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Abstract. We use robust techniques to estimate power spectra, coherences and transfer 
functions of the Gennan Continental Deep Drilling Program (KTB) sonic and density logs 
and lithologically defmed subsets thereof. Our results confIrm the overall I1wavelength
decay of the power spectra inferred by parametric analyses, but provide superior resolution 
and nonparametric estimates of errors and statistical signifIcance. We demonstrate the 
absence of any statistically meaningful coherence between the velocity logs from the main 
and pilot holes, suggesting a spatially quasi-isotropic upper crustal velocity structure. Also, 
there is little coherence between the physical and caliper logs, indicating that disturbances 
introduced by breakouts and uneven relief of the borehole wall mostly contribute to the 
uncorrelated portions of the velocity logs. Coherence between the gamma and physical logs 
is weak to absent, indicating that the observed velocity and density fluctuations are domi
nated by the physical state of the rocks rather than by their petrological composition. 
Attempts to derive Poisson's ratio, and its variation with wavelength, from the relationship 
between the shear and compressional velocity logs met with limited success, but imply that 
caution should be exercised when comparing Poisson's ratio derived from laboratory studies 
on samples representative of a region to crustal-scale seismic determinations. Our preferred 
interpretation is that fluctuations in the physical logs in the intermediate wavelength range 
(-10-150 m) are dominated by cracks and their level of fluid saturation. At larger wave
lengths (>50-150 m) the effects of the petrology becomes more significant as shown by 
changes in slope of the power spectra and the emerging coherence between the Vp and the 
gamma logs. 

Introduction 

Densities and seismic velocities contain infonnation on the 
petrology and physical state of the Earth's interior. Inferences 
about velocity and density distributions are made through 
modeling and inversion of seismic and gravimetric data, or by 
laboraloty measurements on rock samples considered represen
tative of certain localities and depth ranges. In the upper 10 
km of the Earth's crust the gap in information obtained from 
low-resolution surface measurements, and from well-defmed, 
but spatially aliased, laboratory measurements, can be bridged 
by borehole measurements and the analyses of bore hole logs. 

Traditionally, deep boreholes (1000 m or deeper) in crystal
line rocks were drilled exclusively for purposes of mineral 
exploration and, iflogging was undertaken at all, only electrical 
logs were run [e.g., Dyek, 1975]. Since the early 1980s, deep 
continental drilling has been initiated for research on nuclear 
waste storage [e.g., Green and Mair, 1983] and for scientific 
purposes [e.g., Silver and James, 1988]. Moreover, recent 
studies combining sonic and density log information with high-
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resolution seismic reflection data have shown promise for 
mineral exploration and civil engineering purposes [e.g. , 
Milkereit et aI., 1994]. 

In both sedimentary and crystalline rocks, velocity and 
density logs are characterized by strong local variability far in 
excess of their large-wavelength trends, which favors a 
stochastic, rather than a deterministic, approach to interpreta
tion. In order to understand phase and amplitude distortions of 
seismic waves and to improve prediction filters, considerable 
effort has been made to discern the statiatical properties of 
velocity and density logs in sedimentary environments [e.g., 
WaldenandHosken, 1985; TodoesehuekandJensen, 1988]. 
Comparable studies from crystalline rocks are, however, still 
in their infancy, and the majority of these studies have been 
carried out on logs from the ultradeep Gennan Continental 
Deep Drilling Program (Kontinentales Tiefbohrprogramm, 
henceforth referred to as KTB) [Wu et al., 1994; Kneib, 1995; 
Holliger, I 996a]. 

All of the studies cited above followed the classical paramet
ric approach for estimating the second-order statistics of time 
(or space) series data [e.g., Bendat and Piersol, 1971, pp. 322-
330; Brillinger, 1981, Chapter 5]: after removing a more-or
less arbitrarily chosen detenninistic component, the power 
spectra and/or autocovariance functions of the logs are calcu
lated and interpreted according to some (preconceived) 

18,391 



18,392 JONES AND HOLLIGER: SPECTRAL ANALYSIS OF KTB LOGS 

Figure 1, Plot oflbefive logsforlbe pilot hole. Vp log (in kmls), Vs log (in km/s), density log (in kg/m'), 
gamma log (in counts), and caliper log (in mm). 

parametric model. Such global estimates oflbc second-order 
statistics may, for example, be useful for constraining random 
seismic models [e.g., Holliger, 1997]. However, owing to the 
generally poor resolution, little can be learned about the origin 
oflbe density and velocity heterogeneity in lbe upper crystalline 
crust. 

