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ABSTRACT

Four hundred eighty four oriented cores were taken at 

47 sites in 7 geologic formations closely connected with the porphyry 

copper deposit at Ajo, Arizona, in an attempt to determine the ex

tent to which rock magnetism can add to geologic knowledge of the 

area. A spinner magnetometer having an operating sensitivity of
O

10 emu/cc was constructed for the project, and from the output 

data of this magnetometer a dispersion parameter was developed 

which proved to be a new, useful property of the remanence. Rema- 

nence and its thermal demagnetization play major roles in the inter

pretation of the magnetic data, and susceptibility and saturation 

magnetization are subsidiary but necessary properties used in 

interpretation.

Thermal demagnetization of 61 specimens showed that 

many of the rocks of the area, especially those of the ore body itself, 

contain viscous, secondary components of magnetization strongly 

influenced by the present geomagnetic field. Of particular interest 

are the magnetizations produced by the chemical changes due to 

supergene oxidation and hydrothermal introduction of magnetite.
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The former is characterized by a stable remanence attributable to 

hematite, whereas the latter is typified by secondary, unstable com

ponents in the host volcanics and is related to intrusive processes.

Application of paleomagnetic directions has been limited 

but useful in two cases. First, the age of the Cardigan Gneiss, 

previously thought to be Precambrian, is assigned to Triassic on the 

basis of stable remanence directions; however, it is not known 

whether this is the original age or a later thermal metamorphic 

event. Second, structural tilting of the ore body through a large 

angle to the east has occurred after the development of the Tertiary 

oxidation zone, but before rotation on the Little Ajo Mountain fault.
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INTRODUCTION

Purpose

In view of technical advances in the subject of rock 

magnetism, particularly those of instrumentation, data processing, 

and understanding of physical aspects of the subject, it is apparent 

that rocks associated with an ore deposit may have magnetic prop

erties which reflect the geologic events that occurred in conjunction 

with that deposit. In point of fact, several papers have now appeared 

in the literature which concern solutions by paleomagnetic techniques 

to such problems as the structure, origin, and geochronology of 

various ore deposits (Sopher, 1963; Gross and Strangway, 1961;

Krs, 1966). Conceivably, physical and chemical parameters such as 

temperature or migration of iron bearing solutions in an ore deposit 

can also be defined by the procedures commonly employed in rock 

magnetism studies. Because the porphyry copper deposit at Ajo has 

associated with it several rather well defined geologic events, as 

well as those not so well defined, and because the magnetic minerals

magnetite and hematite are known to be present, this porphyry

1
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copper deposit was chosen as an ore deposit likely to yield information 

about its geologic history upon analytical treatment of its rock mag

netism.

The principal goal of this dissertation was to design and 

employ a research program which will answer questions of the fol

lowing type for the New Cornelia deposit:

(1) Do directions of the natural remanent magnetization 

(NRM) agree with known geologic events such as rotation on the Little 

Ajo Mountain fault?

(2) Does the NRM suggest or define any new structural 

information, or does it clarify geologically ambiguous structures 

such as pre-intrusion structure of the host rocks?

(3) Does thermal demagnetization place any limits on the 

temperature of the intrusion or the temperature to which the host 

rocks were heated?

(4) Have there been any magnetically definable chemical 

changes which took place in the host rocks as a result of intrusive 

processes?

(5) In view of the two stages of supergene oxidation 

which occurred, does the rock magnetism reflect this chemical 

change, and how has the oxidation affected magnetization which was 

established before oxidation?
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If answers to the above questions are affirmative, this 

research project will have demonstrated that the techniques of rock 

magnetism can be exploited toward further understanding of certain 

geologic processes in connection with ore deposits in general, and 

with porphyry copper deposits in particular. Alternatively, if nega

tive answers are found, and if the physical reasons for them can be 

understood, then the reliability of rock magnetism will be specified 

under the geologic conditions found at Ajo.

Rock Magnetism and Geology 

The relationship between rock magnetism and geology 

occupies a unique position because the natural remanent magnetiza

tion (NRM) is a magnetic memory element. NRM, a semi-permanent 

magnetic moment symbolized by the vectorial quantity M, is acquired 

upon deposition in the case of a sediment or upon cooling through the 

Curie temperature in the case of an igneous rock; it is a function of 

the intensity and direction of the local geomagnetic field and the mag

netic minerals present in the rock. It is the NRM which holds a key 

to deriving the geologic history of rocks by their magnetism, but a 

complete magnetic picture is impossible without knowledge of other 

properties such as stability of remanence and magnetic susceptibility.

Paleomagnetism study has shown that the geomagnetic 

field (F(t)) has varied considerably during the earth’s history. The
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field has reversed polarity from time to time, and although little is 

known of the detailed behavior of the field's intensity, a reasonable 

assumption is that the intensity may have varied to a considerable 

degree, perhaps radically at the time of a reversal. The geomag

netic field's direction has varied consistently on a short time scale 

(secular variation) of hundreds to thousands of years, and on a 

longer time scale (geomagnetic polar wandering) of millions of years. 

For rather young geological ages, the paleomagnetic field can be 

shown to be dipolar in form, and this is assumed to be true for ages 

greater than Tertiary. It is a premise of paleomagnetism that, in 

view of our knowledge of the direction of the paleomagnetic field with 

respect to any geographic locality, an age can be assigned to the rock 

on the basis of NRM directions. Or, if the age of the rock is known 

by other methods, a structural attitude of the rock can be assigned 

by comparing the direction of NRM to a polar wandering curve.

The remanence of a rock is not a permanent feature in 

that it decays with time (viscous decay of magnetization), and it may 

be disturbed by later geological events such as re -heating or the 

addition or subtraction of magnetic minerals through metasomatism. 

If the later event is sufficiently severe, it may either erase all 

former magnetic records, mask them to an unrecognizable degree,

or simply add to them, producing secondary components of
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magnetization. These secondary components are then functions of 

the temperature and/or new constituent which encountered the rock 

at the later time, and a new record is established which is co- 

existent with, and may be separable from, the original magnetization. 

The NRM results from the sum of die above magnetizations, and is 

therefore a magnetic recording which, if it can be analyzed, may 

contain information about all or part of the rock’s history since the 

time of its formation.

Geology at A jo

The New Cornelia mine, owned and operated by Phelps 

Dodge Corporation, is one of the principal members of the renowned 

porphyry copper deposits of southwestern North America. As typical 

of many such deposits, the New Cornelia ore body is characterized by 

low grade copper mineralization economically minable only because 

of the enormous tonnage of ore available for low cost, open pit meth

ods. The New Cornelia deposit is geographically located in Town

ship 12 South, Range 6 West, immediately south of Ajo, Arizona, 43 

miles south of Gila Bend and 132 miles west of IXicson (Fig. 1). The 

geology of the Ajo mining district has been described by Gilluly (1946), 

later information in the mine area has been compiled by Dixon (1966), 

and a systematic study of the petrology of the New Cornelia stock west
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of the Gibson fault has been presented by Wadsworth (1966). The 

following geologic sketch is a summary of their work which em

phasizes points relevant to interpretation of the rock magnetism 

results and considers only those formations which have a direct 

connection with the ore deposit.

The oldest formation in die district is the Cardigan 

Gneiss which forms the basement rock of the area (Fig. 2). The 

age of this formation is uncertain and was originally placed as Pre - 

Cambrian on indirect stratigraphic grounds. Texturally and struc

turally, the formation can be subdivided into several varieties which 

range from schist through foliated gneiss to an almost massive 

gneiss. Petrologically it consists principally of the minerals quartz, 

feldspars, muscovite and biotite. Magnetite is a common accessory 

mineral. The Cardigan Gneiss is thought to be what remains of a 

quartz diorite intrusive after deformation and hydrothermal altera

tion by at least five tectonic distrubances which have taken place 

since the original intrusion. There is little systematic orientation 

to foliation or lineation of the formation, and there is no suggestion 

of a consistent, regular deformation. Indeed, there is no idea, as to 

what its present structural attitude may be. •

Unconformably overlying the Cardigan Gneiss is the Con

centrator Formation, consisting of altered and fractured andesite and
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rhyolite flow breccias, tuffs and flows. The age of these rocks 

(placed as Cretaceous) is again tentative and based on indirect evi

dence. Gilluly considered the formation to be intensely hydro- 

thermally altered in two different stages which consisted principally 

of albitization, replacement by quartz, and in and near die ore de - 

posit, introduction of specular hematite (Fig. 2) and copper sulfides. 

Contact metamorphism of the volcanics by the Cornelia Quartz 

Monzonite intrusive has developed a hornfels in the immediate vicin

ity of the contact, with little evidence of shearing in the wallrock. 

The hornfelsic recrystallization may have been due principally to 

heating rather than active fluids and has possibly rendered the vol

canics less permeable to flow of hydrothermal fluids at the contact 

of the quartz monzonite. Separation of the volcanics into individual, 

mappable, lithologic units is difficult if not impossible, and the 

original, pre -alteration character of the rocks is not available for 

observation. The thickness of the volcanic pile may be as much as 

3,000 feet, and its source is unknown. The structural attitude of 

the volcanics has not been determined, but scattered sedimentary 

surfaces in pyroclastics suggest that before rotation on the Little 

Ajo Mountain fault, the formation had a strike slightly east of north 

with a dip of about 30°E.
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Intruding the Cardigan Gneiss and the Concentrator Vol- 

canics is the Cornelia Quartz Monzonite which is ah in part porphyritic 

stock containing the New Cornelia copper deposit. By consideration 

and analysis of grid samples of the main stock west of the Gibson fault, 

Wadsworth (1966) concluded that the stock is of the multiple intrusion 

type. On the basis of texture and composition, he subdivided the 

Cornelia Quartz Monzonite into the following facies: porphyritic, 

equigranular, micro -granular, quartz monzonite, quartz diorite, and 

granodiorite. Gilluly's main quartz monzonite facies and quartz 

diorite border facies are the ones distinguished further for the pur

poses of the rock magnetism data. Several faults cut the quartz 

monzonite and appear more numerous in the open pit due to recent 

exposures in the mining process. Hydrothermal alteration occurred 

in the vicinity of the ore body producing impregnation of quartz and 

orthoclase, transformation of plagioclase to albite and sericite, and 

alteration of mafic silicates to chlorite. This alteration is closely 

associated with deposition of. the metallic sulfides and oxides: mag

netite, pyrite, chalcopyrite, bornite, molybdenite and specularite. 

Hydrothermal alteration and deposition of metallic minerals are 

considered by Gilluly to be the end processes of development of the 

quartz monzonite magma, and he envisions the following chronologic
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order after intrusion: brecciation (continuing throughout mineraliza

tion), pegmatization (replacement by orthoclase and quartz), deposi

tion of vein magnetite (as opposed to a primary euhedral variety), 

deposition of the metallic sulfides, and finally, introduction of specu

lar hematite, both as veins and discrete crystals. It seems likely 

that the ratio PQg/Pc^ was changing throughout the mineralization - - 

die ratio being high to begin with, lower later, and finally very high.

If the depth of the intrusion at the time of consolidation were fairly 

shallow—3,000 to 10,000 feet as suggested by Gilluly--reaction of 

the final iron-rich hydrothermal fluids (under oxidizing conditions) 

may have taken place in the Concentrator Volcanics to produce the 

specularite-rich zone (Fig. 2).

The age of the Cornelia Quartz Monzonite presents some 

thing of a puzzle. Originally it was assigned as early Tertiary by 

Gilluly upon comparison with other intrusions of similar type in the 

Southwest. Potassium -argon dating of pegmatitic biotite in the miner

alized stock has verified the Tertiary age (Damon, et a l . , 1965) as 

being 63.1 + 2.2 m.y. McDowell (personal communication) repeated 

this result; however, by similar techniques he has also dated a 

sample taken in the main stock some 500 feet west of the Gibson fault 

and attained results of 19.1 dt 1.3 m. y. from biotite and 19.6 + 3.5 m. y. 

from hornblende. He has explained this young age in terms of
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re -heating of the quartz monzonite, possibly by the intrusion of post- 

magmatic dikes or overlying flows, but geologic evidence for either 

possibility is lacking near the sample site and the younger date can

not be discarded on these grounds. The possibility of rejuvination 

of the quartz monzonite cannot be excluded, but seems rather im - 

probable, particularly as high temperatures would be required to 

cause virtually complete argon loss from both biotite and hornblende 

to result in such similar dates (Damon, P. E ., 1967). On the basis 

of these dated samples, the possibility of two intrusions, widely 

separated in time, should not be overlooked. This is an alternative 

to Gilluly's original geologic interpretation which suggested that the 

New Cornelia ore body was in a cupola of the main Cornelia stock 

and had been displaced downward and to the east by the normal Gibson 

fault.

The Locomotive Fangiomerate unconformably overlies the 

Cardigan Gneiss, the Concentrator Volcanics and the Cornelia Quartz 

Monzonite. The fanglomerate, although of sedimentary origin, shows 

very little sorting by water action, and it consists of sand, cobbles, 

and boulders of various rock types. The formation is between 

6,000 and 12,000 feet thick and presently has an average attitude 

striking N60W and dipping SOS with its dip increasing northward to - 

ward the quartz monzonite intrusive. It was probably a desert fan
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deposit with local mud flows the depositing agent. One fine -grained 

lense was located on the south wall of the mine after rock failure 

revealed its presence. Several similar lenses indicate that the fan - 

glomerate was originally deposited horizontally, and that the present 

attitude is a real measure of post-depositional deformation. The for

mation has been silicified in the vicinity of the mine, and its age is 

probably mid-Tertiary. Interbedded with the Locomotive Fanglomer- 

ate are the flows and flow -breccias of the Ajo Volcanics.

Several dike sets crop out in the Ajo area, but the two of 

principal interest here are the feldspathic andesite porphyry dikes 

north of the mine and the Hospital Porphyry dikes in and to the east 

of the mine. The older feldspathic andesite porphyry dikes strike 

northeast, dip steeply north, and are pre-Locomotive Fan glome rate 

in age. The Hospital Porphyry dikes, on the other hand, strike north- 

northwest, dip steeply, and are of andesitic composition with large 

plagioclase phenocrysts set in a micro-granular groundmass. These 

younger dikes post-date the Locomotive Fanglomerate.

The structural geology of the area is not well defined in 

detail as many areas critical to such a description are covered with 

alluvium. Foliation developed in the Cardigan Gneiss is irregular, 

probably resulting from recurrence of deformation, and shows no
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regional trends or other regularities which might aid in structural 

interpretation. The attitude of the Concentrator Volcanics is un

certain, but the presence of sedimentary surfaces in pyroclastics 

suggests that before the Little Ajo Mountain faulting took place these 

volcanics as a whole were tilted about 30° east with a strike slightly 

east of north. A structural relationship with the intrusion of the 

quartz monzonite is unclear. Numerous faults have occurred in the 

area of the ore deposit of which the most noticeable are the normal 

Gibson fault (Fig. 2), dipping 50°ESE, and the Little Ajo Mountain 

fault, which dips steeply north, striking about N60W. Gilluly's 

interpretations of these faults were that the Gibson fault has down- 

dropped the east side of the Cornelia Quartz Monzonite to its present 

position by at least 4,000 feet. The later rotation on the Little Ajo 

Mountain fault has tilted the entire area under consideration by about 

50°S; the fault has a probable throw of 5,000 to 10,000 feet.

Geologic history of the mine area may then be summarized 

beginning with the several tectonic deformations of the Cardigan 

Gneiss. Much later, the flows, tuffs, and flow breccias of the 

Cretaceous Concentrator Volcanics were laid down, only to be hydro- 

thermally altered twice after their deposition. Later, during the 

Laramide Revolution, the Cornelia Quartz Monzonite intruded both 

the Cardigan Gneiss and Concentrator Volcanics, producing contact
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metamorphic effects on both. Development of pegmatites and aplite 

veins occurred near the apical portion of the quartz monzonite stock 

with later deposition of cupriferous sulfides, iron oxides, and late- 

stage hydrothermal alteration of the minerals in this portion of the 

stock. Following this was the intrusion of eastward trending dikes 

into the quartz monzonite. Later appearance of the Gibson fault down- 

dropped the eastern portion of the quartz monzonite including the New 

Cornelia ore body. Erosion followed, bringing the ore body to the 

surface near the water table where oxidation of sulfide minerals 

took place to a minor extent during Tertiary times. Later, thousands 

of feet of very coarse alluvial deposits were laid down, accompanied 

by intermittent volcanic activity. East-west faulting sliced the 

country with block rotation steeply tilting the rocks south of the Little 

Ajo Mountain fault; finally, recent erosion produced the present sur

face and was accompanied by minor oxidation.

This chronologic sketch is based on the observable geology 

which Gilluly concluded on the basis of ill-exposed outcrops. It 

should be pointed out that throughout his report he continuously 

stressed the lack of tangible data, particularly structural data, be

cause of the scarcity of outcrops. The exact geologic history, there

fore, remains somewhat conjectural.
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Field Procedure and Sample Preparation

Representative samples of the various formations were 

obtained by choosing several collecting sites within each formation 

(Fig. 2); the number and locations of the sites were limited prin

cipally by availability and quality of outcrops. Normally, in order 

to obtain coherent specimens, it is necessary to collect from rocks 

which are free of deterioration caused by fracturing and weathering. 

