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LISPB — V. Studies of crustal shear waves
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Summary. Many shots in the LISPB profiles produced shear waves with large
amplitudes which were recorded by three-component stations. However, S
waves seem to be strongly attenuated when they propagate through complex
velocity structures. Upper crustal refractions (mainly land shots) and wide-
angle reflections (mainly sea shots) were picked with the help of particle
motion plots. S to P travel-time ratios (¢,/¢,) were used to calculate the
distribution of Poisson’s ratios in a crustal model. The results were generally
close to 0 =0.25 except in the upper crust south of the Southern Uplands
Fault (0 =0.231) and in the middle crust under the Midland Valley (¢ =
0.224).

1 Introduction

A knowledge of the distribution of Poisson’s ratio (or alternatively V,/V;) might be
expected to add significantly to our understanding of the physical properties of, and
processes in, the crust and upper mantle. However there is little published work on this
subject presumably due to the difficulties of recording shear waves and picking their onsets
accurately.

This paper describes the study of the S waves generated in some of the LISPB profiles
(Bamford et al. 1976; Bamford et al. 1978), in particular on the segments ALPHA and
BETA in Scotland (Fig. 1), and complements the determination of P wave velocity structure
on segments ALPHA, BETA and GAMMA (Bamford et al. 1978). Conventionally Poisson’s
ratio (o) is determined by the ratio of the apparent velocities of P and S waves at the surface
with results usually in the range 0.23 to 0.27 but with large uncertainties of 0.01 or greater.
The LISPB observations on closely spaced three-component stations allows ¢ to be de-
termined with better accuracy than 0.01.

*On leave from University of Sao Paulo, Brazil.
T Present address: Geophysikalisches Institut, Universitat, Karlsruhe, Germany.
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Figure 1. Location of shots and profiles.

2 Data quality

Not all of the LISPB shots generated good S waves but most shots recorded on ALPHA and
BETA produced some shear waves either as upper crustal refractions (shots 1, E and 2;
e.g. Fig. 2(a)) or as wide-angle reflections (shots N2, N1, 1 and E recorded on ALPHA,
e.g. Fig. 2(b)).

The quality of .S waves on segment GAMMA is far inferior to that on ALPHA and BETA
and it seems that a relatively complex structure beneath GAMMA (Bamford et al. 1978)
may be responsible. S waves may be easily attenuated by propagating through a structure
with many velocity discontinuities. This could explain why land shot 2 (Fig. 2(a)) produced
the best signal to noise ratio for S waves when recorded to the north (BETA) but no S waves
when recorded to the south (GAMMA). Similarly, shot E produces reasonably clear S waves
to the north (in the Midlands Valley and on ALPHA) to distances of 90 km whereas to the
south the S waves are very poor, perhaps because of complex structure at and south of, the
Southern Uplands Fault. In contrast, the absence of Moho reflections on both BETA and
GAMMA may be due to the anomalous Moho transition identified by Bamford et al. (1978).
No shear refractions from the Moho (conventionally calted S,,) were detected on any of the
crustal profiles.
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The same notation has been adopted for S crustal phases as was used for P crustal phases
by Bamford et al. (1978). Thus ay and a, are upper crustal refractions, e is a wide-angle
reflection from the lower crust and c is the wide-angle Moho reflection.

3 S travel-time data

Record sections of those parts of the seismograms that might contain S were constructed
with reduction velocity 3.464km/s (=6.0/v/3). For each shot there were three sections:
one for the vertical, one for the radial horizontal and one for the transverse horizontal
components (e.g. Fig. 2). A preliminary identification of S waves was made based on travel
times using the P seismic sections as reference and assuming an average Poisson’s ratio close
to 0.25.

A time window of a few seconds and including the suspected S arrivals was then selected
for each station for the plotting of particle motion diagrams: these diagrams show the
ground motion in the sagittal plane (vertical-radial) and in the horizontal plane (radial-
transverse). For this purpose the original records were filtered with a lowpass Hanning
window, instead of a bandpass. This reduces the high-frequency background noise and at
the same time does not diffuse the S onsets with the ‘ringing’ often caused by narrowband
filters. The three components and the particle motions were then plotted and used for
picking § arrivals, the vertical and radial components giving an SV onset and the transverse
component an independent SH onset.

