~percentage. Then the mean of the residuals of the first
readings for all 14 specimens was computed and found to bhe
1.1 percent. In order to give a statistically corrected
first reading, the mean of each set was increased by 1.1
percent, This correction is based upon the assumption that
in a constant magnetizing field, the retentivity of the
specfmens is linearly proportional to their susceptibility.
This entire procedure was performed separately st field
strengths of 1, 5, and 25 oersteds, and the effective sus-
ceptibilities calculated, respectively, by equation 4.3,
The cylindrical shaped specimens were corrected for
magnetCmetric1_demagnetizationa The true susceptibiiity,
k , in terms of the effective susceptibility, k', and the

demagnetizing factor, ) R

9k = K-
-7 = TTTRRT
tThis dbmaqnut zation is called magnhetometric for it con~

cerns the reductian cf the magnetic moment produced by the
demagnetizing field, and must not be confused with the re-~
duction of flux through a szarch coil centered about a
straight iron core solenoid, an eifect alsc produced b

the demagnetizing field. (86; Bozarth and Chapin (&), {
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A rigorous SO]U&iOﬂvaF the Semagn@tizing factor of a cylinder
oriented with its axis paraliel to a uniform magnetic field
cannot be develuped because lhe field within the cylindsr is
not uniform and the susceptibility of ferromagnetic sub-
stances is a function of the resultant field strength within
them. Because a uniform external magnetic fioid produces a
unfform field within an ellipsoid, a rigorous solution for
its demagnetizing factor can be derived., Since the spescimens
were quite elongated, their shape can he approximated by a
prolate ellipsoid of revolution. According to Webster (7),
the demagnetizing factor for a prolate ellipsoid of revo=-
ution is

z

LI-.]O )\’: ] - £

ot
e

__I_M(J +e) ] },
28 ] - &

where & = Ya - b /a ( @ is the major axis and b
is the minor axis)

The ratio of the diameter to lzngth of the specimens was
~about 1 to 10, Substitution of a = 10b into equation 4,10
~gives 0.020 for A . This is slightly larger than the true
value for the cylinder being_approximated, because the mean
distance of the divergence of field intensity ffom the center
of the ellipsoid is slightly less than that from the center
of the cylinder. |

The value 0.020 was substituted for N into equation

h,9, and the true susceptibilities of the powdered specimens
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were calculated. |n figure 5 these susceptibilities are
plotted as abscissae for field strengths of 1, 5, and 25
oersteds, and the specimens are arrandged in order of ascend- -
ing'susceptibility along the ordinate. Straight lines con-
nect the observed points. Because of the inaccuracy result-
ing from very small galvanometer deflections, the low sus-
cébtibi%ity portion of the curve for 1 oersted field intensity
was omitted., The observed increase of susceptibility with
increasing field strength accords with published results of
experiments performed on magnetite at low field stréngths.
(See Newhouse and Glass (5) and Nettleton and Elkins (8).)

The fact that powdered specimens, AA, C254, and GG
had high susceptibilities, had a metallic luster, and were
gray-black indicates a high concentration of magnetite.
- The fact that the other specimens had relatively low sus-
ceptibilities, had an =zarthyluster, and ranged from reddish~-
brown to tan indicates the predominance of hematite and
goethite.

After the test for the induced moments in a field
of 25 oersteds wasvcompieted, the field in the large cdouble-.
solenoid was reduced to zero and the specimens were tested
for remanent magnetism. Only six samples had remanent mag-
netism large enough to be measured accurately. (See fig. 6.)

In order to obtain an approximation of the suscept-
ibitity of the solid rock from which each powdered specimen

was derived, the susceptibility of each powdered specimen
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Specimen

was multiplied by the corresponding density ratio of the
solid to the powder. The results are shown in figure 7.

The order of increasing susceptibility is changed somewhat
from that in figure 5. The mean susceptibility of the 14
specimens is about 0.10. The density correction is based
upon the assumption that the susceptibility is linearly
proportional to the magnétite content. This holds true only
for low concentrations of disseminated magnetite. The

- susceptibility of highly concentrated magnetite increases
faster than the first power of the maghetite content., Since
ihe magnetite content of the specimens was rather high, the
density correction tended to give a susceptibility for the
solid form which was too small.

There are three factors which cause the susceptibility
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to incrcasc fustor thun the first powcr of the mugnetite
content:

1. Closer packing tends to eliminate the demagnet-
ization due 1o the sepuaration of the individual magnetite
particles, Maximum limits for this factor can be casily
calculuated if certain assumptions regarding the shape and
distribution of the magnetite particles are made.

2. Owing to the reduction of demagnetization produced
by closer packing, the field strength within the magnetite
particles is increased, An increcase of field strength
produces an increase of susceptibility. (See fig. 5.)

This factor can be ignored because the change of field
strength would not be of large magnitude, |

3. Even if the demagnetization is assumad constant,
the effective susceptibility of a medium containing a random
distribution of magnelite particles is a non-=linear function
of the magnetite content. The permeability of the maynetite
particles was about 2 or 3, and that of the interstitial
material consisting of air, hematite, and gangue minerals
was about 1. Because of the razlatively small permeability
contrast within the specimens, the departure of the suscept-
ibility from a linear dependence upon the magnetite content
was not overly large. Although this factor is significant,
it has been iqgnored because it is difficult to computs.

The effect of only the first factor was calculatad.

An upper limit for the susceptibility of the solid specimens



~was made on the assumption that the magnetite existed as
isolated spheres in the powdered form and that it pervaded
the solid form homogcncously. The mean susceptibi]itybof
the solig¢ samples, 0,10, was substituted into equation 4.5,
This yielded a maximum susceptibility of 0.17. This maximum
is probably large enough to account also for the second and
third factors, |t is of the same order of magnitude as the
susceptibility of the solid samples crudely determined by
fhe magnetometef, The actual mean susceptibility of the
solid samples is probably between 0.10 and 0.17.

The curves in figurés 5 and 7 rise somewhat hyper=-
bolically with increasing susceptibility, and thus indicate
that the susceptibilities of the specimens are skewed toward
the low values. This probably resulls both from the fact
that the mean volume concentration of magnetite in the ore
is much less than 50 pefcent and from the fact that. the
susceptibility increases faster than the first power of the
magnetite concentration., The two humps on the curves are
second order features which might not appear with a larger
samp]ing of the population. The powdered specimens, which
were derived from the comminution of cobbhle-sized ore samples,
have a wide range of susceptibility. The spread of suscept-
ibility values might have been considerably reduced had the
powdered specimens been derived from ore samples the size
of boulders, and, accordingly, the estimaté of the mean
susceptibility would have been more accurate.

. Because susceptibility is not only a function of
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magnatite concentration, but also of the shapes of the magnetite
particles and their positions relative to each other, an
accurate estimate of magnetite concentration cannot be made
from the susceptibility alone. For samples having large
susceptibilities, the "packing effect" causes the magnetite
concentration to he overestimated. Such an overestimats
occured when the magnetite concentrations of the powdered
specimens corresponding to the polished sections were cal-
culated “rom their susceptibilities. The concentration of
magnetite calculated in this manner for polished section
C25h was about twice that estimated for it visually,

Most striking is the result that for a field of 29
cersteds, the magnitude of remanent magnetism (see fig. 6)
was only 1 to 13 percent of the magnituge of the induced
magnetism; whereas, the ratio of remanent magnetism to
magnetism induced by the garth's field was about 10 to 1

for 23 out of 25 samples. |In places, the ore has apparently
been exposed to field intensities large enough to produce
magnatic saturation. Neither telluric currents nor the
indirect inductive action of electrical discharges in the
atmosphere would seem to have magnitudes sufficient to
produce this large remansnt magnetism. The chance that ail
the samples were picked from the boundaries of the orebodies
where the divergence of the magnetization was unusually
large does not appesar great, for the sampling was conducted
randomly, and at least some of the 25 samples would be ex-

pected to have remanent magnetism equal to or much below that
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ascribable to induction hy the field af the earth. Perhaps,
this remanent magnstism reéu]ted from the cooling of ore
formed at temperatures above the Curie point and at extra-
ordinary pressures., The magnitude of such an effect is,
however, anknown. An explanation which readily suggests a
cause pofent enough for such universally large magnetization
is that lightning has struck the orehodies from time to time.
According to Heiland (2), currents of 20,000 amperes are
common in lightning discharges.