Coring at the outcrop is preferable to insure maximum specimen 

orientation accuracy.

All specimens collected at A jo (with the exception of 

site 31) were cored at the outcrop by means of a truck-mounted 

electric drill with portable generator and water supply. Having the 

drill truck-mounted proved a valuable asset as core recovery was 

high (greater than 90 per cent). Approximately 10 one -inch diameter 

cores were drilled at each site by "non-magnetic" diamond-capped 

stainless steel drills. Two sites per day could be obtained under 

optimum conditions.

Orientation of the cores was with the method developed by 

Graham (1955), and with the use of a brass tube and mounted plate, 

the cores could be oriented with a Brunton compass to within 1° 

attitude. Before sampling, all outcrops were checked by Brunton
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sighting to insure negligible magnetic anomaly. Extraction of cores 

was facilitated by the use of a brass chisel, and upon extraction, the 

cores were marked, wrapped and finally packed in sponge to avoid 

contamination and shock. The cores, upon return to the laboratory, 

were trimmed to one -inch lengths with a diamond saw and placed in 

magnetically field-free storage.
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LABORATORY METHODS 

General Statement

A rock's behavior and response in the presence of mag

netic fields depend upon three things: (1) The physical character

istics of the rock material itself, that is, the types and quantities of 

minerals present and their magnetic properties, the structure and 

shape of the rock specimen, and the rock type; (2) The physical con

ditions prevailing at the specimen location at the time in question, 

for example, the magnetic field (B), temperature (T), and duration of 

these conditions, and changing chemical conditions; and (3) The pre

vious history of the rock, both geologic and magnetic. Experiments 

were performed by systematically varying physical conditions (such 

as temperature of the specimen) which define the character of a rock's 

magnetization in order to delineate the magnetic dependence as a 

function of physical parameters. Knowledge of this character can 

then be used to interpret the magnetic history of the rock. However, 

because of the physical dependence, it is desirable to control labora

tory conditions to a high degree, and the low magnetic noise conditions

17
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prevailing at the Paleomagnetism Laboratory of the University of 

Arizona have proven ideal. Measurement of the natural remanence, 

magnetic susceptibility and thermal dependence of both remanence 

and saturation magnetization were combined to define the magnetic 

properties of the rocks at A jo.

Natural Remanent Magnetization 

The natural remanent magnetization of a rock is that sem i

permanent magnetic moment which is established by the alignment 

of magnetic moments of individual grains parallel to the ambient mag

netic field either during or shortly following the formation of the rock. 

Stability of the remanence is a term introduced to describe the degree 

of permanent character of NRM and may be simply defined as NRM's 

"resistance to change" (Irving, 1964). At the time the NRM is e s 

tablished, it will in general be parallel to the local geomagnetic field 

vector F provided the rock has no overall susceptibility anisotropy 

and provided the shape of the rock body produces negligible dis - 

tortion of F. The NRM is also a complicated, not well understood 

function of the intensity of F.

Due to thermal agitation energy which is available, the 

NRM intensity will experience a time -decay following an equation of 

the general type:

M = M0 exp (-t /T )
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where T is the relaxation time characteristic of the mineral 

responsible for the rock's magnetization (Neel, 1949). Due to the 

fact that a certain fraction of M is being lost as time* increases, it is 

probable that this fraction will find an energy minimum if it aligns it

self parallel to an external field resulting from laboratory fields or 

a new geomagnetic field direction. This constitutes the viscous decay 

of remanence, and a knowledge of its characteristics helps define the 

stability of NRM: If T is small, geologically speaking, the NRM is 

likely to be unstable because of the acquisition of the viscous com

ponents; if T  is large, then the rock is likely to demonstrate a stable 

remanence. As T, and therefore the NRM, is temperature depen

dent, a partial thermoremanent magnetization (PTRM) can be acquired 

if a later heating of the rock occurs, such as in a metamorphic event. 

The PTRM will be a function of the re -heating temperature and the ex 

ternal magnetic field, and if the temperature is in excess of the Curie 

temperature, the original remanence will be erased. Cooling back 

through the Curie temperature will establish a thermoremanence 

(TRM).

If chemical changes occur in a rock, such as introduction 

of an iron bearing mineral, the NRM will be changed by the. appearance 

of a chemical remanent magnetization (CRM) which is characterized
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by the new chemical phase. CRM is similar in aspect to TRM and 

may either destroy the original remanence or mask it.

Rocks consist of an aggregate of diamagnetic or paramag

netic minerals throughout which is a dispersion of essentially in

dependent ferrimagnetic or antiferromagnetic mineral grains. Miner

als in the diamagnetic (quartz and the feldspars) and the paramagnetic 

(olivines, pyroxenes, hornblende and biotite) categories generally 

play an insignificant role in the magnetization of rocks and are in

capable of retaining remanent moments. On the other hand, the 

ferrimagnetic minerals (magnetite -ulvospinel series) and the anti- 

ferromagnetic minerals (hematite-ilmenite series) dominate the mag

netic properties of rocks when these, minerals are present. The 

ability of minerals to become magnetized is governed by their atomic 

structures, and arises from the unbalanced spin structure of a paired 

sublattice construction - -the degree of unbalance governs the intensity 

of magnetization within that mineral.

NRM can be pictured as the vector sum of the magnetiza

tions of all the magnetic grains within a specimen of the rock:

M = £  rm 
«:/
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If /tv is large and the magnetizing field (B) is homogeneous at the 

time of magnetization, all the m̂  are likely to be parallel, and a 

specimen of the rock will contain a magnetic moment which is d i

polar provided the specimen has a geometry approximating that of 

a sphere (a cylinder with height equal to diameter is a practical 

approximation). A remanence inhomogeniety arises if the rrq are 

not all parallel; this differs from a petrologic inhomogeniety, in 

which case the magnetic grains are not evenly dispersed throughout 

the enclosing medium.

The total magnetization of a rock is the sum of two parts 

(DuBois, 1962), an induced component due to the presence of an ex 

ternal magnetic field and the previously acquired remanent magnetiza 

tion:

where Ji is the induced component due to an external field (H). By 

reducing H to zero with Helmholtz coils, it is possible to accurately 

measure the remanence with either an astatic or a spinner magne

tometer. If H is not reduced to zero, errors in measurements of 

direction and magnitude of M can be as high as 10° and 10% respec

tively. These errors are due to combined effects of susceptibility 

anisotropy and conductivity.
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Possible unsuspected events which occur after the 

original remanence was acquired are those associated with the col

lection, storage and measurements of the specimens-. It is possible 

to unwittingly give a rock specimen isothermal magnetic components 

during or after collection by jarring it in the presence of magnetic 

fields, or by the use of magnetic tools while handling specimens. 

Depending on the rock in question, these artificial moments may ex

ceed the NRM, and it is therefore desirable to give utmost care to 

the samples to avoid accidentally altering the remanence either be

fore measurement or before test completion. As it is very possible 

for some rocks to acquire moments in the presence of a magnetic 

field when left in it for sufficient time, the specimens collected at 

Ajo were placed in a magnetically field free space for storage and 

were removed only for experiment or measurement.

Magnetic Susceptibility

The magnetic susceptibility (k) is defined as the ratio of 

the induced magnetization J to an external field H, provided"] is pro

duced by H. k is in general a tensor quantity, that is, its magnitude 

is a function of direction, and it can vary with direction as much as 

20% in naturakmaterials. Knowledge of the susceptibility (k) is 

necessary because when it is compared to the remanence (M) the
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comparison gives an idea as to the degree a rock is magnetized. This 

comparison is conveniently made using the Koenigsberger ratio which 

is defined by the relation

Qn = M/J = M/kF

where F is the local value of the geomagnetic field strength 

(Koenigsberger, 1938). As F is about 0.505 Oersted near Ajo, values 

of Qn above about 2.0 would be expected to represent stable remanent 

magnetizations (Irving, 1964); whereas, those rocks whose Qn values 

are below 0.1 probably contain either entirely unstable components 

or large proportions of secondary components.

The susceptibility was measured by the use of an a. c. 

susceptibility bridge, provided the conductivity of the specimen was 

low. In order to avoid errors in those samples whose conductivity 

was high, d. c. methods in conjunction with an astatic magnetometer 

were employed.

Thermal Demagnetization of NRM 

The thermal dependence of NRM is a characteristic prop

erty and is useful for determining the stability of remanence. A 

description of this dependence can be obtained by thermal demag

netization techniques, and such a description is essential for de

termining whether a rock has acquired a PTRM. The method can
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isolate secondary components of magnetization, and it reveals the 

blocking temperature distribution of the remanence "carrier" 

present in the rock.

The blocking temperature (T )̂ of a magnetic grain is that 

temperature at which the relaxation time has become short due to 

the thermal energy (kT) available; this energy is sufficient to de

stroy the remanent moment of that grain and renders it paramag

netic. Tfo is dependent on the grain's size and its magnetocrystal

line anisotropy energy, so that thermal energy available at room 

temperature is sufficient to eradicate the moment for very small 

grain sizes. For larger single domain crystals, additional 

thermal agitation energy is required, and the relaxation time was 

found by Neel (1949) to be

where v is the grain volume, K is the magnetocrystalline anisotropy 

energy, and k is Boltzman's constant. Above a critical grain size 

(0.1 fX for magnetite, 2, OOOjLi for hematite--Stacey, 1963), the 

geometry and various magnetic energies interact in such a way as 

to produce a minimum total magnetic energy. This interaction re 

sults in the appearance of regions within the grain called magnetic
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domains, each of which may have a different direction of magneti

zation. For the multi-domain case, the thermal dependence of 

T follows a more complicated form than that for single domain 

particles. However, because of the exponential dependence of T ,  

there will be a sharply defined temperature (T )̂ where die grain 

may be thermally demagnetized (or magnetized--TRM).

From the above, it is apparent that the grain size d is

tribution of magnetic minerals in a rock is important (although 

difficult to accurately define); because of this distribution there is 

also a distribution of blocking temperatures (and therefore relaxa

tion times) which governs the overall magnetization characteristics 

of the rock in question. The coercive force (that magnetic field 

value necessary to reduce the magnetization of a specimen to zero) 

is also intimately related to the stability of remanence. It has 

been found (Verhoogen, 1959) that up to a certain size the coercivity 

increases with increasing grain size; but beyond the critical size, 

coercivity is observed to decrease with increasing grain size 

(Ozima and Ozima, 1965). As well as grain size, the rate of cooling 

may affect the ability of a grain to retain a remanent magnetization. 

This has been explained (Verhoogen, 1959) in a theory which relates
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the number of dislocations within a grain to its coercivity. and intensity 

of magnetization. For example, slowly cooled grains are thought to 

be well annealed compared to their rapidly cooled counterparts, and 

are therefore more magnetically unstable with respect to changing 

environments.

Thermal demagnetization can be used to define the stabil - 

ity of NRM, and it is a process of placing a rock specimen in a field- 

free area, heating it to a known temperature, say 100°C, and letting 

it cool under zero field (±25/)/ ) conditions. Heating was done with 

a non -magnetic furnace, and specimens were left at the required 

temperature for 45 minutes to establish thermal equilibrium. Tem

peratures are estimated to be accurate to within + 10°C. After the . 

specimen has cooled to room temperature, the grains whose 

blocking temperatures were below the heating temperature (T) will 

no longer contain remanent moments. Measurement of the speci

men reveals the moment remaining attributable to grains whose 

T%)> T, and the process is repeated at successively higher temper

atures until the Curie temperature has been exceeded. Direction and 

intensity are plotted as a function of temperature, and not only do 

they reveal the presence of secondary components but also the 

blocking temperature spectrum of that specimen. As the NRM may
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consist of more than one set of grains whose thermal properties 

are different,

Mto|.al = Mi(T) + Mj(T) + . .

it is possible to separate each set on the basis of its thermal response 

Because viscous components are acquired at low temperatures, they 

may also be destroyed at low temperatures, isolating any TRM at 

the higher temperatures. An analysis of 6M / <)T versus T is used 

to describe the stability of remanence.

Unfortunately, during the heating process, if there are 

hydrous minerals present, physical deterioration of the specimens 

can occur due to expansion of the hydrous minerals. Also, as the 

specimens were heated in an open atmosphere, oxidation or reduction 

of the various magnetic phases could occur uncontrollably within the 

sample, changing the magnetic properties. The changes can be 

observed, however, because oxidation of reduction of the magnetic 

phases produces new phases whose bulk properties are different 

from the former ones ( i .e . , magnetite oxidized to hematite), and 

measurements of susceptibility versus temperature can establish 

whether or not these processes are taking place. This was observed 

for a number of pilot specimens, and with the exception of sulfide 

bearing specimens, little change in susceptibility was noted for the 

majority of cases.
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As well as thermal demagnetization experiments, thermo- 

remanence can be given to the specimens by cooling them through the 

Curie temperature in the presence of a magnetic field, and thermal 

demagnetization can then be performed on these specimens for com

parison with NRM demagnetization. Comparisons of these curves 

reveal information concerning temperature of magnetization acquisi

tion and comparative degree of completeness of magnetization.

Thermal Dependence of Saturation Magnetization 

Saturation magnetization (Js) results when a specimen is 

placed in a strong magnetic field, and like remanent magnetization, 

it is temperature dependent--Jg decreasing with increasing T for a 

single constituent (Neel, 1955):

- - TRM = tanh ( YjsbH 
Js \  kTb

where Jgb is the spontaneous magnetization at the blocking temperature

for that grain. The Js versus T curve for a distribution of grain sizes

is then the result of the contributions of all the magnetic grains and

has a temperature where - <3 Js /  dT is a maximum, called the

Curie temperature. Each magnetic mineral has its own Curie (or

Neel) temperature (578°C for magnetite, 675°C for hematite), and
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an analysis of <9 Jg/  j  T versus T will usually identify the magnetic 

mineral present, along with the bulk blocking temperature distribu

tion. This may be very informative, as it reveals overall magnetic 

properties of a rock, and these properties may be quite different 

from those of the remanence carrier. It is possible to identify more 

than one magnetic mineral present in a rock using these techniques. 

Considerable work has been done which shows that there is a con

tinuous lowering of the Curie temperature with addition of Ti in the 

structure for both the oC FegOg-FeTiOg series and the FegO^- 

TiFegO^ series in such a way that compositions can be estimated 

from standard curves of Tc versus Ti content (Nagata, 1961).

Thermal characteristics of the saturation magnetization 

were measured with a water cooled Curie-point balance, utilizing 

a field strength of 2,000 Oersted and an X-Y recorder output.

Sample sizes were less than a gram in weight, and heating took place 

in open air; sample compositional changes could occur because of 

oxidation. Results are given as Js/Js0 versus T, where T is esti

mated to be accurate to within ±10° C.



INSTRUMENTATION - -THE SPINNER MAGNETOMETER

Principles

A freely suspended air turbine of the type described by 

Beams (1938) may be used to rotate a rock specimen of geometric 

symmetry near a suitable pick up coil, and if appropriate electronics 

are employed, this apparatus can be used to accurately measure the 

specimen's magnitude and direction of remanent magnetization. This 

apparatus is then called a "spinner magnetometer" of the air driven 

type.

The earliest spinner magnetometers were capable only 

of measuring magnetic intensity, but later models such as those built 

by Johnson, et al. (1948) were capable of measuring both magnitude 

and phase, and achieved sensitivities of 2 x 10“̂  emu/cc by means 

of the rotation of large samples (150 cc) at low speeds (10 Hz). Later 

models using specimens of about 10 cc (de Sa and Molyneux, 1963; 

Gough, 1964; and Phillips, 1965) achieved sensitivities in.the range
n n

of 10 to 10 ° emu/cc at much higher rotation speeds (100-300 Hz).

Ill

30
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Recently, commercial spinner magnetometers have become available 

offering sensitivities better than 10 emu/cc for 10 cc specimens 

(Princeton Applied Research Corp.).

From preliminary measurements, it became apparent 

that many of the rocks at Ajo had weak magnetic moments (10 to 

10 emu/cc), and in an effort to accurately measure these weak 

remanent moments it was desirable to construct a magnetometer 

with sufficiently high sensitivity that instrument noise could not 

affect the measurements to an appreciable degree. Using design 

principles set forth by earlier workers, an air driven spinner mag

netometer was constructed; and with techniques involving electro - 

magnetic shielding, phase sensitive lock -in amplification, and 

Helmholtz coils for elimination of the ambient field at the site of 

specimen rotation, the high sensitivity sought was successfully 

achieved.

Design principles are essentially these: The rotating 

specimen, by virtue of its contained magnetic moment, generates an 

emf in a pick up coil which is proportional to the velocity of rotation 

and strength of the dipole component perpendicular to the spin axis. 

The dipole’s direction can be determined if the phase angle.between 

the sine wave emf output is compared to a reference direction on the

rotor. This is accomplished by use of optical techniques, reflecting\ '
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a light beam off a reference mark on the spinning rotor (Fig. 3) so 

that a photocell is pulsed once every cycle. This pulse is amplified, 

squared and fed into a phase sensitive Princeton Applied Research 

model HR-8 lock-in amplifier. As the amplifier has quadrature out

puts and continuous phase adjustment, the magnitude and direction 

of magnetization can be calculated from measurements of the voltage 

output at quadrature phase positions.

