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Magnetic Property Zonation in a Thick Lava Flow 
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In this study, grain size and composition-dependent magnetic properties of titanomagnetite minerals are used 
as indicators of intraflow structures and magmatic evolution in an extensive and thick (30-60 m) basaltic lava 
flow. Similar zonation occurs in this flow at three localities separated by tens of kilometers. The magnetic prop- 
erties subdivide the flow to three zones. The upper layer, representing the top 1/3 of the lava (< 20 m), has 
higher magnetic stability due to smaller and more deuterically oxidized titanomagnetite grains, approaching 
pure magnetite. The central layer in the underlying 2/3 of the flow (< 35 m) has larger, magnetically less stable, 
and less oxidized grains with relatively uniform magnetic properties. The basal layer, the bottom 1/10 of the 
flow (< 5 m), has near primary, least oxidized titanomagnetites (Ulv68Mag32). The upper intraflow boundary of 
the magnetic properties appears to coincide with the transition from entablature (above) to colonnade (below), 
distinguishin• between regions of faster and slower cooling. Microprobe data indicate that the intraflow oxida- 

.'3+ 2+ 
tion state (Fe /Fe ) of the initially precipitated primary titanomagnetites increases with falling equilibrium 
temperature from the flow margins to a maximum near the center, the position of lowest equilibrium tempera- 
ture. In contrast, Curie temperature measurements indicate that titanomagnetite oxidation increases with height 
in the flow. Modification of the initially symmetric equilibrium titanomagnetite compositions was caused by 
subsolidus high-temperature oxidation possibly due to hydrogen loss produced by dissociation of magmatic 
water, as well as unknown contributions of circulating air and percolating water from above. The titanomag- 
netites of the basal layer of the flow remain essentially unaltered. 

INTRODUCTION 

Background 

To improve the resolution of paleomagnetic results from 
thermal remanent magnetization (TRM) in igneous rocks would 
require a more fundamental understanding of the origin and 
evolution of the magnetic particles, which directly reflects on 
remanence blocking and its stability. 

In basaltic rock, the magnetic properties are due primarily to 
iron-titanium oxide minerals, precipitating from cooling magmas. 
In thick lavas a range in magmatic conditions and extended 
thermal histories influence the composition and oxidation trends, 
microscopic structures, and grain sizes of the magnetic minerals, 
thus controlling their magnetic behavior. Conversely, spatial 
variations of the magnetic properties can be useful for delineating 
structures and revealing aspects of magmatic and thermal evolu- 
tion of volcanic bodies [Watkins and Haggerty, 1967]. 

The iron-titanium oxides are usually a late stage crystallization 
phase in basaltic melts at low pressure [e.g., Hill and Roeder, 
1974]. Particle sizes of the iron-titanium oxides are related to the 

cooling rate of the magma, and their composition depends, in 
large part, on the availability of oxygen. In a quenched melt, iron- 
titanium oxides may comprise only a minor fraction of the crys- 
talline rock, or be absent altogether. For slower-cooling igneous 
units the iron-titanium oxide grains may be larger and exhibit 
compositional evolution, i.e., exsolution lamellae and high- 
temperature oxidation [e.g., O'Reilly, 1984]. The composition of 
associations of some iron-titanium oxide phases can be used to 
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infer the absolute temperature and oxygen fugacity at their lowest 
equilibrium temperature [e.g., Buddington and Lindsley, 1964; 
Anderson and Lindsley, 1988]. 

Magmatic bodies with sufficiently protracted cooling histories, 
such as intrusions and thick lavas, may preserve continuous 
records of geomagnetic secular variation. Correct interpretation of 
these data requires knowledge of the sequence of remanence 
blocking in the unit and an absolute time scale. The relative 
timing of blocking would be further complicated by spatial varia- 
tion of the parameters that control remanence blocking within the 
magmatic body. 

We measured profiles of different magnetic properties in a 
single basalt flow at several sites. The flow thickness varies from 
30 to 62 m, corresponding to 10 to 50 years for the flow to have 
cooled everywhere to below 600øC [e.g., Audunsson, 1989]. 
Because the lava is relatively fresh, it retains much of its primary 
magmatic zonation. The flow has strongly layered magnetic prop- 
erties, consistent with the inferred cooling history and correlated 
with intraflow structures as well as conditions during the initial 
formation of the magnetic grains. 

Geological Setting 
Our data are from the tholeiitic Roza Member of the middle 

Miocene Columbia River Basalt (CRB) Group in northwestern 
United States. The Roza is one of the most voluminous and 

extensive CRB units with estimated area and volume of 40,000 

km 2 and 1500 km 3, respectively [Swanson et al., 1975]. The Roza 
flooded across the topographically low Pasco Basin in south 
central Washington State from source-dikes in the southeast part 
of the state. The lava ponded in the Pasco Basin with thicknesses 
exceeding 60 m, approximately 150 km from its source. 

In the Pasco Basin we sampled the Roza flow in two vertical 
drill cores, DC2 and DC12, 11 km apart, where the flow is 62 and 
54 m thick, respectively [Reidel and Fecht, 1981], core recovery 
was nearly 100%, and the Roza appears to be a single cooling 
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unit. The flow is massive throughout except near the top, which is 
vesicular, brecciated, and/or rubbly, and it is in sharp contact with 
the underlying basalt flow in DC12. A thin patch of sediment 
possibly occurs at the base of Roza in DC2. In DC 12 and DC2 the 
Roza is overlain by 33- and 15-m-thick lavas, respectively. 
Horizontal minicores 25 mm in diameter were drilled through the 
63-mm-diameter drill cores, and the centermost specimen (_( 23 
mm long) from each minicore was used for magnetic measure- 
ments. We also sampled two Roza outcrops, approximately 70 km 
northwest of the Pasco Basin and separated by about 30 km, 
where the flow is 25-35 m thick [Mackin, 1961; Myers, 1973; 
Diery and McKee, 1969]. Site locations are given in Appendix 1. 

