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Archaeomagnetic study

Journal of
Geophysics

of medieval replaces at Mannheim-Wallstadt
and ovens from Herrenchiemsee (southern Germany)
and the problem of magnetic refraction
K. Schurr 1, H. Becken-2, and H.C. Soffel1
1 Institut für Allgemeine und Angewandte GeOphysik, Universität München, Theresienstr. 41, D-8000 München 2,
Federal Republic of Germany
2 Bayerisches Landesamt für Denkmalp ege, Arabellastrasse, D-8000 München, Federal Republic of Germany

Abstract. Ten replaces from Mannheim-Wallstadt (MW)
and four ovens from Herrenchiemsee (HC) were studied
with regard to their archaeomagnetic properties. The ages
of the medieval structures were only poorly known and
an age dating was intended with the help of the standard
curves for the declination and inclination of the geomag-
netic eld of the past 2000 years, as set up by Thellier
(1981) for France. The stability of the NRM was tested
with Thellier’s test. Of the ten MW replaces, only one
passed the test, whereas of the four ovens of HC, all passed
the test but one of them had to be excluded because of
secondary displacements within the structure. The MW re-
place could be dated to 670—700 A.D., in agreement with
other archaeological age determinations for the replaces.
The ovens from HC yielded an age between 1100 and
1170 A.D.

The ovens showed the effect of magnetic refraction.
Model calculations carried out on circular ring structures
require a susceptibility of the oven material of the order
of 0.5 SI units to explain the observed effect. The presently
observed mean susceptibility at room temperature is only
around 5 >< 10— 3 SI units. However, heating of the material
at 550° C for 2 h in a reducing environment was able to
increase the susceptibility by a factor of 20. This effect is
explained by the reduction of secondary iron oxides and
hydroxides to magnetite. Another increase by a factor of
about 1.5 is obtained from the Hopkinson effect (increase
of susceptibility with temperature) at the blocking tempera—
ture of magnetite. Combining all effects, it is possible to
attain values for the susceptibility at the blocking tempera-
ture of magnetite as high as 0.2 SI units, which is the order
of magnitude required for the explanation of the observed
effect of magnetic refraction.

This effect demands that special considerations be made
during archaeomagnetic sampling from archaeological
ovens or kilns.

Key words: Archaeomagnetism — Archaeomagnetic age dat-
ing — Magnetic refraction — Susceptibility

Introduction

The initial purpose of the study was an attempt to date
four medieval ovens from Herrenchiemsee and ten re-
places near Mannheim-Wallstadt (both in southern Ger-

Table 1. Geographic coordinates, number N of archaeological
structures per site and their estimated ages

Locality (° E) (° N) N Age

Mannheim- 8.5 49.5 10 First—third century or
Wallstadt (MW) fth—seventh century

A.D.
Herrenchiemsee 12.4 47.9 4 Medieval
(HC)

many) using the archaeomagnetic reference curve for
France, published by Thellier (1981) for inclination and
declination (Fig. 8). Table 1 shows the geographic coordi-
nates of the sampling localities, the number of sites and
their possible ages based on archaeological arguments.

The remnants of the replaces from Mannheim-Wall-
stadt were cast into large blocks of plaster of Paris (about
40 cm thick and wide, 100 cm long) and removed from the
ground after orientation with respect to the horizontal
plane and geographic north (using a sun compass). Figure 1
shows a sketch map of the position of the replaces on
the archaeological site.

The ovens from Herrenchiemsee originally had a shape
like that shown schematically in Fig. 2. Oriented samples
were taken from the oor and from the walls of the struc-
tures wherever suitable material was preserved. Figure 3
shows the spatial distribution of the four ovens on the ar-
chaeological site as well as the position of the samples with-
in each oven. From the four ovens at Herrenchiemsee, only
the ovens HC 1, II and IV were in a more or less undis-
turbed position. The oor of oven HC III showed later
internal mechanical movements. Therefore, this material
was only used for rock magnetic studies.

Preparation of specimens

From the huge blocks obtained from the replaces at
Mannheim-Wallstadt and from the samples from Herren—
chiemsee, smaller specimens were cut and embedded in
cubes of plaster of Paris with a side length of 6 cm for
a convenient measurement with a spinner magnetometer
(see next section). Table 2a shows the number of samples
and specimens obtained from each of the ten replaces at
Mannheim-Wallstadt.
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The distribution of the samples and specimens within
the ovens at Herrenchiemsee is illustrated in Fig. 3. (Details
can also be taken from Table 2b.) It illustrates the position
of the samples (in a schematic way) in the wall or the oor
of the ovens. The arrow with the full line represents the
present magnetic north direction in the sampling area, while
the arrow with the dashed line is the archaeonorth direction
(see next section). The little arrows marked within the sam-
ples are the archaeoremanence directions determined for
each specimen. For detail refer to section on magnetic re-
fraction.

Archaeomagnetic measurements

The natural remanent magnetization (NRM) of the speci-
mens was measured with a computerized big-sample ux-
gate spinner magnetometer. The stability of NRM was
checked with the Thellier test (Thellier and Thellier, 1959)
by comparing the vertical Z—components, Z1 and Z2, of
the specimens before and after, respectively, a 4-week stor—
age in the geomagnetic eld in the reversed position. The

M. Further-
1 + 2

more, the directional shift of NRM was computed for the
Thellier test.

Table 3 shows the mean viscosity coef cients ô for a
selection of specimens of the replaces from Mannheim-
Wallstadt and the oven specimens from Herrenchiemsee.
For the replaces at Mannheim-Wallstadt, all viscosity co-
ef cients are greater than 1% with the exception of a large
and stable group of specimens from MW 9 with 15:0.22.
Similar small 13 values (ü < 0.5%) could be found for all
ovens at Herrenchiemsee. The NRM of all structures with
13 < 0.5 was taken as the archaeodirection. The results in
terms of mean NRM directions and their statistical parame—
ters are summarized in Table 4.

viscosity coef cient v is determined by v =

Fig. l. Sketch map of the
positions of the replaces at
Mannheim-Wallstadt. Numbers

‚ -. refer to structure members MWlw
10—11- ‘I Mw12 (see also Table 2)

wall samples

floor samples

Fig. 2. Schematic sketch of the shape and dimensions
of the ovens found at Herrenchiemsee

Magnetic refraction

In Fig. 3 the directions of the horizontal components of
NRM of the individual specimens are shown as small ar-
rows. The horizontal direction of the archaeo eld (arrow
with dashed line) is the average of the individual directions
in the oor specimens. However, there is a systematic devia-
tion of inclination and declination from the mean archaeo—
eld direction in the wall specimens as well as a deviation

only of inclination in the oor specimens. These deviations
are dependent upon the sample positions (azimuth 6 and
distance r from the centre) within the structures. Figure 4
shows the variation of the inclination with distance from
the centre, for three ovens. In all cases, the inclinations
in the centre of the oven oor are signi cantly lower than
in the walls. Effects of the same kind in kilns have already
been described by Harold (1960). He interpreted them as
a result of the cooling of the kiln and associated mechanical
displacements (kiln wall fall-out). Experiments by Weaver
(1962) and Aitken and Hawley (1971) indicated, however,
that mechanical processes within the cooling kilns could
not account for the effects. They discussed magnetic refrac-
tion as a possible interpretation.