The rotor, cubical specimen holders, and ancillary appa

ratus are made of plexiglass, which has proven to be relatively free 

of magnetic impurities. Dynamic stability of the rotor is critical 

and not easily achieved in view of specimen density inhomogeniety or 

asymmetrical shape, but it can be improved by increasing the rotor 

inertia-to-specimen weight ratio (R. D. Champney, personal com

munication).

Speed of rotation is important for several reasons. As 

the emf output is directly proportional to frequency, it is desirable 

to operate at high frequencies; however, two problems quickly arise 

to place limitations on the frequency. The first problem is that the 

physical strength of rock specimens can be exceeded by excessive 

speed—300 Hz is a practical upper limit for most one -inch rock 

cores. The second problem is that it is desirable to operate between 

the harmonics of 60 Hz in view of electrical noise omnipresent in
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laboratories. For these reasons an operating speed was chosen at 

274 Hz. Having chosen a frequency, it then became important to 

operate at identical frequencies for every measurement because of 

the change in emf output and complicated change in phase with a 

change in frequency. To overcome this problem, a feedback system 

employing a frequency sensitive servo amplifier in conjunction with 

an air-pressure transducer was designed and constructed which is 

capable of holding the frequency at 274 + 0.1 Hz for each spin. In 

view of the large number of specimens to be measured, measure

ment time became an important factor. Measurement time was 

optimized by using a maximum acceleration—automatic hold at 

speed - -maximum deceleration sequence. Deceleration was accom

plished by the use of an air brake which also served to cushion the 

slowing rotor plus specimen. Measurement time required 12-15 

minutes per specimen.

Optimum pick up coil design has been discussed from time 

to time in the literature (Phillips, 1965), but the essential problem is 

to surround a rotating specimen with as many turns of wire as is 

geometrically practical; the emf output is proportional to the number 

of turns in the pick up coil. The size of wire used can be important 

because at the low level signals being sought, Johnson noise can be

come a significant factor. For reasons of simplicity, a single 1,000
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turn pick up coil was wound with internal diameter of 3.45 inches, 

external diameter of 6.75 inches, and length of 2.85 inches using 

No. 14 transformer wire. To help combat external noise, a co- 

planar 100 turn compensating coil (diameter 15 inches) was wound 

in the opposite direction to the pick up coil and adjusted for minimum 

noise. Better coil designs are possible, but in view of the fact that 

sensitivity was limited principally by interference, this design proved 

satisfactory. The whole was surrounded by square field-nulling 

Helmholtz coils, 5 feet on a side, onto which was attached wire 

screen for electromagnetic shielding. Different combinations of 

shielding were tried for minimum noise, and the above combination 

produced the best results.

Operation and Calibration

The dipole moment of a specimen is measured with re - 

spect to an orthogonal set of axes within the specimen, and therefore 

has three components of magnetization along these axes. Once a 

specimen is set into rotation, the emf output is a function of the com

ponent of magnetization which lies in a plane perpendicular to the 

axis of rotation; the process of placing a specimen into rotation for 

measurement is referred to as a "spin. " Two spins would be suf

ficient to determine a first approximation of the direction and
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magnitude of remanence, but a six-spin technique was used not only 

to greatly improve the measurement accuracy, but also, provided 

the correct positional sequence is employed, to eliminate systematic 

instrument noise found at low output levels. The six-spin technique 

was used for all specimens.

Calibration of the spinner magnetometer involves cali

bration both of direction and intensity. Calibration of direction is 

relatively straightforward and is accomplished by producing a mag

netic dipole whose orientation is accurately known or can be 

measured. This was done by positioning a straight, magnetized wire 

of large length -to -width ratio in known orientation in a plexiglass 

holder and spinning this as though it were a specimen. Although 

calibration accuracy is limited by machining of parts, comparison 

on an astatic magnetometer indicates the method to be accurate to 

within+ 0.25°.

Calibration of intensity is somewhat more involved than 

that for direction and is accomplished by producing a magnetic di

pole of known strength within the pick up coil and comparing it to the 

emf output of the system. A small calibration coil whose diameter 

is equal to that of a specimen diameter is placed in the magnetometer 

and spun in a known magnetic field. The emf induced in the rotating
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coil will produce a magnetic dipole whose magnitude is given by

fJb (emu)= N* !♦ A, .

where N = number of turns in the coil,

I = current in the coil (abamps),

A = area of the coil (cm^),

and where I = V/R (provided inductive and capacitive impedances are 

negligible),

with V = voltage induced in the coil (volts),

R = resistance of the coil (ohms).

The voltage (V) induced in the calibration coil is given by

V = CO-B-A-N,

where CO = 274 Hz = twice the spin frequency,

B = induced magnetic field strength (ICT̂  volt-sec/m^), 

and the magnetic field strength B' in the external calibration coils is 

given by

B» _ 2-2 i a2 n
(4x  ̂+ a^)(4x  ̂+ 2a )̂2

where i = current (amps), 

n = number of turns, 

a = length of a side (m), 

and x = one -half coil separation (m).
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The calibration constant of this spinner magnetometer was found, for 

several values of B and thus JX, to be •

Kj = fVvoutpUt = 7.146 ±  0. Oil x 10 "5 emu per microvolt. 

Limitations on the accuracy of this value are restricted by the ability 

to accurately measure coil dimensions and current in the external 

calibration coils. Although the standard deviation for several 

measurements indicates a 0.15% consistency in Kj, the accuracy in 

Kj is probably accurate only to +1%.

Noise and Sensitivity

Elimination of noise is crucial in a system if a high 

operating sensitivity is to be maintained. The major sources of 

noise in an air-driven spinner magnetometer are: (1) rotor con

taining residual magnetic moments due to impurities; (2) static 

charges accumulating during rotation; and (3) electronic interference 

from nearby apparatus capable of re-radiating signals in phase with 

the spinning rotor. These noise sources may be reduced to usable 

levels by alternating -field demagnetization of the rotor, use of static 

charge eliminators, electromagnetic shielding, and finally, location

of the magnetometer far from re-radiating sources.
.

The noise level of the spinner may be measured by com - 

pleting a set of measurements without a specimen in the holder and
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calculating the magnitude of the apparent magnetic moment which was 

generated by the sum of the above noise sources. This is the level 

at which the signal-to-noise ratio equals one and also the level which 

defines the limiting sensitivity of the instrument. Commonly the 

operating sensitivity was about 1 x 10“̂  emu/cc and was observed as 

high as 3 x 10"̂  emu/cc, but it could not be maintained at the higher 

level because of electrical interference with nearby Helmholtz 

storage coils.

Instrument noise can be plotted as a function of specimen 

strength (Fig. 4), and it is seen to be very small for values of 

M > 10~6 emu/cc. The standard errors at M = 10"̂  emu/cc are 

±2% intensity and ± 2 °  direction, but for M > 5 x 1 0 emu/cc these 

have fallen below ±1% and ±1°. (The dashed line indicates the error 

due to the observed noise at 3 x 10  ̂emu/cc).
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Fig. 4 - -Spinner magnetometer instrument noise versus signal strength. o
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DATA ANALYSIS

A digital computer is essential for reduction of the data 

from remanence measurements because of the numerous calculations 

involved. Data reduction was carried out with the IBM 7072 digital 

computer available at the Numerical Analysis Laboratory at this 

University, and Fortran programs to process the data to gain the 

numerical information discussed below are found in Appendices A 

and B.

Remanence Calculations

The data obtained from the spinner magnetometer are die 

components of remanent magnetization with respect to a coordinate 

system witiiin a specimen and, using the six-spin technique, are of 

the form:

X1 Yl z%

x2 Y2 z2

xs yg zg

41
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The average values of x, y and z then determine the direction and 

magnitude of the dipole M:

X = 1/8 2 xi> y  = 1/8 Zyp z = 1/8 X zi> 

the magnitude is given by:

M = (x  ̂+ y  ̂+ z2)  ̂

and its directions are given by: 

declination (D) = tan"̂  (y/x), 0° 5 D  ̂ 360°, and 

inclination (I) = tan~* (z/(x2 + y2)5 ), -90° < I S 90°.

The declination and inclination are rotated by appropriate angles 

to correctly position the direction of M at the outcrop and also to make 

corrections for regional magnetic declination and structural tilt.

The remanent magnetization (M) of a rock consists of the 

vector sum of the magnetizations of all grains,

M = Mj + Mj . . .

where each set of or Mj, e tc ., has its own physical character

istics distinguishing it from the other sets. If defines the original 

remanence of the specimen, then Mj represents a secondary com

ponent. If the rock contains only one set of evenly dispersed M̂ , 

the rock's magnetization can be described to a high degree as that of 

a dipole; if more than one set is present, then a dipole approxima

tion may or may not be strictly valid, depending on the angular
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relationship of and Mj. The presence of more than one component

of magnetization in a specimen gives rise to reproducibly measurable, 

but not identically equal, x-, yj and Z|. As there are several 

measured values of x, y and z, it is possible to calculate the stand

ard deviations of these individual components by

and similarly for <5y and ô .. By the methods of propagation of errors 

it is desirable to calculate errors in M, D, and I based on the slight 

inconsistencies in x, y and z. (It is also highly desirable at this 

point to introduce internal checks in the data which reveal errors in 

computer input or output.) The error in the vector magnitude is

JL

n = 8

the error in D is

x 57.296 ,

and the error in I is

M(M2 -z" 2)
m x 57.296.
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(The spinner magnetometer commonly reveals values in these 

quantities of

°m— < 0.5%; <%, d^<0.5°).
M

The Dispersion Parameter 

Tliere is often sufficient information on the basis of 

thermal demagnetization of M to define the primary component 

^m^ and the secondary component ^mj from magnitudes and ' 

directions alone. However, additional calculations show that infor

mation concerning the thermal stability of M can be extended for 

single specimens. Consider

M = x ' i + y + z £ .

In conjunction with the above error analysis, it is convenient to 

define a new function

f = x + y + z

whose variance is found to be

6f2 = <rx2 + <ry2 + crz2 .

(The variance of f can also be shown to be equal to the variance of 

the vector M .) The square root of the variance of f divided by M is
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then termed a within -specimen dispersion parameter of the magnetic 

remanence, that is,

o h = - S - .
M

Tlie value of oh is dependent upon the various Mj and/or Mj present 

in a specimen, and in particular upon their angular relationship.

<5̂  will proceed to zero if instrumentation error is negligible and a 

perfect dipole is present in die rock specimen. Its inverse ex

presses a quality of the magnetic dipole, and approaches zero as the 

dipole approximation becomes invalid. This is illustrated in 

figure 25 where it is apparent that the quality of dipole magnetization 

is decreasing and the dipole approximation is becoming invalid with 

increasing temperature, even though dipole calculations which have 

been based on averages of x, y and z yield a dipole direction and mag

nitude. In most cases, if has fallen below the value of 10. 0, 

measurements of the individual components generally are no longer 

reproducible; for rock specimens that display no evidence of second

ary components, is commonly above 100, and therefore expresses 

a relatively "high" quality of dipolar magnetization.

The reasons for introducing the dispersion parameter 

are apparent. The quantity Gfi”* gives information in addition to the 

direction and magnitude of the remanence which indicates whether
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the dipole approximation is valid for a particular specimen. The 

dipole assumption may be useful and satisfactory for some cases, 

but during thermal demagnetization an increase or decrease of 0^ 

gives quantitative results concerning that approximation. For in

stance, in cases where rocks contain more than one component, it 

is possible to selectively destroy one of the components, and plots 

of oh"l versus T in these cases show an improvement in quality by 

an increase of 0̂ "̂ , even though the overall magnetization may in

crease or decrease. At or near the Curie temperature or blocking 

temperatures, <fn~̂  changes readily, giving further information 

about the remanence of those specimens at higher temperatures.

Streaked Distributions

The directions of M from a single collection site are 

plotted on a stereogram, which is a type of projection of a unit 

sphere onto a plane. The resulting distribution of the various M 

over the surface of the sphere can either be randomly distributed, 

as in Fig. 33, site 20, clustered with axial symmetry about a mean 

direction (Fig. 10, site 32), or be spread in such a way as to give a 

"streaked" appearance, as in Fig. 17, site 1. Analysis of the first 

two distributions is straightforward and may be handled by statis

tical methods introduced by Fisher (1953) and reviewed by Irving
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(1964). The latter distribution, however, is not of the axially 

symmetric Fisherian type, but may be the resultant of two or more 

Fisherian distributions, and reduction is necessary'before appro

priate data analysis can begin.

As streaked distributions commonly result from the 

varying degree of acquisition of secondary components superimposed 

upon primary ones, the distribution may be assumed to be the inter

mediate directions of two "end-member" vector directions which 

were originally defined by the means of two Fisherian distributions. 

The secondary, or later, one commonly is parallel to the present 

geomagnetic field direction and is often a viscous component or a 

chemical remanent magnetization resulting from recent weathering. 

It can be assumed that a streaked distribution consists of line direc

tions approximating a plane defined by the two "end-members, " and 

it is then possible to calculate by least squares methods the most 

likely plane in which these two members lie (see Appendix B). A 

"best" fitting plane is illustrated in Fig. 17, site 1.

Another statistic employed is the radius of the circle at 

some confidence level within which lies the mean direction of a 

Fisherian distribution of vector directions. At the 95% confidence
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level, this value is defined by:

Cos N-R /
(20 ' exP

1
N -l

(Fisher, 1953).



V

RESULTS

Measurement data and the results of various experiments 

are presented to illustrate that within each formation there is a de

gree of consistency, although somewhat limited in many cases, to 

the magnetic properties of the rocks at Ajo. The magnetic rem- 

anence and its thermal demagnetization characteristics when com

bined with susceptibility are used to define the degree of magnetiza

tion as well as the stability of remanence. Saturation magnetization 

versus temperature plots are used to determine the various magnetic 

minerals present in a rock and whether or not the remanence carrier 

is the principal magnetic constituent.

A discussion of the use of the dispersion parameter 

is followed by a description of the magnetic properties of the various 

formations presented in chronologic order. Exceptions are the dike 

rocks which are grouped together and the oxidation zones which are 

given separate status from their parent formations on the basis of 

the magnetic results.

The magnitude of M is expressed in the electromagnetic 

system of units in terms of intensity of magnetization per unit

49
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/
volume - -emu/ cc. (A magnetic intensity of one emu is dimensionally 

equivalent to one Gauss in the C. G. S. electromagnetic system of 

units, and is 10™̂ Webers/m^ in the M.K.S. system.) The direc

tions of the various M from a collection site are commonly repre

sented on stereograms as closed circles if the inclinations are 

positive and open circles if the inclinations are negative. Declina

tions are with respect to geographic north. The present geomag

netic field direction is plotted as a cross—the axial geocentric di

pole is at N0°E, + 50°.

Remanence Dispersion

The usefulness of the dispersion parameter is 

twofold: First, it can be plotted as a function of temperature during 

thermal demagnetization, aiding in the interpretation of remanence 

stability. An increase in <rn ~̂  with temperature (Fig. 7) indicates 

an improvement in the dipolar magnetization; whereas, a decrease 

(Fig. 25) indicates a loss of quality in the dipolar approximation. 

This behavior was verified by experiments with multiple artificial 

PTRM acquisition on four specimens, and was found to depend 

largely upon the angular relationship between the multiple com - 

ponents. •
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The second application is shown in die plot of cfn • M 

versus M as shown in Fig. 5, where it should be noted that a log-log 

scale is used, and the plot therefore covers a range of over three 

orders of magnitude. Presented here are average values of <5̂  for 

each site measured on the spinner magnetometer. (Values for in

dividual specimens show a similar distribution, but a much higher 

point density.) The dashed horizontal line indicates the effective 

upper level of instrument noise. The meaning of the plot is clear. 

Over the range of 4 x 10"̂  to 7 x 1 0 emu/cc, and based on site 

averages, there is a one-to-one correspondence between magnetic 

intensity and This correspondence is direct experimental evi

dence that, within the range considered, dipolar magnetization is 

not necessarily improved with increasing intensity of magnetization. 

This is rather remarkable in view of the fact that most of the rocks 

at A jo contain secondary components due to chemical changes, vis

cous decay, etc. It is also important, however, to note that there 

is a certain spread in to the data at any given magnetic intensity 

( i . e . , A-B), indicating that there is a possibility of detecting changes 

in the dipole quality from one rock type to the next. This spread 

. arises from two sources: One due to the presence of more than one 

component of magnetization, the other to a poorly established single
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component. (Points A and B are the same rock type, but different 

types of magnetizations are present because of the oxidation of the 

rock at point B.)

Cardigan Gneiss

In an effort to determine whether an age assignment for 

the Cardigan Gneiss could be obtained from paleomagnetic data, four 

collecting sites comprising 34 specimens were established as shown 

in Fig. 2. The NRM directions and their average values are given 

in Fig. 6, where it is seen that sites 27 and 43 are well grouped to 

the north and site 44 has been magnetized close to the present field 

direction. Sites 2 and 44 were not considered satisfactory for fur

ther work because of the physical deterioration of the specimens. 

However, two specimens from each site 27 and 43 were taken through 

thermal demagnetization and the additional information from these 

tests is enumerated in Fig. 7.

