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The Roza flow of the Columbia River Basalt group in

Washington State U.S.A. extruded at about 15 Ma during

intermediate geomagnetic polarity. The Roza is underlain

by normal polarity flows and overlain by reversed units.

The Roza is an extensive flow, up to 60 in thick. As the

remanence-blocking isotherms progressed into the flow, it

recorded a short continuous segment of the transitional

geomagnetic field.

Our studies show limited thermal remagnetization in

the underlying flow, and we infer that groundwater was

effective in extracting the heat. The extent of basement

heating was further reduced by the insulating scoria

immediately beneath Roza. Hence, the Roza flow cooled

symmetrically from its top and base.

Sariiples from the drilicores acquired drilling induced

remanent magnetization (DIRM), shown to be well modelled as

an isothermal remanent magnetization produced in nonuniform

fields of the order of 10 mT at the rim of the drilistring.

Alternating field demagnetization was usually successful in

removing the DIRM.
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The remanence stability is higher in the top third of

Roza, due to smaller magnetic particles, than in the lower

two thirds of the flow, where the magnetic properties are

nearly uniform. The stability profile corresponds to the

entablature/colonnade subdivision. High temperature

subsolidus oxidation of the titanomagnetites increased with

height in the flow, altering the primary symmetric

intraflow distribution.

The declination of the Roza flow sampled at numerous

outcrops is consistently about 189°. In a 54 m drilicore

section, Roza inclinations become more negative towards the

flow interior, consistent with its magnetostratigraphic

position. Superimposed is a symmetric, rapid change in

inclination from -2 to -15° and back to -5°. The flowvs

thermal history predicts that these fluctuations have a

characteristic time between 15 and 60 years, such that the

inclination changed at a rate of 1/2 to 2° per year,

showing that the directions of this transitional field

fluctuated several times more rapidly than the present

geomagnetic field. However, considering the generally

reduced intensity during transitions, these fluctuations

might not be unusual.
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PALEOMAGNETISM, MAGNETIC PROPERTIES AND THERNAL HISTORY

OF A THICK TRANSITIONAL-POLARITY LAVA

I. INTRODUCTION

The geomagnetic field has two stable polarity states,

normal and reversed. In the past hundred million years the

polarity reversed at irregular intervals, on average,

several times per million years. Despite numerous studies

during the last few decades of paleomagnetic records of

geomagnetic transitions, only limited information has

emerged on its characteristics.

It may require a few thousand years for the field to

complete a polarity transition, during which time the

field's intensity decreases significantly and its

morphology appears to be more complex than during its

stable states. Beside these broad features, there is

little reliable knowledge on the field's more rapid

variations during transitions. Although the small scale

variations of the reversing field might appear complex,

they may be the main source of information on the most

rapid fluctuations in the earth's dynamo, observable on the

earth's surface. Analysis of the evolution of the

morphology and intensity of the transient state of the

reversing field may provide insight to the field's origin,

including better understanding of the earth's dynamo and

the reversal mechanism.

One major obstacle for acquiring data on detailed

variations of the transitional field is the lack of

reliable recorders, whose original paleomagnetic signal can

be extracted. Hence, although a record may appear to

represent a continuous, rapid and detailed history of the

geomagnetic field, it may not truly resolve the field's
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variations because of complex and uncertain remanence

acquisition mechanisms.

The present study is an attempt to take advantage of

the extended cooling history of the thick Roza flow, which

was erupted during a geomagnetic transition. It is part of

the Columbia River Basalt Group in northwest U. S. A., and

it extruded about 15 million years ago. The original

objective was to analyze the primary intraflow remanence in

Roza, acquired as the flow cooled in an ambient field that

was changing from normal to reversed polarity. The

remanent magnetization in the Roza flow may have been

blocked over a time of few decades due to its great

thickness. The flow was sampled in two drilicores and in

two outcrops, and the flow thickness ranges from 62 and

54 m in the drilicores to 30 and 35 m in the outcrops.

To establish a time scale and the evolution of

remanence acquisition in the Roza flow, its cooling history

is constrained by examining Roza's heating of the basement

when it was emplaced. The extent of thermal

remagnetization in the underlying lava was limited to a few

meters below Roza's base, which is much less than predicted

by a simple conductive thermal model. It is therefore

concluded that the heat escaping from the base of the Roza

flow was probably extracted by circulating groundwater, but

the low conductivity scoria at the lower Roza contact may

also have contributed to limit the extent of heating.

Roza's cooling is therefore inferred to have been

predominantly symmetric from its top and base. This is the

subject of Chapter II.

Intraflow variations in magnetic properties in the

Roza flow may distort the record of the primary

paleomagnetic signal. Magnetic property zonation is

analyzed and discussed in Chapter III. The flow's top

third is contrasted by having higher magnetic stability due
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to smaller magnetic particles. These variations appear to

correspond to intraf low structure, entablature and

colonnade. Based on the composition of the magnetic

minerals a third thin zone is identified at the base of the

Roza flow. The bulk of the flow has nearly uniform

magnetic properties, in which the direction of the stable

remanence is observed to change. The bulk composition of

magnetic minerals, as inferred from electron microprobe

analysis, shows a symmetric intraflow distribution, more

magnetite rich titanomagnetite toward the flow's center.

On the other hand, measured Curie temperatures suggest

increased oxidation from the base to the top of the flow

during its high temperature subsolidus cooling.

Many of the specimens collected from drillcores

carried a strong secondary overprint acquired during the

initial drilling. As discussed in Chapter IV, this

secondary remanence can be modelled as an isothermal

remanent magnetization acquired near the rim of the

drilistring in a non-uniform field of the order of 10 mT

(100 Oe) . Demagnetization by alternating fields is usually

successful in removing the drilling induced component and

isolating the primary remanence.

The paleomagnetic record in the Roza flow is discussed

in the last chapter, Chapter V. Roza recorded a continuous

rapid fluctuations in the transitional field, but it

provides only a short time fraction of the transition. The

declination of the Roza flow measured at a dozen outcrops

is consistently at about 189°, and in the azimuthally

unoriented drillcores, the inclination fluctuated by a

total of about 15°. Using thermal models to ascertain the

time evolution of the remanence acquisition, the

transitional field is interpreted to have changed at a rate

of 1/2 to 2° per year, which is several times faster than

the present angular secular variations of the geomagnetic
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field. Considering that the intensity of the transitional

field was probably of the order of a fifth of its present

strength, this rate of change in inclination does not seem

excessive.

The dissertation was written in a manuscript format,

such that the chapters may be regarded as independent.

Chapter II was published in Journal of Geophysical Research

(1988, 93, p. 3480-3496), and Chapter IV will appear in the

Geophysical Journal (in press 1989).



II. BASEMENT HEATING BY A COOLING LAVA:

PALEOMAGNETIC CONSTRAINTS

Summary. Paleomagnetism can provide quantitative,

empirical data on basement heating by cooling lava flows,

thereby constraining theoretical models of heat transport

processes. We used paleomagnetism to study heating in a

Frenchman Springs (FS) lava by the overlying cooling Roza

flow. The flows belong to the Miocene Columbia River Basalt

(CRB) group, and they recorded very different primary

paleomagnetic directions: FS has normal polarity, and Roza

is transitional. The solid base of Roza typically rests on

a few meters of the brecciated and vesicular top of FS,

which is otherwise solid. Thermal demagnetization of FS

specimens was usually successful at separating the

overprinting due to Roza from the primary FS direction and

for establishing limits on the unblocking temperatures of

the overprinting. The unblocking temperatures agree well

between sites separated by up to 70 km, irrespective of

Roza thickness at the sites, which vary from 35-62 m. In

specimens from 0.3 to 1 m below the contact, the

overprinting was unblocked in the laboratory between 600

and 300°C and close to 200 °C at 4 m depth. No

overprinting was apparent below 6 m. The influence of

longer heating times in the field on the unblocking

temperatures was estimated by viscous remanence acquisition

at elevated temperatures. The results suggest typical

reductions of the unblocking temperatures by a few tens of

degrees. Our observations imply much less heating of the

basement than predicted by simple conductive thermal

models. Accounting for the low conductivity breccia in the

contact zone results in a better agreement with the

experimental temperature profile, but unrealistically low

conductivities are needed to sufficiently reduce the



absolute temperature. The observed heating is effectively

explained by postulating a wet basement at the time of Roza

extrusion, as well as groundwater, to maintain a low-

temperature isotherm (-400 °C) a few meters below the

contact. The presence of water during the time of Roza

extrusion and some other ORB flows has been suggested by

field observations.

INTRODUCTION

We conducted a paleomagnetic study to determine

basement heating by an overlying, cooling lava flow, each

with a distinct primary paleomagnetic direction. Knowledge

of basement heating will lead to a better understanding of

dominant heat transfer mechanisms and thermal evolution of

the cooling lava. These data are necessary to relate

paleomagnetic measurements to the time of remanence

acquisition, so that thick lava flows with sufficiently

protracted cooling histories might be used to study high-

resolution geomagnetic fluctuations, including normal

secular variation and polarity transitions (Furlong and

Shive, 1983; Nyblade et al., 1987)

A lava flow crystallizes and cools both through its

upper surface and base, thereby heating the underlying

basement. A simple solidification and cooling model,

assuming heat transfer by conduction only and with constant

thermal conductivity and heat capacity, predicts

substantial basement heating of up to 300 00 to a depth of

half the thickness of the cooling upper flow, giving a high

estimate for the cooling time of the flow and the extent of

basement heating.

Structural and textural studies of thick Columbia

River Basalt (ORB) flows have led Long and Wood (1986) to

conclude that extensive flooding or extremely high rainfall
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are required to explain the multiple intraflow alternations

of entablature and colonnade structures, which suggest

rapid cooling of parts of the interior of these flows. In

contrast, relatively simple thermal models were successful

in describing the thermal evolution of Alae lava lake in

Hawaii (Peck et al., 1977) . However, the cooling of lavas

can be very complex, and simple thermal models may be

insufficient to explain their thermal evolution, recently

shown by paleomagnetic measurements of thick consecutive

lava flows (Nyblade et al., 1987)

When a rock with primary thermal remanent

magnetization (TRM) is reheated and allowed to cool in a

nonzero magnetic field, the primary TRN may be replaced by

a total or partial TRN (PTRN) and a high-temperature

viscous remanent magnetization (VRN) parallel to the new

secondary field. In cases where physical and chemical

changes of the magnetic minerals can be ignored, the

proportions of the primary and secondary remanences in the

rock are determined principally by heating temperature,

spectrum of the blocking temperatures, relative intensities

of the external fields, and the time the rock spent at and

near the maximum temperature. If the rock is heated above

its highest blocking temperature, it will betotally

remagnetized, but if the maximum heating temperature is

within the blocking spectrum, it will usually be only

partially remagnetized.

Néel (1949) showed explicitly that for an assemblage

of identical noninteracting single-domain (SD) particles

cooling from above their Curie temperature (Ta), the

magnetic moments are blocked in a narrow temperature range,

the blocking temperature, Tb, determined by composition-

dependent magnetic properties, grain volumes and shapes,

and the associated magnetic anisotropies. The magnitude of

the external field and time spent at elevated temperatures



will also influence Tb. Thus, blocking temperatures of a

PTRM produced in an external field, Hex, and time interval

At will be different from the unbiocking temperatures, Tub,

of that PTRN, determined from laboratory thermal

demagnetization with shorter At. The Néel derivation shows

that for At1 > At2, then Tbl < Tb2. For multidomain (MD) and

pseudosingle domain (PSD) grains the blocking process has

not been analytically described, but if the underlying

physics is similar, analogous relationships might be

expected. In general, specimens spend less time at elevated

temperatures during laboratory thermal demagnetization

experiments than in the field, during production of the

original TRM or secondary PTRN. Hence laboratory unblocking

of a particular PTRM usually occurs at higher temperatures

than its acquisition in nature. The above scenario would be

greatly complicated by chemical alteration of the magnetic

minerals during heating, which might change the blocking

temperature spectrum of the remanence, causing ambiguity in

determining Tub, and in cases of extreme chemical

alteration, it is possible that no information can be

recovered about the heating temperature. Usually, even when

the accompanying chemical changes are minor, it is only

possible to obtain a range and establish limits on the

unblocking temperatures.

To assess the extent to which the cooling Roza flow

heated the immediately underlying Frenchman Springs (FS)

flow, we sampled the FS as a function of vertical distance

below its contact with Roza. Laboratory thermal

demagnetizations were used to determine Tub. In addition,

VRM acquisition at elevated temperatures was used to

empirically assess the overestimation by Tub of the

basement heating, caused by differences in heating times.



GEOLOGY

General. The Roza Member of the Columbia River Basalt

group has a transitional paleomagnetic direction; it is

typically underlain by the normal polarity FS Member, and

overlain by the reversed polarity Priest Rapids Member

(Rietman, 1966) . These units are of middle Miocene age,

approximately 15 m.y. The area of the Roza Member was

originally over 40,000 km2 and had a volume of over

1500 km3 (Swanson et al., 1975) . The source dikes for the

Roza are in the eastern Columbia River plateau, and the

westerly slope of the region at the time of eruption caused

the Roza to flow westward across the Pasco Basin, extending

over 300 km west from the source (Figure 11-i) . The Roza

Member is usually a single flow in the western region of

the plateau, and there are often two flows east of the

Pasco Basin (e. g., Bingham and Walters, 1965) . Close to

its source the Roza may comprise several flows or flow

units. Rietman (1966) sampled the Roza at nine distant

sites and found it to be everywhere transitional with the

same characteristic direction. This suggests that the unit

was erupted in a relatively short time, probably less than

a few hundred years. Where the Roza consists of two or more

flows, there is no evidence of interflow sediments or any

erosion, and the flow surfaces are commonly intact (Swanson

et al., 1975) . Even when flows can be separated based on

vesicle zones, they may have cooled as a single unit. It is

inferred from emplacement models for the more voluminous

flows that they were erupted in few days (Shaw and Swanson,

1970)

The underlying FS Member may comprise up to six units

(Beeson et al., 1985), and some of these units are

comparable to the Roza in extent and thickness. The Squaw

Creek sedimentary interbed (Mackin, 1961) occurs



a..

44.

10

124° 122° 120° 118° 116°

\ L- CANADA___
NQ U.S.

ri ...PdKA'NE0

os.:.

YAKIMA

LAGRANDE

°CORVALLIS

0
0 150KM

I I I I

Outline of Roza Source
Columbia River Basalt Dikes

Outline of U Outcrop
Roza Member VA Driliholes

Figure 11-i. Location map showing the sampling sites:
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occasionally in the contact between the FS and Roza

members. The Squaw Creek interbed is developed only locally

in the west-central plateau, and in the Vantage area the

interbed is mostly diatomite, but it grades to siltstone

and sandstone as it thickens westward (Swanson et al.,

1979)

Sampling sites. The heating in the FS by the

overlying, cooling Roza flow was studied at three sampling

sites. An excellent exposure of the Roza/FS contact occurs

in Frenchman Coulee, where we sampled the base of Roza and

the top 14 m of FS. Similarly in the Pasco Basin the

Roza/FS boundary was sampled in two drillcores.

In Frenchman Coulee the Roza is a single 35 m thick

flow, and it was mapped extensively by Mackin (1961) and by

Myers (1973). The base of Roza appears flat and massive

with large columns extending from its base to, commonly,

over half the flow's thickness. Higher in the flow, the

columns become platy and grade into swirly or fanlike

structures, and the top is typically vesicular and blocky.

Only a few hundred meters from our sampling site, Myers

(1973) measured a field section in Roza, where the columns

are 4-5 m in diameter, representing about three-fourths of

the flow thickness. Based on three vertical sections in the

area, Myers (1973) observed increased glass content only

near the top and in a selvage less than 30 cm thick near

the base of Roza, consistent with the existence of only one

Roza flow at this locale. The sampled outcrop at Frenchman

Coulee (subsites 40 and 42) has a total lateral extent of

about 900 m (see Appendix A) . A spiracle at subsite 40

might have been produced by steam due to heating of wet

sediments or basement groundwater (Fuller, 1931) . However,

Mackin (1961) concluded that Roza spread over predominantly

dry surface in this area, based on the absence of pillows

at its base and because the underlying sediments may have
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had mesalike relief of nearly 1 m. In the coulee, the Roza

rests on the Sand Hollow flow of the FS Member, whose

thickness is slightly less than Roza's. The top few meters

of Sand Hollow consist of brecciated and vesicular blocks,

often with relatively large voids, so the porosity is high

(see Figure 11-2 for typical appearance) . Lower, the into

solid intraflow basalt. Between Roza and Sand Hollow is the

Squaw Creek Member, which in the coulee appear as thin,

discontinuous sedimentary lenses "consisting chiefly of

peaty silt and (or) diatomite" (Mackin, 1961, p. 17) . At

the sampling sites, the maximum thickness of the Squaw

Creek interbed is less than 0.5 in, although it is usually

absent.

Subsite 40 is an excellent nearly vertical exposure of

the base of Roza and the top 4 m of the Sand Hollow flow,

as well as the structure of the Roza/FS contact. At subsite

40 we drilled eight cores from the base of Roza and 20

cores from the Sand Hollow flow over a lateral distance of

300 m. At subsite 42, about 700 m west of subsite 40, we

sampled along a dipping surface of approximately 50 in

lateral extent. Seven clusters of three to five cores were

drilled at different depths in the Sand Hollow, down to

14 in below the contact for a total of 31 cores, including

three from the overlying Roza. At subsite 40 the

uncertainty in the depth of the cores relative to the

Roza/FS boundary is no more than a few decimeters, but it

may be as much as a meter at subsite 42. In Frenchman

Coulee, samples were drilled using standard paleomagnetic

procedures. The cores were oriented with the sun compass

while still attached to the outcrop. No correction was made

for the bedding attitude, which is only about 1° (Myers,

1973)



Figure 11-2. The Roza/FS contact in Frenchman Coulee at site FS4O,
showing the sharp contact between the solid Roza resting on the
brecciated top of FS (Sand Hollow) . The hammer in the lower left
corner is about 30 cm long.



14

In the center of the Pasco Basin 60-70 km south of
Frenchman Coulee the Roza/FS boundary was sampled in two 63

mm diameter, azimuthally unoriented drilicores, DC2 and

DC12, separated by 11 km (Figure lI-i) * When the Roza

extruded, the Pasco Basin was a topographic low, causing

Roza to pond in the basin and attain thicknesses of up to

65 m. The Roza occurs as a single flow in the Pasco Basin

except in the southeast portion, where two flows or flow

units may be present (Reide3. and Fecht, 1981) . The

uppermost FS flow in the basin is the Sentinel Gap (Beeson

et al., 1985), with thickness comparable to the Roza flow.
The Squaw Creek interbed occurs occasionally in the Pasco

Basin drillcores, but it is not present at DC2 and DC12

(Moak, 1981). The contact between the Roza and Sentinel Gap

flow in the drilicores appears remarkably similar to that

in the Frenchman Coulee outcrop. In both DC2 and DC12 the

Roza is a single flow, 62 and 54 m thick, respectively

(Reidel and Fecht, 1981) . Throughout most of its thickness

it is massive, and its base is in sharp contact with the

underlying Sentinel Gap flow. The top of Sentinel Gap is

vesicular, becoming vesicle free at 3 m below the contact

in the sampled drilicores. Horizontal minicores 25 mm in

diameter and 63 mm long were drilled from the top 10 m of

the Sentinel Gap flow with average spacings of about 0.5 m,

sampling 17 and 20 minicores from DC2 and DC12,

respectively. For this study we measured 12 and 16

minicores from DC2 and DC12, respectively. Uncertainty in

sample depths is of the order of a few decimeters in both

drillcores. FS drilicore sampling was restricted to the top

10 m below the contact with Roza, because previous

paleomagnetic results by Van Alstine and Gillett (1981b)

showed no overprinting due to heating by Roza below about
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10 m. The sample distributions with depth at the different

sites are shown in Figure 11-3.

The sampling sites for this research were chosen in

areas where geological mapping indicated that the Roza is a

single flow. Further evidence that the Roza flow is a

single cooling unit at our three sampling sites is provided

by the magnetic properties and paleomagnetic directions in

drilicores DC2 and DC12 and in an exposed section of Roza

approximately 15 km south of Frenchman Coulee (Chapters III

and V), which is near one of the vertical sections measured

by Myers (1973) with structure and thickness very similar

to the Frenchman Coulee exposure. There are no indications

of intraf low quenched zones, which might be expected if the

Roza at these sites comprised multiple cooling units. Thus

based on macroscopic geological field evidence,

petrography, magnetic properties, and paleomagnetic

directions, the Roza is a single cooling unit at our

sampling sites in Frenchman Coulee and in the Pasco Basin

drillcores DC2 and DC12.

THE REFERENCE THERMAL MODEL

To interpret the magnetic results in terms of basement

heating by an overlying cooling lava flow, a thermal model

is needed. The cooling of lava flows is complex and depends

critically on the surroundings, so there may be no single,

general thermal model. To provide insight into the cooling

process, we first construct a simple model of a solidifying

and cooling lava flow which is mostly analytic and

incorporates the expected relevant thermal processes. This

model is discussed in detail in Appendix B. This simple

model will serve as a limiting reference for comparing the

observations. A more complex and realistic model of the

cooling history is then constructed using a purely
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numerical approach constrained by the paleomagnetically

determined temperature data.

In the reference model it is assumed that the lava

flow was initially a uniform layer of liquid near its

melting temperature and in perfect thermal contact with the

basement. Solidification and cooling are controlled by heat

conduction only. The lava and the basement have the same

and constant thermal conductivity and heat capacity. The

cooling time which is of interest here is much longer than

the time it takes the flow to solidify; therefore one can

take advantage of the smoothing properties of temperature

diffusion, so variations in initial conditions will be

diminished at a later time.

The cooling is divided in two time regimes: first,

solidification, followed by cooling via heat diffusion. In

nature, lavas solidify over a range of temperatures, but

our simple model assumes that the solidification occurs at

the initial emplacement temperature. During the

solidification phase, the flow is divided in three regions,

subdivided by the upward and downward migrating

solidification fronts. The top of the flow is kept at a

constant ambient temperature, and the solidification front

migrates downward into the melt. The molten interior zone

is at the melting temperature, and its lower boundary is

the lower solidification front migrating upward from the

base of the flow. In the crystallized zones, cooling is

controlled by simple conduction. The flow is completely

solid when the upper and lower solidification fronts merge,

signalling the onset of the second time regime, where heat

transfer of the entire flow and basement is by simple heat

diffusion.

A general way to represent thermal models is to use

normalized (dimensionless) variables for depth x and time

t. If D and K denote the flow's thickness and the thermal



diffusivity, respectively, the normalized time and depth

are

= ti/D2 = x/D (1)

't, the Fourier number, defines the characteristic cooling

time for the flow; , the normalized depth, is 0 at the

surface of the flow and 1 at its base. T0 is the ambient

temperature at the surface and the initial temperature of

the basement, and T is the melting temperature. The

normalized temperature T* is given by

T* = (T T0) / (Tm T0) (2)

such that T* is initially 1 within the flow and 0 in the

basement and on the surface. At the surface, T* = 0 for all

t. Using the normalized variables, only one thermal

parameter is needed to compute the general reference model,

the Stefan number S,

S (Tm T0) C/L (3)

where C is heat capacity and L is latent heat of

crystallization.

Peck et al. (1977) modelled the cooling of basaltic

Alae lava lake, Hawaii. In their final model, to maximize

fit with the observations, the thermal conductivity and

heat capacity could vary by up to 25% about their mean

values in the relevant temperature range. However, constant

values for the thermal diffusivity and latent heat gave

"good overall agreement with the observed temperatures"

(Peck et al., 1977, p. 424) . Hence calculations of simple

conductive models with constant thermal conductivity and

heat capacity are useful as a limiting reference for more
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realistic models. Assuming that the lava solidifies at a

single temperature instead of over a range of temperatures

has only a minor effect on cooling, especially at lower

temperatures. Typical values of thermal parameters for

basalt are given in Table 11-1; they determine the Stefan

number as nearly 3, with a range between 1.5 and 6.

Figure II-4a shows the temperature distribution in the

lava flow and basement for S = 3. The flow is completely

solid at time t 0.1 and cools to one-fourth of its

initial temperature in time t 0.6. In Figure II-4b the

maximum heating temperature in the basement is plotted

versus depth for different values of S (S = oo refers to

zero latent heat) . At the contact between flow and basement

the model (S = 3) predicts a temperature of 695 °C

(T* = 0.606) . In the basement the maximum temperature

decays nearly exponentially with depth, and the shape of

the curves changes slowly with S. This implies substantial

basement heating, with temperatures exceeding 300 °C (T* =

0.257) to depth 1.55, or just over half the flow's

thickness. The variation of basement temperature with time

at a given depth is shown in Figure II-4c; near the

contact, the temperature is within 10 °C of its maximum

(-2%) for times 'r 0.1; that is, 6 and 24 years for

cooling flows of 30 and 60 m thickness, respectively.

PALEOMAGNETIC RESULTS

Laboratory procedures

Each 25 mm diameter minicore from the outcrop was

usually cut in two cylindrical specimens, 15-23 mm in

length. From the Pasco Basin drillcores, specimens were

taken from the centers of sampled minicores. All remanence

measurements were made on a spinner magnetometer. Specimens

were demagnetized with a single-axis alternating field (AF)
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Table 11-1. Thermal parameters.

Symbol Value Name

Tm 1140°C initial (melting) temperature of lava

T0 10°C surface and initial basement temp.

LT 100°C temperature range of crystallization

C 3.106 J/m3°C heat capacity

L l.110 Jim3 latent heat of crystallization

k 1.5 Jism°C thermal conductivity

K 510 m2/s thermal diffusivity

S 3. Stefan number

Values based on Peck et al. (1977) and Murase and
McBirney (1973)
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demagnetizer, increasing the AF in steps of 50 to 200 Oe up

to a maximum field of 1000 Oe (1 Oe = 1 Gauss =

Tesla). Thermal demagnetization was done by heating in null

field, <10 y (1 y = 1O Gauss = 10 Tesla), and residual

air at diffusion pump pressures of iO torr (1 torr = 133

Pa), in steps of about 50 °C up to nearly 600 °C, using

smaller steps where the magnetization was expected to

change rapidly. Anhysteretic remanent magnetization (ARM)

was produced by exposing the specimens to a constant field

of 0.50 Oe parallel to an alternating field (400 Hz)

decaying smoothly to zero from a maximum of 1000 Oe.

The directional data were analyzed by displaying both

the remanent and removed magnetization on stereographs and

also by examining vector projection on horizontal and

vertical planes. However, in this study we found the

stereographs to be more illustrative for isolating

unblocking temperatures. An upper limit on Tub, designated

as Tub,, is the lowest temperature at which only the

primary remanence is being removed during thermal

demagnetization. The overestimation of Tub,u depends on the

extent of chemical alteration and also on the resolution of

temperature steps during thermal demagnetization. A lower

limit for Tub, Tub,1, is the maximum temperature at which

only the secondary, overprinting, remanence is removed. The

lower limit is difficult to estimate in the presence of

modern viscous remanence, which may mask the overprinting

caused by low-temperature heating. The best estimate, Tub,

is the temperature when the remanence is intermediate

between the overprinted and the primary remanence. In this

study we determine Tub,1, Tub, and Tub,u when possible.

Magnetic properties

Rietman (1966) reported eight T determinations for FS

flows, ranging from 220 to 345 °C, and the opaque minerals



23

were identified as titanomagnetite, with no ilmenite

lamellae, and ilmenite (Rietman, 1966, P. 24) . At least one

of Rietman's samples was from the Sentinel Gap flow

(Rietman's FS-2) with Tc = 290 °C, and at least one was

from the Sand Hollow flow (Rietman's FS-3) with T =

255 °C. If the T data were obtained for specimens several

meters below the flow top, then they are in rough agreement

with our thermal demagnetization results, because specimens

2-3 m below the Roza/FS boundary lost at least 80% of their

initial remanence by 300 °C.

Heating rocks to high temperatures may cause chemical

alteration, modifying their magnetic properties, and such

changes might be used to estimate the extent of heating. To

delineate the structure near the top of FS and to check for

depth-dependent zoning, we examined depth profiles of

several magnetic properties.

Figure 11-5 shows variations of ARM intensity and

stability, as measured by the median demagnetizing field

(MDF), along with the low field susceptibility for

specimens from the Frenchman Coulee outcrop (FS4O and

FS42) . ARM intensities (Figure II-5a) are relatively

uniform below 1 m from the contact. ARM intensity is

doubled for the top three specimens at 0.7 m. ARM

stabilities (Figure II-5b) are uniform below about 5 m,

with MDFs between 150 and 300 Oe. Stability is more

variable above 5 m. The low field susceptibility (Figure

II-5c) is again uniform below 4 m, but nearer to the

contact the values are more scattered and typically higher.

The depth variations are different for these three magnetic

properties, and no simple zonation can be inferred from

these data alone. The most important conclusion from these

results is that with respect to these parameters, the FS

flow exhibits uniform behavior below about 5 m from contact

with Roza.
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Thermal demagnetizations of natural remanent

magnetization (NRM) and NRM/ARM ratios also provide

valuable information about magnetic zoning in the FS flow,

suggesting a boundary at about 2 m below the Roza/FS

contact. Thermal demagnetization of NRM of specimens below

2 m from the boundary behaved more uniformly, with a

narrower range in the median demagnetizing temperatures

(MDT) from 150 to 230 °C. (MDT is analogous to MDF of AF

demagnetization.) Specimens from within the upper 2 m zone

typically had a broader range of MDT between 90 and 540 °C.

To compute the ratio NRM/ARM, we used the remanence in the

range of alternating fields between 100 and 1000 Oe. The

lower level was chosen to reduce the effect of modern VRM

in the NRM, and the upper limit is the maximum AF used to

demagnetize the NRN and to induce the ARN. Variation of the

ratio NRM/ARM with depth is shown in Figure 11-6. The ratio

is quite variable in the 2 m below the contact and has a

minimum near 2 m. Between 2 and 5 m the ratio increases

systematically. Below 5 m the ratio is essentially

constant. Near the flow top the rock is highly

inhomogeneous, and the magnetic properties including the

NRM/ARM ratios are highly scattered. Because Roza has a

transitional direction, its overprinting of FS probably

occurred in a considerably weaker magnetic field than the

field which produced the primary FS remanence. Hence the

increase in NRM/ARN from 2 to 5 m might reflect a gradual

decrease in the overprinting by Roza, which would imply

that heating extended no deeper than about 5 m. This agrees

well with our conclusions in the next section, based on the

unbiocking temperatures of the overprinting.

We also measured the magnetic properties of FS

specimens from drilicores DC2 and DC12. However, parameters

involving NRM, such as NRM/ARN and MDT, were not reliable
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due to significant overprinting of the drilicores during

the original drilling. Variations of the magnetic

properties with depth are shown in Figure 11-7 for

specimens from both drilicores. Properties from both

drilicores behave similarly with depth except for two

specimens from DC2, 0.85 and 2.23 m below the contact,

which bracket a missing segment of the drillcore, with very

low ARM intensities and high MDF5. Specimens from the top 2

m have about twice the ARM intensity and susceptibility as

the deeper specimens, excluding the two anomalous

specimens. These results are consistent with data from the

outcrop in Frenchman Coulee. The most prominent feature of

the magnetic properties of the drilicores is increased

scatter near the Roza/FS contact, and considerably more

uniform behavior beginning 2-3 m below the contact.

The contrasts between upper and deeper specimens may

be due to differences in grain size distributions and

oxidation states, with smaller grain sizes and more

oxidized conditions near the top of the flow. However, it

is difficult to ascertain whether these differences are

primary or caused by heating due to Roza.

Although magnetic properties have similar variations

with depth for the three sites, the absolute values are

different. Comparing rock magnetic properties in the

deeper, more uniform part of the flow, we find that the

drillcore specimens are more magnetic, with an average ARM

intensity of 2.3 (±0.5) i0 emu/g (1 emu/g = Am2/kg) (the

uncertainty corresponds to one standard deviation) and low

field susceptibility of 0.43 (±0.18) 10 emu/Oe g

(1 emu/Qe g = 103/4it m3/kg), compared with 1.4 (±0.4) iO

emu/g and 0.17 (±0.02) 10 emu/Oe g in the outcrop,

respectively. However, in the drillcores the specimens are

less stable, with an average ARM MDF of 100 (± 40) Oe, as

compared with 218 (±44) Oe for the outcrop. These data are
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for 17 specimens from the drillcores, deeper than 2.3 m

below the contact, and for 13 specimens from the outcrop,

deeper than 5 m from the contact. These differences are

consistent with the observation that different FS flows

underlie the Roza, the Sand Hollow in Frenchman Coulee, and

Sentinel Gap in the Pasco Basin drilicores.