Magnetic refraction describes the refraction of magnetic
eld lines at an interface where the magnetic susceptibility

X (or permeability p:1+ 1) changes sharply. The relation
between the angles of the incident eld line (a1) and the
transmitted field line (052), and the permeabilities p1 and
,uz is:

tan cal/tan ocz=,u1/u2.

The magnetic refraction in a circular ring in vacuum with
inner diameter a and outer diameter b with permeability
u has been described by Jackson (1975). A modi cation
of the formulae with special application to the shape of
the ovens can be taken from Schurr (1983). The alignment
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Table 2. Numbor N of samples and number a of Specimens ob-
tained from each aracheological structure

a Locality Structure N n

Mannheim-Wallstadt MW1 18 36
MWS 6 6
MW4 6 6
MWS 6 12
MW6 11 11
MW? 18 18
MW9 23 23
MWIO 9 9
MW“ 12 19
MW12 12 12

h Locality Structure N n

l-Ierrenchiemsee HC I, floor 1 12
HC I, wall 4 24
HC II, floor 6 38
HC II, wall 5 29
HC III, floor 4 22
I-IC III, wall 4 18
HC IV, floor 3 23
HC IV, wall 4 28

Table 3. Mean viscosity coefficients . in percent, of the replaces
at Mannheim-Wallstadt and the ovens at Herrenchiemsee. n:
number of specimen

Structure a a Remarks

MW1 36 8.96
MWZ 6 37.98
MW4 6 1.28
MWS 12 40.96
MW6 11 12.22
MW? 18 9.53
MW9 23 2.89 All

4 15.58 Very viscous group
19 0.22 Stable group

Mw10 9 4.55
MW11 19 41.51
mm2 12 5.09
HC I, floor 12 0.38
HC I, wall 24 0.22
HC II, floor 8 0.26
HC II, wall 8 0.38
HC III, floor 8 0.22
HC III, wall 8 0.42
HC W. floor 8 0.28
HC IV, wall 8 0.38

of the field lines within the circular ring is similar to that
of Fig. 5 and has a distribution with the azimuth Û as shown
in Fig. 6. The effect depends mainly on the susceptibility
of the circular ring and; to some extent, also on the geome-
try of the ring. The curves shown in Fig. 6 have been com-
puted for values of the radius of 57.5 cm (curves 2 and
4) and 62.5 cm (curves 1 and 3), with values for the suscepti-
bility of 0.5 and 0.1 SI units; respectively.

The actually observed variations of the declination from
the mean archaeodirection, dependent on the azimuthal po-
sitions of the specimens in the oven walls, have also been
plotted in Fig. 6. Despite a considerable scatter of the exper-

Table 4. Mean stable NRM directions of the archaeological struc-
tures; subdivided into oor and wall specimens

Structure I D N 1195 Standard k
(°) (°E) (°) deviations

I D
(“l I“)

MW9 21.04 356.53 18 0.83 0.28 1 .12 1.700
HC I, floor 57.92 13.85 12 1.58 0.81 0.49 750
BC I, wall 65.42 10.68 24 1.71 0.89 2.56 310
HC II, floor 59.88 11.08 38 0.78 0.32 0.50 880
HC II, wall 63.08 9.55 29 2.53 1.34 3.18 110
HC III, floor 63.38 2.79 22 1.22 0.39 1.25 720
HC III, wall 65.76 10.69 18 1.12 0.38 1.15 1,100
HC IV, floor 54.12 15.29 23 1.43 0.75 0.44 450
HC IV, wall 59.81 14.24 28 1.60 0.56 1.35 290

I: inclination; D: declination; N: number of specimens; agi radius
of cone of con dence; 7%: precision parameter

floor : well
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Fig. 4. Variation of the mean inclination of floor and wall speci-
mens with distance r from the centre; for three ovens. The inclina-
tion of the wall specimens is significantly higher than that of floor
specimens
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Fig. 5. Alignment of the eld lines within a circular ring of permen
ability ‚u situated in vacuum (permeability an). r: radius of the
ring. 0: azimuth of a volume element of the ring. gs: angle between
the field direction in the volume element and the external homoge-
neous eld. (Modi ed from Bergmann-Schaefer, 1974)
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imental data, it can be seen that the data follow, in general,
the predicted azimuthal distribution. Unfortunately, the
state of conservation of the ovens did not allow sampling
of all azimuthal positions of all ovens.

Rock magnetic studies

As seen from Fig. 6, a susceptibility of the order of 0.5 SI
units of the oven material is required to explain the ob—
served effects. The carriers of remanence of baked earths
have been studied in detail by Le Borgne (1955, 1960a,
1960 b, 1965) Mullins (1974) and Graham and Scollar
(1976). X-ray powder studies were only possible for the
material of the replaces at Mannheim-Wallstadt. Here,
enough ore grains could be extracted with a hand magnet.
Measurements on material from seven replaces gave a
mean cubic lattice constant of 8.376 Ä (i0.019) indicating
that the extracted magnetic phase is mainly magnetite with,
however, some modifications towards maghemite (Rumble
1976). Unfortunately, the magnetic phases of the oven ma-
terial was too fine-grained for extraction.

The Curie temperatures could be determined for the
MW samples as well as for HC samples (for abbreviations
see Table 1). They are around Tc=580—590 “C, which is
higher than T, for pure magnetite (580 E’C) and also indi-
cates some degree of maghemitization.

The susceptibility of specimens from HC 1, II and IV
was measured with a 1 kHz bridge. The mean value for
12 specimens was 4.8 x 10— 3 SI units, with maximum values
as high as 1.4 >< 10—2. The anisotropy of susceptibility was
also measured. Aitken et al. (1981) showed that the an-
isotropy of suceptibility, which is indicative of an alignment
of the magnetic minerals, may affect archaeomagnetic data.
However, we only found anisotropies of the order of less
than 2.5%.