As shown subsequently, the magnitude and distribution
of the magnetic anomalies over the orebodies, although locally
erratic, are in general accord with induction by the present
field of the earth. This implies that the effects of induced
_ magnetism predominate over thoée of remanent magnetism, Two
hypotheses are advanced to explain this discrepancy:

1. During times of electrical disturbance, electrons
are attracted by the inductive action of the atmosphere to
a thin, upper surface laver of the earth; therefore, the
current from the ensuing lightning discharges and, hence,
the effects of magnetic induction concomitant with them are
most concentrated at the surface. HNo samples of solid ore
were taken at depth to test‘whether or not the remanent
‘magnetism decreéses downward.

‘ 2, The source rock from which the orebodies were derived

was strongly magnetized by lightning. Although the original
polarization might have been unidirectjona], the disintegration

of‘the.source rock randomly disoriented the polarization;
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and as a result, although the remancnt magnetism is preserved
in the compqpent rocks of an orabody, i1ts meun effect over an

entire orchody is approximately nullified,



INTERPRETATION OF THE ANOMALIES

Explanation of the Anomaly Map

At Iron Mountain the regional magnetic field has a
vcrtica] intensity of 0.44 ocersteds, an inclination of about
60°, and a declination of 1577 to the east, The zero level
for theranomalies was chosen over the alluvium where they
had a minimum range of vé}ues. Such places were far from
the orebodiés and contained little iron ore floa{, The zero
level chosen was O.m5k0ersteds higher than the vertical field
intensity recorded 12 miles to the east at Silver Lake, which is
a playa. | |

Since |ron Mountain is faulted, in part at least, against
the crystalline-complex, and since the exposed‘crysta1line—
complex shows a wide regional variat}on in composition, little
inference concerning the compasitionkof the basement beneath
Iron Mountain can be made upon the basis of surface geology.
However, the negative anomalies over the crystalline-complex
increase uniformly toward zero as the distahce from the ore-
bodies increases, a fact which may indicate that the basement
beneath |Jron Mountain is also composed of quarlz monzonite.
The high degree of continuity of the anomalies over the quart:z
“monzonite attests its homogeneity and tends to exclude the
‘presence of magﬁetite—rich streaks within it.

The shallow deposits of iron ore and the talus derived

therefrom tend to mask the effects of the underiying basement.
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The basement probably does not affect the local variation
of anomalies at Iron Mountain, but may significantly affect
the regional variationﬁ and thus influsnce the value chosen
for thé zero ?eveit

The susceptibility of the conglomeratic sandstone is
quite insignificant. The susceptibility of the limestone
is probably insignificant in spite of the fact that iron
minerals transect it locally. \Viherever the alluvium is rich
in iron ore talus, large susceptibilities exist,

Isogams (iseanomaly contours) were drawn over the
alluvium and crystalline-complex, which are places where
the readings showed definite continuity from station to
station. On the hills where the orebodies outcrop, there
was little continuity even with 25 foot spacing betwesn
readings; therefore, contouring over the exposed orehodies
is upwarranted.

With little loss of accuracy in the placement of iso=
gams, the anomalies were expressed to the nearest 100 gammas,
The iscgeam interval was selected as 500 gammas up to anomalies

of ‘2000‘ gammas, and a3 1000 gummas for anomalies above

EOOOIQammas. Isogams were not drawn for values greater
than’ﬁOOO'gammas, because such values exist in the immediate
vicinity of the orebodies and thus show little continuity.
Apparently, there is no broad regional anomaly embracing

the whole of Iron Mountain. This is indicated by the fact



L0

that, sven in places of intense anomalies, the zero isogam
demarks the limit between closed positive and negative isogams,
Furthermore, separate areal integration of the recorded
positive and negative anpmalies would jive approximately equal
+alues. The intensity of the localized anomalies over |ron
Mountain renders the detection of a regional anomaly difficult.
For this reason a second derivative map of the arsza was not
madea, In order to detect the regional anomaly accurately,

a broad strip of readings several times the area previously
covered should be taken entirely around lron Mountain, a strip
whiech would he characterized by much less local variation of
the anomalies.

The calculation of a second derivative map of the
alltuvium, in order to leave as residual, second order features
associated with its closed isogams, could not be made easily,
for the lack of uniform spacing among the stations requires
laborious interpolation among station values; nor accurately,
for the distancs between stations is & sizable fraction of
the first arder features indicated by the closed isogams.

Attempts to make exact determinations of the depth,
form, and maqnitude of the oreoodies are difficult because
the proximity of the orebodies to szach cther afforas poor
resolution of their respective anomalies, and bscause the
effects due to remanznt magnetization are rather significant.
The qualitative interpretation of the anomalies should be
stressed over a quantitative one. Calculations are made in
order 10 ascertain relative madnitudes rather than precise

values.
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_The shallow'disturbing masses tend to mask the effects
of the deep ones. In two definite instances, rather large
anomalies were associated with a superficial thickness of
lroh—rich talus. The zero contour.between positive anomaly
A and negative anomaly ¢ coincides with the termination
of the iron-rich talus eroded from orebody C. The high
positive anomalies on the bank of the gully due south from
‘orebody ¢ exist’over mounds of iron-rich talus which are

as much as ten feet thick.

The effects of remanent magnetization, although strong,
are rather Iocalized; for the anomalies over the orebodies
generally accord with induction by the present field of the
earth., Even though the susceptibilities determined for the
surface ore samples had a wide range of values, it is possible
that the mean susceptibility of é large number of samples
would be fairly constant, and would approximate the mean
susceptibility within the interiors of the orebodies. This
assumes that the orebodies are essentially homogeneous on
a large scale, Locally, however, the orebodies appeared
unevenjy wealthered, and showed variable composition. Some
ore was méssive and nearly pure while other ore appeared
conglomeratic in nature and contained considerable limestone

gangue.,



Analysis of the Exposed Orebodies

Since negative extreme ancomalies of a magnitude equal
to about @ fifth that of the central positive extreme anomaly
surrounds most of the exposed orebodies, and since {hese
‘negative extremes tend to be compressed close to the bound=-
éries of the orebodies, the orebodies cannot extend to great
depth. A magngkic mass which extends deep within the esarth
tends to be unipolar, its positive anomalies extending far
beyond the surface projéction of its periphery, and its
encircling negative anomalies having low magnitude and large
areal spread.

If only the vertical component of the earth's field is
considered, the ratio of the outer nejgative extreme to the
central positive extreme is exactly 1/54 around a sphere
and 1/8 alony the two sides of an infinite horizontal cylinder.,
If the earth's total field is considered, these ratios are
not constant about a sphere nor along the two sides of an
infinite horizontal cylinder, but the northern negative
extreme.is considerably larger than the southern negative
extreme. However, thé mean value of the negative extremes
taken around either figure is approximately the same as the
constant value due to the vertical component of the earth's
field alone. For an inducing magnetic field inclined at 60°,
the ratio of the northern negative extreme to the central

positive extreme is about 1/12 for a sphere and about 1/3
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for an infinite horizontal cylinder ariented perpendicular
to the magnetic meridiany and the ratio of the southern
négative exireme 1o the central positive extreme is about
1/300 for a sphere and 1/24 for the cylinder. Far an in=
finite horizontal”cylinder oriented parallel to the mag-
netic meridian, the anomalies are independent aof the hori-
zontal componént of magnetization; consequently, the ratio
of.the negative extreme to the positive extreme is 1/3,
the value due to the vertical component alone.