MAGNETIC PROPERTIES 

Results From Drill Cores 

The magnetic properties of the Roza flow at both drill cores 
(DC12 and DC2) have similar intraflow patterns. Therefore 
results from both sites are usually shown and discussed together. 
To compensate for the slightly different flow thickness in the two 
drill cores, the samples are assigned a normalized height from the 
base of the flow. Laboratory procedures are outlined in Appendix 
2, and common abbreviations are listed in Table 1. 

The Lowrie-Fuller test. Lowrie and Fuller [ 1971 ] suggested a 
procedure for inferring the average domain structure of magnetic 
grains by comparing the stabilities to alternating fields (AF) of 
high and low field TRM. Because basalts commonly undergo 
chemical changes when heated in the laboratory to even moderate 
temperatures and because anhysteretic remanent magnetization 
(ARM) usually has similar AF stability to TRM [Levi and Merrill, 
1976], Johnson et al. [1975] introduced the modified Lowfie- 
Fuller test, where TRM is replaced by ARM. 

The stabilities of ARM and saturation isothermal remanent 

magnetization (SIRM) to AF demagnetization are shown sepa- 
rately for the two drill cores in Figure 1, where the stability is 
measured by the median demagnetizing field (MDF, the AF 
required to halve the initial remanence). The stability profiles are 
similar for both sites: higher toward the top of the flow and 
uniformly lower below height 0.75 and 0.65 (corresponding to 14 
and 22 m from the flow top) in DC12 and DC2, respectively. In 
the upper zones, low field ARM is generally more stable than 
SIRM, consistent with predominant single domain (SD) behavior 
in the framework of the Lowrie-Fuller test. In the flow interior the 

opposite behavior is typically observed, suggesting that multido- 
main (MD) grains are the more important remanence carriers. 
Therefore the magnetic stabilities and the Lowrie-Fuller test 
divide the flow to an upper layer with a higher concentration of 
stable SD grains, and the interior where the remanence is carried 
by less stable grains showing MD behavior. 

TABLE 1. Abbreviations 

Symbol Name 

M s saturation magnetization 
IRM isothermal remanent magnetization 
SIRM saturation IRM 

ARM anhysteretic remanent magnetization 
NRM natural remanent magnetization 
Zo low field susceptibility 
T c Curie temperature 
AF alternating fields 
MDF median demagnetizing field 
SD single domain 
MD multidomain 

SIRM/M s. SIRM/M s is 0.5 for an assemblage of randomly 
oriented, noninteracting SD grains with monoaxial anisotropy 
[Stoner and Wohlfarth, 1948]. This ratio is expected to be consid- 
erably lower, _< 0.1, for the "softer" MD grains; however the 
transition is gradual [e.g., O'Reilly, 1984, Figure 7.10]. The results 
for 18 samples, for which both SIRM and M s were measured, are 
listed in Table 2, and the ratio's intraflow variation is shown in 

Figure 2. The average SIRM/M s is 0.20 in the top quarter of the 
flow (s.d.=0.03, N=9) and 0.11 below (s.d.=0.04, N=9). Although 
these values do not represent ideal behavior of either SD or MD 
grains, they suggest a shift of the predominant domain structure to 
relatively finer, magnetically more stable SD grains towards the 
top of the flow. 

25o/Ms. Zo/Ms is also a measure of the magnetic domain struc- 
ture, and for small particles larger than SD it is expected to 
increase with increasing grain size [e.g., Chikazumi, 1964]. The 
Zo/Ms depth relation is shown in Figure 2. The Zo/Ms and 
SIRM/M s depth profiles are inversely correlated, and they are 
similar in showing a transition at approximately the same level in 
lilae flow at height 0.75. Zo/Ms is 5.7x10 -6 m/A (s.d.=0.9x10 -6 
m/A, N=9) and 9.2x10 -6 m/A (s.d.=l.6x10 -6 m/A, N=9) above 
and below the transition, respectively. 

The ratios SIRM/M s and Zo/Ms probe different aspects of 
domain structure. While Zo/Ms is related to the reversible induced 
magnetization, SIRM/M s depends on factors which affect the 
remanence. Thus although both parameters indicate similar 
changes of the magnetic particle sizes within Roza, it is not 
surprising that they differ in detailed variations. 

M s and SIRM. M s and SIRM are proportional to the bulk mag- 
netization. However, in contrast to SIRM, M s is largely indepen- 
dent of domain structure. Figure 3a shows that both M s and SIRM 
are higher near the top, the magnetically more stable part of the 
flow. In the flow interior, both SIRM and M s generally decrease 
with depth. IRM acquisition experiments show that the external 
fields needed to impose about 90% SIRM increase with height in 
the drill cores in a regular manner from 30 to 150 mT (Figure 3b). 

Zo and ARM. Zo and ARM are proportional to M s . For small 
particles, the specific Zo decreases with decreasing grain size and 
is lowest for stable SD particles; for MD grains, Zo increases with 
particle size, finally becoming size independent [Stacey and 
Banerjee, 1974], and the transition is composition dependent. The 
specific ARM intensity for small MD magnetite particles decreas- 
es rapidly with increasing grain size [e.g., Gillingham and Stacey, 
1971; Bailey and Dunlop, 1983]. Therefore Zo and ARM are 
expected to have contrasting grain size dependences. 