These mean susceptibility values are of course not suffi-
cient to explain the observed effects of magnetic refraction
as illustrated in Fig. 6. However, it should be considered
that the thermoremanent magnetization was formed in the
oven walls and floors under Special conditions. Firstly, it
was certainly formed at high temperatures, not much below

2m

magnetic north

Fig. 6. Variation of the orientation (a of
the field lines within a circular ring of
radius r and susceptibility x with
azimuth t9. For definition of to, r and 9,
see legend of Fig. 5. The sine curves are
computed for the following parameters:
1; r=62.5 cm and g:0.1 SI units. 2; r=
5?.5 cm and ‚35:0.1 SI units. 3; r:
62.5 cm and 3:05 SI units. 4; r=
5?.5 cm and x=0.5 SI units. The open
symbols refer to r: 5?.5 cm, the closed
symbols refer to r=62.5 cm. Circles:
HC l; squares: HC II; triangles: HC III;
diamonds: HC IV

315 350

a /\
Ë Ë ÿ \
a e
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is“ I.
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1ÜÜ 200 3ÜÜ LOU SÜÜ SÜÜ

temperature [°C]
Fig. 7. Hopkinson effect showing the increase of susceptibility with
temperature, with a maximum below the Curie temperature. Sus-
ceptibility given in arbitrary units

the Curie temperature of magnetite. This implies that the
susceptibility of the material at the blocking temperature
of the magnetite should be considered rather than that mea-
sured at room temperature. Secondly, during firing, there
was a reducing atmoSphere within the oven which probably
favoured the formation of magnetite from most of the iron
present in the kiln material. Maghemite may have formed
later on, during cooling in an oxidizing environment.
Weathering of the entire structure in the soil may also have
caused the formation of iron hydroxides like Goethite.

We therefore measured the susceptibility of oven wall
and oven floor material as a function of temperature. Fig-
ure ? shows such a measurement, which indeed showed an
increase at elevated temperatures (Hopkinson-effect), but
the enhancement was not larger than a factor of 1.5.

Mullins (1974) and Graham and Scollar (1976) showed
that the susceptibility of archaeological material could be
increased considerably by heating the material in a reducing
atmosphere together with organic matter. We did similar
experiments by mixing powdered material from MW as well
as HC with wheat flour (5% by weight) and heating in
a nitrogen atmosphere for 2 h at 550 “C. The results are
summarized in Table 5. They show that in some cases the



Table 5. Enhancement of natural susceptibility x, by heating of
oven and replace materials for 2 h at 550° C in a reducing environ-
ment 05.:.)- For experimental details see text. l’a and 35,, are given
in 10‘3 Sl-units

Sample 2:... n rifts

MW 1516+
MW 214 1.60 20.30 15.3
MW15112 5.80 13.30 2.3
HC III, wall 0.60 11.50 19.2
HC I, wall 0.83 15,90 19.2
HC II, wall 3.25 15.20 4.?
HC IV, wall 1.55 13.30 8.8

susceptibility could be enhanced by a factor of almost 20,
while in some cases only a small increase by a factor of
2 could be obtained. The enhancements are especially large
in those cases where the initial natural susceptibility Xu was
very low (<3 x10"3 SI units). The low values of x, may
have been caused by iron hydroxides and hematite as the

most abundant iron-containing minerals, while in the cases
with high x, values magnetite may already have been pres-
ent in the natural samples. The reduction of the material
may be responsible for an enhancement of x by as much
as a factor of 20. This could enhance the measured mean
susceptibility of 5 x 10—3 SI units up to about 0.1 SI units.

The total amount of iron present in the material (assum-
ing that it is all transformed into magnetite in a reducing
environment) should determine an upper limit for the sus-
ceptibility of the material. The total iron content was deter-
mined for four representative specimens by wet chemical
analysis. A surprisingly uniform iron content was obtained,
from which a Fe304 content of (2.43i0.03)% was calcu-
lated. With an initial mass susceptibility 1g, of magnetite
of 2..5>~<:10‘3 SI units (Landon-Bernstein 1970) and the
observed density of 2 g/cm3 for the material, we obtained
a value of 0.12 SI units as an upper limit for the volume
susceptibility l'a at room temperature. Due to the Hopkin—
son effect, the volume susceptibility near the blocking tem—
perature will be of the order of 0.2 SI units. This is the
required range to cause the observed variation of declina-
tion in most of the wall samples from Herrenchiemsee.
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Fig. 8a and 1). Standard curves for the arehaeo-
secular variation in France compiled by Thellier
(1981) for the last 2000 years. The values for
the declination and inclination have been
reduced to the geographical coordinates at
Paris. a Inclination. Heaoyfm'! fine from
1550 AD. to present: direct measurements in
Paris. Bars: data from archaeological
structures. Triangles: data from bricks and tiles.
Fall line: reliable parts of the curve. Dashed
lines: uncertain parts. Open et’refe: mean
inclination value for the three ovens at
Herrenchiemsee. Open triangle: mean
inclination value for the fireplace MW 9 from
Mannheim-Wallstadt. Error bars are also
shown. b Declination and inclination,
combined. Numbers are years AD. Thin carve
from 1600 AD. to present: direct measurements
in Paris. Heavy Zines: interpolated curve from
reliable arehaeomagnetic data. Dashed heavy
lines: uncertain parts of the curve



|00000013||

Age of the archaeological structures

The updated standard curves for the variation of I and
D have been published by Thellier (1981) and they are
shown in Fig. 8. For the age determination, the mean of
all specimens (walls and oors) was calculated for three
of the four kilns at Herrenchiemsee and for the replace
number 9 at Mannheim-Wallstadt. The data are summa-
rized in Table 6 together with the statistical parameters.

Thellier did not accept that kilns show any systematic
pattern of distortion (Thellier 1981). However, he always
averaged the results of as many specimens as possible from
widely spaced places within one archaeological structure
and so minimized the effect of magnetic refraction. There-
fore, a separate discussion of the directions of remanence
of oor and wall samples was not regarded as appropriate,
at present, for the archaeomagnetic age dating using Thel—
lier’s standard curves.

Although the standard curves have been reduced to the
geographic coordinates of Paris, they can also be used for
southern Germany with the application of a dipole correc-
tion, at least for the inclination values. However, the correc—
tions are so small (<1°) that they have been neglected.
From the present dipole eld, the differences in declination
are of the order of 2° and have probably not been very
much larger in the past 2000 years.

For the replace MW 9, with an inclination of 71°, there
are several possible age intervals on the standard curve
(Fig. 8a). The ages around 1,700 A.D. must be excluded
because of the general archaeological situation. The ob-
served declination value of 356.5° (see Fig. 8 b) and the incli-
nation (71°) make an age of between 670 and 700 A.D.
for the last ring most likely, and not the other possible
ages of around 50 B.C. (from an extrapolation of the curve
of the inclination to earlier dates) or 900 A.D. The age
of 670—700 A.D. is also likely from the archaeological dat-
ing of the entire group of replaces at Mannheim-Wallstadt
by other methods, yielding ages of the fth to the seventh
century A.D. Reference structure nearest in direction: Thel-
lier (1981) Table IV, No. 125: Huy (oven 2), age: approx.
700 A.D.