Not all stations had S waves with amplitudes large enough to be read. Out of 102 stations
recording P arrivals for crustal refractions on profiles 1 — ALPHA, 1 — BETA,E — BETA +
ALPHA, 2 — BETA, about 70 per cent produced S arrivals with a signal to noise ratio
(SNR) large enough so that either SV or SH could be picked. Fig. 3 shows examples of S
wave onsets of phase a, from profile 2 — BETA (for simplicity diagrams of particle motion
in the horizontal plane were omitted).

It is known theoretically that the ground motion of S waves in a homogeneous half-
space is not always linear but can be elliptical for shallow angles of emergence at the surface
(e.g. Nuttli 1961; Meissner 1965). For example SV ground motion is elliptical for emergence
angles (measured from the horizontal) less than 54.7 or 57.7° for Poisson’s ratio 0.25 or
0.30 respectively. Nondlinear SV ground motion was sometimes observed in the LISPB
stations as illustrated in Fig. 3. More often the ground motion of the S wave train is more
complicated than the examples in Fig. 3. The character of the SV and SH ground motion
sometimes changes completely between adjacent stations, indicating that it is strongly
affected by the structure very close to the surface (1 or 2 km beneath the station). For this
reason no special processing could be applied to pick or enhance the S waves, like polariza-
tion filters (e.g. Montalbetti & Kanasewich 1970), where the same kind of ground motion
would have to be assumed for all stations. Instead S¥ was picked with the help of particle
motion plots as any motion with a phase difference between vertical and radial components
ranging from 180° (linear motion) to +90° (elliptical motion). The uncertainties in the S
onsets varied approximately from * 7/4 (good SNR) to + T (poor SNR), where T is the main
period of the S waves. Thus, land-shot arrivals for upper crustal phases (Fig. 2(a)) can have
onsets accurate to about 0.1 s or better whereas deeper penetrating arrivals for sea shots
(Fig. 2(b)) can be determined to within + 0.2 to £ 0.3 s.

4 Travel-time ratios (4;/t,)

For each station and for each phase, S travel times ¢, were divided by the corresponding P
travel time ¢, and these ratios ¢/t, were plotted against distance from the shot.

220z 18nbny oz uo 1senb Aq 91909/19/1/¥S/81o1ue/1[6/wod dno-olwspede//:sdny wol) pepeojumo(d



64

M. Assumpgao and D. Bamford

SOARERBOAE AR SN A A RS RN RSN B IR
SRR o ) oAk e s
——
IASVA SISO ) |/ resusnss women 1
AR S OIS e =
_—wmmwvw/\/\/\/\/vw«fmw\,w\f AN 4
B AWM AW~~~ ]
e
F MANAAA AN A AMAAINAMN -
:V/V\WWWMFWWWWNWVVVW\/\/\,Av‘V v ]
[ At A A A A A AN AN w\/\/\,/\,\/\/\vJ\/\mwvv\N-
L "MAMAAAA A AAAAMAAAR A rANAANAN A
:\IV\NMMA/\N\/\A~WV~AN\I\/\/\/\,JVWWMI\/\/\I\/\/\ VA AN AN ~rane AN
= AANMMAAAMAAAA~ AN AN A Ay -
C ArArA an ]
o v
L Rl el
SOV M
E st AR o 3
e ?
e e o ]
T RN SETT ST SNETE ST Nl FTUTE FTTRE N Sy

(S)

Sv-E/1510 -

[and w w ~r m N — o — N o <+
1

AWTL

20 30 40 50 60 70 80 S0 100 110 120

10

o

DISTANCE

2.5-10. Hz

2-BETA, Y,

Figure 2 (a)

220z 18nbny oz uo 1senb Aq 91909/19/1/¥S/81o1ue/1[6/wod dno-olwspede//:sdny wol) pepeojumo(d