If the information in the last paragraph is used as
a criterion, the fact that the maynitudes of the negatlve
extremes are actually equal to about a fifth that of the
positive extremes indicates that most of the orebodies
must be flatter than either a sphere or an infinite hori-
zon{a] cylinder. Allowance must be made wherever compared
extremes do not lie nearly in a horizontal plane.

It is difficult to tell whether or not the pkesence
of abrupt negative anomalies within the surface boundary
of an orebody is the result of a local decrease in magneQ
tite concentration, the effects of remanent magnetization,
a thinning of the orebody, or a descent toward the nega-

- tive pole of the orebody., Some of the marked decrease in
the positive anomalies away from the epicenters of the ore-
bodies probably results from the thinning of the orebodies
‘towards their peripheries.

Locally, the anomalies over some orebodies appear
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chaotic. This is especially true over orebodies D, E, and
Ja In places, the compass needle was rotated 90° or even
reversed from the direction of the regional magnetic north.
/ Such effects prabably attest the strong localized influence
of remanent magnetism. The peaks of orebodies &, J, and H
have negative anomalies and the peak of orebody D has &
small positive anomaly. The absence of large positive
anomalies at these peaks may have resulted from strokes
of lightning. As a result of the erkatic anomalies over
the orebodies, the effects of the inductive action of the
earth's horizontal field are obscured. There is no clear
evidence that the horizontal field has appreciably shifted,
as expected, either the positive extremes to the magnetic
south or the negative extremes to the magnetic north.

Deep magnetic disturbances are commonly analyzed by
assuming them to be spheres, infinite horizontal cylinders
of revolution, or slahs extending to infinity in one or
two dimensions. This is justifiable because the detect-
ability of hfgher order features decreases as the depth
to the disturbing body increases. Thus, for an irreguiar
equidimensional body, the magnetic contours become increas-
ingly circular; and for an irregular body very long in one
- horizontal direcfion,»the magnetic contours approach straight
lines parallel to the elongate axis of the body.

The simple figures used to analyze a deep body are not

suitable for a shallow body, especially one which contacts



*

the surfacegb Although the analysis of a shallow bady is
more complicated than that for a deep oneglthe shape and
'ektent of @ shallow body can be defined within smaller
limits. Howsver, the magnetic contours over a shallow

body are influsnced much more by its upper surface than

by its lower surface,

Since the shape of an orebody can commonly be approx-
imated by a triaxial ellipsoid, elaborate tables giving
the magnetic contours over ellipscids of various shapes,
sizes, depths, and directions of poiarization would be
useful for the analysis of a shallow orebody. Since the
computations for a complete set of tebles would be too
laborious, the number of variables were reduced and four
simple graphs were coastructed,

As an aid in the analysis of ihe orehodies exposed
on the hills, two graphs (figs. & and 9) were plotted giv-
ing the anomaly at the peak of uniformly, vertically polar-
ized ellipsoids of revolution, Both graphs consist of =«
family of curves in which the abscissa represents the true
susceptibility of the body; and the ordinate, the anomaly
in gammas., The ratio of the axis of revolution, a, tc the
transverse axis, b, is a parameter for the curves. Figure
8 gives the anomaly at the tip of the axis of revolution
for ellipsoids with vertical axes of revolution, as com=
puted from @quétion 5.la, for oblate ellipscids, and from
equation 5.1b, for prolate ellipsoids. Figure 9 gives the

anomaly at the tip of the vertical transverse axis for
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ellipsoids with horizontal axes of revolution, as computed

from equation

5.2b,

=

.,)ai’?

a, for oblate ellipscids, and from equation

for prolate ellipsoids. These equations were derived

from more claborate equations given by Koenigsberger (10).
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in figure. 8, the curve for a/b—e represents the
limiting case for a vertical straight line, and the curve
for a/b=1 represents a sphere, The curve for a/b=0 represents
the.limiting cese for & flat plane of no thickness, the
anomaly of which approaches zero, and thus cannot be shown
on logarithmic coordinates.

in figure 9, the curve for a/b=0 represents the limiting
case of a vertical plane of no thickness, the curve for a/b=]
corrésponds idéntical]y to the sphere represented in figure 8,
and the curve for a/b —e represents the limiting case of an
infinite horizontal cy]inder.

The curve in figure 8 for a/b—>e and the curve in
figure 9 for a/b=0 are straight lines because‘they represent
1lmiting cases . in which the demagnelizing factor is zero, or
in other'words, the effective susceptibility is equal to the
true susceptibility. The deviation of the other curves from
a straight -line becomes more pronounced as the demagnetizing
factor increases. For the case Qf susceptibility approaching
infinity, the curves approach a horizontal asymptote determined

by the reciprocal of the demagnetizing factors bim k- _

K— ] 4+ AK &"
The curves in figures 8 and 9 are dependent upon the
shape but not the size of the ellipsoids. They give the
anomaly at the.peaks of various ellipsoids, points where a
"horizontal plane is tangent to the ellipscids. Consequently,
if the Curves are to be applied to the field data, the height

of the observations above the surface of the orebodies must

be small in comparison to the size of the orebodies.,
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The contribution of horizontal magnetization to the
anomaly at the peaks of the ellipsoids is zero, for these
peaks lie on the vertical axes aboutl which the ellipsoids
have radial symmetiry. |f the horizontal magnetization is
neglected, the anomaly at the peaks of the ellipscids is
also the positive extreme anomaly. |[f, however, horizontal
magnetization fs considered and the readings are confined
to the horizontal plane tangent to the ellipsoids, the
positive extreme is larger than the anomaly at the peak
and is, in general, located slightly south of it. The
complexity resulting from horizontal magnetization is bared
~if one considers that an oblate ellipsoid which is magnet]zed
in the northern hemisphere of the earth and which dips at a
small angle to the south has two positive extremes, one south
of and the other larger one north of the epicenter of the
ellipsoid. (See Koenigsberger (10).)

For a prolate ellipsoid oriented either vertically or
horizontally ahd parallel to the magnetic meridian, the
effects of horizontal magnetization are negligible, in fact,
they approach zero as {he eccentricity increases to the

point where the ellipsoid resembles an infinite cylinder of
revo]utfoa.

The effects of horizontal magnetization are negligible
on an oblate ellipsoid with a horizontal axis of revolution;
in fact, the effects approach zero as the eccentricity of

the cross section parallel to the axis of revolution increases



to the point where the ellipsoid resembles a vertical dike
of infinite depth.

In an induting field inclined at an angle of 60°, a
sphere has a positive extreme which is 10.2 percent larger
in magnitude than the anomaly at its peak, and an infinite
cylinder oriented perpendicular to the magnetic meridian
has a positive extreme which is 10.3 percent larger in
hagnitude than the anomaly along its crestline. Since a
prolate ellipsoid changes from a sphere to an infinite
cylinder’as its eccentricity varies from zero to infinity,
it can be concluded that the effects of horizontal magnet-
ization on a prolate ellipsoid oriented perpendicular to
the magnetic meridian are significant, but not large.

The anomafies over a sphere depend appreciably upon
the horizonta]l magnetization. The anomalies of a flat
~slab become due almost wholly to horizontal magnetization
as the flat slab decreases in thickness to the point where
it resembles a plane., Since an oblate ellipsoid changes
from a sphere to an infinite plane as its eccentricity
varies from zero to infinity, it can be concluded that the
effects of horizontal magnetization on an oblate ellipsoid
with a vertical axis of revolution are relatively large.

