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ABSTRACT -

A detailed vertical-intensity magnetic survey of the
Tron Iorse magnetite mine was méde, and the déta taken
were analyzed duantitafiveTy in an attempt to ascertain
the nrdhahle ex tant in denth of the ore and to obtain
an estimate of uhe tonnaﬂe of ore remaining in the

denosit. The ”eoults of tha survey indicate probable

values of about slxty feet for the average extent of

the ore body down dip, and approximately fifteen thousand

tons for the amount of ore in regerve.
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THTRODTCTTON
Alt houvh magnétWCVnrééneculnv for iron de“OSltS has
boen very ext e“sively used since 16%0, when this type of
evplovatlon wvas 1qt“oauped Wosp of the work don has been
nerely cuﬂ11 ﬁtlve. ~Lhe rel tlve scarc1tv of 1nstances in
which qua ntﬂtatvve 1ﬁtern”9tatﬁon has beeﬁ nﬁde“taien is =
due largely to several inherent limitations of the magn=atic

ho Foremost among them is the fact that a potential

3
{NF-

ne
.fileld nroblem has no unique solution. Nevertheless, under
certain rather special conditions it is pdssible to analyze
nagnetic 1nfo”ﬂ“ulOD to obtain worthwhile estimates of the
dimensions of an iron-ore body.

Thls paper describes one attempt to derive quantitative

results from n:“ne lc data. A careful survey of a sultable




ore body was made with accurate instruments,_and'the

resulting information was analyzed to determine tﬁe egtent
of the deposit, .

The ore body that was sel cteo for the ezneriment is
that of the Iron Horse mine of Socorro uohntv, New lexico.
The deposit is at uhe southern end of Chuvade*a resa, 26
miles west of ba;rizbZO, N.M., and 46 miles sast of San
intonio, W.M., on U.S., Hizhway 380, in § - ¥y sec. 9,T, 6
5., R. 7 E. | '

The wrltmr wishes to express hls tharks to Dr. Marvin
Willkening, Head, Denartment of Tjbj51cs and Ceooqy51cs,
‘New Mexico Imstitute of Min ning and Technologzy, and to
Mr. Hartmut Winkler, Reséarch and Development Divisicn,

]

' o of the same Institution, for thelr advice and assistance.
!

m e
Ihanks are due also to ur.-‘lcﬂard Anderson and Mr.,

Lucien Catanzaro for tnelr aid in surveying the area.
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GEOLCGIC STRUCTURE

The reolory of the Iron Horse deposit has been
deécribed by Kelley x The ore is a pyrometaéomatic body
of magnetite foLmed along the north 51do of a monaoniie
dike of early Tertilary age that has i truded limestone and
gypsum of the Yeso formation (Permian). The dile trends

. 75° W, for several thousand fest. Its width at the deposi

ranges . 1 110 feet to 215 feet.

E*

The ore body, which is 5 to 10 feet thick and dips

350 -~ 70° i lies between a feotwall of nmonzonite and a

.3
norrov hang1r~ wall of gypsum. In the vest pit a small
anticline in the gypsum and ore is exnosed wvhere flgt-

lyingzare ét the crest of the fold was mined from a wide
cut. The hanging wall between ore and gypsum 1s faulted in
some of the exposures. :

To the north of the deposit is a tight anticlin ol fold

in the limestone.

1 y.c. Kelley, Ceolozy and Economics of New Hexico Iron-Ore

Deposits, pp. 223-225, 1 nlversiuy of Hew ilexico Press,
1959
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- SECTION TTI

METHOD OF ANALYSIS

Although 1t 1s uite true that the interpr etaticﬁ of
an anomaly in any'o uhe poten l fields is funada mentally
1ncanable of a unlaue solutlon, vhere geoloaic control is
adequate 1? may be n0551b7e to derlve cuantltatlfe results
whlca vlll merit some confldence. | -