As indicated by the directional changes, intensity 

changes, and the behavior of during thermal demagnetization, 

sites 27 and 43 both contain secondary components approximately 

parallel to the present geomagnetic field; however, they also con

tain a stable component which was isolated at 400°C (Fig. 7). After



Fig. 6--Cardigan Gneiss NRM

Site 2 Site 27

N = 4 N = 10-
M = 2.32 x 10"b M = 1.94 x 10"3
k = 3.17 x 10"4 k = 3.16 x 10-3
Qn = 0.124 Qn = 1.21

Oil"1 = 98.0
a 95 = 9.69°

Site 43 

N =10
M = 4 .9 2 x 1 0  % 
k = 1.93 x 10‘5 
Qn = 50. 5
o^-1 =61.0  
a 95 = 3.95°

Site 44 

N =10
M = 1.02 x 10-3
k = 9.74 x 10"4
Qn = 2.07
#95 = 3.35 O
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Fig. 6--Cardigan Gneiss NRM.
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Fig. 7 --Thermal demagnetization, specimen 43-8.
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rotation to compensate for rotation on the Little A jo Mountain fault, 

these stable component directions yield a pole position of longitude 

31°E, lattitude 62 °N. Comparison of this pole with the data sum

marized by Irving, 1964 (p. 183) indicates that a Triassic age can be 

assigned to the Cardigan Gneiss. As the formation has been well 

broken both on small scale fracturing and large scale faulting, and 

because relatively little is known about the occurrence of regional 

tilting except for the Little A jo Mountain fault, the age determined 

paleomagnetically remains tentative. In view of the recurrence of 

thermal events which have disturbed this formation, the age could 

be a younger thermal event which postdates the formation (or 

original deformation) of the unit. However, after coupling curves 

of saturation magnetization (Fig. 8) and thermal demagnetization, 

it is clear that magnetite is the mineral responsible for the mag

netization of these rocks. Moreover, thermal demagnetization of 

site 43 suggests that the magnetite has been cooled through its 

Curie temperature (578° C) to establish the stable remanence. If 

this is the case, these paleomagnetic directions represent heating 

(and cooling) through a quite high temperature. From the petrog

raphy of the formation, Gilluly concluded that it had a complex 

history including two periods of hydrothermal alteration. The high
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Js/Jsq

Site 27

Js/Jsq

Site 43

Fig. 8 --Saturation magnetization, Cardigan Gneiss,
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temperature indicated by the magnetic data probably represents 

either the latest thermal deformation exceeding 578°C or possibly, 

if no metamorphic deformation has reached this temperature, the 

original cooling of a magmatic intrusion.

Concentrator Volcanics

Because of its history and its magnetic properties, this 

formation contains by far the greatest amount of information from 

the magnetic point of view. This is important and interesting be

cause even though the formation has been thoroughly fractured, has 

suffered two periods of hydrothermal alteration and two periods of 

oxidation, and has suffered contact metamorphism by the Cornelia 

Quartz Monzonite, it still retains a memory of its original magnetic 

character.

Collecting site locations were limited by lack of out

crops as the formation tends to weather readily. Six sites (Nos. 21, 

24, 25, 26, 30 and 35) comprising 66 specimens were located in the 

rhyolite portion of the Concentrator Volcanics, and site number 35 

is the only one of the group which does not lie in either the Tertiary 

or the Recent oxidation zones. (Data for the remainder are shown 

under "Oxidation Zones" at the end of this chapter.) Site number 24 

is not in what would normally be classed as the Tertiary oxidation
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zone, but on the basis of remanence directions, the site must be 

categorized as having suffered some oxidation during Tertiary times. 

This was in part verified by microscopic examination which revealed 

that some of the sulfide minerals present had, indeed, undergone 

slight oxidation. The remanence distribution for non-oxidized 

site 35 is shown in Fig. 9, and the distribution is typical of the un- 

oxidized rocks in the immediate vicinity of the mine--it is character

ized by directions near the present geomagnetic field direction, low 

values of Qn, and values of somewhat below 100.

Eight sites were sampled in the andesite (Nos. 8, 9, 10, 

13, 17, 32, 37 and 41) comprising 83 specimens. Only one of these, 

site 13, lies in the Tertiary oxidation zone; the others are located 

in a region from the contact with the Cornelia Quartz Monzonite to 

about two thousand feet away (Fig. 2). Remianence directions and 

the average values of M, k, Qn and are shown in Figs. 9 and 

10. It is readily apparent that the sites near the quartz monzonite 

intrusion (Nos. 10, 17, 32 and 37) have different values of direction, 

and Qn than those farther away from the contact. This is i l 

lustrated in Fig. 11 where Qn, k, and 6^ are plotted against 

distance from the nearest known quartz monzonite contact .east of 

the Gibson fault. It should be noted that Qn increases regularly 

away from the contact, k generally increases toward it, and the





Fig. 9 - -Concentrator Volcanics NRM.

Site 35 Site 8

N -  10 . N = 11 .
M = i . i s x i o ; M = 7.61 x 10-4
k = 3 .40x10-3 k = 4.83 x 10-3
Qn = 0.0069 Qn = 0.312
Oh"1 = 83.5 Oh"1 —102,6

*95 = 8.22°

Site 9 Site 41

N = io , N = 11
M = 4 .0 1 x 1 0  "4. M = 6.63 x 10
k = 3.78 x 10"4 k = 2 .59x10
Qn = 2.10 Qn — 5.06
Oh"1 = 97.1 Oh"1 = 137.2

*95 = 9.20°
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Fig. 10 - -Concentrator Volcanics NRM (cont'd.).

Site 17 Site 32

N = 14 N = 10
M = 9.68 x 10-5 M = 2.34 x 10-5
k = 5.01 x 10-3 k = 5.04 x 10 "5
Qn = .038 Qn = .0918
Oil"1 = 60.2 OR"1 = 61.5
d 95 = 22.5° *95 = 6.4°

Site 37 Site 10

N = 10 N = 13
M = 6 .78x10-4 M = 1.32 x
k = 6.06 x 10 "3 k = 4.58 x
Qn = .222 Qn =.0571
OR'1 = 78.6 OR"1 = 54.6
*95 = 6.8° *95 = 5.1°
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Fig 10 - -Concentrator Volcanics NRM (cont'd.).



62

distance (ft.)

1000
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Fig. 11--Magnetization of Concentrator Volcanics as a function of 
distance from the contact (dashed line) of the Cornelia Qaartz 
Monzonite intrusion.
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quality of dipolar magnetization increases away from the intrusion, 

as indicated by versus distance.

Saturation magnetization versus temperature curves are 

shown in Fig. 12, and reveal two different distributions of blocking 

temperatures of Js : One is characteristic of the andesite near the 

intrusion and is typified by site 10; and die other, away from the in

trusion at sites 8, 9 and 41, is typified by the curve for site 9. The 

former indicates a well defined Curie temperature at T = 575°C 

(within experimental error, that of magnetite); whereas, that of the 

latter indicates two Curie temperatures, one near 385°C and the 

other near 575°C. The presence of two Curie temperatures may be 

interpreted as indicating the presence of two magnetic constituents, 

one of which is relatively pure magnetite. The composition of the 

second, if assumed to lie in the compositional series FegO^ - 

TiFe204, can be taken from known Curie temperature versus 

TiFegO^ content curves (Nagata, 1961, p. 82) and is estimated to 

have a composition 37% Fe304--63% TiFe204. As there are two 

magnetic constituents in the andesite, it is conceivable that the rock 

could be potentially self-reversed. Experiments to verify this were 

not conducted.

Thermal demagnetization of 13 selected specimens from 

the various sites in the andesite indicates that two types of
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Js/Jsq

Site 9

Js/Jso

Site 10

Fig. 12--Saturation magnetization, Concentrator Volcanics.



65

remanence occur in the formation in addition to the oxidation 

directions. One is typified by specimen 17-7 in Fig. 13 which shows 

no high degree of stability in any one direction, an observation sug

gested by the behavior of the specimen's intensity and The

rapid decrease of M with increasing temperature reveals a dis - 

tribution of low blocking temperatures. This behavior seems to 

be characteristic of the rocks in the immediate vicinity of the min - 

eralized body. The second type of remanence is that of Fig. 14 and 

Fig. 15, which shows a definite preference for a stable direction 

after ridding itself of low temperature, unstable viscous components. 

(Note that <T̂ ~̂  goes through a maximum with increasing tempera

ture. ) This is characteristic of the behavior of the Concentrator 

Volcanics away from the intrusion. In all cases the unstable com

ponent of magnetization is approximately parallel to the present 

geomagnetic field direction.

Also of interest is the behavior of during the demag

netization of the various specimens of andesite. The sites near the 

intrusion show a rapid decrease in with temperature; that is, a 

rapid decay of the dipolar quality of the remanence. Farther away 

from the contact, holds high values and reaches a maximum in 

many cases, until near the Curie temperature where the remanence 

is destroyed and decays to values below 10.0.
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Fig. 13--Thermal demagnetization, specimen 17-7.
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Fig. 14--Thermal demagnetization, specimen 41-2.
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Fig. 15--Thermal demagnetization, specimen 9-7.
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characteristically defines the physical nature of the remanence 

during thermal demagnetization, indicating the presence of thermal 

instability and secondary components.

Demagnetization then reveals that all the samples from 

this formation have acquired components parallel to the present 

earth's field. Coupling this with regional trend data (Fig. 11), it 

becomes evident that the intrusion of the Cornelia Quartz Monzonite 

has indeed affected the Concentrator Volcanics. The magnetic sus

ceptibility is generally higher near the contact; in particular, the 

ratio Qn = M/0.505k.increases smoothly with distance from the in

trusion. From demagnetization data it is apparent that the rocks 

contain a stable component at a large angle to the present field, 

and there has been the addition of a low blocking temperature sec 

ondary component parallel to the present geomagnetic field. As 

indicated by all the Concentrator sites, and particularly well i l 

lustrated by site 8 in Fig. 16, the secondary component is accom

panied by increasing susceptibility and decreasing Qn. Fig. 16 

shows the values of individual specimens from site 8 plotted as a 

function of angle along the great circle defined by the streaked 

distribution. The lower values of Qn are nearer the present field

direction.
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Fig. 16--Site 8, magnetization as a function of distance along great 
circle streaking.
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The above data is interpreted thus: The magnetic 

properties of the andesite become more and more like those of die 

quartz monzonite as the contact is approached, and", in point of fact, 

the properties are almost indistinguishable across it (Fig. 11). The 

following points are critical to interpretation: (1) There is an in

crease in susceptibility and, in particular, an increase in the ratio 

of susceptibility to remanence toward the quartz monzonite; (2) There 

is a secondary component parallel to the present earth's field ac

companying the increase in susceptibility; and (3) The secondary 

component consists of magnetic grains which have low blocking 

temperatures. From these three points it is apparent that there 

are two possibilities: Either (A) metasomatic introduction of iron 

into the andesite has occurred, decreasing with distance away from 

the intrusion; or (B) hydrothermal alteration of the volcanics has 

released iron from ferromagnesian silicates, again decreasing with 

distance from the intrusion. In either case, the new magnetic 

phase is unstable and may represent a low temperature (as com

pared to 578°C) event.

The stable NRM directions at sites away from the 

quartz monzonite intrusion (sites 8, 9 and 41 in Fig. 9) present an 

interpretation problem concerning the structure of the area. After 

correction for the known rotation on the Little Ajo Mountain fault,
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and even after the correction for regional tilt (30 °E) which Gilluly 

suggested occurred before the Little A jo Mountain fault, these 

directions remain untenable in terms of the paleomagnetic polar 

wandering curve because they lie in the southwest quadrant near the 

horizontal. On the basis of this, paleomagnetic estimation of the 

age of the Concentrator Volcanics is impossible from these direc

tions, and it is therefore concluded that the structure of the vol

canics is more complex than a simple tilt to the south and may in

clude rotation about a vertical axis.

Cornelia Quartz Monzonite

To determine the magnetic characteristics of this for

mation, 18 collecting sites comprising 191 oriented specimens were 

taken from exposures as shown in Fig. 2. The various sites are 

separated into zones along a northwest-southeast line (A-A’) based 

on the positions of the Gibson fault and the Able fault.

NRM directions of sites in the immediate vicinity of the 

ore body are east of the able fault and are shown in Fig. 17 and 

Fig. 18 where it has been seen that the NRM directions are strongly 

if not totally influenced by the direction of the present earth's



Fig. 17 --Quartz monzonite NRM east of Able fault.

Site 1 Site 5

N =21 - N
M = 7.45 x 10"b M
k = 3.09 x 10-3 k
Qn = .0478 Qn

►L 11 Ox to

Site 7 Site 11

N =10 N =
M = 2.14 x 10"5 M
k = 7.73 x 10 k =
Qn = . 055 Qn =
(%-l =53.5 °n ' 1 =
*95 = 6 .3°

3. 88 x 10"5 
1.62 x 10-3 
.0473
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3.66 x 10 "4 
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Fig. 17--Quartz monzonite NRM east of Able fault."



Fig. 18--Quartz morizonite NRM east of Able fault.(cont'd.).

Site 34 Site 38

N =11
M = 3.53 x 10"5
k = 1.17 x 10"3
Qn = .0598
CJJi  ̂ =: 33# 9

N =10
M = 4.07 x 10"5
C%-1 =77.8
« 95 = 8.2°

Site 39 Site 40

N =10  
M = 8.78 x 10^  
k = 2.41 x 10 
Qn = .0720 
(%-l =33.5  
^95 = 10.4°

N = 14
M = 7.00 x 10-5
k = 1.18 x 10-3
Qn = • H7
<Tn'1 =60.5
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Fig. 18--Quartz monzonite NRM east of Able f a u l t . (cont’d .).
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magnetic field direction. Exceptionally low values of Qn and 

are found here:

Site Qn Oh"1

1 .0478 44.2
5 .0473 — ----------------

7 .0550 53.5
11 . .0374 16.3
34 .0598 33.9
38 --------------- — 77.8
39 . 0720 33.5
40 .1170 60.5

Thermal demagnetization reveals a low blocking temperature dis - 

tribution for the quartz monzonite (Fig. 19), and the only stability

noted was that for site 7 (Fig. 20), which indicated a direction in the 

southwest near the horizontal.

Specimens were taken from three sites in the area be - 

_tween the Able and Gibson faults, and their NRM is shown in 

Fig. 21. Again, as with the sites east of the Able fault, these direc

tions seem to be influenced by the present field direction, although 

thermal demagnetization of specimens from site 18 indicates partial

stability to 300°C with directions near the horizontal to the north.

This direction is in agreement with a normal magnetization after 

rotation on the Little Ajo Mountain fault. The values of Qn (0.32) 

here are slightly higher than those east of the Able fault.
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Fig. 19--Thermal demagnetization, specimen 1-11.
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Fig. 20--Thermal demagnetization, specimen 7-1.



Fig. 21--Quartz monzonite NRM between Gibson and Able faults.

Site 3 Site 12

N II O N = 10
M = 1 .4 8 x 1 0 “; M = 3.01 x 10
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Qn = •4^3

CC95 = 9.5°
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Fig. 21--Quartz monzonite NRM between Gibson and Able faults.
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Five sites were established in the quartz monzonite west 

of the Gibson fault, and their NRM values are shown in Figs. 22 and 

23. Sites 47 and 48 are reversed and have stable directions of mag

netization (Fig. 24) as indicated by thermal demagnetization (the 

outlyer in site 47 joined the main group on demagnetization). The 

remainder of the quartz monzonite sites, however, illustrate an 

influence by the present earth's field direction (Fig. 25). Site 15, 

upon thermal demagnetization, has a reversed direction, as sites 47 

and 48, and it lies at a low angle in the south near a reversed axial 

dipole direction after correction on the Little A jo Mountain fault. 

Both Qn and 6  ̂ are relatively high compared to the quartz monzon - 

ite east of the Gibson fault.

A regional trend is noted (Fig. 26). in both k and Qn for 

the quartz monzonite. Although there is a great deal of scatter to 

the data for these physical quantities, it is readily apparent that 

the susceptibility is higher in the vicinity of the ore body, and that 

Qn is consistently lower there (values in the Tertiary oxidation zone 

are shown for comparison).

The low values of Qn and the low blocking temperature 

distribution in the vicinity of the ore body are considered to be sig 

nificant, and an experiment was carried out to determine whether



Fig. 22--Quartz monzonite NRM west of Gibson fault.

Site 14 Site 15

N = 13 N = 5
M = 9.20 x 10"5 M = 1.77 x 10
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M = 4.75 x 10"3
k = 5.63 x 10-4
Qn =16.7
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Fig. 22--Quartz monzonite NRM west of Gibson fault.



