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i and scale-anisotropy in the upper crust Heterogene ty spectrum 

revealed by the German Continental Deep-Drilling (KTB) Holes 
Ru-Shan Wu x, Zhengyu Xu and Xiao-Ping Li: 

Abstract. Crustal heterogeneities and their statistical charac- 
teristics bear important information about the dynam/c 
processes and evolution of the crust. The velocity well-log data 
from the German Continental Deep Drilling Project (KTB) 
offer a rare opportunity to measure directly the properties of 
crustal heterogeneities. In this study, we first estimated the 
power spectrum of crustal heterogeneities from the P-velocity 
well-logs of the two holes. For the first time, a power-law 
specmm• of crustal heterogeneities was directly observed in the 
spatial wavelength range from a few meters to a few kilome- 
ters. The slope of the vertical 1D power spectrum of the ran- 
dom velocity perturbations is about 1.1, corresponding to a 
flicker-noise random medium. The scale-anisotropy ratio (aspect 
ratio) and the horizontal spectral slope of crustal heterogeneities 
were also estimated by cross-correlation analysis between these 
two holes to be about 1.8 and 2.0, respectively. 

Introduction 

Crustal heterogeneities of all scales and their statistical 
characteristics bear the traces of the past dynamic process and 
therefore contain important information about the evolution of 
the crust. In addition, small-scale random heterogeneities have 
significant influence on the data interpretation of seismic 
reflection and refraction profiling for continental crust (such as 
the COCORP and DEKORP). Numerical experiments (e.g. 
Levander and Holliger, 1992) showed that coherent interference 
of randomly scattered waves can lead to misidentifications of 
reflected events from crustal discontinuities. An effective 
approach of modeling small-scale heterogeneities is statistical 
characterization of those heterogeneities. 

In the past, different methods have been devised and 
developed to obtain information of the statistical characteristics 
of crustal heterogeneities. Seismic wave scattering is widely 
used for this purpose. The statistical parameters of hetero- 
geneities can be inferred from the coda excitation, scattering 
attenuation or transmission fluctuation across an array (for a 
summary see Wu, 1986) using local or teleseismic events. 
However, due to the restrictions of the theories and observa- 
tions, the accuracy of the results is limited and the estimations 
may be not unique. Therefore, direct observations of crustal 
heterogeneities are very deskable. Recently Holliger and 
Levantlet (1992) reported some direct measurements of statisti- 
cal properties of heterogeneities on surface exposures of lower 
crustal rocks. Some effort has been made to infer the properties 
of heterogeneities in the oceanic crust by measuring the statisti- 
cal characteristics of sea bottom topography (e.g., Goff and Ior- 
dan, 1988; Shaw and Smith, 1990). For the continental upper 
crust, there are many measurements from sonic well-logs. How- 
ever, most of the well-logs are in the sedimentary layers with a 
few exceptions in the basement rock limited to only short sec- 
tions. The velocity well-logs from the German Continental 
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Deep Drilling Project (KTB) offer a rare opportunity to meas- 
ure directly the properties of crustal heterogeneities. The Ger- 
man Continental Deep Drilling Project has two super deep 
holes, the main hole HB (Hauptbohnmg) and the pilot hole VB 
(Vorbohrung), separated by 200 m. The available sonic logs 
extend as deep as 6000 m for the main hole, and 4000 m for 
the pilot hole, with sampling interval less that 1 meter. Having 
this pair of uniquely long sonic records, we are able to estimate 
the power spectra of the crustal heterogeneities across several 
orders of magnitude of wavelength, from less than one meter to 
a few thousand meters, and estimate the structural scale- 
anisotropy (aspect ratio) by cross-correlation analysis of the two 
logs. 

Estimation of Heterogeneity Spectra 
We!l-log data. Down to 6000 m the KTB main hole has cut 
through one coherent section of continental crust belonging to 
the Zone of Erbendorf-Vohenstrauss (ZEV). The drilled section 
is essentially composed of two petrogenetic units: paragneisses 
and metabasites. It is transsected by numerous faults and catac- 
lastic shear zones, as well as aplific and lamprophric dykes. 

The sonic logs were conducted using the "Sonic Digital 
Tool" (SDT) and the "Dipole Shear Sonic Imager" (DSI) from 
Schlumberger for VB and HB, respectively. In this study, we 
analyzeA only the P-wave logs. Figure la shows the P-wave 
velocity logs of the two holes. The record for the main hole 
(HB) is from 285 to 6000 m deep, while for the pilot hole 
(Vii) is from 57 to 4000 m deep. The sampling interval is 
0.1524 m (6 inches). When analyzing the cross-correlation 
between the two holes, we use the records in the common 
range of depth from 285 to 4000 m. Otherwise, the entire 
length of the data for the two holes is used to calculate the 
power spectra. 