The remanence directions determined for the three
ovens gave values for I between 57° and 63°, and values
for D between 12° and 15° E. From the standard curves
of Fig. 8, only the age interval between 950 and 1,250 A.D.
is in agreement with the observed data set. Other age inter-
vals, which could be possible from the inclination values
alone (1,400—1,500 A.D. or 50—400 A.D.) can be excluded;
the later alternative because of archaeological reasons, the
earlier one because of the declination values.

The archaeological situation of the ovens at Herren—
chiemsee makes it likely that all were in use almost simulta-
neously, that is to say at least within one generation, and
not over a time span of almost 300 years which we obtain
if we use the determined mean remanence direction of each
oven. For this reason we used the mean remanence direction
of all three ovens (I: 60.6° and D=13.8° E) for the ar-
chaeomagnetic age dating.

From the averaged standard curve of the inclination
(Fig. 8a) we determine the interval between 1,100 and
1,170 A.D. as the probable time span for the last ring
of the three ovens at Herrenchiemsee. Reference structure
nearest in direction: Thellier (1981) Table IV, No. 163: P10-
meur St. Saturnin, age: 1,050-_t-90 A.D.

Table 6. Mean stable NRM directions. For details see also legend
of Table 4

Structure I D N 0:95 k Standard
(°) (° E) (°) deviations

I D
(°) (°)

MW 9 71.04 356.53 18 0.83 1,700 0.28 1.12
HC I 63.43 12.30 36 1.92 160 0.90 1.70
HC II 61.26 10.59 67 1.21 210 0.49 1.04
HC IV 57.24 14.67 51 1.28 240 0.60 0.76
HC (all) 60.63 13.81 154 1.24 84 0.57 1.10

Discussion and conclusion

The observed effect of magnetic refraction seems to be a
serious problem for the evaluation of the secular variation
of the geomagnetic eld by archaeomagnetic measurements
and the setting up of standard curves for archaeomagnetic
dating. Thellier (1981), and also in earlier papers, tried to
avoid this by collecting as many specimens as possible from
the archaeological sites hoping that the effects would be
averaged out. As a general rule, one can say that the decli-
nation values are least affected in specimens taken from
the centre of the oor of kilns or from places with azimuth
angles 0°, 90°, 180° and 270° with respect to the magnetic
meridian of circular structures. (For de nition of the azi-
muth see Figs. 5 and 6.) The inclination values are most
disturbed (too shallow) in the floor specimens. They are
also disturbed in wall specimens (too steep) at azimuth posi-
tions 0° and 180° and are probably undisturbed in azimuth
positions 90° and 270°. In poorly preserved structures it
is often possible to take samples in only a few places. If
they are not adequately placed over the entire structure,
both D and I values can be biassed in an unknown way.
So far there are no possibilities of making proper correc—
tions. As shown earlier the corrections depend not only
on the geometry of the archaeological structures, but also
on the rock magnetic properties of the material at the block-
ing temperature when the TRM was acquired. Further rock
magnetic studies are planned with the aim of providing
means to correct archaeomagnetic data for the effects of
magnetic refraction.
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Frequency dependence of Q for seismic body waves
in the Earth’s mantle
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Institut fur Meteorologie und GCOphysik, Feldbergstr. 47, 6000 Frankfurt, Federal Republic of Germany

Abstract. In this paper an attempt is made to determine
the frequency dependence of Q in the Earth’s mantle in
the frequency range 0.03—1.5 Hz from the spectral ratio
of teleseismic S- and P-waves. Digital broad-band data
of 17 earthquakes at 40° < A <90° recorded at the Central
Seismological Observatory of the Federal Republic of
Germany at Erlangen were analysed. The method im-
plies the following assumptions: frequency indepen-
dence of the crustal transfer function, proportionality of
Qp(f) and QS(f), and proportionality of P- and S-
source spectra. This last and most critical assumption
was carefully investigated by kinematic and dynamic
source models. _

The calculated Q—spectra for the individual events
vary considerably but all have in common a general
increasing trend with frequency which can best be re-
presented by a power law Q~f“ with 0.25<oc<0.6. A
further increase in slope near 1 Hz suggests an absorp-
tion band corner with an upper cut-off relaxation time
rm=0.33i0.18 s; The significance of the Q-spectra and
their variability is estimated by manipulating semi-syn-
thetic seismograms with different error-producing pro—
cesses such as length and shape of the time window,
superposition of noise, digital filter process and source
spectra. It is concluded that none of these processes is
able to destroy or to imitate the observed increasing
trend of Q with frequency.

The results are compared with those from other
seismological investigations and from laboratory ex-
periments on mantle rocks at high temperature and in
the seismic frequency band.

Key words: Anelastic wave attenuation in the Earth’s
mantle — Frequency dependence of Q -— Spectral ratio
method

1. Introduction

Amplitude and shape of seismic signals are, to a large
extent, in uenced by the anelastic attenuation in the
earth. This physical property is most conveniently de-

* Present address: Dokuzeyliil Universität, Institute of Ma-
rine Sciences and Technology, P.O. Box 478, Konak-Izmir,
Turkey

Offprint requests to: H. Berckhemer

scribed by the elastic quality factor Q. Detailed knowl-
edge of Q in space and frequency is not only required
as a crucial correction term for restoring the seismic
source function from teleseismic signals or for generat-
ing realistic synthetic seismograms, but also provides
intrinsic information on physical properties of the ma—
terial traversed by the seismic waves. Anelasticity in
mantle and core is most probably controlled by ther-
mally activated solid state processes and, therefore,
highly temperature dependent. Comparison of laborato-
ry experiments, theory and field observations may lead
to a better understanding of the physical processes
governing anelasticity, and to temperature estimates in
the earth.

Until a few years ago Q was generally treated by
seismologists as a frequency independent quantity,
chie y because of the lack of more precise information.
The constraints to assume some increase of Q with
frequency, however, are growing. For the Earth’s man-
tle the number of specific investigations with regard to
the frequency dependence of Q is still very limited, e.g.
Sipkin and Jordan (1979), Lundquist and Cormier
(1980), Der et al. (1982). These and other studies are
based on differences in attenuation derived from long-
and short-period seismograms, but not from continuous
spectra over a broader frequency band. The mode of
variation of Q with frequency deduced from these data
remains, therefore, ambiguous. Also, depending on the
method applied, it is often difficult to separate spatial
variations of Q from those in frequency (e.g. Der et a1.
1982). This is true, in particular, for all Q determi—
nations from surface waves.

The exclusive aim of the present study is to obtain
Q-spectra estimates for mantle body waves. No attempt
is made to determine absolute values or spatial varia-
tions of Q. The authors were motivated to this study by
laboratory measurements of Q by Berckhemer et al.
(1979, 1982 and unpublished results). These experi-
ments, which surpassed the solidus temperature of peri—
dotite and dunite, were considered to be of relevance
to the anelasticity of the upper mantle, especially of the
asthenosphere. Consequently, the Q—structure in the
Earth’s mantle was also investigated, in particular its
possible frequency dependence, and both results com-
pared.