81

Site 47

• i i ' i i  i i

Site 48
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M = 3. 89 x
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Fig 23 - -Quartz monzonite NRM west of Gibson fault (cont'd.).
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Fig. 24--Tliermal demagnetization, specimen 48-9.
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Fig. 25--Thermal demagnetization, specimen 14-9.
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Fig. 26 - -Susceptibility and Qn of quartz monzonite along A -A': 
1̂ represents the position of the Tertiary oxidation surface; 2_ 
represents the position of die Able fault; and 3_is the position of 
the Gibson fault.
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these features are merely a property of the magnetite present in 

these samples, or are in some way related to the temperature of 

formation of magnetite. Two specimens were given TRM's by 

allowing them to cool through their Curie temperatures in a 

0. 5 Oersted field, with the result that magnetization was 100 times 

as strong as the NRM values. Thermal demagnetization revealed 

that the blocking temperature distribution remained low, as with 

the NRM. Also, microscopic examination revealed that the grain 

size of much of the magnetite present in these rocks is as large 

as 750 jit and is therefore well into the multidomain range. From 

this evidence, three possibilities aries: (1) The magnetite was 

deposited from solutions whose temperatures were much below 

578°C and the resulting remanence is a CRM of unstable character; 

(2) Magnetization did take place by cooling through the Curie tern - 

perature but the low blocking temperature spectrum has rendered 

the NRM unstable; or (3) Magnetization took place in a very weak 

field. Little can be said at this time concerning a weak geomag

netic field strength except to speculate that magnetization could 

have occurred during a field reversal, which seems to have a low 

probability in view of the short time during which reversals are 

thought to occur. It is not possible at this time to distinguish be

tween (1) and (2) because in either case the low blocking
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temperature distributions are probably closely associated with 

short relaxation times. The fact that the artificial TRM is 100 

times as large as the NRM tends to support a low temperature of 

formation; however, because cases of large grained, magnetically 

unstable magnetite are known, it is very possible that viscous 

decay in the past 63 million years has allowed the remanence to 

take on values parallel to the present field as well as values of low 

intensity.

Thermal properties of saturation magnetization of the 

quartz monzonite are illustrated in Fig. 27, where it is seen that 

magnetitie is the principal magnetic mineral present. Again, as 

with the remanence, low blocking temperature distributions are 

indicated. It is odd that even though it is possible for site 48 to 

contain a stable remanence, saturation demagnetization reveals 

that by far most of the magnetic particles lose their magnetization 

at low temperatures. This is in contrast to site 11 where a similar 

saturation effect is noted, but where there is relatively little 

stability of remanence.

The relevant data concerning a paleomagnetic solution 

of the age discrepancy of the quartz monzonite discussed in 

Chapter I are the NRM directions and their stability. A solution to 

the problem requires two consistently different direction
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Fig. 27—Saturation magnetization, Cornelia Quartz Monzonite.
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distributions between the two areas in question; also, each area 

must have closely grouped between-site directions. Unless new and 

conclusive structural information is introduced by the NRM the 

directions must be reconcilable with known characteristics of the 

paleomagnetic field during the time interval in question and with 

known structural rotations. The sample directions east of the Gibson 

fault are strongly influenced by present field directions, and in many 

cases illustrate a high degree of instability. The samples west of 

the Gibson fault are in part influenced by the present field direc

tion (sites 14 and 15), but others (site 47 and site 48) contain stable 

directions at large angles to the present field. The latter are re 

versed and indicate magnetization (and intrusion) during a field re 

versal. However, because of the large between -site scatter west 

of the Gibson fault and the prevalence of present field influence east 

of the Gibson fault, it is not possible to solve the age discrepancy 

paleo magnetically with present sampling; and, there is no sug

gestion from these results that additional sampling would suf

ficiently improve the data required for a solution. This is not be

cause the paleomagnetic method is invalid, but rather is a function 

of the magnetic properties of the magnetite contained in the 

Cornelia Quartz Monzonite. The large between-site scatter of 

NRM directions west of the Gibson fault is interpreted as the result
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of differential movement within the quartz monzonite intrusion after 

cooling through 500 to 600°C, and may be die result of movement 

during the multiple intrusion process suggested by Wadsworth (1966).

Cornelia Quartz Diorite

Six collecting sites (57 oriented cores) were located in 

this border facies of the main igneous mass to determine whether 

characteristic magnetic differences exist between the two facies, 

and also to improve the paleomagnetic information of the intrusive 

stock. After examination of die magnetic data illustrated in Fig. 28 

and Fig. 29, it is apparent that the magnetic characteristics of the 

two facies are approximately the same, with a hint of higher sta

bility of remanence in the quartz diorite. Fig. 30 shows typical 

thermal demagnetization data for this formation. Additional infor

mation to assist in the solution of the age discrepancy has not im 

proved the results from the quartz monzonite. Note the similarity 

of the stable direction of site 7 (Fig. 17) in the quartz monzonite to 

sites 4, 6 and 23 (Fig. 28) in the quartz diorite. Saturation demag

netization again indicates that magnetite is the principal magnetic

constituent.



Fig. 28--Quartz diorite NRM
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Dikes

One site of 10 specimens in the feldspathic andesite 

porphyry dikes is depicted in Fig. 31. The NRM directions indicate 

that the dike was intruded and cooled before movement on the Little 

Ajo Mountain fault took place. This is interesting in that it places 

age restrictions on two units—the Cornelia Quartz Monzonite into 

which the dike intruded, and the age of the dike itself. Although 

thermal demagnetization of NRM (Fig. 32) indicates that the rema- 

nence is thermally distributed, there is a stable component to the 

northeast. Magnetite is the predominant magnetic mineral.

Also, one site of 10 specimens (site 33) was taken in the 

north -trending Hospital Porphyry dike. Although the NRM directions 

(Fig. 31) are parallel to the present dipolar direction, it is not 

possible to establish from these data whether the dike is pre- or 

post-Little Ajo Mountain fault in age, primarily because the thermal 

demagnetization data reveals a very low blocking temperature dis - 

tribution.

Locomotive Fanglomerate and Ajo Volcanics 

In order to determine whether the rotation which is 

known to have taken place on the Little Ajo Mountain fault was r e 

corded by the coarse -grained fanglomerate and interbedded Ajo
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Fig. 32—Thermal demagnetization, specimen 16-1.



96

Volcanics, two sites (20 and 31) of 16 specimens were established 

in die fanglomerate and one site (28) of 10 specimens in the vol

canics (Fig. 2). Their NRM distribution is shown in Fig. 33, where 

it is obvious that no record of the rotation has been preserved. The 

rock at site 20 is a poorly sorted pebble-sized sediment whose par

ticles are so large that no effect would be expected upon deposition 

in the magnetic field (see Fig. 33) even though it is one of the 

finer-grained lenses rarely found in the fanglomerate. Site 31 has 

pebbles resting in a very fine-grained sandstone matrix. Thermal 

demagnetization of two specimens from this site reveals that the 

directions are stable up to at least 500°C, and in view of the present 

attitude of die sediments and the closeness of the mean direction 

with a reversal of the present geomagnetic field, it is believed 

that remagnetization has occurred in the sediments after rotation 

on the Little Ajo Mountain fault and during a field reversal.

Site 28, in die Ajo Volcanics, is in a flow breccia, and 

thermal demagnetization for this site reveals that the magnetization 

is only partially stable. Its dispersion of directions does not im

prove with heating.

Tertiary Oxidation Zone

In order to delineate the effects of oxidation on the rocks 

at Ajo, 9 sites (93 specimens) were established in the Recent and





Fig. 33--Locomotive Fanglomerate NRM (20 and 31) and A jo 
Volcanics NRM (28).
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Fig. 33 - -Locomotive Fanglomerate NRM (20 and 31) and A jo 
Volcanics NRM (28).
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Tertiary oxidation zones. Results from measurements of these 

rocks show that the oxidation has produced, regardless of rock type,

one of the most consistent and distinguishable magnetic features of
!

the area. Site 24 is in the Recent oxidation zone (Fig. 2) with NRM 

parallel to the present field direction (Fig. 34). The NRM direc

tions of the Tertiary oxidation zone are shown in Fig. 34 and Fig. 35 

where 7 out of 8 sites show that oxidation has produced a magnetiza

tion almost horizontal and to the west. If the directions are com

pensated for rotation on the Little Ajo Mountain fault, an erroneously 

old age of mid-Paleozoic is revealed. In order to. create the direc

tions indicated, it is apparent that a rather steep dip must have been 

established in the rocks before rotation on the Little Ajo Mountain 

fault. As the structure of the intrusion is uncertain, and in view 

of Gilluly's tentative pre-Little Ajo Mountain fault structure of the 

Concentrator Volcanics, this structure is reconcilable. However, 

a somewhat steeper dip than 30°E is necessary, perhaps as much 

as 60° to 80 °E depending on effects of secular variation and unknown 

local fault rotations.

The degree of oxidation and its effects are important in 

the magnetic data. Compared to values of susceptibility of the 

parent rocks, oxidized samples show a decrease in susceptibility
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Fig. 34 - -Tertiary oxidation zone NRM.
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Fig. 34--Tertiary oxidation zone NRM.
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Fig. 35--Tertiary oxidation zone NRM (cont'd.)
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Fig. 35--Tertiary oxidation zone NRM (cont'd.).
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(J. S. Sumner, personal communication). Associated with the 

decrease of k is a large increase in Qn (Fig. 26).

Results from saturation magnetization curves indicate an 

abundance of magnetic material whose blocking temperature is dis - 

tributed from 675°C to room temperature (Fig. 36). Only a fraction 

of this material is capable of carrying remanent moments. Figure 

37 shows a Curie temperature between 650°C and 680°C, and this 

remanence is attributable to hematite. Figure 38 shows remanence 

stability in the range 250-350°C, and this may be attributed to 

goethite (Strangway, McMahon, and Honea, 1967). Low remanence 

blocking temperatures may be ascribed either to viscous components 

or to fine -grained magnetic particles (either titanomagnetite or iron 

hydroxides).

Samples were taken at sites 26 and 30 to determine 

whether the introduction of hypo gene specularite had distinguishable 

magnetic characteristics. The magnetization of these samples, 

lying in the Tertiary oxidation zone, illustrated no essential dif

ference from other samples in that zone.

In view of the high stability of NRM up to 680°C it is 

apparent that hematite ((XFe203) is responsible for the remanence 

in die oxidation zones. This may be due to oxidation and at least

partial destruction of original magnetite under oxidizing conditions
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Fig. 36--Saturation demagnetization of Tertiary oxidation zone.
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Fig. 37--Thermal demagnetization, specimen 29-6.
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Fig. 38--Thermal demagnetization, specimen 13-2.
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in the presence of the sulfate and bisulfate ions created by the 

breakdown of sulfide minerals. Because of the fact that goethite 

converts to hematite, and lepidochrocite converts to maghemite on 

heating, it may be tentatively concluded from the magnetic data that 

goethite is the principal mineral oxide resulting from the oxidation 

of sulfides, and that the stable remanence is attributable to hematite 

which formed at the expense of magnetite.



VI

CONCLUSIONS

One of the primary goals of the research reported upon 

in this dissertation was to reduce instrumentation noise to such a 

low level that precise, accurate remanence results could be used 

for interpretation purposes. This objective was successfully ac

complished with the spinner magnetometer for all but the very 

weakest of specimens in the Ajo rocks. The direct implication of 

this accomplishment is that the distributions of NRM and the asso

ciated scatter reported here are not connected to any significant de

gree with instrumentation, but rather are real functions of the 

physical properties of the rocks associated with the ore deposit.

By far the largest proportion of the rocks at Ajo have 

been affected by viscous magnetization. This is particularly true 

of the intrusive rocks directly associated with the ore body itself, 

but is also found to a large, if not total, extent in the samples of the 

dikes, the Cardigan Gneiss, and the Concentrator Volcanics. The 

reasons for the viscous decay and remagnetizatiori parallel to later 

fields, mainly the Recent field, seem to lie in two areas--either the 

magnetic grain size is so small that thermal fluctuations can alter

106
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the magnetization at low temperatures, or the magnetic grain size

is so large that domain wall movement can easily occur (low*
coercive force) with changes in the geomagnetic field direction. The 

former case is illustrated with the Hospital Porphyry dike, where it 

is apparent that the magnetic grain size is very fine. The latter case 

is illustrated by the Cornelia Quartz Monzonite, where examination 

has revealed crystals of magnetite whose long dimensions occasion

ally attain 750 .

Stability of NRM is the key to interpreting the magnetiza

tion of the Cornelia stock, and from the stability it is apparent that 

magnetization of the quartz monzonite varies along a northwest- 

southeast direction, noticeably across the Able fault. This decrease 

in stability toward the southeast is accompanied by an increase in 

susceptibility (k), and a decrease in the Koenigsberger ratio (Qn).

On the whole, however, the between -site scatter of the directions of 

NRM in the stock is excessive, even after thermal demagnetization; 

and it is not possible from the magnetic properties to make con

clusions regarding either the age of the quartz monzonite or whether 

there may be different quartz monzonite intrusions across the Gibson 

fault. The fact that the magnetic stability, Qn and k vary along the 

quartz monzonite is not considered sufficient evidence to draw con - 

elusions about two different intrusions of quartz monzonite. The
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variation, in point of fact, fits nicely into Gilluly’s geologic inter

pretation that the ore deposit is a displaced cupola of the western 

stock, with residual solutions rich in iron concentrated in die 

cupola. A structural history of the Cornelia Quartz Monzonite is 

virtually impossible to construct from study of the remanence 

directions; however, in view of the partial stability of remanence of 

the western stock, it is probable that irregular movement occurred 

after cooling through 578°C. This would follow if the stock is a 

multiple intrusion as suggested by Wadsworth (1966).

It can be concluded from the rock magnetism data that 

changes have occurred in the Concentrator Volcanics by virtue of 

the intrusion of the quartz monzonite. This is evidenced by a second

ary remanence established in the volcanics which has identical prop

erties to the magnetization of the quartz monzonite in the ore deposit, 

and which increases quite regularly toward the contact. It is

characterized by a low value of Qn, high k, low blocking temperature
1

distribution, low value of (5̂  , and is an unstable remanence which 

aligns itself readily to directions parallel to the present field. This 

secondary component suggests that either a metasomatic introduction 

of magnetite has occurred in the volcanics or that iron was released 

from ferromagnesian minerals at the time the volcanics were hydro -

thermally altered. A consistent line of reasoning can be achieved
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by envisioning the Cornelia Quartz Monzonite stock, rich in iron 

but of low P§2 to Pq2 ratio, intruding the pile of Concentrator Vol- 

canics. Associated with the intrusion may have been iron-rich 

hydrothermal solutions which spread laterally and vertically into 

the surrounding volcanic host rocks. Iron oxide stability fields 

may have been governed by: (1) The oxidation potential which 

varied as a function of depth beneath the surface or the ancient 

water table; and (2) The pH of hydrothermal solutions emanating 

from the intrusion. Specular hematite could then have deposited at 

favorable sites where the oxidation potential was sufficiently high; 

magnetite deposited at deeper sites where there was a lower oxida

tion potential. Although metasomatic introduction and hydro- 

thermal alteration are not mutually exclusive in this instance, 

metasomatic introduction of iron oxides explains the systematic 

magnetic changes in the volcanics and the appearance of hypogene 

specularite which coincides with the Tertiary oxidation zone.

Information concerning the temperature of the quartz 

monzonite intrusion could not be extracted from the rock magnetism 

data. The PTRM which was established in the Concentrator Vol

canics has been masked by the appearance of the introduced, low 

blocking temperature magnetite. Because it is a low blocking
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temperature magnetite may, in fact, indicate that the magnetite was 

formed at low temperatures, but the techniques necessary to prove 

it at this time are lacking.

Another chemical change which has taken place and is 

evidenced by the magnetic properties is that change due to the 

supergene oxidation of the rocks near the ore body. Regardless of 

rock type, a stable chemical remanent magnetization has been e s 

tablished in the Tertiary oxidation zone. This is also accompanied 

by a decrease of susceptibility which indicates magnetite has been 

partially destroyed (oxidized) in this zone. The reason for this 

oxidation is attributable to the acidic conditions created by destruc

tion of sulfide minerals under supergene conditions. There is a 

broad range of blocking temperatures of iron oxides in this oxidation 

zone, but thermal demagnetization reveals that the stable remanence 

carrier is hematite.

Inherent in the stable remanence of the oxidation zone 

is structural information concerning pre-Little A jo Mountain fault 

tilting to the east'. The evidence for this rotation is fairly certain, 

as the Tertiary oxidation zone remanence is of the stable type, and 

7 of the 8 sites there exhibit a westerly direction near the hori

zontal. In view of the age restrictions placed on the Cornelia Quartz
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Monzonite by K-Ar dating, it is apparent that the rotation occurred 

before the Little A jo Mountain fault rotation. This is in agreement 

with Gilluly's suggestion of a tentative 30°E attitude of the Concen

trator Volcanics based on sedimentary surfaces in pyroelastics of 

that formation. However, the NRM directions indicate that the tilt 

may have been considerably steeper, perhaps as much as 60° to 80°. 

Because of the uncertainty of the structural attitude of die Cornelia 

Quartz Monzonite, this westerly direction in the oxidation zone 

implies that the ore body has such an easterly dipping attitude as 

well. Magnetic data from one site in the quartz monzonite and two 

sites in the quartz diorite of the ore body illustrate sufficient 

stability to support the hypothetical rotation of 60° to 80°.

It is disappointing that although numerous samples were 

collected with the object of accurately establishing the rotation about 

the Little A jo Mountain fault, very few of these samples' magnetic 

directions actually agree with the rotation on that fault implied by 

the present attitude of the Locomotive Fanglomerate. This infor

mation would have been useful, not only to the structural knowledge 

of the area, but it might have shed information on the initial dip of 

the fanglomerate. Of the many samples that potentially could have 

shown this rotation, only 4 (sites 14, 15, 16 and 18) indicate NRM 

directions in agreement with this rotation. Because of the
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relatively low in-site scatter of these directions in many cases, and 

the large between-site scatter, it is concluded that structural dis

ruptions have occurred in addition to the two discussed above-- 

50 °S about N60W and 70 °E about N10E--and that the structural 

history of the igneous rocks of that area may indeed be very com

plicated.