In this paper we alternpt to overcome this limitation by using 
robust, nonparametric, spectral methods (see reviews by Huber 
[1981],Hoaglinetal. [1983], Hampe/ etal. [1986], Thomson 
muiChave [1991]. In addition to lbe full logs we also analyze 
subsets of1he logs defmed petrologically by lbe approximately 
bimodal rock columrt penetrated by the KTB boreholes. The 
aim of our study is to obtain well-constrained and well-resolved 
estimates of power spectra and coherences. and their errors, 
from the KTB logs in order to explore lbe origins of their 
small-scale variability. We follow the approach described in 
detail in Chave et al [1987], to which lbe reader is referred for 
a complete mathematical treatment of lbe robust estimation of 
power spectra, coherences, and transfer functions. 

KTBLogs 

Data and Data Subsets 

The two KTB boreholes in soulbeastern Germany are located 
some 200 m apart and reach to deplbs of about 4000 m for the 
pilot hole CVorbohrnng" or VB) and 9000 m for lbe main hole 
("Hauptbohrung" or HB). The logs for each hole considered 
in this study are lbe P wave velocity (Vp) sonic log, lbe S wave 
velocity (Vs) sonic log, lbe density log, lbe gamma log, and the 
caliper log (Figures 1 and 2). The caliper logs were obtained 
by taking lbe two perpendicular caliper measurements, 
averaging lbem, and subtracting lbe reference borehole 
diameter. The pilot hole has complete logs, from 65 m to about 
4000 m. For the main hole, sonic logs reaching from 285 to 
7160 m were available to us. Density logging was not under-

taken in the main hole at deplbs shallower than 3003 m, and 
our gamma log is complete only to about 6000 m. All logs 
were acquired with a sampling interval of 0.152 m (6 inches). 

Bolb boreholes penetrate steeply dipping amphibolite-facies, 
intermediate paragneisses interlayered wilb metabasites 
[Franx", 1989]. Radiometric age dating indicates an early to 
middle Variscan (320-380 Ma) peak of metamorphism for bolb 
the paragneisses and lbe malic rocks [Hansen et aI., 1989]. 
This bimodal petrology is clearly reflected in lbe gamma logs: 
in the pilot hole, gamma counts are around 100 for the para
gneisses and arOlmd 25 for the metabasites. whereas for the 
main hole lbese counts are 55 and 20, respectively. On the 
basis oflbe gamma logs, lbe sonic and density logs from bolb 
holes were partitioned into two sets: set G (gneiss) and set M 
(metabasite). Depth intervals for lbe pilot and main holes are 
given in Tables I and 2, respectively. Regions outside the 
defmed deplb intervals were excluded from detailed spectral 
analysis due to insufficient data quality of lbe gamma andlor 
density logs. Note that although the main hole is far deeper 
than the pilot hole, lbe maximum deplbs for our subsets are 
ahnost the same, at 4262 m and 3965 m, respectively. 

Figure 3 displays histograms of Vp (Figure 3a), Vs (Figure 
3b) and density (Figure 3c) for lbe two sets independently, and 
for both logs combined. Subsets G and M bolb display 
Gaussian-like distributions in all three parameters, but differ 
significantly in terms of their average Vp and density values. 
In contrast, lbere is not a strong difference in distributions of Vs 
values for the two subsets. Since lbe cumulative distributions 
oflbe full logs are also Gaussian-like, as shown by lbe dashed 
lines in Figure 3 and previously discussed by Wu et al. [1994], 
Kneib [1995], andHolliger [I 996a], the fundamental bimodal 
nature of lbe distribution of Vp and density is obscured. The 
interrelationships between lbe lithologically dermed subsets for 
the three physical logs are illustrated in Figure 4. Gneisses 
appear to have little density variation but compressional wave 
velocity variation ranging from 5250 to 6250 mls (Figure 4, 
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Figun 2. Plot of the five logs for the main bole. Vp log (in lan/s), Vs log (in lan/s), density log (in kg/m,), 
gamma log (in counts), and caliper log (in mm). 

left). The relation between Vp and Vs is more pronounced in 
metabasites than in paragneisses (Figure 4, middle). This 
illustrates importance of not only considering the full logs but 
also analyzing lithologically-defined subsets thereof. 

