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Abstract

Lava flows from sixteen sites at Gorely Volcano, 

Kamchatka were sampled. Initial analysis showed high within-

site scatter for NRM specimen directions. Alternating field 

and thermal demagnetization of specimens showed single-

component magnetization indicating that specimens had not 

moved or were not exposed to changes in the magnetic field 

during acquisition of a magnetic direction. Scatter is 

thought to be either due to movement of the specimen with 

respect to the magnetic field or change in the magnetic 

field with respect to the specimen. Four factors were found 

that would contribute to scatter in specimen directions. 

These are 1) cooling rate, 2) range of unblocking 

temperatures, 3) relative time of emplacement, and 4) how 

the specimen moved or was affected by changes in the 

magnetic field. Only two sites showed that scatter was due 

to movement of the specimen. It appears that scatter in 

other sites resulted from changes in the magnetic field 

generated from a magma-induced electrical current due to 

lava flowing in the earth’s magnetic field. These changes in 

the magnetic field are shown to have more affect on material 

sampled at the surface than on material sampled at depth 

because massive interiors of flows showed less dispersion in 

specimen directions than levees or pull-aparts.
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Methods

Sixteen sites were sampled around Gorely Volcano. Site 

locations are shown in Figure 15. All sites sampled, except 

one, were from flows of basaltic andesite. The exception was 

an aglutinated cinder cone. Samples show a wide range of 

textures from vesicular to porphyritic. 

Sites were selected to avoid lava that had been 

transported or tilted after cooling. Most samples were taken 

from levees under the assumption that lava there would cool 

faster and be less likely to have been transported than lava 

in the middle of the flows or channels. Pull aparts were also 

sampled under the same assumption (Fig. 16).

Sites were sampled using a gasoline-powered drill 

equipped with a 2.5 cm diameter, nonmagnetic drill bit. 

Samples were oriented in situ by magnetic and sun compass.
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Core azimuths were calculated from the sun compass and 

magnetic azimuth readings. Eleven to twenty cores were taken 

from each site.

Preparation, demagnetization, and measurement

Cores from each site were cut into 1 to 3 specimens, 2.2 

cm in length, with a rock saw that was fitted with a diamond-

studded copper blade.

Two specimens from each site were used as pilots. One 

pilot from each site was subjected to step-wise thermal 

demagnetization and the other to step-wise a.f. 

demagnetization. Thermal demagnetization was in a custom 

built oven and a.f. demagnetization was in an Schonstedt AC 

tumbling-specimen demagnetizer. Magnetization was measured on 

a Schonstedt spinner magnetometer, model SSM-1A, that was 

interfaced with a microcomputer.

Samples were demagnetized until they lost an order of 

magnitude in intensity or until their directions changed 

erratically from step to step. Intensities for eight to ten 

levels of demagnetization were recorded for each specimen.

Following analysis of the pilot results, which showed 

peculiar dispersion, 5 to 6 specimens per site were thermally 

demagnetized. Further demagnetization was not continued for 

sites 1, 6, 15, and 16. Demagnetization was not continued for 

1 and 6 because these sites showed lower dispersion than 

other sites and so would not have
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benefited us in our search for causes of scatter. Site 15 and 

16 were not demagnetized because of time constraints. A.f. 

demagnetization was not continued because the effects of 

cooling on magnetization history is the object of study and 

is best accomplished by studying the behavior of the 

specimens as they are thermally demagnetized.

Temperatures to be used for demagnetization were 

predicted by plotting temperatures used for the pilots versus 

the ratio of intensity at the temperature of demagnetization 

to the NRM measurement of the sample (J/Jo) (Fig. 17). These 

plots made it easier to estimate demagnetization temperatures 

for sites that had samples with a wide range of blocking 

temperatures.