On the basis of paleomagnetic pole positions, the age of 

the Cardigan Gneiss is placed as Triassic. This is based on the 

stable NRM directions of 4 specimens from two sites which were 

isolated by thermal demagnetization after these directions were cor

rected for rotation on the Little Ajo Mountain fault. This age 

represents the latest thermal metamorphism that exceeded 578°C, 

which may coincide with the original deformation of the gneiss. It 

is of speculative interest to note that rotation to correct for the 

easterly tilt found in the Tertiary oxidation zone takes the mean 

direction of the above four specimens farther off the paleomagnetic 

wandering curve. This suggests that the Cardigan Gneiss has not 

undergone an easterly tilt, but rather, only a southerly one, which 

implies that the rotation to the east occurred east of the Gibson

arroyo. This is indirect evidence to support the hypothesis that
-

the Cornelia stock west of the Gibson arroyo may have tilted the 

formations east of the Gibson arroyo in an easterly direction, but
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did not change the attitude of the Cardigan Gneiss noticeably. The 

above reasoning concerning the structure remains speculative in 

view of the lack of structural control within the various igneous 

units of the district.

A most useful technique developed in the course of this 

work is the development of the dispersion parameter 6̂ "̂ . It has 

proven worthwhile and helps to define the stability of NRM during 

the demagnetization of individual specimens. Also by plotting 0̂ "̂  

versus M, its behavior has demonstrated that the quality or degree 

of dipolar magnetization is not necessarily improved with increasing 

intensity of remanence within the range 10  ̂ to 10"̂  emu/cc.

It is appropriate to make a statement concerning the 

usefulness and necessity of exploitation of rock magnetism as a tool 

to study processes connected with ore deposits such as the porphyry 

coppers. The chemical changes due to supergene oxidation and 

hydrothermal introduction of magnetite are fairly well outlined by 

the rock magnetism data. However, structural information based 

on magnetics is not defined within the quartz monzonite intrusion, 

primarily because of instability and large between-site scatter of 

the NRM. This lack of structural control may be due to com

plexities peculiar to Ajo, in which case, sampling of other porphyry 

coppers may be revealing. Also, if magnetite has not been
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introduced in the host rocks, as at A jo, PTRM at other deposits may 

not be masked and may be capable of revealing the temperature of 

intrusion and/or hydrothermal alteration. It is apparent from the 

rock magnetism results at A jo that further basic research is re

quired, particularly in the areas of stability of remanence of mag

netite, temperature of formation versus Qn for magnetite, and the 

relationship of saturation magnetization to remanent magnetization.



APPENDIX A

SPINNER PROGRAM

* COMPILE FORTRAN, EXECUTE FORTRAN
97 DIMENSION A(24), B(24), DX(8), DY(8), DZ(8)
98 0 READ 99,SAMP, TEMP, VOL, IOTA, STR, DIP, RSTR, RDIP, 

1 RDEC, K
99 FORMAT(F26.9, F 7 .5, F 6 .3, II, F 7.3, 4F6.3, II)

READ 100, (A(I), 1=1,12) .
100 FORMAT(12F6.4)

READ 101, (A(I), 1=13, 24)
101 FORMAT(12F6.4)

A VX=(A (1) -A (2)+A (18)-A (17)+A (8) -A (7)+A (23) -A (24 ))/8.0  
A V Y=(A (4) -A (3)+A (11) -A (12)+A (5) -A (6)+A (14) -A (13))/8.0  
AVZ=(A(9)-A(10)+A(20)-A(19)+A(16)-A(15)+A(21)-A(22))/8.0

301 R=SQRTF((AVX**2)+(AVY**2)+(AVZ**2))
S=IOTA

302 RMOM=(R*7.146*(10. **(S -1. )))/VOL 
RPOQ=RMOM/R

303 COSX=AVX/R
304 COSY=AVY/R
305 COSZ=AVZ/R 

XINT>COSX*RMOM 
YINT=COSY*RMOM 
ZINT=COSZ*RMOM 
IF (AVX)410,400,410

400 IF (AVY)406,401,407
401 DEC=0.0 

GO TO 455
406 DEC=270.

GO TO 455
407 DEC=90.

GO TO 455

115



410 ADEC=(ATANF(AVY/AVX))*57.296 
IF(AVY)411, 452,411

411 IF(ADEC)413,413,414
413 IF(AVX)415,415, 416
415 DEC=180.0-ABSF(ADEC)

GO TO 455
416 DEC=360. 0 -ABSF(ADEC)

GO TO 455
414 IF(AVX)417,417,418
417 DEC=ADEC+180.0 

GO TO 455
418 DEC=ADEC 

GO TO 455
452 IF(AVX)453,453,454
453 DEC=180.0 

GO TO 455
454 DEC=0.0
455 H=SQRTF((AVX**2)+(AVY**2))
206 IF(H) 207,207, 208
207 AINC=0.0 

GO TO 209
208 A1NC=(A TANF (A VZ/H))*57.296
209 B(3)=-A(3)

B(2)=-A(2)
B(10)=-A(10)
B(17)=-A(17)

• B(19)=-A(19)
. B(12)=-A(12)

B(7)=-A(7)
B(15)=-A(15)
B(6)=-A(6)
B(13)=-A(13)
B(24)=-A(24)
B(22)=-A(22)

210 DX(1)=ABSF(AVX)-ABSF(A(1)) 
DX(2)=ABSF(AVX)-ABSF(A(2)) 
DX(3)=ABSF(AVX) -A BSF (A (18)) 
DX(4)=A BSF (A VX) -ABSF(A(17)) 
DX(5)=ABSF(AVX)-ABSF(A(8))
DX (6)=A BS F (A VX) -A BS F (A (7)) 
DX(7)=ABSF(AVX)-ABSF(A(23)) 
DX(8)=ABSF(AVX) -ABSF(A(24))
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219 SUMSX=0.
J=1

220 SUMSX=SUMSX+DX(J)* *2 .
J=J+1
IF (J-8) 220,220,221

221 STDX=SQRTF((SUMSX)/56.0)
222 DY(1)=ABSF (A VY) -ABSF (A (4)) 

DY(2)=ABSF(AVY)-ABSF(A(3)) 
DY(3)=ABSF(AVY)-ABSF(A(11))
DY(4)=ABSF (A V Y) -ABSF (A (12))
DY (5)=ABSF (A VY) -ABSF (A (5)) 
DY(6)=ABSF(AVY)-ABSF(A(6))
DY (7)=ABSF (A VY) -ABSF (A (14))
DY (8)=ABSF (A V Y) -A BSF (A (13))

223 SUMSY=0.0
J=1

224 SUMSY=SUMSY+DY(J)**2
J=J+1
IF(J-8) 224, 224,225

225 STDY+SQRTF ((SUMS Y)/56.0)
230 DZ(1)=ABSF(A VZ) -ABSF (A(9)) 

DZ(2)=ABSF(AVZ)-ABSF(A(10)) 
DZ(3)=ABSF(AVZ)-ABSF(A(20)) 
DZ(4)=ABSF(AVZ)-ABSF(A(19))
DZ(5)=ABSF (A VZ) -ABSF (A (16))
DZ(6)=ABSF (A VZ) -ABSF (A( 15)) 
DZ(7)=ABSF(AVZ)-ABSF(A(21))

. DZ(8)=ABSF (A VZ) -ABSF (A (22))
231 SUMSZ=0.0

J=1
232 SUMSZ=SUMSZ+DZ0)**2

J=J+1
IF (J-8) 232,232,233

233 STDZ=SQRTF((SUMSZ)/56.0)
STDXI=STDX*RPOQ
STDYI=STDY*RPOQ
S TDZI=S TDZ * RPOQ 
STDNX=STDX/ABSF (A VX)
STDNY=STDY/ABSF(AVY)
STDNZ=STDZ/ABSF (A VZ) 
TSTD=SQRTF((STDX**2)+(STDY**2)+(STDZ**2)) 
TSTDN=(SQRTF((STDX**2)+STDY**2)+(STDZ**2)))/R 
TSTDI=TSTD*RPOQ
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234 0 EJ=SQRTF(((AVX**2MSTDX**2)MAVY**2)*(STDY**2))
1 +((AVZ**2)*(STDZ**2)))/R

235 EMOM=EJ*RPOQ
236 0 EINC=(((R*STDZ)+ABSF(AVZ*EJ))/(R *SQRTF((R**2) - 

1 (AVZ**2))))*57.296
237 EDEC=((ABSF(AVX*STDY)+ABSF(AVY*STDX))/H**2)^57.296 

HYP=SQRTF (AVX* *2+AVZ* *2)
IF (DIP) 500, 499, 500

499 PINC=AINC 
PDEC=DEC 
GO TO 560

500 ANGXZ=(ATANF(AVZ/AVX))*57.296 
IF(AVX) 505, 501, 505

501 IF(AVZ) 502, 503, 504
502 ANGXZ=90.0 

GO TO 505
503 FINC=0.0 

GO TO 515
504 ANGXZ= -90.0
505 IF(ANGXZ) 506,508,508
506 IF(AVX) 507, 510, 510
507 FINC=DIP -ANGXZ 

GO TO 520
508 IF(AVX) 509,510,510
509 FINC=-(ANGXZ-DIP)
520 PAVX=(-COSF(FINC/57.296))*HYP 

GO TO 515
510 FINC=ANGXZ -DIP
531 PAVX=(COSF(FINC/57.296))*HYP
515 IF(ABSF(FINC)-90.) 516,516,517
516 FINC=FINC 

GO TO 530
517 IF(FINC) 518, 518, 519
518 FINC=ABSF(FINC)-180.0 

GO TO 530
519 FINC=180.0-FINC
530 CONTINUE
532 PAVZ=(SINF(FINC/57.296))*HYP
535 PINC=(ATANF(PAVZ/SQRTF(PAVX**2+AVY**2)))*57.296 

IF(PAVX)540,536,540
536 IF(AVY) 537,538,529
537 QDECP=270.0 

GO TO 578



538 PDEC=0.0 
GO TO 560

529 QDECP=90.0 
GO TO 578

540 QDECP=(ATANF (A VY /PA VX))*57.296 
IF(QDECP) 572, 572, 573

572 IF(PAVX) 574,574, 575
574 QDECP=180. CHQDECP 

GO TO 578
575 QDECP=360.0+QDECP 

GO TO 578
573 IF(PAVX) 576,576,577
576 QDECP=180.0+QDECP 

GO TO 578
577 QDECP=QDECP
578 QDEC=QDECP+STR -90. 0 

IF(QDEC) 579, 539,539
579 PDEC=QDEC+360.0 

GO TO 560
539 IF(QDEC-360.0) 580, 581, 581
580 PDEC=QDEC 

GO TO 560
581 PDEC=QDEC-360.0
560 DOINC=PINC
561 DODEC=PDEC+R DEC
562 IF (CODEC -360.0) 563,563,564
563 DODEC=DODEC 

GO TO 582
564 DODEC=DODEC -360.0
582 CONTINUE

IF(RDIP) 584,583, 584
583 DDING=DOINC 

DDDEC=DODEC 
GO TO 660

584 RCDEC=(270.0-RSTR)+DODEC 
IF(RCDEC) 565,566,566

565 RCDEC=360.0+RCDEC 
GO TO 567

566 RCDEC=RCDEC
567 IF(RCDEC -360.0) 568,569,569
568 RCDEC=RCDEC 

GO TO 570



569 RCDEC=RCDEC -360.0
570 COSX3=COSF(RCDEC/57. 296)*COSF(PINC/57. 296)

COSY3=SINF(RCDEC/57. 296)*COSF(PINC/57.296) 
COSZ3=SINF (PINC/57.296) 
RHYP=SQRTF(COSX3**2+COSZ3**2)

600 ANXZ3=(ATANF(COSZ3/COSX3))*57.296 
IF(COSX3) 605, 601,605

601 IF(COSZ3) 602, 603, 604
602 ANXZ3=90.0 

GO TO 605
603 RFINC=0.0 

GO TO 615
604 ANXZ3=-90.0
605 IF(ANXZ3) 606, 608, 608
606 IF(COSX3) 607,610, 610
607 RFINC=RDIP -ANXZ3 

GO TO 620
608 IF(COSX3) 609,610,610
609 RFINC= -(ANXZ3 -RDIP)
620 RPAVX= -(COSF (RFINC /57. 296))*RHYP 

GO TO 615
610 RFINC=ANXZ3 -RDIP
631 RPAVX=(COSF(RFINC/57.296))*RHYP
615 IF(ABSF(RFINC) -90.0) 616,616,617
616 RFINC=RFINC 

GO TO 630
617 IF(RFINC) 618,618,619
618 RFINC=ABSF(RFINC)-180.0 

GO TO 630
619 RFINC= 180.0-RFINC
630 CONTINUE
632 RPAVZ=(SINF(RFINC/57.296))*RHYP
635 0 DDINC=(ATANF(RPAVZ/SQRTF(RPAVX**2-K:OSY3**2) 

1 ))*57.296
IF(RPAVX) 640, 636, 640

636 IF(COSY3) 621, 622, 623
621 RPDEC=270.0 

GO TO 647
622 RQDEC=0.0 

GO TO 651
623 RPDEC=90.0 

GO TO 647
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640 RPDEC=(ATANF(COSY3/RPAVX))*57.296 
IF(RPDEC) 641,641,644

641 IF(RPAVX) 642,642, 643
642 RPDEC=180.0+RPDEC 

GO TO 647
643 RPDEC=360.0+RPDEC 

GO TO 647
644 IF(RPAVX) 645, 645, 646
645 RPDEC=180.0+RPDEC 

GO TO 647
646 RPDEC=RPDEC
647 RQDEC=RPDEC-(270.0-RSTR)
651 IF(RQDEC) 648, 639, 639
648 DDDEC=RQDEC+360.0 

GO TO 660
639 IF(RQDEC-360.0) 649, 650, 650
649 DDDEC=RQDEC 

GO TO 660
650 DDDEC=RQDEC-360.0
660 CONTINUE
661 COSX4=COSF(DDDEC/57.296)*COSF(DDINC/57.296)
662 COSY4=SINF(DDDEC/57.296)*COSF(DDINC/57.296)
663 COSZ4=SINF(DDINC/57.296)
670 COSX5=COSX4*RMOM
671 COSY5=COSY4*RMOM
672 COSZ5=COSZ4*RMOM

0 PRINT102, SAMP, TEMP, A(l), A(5), A(9), DEC, EDEC, VOL,
1 B(2), B(6), B(10), AINC, EINC, S, B(17), B(13), A(21)

102 0 FORMAT(90X, 16HSAMPLE NUMBER , F14.9, / / ,  SOX,
1 10HINPUT DATA, 58X, 13HCOMPUTED DATA, / / ,  3IX, 1HX,
2 16X, 1HY, 16X, 1HZ, 34X, 4HCORE, / / ,  IX, 13HTEMP = , .
3 F 6 .2 ,7X, F8. 3 ,9X, F 8 .3 ,9X, F8. 3, 24X, 6HDEC = , F 7 .2,
4 4H + /-, F 7 .2, / ,  IX, 13HVOL = , F 6 .2 ,7X, F 8 .3 ,9X, F 8 .3,
5 24X, 6HINC = , F 7 .2 ,4H + /- , F 7 .2, / ,  IX, 16HSENS = ,
6 F3. 0 ,7X, F 8 .3, 9X, F8. 3, 9X, F8. 3, /)
0 PRINT 112,STR, A(18), A(14), B(22), DIP, B(7), B(3), B(15),RSTR,
1 A(8), A(4), A(l6), PDEC, RDIP, A(23), A (ll), B(19), PINC

112 0 IX, 13HSTR = , F 6 .2 ,7X, F 8.3 ,9X, F 8 .3 ,9X, F 8 .3 ,31X,
1 5HFIELD, / ,  IX, 13HDIP = , F6.2 ,7X, F 8 .3, 9X, F 8 .3, 9X,
2 F8. 3, / ,  IX, 13HREG STR = , F6. 2 ,7X, F 8 .3 ,9X, F8. 3 ,9X,
3 F8. 3, 24X, 6HDEC = , F7. 2, / ,  IX, 13HREG DIP = , F 6 .2 ,7X,
4 F 8.3 ,9X, F8. 3 ,9X, F8. 3, 24X, 6HINC = , F 7 .2)
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0 PRINT 103, RDEC, B(24), B(12), A(20), AVX, AVY, AVZ, STDX,
1 STDY, STDZ, DODEC, TSTD, DOING

103 0 F0RMAT(1X, 13HREG DEC = , F 6 .2 ,7X, F 8.3, 9X, F 8 .3,
1 9X, F8. 3, / ,  93X, 24HCORRECTED FIELD DEC ONLY, /,
2 21X, 6HAVX = , F 8 .3, 3X, 6HAVY = , F8. 3, 3X, 6HAVZ = ,
3 F 8 .3, A 20X, 7HSTDX = , F8. 5, 2X, 7HSTDY = , F 8.5 ,2X,
4 7HSTDZ = , F 8 .5, 24X, 6HDEC = , F 7 .2, / ,  15X,
5 12HTOTAL STD = , F 8 .5) '
0 PRINT 113, STDXI, STDYI, STDZI, STDNX, STDNY, STDNZ,
1 TSTDN, XINT, YINT, ZINT, DDDEC

113 0 FORMAT, 58X, 6HINC = ,F7. 2, / ,  13X, 14HEMU/CC STDX = ,
1 1PE9. 3, 8H STDY = , 1PE9. 3, 8H STDZ = , 1PE9. 3, / ,  9X,
2 18HNORMALIZED STDX = , OPF8. 5 ,9H STDY = , F 8 .5,
3 9H STDZ = , F8. 5, 23X, 25HCORRECTED FIELD DEC /  DIP,
4 / ,  10X, 17HTOTAL NORM STD = , F 8 .5, / ,  6X,
5 21HEMU/CC INTENSITY X= , 1PE11.4, 2X, 4HY = , 1PE11.4,
6 2X, 4HZ = , 1PE11.4 ,21X, 6HDEC = , OPF7.2)

PRINT 104, TSTDI, COSX4, COSY4, COSZ4, DDINC, RMOM, EMOM
104 0 FORMAT(8X, 19HEMU/CC TOTAL STD = , 1PE11.4, / ,  5X,

1 22HDIRECTION COSINES X = , OPF8. 5, 5X, 4HY = , F 8 .5 ,5X,
2 4HZ = , F 8 .5 ,24X, 6HINC = , F 7 .2, / / ,  95X,
3 25HMAGNETIC INTENSITY EMU/CC, / / ,  89X, 4HY = ,
4 1PE10.4 ,5H + /-  , 1PE10.4, / ,
5 5X, 110H-------- -------------- ---------------- -------- ------- -----------------
6  -------------- --------------------- ---------------------------- -------------------------------------------------------- ----------------- - ................................ -

7  ............
108 IF (K) 98,98,109
109 CONTINUE
110 END



APPENDIX B

LEAST SQUARES FITTING 
OF A PLANE TO LINE DIRECTIONS

It is possible to apply the method of least squares to 

problems of more than two dimensions (Wylie, 1961). Given a set of 

direction cosines x̂ , ŷ , for a streaked distribution of NRM direc

tions, a plane can be fitted to the set of line directions such that the 

sum of squares of deviations is minimal.