It can be stated, from the information in the last
four paragraphs, that except for oblate ellipsoids with
vertical axes of revolution, the effects of horizontal

magnetization on the ellipsoids considered in figures 8
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and 9 are small, and can be neglacted if only the relative
magnitudes of the anomalies are of interest. For an orebody
being approximated by an oblate ellipsoid with a vertical
axis of revolution, the horizontal magnetization can be
neglected if care is taken to see that the anomaly for use
'in figure 8 represents the value at the geometrical epicenter
of the orebody rather than the positive extreme, which is
generally located slightly south from this epicenter.

Aétually,'no orchody is either uniformly magnetized
or shaped as a perfect ellipsoid. Consequently, the graphs
in figures 8 and 9 are a set of comparative norms to be used
with discretion. Given any two of the three variables,
namely, the susceptibility, the anomaly, or the ratio of the
priﬁcipa] axes, the third can be estimated ftrom the graphs.
The graphs were applied in the interpretation of orebodies
F, F,, Gyand D, and to anomaly &. The mean susceptibility
of the orebodies was assumed to be between 0.10 and 0.17,
which is the interval determined previously for the ore
samples,

For a mean central anomaly of 15,000 gammas, orshbody
F is, according to figure 8, a flattened ellipsoid with
0,47 >a/b 0,36, If b is assumed to equal 150 feet, the
mean value for the horizonfa] outcrop radius, the depth to
the center of the orebody is between 55 and 75 feet.
For a mean central anomaly of 10,000 gammas, orebody

F, is, according to figure 8, a flattened ellipsoid with



0.29 Ya/b > 0.22. For a mean value of b equal to 70 feet,
the dépth'to the center of orgbody F, is between 15 and 20
feet.

| For a mean central anomaly of 10,000 gammas, orebody
YG'is according to figure 8, a flattened ellipsoid with
0.60 »a/b>0.43. For a mean value of b equal to 115 feet,
the depth to the center of orebody G is between 50 and 70
feet.

The mecan central anomaly along the crest of orebody

D is about 15,000 gammas. On the basis of diamond=-drill
information, this orebody resembles an ellipsoid having
three axes of unequal length. (See fig. 10.) The longest
axis, which dips slightly to the southeast, is about four
times the length of the transverse horizontal axis, and
about twelve times the length of the transverse vertical
axis. The orebody was compared first to an oblate ellipsoid
with a vertical axis of revolution and then to a Qro]ate
ellipsoid with a horizontal axis of revolution. For an
anomaly of 15,000 gammas and for a/b=]/3, figure G gives
a susceptibility of 1q8.for the orebody as approximated by
the ohlate ellipsoid, For the same anomaly and for a/b=k,
figure 9 gives a susceptibility of 0.67 for the orebody as
approximated by the pro]afc ellipsoids Since the actual
~shape of the orehody is a composite of the prolate and
oblate ejlipsoids, the true susceptibility should he in

the interval hetween 0.67 and 1.8, Although this overlaps
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Figure 10. Reproduction of sections through orebody D
published by the U. S. Gesological Surveys
A. WNW-ESE section through the northern tip.
Ba y seclion through the middle,
Co  WNH= section through the lower third.
D. NHNW=-SSE section through the central part.
(The cross-hatched area represents magnelite breccia
parallel Tines dipping to the left, dolomite brecc
and parallel lines dipping to the right, andesite
brecciaa)




the interval between 1.0 and 1.7 determined for the ore
samples, the geometric mean of the interval for orebody D is
considerably less than that of interval for the ore samples.
The surface lavers of the orebodies have probably been
weathered more than the regions deep within the orebodies.
Hence, it is possible that as a result of the oxjdation of
magnetite to martite, the concentration of magnetite in the
surface layers is less than that deep within. However, as
evidenced by its abundahce in clean beach sands, magnetite
is one of the most resistant of the accessory rock-forming
minerals. Hence, it is also possible that as a result of
the leaching of so1ub1e gangue minerals, the surface layers
contain a greater concentration of magnetite than the inner
regions of the orebodies. Evidence for the latter possibility
can be seen from examination of table 1. Table | indicates
that the surface ore has a slightly greater concentration
of iron and Ca0 and a2 smaller concentration of the oxides of
aluminum, silicon, and magnesium than the ore within the
orebodies. This indicates that the soft clay minerals have
been carried off by surface water, leaving the iron ore and
limestone as residual concentrates. The resemblance of the
surface of the orebodies to lag graveﬁs denotes the ahsence
of soft, "dirt-producing” gangue minerals. Under the present
‘afid climate at'iron Mountain, disintegration wou}d’be expected
to prevail over decomposition.

Since the ore samples tested for susceptibility were
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taken from the surface layers of the orebodies, significant
error may have been introduced by considering the mean
susceptibility of the samples es representative of the
entire orebodies, According as the mean susceptinility
used was too low or too high, orebodies F, F, , and G would

be, respectively, more or less oblate than calculated.

N

Analysis of the Anomalies over the Alluvium

Positive anomaly A, with peak magnetic values atop
the hill containing orebody A, appears to be unipolar,
because the negative ocuter extremes surrounding it are
indistinct., This indicates a considerable depth to its
negative pole. The spreac and elongation of the isogams
to the southeast together with their large magnitude suggest
that orebody A is an elongate, thick mass that dips south=-
eastward beneath limestone and alluvial cover. (See cross
section x=x'.) On the eastern slope of the hill, no magnetite~
rich talus covers the ]fmestone, and ferruginous vecins transcct
the limestone only locally. Except for a thin veneer of
magnetite=rich talus that has slid down from orebody Ai: the
alluvium contains but litfle iron ore float. Thus, the
‘ _¢ontribution of the exposed surface rocks to anomaly A is
negligible. Anomaly A must result entireiy from the hidden

extension of orebody A. The wide spread of the isogams over
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the central part of the anomaly, and the crowding of them
near the periphery point to a flat or tabular disturbing
body. The large anomalies associated with anomaly A persist
toward orebody A°. This may mean that orebody A merges with
orebody A® beneath limestone cover.

According to Koenigsberger (10), "The outer negative
(northern) extreme is as large or larger than the central
extreme, if a magnetic oblate spheroid dips 10°- 20° to the
magnetic south, and if it dips hetween such angles to the
north the (outer) negative extreme lies south and is weaker
than the central extreme scsanss0a. The dipping of an oblate
ellipsoid or elliptic cylinder makes the isanomalies come
nearer together on the higher side than on the lower dipping
side.” Since this information refers to the induction
produced by a magnetic field having an inclination similar
to that at {ron Mountain, and if it can bes extended to
include an elongate body, it can aid in the interpretation
of anomalies T and ¢. The fact that negative anomaly &
is about the same magnitude as positive anomaly ¥ indicates
thet the disturbing mass is flat and that it dips at a
shallow angle., The fact that the negative extreme of anomaly
¢ lies to the magnetic north of the positive extreme of
anomaly ¥ signifies that4this mass dips to the magnetic
south. (See cross section z-z',) The crowded jsogams
between the two anomaIiés probably represent the high side
of ‘the disturbing mass. The elangation of {he isogams to
the southeast suggests a blade~like shape for the disturbing

mass., Although the spreading apart of the isogams to the



southeast probably indicates a greater depth to the disturb-
ing mass, some of the spreading could he due to a decreass
in the thickness of the mass.,

Aanumaly A consists of an eastern lobe end a southeastern
lobes Both lobes probably signify the extension of orebody
beeneath alluvial cover., The eastern lobe merges with
anomaly X > and may well indicate a continuous laycr of
ore extending from orebody C to anomely £ . The extreme
crowding of the isogams toward the periphery of the south-
eastern lobe indicates a very shallow depth to the disturb-
ing mass. |t is certain that part of, if not all, the mag-
nitude of the southeastern lube results from surface material,

for a bench of iron-rich talus standing several feet abov

6]

the surrounding alluvium coincides with the magnetic con=
tours of the southeastern lobe. Anomaly @ is probably e
composite of the negaltive poles associated with anomaljes
A and T,

The circularism of the isogams of anomaly w would
indicate considerahle depth to the disturbing body were
it not for the fact that the small exposure of ore (shoun
by dashed lines on the anomaly map) to the northwest orob-
ably represents the surface expression of the disturning
body. The crowding of the isogams to the west and their
‘spread 1o the east probab}y indicate an easterly dip. The
small positive anomaly northesast from hill 5 may be due to

a small orebody., (See cross ssction Z-Z'.) iNegative



anomely P2 is probably a composite south polec associatcd
with anomaly @ and the northwestern sxtension of ancmaly X .