The relative constancy of Zo and ARM intensity (Figure 4) in 
the lower 3/4 of the Roza flow in drill cores DC12 and DC2 sug- 
gests a uniform average domain structure. The increase in Zo and 
ARM in the top zone is most easily explained by decreasing parti- 
cle sizes and higher bulk M s , consistent with observed stability 
and M s profiles, respectively. The increase in ARM and corre- 
sponding decrease in Zo near the base of the flow is compatible 
with either a decrease in particle size or an increase in titanium 
content of the titanomagnetiies, which would, in effect, increase 
the critical particle size for the SD to MD transition. 

T c and high field M(T). Tc and M s were determined for 18 
Roza specimens, 14 from DC12 and 4 from DC2 (Table 2). 
Figure 5 shows the high field magnetization versus temperature 
(Ms-T) curves during heating. Heatings usually produced less than 
25% change in the initial M s (Table 2). The only exception, a 67% 
increase of the pre-heating M s, occurs at 0.90 from the base of 
Roza. There are three groups of Curie temperatures: 90ø-275øC, 
490ø-535øC, and 565ø-580øC. By considering the Curie tempera- 
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Fig. 1. Profiles of the magnetic stability (MDF) of ARM (solid circles) and SIRM (open circles) in the Roza drill cores (a) DC12 
(54 m) and (b) DC2 (62 m). Sample height is given relative to normalized Roza thickness. 

tures and the Ms-T curves in Figure 5, the flow may be divided to 
three zones with boundaries near 0.1 and 0.7-0.6 from the base of 

the flow. Hence both the thermomagnetic curves (mostly 
composition dependent) and the magnetic stability (mostly 
dependent on the effective particle size) detect a transition of the 
magnetic properties at a similar level, about 1/3 below the top of 
Roza. 

Results From Outcrops 

The Roza at both Vantage and Yakima Ridge outcrops is a 
single cooling unit, and only about half as thick as in the drill 

cores. Different intrafiow structures were observed at these out- 

crops which are reflected in the magnetic properties. 
Vantage site. At this site the flow structure is relatively simple. 

The lower half of the flow (•-17 m) is composed of regular 
columns, approximately 1 m across, overlain by swirls, curved 
and thin columnlike pieces, up to 0.3 m wide. The flow is topped 
by an irregular entablature. 

Magnetic property profiles for the Vantage outcrop, and the 
distinct colonnade to entablature transition are shown in Figure 6. 
The magnetic stability (MDF) of ARM, susceptibility, and Curie 
temperatures are generally higher in the entablature, indicating 

TABLE 2. Magnetic Properties of Drill Core Samples 

Speci- Relative Tc, øC f M s, SIRM, Zo, SIRM/Ms Zo/Ms 
men height on heating on cooling A m2/kg A m2/kg x10 -6 m3/kg 10 -6 m/A 

MDF of 

ARM, mT 

D1 0.952 575 575 0.87 2.4 0.55 13 0.23 5.4 
S1 0.949 235 580 -245 550 0.85 1.9 0.39 9 0.21 4.9 
R9 0.931 565 565 0.96 3.0 0.52 18 0.17 5.9 
S2 0.902 390 575 420 570 1.67 1.6 0.28 9 0.18 5.9 
D2 0.884 505 455 0.96 1.7 0.38 12 0.22 6.9 
S3 0.864 (200) 510 -380-475 1.07 1.5 0.24 11 0.16 7.1 
S4 0.845 (245) 525 440 1.15 1.8 0.33 9 0.18 4.9 
R11 0.811 570 560 0.94 2.1 0.51 11 0.24 5.0 
S5 0.796 565 560 0.96 2.5 0.48 12 0.19 4.9 
S6 0.712 <350 520 350 0.90 1.4 0.12 10 0.09 7.i 
D3 0.584 260 <515 210 0.86 1.1 0.06 11 0.05 9.6 
R12 0.541 -285 505 335 -420 1.15 1.1 0.17 8 0.15 7.2 
S9 0.398 (205) 490 250 -495 0.85 1.2 0.15 10 0.13 8.5 
R13 0.193 (225) 525 365 0.89 1.0 0.18 9 0.18 9.4 
Sll 0.151 175 <495 195 (420) 0.87 1.1 0.12 9 0.11 8.0 
R14 0.098 160 125 0.85 0.8 0.06 9 0.08 11.8 
D4 0.041 275 225 0.85 1.1 0.09 11 0.08 10.3 
S12 0.022 95 80 0.78 1.1 0.13 12 0.12 10.6 
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T c values in parentheses indicate a minor phase.f, relative change in M s due to heating: M s (after)/M s (before). Magnetic parameters are abbreviated 
in Table 1, and laboratory procedures are described in Appendix 2. Specimens labeled D are from DC2 and those designated by S and R are from DC 12. 
S specimens were also analyzed on the electron microprobe (Tables 3 and 4). 
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Fig. 2. Intraflow variation of the magnetic stability index SIRM/M s 
(unitless) and Zo/Ms (10 -5 m/A) in the Roza drill cores. These data are 
consistent with higher concentration of smaller magnetic particles toward 
the top of the flow. Circles and squares represent specimens from DC12 
and DC2, respectively. 

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, 
appear distinct from the colonnades and may reflect high gradi- 
ents due to the proximity to the flow's lower boundary. The 
intraflow pattern of the magnetic properties are consistent with 
the results from the drill cores. 

Yakima Ridge site. At this site the Roza flow has complex 
structure and no simple depth variation. There are radiating, 
curved, and undulating columns and possible internal flow fea- 
tures. The Curie points have no consistent pattern, and the Ms-T 
curves show predominantly low T c values with tails extending to 
higher temperatures. No simple depth dependence is evident for 
Zo or M s. 

OPAQUE GRAIN SIZE, MODE, AND COMPOSITION 

The tholeiitic Roza flow is characterized by large plagioclase 
phenocrysts, and in DC12 there are no trends in the bulk composi- 
tion profiles with FeO = 14.3 and TiO 2 = 3.0 wt % (E.P. 
Verplanck and M.R. Fisk, unpublished manuscript, 1989). 