Distributions of the Random Velocity Perturbations. From 
the sonic logs (Figure la) we see that the velocity variations 
have a deterministic component, i.e. the increase with depth, 
and a random component. In order to study the statistical pro- 
perties of the random velocity fluctuations, the deterministic 
part, or background velocity of the medium, has to be sub- 
tracted from the velocity logs. Since the region sampled by 
those two holes is a rather coherent geological section, we take 
the background velocity as a uniform velocity field linearly 
increasing with depth, determined by a linear regression of the 
record. Because the VB record is 2000 m shorter than the HB 
record and did not penetrate much into the matabasite section 
which starts at depth 3500 m, we adopted the slope of velocity 
increase vs. depth from HB for the background subtraction of 
both holes. Considering the closeness of the two holes (200 m 
apart), this assumption of common background correction 
seems reasonable. Figure 2a shows the histograms of the two 
holes without background removal. The mean and standard 
deviation for HB are 6142 m/s and 377 m/s, and for VB, 5789 
m/s and 380 m/s, respectively. The number of counts at each 
velocity is the number of data points falling into an interval of 
5 m/s centered at that velocity. We see that there are two 
peaks in these distribution curves, corresponding to the two 
major petrographic components of ZEV: paragneiss and meta- 
basic complex (bl - b5). However, the random ve!oci• varia- 
tion within each rock type spreads broadly enough to smear the 
boundary between these two types of rocks. These random vari- 
ations were caused by pressure and temperature changes, frae- 
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F•ure 1. (a) P-wave velocity logs of the two KTB holes. 
T• r'•ord for the main hole (HB) is from 285 to 6(• m 
d•p, and for the pilot hole (VB) is t•om 57 m 4(X• m d•p. 
•.e distance between the two holes is 2•) m, 

(b) An cx•p!e or a pair of s•thefic we!l-logs separated by 
2(X) m. 

ture clustering, ,rx•re pressure and fluid contents, compositional 
changes between subgroups, folding and faulting, and cataclas- 
tic de!brmation. In fact, strong reflectors from 3D surface 
•isrnic survey were found to be correlated mostly with major 
faults, not composificma! boundaries (Hirschmann, 1992). In 
addition, the high velocity rnetabasites are mostly situated at 
grater depth (> 35C)0 m), though there are several sections in 
the upper part. After subtracting the background, the distribu- 
tions of random velocity perturbations for HB and VB are plot- 
ted in Figure 2b (dotted lines). The standard deviations are 304 
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Figure 2. (a) Histograms of velocity distribution for HB md 
VB without background removal. 
(b) Distributions of random velocity •turbations for HB md 
VB (do:ted ]bes) md the correspondbg Gaussian disu'ibudons 
(solid lines). The standard deviations are :304 m/s and 3•6 m/s 
for HB and VB, respectively. 

m/s for HB and 366 m/s for VB. The corresponding probabilit• 
density functions of Gaussian distribution are also plotted (s:0• 
lines) for comparison. Although there are some discrepanc k 
the overall distribution of the random velocity penurbatim 
observes approximately the Gaussian distribution. 

Estimation of heterogeneity spectra. A windowing Fourb 
transform method is used to estimate the heterogeneity 
spectra. A 5% Hamming window is applied to both sides of• 
record before Fourier transformation. The power spectra 
obtained by taking the square of the amplitude spectra. In 
to retain the long wavelength information in the logs, wed0 
not divide the record into many sections and average the 
spectra over those sections. Instead, we apply the Fourier 
transform to the entire records of the two holes. From the simi. 
larity of the power spectra of the two holes, we obtain 
confidence in the estimates. We have tried to divide the bg 
into seedons with length of 2000 m and calculate the power 
spectra for each section. The resulted power spectra are very 
similar. Figure 3a and 3b show the estimated power spectra 
the main hole (HB) and the pilot hole (VB), respectively. 
apparent that overall the spectra can be fit by power-law rela. 
ticns. The straight lines are the power-law fits for the two 10.g• 
in the logarithmic wavenumber (K.,J2•r) range between-3 md 
-1, corresponding to spatial wavelengths from 1000 m to !0rn. 
The slopes for the two power-law spectra are 0.97i-0.005 •d 
1.25:t:0.004 R•r HB and VB, respectively. Taking the average, 
the vertical velocity fluctuations have a power spectrum with 
average power law exponent of 1.1. Since the spectral estima. 
tion is less reliable at the long wavelength end, we can not 
draw strong conclusions about the largest scale of heter0. 
geneities, i.e. the outer scale of heterogeneities (given by 
comer wavelength). However, from Figure 3a and 3b, it seem 
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Figure 3. Power spectra and their power-law fits for well logs 
of HB (a) and VB (b). The straight lines are the least-square 
fits over the logarithmic wavenumber range from -3 to -1. %e 
spectral slopes are 0.9'/and 1.25 for HB and Vii, respectively, 
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that the comer wavelength has not been reached, or at least is 
greater than 1 to 2 kin. 