The crowding of the isogams of anomaly P3 to the west-
southwest and their spread to the east-northesast suggest
that the disturbing body dips 1o the zasti-northeast., The
rather large negative pole to the magnetic south indicates
that this body is flat and shallow and that it has & low
dipa

The spacing of the isogams of anomaly ¢ suggests a
body elongate to the southeast and dipping to the southeast
or east.

The depths 1o the centers of the disturbing bodies
were calculated from platform data and from depth rulss
described by Nettleton (9). Since these methods tend to
vield the maximum possizle depths to the disturbing bodies,
the true depths are generally less than the calculated
depths. Since the anomalies due to separate disturbing
masses overlap one another, and since the horizontal pol=-
arization has been ignored, the calculated depths are only
rough approximations of the maximum depths.

Over positive anomaly 2 at P1, the anomaly recorded
atop the platform, which was 11.7 feet high, was 380 gammas
less than the anomaly of 2220 gammas recorded at its base,
The disturbing body was compared to a sphere and then to
an infinite horizontal cyiinder, for its actual shape i3

a composite of these two figures. |If it is assumed that



the anomaly decreases inversely as the cube of the distance
from the cantef of the disturbance, the case for a verti=-
cally magnetized sphere, a depth of 160 feet is obtained.
IfT it is assumed that the anomaly decreases inversely as
the square of the distance from the center of the disturb-
énce, the case for an infinite horizontal cylinder, a
depth of 120 feet is obtained. Transverse to the elongate
axis of the disturbance, the distance between the peak
anomaly'and the half-value of the peak anomaly is about
85 feet. Since the ratio of this distance to the depth
is £ for a sphere, a depth of 170 feet is obtained for a
spherical approximation; and since this ratio is 1/2.05
for an infinite horizontal cylinder, a depth of 165 feet
is obtained for a cylindrical approximation., The trus
depth is probably less than the mean of these maximum
depthsg

Over the positive anomaly at P3, the anomaly recorded
atop the platform was 1800 gammas less than the anomaly of
4100 gammas recorded at its base. The inverse=cube law of
variation gives a depthvéf 60 feet. Hence, the disturbing
mass is shallow and has a maximum possible depth of about
60 feet. The isogams indicate that the disturbance analyzed
is only the upper protuberance of a larger disturbance.

|f the matter producing the anomalies over the alluvium
lies within the basemént’beneath the alluvium, this base~

ment must be quite shallow, and variable in composition.
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It is more probable that the alluvial anomalies are caused
by either concentrations of magnetite-rich talus within
the alluvium or by discrete orebodies. If the hypothesis
of magnetite-rich talus holds true, the disturbing bodies
are probably contiguous with the surface, and may hence
be analyzed by the graphs for surface-contacting ellipsoids.
The use of the graphs to estimate the volume concentration
of magnetite on the assumption that it is directly propor-
tional to the susceptibility is valid only for low suscept-
ibilities. |If the anomalies over the alluvium are consid-
ered to result from}1oca1ized concentrations of magnetite=-
rich talus, the mean susceptibility of such concentrations
would be low and the use of the graphs to determine the
concentrations would be valida

In order to estimate the concentration of magnetite~
rich talus which could produce anomaly £ , the disturbing
body was assumed to be a prolate ellipsoid with a hori-
zontal axis of revolution., The axial ratio, determined
by noting the position of the isogam equal-to 1/10 the
central positive extreme (see Koenigsberger (10) ) is
about 3. For an axial ratio of 3 and a mean central anom~
aly of 2000 gammas, figure 9 yields a susceptibility of
0.0067. On the assumption that the effective suscéptiQ

bility of disseminated magnetite is 04203.*, a magnetite

¥ Far the calculation of this Tigure for the effectlive
susceptibility of disseminated magnetite, see note 4 in
the appendix. '




concentretion of 3.3 percent is obtained,

Host theoretical treatments of magnestic snomalies in=
volve the maximum possible depth tc the center of the dis=
turbing matter, and, accordingly often give results indi-
cating the maximum possible volume and the minimum possible
susceptibility contrast. 1f the depih to the center of a
disturbing bhody is accurately located, but its peak is not
contiguous with the ground surface as assumed, the estimate
of the magneti{e concentration will be too small and the
eétimate of the volume of the disturbing body too large,
The same holds true if the depth to the center of a surface-

contacting
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tration of 3.3 percent calculated as producing anomaly &
is, therefore, a minimum estimate, Since the ore breccia
consists of more hematite than magnetite, its concentration
beneath anomaly £ must be much greater than 3.3 percent.
The ratio of hematite to magnetite can be roughly estimated
ffom the fact that the mean susceptibility of the ore spec-
imens tested (see fig. 7) is less than fhe susceptibility

of polished specimen C255, which contained 25 percent mag=-

3]

netite, and more than the susceptibility of polished spec-
imen C253, which contained 15 percent magnetite, Applica-
tion of %inear interpolation to these data vyields a hamatite-
~magnetite ratio of about 4%. [T this ratio is correct, the
minimum concentration of ore breccia beneath anomaly %

muét be at }@as{ 15 percent. A concentration of 15 percent
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seems much too high to be ascribeble to talus derived from
the exposed orshodies. From surface evidence it seems
doubtful that the concentration of iron ore in the alluvium
could gxceed 5 pegrcent. 1T, on the other hand, anumaly
and the other large positive anomalies over the alluvium
are assumed to be caused by solid orebodies, their large
magnitude and the fact thet they bear no relation to the
present drainage pattern, but reflect the southeastward
continuation of the surface orebodies are more reasonably
explained, |

That the large ratioc of hematite to magnetite charac-
terizes the entire orebodies and not just their surfaces is
corroborated by the result of the resistivity measured for
orebody D after a slight rainfall. From the data obtained
from a "Wenner" electrode arrangement set for 50 fest of
depth penetratianﬁ a resistivity of 3 x 10% ochm=-cm was
ca]cuiated, This value lies considerably cuiside the
range from 1 to 100 ohm=cm commonly observed for ofes con=-

taining a predominance of magnetite,

Fstimate of the Ore Reserves beneath Alluvial Cover

On the basis of drill~hole data obtained from oreg~
bodies C, D, and E, the U. S. Geological Survey (1) has

calculated that the orebodies exposed on the hills of [ron Meuntain
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contain 5,175,000 tons of indica‘ted}L ore and about 300,000
tons of inferreéT ore. The results of the magnetic survey
substantiate the configuration of the surface orebodies
portrayed hy the U. S. Geological Survey. However, two very
small surface orebodies, not shown on Gilluly's map, were

discovered by the use of the magnetometer and confirmed by

no{ing iron ore in situ. On the anomaly map, the boundaries

of these two orebodies are shown by dashed instead of dotted
lines. One Is southeast from orebody E and the other is
southeast from orebody G. The results of the magnetic sur-
vey indicate the presence of a much greater amount of ore
bencath alluvial cover than could be estimated from the
drill=hole data. Accordingly, the estimate of ore reserves
at Iron Mountain can be considerably increased.