Mode of Opaque Grains and Sizes 

The modal concentration of opaque minerals in four thin sec- 
tions from DC2 is 4.0% (3.1-5.7%), estimated by point count 
with a reflected-light optical microscope. In DC12 the mode is 
6.0% (4.0-8.2%), in 13 thin sections (E.P. Verplanck and M. R. 
Fisk, unpublished manuscript, 1989). Based in part on the 
magnetic properties, we conclude that differences in the 
abundance of opaque grains between the two sites are probably 
not significant, and reflect the scatter in the estimates. 

The size of the largest opaque grains increases by an order of 
magnitude from the edges to the center of the flow, with parallel 
changes in grain morphology. As a measure of grain size, we use 

only the diameter of the largest grains, because of sampling biases 
introduced in measuring smaller grains [e.g., Kellerhals et al., 
1975]; all measurements were done in reflected light. The profile 
of the maximum size of the opaque grains in Roza drill cores 
DC12 and DC2 is shown in Figure 7a, and within-sample size 
distributions in Figure 7b. 

In the interior of the flow, the titanomagnetite grains are pre- 
dominantly equant, up to 400 gm in diameter; needle-shaped 
particles are rare. These large grains also have large hemoilmenite 
oxidation-exsolution lamellae with localized much finer lamellae, 
as well as small isolated ilmenite grains. The maximum grain 
sizes near the top and base of the flow (height > 0.85 and <_ 0.05) 
are comparable, about 40 gm, but the grain shapes are different. 
Near the top the grains are either equant or needle-shaped. The 

needles are 10-30 gm by 1-2 gm, typically comprising several 
"en echelon" groups of smaller needles; fine lamellae were ob- 
served in some grains. Near the base of the flow the titanomag- 
netite grains are predominantly equant and homogeneous (with 
respect to our optical resolution) with a size range of 5-30 gm; 
needle-shaped particles are rare. 
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Fig. 3. (a) Profiles of SIRM and M s in Roza drill cores DC2 and DC12, 
showing generally increasing values with height. Symbol notation is as in 
Figure 2. (b) IRM acquisition with increasing external fields for specimens 
from DC12. Top zone, height 0.84 and 0.92; center zone, 0.22 to 0.71; and 
basal zone, 0.02. 
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Fig. 4. Intraflow variation of (a) Zo and (b) ARM intensity within the 
Roza drill cores DC2 and DC12. Symbol notation is as in Figure 2. 

Chemical Analyses of Iron-Titanium Oxides 

Primary (initial precipitates from the melt) iron-titanium oxides 
are usually solid solutions with small concentrations of minor 
elements such as Mg, A1, Mn, and Cr. The iron-titanium oxides 
were examined with an optical microscope, and chemical compo- 
sitions were determined by electron microprobe (JEOL 
Superprobe 733) using a 15-kV accelerating voltage, a beam 
current of 20 nA and a 1-gm beam diameter. Because oxygen was 
not included in the analyses, stoichiometry was assumed for 
calculating the compositions of the titanomagnetite and 
hemoilmenite solid solutions. Summary electron microprobe 
analyses of the iron-titanium oxides at different levels in the Roza 
flow are listed in Table 3, and typical analyses are shown in Table 
4. 

The chemical analyses are recalculated to yield the ulv6spinel 
and ilmenite components of the solid solutions by allocating the 
minor elements to iron (denoted by X i and Yi for UlvxMagl_x and 
Ilm•rHemiqr, respectively) [e.g., O'Reilly, 1984, pp. 9 and 137]. 
Table 3 lists the bulk composition of the titanomagnetites, 
hemoilmenites, and the average minor element concentration. 

0 100 200 300 400 500 600 

Temperature, øC 

Fig. 5. High field magnetization versus temperature of 18 specimens from 
different intraflow levels from both drill cores, showing a general increase 
in T c with height. The solid, dotted, and dashed lines are for specimens 
from the top, center, and basal zones of the flow, respectively (see Table 
2). 
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Fig. 6. Profiles of magnetic properties in the Roza outcrop at the Vantage 
site, which has regular intraflow structure: (a) magnetic intensity, (b) 
remanence stability, (c) low field susceptibility, (d) Curie temperatures, 
and (e) examples of high field magnetization versus temperature curves in 
the entablature and colonnade. The squares and error bars in Figures 6a, 
6b, and 6c represent mean values and one standard deviation of clusters of 
two to five specimens at each level. The dashed horizontal line shows the 
mapped colonnade-entablature boundary. 

There is no evidence for depth dependence of any of the minor 
elements. Ignoring the minor elements and computing X in 
UlvxMagl_ x solely from the ratio Ti/Fe (denoted by Xr) results in 
values higher by about 0.02. A scheme by Stormer [1983], 
thought to be compatible with the thermodynamics of the coexist- 
•ng titanomagnetite and hemoilmenite phases [Anderson and 
Lindsley, 1988] leads to consistently higher values (denoted by 
Xs): X s - X i = 0.04 on average (Table 4). 

The computed titanomagnetite and hemoilmenite compositions 
for the Roza flow (Figure 8) exhibit a continuous variation with 
depth. The ulv6spinel fraction (Xi) decreases symmetrically from 
a maximum value Ulv68Mag32 near the top and base to a mini- 
mum value of Ulv47Mag53 near the center of the flow. There is a 
parallel increase of the titanomagnetite ferric/ferrous ratio. The 
hemoilmenites (Yi) are essentially uniform with depth, 
Ilm94Hem 6. Similar trends in titanomagnetite evolution were 
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observed from the optical mineralogy of some lavas from Iceland 
[Watkins and Haggerty, 1965 and 1967] and a 13 m flow from the 
Cretaceous Rajmahal volcanics, Bihar [Nag and Mallik, 1983]. 