In a11 UO*enthl nethods or ceophy51cal exnloration.
two general an cbes are very commonlv used to obtaln

a ouent1tative 1nternretatvon of fleld meesuremencs in

terws of reologvc structure. In the fier of these metnods,

the fleld resnonse curve is commarec vlth a set of theoretical

curves to determﬂne the cest flt. *he second method is a,
CUL“DHd—t”Y proceos in which the size, shape, and other -
cerbinent phVSﬂcal chqracteristlcs 01 a str UCere are
assumed, and the resultant resnonse curve is calculﬁced

and compared wlth the field curve. In the present survey

Py

for each sultacle mavnetic profi 1e was matched Uith

uheoretlcal type-curves tovprovide a general idea of the



attitude and dimen51ons of the ore body, then by trlal
and error a solutlon vas der1Ved that woqu glve the best
possible agreemenu wlth the fleld resulto. o
T 1ghout thls Daper the methoq of analvs1s uaev.is

that descrlbed by Coolfl for the 1nternretat10n of nﬂgneulc
anomallcs over taoular ore bodi@s. These oodlas may be in
the form of Veruical or 1ncllnea dlkes, flssure velns, or
replacement Veins or DOdS. Although several Ouher autnor1tie<
have nereuofore derﬂved fornulaq for the Vc“tlcal mavnetlc
anomaly over such b001es, each of these ahtaors hqs glven
equations th?u are anbllcaETe onl; ¢n cemtaln 5U901al
cases. Cook, us:np ordinury magnetlc 1nuuotlon tneovy,u.
has develoned a more general evaESs1un for- the ﬁaqneblé

intensity OVGT‘aﬁ 1pc71neﬂ tabular body. Tais'nornuWa and
the curves ba ed on 1t reie used ratﬂer eytﬂn51vcly and with
a con51derah V deg ce of success by uhe U S. Burrau of
Mines in a Urovram ﬂf eAnlo“ablon for mavnetlte ore bo eé
in the Iron Snrlnrs ais*rict of U ah o

Cook 1i§ts seven assumpulons made in developing this

»(lerﬁé bo@yrié assﬁmed to be uﬁiformlj_ﬁagnetized,

and effects of flux concent *ons on oﬂ"cs

1 Xenneth L. Cook, "Quantitative Interpretation of Vertical
Magnetic Anomullea Over Veins," Geophysies, vol.XV,
1950, pp. 585— 86
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(3)
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(5)

(6}

(7)

and corners of the bédy are disregarded.

The theory does not include the demagnetizatic
effects produced by the existence of the body
in the magnetic field of the earth.

The formulas cOﬁsidered apply to two dimensio:
bodies, that is, to bodies whose length in th
direction.of strike is infinite. When referen:
is made to a "finite vein" the vein is cqiside
infinite in"Tength, but finite in depth exten’
In computing thé nagnetic susceptibility of a
ore body whose accompanying anomaly is caused
wholly by magnetige in the ore, it is assumed
that the susceptibility is proportional to
the amount of magnetite by volume contained i
the ore. |

The statements and conclusions apply to result
obtained in the‘northefn hemisphere at intéré
mediate latitudes. |
It is assumed that no anomalous polarization
effects are produced by the ore bodies.

Unless stated to the contrary, all directions

of strike zand dip to which reference is made

are nagnetic directions.



s

In order that a single set-of thecretical curves may
be used repeatedly, it is desirable that the magnetic
intensity over all the theoretical bodies be plotted in
the same units. This prbcedure permits a comparison of th
true relative magnitudes of the intensity caused by bodie

=

of different dimensions and dispositions. The parameter

rtj

"p," defined as p = 2kZ_, is used as a standzrd unit of
intensity for allltheoretical'curves in this pape