Early results demonstrated that some specimens were 

getting remagnetized in the oven. The wide range of blocking 

temperatures in specimens apparently caused some specimens, 

that were demagnetized at low temperatures, to be 

remagnetized. This remagnetization was due to magnetic fields 

in other specimens that were not yet demagnetized. To 

identify when a specimen was getting remagnetized in this 

way, specimens were repositioned so that the magnetic field 

produced by neighbors would be different at each step. The 

chance for remagnetization was reduced by increasing the 

separation of the specimens (Fig. 18). In this way, the 

magnetic field produced by specimens with high intensities 

had less chance of affecting adjacent specimens.
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After magnetizations were measured in the spinner 

magnetometer, susceptibilities were measured with a 

Bartington magnetic susceptibility meter. The 

susceptibilities were monitored to indicate whether oxidation 

or heating was forming new magnetic minerals. Samples were 

placed within a magnetic shield when awaiting demagnetization 

or measurement to inhibit remagnetization by the Earth’s 

magnetic field.

Analysis of Data

Magnetic measurement data were analyzed with the aid of 

orthogonal plots for each specimen. These orthogonal plots 

were used to determine the possible number of magnetic 

components. Best fit lines were calculated by a least-squares 

method for these components (Kirschvink, 1980). Components

plotted on equal-area diagrams graphically revealed within-

site dispersion.

Results

Specimens from all sites have high intensities of 

magnetization. Magnetic directions for all specimens remained 

stable during step-wise demagnetization, and signal to noise 

ratios were high. Gamma-95’s (Briden and Arthur, 1982) for 

most specimens were less than 15 degrees, indicating that the 

magnetizations were homogeneous.
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Susceptibilities of all thermally demagnetized specimens, 

except original pilots, were measured initially and after each 

demagnetization step to indicate if specimens were being 

altered during demagnetization. The susceptibilities remained 

fairly constant through demagnetization. Susceptibilities for 

most specimens showed fairly constant values which indicates 

that thermally-induced change was small. Most specimens showed 

an initial increase in susceptibility which is probably due to 

annealing, which allows domain walls of large grains to move 

more easily by relaxing energy barriers. The subsequent 

decrease in susceptibilities is probably due to oxidation of 

magnetite to hematite (Fig. 19).

Normalized intensity plots show that most sites contain 

specimens with broad unblocking temperature ranges . The 

steepness of the curve is inversely proportional to the range 

of temperatures over which the specimen was demagnetized (Fig. 

20). Normalized intensity plots give us a demagnetization 

history for the specimens that reflects the approximate range 

of temperatures over which the specimens were magnetized.

Normalized intensity plots were made for 5 to 6 specimens 

in each site. All specimens from a site were plotted on a 

single graph. These plots fall into four general patterns 

(Fig. 21). Sites 2, 3, and 5 are illustrated by Fig. 2la. 

Specimens within these sites have low blocking temperature 

spectra. These blocking temperature spectra show that an order 

of magnitude of
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intensity is lost over a range of 100 to 160°C. This loss of 

intensity occurs at temperatures of 160-360°C or 250-440°C. A 

second pattern(Fig. 21b) is exhibited by sites 4, 7, and 13. 

The blocking temperature spectra of these sites are broad, 

with an order of magnitude in intensity lost over a range of 

300 to 400°C. The broadest range of blocking temperatures is 

from site 4. Site 4 is also the site that shows the least 

amount of scatter of directions. A third pattern (Fig. 21c) 

is shared by sites 9, 10, 11, and 12. The blocking 

temperature spectra in these sites are not as broad as those 

for sites 4, 7, and 13. An order of magnitude in intensity is 

lost over a range of 60 to 120°C; demagnetization occurred 

between 320 and 560°C. A fourth pattern (Fig. 21d) is 

exhibited by sites 8 and 14. Specimens within these sites did 

not demagnetize in similar fashions. In site 8, for example, 

specimen 080201 lost the majority of its magnetization 

between 480 and 540°C, but specimen 080502 was effectively 

demagnetized between 120 and 370°C. Sites 8 and 14 showed 

more scatter of directions than other sites.