Let the plane be represented by

Ax + By + Cz + D = 0.

D = 0,

as all the line directions are taken from the origin and the plane is, 

therefore, taken through the origin as well. The plane is represented 

by one equation with three independent constants for any set of direc

tion cosines. Given these direction cosines (xj, yi} z-; i = 1, . . . n), 

it is possible to solve the above equation by rewriting it in the form

axj + byj =-Zi

where a and b determine the attitude of the plane. To find a and b,

123
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squares of the deviations after summing over i are minimized by 

taking partial derivatives of the equation

£ d i2 =£(Zi - axt -byp2

with respect to a and b and setting each resulting equation equal to 

zero. The resulting equations are simultaneous in a and b:

aX xi2 + b 2 x iyi = -Z xizv 

a2 xiYi + bZyi2 = -EYiZp

and can be solved by determinants. This method is similar to one 

used by Ramsay, 1967 (pp. 18-22), and several modifications are 

possible depending on the choice of technique used to solve resulting 

simultaneous equations. As several cases have been found with 

ambiguous, physically meaningless results, it is felt that the method 

may not be generally applicable. Selby (1964) has discussed statisti

cal models and limitations to the problem. Further work is con

sidered necessary to define the best fitting plane through a set of line 

directions. Following is a computer program used to handle the above 

equations: *

* COMPILE FORTRAN, EXECUTE FORTRAN
1 DIMENSION XB(50), YB(50), ZB(50)
2 L= 1
3 READ 4, SITE, N,M
4 FORMAT (F10. 6,13,12)
5 READ 6, XB(L), YB(L), ZB(L)
6 FORMAT (3F10.6)

A = N
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7 L = L + 1
8 IF(L-N) 5, 5, 21

21 SUM AX=0.
22 DO 23 J = 1, N
23 SUMAX = SUMAX + XB(J)
31 SUMAY = 0.
32 DO 33 J = 1, N
33 SUMAY = SUMAY + YB(J)
41 SUMAZ = 0.
42 DO 43 J = 1, N
43 SUMAZ = SUMAZ + ZB(J)
60 R=SQRTF((SUMAX**2)+(SUMAY**2)+(SUMAZ**2)) 

AVX=SUMAX/R 
AVY=SUMAY/R 
AVZ=SUMAZ/R

71 HA=SQRTF((AVX**2)+AVY**2))
72 AINC=(ATANF(AVZ/HA))*57.296 

IF(AVX) 84, 80, 87
80 IF (A VY) 81,82,83
81 ADEC=270.

GO TO 199
82 ADEC=0.

GO TO 199
83 ADEC=90.

GO TO 199
84 ADEC=(ATANF(AVY/AVX))*57.296 

IF(ADEC) 85, 85, 86
85 ADEC=180. +ADEC 

GO TO 199
86 ADEC=180. +ADEC 

GO TO 199
87 ADEC=(ATANF(AVY/AVX))*57.296 

IF(ADEC) 88, 88, 89
88 ADEC=360. +ADEC 

GO TO 199
89 ADEC=ADEC

199 IF(ADEC-360.) 91,91,92
91 ADEC=ADEC 

GO TO 93
92 ADEC=ADEC -360.
93 CONTINUE
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SMX$Q=0.
SMYSQ=0.
SMZSQ=0.
SUMXZ=0.
SUMXY=0.
SUMYZ=0.

200 DO 201 J = 1, N
201 SMXSQ=SMXSQ+(XB(J)**2)
202 DO 203 J = 1, N '
203 SMYSQ=SMYSQ-KYB(J)* *2)
204 DO 205 J = 1, N
205 SMZSQ=SMZSQ+(ZB(J)**2)

DO 206 J = 1, N
206 SUMXZ=SUMXZ+(XB(J)«ZBO))

DO 207 J = 1, N
207 SUMXY=SUMXY+(XB(J)*YB(J))

DO 208 J = 1, N
208 SUMYZ=SUMYZ+(YB(J)*ZB(J))
210 0 A 1=((SUMXZ*SMYSQ) -(SUMXY*SUMYZ))/

1 ((SMXSQ*SMYSQ)-(SUMXY**2))
211 0 B1=((SMXSQ*SUMYZ)-(SUMXY*SUMXZ))/

1 ((SMXSQ*SMYSQ) -(SUMXY **2))
Zl=l.
ODBC = (ATANF(-A1/B1))*57.296

213 IF(-A1/B1) 214, 214, 215
214 ODBC = 360. +CDEC
215 CONTINUE
299 CONTINUE 

L = 1
98 PRINT 99, SITE, N
99 0 FORMAT(10X, 9HSITE NO. , F 3.0 ,10X,

1 19HNO. OF SPECIMENS = , 13, / / )
100 PRINT 101, XB(1), YB(1),ZB(1)
101 0 FORMAT(23X, 1HX, 19X, 1HY, 19X, 1HZ//,

1 15X, 2H 1,2X, F 8 .5 ,12X, F 8 .5 ,12X, F 8 .5/)
106 DO 102 L = 2, N
102 PRINT 103, L, XB(L), YB(L), ZB(L)
103 FORMAT (15X, 12, 2X, F 8 .5, 12X, F 8 .5 ,12X, F 8 .5, /)
104 PRINT 105, AVX, AVY, AVZ
105 FORMAT (14X, 5HAV = , F 8 .5, 12X, F 8 .5, 12X, F8. 5, / / )
300 PRINT 301, ADEC,AINC
301 FORMAT (11X, 7HADEC = , F 6 .2 ,7X, 7 HAINC = , F 6 .2, / / / / )
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501 PRINT 502, A1, Bl, Zl, CDEC
502 0 FORMAT(2IX, 4HA = , F 7 .3, / / ,  2IX, 4HB = , F 7 .3, / / ,  21X,

1 4HC = , F7. 3, / / ,  2IX, 7HCDEC = , F 6 .2, / / )
503 PRINT 504, SMXSQ, SMYSQ, SMZSQ, SUMXZ, SUMXY, SUMYZ
504 0 FORMAT(21X, 8HSMXSQ = , F7.3, / ,  2IX,

1 8HSMYSQ = , F7. 3, / ,  2IX, 8HSMZSQ = , F 7 .3, / ,  2IX,
2 8HSUMXZ = , F 7 .3, / ,  2IX, 8HSUMXY = , F 7 .3, / ,  21X,
3 8HSUMYZ = , F7. 3, / / )

721 PRINT 722, SUMAX, SUMAY, SUMAZ
722 0 FORMAT(21X, 8HSUMAX = , F6.3, / ,  2IX,

1 8HSUMAY = , F 6 .3, / ,  2IX, 8HSUMAZ = , F 6 .3, /)
601 P=20.**(1./(A-1.)H .
610 A95=ASINF(SQRTF(1. -(1. -(A -R)*P/R)**2))*57.296
620 PRINT 621, A95
621 FORMAT (21X, 6HA95 = , F6.2, / ,  1H1)

• IF (M) 2, 2, 505
505 CONTINUE 

END



APPENDIX C

NUMERICAL DATA

Cardigan Gneiss

Site No. 2

Specimen D I M Oh"1

1 273 - 5 27. 51 x 10"6
2 256 -12 56.23 "
3 243 30 5.15 "
4 280 36 3.99 "

Av. 263 13

Site No. 27

1 357 -18 3. 89 x 10"3 235.3
2 • 358 - 4 2.87 " 141.6
3 351 - 5 1.36 " 94.9
4 357 - 2 . 99 " 132. 8
5 41 12 1.29 " 204.1
6 352 - 7 1.58 " 223.2
7 358 - 8 1.68 " 65.9
8 353 - 4 1.95 " 72.0
9 355 - 1 1.91 " 73.8

10 355 - 1 1.86 " 47.9

Av. 359 - 4 <
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Site No. 43

Specimen D I M o-n"1
1 332 -21 4 .68x10-4 62.7
2 348 -14 5.30 " 58.3
3 343 -16 4.90 " 68.1
4 338 r20 3.83 " 68.0
5 335 -21 5.04 " 62.7
6 333 -10 . 5.92 " 66.4
7 337 - 9 5.25 " 61.1
8 344 -13 4.80 " 61.7
9 344 -11 5.27 " 51.4

10 336 -13 4.20 ” 55.7

Av. 339 -15

Site No. 44

1 5 67 14.43 x 10-4
2 8 61 6.58 "
3 12 70 9.01 "
4 356 58 11.48 "
5 11 64 8.11 "
6 357 58 8.59 "
7 2 63 8.35 "
8 4 66 14.75 "
9 11 56 12.83 "

10 10 57 8.12 "

Av. 6 62



Specimen 43-8 

Thermal Demagnetization

Temp D , I M V

25 342 -13 4.80 x 10 "4 61.7
102 344 -14 4.83 f i 111.9
200 340 -15 5.18 I f 139.7
300 341 -16 5.19 f i 120.0
400 340 -17 5.18 i f 152.7
500 337 -19 4.56 i f 77.3
600 324 -22 .24 i f 36.7
650 147 . 26 .04 I f 6.8

Concentrator Volcanics

Site No. 8

Specimen D I M Gn"1
1 240 73 69.68 x 10 "4
2 234 78 76.83 "
3 322 71 81.37 " 113.8
4 332 56 104.65 "
5 216 43 54.94 "
6 216 46 55.55 " 121.7
7 218 50 60.52 "
8 222 45 43.26 " 100.6
9 215 44 69.86 "

10 221 52 47.62 "
11 229 70 65.76 " 84.2

Av. 217 62



cir

1
2
3
4
5
6
7
8
9

10
11
12

Av,

1
2
3
4
5
6
7
8
9

10
11
12
13
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Site No. 9

D I M o r 1

220 64 8.26 x 10-4
229 65 6.00 t f 143.1
204 69 8.87 11

355 79 3.72 11 145.3
40 64 5.82 11 85.5

190 62 4.69 i f 65.7

202 82 2.56 i t 185.5
205 77 2.62 11 90.8

82 87 2.62 i f 74.2

206 83

354 50

Site No. 10

10.61 x 10 "5
335 65 21.99 i f

342 64 17.54 . i t 80.1
344 63 20.67 11 95.0
344 71 13.20 11 61.9
41 59 8.22 f t 68.2

349 72 10.06 i f 67.8
351 75 14.72 i t 65.4
348 74 13.58 i f 77.7
339 75 10.50 i f 49.8
350 73 7.29 i f 35.4

13 76 12.05 i f 34.7
158 57 10.32 I f 36.9

353 63
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Site No. 17

Specimen

1

D I M

2
3
4 305 45 9.53 x 10-5 225.2
5 305 71 6.48 n 94.3
6 313 68 5.10 i i 112.9
7 304 58 4.65 i i 125.5
8 317 66 12.33 i i 115.5
9 300 62 17.15 n 129.9

10 26 68 13.37 i i 137.6
11 51 47 10.25 n 99.8
12 40 48 8.74 i f 73.9
13 41 42 9.90 . i i 101.1
14 76 36 8.99 i i 73.2

Av. 351 65

Site No. 32

1 337 57 4.18 x 10 "4 131.6
2 297 63 2.07 i i 78.2
3 . 325 69 4.07 i l 54.6
4 314 63 4.04 i t 72.8
5 8 71 4.45 l l 107.5
6 328 64 1.52 i i 67.9
7 328 59 0. 59 n 48.4
8 333 58 0.56 n 173.3
9 328 58 0.96 n 66.9

10 319 45 0.20 I f 22.5

Av. 326 61



3ir

1
2
3
4
5
6
7
8
9

10

Av

1
2
3
4
5
6
7
8
9
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Site No. 35

D I M olV1

344 62 6.20 x 10-5 58.5
360 66 6.39 f t 71.8
355 40 11.80 i f 90.7
356 40 23.41 I f 78.9

36 77 9.24 t f 70.9
360 46 16.91 I f 110.1
358 45 13.50 i f 128.9
353 49 5.52 I f 133.3

6 60 7.69 i f 68.6
356 44 14.58 f t 90.4

358 53

Site No. 37

10 40 11.80 x 10-4 103.5
12 44 8.52 f t 79.7
18 52 7.09 f t 84.0
22 ' 47 7.83 f t 87.0
17 43 9.89 f t 71.8
2 53 3.74 i f 73.0

353 62 2.20 f t 71.6
31 45 5.42 f t 57.9
10 48 5.10 f t 73.0
47 52 6.24 f t 108.8

17 49



ecin

1
2
3
4
5
6
7
8
9

10
11

Av

Fern

25
100
200
300
350
400
450
500
550
600
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Site No. 41

D I M Cn'1

38 -58 3.65 x 10-3 312.5
48 -60 3.81 f t 230.4
55 -59 6.12 t l 188.7
68 -53 4.55 f t 153.4
72 -56 6.44 I f 239.8
68 -39 5.54 f t 92.3
94 -42 8.29 i f 127.6
81 -44 14.35 f t 163.1
93 -32 5.03 f t 57.7
86 -35 6.64 f t 140.5
80 -35 7.61 f t 133.3

76 -48

Specimen 9-7 

Thermal Demagnetization

D I M V 1
190 62 4.69 x 10"4 66.0
191 51 3.44 f t 149.0
193 46 3.33 f t 109.0
192 45 3.25 f t 175.0
194 45 3.23 f t 141.0
194 44 3.26 f t 120.0
194 43 3.20 f t 73.0
196 43 2.17 f t 55.0
199 43 1.14 f t 65.0
239 16 0.09 f t 2.5



Temp

25
102
200
300
400
500
600

25
102
200
300
350
400
450
500
550
600
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Specimen 17-7

Thermal Demagnetization

D I M °ri
304 58 4.65 x 10-5 125.5
310 59 3.61 " 51.9
290 67 2.87 " 20.9
285 68 1.77 " 15.5
280 80 2.21 " 9.8
350 37 0.85 " 5.3
295 - 6 0.34 " 3.2

Specimen 41-2

Thermal Demagnetization

48 -60 3.23 x 10"3 230.4
48 -60 2.45 M 135.5
48 -61 1.60 f t 72.6
48 -61 1.12 f  f 78.1
49 -61 1.01 f i 108.0
50 -62 0.90 I f 186.2
50 -62 0.78 f t 161.8
51 -69 0.18 f t 38.2
15 -58 0.08 f t 9.8

345 -24 0.55 f t 2.7
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Site No. 8

Great Circle

Specimen e M K Q

1 102 7.99 x 10"4 3.90 .406
2 99 8.81 " 4.04 .432
3 84 9.33 " 4.42 .418
4 66 12.00 " 5.06 .469
5 133 6.30 " 1.84 .678
6 130 6.37 " 2.06 .612
7 126 6.94 " 2.50 .551
8 128 4.96 " 1.77 .555
9 133 8.01 " 1.64 .967

10 123 5.46 " 2.19 .492
11 106 7.54 " 4.28 .349

Cornelia Quartz Monzonite

Site No. 1

Specimen D I M On'1

1 294 59 6 .78x10-5 45.7
2 329 67 8.41 " 74.2
3 293 59 7.54 " 79.6
4 343 70 10.97 " 69.5
5 323 64 5.14 " 61.0
6 24 57 4.43 " 22.2
7 3 71 5.58 " 37.0
8 50 39 5.37 " 60.1
9 27 54 4.22 " 63.2