Previous Work 

Wu el aL [1994) subtracted a linear trend from the KTB Vp 
logs and analyzed the power spectra of the residual data series. 
They concluded that the power spectra of both holes decayed 
approximately as Ilwavemnnber over scales ranging from 
about I m to more than 1000 m. Modeling the correlation 
between the Vp logs from the pilot and main holes, Wu el al. 
(1994) inferred an aspect ratio (honzontallvertical correlation 
scale) of 2 to 3. Klleib (1995) subdivided the Vp, Vs, and 
density and logs of the main hole into 244-m-Iong subsets (this 
window length was chosen arbitrarily), calculated autocovari
ance functions of these subsets, and summed these local 
estimates to obtain global estimates for the entire logs. The 
resulting global autocovariance functions were modeled as the 

Table 1. Depth Intervals for the Subset Division of the Pilot 
Hole (VB) 

Set Depth Interval Cm) Number of Data PoinlS 

GIV 520-1160 4200 

MIV 1160-1610 2954 

G2V 1610-2470 5644 

M2V 2470-2691 1451 

G3V 2691-3575 5800 

M3V 3575-3985 2691 

The gneiss sequences start with set name G, and the metaba
sites start with set name M. 

superposition of two exponential autocovariance functions with 
correlation scales of 1 and 20 m. Hal/iger [1 996a] estimated 
the second-order statistics of the Vp logs of the main and pilot 
holes including the effects of a detenninistic velocity compo
nent, the system response of the logging process, and noise. 
The results obtained are compatible with those of Wu et al. 
[1994), apart from suggesting a much shorter range (<200 m) 
ofvaliruty of the Ilwavemnnber decay of the power spectrum. 
Holliger [1996a) also showed that Kneib's (1995) superposi
tion of two exponential autocovariance functions is equivalent 
to a power spectrum decaying approximately as Ilwavenumber 
in the range from 1-2 m to 30-40 m. Deviations of this 
llwavenumberdecay at smaller «1-2 m) and larger (30-40 m) 
scales are likely due to the inherent averaging of the logging 
procedure and the maximum wavelength present in the subsets 
(determined by the length of the data window), respectively 
[Halliger, 19960]. 

Table 2. Depth Intervals for the Subset Division of the 
Main Hole (HB) 

Set Depth Interval Cm) Number of Data 

G IH 73 1-1182 2959 
MIH 1182-1410 1496 
G2H 1410-2386 6405 
M2H 2386-2709 2 119 
3H 2709-3161 2966 
M3H 3161-3427 1745 
G4H 3427-3532 689 
M4H 3532-4262 4790 

The gneiss sequences start with set name G, and the 
metabasites start with set name M. 
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Figure 3. Histograms of the data from the three physical logs 
from both holes (dashed lines), and from the gneiss (set G, light 
gray) and metabasite (set M, dark gray) subsets listed in Tables 
I and 2. (a) Vp logs, (b) Vs logs, and (c) density logs. 

Robust Spectral Analysis of Noisy, 
Non-Gaussian Data 

Obtaining information about the scaling relationships of 
crustal heterogeneity from spectral analyses of well log data 
must be lllldertaken with care. Previous spectral examinations 

ofKTB logs utilized standard methods, with Fourier transfor
mation of the data after removing a deterministic trend and 
applying some form of smoothing window to taper the ends of 
the data series [Wu et al., 1994]. With the exception of de
trending [Owens, 1978], such approaches theoretically yield 
accurate estimates of the spectra, after correction for the form 
of the window [Jenkins and Watts, 1968, pp. 230-233]. In 
practice, however, geophysical data rarely conform to the ideal 
statistical nature reqnired by these methods. such as stationarity 
and Gaussian distributioos of both data and noise. Geophysical 
data almost always contain non-Gaussian noise and are locally 
nonstatioruny, which, even as a small fraction of the total data, 
can severely influence, and even overwhelm, conventional 
statistical estimates in a manner that is both unpredictable and 
undetectable. Two of the most typical problems are data 
outliers and local nonstationarity, and if these exist in a data 
series, then the resulting spectra in the frequency domain will 
be poorly estimated by standard parametric methods [Chave el 
aI., 1987]. These problems have been addressed by data 
conditioning procedures, such as median filtering. However, 
this leads to unpredictable nonlinear spectral distortion and 
hence must be avoided when investigating detailed spectral 
behavior. 