Downloaded from https://academic.oup.com/gji/article/54/1/61/606446 by guest on 20 August 2022

‘3 pue 9 saseyd Jo uonoaIlp

S1LOIPUT SMOIIY “palojun ‘jusuodurod [eorIaA "VHITY — TN 9MJoId ‘saaem Ieays Jo uonods atuwsieg (q) -0 st goueistp WY 00T ©3 dn ourm} padnPax s | noqe 18
aseyd oy ‘zH 0 T1—S"7 PoIal[y ssedpurq ‘Jusuodurod asIsAsuBl], (V144 JuswSos uo papiosdl 7 1oys) VLA — T oqyoid ‘saaem Jeays Jo UONOIs dIWSIAS (8) T 2By

v
O

(q) T anBy

(WX 33NYLISIO JuUn'Z ' YHAIV-IN
b<]
Q
I orl 0z! 0ol 8 09
W DQW eN____ _<_NM“_ __d——d-WN_Nj-’_ 1 — T __WON_ TTT _-JWW—A_—_—qdquaa‘AﬂJanaA‘_d___ TTTT TTTT _—_-‘_‘\— TT _h_-__‘__ddqdqqa‘_ll 01-
E -7 i 3
5 £ M 1 W % { =
Q F ]
] - - 8-
3 : ]
A iy -~
g : ]
< - rmm_.
S r ]
< F “ v 4
k<] F B
2 o 3
= E 3,
—_k ]
3 -
3 Gl 3
[ = 3 .
F m =
F e ™
m W W m ~
3 w 51 ER
F > | —
w 5 3¢ i, 4
o > 3 ~
E F 3 3 ¥
E i 3 3 a
E 3 3 )
— £ =z ~
E k4 3 3
m ;w $ o] 3
E 3 1
E 3 ]
r 1 s
r 3 ;
- ; s
o y 3
- e
SN B A PP O A VAN TR TR TN ST T TS AT IR AUV TR Fh vl ST W R S WS B FEE FUTTE



M. Assumpc¢ao and D. Bamford

66

Downloaded from https://academic.oup.com/gji/article/54/1/61/606446 by guest on 20 August 2022

‘J0US 9y} WOI] ABME = V ‘10US 9 SPIEMO) = [ ‘umop = @ ‘dn = ) *sweiSowstes Jo do} uo poyIew SMOpUim aw) 03 I19)ar
suresSerp uonow apnIed “AJUrerIsoun s}1 A}EdIPUI JoId oY JO SPIS YOBI UO SOUI] [lEWS Om) Yy syoid H§ ore () siusuodwiod as1oasuen ayl Surssoro asoyl ‘syaid 4§
are syusuoduroo () [EIPR! Pue [eoniaa sy} Suissolo sour oyl 'VIAd — ¢ oyoid ““e aseyq “(eueid y—2) s1oid uonow opuIed pue s[EAlIe g Jo sajdwexg "¢ amSiyg

WXM6°9L 9OS GEH8-¢
338 1

=
WM0-08 3S VvEE-¢
J3s 1

=1

WHSTIE 0S5 058-2
735 1
Al
1
4
1
z
MR
WML 8Z 90S  158-2
335 1
1
4
Lt
z

ARERAN



Studies of crustal shear waves 67

m
[sa]
A\ 1
o NZ2-ALPHA E
'_Ln
o [9=0.26 i
.
i
o (Y=0.24 +¢*fh¢'w—4—’—$—‘#
n
w
~150 170 190 210 230 250

DISTANCE

Figure 4. ts/tp travel-time ratio of phase e, profile N2 — ALPHA. The two horizontal lines were drawn
at those values of ts/tp corresponding to o = 0.26 and 0.24. The curve through the data is the theoretical
curve from the model shown in Fig. 7. SV and SH data are indicated by squares and triangles respectively.

Fig. 4 shows a t,/t, plot for phase e from shot N2 (reflected from the bottom of layer 2,
Fig. 7). The curve through the data points is the theoretical #,/t, curve given by the model
to be explained below. Fig. S shows #y/1, plots for the upper crustal refractions (phase a,
and a,).