DISCUSSION 

Magnetic Zonation 

The profiles of the measured magnetic properties of the Roza 
flow are similar in the two drill cores, separated by about 11 km, 

indicating that the observed zonation is not a random local fea- 
ture, but rather it reflects more general processes. The Roza is a 
single cooling unit in the two drill cores, as suggested by the 
visual core descriptions, vertical profiles of the magnetic proper- 
ties, absence of oxidized or vesicle zones within the flow as well 

as the grain size distributions of different minerals. 
The magnetic stability and intensity divide the flow in two 

}.•,rimary zones and possibly a third thin basal layer: (1) The top 
zone, ~1/3 of the flow thickness (15-20 m), has higher magnetic 
stability and magnetization than below, resembling SD behavior. 
(2) The interior 2/3 (35-40 m) of the flow has relatively uniform 
magnetic properties and lower magnetic stability, more typical of 
larger MD grains. (3) The basal layer, the flow's bottom few 
meters, is characterized by the lowest measured T c values, some- 
what higher ARM intensity and higher stability. 

Magnetic stability and relative particle size. The higher 
magnetic stability in the upper zone is mostly due to a larger 
fraction of smaller magnetic particles than deeper in the flow. 
However, it is often difficult to assess the influence of competing 
variables on the stability such as particle size, shape and compo- 
sition. For similar domain structure in particles larger than SD, the 
parameter SIRM/M s is expected to be lower in magnetite grains 
than for titanomagnetites [e.g., Dunlop, 1983]. Furthermore, in 
titanomagnetites the critical SD size increases with titanium 
content [e.g., Chikazumi, 1964, p. 240]. Therefore the small in- 
crease in magnetic stability near the base of the flow may result 
from titanium enrichment in the titanomagnetites, rather than 
being solely a reflection of smaller particle sizes. This is support- 
ed by lower Tc values and microprobe analyses. 

The rather poor correlation between the optically observed 
maximum grain sizes (Figure 7) and the depth profiles of the 
magnetic stability (Figures 1 and 2) is not surprising, because the 
stable remanence in titanomagnetite minerals resides in grains 
smaller than a few tens of microns, and frequently in the submi- 
cron size range, with little or no relationship to the maximum 
particle sizes. This observation was noted in earlier studies [e.g., 
Graham, 1953; Wilson et al., 1968]. 

lntrafiow structures. In drill cores it is not possible to deduce 
the macroscopic structural flow features that are readily mapped 
in outcrop; however, visual observations of the cores show that 
vertical fractures predominate from the base to heights 0.73 and 
0.78 in DC12 and DC2, respectively. Above these levels the 
fractures are mostly horizontal or irregular. This change in the 
fracture pattern may indicate the boundary between the colonnade 

TABLE 3a. Bulk Composition of Titanomagnetites and Hemoilmenttes 

Speci- Relative Titanomagnetites Hemoilmenites 

men Height n X s.d. min/max W x s.d. n Y s.d. Wy s.d. 
S 1 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 0ø56 0.04 0.51/0.61 3.4 0.5 7 0.94 0.01 2.3 0.4 
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 
S 10 0.266 7 0.52 0.04 0.45/0.56 4.0 0.2 9 0.94 0.01 2.5 0.5 
S11 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 

n, number of analyses; X and Y in UlvxMag 1-x and IlmyHem 1-Y are computed as (Fe,A1,Mg,Mn,Cr)3_xTixO 4 and (Fe,A1,Mg,Mn,Cr)2_yTiyO3, 
denoted as X i and Yi in the text, respectively; s.&, standard deviation; min/max, minimum/maximum value of X, based on individual analyses; W, minor 
elements as percent of total anions. 
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TABLE 3b. Minor Elements 

Al(3+) Mg(2+) Mn(2+) Cr(3+) Total 

Titanomagnetites 0.079+0.011 0.038+0.008 0.018+0.005 0.004+0.001 0.138+0.018 

Hemoilmenites 0.003+0.001 0.045+0.011 0.013+0.002 <0.001 0.060_+0.012 

Average microprobe analyses with associated standard deviations of the 12 specimens in Table 3a. Data represent number of cations per formula unit. 
There are 3 and 2 cations in titanomagnetites and hemoilmenites, respectively. 

(below) and entablature (above), and it correlates precisely with 
the transition in the magnetic properties in DC12, but is slightly 
lower in DC2 (e.g., Figures 1 and 2). The change from smaller, 
magnetically more stable, particles in the rapidly cooled top zone 
to larger, less stable, particles lower in the flow is consistent with 
an entablature/colonnade transition [Long and Wood, 1986; 
DeGraff et al., 1989]. The grain size is maximum near 0.7 from 
the base (Figure 7), and the glass content (E.P. Verplanck and 
M.R. Fisk, unpublished manuscript, 1989) is minimum near the 
level 0.7-0.8, similar to the results of Long et al. [1980], who 
showed that the entablature/colonnade transition is associated 

with a change in the glass abundance. The correlation of magnetic 
properties and flow morphology is supported by the results from 
the outcrop near Vantage, where the magnetic stability, suscepti- 
bility and Curie temperatures are higher in the entablature than in 
the colonnade (Figure 6). Moreover, in both the Vantage outcrop 
and drill core DC 12 there is a distinct thin basal zone, of the order 
of a few meters or less. 