Demagnetization of NRN

Rietman (1966) determined the characteristic remanence

direction of the transitional Roza flow at nine widely

separated sites, with average values of D (declination) =

189.00, I (inclination) = -4.8° and cLg5 = 7.00. Our work on

the Roza flow shows nearly identical declinations, but the

inclinations vary within the flow from +100 to _50 in the

exposures and +50 to -15° in the drilicores, consistent

with the Roza's cooling history (Chapter V) . At Frenchman

Coulee the immediately underlying FS flow (Sand Hollow) has

a primary remanence direction D = 344.1° and I = +58.2°,

a95 = 2.6°. In the Pasco Basin, the underlying FS flow is

the Sentinel Gap, and its average stable I = +62.6° with

a95 = 2.4°. Our values of primary remanence for these FS

units are identical to the previous determinations by

Rietman (1966) (his sites FS-2, 3, and 4), Van Alstine and

Gillett (1981a, b) (their outcrop SGA3 and W-4 in DC12),

and Packer and Petty (1979) (their W-4 in DC2)

Outcrop exposures. Figure 11-8 shows the NRM

directions of all FS cores from Frenchman Coulee. The

results are concentrated on an arc between the Roza and FS

characteristic directions. The NRMs of nearly all specimens

down to about 5 m below the contact show at least some

evidence of overprinting, whereas specimens below 6 m show

none. The slight systematic displacement of most of the NRM

directions toward the present field is consistent with a

small modern VRN overprint.
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AF and thermal demagnetizations of specimens from the

same core usually had similar directions. However, some

specimens had two remanence components, one with low to

moderate Tub and a second component with higher Tub. The

higher Tub component could usually be isolated by thermal

demagnetization, but it might not be resolvable by AF

demagnetization. Comparison of AF and thermal

demagnetizations is shown in Figure 11-9. Figure II-9b

(core FS4O 13) is an example of AF demagnetization to 950

Oe, which indicates complete overprinting by the Roza flow,

although thermal demagnetization clearly shows only partial

resetting. Such differences between thermal and AF

demagnetization can occur, because remanence randomized

with AF demagnetization usually represents a range of

blocking temperatures, and vice versa (Levi and Merrill,

1978) . In this study, thermal demagnetization was used to

isolate the remanence components acquired in different

temperature intervals.

VP.M acquired in the recent geomagnetic field is

usually present in specimens that have been overprinted by

Roza, but it can be removed, together with part of the

overprinting due to Roza. Of the nine specimens from the

upper 2 m of FS which were thermally demagnetized, six from

depths 0.7-1.5 m clearly showed overprinting by Roza.

Results from specimen FS4O 4 at 1 m depth are shown in

Figures II-lOa, and lOd; most of the present-day VRM is

removed by heating to 100 °C, and the Roza overprinting is

nearly completely removed at 300 °C; at higher temperatures

the stable remanence is the characteristic FS direction.

The remanence behavior during thermal demagnetization of

specimens FS4O 7 and FS4O 8 at 1.2 and 1.5 m depths was

not a simple combination of the Roza and FS directions, and

although these cores were probably from the same rock
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piece, they showed quite different remanence directions

upon demagnetization. No estimate of Tub could be obtained

for these two specimens (Table II-2a) . Specimen FS4O 9, at

depth 1.5 m, appeared to be completely overprinted, showing

only the Roza direction after removal of the VRM, yielding

only a lower bound for the unblocking at 550 °C. This

value, which is included in Figure lI-ha and Table II-2a,

is rather high when compared with the general trend, and it

might be due to complexities of the heating pattern, or,

alternatively, the formation of a new high Tub magnetic

phase upon heating by Roza. Thus, heating of the Sand

Hollow flow in the upper 1.5 m below the Roza/FS contact

ranged from over 500 to 300 °C.

Deeper in the flow, from 2.5 to 14 m below the

contact, 17 specimens were thermally demagnetized. Ten

specimens from depth 2.5-5 m all showed evidence of partial

overprinting, removed during progressive thermal

demagnetization. Typical behavior for specimens in this

depth interval is shown in Figure 11-9 and Figures 11-lOb &

hOe. The remanence directions trace a loop from the NRM

toward the characteristic Roza direction, and in the last

few steps stabilize at the primary FS direction. The

removed remanence was initially near vertical, suggesting

that it was a combination of Roza overprinting and a VRM

along the present field. The point on the loop closest to

the Roza direction is the best estimate of the overprinting

temperature. Although subsites FS4O and FS42 are separated

by -700 m and within FS4O the specimens are distributed

laterally over 300 m and about 50 m at FS42, the best

estimates for the unbiocking temperatures of the Roza

overprinting have a narrow range from 200 to 300 °C for

specimens between 2.5 and 5.0 m depth. No Roza overprinting

was detected in specimens deeper than 5 m below the Roza/FS

boundary, and they had stable FS remanence. This suggests
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Table 11-2. Estimates of unblock±ng temperatures.

Specimen Depth Tub,l Tub Tub,u

a. Outcrop, FS4O and FS42:

40 1,2 0.7 550 >579
40 3,2 0.7 500 532 >579
40 4,1 1.0 250 298 348
40 6,2 0.75 338 >338
40 7,1 1.2
40 8,1 1.5
40 9,2 1.5 550
42 1,2 1.5 338 389 550
42 2,1 1.5 338 338 550
42 4,2 2.5 220 255
42 5,1 2.5 183 220 255
40 11,2 3.5 202 250 250
40 12,2 3.5 255 290 290
40 13,1 3.5 202 250 298
40 20,2 3.7 202 250
40 17,2 4.0 202 202 250
42 10,1 4.5 183 220 220
42 11,2 4.5 183 220 220
42 15,1 5.0 100
42 16,2 5.0 152 183 220
42 18,2 6.0 100
42 19,2 6.0 100
42 21,2 8.5 100
42 23,1 8.5 100
42 27,2 14.0 100
42 28,2 14.0 100
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Table 11-2; continued:

Depth Tub,l Tub Tub,u

b. Drilicore DC2:

0.64
0.85 299 >578
2.23 488
2.44 201
2.71 183 220 220
3.72 201 251 251
5.03 100 183 220
5.95 151
7.38 100
8.11 100
9.88 100

c. Drilicore DC12:

0.21 488
0.49
1.10 532
1.86 338 389 >550
2.23 351 403 >578
2.78 290
3.29 251 299
4.36 351
4.70 220
5.89 100
7.29 201
8.81 201

10.16 201

Temperature is in degrees Celsius,
and depth in meters.
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an upper limit of about 100 °C for the unblocking

temperature of Roza overprinting. The data of one of the

shallowest unaffected specimens at 5 m below the contact,

FS42 15, are shown in Figures 11-lOc & 10f. Specimens

unaffected by heating were used to obtain the

characteristic remanence of FS Sand Hollow flow: D =

344.1°, I = +58.2°, and cL = 2.6°, for N = 12 cores

(structurally uncorrected)

Figure lI-ha and Table II-2a show the estimated

unblocking temperatures versus depth due to Roza

overprinting for the FS Sand Hollow flow at the Frenchman

Coulee exposure. There is good agreement in the estimates

between subsites 40 and 42 for overlapping depths,

indicating that the observed heating patterns were similar

on a scale of the order of 1 km. There are many possible

reasons for the variations in estimated unbiocking

temperatures for specimens near the contact, including

local variations in temperature gradients, differences in

primary chemical composition and grain sizes of the

magnetic minerals, nonuniformity of secondary chemical

changes which would add uncertainty to the estimated

unbiocking temperature, as well as fluctuations in the heat

transfer mechanism.

Drihicore DC2. In DC2, the NRN inclinations in the

top 2.5 m were highly scattered, varying between -50° and

+66°, but deeper they were between +49° and +80°. The NRM

intensities were usually between 1 and 210 emu/g, except

for two very low intensity specimens at 0.85 and 2.23 m

depths (0.02 and 0.0410 emu/g) . Specimens from 11

minicores were AF and thermally demagnetized, and both

demagnetizations usually showed similar behavior, as

observed for the outcrop samples.
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Estimates of the unblocking temperatures are listed in

Table II-2b. The uppermost specimen from DC2, 0.64 m below

the Roza/FS contact, had a stable I = -60° and MDT of

450 00. This sample might have rotated after heating by

Roza, and little could be inferred from its unblocking

temperature. The specimens at 0.85 and 2.23 m depths had

very low intensities and high MDTs. Figures II-12a & 12d

show results of the specimen at 2.23 m. The NRM and the

thermally demagnetized remanence directions show steep

inclinations which stabilize near +65°, similar to the

primary FS inclination. This specimen appears to have

retained most of its primary remanence, resulting in an

upper temperature limit for the heating of 488 00. The

specimen at 0.85 m appears to have been heated to over

299 00

The four specimens from 2.44 to 5.03 m depth were at

least partially remagnetized. The specimen at 2.44 m had a

typical NRN intensity and a low inclination (I -4) which

survived to 201 00. Because the remanence is lost at 250

00, 201 °C is the lower limit on the unbiocking temperature

of the overprinting. The specimens from 2.71, 3.72, and

5.03 m had been partially overprinted, and Figures II-12b &

12e show the behavior of the specimen at depth 5.03 m. Upon

thermal demagnetization, inclinations of the specimens at

2.71 and 5.03 m progressed through near vertical and

stabilized at I = +65° at about 220 °c The initial removed

rernanences had low inclinations and opposite declinations

to the primary remanence (Figure II-12e), giving a good

estimate of unblocking between 180 °C and 220 00. The third

specimen at 3.72 m was not as regular, but it had a

horizontal component which was completely unblocked at 251

00, after which the remanence stabilized at I = +580; hence
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the best estimate of the unblocking temperature is similar

to the other two.

The shallowest unaffected specimen with no significant

Roza overprinting was from a depth of 5.95 m, shown in

Figures II-12c & 12f, and there is no Roza overprinting for

deeper specimens in DC2. The steep inclination of the

initial removed remanence may be due to drilling induced

remanent magnetization (DIRM). A soft horizontal

magnetization was often present in the deeper specimens,

probably a VRM acquired during storage, and it was usually

removed in the first heating to 100 °C (Figure II-12f),

which serves also as the upper limit for Roza heating.

Drillcore DC12. The NRM intensities of specimens

from DC12 were generally higher and more variable than in

DC2, typically of the order of 510- emu/g. The NRM

inclinations generally steepen with increasing depth, from

-33° to +47° in the top 3.5 m, to between +69° and +89°

deeper in the flow. The higher NRM intensities and steep

inclinations suggest relatively greater overprinting by

DIRM in DC12 than DC2. These data are consistent with the

relatively lower ARM MDFs of DC12 (Figure II-7b)

Specimens from 13 minicores were AF and thermally

demagnetized, and estimates of the blocking temperatures

are listed in Table II-2c. The top three specimens, at

depths 0.21, 0.49, and 1.10 m, showed complex behavior upon

demagnetization. The specimens at 0.21 and 1.10 m had

intermediate to low inclinations and did not achieve the

characteristic FS inclination at higher temperatures; hence

only lower limits on the overprinting temperature could be

determined. The specimen at 0.49 m had only negative

inclination with erratic trends, so it could not be used to

determine the unbiocking temperature.

The specimens at 1.86 and 2.23 m depth were partially

overprinted. Results for the latter specimen are shown in
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Figure II-13a, where the remanence exhibits intermediate

inclinations, and the directions of removed remanence trace

an arc from shallow to steep inclination, giving a best

estimate for unbiocking near 400 °C. The specimens at 2.78

and 3.29 m below the Roza/FS boundary had shallow initial

inclinations that were unblocked at, or just above, 250 00

to 300 Ocr after which the directions were scattered

(Figure II-13b) . Unfortunately this interpretation for the

deeper three specimens at 2.23, 2.78 and 3.29 m is

uncertain because the remanences did not stabilize with a

declination opposite to the shallow removed remanence (note

that the drillcores were not oriented azimuthally)

The lowest six specimens in Dc12, from 4.36 to

10.16 m, were without apparent overprinting due to Roza.

The remanence was initially steep, but so was the initial

removed remanence. Hence, more likely it was DIRM than

overprinting due to Roza. The specimen at depth 7.29 m

exemplifies this in Figure II-13c. The steep overprinting

was completely removed by thermal demagnetization of 100-

250 00 or 100-200 Oe with AF demagnetization. Thus low

temperature and low intensity partial remagnetization due

to Roza might have been completely masked by the DIRM and

impossible to detect.

Figure 11-lib gives the unblocking temperature versus

depth for DC2 and DC12. Due to the large secondary DIRM in

specimens from DC12, they have higher upper bounds on the

lower unbiocking temperatures than specimens from DC2 and

from the outcrop. The two drillcore profiles are similar

and show no systematic differences, indicating that similar

conditions existed at both sites when the Roza flow was

emplaced, even though the sites are separated by 11 km.

Specimens from the drillcores, 6-10 m below the

Roza/FS boundary and unaffected by the heating due to Roza,

have a stable primary remanence direction of I = +61.9°,
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a95 = 4.8°, N = 4 minicores, and I = +63.3°, a95 = 2.4°, N

= 4 minicores in DC2 and DC12, respectively (structurally

uncorrected) . The combined data have I = +62 . 6° with a95

2.4° and N = 8.

Heating time effect on the unblocking temperature

The unbiocking temperatures obtained in the previous

section were determined from relatively short laboratory

heatings, therefore they represent overestimates of

temperatures the rock experienced in the field. In our

samples, the domain structure of the magnetic grains varies

from MD to SD, as suggested by the MDF5 of induced ARMs

(Levi and Merrill, 1976), and at present there is no

satisfactory theory for the time-temperature relationship

for remanence of PSD and MD particles. In this section we

undertake an approximate, empirical approach to estimate

the temperature correction (LTt), due to the effects of

longer heating times in the field in lowering the

unblocking temperatures.

Remanence unbiocking in the laboratory, Mub, occurs

during relatively short time to, at temperature TL and in

zero magnetic field. In nature, with longer exposure to

heating, this same remanence may have been blocked at a

lower temperature, TF, in a nonzero magnetic field.

Following Briden (1965), we consider this remanence to have

been produced by a two-stage process: first, remanence

blocking at temperature TF < TL and time to, comparable to

the unbiocking time in the laboratory, and, second, VRM

acquired during time tF and temperature TF. The total

magnetization is then the sum of these two:

M(TF, tF) = PTRN(TF, t0) + VRM(TF, tF) (4)

and
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MUb(TL, t0) = M(TF, tF) , TL > TF t0 < tF (5)

where it is assumed that Mub and M were produced in the

same external field. PTRN(TF, t0) is estimated from the

laboratory thermal demagnetization curves at TF, assuming

that there is no field dependence of the blocking

temperatures for geomagnetic field intensities. VRM can

often be described by the empirical isothermal equation

VRM(T, t) = M0 + HS(T) log(t) (6)

where S is the viscous remanence acquisition coefficient

determined from VRN acquisition experiments, H is the

external field and M0 is constant. Given the laboratory

thermal demagnetization curve and (6), then for a

particular TL and H, tF and TF can be determined

iteratively.

VRM production varies with temperature. Therefore one

must consider its acquisition as the temperature approaches

and then slowly decreases from its maximum heating

temperature. Thermal modelling shows that the temperature

increase is much faster than the cooling (of the order of 5

times; see, for example, Figure II-4c) . In addition, for

the ascending limb of the temperature profile, VRM is

recorded only in remanence with blocking temperatures T,

where T is the peak heating temperature. During cooling,

VRM is produced in all accessible blocking temperature

regions. For these reasons, only the cooling limb is

considered in our approximate calculation for VRM

production. Based on computed thermal models, a reasonable

approximation for the decrease of temperature with time is

T(t) = T/(l + t/tT) (7)



where tT is the decay time, such that the temperature is

halved for t = tT. The viscosity coefficient is assumed to

depend linearly on temperature,

S(T) = S0 + aT (8)

where S0 and a are constants. Using (7) and (8) the VRM

acquisition can be written explicitly by integrating

dM = HS(T(t)) dlog(t) (9)

This shows that the VRN acquisition can be decomposed in

two parts; one is isothermal and the other depends on

cooling rate. An equivalent result can be derived from this

by assuming that the VRM is acquired entirely at the

maximum temperature (Tv) for some effective time, te. For S0

<< aT the effective time is shown to approximately equal

the decay time, tT tel and the VRN acquisition can

therefore be written as

VRM(t) M0 H.S(T) log(t/t0) (10)

where it is assumed to << tT (see Appendix D)

To determine the viscous remanence acquisition

coefficient, S(T), and to estimate its temperature

dependence, VRM was produced in specimens from the outcrop

(FS4O and FS42) at room temperature and at 100 °C; each

experiment lasted 1 week (10 mm) . Heatings were conducted

in air and an external field of 0.42 Oe; the VRN was

measured at room temperature. Eight specimens had NRM, and

four had been previously AF demagnetized to 1000 Oe. Using

specimens with NRM as the initial state for the VRM

experiments caused larger measurement errors in the
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acquired VRM than for initially AF demagnetized specimens;

however, the NRN condition is closer to the state of the

rock during heating by Roza. The VRM increased linearly

with log(t) for times 102 to at least iO mm. Computed

values of the viscosity coefficient are given in Table II-

3, and the VRM acquisition of five specimens is shown in

Figure 11-14. To monitor magnetic changes in the rock

during heatings at 100 °C, we measured the low field

susceptibility before and after the heatings. In all

specimens the susceptibility increased by 1-20% (Table II-

3) . We believe that the largest effect on increasing the

susceptibilities is annealing relaxation of the magnetic

material (Cullity, 1972; pp. 320 & 353), rather than

chemical alterations. The ARM acquisition and stability of

the four AF demagnetized specimens were determined before

and after the heatings. Three specimens showed only small

changes, 5% in MDFS and 2% in intensity. However, for one

specimen (FS4O 17) the MDF increased 14% and the intensity

decreased 6%.

In the thermal demagnetization experiments the time

the specimens spent at elevated temperatures, within 10 °C

of maximum, was of the order of a few tens of minutes. In

contrast, the simple thermal model predicts the

corresponding time to be 6 and 24 years (At 0.1) near the

base ( = 1.1) of 30 and 60 m thick flows, respectively,

and the decay times (tT) approximately 25 and 100 years (At

0.4) (Figure II-4c) . A more realistic model, which

includes hydrothermal effects, will be discussed in the

next section; it predicts comparable cooling times,

although the maximum attained temperatures are lower.

To estimate the VRN component in FS due to

overprinting by Roza, field strength and duration of

heating are required. The overprinting occurred during a

geomagnetic reversal, which would suggest a reduced



Table 11-3. Acquisition of viscous remanent magnetization.

Speci-

men

depth

m
state S25 S100

Iemu/gOe 1emu/gOe°C

A) VRM/NRM Tub
°C

Tt
°C

40 3,1 0.7 AF 12. (3) 123. (53) 1.5 6 0.08 532 280

40 6,1 0.75 NRM 3.2(1.6) 63.(10) 0.80 1 0.28 >338 125

40 4,2 1.0 NRN 5.7(2.7) 71.(26) 0.87 3 nd 298 nd

42 3,2 1.5 AF 42. (1) 115. (38) 0.98 1 0.18 389 170

42 4,1 2.5 AF 40. (2) 61. (15) 0.28 6 0.05 220 25

40 12,1 3.5 NRM 28. (11) 365.(33) 4.5 18 0.41 290 135

40 20,1 3.7 NRN 77. (18) 178.(61) 1.4 20 0.13 250 55

40 17,1 4.0 AF 39. (2) 64. (19) 0.33 6 0.06 202 20

42 11,1 4.5 NRM 22. (14) 90. (48) 0.91 5 0.07 220 35

42 16,1 5.0 NRN 33. (13) 74. (47) 0.54 18 0.04 183 15

42 19,1 6.0 NRM 8.3(21) 216.(93) 2.8 10 0.03 <100 20

42 23,2 8.5 NRM 47. (28) 263. (92) 2.9 12 0.04 <100 30

S is defined by MVRM = M0 + HSlog(time). 25 and S100 are the viscosity coefficients
at 25 and 100 °c, respectively, standard deviation is in parentheses (at 25 °C, N = 6

points and at 100 °C, N = 5 points); ESIi\T is the linear increase of S with
temperature; i is percent increase of the susceptibility by heating; AT is estimated
lowering of temperature due to longer heating times (equation 10, t0 = 20 mm. and tT =
20 years); and VRM/NRM is calculated at Tb = Tub
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paleointensity. We arbitrarily set the field strength at

0.1 Oe (our preliminary paleointensity experiments of Roza

were not successful) . The decay time is not well

constrained, and in the outcrop the thermal models suggest

that it is about 20 years; hence te = 20 years, and to is

approximately 20 mm. The VRNs were calculated from (10),

and the temperature correction (ATt) was determined by

iterations. To assess the uncertainty in Tt we evaluated

the correction for different times, field strengths, and

unblocking temperatures. Changing the time from 1 to 100

years altered ATt by less than 20%. However, varying the

field strength from 0.05 to 0.2 Oe or modifying the

unblocking temperature by ±50 °C caused significant changes

in the calculated LTt values, averaging about 50%. The best

estimates of the temperature corrections (ATt) are given in

Table 11-3 and in Figure 11-ha.

The correction to the unbiocking temperature is of the

order of tens of degrees. Specifically, in the depth range

2.5-8.5 in, temperature reductions range from 15 to 135 00.

For specimens within 2.5 m from the contact, temperature

corrections vary from 125 to 280 °C. However, near the

Roza/FS contact, our results are less valid because of

uncertainties in extrapolating S beyond 100 00. Moreover,

chemical alterations which have been neglected are more

likely to occur at higher temperatures.

The estimated heating temperatures are slightly lower

than the unbiocking temperatures, but the differences are

small and have only a minor effect on the overall

temperature heating profile (Figure Il-il), especially in

comparison with the uncertainties in Tub. Therefore in this

study laboratory-determined unblocking temperatures serve

as a reasonable approximation to actual heating in the

field.
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Summary of paleomagnetic results

Paleomagnetically determined temperature profiles

indicate that the cooling Roza flow produced very similar

heating in the underlying FS lavas at Frenchman Coulee and

the Pasco Basin drilicores. This is surprising in the

context of the simple conductive thermal model, because in

the Pasco Basin the Roza is nearly twice as thick as in

Frenchman Coulee (54-62 m versus 35 m) . In both areas,

heating to above 500 °C was restricted to within 2 m below

the Roza/FS contact. In this zone, heating may also have

been accompanied by chemical alteration of magnetic

minerals; however, even in the upper 2 m most of the

specimens were not completely remagnetized. Between 2.5 and

5 m there was partial remagnetization of the FS flows, but

there was no evidence for chemical alteration. Heating

probably did not exceed 300 °C at 4 m depth. The data

indicate that below 5-6 m from the Roza/FS contact there

was no apparent heating at either drillcores or outcrop.

The main difference between the outcrop and drillcores is

the somewhat greater heating temperatures in the upper 3 m

of the drillcores, which is consistent with the greater

thickness of Roza in the Pasco Basin. However, below 3 m

from the contact, the unblocking temperature profiles in

the drilicores and outcrop are similar, approaching 200 °C

at 4 m depth. Because the drilicores are azimuthally

unoriented and were affected by significant DIRM, their

results are less certain than for the outcrop. However, the

similarity of the paleomagnetically determined temperature

profiles in the FS flows (Figure lI-il) with different

thicknesses and separated by about 70 km is unmistakable,

implying that basement heating due to the cooling Roza was

considerably less than predicted by the simple conductive

thermal model, suggesting that more complex thermal models

are necessary to explain the observed heating.
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THERMAL MODEL CONSTRAINED BY PALEOMAGNETIC OBSERVATIONS

With the possible exception of very near the contact,

the basement temperature profile obtained from the

paleomagnetic results indicates considerably less heating

and to shallower depths than predicted by the simple

reference thermal model. One can calculate the thickness of

a cooling lava needed to cause the observed heating,

assuming the validity of the simple reference thermal

model. At 4 m below the contact, maximum heating is

approximately 200 °C (Figure 11-li) . This would require a

flow which is about 4.5 m thick, placing its top in the

lower third of the Roza colonnade, where there is no hint

of a flow boundary. Modifications of the reference model

therefore appear necessary to explain the observations.

The thermal problem is basically twofold: first, the

characteristics of the heat source causing basement

heating, the amount and distribution of thermal energy; and

second, the thermal characteristics of the basement, the

mechanism of heat transfer and the rate of heat absorption.

Temperature at the contact between the flow and basement

and the length of heating are simultaneously determined by

the nature of the heat source and of the basement.

of lavas

For our discussion it is important to know the initial

distribution of thermal energy within the flow, which is

predominantly controlled by heat loss during emplacement.

For example, a turbulent lava flow has uniform temperature

distribution, and the heat is radiated efficiently. As

viscosity increases with crystallization and decreasing

temperature, turbulence ceases and the flow becomes
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laminar. The transition to laminar flow may occur within a

few days for a 30 m thick flow, which is short compared

with the total cooling time. Therefore, if initially the

flow was turbulent, the initial temperature distribution

for laminar flow is practically uniform, but possibly with

significantly reduced latent heat. During laminar flow,

solid crusts form quickly at the surface and base with

liquid magma flowing between, and the lava's cooling may be

described by the simple reference model. However, the

spreading lava might be expected to overturn cool scoria

from the top to its base, which will consequently be

heated, in effect shifting upward the thermal base of the

flow. Using this simple view, we infer, first, that the

emplacement temperature is practically uniform, except for

an effect due to scoria at the flow's base and top, and

second, because neither the basement nor the top crust can

distinguish whether the magma is still flowing or if the

lava is thickening, the heating in the basement will only

reflect the total heating time, controlled by the final

thickness of the flow. Thus apparently, the only

significant modifications of the cooling lava (heat source)

to the simple reference thermal model are (1) reduced

latent heat and (2) the possible presence of reworked

relatively thin and colder crusts at the base of the flow.

Reduction of the latent heat by half doubles the Stefan

number. Increasing the Stefan number from 3 to 6 reduces

the maximum basement temperature (Figure II-4b)

Furthermore, due to the averaging properties of temperature

diffusion, basement heating is relatively insensitive to

small variations in the distribution of thermal energy

within the overlying flow.
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Basement characteristics: processes of heat transfer

The observed heating decreases rapidly immediately

below the base of the flow, implying a discontinuity in

heat transfer parameters near the top of the basement,

which may arise from possibly three modifications of the

reference model: first, the effects due to the observed

highly porous layer at the contact; second, the presence of

groundwater; or third, a combination of the two. To

evaluate the effects of the above processes on the

temperature distribution in the heated flow, we used a

numerical method. The method employed is outlined in

Appendix C. This permits the thermal conductivity and heat

capacity to depend on temperature and depth, adding

flexibility to incorporate different cooling mechanisms by

modifying these parameters. The equation of heat diffusion

is approximated with the implicit finite difference

approximation (see, e. g., Clausing, 1969) . The release of

latent heat is accomplished by increasing heat capacity in

the temperature range of solidification (e. g., Jaeger,

1967; Bonacina et al., 1973) . We compared our numerical

method with several available analytical solutions, with

and without latent heat (Carslaw and Jaeger, 1959) . For

these solutions, maximum deviations were within 1%. In the

following thermal models, the thermal parameters, whose

values are listed in Table 11-1, are taken to be

temperature independent, except for heat capacity, which is

increased in the solidification range (1140-1040 °C) to

incorporate latent heat. We always state explicitly

whenever the thermal parameters are changed.

The first modification of the reference model accounts

for the porous zone at the top of the heated flow, which

decreases thermal conductivity and is important in

controlling temperature in the basement and within the

flow. For example, in a basalt a 20% porosity (air-filled
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pores) would typically reduce bulk thermal conductivity by

30-50% from the nonporous state (Robertson and Peck, 1974)

Also, in porous breccia, often present at the top of lava

flows, thermal contact between rock fragments may be poor

due to imperfect alignment of touching surfaces and small

interstitial grains and can effectively reduce bulk

conductivity as compared with solid material. These two

effects may therefore profoundly reduce bulk conductivity.

In computing the effect of a low-conductivity layer in the

contact between the flows, we assumed the heat capacity to

be independent of the conductivity and to be half the value

of the solid lava. We calculated temperature distributions

for several different conductivities, expressed as

fractions of the value of the solid rock in adjacent flows.

Based on field data and observed heating temperatures, the

zone of breccia and high porosity was estimated to be 3 m

thick. Figure 11-iSa shows the effect of introducing a 3 m

low-conductivity layer with different conductivity

contrasts. A very high temperature gradient appears near

the base of the flow with a linear decrease in temperature,

indicating the control of the zone on heat transfer. The

lower conductivity layer increases the contact temperature

and lowers the temperature at its base. Below the high-

gradient region, maximum temperature decreases slowly with

depth. Increasing the thickness of the insulating layer is

relatively inefficient in lowering temperature near the

contact, although the greater thickness will lower the

temperature at greater depths. In general, the insulating

zone decreases the symmetry of cooling in the overlying

flow.

We now consider the effects of groundwater in

absorbing heat from the overlying flow. Numerous situations

of varying complexity can be envisioned. If the lava spread

over wet sediments overlying a dry basement, the net effect
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of heating and vaporization of water is to rapidly cool the

base of the flow, causing the effective, or thermal, base

of the flow to move upward. For example, a 1 m layer of

water will move the thermal base of the flow by nearly 0.6

m. The effect on basement heating can be approximated by

shifting the temperature distribution upward proportional

to the amount of water at the base, resulting in lower

basement temperatures at given depths. On the other hand,

if the basement is wet or the groundwater table is

relatively shallow, a complex initial situation is

expected, and water advection may possibly occur (Udell,

1983). The extent of advection is affected by the amount of

available water and the structure of the underlying flow.

If the steady state evolves quickly, the thermal profile

can be approximated by assigning a constant temperature,

the boiling point of water, at some depth. The present data

suggest that a 100 °C isotherm might occur in the vicinity

of 5 m below the contact. Figure II-15b (r = 1) shows the

computed maximum basement temperature due to an overlying

30 m thick flow constrained with a 100 °C isotherm 5 m

below its base. Because temperatures at the top of the flow

(10 °C) and near its base (100 °C) are similar, cooling is

nearly symmetrical. The shallow isotherm does not seriously

alter the initial contact temperature, but 3 m below the

contact, the maximum temperature is reduced significantly,

from nearly 600 °C down to 350 °C. This temperature would

increase, of course, for greater depths of the 100 °C

isotherm.

The third analysis combines the effects of porosity

and groundwater, using a 3 m thick low-conductivity zone

and a 100 °C isotherm at 5 m depth below the flow's

contact. The computed profile of maximum basement

temperatures is shown in Figure II-15b, resulting in a



better fit to the data than by considering the two factors

separately.

Preferred thermal model

Geological mapping, rock magnetic and paleomagnetic

data indicate that the Roza flow is a single cooling unit

at all our sampling sites, and there is no evidence for

cooling of the flow's base prior to emplacement. Even if

the flow spread in spurts, forming several "units," they

must have been hot enough to coalesce and then cool as a

single unit, because there are no vesicle or glass zones

within the sampled Roza. Emplacement of the voluminous CRB

flows was discussed by Shaw and Swanson (1970). They

concluded that during spreading, the flows were

predominantly turbulent and that they were emplaced during

of the order of 1 week. Water-quenched rims of pillows far

from Roza's vent area have glass that typically contains

only a few percent microlites, showing that minimal cooling

took place during emplacement (Swanson et al., 1975)

Furthermore, we concluded in earlier discussions, by

considering very simple spreading, that preemplacement

cooling has small effect on heating temperatures of the

basement, and, were the lava half crystallized at

emplacement, the temperature would be lowered by about 50

as compared with completely liquid flow. It appears

therefore that preemplacement cooling of the Roza flow is

an unlikely cause for the limited extent of basement

heating, but it cannot be entirely ruled out, due to

limited knowledge about spreading mechanisms. Thermal

characteristics of the basement are therefore a more likely

source controlling basement heating.

Breccia occur in the boundary between the Roza and FS

flows, and the rock is vesicular in the top few meters of

the FS flow. This field evidence requires a thermal model
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with lower conductivity near the contact, which would give

rise to a higher temperature gradient in the porous zone,

in agreement with paleomagnetic results. However,

unrealistically low conductivity, 5% of its value in the

solid flow and basement, would be required to adjust the

thermal model to reproduce the observed heating

temperatures (see Figure II-15a) . However, the thermal

conductivity of air is -2% of the conductivity of solid

basalt, and convection of air is not expected because

heating is from above. Therefore we consider it likely that

heat extraction by groundwater had occurred to explain the

observed temperature profile. Requiring groundwater to

maintain the 100 °C isotherm at 5 m below the Roza/FS

contact results in a good fit of the data below 3 m depth,

but the predicted temperatures in the low conductivity zone

are too high (see Figure II-15b) . In addition, maintaining

a sufficient pool of groundwater near the base appears

problematic because the underlying flow is mostly solid and

therefore unlikely to allow much advection. On the other

hand, contacts between lava flows are known to be good

conduits of groundwater, and by this mechanism, sufficient

water might be supplied to cool the basement. This flow of

groundwater may be runoff from distant areas and/or local

rainwater that fell on Roza. Hot lava is generally

impermeable to water, but sinks may form locally in the hot

lava, permitting water to run through and enter the

basement.