Minimum, maximum, and "reasonable” estimates of inferred
ore were made for anomalies 23, m, P3, and ¢ ; whereas, only
“"reasonable™ estimates were made for anomalies A and A. (See
table 3.) |

The specific gravity of the ore was assumed to be b,y
in the‘tdnnage calculations. This value represents the mean
specific gravity of 25 ore samples tested in the laboratory.

The anomalies were smoothed out in order to eliminate
"higher order features. The effects of the localized peak

values of anomalies P3 and ¢ were practically eliminated in

"The terms "indicated" and ™inferred™ accord with the usage
prescribed for them by the U..S. Bureau of Mines.
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the process. Anomaly Z was separated from anomaly A .

Table 3. Estimates of inferred ore beneath alluvial cover
in long tonss

Anomaly Minimum Max imum Reasonable
estimate estimate estimate

620,000 1,400,000 920,000

® | - 610,000 1,700,000 1,040,000
P3 150,000 320,000 220,000
y | | 80,000 580,000 220,000
A (extension of orebody A) =~ - 4,900,000
A (extension of orebody A°) - - 1,100,000
A - - 1,600,000

Total 10,000,000

The minimum estimates were made by assuming that the
disturbances were surface-contacting, oblate ellipsoids
with vertical axes of revolution. For each distafbance,
the mean radius of the isogam equal to 1/10 of the central
peak anomaly was used as the length of the transverse axis,
a procedure which is justifiable as long as the isogams are
not too elongated. The axial ratio which would give the
observed peak anomaly for a susceptibility of 0.135* was
then found in figure 8, and the length of the axis of revo-

lution computed. The axial ratios obtained ranged from

YThis is the mid=value of the interval from 0.10 to 0.17,
an interval in which the mean susceptibility of 14 solid ore
samples tested in the laboratory most probably lies.
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about 1/10 to 1/20, thus indicating very flat disturbances.
Because of such flatness, the positive isogams would virtually
outline the true size of each disturbing body. The lengths
of the principal axes of revolution having been determined,
the volumes of the ellipsoids were computed, Multiplying
‘these volumes by the density gave the minimum tonnage estimates.
in order to calculate the maximum possible volume of the
disturbing masses, it is necessary to find the configuration
of disturbing matter at depth which will produce the peak
central anomalies observed at the surface. |[f the material
at depth is similar in shape and composition to that exposed
at the surface, it should be possible to place constraints
upon the allowable configuration of material at depth which
can produce a given anomaly. For this purpose, the ratios
of the anomalies expected at depth to those expected for
surface contact were computed from equations derived from
more elaborate equations given by Koenigsberger (}O), The
va]des obtained were plotted as a function of the depth
and of the ratio of the principal axes., Figure 11 gives
the ratié of the peak énoma!y at depthvto'that for surface
contact for oblate ellipsoids with vertical axes of revo-
lution, and figure 12 gives this ratic for prolate ellipsoids
with horfzontal axes of revolution., Equation 5.3 was used
to obtain figure 11, and equation 5.4 was used to obtain

figure 12,
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In both figures 11 and 12, the ordinate represents
the anomaly ratio, the abscissa represents the ratio of the
depth to the vertical axis of the ellipsoid, and the ratio
of the principal axes serves as a parameter for a family of
curves.

In both figures, the power of the anomaly variation
with depth is asymptotic to the inverse cube. This corres-
ponds to the approach of the isogams to circles as the
depth to a disturbance increases. In figure 11, for a cop-
stant énomaly ratio, the power of the anomaly variation
with depth changes from the inverse cube to zero as the
~axial ratio decreases from 1 to 0. 1In figure 12, for a
constant anomaly ratio, the power of the anomaly varijation
with depth changes from the inverse cube to the inverse

square as the axial ratio increases from 1 to oo,
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Althaough the curves in tigurz 12 for a/b>5 cross over tne
curves for a/b=w, the slopes of the former do not appear
steep znough to indicate a power variation with depth exceed-
ingy the inverse cube,.

The maximum estimates for anomalies £ ,w, P3, and V¥
were detarmined by finding the prolate ellipsoids at depth
#which could produce the observed anomalies. The depths were
determined by application of half-peak value rules to the
smallest diameters of the isogams. Platform data were not
used to obiain the depths because, for shallow bodies, the
platform method gives the depth to the highest grominence of
an orebody, whereas, the half-peak valus rules ygyive a depth
more representative of the entirety of an orebody.

The anomaly ratio was determined for anomaly £ by com-
paring its central peak anomaly with that found over orebody
D, which is probably similar in shape to the body producing
anomaly £, This ratio was determined for anomalies w, P3,
and ¥ by comparing their peak anomalies with the mean of
the peak anomalies found over orebodies F and G. For each
anomaly, the axial ratio was calculated as the ratio of the
mayimum to the minimum radius of the isogam gqual to 1/10
of the central positive anomaly. In figure 12, the ratio
of the depth to the transverse radius was read off the ab~
SCiS”?. Then, the lengths of the principal axes, the vol-
ume, and the mass of the disturbance were computed,.

For the determination of the maximum volumes, figure 12,
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for prolate ellipsoids, was preferred to figure 11, for
oblate ellipsoids, because:

1. For a given width of the isogam equal to half the
peak value, the half-peak value rules give depths to a
sphere and to an infinite horizontal cylinder differing by
only E%Ipercent. Since with varying eccentricity, prolate
ell}psoids of revolution are bounded by a sphere and an
infinite horizontal cylinder, the assumption of either a
sphere or an infinite horizontal cylinder causes but little
éfrorkin the determination of the depth to a prolate ellip~-
soid. On the other hand; the half~peak value rules for the
determination of depth to shallow oblate ellipsoids are
difficult to compute and are quite sensitive to the ratio
of the principal axes. Since some flattening is probable,
the depths used are too large, and, accordingly, too much
ore will be indicated. _

2. For any given anomaly ratio and depth, there
cakrespond three ellipsoids of different shape having the
same volume. At shallow depths two "isovolumes™ occur as
roots on figure 11, and one on figure 12. At large depths,
two "isovolumes™ occur as roots on figure 12, and one on
'figufe 11, The‘region'of the two graphs used for the analy=-
sis of anomalies £ , w, P3, and ¥ was such as to g}ve a
larger volume for the assumption of a prolate ellipsoid than

for an oblate ellipsoid.
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3. The fact that orebodies D, G, and F are flattened
tends to render the assumed anomaly ratios too large; this,
in turn, has the effect of further making the volume indicated
‘too large. However, comparison of figure & with figure 9
shows thatl for mild flattening, the effect is negligible.

Figure 11 did not aid directly in the maximum ore
eStimates, but is presented for the sake of completeness. |f
‘the depth to the center of the alluvial disturbances were ever
accurately determined, figure 11 would then be more useful.

In table 3, the ratios of the maximum to minimum
estimates are of large magnitude. In order to reduce the
magnitude of possible error, the geometrical mean of the
minimum and maximum estimates was used to give the "reasonable”
estimates,

In order to give the volume used for the calculation
of the "reasonable” estimate of ore beneath anomaly A , the
area iné]uded by the 1000 gamma contour was multiplied by
the thickness of the ore beds indicated directly by the drill=-
hole data. The same was done for anomaly A, except that the

thickness of the ore bed was inferred from cross section x=-x'.