The magnetic properties do not always show simple intraflow 
zonation. The outcrop at Yakima Ridge (Appendix 1) has a highly 
complex flow morphology with relatively poorly developed 
colonnade and no evident depth dependence of the magnetic 
properties. Intraflow complexities of the magnetic property pro- 
files were observed in previous studies [e.g., Petersen, 1976; Ade- 
Hall et al., 1968a,b; Herzog et al., 1988], and the oxidation 
pattern may appear variable between lavas [e.g., Watkins and 
Haggetty, 1965 and 1967; Wilson et al., 1968; Nag, 1985; Herzog 
et al., 1988]. In relatively thin lava flows, high-temperature 
chemical evolution may be limited by the rapid cooling, and the 
variation in magnetic properties may be as large laterally as verti- 
cally [e.g.,Ade-Hall et al., 1968a,b], possibly due to the relatively 
larger influences of processes near the boundaries. In addition, 
low-temperature alteration may subsequently change the initial 
within-flow zonation of the iron-titanium oxides and the magnetic 
properties. 

Observed Tc and high field M(T). The two primary zones iden- 
tified in the Roza drill cores from the intraflow magnetic stability 
are essentially repeated in the depth profile of the Curie points 
and patterns of the Ms-T curves. In addition, these data define a 
thin basal zone in the lowest few meters of the flow (Figures 5 
and 9). 

In the basal zone, the T c values are between 90ø-275øC, and the 
iron-titanium oxides appear to represent primary compositions, 
typical of rapidly cooled, unaltered tholeiitic basalts [Petersen, 
1976]. This composition probably reflects the oxygen fugacity 
and temperature conditions early in the lava's thermal history, 
preserved in the rapidly cooled flow base. The absence of exsolu- 
tion lamellae in the titanomagnetites supports this conclusion. 

The titanom. agnetites from the central zone are richer in the 
magnetite component and have Curie temperatures approaching 
500øC; however, most samples from this zone have secondary 
magnetic phases with T c from 175 ø to 285øC (Table 2). From the 
intraflow trends of Tc and M s, it appears that the titanomagnetites 

in the lower half of the flow evolved from a primary composition 
similar to that near the base. Ms-T curves show that the magneti- 
zation intensity of the higher and lower T c phases are comparable. 
Because M s o• T c in titanomagnetite, the volume fraction of the 
lower T c phase is proportionately higher. In addition, the higher 
T c phases seem to consist of smaller grains than the lower T c 
phases, as is suggested by their higher remanence stability (Figure 
10), and smaller particles are expected to be more pervasively 
affected by subsolidus oxidation. Therefore it is concluded that 
phases with the higher T c are predominantly products of deuteric 
oxidation of the primary titanomagnetites, rather than low- 
temperature titanom. aghemitization; this is further discussed 
below. 

The flow's top zone is more complex. In some specimens, T c 
ranges between 200 ø and 580øC. The titanom. agnetite in the upper 
layer is more oxidized than lower in the flow, as indicated by 
higher M s and T c values and the relatively greater intensity of the 
higher T c phases (Figure 5). The most oxidized zones are at 
heights 0.95 to 0.90 and 0.80, with apparently nearly pure mag- 
netite (Tc •' 580øC), probably due to subsolidus oxidation. Similar 
compositional zonation has been observed in some Icelandic lavas 
[Schiinharting, 1969]. 

Titanomaghemite is produced during low-temperature oxida- 
tion of titanomagnetite. In the Roza flow there is no optical evi- 
dence, such as oxidized rims, to suggest that maghemitization'had 
occurred. However, maghemitization of smaller grains near or 
below the optical resolution of the microscope cannot be ruled 
out. Titanomaghemite is usually unstable at temperatures of a few 
hundred degrees Celsius [e.g., Verhoogen, 1962; O'Reilly, 1984, 
p. 162], and the transformation is often accompanied by substan- 
tial changes in M s and T c. Hence, Ms-T experiments can be diag- 
nostic for the presence and characterization of titanomaghemites 
[Ozima and Ozima, 1971]. For all but one specimen, changes in 
the room temperature M s after heating were less than 22% (Table 
2), further suggesting that the Roza titanomagnetites were not 
significantly affected by low-temperature oxidation. Two or three 
specimens from the upper zone had at least two T c, and the inten- 
sity of the higher T c phase (> 500øC) decreased after heating, 
probably due to reduction or mixing of the deuterically oxidized 
and exsolved titanomagnetite. M s increases with height in the 
flow (Figure 3), which is more likely caused by increased deuteric 
oxidation than maghemitization [e.g., O'Reilly, 1984, p. 158], 
which, we believe, occurs only to a limited extent in Roza. 

Observed Versus Predicted Curie Temperatures 

Curie points and microprobe analyses of Roza show an evolu- 
tion of the primary titanomagnetites from the initially precipitated 
composition, Ulv68Mag32, to much more oxidized iron rich 
species of almost pure magnetite. (The latter observation is based 
only on Curie point measurements.) 

T c values of the titanomagnetite solid solution vary approxi- 
mately linearly in proportion to the concentration of the end 
members [e.g., O'Reilly, 1984, p. 136], obeying the empirical 
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Fig. 8. Compositions in the Roza flow, inferred from the microprobe 
analyses of titanomagnetites, UlvxMagl_X, and of hemoilmenites, 
IlmyHeml_ Y, showing higher titanomagnetite oxidation toward the flow's 
center. The error bars represent one standard deviation of several analyses 
for each sample (Table 3a). 
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Fig. 9. Variation of measured and predicted Curie temperatures within the 
Roza flow. Larger circles represent the predominant higher temperature 
Tc; smaller circles denote the lower T c when two phases were present; 
dashed lines indicate the range of T c when a continuous distribution was 
observed, and a short vertical bar denotes the preferred value, possibly of a 
distinct phase. The predicted T c values, calculated from bulk compositions 
of the titanomagnetites, are represented as connected squares (Table 3a). 
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Fig. 10. Magnetic stability versus Curie temperatures in the Roza flow. 
The symbols are as in Figure 9. 

relation T c = 580- 733 x X (øC), where X is the ulv6spinel 
fraction in UlvxMagl_x . The abundance of minor elements (Table 
3b) predicts a decrease in T c by approximately 45øC [Richards et 
al., 1973]. Predicted T c values, neglecting the minor elements, are 
shown in Figure 9. However, the minor elements were considered 
in calculating X. 