To constrain possible situations, it is valuable to

know the expected heat absorbed by groundwater at the

flow's base. When a low-temperature isotherm (-100 °C) is

imposed near the base of the lava, the heat flows from the

lava's upper surface and its base are nearly equal. If the

average temperature within the flow has fallen to -300 °C

in 10 years in a 30 m thick unit, heat flow through the



base is estimated to be nearly 1.1010 J/m2 year. This is an

overestimate because cooling is not exactly symmetrical and

insulating scoria at the base will reduce heat flow there.

Heat at the base is mostly taken up by groundwater and

partially by basement rock. Assuming that groundwater takes

up half the heat flow above (-51O J/m2 year), and if

groundwater is only heated by -50 °C, the equivalent of a

25 m layer of water would be needed every year. However, if

the water evaporates completely, heat extraction is much

more effective, and only 2 m of water would be required

annually. Thus between 2 and a few tens of meters of

groundwater are needed each year. In addition, if steam

were able to vent through the overlying lava, similar to

the mapped spiracle in Roza at Frenchman Coulee, it would

be very efficient in removing heat from the basement.

Hodges (1978) studied basaltic ring structures in the

Roza flow near Odessa in east central Washington and

concluded that when Roza was partially solidified, the

groundwater table rose into the flow, causing explosive

venting and cracking. Even if this rise of the water table

were a local phenomenon, it shows that there was

groundwater available at shallow depth when Roza extruded.

It is likely that the ground on which the Roza flowed

was intermittently wet, as supported by the presence of the

large spiracle, diatomites, and the glassy selvage at its

base in Frenchman Coulee. Generally, however, the base of

Roza is solid, with wide regular columns several meters

across, suggesting extrusion mainly onto dry ground. The

immediate cooling due to wet ground at the contact is

therefore expected to be small but possibly sufficient for

a small upward shift of the thermal boundary of the cooling

flow, which would have had a profound effect on reducing

temperature in the porous zone at the top of the basement.

As previously discussed, a relatively cold flow bottom at



61

the time of emplacement would further aid in moving upward

the effective thermal base. Including the low-conductivity

zone at the top of the basement improves this model

slightly, but the extraction of heat by water still would

be the predominant cooling mechanism.

At present, the preferred scenario is that the Roza

extruded over a wet surface, thereby shifting upward its

thermal base and lowering the maximum temperature near the

contact. A low-temperature isotherm was soon established a

few meters below the boundary by groundwater, which

subsequently controlled the cooling along with the low-

conductivity breccia at the top of the underlying flow.

CONCLUSIONS

In this study, paleomagnetic measurements were used to

determine the temperature profile in basement rock heated

from above by a thick cooling lava flow. Although the

cooling lava was up to 60 m thick, there was no evidence

that the temperature in the underlying basement exceeded

100 °C at depths greater than 6 m below the contact, which

is considerably less than predicted by a simple conductive

thermal model. The combined paleomagnetic results and

thermal modelling suggest that the thermal history was

affected by the presence of groundwater and an insulating

layer at the boundary between the flows, which played

controlling roles on basement heating and cooling of the

overlying lava. It should be stressed that there may be no

single, general model to predict the thermal evolution of

lava flows.



III. MAGNETIC PROPERTY ZONATION IN A THICK LAVA FLOW

INTRODUCT ION

The magnetic properties of basaltic rock are due

primarily to the iron-titanium oxide minerals. As these

minerals precipitate from the cooling magma, they are

simultaneously affected by the thermal and magmatic

evolution of the rock, which will be reflected in their

magnetic properties. Therefore, an analysis of the spatial

variations of the magnetic properties can reveal aspects of

magma and rock evolution. Interpretations of these

properties provide a different but complementary

perspective to conventional compositional and optical

analyses. Furthermore, the magnetic properties and the

evolution of the magnetic grains are fundamental in

ascertaining the origin and reliability of the remanent

magnetization of the rock.

The iron-titanium oxides are a late stage

crystallization phase in basaltic melts (Hill and Roeder,

1974). Consequently, in a rapidly cooling melt they may

comprise only a minor fraction, or be absent altogether.

At low cooling rates, the iron-titanium oxide grains may be

large and show compositional evolution, i. e. exsolution

and high temperature oxidation (e. g. O'Reilly, 1984)

Therefore, the size, structure and composition of the iron-

titanium particles reflect on the cooling rate of the magma

and the availability of oxygen. Particle sizes,

composition and concentration of the iron-titanium oxide

particles can be estimated from analyses of the remanence

stability, measurements of the Curie temperature (Ta),

saturation magnetization (M5) and low field susceptibility

() . In addition, the equilibrium composition of some of

the iron-titanium oxides can be used to infer the absolute
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temperature and oxygen fugacity at their lowest equilibrium

temperature (e. g. Buddington and Lindsley, 1964)

Continuous records of geomagnetic secular variation

may be preserved in magmatic bodies with sufficiently

protracted cooling history, such as intrusions and lavas.

It is then essential to know the sequence of blocking of

the geomagnetic field by the magnetic minerals in the rock,

and the absolute time scale; the relative timing of

blocking would not be obvious if the magnetic properties

that control blocking vary spatially within the magmatic

body.

In this study we analyzed the depth distribution of

various properties of the magnetic grains in a single 30 to

62 m thick lava flow. The flow exhibits strong vertical

zonation in the magnetic properties, which may be related

to intraflow structure and conditions during formation of

the magnetic grains.

Previous work

Watkins and Haggerty (1965, 1967) and Wilson, Haggerty

and Watkins (1968) found large fluctuations in magnetic

properties of late Tertiary basalt lavas from Eastern

Iceland, 11 and 17 m thick, respectively. Samples with

higher, optically determined, oxidation state were more

intensely magnetized and had greater magnetic stability,

and these variations appeared to be related to the initial

cooling history. Although Watkins and Haggerty (1967)

concluded that the oxidation was extremely variable and a

maximum was found away from the edges of the lavas, Wilson,

Haggerty and Watkins (1968) state "that there is no one

simple pattern of oxidation common to all lavas" (p. 89).

A single early Tertiary lava from Skye, Scotland was

studied by Ade-Hall et al. (1968a, b) in two sections 16 m

apart, and where the flow was 4 and 6 m thick,



respectively. The iron-titanium oxides had undergone both

high and lower temperature oxidation (granulation) . The

depth variations of several magnetic properties differed in

form and magnitude between the two sections, as did the

opaque petrology, implying that lateral variations were as

important as changes with depth. The authors concluded

that there were no simple correlation between initial

cooling history and high temperature oxidation of the

titanomagnetites. In addition, the Curie temperatures did

not vary significantly with depth and are similar between

the sections. Specimens were characterized by either one

or two Curie temperatures, which were in two distinct

groups, 245 to 420 °C and 510 to 630 °C. Specimens with

low Curie temperatures showed lesser high temperature

oxidation than the ones with only one high Curie

temperature, and the relative intensity of the phase with

the higher Curie temperatures increased with high

temperature oxidation.

Mankinen et al. (1985) studied the variation of

blocking temperatures in two 4 m thick flows of middle

Miocene age in Oregon, USA. Specimens from near the flow

tops had blocking temperatures between 400 and 560 °C, and

specimens from the interior had much broader range of

blocking temperatures, from 50 up to 530 °C.

Hoffman (1984) identified large, nearly unaltered

titanium-rich grains in the interior of an Oligocene basalt

flow in New South Wales, Australia, in contrast to other

specimens from the flow which had undergone more oxidation.

To explain this, he suggested that at the time of cooling,

there were "significant fluctuations in microenvironmental

characteristics" (p. 683, Hoffman, 1984)

Schonharting (1969) referred to work by Petersen and

Verfasser done in 1965 to 1967 on the magnetic properties

of several postglacial and older lavas in Iceland, and he
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concluded that the flows may typically be divided into

three zones. In the lower and middle part of the flows the

iron-titanium oxides are homogeneous unoxidized

titanomagnetites, with Curie temperatures from 50 to 200

°C, and the rock have lower natural remanent magnetization

(NRM) intensity than in the upper half where the iron-

titanium oxides were more oxidized with Curie temperatures

near 500 °C. Furthermore, near flow tops there may be a

thin layer with Curie temperatures from 600 to 700 °C, but

with a much lower intensity than the interior of the flow.

Lawley and Ade-Hall (1971) reported results from a

35 m thick tholeiitic lava of early Tertiary age in Ireland

and showed that deuteric oxidation controls several

magnetic properties of the rock, in agreement with previous

studies. In particular, they found a significant increase

in deuteric oxidation in the flow's top third, associated

with general increases in Curie temperature, saturation

magnetization and low field susceptibility. This flow is

not typical of basalts due to widespread pyrite in its

lower two-thirds.

Peterson (1976) showed the results of a magnetic study

of a 33 m thick Tertiary age basalt lava in Germany. Many

of the properties presented, including saturation

magnetization, isothermal remanent magnetization and Curie

temperature did not show simple depth variation; they are

generally lowest in a zone within the lower half of the

flow. However, the ratio of the saturation remanent

magnetization over the saturation magnetization (IRN3/M5),

a measure of domain structure, is more uniform through the

whole flow, ranging between 0.1 and 0.3.

In relating cooling histories and textures in Miocene

lavas from the Columbia River Basalts in Washington State,

USA, Long and Wood (1986) found that iron-titanium oxides

may sometimes differ between the faster and slower cooled



entablature and colonnades, respectively, although a

distinguishing feature was the greater mesostasis in the

entablature.

The apparently complex observed intraflow distribution

of magnetic properties may in part be due to variable

alteration of a possible primary intraflow pattern, caused,

for example, by different extents of subsolidus change of

the magnetic minerals. In addition, optical observations

of the magnetic minerals may not always be directly

associated with magnetic properties, some of which are

mostly affected by sub-microscopic particles.

Setting and eoloay

For this study we sampled the Roza Member of the

Columbia River Basalt (CR3) Group in Northwestern USA. The

Roza Member is a tholeiitic basalt of middle Miocene age,

whose area and volume are 40000 km2 and 1500 km3,

respectively (Swanson et al., 1975) . The source dikes for

the Roza are in southeast Washington State the Roza spread

across Pasco Basin in south central Washington along the

westerly slope at the time of eruption. The basin was a

topographic low causing the flow to pond there and gain a

thickness of over 60 m, approximately 150 km from its

source, but it is often about 30 m thick to the north and

west. The Roza Member is usually a single flow in the

western region of the plateau, but there are often two

flows east of the Pasco Basin (e. g. Bingham and Walters,

1965) . In the Pasco Basin, the Roza Member consists of

only one flow except possibly in the southeast portion.

The flow occasionally rests on patches of sediments, the

Squaw Creek interbed (mostly diatomite), but usually it

rests on a basalt flow of the Frenchman Springs Member

(Reidel and Fecht, 1981; Moak, 1981) . The flows of Priest

Rapids Member overlie the Roza in the Pasco Basin, with



intermittent Quincy interbed (mostly diatomite) in the

contact.

In the Pasco Basin we sampled the Roza flow in two

drillcores, DC2 and DC12, 11 km apart, where the flow is 62

and 54 m thick, respectively (Reidel and Fecht, 1981) . The

drilicore recovery was near complete. In the drillcores

Roza appears to be a single flow, and is massive throughout

except near the top, which is vesicular, brecciated and/or

rubbly, and it is in sharp contact with the underlying

Frenchman Springs flow in DC12, but a thin patch of

sediment possibly occurs at its base in DC2. In both sites

the Roza is overlain by the Rosalia flow of Priest Rapids

Member, which is 33 and 15 m thick in DC12 and DC2,

respectively. The azimuthally unoriented drilicores are 63

mm in diameter. We drilled 63 mm long and 25 mm in

diameter horizontal minicores from DC12 and DC2. The

minicores were cut into several specimens, and the

centermost (up to 23 mm long) was usually used to determine

the primary remanence. We also sampled two outcrops, where

the Roza flow is 25 to 35 m thick and about 30 km apart,

approximately 70 km north-west of Pasco Basin (Mackin,

1961; Myers, 1973; Diery and McKee, 1969) . Site locations

and descriptions are given in Appendix A.

Methods and procedures

Anhysteretic remanent magnetization (ARM) was produced

by placing a specimen in a constant field of 0.5 Oersted

(Oe) parallel to an alternating field (400 Hz) decaying

smoothly to zero from a peak value of 1000 Oe. The

reported ARM intensity does not include the specimen's

residual remanence after demagnetization. Isothermal

remanent magnetization (IRM) was induced by exposing a

specimen to a constant field, typically for two minutes,

and a field of 5000 Oe was usually required to achieve



saturation IRM (IRM5) . Alternating fields (AF)

demagnetization was performed with a single axis

alternating fields demagnetizer, increasing the peak AF in

steps of 25 to 200 Oe up to the maximum peak AF of 1000 Oe.

All remanence measurements were made with a spinner

magnetometer at room temperatures, and the low field

susceptibility () was measured at room temperature.

Curie temperatures (Ta) were determined with a Curie

balance at the Chevron Research Laboratories in Richmond,

California, using steady fields of 1500 Oe (4 of 23

specimens were run using 5000 Qe) . During heating the

specimens were engulfed in a flow of helium gas to minimize

chemical alterations. The field gradient was reversed

periodically to monitor weight loss during the heatings.

Specimens were usually heated at 22 or 52 °C/minute, and

the effect of thermal lag was quantified by repeat

measurements of standards at different rates. In addition

three repeat Tc determinations from two specimens were

performed at the University of Rennes, France,

paleomagnetic laboratory. The in vacuum measurements

resulted in three T, which were all within 15 °C of the

original values. The T values were determined from the

heating curves, following Grommé et al. (1969)

For each specimen used for T determination,

saturation magnetization (Me) was measured at room

temperature. M3 was determined as the magnetization at

zero field linearly extrapolated from fields of 15000 Oe to

correct for paramagnetic contributions at higher fields.

The iron-titanium oxides were examined with an optical

microscope and their chemical composition analyzed with an

electron microprobe, accounting for the major cations, Fe

and Ti, and the impurities Mn, Al, Mg and Cr. Because

oxygen was not included in the analyses, stoichiometry was

assumed when inferring the composition of the two solid



solutions, i. e. [Fe,Ti,Mn,Al,Mg,Cr}304 and

[Fe,Ti,Mn,Al,Mg,Cr]203. Microprobe analyses for DC12

(sections marked Si to S12) were done by Dr. Floyd Hodges

at Battelle Northwest in Richiand, Washington, USA., using

a JEOL Superprobe 733 microprobe with an accelerating

voltage of 15 kilovolts, a beam current of 20 nanoamperes,

and with a beam diameter of 1 micrometer. For S14 a

different microprobe with a beam diameter of 2 micrometers

was used.

MAGNETIC PROPERTIES

The magnetic properties of the Roza flow at both

drilicores, DC12 and DC2, exhibit similar intraflow

patterns. Therefore, results from both sites are usually

shown and discussed together. To compensate for the

slightly different flow thicknesses at the two sites we use

normalized height. In this section, intraflow distribution

of the magnetic stability is outlined, followed by a

description of the intensity of different magnetizations

and the susceptibility.

The Lowrie Fuller test

The magnetic stability of small, single domain (SD)

grains is generally greater than that of larger multidomain

(MD) particles. Grains smaller than SD grains are

superparamagnetic (SP) and retain no stable remanence.

Between SD and MD sizes are pseudo SD (PSD) grains, whose

stabilities are intermediate between SD and MD grains.

Lowrie and Fuller (1971) suggested a test for inferring the

domain structure of magnetic grains by comparing the AF

stabilities of high and low field thermal remanent

magnetization (TRN). Because of possible chemical changes

in the rock when TRM is imposed and because ARN usually has
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similar AF stability to TRM (Levi and Merrill, 1976), in

the modified Lowrie-Fuller test (Johnson, Lowrie and Kent,

1975) TRM is replaced by ARM.

The stabilities of ARM and IRM5 to AF demagnetization

are shown separately for the two drilicores in Figure III-

1, where the stability is ascertained by the median

demagnetizing field (MDF: the AF required to reduce the

initial remanence by half) . The stability profiles are

similar for both sites. The stability is higher towards

the top of the flow and is uniformly lower below height

0.75 and 0.65 (corresponding to 14 and 22 m from the flow

top) in DC12 and DC respectively. Within the top zone, the

stability of low field ARM is generally greater than high

field IRM3. The opposite behavior is typically observed in

the flow interiors. Therefore, the flow may be divided

into at least two stability zones. The top which

predominantly SD grains, and the interior in which the

remanence is carried mostly by grains showing MD behavior.

IRN3/M5 is 0.5 for an assemblage of randomly oriented,

noninteracting SD grains with monoaxial anisotropy (Stoner

and Wohlfarth, 1948) . This ratio is much lower for the

softer MD grains, where IRM5/M5 is expected to be

considerably less, of the order of 0.05; however the

transition is gradual (e. g. Fig. 7.10 in O'Reilly, 1984)

The results, for the 18 samples in which both IRM8 and M5

were measured, are in Table 111-1 with the ratio's

intraflow variation shown in Figure 111-2. The average

IRM3/M5 is 0.20 in the top quarter of the flow (N= 9, s.d.=

0.03) and 0.11 below (N= 9, s.d.= 0.04) . Although these

values are characteristic of neither ideal SD or MD grains,

they indicate a shift in the predominant domain structure,
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Table 111-1. Measured Curie temperatures and hysteresis parameters.

speci- height Curie temperatures (Tc M IRMs Xo IRM5/M5 Xo/Ms MDF
men on heating on cooling of ARM

Dl 0.952 575 575 2.4 0.55
Ri Si 0.949 235 580 -245 550 1.9 0.39
Rib 240 580 200 575 1.8
R9 0.931 565 565 3.0 0.52
RiO S2 0.902 390 575 420 570 1.6 0.28
D2 0.884 505 455 1.7 0.38
R2 S3 0.864 (200) 510 -380 -475 1.5 0.24
R3 S4 0.845 (245) 525 440 1.8 0.33
R3b -290 535 490 nd
Rh 0.811 570 560 2.1 0.51
R4 S5 0.796 565 560 2.5 0.48
R5 S6 0.712 <350 520 350 1.4 0.12
R5b 520 295 nd
D3 S14 0.584 260 <515 210 1.1 0.06
R12 0.541 -285 505 335 -420 1.1 0.17
R6 S9 0.398 (205) 490 250 -495 1.2 0.15
R13 0.193 (225) 525 365 1.0 0.18
R7 Sli 0.151 175 <495 195 (420) 1.1 0.12
R7b 190 490 195 nd
R14 0.098 160 125 0.8 0.06
D4 0.041 275 225 1.1 0.09
R8 S12 0.022 95 80 1.1 0.13
R8b 90 65 1.0

1.03 0.23 0.43 361
0.75 0.21 0.41 136

1.42 0.17 0.47 281
0.75 0.18 0.47 149
0.94 0.22 0.55 382
0.84 0.16 0.56 185
0.71 0.18 0.39 271

0.84 0.24 0.40 344
0.97 0.19 0.39 290
0.79 0.09 0.56 85

0.84 0.05 0.76 34
0.63 0.15 0.57 95
0.81 0.13 0.68 84
0.75 0.18 0.75 126
0.70 0.11 0.64 61

0.75 0.08 0.94 34
0.90 0.08 0.82 47

0.93 0.12 0.89 29

Tc: Curie temperature, °C. M5: saturation magnetization, emu/g. IRM5: saturation isothermal
remanent magnetization, emu/g. x0: low field susceptibility, lO3emu/Oe g. X0/M5: 103/Oe,
MDF of ARM: the median demagnetizing field of anhysteretic remanent magnetization, Oe. M5,

IRM5, (0 and MDF of ARM were measured at room temperatures. Specimens marked by D and R are
from DC2 and DC12 respectively; label b means a second grain was used from the same specimen
to determine Tc and M5. Specimens labeled by S were analysed by the electron microprobe
(Table 111-3)
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with relatively more magnetically stable SD grains towards

the top of the flow.

X0/M5 is also a measure of the magnetic domain

structure, and above the SP particle sizes it is expected

to increase with increasing grain size (e. g. Chikazumi,

1964) because of the relative increase in the specific

induced moment with decreasing stability. Xo/Ms depth

relation is shown in Figure 111-2, and although the X0/M5

and IRN5/M5 depth profiles are inversely correlated they

are similar in showing a consistent transition at

approximately the same level in the flow. At height 0.75.

Xo/Ms is O.45103/Oe (sd=O.07103/Oe, N=9) and

O.73103/Oe (sd=O.13103/Oe, N=9) above and below the

transition, respectively.

The ratios IRN8/M5 and X0/M5 examine different aspects

of the domain structure. X0/M5 tests the reversible

induced magnetization and is therefore most sensitive to

the shape of the energy wells wherein the walls are pinned.

On the other hand, IRM5/M5 depends more on the height of

the energy barriers and grain demagnetizing factors which

affect the irreversible IRM3. Thus although both

parameters make a general statement about changes of the

domain state within the Roza, it is not surprising that

they differ in detailed variations.

and IRM

M5 and IRM5 are proportional to the bulk

magnetization. However, in contrast to IRM5, Ms is largely

independent of the domain structure. Figure III-3a shows

that IRM5 is approximately uniform in the bulk of the flow

and both M5 and IRM5 are higher in the top magnetically

more stable part of the flow. Generally Ms increases with
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height and both M5 and IRM5 have peaks in the flow's top

part. The acquisition of IRM with increasing external

field is shown in Figure III-3b. The acquisition rate

decreases with height within the flow and fields of 300 to

1400 Oe are necessary to impose about 90% of the specimens

saturation IRM.

and ARM

0 and ARM are proportional to M5. For the smaller

particles, decreases with grain size, is lowest for SD

particles and becomes size independent for MD grains

(Stacey and Banerjee, 1974), but the transition is

composition dependent. In contrast, in MD and PSD

magnetite ARM intensity decreases rapidly with increasing

grain size (e. g. G±llingham and Stacey, 1971), with a

distinct change at the MD/PSD transition (Bailey and

Dunlop, 1983) . Therefore, at least in larger particles (MD

and PSD), and ARM diverge in grain size dependence.

Figure 111-4 shows the susceptibility and ARM

intensity for the Roza flow from DC12 and DC2. The

relative constancy of and ARM in the lower 3/4 of the

flow suggests a uniform average domain structure. The

increase in LD and ARM in the top zone is most easily

explained by small particle sizes and increased bulk M5,

which are consistent with observed stability (MDF) and M5,

respectively. On the other hand, the possible simultaneous

increase in ARM and decreae in 0 near the base indicates

either a decrease in particle size or an increase in the Ti

content of the titanomagnetites, in effect increasing the

particle size for the SD to MD transition.

Based on relative intensities of ARM and TRM for SD to

MD grains (Levi and Merrill, 1976), it is expected that

pure TRN would have a similar intraflow distribution as

does ARM.
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and hicth field M(T)

T and M5 were determined for 18 specimens, 14 from

DC12 and 4 from DC2 (Table 111-1) . Figure 111-5 shows the

high field magnetization versus temperature (M5 T curves)

during heating; the experimental T versus depth in Roza

are shown in Figure 111-6. There are three groups of Curie

temperatures; 565 580 °C (6 data), 490 535 °C (9 data),

and 90 275 °C (3 data) . By considering the Curie

temperatures and the shape of the M5 versus T curves in

Figure 111-5, the flow may be divided into three zones with

boundaries near 0.1 and between 0.7 and 0.6 from the bottom

of the flow. The heatings produced usually less than 22%

change in room temperature M5. Only for one specimen, at

0.90 from the base, M5 increased by 67%.

The top zone is further divided by two exceptionally

narrow zones, near elevations of 0.93 and 0.80, where only

one phase is present with 565 < T < 580 °C. Other

specimens in the top zone exhibit more than one phase, but

for some the secondary phase is manifested only by small

undulations in the M3 T curves. The specimen at

elevation 0.71 is at the boundary between the two zones and

has characteristics of both (see Figure 111-5)

More than half the flow is contained in the second

zone, between about 0.1 to 0.7 from the base, distinguished

from the overlying and underlying regions by a relatively

smooth, slowly decaying magnetization versus temperature,

represented by two or more phases. In two to four of the

six specimens from this zone (including the transitional

specimen at height 0.71) the higher T phase becomes

insignificant upon cooling. In contrast Specimens from the

basal zone consist of only one phase and have T between

90 00 and 275 °C.
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OPAQUE GRAIN SIZE, MODE AND COMPOSITION

The Roza flow is composed of porphyric tholeiitic

basalt with large plagioclase phenocrysts, regarded as

being intratelluric (e. g. Mackin, 1961) . Verplanck and

Fisk (1989) analyzed the petrology of Roza in DC12 and

showed that there is no variation in bulk composition with

depth (total FeO, 14.3 weight %, TiO2 3.0 weight %)

Mode of opaque grains and sizes

The modal concentration of opaques in four thin-

sections from DC2, estimated with an optical microscope,

averaged 4% (3.1 to 5.7%) . In DC12 the mode averaged to

5 1/2% (4.0 to 8.1%), as estimated by Verplanck and Fisk

(1989) in thirteen thin-sections (not corrected for

vesicles) . At both sites the mode appears to be highest

near the base of the flow, but this increase may possibly

be an artifact of the relatively narrow size distribution

of the opaque grains there, such that they were more easily

detected (see Figure III-7a) . In addition, the small

apparent difference in mode estimates between the sites may

simply reflect the inherent scatter in these estimates.

Since there is no evidence for systematic intraflow depth

dependence in abundance of the opaque grains, it is

concluded that there is no significant difference in the

mode between the two sites.

The size of the largest opaque grains increases by an

order of magnitude from the edges to the center of the

flow, and the morphology changes concurrently. As a

measure of the grain size we chose to use only the diameter

of the largest grains, due to sampling biases introduced by

measuring smaller grains (e. g. Kellerhals et al., 1975)

In the interior of the flow the grains are predominantly
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equant with sizes approaching 400 jnn in diameter, and

needle-shaped particles are rare. The opaques are mostly

titanomagnetite, frequently with large hemoilmenite patches

or inclusions, and much smaller ilmenites. The maximum

grain sizes near the flow's top and base (height 0.85 and

0.05) are comparable, about 40 pin, but the grain shapes

are quite different. Grains near the top are either equant

or needle-shaped, and the needles are 10-30 .Lm by 1-2 1.Lm,

but they typically comprise several "en echelon" groups of

smaller needles. Near the base of the flow the grains are

predominantly equant with a narrow size range, 5 to 30 Lm,

and needle-shaped particles are rare. Figure III-7b shows

the profile of the maximum size of the opaque grains in

Roza drilicores DC12 and DC2. The largest grains occur

near 0.7 from the base of the flow, slightly above the

maximum for pyroxene and plagioclase microphenocrysts,

whose maximum is nearer to the center (Verplanck and Fisk,

1989)

ComDosition of opaques

In rocks the "iron-titanium" oxides differ from the

ideal solid solution compositions because they usually

contain minor amounts of impurity cations other than Fe and

Ti, and the primary solid solutions (initially precipitated

from the melt) may be oxidized.

Chemical analysis of the iron-titanium oxides. A

summary of electron microprobe chemical analyses of the

iron-titanium oxides from different levels in the Roza flow

are listed in Table 111-2 with typical analyses shown in

Table 111-3. For the titanomagnetites, all chemical

analyses for the bulk of the flow between 0.15 and 0.85

(sections S4 to Sli) had a calculated total weight % within

2.3 of 100 weight %. Also, there is no correlation between

total weight % and calculated composition, i. e. X in



Table III-2a. Bulk composition of the iron-titanium oxides.

speci- height
men n X sd mm/max W sd n Y sd WY sd

Si 0.949 6 0.69 0.03 0.66/0.75 4.9 0.7 3 0.93 0.01 2.9 0.1
S2 0.902 8 0.66 0.05 0.57/0.73 5.1 0.4 5 0.94 0.01 3.2 0.1
S3 0.864 5 0.63 0.07 0.55/0.71 5.0 0.8 5 0.93 0.02 3.1 0.4
S4 0.845 4 0.59 0.03 0.56/0.62 5.0 0.1 6 0.92 0.04 3.1 0.2
S5 0.796 3 0.64 0.07 0.58/0.71 4.7 0.3 4 0.94 0.01 4.0 0.7
S6 0.712 5 0.59 0.02 0.57/0.61 5.4 0.3 6 0.96 0.01 3.4 0.2
S7 0.649 9 0.56 0.04 0.51/0.61 3.4 0.5 7 0.94 0.01 2.3 0.4
S14 0.584 9 0.56 0.02 0.54/0.60 3.6 0.8 12 0.92 0.01 3.3 1.1
S8 0.508 6 0.60 0.03 0.57/0.66 4.6 0.5 8 0.96 0.01 3.1 0.3
S9 0.398 6 0.46 0.07 0.36/0.52 4.1 0.4 8 0.94 0.01 3.5 0.5
Sb 0.266 7 0.52 0.04 0.45/0.56 4.0 0.2 9 0.94 0.01 2.5 0.5
Sib 0.151 5 0.58 0.02 0.55/0.60 4.9 0.4 6 0.95 0.01 3.3 0.4
S12 0.022 18 0.67 0.02 0.59/0.70 4.0 0.5 2 0.94 0.01 1.7 0.2

X and Y are computed by allocating all impurities with Fe.
n: number of analyses; X: composition of the titanomagnetites, UlvMag_;
Y: composition of the hemoilmenites, IlmyHem1_y; W: impurities as percent of total
anions; sd: standard deviation; max/mm: maximum/minimum value of X, based on
individual analyses. Specimens S1-S13 and Si4 are from DC12 and DC2, respectively.



Table III-2b. Impurities in the iron-titanium oxides.

Al(3+)dia Mg(2+)j5 total %

titanomagnetites 2.6 ±0.4 1.2 ±0.2 0.59 ±0.18 0.13 ±0.03 4.52 ±0.63

hemoilmenites 0.15 ±0.12 2.2 ±0.5 0.60 ±0.09 <0.06 3.03 ±0.58

Average values of analyses from 13 specimens; see Table III-2a.
Values are % of cations, of 3 and 2 cations in titanomagnetites and hemoilmenites,
respectively. The error is the standard deviation. Sublabels dia and para denote if the
cations are dia- or paramagnetic.



Table III-3a. Typical microprobe analyses of titanomagnetites.

section

-analysis
height Analysed oxides in weight %:

FeO Fe203 Ti02 MnO A1203 MgO Cr203 sum
number of cations per formula unit (3 total):
Fe2 Fe3 Ti4 Mn2 Al3 Mg2 Cr3

derived quantities:
X X X

S1-3 0.95 50.04 20.55 22.97 0.64 1.74 0.63 0.05 96.61 1.606 0.594 0.663 0.021 0.079 0.036 0.002 0.710 0.695 0.663
S2-13 0.90 50.78 21.96 23.14 0.65 1.78 0.76 0.09 99.16 1.588 0.618 0.651 0.021 0.078 0.042 0.003 0.696 0.683 0.651
S3-1 0.86 49.57 25.70 21.46 0.51 1.70 0.74 0.10 99.78 1.544 0.720 0.601 0.016 0.075 0.041 0.003 0.641 0.629 0.601
S4-8 0.84 49.51 25.23 21.33 0.54 2.08 0.67 0.14 99.49 1.544 0.708 0.598 0.017 0.091 0.037 0.004 0.649 0.630 0.598
S5-4 0.80 48.97 27.06 20.55 0.30 1.97 0.73 0.10 99.67 1.526 0.759 0.576 0.009 0.087 0.041 0.003 0.622 0.604 0.576
S6-5 0.71 50.47 25.64 21.75 0.43 2.29 0.80 0.14 101.52 1.540 0.704 0.597 0.013 0.098 0.044 0.004 0.652 0.630 0.597
S7-12 0.65 48.81 28.47 20.01 0.40 1.48 0.39 0.14 99.70 1.529 0.803 0.564 0.013 0.065 0.022 0.004 0.599 0.584 0.564
S14-14 0.58 46.67 28.49 19.10 0.41 1.78 0.79 0.14 97.39 1.490 0.819 0.548 0.013 0.080 0.045 0.004 0.587 0.576 0.548
S8-15 0.51 50.21 24.83 21.90 0.52 2.02 0.75 0.18 100.41 1.551 0.690 0.608 0.016 0.088 0.041 0.005 0.659 0.640 0.608
S9-9 0.40 46.62 33.24 17.76 0.42 1.51 0.54 0.10 100.19 1.455 0.934 0.498 0.013 0.066 0.030 0.003 0.527 0.518 0.498
S10-3 0.27 47.74 31.16 18.90 0.51 1.44 0.46 0.11 100.32 1.488 0.874 0.530 0.016 0.063 0.026 0.003 0.559 0.550 0.530
S11-2 0.15 49.51 26.83 20.80 0.38 2.04 0.62 0.16 100.34 1.533 0.748 0.579 0.012 0.089 0.034 0.005 0.629 0.608 0.579
S12-10 0.02 50.63 20.63 23.36 0.47 1.41 0.68 0.05 97.23 1.617 0.593 0.671 0.015 0.063 0.039 0.002 0.708 0.699 0.671

Weight % of Fe203 is computed by assuming stoichiometry. Different schemes in computing UlvxMag.: X5: scheme by Stormer (1984); Xr: only the
relative proportions of Fe and Ti are used, i. e. ignoring the impurities; Xç impurities are allocated with Fe.