A continuous spectrum of Q(.f) can only be de-
termined if attenuation is measured over a sufficiently
wide frequency band along a well specified ray path.
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This requires knowledge of the seismic signal spectrum
at both ends of the path, and of all factors in uencing
the amplitude spectrum along the path.
Since the frequency dependence of Q can not be expect-
ed to be very large it is insufficient to replace the
source spectrum just by some simple theoretical model,
as done for constant-Q estimates by several authors
(e.g. Tsujiura, 1966; Okada et al., 1970; Burdick, 1978).
Use of the spectral ratios of multiple ScS (Sipkin and
Jordan, 1979) or ScS/SCP (Kanamori, 1967) eliminates,
in principle, the problem of the source spectrum. How-
ever, these signals are typically of low signal/noise ra-
tio, in particular at short periods, and are affected by
the particular conditions of the core-mantle boundary
zone (low-Q zone?)

2. Principles of the SIP spectral ratio method

In the present study we use the spectral ratio of S and
P of a teleseismic event where both phases are recorded
at the same station. This has the advantage of almost
identical ray paths, high signal to noise ratio and large
contrast in attenuation for both wave types. In fact the
less attenuated P-signal serves as a kind of reference
signal for the unknown source time function. The nec-
essary assumptions to be made are stated below and
will be subject to a critical discussion in Sect. 3.

To derive the basic equation for the determination
of Q(f) it is convenient to describe the transmission of
the seismic signal from the source to the receiver in the
frequency domain by a chain of linear filters:

A(f)=S(f)C(f)M( A)çb(f,R), (1)
where A(f)=seismogram spectrum,
S (f) =seismograph transfer function,
C (f) stransfer function of the receiver crust,
M (f, A) =mantle transfer function,
A =epicentral distance,
(Mf, R) =source spectrum with
R =source radiation characteristic.

All functions may be complex and, with the exception
of S(f), depend on the respective wave type. We are
particularly interested in the mantle transfer function
M(f, A) which consists of the frequency independent
geometrical spreading factor G(A) and the frequency
dependent anelastic absorption factor exp [—jv(f, r)ds]

along the ray path 5, where, for a spherically symmetri-
cal earth, the absorption coefficient y(f, r) is a function
of the geocentric distance r and the frequency f. Since y
is related to Q by

VU, VW nf/[QUÊ r) UM], (2)
with the propagation velocity v(r) of the wave type
considered, we obtain

M(rr)=G(A)exp[— nft (3)Q(fJm—FWÜJ
Replacing the integral in Eq. (3) by_the quotient t* of
travel time t and the mean value Q(f) along the ray

path 5

i
ds _ t

sQ(f,r)v(r).—Q(f)
the spectral ratio of S- and P—wave recorded at the
same station by the same instrument may be written
according to Eqs. (1), (3) and (4) as

S(f) _ CSU) _ 63w)
P(f) ‘ CPU) 0PM)

IP _ ts (15302 Rs)expinf [QM osmii mo: Ra
In order to solve Eq. (5) for QS(f) and QP(f) we
introduce the following approximations and assump—
tions:

a) Approximative frequency independence of the
crustal transfer functions CS(f) and CP(f) in the fre—
quency range 0.01—3 Hz

CS(f),CP(f)zconst.,CS/Cp=n(z1). (5a)

b) Approximative equality of the ray divergence
factors GS(A) and GP(A)

Gs(A)~Gp(A)- (5b)
c) Approximative proportionality of QS(f) and

QP(f) With the common assumption that anelasticity
is confined to shear deformation,

Qp(f) = sU), k=Ê(UÊ/Uâ)æâ(tÊ/IÊ). (5 C)
d) Assumption of proportionality of the source

spectra (1)5 and $1,. This is certainly correct for a point
source but neglects the rupture propagation process of
a source of finite dimensions:

= t*‚ (4)

(5)

¢S(fa Rs)/Cbp(fa RP)s/Rp=g- (5d)

Under these conditions Eq. (5) reads

ELL 1 ‘PPU) ’ “p l"‘fQs(f)(l< 9)] (6)
with m=ng. (6a)

Equation (6) may be resolved with respect to QS(f),
and with Eq. (5 c) one obtains

— _ Rf ÊtÎæ-IË
QS(f)_lnS(f)—1nP(f)—lnm t§ ’

— 3Qp(f)= zî—âQSU) (7)
All quantities in Eq. (7), except the factor m, can be
directly determined from the seismogram if the travel
times are known. The direct determination of the factor
m, which reflects essentially the ratio of the S- and P-
radiation patterns in the direction of the ray from the
source to the station, would require a very accurate
and stable fault-plane solution for the event. This can
be circumvented by an empirical determination of m
using a standard value of Q3 (or QP) at a reference
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frequency f,. As pointed out already, we are only con-
cerned with the frequency dependence of Q, not with its

t(A)
QM)

available from several QP- and QS-models. We have
chosen t* values from model SL1 (Anderson and Hart,
1978) and assigned them to a reference frequency f,
=0.1Hz, typical for the range at which SL1 was de—
termined. Any other reasonable model would do it as
well and simply shift the level of Q(f) somewhat, with-
out a significant in uence on the frequency dependence
of Q. From Eq. (7) it follows

lnm=ln [%

absolute level. Standard values of t*(A)= are

3%t%-—ts]—7t0.1t’§(A) t, ‚ (8)
S

f=0.1Hz

3. Discussion on the assumptions involved

Crustal transfer function

The layered structure of the receiver crust acts as a
seismic frequency filter. The ratio of surface motion and
wave motion at the base of the crust, the crustal trans-
fer function, has been calculated for many crustal struc-
tures and angles of incidence i by various authors.
Kanamori (1967) has shown that, e.g. for a 4-layer crust
and steep incidence (i=10°—20°), the ratio of the verti-
cal surface motion and P-Wave amplitude in the fre—
quency range 0-1 Hz assumes an almost constant aver-
age level of 2.5 with variations of j—_20 %, and similar
for the ratio of the horizontal ground motion and S V
amplitude. Leblanc (1967) has shown that the average
of 20 transfer functions of different crustal models var-
ies in the range 0.4< f <1.6 Hz by less than il dB
about a frequency independent mean value. This is
considered a sufficient justification to approximate CS
and CP by frequency independent mean values which
do not have to be known explicitly if m is determined
empirically.

Ray divergence factor

Since the ray divergence at a given epicentral distance
is almost identical for P- and S-waves (e.g. Shimshoni
and Ben Menahem, 1970), the ratio of both can safely
be assumed to be unity. In any case ray divergence
would not affect the frequency dependence of Q.