Most orthogonal plots show magnetic measurements plot on 

a straight line through the origin, indicating that most 

specimens have a single magnetic component (Fig. 22). Two 

exceptions are worth noting: irregular paths at low 

temperature and irregular paths at high temperature. Plots 

for specimens that exhibit irregular paths at low 

temperatures indicate an irregular change
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in magnetization with little progressive demagnetization 

(Fig. 23). The origin of this behavior is not understood, so 

low temperature data were considered unreliable and only 

higher temperature measurements were used to define the 

magnetic components.

The other exception is that a few specimens show 

irregular paths at high temperatures (Fig. 24). As mentioned 

before, remagnetization of some specimens in the oven may be 

attributed to contrasts in unblocking temperature spectra and 

large differences in intensities. Rapid direction changes or 

zigzagged line patterns on the orthogonal plots in the high 

temperature ranges for some specimens probably reflects this 

remagnetization.

With the exception of some of the low and high 

temperature measurements, the remaining measurements were 

highly linear. This is reflected by small maximum angular 

deviations or MAD’s (Kirschvink, 1980). Lines fit to these 

measurements trend toward the origin. These observations are 

consistent with the representation of magnetization as 

single-component. Single-component magnetization is also 

reflected in equal-area plots where directions for specimens 

after demagnetization are similar to the NRM directions for 

those specimens, i.e.directions did not change. In this 

paper, figures of equal-area plots use NRM directions based 

on the assumption that all specimens maintain their current 

direction (or at least very close to their current direction) 

after demagnetization.
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Some specimen directions within a site plotted on equal-

area nets show elongate distributions or linear patterns 

(Fig. 25). These distributions in specimen directions produce 

the within-site scatter that is the focus of this study. 

Elongate distributions could be due to two magnetic 

components contributing in various degrees to the magnetic 

direction of the specimen. This is not the case for the sites 

in this study because only single-component magnetizations 

were observed. These distributions might be explained by 

differential movement after acquisition of magnetization or 

systematic changes in the magnetic field generated from a 

magma-induced electrical current.

Discussion

To simplify investigation of the scatter, it is assumed 

that scatter is due either to the magnetic field changing 

direction with respect to the sample, or the sample changing 

orientation with respect to the earth’s magnetic field (Fig. 

26). The first assumption might apply to situations where 

part of the magnetic field is due to an electrical current 

being generated by lava flowing within a near-by channel. The 

suggestion that an electrical conductor within the earth’s 

magnetic field generates another magnetic field that affects 

specimen directions and causes them to be scattered, has been 

proposed by some. This suggestion is highly speculative
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and needs to be studied further. In this paper, the use of 

magma-induced electrical currents to explain scatter is only 

suggested if all other explanations for scatter prove 

negative.

The second assumption for scatter is that the sample 

changed its orientation with respect to the earth’s magnetic 

field. This could result from rafting of surface lava that 

cools faster than lava within the middle of the flow, or from 

tilting or rotation of surface blocks (Fig. 27 and Fig. 28). 

The material sampled might also have moved due to lava tube 

expansion or lava oozing out through surface lava, chilling, 

and rolling over.

Originally it was assumed that low temperature 

measurements were more likely to show the correct magnetic 

field direction. It was assumed that the directions obtained 

at low temperatures would reflect the magnetic field 

direction better than directions obtained at higher 

temperatures because specimens at high temperatures had a 

greater chance of being moved or being affected by magma 

induced electrical currents than those at low temperatures 

(Fig. 29). Because demagnetization over low temperature 

ranges did not yield reliable components of magnetization, we 

can not rely on them to give us the best record of the 

magnetic field direction. When these measurements are 

excluded, most specimens show only single-component 

magnetization.
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Single-component magnetization indicates that the 

magnetic field direction did not change with respect to the 

specimen during magnetization. If the scatter is due to the 

specimen moving in the earth’s magnetic field, then the 

specimen must have moved after acquiring its magnetic 

direction and not while acquiring its magnetic direction. 

Likewise, if the scatter were due to the magnetic field 

changing with respect to the specimen, it would have changed 

after but not during the time the specimen was acquiring its 

magnetic direction.