Table III-3b. Typical microprobe analyses of hemoilmenites.

section height Analysed oxides weight %: number of cations per formula unit (2 total): derived quantities:
-analysis FeO Fe203 hO2 MnO A1203 MgO Cr203 sum Fe2 Fe3 Ti4 Mn2 AP3 Mg2 Cr3 Y Y Y1

S1-5 0.95 40.03 8.32 47.37 0.72 0.10 1.03 0.03 97.60 0.862 0.161 0.918 0.016 0.003 0.040 0.001 0.917 0.945 0.918
S2-14 0.90 41.70 7.24 49.57 0.59 0.12 1.28 0.00 100.49 0.870 0.136 0.930 0.012 0.004 0.048 0.000 0.930 0.961 0.930
S3-4 0.86 41.33 7.38 49.26 0.64 0.10 1.30 0.02 100.03 0.867 0.139 0.929 0.014 0.003 0.049 0.000 0.928 0.960 0.929
S4-10 0.84 41.76 5.79 49.68 0.61 0.14 1.29 0.06 99.33 0.881 0.110 0.942 0.013 0.004 0.049 0.001 0.943 0.975 0.942
S5-6 0.80 40.85 5.90 50.73 1.01 0.02 2.10 0.06 100.67 0.846 0.110 0.944 0.021 0.001 0.077 0.001 0.942 0.994 0.944
S6-3 0.71 42.56 4.22 51.05 0.56 0.07 1.56 0.01 100.03 0.889 0.079 0.959 0.012 0.002 0.058 0.000 0.959 0.995 0.959
S7-15 0.65 43.29 5.56 50.46 0.48 0.05 0.90 0.01 100.75 0.903 0.104 0.947 0.010 0.001 0.033 0.000 0.947 0.969 0.947
S14-12 0.58 40.19 7.34 48.08 0.56 0.16 1.39 0.15 97.87 0.860 0.141 0.925 0.012 0.005 0.053 0.003 0.927 0.960 0.925
S8-12 0.51 42.47 4.68 50.68 0.67 0.05 1.36 0.00 99.91 0.890 0.088 0.955 0.014 0.001 0.051 0.000 0.954 0.988 0.955
S9-11 0.40 43.07 5.73 50.96 0.57 0.08 1.22 0.02 101.65 0.889 0.106 0.945 0.012 0.002 0.045 0.000 0.945 0.974 0.945
S 10-4 0.27 41.64 7.09 48.73 0.62 0.05 0.87 0.00 99.00 0.885 0.136 0.93 1 0.013 0.001 0.033 0.000 0.93 1 0.954 0.93 1
S11-3 0.15 43.22 4.74 50.99 0.52 0.06 1.18 0.06 100.77 0.899 0.089 0.954 0.011 0.002 0.044 0.001 0.954 0.982 0.954
S12-1 0.02 42.61 7.58 48.88 0.57 0.10 0.43 0.00 100.17 0.898 0.144 0.927 0.012 0.003 0.016 0.000 0.927 0.941 0.927

Weight % of Fe203 is computed by assuming stoichiometry. Different schemes in computing IhnyHemy: Y5: scheme by Stormer (1984); Yr: only the
relative proportions of Fe and Ti are used, i. e. ignoring the impurities; Y1: impurities are allocated with Fe.



U1vMag_x. Calculated total weight % for the hemoilmenites

ranged from 95.9 to 102.3, with a slight tendency for low Y

for lower total weight %, 1. e. Y in IlmyHem_y.

The anomalously low total weight % of the

titanomagnetites from Si and S12 (see Table III-3a) is

typically associated with a relative enrichment of Ti.

Although the total weight % for S12 varies considerably, 93

to 98, most of the analyses produced a consistent

composition. On the other hand, analyses from Si show

greater increase in X with decreasing total weight %, but

the values are also more scattered.

The average impurity concentration in both the

titanomagnetites and the hemoilmenites is given in Table

III-2b. Mg appears to increase slightly with height for

both solid solutions and Mn increases with height in the

titanomagnetites while others show no correlation with

depth.

Reduction of chemical analyses to ideal solutions.

The chemical analyses are projected to the ideal solid

solutions by allocating the impurities to iron (X1 and Y1)

(e. g. O'Reilly, 1984, p. 9 & 137) . Table III-2a lists the

average chemical composition of the bulk titanomagnetites

and the hemoilinenites and the proportion of impurities.

Ignoring the impurities and computing X in tJlvMag_x

from the ratio Ti/Fe alone (Xr) results in higher X by

about 0.02. A scheme by Stormer (1983), proposed to be

compatible with the thermodynamics of the coexisting

titanomagnetites and hemoilmenites phases (Buddington and

Lindsley, 1964; Spencer and Lindsley, 1981) produces X

values (X3) consistently higher by 0.04 on the average

(typical values are given in Table 111-3)

Compositional variation with depth. Figure 111-8

shows the computed composition of the titanomagnetites and

hemoilmenites within the Roza flow. The titanomagnetites
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exhibit a continuous variation with depth. The ulvospinel

fraction (X) decreases symmetrically from the top and base

of the flow with maximum Ulv68Mag32, and minimum Ulv47Mag53

near the center of the flow. The hemoilmenites are

essentially uniform with depth, Ilmg4Hem6.

RESULTS FROM OUTCROPS

The Roza flow was sampled extensively in two outcrops

where the flow is about half the thickness of the

drillcores. In these outcrops the flow is a single unit

and intraflow structures are directly observed. The flow's

structure contrasts greatly between these outcrops.

Vantage site

At this site Roza's structure is relatively simple.

The lower half of the flow (-17m) is composed of regular

columns approximately 1 m across which are overlain by

swirls, curved and thin column-like structures, up to 0.3 m

wide. The flow is topped with irregular entablature

features.

Before examining for intraflow variation in the

magnetic properties, the possible influence of specific

sampling location was tested. The five clusters between

heights 2.1 and 15.3 m are in the regular columnar zone of

the outcrop and specimens may be categorized as being

either from a top (interior) or side (boundary) of a column

and as a result differences might exist due to different

cooling rates and oxidation. The magnetic susceptibility

and ARM intensity and stability of these specimens are

compared in Table 111-4. It is concluded that there is no

significant association between these properties and the

sample position in the columns.
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Table 111-4. Comparison of properties of samples from side
and top of columns Vantage site.

sample Susceptibility: Anhysteretic remanence:

location n Xo ad n ARM sd MDF ad

top 15 0.51 0.13 7 1.56 0.34 90 32

side 27 0.52 0.08 8 1.45 0.16 116 42

n: number of samples; sd: standard deviation; Xo: lO3emu/Oe g;

ARM: i- emuig; MDF: Oe.

Table 111-5. Some magnetic properties in outcrop
Vantage site.

Susceptibility: Anhysteretic remanence:

cluster height n sd n ARM Sd MDF ad

top of north hill:
11 35.0 5 0.55 0.14 2 1.95 0.30 312 210

10 29.0 4 0.76 0.02 2 1.28 0.56 296 30

9 24.0 6 0.71 0.12 2 1.00 0.23 344 41

south hill:
8 23.8 7 0.70 0.06 2 1.14 0.08 97 1

7 21.7 10 0.62 0.03 2 0.96 0.08 230 121

6 19.5 10 0.74 0.07 2 1.20 0.06 146 71

1' entablature / columns .i.

5 15.3 9 0.48 0.11 2 1.38 0.01 159 52

4 12.2 9 0.49 0.08 2 1.42 0.11 102 47

3 8.8 8 0.65 0.09 2 1.54 0.19 89 42

2 6.1 6 0.49 0.08 5 1.41 0.18 112 27

1 2.1 10 0.50 0.04 4 1.63 0.42 74 18

base in coulee:
0 0.4 8 0.35 0.20 4 2.33 0.20 186 74

Height is in meters, n is the number of samples used in statistics
and ad is the standard deviation. lo field susceptibility, iO
emu/Oe g; ARM: anhysteretic remanent magnetization, acquired in a
steady field of 0.50 Oe; 10 emu/g; MDF: median demagnetizing field

of ARM, Oe.



Different magnetic properties versus height are shown

in Figure 111-9 and listed in Table 111-5. The transition

from regular colonnades, below 17 m, to entablature in

Roza's upper part is clear in the outcrop - its level is

marked in Figure 111-9. The magnetic stability (MDF of

ARM), susceptibility and Curie temperatures are generally

higher in the entablature, indicating smaller and more

oxidized grains than in the underlying columns. Data from

the lowest cluster at the base of the flow, height 0.4 m,

appears distinct from the colonnades and may reflect the

different structure, being mostly solid and with wide

undulating columnar features. As a result high gradients

are expected due to its proximity to the flow's boundary.

Alternative cause for the difference is that the lowest

cluster was sampled in Frenchman Coulee (site RZ4O), about

11 km north of the main site (RZ3O)

Yakima Ridge site

Roza's flow structure is complex at this site, and no

simple depth variation is apparent. Intermingled,

irregular, and often fractured structures are

characteristic along with radiating, curved and undulating

columns, and apparent internal flow structures. The Curie

points are in contrast to the ones from the Vantage site

(Figure 111-10), and the M5 T curves show predominantly

low T values with tails extending to higher temperatures.

No simple depth dependence is evident from 0 or M5, and T

and M5 for the top specimen are atypical compared to the

other three sites.
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DISCUSSION

Correlation with outcrops

The results from the Roza flow in the outcrops are

compatible with the observations from the drilicores. At

the Vantage site, the magnetic properties are directly

related to the intraflow structure, and they have a similar

depth profile as in the drilicores. This supports the

conclusion that there is a relationship between intraflow

structure and depth distribution of magnetic properties.

No depth pattern is evident in the magnetic properties at

the Yakima Ridge site, but there the flow structure is also

more complex.

Magnetic properties

The observed depth variations of the magnetic

properties in Roza are similar for the two drilicores,

suggesting that the observed patterns of magnetic

properties are controlled by general processes. Visual

core descriptions indicate that the Roza flow is a single

cooling unit in both drilicores. This is further supported

by the vertical variation of magnetic properties, absence

of oxidized or vesicle zones within the unit, and the grain

size distributions of different minerals.

Intraflow zoning. The magnetic properties that are

most sensitive to the magnetic domain structure, MDF'S of

ARM and IRM, IRM5/M5 and X0/M8, and the extensive

parameters M, IRM, ARM and
,
divide the flow into two

major zones with a possible third thin unit in the basal

zone: (1) the top zone, about 1/4 to 1/3 of the thickness

(15 to 20 rn), characterized by higher magnetic stability,

reflecting mostly SD and PSD grains, and more intense

magnetization than below; (2) the interior 60 to 70% of



the flow, with uniform magnetic properties and lower

magnetic stability, typical of MD grains; and, possibly,

(3) the basal zone, the flow's lowest few meters, with

distinctly higher ARM intensity and somewhat higher

stability. In addition, there is evidence for zoning in

magnetic properties within the top zone.

Magnetic stability and relative particle size. The

increase in magnetic stability in the flow's upper zone is

mostly due to an increased fraction of smaller magnetic

particles than deeper in the flow. However it is sometimes

difficult to distinguish between competing effects on the

stability due to variations in particle size, structure and

composition. For similar domain structure, IRM5/M5 in

particles too large to be SD is expected to be lower in

magnetite grains than in titanomagnetites (e. g. Dunlop,

1983) . Furthermore, the critical size for SD increases

with increasing titanium in the titanomagnetites (e. g.

Chikasumi, 1964, p. 240) supported by observations of, for

example,
,
which appears to level off in smaller

particles in magnetite than for more titanium rich

titanomagnetites (e. g. O'Reilly, 1984, p. 145)

Therefore, the slight increase in magnetic stability near

the flow's base is most likely caused by titanium

enrichment of the titanomagnetite particles, rather than to

a decrease in particle sizes alone. This is further

supported by the low T and the microprobe analyses.

The rather poor correlation between the depth

distribution of the magnetic stability (Figures Ill-i and

2) and the optically observed grain sizes (Figure 111-7) is

not surprising since the stable remanence in

titanomagnetite minerals occurs in grains smaller than a

few tens of microns, and predominantly in the submicron

size range, with little or no relationship to the maximum

particle sizes.
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Observed TQ and high field M(T). The zones in the

Roza drillcores identified from the intraflow magnetic

stability are basically repeated in the Curie point depth

profile and the depth pattern of M5 versus T. The Curie

temperatures also define a basal zone with distinctly lower

values, comprising approximately one tenth of the flow's

thickness. However, other magnetic properties do not

resolve the basal zone as clearly.

In the basal zone TS are low, 90 to 275 °C, and the

iron-titanium oxides therefore appear to be of primary

composition (Petersen, 1976) . In two specimens, at heights

0.02 and 0.10, there is no evidence of oxidation. This

composition probably represents conditions early in the

lava's cooling, preserved due to rapid cooling of the

flow's base and the prevaling oxygen fugacity. The low

magnetic stability suggests larger effective particle

sizes; hence sparse lamellae and rather uniform

compositions are expected, which is consistent with the

composition inferred from T.

T of individual specimens from the central zone show

the composition to vary from near primary, with Curie

temperatures from 175 to 285 °C, to more oxidized, with

values near 500 °C. From the depth trend of T and M5, it

appears that the titanomagnetites in the lower half of the

flow have evolved from a primary composition similar to

those near the base, and although there is a significant

increase in T, the change in M5 is small. It is concluded

that the higher T phases are mostly products of

deuterically oxidized primary titanomagnetites rather than

due to titanomaghemite, formed during low temperature

oxidation. This is discussed below.

Titanomaghemites break down upon moderate heating of a

few hundred °C (e. g. Verhoogen, 1962; O'Reilly, 1984, p.

162), typically accompanied by a change in M5 and T. For
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all but one specimen, changes in M5 during heating were

less than 22%. The observed intensity of some higher T

phases was reduced by heating, possibly indicating the

breakdown of titanomaghemite, but it might also have been

reduction or mixing of deuterically oxidized and exsolved

titanomagnetite. M increases slightly with height in the

flow (Figure 111-3), as would be expected for increasing

deuteric oxidation, but which is not typical for

maghemitization (e. g. O'Reilly, 1984, p. 158) . Therefore,

if the material is maghemitized it is probably to a very

limited extent.

The lower T phases are inferred to have greater

volume because M5 versus T curves show the intensity of the

higher and lower T phases to be comparable. If these are

titanomagnetites, the volume fraction of the higher Tc

phase would be proportionally lower because N5 ° T. The

higher T phases are constituted by smaller grains than the

low T phase because: (1) low magnetic stability suggests

relatively large magnetic particles and hence exsolution

lamellae are expected to be relatively fewer and widely

separated, in contrast with deuterically oxidized

titanomagnetites; (2) figure 111-li shows that specimens

with larger magnetic stability, hence greater fraction of

smaller magnetic particles, generally have the highest Tc;

(3) oxidation of the primary titanomagnetites (lower T) is

expected to initially affect the smaller particles

primarily; (4) the microprobe analyses are biased toward

larger grains, whose predicted T agree with the lower

measured T.

The top zone is more complex. There is a range of T

in some specimens, between 200 and 580 °C, and the

titanomagnetites are more evolved than lower in the flow as

expressed by an increase in both N5 and T and the

relatively greater intensity of the higher T phases
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(Figure 111-5) . The most evolved is the material from two

zones at heights 0.95 to 0.90 and 0.80, with nearly pure

magnetite (T - 580 °C)

Intraflow structures. It is not possible to infer

directly entablature or colonnade structures in the Roza

flow in the drillcores, but visual observations show that

vertical fractures predominate from the base to 0.73 and

0.78 in DC12 and DC2, respectively, above which the

fractures are predominantly horizontal or irregular (see

Appendix A) . This change in fracture characteristics may

delineate a structural boundary between the colonnade

(below) and entablature (above), and it appears to

correlate with the transition level in magnetic properties,

which is at the same level in DC12, but slightly lower in

DC2 (e. g. Figures 111-i and 2). In addition, the change

in the magnetic stability from smaller, more stable,

particles in the rapidly cooled top zone to larger

particles lower in the flow is consistent with an

entablature/colonnade transition (Long and Wood, 1986)

The grain size (Figure 111-7) reaches a maximum near 0.7

from the base and the glass content (Verplanck and Fisk,

1989) is minimum near levels 0.7 to 0.8, consistent with

the results of Long et al. (1980) who have shown that the

entablature/colonnade transition is associated with a

change in glass abundance.

The association of the magnetic properties and flow

morphology is supported by the parallel observation in the

Vantage outcrop, where the magnetic stability,

susceptibility and Curie temperatures are higher in the

entablature than in the colonnade. In both the Vantage

outcrop and drilicore DC12 there is a distinct thin basal

zone, of the order of one meter or less. Further detailed

study of the magnetic stability across intraflow structures
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in outcrops, as was done for the drilicores, is necessary

to test these correlations more fully.

The presence of low Curie point iron-titanium oxides,

and the relatively large opaque grains in the basal zone

implies that the flow's emplacement did not resemble the

"conveyor belt" process, where oxidized and small grained

material would be brought to the flow's base. This is

further supported by the fact that the basal contact is

sharp and is composed of dense, solid rock.

Observed versus predicted Curie temperatures

In this single unit we observed the evolution of the

titanomagnetites from their primary, initially

precipitated, composition UlvMag32 based on both Curie

point and microprobe analyses, to the much more oxidized

composition of almost pure magnetite, based on Curie point

data only.

Predicted Curie temperatures. T in titanomagnetites

is observed to be approximately proport.ional to the

relative amounts of its end members (e. g. O'Reilly (1984),

p. 136). Therefore, the predicted value for

T = 580 - 733X (°C), where X is the proportion of

ulvospinel in the titanomagnetite solid solution (±. e.

UlvMag_) (T is -153 °C and 580 °C in pure ulvospinel and

magnetite, respectively)

A compositionally dependent property such as T is

affected by the impurities in the titanomagnetites. The

main impurities in the titanomagnetites are Mg(2+) and

Al(3+) (see Table III-2b), and, because they are

diamagnetic, they are expected to reduce T relative to

ideal titanomagnetites. Mn(2+) and Cr(3+) are paramagnetic

and are expected to have smaller effects (e. g. Richards et

al., 1973; O'Reilly, 1984, p. 135-137) . For the observed

impurities (Mg and Al, Table III-2a), predicted TS would



105

be reduced by approximately 45 °C (Richards et al., 1973)

The predicted T, ignoring the effects of impurities, are

shown in Figure 111-6. However, the impurities were

considered in calculating X.

Comparison of predicted and measured In the basal

zone the observed Curie temperatures are low and in

agreement with its predicted value (Figure 111-6)

Although the specimen closest to the flow's base, S12, has

one of the lowest and widest range of total weight %

between 93 and 98 from chemical analyses, the predicted T

is in good agreement with the observed value. In the lower

half of the flow, the chemical analyses appear to detect

only the phase with the lowest T. Higher in the flow the

titanomagnetites are more evolved and the predicted T

values are significantly lower than those measured.

The discrepancy between the measured and predicted

Curie temperatures are mainly caused by the more evolved,

more oxidized titanomagnetites. The evolved fraction

probably occurs mostly as small grains and at the surface

of larger ones, which were more susceptible to oxidation,

and as fine exsolution lamellae of low titanium

titanomagnetites due to deuteric oxidation. Therefore, it

appears that the microprobe did not examine the more

evolved phase in the smaller particles because they were

too small to be individually resolved. Alternatively, some

of the analyses may represent an average of exsolved

lamellae of titanomagnetites and hemoilmenites, such that

the computed composition represents the primary

composition. Preliminary results show submicron lamellae

in specimens from the flow's upper zone. The higher X

values towards the edges of the flow (Figure 111-8) might

be caused by iron migration out of the crystal lattice

during oxidation.
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Evolution of high temperature oxidation

The bulk estimates of the titanomagnetite and

hemoilmenite compositions (Table III-2b) appear to follow

the quartz-fayalite-magnetite (QFM) buffer, which is often

observed in basalt lavas (e. g. Haggerty, 1976); Figure

111-12. According to Buddington and Lindsley (1964) (see

also: Spencer and Lindsley, 1981; Andersen and Lindsley,

1985) the equilibrium compositions of coexisting iron-

titanium oxides can be used to predict the temperature and

oxygen fugacity at which these minerals last equilibrated.

Using the scheme by Stormer (1983) to compute the

composition (referred to as X and Ys in Table 111-3) these

variations in bulk composition indicate decreasing

equilibrium temperatures from approximately 1000 to 800 °C

from the lava's edges toward its center, respectively, with

corresponding decrease in oxygen fugacity from 10h1.5 to

1015.5 bars. The symmetric intraflow distribution in the

bulk iron-titanium oxide composition shows a gradient in

the oxidation state of the titanomagnetites, with highest

ferric content (Fe3+/Fe) at the flow's center and lowest

near its boundary. It is expected that the microprobe

analyses represent approximate compositions of the

titanomagnetites at or below the lowest temperature of

thermal equilibrium.

The increase in observed T and M5 with height in the

Roza flow show that further oxidation occurred after the

formation of the titanomagnetites. This later oxidation

progressed at elevated temperatures, as the

titanomagnetites show neglible low temperature oxidation,

which is evident from the near reversible Ms T curves.

Therefore, it appears that the oxidation increased with

height in the flow during its high temperature evolution.



6

8

10

12

c'J

o 14

0

0
16

18

20

22

BASIC EXTRUSIVE
SUITES

V
Q\Jrç7.
-c)v

0.02

L\ \ 0.84
0 '- 0.86/ .0

0/ "0.80
0.27 V

0.58

0.15 N

0.71

vocD bo.i
0

I

/

H7
14F-/ DEEP SEA

/

107

500 600 700 800 900 1000 1100 1200

T°C

Figure 111-12. Predicted oxygen fugacity and temperature at
which the iron-titanium oxides last equilibrated, using
their observed bulk composition. Data from this study
are denoted with stars, and the numbers give the
relative height of the specimens within the flow (Table
III-2a) . QFM: the quartz-fayalite-magnetite buffer.
Open symbols denote results from other studies.
Original figure is from Haggerty (1976) (Fig. Hg-43c)



108

The dissociation of water in the magma at high

temperatures produces hydrogen and oxygen, and because the

hydrogen may escape more readily, the potential for

oxidation increases (e. g. Butler and Burbank, 1929;

Osborn, 1959; Wright and Sato, 1966). With increasing

height in the flow the amount of oxygen increases because

of cumulative filtration of oxygen from greater depths,

thereby producing a gradient in oxygen content. Butler and

Burbank (1929) proposed this mechanism as a source for

increased oxidation towards flow tops in basalt lavas. In

addition, percolating water from above and circulation of

atmospheric oxygen may also add to the extent of flow top

oxidation.

There are several sources which may produce the

oxidation maxima in the top zone (highest Ta), including

consecutive events of water percolation and migration of

gas bubbles towards the flow's top. As the water

percolates into the hot solidifying lava, the water may

dissociate, as discussed above, and thereby cause localized

oxidation. Due to the spatial closeness of vesicle zones

to the oxidation peaks they may be related; in DC12 vesicle

zones are just above the oxidation peaks. The upward

moving gas bubbles from deeper in the flow can become

trapped by the down moving cooling front, thereby producing

vesicle zones, often with a gradient in vesicle sizes.

Percolating water and freezing of the rising bubbles may be

related, because high rates of percolation will accelerate

the downward migrating solidification front, thereby

capturing greater amount of the rising bubbles. As this

may occur repeatedly, multiple vesicle and oxidation zones

can develop.
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CONCLtJS IONS

In this study of the thick basaltic Roza flow we used

the sensitivity of some magnetic properties to changes in

size and composition of the magnetic grains to delineate

intraflow structures. The magnetic stability, including

MDF of ARM and IRN5, IRM/M5, as well as T and M8, vary

significantly with height in the flow in drillcores;

however, ARM intensity and show much less depth

dependence. These properties quantitatively subdivide the

lava in at least two, possibly three, zones, and aid in

characterizing them. The same subdivision occur at two

Roza drillcores separated by 11 km, where the flow is about

54 and 62 m thick, respectively. Furthermore, comparable

variations were observed in an outcrop (about 35 m thick),

associated with a colonnade/entablature transition. These

magnetic properties might be useful to identify intraflow

structures and boundaries in other thick basalt flows.

In the drillcores, the top zone incorporates up to 1/3

of the flow thickness (15 to 20 in), characterized by high

magnetic stability (SD/PSD particles), high M5 and more

oxidized titanomagnetites, evident from high T. The

magnetic properties are nearly uniform for most of the

lower 2/3 of the flow (25 to 35 m) and the magnetic

particles have low magnetic stability (MD behavior) and

lower but variable T. The basal zone, comprising

approximately 1/10 of the flow N 5 m), is mostly delimited

by its low T primary titanomagnetites and possibly

slightly higher magnetic stability. The results of this

study suggest that the magnetic properties in the lava are

affected by particle size variations as well by

compositional changes. Although the maximum size of the

magnetic grains is mostly symmetric around the center of
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the flow, the magnetic properties are not, showing that

factors other than the initial cooling rate determine the

effective size of the magnetic particles (e. g. Graham,

1953; Wilson et al., 1968) . Moreover, the stable remanence

in titanomagnetite minerals is not sensitive to the maximum

particle sizes.

This study shows the possible association between

magnetic stability (e. g. MDF of ARN and IRM5/M5) and

composition dependent parameters (M5 and T) with

structural zones within the lava; that is,

colonnade/entablature transition.

The intraflow pattern of Tc, Ms and the shape of

- T curves shows the iron-titanium oxides to exhibit a

near continuous evolution from a primary composition,

Ulv68Mag3, near the base of the flow, near primary and

deuterically oxidized phases in the bulk of the flow, and

almost pure magnetite in the top zone.

There is a discrepancy between compositions determined

by microprobe analyses and those inferred from the measured

Tc and M5. This discrepancy appears to be caused by the

microprobe's bias for measuring the larger particle sizes,

which may be composition dependent, and due to averaging

over fine exolution larnellae in the titanomagnetites. This

apparent discrepancy may be used to infer a time evolution

of the oxidation profile within the lava during its initial

cooling. As the titanomagnetites precipitated from the

melt, the oxidation increased from the edges, and the

content of ferric iron (Fe3/Fe) in the titanomagnetites

reached its maximum at the flow's center, consistent with

the position of the lowest temperature equilibrium.

Subsequent subsolidus high temperature oxidation increased

consistently with height. Therefore, the oxidation in the

flow's upper part increased with time during cooling from

high temperatures, but was practically unaltered near the
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base of the flow. This evolution appears compatible with

upward migration of oxygen produced by dissociation of

water (e. g. Butler and Burbank, 1929; Osborn, 1959).

In conclusion, this study shows that analysis of the

spatial distribution of the magnetic properties can aid in

delineating structures in magmatic bodies and assist in

constraining their cooling history and magmatic evolution.

In addition, the study demonstrates that the magnetic

properties, which affect the stability of the palomagnetic

signal, can vary significantly within apparently

homogeneous bodies and must therefore be considered when

constructing paleomagnetic records from such bodies.
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IV. DRILLING INDUCED REMANENT MAGNETIZATION

IN BASALT DRILLCORES

Summary. Drilling induced remanent magnetization

(DIRN) in drilicores can limit their use for

magnetostratigraphic studies and preclude the use of

secondary viscous remanence for their azimuthal

orientation. DIRM was studied in a drilicore of a thick

Miocene basalt flow now buried at 0.45 km. Due to zonation

of the magnetic properties within the flow, DIRM was thus

observed in specimens whose remanence is controlled by

grains ranging from multidomain (MD) to single domain (SD).

DIRM in this drilicore has the following properties: (1) it

is characterized by high intensity and low stability;

(2) the DIRM intensity increases by at least a factor of

five from the center of the drilicore to the drilistring's

cutting surface, where it appears to have been produced;

(3) it is directed down and radially inward towards the

center of the drilicore; and (4) it is relatively more

dominant and more intense in magnetically less stable MD

grains.

The observed DIRM can be modelled as a pure IRM

acquired in a field of the order of 10 mT. Therefore, the

DIRM in this drilicore is most easily explained as having

been produced during the initial drilling by a strong non-

uniform field concentrated near the cutting rim of the

drillstring. Other processes which might contribute to

DIRM production include tearing of grains and possible

changes in strain, mechanical shocks and piezo remanent

magnetization (PRN).

In this drilicore, DIRN in the magnetically less

stable grains was more effectively cleaned by alternating

fields (AF) than by thermal demagnetization, and judicious

AF demagnetization was usually successful at defining the
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primary remanence, especially for specimens from the

center of the drillcore, which are less affected by DIRM

overprinting. The use of a non-magnetic drilistrings would

further reduce, and might possibly eliminate, DIRN

production.

INTRODUCTION

The use of drillcores for paleomagnetic studies may be

severely limited by the imposition of secondary remanence

during drilling. We have studied drilling induced remanent

magnetization (DIRN) in a basalt drilicore, and in this

paper we report on the magnetic properties of the DIRN and

attempt to determine its origin.

Extensive paleomagnetic studies of Columbia River

Basalt (CRB) drillcores in Washington State, U. S. A.,

indicate that many of the cores have a superimposed steep

secondary magnetization, which can dominate the natural

remanent magnetization (NRM) . This secondary remanence is

usually characterized by low coercivity and low blocking

temperatures. Van Alstine and Gillett (1981) reported that

in 7 of 11 drilicores they studied the NRN was severely

affected by drilling. In our paleomagnetic investigations

of the nearly 60 in thick Roza flow of these drilicores, we

had to analyze this secondary magnetization in order to

isolate the primary remanence (Chapter V) . In this chapter

we describe this secondary remanence, which, we believe,

was produced primarily by the original drilling. In this

drillcore, alternating fields (AF) demagnetization was

usually successful at defining the primary remanence in

specimens from the center of the drilicore.

The tholeiitic mid-Miocene Roza flow is about 15 Ma,

and has an intermediate paleomagnetic direction, nearly

horizontal and to the south (inclination -5° and
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declination 189°) . The Roza is underlain by the normal

polarity Frenchman Springs flows and overlain by the

reverse Priest Rapids units; hence, the Roza probably

erupted in the midst of a geomagnetic polarity transition,

while the geomagnetic intensity was relatively low.

Paleomagnetic studies of both sedimentary and igneous

rocks have documented that significant spurious

magnetizations can be introduced during drilling or sawing

(e. g. Kuster, 1969; Rainbow, Fuller and Schmidt, 1972;

Sallomy and Briden, 1975; Ade-Hall and Johnson, 1976;

Lowrie and Kent, 1976; Rice, Hall and Opdyke, 1980)

However, the origin of this secondary remanence was

examined in relatively few studies. Burmester (1977),

Lauer (1978) and Jackson and Van der Voo (1985) observed

that DIRM was produced parallel to the external field

during sawing and was concentrated at the cutting surface.