Robust methods for data analysis have been advanced over 
almost three decades, principally to address the problems of 
data outliers and local nonstationarity (see reviews by Huber 
[1981], Hoaglin el al. [1983], Hampel el al. [1986], and 
Thomson and Chave [1991 D. Estimation of parameters using 
least squares procedures is highly unstable in the presence of 
even a small number of outliers. as they can exert undue 
influence on the estimation of the parameters. As an example, 
consider a problem of deriving the relationship between two 
variables, x and y, from a set with 41 error-free data lying in the 
bounds xo=[-I,I] and y=[-I,I] and a single point outlier at 
{x,y}~ {I0,20}, from the process y~x. With standard least 
squares regression [e.g. Bendal and Piersol, 1971, pp. 129-
133; Brillinger, 1981, pp. 188-192], that outlier has a weight 
of I 00 times the weights of the other points, which results in a 
least squares estimate of slope of1.872±O.05, rather than unity, 
with an intercept ofO.031±0.087, rather than zero. Examina
tion of the residuals does not indicate a problem with this 
regression, as the outlier's residual is 1.25, whereas those of the 
points close to the bounds are 0.8-0.9. Also the correlation 
coefficient is misleadingly high at 0.984. Obviously, in this 
case one could argne that the outlier would have been rejected 
after visual scrutiny of the data, but for large and complex 
data sets such scrutiny is, at best, impractical, and, more 
realistically, impossible. In contrast, robust methods of 
parameter estimation are far less sensitive to the presence of a 
moderate amount of data that are either "bad" or do not 
conform to the model characterizing the majority of the data. 
Undertaking a robust linear regression analysis of the above 
data set following the scheme outlined in Huber [1981, p. 18; 
c~1.5, 250 iterations], the slope and intercept estimates are 
1.0081±0.0002 and 0.0010 ±O.00036, respectively, with a 
correlation coefficient of 0.9999991. 

For spectra estimation, Thomson [1977 a, b] showed that 
outliers are a serious problem, even for long data series. As 
coherences and transfer functions are derived from products 
and ratios of auto- and cross-spectra from multiple data series, 
they are even more susceptible to distortion than the spectral 
estimates themselves. Robust spectral analysis methods 
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Figure 4. Comparison of the interrelationships between the three physical logs for the (left) gneiss and 
(right) metabasite subsets. (top) Density-Vp; (middle) Vp-Vs; (bottom) density-Vs. 
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advanced during the last two decades, principally in telecom
munications, have found their way into the geophysical 
literature, particularly in the processing of magnetotelluric time 
series [Jones and Jodicke, 1984; Egbert and Booker, 1986; 
Chave et al., 1987; Chave and Thomson, 1989; Jones et al., 
1989; Thomson and Chave, 1991]. A striking example of the 
difference between standard cross-spectral methods and robust 
methods for transfer fimction estimation is given by Jones et al. 
[1989], whose comparison of eight different methods illustrates 
that weak signals can be extracted from noise using one of the 
three robust methods, whereas the five standard methods 
performed poorly. In the following, we use such robust 
methods to analyze the spectral properties of the KTB sonic 
and density logs. Error estimates are derived using the 
nonparametric jackknife approach [Efron, 1982], which is 
vastly more reliable and accurate than parametric approaches 
[Thomson and Chave, 1991]. The mathematics used in our 
analysis is entirely based on Chave et 01. [1987], to which the 
interested reader is referred, and will not be reiterated here. 

Robust Power Spectra 

The robust estimation procedures for power spectra advo
cated by Chave et al. [1987] use a variant of maximum 
likelihood, the M-estimator, over the alternative L-estimator, 
deemed useful for location prohlems, as the latter require a 
priori information to specilY the truncation point and hence is 
not data adaptive. The methodology is dcscribed in detail in 
Chave et 01. [1987, pp. 639-641, Eqns. 21, 23, 27]. The 
robust spectra have been derived after applying third-order 
autoregressive prewhitening to the original data, then applying 
a prolate-spheroidal data taper window [Slepian, 1978], with 
a space-bandwidth product of one to each data section. The 
latter is a low-bias data window superior to the standard cosine 
bell (Hanning window) but with similar resolution characteris
tics [Thamsan, 1982]. 