To obtain his formula Cook be with the exnra551a
glven by Heilandl for the Verclcal na ﬁneéﬂo inten51ty ove
a-slope infinitely long in thevdirection of strile. (See

the geometric

b

Fig. 3). One geologic interpretation o

ju

situation would be that of an idealized normal fault
. _
.,

>

At any pdint, P, the verticalnintensity is
AZ = 2k siné { H, sino(): sind log, 1'2/1':'L +
cos § (25 - ﬁlﬂ - ZO[ siné(ﬁg - ﬁl)

~-cosblog, rg/ri[}

where the following notations are used. Hd and Z are,

respectively, the horlzontﬁl and vertical components of

the magnetic field of the earth in the area. The excess

of the magnetic susceptibility of the vein over the

1 ¢.a. Heland, Ceonhvclc al Evploration, Hrnntlce—H 211,
Nev York, 1946, n, 397




P . Surface

LN

Fig. 3. Vertical Scctlon Through Slope Infinitely Long in Direction
of Strike, Show1ng Angles and Dlstarce.




adjacent rock is denoted by'k. The azimuth of the dlrerlon

;.:.

of strike of the fault is represented by the symbo1,°(,-
and this angle is measured counterclockwise from magnetic

north. The other svmhols are explained in Fig. 3. Cook

apnlies Heiland's *ormuﬁa for the vertic al magnetic
intensity over such a slope twice, obt aining the difference
between the magnetie effects of two slopes. This is effect-

caused by an infinitely long tabular body

™

ively the field
with a parallelogram—shaped cross section. The result ig
the following:

AZ = 2k sin § [ (Hy, sin «sin§ + Z cosf)loge ToTy/ToTy,

2

- (H, sin«cos § - Zo sin{)(’ﬁl -2, - Q"3 + Q’;JJ
L

The geometrical situstion is illustrated in Fig

[] ]

oQ

Several special cases of the general formula wlll now
be considercd. As the ore body at the Iron Horse mine strikes
almost exactly due magnetic east and dips north throﬁghout
its extent, all the special equat1 ons and +he retical
curves presented in this oape“ are for Lodles hav1n5‘this
atuﬂtude. In order to cJa*i_. the physical nea ning of the
mathematical exprecsions for vertical intensity, three sets
of curves are given to iliugtrate the'effect of changes in
value of different varlqbles of the ecuations. The tyoe=-

curves are Simllqr to these in Cook’s artlcle, but are

calculataed in accordance with the values of HO and ZO
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in the Bingham distriect.

Case I,

Infinite veins striking east: in this case

the general equation becones

=2k sin § [(H sin § +
AZ = 2Kk srzSE 5 sin § .'ZIO cos § )loger3/rl

- (HO cos § - 2

Curves B, C, and D, Fig, 5 ape the intensity
curves for infinite veins of various northerl¥y
1

lips. Where the dip is 90° the general

equation reduces to

Az - 2}:.20 [(Ho/zo loge (r3/rl) + (ﬁl - QE{Y

- Case IT.

Curve A, Fig. 5 i5 the intensity curve for 2
vertical veain. The asyrnetrical nature of

4

this curve is due solely to ¢

+

e transverse

,,

horizontal magnetiztion effact, which is
expressed in the tern /2, log, r3/'rl .
Finite veins striking east. In this case

the intensity curve is given by

A Z = 2x sinS (Hy sin§ + Z, c::oSS)‘,'Log(_:.1*21'3/lnl;r‘-LF

" (o 03§~ 2, sing) (@ - g, - g, 4 )



1k,

Yhere the dip is 90° the general ecuation

reduces o
Az = 217 [H /2, loz,
(al ~ Uy -2yt R)]

rﬁ/rlrh +

Z 212 (g‘] - -
As is_shown in Fig. 7 he intensit}.curvé is
slightly asymmetrical, and both sides of the
curve cross the x-awis. This case is of par-.

ticular interest in tac survey considered in
this paper, because the almost svnnetricni
shape of several of the field curves in Ciéqtes
that the dip of the ore body at the locaztion
where thece profiles were taken ﬁust be very

nelination of the

'.h

close to the angle of

earth.