Furthermore, Burmester (1977), studying quartz monzonites,

and Jackson and Van der Voo (1985), working with carbonate

rocks, inferred that DIRN was primarily caused by stresses

in the larger grains, which are more affected by sawing

than the smaller grains, but Lauer (1978), who investigated

ophiolitic lithologies, suggested that the spurious

magnetization acquired during drilling might be aided by

shocks. Kodama (1984) noted high intensity and steep DIRM

in drillcores from granites and concluded that it was

similar to isothermal remanent magnetization (IRM), but had

an even closer resemblance to piezo remanent magnetization

(PRM) . McWilliams and Pinto (1988) identified DIRN in a

granite drillcore, which they associated with higher fields

near the tip of the drilistring, and Ozdemir et al. (1988)

suggested that high-temperature IRN/VRN might have produced

the DIRN they observed in a predominantly granodiorite

dr±llcore.
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To analyze the DIRM in the Roza drilicores, we sampled

drillcore DC12 at the Hanford Operations in the Pasco

Basin, Washington, U. S. A. (46.5° N, 119.5° W) . Samples

were obtained from three zones within the flow with

relative depths of 0.18, 0.46, and 0.81, where the total

thickness of the flow is 54 m (i. e. at 9.8 m, 24.7 m and

43.9 m from the flowts top) . In this drilicore the Roza is

buried about 0.45 km below the surface. At each level

three horizontal minicores were drilled from a continuous

core segment with orientations of 0°, 90° and 180° relative

to a vertical scribe-line, to monitor for possible

azimuthal dependence of DIRM and potential effects from the

minicore drilling. The minicores, 63 mm long and 25 mm in

diameter, were cut to five 11 mm thick disks, numbered

consecutively along the drilling direction, -x in Figure

IV-1, such that disks 1 and 5 are the ends of the minicores

(Figure IV-1) . The minicores from the top level at depth

0.18 contain relatively more stable magnetic particles,

with presumably higher percentage of single domain (SD) and

pseudo SD (PSD) particles; the deeper levels at 0.46 and

0.81 are magnetically less stable with a relatively greater

fraction of MD particles (see Figure IV-2 and Chapter III)

Two additional minicores at relative depths of 0.15

and 0.75 were used to compare AF and thermal

demagnetization of the DIRM, in the more stable and less

stable parts of the flow, respectively. The disks were

prepared as above.
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Figure IV-1. Sampling, orientation and disk labeling
conventions for minicores drilled from the
drilicore.
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Figure IV-2. Normalized AF demagnetization of ARM
(circles) and IRM5 (squares) of samples from the
normalized depth levels at d = 0.18, 0.46 and 0.81,
which correspond to 9.8, 24.7 and 43.9 m below the
flow's top, respectively. The more stable SD/PSD
specimens are near the top, and MD behavior is seen
deeper in the flow. 11 was produced in an external
field of 0.5 T, and ARM was imposed by a 50 J.LT direct
field applied parallel to a decaying AF with peak
amplitude of 100 mT.
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RESULTS

Magnetic minera1oy

The magnetic minerals of the tholeiitic Roza flow are

titanomagnetites (Chapter III) . Microprobe analyses at

various levels in the flow show a relatively uniform bulk

composition for Mag1_Ulv with average x of 0.58 ± 0.10.

However, saturation magnetization (M5) versus temperature

experiments often indicate two magnetic phases with Curie

temperatures (Tc) between 90 and 580 °C; the higher Tc

values are mostly from the upper third of the flow.

Generally, Tc increase with height in the flow, paralleling

the increase in M5 from 0.8 to 3.0 Am2/kg.

Magnetic stability

The flow can be divided roughly in two stability

zones. In the top third of the flow the relatively greater

stability is caused by smaller SD and PSD particles; the

lower stability in the lower two-thirds of the flow is

characteristic of MD particles (Chapter III) . Lowrie-

Fuller magnetic stability tests (Lowrie and Fuller, 1971;

Johnson, Lowrie and Kent, 1975) for one specimen from each

of the three levels are shown in Figure IV-2. In the top

level, AF demagnetization of the low-field anhysteretic

remanent magnetization (ARM) is more stable than the

saturation isothermal remanent magnetization (IRM5), which

is characteristic of SD and PSD particles. Deeper in the

flow lower absolute stabilities to AF demagnetization of

the ARM and IRM5 and the relatively higher stability of the

IRM5 than the ARM (Table IV-1) are indicative of larger,

less stable MD particles (e. g. Dunlop, 1983)



Table IV-1. IRM and ARM properties.

scaled IRM ARM
depth Hex(mT) M(A/m) MDF(mT) M(A/m) MDF(mT)

0.18 2.5 0.68 1.2

10. 12. 5.].

sat. 1320. 22.0

0.46 2.5 4.6 0.9
10. 69. 3.5
sat. 470. 9.3

0.81 2.5 4.3 0.9
10. 84. 3.6
sat. 500. 13.4

3.8 32.5

3.5 9.0

3.8 10.5
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T: Tesla; A/rn: mpere/rneter; mT: millitesla; LT: microtesla.
ARM, anhysteretic remanent magnetization. IRN, isothermal
remanent magnetization. M, intensity of magnetization.
Hex, applied external field, sat.: saturation IRN (IRM5),
produced in an external field of 0.5 T and ARM was imposed
by a 50 .LT direct field applied parallel to a decaying AF
with peak amplitude of 100 mT.
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Natural remanent magnetization

Within each minicore, the end disks have consistently

higher NR14 intensity than the inner three; typical ratios

are 3.5 and 7.5 for the top and lower two levels,

respectively (Table IV-2a and Figure IV-3) . The NRN

directions of the end disks are also distinct from the

inner ones, which are well clustered. The remanence

directions (Figures IV-4 and 5) and intensities (Figure IV-

3 and Table IV-2a) of the outer disk pairs (#1 & 2 and #4 &

5) are systematically correlated. This indicates that,

although DIRM is mostly concentrated near the ends, it also

influences the interior of the minicores. However, it is

not possible to uniquely determine DIRM in the center

disks, because the expected DIRM would have a similar

direction as the resultant of the Roza's primary remanence

and viscous overprinting by the present field.

NRM demagnetization

All disks (total of 45) from the three depths (0.18,

0.46, and 0.81) were stepwise AF demagnetized by a single

axis demagnetizer, in progressively increasing fields with

steps of 2.5 to 20 mT up to the maximum field of 100 mT.

Thermal demagnetization in vacuum was done on disks

from two minicores (relative depths of 0.15 and 0.75),

increasing the temperature in steps of about 50 °C.

Several disks from these minicores were also AF

demagnetized to compare thermal and AF demagnetization.

AF demacrnetization. Typical directional changes

during AF demagnetization are shown in Figures IV-4 and 5,

for one minicore from each depth level, and the directions

of the removed remanence between NRM and 10 mT AF are shown

in Figure IV-6. At higher AF levels a consistent

characteristic direction can be isolated in nearly all



Table IV-2. Stability of DIRM.

a. AF demagnetization of NRM.

scaled
depth ends intermediate center ends intermediate center

0.18 11.4 ±1.4 21.7 ±4.2 25.0 ±1.6 5.6 ±1.7 1.8 ±0.3 1.6 ±0.2
0.46 4.9 ±0.2 4.5 ±0.5 5.9 ±1.7 10.1 ±1.7 1.5 ±0.3 1.3 ±0.3
0.81 5.2 ±0.6 4.8 ±0.6 8.6 ±4.1 8.0 ±2.0 1.3 ±0.2 1.1 ±0.2

Ends: disks #1 and 5; intermediate: disks #2 and 4; center: disk #3. The
average values represent 6 disks for the end and intermediate positions, and 3

disks for the center. The uncertainties are one standard deviation. MDF and
M were calculated using the intensity as a scalar sum of the stepwise removed
remanences.

b. Comparison of AF and thermal demagnetization of NRM.

scaled

depth
demagne-

tization

Median demagnetizing

end

field/temperature

interior

0.15 AF 9.7 mT 11.3 mT
thermal 195 °C 181 °C

0.75 AF 3.6 mT 3.2 mT
thermal 178 °C 183 °C

AF demagnetization: disks #1 and 3; thermal demagnetization: disks #2
and 5. MDF was calculated using the intensity as a scalar sum of the
stepwise removed remanences.
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Figure IV-5. Vector projection diagrams showing the
contrast in NRM decay during AF demagnetization (0,
2.5, 5, 10, 15, 20, 30, 40, 50, 60, 80 and 100 mT)
between the end (circled 1) and central (circled 3)
disks from different depths. AF demagnetization of
the center disks is successful at isolating the
primary rernanence, but it is less efficient for the
end disks, due to the more dominant, steep DIRN
overprinting near the ends. Open and closed symbols
represent the rernanence in the vertical and the
horizontal planes, respectively. Note that for the
end disks there is also an expanded vector diagram.
The intensity units are A/rn.
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Figure IV-6. Stereographs showing the grouping of
directions of the soft remanence removed with AF
demagnetization between NRM and 10 mT. Circles:
top (d=0.18), squares: center (d=0.46), and
triangles: bottom (d=0.81) . Symbol convention is
as in Figure IV-4.
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disks from each minicore from the top level (see Figures

IV-4 and 5). For the inner disks an alternating field of

10 to 15 mT appears sufficient to isolate the primary

direction, but AF of almost 40 mT are needed to isolate

this direction in the end disks (Figures IV-4 and 5; d =

0.18) . Deeper in the flow for the magnetically less stable

rock, the remanence in the three inner disks typically

converges to the same characteristic direction for AF

between 10 and 20 mT. The end disks approach the primary

direction from distinctly different starting points, but

they do not always reach the stable end point (see Figures

4 and 5; d = 0.46 & 0.81), and for AF exceeding

approximately 60 mT the directions become unstable, and the

results are not shown in Figure IV-4. For AF levels

greater than about 20 mT, the remanence intensity becomes

uniform throughout each minicore (see Figure IV-3)

The decay of the remanence intensity with increasing

AF is shown in Figure IV-3, with higher NRM intensities and

lower stabilities at the ends of the minicores. In the end

disks, the directions of the softer remanence removed

between NRM and 10 mT appear in two well defined groups

(Figure IV-6) . Both groups have the same inclination of

about +60°, but the declinations of disks 1 and 5 are

separated by approximately 180°. This soft remanence is

directed down and radially inwards towards the center of

the minicore. The corresponding removed remanence in the

center disks is mostly down. However, the declinations of

the least stable component ( 10 mT) of the removed

remanence of the interior disks are biased and cluster near

180°, measured relative to the orientation of the minicores

(Figure IV-6); that is, parallel to the -x drilling

direction of the minicores. The cause for this bias is not

clear at present, but it cannot be due to in situ viscous

overprinting in the present field, because the same
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direction was observed for minicores drilled in three

mutually perpendicular directions. Viscous overprinting in

the laboratory might be the cause, provided all the

specimens were stored in the same orientation. However,

sample orientations in the laboratory were not monitored.

Alternatively, the observed bias might have been produced

during vertical drilling of the minicores in the presence

of the predominantly downward ambient field. This would

constitute a "secondary" DIRN. The remanence responsible

for the 1800 declination bias in the interior disks is soft

and does not persist beyond 10 mT AF demagnetization, and

is not sufficient to significantly influence the end disks,

which were mostly affected by the "primary" DIRN, due to

the drillcore coring, as was discussed in the previous

paragraph.

The end disks usually have lower NRM stability, as

measured by the median demagnetizing fields (MDF), than the

inner ones. In the top level, the average MDF for the end

disks is 11 mT versus 25 mT for the center disks and 5

versus 8 mT deeper in the flow (see Table IV-2a)

Thermal versus AF demagnetization. Directional

changes in two minicores during thermal and AF

demagnetizations are shown in Figure IV-7 and the

stabilities are compared in Table IV-2b. For the SD/PSD

remanence at the 0.15 depth level, AF and thermal

demagnetizations are comparable at "cleaning" the NRN

directions, but for the MD specimens at the 0.75 level,

thermal demagnetization is considerably less effective than

AF demagnetization for isolating the primary remanence. In

our investigations of Roza in DC12, thermal demagnetization

"cleans" the directions only after heating to about 400 °C

for the end disk of the upper level and center and end

disks in the lower level. However, the directions in the

deeper minicore (d = 0.75) become unstable near 450 00.
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The median demagnetizing temperatures (MDT) are
approximately equal for the end and center disks, and are
relatively insensitive to the intrinsic stability of the
specimens with a range from 178 to 195 °C (Table IV-2b)

This comparison between AF and thermal demagnetization
shows that for Roza in drillcore DC12, AF demagnetization
was usually more effective in removing DIR14. However, in
some cases thermal demagnetization may be the only method
for recovering the primary remanence. For example, Van
Alstine and Gillett (1981) studied CRB drilicores which
were more severely overprinted by DIRM than drillcore DC12,
and in these cores only thermal demagnetization was
effective at removing the DIR?1 overprinting (Van Aistine,
personal communications, 1988)

Inferences about DIRM based on NRN demagnetization
Analyses of the NRN of the Roza flow in CRB drilicore

DC12 suggest the following properties of DIRN.
1. DIRI"! resides predominantly near the surface of the

drillcore, and a considerably smaller effect is observed at
the center. DIRN is directed down and symmetrically inward
toward the center of the drillcore.

2. DIRN has relatively high intensity and low
stability.

3. DIRN has apparent AF stabilities of up to
approximately 40 mT in specimens with SD/PSD particles and
possibly higher AF stability in the less stable MD grains.

4. DIRI"! can usually be demagnetized in the more
stable specimens with SD/PSD particles, and the primary
remanence can be isolated. In the magnetically less stable
specimens, with MD particles, DIRM can obliterate the
primary remanence near the edges of the drilicores, but
less complete overprinting occurs a few centimeters away
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from the drilicore's surface, where AF demagnetization is

usually effective at recovering the primary remanence.

ORIGIN OF DIRr4

Experiments

To better understand the origin of the DIRN, we

performed three experiments.

Surface versus interior of the drilicore. A possible

cause for the observed DIRM might be a contrast in the

magnetic properties between the ends and interior of the

minicores; for example, contamination by metal shavings

from the drilistring and/or the drilibit, or significant

changes in the rock properties proportional to the distance

from the cutting surface, due for example to excessive

heating or stress. To test for this possibility we

compared some intrinsic magnetic properties of the center

and end disks for one minicore from each of the three depth

levels. From the results, shown in Table IV-3, it is

evident that within each minicore the differences are very

small and probably not significant with respect to the

intensity and AF stability of IRM, nor with respect to the

low field susceptibility, )r. Therefore, contrasts in

magnetic properties and/or contamination within the

minicores are unlikely sources of the DIRN.

ARM characteristics. The properties of ARM, produced

in a peak AF of 100 mT superimposed parallel to a steady

field of 50 J.LT, are shown in Figure IV-2 and Table IV-1.

Although the ARM intensity in a steady field of about 100

J.LT would be sufficient to reproduce the intensity of the

DIRN, the ARM stability is two to three times higher than

that of the DIRN. Because ARM and thermal remanent

magnetization (TRN) have similar stabilities to AF

demagnetization (Levi and Merrill, 1976), TRN is unlikely
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Table IV-3. Magnetic properties of end versus interior

disks.

scaled (A/m MDF (mT of IRN.a_ aLLZ.(center)
depth end interior ratio end interior ratio ratio

0.18 1200 1180 1.02 21.7 22.1 0.98 1.05

0.46 530 520 1.02 10.5 11.2 0.94 1.10

0.81 505 505 1.00 14.2 13.8 1.03 0.99

End: disk #1; interior: disk #4. IRN5, saturation isothermal
remanent magnetization, was produced in an external field of 0.5 T.
MDF, median demagnetizing field. %, low field susceptibility.
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to be the cause of the DIRM. However, ARM produced in

lower peak AF and higher steady fields, cannot be excluded

as a possible cause for the DIRM.

IRM characteristics. IRM acquisition in low fields of

2.5 and 10 mT and its stability to AF demagnetization was

measured in one minicore from each level (Table IV-1)

Both IRN intensity and stability follow simple

relationships to the external field, H, for these low

fields, N oc H2 and MDF H, respectively. The intensity

and stability of low field IRM are comparable to those of

the DIRN.

Relative DIRM in MD and SD particles. Our results

show that DIRN has comparatively greater intensity and is

more pervasive for the relatively less stable specimens

with MD properties. This is inferred from the higher

ratios of the NRN intensity of outer to inner disks for the

deeper levels in Roza (Table IV-2a), the higher NRM/IRM5

ratios of specimens with MD particles (Table IV-2a and

Table IV-1), and the greater difficulty of recovering the

primary remanence direction by demagnetization of the

deeper level MD samples.

Interpretation and discussion

Based on the above experiments, we conclude that 1)

the DIRN was not produced by contamination at the cutting

surface, because of the uniform magnetic properties within

minicores, and 2) the DIRM was not caused by secondary TRN,

because of the significant differences between the DIRM and

ARM and the similarity of the stabilities of ARM and TRN.

However, the DIRM appears to be similar to IRM, and the IRM

analogy is also supported by the relatively higher

intensities and stabilities of the DIRN in specimens with

MD than SD properties.
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IRM analog of DIRM. Assuming that DIRM is purely an

IRM, its intensity and stability provide limits on the

inducing field strengths. Because the DIRN appears to be

concentrated near the drilicore's cutting surface, the

observed NRN intensity (per unit volume) of the finite-

thickness end disk is a lower estimate of the maximum DIRN

intensity, and the NRN stability with respect to AF

demagnetization is an upper limit of the DIRN stability

(see Table IV-2a). For the top level, where the remanence

is controlled by SD/PSD grains, the MDF of the DIRM ( 11

mT) requires an extrapolated upper limit of 22 rnT for the

inducing field and the intensity ( 5 A/rn) a lower limit of

7 mT. DIRN in the lower two levels, which resides

primarily in MD particles, similarly limits the required

external field, from the MDF and intensity, to between 14

and 3 mT, respectively. Because the DIRN contribution

diminishes rapidly with distance from the cutting surface

(Figure IV-3, Table IV-2a), the apparent discrepancy in the

predicted inducing field diminishes if DIRN (per unit

volume) is assumed to be further concentrated in a narrow

zone towards the cutting surface, rather than over the

entire 11 mm of the end disk. This would increase the

estimated lower limit of the inducing field strength.

Moreover, the much lower NRM stabilities (MDF) in the end

relative to the center disks in the top level (d0.18)

(Table IV-2a) suggest that an increase of the DIRN toward

the core boundaries would have lower MDFs than observed

from NRM demagnetization, thus reducing the upper limit of

the inducing IRM. The differences in the estimated limits

for the inducing fields are further reduced by considering

the effects of time. First, the estimate for the lower

limit of the inducing field would increase, because IRM

decays with time. This is supported by a 4 1/2 month

storage test in the earth's field, during which IRN
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acquired in 10 mT decayed by about 20%. Second, the

decrease of IRM with time would lead to a parallel increase

of the IRr4 stability, indicating a reduction of the upper

limit of the inducing field. Therefore, by considering the

effects of time and concentration of DIRN toward the

drillcore boundary, IRN modelling of DIRN predicts inducing

fields of about 5 to 15 mT. vaii Alstine (personal

communication, 1988) measured high field strengths of up to

20 mT near the top of a drillstring during drilling

operations at Hanford in the Pasco Basin. This is

compatible with the above estimates from the IRM modelling

of the DIRN intensities and stabilities.

Directions of DIRM. The consistent DIRM direction in

the drillcore, down and radially inward, suggests that DIRM

acquisition occurred near the end of the drillstring at the

cutting rim, where the field is expected to have high

gradients and nonuniform directions radiating from the

cutting edge. Experiments by Stott and Stacey (1960) did

not detect directional dependence of TRN on the orientation

of maximum strain release in various igneous rocks.

However, later work by Nagata and Carleton (1968), also on

igneous rocks, showed a small dependence of piezo remanent

magnetization (PRM) acquisition on the angle between the

ambient field and the uniaxial pressure. If remanence

acquisition is aided by mechanical vibrations and/or

shocks, shock remanent magnetization (SRM), would also be

approximately along the ambient field (e. g. Shapiro and

Ivanov, 1966; Nagata, 1971) . The acquisition of DIRM was

observed to be parallel to the ambient field during sawing

and drilling in the experiments of Burmester (1977), Lauer

(1978) and Jackson and Van der Voo (1985) . Therefore, it

is reasonable to expect that the ambient field would be the

controlling parameter in aligning the DIRN. If the

drilistring were made of highly permeable material with
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high intrinsic magnetic moment, consistent with the

measurements of Van Aistine (personal communication, 1988),

the concentrated, high intensity, field lines at the

cutting rim would radiate, pointing inward to the interior

of the drilibit and outward on the exterior. The observed

patterns of DIRN intensity, stability and directions are

consistent with this scenario.

Effect of strain and grain cutting. Drilling subjects

the rock to strain through expansion and shearing near the

cutting edge, where the material is disrupted. Such

deformation is likely to affect DIRN acquisition and modify

it from being a pure low field IRN. The increased defects

and dislocation densities would be expected to increase the

stability through steepening of energy barriers to domain

wall movements. This might explain the observed high

coercivity tail of the DIRM, up to about 40 mT, although

the corresponding intensities are low. Burmester (1977)

and Jackson and Van der Voo (1985) showed that larger

grains are more affected by cutting, because their larger

size makes them more vulnerable to physical disruption.

Therefore, the effect of tearing might be the reason that

specimens with predominantly MD grains are more affected by

DIRN than the smaller PSD and SD grains.

PRM contribution. The Roza at DC12 is at about 0.45

km depth, which corresponds to an overburden pressure of

the order of 10 MPa (100 bar), and the Roza drillcore may

have experienced stress of such magnitude during the

drilling. Experiments show that rock undergoing strain in

an ambient field would be affected by PRN (e. g. Domen,

1962; Nagata and Kinoshita, 1965) . PRN is more intense

than IRM acquired in the same field, and the ratio PRM/IRM

increases with decreasing grain size (Domen, 1962;

Kinoshita, 1968; Nagata and Carleton, 1968) . Although the

stabilities of IRM and low-pressure-PRM appear similar, the
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difference in stability increases with increasing pressure,

and in MD magnetite PRN is observed to be more stable to AF

demagnetization than pure IRM produced in the same field

(e. g. Shapiro and Ivanov, 1966; Carmichael, 1968). For

example, two basaltic samples exposed to an uniaxial

pressure cycle up to 10 MPa and in an ambient field of 3.6

mT resulted in PRN/IRM of 1.76 and 1.24 for samples with

IRM5 MDFs of 9.8 and 2.2 mT, respectively (Nagata and

Carleton, 1968) . It is not possible to quantitatively

evaluate PRM acquisition in the Roza samples, because the

strain release history of this CRB drilicore is unknown,

and because of difficulties in distinguishing between PRM

and IRN. If DIRJ4 were PRM, low field (-10 mT) DIRN/IRM

would be greater for more stable, smaller particle sizes,

which is observed (see Tables IV-1 and 2), and the required

inducing field would be somewhat lower than what is

required for pure IRM. Kodama (1984) suggested that some

DIRM might be due to PRN. If the drilicore experiences

mechanical shocks during drilling, within the drilistring,

in the presence of strong fields, it can acquire shock

remanent magnetization (SRM) (e. g. Kuster, 1969; Lauer,

1978), but for moderate impulses, SRN is closely related to

PRM, and they have similar behavior (Nagata, 1971)

CONCLUSIONS

We have studied DIRM in a drillcore of a thick basalt

flow buried at a depth of 0.45 km. Due to zonation of the

magnetic properties within the flow, DIRM was observed in

specimens whose remanence resides in grains ranging in size

from MD to SD. In this drillcore DIRM is characterized by

high intensity and low stability, and in the magnetically

less stable rock the DIRM is more effectively cleaned by

alternating fields than by heating. In addition, judicious
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alternating field demagnetization was usually successful at

removing the DIRM and recovering the primary remanence,

especially in the center of the drilicore. DIRN is

concentrated near the cutting surface of the drilicore and

is directed down and radially inward towards the center of

the drillcore. DIRM is relatively more intense and more

pervasive in samples with lower stability MD particles than

for samples with SD/PSD particles.

The intensities, stabilities and directions of the

DIRM indicate that it is acquired at the cutting rim of the

drillstring, where high fields and gradients are expected

and have been observed. The major characteristics of DIRM

can be modelled by a pure IRM imposed by a field of the

order of 10 mT. Additional effects due to the tearing of

grains at the cutting surface might produce higher

remanence stability and might explain the greater dominance

of DIRN in rocks with predominantly MD particles. Changes

in strain and mechanical shocks in the presence of strong

ambient fields experienced by the rock during the initial

drilling might impart PRM, which could also contribute to

the DIRI4. However, the similarities of IBM and PBN make it

difficult to distinguish between these two sources of DIRN.

Azimuthally unoriented drilicores might sometimes be

oriented using the direction of present-day overprinting by

viscous remanence (e. g. Fuller, 1969) and polarity (e. g.

Lynton, 1937) . However, such orienting procedures would be

severely restricted by a predominantly vertical DIRM with a

horizontal component directed symmetrically inward toward

the center of the drillcore. Moreover, if DIRN were

predominantly due to a strong field radiating from the

drillstring's cutting rim, a symmetrical DIRM is predicted

in the walls of the drillhole and this secondary

magnetization in the exterior wall might influence field

measurements in the drillhole. To improve paleomagnetic
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studies of drilicores the effects of DIRN overprinting can

be significantly reduced by measuring specimens from the

center of drillcores and by using non-magnetic drillstrings

and drilibits.
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V. PARTIAL RECORD OF A GEOMAGNETIC REVERSAL

IN A THICK LAVA FLOW

INTRODUCT ION

Geomagnetic polarity transitions

The transient state of the geodynamo may be studied by

analyzing the morphology and time rate of change of the

geomagnetic field during the dynamo's polarity transitions.

The apparent characteristic times of the field's

fluctuations and the relative change from the field's

normal spectrum, may eventually aid in constraining

feasible mechanisms for the field's generation and cause of

reversals. In addition, provided there are characteristic

periods, they would be useful when ascertaining the length

of transitions and for constraining resolutions to be

expected from records of polarity transitions.

Geomagnetic transitions are characterized by low field

intensities, sometimes as low as one tenth of the normal

field's intensity, and during the time of low field

intensity the field reverses its polarity (e. g.

Sigurgeirsson, 1957; Dodson et al., 1978; Kristjánsson and

McDougall, 1982; Prévot et al., 1985b) . Records of

individual transitions sometimes appear to exhibit

different patterns when recorded at distant locations on

the globe Ce. g. Hilihouse and Cox, 1976; Valet et al.,

1988), as do consecutive transitions observed at the same

site (e. g. Bogue and Coe, 1982; Dagley and Lawley, 1974;

Kristjánsson and McDougall, 1982) . This supports the early

suggestion of Sigurgeirsson (1957) that the field may

appear non-dipolar during polarity transitions.

The time required for the earth's magnetic field to

reverse its polarity is at present known only roughly.

Reported times vary from several hundred years to tens of
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thousands, but typical values are near several thousand

years (see summaries in Petrova (1987) and Hoffman (1988))

Estimates of the duration of reversals are deduced

primarily from three sources: sequences of lavas, rapidly

deposited sediments and intrusives. Although these sources

produce apparently independent and approximately equal

values for the duration of reversals, they have different

inherent limitations.

Some records of reversals show them to be

discontinuous processes, as they may progress in spurts (e.

g. Mankinen et al., 1985; Laj et al., 1988) with possible

hangups (e. g. Dodson et al., 1978; Hoffman, 1986) and with

apparently irregular, large scale, rapid fluctuations of

the intermediate field vector (e. g. Prévot et al., 1985a)

Backus (1983) showed that the mantle, due to its electrical

conductivity, mixes and filters magnetic signals

originating in the Earth's core.

Recording medium

Thickness of sediment zones exhibiting transitional

directions and corresponding sedimentation rates have

resulted in estimates of reversals' duration of

approximately 4000 to 10000 years (e. g. Harrison and

Samayajulu, 1966; Opdyke et al., 1973) . In records from

sediments the length of relatively short paleomagnetic

events, including reversals, may be ambiguous due to

complex and not well known blocking mechanisms and inherent

smoothing of the geomagnetic fluctuations in sediments

(Larson and Walker, 1985; Hoffman and Slade, 1986; Valet et

al., 1988) . Moreover, the changes of the field's intensity

during reversals may alter the relative importance of

different blocking mechanisms.

Considering the paleomagnetic directions in a large

number of lavas as random sampling of the field in time,
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the proportion of flows which are characterized with

transitional directions is a relative estimate of the

average time the field spends in transitional state. This

approach leads to an estimate of the transition time of the

order of 5000 to 6000 years (e. g. Kristjánsson, 1985)

When using a sequence of lava flows for this purpose, then,

in addition to the requirement of a large number of lavas,

randomly distributed in time, there is an arbitrary

determination of the directions which represent true

transitions, as compared to excursions and normal secular

variations. This may cause a bias in the estimated time.

Intrusions and other slowly cooling magmatic bodies

may produce complete records of transitional fields (Dodson

et al., 1978; Williams and Fuller, 1982) . A thermal model

is necessary to estimate the duration of reversals in these

large bodies, but lack of constraints on the cooling

history typically produces wide limits to the cooling time.

Dodson et al. (1978) and Williams and Fuller (1982) only

suggest transitional times of the order of 10000 years, due

to ambiguities in the thermal models. Because of the slow

cooling, changes in the magnetic grains might occur

simultaneously with the remanence blocking; potential self-

reversing grains and later alteration can further

complicate records (e. g. Merrill and Grommé, 1969) . Coe

and Prévot (1989) analyzed the remanence in a single 1.9 m

thick lava that is thought to have acquired its remanence

as the field varied rapidly during a geomagnetic

transition. They observe a change of about 45° within the

lower half of the flow, and, using its cooling history,

they conclude that the field might have changed at a rate

of 3° and 300 gammas per day! Further work is needed to

firmly establish their finding.
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Paleomagnetism of the Roza flow and geology

The Columbia River Basalt Group in the northwest U. S.

A. forms a widespread voluminous succession of basaltic

lavas, spanning approximately the age from 17 to 6 Ma

(million years) and which records several magnetic polarity

chrons (e. g. Swanson et al., 1979; Hooper, 1982) . The

lateral extent of the Columbia River Basalt lavas is

indicated in Figure v-i and the stratigraphy, including the

magnetic polarity, is shown in Figure V-2. The Roza Member

of the Wanapum Basalt erupted about 15.5 Ma (Baksi, 1988),

and it has an intermediate magnetic polarity (Figure V-2)

Underlying and above the Roza flow are several lava flows

with normal and reversed magnetic polarity, respectively

(see Figure V-2). The Roza Member originally extended over

about 40000 km2 and had a volume in excess of 1500 km3

(Swanson et al., 1975) . In the western part of the plateau

the Roza is present as one flow, but in the eastern part,

two flows are typical (Mackin, 1961; Bingham and Walters,

1965; Bingham and Grolier, 1966; Lefebvre, 1970) . Shaw and

Swanson (1970) suggested that the main flow of Roza was

erupted in a matter of days (see also Chapter II)

Rietman (1966) sampled the Roza at eleven widely

separated sites and measured approximately the same

transitional directions, declination D = 189.0° and

inclination I = -4.8°, with a95 = 7.0° for N = 9 sites.

The site-mean inclinations were between -21 and +8° and

declinations varied from 180 to 196°; sites' a95 ranged

between 4 and 12°. The site-mean inclinations observed by

Rietman have approximately twice the variation displayed by

the declinations. For the nine sites, the angular standard

deviation of the mean directions was 10.3°.

A continuous record of the geomagnetic field is

expected to have been recorded in the cooling Roza flow, as
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the blocking-temperature isotherms ( 580 °C) traversed the

flow. Due to Roza's great thickness, over 60 m in the

Pasco Basin and about 30 m over a large area of the western

plateau, the cooling of the flow everywhere below about

300°C, is expected to span tens of years.

Roza's transitional paleomagnetic directions,

consistent over an extensive area, its stratigraphic

position between underlying normal and overlying reverse

units and its extended cooling history, make it likely that

Roza recorded part of a geomagnetic reversal. Furthermore,

the lava's thermal history may be used to give an

independent estimate of the rate of change of the recorded

directional changes.

Our studies of the geomagnetic transition recorded in

the Roza flow show that Roza recorded a detailed but only

short segment of the reversal. As the Roza flow cooled

through its blocking temperatures, it recorded inclination

fluctuations of nearly 15°, with characteristic times of

approximately 25 (15 to 60) years, estimated from models of

the cooling history.

PROCEDURES

Sites and sampling

At the time of Roza's eruption the Pasco Basin was a

geographical low causing the flow to pond to a thickness of

over 60 m. We sampled two drilicores within the basin

separated by about 11 km and where the Roza flow is now at

approximately 400 m depth (Moak, 1981). We also sampled

the Roza flow at two outcrops, separated by nearly 30 km,

about 70 km northwest from the drilicore sites. In the

outcrops the flow is 30 to 35 m thick, which is its typical

thickness in the western part of the plateau. Site

locations are shown in Figure V-i (see Appendix A) . These
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sites were selected because in them Roza is a single

cooling unit.

The nearly 100% core recovery of Roza in these

drilicores permitted both uniform and dense sampling

through the entire thickness of the flow. Horizontal

minicores were drilled from the drilicores using a drill-

press.

Configuration of sampling and orientation is shown in

Figure V-3. The vertical orientation of samples was

comparatively accurate, but the drilicores were azimuthally

unoriented. The minicores were cut in three specimens, 25

mm in diameter and up to 24 mm long, except for a few

minicores from drillcore DC12, which were cut in 5 disks to

analyze a secondary drilling induced remanence (DIRM)

produced during the initial drilling of the drilicores:

DIRM is discussed at length in Chapter IV. Because both

drilicores (DC12 and DC2) were severely overprinted by a

very steep though soft DIRM, which has been shown to be

concentrated at the surface of the drillcore, only the

center specimen from each minicore was used for

paleomagnetic studies (Figure V-3).