From Figure 3 we see that the high wavenumber behaviors 
of the spectra for VB and HB are slightly different. The rapid 
fall-off of the high wavenumber spectrum of HB may be due to 
the low resolution of the logging for this hole, depending on 
the averaging procedure of the logging system. In addition, 
there exists a high wavenumber spectral constituent with comer 
wavelength of several meters for each spectrum. The whole 
spectrum is a two-constituent spectrum. The concept of two- 
constituent spectrum with a high wavenumber constituent 
(small-scale heterogeneities) superposed on a low wavenumber 
specmun was proposed by Flatt6 and Wu (!988) to model the 
•ransmission fluctuation of P waves at NORSAR. However, we 
will leave the information contained in the high wavenumber 
spectra to be analyzed in future work. 

Estimation of Scale-Anisotropy 

Until recently there has been very little information on the 
structural scale-anisotropy or aspect ratio of crustal hetero- 
geneities. Recently, Holliger and Levander (1992) reported 
some direct measurements of heterogeneity aspect ratio from 
geological maps of exposed lower crustal rocks. However, there 
is no report in the literature of direct (in situ) observations of 
heterogeneity aspect ratio for upper crustal rocks. In the follow- 
ing we first calculate the cross-correlation of the two KTB logs 
as a function of wavelength (or spatial frequency) and then esti- 
mate the scale-anisotropy ratio by comparing the result with 
correlations of synthetic logs generated from two-dimensional 
random medium models. 

First we filter the logs with a Butterworth band-pass zero 
phase filter of 3 poles. The half-bandwidth is 2/3 of the central 
wavenumber. Then cross-correlation coefficients between the 

two logs are calculated for a range of wavenumbers. Figure 4a 
shows the calculated cross-correlation spectrum of the KTB 
logs along with the best fit and the standard deviation from 
synthetic logs (we explain this later). We see that for small 
wavelengths (i.e., small-scale heterogeneities), the cross- 
correlation is zero. That is to say that heterogeneities with 
scale lengths smaller than the separation of the two holes 
fluctuate independently. On the other hand, beyond a certain 
wavelength, the correlation starts to increase. The rate of 
increase depends on both the slope of the power-law spectrum 
and the scale-anisotropy ratio of the heterogeneities. 

To estimate the spectral anisotropy from the cross-correlation 
spectrum, synthetic logs are generated from realizations of 2D 
random media (or slices from 3D random media) with different 
slopes and scale-anisotropy ratios and the corresponding corre- 
lation spectra are calculated to compare with the observed one 
for the best fit. 

An anisotropic spectrum with different horizontal and vertical 
outer-scales a,, and az can be expressed as 

PCq, = + + 
where Kx and K z are the horizontal and vertical wavenumbers 
.respectively. Scale-anisotropy ratio is defined as • = aJa,. This 
•s a generalization of the 2D isotropic Von Karman spectrum 
(see Frankel and Clayton, 1986) to the case of anisoixopic 
heterogeneities (see also Goff and Jordan, 1988). We see that 
the above power spectrum approaches a power-law form with a 
slope of 2H + 1 for the 1D spectrum (2H + 2 for the 2D spec- 
main) when Kx2a,, 2 + K•2a•2>l, namely when the wavelength is 
much smaller than the outer-scales. Since the spectral slope 
which influences the cross-correlation specmm between the 
two holes is most relevant to the horizontal 1D spectra and 
could be different from the observed slope of the vertical spec- 
tra, we vary both the anisotropy ratio • and the horizontal spec- 
tral slope to fit the observations. Because the Hurst number 
H=0, we generalize the 2D power spectrum to the following 
approximate form: 

P(Kx, Kz) (axa,.)/[! + (Kxa•) mx* 2 ' m z , 2] = + (K..a•) 
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Figure 4. (a) Cross-correlation coefficients between velocity 
perturbations of HB and VB logs as a function of spatial fre- 
quency (solid line). The dash line is from the best fitting ran- 
dom medium model with horizontal spectral slope 2.0 and 
scale-anisotropy ratio 1.8 (the vertical spectral slope is fixed at 
1.1 based on the observation). Long dash lines are the standard 
deviations, calculated from total 114 pairs of synthetic logs. 
(b) Influence of scale-anisotropy ratio on the shape of cross- 
correlation function. The horizontal spectral slope is fixed at 
2.0. 