The history of movement or change in the magnetic field 

for specimens at a site is complicated because it is not 

known when the magnetic directions for each specimen was 

acquired. The question of when one specimen was cooled or 

emplaced with respect to another can not be answered because 

there is no simple way to correlate lava from place to place 

so that relative ages can be determined. The history of 

movement of specimens or change in the magnetic field at a 

site is further complicated by the range in blocking 

temperatures of specimens, the rate of cooling of specimens 

through their blocking temperatures, and when movement of 

specimens or change in the magnetic field occurred, i.e., 

during or after the specimen acquired its magnetic 

direction. As mentioned before, the latter complication can 

be excluded since most specimens show only single-component 

magnetization.
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Blocking temperature ranges produce complications 

because, at high blocking temperatures, specimens are more 

likely to be exposed to changing magnetic fields induced by a 

lava flow or are more likely to move than at lower 

temperatures. This is because the environment in which the 

specimen is cooling is more likely to be fluid. This would 

produce scattered specimen directions. Specimens with low 

blocking temperatures would be less likely to move or be 

exposed to a changing magnetic field because the environment 

is less fluid.

Further complications result when specimens have wide 

blocking temperature ranges. If specimens had acquired their 

magnetic directions as they were being moved or when the 

magnetic field was changing, multi-component magnetization 

should be observed on orthogonal plots (Fig. 30). These 

specimens would have NRM directions that would show little 

scatter because the components would be averaged. These 

directions would become more scattered upon demagnetization. 

But multi-component magnetization was not observed.

Scatter in the specimen directions for sites with wide 

blocking temperature spectra may be due to specimens cooling 

quickly in an environment whose magnetic field is not 

constant. The specimen would obtain a magnetic direction of 

the magnetic field generated by a magma- induced electrical 

current that is present at the time it was cooling through 

its blocking temperatures. After cooling, the magnetic field 

direction produced by electrical
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current would change and the magnetic direction reflected in 

the specimen would not be the same as that of the current 

magnetic field direction. Therefore specimens cooling at 

different times or in different areas would acquire 

nonuniform magnetic directions because of the changing 

magnetic field, and scatter would be observed in equal-area 

plots.

The complications resulting from different blocking 

temperature ranges are complicated by the other complications 

mentioned previously and make it difficult to determine how 

scatter was produced. These combined complications produce 

various degrees of scatter.

One of the sites with the least amount of scatter is site 

6. This site is unusual because samples were taken from the 

agglutinate of a cinder cone. The low amount of scatter 

indicates that magnetized samples were not moved, or moved 

only slightly. The low amount of scatter also indicates that 

material of the same age was sampled and therefore methods 

used in sampling are accurate. Changes in the magnetic field 

due to a magma-induced electrical current would not be 

expected to have affected specimen directions at this site 

because there was no lava flowing in nearby channels.

Site 4 had the least amount of scatter and had the widest 

blocking temperature range of those sites that were 

demagnetized after initial pilots (Fig. 31). Samples from 

this site were taken from massive interiors of the lava flow 

(Fig. 32). With respect to specimen movement,
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the low amount of scatter indicates that these massive parts 

of the flow did not move relative to one another after 

acquiring their magnetic direction. This indicates that 

massive parts of a lava flow are less likely to move than 

surface parts. This perhaps is due to lava no longer flowing 

or flowing slowly within the channel. With respect to a 

changing magnetic field, the low amount of scatter would 

indicate that no changes in the magnetic field occurred at 

depth. This may be due to there no longer being a strong 

magma-induced electrical current because lava is no longer 

flowing or flowing too slowly. This would generate either no 

magnetic field or a magnetic field that is too weak to affect 

specimen directions. This site had specimens with wide 

blocking temperature ranges and single-component 

magnetizations which indicates that cooling may have taken 

place over a long period of time and that conditions during 

cooling must have remained stable. This supports the idea 

that lava was either flowing slowly or not at all during the 

time specimens cooled. Site 1 was also sampled from massive 

interiors of flows and it too showed low dispersion in 

specimen directions.