In the outcrops the Roza's structure is clear, and we

were able to sample over nearly the entire thickness of the

lava. Cores were drilled with a portable gasoline powered

drill and oriented using the sun as a compass (Helsley,

1967; Creer and Sanver, 1967) . Only a few cores had to be

oriented using geographical features. Each core was

usually cut in two specimens.

Analysis of remanence

A single axis AF demagnetizer was used for isothermal

demagnetization, increasing the peak field in steps of 50

to 200 Oe, up to the maximum field of 1000 Oe. Thermal

demagnetization was performed by heating in null field
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[nicore

Figure V-3. Sampling of minicores and their orientation
convention. Only the center specimen (#2) was used
when analyzing the paleomagnetic signal, thereby
minimizing the effects of the drilling induced
remanence, which is concentrated at the drilicore's
surface.
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( -10 gamma; 1 gamma = iO- Oe) and in vacuum ( iO

torr) . Specimens were heated to the peak temperature in 1

1/2 hour and then permitted to cool to room temperatures in

several hours. The temperature was typically increased in

steps of 30 to 50°C.

The remanence vector during demagnetizations is shown

in vector projection diagrams (VPD) . Inspection of these

diagrams and the comparison of two methods of estimating

the orientation of the assumed primary remanence were used

to ascertain the reliability of each specimen. When

estimating the characteristic direction an emphasis was

placed on using as much of the remanence as possible while

avoiding systematic deviations due to the presence of

secondary overprinting.

When analyzing small variations in rernanence

directions, as is done here, the effect of different

methods of estimation must be considered. Assuming that

the higher coercivity remanence is a single primary

component, its orientation may be estimated by fitting a

vector through the demagnetization points and which is

anchored at the origin; its declination and inclination are

denoted by D0 and 10, respectively. This approach gives

relatively greater weight to remanences with higher

intensities, hence lesser weight to the typically more

scattered directions closer to the origin. Alternatively,

instead of assuming a-priori a single component remanence,

the fitted vector is not constrained at the origin, which

therefore allows for the possibility that it is not

primary; its declination and inclination are denoted Df and

If, respectively. Df and I estimate the direction of a

segment of the demagnetization path, which is equivalent to

the direction of the removed remanence over the interval.

These methods are discussed in detail in Appendix E.
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When the angle between these two estimates of the high

coercivity remanence is greater than the inherent scatter

in the data (for example as measured by in Appendix E),

it was concluded that the primary remanence was not

isolated and the sample was rejected from further study.

This angular difference, denoted by L, was used as a

measure of error of individual stable remanence

orientation, because it takes into account possible

systematic deviations, including incomplete removal of an

overprint.

PALEOMAGNETIC RESULTS

The Roza flow in DC12 had generally greater magnetic

stability, and it produced a significantly better

paleomagnetic record than Roza in DC2. Except for the more

stable top third of the flow in both drilicores, the

magnetic stability of ARM, as measured by the MDF, is

typically between 70 and 130 Oe in DC12 compared to 50 to

70 Oe in DC2; see Figure 111-i. Although the inclination

record in DC2 had more scatter, it exhibited a similar

pattern to DC12, where individual inclinations are well

correlated and vary by about 15° within the flow.

The two outcrops are also very different. At the

Vantage site, the Roza flow has regular columns and

entablature, in contrast to the complex intraflow structure

of the Yakima Ridge site. Specimens from the Vantage site

have higher magnetic stability than the Yakima Ridge site

as indicated by lower low-field susceptibility (X0) (Figure

111-9 and 10), greater resistance to short term acquisition

of viscous remanent magnetization (VRM) and typically

higher MDFs of the NP.N (see Table V-i).

Drillcores' geology. The subsurface geology in the

Pasco Basin has been defined by extensive drilling. The
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Table V-i. MDF of NRM in outcrops.

a. The Roza flow Vantage site:

cluster height,
meters

NRM
MDF(Oe) ±zd n

top of north hill:
11 35.0 196 ± 145 4

10 29.0 164 ± 63 4

9 24.0 315 ± 87 6

south hill:
8 23.8 99 ± 46 7

7 21.7 155 ± 62 8

6 19.5 112 ±28 9

5 15.3 75 ± 15 9

4 12.2 67 ± 10 9

3 8.8 65 ±05 7

2 6.1 61 ±05 6

1 2.1 65 ± 16 10

base in coulee:
0 0.4 203 ± 99 7

b. The Roza flow Yakima Ridge site:

cluster height, NRM
meters MDF(Oe) ±sd n

9 24.4 60 ±3 4

8 21.4 74 ±9 4

7 19.8 66 ±13 4

6 14.6 70 ± 23 4

5 11.9 72 ± 17 3

4 8.5 67 ±9 4

3 6.7 61 ±5 4

2 3.6 64 ±3 3

1 1.2 65 ±7 3

n is number of cores used for AF demagnetization;
sd is standard deviation. MDF < 100 Oe refers to
interpolation from 0 to 100 Oe, but incorporating
the 50 Oe level gives MDF which is approximately
40% lower. MDF was calculated using the
intensity as a scalar sum of the stepwise removed
remanences.
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correlation of the Roza flow between the two drilicores is

unambiguous (Reidel and Fecht, 1981). Roza is a single

cooling unit in the Pasco Basin except possibly in the

southeast portion, where two flow units may be present

(Reidel and Fecht, 1981) . The Squaw Creek interbed is

occasionally present in the contact between the Roza flow

and the underlying normal polarity Sentinel Gap flow

(Frenchman Springs Member), but it is not present in DC12

or DC2 (Moak, 1981). The Roza flow is massive through most

of its thickness and its base forms a sharp contact with

the underlying flow, but vesicles are present towards its

top. Overlying the Roza flow is the reversed polarity

Rosalia flow (Priest Rapids Member) with intermittent

Quincy diatomite interbed in the contact. The Quincy

interbed is 1/2 m thick in DC12, but it is not present in

DC2 (Moak, 1981)

Results from drilicore DC12

Sampling. The Roza flow in drilicore DC12 is about

54 m thick and a total of 83 minicores were used for this

study; sampled at about 1/2 to 1 m spacings. We were able

to fit several segments of the drilicore such that large

fractions of it have continuous relative declination.

Specimens from 64 and 10 minicores were AF and

thermally demagnetized, respectively, and 9 were first AF

demagnetized in low field prior to thermal demagnetization.

NRM properties. NRM intensity and its value after

demagnetization to 100 Oe, M100, have nearly opposite

intraf low dependence, shown in Figure V-4a. Because DIRN

is often a significant component of NRM (see Chapter III),

M100 better represents the relative intraflow distribution

of the intensity of the primary remanence.

The inherently greater magnetic stability in the top

zone (see Chapter III) is reflected by the higher stability
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of NRM to AF demagnetization in the top quarter of the

flow. The median demagnetizing field (MDF; referring to

the intensity calculated as a scalar sum of the stepwise

removed remanences) of NRM is between 100 and 300 Oe above

the normalized height of 0.76, and below it is consistently

lower, typically between 25 and 60 Oe. The depth

distribution of NRN MDF is shown in Figure V-5.

Figure V-6 shows that NRN inclinations are generally

steep, although scattered, such that the NRM inclination

often deviates significantly from the near horizontal

primary remanence. The pattern of NRM, M100 and NBI'I MDF,

indicate that the flow's upper 25% has considerably less

secondary remance, while soft and steep overprinting is

prevalent in the lower part of the flow and dominates the

NRM near the base.

The two topmost specimens in Roza (depth 1 1/2 m)

have atypical inclinations of -65°, which is in good

agreement with the characteristic value for the overlying

33 m flow (Packer and Petty, 1979) . Therefore, they were

probably thermally overprinted

Demagnetization of NRN. AF demagnetization was

usually successful in isolating a stable primary remanence,

in contrast to thermal demagnetization, which was only able

to isolate the primary remanence in two specimens from near

the flow's top. Thermal demagnetization of specimens that

were previously demagnetized in low ( 150 Oe) peak AF,

resulted in apparently stable remanence with similar

orientation as determined with AF demagnetization of nearby

specimens.

AF demagnetization. Of 64 specimens that were AF

demagnetized, 12 were rejected due to poor reliability as

defined in "Procedures". In addition, the two topmost

specimens were omitted from further analyses because they

appeared to be thermally overprinted. A summary of all AF
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demagnetized specimens is given in Table V-2. VPD of

representative specimens are shown in Figure V-7.

Therefore, in the following analysis, a total of 50

specimens are used.

Direction of the characteristic remanence. In most

specimens demagnetization with peak AF of 300 Oe was

sufficient to isolate the stable remanence; occasionally,

demagnetization in fields as low as 100 Oe and as high as

500 Oe was required. The direction of the horizontal

remanence was usually more stable than the inclinations,

probably because the steep DIRM overprint and viscous

remanent magnetization (VRM), acquired in both reverse and

normal polarity fields, are in the same vertical plane as

Roza's primary remanence, but the corresponding

inclinations are at large angles (about 60 and 120°)

For all but seven specimens, remanence vectors cleaned

by AF higher than 300 Oe were used in ascertaining the

stable directions. In the seven specimens a minimum AF of

400 or 500 Oe was needed to isolate the primary remanence;

however, omitting these points caused only 1 to 3° change

in the mean direction of these specimens. Figure V-8a

shows the intraflow variation of the characteristic stable

inclination (Ia) in drilicore DC12. The rejected data are

also shown and although some of them failed the reliability

criteria, their mean direction often coincided with the

adjacent stable specimens. Figure V-8b shows the

inclinations determined assuming a single primary remanence

component, 10 (as in Figure V-Ba) and the removed remanence

over the same AF interval (Ii) . It is evident from Figure

V-8b that both analyses produce nearly identical intraflow

variation of the inclination, which supports the conclusion

that only one high coercivity component is resolvable and

also increases the confidence in the intraflow inclination

profile in DC12.
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Table V-2. Roza in DC12 characteristic remanence.

Sample height mm AF D0 I W0 Df If Wf

1342.0* 0.994 500 348 -69 3 325 -66 2 7

1343.5* 0.986 400 326 -66 4 315 -52 4 7

1350.0 0.949 300 124 -4 2 126 -5 4 3

1351.8 0.939 300 93 -3 1 96 -3 3 3

1353.3 0.931 300 82 -3 2 84 -1 2 3

1355.7* 0.917 300 107 -18 4 105 -9 2 10
1356.9 0.911 300 99 -5 1 100 -6 3 1

1358.5 0.902 300 100 -6 2 99 -5 9 2

1359.8* 0.894 300 100 -5 2 103 3 3 8

1365.2 0.864 300 120 -7 1 121 -11 3 5

1366.9 0.854 500 129 -6 1 131 -9 2 4

1368.6 0.845 400 135 -8 2 137 -9 3 2

1373.0 0.820 300 328 -5 1 326 -5 3 2

1373.2 0.819 300 60 -4 1 62 -4 2 3

1373.4 0.818 400 144 -4 1 144 -5 2 1

1374.6 0.811 300 342 -2 1 342 -2 2 1

1377.3 0.796 300 344 -2 2 342 -1 2 3

1382.7 0.766 300 347 -4 1 347 -3 1 0

1385.8 0.748 300 346 -7 1 346 -6 2 1

1386.4 0.745 300 349 -8 2 349 -6 4 2

1392.2 0.712 300 349 -14 2 352 -15 9 3

1399.3 0.672 400 346 -12 1 348 -12 3 2

1403.5 0.649 300 337 -12 4 341 -10 9 4

1404.8 0.642 300 2 -12 5 5 -7 9 6

1411.6 0.603 500 342 -14 3 342 -12 6 2

1417.4 0.571 300 334 -12 2 332 -10 5 3

1420.0 0.556 300 341 -15 7 339 -11 8 4

1422.3 0.543 300 343 -11 5 347 -9 6 4

1422.5 0.542 300 164 -11 4 162 -8 4 3

1422.7 0.541 300 239 -12 5 244 -12 6 5

1426.5 0.520 300 327 -10 2 327 -5 2 5

1428.5 0.508 300 330 -8 2 332 -8 5 1

1434.4 0.475 300 319 -9 3 323 -9 4 4

1437.8 0.456 300 320 -8 7 328 -5 7 8

1441.3 0.437 300 306 -5 1 308 -3 3 3
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Table V-2 continued.

Sample height mm AF D0 10 W0 Df If W Lf

1443.9* 0.422 300 259 4 3 258 8 6 4

1448.2 0.398 300 261 -3 2 260 -7 6 4

1452.0 0.376 300 178 -6 1 182 -7 4 4

1453.6 0.367 300 174 -8 1 175 -8 4 1

1456.0* 0.354 300 169 -5 7 154 3 14 17
1459.6 0.334 300 152 -7 7 145 -10 13 7

1464.4 0.307 300 130 -7 3 119 -14 10 13
1471.7 0.266 300 117 -9 5 114 -10 11 4

1473.4 0.256 300 131 -10 2 124 -10 5 7

1474.0* 0.253 300 125 4 5 120 8 8 6

1476.4* 0.239 300 110 -6 5 96 -12 3 14
1480.3 0.217 300 81 -12 3 80 -10 4 2

1484.7 0.193 500 254 -6 2 255 -5 5 1

1485.0 0.191 400 334 -13 5 338 -10 7 5

1485.2 0.190 300 78 -10 3 74 -8 6 3

1489.2 0.167 300 67 -5 2 69 -4 6 2

1492.1 0.151 300 43 -2 2 44 0 8 1

1494.6 0.137 300 42 -4 3 46 0 5 6

1496.3 0.128 300 35 -1 3 32 -2 7 3

1501.5* 0.098 300 359 2 3 357 10 5 8
1503.8* 0.085 300 352 26 6 2 45 10 20
1506.0 0.073 300 342 2 2 353 4 8 11
1509.9 0.051 300 318 2 1 313 5 7 6

1514.0 0.028 300 312 1 1 310 1 7 2
1515.0* 0.022 300 282 5 16 284 25 41 20
1516.0* 0.017 300 307 -5 1 311 -14 3 10
1516.5* 0.014 300 260 -1 9 236 0 32 24
1517.0 0.011 300 295 -4 3 300 -5 5 5

1518.2* 0.004 300 291 -2 3 296 -2 1 5

Specimens marked by * did not carry a stable remanence or
were overprinted. Height: relative, height above base of
flow (54 m thick) . mm AF: the minimum alternating field
applied to remanence prior to estimation of directions.
D0, I and Df, i: declination and inclination of a
presumed stable and of the removed remanence, respectively.
W0 and Wf: the corresponding angular measure of scatter
(see text) . Lf: the angle formed by D0, I and Df, If.
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Figure V-9 shows the angle Zf between the mean

directions computed by the two methods, i. e. D0, 1 and

Df, If. This was done for the same AF range as before, i.

e. typically from 300 to 1000 Oe. One source for large if

is the incomplete removal of a secondary remanence by the

demagnetization. Other large deviations are probably due

to inherent scatter in the remanence orientations during

demagnetization, especially in estimating the removed

remanence (Df, If)

We therefore conclude that, after omitting the 14

specimens considered unreliable or thermally overprinted,

the remanence after AF demagnetization above 300 Oe

represents the characteristic remanence; this is

furthermore supported by the apparent serial correlation

and consistent directions of consecutive specimens. The

error in determining the orientation of the stable

remanence in each specimen is typically less than about 5°

(
Thermal demagnetization of NRM. Ten specimens were

selected, evenly distributed through the flow, for thermal

demagnetization. Of these, only the two topmost specimens

(4.1 and 9.1 m below Roza's top; height 0.83 and 0.92)

produced reliable directions, and they had nearly identical

directions as adjacent specimens treated with AF

demagnetization (shown in Figure V-8a). These two

specimens had Tub mostly between 450 and 520°C. The

primary remanence in the deeper specimens ( 13.1 m below

top surface; height 0.76) was completely masked by the

steep overprint and the thermal demagnetization proved

ineffective in selectively removing it, precluding reliable

information on the blocking temperatures of the

characteristic remanence. VPD of typical specimens are

shown in Figure V-b. Figure V-li shows the decay of NRN
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intensity with temperature. The apparent unbiocking

temperatures decrease with depth, in general agreement with

the intraflow variation of the magnetic stabilities and

observed T.
Thermal demagnetization of previously AF demagnetized

NRM. Nine specimens were first AF demagnetized in 50 to

150 Oe peak fields, chosen to remove the soft steep

overprint, prior to thermal demagnetization. Remanence

orientations usually did not change significantly during

thermal demagnetization, although there was high scatter in

many of the specimens. The intensity often decayed

erratically with increasing temperature, such that three

specimens were not useful in estimating the apparent stable

direction. Directions in six specimens, for unbiocking

above about 400°C where the intensity decayed most rapidly,

produced remanence directions in only rough agreement with

the stable directions determined for adjacent specimens

that were only AF demagnetized. Examples of the

demagnetizations are shown by VPD in Figure V-12.

Intraflow variation of D. Figure V-13 shows the

stable declination (D0) versus depth in the Roza flow in

DC12 and on it are indicated breaks in the core's vertical

scribeline, where it was not possible to properly connect

core-segments. If the scribeline is truly continuous in

the flow's lower half, the declination shows a change of

approximately 180°!

At all the sites studied by Rietman (1966), and in the

outcrops discussed below, the characteristic declination

ranged from 180 to 196° with very small dispersion. Hence,

the apparent depth distribution of the declination in DC12

may be due to a systematic error in the alignment of the

core segments; each segment was usually less than a meter

in length. On the other hand, if the intraflow variations

for the declination are correct, reflecting geomagnetic
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behavior, it would suggest dramatically more rapid field

variations during this transition. Additional field work

will be conducted to establish whether the declination is

erroneous or correct.

Results from drilicore DC2

Sampling and NRM properties. From the Roza flow in

drilicore DC2 we sampled 54 minicores with typical spacing

of about 1 m. The sampling procedure was identical to that

for DC12, but in DC2 it was not possible to realign

significant segments of the drillcore to reconstruct a

continuous scribeline for a relative declination record.

The stability of NRM to AF demagnetization is

considerably greater in the upper third of the flow than in

its lower two thirds, corresponding to the transition seen

in other magnetic stability parameters (see Chapter III)

MDFs are between 80 and 390 Oe above the transition, and

below it they are between 20-50 Oe (Figure V-5b) . Both NRM

intensity and M100 increase towards the flow's top (Figure

V-4b)..

Figure V-6 displays NRM inclination versus depth.

Because of the higher magnetic stability near the top, the

NRM inclinations there are nearer tothe primary Roza

inclination, but lower in the flow, they are generally

steeper. One exception is the top specimen, only about

1/2 m from the base of the overlying flow, whose stable

inclination is nearly identical to the stable inclination

of -65° of the overlying 15 m Priest Rapids flow (Packer

and Petty, 1979), suggesting that it was completely

remagnetized by it.

AF demagnetization of NRM. Specimens from 34

minicores were AF demagnetized, 10 were thermally

demagnetized and 10 were demagnetized in low AF prior to

thermal demagnetization.



172

The results from AF demagnetization are in general

agreement with those from DC12; however, the lower

stability resulted in relatively more specimens being

rejected due to poor paleomagnetic reliability (15 out of

34) . Stable remanence directions were analyzed as before

and the same selection criteria was applied as for DC12;

summarized in Table V-3. Figure V-14 shows the stable

inclination profile in the Roza flow in DC2, and the

greater scatter in 10 than was observed in DC12 is probably

mostly due to the inherently lower magnetic stability.

Thermal demagnetization. The topmost specimens have

high unbiocking temperatures, mostly above 450°C, similar

to Roza in DC12, but lower in the flow, the remanence

decays rapidly up to approximately 300°C. Thermal

demagnetization was more effective in isolating the

horizontal remenence in DC2 than in DC12, but the

directions were highly scattered. In addition, there is a

10 to 15° bias towards more positive inclinations as

compared with values determined from AF demagnetizations.

Thermal demagnetization of previously AF demagnetized

specimens. Specimens from ten minicores were AF

demagnetized in about 50 Oe prior to thermal

demagnetization to remove most of the steep (DIRM and VRM)

overprint. The top two specimens had high Tub, similar to

the ones determined by pure thermal demagnetization, and

their stable remanence was in good agreement with nearby AF

demagnetized specimens. Lower in the flow, the remanence

decayed nearly uniformly with temperature. Despite the

scatter in remanence orientation during demagnetization,

the average direction of the remanence left between 100 and

300°C was in rough agreement with the results deduced from

the AF demagnetized specimens, but towards the base of the

flow these inclinations were slightly higher ( 10°)
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Table V-3. Roza in DC2 - characteristic remanence.

Sample height mm AF D0 I W0 Df If Wf

1147.0* 0.990 300 26 -66 1 27 -66 1 0

1154.7* 0.952 300 23 -8 5 22 2 1 10

1159.9 0.926 300 40 2 1 40 2 1 0

1168.5 0.884 300 96 -4 1 99 -4 1 3

1179.0* 0.832 400 126 -12 3 132 -16 11 7

1186.0 0.797 300 176 -5 2 176 -6 2 2

1193.0* 0.762 400 282 -33 4 261 -52 10 26

1199.0 0.733 300 292 -5 2 294 -5 2 1

1205.0 0.703 300 70 -3 2 71 -7 3 4

1212.3 0.667 300 98 -4 1 98 -2 3 2

1218.3 0.637 300 107 -14 7 95 -13 15 11

1224.2 0.608 300 111 -7 7 95 -15 17 18

1229.0* 0.584 300 203 -14 5 196 -7 10 10

1233.1 0.564 300 136 -3 3 133 -6 6 5

1239.3* 0.533 300 281 -4 14 311 -6 20 29

1243.8* 0.511 300 257 -9 5 268 -11 16 11

1249.2 0.484 300 273 -4 3 278 -6 4 5

1255.5* 0.453 300 47 2 2 45 4 3 3

1264.6 0.408 300 45 -11 2 43 -11 4 2

1267.9* 0.392 300 110 -8 8 100 -5 8 10

1274.0 0.361 300 182 -6 4 182 -1 9 4

1282.0 0.322 300 298 -8 4 304 -9 11 6

1283.5* 0.314 300 290 -4 11 305 21 25 29

1292.5 0.270 300 214 -3 5 204 -6 14 10

1295.2 0.256 300 226 -3 5 220 -7 12 8

1302.5* 0.220 300 241 -2 8 249 -3 28 9

1308.0* 0.193 300 223 -9 6 223 -23 18 14

1312.0* 0.173 300 230 2 8 244 -14 20 20
1317.8* 0.145 300 224 1 3 240 -11 18 20

1324.9 0.109 300 215 -5 2 208 -10 7 9

1328.4 0.092 300 233 -3 3 230 -12 8 10

1334.1* 0.064 300 209 -13 8 236 -40 12 38

1338.7 0.041 400 172 -4 3 168 -4 9 4

1342.2 0.024 300 146 1 3 136 -1 4 10

Specimens marked by * did not carry a stable remanence or
were overprinted. Height: relative height above base of
flow (62 m thick). mm AF: the minimum alternating field
applied to remanence prior to estimation of directions.

D0, I and Df, If: declination and inclination of a
presumed stable and of the removed remanence, respectively.

W0 and Wf: the corresponding angular measure of scatter

(see text) . A: the angle formed by D0, I and Df, If.
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Possible non-geomagnetic origin for the intraflow

variation in remanence

The inclination fluctuations recorded in the Roza

drillcore DC12 are relatively small, and the remanence

stability in most of the Roza flow is relatively low.

Therefore, various causes for the inclination fluctuations

in addition to the geomagnetic field must be considered.

Below, we discuss and reject three such mechanisms for the

inclination profile of DC12 (Figure V-8)

Reheatin by the overlying flow. Overlying the Roza

flow in DC12 is a 33 ni thick reversed polarity flow

(I = -65°), and a simple conductive cooling model would

predict heating to over 300°C in Roza's top 16 m (e. g.

Chapter II and Appendix B). The intensity of the thermal

overprint would be relatively large, because it is expected

to have occurred at a time of higher geomagnetic

paleointensities than were present when the Roza flow

acquired its primary remanence.

Table V-4a shows the orientations of the remanence

removed during thermal demagnetization of specimens from

the top part of the Roza flow in DC12. No indication of a

steep reverse thermal overprint was detected in these

specimens (see also Figure V-10), although the inclination

of the removed rernanences are slightly more negative at

intermediate temperatures. About half of the remanence in

the top two specimens is blocked at temperatures above

400°C, it has low inclination, such that these specimens

certainly did not experience any heating near or above

400°C.

Analysis of specimens from the top zone, which were

first AF demagnetized prior to thermal demagnetization,

tell nearly an identical story; summarized in Table V-4b.

There is no evidence of heating, but again, slightly



176

Table V-4. Thermal overprint in drilicores.

a. Thermal overprint near top of Roza in DC12.

Thermal demagnetization:

sped depth, removed remanence: "stable" remanence:
-men meters 25-140°C 140-260°C 260-450°C 400°C-origin

Df If Df If Df If D0 10

1354.8 4.1 144 +34 114 -23 91 -11 93 -6
1370.8 9.1 219 +4 160 -15 152 -20 154 -7
1384.0 13.1 152 +85 24 +88 352 +72 not resolved

AF and thermal demagnetization:

speci depth, removed remanence: "stable" remanence:
-men meters maxAF NRM-maxAF maxAF 100-300°C 400°C-origin

Oe Df If I Df If D0 10

1359.3 5.6 50 168 -15 -20 166 -26 111 -11
1375.6 10.6 150 204 +78 +1 n.s. 342 -1
1393.4 16.0 150 121 +75 -13 354 -13 344 +4
1413.8 22.2 75 189 +62 -1 n.s. 326 -5
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Table V-4 continued.

b. Thermal overprint near top of Roza in DC2.

Thermal demagnetization:

sped depth, removed remanence: "stable" remanence:
-men meters 25-140°C 140-260°C 260-450°C 400°C-origin

Df I Df If Df If D0 1

1152.0 2.1 117 +48 n.s. n.s. 92 -6
1176.6 9.6 204 +13 zz.s. 98 -1 88 +5
1209.0 19.5 143 +28 136 +19 136 -6 147 0

AF and thermal demagnetization:

speci depth, removed remanence: vtstablet remanence:

-men meters maxAF NRN-maxAF maxAF 100-300°C 400°C-origin
Oe Df I I Df If D0 I

1159.0 4.3 100 176 +52 -9 n.s. 28 -4
1190.7 13.9 50 175 0 -16 238 -24 282 -6
1216.3 21.7 50 149 +37 -7 125 -16 128 -2
1231.5 26.4 50 179 +27 -4 189 -3 217 +18
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negative inclinations are present at intermediate

temperatures. Of the AF demagnetized specimens from the

top zone, only the top two specimens at depths 0.3 and

0.8 m were apparently completely remagnetized. The next AF

demagnetized specimen, at 2.7 m below Roza's top shows no

evidence of overprint. Furthermore, NRI'4 inclinations

(Figure V-6) are close to the characteristic values for

most specimens in the top zone, showing that any reheating

had to be small. Indistinguishable results were obtained

for the Roza flow in DC2, but there the overlying flow is

only 15 m thick (Table V-5).

Therefore, there is no evidence for uniform

progressively decreasing reheating with depth by the

overlying flow in the Roza drilicores. Detailed analysis

is not possible in part due to the high blocking

temperatures of the rock near Roza's top. Any significant

reheating appears to have been confined to Roza's top few

meters, analogous to the results presented in Chapter II.

Percolation of warm water. Percolation of warm water

into the Roza flow in DC12, produced by the cooling

overlying flow, might cause localized partial

remagnetization, including the more negative inclination at

height 0.2 and 0.6 (near 43 and 23 m from Roza's top)

However, there is no change in the measured magnetic

properties near the upper level of the lower inclination

zone, which would be expected due to the heating. There is

a very narrow interval of elevated stability of the

anhysteretic remanent magnetization (ARM) near the lower

zone of low inclinations (Figure Ill-i) . In addition, it

seems contrived that the percolation would cause symmetric

nearly identical peaks at just these two levels. Moreover,

percolating hot water is an unlikely cause for the similar

overall trend in 10 in both DC12 and DC2 (Figure V-15),
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Table V-5. Summary statistics of characteristic
remanence.

site N
geographic:
D I

in bedding:
D I asd a95

DC121) 50 na -6.9 na -6.9 5.9 1.5

DC22) 19 na -4.5 na -4.4 5.0 2.1

vantage3) 11 188.1 +3.7 188.1 +3.3 5.9 3.4
Vantage-base4) 2 187.7 -2.9 187.7 -3.7 1.7 5.4
Vantage-base5) 11 187.7 -2.7 187.7 -3.5 5.7 3.2

Yakima Ridge6) 8 195.9 +2.4 195.8 +5.5 5.4 3.7

Directions were estimated after AF demagnetization to typically 300
to 400 Oe.

1) equal weight to each specimen, 50 of 64 AF demagnetized;
2) equal weight to each specimen, 19 of 34 AF demagnetized;
3) equal weight to each cluster, 44 of 91 AF demagnetized;

equal weight to the two lowest clusters (number 0 and 1);
5) equal weight to each specimen, 11 of 18 AF demagnetized;
6) equal weight to each cluster, 19 of 33 AF demagnetized.

Bedding corrections: Vantage, dip 1° to SSE (Myers, 1973); Yakima
Ridge, dip 3.5° to NE (R. D. Bentley, personal communication, 1982).
The dip of Roza in the drillcores is expected to be very small and
it is omitted here.
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considering the different thickness of the overlying flows

(33 and 15 m) and the distance between the sites (11 km)

Viscous remanent magnetization. A different source

for selectively changing the characteristic remanence

orientation in the Roza flow would be variable acquisition

of viscous remanent magnetization (VRM). 'Ie dismiss this

hypothesis for Roza in DC12 because it requires a variable

rate of VRM acquisition within the bulk interior of Roza

where the magnetic properties are near uniform, and VRM in

the present normal field should affect most severely the

flow between heights 0.1 and 0.7 where the least stable

rock is present and where the most negative inclinations

occur. The characteristic inclination within the top most

stable zone of the flow is about 50, hence the present

geomagnetic field (I - +70°)could not have produced the

more negative inclination at heights 0.2 and 0.6. In

addition it would be fortuitous if the VRN would have

affected the primary remanence in different magnetic

particles to the same extent such that only a single stable

remanence is consistently resolvable during AF

demagnetization (Figure V-8b).

Summary of paleomagnetic results from the drilicores

Although the NRM intensity of rocks from both

drilicores are about the same, DC12 appears to carry

greater secondary remanence, suggested by (1) the generally

steeper NRN inclinations in DC12 than in DC2, and (2) a

higher AF field was needed to remove most of the secondary

remanence in DC12 than in DC2. The typically higher MDF of

NRM in DC12 is consistent with its greater intrinsic

magnetic stability (e. g. Figure IV-1) . The low stability

of Roza in DC2 may have caused it to acquire a different

additional scattered secondary remanence, subsequent to the

imposition of DIRM, such as VRM during laboratory storage.
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Although it appears that specimens from DC2 were less

influenced by intense DIRN, due to their lower intrinsic

magnetic stability, they produced a poorer paleomagnetic

record than Roza in DC12.

AF demagnetization was successful at isolating the

primary remanence in most specimens in DC12. There is an

unmistakable intraflow variation in the inclination in

DC12, displaying fluctuations with peak to peak amplitudes

of approximately 15°, from about 00 near the edges to -15°

in the interior. Because these directions are the stable,

characteristic remanence, we interpret these fluctuations

as being of geomagnetic origin.

Roza's average inclinations (Is) in DC12 and DC2 are

indistinguishable and they have similar dispersion, shown

in Table V-5. Furthermore, both records show an overall

symmetrical decrease in inclination from the flow edges to

its interior. A least squares fit of a parabola to the 1

records from the Roza flow in DC12 and DC2 is a

significantly better description of 10 than a constant

inclination, and it explains about 70 and 60% of the

deviations (root mean square) in DC12 and DC2,

respectively. A linear fit reduced the deviations by only

5 and 14% for DC2 and DC12, respectively (r = 0.05 and

0.14) . The best fitting parabolas are nearly symmetrical,

predicting boundary I of about 00 for both cores, and a

minimum of -10° and -7° in DC12 and DC2, respectively. In

Figure V-15 are shown fitted parabolas to the inclination

in Roza from DC12 and DC2, which have been adjusted

slightly by about 10 at the flows boundaries such that the

parabolas are exactly symmetric. Although the inclination

profile of DC2 is insufficient to resolve detailed

fluctuations, the gross agreement in the profiles of the

two drillcores reinforces our interpretation that

inclination fluctuations in DC12 are of geomagnetic origin.
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Results from the Vantae site

This site is composed of two outcrops approximately 15

km apart. Most of the Roza flow was sampled near Wanapum

Dam and its base was sampled in Frenchman Coulee, referred

to as RZ3O and RZ4O, respectively. Results from RZ3O are

discussed first.