Relation between QS and Q P
An isotropic solid having anelastic properties can con-
veniently be described by complex elastic moduli

M(f)=M'(f)+iM"(f)- (9)
Then, the corresponding elastic quality factor is defined
as

Q(f)=M’(f)/M”(f)- (10)
The moduli governing the S- and P-wave propagation,
respectively, are

Ms(f)= ’(f)+i#”(f)a (118)

11

Mp(f)=K’(f)+% #"(f)+i[K”(f)+% H”(f)] (11b)
and the corresponding Q-factors

M__(f)— 2
Qs(f)— ’——u’(f) (1 a)

K(f)+% Hf)
P =

+4
H 2bQ (f) K”(f)+ ‚i’m (1 )

or

Qs(f) 4 „ H 3
Qp(f) ~:—:[3++K (f)/M (f)]‚ (1 )

where, for Q > 1,

r
Kr Ê

r

väz%, vizL’O/i (14)

If anelasticity is entirely due to energy loss at shear
deformation (K”=0), which is a widely adopted pos-
tulate and also used in the present paper, then we
arrive at Eq. (5a). It is seen from Eq. (13) that pro-
portionality of Q3 and Q P exists as long as the velocity
dispersion remains negligible. Even if K”(f)=)=0 but is
small relative to u” or varying with frequency in a
similar way, proportionality of Q5 and QP may still be
assumed a good approximation.

Seismic source spectra

The assumption of prOportionality of (35,, and qbs cer-
tainly needs careful and critical consideration. In a
homogeneous elastic medium the far-field displacement
u(r,t) of a seismic point source with moment func-
tion MOU) may be written in terms of radial (P) and
tangential (S) displacement components:

up:
1 dM0T()

4—7r—p d’r

uS_ 1 dM0(T)
47tp dr

RAISE/0012M), (15a)

R509, Â) Gs(A)- (15b)

From
EqS.(

(15a and b) it is evident that for a point
source a and up and therefore also the respective
source spectra (1)3 and (pp, are proportional, with RS/RP
as the factor of proportionality. In our notation the
radiation functions of a double couple point source are:
for P

(radial) RP(8, xl)—— îsin 29 cos it,

for S
UP

meridional RSm(.9, it) = —3 cos 28 cos À,
s

(lateral) R31(9, it) = _v1—§ cos 9 sin Â, (16)

where .9 and À are co-latitude and longitude on the
focal sphere with respect to the fault plane and the slip
vector. As an angular average one would expect to find
RS/RP=gœm to be of the order of vîä/vâæS. Extreme
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values are to be expected near nodal planes for 9%0,
71/4, 71/2 and 7121:0, 71/2. The question is whether the
proportionality of 453 and (15,. is also a justified assump-
tion for real earthquakes with an extended source. If we
consider the corner frequencies f *(P) and f*(S) as re-
presentative quantities of the source spectra of P and S,
respectively, it turns out that the information on
f*(P)/f *(S) found in literature is controversial. Follow-
ing the critical review recently published by Hanks
(1981), it is found that f*(P)/f*(S)>1 in the majority
of observational cases. However, some near—source ob-
servations in low-loss material show f*(P)/f*(S)$l.
Hanks concluded from numerical estimates that dif-
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Fig. 1. Synthetic S/P-spectral
ratios (left) and Q-spectra (right)
for finite source models and
different radiation angles (middle).
Straight lines in the spectra
correspond to a respective point
source. a—c: Haskell type
dislocation models 11: Madariaga
stress relaxation model. In the
synthetic Q-spectra, absorption
according to a power law in

11111111 1 1441111111111111| Q(oc = 0.276) is assumed
10'1 HZ 10° 1o1

ferent absorption of P- and S-waves may account for
some of the difference of f*(P) and f*(S) but not for
all. This is also not to be expected for a source of finite
dimensions and finite rupture velocity.

In order to gain some feeling for the possible influ-
ence of finiteness of the source on qßS/qäp in the fre-
quency band under consideration, we have applied two
different types of source models to produce synthetic
source spectra.

A: One-dimensional unilateral and bilateral dislo-
cation models of Haskell type with rupture propagation
along an elongated rectangular fault of L=50 km. Rup-
ture velocities v,=0.9vS and v,=0.65 vs were used with
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Table 1. List of earthquakes analysed

13

No. Region Date Origin Coordinates: A Depth Mag-
name time degrees km nitude

hzmzs latitude longitude
(p0 . ÂO

1 Oaxaca-Mexico 29.11.78 19:52:53 17.0N— 96.0W 87.9 49 Ms=7.8
2 St. Elias—Alaska 28.02. 79 21 :27 :08 60.6 N—14l .6W 68.6 25 Mb = 6.8
3 Okinawa 12. 06.78 08: 14:27 41.0N—142.0E 79.8 40 Ms: 7.5
4 Alaska 13.02. 79 05:34:26 55.5 N—157.2W 74.8 24 M5 = 6.7
5 Mexico 14.03. 79 11 :07: 19 17.8N—101.3W 90.3 59 Ms: 7.5
6 N. Atlantic 22.04. 79 09:50:18 33.0N— 39.7W 40.8 33 Mb=5.7
7 Kodiak-Alaska 20. 05. 79 08:14 56.7N—156.7W 73.5 72 Ms=6.7
8 Tibet 20. 05. 79 22: 59: 16 32.0N— 79.0E 52.4 31 Ms = 5.5
9 Iran 16.09.78 15:35:56 33.2N— 57.4E 37.6 33 Mb=6.1

10 U.S.S.R. 01.11.78 19:48:29 35.4N— 72.7E 46.2 33 Mb=6.3
11 Kuriles 06.12.78 14:02:03 44.7N—146.4E 78.2 97 Mb=6.5
12 Honshu 07.03. 78 02:48:46 32.0N—137.4E 85.7 430 Mb=7.0
13 Tibet 18.11.77 05:20:11 33.0N— 89.0E 58.1 33 MS=5-9
14 Taiwan 02.09.78 01:57:34 24.9N—122.0E 83.7 115 Mb=6.0
15 Colombia 23.11.79 23:40:30 4.8 N— 76.2W 84.7 108 Mb=6-4
16 Japan 18.01.81 18:17:24 38.7N—142.8E 82.2 33 Mb=6.2
17 Japan 23.05.78 07:50:28 31.1N—130.1E 83.1 161 Mb=6.3

05:3.4 km/s. Some typical examples of model calcu-
lations with vr=0.9 Us and arbitrary, but uniform rise-
time along the fault are shown in Fig. 1a—c. Since this
is only a consideration of secondary importance in the
context of this paper, for details refer to Ulug (1983).
The spectral ratios shown on the left of Fig.1 are
smoothed, as described in Sect. 5, and normalized by
putting RS/RP= 1. It is seen that the oscillations strong—
ly depend on the radiation angle .9 (Eq. 16). Radiation
under steep angles to the rupture plane produces un-
important oscillations only (Fig. 1a and c), while com-
paratively large oscillations occur at low angles (Fig.
1b) due to the increasing Doppler effect. With v,
20.903, a rather unfavourable choice has been made in
this respect. Negligible oscillations are found for a set
of models with vr=0.6503 for most radiation angles.