A comparison of conventional spectrum estimation with 
robust spectrum estimation for the Vp log from the main hole 
is shown in Figure 5. The conventional power spectrum, 
derived using fast Fourier transformation after Parzen window 
conditioning to reduce leakage [Bendat and Piersal, 1971, pp. 
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Figure 5. Comparison of conventional power spectrum 
estimation (thin line) with robust spectrum estimation (thick 
gray line), plus 95% confidence intervals (thinner gray lines), 
for the Vp log from the main hole. 
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Figure 6. Power spectra from the pilot and main boreholes for 
the Vp and Vs logs. Shown are the 95% confidence intervals for 
the estimates of the Vp power spectra (solid lines) and Vs 
power spectra (dashed lines). 

319-320], exhibits more than a decade of scatter in the esti
mates. In comparison, the robust power spectrum [Chave et 
al., 1987, pp. 639-641], together with the 95% confidence 
limits determined using the jackknife [Thamson and Chave, 
1991], is far smoother and the errors are typically less than 
1110 of a decade, except for long wavelengths. Clearly, if one 
wishes to estimate the spectral slope, then one can accomplish 
this with superior statistical confidence using robust estimates 
rather than conventional ones. 

The robust power spectra of the Vp and Vs logs from the two 
holes combined are shown in Figure 6. Both spectra show a 
well-defmed linear region for wavelengths of 3-150 m. The 
slopes of the spectra both increase significantly for wavelengths 
shorter than 3 m and wavelengths longer than 150 m. These 
changes in slope are consistent with the logging system 
response at short wavelengths and the outer scale of self-affme 
behavior at longer wavelengths inferred by Halliger [I 996a]. 
Linear regression analyses [e.g. Bendat and Piersol, 1971, pp. 
129-133; Brillinger, 1981, pp. 188-192] of the spectra in the 
region 3-150 m show that they are well described by a linear 
function in double logarithinic space, with correlation coeffi
cients of 0.98 for both Vp and Vs. The slopes of the two 
regressions are 1.11±0.04 and \.18±0.04 for Vp and Vs, 
respectively. The slope for the Vp log is not statistically close 
to the values of 0.97 ± 0.005 for the main hole and 1.25 ± 
0.004 for the pilot hole quoted by Wu et al. [1994]. This 
discrepancy could be due to the averaging of the logs, and is 
explored below. Another indicator of statistical confidence can 
be obtained from applying linear regressions to the 95% 
confidence curves, which yields slopes of 1.05-1.18 for Vp and 
1.06-\.19 for Vs, with errors of order ±0.05 to ±0.06. 

Separate sonic log spectra for the two lithologically defined 
subsets G and M are plotted in Figure 7a for the pilot hole and 
in Figure 7b for the main hole. The Vp spectra from the logs 
for the two sets in either borehole are very similar in the 
wavelength range of 3-1 ()() m; however, they differ between the 
two holes. This difference is shown in Figure 8a for the spectra 
from the two Vp logs. There is a difference, at the 95% 
confidence level, between the spectra in the wavelength range 
I. 5 - \0 m. For other wavelengths, the two spectra are within 
each other's 95% confidence bounds. In contrast, the spectra 
from the Vs logs are statistically indistinguishable over the 
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Figure 7. Comparison of the Vp (solid lines) and Vs (dashed 
lines) power spectra from the gneiss and metabasite subsets 
(see Tables I and 2) from the logs for the Ca) pilot and Cb) main 
holes. 

entire wavelength range (Figure 8b). The slope esthnates from 
the spectra and from the lower and upper 95% confidence 
esthnates are given in Table 3. Standard errOrs for all slope 
estimates are 0.05-0.06. The estimates in Table 3 suggest that 
there is a statistically significant difference for wavelengths 
smaller than 10 m between the two holes from the Vp logs, but 
not from the Vs logs. In fact, the main hole Vp spectra are 
better fit with two linear regressions, one for the wavelength 
range of 1.5-10 m, and another for the range 10-150 m, with 
slopes of 1.75 and 1.34, respectively. As expected from the 
comparison in Figure 8a, this latter slope is in agreement with 
the value from the pilot hole Vp log. Whether this change in 
slope at short wavelengths corresponds to a difference in 
velocity structore between the main and pilot holes or whether 
it is due to unlmown differences in data acquisition andlor data 
conditioning cannot be decided based on the available informa
tion. Given that this change in slope is only found in one of the 
logs, we tend to favor the second option. 