Site's eoloy. The Roza flow at outcrop RZ3O is

approximately 35 m thick. The flow's lower half is

constituted of regular columns, 1 to 2 m across, which are

topped with about 4 m of curved and thin "columns" or

swirls. The top few meters of the flow consist of a zone

of irregular solids, which are vesicular near the very top.

Underlying the Roza flow is the normal polarity Sentinel

Gap flow of the Frenchman Springs Member, and the Squaw

Creek interbed is intermittently in the contact. Roza is

the uppermost flow in this area, but to the north it is

overlain by the Quincy diatomite, and to the south it is

directly overlain by the reversed polarity flows of Priest

Rapids. Myers (1973) describes the local geology and a

general discussion is given in Mackin (1961)

Sampling. The outcrop consists of two low hills,

about -200 m apart, which are entirely composed of the Roza

flow. Our sampling concentrated on the south hill where we

sampled the flow in eight clusters at different elevations

and covering most of the flow's thickness, about 25 m. We

also sampled three clusters from the top of the flow in the

slightly higher north hill where the topmost rock had

vesicles, thereby extending the sampling approximately 10 m

higher. The relative height difference between the two

hills is not known accurately, so there may be considerable

error in the height difference between the highest and

lowest clusters in the south and north hills, clusters 8

and 9, respectively. The lowermost few meters of the Roza
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flow are not exposed at this locality, such that its base

was sampled in outcrop RZ4O in Frenchman Coulee.

Each cluster is composed of 4 to 10 cores, and 84

cores were sampled. AF demagnetization was performed on

specimens from nearly all cores (83 of 84) and thermal

demagnetization was performed on at least one specimen from

all but one cluster, a total of 14 specimens. Four cores

were rejected from further study, because they were

suspected to have been affected by lightning (atypical high

NRM intensity and/or distinct characteristic direction) or

possibly misoriented in sampling.

Magnetic properties. Some of the magnetic properties

reflect the structural division of the flow, but others

were too dispersed to indicate any intraflow variation

(discussed in Chapter IV) . Stabilities of NRM, as

determined by MDF and MDT, indicate a transition near the

top of the columns. MDF5 are between 35 and 40 Oe within

the columns, and higher more scattered within the non-

columnar part of the flow, typically between 100 and 460

Oe. A summary of the height variation of NRM's MDF is

given in Table V-la.

AF demagnetization of NRM. Peak AF of 400 Oe was

usually sufficient to isolate a characteristic remanence,

but for some specimens a considerably lower field would

suffice. The angular difference between characteristic

remanences from specimens from the same core, determined by

averaging over the same AF interval, were typically (13 of

15) within 6°.

Significant secondary magnetizations were present in

most of the cores, and they were most often attributed to

VRM acquired during prolonged exposure to the present day

field and during storage after sampling. Of 83 cores that

were AF demagnetized only 38 produced usable estimates of

the primary direction. Examples of VPD are shown in Figure
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V-16. Figure V-17a&b shows the intraflow variation of the

average inclination and declination from each cluster. A

summary of the directions is in Table V-6.

Several of the directions considered unreliable during

AF demagnetization are indistinguishable from the better

ones. However, most of the unreliable directions are

biased towards steeper positive inclinations (Figure V-

17c&d) . If significant secondary remanence remains after

demagnetization, a bias is expected in directions of the

characteristic remanence estimated by the constrained (D0,

I) and the free vector (Df, If) orientations. Although

there is considerable scatter, there is no obvious height

dependent difference, and some large angular differences

between the two vectors may simply be due to the greater

uncertainty in estimating the directions of the removed

remanence.

Samples from columns. During analysis of directions

produced during AF demagnetization it became apparent that

specimens drilled from the sides of columns generally

produced significantly more stable remanence directions

than the ones drilled from their top (interior)

The lowest five clusters are in columnar rock and the

sampled cores may be grouped as being either from a top or

side of a column, 15 and 27 cores respectively. 22 out of

the 27 "side samples" gave directions that became stable

during AF demagnetization. In contrast, none of the

interior cores had satisfactory stability; the inclinations

typically decreased systematically by between 5° and 200

for increasing AF from 300 to 800 Oe. In all clusters,

specimens from the interior of columns produced average

inclinations significantly steeper than determined from the

more stable specimens. Examples are shown in Figure V-18.

Thermal demanetization of NRM. Thermal

demagnetization was less effective than AF in isolating the
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Table V-6. Vantage site characteristic remanence.

cluster: Characteristic remanence Clusterts average

core D0 I W0 quality D I n a95 asd

Cluster 11 (35 m : 184.0 -0.5 2 39.5 12.5
71 178 -7 1 good <same>
75 190 +6 1 good
72 9 +22 3 rejected
73 192 +12 3 poor
74 195 +19 5 poor

Cluster 10 (29 rn) : na na 0

76 195 +17 3 poor
77 196 +8 2 poor
78 218 +7 4 poor
79 203 +11 1 poor

Cluster 9 (25 m: 194.7 -0.5 4 6.2 5.5
82 192 -2 1 (good) <195.7 0.0 3 9.4 6.2>
83 189 -1 1 good
84 201 1 1 good
85 197 0 1 good
80 201 +25 4 poor
81 197 +4 2 poor

Cluster 8 (23.8 m : 185.5 +10.5 2 3.1 1.0
29 185 +11 4 (good) <na na 0>
30 186 +10 3 (good)
31 201 +20 9 poor
32 194 +12 6 poor
66 192 +20 3 poor
67 190 +26 2 poor
68 192 +39 5 poor

Cluster 7 (21.7 m) : 185.0 +9.0 4 3.8 3.4
28 187 +7 2 good <187.0 +7.0 1>
61 186 +7 2 (good)
64 184 +13 2 (good)
65 183 +9 2 (good)
25 205 -14 6 poor
26 142 +63 6 poor
27 AFna
60 106 +23 3 rejected
62 187 +29 4 poor
63 198 +48 11 poor



Table V-6 continued.

Cluster
22

6 (19.5
193

m

+5 1 (good)
24 209 +2 1 (good)
55 187 +9 2 (good)
57 187 +11 2 good
23 211 -8 1 rejected
21 185 +14 2 poor
54 191 +17 3 poor
56 173 +30 2 poor
58 182 +18 3 poor
59 187 +10 2 poor

Cluster
17

5 (15.3
187

rn)

+7 1 good
18 183 +6 3 good
97 187 +9 1 good
98 195 +22 4 poor
19 194 +38 4 poor
20 201 +43 6 poor
51 207 +38 3 poor
52 207 +26 5 poor
53 228 +33 5 poor

Cluster
14

4 (12.2
186

m

+3 2 good
15 189 +11 2 good
94 194 +4 3 (good)
95 188 +5 2 (good)
96 190 +1 2 (good)
13 187 +13 3 poor
16 187 +8 4 poor
49 189 +41 5 poor
50 186 +32 3 poor

Cluster
9

3 (R.
187

m
+7 2 good

10 188 +9 1 good
11 187 +5 3 good
12 183 +6 5 (good)
45 189 +4 1 good
46 188 +17 4 poor
48 176 +23 2 poor
47 179 +16 4 rejected

192

194.0 +6.8 4 12.7 11.1
<187.0 +11.0 1>

185.7 +7.3 3 4.2 2.8
<same>

189.4 +4.8 5 4.5 4.8
<187.5 +7.0 2 18.7 6.0>

186.8 +6.2 5 2.8 3.0
<187.8 +6.3 4 2.7 2.4>
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Table V-6 continued.

Cluster 2 (6.1 m) : 189.2 +2.7 4 4.4 3.9
5 189 1 1 good <same>
6 189 -1 1 good
7 189 +3 3 good
8 190 +8 2 good
43 184 +2 2 poor
44 183 +6 3 poor

Cluster 1 (2.1 m) : 186.8 -3.8 5 6.4 6.7
1 186 -10 1 good <185.5 -4.0 4 8.0 7.0>
2 188 -9 1 good
3 192 -3 7 (good)
92 185 +4 3 good
93 183 -1 5 good
4 192 -6 3 poor
91 183 -9 5 poor
40 185 +7 4 poor
41 189 0 2 poor
42 179 +2 2 poor

Cluster 0 (0.4 m): 188.5 -2.0 6 3.9 4.7
1 190 -3 3 (good) <188.5 -3.0 4 5.7 5.0>
2 189 +2 2 good
3 188 -9 1 good
5 188 0 1 good
7 189 -5 3 good
4 187 +4 1 (good)
6 184 -30 1 rejected
8 183 -9 5 poor
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Table V-6 continued.

D: declination, I: inclination, N: number of datum, a95: 95% angle
of confidence of the mean, asd: angular standard deviation.
Quality factor is mostly based on visual inspection of vector
projection diagrams. Averages are based on the remanence bertween
400 to 800 Oe, 4 levels typically.
< .. >: cluster's average, using only "good" specimens.

a. Site average, using "good" and "(good)"; clusters have equal
weight:

N 11 clusters (44 cores)
D = 188.1° and I = +3.7°
a95 = 3.4° and asd = 5.9°.

b. Similar average, but using only "good" specimens:
N = 10 clusters (28 cores)
D = 187.8° and I = +3.4°
a95 = 3.6° and asd = 6.0°.

c. Average for only the lowest two clusters (number 0 and 1)
N = 2 clusters (11 cores)
D = 187.7° and I = -2.9°

a95 = 5.4° and asd = 1.7°.

d. Average for specimens from only the lowest two clusters:
N = 11 specimens
D = 187.7° and I = -2.7°

a95 3.2° and asd = 5.7°.

At this locality the flow dips only 1° to SSE, see Table V-5 for
rotated values.
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characteristic remanence for most specimens. At higher

temperatures the low intensity remanence was often unstable

such that no primary direction was discernable. Examples

of VPD are shown in Figure V-16a.

The decay of magnetization with increasing temperature

was similar for all specimens from the columnar part of the

flow and at 250°C the intensity was less than a fifth of

its initial value. The decay of NR4 with temperature is

shown in Figure V-19. The characteristic Roza directions

were usually apparent after heating to between 100 to 30000

for specimens from the columnar structure and between 200

and 300°C for specimens above the columns.

Sampling of Roza's base in Frenchman Coulee. Outcrop

RZ40 is in Frenchman Coulee, approximately 15 km north of

RZ3O, and where the Roza's flow structure and thickness

appear to be similar as in RZ30. The solid base of the

Roza flow is very well exposed at this location and it is

composed of undulating columnar structures about 1 to 3 m
across. The flow is in sharp contact with the underlying

normal polarity Sand Hollow flow (Frenchman Springs Member)

and the intermittent, thin Quincy interbed. A detailed

description of this location is given by Mackin (1961),

Myers (1973) and in Chapter II, where Roza's basement

heating at this outcrop is discussed.

All the cores are from within 1/2 m of the base of the
flow, and the sampling extended about 35 m laterally and

centered around a spiracle in the Roza flow (see Chapter II
and Mackin (1961)) . Specimens from 8 and 2 cores were AF

and thermally demagnetized, respectively. These specimens

had only a minor overprint, which was removed with peak AF

of about 100 Oe. Although the thermal demagnetization was

not as efficient as AF demagnetization, it was able to

isolate Roza's primary direction, but with more scatter.

An example of AF and thermal demagnetization is shown in
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Figure V-16a. Despite the variation in some of the

magnetic properties the characteristic remanence of the

specimens were well grouped. MDF and MDT of NRM had

considerable scatter and it appears that there may be two

populations, possibly reflecting the gradient in the

initial cooling rate near the flow's base.

Due to the proximity of RZ4O and RZ3O, their similar

structures and thicknesses and indistinguishable magnetic

properties, RZ4O will be considered as a downward extension

of site RZ3O, representing a cluster from the very base of

the flow (cluster 0) . Detailed mapping by Myers (1973)

showed that the Roza flow at both sites dips about 1° to

the south, such that no structural adjustment is needed

when appending results from this cluster to RZ3O.

Results from the Yakima Ridge site

Site's geology and sampling. At this site, referred

to as RZ2O, the Roza flow is nearly 30 m thick, its base is

exposed and the top is eroded. It rests on the Squaw Creek

diatomite interbed, and below are the normal polarity flows

of the Frenchman Springs Member. The local geology is

discussed in Diery and McKee (1969) and a more general

discussion is found in Mackin (1961) . At this locality the

internal structure of the flow is complex; it is a mixture

of solid rock, irregular columns, swirls and zones of

broken up rock.

We sampled the flow at 9 clusters typically at 3 m

elevation intervals, 4 cores from each cluster, along an

approximately 500 m long continuous roadcut.

Magnetic properties. The low field susceptibility, T

and M5 do not vary significantly with height as shown in

Figure 111-9. The ARM intensity and its AF stability are

variable with low MDFS from 30 to 100 Oe, and no

discernable height pattern is evident, although only a few
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samples were tested. NRM MDF is nearly invariant through

the flow, averaging 40 Oe (Table V-lb), indicating that the

remanence resides predominantly in particles with low

magnetic stability. The absence of correlation of the

magnetic properties with depth in the flow does not support

division of the flow into zones, which is consistent with

the flow's irregular structure at this location.

AF demacrnetization of NRM. The NRM directions are

predominantly along the present field at the site,

indicating that a significant fraction of the remanence is

due to a present day overprint. Specimens from at least

three cores from each cluster were AF demagnetized. A

stable remanence was usually isolated after AF

demagnetization of 200 Oe. In each specimen the

characteristic direction was estimated using the remanence

left between 300 and 600 Oe. Due to the low intrinsic

magnetic stability of the rock only 19 cores out of 33 that

were AF demagnetized produced usable directions. Examples

of VPD are shown in Figure V-20a. The results are

summarized in Table V-7 and the characteristic directions

versus height are shown in Figure \T-21.

Thermal demagnetization of NRM. At least one specimen

from each cluster was thermally demagnetized, a total of 11

specimens. Both AF and thermal demagnetizations initially

produced comparable directions in specimens from the same

core, but AF demagnetization was much more effective in

removing the overprint and isolating the characteristic

remanence. To remove most of the overprinting by thermal

demagnetization it was necessary to heat the specimens from

150 to 300°C, at which temperature the remanence became

unstable, such that it was not possible to isolate Roza's

primary remanence. Typical VPD are shown in Figure V-20b.
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Table V-7. Yakima Ridge site characteristic remanence.

Cluster: Characteristic rernanence Cluster!s average
core # D0 10 W0 quality D I n cL95 asd

Cluster 9 (24.4 in): 192.3 +4.3 3 9.0 5.9
36 187 +8 9 poor
35 186 +4 3 good
34 194 +6 5 good
33 197 +3 4 good

Cluster 8 (21.4 in): 193.3 -1.3 3 6.9 4.5

32 194 -3 1 good
31 193 +4 2 poor
30 189 -2 1 good
29 197 +1 2 good

Cluster 7 (19.8 in): 204.5 +6.0 2 11.7 3.8
28 197 +11 4 poor
27 198 13 2 poor
26 207 +7 1 good
25 202 +5 2 good

Cluster 6 (14.6 in): 192.0 +5.3 3 3.5 2.3
24 192 +4 5 good
23 194 +6 6 good
22 192 +10 3 poor
21 190 +6 7 good

Cluster 5 ( 11.9 in): 195.5 -1.0 2 7.9 2.5
20 194 0 4 good
19 riot available
18 197 -2 6 good
17 202 +12 7 poor

Cluster 4 (A.5 in): 195.0 +5.7 3 9.4 6.2

16 196 -1 2 good
15 194 +11 4 good
14 196 +9 12 poor
13 195 +7 5 good

Cluster 3 (6.7 in) : 196.0 +3.0 1 na na
12 196 +3 5 good
11 203 +7 14 poor
10 197 +28 13 poor
9 204 +26 13 poor



Table V-7 continued.

cluster 2 (3.6 m)

-68 196
7 198 -5

6

5 199 -1

cluster 1 (1.2 m):
+444 211

3 207 +8
2 200 +9
1

203

198.5 -3.0 2 9.0 2.9

8 poor
4 good

not available
10 good

na na 0 na na

30 poor
19 poor
11 poor

not available

All orientations are in geographical coordinates.
D: declination, I: inclination, N: number of datum, a95: 95%
angle of confidence of the mean, asd: angular standard deviation.
The quality is determined on visual inspection of the vector
diagrams. Averages are based on the remanence between 300 to 600
Oe, 4 levels.

Site average, using "good"
N = 8 clusters(19 co
D = 195.9° and I =

a95 = 3.7° and asd

Orientation in bedding: D
correction of: dip 3.5° to

only; clusters have equal weight:

res)

+2 . 4°

5.4°.

= 195.8°, I = +5.5°; using bedding
NE.
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Summary of paleomagnetic results from the outcrops

Vantaae site. Generally, specimens from the lower

clusters in the flow produced more reliable directions than

higher in the unit. The apparently stable inclination

changes rapidly from approximately -5° near the flow's base

to +10° in the flow interior, and the remanence behavior is

ambiguous towards the top. The declinations do not deviate

significantly from about 188°. Specimens from Roza's

interior at this site may be systematically biased toward

more positive inclination due to significant normal

overprint, although the specimens had an apparently stable

single remanence during AF demagnetization. This

possibility is mainly supported by the fact that the

estimated characteristic direction of the majority of the

rejected specimens have very stable unremoved normal

overprint. In addition, scatter in the directions of each

cluster appears significant compared to the overall trend

within the flow. Therefore, only specimens from the lowest

two clusters may represent the true primary direction in

the Roza flow at this site, noting that the inclination was

usually not distinctly more positive in poor specimens from

these clusters, as higher in the flow, and several

specimens had insignificant overprint.

Yakima Ridge site. The scatter in directions within

each cluster was considerable, and there is no significant

intraflow variation in the stable remanence. This may

possibly be due to the intrinsic low magnetic stability of

the rock and irregular initial spreading and nonuniform

cooling, as is evident from the chaotic structure of the

flow at this location.



DISCUSSION

Paleomanetic record

The Roza flow recorded small variations in the

geomagnetic field during a geomagnetic transition, which

spanned only tens of years. Extraction and analysis of the

paleomagnetic record in the Roza flow is difficult because

its magnetic stability is generally not great and it

probably acquired its remanence in a field of relatively

low intensity.

Of results from two drillcores and two outcrops, only

the Roza flow in drillcore DC12 is considered to provide a

reliable paleomagnetic record. The record from the 54 m

thick Roza flow in the azimuthally unoriented drillcore

DC12 showed a detailed symmetric intraflow pattern of the

field's inclination with amplitudes up to nearly 15°. The

inclination is generally more negative towards the flow's

interior. Although the Roza flow in DC2 had more scatter

than in DC12, it supports the results from DC12 by showing

an overall decrease in the inclination towards the flow's

center. In outcrops, where the Roza flow is about 35 m

thick, the records are less reliable due to potential

overprint, and only the data from Roza's base in the

Vantage site are considered reliable. The records from

DC2, Vantage and Yakima Ridge were poor probably in part

due to their lower intrinsic magnetic stability.

In Table V-5 are summarized the mean direction from

each site. The mean inclinations from both drilicores are

indistinguishable, but the average values for the outcrops

are more positive, in part due to unremoved present day

viscous overprinting. Using only the results from the

lowest two clusters in the Vantage site, its mean

inclination is in good agreement with the near boundary
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inclinations in DC12 and DC2 (Figures V-8 and 14) . The

identical remanence direction near the boundaries of the

drillcores and the Vantage outcrop are in good agreement

with the hypothesis that Roza's boundary acquired its

remanence immediately after emplacement (inclination -3°

and declination 188°) . Due to its significantly longer

cooling history, the Roza flow in DC12 recorded variations

towards more negative inclinations, as would be expected

for a simple transition from normal (N) to reversed (R)

polarity, consistent with Roza's stratigraphic location: R

flows overlying N units.

As the isotherms that control the remanence blocking

progressed into the flow, a thermal remanent magnetization

(TRN) was acquired parallel to the ambient field. This

forms the basis for relating the observed intraflow

variation of the primary remanence orientation with a

cooling model to deduce the time frame for the geomagnetic

fluctuations.

In addition to the absolute range of blocking

temperatures (Tb), its intraflow variation must be

ascertained. It was not possible to estimate Tb from

thermal demagnetization of NRM, in large part due to

significant accompanying secondary remanence, but the

measured T provide an upper limit to Tb.

Record in time

Cooling history of the Roza flow. The actual cooling

history of the Roza flow is ambiguous and detailed study of

the underlying lava shows that simple conductive thermal

models do not adequately describe its thermal history.

Roza's basement heating was studied in the same drillcores

as used here and in the outcrop in Frenchman Coulee (part

of the Vantage site) . This was discussed in Chapter II.
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The initial cooling of the Roza flow appears to have

been governed by approximately equal cooling rates from its

base and top (Chapter II) . Accordingly, the isotherms are

predicted to move inwards at approximately equal rates,

such that the flow's boundaries cool first and its center

later, i. e. a symmetric cooling. In contrast, the simple

conductive cooling model of lavas (see Chapter II and

Appendix B) predicts that isotherms below 400°C migrate

predominantly downward from the top surface, cooling

asymmetrically such that the top cools first and the base

last. The intraflow temperature distributions for these

distinct possible cooling histories are shown in Figure

V-22.

The opaque grains have their largest diameters just

above the flow's center (Figure 111-6) and Verplanck and

Fisk (1989) found the grain sizes of plagioclase and

pyroxene phenocrysts to reach maximum near the flow's

center. The grain sizes therefore are compatible with a

near symmetric cooling, at least for temperatures above

1000°C, but they can not be used to distinguish between the

two thermal models above because similar temperature

distributions are predicted at these elevated temperatures.

If the flow cooled symmetrically from its base and

top, a corresponding symmetry would be expected for the

intraflow remanence directions, provided the geomagnetic

field changed contemporaneously. The observed intraflow

inclinations are approximately symmetrical about the center

in the drillcores.

Therefore, based on the Roza flow's inferred thermal

history constrained by the limited basement heating, we

conclude that its cooling is best modeled as being

predominantly symmetric.

Record from the Roza flow in drillcore DC12. The

magnetic properties are uniform through most of the flow
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interior and the remanence blocking temperatures (Tb's) are

therefore expected to be similar over this interval, i. e.

height 0.1 to 0.8. The observed inclination displays a

near perfect symmetry over this depth range, centered just

below the flow's center (height 0.4) (Figure V-9) . The

inferred time evolution of the inclination according to the

symmetric cooling model is one cycle from -2° (height 0.1

and 0.8) to -15° (height 0.2 and 0.6) and back to -5°

(height 0.4).

The predicted time for the (blocking) isotherms from

200 to 500°C to traverse between heights 0.1 and 0.8 toward

the center of the flow is about 15 years (see Figure

V-22b) . Hence, there is an apparent 15 year period for the

inclination fluctuation (Figure V-8) . The rate of change

of the inclination is therefore 1.6°/year (13° in 8 years),

which, due to uncertainties in the thermal history, may be

uncertain by up to a factor of two.

This rate is unchanged if the record is interpreted

according to the asymmetric cooling model. Then the

inclination record would be inferred to represent two

cycles, but in about twice the time due to the slower

cooling, hence similar rate and period.

Another plausible interpretation is to assume that the

variations in inclination near the top and base are

undulations due to inhomogeneity in the remanence blocking

temperatures superimposed on the large scale fluctuation

recorded in the flow's interior. Accordingly, the complete

record is again one cycle in inclination, and it would take

the 500 and 200°C isotherms approximately 30 and 60 years

to sweep through the whole flow. The corresponding rate of

change for the inclination is therefore 0.9 and 0.4°/year

(13° in 15 and 30 years), respectively.

Detailed interpretation of the record near the flow

boundaries is hampered by significant variations in the
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magnetic properties, especially in the blocking

temperatures, and a less reliable knowledge of the cooling

history. However, the more positive inclinations observed

near the top and bottom of the flow are consistent with the

relatively symmetrical cooling of the Roza flow, where the

first acquired remanence has a more positive inclination,

more similar to the underlying normal polarity Frenchman

Springs flows.

Allowing for a range in Tb between 200 and 500°C,

constrained by the Curie temperatures (Chapter III), and

two different interpretations of the intraflow pattern of

the inclination, but adhering to the symmetric cooling

model, predicts the inclination fluctuations to have

characteristic times between 15 and 60 years and to change

at rates of 0.5 to 2° per year. Figure V-23 shows a sketch

of the inclination in time, interpreted from the record in

the Roza flow in drillcore DC12 and from Rozats thermal

history.

Possible causes for paleomagnetic fluctuations

The observed inclination fluctuations can be regarded

as secular, variations during the transition. Because the

duration of the record is so short, it may contain but

limited information about overall changes during the

polarity reversal.

Effect of local residual fields. Roza recorded the

combined vector due to the residual crustal field and the

time varying field originating in the earthTs core. In

order to separate these, some assumptions are needed about

the crustal field.

It is expected that the local magnetic anomalies were

predominantly acquired in fields of either normal (N) or

reversed (R) polarity, which will therefore produce local

fields at large angles to the field recorded by Roza (i. e.
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at about 120 and 600, because N and R fields and Roza's

direction are approximately in the same vertical plane: D

0 and 180°) . In normal geomagnetic fields the remanence in

lavas from Columbia River Basalts is usually greater than

the induced magnetization (NRM/XoHex = Q 1) (Levi et al.,

1981) . Therefore, when Roza acquired its remanence, the

crustal field was probably dominated by its remanence due

to the weak geomagnetic field. In addition are potential

sources in the deep crust and upper mantle (e. g. Arkani-

Ilamed, 1988), but they are poorly constrained.

Furthermore, Roza has everywhere a consistent direction

(Rietman, 1966), such that local anomalies either produced

relatively uniform residual field or their effect was

small. Therefore, because the crustal field is expected to

have been nearly perpendicular to the field recorded in

Roza, the field of internal origin is expected to have been

at least as intense as the crustal field. The present

surface anomalies in the area (Levi et al., 1981), and by

analogy to similar regions, may be of the order of 1000

gamma (1 gamma = iO Oe = 1 nanotesla)

Geomagnetic pulse. A geomagnetic "pulse" producing 1°

deviation of the total field in one year, as recorded in

Roza, may be used to estimate the rate at which the

geomagnetic field's intensity changed. Assuming the

transitional field to have had an intensity about a fifth

of its normal value, hence of the order of 10000 gamma,

then 1°/year corresponds to a rate of at least 175 gamma

per year in one of its components; "at least" originates

from the ambiguity in the relative orientation of the

fields. This rate is not distinguishable from the present

rate of change in the geomagnetic field's intensity (-150

gamma/year, see below)

At face value, the observed rate of change of the

inclination, approximately 0.5 to 2°/year, might
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potentially be sufficient to complete a geomagnetic

polarity change in about 100 to 400 years. But because the

record in the Roza flow shows oscillation rather than an

uniform trend, this time provides only a hypothetical lower

limit to the actual time necessary to complete a

geomagnetic reversal.

Normal secular variations. The record in the Roza

flow is compared below with typical secular variation of

the stable polarity field. The geomagnetic field can be

thought of as the relatively stable geocentric axial dipole

(GAD) field with a superimposed, but less intense, space

and time varying non-dipole field. The observed angular

dispersion (i. e. the standard deviation of angles from

their mean) of the normal geomagnetic field directions is

nearly halved between the equator and the poles (Cox,

1970)

Creer (1962), using the geomagnetic field in 1945 AD,

and McElhinny and Merrill (1975) and Constable and Parker

(1988), using paleomagnetic data from the last 5 Ma and

applying different approaches, all produced a nearly

identical angular dispersion of 12° for the geomagnetic

field near latitude of 45°. Barraclough (1987) shows

variations of the current geomagnetic field (1985 AD) with

typical values for tD and I up to 0.15°/year.

The intensity of the fluctuating field may be inferred

from the total field's angular dispersion. Cox (1964)

showed that the angular dispersion of the sum of random

vectors, with most probable length f, and a stationary

vector, length F, is given as the ratio of the two lengths,

s = f/F. Therefore, at mid latitudes, with s = 12° and

intensity F = 50000 gamma, typical fluctuations in the

total field are approximately 10000 gamma (5000 gamma from

its mean) . The change in strength of different components

of the field may therefore be estimated to be nearly 150
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gamma/year, using the field's angular rate of change of

0.15°/year and a total intensity of 50000 gamma.

If normal secular variations, as crudely estimated

above, persisted during geomagnetic transitions and the

more stable part of the geomagnetic field was neglible, the

field's intensity would be, on average, approximately a

fifth of its normal value (10000 gamma/50000 gamma), and

its fluctuations would be around 150 gamma/year and

0.8°/year. Measured paleointensities of transitional

fields are of similar order. The normal secular rate of

the geomagnetic field of 0.15°/year is probably

significantly less rapid than the 0.5 to 2°/year estimated

from Roza. Therefore, the observed angular rate of change

in Roza suggests that angular variations during this

transition were more rapid than that observed today. On

the other hand, considering that the transitional intensity

was significantly lower (probably a fifth) than the present

field, the rate of change in the intensity appears

indistinguishable.

Drifting source. A potential cause for the observed

variation in inclination, in particular its change back and

forth, is a drifting localized source near the top of the

outer core. This is in analogy to the current westward

drifting large scale magnetic anomalies, which may possibly

persist through polarity transitions (e. g., Williams et

al., 1988) . Furthermore, relatively localized sources near

the top of the core are thought to be responsible for the

majority of the non-dipolar features of the geomagnetic

field (e. g. Bullard et al. 1950) and they are expected to

be relatively enhanced during transitions due to the

weakening of the dipole field.

Alldredge and Hurwitz (1964) successfully approximated

the present geomagnetic field with nine to eleven magnetic

dipoles located in the core. If these dipoles were
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uniformly distributed, they would be separated by typically

70 to 90°. Based on Fourier analysis of the observed

geomagnetic field along a single track around the globe,

Lowes (1974) estimated the cross-over wavelength for the

crust and core field to be at about 3600 km and that

spherical harmonics description of the core field was

reliable only up to degree 8, corresponding to a wavelength

of 5000 km. Therefore, the present geomagnetic field

appears to have non-dipole features with dimensions of

roughly 5000 to 10000 km at the earth's surface.

A vertical magnetic dipole at the top of the core will

produce a relatively localized peak in the field's vertical

component at the earth's surface with a width of

approximately twice its depth, hence about 6000 km. A

horizontal dipole would generate two peaks in the

inclination with opposite directions, each with similar

width as for the vertical dipole (e. g. Telford et al.,

1976) . This dimension is compatible with the currently

observed scales discussed above.

Assuming a characteristic scale of 6000 km at the

Earth's surface for a drifting source, and using the

characteristic time of the inclination change in the Roza

flow of 15 to 60 years for its effect to pass by,

corresponds to a drift of 1 to 5°/year. These values

appear significantly higher than the present rate of

approximately 0.2 to 0.3°/year (e. g. Merrill and

McElhinny, 1983) . Therefore, according to the "drifting

source" interpretation, sources near the core's top drifted

at greater rates during this transition than is observed

today.

Models of transitions

The Roza flow produced a detailed record of a very

short segment of the geomagnetic transition, such that any
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comparison to observed reversals and proposed models is

limited. Roughly, the time-window in Roza is one to two

orders of magnitude shorter than it may take reversals to

be completed!

During a field transition the virtual geomagnetic

poles (VGP) will traverse to the opposite pole. VGPs are

often used to represent the transitional field, but because

the field is not expected to be dipolar during transitions,

the VGP's transitional path is not expected to be simple.

The Roza flow recorded fluctuations in inclination of

approximately 13° near the horizontal (I 0°), and in the

outcrops no significant variation from declination of 189°

is observed. The corresponding VGP is therefore near-sided

(Hoffman, 1977) during this short interval, but the near-

sidedness does not necessarily apply to the whole reversal.

Roza's VGP is about 900 and slightly west of south from

Roza's site, and varies by only half the angular change of

the inclination, hence is confined to longitude of 130°

west and fluctuates in latitude by approximately 7° near

450 south; i. e. in the southeast Pacific (Figure V-24)

According to flooding models for the evolution of

reversing sources in the core (Parker, 1969; Levy, 1972;

Hoffman, 1977; Hoffman and Fuller, 1978) which are purely

zonal (i. e. only latitude dependent), transitional \TGPs

may be used to predict the area in the core where the

reversal initiated. The transition recorded in Roza, at

northern latitude, from normal to reversed polarity and

with near-sided VGP, corresponds to a transition that

originated in the northern hemisphere for the quadrupole

transitional field geometry, and for the octupole

transitional field geometry it predicts the change to have

initiated near the poles.
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Equator

Figure V-24. Location of the virtual geomagnetic pole-
path (VGP path) for the Roza flow. Stereographic
projection.
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CONCLUS IONS

The Roza flow extruded at about 15 Ma while the

geomagnetic field was undergoing a normal to reverse

transition. The Roza declination is consistently measured

at about 189°, and the inclination changes with time,

fluctuating between about -2° to -15°. The variation is

reliably recorded in the azimuthally unoriented drilicore

DC12, where the Roza flow is a single unit, 54 m in

thickness. The record from the nearby drillcore DC2, where

the Roza flow is slightly thicker, shows the same general

trend, but the results are more scattered.