B: Madariaga stress relaxation models with con-
stant rupture velocity. It may be argued that Haskell
type models might lead to unrealistic results because in
these models f *(P)§ f*(S) (Hanks, 1981). For that rea-
son we have also used the more sophisticated source
model of Madariaga (1976). It represents a dynamic
solution of the wave radiation from a circular rupture
front propagating with the finite rupture velocity 0,. As
shown by Madariaga, generally, fma); f *(S). The di-
ameter of the rupture area is chosen to be 30 km and,
as in the previous models, vS=3.4 km/s, v,=0.9vs. Fig—
ure 1d shows the smoothed (‚155/q ratio for a radiation
angle 9=45°. There is some disturbance in the spectral
ratio slightly above the corner frequencies but very
little in the lower and higher part of the spectrum.

In summary we may conclude that, despite the
more or less pronounced oscillations, it is important to
note that all spectral ratios follow a constant mean
level throughout the frequency band which may be taken
as a justification for our assumption q/qbpzconst.

Most of the earthquakes used in this study occurred
at normal depth. No contributions of waves generated
by re ections and wave conversion at the surface near

the source have been taken into consideration in the
models. It is to be expected that these secondary waves,
if falling in the time window for spectral analysis, will
create a tendency to moderate the differences between
$3 and dJP. It is a basic idea of this study that even if
an individual observation might have been made under
unfavourable conditions a sufficient number of cases
should give, in a statistical sense, a representative pic-
ture as regards Q(f).

4. Selection and preparation of data

For this kind of study broad-band digital seismograms
with high signal/noise ratio are required. Seventeen
events of M gas, recorded at the Central Seismological
Observatory of the Federal Republic of Germany at
Erlangen (station abbreviation GRF) at epicentral dis—
tances 40°<A<90°, were selected. Care was taken for
equally good quality of P and S signals, i.e. for suf—
ficient distance from nodal planes. Of the 17 earth-
quakes, 4 had a focal depth of more than 100 km and
one was deeper than 300 km. The list of events is given
in Table 1. ‘

The frequency response of the broad-band seis-
mometers (Wielandt and Streckeisen, 1982) is at with
respect to ground velocity from 0.05—5 Hz. The dy-
namic range extends to 132 dB with a resolution of
66 dB. The sampling rate is 20 5‘1. P-wave spectra
were computed from the vertical component. S-wave
signals were separated into S V and SH components.
For spectral analysis, only SH was used in order to
eliminate PS and waves converted near the receiver
Slte.

In order to get a satisfactory spectral estimate of the
signal in question, the time window T was usually
taken as Tarr3T0 (Abramovici, 1973), where T0 is the
longest period at which P and S still have a good
signal/noise ratio. The window length had to be limited
to 40—100 S to keep undesired phases like PL out. Be-
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yond 412960", PCP and ScS overlap with P and 8,
respectively. Kurita (1969) has shown that, if PcP and
P or 8:33 and S spectra are similar, PCP or ScS respec-
tively would modulate the P or S spectrum. Since the
PcP/P amplitude ratio is less than 0.2 for A >60Ü (Fra-
sier and Chowdhury 1974) and ScS/S less than 0.5 for
A>70° (Mitchell and Helmberger, 1973), the modu-
lation of the P- and S-spectra by PcP or ScS will not
be very severe. The superposition of direct P and S
with near-source surface re ections can also not be
avoided for shallow foci but is, in some way, even
desirable, as mentioned at the end of Sect. 3. It may,
however, also cause some modulation of the source
Spectrum.

The choice of the shape of the time window was
also subject to a comparative investigation. It turned
out, however, that in practical cases the difference in
the final result for a simple box car window and a
cosine window, or a combination of both, was negligi-
ble. Therefore, the box car window was used.

5. Data analysis and results

P- and S-signal spectra were calculated by fast Fourier
transformation at 1024 equidistant frequencies. For suf-
cient resolution at lower frequencies and since the

signal to noise ratio admits only an upper signal fre-
quency limit of 1.5 Hz, the original data were reduced
to a sampling rate of 5 s“I corresponding to a Nyquist
frequency of f,=2.5 Hz and a spectral resolution of
Af x0005 Hz.

The spectra show oscillations and break-ins caused
for reasons discussed earlier (see Fig.3). To reduce
these irregularities, the raw P- and S-Spectra were
smoothed taking the unweighted mean of the value in
question and a neighbouring values to both sides, i.e. of
2u+1 values. Figure 2 shows the result of the smooth-
ing process on Q(f) for u=5 and n=15. The general
trend which reflects the frequency dependence of Q
appears more clearly after smoothing and is not modi-
fied by the procedure. The subsequent results are ob-
tained with u = 7.

From the smoothed signal spectra the Q-spectra
were calculated according to Eqs. (7) and (5c). The
value of m was determined by inserting a standard r*
into Eq. (8). The full procedure is exemplified for the
Kodiak-Alaska earthquake of 20 May 1979. Figure 3
shows the time functions of P, S and noise (some min-
utes before the P-onset), their raw and smoothed spec—
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Fig. 2. Effect of smoothing of the spectra
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Fig. 3. Example of the numerical data treatment. P- and S-
signal time functions, P,S and noise ground displacement
Fourier spectra; QP and Q5 spectra of the earthquake of
20.05.1979 at Kodiak-Alaska, Ms:6.7

tra and QP(f) and Q5(f) in the frequency range 0.06-
1.5 I-Iz. As a representative collection of the results
obtained, the Q-spectra of 9 of the 17 earthquakes
investigated are shown in Fig. 4. The mean of 15 Q-
spectra, scaled at f =1 Hz (thick line), is given in Fig. 5,
together with the standard deviation (dotted area) and
two model curves. Although the spectra vary considera-
bly in detail, they all have in common a generally
increasing trend of Q with frequency, which may be
expressed by a power law represented as a best fit
straight line in the figures on bi-logarithmic scale. In
Fig. 6 the tit-values of all 17 events are plotted with
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Fig. 4. Q(f) for P (upper curve)- and S (lower curve)-signals along the ray path for 9 of 17 events. Focal data are given in Table 1

rather conservative error bars versus epicentral dis-
tance. It may be concluded that or-values range from
0.25-—0.6 with some tendency to increase with decreas-
ing distance. Since signals at shorther distances have
travelled relatively longer in the asthenosphere than
those which penetrated very deep in the mantle, the
data may indicate that absorption in the asthenosphere
is represented by higher oc-values.