In the case of the crustal refractions, all shots have the same general trend of high ¢/z,
near the shot, decreasing with distance. This is explained by high values of o near the
surface, especially in sedimentary basins like the Midland Valley (Fig. 7, between HBF and
SUF) and the Northumberland basin (Shot Point 2). Near the shot #,/1, is largely affected by
the high o of sediments, but as the waves travel longer distances in the refractor, below the
sediments, the final #,/z, approaches the P to S velocity ratio of the refractor, which is lower
than that of the sediments.

High values of ¢ in sediments, or generally near the surface, is the rule rather than the
exception, as indicated by many field measurements like those of Jolly (1956); Erickson,
Miller & Waters (1968); Geyer & Martner (1969); Tatham & Stoffa (1976) and Scarascia,
Colombi & Cassinis (1976).

Laboratory measurements of Poisson’s ratio in dry sandstones and limestones have a
very wide range (e.g. King 1966; Gregory 1976) and are usually less than 0.25. However,
rocks are usually porous and when specimens are filled with fluid, which is probably closer
to the average condition in the field, then o can increase significantly (King 1966; Gregory
1976). A small proportion of soft and unconsolidated sediments near the surface will also
contribute to high average values of ¢ (Scarascia et al. 1976; Gregory 1976). So, Poisson’s
ratios as high as 0.33 near the surface as required by ¢/, data (see results below) are in
general agreement with laboratory and field measurements.

5 Inversion of /1, ratios

It was not possible to use only the S wave data to get an independent model of S velocity
structure, especially depths of boundaries, primarily because of the incompleteness of S re-
fraction data and uncertainties in the S onsets. The following procedure was then used to
calculate values of Poisson’s ratios in a crustal model to fit all available #,/z, data.

The P velocity model suggested by Bamford er al. (1978) for Northern Britain was used
as a reference. That model allows a small range of possible velocities in each layer. For the
present purposes, we have used values from within the range which tend to be suggested by
some additional modelling (especially ray-tracing) we have carried out. This reference model
is shown in Fig. 6. One modification was made however under shot point 1 where the super-
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Figure 6. Reference crustal model for segments ALPHA and BETA (after Bamford et al. 1978) with P
velocities in km/s. GGF, LTF, HBF, SUF, are Great Glen, Loch Tay, Highland Boundary and Southern
Uplands Faults, respectively. Vertical exaggeration 10:1.

ficial layer of velocity 5.0 km/s and 0.2 km thickness was arbitrarily substituted by one
dipping north with P velocity 5.65 km/s and thickness of 0.5 km (beneath shot 1). This is
not in contradiction to the model of Bamford et al. because the scale of the LISPB experi-
ment does not allow resolution of such details. Both models are equivalent in that they give
about the same P travel times for stations near shot 1. Such a modification was found
necessary in order to account for the 4/, of stations within 15 km either side of shot 1.

The crustal layers were divided vertically into blocks with constant P velocities. The
inversion of all £y/t, data to obtain Poisson’s ratio o in each block was done in two stages:
(a) an initial model was found by a detailed trial and error search, and (b) the initial model
was improved iteratively by a least-squares procedure. In the second stage the £y/z, functions
were linearized with respect to their parameters o by a Taylor-series expansion, and all
profiles and phases (refractions + reflections) were used simultaneously in the inversion.
Data from shots 1 and E, for example, had a reduced chi-square x2 = 1.23 (84 degrees of
freedom) in the initial model; the solution of the first iteration had x;=0.77 and the
process converged in the second iteration which gave results identical to the first.

Theoretical travel times for the f,/f, curves were calculated using an average horizontal-
plane layer model allowing different layerings under the shot and under each station. Depths
and P velocities were taken from the reference P velocity model.