The characteristic inclinations are similar near

Roza's boundaries in both drillcores and at the base in the

Vantage outcrop, representing the field's initial

inclination recorded in Roza. In the drillcores the

inclinations become more negative towards the interior of

the Roza flow, consistent with the expected transition from

the normal polarity Frenchman Springs flows below to

reversed polarity Priest Rapids flows above (positive to

negative inclinations) . The geomagnetic field is inferred

to have fluctuated at rates of 1/2 to 2° per year and with

characteristic times between 15 and 60 years, inferred from

thermal models of Roza's cooling history.

The paleomagnetic record in the Roza flow spans only a

fraction of the time it takes the geomagnetic field to

reverse, and only inclination fluctuations can be

determined, providing only a partial description of the

field. Preliminary attempts at paleointensity

determinations proved unsuccessful. The lack of

information on geomagnetic paleointensities limits our

ability to describe the field during this transition, which

is an obstacle for more complete interpretation of the
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record. Although the paleointensity is expected to have

been low, the consistent paleomagnetic directions of the

Roza flow at numerous outcrops suggests that it was

significantly greater than the residual fields due to

crustal remanence.

A possible source for the time varying field includes

a drifting source near the top of the Earth's core. The

source would then have to drift at a rate of 1 to 5°/year,

which appears significantly greater than the present day

westward drift of 0.2 to 0.3°/year. Furthermore, the

observed rate of directional change of 1/2 to 2° per year

is faster than present day secular variations (0.15°/year)

Considering that the transitional field was probably of the

order of 20% of the present day intensity, the inferred

rate of change in intensity appears indistinguishable from

present day variations. Therefore, these rates of change

are compatible with the hypothesis that during reversals

the main dipole field diminishes to a significantly greater

degree than the nondipole field. The relatively greater

rate of change and reduced intensity may be caused by

increase of small scale eddies at the top of the core (e.

g. Levi and Karlin, 1989), distorted field due the

rearranging dynamo (modified flow regime), brought from

depth within the advecting core, or breakdown of some

internal regenerative mechanism responsible for the main

dipole field.

Magmatic bodies with cooling histories of 101 to 10

years may contain high resolution information on

transitional fields, including secular variations and rates

of change. The price for the higher resolution might be an

incomplete record due to the short time span. Such studies

may bridge the gap between records derived from sediments

and intrusions on one hand, and lavas on the other.

Secondly, this study emphasizes the need to consider
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variations in blocking temperatures within magmatic units

when extracting information on the time evolution, as they

directly affect the timing of remanence acquisition. Also,

it may be necessary to analyze zonation of the magnetic

properties, as they may help to ascertain if secondary

sources may be responsible for small variations in the

remanence. Thirdly, simple conductive thermal models of

lavas may not always provide realistic predictions of

flows' cooling histories when deducing the time evolution

of detailed paleomagnetic variations, and this is expected

to hold for other magmatic bodies.
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LOCATION OF SITES
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Frenchman Springs sites:

Subsite FS4O, Frenchman Coulee (Basalt of Sand Hollow)

(47°1'49"N, 119°57'41"W) . A roadcut along old Highway 10

in the south wall of the north alcove of Frenchman Coulee;

just east of a spiracle in Roza (Figure 5b in Mackin,

1961) . Evergreen Ridge Quadrangle (1:24 000) : SE 1/4 of SE

1/4, section 20; T18N, R23E.

Subsite FS42, Frenchman Coulee (Basalt of Sand Hollow)

(47°1'30"N, 119°58'4"W) . At the base of a large pinnacle

(Roza); 0.7 km west of site FS4O, along old Highway 10.

Evergreen Ridge Quadrangle (1:24 000) : SW 1/4 of NE 1/4,

section 29; T18N, R23E.

Site DC2, Pasco Basin (Basalt of Sentinel Gap). (46°34'N,

119°3'W) . Drillhole DC2 at Hanford Site; depth 411 to 420

m below surface. Priest Rapids Quadrangle (1:100 000)

SW1/4 of NE1/4, section 35; T13N, R26E.

Site DC12, Pasco Basin (Basalt of Sentinel Gap) . (46028TN,

119°33'W) . Drillhole DC12 at Hanford Site; depth 463 to

473 m below surface. Richiand Quadrangle (1:100 000)

SE1/4 of NW1/4, section 3; T11N, R26E.
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Roza sites:

Site DC2, Pasco Basin. (46°34'N, 119°31'W) . Drillhole DC2

at Hanford site; depth 349.2 to 410.8 m below surface,

which is at 174.5 m above sea level (a.s.l.) . Priest

Rapids Quadrangle (1:100 000) : SW1/4 of NE1/4, section 35;

T13N, R26E.

Site DC12, Pasco Basin. (46°28'N, 119°33'W) . Drillhole

DC12 at Hanford site; depth 409.0 to 463.3 m below surface,

which is at 157.4 m a.s.l. Richland Quadrangle

(1:100 000) : SE1/4 of NW1/4, section 3; T11N, R26E.

Site RZ2O, Yakima Ridge. (46°49'N, W120°21'W) . About 500

m long roadcut along Interstate 82, northbound lane, 2 km

north of Squaw Creek. Flow's base is approximately 592 in

a.s.l. Yakima Quadrangle (1:100 000) : W1/2, section 5;

T15N, R2OE.

Subsite RZ3O, Vantage. (46°54'N, 119°57'W) . Two low

hills, 20-30 m high and about 300 m apart, just east of

Wanapum Dam and east of Highway 243, 5 km south of bridge

across Columbia river (Interstate 90) . Base of Roza is

approximately 244 m a.s.l. Vantage Quadrangle (1:24 000):

center of S1/4, section 4; T16N, R23E; and NE1/4 of NW1/4,

section 9; T16N, R23E.

Subsite RZ4O, Vantage. (47°2'N, 119°58'W) . A roadcut in

the south wall of the north alcove of Frenchman Coulee;

about 35 m long and centered around a spiracle in Roza

(Fig. 5b in Mackin, 1961. Flow's base is approximately 342

m a. s. 1. Evergreen Ridge Quadrangle (1:24 000) : SE 1/4

of SE 1/4, section 20; T18N, R23E.
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THE REFERENCE THERMAL MODEL OF A COOLING LAVA FLOW

The following simple model of the thermal history of a

solidifying and cooling lava flow is simple, it

incorporates the expected relevant thermal processes and it

is mostly analytic. Due to its simplicity and analytical

form it serves well in providing some insight into the

cooling processes. Individual solutions may be found in

Carslaw and Jaeger (1959)

The lava flow is initially assumed to be an uniform

layer of liquid in perfect thermal contact with the

basement and solidification and cooling is controlled by

heat conduction only. The lava flow and the basement have

equal and constant thermal conductivity and heat capacity.

The cooling process is divided in two time regimes. In the

former, the flow is solidifying and cooling, and in the

latter regime, immediately after the solidification is

completed, a simple heat diffusion controls the cooling.

In the former time regime, the cooling is assumed to

take place in three noninteracting regions in the flow.

The top of the flow is kept at a constant ambient

temperature and from there a solidification front migrates

downward into the melt. This front delineates the upper

boundary of the melt. In the central region, the melt is

at it's melting temperature and it's lower boundary is the

lower solidification front migrating upward from the base

of the flow. The lower region extends from the melt into

the basement. The flow is just completely solidified when

the solidification fronts from above and below coalesce and

then the latter time regime is entered, where cooling is

governed by simple heat diffusion for the entire flow and

basement.
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T(x,t) temperature at depth x and time t

Tm temperature of the melt

T0 temperature at the flow's surface

and the basement's initial temperature

D flow's thickness

C heat capacity

thermal diffusivity

L latent heat of solidification

S Stefan number

n depth to a solidification front

derived coefficient, property dependent

u,c,l & b subscripts referring to, respectively,

the flow's upper, center, lower zones

and the basement.

Basic solution. Here the cooling of lava flows are

assumed to be in one dimension. For constant thermal

conductivity and heat capacity, the temperature

distributions are solutions to the simple thermal diffusion

equation:

/t T(x,t) = ica2/ax2 T(x,t)

The fundamental solution to (1) is the temperature

distribution in an infinite medium due to an instanteous

point source of unit strength at x = 0 and t = 0, i. e.

Tu(x,t) = (47ct)1/2.exp(_x2/4Kt)

If the initial temperature distribution is Ti(x), then at

some later time t, the temperature is given by

(1)

(2)
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T(x,t) 1_00°°Ti(x')Tu(xx',t)dx' (3)

Temperature in a semi-infinite solid bound by the
plane x = 0 and extending in the positive x direction can
be constructed from (2) and (3) using the method of images.
For constant surface temperature T0, (3) becomes

T(x,t) = T0 + (4itiCt)112 J (T1(x')-T0) K(x-x',t) dx' (4a)

where the kernel K is

K(x-x',t) = exp[-(x-x')2/41(t] exp[-(x+x')2/4ict] (4b)

When T(x) is a constant, (4) reduces to

T(x,t) = T0 + (T-T0) (2/Iir) .J0 exp(-z2) dz

= T0 + (T1-T0)erf(u), u = x/(41(t)1/2 (5)

For these simple configurations, the solutions depend
only on the dimensionless parameter u, called the Fourier
number.

The basic solution used in the derivations to follow
is equation (5), i. e. the temperature distribution in a
semi-infinite solid produced by a constant initial
temperature Ti and surface temperature T0.

Flow's upper region. The initial temperature
throughout the flow is Tm, its top is kept at constant
temperature T0 and the lower boundary to the upper region
is the downward moving solidification front, at depth
n(t) . As the solidification front migrates into the melt
the latent heat L, released by the magma as it solidifies,
must be conducted into the solid, resulting in an energy
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balance that determines the speed of the solidification

front:

= (L/1CC) afl/at at x = n(t) (6)

Solution (5) is applied, i. e.

T(x,t) = A + Berf(x/(41(t)112) (7)

The surface boundary condition requires A = T0. To keep

the lower boundary at magma's constant temperature Tm,

Tm = T0 + B.erf(n/(41c.t)1/2) (8)

must be satisfied for all times. For this to hold, u must

be proportional to /t, say

flu(t)

where A is a proportionality factor and B is consequently

determined, B = (Tm-To)/erf(A.u) . To satisfy the heat flow

condition at the solidification front, i. e. (6), Xu must

satisfy

J.u.exp(2u2) erf(?u) = S, S = (TmTo) C/L (10)

S is called the Stefan number and can be regarded as the

ratio between two different sources of heat.

Finally, in the upper region

Tu(x,t) = T0 + [(TmTo)/erf(u)] erf(x/(41(t)1/2)) (11)

It is worth noting that the depth to the

solidification front, "u' is proportional to It.
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Central region. Until the two solidification meet and

close this space, the melt is assumed to stay at its

initial temperature

Tc(X,t) = Tm (12)

Flow's lower region and basement. The construction of

the solutions in the lower regions is similar to the one in

the upper region. The flow's total thickness is D.

Solution (5) again appears as a good choice, which for the

flow's lower part and the basement respectively, become

T1(x,t) = A + B1 + erf((D-x)/(41t)1/2)] (13)

and

Tb(x,t) = C + E{1 - erf((x-D)/(41(t)1/2)] (14)

Two conditions apply at the contact of the flow's base

and basement: (13) and (14) must be equal and the heat flow

must be continuous, requiring A + B = C + E and B = E,

respectively. The basement has the same initial

temperature as the surface of the flow, hence C = T0.

Similar to the derivation for the upper region, the depth

to the solidification front is

n1(t) = D A.1 (4Kt)1/2 (15)

and is determined as the solution of

+ erf(X1))exp(A.12) = S (16)

S has the same value as above, given in (10) . The
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solutions for the temperatures in the lower region and in

the basement become, respectively,

T1(x,t) = T0 + Tf[1 erf((D-x)/(4Kt)1/2)] (17)

and

Tb(x,t) = T0 + Tf.[1 erf((x-D)/(41Ct)112)J (18)

where Tf = (Tm T0)/(1 + erfO1)) (19)

While the flow is solidifying, the temperature at the

contact between the flow and basement remains constant, i.

Tc = T(D,t) = T0 + Tf. (20)

Completion of solidification. The lava is completely

solidified when the upper and lower solidification fronts

coalesce, n1 flu, occurring at time t and depth x5

t = D2/41C(?l+?u)2 and X = DXu/(?i+?u) . (21 & 22)

Post solidification cooling. When the solidification

is just finished, the temperature distribution becomes one

of simple heat diffusion in a half-space, given by (4), and

the initial temperature for it is the composite temperature

profile given above, i. e. by (11), (17) and (18) at time

ts.

Scaled temperature and parameters. The solutions are

simpler and more general when scaled parameters, which are

unitless, are used; denoted with an asterisk. Time and

depth are normalized to t and , respectively:
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= tl(/D2 and = x/D. (23)

and the temperature is scaled to T* according to

T* = (TT0)/(TmTo), such that 0 T* 1. (24)

Using these normalized variables, only one parameter

needs to be specified to compute the general reference

thermal model, the Stefan number S. Application to real

situation requires four more parameters: D, ic, T0 and Tm.

Using these variables, the previous equations become:

nu*(t) = 2AuIt and nl*(t) = 1 - 2?1Jt (25a&b)

Tu*(t,) = [l/erf()] erf(/2it) (25c)

Tc*(t,) = 1 (25d)

Tl* = [1/ (l+erf (l) ) I [1 + erf ( (1-) /2It) ] (25e)

Tb*(t,) = [1/(1+erfO1) ) ] . [1 erf( (-l)/2'Jt) 1 (25f)

= l/(4Ou+i)2) and s = u'(ui) (25g&h)

After the solidification is just completed,

=

[1/(41t(t-t5))1/2] JQ°° T*(,ts) .K*(_f,r_t5) d' (26a)

where K*(_f,t) = exp(-(-')2/4t) exp(-(+')2/4t) (26b)
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Some parameters. For basalt, the Stefan number is

approximately 3. Table 3-1 gives some relevant parameters

for the scaled thermal model and are therefore only

dependent on S.

Heating in the basement. The extent of heating in the

basement is often of interest and in particular the maximum

temperature attained at a given depth. Table B-2 shows,
*for different values of 5, the contact temperature, T

and the characteristic depth, 1/2' at which the temperature

in the basement has decayed to half its contact value.

Table 3-1. Some parameters versus the Stefan number.

S -1 ts

1.5 0.7232 0.4608 0.178 0.611

3 0.9138 0.6618 0.101 0.580

6 1.1119 0.8776 0.063 0.559

Table 3-2. Contact temperature and heating

in basement.

* t
S Tc

0 1.000 0o

1.5 0.673 1.50

3 0.606 1.44

6 0.560 1.39

0.500 1.37
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APPENDIX C

A NUMERICAL THERMAL MODEL

To construct a more complex model to predict the

cooling history of lava flows than is presented by the

simple reference thermal model, a purely numerical approach

is chosen. This permits the thermal parameters to depend

on temperature and location and by which different thermal

processes may be implemented. In the following, the

equation of thermal energy balance is set up and to

numerically approximate it, the technique of finite

difference is outlined (see f. ex. Clausing, 1969)

The energy balance

Consider a volume V fixed in space. The conservation

of energy requires

a/at I UdV = I jdS + I QdV (1)

av v

where U is the internal energy (Jim3), is the heat flow

out of the volume V (J/m2s) and Q is the generation of

internal heat (J/m3s) .
is the unit length outward

pointing normal to the volume V. Fouriervs law of heat

conduction gives,

= -kgrad T (2)

where k is the thermal conductivity, and the internal

energy may be defined

U=CT (3)
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where C is the heat capacity at constant volume (J/m3°C)

and T stands for the temperature. Using (2) and (3) in

(1)

a/at I CTdV = 5 kgradTdS + I QdV (4)

V V

which for constant C and k reduces to

= (k/c) V2T + Q/C (5)

When approximating the energy balance by using finite

steps in time, the relevant quantities need to be

approximated by some average values for each time interval.

A relatively direct approximation is to approximate the

flow of heat during the time interval from t to t+At, as

the mean of the heat flows at t and t+Lt. Evaluating

similarly the heat generation term, the rate of increase in

internal energy in the volume element V with surface area

A, becomes

U (t+At/2) /t v

= 1/2[q(t)+q(t+At)]A + 1/2[Q(t)+Q(t+At)]V (6)

This approximation is often referred to as the Crank-

Nicolson method. The corresponding rate of change in the

internal energy due to a change in the temperature may be

approximated similarly, i. e.

au(t+At/2)/t = [U(t+t)-U(t)]/At

= C(T(t+it/2)) [T(t+t)-T(t)J/t (7)
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where C is heat capacity averaged over the temperature

interval.

The energy balance in discretized space and time

The equations above apply to volumes within which the

variation in k, C and T are insignificant. The entire

volume is now uniformly discretized such that V above is

regarded as a volume element, LW. Using cartesian

coordinates, the spacings are x, Ly and Lz, such that each

volume element LW is equal to ixLyz, and the consecutive

elements are centered at x, x+x, etc. It is assumed that

there are no variations in the y nor z directions, such

that the problem is one dimensional; therefore the heat

transfer is only along x and across surface elements A =

Ayiz. For an element centered at (x,y,z), the equations

above become, similar to (6),

aU(x,t+Lt/2)/tV

= 112 [q(x-Lx/2,t)-q(x+x/2,t) I AA

+ 1/2[q(x-Lx/2,t+At)-q(x+Lx/2,t+Lt)]AA

+ 1/2[Q(x,t)+Q(x,t+At))AV (8)

The heat flow becomes, analogous to (2),

q(x,t) = k(x,T(t))[T(x+ix/2,t)-T(x-ix/2,t)]/x (9)

A change in internal energy becomes, similar to (7),

U(x,t+At/2)/at = C(x,T(t+At/2))[T(x,t+zt)-T(x,t)]/At (10)

The conductivity needs to be evaluated at the contact

between two elements, such that its best estimate between
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elements centered at x and x+/x becomes

k(x+Ax/2,T(t)) - 1/2{k(x,T(t))+k(x+Ax,T(t))] (11)

The equation of finite difference for the energy

balance between cells can now be written. Equating the

change in internal energy of the element to the net flow of

energy into it, 1. e. using (9) in (8), we have

U(x,t+it/2)/at

= C(x,T(t+tt/2))[T(x,t+it)-T(x,t)]/t

= 1/2 J {(-k(x-x/2)[T(x)-T(x-Ax)J
+ k(x+x/2) [T(x+x)-T(x)]}+1/2Q(x) Jtime= t

+ 1/2X { (-k(x-Lx/2) . {T(x)-T(x-x)

+ k(x+x/2) [T(x+x)T(x)1}+1/2Q(x) time= t+t (12a)

where = zt/(Ax)2. (12b)

Omitting Q's and separating the temperatures for

different times, (12) may be rewritten:

AT(x-Ax,t+t) + BT(x,t+Lt) + CT(x+x,t+At) = D (13)

where

A = 1/2Xk(x-Lx/2,T(t+t)) (14a)

B = C(x,T(t+At/2))

+ 1/2?[k(x-Ax/2,T(t+t))+k(x+zx/2,T(t+tt))] (14b)

C = 1/2k(x+L\x/2,T(t+At)) (14c)
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D = aT(x-Ax,t) + bT(x,t) + cT(x+ix,t) (14d)

and where the coefficients in D are

a = 1/22k(x-Ax/2,T(t)) (14e)

b = C(x,T(t+Lt/2))

1/2X[k(x-x/2,T(t))+k(x+Ax/2,T(t))] (14f)

c = 1/2Xk(x+Lx/2,T(t)) (14g)

(13) constitutes a system of equations, from which the

temperature at time t+it is principally determined from

conditions at time t, which in matrix form is

]ftI(t+Lt) = (15)

R is a tn-diagonal matrix, constituted by A, B and C, and

D constitute the vector ; means transposed. As k and

C may depend on the temperature, C is evaluated at t+Lt/2

and k is evaluated at both t and at t+&, the equations can

not be completely separated for the two times as is implied

in equation (15) . Therefore (15) needs to be solved by

iterations at each step in time.

Constant heat capacity and conductivity

Different numerical, finite difference, approximations

for constant k and C are outlined below and they are

compared to the derivation above. They may be considered

as solutions to (5) with Q = 0.

Extlicit and the standrdimiicita1Dproximations.

Here the time derivative is evaluated by the difference

between t and t+t and the space derivative, i. e. the
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temperature gradient, is evaluated only at time t. This is

a special case of (8) and where only the first term is

used:

T(x,t+At) = T(x-x,t)+(1-2a)T(x,t)+cxT(x+Lx,t) (16)

where the dimensionless number a = (k/C). This produces

an explicit solution, i. e. the predicted temperature

T(x,t+t) is computed based solely on its values at the

current time, T(x,t) . It can be shown that a sufficient

condition for convergence is that 0 < a 1/2.

When using the standard implicit approximation the

time derivative is computed as before, but the space

derivative is evaluated at time t+Lt. Again, this is a

special case of (8) where only the second term is

considered, which reduces to the system of equations

aT(x-Ax,t+At) (1+2a)T(x,t+Lt) + aT(x+x,t+Lt)

= -T(x,t) (17)

Here the predicted temperature depends on the values

at both the current and advanced times. This approximation

converges independent of a.

Crank-Nicolson implicit method. More accurate

approximation is provided by the implicit Crank-Nicolson

method, in which the space derivative is computed as the

average at the current and the advanced times and, as

before, the time derivative is simply the difference

between the two times. This is the approach used in

deriving (8) and (13). Using (8) with both terms, (9) and

(10)
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aT(x-Ax,t+it) + 2(1+a)T(x,t+Lt) aT(x+Lx,t+Lt)

= aT(x-Lx,t) + 2(1-a) T(x,t) + aT(x+ix,t) (18)

This equation is, as required, identical to (13) if k and C

are constants.

Boundary conditions

Below, a boundary condition of constant temperature is

implemented in the present scheme. Let the boundary be at

x = 0, with prescribed temperature Tb and we are interested

in the temperature for x 0. The b A crude

approximation is simply to assign the boundary temperature

to the cell next to it, but this will cause a systematic

error in the computed temperature distribution equivalent

to Ax/2, or less. An exact solution may be constructed by

writing out the energy balance for the cell centered at

Ax/2 and imagine there is a cell on the opposite side of

the boundary, 1. e. centered at ix/2. Using the method

of images, we require that at all times, assuming k(0,t) =

k(Ax,t) for all t,

T(-Ax/2,t) = -T(x/2,t) + (19)

therefore forcing the temperature at x = 0 to be Tb at all

times. Using (20) in (13), evaluated for x

(-A+B) . T (Ax/2, t+tt) + C T (x+Ax/2, t+t)

= (-a+b) T(x/2,t) + cT(ix+x/2,t) + 2(a-A) Tb (20)

and consequently eliminating the term due to the imaginary
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cell outside the boundary. An equivalent method is to

solve the system of equations including the imaginary outer

cell and have T(-Ax/2) given by (20).
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APPENDIX D

VRM ACQUISITION WITH DECREASING TEMPERATURE

The acquisition rate of viscous remanent magnetization

(VRM) depends on the temperature, such that for a slowly

cooling rock, one must consider the effect of the

temperature decrease on the acquisition rate. In the

following the acquisition of VRM during simple cooling is

derived using several approximations.

First, VRM can often be described by the empirical

isothermal equation

VRM(T,t) = M0 + HS(T)ln(t),

where M0 is constant, T stands for the temperature, t for

time, H for the external magnetic field and S is the

viscous remanence acquisition coefficient, which is

temperature dependent. Second, S is assumed to increase

linearly with the temperature,

S(T) =S0+aT, a>O

Third, with time, the temperature is assumed to decrease

from some peak, initial, value T, according to

T

T(t) = ______

1 +

tT is the decay time, such that T(tT) = 1/2 T(0) = 1/2 T.

The VRM acquisition can now be derived explicitly

using the differential form of (1),

(1)

(2)

(3)



dVRM(t) = HS(T[t])dln(t).

Substituting (3) in (2) and using (4), the viscous

remanence acquisition from to to t becomes

t

VRM(t;t0) = HJ ( S0 -f

to

a T

1 + (t/tT)fl

dln(t)

t t

= HS0Iln(t) I + HaTI (1/) ln(t'1/(1 + [t/tT]fl)) I

to to

Arranging terms,

VRM(t;t0) = H (S0 + aT) .ln(t/t0)

HaTp(1/n)1n(
1 + (t/tT)fl

1 + (to/tT)fl
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(4)

(5)

U

(7)

This gives explicitly the VRM acquisition in time and it is

appropriate for the above three assumptions. The former

term represents an isothermal acquisiton of VRM at the

maximum temperature, T1 and the latter is a temperature

variant term due to the falling temperature.

If t0 is the normal blocking time of partial thermal

remanent magnetization (PTRM), which is considered to be

much shorter than the temperature decay time, 1. e. to <<

tT. Then
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VRN(t;t0)

H(S0 + a.T).ln(t/t0) - H.a.T(h/).ln(1 + [t/tTlfl) (8)

The simple isothermal form, i. e. analogous to (1)

above, may be constructed by introducing an effective time,

te, and assuming the VRM acquisition to occur isothermally

at the peak initial temperature, i. e. te < t. Then

VRM(te(t);to) =

+ a.T).ln(te/t0) = H L5[T(tH1t) (9)

Assuming, as before, to << tT, then

(S0 + aT) .ln(te/t0)

= (S0 + a.T) .ln(t/t0) (1/s) ln(1 + (t/tT)fl) (10)

The effective time can be solved for from (10),

t

te = (11)

[1+(t/tT)fl]1/fl

where

a Tp
(12)

So + aTp
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For S0 << aT, such that 'y 1, and furthermore, that

n 1, which are often good approximations, then (11)

simplifies:

te = tT
t/tT

1 + t/tT
(13)

For t tT, te - 1/2 tT, and for much greater times, t >>

tT, te tT, i. e. the effective time of VRN acquisition

approximately equals the decay time of the temperature

decrease when n 1.



APPENDIX E

DIRECTION OF THE STABLE REMANENCE IN A PALEOMAGNETIC SAMPLE

Least square line estimate

Demagnetization of paleomagnetic samples is used to

remove secondary remanent magnetization and thereby,

hopefully, isolate the characteristic remanent

magnetization. Progressive demagnetization of the latter

results in a sequence of vectors representing the

remanence, nearly parallel, but with decreasing intensity.

The end points of these vectors are therefore distributed

approximately along a line extending from the origin.

Line constrained through the origin. One estimate of

the mean direction of the characteristic remanence is to

find a line that extends from the origin and through the

cluster of the points, thereby taking into account both the

intensity and direction of the remanerice. With respect to

directions, more weight is given to data with relatively

higher intensity. Computation of the general least square

line in three dimensions was discussed by Schomaker et al.

(1959) . Kirschvink (1980) applied the "principal component

analysis" to demagnetization data and Kent et al. (1983)

extended the method and made it more applicable. However,

both papers emphasize the distinction of separate

characteristic components in single specimens.

A line intersecting the origin can be expressed as

= t, where IiI2 = 1 and oo < < 00 (1)

such that denotes the line's direction and rn = (cx, f, y).

Let j = (x1, yj, z) be a datum in the sequence of

points representing the characteristic remanence. The
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shortest distance d between and the best fitting line

is assumed to follow the gaussian distribution with zero

mean. Therefore, the most likely estimate for the best

fitting line, i. e. the average direction, is found by

minimizing the sum of squares of d1, where

d12 = I.±I2 - IrnjI2 (2)

Therefore, for a collection of N data, each weighted by w,

the sum to be minimized is

D = wd2

If d1 is gaussian distributed with variance s12, w =

l/s2.

The task is to minimize D with respect to m and with

the constraint that m has unit length. This is best

accomplished by the use of Lagrange's multipliers ?'s.

Using

F=D+?(Lfll2_l), then gradF=0.

The gradient is evaluated with respect to m, hence

= -.j w12(cXx + 13.yj + yzi)xi + 2'Xa = 0

and similarly for and 'y. Written in a matrix form:

1w1x2 jwxjy a a

jwjxjyj !iwjyj2 Zwyz1 = 13

E1wxz1 wjyjzj iwizi2

(3)

(4)

(5)

(6)
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If denotes the above matrix, then

=

This is an eigenvalue configuration and the solution

is constituted by three eigenvectors, k' each of which is

characterized by an eigenvalue 2k The eigenvector which

corresponds to the mean direction, i. e. parallels rn, is

the one that best solves the minimization of D, and its

solution is deduced from the eigenvalues, which therefore

need to be related to D. Note, that all the eigenvectors

are constrained to go through the origin according to (1).

Using the system of equations for ?, D can be

expanded,

D = ,j wd2

= i[wi(xi2+yi2+zi2) cLw(axI2+13xy±+yxz)

-

= 1 + 2 + -

(7)

using, that for any matrix A, trace A = k k This shows

that the three solutions correspond to three separate

values of D: Dmin, Dmed and Dmax, and that the best

estimate for in is therefore the eigenvector which

corresponds to the largest eigenvalue, say and where

1 2 ?3 0.

The points are distributed along a line when

Dmjn << Dmax, med' or >> 2' 3' (9)
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A2 + A3 is the sum of squares of the deviations d

from the best fitting line, which is along , because it

corresponds to the absolute minimum of D. Similarly, i +

A2 and A1 + A3 are the sums of squares of d1 from the lines

along and 2' respectively. Comparing (3), including

(2), and (8) shows that

wIj 12 = A 1 + A2 + A3 and j wjj 3.k.ZiI2 = Ak (10)

where indices k refer to different solutions.

Consequently, A is the sums of squares of the points'

distances from the origin as measured along m, 1. e.

projected on in. 2N-2 is the degree of freedom (data has 3N

parameters and the model has N+2 parameters) . Therefore

A2/(2N-2) and A.31(2N-2) are the variances of d along
.2

and respectively, and the variance of the data around

becomes

var(rn) = (A2 + (11)

Condition for a good estimate of a mean is that >>

A2 + A3. The points have a planar distribution when

A2 >> A3 and 33 is then the plane's normal. When i

A3 the points' distribution has no preferred orientation.

A formal statistical test may be constructed to test for

the significance of these distributions by using the ratios

of the eigenvalues.

A measure of the precision in the determination of

is the angle spanned by the points root mean square

distance from the origin along rn and perpendicular to rn,

i. e.

= arctan(((A2 + A3)/A1)'12) . (12)
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This angle is similar to the "maximum angular deviation"

used by Kirschvink (1980) . Kent et al. (1983) derived an

expression for a confidence angle, similar to a95 used in

Fisher statistics, for the mean direction, but it required

an estimate of the true variance.

Line is not constrained through the origin. This is

an extension of the analysis above without the restriction

that the line be anchored to the origin:

= + t, where = (xe, y0, z0) (13)

This may be considered equivalent to the earlier

computations, where a simple shift in the origin is applied

to all the data (see f. ex. Schomaker et al., 1959) . Then

x is shifted to x - <x1>, where <x1> = (1/N) j x, and

similarly for yj and z1 coordinates. Consequently,

= (<xi>, <Yi>, <z>) (14)

The best line will now go through the vector mean of the

data, compared to the origin earlier.

When the line is not constrained to go through the

origin it will estimate the direction of the removed

remanence in the given interval. Comparing the two mean

directions, also considering the variances, may be used to

test for the presence of a secondary component in a

paleomagnetic sample.

Comparison of the least square line and the Fisher

estimate of the mean direction

Another approach to estimate a mean direction of the

characteristic remanence during demagnetization is to use

Fisher statistics, where only the direction of the
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remanence is used, and all points have equal weight. Which

approach is more applicable depends on the source of

dispersion.

In Fisher statistics (Fisher, 1953) the maximum

likelihood estimate of the mean direction , equal weight

is given to each datum
,

is the one which maximizes SF,

where

SF = i fl.i = cos 0j and La' = = 1 (15)

and where 9 is the angle between and .aj.

In the least square approach discussed above, also

with equal weight given to each point, the estimate of the

mean direction is the one which results in the minimum

value of SL, where

SL = j dj2 = (xsin a)2

= j x2 x2 cos2 a (16)

and a is the angle between and
.

Because Xj x2 is a

constant for given data, it does not influence the

minimization of SL w. r. t. , and the problem can

therefore be posed as to find the maximum of SL*, i. e.

SL* j x2cos2 a1 (17)

Defining a weight function w, SL* can be rewritten

SL* = w1Cos cCi, where w1 = xj2cos aj (18)

Comparing the sums to be maximized for the Fisher and

the least square approaches, SF and SL* respectively, one

finds that the two approaches lead to the same best mean
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direction, if each datum in the Fisher approach is weighted

with w1; then O = a1. The Fisherian probability for a

datum to be at a distance 0 from the mean is proportional

to exp(kcos 0), such that the precision parameter k is

proportional to the weight function w.