Coherences and Transfer Functions 

In an ideal elastic medium, Vp, Vs, and density are interre-
lated through elastic constants. Our goal is to study the varia-
tion with wavelength of these interrelationships in order to 
answer the following questions: How are the physical parame-
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Figure 8. Comparison of the velocity spectra from the logs of 
the pilot (dashed lines) and main (solid lines) holes, The lines 
are the 95% confidence intervals of the means: (a) Vp spectra 
and Cb) Vs spectra. Note that whereas the Vs spectra from the 
two holes are statistically identical, the Vp spectra show a 
marked difference in the 2-6 m wavelength range. 

ters related to the petrology of the probed lithologies?, How are 
the log measurements affected by breakouts and irregular relief 
of the borehole wall? To this end, we have analyzed the logs 
for interlog and interhole coherence in the wavemnnber 
domain. Coherence is the magnitude-squared coherency 
between two data series, where coherency is the complex
valued frequency- or wavemnnber-domain analogue of the 
coefficient of cross-correlation [Jenkins and Watts, 1968, pp. 
351-353; Brillinger, 1911, pp. 256-257]. To determine how 
statistically significant the estimates of coberence are, we also 

Table 3. Linear Regressions to the Vp and Vs Spectra and 
Their 95% Confidence Intervals From the Pilot (VB) and 
Main (HE) Holes 

Hole and Log Slope Lower 95% Upper 95% 

VBVp 1.28 1.15 1.40 
HBVp 1.04 0.97 1.11 
VB Vs 1.17 1.05 1.28 
HBVs 1.09 1.01 1.16 
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compute the expectation value for the estimate of coherence 
between two completely uncorrelated data series. Whereas the 
expectation value of coherence between such two data series is 
zero, the expectation of the estimate of coherence is non-zero 
due to inherent bias, and its value is inversely proportional to 
the number of degrees of freedom (Nul/all and Carter, 1976; 
Jones, 1979; Chove et al., 1987). Accordingly, this bias 
increases with increasing wavelength as the number of avail
ab le estimates decreases. An equivalent bias also occurs for 
estimation of cross-correlation coefficients [e.g., Bendol and 
Piersol, 1971, pp. 126-128). The robust estimation of coher
ence is cl=ribed in Chave el aJ. [1987, p . 643, Eqns. 34-36). 

Interlog Coherence 

Coherence measurements between the physical logs and 
caliper logs contain information on variations of the depend
ence of the former on the relief of the borehole wall and thus 
may allow us to identify and eliminate artifacts. Our analyses 
indicate that for both boreholes there is generally no statisti
cally significant coherence between the physical and caliper 
logs. The sole exception is the caliper and density logs of the 
gneiss sequences in the pilot hole, which show a reasonable 
coherence at the 0.4-0.5 level. This implies that the effects of 
breakouts and uneven borehole wall rehef on the density and 
sonic logs are largely uncorrelated and hence only affect the 
white, or quasi-white, part of the log spectra. This result is 
consistent with that of Holliger et aJ. [1996], who found that 
for the Stenberg borehole (central Sweden) the local variance 
of caliper fluctuati ons and the local variance of white noise 
present in the sonic log data were closely related. 

The coherence between the physical logs and the gamma 
logs is indicative ofhow the seismic velocities and densities are 
related to the petrology of the rock column (Figure 9). The 
only statistically significant interlog coherence found was 
between gamma and Vp logs at wavelengths longer than 50 m, 
and it was weak (0. 1 - 0.2). Detailed study showed that the 
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Figure 10. Coherence between the Vs and Vp logs for both 
holes as a function of wavelength (inversely proportional to 
wavenurnber). The error bars are 95% confidence intervals, 
and the solid line is the 95% confidence interval for two 
incoherent series. 