6]

magnetic fleld of th
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' SECTION IV

MAGNETIG SURVEY OF DEPOSIT

§ o The Dvesence of four 1ar"e cuts and severeT test pi t
'nrevonted the estaolishment of SLatlons in many nartsvof )
the area and, coeseouently, made 1mprqctical a recularTy
snaced ﬂrld. l erefore, a base line was laid out aloha the
ctrlke of the ore Fody, very nearly 1n c01nciaence v1th
the apex of the ore. At favorehle 10ce¢ions traverse 11n°s
Jere run at ;icht angles to bhe base line. Stqtions Were
set ten xeet apart alonc these averses._ |

All surveylng Drellninary to the magnetlc worV wde-done
with trﬂn51t and steel tape. Laﬁnetlc field strenpths were
measured w1th two VerblCQl 1nte351ty magnetometerS"one
a Schrldt balance type manufactured by the Sprenvnether‘h
Instrunent Co., of St. Louls, Hoe.3 and the other a null-
reading type made by the Levanto Co. of H elsinfl, Einland

The latter ingurument is knoun commer01ally as the Arvela

Hodel 52. The Snrengnether 1nstrument was adausted to a

sensitivity of 138 gammas per scale division; the Arvela

18.




199

for a sensitivity of 10.8 gammas per scale division. Both
magnetometers were calibrated with Helmholz coils. Although‘
the anomaly is so larsze that all the usual corrections ‘
applied in magnetic work including that for the normal
diurnal variation could be neglec%ed, readings‘were takén
at a base station several tiﬁes daily to avoid erratic
results that might have been caused by a magnetic storm. 7
As is showvm in Fig. 8, a pronounced positive magneti;
anomaly exists-over the ore body. In plan view the general

shape of the outline of the anomaly is very similar to

that of the exvosed ore. Two positive magnetic centers

®

are a

ssoclated with the devosit: one,in the vicinity of

. . ) *

the westernmost »it, snd the other in profile 5 + 72 E.
The anomalous magnetic field diminishes in strenszth at the
ends of the ore body, although it can be detected as muéh
as 200 feet to the west of the wide pit. Near the southern
end of profile 8 + 70 E is a small localized anomaly.
Evidently it is due to a small magnetite Segregation that
is exposed in a shallow test pit a few feet west of profile
8 + 70 E. |

Figs. 10 through 18 illustrate the'magnétic profiles

and corresponding geologic cross sections.
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Fig. 9. Symbols Used in Geologic Cross Sections.
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SECTION V. .

. QUANTITATIVE AFALYSIS OF SURVEY

Although the geologlc occurrence of .the Iron Horses .-
deposit would makenitgalmbst ideally suited for the type
of analysils undertaien, in-practice.some'very_serious i;,;
handicaps are encountered in attempting to apply‘the L
method. Unfortunaﬁely,;the cuts made during mining oper-
ations severely restrict the locatiohs at whiéh stations
may be_$et..The only recourse is to run profiles Between
the pits and at the ends of the ore body. It must be --.::-
adnitted that this procedure yields,rapher.sketchy,inﬁorm4
ation on which to base a pfediction of ore tonnage, but
therelis no practical alternative. .

An examinationuof‘tbe.geologic map -will make evident
the vnsuitability of several of .the profiles for purposes
of quantitative analysis. For example, profile 8 + 70 E
lics at the extreme eastern tip of the ore body and, henee,
does not even approximate the.conditlon of "an iqfinitely
long dike" assumed in the mathematical treatment. No

attempt was made'to anzlyze the data obtained from any

31,



of the profileé that pass over two masses -of ore. Although
by -the process of superimposing two type-curves it would be
possible to deriveiseveral?possible solutions?'these-would
be so ambiguous that it was not thought worthvhile to
attempt them. The following four profiles were considered -
suitable for interpretation: O + 93 W, 3 +.76 E, 6 + 57 E,
and 8 + 27 BE.