In the basal zone the measured Curie temperatures are low (T c 
< 275øC) in agreement with the compositions derived from 
microprobe analyses (Figure 9). In the lower two-thirds of the 
flow the Curie temperatures vary between 95 ø and 520øC, but 
only the lower values are compatible with the microprobe com- 
positions. In the upper one-fourth of the flow the measured T c are 
considerably higher than those deduced from the microprobe 
compositions. 

The discrepancy between the measured and predicted Curie 
temperatures is probably caused by the presence of more oxidized 
submicroscopic titanomagnetite grains. In the upper half of the 
flow, submicron exsolution lamellae in the titanomagnetites were 
observed. Therefore it is likely that the diameter of the 
microprobe beam was too large to resolve these and still finer 
exsolution lamellae, as well as smaller and more oxidized 

particles. Hence microprobe analyses of some of the coarser 
opaque grains may represent an average composition of two 
phases, and the calculations, indicating primary compositions, 
might be misleading. 

Evolution of High-Temperature Oxidation 

According to Buddington and Lindsley [1964] (see also 
Anderson and Lindsley [1988]) the equilibrium compositions of 
coexisting phases of iron-titanium oxides reflect the temperature 
and oxygen fugacity at which these minerals last equilibrated. 
Using the scheme by Stormer [ 1983] to compute the proportion of 
solid solution end-members (X s and Ys in Table 4), the variations 
in composition of the titanomagnetites and hemoilmenites 
indicate decreasing equilibrium temperatures from approximately 
1060øC at the edges to 760øC near the center of the flow, with a 
corresponding decrease in oxygen fugacity from 10 -ll to 10 -17 
bars, respectively. All the titanomagnetite-hemoilmenite pairs 



4358 AUDUNSSON ET AL.' MAGNETIC PROPERTY ZONATION IN A THICK LAVA FLOW 

used in Figure 11 satisfy the required equilibrium partitioning fo? 
Mg and Mn between these phases [Bacon and Hirschmann, 
1988]. The compositions of the iron-titanium oxides closely 
follow the equilibrium temperatures and oxygen fugacities of the 
fayalite-ma•gnetite-quartz buffer (Figure 11), which is common in 
basalt lavas [e.g., Haggerty, 1976]. Therefore these data show no 
variation in the relative oxidation state of the primary iron- 
titanium oxides (i.e., the system is buffered with respect to 
oxygen). 

The microprobe-measured bulk compositions of the titanomag- 
netites have symmetric intraflow distribution with highest ferric 
con•ent (Fe3+•e) near the center and lowest at the margins of the 
flow. While the microprobe analyses represent iron-titanium 
oxide compositions near the lowest thermal equilibrium 
temperature, the increase in measured T c and M s with height in 
the Roza flow indicates that further titanomagnetite oxidation 
occurred at lower temperatures. Reflected light microscopy and 
nea?ly ?eversible Ms-T curves suggest that there was no significant 
low-temperature oxidation of Roza titanomagnetites. Hence we 
argue that the subthermal equilibrium oxidation, which increases 
with heigh[ in the flow, is of deuteric origin. 

The gradient of the subthermal-equilibrium oxidation within 
the flow may result from high-temperature dissociation of water 
in the magma, producing hydrogen and oxygen. The hydrogen 
escapes the flow more readily and the oxygen concentration 
increases with height in the flow due to either cumulative filtra- 
tion of oxygen from greater depths or due to the increased 
hydrogen loss toward the flow's upper surface, thereby producing 
a gradient in the oxygen content [e.g., Butler and Burbank, 1929; 
Osborn, 1959' Sato and Wright, 1966]. In addition, percolating 
water from above and circulation of atmospheric oxygen may also 
add to the more extensive flow-top oxidation. 

The compositional differences between the microprobe analy- 
ses and measured Tc data are due to the presence of at least two 
families of titanomagnetite particles. Of these, the submicroscopic 
particles are not resolved and not examined by the microprobe, 
and, by virtue of their small size, they are more pervasively oxi- 
dized at subsolidus temperatures. The existence of these submi- 
croscopic titanomagnetite particles is indicated by higher rema- 
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Fig. 11. Predicted oxygen fugacity and temperature at which the iron-tita- 
nium oxides last equilibrated, using microprobe compositions (X s and Ys) 
of separate grains (1 to 4 in each sample). Circles (squares) denote values 
from composite (isolated) grains. Numbers repi'esent the relative intraflow 
heights of the samples. FMQ, the fayalite-magnetite-quartz buffer (log 10 
fO 2 =-25738/T(øK) + 9.00, Wones and Gilbert [ 1969]. 

nence-stabilities and magnetization intensi•ies associated with 
higher Curie points. 

CONCLUSIONS 

The sensitivity of some magnetlc properties to changes in size 
and composition of the magnetic grains has been used to delineate 
intraflow structures and magmatic evolution in the thick basaltic 
Roza flow. The magnetic stability, including the median demag- 
netizing field of ARM and SIRM, as well as SIRM/M s, and go/M s 
(see Table 1 for abbreviations), vary systematically with height in 
the flow in the drill core sections. These properties subdivide the 
lava in two and, possibly, three zones. The same subdivisions of 
Roza are observed in two drill cores separated by 11 km, where 
the flow is about 54 and 62 m thick. 