gneiss sequences do not contribute to this coherence. This 
demonstrates that the sonic and density logs are largely 
independent of the petrology of the probed rock column. It is 
conceivable that the emerging coherence between Vp and 
gamma logs, and the changes in slope of the power spectra of 
the physical logs at larger wavelengths, are related to each 
other (Figs. 5 to 8). This could indicate that in the short to 
intermediate wavelength range, density and velocity fluctua
tions are dominated by the physical state rather than by the 
petrology, and that the lauer only comes into effect at larger 
wavelengths. It could also indicate that the relatively uniform 
correlation scales (-60-1 60 m) of upper crusta! sonic logs 
[Holliger, 1996a] are related to this transition from a domi
nantly physically controlled to a more petrologically controlled 
seismic structure . 
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Figure 11. Coherences between the three physical logs from 
the pilot hole: (a) Vs-Vp, (h) Vp-density, and (c) Vs-density. 
The error bars are 95% confidence intervals, and the solid line 
is the 95% confidence interval for two incoherent series. 
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Figure J 0 shows the coherence between the Vs and Vp logs 
for both holes simultaneously. Coherence is generally stable 
but uniformly low at aroWld 0.25 for wavelengths of 4 .5-
ISO m. For shorter wavelengths, the coherence drops rapidly, 
and for wavelengths shorter than 2 m the two logs are incoher
ent with each other. At long wavelengths the coherence 
appears to rise, but this statement cannot be defended statisti
callyas the estimate for two Wlcorrelated sequences also rises 
rapidly because the number of degrees of freedom decreases. 
Coherence determinations for the logs separately indicate that 
overall the Vs-Vp coherence is greater in the pilot hole than in 
the main hole. 

The coherences between the three physical logs for the pilot 
hole are shown in Figure II (this is not done for the main hole 
as the densily data are not complete for that hole). Clearly, the 
density and Vs logs are incoherent with each other (Figure 
I l e), and the values are what one would expect for two 
uncorrelated series. The two velocily logs are most coherent 
(Figure I la), with values of 0.25-0.5 over 4-1 ()() m, whereas 
the densily-Vp coherence (Figure II b) is low at short wave
lengths but increases to large values (>0.5) at wavelengths 
longer than 50 m. 

Subset Coherence 

The logs can be examined in terms of their subsets to identify 
differing coherence characteristics between the paragneiss (G) 
and metabasite (M) sequences. Perhaps not surprisingly, given 
the differences shown in Figure 4, the Vs-Vp coherence is far 
hi gher for the metabasite sequences than for the goeisses 
(Figure 12). The goeisses exhibit a coherence between the Vs 
and Vp sonic logs of aroWld 0.25 in the 5 to 60 m wavelength 
range (Figure 12a). In contrast, the metabasites show a 
coherence of 0.45-0.55 in the 5 to 30 m wavelength range, 
increasing to aroWld 0.8 for longer wavelengths (Figure I 2b). 
The coherence between the densily and Vp logs (pilot hole logs 
only) also display a marked difference between the gneiss and 
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Figure 12. Comparison of the coherences between the Vp and 
V.logs for the (a) gneiss and (b) metabasite sequences defined 
in Tables I and 2. The error bars are 95% confidence 
intervals, and the solid line is the 95% confidence interval for 
two incoherent series. 
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Figure 13. Comparison of the coherences between the densily 
and Vp logs for the (a) gneiss and (b) metabasite sequences 
defined in Tables I and 2. The error bars are 95% confidence 
intervals, and the solid line is the 95% confidence interval for 
two incoherent series. 

metabasite sequences. The densily log is incoherent with the 
Vp log for the gneisses (Figure 138), with values close to the 
expectation value for two uncorrelated series, whereas for the 
metabasites there is good coherence starling at wavelengths of 
2.5 m. Similarly, the densily-V. coherences (not shown) show 
that the logs from the gneiss sequences are incoherent, whereas 
for the metabasite sequences there is 8 resolvable coherence 
above the 95% confidence interval for incoherent series aroWld 
0.2-0.3. This difference suggests that the measured densily 
variations in the gneisses do not correlate with the measured 
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Figure 14. Coherences between the Vp logs for the main and 
pilot holes. The solid circles are for no offset between the two 
holes, whereas the open circles are for a vertical offset of the 
main hole of 550 m compared to the pilot hole to accoWlt for 
the 200 m hole separation and the measured 700 structural dip. 
The solid line is the 95% confidence interval for two incoherent 
series. Note that the estimates fan far below the solid line for 
all wavelengths. 
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velocity variations. whereas for the metabasites there is a 4.0 

significant correlation. 