Before any quantitative work is undertalken the values.
of the constants Hyy 209 and k must be known. The United
States Coast and Geodetic Survéyl gave interpolated values
of 24,800 and 46,900 gammas for Hy, and Zg, respectively.

though a laboratory determinatibn of the magnetic
susceptibility of the ore might appear to be a sinmple
problem, an examination of the 1iterature of geophysical
prospecting will show that such a determination is actually
a rather difficult undertaking. The major objection to
lsboratory measuremeqtsmis that the susceptibility as
measured in a,st:ohg field is lower than that determined
in a wéak field - say one of about 0.5 oersteds, the value
of the field of the earth. Accordingly, susceptibilities

for prospecting calculations are usually determingd by

1 Commmication with Tucson Magnetic Observatory, Tucson, -
Arizona C E /
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neans of ﬁ in rect nethod nropcsod by Slichter.l Aséuming

a
that the magnetisnm of uhe body under 00151deration is due
entirely”to iﬁs magf flte tent, tho SLSCeptlQquby of

th roﬁﬁ-{s t ﬂined by mult qug the“volume nercentace

of the macne ite in the rock by thn susceptlblllty of mag—

-~

netﬂte (cnqsvd\ d to be O. .3 c.u Se u*lus) Al*houfh 1t

voqu 1‘e de51r9b7a ro deter”1ﬂo the ﬂavnetlte ne;centﬂ"e of

- . . nl

the ore @Vﬂﬁﬂﬁnentally, 1t was dec1oed thhi an ette“51"e
sarnllﬂv ﬂr”ﬁrﬁm wude be necessqu to derlve a rcﬁr ent-

aflvo vwlue IA t C helley 02 VaTue of qqp for the Wron

conteﬁb of the ore vas Used as a startlha DOlnt ﬁn t‘ '

ﬂuscevt“bilwty calculgtlﬁns. Albbouﬁh tae ore contalns sub-

s -

o*dlnﬂte aﬂoupts of 11ﬂon1te Fd tlte, 1t is Urenond-
erwnu y mﬂvnet1+e. -oreorer, 1t is 71ke]v tqnu Pven swaler
pmountc of li “:ta and heﬂatltp vvll be nresent at denth

than at the surface. Consaaueﬁtl calculations viere nade

~ ’

assuming that all tnn 1ron was CO“talEed 1n magneaite.
Using specific gravities 5f 5.1 Por masnetlte and 2., for
the vﬂpgue, a vaTUc of 59.¥p is obta$n J for the

volune nercentaﬂe cf magnetlte. his fi gu”e glves values

1 L D: Slichtor, "Certain Aspects bf Lsgnetlc Sur“eylng
Transactions of the American Institute of Mining and
Yotallureicel Engineers, vol. LXXXI, 1929, DD 538 260

2 7elley, on. cit., D. 22l



of 0,178 c.g.s. units for k, and 16,700 gammas for the
p unit.

Once the constants have been determined, the rield
curves are replotted in tefms of the 7 and W units, and
are then compared with the type-curves. The match made to

adnetic profile O + 03 W is showm in Fig. 19. The Iield
Curve was plotted, u51ng a value of 3 feet for W. For the
theoreticzl curve, D = 2.5 W, E = 10'W, and the 4ip =

60° N. This is ecu1va1ent to a depth of cover of 7.5 feet
and a down dip extent of 30 feet. It must be remembered that
for ore bhodies of such small dimensions as those dealt with
here, the dlatcnce D 1s not the ac+u11 deoth of OVeraurden
beCPuae D inclndes the hel ht of the magn@oommuer system
above the surfzce of the ground. Thus in this case the true
depth of overburden is about % feet. The down dip extent is-
about 30 feet.