Structure and Geologic History

Because of their ra{her massive appearance, inspection
of the breccias themselves gives little indication as to

whether they are of sedimentary or tectonic origin. Within
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the gray limestone breccias are brown ferruginous inclus=
ions which consist of patterns of fragments distinctly sep~-
arated from one another by the limestone. The "exploded"
appearance of these inclusions may point to a tectonic
origin for the breccias., However, it is also possible that
the "exploded" appearance may represent metasomatic replace~
‘ment by limestone along fissures which formed within larger
inclusions,

Strong evidence for a sedimentary contact between
the upper breccia layer and the conglomeratic sandstone was
noted in hill a. Several feet below the contact, the sand-
stone contains rounded to sub-angular limestone cobbles and
pebbles, the quantity of limestone increasing and the size
~of the particles decreasing upward to the contact. The
cobbles and pebbles are clearly separated from each other
and do not appear to represent nodules weathered from
massive limestone. Although the contact is very irregular
on a small scale, its general appearance is planar and it
has a shallow dip. The divergence between the contact and
the dip of the strata beneath is about 5° Above the con-
~tact, the limestone changes upward from cobbly material
:into massive breccia. The matrix between the limestone
cobbles above the contact consists primarily of siltstone;
whereas, the limestone cobbles below the contact are inter-
spersed with siltstone, sandstone, and an assemblage of

igneous and metamorphic cobbles of a wide range of composition.



Farther below the contact, there is sandstone which is
vellow to gray, arkosic, and which ranges from thin siltls
to coarse conglomerates with boulders six feet in diameter,
The massive limestone breccia above the contact is not
homogeneous, but consists of angular fragments of all sizes
'demarked by various shades of gray.

Because the contact between the ore=bearing breccias
and the lower sandstone layer is nowhere exposed, the
nature of the contact is unknown.

| The selection of two layers of sedimentary breccia
rather than the single layer of tectonic breccia shown on
the geologic maps of Lamey and Gilluly (1) is based upon
the following evidence:

1« The contact in hill a appears to be gradational.

2. The upper layer of breccia consists almost wholly
of limestone., Veins of ferruginous minerals transect it
only locally. The postulate of a single layer of breccia
»requires an exceedingly abrupt southeastward termination
of the irén ore and other breccias.

3. Cross sections of lron Mountain drawn on the
basis of two layers of breccia agree more reaéonab?y with
“the dips and strikes recorded at the surface and eliminate
7‘the necessity for postulating complex faulting.

4, About a mile to the east of |ron Mountain are
two limestone ridges that dip eastward at a shallow angle

and extend parallel for more than a mile. Considering
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these ridges to be cuestas is far more tenable than con=
sidering them to be a single layer of fault outliers.

5. The magnetic anomalies over the alluvium indi=-
cate that some of the orebodies extend southeastward beneath
alluvial cover and must lie beneath and not be underlain by
a certain layer of sandstone. The magnetic anomalies
further indicate that the orebodies isolated beneath the
alluvium must have a southeastward elongation and dip, and
must be rather flat. Thié reflects a cbntinuation‘of the

structure of the orebodies exposed on the hills,

The bedding attitudes recorded at the surface indi=-
cate that the prevailing dip is southeastward and that the
dip and the intensity of folding Increase toward the
crystalline-~complex. Analysis of the isogams indicates
that a southeastward dip together with mild folding continue
beneath alluvial cover. Although the general spreading
apart of the isogams to the southeast probably indicates an
increase of depth to the center of the disturbing matter,
it must be held in mind that for any configuration of an
orebody at depth, there is a surface distribution of matter
“which can produce an identical anomaly.

‘ The four faults shown on the anomaly map have the
feature in common of striking southeast,

Fault m-m’ consis{s of a zone of green, slickensided,

and brecciated material several feetl thick, separating
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igneous rocks to the southwest from sediments to the north-
east. The fault appears to dip at a steep angle to the
northeast. The appearance of the outcrops between fault

m=m?! and orebody A suggests a series af parallel fault

‘slices. Some of the igneous rocks in these "slices" are

quite massive, and appear to be more related to the
crystalline-=complaex than to the breccias. The igneous
rocks southwest of fault m=m' are a loose assemblage of
talus forming a horizontal outcrop line about the surround-
ing hills. They may represent Quaternary terrace gravels
eroded from the crysta]]ihe—comp]ex.

Fault g-gq! scparates andesite to the southwest from
guartz monzonite to the northeast. Its trace is marked by
a zone of green, brecciated material. The straightness of
its trace suggests a steep dip.

Fault p=p' is well exposed along its northwestern
extent, where it separates the crystalline-complex from
the tertiary sediments and breccias. |t dips about 45°
to the northeast, and a zone of green brecciated material

can be traced along mubh of its length., 1t appears to

‘have displaced orebody A® several hundred feet southeast

~from orebody A.

} Geologic, drill-hole, and magnetic data confirm the
presence of fault r-r? or at least a sharp northeastern
boundary to orebody D. (See fig. 10.) The consistently

large negative anomalies along fault r-r! are equal to
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nearly‘ha1f the magnitude of the positive anomalies along
the crest of orebody D. This indicates that orebody D
terminates abruptly northeast from fault r=r*. The fact
that the large negative anomalies surrounding orebody D
are situated well above the lowest outcrop line of the
ore indicates proximity to the negative pole of the ore=
body and thus confirms its shallow depth.

The oyer~a11 appearance of the exposed orebodies is
that of tabular masses elongate and dipping to the southeast.
Anomaly ¥ probably signifies the southeastward extension
of orebodies F' and F beneath alluvial cover. Anomaly
appears similarly related to orebody G. Anomalies P3 and ¥
do not appear to represent the continuation of any partic-
ular surface orebody. The fact that several of the exposed
orebodies cap hills which are proximal to one another
suggests that thgy are erosion remnants of larger, contin~
UOUS mMassSesS. Subh may be the association of orebodies F?',
F,‘and G, and also the association of orebodies H and K.

The large negative anomaly in the ravine between
orebodiés C and D indicates a complete separation of these
orebodies from each other., The coniours of this negative
 anoma]y appear crowded toward orebody C3 this indicates
that the south pole of orebody C is closer to the alluvial
surface than the south po}e of orebody D. This is to be
expected, for as a result of the horizontal component of

magnetization,'the negative extreme appears to the north



78

of a magnetic body and a much weaker negative anomaly
appears to the south of it.

Figure 13 is a reproduction of an east-west cross
section through orebodies B and C made by the U. S. Geolog-

ical Survey (1).
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Figure 13.

Although they are apparently separated at the surface,
the two orebodies are shown as belonging to a group consist-
ing of several layers of ore. The downslope part of the
group was ccnsfructed upon the basis of data obtained from
two drill holes. The fact that the anomaly over orebody
B has a much smaller magnitude than that over orebody C
corrobofates the upward thinning of the ores inferred by

the U. S. Geological Survey.
| The eastward bend of the magnetic contours located
west from orebodies B, C, and D may be partially drainage
controlled, but probably reflects the arc of negative
anomalles expected to conform to these orebodies.

The following brief account of the history of |ron
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Mountain suggests itself on the basis of the results
}obtained. This outline is sketchy because a much wider
geological study would have 1o be made before a more com=
plete history of the Mountain could be outlined.

1. Limestone strata were replaced locally by mag=-
netite as a result of contact metamorphism produced,
presumably, by intrusion of quartz monzonite.

2. Thermeiamorphosed limestone together with rocks
of entirely different composition were elevated. Alternate
layers of breccias and arkosic conglomeratic sandstone were
deposited during the Tertiary under arid conditions. The
‘breccias were laid down as an irregular series of over-
lapping lenses of rockslides or debris flows, or both.

3. The breccias were cemented by the solution and
redeposition of their calcareous and ferruginous constit-
uents.

L, The uplift of the crystalline-complex produced
upbowing and folding of the entire sedimentary series. This
was accompanied byvsteep-angle faulting trending southeast-
ward. The faulting bréught slices of the crystalline=-
comp]ex'adjacent to the sediments, and offset a large ore~
: body. The faulting generally followed the plane of weak-
ness afforded by the presence of soft conglomeratic sand~-
stone between the competent crystal]fne~comp]ex and the
brecciaé.