(c) Influence of horizontal spectral slopes on the shape of 
cross-correlation function. The scale-anisotropy ratio is fixed at 
• = a,,/az = 1.8 (ax = 3600 m, az = 2000 m). 

where Hx and H,. are the horizontal and vertical Hurst numbers, 
respectively. 

After a search by trial and error, we obtain the best model 
which can generate the observed bandpass filtered cross- 
correlation function as shown in Figure 4a. The best model is 
a power-law random medium with a horizontal spectral slope 
Px = 2.0 (Hx = 0.5) and scale-anisotropy ratio • = 1.8. 

To have some idea about the statistical stability of the cross- 
correlation analysis for the estimation of scale-anisotropy, we 
calculate the corresponding standard deviations by numerical 
simulations. For one set of parameters a,,, a• and H•, 38 realiza- 
tions of the random medium were generated with different 
seeds of random number generator, and 3 pairs of logs were 
sampled for each realization. Figure lb shows an example of a 
pair of synthetic well-logs. In this way, we have total 114 pairs 
of synthetic well logs for the ensemble average, which give us 
a rather stable estimation of the mean and standard deviation 
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for the cross-correlation calculation as shown in Figure 4a, 
where ax=36(X) m, az=2(XX) m, Hx=0.5, and Hz=0.05 
were used to generate the 2D random media. From the 
sm(x)t•mess of the curve and the small standard deviatkms we 
conskier these simulation-generatexl curves can serve as theoret- 
ical curves fairly well. 

Now we test the sensitivity of the estimation to both the 
spectral slope and scale-anisotropy ratio. The sensitivity of the 
fit to scale-anisotropy ratk• is shown in Figure 4b, in which the 

crossecorrelations ,for • = • 1.5, 1.8, 2 and 3 with a fixed slope Px = 2.0 are plotted. ;a Figure 4c, the cross-correlation 
curves are for horizontal spectral slopes p,, = 1.6, 2.0 and 2.4 
when • is fixed at 1.8. We see that the sc',fie-anisotropy ratio • 
mainly conm•ls the take.•off point, while the spectral slope p,, 
has a, major in!lucmce on the ascending ang)e of the correlation curve. Tl•ere are some trade..off between • and p,, which will 
not be addressed in tietail here. The observed ctirve has some 
negative correlatk>n in the short wavelength range and some 
overshoot in the long wavelength range. This is apparently due 
to the influence of some deterministic structure. Alg> we found 
that outer...scale (down to 15(X) m) does not influence much the 
crossecorrelation results. 

Conclusion 

From atx•ve calculations and analysis we conclude that along 
the two KTB holes random P velocity perturbations observe 
approximately the Gaussian distribution. The power. sparta of 
these perturbations have a power-law R>rm in the wavelength 
nmge from I00() t{'• 3 m with a 1D spectral slope close to one 
(1.1•0.15). From the cross-correlation analysis of the two 
well.logs (located 200 m apart), the scale-anisom>py ratio and 
the horizontal spectral slope are estimated to be • = 1.8:t:0.5 
and p,• = 2.0•5:0.4, resp•tively. The power-law spectrum with 
pt.=l corresponds to a flicker-noise random medium (see, 
Frankel and Clayton, !986, where it is called "self similar 
media"; Crossley and Jensen, 1989). On the other hand, the 
slo• of the l l) power.spectrum of hori:•x>ntal velocity fluctua- 
tions with p,,::2.0 is characteristic for an exponential random 
medium. The slope of I.! for the 1D vertical 1;x>wer-spectrum 
.estimated here for the upper crust is smaller than the !.6 value 
f'or the lower crust re!xmed by Holliger and Levander (1992). 
This is ctmsistent with the general concept that the upper crust 
is richer in small-scale heterogeneities than the lower crust. 
However, it is not clear whether the flicker noise spectrum of 
the heterogeneities is a universal characteristics of upper cru- 
stal heterogeneities (in the basemcnat rock) or is unique for this 
region. Previous studies of short sections of sonic logs in the 
continental crust (Wu, 1982; Sato, 1984) reported that the 1D 
spectral slopes are close to 2 or !.6 with outer-scales of a few 
meters (for record lengths of a few hundred meters). Those 
spectra correspond te the exponential correlation function or 
Kolmogorov's turbulence. The new finding by this study 
awaits verification in future studies by other methods or from 
other regions and may have important implications for the local 
crustal dynamics. The estimated scale-anisotropy ratio 1.8-1-0.5 
is also lower than that for the lower crustal heterogeneities 
which is reported to be 3 to 5 (Holliger and Levander, 1992). 
This difference seems reasonable considering the greater verti- 
cal presure in the lower crust than in the upper crust. 
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