In the drill cores, the top zone comprises up to 1/3 of the flow 
thickness (15-20 m), with higher magnetic stability due to smaller 
magnetic particles, higher saturation magnetization (Ms), and 
more oxidized titanomagnetites, evident from the higher Curie 
points (Tc) (up to 580øC) than deeper in the flow. In the lower 2/3 
of the flow (thickness of 25-35 m) the magnetic properties are 
nearly uniform with lower remanence stability due to larger MD 
grains and lower but variable Tc values (175 ø _< T c _< 520øC). The 
basal zone consists of about 1/10 of the flow (•-5 m) and is delim- 
ited by lower T c values (_< 275øC) of the primary titanomagnetites• 
somewhat higher magnetic stability and ARM intensity, as well as 
lower Zo. In the drill cores the intraflow boundary between the 
upper layer and the bulk of the flow coincides with the transition 
from predominantly vedical and more regular joints and fractures 
below to a more chhotic pattern above. A similar contrast in the 
magnetic properties was observed in a 35-m-thick Roza outcrop at 
the colonnade/entablature ti'ansition. Thus, the relationship of 
magnetic stability with flow structure might provide a method for 
identifying and distinguishing these zones where outcrop mapping 
is not possible. 

Our results show that the magnetic properties in the Roza flow 
are affected by particle size variations as well as by compositional 
changes. Although the maximum size of the magnetic gi'ains is 
approximately symmetrical about the center of the flow, the mag- 
netic properties are not, showing that factors other than the initial 
crystallization determine the effective size of the magnetic parti- 
cles. 

As the titanomagnetites precipitated from the melt, their ferric 
ion concentration inc?eased with falling equilibrium temperature 
and reached maximum near the flow's center, the position of 
lowest temperature equilibrium. Subsequent (subthermal equilib- 
rium) deuteric oxidation inci'eased with height, compatible with 
the upward increase of oxygen concentration due to water disso- 
ciation [e.g., Butler and Burbank, 1929; Osborn, 1959] and 
contributions from percolating water and air circulation from 
above during cooling. This produced the measured intraflow T c 
and M s patterns and the shapes of Ms-T curves of near continuous 
evolution of the ti•anomagnetites from a primary composition, 
Ulv68Mag32, near the base of the flow, increasing deuteric oxida- 
tion of the primary phases in the bulk of the flow, to almost pure 
magnetite in the upper layer. The base of the flow remains essen- 
tially unaltered, retaining its primary composition. 

In thick lavas, analysis of the spatial distribution of the mag- 
netic properties carl be useful for identifying structures and might 
assist in constraining the cooling history and magmatic evolution. 
Furthermore, because the magrietic stability and blocking tem- 
peratures of the remanence vary significantly within units, these 
differences must be taken into account when interpreting palco- 
magnetic records from such bodies. 
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APPENDIX 1' LOCATION OF SITES 

Drill core DC2, Pasco Basin at the Hanford Reservation. 
(46ø34'N, 119ø31'W). Roza flow is at depth 349.2 to 410.8 m 
below surface, which is at 174.5 m above sea level (asl). 

Drill core DC12, Pasco Basin at the Hanford Reservation. 
(46ø28'N, 119ø33'W). Roza flow is at depth 409.0 to 463.3 m 
below surface, which is at 157.4 m asl. 

Yakima Ridge outcrop (RZ20). (46ø49'N, 120ø21'W). About 
500-m-long roadcut along Interstate 82, northbound lane, 2 km 
north of Squaw Creek. Flow's base is 592 m asl. 

Vantage outcrop (RZ30). (46ø54'N, 119ø57'W). Two hills, 20- 
30 m high and about 300 m apart, just east of Highway 243, 5 km 
south of the Interstate 90 bridge (east end) crossing .the Columbia 
river. The outcrop is east of Wanapum Dam. Base of outcrop •s 
244 m asl. Lower boundary of Roza is not exposed. 

Subsite RZ40, Vantage. (47ø2'N, 119ø58'W). An approximately 
35 m long roadcut in the south wall of the north alcove of 

, 

Frenchman Coulee near a spiracle in Roza (Figure 5b of Mackin 
[1961]). Flow's base is 342 m asl. This outcrop exposes the base 
of Roza in contact and directly overlying a Frenchman Springs 
unit. 

APPENDIX 2: LABORATORY PROCEDURES 

ARM was produced in a constant field of 0.05 millitesla (mT) 
parallel to an alternating field (400 Hz), decaying •moothly to 
zero from a peak value of 100 mT. IRM was imposed by exposing 
specime.ns to a constan[ field, typically for 2 min, and a field of 
0.5 T was usually required •o achieve SIRM. AF demagnetization 
was performed with a sing,le axis altemating fields demagnetizer, 
increasing the peak AF in steps of 2.5-20 mT to the maximum 
peak AF of 100 mT. All remanence measurements were made 
with a spinner magnetometer. ARM and IRM acquisitions, Zo, 
and AF demagnetizations were induced and measured at room 
temperature. 

T c measurements were done on a Curie balance using steady 
fields of 0.15 T (4 of 23 specimens were run at 0.5 T). During 
heating the specimens were engulfed in helium gas to minimize 
chemical alterations. Lewis coils [Lewis, 1971] were used to 

reverse the field gradient at regular intervals to monitor weight 
loss on heating. Specimens weighing 7-24 mg were usually 
heated at 22 ø or 52øC/min, and the thermal lag was quantified by 
repeat measurements of standards at different heating rates. For 
five samples, T c was determined for two specimens from each, 
with indis.tinguishable results. The T c values were determined 
from the heating curves, following Grommd et al. [1969]. 

For each specimen used for T c determination, M s was first mea- 
sured at room temperature. Ms is the magnetization in zero field, 
obtained bY linear extrapola•tion of the high field magnetization 
curve from 1.5 T to correct for paramagnetic contributions at 
higher fields. 
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