The advantage of this method for calculating Poisson’s ratios is that it is not critically
dependent on an accurate P velocity model. Thus P velocities could be wrong by = 0.1 km/s
without affecting the theoretical #/t, values at all. In this way, Poisson’s ratios can be
determined, particularly in the upper crust, with greater accuracy than by calculating P and
S velocity independently and then forming the ratio of the two.
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However, two assumptions have been made in order to determine Poisson’s ratio
structure. These are:

(i) That o, as a first approximation, is constant with depth within each crustal block.
This means that the o value determined by a refraction which travels in the uppermost part
of the refractor layer can be used as representative of the whole layer. For layer 1 under the
Midland Valley (between shot points 1 and E) this is a reasonable assumption considering
that ¢ is only slightly affected by changes in confining pressure and temperature for depths
greater than about 4 km. For a change in confining pressure from about 1 kb (depth around
4 km) to 2 kb (depth around 8 km), o usually increases by less than 0.005 (Simmons 1964;
Christensen 1965, 1966). An increase in ¢ of 0.005 from the top to the bottom of layer 1
would produce an increase in #/t, for refractions from layer 2 of only 0.001 in terms of
Poisson’s ratio, at distances around 50 km. Temperature has little effect on ¢ (Birch 1969)
and a difference in temperature of the order of 40°C between depths of 4 and 8 km would
produce a decrease in g of less than 0.001, if Birch’s results for olivine could be used only as
an order of magnitude for upper crustal material. These values are much less than the
measurement errors due to travel-time inaccuracies. On the other hand, between the Great
Glen Fault and shot point 1 (Fig. 7) 0 may not be constant throughout the whole depth of
layer 1. From 2 km depth (probable depth of penetration of phase ay) where pressure is
about 0.5 kb down to 12 km where pressure is about 3 kb, Poisson’s ratio could increase
by as much as 0.010 (Simmons 1964 ; Christensen 1965, 1966).

(if) That an average Poisson’s ratio over a crustal block tens of kilometres long (or even
more than a hundred kilometres long) is a good representation, as a first approximation, of
the actual distribution of ¢ along the block. This hypothesis can only be tested by checking
how well the theoretical z,/t,, curves fit the observed data.

<———— ALPHA > < BETA -
o N2 N1 N 1. E )
o] V] - @ =)
. ! L, - I >
° 0.241 Sl
- g 0.2
g {.23-26) to07 0244 553 2.33;
% = +.020 L

T T

g 100 200 300 ugag 500
DISTANCE (KM)

Figure 7. Poisson’s ratio structure of segments ALPHA and BETA. Values in parenthesis are assumed

range of o. Uncertainties correspond to + two standard deviations.
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6 Results

Results of the Poisson’s ratio modelling for segment BETA and ALPHA are shown in Fig. 7:
the fits are reasonably good and some theoretical curves from the model are shown in Figs 4
and 5.

6.1 SEGMENT BETA

Shear wave sedimentary phases (distances less than about 10 km) did not have onsets sharp
enough to define the average Poisson’s ratio for the sediments with good resolution. Never-
theless these nearshot arrivals indicate that the average ¢ for the sedimentary layers lies
roughly in the range 0.25 to 0.34. On the other hand in order to get a good fit to the 7/,
data for phase ay, the sediments under shot points 1, E and 2 must have o greater than 0.30.
The various values of o in the Midland Valley sedimentary layers between shots 1 and E
(Fig. 7) were so chosen to account for relative high and low values of #/t, on profiles
1 —BETA and E — BETA + ALPHA. For example 0 =0.33 to the south of the Highland
Boundary Fault, Fig. 7, accounts for the relative high fy/z, of shot 1 — BETA at 22 km
distance (Fig. 5(a)) and one from E — BETA + ALPHA at 46 km distance (Fig. 5(c)). The
values of o shown in the model of Fig. 7 for the sedimentary and superficial layers have then
uncertainties around +£0.03 and should be regarded as mere sedimentary corrections, or a
kind of weathering correction in terms of Poisson’s ratio. The important point is that this
uncertainty of +0.03 does not significantly affect the determination of o for the lower
refractors a, and a,. For example if under shot E, as shown in Fig. 7, ¢ was decreased by
0.03, ¢ for the a, refractor (layer 1) should be increased by only 0.007 to give the same
ts/tp ratio at a distance of 40 km.