In quite a number of cases, as seen from Figs. 4 and
5, a simple power law fails to describe properly the
increasing SIOpe above 1H2. As an alternative ap-
proach we have, therefore, attempted to fit the spectra
by the high frequency end of an absorption band model
with frequency independent relaxation density, as pro-
posed by Liu et a1. (1976) and applied, e.g. by Sipkin
and Jordan (1979) and by Lundquist and Cormier
(1980). The model curve b was calculated according to

275f(TM—Tm)
]

‘1
1+47t2f2'tMrm

7: —1Q(f)=QB—2—{tan [ (17)

(Kanamori and Anderson, 1977), where QB is the value
in the absorption band and rM and I'm are the upper
and the lower cut-off relaxation times.

From fits of the individual Q-spectra with this mod-
el we obtained rm=0.33i0.18 s with no significant de-
pendence on the epicentral distance. The spectral mean
in Fig. 5 is fitted with rm=0.4 s.

6. Signi cance of the results

Before speculating on further features of the Q-spectra
it is necessary to carefully examine factors which might
have influenced the results obtained. For this purpose
synthetic or semi-synthetic seismograms were used and
manipulated with artificial disturbances.

Concerning the effect of the finiteness of the source
on the Q-spectra, we make use of the model calcu-
lations of Sect. 3. On the right of Fig. 1 synthetic Q-
spectra are shown corresponding to the respective
source spectra ratio to the left. It has been presumed
that anelastic absorption on the way from the source to
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analysed as function of epicentral distance A (degrees) and the
corresponding mantle ray paths

the station follows a power law Q~f“ with a=0.276.
The Q-spectrum for an ideal source (psmpp) would
then be the straight line shown on all diagrams. The
case It: follows the true Q-Spectrum very closely and
la and d sufficiently closely. In the unfavourable case
1b we see, in particular at the low frequency end,
considerable deviations but still (20") follows the
straight line in its general trend. The low frequency
behaviour and some irregulatities of Qtf) in the spectra
of Fig. 4 might be explained by seismic source effects.
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Fig. 7. Scheme for synthesizing an S-signa] corresponding to
an observed P-signal for a given Q(f) model

The influence of other factors has been studied by
means of a pair of semi-synthetic seismograms which
are connected by an ideal power law absorption. To be
most realistic we started from an actual P-seismogram
and its Fourier transform. By inverse application of the
absorption operator of an idealized anelastic mantle,
the P-source spectrum dip was obtained. Assuming pro-
portionality of (lip and (353, the corresponding forward
operation was executed to obtain the S-time function
corresponding to the starting P-signal. As seen from
the scheme in Fig. 7, the process takes int_o account an
amplitude attenuation factor, exp[—irft/Q(f)], as well
as absorption linked phase shift, 99(11):). Absorption was
assumed to follow QP(f)=Af“ and Q5(f):Bf“, with A
=1,345, B:565 and a=0.276. The parameters gmm,
IP, 55 were taken from the actual event to which the P-
signal belonged.

The phase shift, (‚o(f, t), is obtained from the approx—
imate dispersion law for weak frequency dependence
[Futterman, 1962; Kanamori and Anderson, 19??)

1
Ë(f)/E(fÜ)Æ1+W1H(f/fu)a (18)

where E(f) is the mean phase velocity and Q(f) the
corresponding Q value along the ray. EUÜ) may be
equalized with the signal velocity vzs/t for 15:1 Hz.
The phase shift, @(f), is related to EU) by

(P(f)=2 f[f-S/E(fl]- (19)
The pair of P and S signals thus obtained was manipu-
lated in several ways. Of course Q(f), determined ac-
cording to Eqs. (7') and (5c), resulted in an almost
straight line with the slope of 0.2?6, as expected. Small
deviations are attributed to numerical noise (smoothing
procedure). Perhaps the most important results from
these numerical experiments are those concerning the
influence of artificial noise. In Fig. 8a white noise (with
respect to ground velocity) is superimposed on the sig-
nal. The Q-spectra show a marked increase at high
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Fig.8. Effect of noise, superimposed on a pair of semi-synthetic P- and S—signals, on the Q—spectra. Left: white noise; Right:
coloured noise (central frequency 0.2 Hz)

frequencies where the signal amplitude is rapidly drOp-
ping (compare Fig. 3). However, the mean slope of
0.276 is still recognizable without difficulty. This may
account, at least in part, for the rising high-frequency
end of some of the Q-spectra in Fig. 4, and may also be
of importance in judging results of other authors. In
Fig. 8b the white noise is convolved with a wavelet of
T0=58 in order to obtain “coloured” noise with a
main frequency of 0.2 Hz. As expected, this tends to
raise the Q-level in the frequency range around 0.2 Hz
but Q(f) still follows the s10pe of 0.276 quite well.
From this experiment we may conclude that noise
superimposed on the signal may modify the Q-spectrum
considerably, in particular at higher frequencies, but
still the general trend remains preserved.

Other experiments carried out with our semi-syn-
thetic pair of P— and S—signals may just brie y be
mentioned. As already tested with real data (Sect. 4),
the shape of the time window has little in uence on
Q(f). Variation of the length of the window by a factor
of 2.5 modified Q(f) only at the low-frequency end.

We may conclude this section with the following
statement, valid for the frequency range considered.
Several factors are capable of modifying the Q-spectra
in detail, but no conceivable process can imitate or
destroy the observed general increasing trend of Q(f)
which can most simply be expressed by a power law.

7. Discussion

Comparison with other seismic evidence

In this section we compare our results with those of
other investigations. If only short- and long-period Q-

Table 2. Comparison of equivalent a-values in different in-
vestigations

Study a Frequency
range (Hz)

Whole earth
Anderson, Minster (1979) 0.2—0.4 10‘8 —10‘2

Mantle

This study 0.25—0.6 0.03 — 1.5
Sipkin, Jordan (1979) 0.35 0.01 — 2
Der et al. (1982) 0.15 0.01 — 2
Sacks (1980) 0.15—0.25 0.001— 0.3
Clements (1982) 0.2 “0.5 0.1 — 1
Zschau 0.4 —0.6 0.1 — 1
(personal communication 1983)

Crust
Aki (1980) 0.6 #08 0.5 —25
Mitchell (1980) 0.3 —0.5 0.025— 1
Singh et al. (1982) 1.0 3 ~25
Roecker et al. (1982) 0.5 —1.0 0.4 —48
Thouvenot (1983) 0.25 10 —25

Laboratory data
Berckhemer et al. (1982) 0.25 0003—30
Gueguen 0.3 10‘4 —10
(personal communication 1982)

values are available it is still possible to bring them
into the form of a power law Q~fa. This has been
attempted in Table 2.

Similarities in results for crust and mantle are prob-
ably just of formal character because the physical na-
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