10 314 58 6.83 " 83.2
11 323 62 9.82 " 61.2
12 43 66 6.54 " 32.8
13 22 67 8.15 " 14.7
14 351 74 26.64 " 59.0
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Site No. 1 
(Cont'd)

Specimen D I M On"1

15 43 66 8.39 x 10~5 46.7
16 49 43 5.14 I t 43.1
17 54 40 6.84 i l 43.4
18 39 57 4.80 1 i 76.6
19 56 25 4.95 i i 35.7
20 50 44 5.35 t i 60.2
21 71 47 4.50 11 44.0

Av. 21 64

Site No. 3

1 34 -40 28.00 x 10"4
2 16 -42 31.20 n

3 100 -23 35.76 n

4 116 -24 44.30 i l

5 314 44 8.86 x 10 "6
6 337 56 38.70 I t

7 341 56 144.50 n

8 344 46 188.40 n

9 343 55 171.60 n

10 331 57 134.70 l i

Av. 12 32

Site No. 5

1 341 43 17.34 x 10~6
2 4 75 . 5.37 "
3 . 1 81 43.24 "
4 57 57 89.15 "

Av. 10 68
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Site No. 7

D I M O'n'1
264 26 7.89 x 10"5 175.4
265 24 1.09 " 62.5
254 17 1.31 " 74.3
235 32 0.88 " 40.5
263 31 1.87 " 56.5
254 37 3.04 " 62.7
253 38 1.55 " 67.5
251 32 1.28 " 43.4
261 19 1.65 " 37.3
250 25 0.81 " 34.6

255 28

Site No. 11

350 89 47.10 x 10 "6 116.0
340 76 5.58 i f 42.1

209 79 2.92 i f 32.9
158 62 2.54 n 21.8
178 58 0.74 i f 8.7
179 49 1.32 I f 11.4
171 40 1.21 n 7.6
169 66 2.08 l l 14.7
120 64 1.16 I f 10.3
201 55 2.65 n 18.3
344 61 6.24 n 29.2

24 67 9.42 n 25.2

171 76
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Site No. 12

Specimen D I M V 1
1 3 72 28.40 x 10"5
2 8 76 29.30 "
3 26 73 26.90 "
4 69 75 27.20 "
5 62 74 23.70 "
6 29 73 324.20 "
7 17 67 372.30 "
8 13 67 242.40 "
9 25 77 162.50 "

10 42 69 345.70 "

Av. 30 73

Site No. 14

1 125 42 1.03 x 10 "6 13.2
2 71 60 3.71 " 43.1
3 341 55 137.10 " 108.6
4 277 57 52.40 " 80.2
5 206 62 58.60 " 74.0
6 296 42 56.90 " 76.7
7 • 350 59 108.90 " 76.1
8 357 52 121.90 " 80.6
9 352 54 170.90 " 327.9

10 345 50 88.10 " 156.3
11 350 61 90.10 " 153.4
12 ; 343 53 77.30 " 149.0
13 339 • 49 49.30 " 101.1

Av. 342 67
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Site No. 15

D I M cTn"1

176 -13 19.80 x 10"7
181 - 7 23.10 "
179 6 6.60 "
177 45 10.00 "
173 11 29.00 "

177 8

Site No. 18

15 19 18.10 x 10"6
16 11 32.00 "
24 3 29.30 "
34 56 3.10 "
29 17 3.10 ” e
30 10 2.91 x 10 "5
35 16 2.08 "
26 . 26 1.64 "
21 25 1.91 "
17 17 2.70 "

24 20

Site No. 34

157 69 2.09 x 10 "5 43.9
333 55 6.12 " 58.2
338 68 1.98 " 11.6
341 49 3.35 " 78.1
357 66 3.04 M 51.8
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Site No. 34 
(Cont’d)

D I M

r—
i
1bC

335 33 7.56 x 10-5 79.5
51 88 5.24 " 41.3

109 76 4.11 " 49.2
45 63 1.27 " 29.5

225 31 0.47 " 15.2
336 13 3.59 " 105.8

336 70

270 75

Site No. 38

7 .1 5 x 1 0  "5 81.6
230 71 1.05 f t 80.6
138 35 1.88 *» 70.6
214 69 6.04 t i 66.8
281 59 9.27 f» 92.0
206 53 1.19 i t 95.9
250 63 6.12 f f 78.0
237 59 1.08 f t 106.8
241 63 3.62 f f 60.6
210 57 2.49 f f 67.6

222 67

Site No. 39

27 55 6.91 x 10 "5 37.4
41 41 8.49 " 41.6

1 50 8.31 " 38.9
4 60 6.38 " 29.5

20 46 8.94 " 34.2
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Site No. 39 
(Cont'd)

Specimen D I

6 334 52
7 327 58
8 46 65
9 356 68

10 340 55

M -Tn"1

1.52 x 10 "5 55.1
13.79 ” 46.5
6.84 " 24.2

11.77 " 31.7
14.81 M 91.9

Av. 6 58

Site No. 40

1 351 62
2 158 68
3 32 75
4 14 76
5 333 48
6 331 73
7
8 
9

9 • 54

326 -32
10 349 49
11 333 63
12 323 53
13 335 53

Av. 342 61

2.92 x 10"5 54.6
1.65 " 58.5
1.88 " 65.0
8.16 " 58.0
0.86  "  45.0
4.93 " 49.8
1.66  "  53.5

2.33 " 44.7
6.39 " 61.6
9.66 " 82.2

17.73 " 91.5
25.77 " 85.4
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Site No. 42

Specimen D I M

1 60 -55 3. 32 x 10
2 47 -37 1.24 "
3 121 -77 3.90 "
4 97 -74 7.67 "
5 92 -57 12.05 "
6 141 -24 7.67 "
7 178 40 5.99 "
8 188 55 3.85 "
9 350 76 0.89 "

10 13 65 0.95 "

Av. 101 -26

Site No. 47

1 134 -30
2
q 133 -35
U
4 253 22
5 129 -38
6 125 -41
7 130 -37
8 129 -32
9 129 -34

10 134 -39

Av. 138 -35

3.62 x 10-5 41.2
3.16 " 148.8

7.55 " 97.3
5.07 " 151.3
3.66 " 105.8
5.61 " 139.7
1.56 " . 145.3
3.01 " 102.8
3.44 ” 110.4
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Fern

25
100
200
300
400
500
600

Site No. 48

D I

47 -59
51 -63
49 -59
59 -54
63 -58
57 -57
53 -55
51 -58
62 -60
51 -57

2.10 x 10 “5 137.4
3.02 11 283.3
2.90 ft 218.3
0. 82 11 99.4
0.52 11 121.8
0.70 11 143.7
0. 66 11 84.0
0.97 11 230.9
1.11 11 72.9
0.98 11 96.6

54 -58

Specimen 1-11

Thermal Demagnetization

D I

323 62 9.
333 69 6.
331 72 4.
354 65 2.
28 68 2.
44 25 2.

275 48 0.

OJT1

8 1 x 10"5 61.2
86 " 49.6
77 32.6
56 " 12.1
68 " 8.4
20 " 12.0
66 " 5.9
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Specimen 7-1

Thermal Demagnetization

Temp D I M orv1
25 264 26 7.90 x n r 5 175.4

100 261 8 3.19 I f 51.3
200 257 3 3.87 I t 73.9
300 261 - 4 4.00 I f 94.7
400 262 - 9 3.55 I f 163.4
500 264 -15 2.20 I f 15.4

25 352

Specimen 14 -9 

Thermal Demagnetization 

54 17.10 x 10"5 327.9
120 347 46 11.70 l i 83.3
220 343 46 6.63 f t 56.9
300 345 53 3.98 I f 77.8
400 346 . 48 2.24 l i 22.7
500 333 51 1.89 I I 8.6
600 9 56 0.34 n 9.2
650 278 6 2.23 l i 14.7
678 104 77 1.60 i f 3.4

25 62

Speciemn 48-9 

Thermal Demagnetization 

-60 11.06 x 10 "6 72.9
100 58 -61 9.60 l i 140.5
200 52 -60 11.64 i i 114.8
300 44 -60 11.51 l i 129.5
400 42 -59 10.74 t i 106.0
500 29 -60 1.68 l i 22.9
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Specimen

Cornelia Quartz Diorite 

Site No. 4

D . I M O'"1

249 42 4.60 x 10"4
253 43 1.40 "
253 42 1.09 "
238 48 5.12 ”

237 54

Site No. 6

223 74 6.85 x 10 ~4 182.8
302 76 1.63 " 103.1
278 83 0.73 " 93.3
346 76 1.87 " 100.1
261 87 0.83 " 92.4
319 82 1.21 " 92.3
338 82 1.21 " 92.4
266 78 1.51 " 103.0
234 75 0.68 " 88.8
258 73 0.67 ” 103.4

273 82

Site No. 23

268 38 2. 83 x 10~6
278 29 29.30 "
217 57 1.40 "
263 34 14.60 "
273 38 7.50 "
269 41 3.72 "
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Site No. 23
(Coin'd)

Specimen D I M V

7 294 46 7.02 x 10"6
8 288 50 4.53 I f

9 247 51 1.90 i f

10 265 44 2.77 I f

Av. 269
43

Site No. 36

;

1 319 32 60.30 x 10 "6 34.4
2 4 60 2.33 i f 18.8
3 318 31 3.91 i t 18.5
4 316 13 58.14 i t 36.3
5 159 29 7.28 t t 27.1
6 202 19 2.36 f t 53.3
7 28 77 4.83 f t 15.6
8 308 47 8.38 f t 27.7
9 322 70 20.66 t t 35.7

10 337 47 18. 20 f t 31.3
11 341 49 8.20 f t 27.2
12 355 65 15.00 i t 46,5

Av. 318 61

Site No. 45

1 47 76 1.89 x 10"4 134.8
2 68 81 1.61 " 100.5
3 37 72 2.17 " 115.9
4 37 74 2.22 " 117.0
5 49 76 2.14 " 115.2
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Site No. 45
(Cont'd)

Specimen D I M V1
6 85 83 1.41 x 10 "4 77.3
7 53 80 1.91 " 100.1
8 48 74 2.36 " 101.3
9 60 78 2.21 " 136.8

10 52 72 2.67 " 159.5
11 57 77 1.73 " 168.6

Av. 75 79

Temp D

Specimen 23-6 

Thermal Demagnetization 

I M OH'1
25 269 41 5.10 x 10 "6 81.8

100 268 31 4.90 " 153.4
200 260 32 4.89 " 35.6
300 263 27 4.91 " 30.1
400 263 27 4.25 " 68.4
500 262 22 2.00 " 18.7
550 298 25 1.06 " 10.7

Dikes

Site No. 16

Specimen D

1 60
2 51
3 69

I M

34 9.99 x
24 9.66
41 15.17

i t

it

63.3 
107.4
62.3
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Site No. 16
(Cont'd)

Specimen D I M

4 47 20 12. 60 x 10 "5 79.7
5 35 16 11:22 " 123.5
6 65 17 14.78 " • 89.2
7 65 27 7.87 " 103.8

. 8 79 30 16.2 34.4
9 68 25 11.94 " 94.6

10 71 54 10.11 " 147.7

Av. 60 29

Site No. 33

1 32 64 4.98 x 10~5 66.0
2 38 64 3.73 " 56.5
3 30 60 3.82 " 71.5
4 40 67 5.02 " 34.3
5 18 68 6.44 " 48.9
6 20 55 8.83 " 95.1
7 36 64 6.56 " 55.7
8 35 68 5.67 " 55.7
9 20 52 7.83 " 79.7

10 23 54 7.24 " 55.8

Av. 28 62

Specimen 16-1

Thermal Demagnetization

Temp D I M

25 60 34 10.00 x 10 5 63.3
120 61 30 9.28 " 309.6
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Specimen 16-1 
(Cont'd)

Temp D I M V
220 62 25 6.87 x 10™5 97.1
300 61 26 4.61 I f 111.4
400 60 26 2.95 i f 187.3
495 59 25 1.95 i t 75.9
600 49 19 0.30 I f 7.7
650 35 3 0. 39 l i 8.6
678 337 28 0.26 I f 6.8

Locomotive Fanglomerate

Site No. 20

Specimen D I M t V 1

1 84 -44 8.62 x 10"6
2 110 -31 7.38 "
3 106 59 9.11 "
4 219 -53 5.31 "
5 300 19 17.62
6 14 1 5.13 "

Av. 69 -33

1 132 63

Site No. 31

1.75 x 10 ~6 18.4
2 175 -36 3.81 " 40.0
3 296 -89 4.67 " 49.3
4 261 10 0.91 " 10.9
5 209 -25 3.84 " 13.3
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Site No. 31
(Cont'd)

D I M V

58 -87 6 .62x10-6 40.1
182 24 5.82 " 53.1
183 52 4.61 " 37.8
195 -64 4.49 " 35.9
173 -63 5.29 " 46.6
229 -53 2.83 " 25.5
178 -58 4.39 " 22.9

202 -43

Tertiary Oxidation Zone

Site No. 13

294 13 1.09x10-4
280 20 0.97 " 52.5
289 21 1.13 "
287 18 0.99 "
298 24 0.83 " 42.9
286 18 0.96 "

288 19

Site No. 19

283 -23 18.50 x 10
300 -17 20.10 "
299 -11 20.50 "
288 -15 16.30 "
293 -15 6.13 ”
298 -14 3.89 "

114.2
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Site No. 19
(Cont'd)

D I M <V
165 -42 0.19 x 10 "5
88 13 0.25 " 37.4

290 -16 3.44 "
161 -30 0.17 "
290 -16 14.80 "

271 -28 -

302 40

Site No. 22

9.33 x 10“5
303 40 12.30 " 144.9
301 36 5.98 "
304 38 8.33 "
304 44 8.28 "
307 38 9.96 "
303 35 11.97 " 127.1
300 42 4.37 "
305 38 7.78 ”
301 34 6.87 "
301 38 0.79 "

303 38

Site No. 24

275 -21 2.91 x 10"6
277 -18 7.18 "
281 -18 10.99 "
276 -22 7.40 "
281 -18 22.47 "
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Site No. 24
(Cont'd)

Specimen D I M

6 276 -29 20.21 x 10 “6
7 280 -15 9.99 "
8 281 -19 18.66 "
9 272 -29 8.86 "

10 280 -17 9.99 "

Av. 278 -21

Site No

1 292 • 34
2 314 11
3 318 11
4 291 - 2
5 288 - 7
6 304 - 6
7 289 - 2
8 293 - 4
9 321 8

10 278 - 1
11 264 -11
12 318 7

Av. 298 3

4.24 x 10"6 59.6
6.86 " 67.0
9.47 " 127.4
5.86 " 62.0

11.10 " 74.2
5.64 " 24.8
5.13 " 62.9
5.43 " 75.1
8.73 " 99.8
4.79 " 67.5
4.31 " 54.6
7.55 " 95.3

1
2
3

275
278
283

Site No. 26

13 1.72 x 10
15 1.95 "
20 1.99 "

127.6
139.9
48.7
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Site No. 26
(Cont'd)

D I M CTn" 1

281 12 1.54 x 10 "4 76.0
273 15 1.79 " 145.1
283 18 1.78 " 145.2
287 13 0.80 " 31.1
287 7 0.84 " 162.9
270 16 0.56 " 228.8
289 12 0.67 " 154.1
289 10 0.89 " 131.9
279 7 0.70 " 142.2

280 13

323 -13

Site No. 29

6.57 x 10-5 37.2
321 -22 2.91 " 173.9
324 . -23 2.47 " 141.8
326 -20 1.26 " 103.2
325 -11 3.45 " 92.3
324 -15 3.50 " 101.3
327 4 4.57 " 259.7
328 4 4.37 " 184.5
322 -21 5.28 " 202.0
329 -11 1.69 " 80.7

325 - 9
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Site No. 30

Specimen D I M %'
1 88 -11 33.64 x 10 "6 112.
2 110 6 7.49 " 103.
3 118 11 6.93 " 52.
4 108 24 6.44 " 90.
5 121 76 2.89 " 49.
6 243 77 4.75 " 60.
7 58 -31 4.66 " 56.
8 316 82 1.53 " 25.
9 216 49 2.20 " 22.

10 255 48 7.93 " 35.
11 210 41 12.59 " 66.

Av. 120 51

Specimen 29-6

Thermal Demagnetization

Temp D I M

25 324 -15 3.50 x 10 "5 101.
120 324 -15 3.57 " 138.
220 323 -15 3.58 " 79.
300 323 -14 3.56 " 116.
400 323 -15 3.56 " 177.
500 323 -13 3.50 " 127.
600 325 -17 2.10 " 100.
650 327 -17 1.56 ” 133.
678 138 -10 0.22 " 9.

1

9
5
7
3
9
7
8
5
0
8
5

1

3
5
7
0
3
4
3
5
78
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Specimen 13-2

Thermal Demagnetization

Temp D I

25 277 32
100 267 .14
250 252 - 5
325 253 - 6
400 246 6
505 217 31
540 152 53

v 1
8.75 x 10"6 52.5
8.34 " 68.7
8.23 " 80.0
8.02 " 103.5
4.34 " 62.3
0.74 " 12.7
0.54 : 8.8
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