Greater dispersion in specimen directions was found at 

site 3. This site showed obvious patterns of movement by 

specimens with respect to the magnetic field. Site 3 showed 

indications that samples might have been tilted when lava 

oozing out of the toe of a flow caused surface lava to roll 

over. The rollover can be seen in the
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photograph in Figure 33. The equal-area plot of the specimens 

from this site shows two distinct groups (Fig. 34). One group 

contains specimens that are identified as surface flow and 

the other group contains specimens sampled from ooze-out. 

Surface flow specimens are well clustered, which indicates 

that they have not moved (at least relative to each other) or 

have moved only slightly. Specimens from the ooze-out are 

clustered in two areas on the equal-area plot. If the 

specimens from the surface flow indicate the true direction 

of the magnetic field, then specimens from the ooze-out would 

have been tilted to either the west or northwest. These 

directions of tilt match well with those observed from the 

photograph.

Another site might also show movement of the specimen 

with respect to the magnetic field. Field notes from Site 7 

indicate that rifting may have caused lava to tilt to the 

southwest and northeast. However, when specimens are plotted 

on an equal-area net (Fig. 35), specimens on opposite sides 

of the rift are in groups to the northwest and southeast. 

This is what would be expected if the rift were striking 

northeast-southwest instead of northwest-southeast. When 

flows are untilted along the rift striking northeast-

southwest, specimen directions move toward each other and 

scatter is reduced. It is possible that the north arrow was 

improperly labeled in the field notes causing confusion over 

which direction the rift is striking.
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As mentioned in the results section, several of the sites 

showed high dispersion in the form ofelongate distributions 

of  specimen directions (see Fig. 24). This type of 

distribution might indicate differential movement after 

specimens obtained their magnetic directions or change in the 

magnetic field during the time spanned by magnetization of 

the samples.

High dispersion was also found in sites that had levees 

or pullaparts sampled. These include sites 9, 10, and 12. 

None of these sites show any mechanism of movement for the 

sampled material. If the specimen did not move, the only 

other option for the cause of scatter is that the magnetic 

field changed.

Over the short time periods in which these lava flows 

would cool, it has been suggested by some that the only 

possible change the magnetic field could undergo would be due 

to the lava flow itself creating a magnetic field. Although 

the direction of the magnetic field generated by an 

electrical current within the channel might be predicted, the 

effects of this field on material external to the channel is 

not well understood. This means that areas affected by 

changes in the magnetic field generated by an electrical 

current can not be identified based on an expected pattern of 

magnetic directions. Nevertheless, one might guess that if 

all other explanations for scatter near a lava channel can be 

ruled out, such a transient field might be the cause.
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Site 12 might be an example of scatter due to changes in 

the magnetic field generated by a magma-induced electrical 

current. The photograph and reconstruction of this site shows 

levees that were sampled (see Fig. l5b and Fig. 36). As seen 

from the photograph, there is no sign that the levees moved, 

yet the specimen directions are scattered (Fig. 37). If the 

specimens did not move after acquiring their magnetization 

the only other option is that the field must have changed and 

therefore produced the scatter observed in the equal-area 

plot.

The most scatter in magnetic directions for specimens was 

found at sites containing specimens with broad ranges in 

blocking temperature spectra. If all samples cooled 

simultaneously, specimens with higher blocking temperatures 

would be more likely to move than those with lower blocking 

temperatures which would indicate that low blocking 

temperature specimens would have the least disturbed magnetic 

direction. If samples did not cool simultaneously, which is 

the more likely situation, the history of magnetization 

becomes more complicated and the low temperature specimens 

are not necessarily the least disturbed. An example of this 

might be that a low blocking temperature specimen is affected 

by changes in the magnetic field due to an electrical current 

or is moved due to the emplacement of a high blocking 

temperature specimen. The high blocking temperature specimen 

cools quickly and is not affected by changes in the magnetic 

field
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or movement because lava stops flowing and so the high 

blocking temperature specimen gives a better magnetic 

direction for the magnetic field than does the low 

temperature specimen.