Although the overall fit for segment BETA is good, there is one misfit: phase ag, 1 —
BETA, near 40 km (Fig. 5(a) — theoretical curve too high) and phase a;,, E— BETA +
ALPHA around 50 km (Fig. 5(c) — theoretical curve too low). It is difficult to improve the
fit for shot 1 without worsening the fit for shot E. This suggests that a constant Poisson’s
ratio for layer 1 under the Midland Valley is not a very good approximation. Lower values
of o in the northern part and higher in the southern part (under shot point E) would
probably correct that misfit. Nevertheless the data are not enough to justify the inclusion of
one more parameter in the model and an average value of ¢ =0.233 £ 0.020 under the
Midland Valley is retained.

No information is available for the bottom of the crust as deep reflections from this part
of the profile were almost absent. This may be due in part, to the development of a
relatively complex deep structure (Bamford et al. 1978).

6.2 SEGMENT ALPHA

For the northemn part of ALPHA, no information about layer ! is available as the S arrivals
of shot N1 and N2 for phases a, and a; are too emergent. An assumed range of possible
values from 0.23 to 0.26 was used for layer 1 in order to calculate o for deeper layers.

In the southern part of ALPHA layer 1 has ¢ well determined by phase ay from shot 1
(at least in the upper part of layer 1, as explained before), but no information is available for
layer 2. The same range of 0.23 to 0.26 for layer 2 was used to calculate o for layer 3.

Poisson’s ratio for layer 2 in the northern part of ALPHA is fairly well determined with
phase e from shot N2 (reflection from the bottom of layer 2), Figs 2(b) and 4. In spite of
the uncertainties in o for the layer above it, o for layer 2 was determined as 0.246 + 0.005.
This should be understood as an average of Poisson’s ratio along layer 2 (say from a horizon-
tal distance of 40 to 170 km). There is however, general agreement between this value and
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one calculated from the ratio of apparent velocities determined by Smith & Bott (1975)
for the same layer further north of the LISPB line, on a profile between Cape Wrath and
Shetland. Their P and S velocities of 6.40 £ 0.09 and 3.76 * 0.05 km/s respectively give
0=0.236£0.015.

Poisson’s ratios for the bottom of the crust have relatively larger uncertainties due to:
(a) greater uncertainties in shear ¢ onsets (compressional ¢ can be picked to about +0.05s
after correlation processes are applied) and (b) uncertainties in ¢ of the upper layers,
although in a smaller proportion, being transmitted to deeper layers.

7 Conclusion

The analysis of LISPB data demonstrates that explosions can be used in the study of shear
waves and determination of crustal Poisson’s ratios when three-component stations are
employed. Although the signal to noise ratios of S waves from explosions are not usually as
large as those from earthquakes, this deficiency is more than compensated for by the known
origin time and high station density along a profile.

Difficulties in picking shear-wave arrivals are not only due to the fact that they are
secondary arrivals (and so will always appear in a background of signal generated noise
following the P waves), but also seem to be related to a more complicated type of ground
motion (as compared to P waves) for shallow angle arrivals, depending strongly on the
station site. Because of these difficulties S apparent velocities determined directly from the
seismic sections have relatively large uncertainties. In contrast, use of the S to P travel-time
ratio can sometimes allow the determination of Poisson’s ratio with accuracies better than
0.01, as in layer 1 under the Southern Uplands and in layer 2 north of the Great Glen Fault.

LISPB Poisson’s ratios were generally close to the conventional 0.25, except for layer 1
in the Southern Uplands (0 =0.231) and layer 2 under the Midland Valley (o =0.224).
These low values may indicate that these layers have anomalous physical properties possibly
as a result of tectonic activity close to the Southern Uplands Fault. This would appear
to confirm the region of the Southern Uplands Fault as a major point of interest in studies
of Caledonian tectonics (Bamford et al. 1978).
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