Although a. casual examination of profile 3 + 76 E
indicates that it is suitable for analysis, a more careful
‘iﬁspection ?roves-that it is not. & ¢0ﬁparison of the fleld
curve with the various type-curves shows that the peak of
the field curve is much too'wide and flat for any feasible
match. Several explanations mizht be devised to explain |

this situation, but the most likely solution for the broad
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anomaly éeems to be the existence of two or more bodies of
magnetite lying so close together that the resolving power
of the magﬁetic observaticns cannot separate-the exfects
of the different bodies.

Hagnetic profile 6 + 57 E was plotted using w 12 feet,
and was matched to a theoretical curve having the following
constants: E = 5 W, D = 0,5 W, and dip = 45° W, It is
wfortanate thaﬁ”field conditions made it iméoséiblé to
take readings farther to the north in this pafticulér

rofile. The ore crops out at the surface;'hence the
calculated value of 6 feet for D is largelj,the_heig ht of
the magnetometer ab,of;e('_the ground, plus about 2 feet of
overburden. The calculated down dlp extent is 60 feet. At
a dip of 45° this would mean a vertical extent of %42.5 feet.

Magnetic profile 8 + 27 E was plotted usipg a value of
7.5 feet for W, As is shown in Fig. 21; it wag;matched
with a theoretical curve in which D = 1 5 W, B=3 Wliand

"the dip = 60° N. This is equivalent to a true denth of
overburden of about 7.5 feet and a dowvmn dip ex?ent qf'
22.5 feet. 5 -

Ir a,magnétic survey had been made before the deposit
vas mined, it should hévé been possible, by uéing cibéely'
spaced traverses, to determine the width and depth eitent of

the ore body at many locations along its lengﬁh. Ihéﬁ the
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tonnags could have been determined on the basls of the
volume of a number of blocks of computed average cross-~
sectiohal area and length. It is obvious that the data
obtained in the survey discussed in this paper are
insufficient for any such procedure. Any computation of
tonmnage based cn the information available must. lean
heavily on the judgment of the nerson making the estimate.
Of uhe three nrof17es consldered analybicﬂl1y both
0 + 93 W and 8 + 27 E are near an end of the denosit. It *s
11A€1V shst the dsnth extent at each of these two locatlﬂns
is con51ceraoly less than tqe ovsrall average denth 01 the
ore., It is orobaDVe that the down Qip extent of 60 feet,
which was deterW1ned for Droflle 6 + 57 &, is nearer the
aversge than elthe“ of the otnsr two valums. If ths average
dip is assumed to bo h5° N ; a reasonable estimate of the
average ¥ tical extent of the ore body is 40 reet. Using_
this'flghre and Kelley! sl Vqlue of 500 tons of ore per B
foot of depth, an estimate oP 20,000 tons is obtawned for
the amount of ore orlslnﬂlly nresent in tho aenosit As
5,000 BOPS hqve been ml“edz, the reserves should be about

15,0 O tons.

1 Xelley, on. cit., p. 225

2 Ibid., p. 224
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SECTION VI
CONCLUSIONS

A vertical-intensity magnetic survej vas made of the
Iron Horse magnetite deposit of SocorroiCounty,‘New Mexico.
The éurVey delineated a very sharp, narrow, elongated
magnetié anomaly associated Witﬁbthe tabular contact-_
metamorphic deposit of magnetite. The anomaly extends for

a horizontal distance of more than 1,000 feet, and reaches .

a peak value in excess of 32,000 gammas.

O0f several fravefses'that'were run transverse toifhe»
strike of the ore body, three were considered suitable for
quantitétiVe anzlysis. The curves obtained frcﬁ these thfee
profiles-wefe compared with theoretical curves based on

magnetic induction theory. The results of the analysis

indicate a probable down di? extent of 60 feet, and ore

rreserves of about 15, OOO tons.

It cannot be OVeremphqsized that these estlmates are  ‘

subgect to large errors. An attamnt was made to derive

”“the best solution possible from the information avallable; i

Lo



althOL”h it ‘was clearly'recovnlzed that such information

"f'was not SHfIlClent to provide more than a general idea

of the dlmen51ons of the dep051t._
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