Two sites contained specimens that had a wide range of 

blocking temperature spectra within the same site. This wide 

range may be attributed to a range in the amount of titanium 

in titanomagnetite within the specimens or a range in grain 

size of magnetite. A specimen with low titanium content in 

titanomagnetite would have a blocking temperature only 

slightly lower than pure magnetite, whose Curie temperature 

is 570 to 580°C. The more titanium in titanomagnetite a 

specimen contains, the lower the blocking temperature range.

Another possible cause for the wide unblocking 

temperature range might be that the specimens have a wide 

range in size of magnetite grains. Very small (single-domain) 

grains have lower blocking temperatures than do large grains. 

Single-domain grains maintain their magnetic field direction 

better than multi-domain grains. This would suggest that 

samples with low blocking temperatures due to small grain-

size would retain a more reliable direction for the earth’s 

magnetic field than samples with high blocking temperatures 

due to large grain-size.

Specimens of sites showing wide blocking temperature 

spectra were checked for possible variability in fabric, 

grain size, or vesicularity. This was because the history
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of the magma, and its rate of cooling, might control these 

factors as well as grain size and titanium content of the 

magnetic minerals. No fabric, grain size, or vesicularity 

differences were obvious between specimens within a site. 

Therefore it is concluded that these factors were not the 

cause of the wide range in blocking temperature spectra.

Site 8 is one of the sites that contains specimens with 

wide ranges in blocking temperature spectra (see Fig. 21d). 

Directions for specimens are highly scattered. Samples 1 

through 9 were taken from levees along the lava channel. 

Samples 10 through 13 were taken from massive parts of the 

lava flow. As seen on the equal-area plot (Fig. 38), the 

scatter is very large for specimens 1 to 9 but much smaller 

for specimens 10 to 13. Since no mechanism for movement can 

be identified as a source for scatter, changes in the 

magnetic field are looked to as the source. The wide 

dispersion of levee directions fits the hypothesis proposed 

earlier that the surroundings in which the material was 

deposited was fluid (lava must be flowing in the channel to 

get material deposited on levees) and therefore samples had a 

greater chance of being affected by magnetic field changes 

due to magma-induced electrical currents. The low dispersion 

in the massive interiors also fits well with the hypothesis 

that these interiors cooled when there was little or no 

current produced by the lava flow because by the time the 

interiors were cooling through their blocking

-64-





temperatures lava was no longer flowing. So changesin the 

magnetic field did not affect sample directions.

Conclusion

In this investigation, four things were found that might 

contribute to the high within-site scatter that was observed 

in samples from Gorely Volcano. These factors are 1) the 

cooling rate, 2) the range of unblocking temperatures, 3) 

when a specimen was emplaced with respect to other specimens, 

and 4)how the specimen moved or was affected by changes in 

the magnetic field after obtaining its magnetic direction.

It is suspected that changes in the magnetic field had 

the greater affect on producing scatter than did movement, 

with the exception of site 3 that showed obvious signs of 

movement and the possible exception of site 7. Scatter due to 

changes in the magnetic field are especially evident in sites 

that had levees or pull-aparts sampled because no mechanism 

for movement could be identified.

It is suggested that changes in the magnetic field result 

from magma-induced electrical currents. It is not known how a 

magma-induced electrical current affects specimen directions. 

The investigation of this problem is beyond the scope of this 

paper. Clearly further research is needed in this area.
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Nevertheless, even if the above explanation for scatter 

is found incorrect, the low dispersion in sites 1 and 4 still 

suggests that massive interiors of lava flows are less 

affected by movement or changes in the magnetic field than 

surface parts. This was also noted by Holcomb and others 

(1986) in their study of Hawaiian lava flows. Other sites 

were sampled from the surface of flows because there were no 

outcrops exposing the interiors. These samples showed greater 

dispersion. This indicates that changes in the magnetic field 

or movement is more likely to be recorded at the surface than 

at depth once the material sampled has cooled through its 

blocking temperature range. This is probably due to lava no 

longer flowing or flowing slowly when material at depth cools 

through its blocking temperatures. In future projects, 

material should be sampled from massive interiors rather than 

from the surface to avoid the effects due to changes in the 

magnetic field or movement.
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