5. Regional uplift occurred. Terrace gravels were
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left stranded. The tongues of limestone, iron ore, and
other breccias were eroded throughy this left as remnants
isolated knolls and ridges capped by resistant breccias.
The source rocks of the breccias have been either completely
eroded away or else lie outside the region investigated.

| €. Possibly, lightning struck the high points of
the orebodies, thus producing surficial remanent magnetism.
Perhaps, the present day formation of talus tends to dis-
orient the polarization of the magnetized layers, and thus
causes the effects of induction by the present magnetic
field of the earth to predominate over those of remanent

magnetization,



APPENDIX

Hote 1.

For the small magnet, there was no perceptible
difference between the S/N and N/S positionss However,
for the medium and the large magnets, the N/S positions
show values slightly larger than the S/N positions, a fact
which probably results from the dipole moments of these
two magnets not being exactly symmetrica] about their
threaded centers., Effects of induction on the auxiliary
magnets by the vertical component of the earth’s field
would be expected to have an effect opposite to that
observed for the medium and large magnetis.

I1f the field intensity of the auxiliary magneis were
to vary'inversely as a constant power of the distance from
their centers, the curves in‘figure 3, drawn on semi=-log
coordinates, would be straight lines. The curves ére cone=
cave upward, the 34 centiméter position corresponding to an
inverse power variation with distance of about 2.95, and
the 25 centimeter positibn corresponding to an inverse

power variation with distance of about 2.80. This is explained

by the fact that the magnets tend to obey the inverse-cube

~ law of variation with disténce when far from the knife edges;
and the inverse-square law of variation with distance when
one pole is much closer to the knife edges than the other.

Further complications arise from the fact that since the



poles of the paired needles do not lie on the.vertica]

axis of the instrument, only a component of the field of
the auxiliary magnets will react with them, an effect which
increases with the approach of the auxiliary magnets toward
the knife edges.

The empirical determination of the gamma values for
the various positions of the magnets is superior to those
methods which involve the finding of the moments of the
magnets and the calculation of the fields expected at
various distances therefrom, because the latter method is
based on the assumptibn that the magnets perform as remote
dipoles, an assumpiion which, as shown by the curves of

figure 3, tends to introduce considerable error.

Note 2,
The coil constant of a double=solenoid, which is the
ratio of the axial field intensity to the current through

the windings, is

Ho_ bm 1(9__19_)(_1_ . ___3___)
A‘]. ] 10 [ 32 X* (L = x )
L, %, and (L = x) >> d, and d
For the large For each half of
double=solenoid the Einstein-
de Haas coil
where
n = turns/cm for all layers = 40.9 turns/cm = 57.10 turns/cm
d,= diameter of outer layers = 15.0 cm = 0.57 cm
d.= diameter of inner layers = 8.5 cm = 5,20 cm
L = length of the solenoid = 90.5 cm = 25,0 cm
x = axial distance from one

end of the solenoid
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: Numerical substitution into equation A.1 gives a coil
constant of 50.98 gauss/ampere at the center of the large
double-solencid, and 50.85 gauss/ampere at points 12.5 cm
from this center, points which coincide with the centers
of each of the two parts of the Einstein-de Haas coil.
Since this represents a variation of only 0.2% percent
of»the coil constant, the field produced by the large
double-solenoid is essentially uniform throughout the
length of the Einstein-de Haas coil.

Application of equafion A.l to the Einstein-de Haas coil
yields a coil constant of T0.57 gauss/ampere at the center
of each of its symmeirical halves. The drop in value at
a distance 3.5 cm from the centers, a distance correspond-
ing to the amount which the sample tubes projected in their
rest position on both sides of the centers, is 0.8 percent.
The effective coil constant throughout the length of the
samples was taken as the arithmetic mean of the center
and 3.5 cm off-center values, namely, 70.30 gauss/ ampere.

The reduction in coil constant at the center of one
part of the Einstein-de,Haas coil by the reaction of the
adjacent, opposing part amounted to 1.2 percent. After it
‘was corrected for this reaction, the effective coil constant
“became 69.45 gauss/ampere, a value which was used in sub-
sequent calculations.

The pitch of the windings for both the large double-
solenoid, and the Einstein-de Haas coil was so small that

radial components of field intensity within them could be

entifely neglected.
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Note 3.

The use of the test coil as an intermediary device
with which to calibrate the galvanometer depends upon the
fact that when a current is passed through it, it behaves
as a dipoles ilhen it is pulled through the Einstein-de Haas
coil it produces a definite flux, defermined by the effective
dipole moment of the test coil and the coil constant of the
Einstein~de Haas coil,

In order to calibrate the test coil, galvanometer
sensitivity was reduced until the flux generated by the
Hibbard Standard was within range of the galvanometer scale.
The test coil, through which a known current was passed,
was then pulled from the center of one part of the Einstein-
de Haas coil to the center of the other part as was done
with the powdered specimens, the resultant galvanometer

deflection noted, and the effective turns times area, NA,

of the coil computed. The formula for NA is derived as

follows:

A2 2Mee _ s
Dtc Dhs

where Mtc magnetic moment of the test coil

2y coil constant of the Einstein-de Haas
coil allowing for double deflection =
2 x 69.45 gauss/ampere

Dte = galvanometer deflection due to the test
coil

Dws = galvanometer deflection due to Hibbard

Standard
$hs = flux of Hibbard Standard = 75,170 lines
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Substituting INA for M into equation A.2, where | equals
the current, N the turns, and A the cross sectional area

of the coil, and solving for NA gives

¢ Ons
A3 NA = %ﬁ]ﬁ%??
Substitution of experimental values and constants into
equation A.3 gives NA = 720 turns-cm™,

v The galvanometer was then adjusted to its more sensi-
tive setting aéed for the measurement of the magnetic moment
of the powdered specimens. A current low enough to be within
the range of full scale Qa}vanometer deflection was then
passed through the test coil and the deflection produced
produced by moving it through the Einstein~de Haas coil
again noted. The galvanometer sensitivity, c, was then
calculated from
A;4 c = ANA

Dtc

using the effective value for NA calcuiaiedrfrdm equation A.3.

The effective value for NA of 720 turns-cm® is only 0.7
percenf more than the value of 715 turns-cm* calculated from
the geometry of the test coil. However, the effective value
. of NA would be expected to be a little lower than the theo~
| retical value, for a finite time is required to pull the
test coil through the Einstein-de Haas coil, a delay which
tends tb reduce the peak swing of the galvanometer. The

effective rather thén the theoretical value of HA was used
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for the calibratiun uf the yalvanometer scale because the
terminal effect of the input wires to a coil is often
equivalent to a sizable fraction of a turn. Since the test
coil had only 61 turns, the unknown terminal effect might
jntroduce appreciable error in a theoretical determination
of NA. | |

The.test coil had an axial length comparable to that
of the powdered specimens and was pulled through the Einstein=-
de Haas coil at approximately the same rate as were the
powdered specimens. This helped to compensate for the error
resulting from the fact that a finitertime is required to

move the specimens through the coil.

Note L,
The figure used for the effective susceptibility of
disseminated magnetite was obtained from the following

formulas

Ko

l " ke)\ = 06203

A.5 k! =

true susceptibility = 1.35 for pure
magnetite in a field of 1 oersted,
the magnetite having been prepared by
- roasting. (See the International
‘ Critical Tables (11). )
N = demagnetizing factor = 4/3 7 for a
. sphere

where k,

Since the effective susceptibility of disseminated
magnetite is only s]ightly dependent on the susceptibility

of solid magnetite, the value used for ko, in equation A.5



did not need to be precise. This arises from the fact

that as the true susceptibility approaches infinity,

the effective susceptibility is asymptotic to the reciprocal
of the demagnetizing factor. The asymptotic value is (.239
for spherical particles. The assumption that the mean

Shape of disseminated magnetite particles may be approx-
imated by a sphere is based upon the fact that magnetite
crystallizes in the isometric system and the fact that it

has no pronounced cleavage planes.
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