!nterbole Coberence 

The question arises whether there are any statistically 
significant coherences between respective logs of the pilot and 
main holes. This problem was previously addressed by Wu el 
al. [1994] for the Vp logs who, through forward modeling of 
the measured cross-correlation function, inferred an aspect 
ratio (horizontal/vertical correlation scale) of 2 to 3 for the 
spatial structure of seismic heterogeneity. The Vp-Vp coher
ences, for zero and 550 m vertical offset (3609 points) of the 
main hole Vp log with the pilot hole Vp log, are illustrated in 
Figure 14. Zero vertical off.et assumes no structural dip and 
allows comparison with the results of Wu el al. [1994], 
whereas a vertical offset of 550 ID attempts to align the logs 
from the two holes 200 m apart given the reported average 
structural dip of about 70° [Franke, 1989]. The coherence 
between the two logs is at the level one would expect from two 
totally uncorrelated data series. Similar results were obtained 
when the Vs-Vs and density-density coherences were com
puted. Also, none of the coherences computed between the 
lithologically defmed subsets, e.g., {GlV, GlRl. {M1V, 
MlR}, {G2V ,G2R}, etc., were statistically above the 95% 
random correlation level. 

Accordingly, we conclude that there is no statistically 
resolvable correlation between the sonic logs from the pilot 
hole with those from the main hole. This result differs from the 
conclusion ofWu el al. [1994], and we ascribe their interpreta
tion to insufficient degrees of freedom at long wavelengths 
resulting in a large bias for the correlation estimator. We have 
not tlken non-linear helerodynicity into account (stretching and 
compressing the logs to account for thickening and thinning of 
lithological units between the two holes), but on the asswnption 
that such effects mainly distort the phase spectrum, we con
clude that our results imply that the horizontal correlation scale 
of the velocity fluctuations is likely to be of the same order as 
the vertical correlation scale (~ lOOm). In cc,njunction with the 
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Figure 15. The real part of the transfer function between the 
Vs and Vp logs. The solid circles asswne that the Vs logs are 
noise-free, whereas the open circles assume that the Vp logs 
are noise free. The error bars are 95% confidence intervals. 
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Figure 16. The real part of the transfer function between the 
Vs and Vp logs for the metabasite sequences only from the pilot 
hole (see Table 1). The solid circles asswne that the Vs logs are 
noise-free, whereas the open circles asswne that the Vp logs 
are noise free. The error bars are 95% confidence intervals. 

statistical uniformity of upper crustal sonic logs [Holliger, 
1996a], the implied quasi-isotropic spatial structure of seismic 
heterogeneity is importantto studies of seismic scattering in the 
upper crystalline crust [Holliger, 1997]. 

Vp-Vs Transfer Function 

The linear relationship between two time (or space) series 
can be described in the frequency (or wavenumber) domain by 
the complex transfer function between them, which is the 
analogue to the time (or space) domain impulse response 
function [e.g., Jenkins and WalLY, 1968, Chapter 10; Bendat 
and Piersol, 1971, Chapter 5; Brillinger, 1981, Chapter 6]. 
For an ideal solid, the transfer function between the Vp and Vs 
logs should be real valued and wavenumber independent. 
Departures from this reflect heterogeneity variations in bulk 
properties that scale with wavelength, such as crack density or 
compositional layering. Transfer function estimates thus 
complement inferred spectral coherences between the sonic 
and density logs. The robust estimation of transfer functions is 
described in Chave et al. [1987, pp. 641-643]. 

The real part of the complex wavenumber domain transfer 
function between Vp aod Vs, determined using all the data from 
both logs, is illustrated in Figure 15. The imaginary part of the 
transfer function (not shown) is statistically equal to zero, as 
expected The transfer function has been estimated twice, once 
assuming that Vs is noise-free, and the other assuming that Vp 
is noise-free. The former results in downward biased estimates 
of the transfer function (solid circles), whereas the other results 
in upward biased estimates (open circles) [e.g., Jones, 1980]. 
These noise bias errors were known in many fields early this 
century, notably econometrics [Gini, 1921], but were not 
appreciated in geophysics until much later [e.g., Sims el al., 
1971]. Note that although the random error, as expressed by 
the 95% confidence intervals, is small, the bias error, ex
pressed by the separation between the two estimates, is large, 
implying large effects due to contributions from noise autopow
ers. Given the generally low coherence between these series 



JONES AND HOLLIGER: SPECTRAL ANALYSIS OF KTB LOGS 18,401 

oso 

L j ! 0.25 T 

• 1 

"ooL 1 10 100 
Wavelength (m) 

Figure 17. Poisson's ratio computed from the upward biased 
real part of the transfer fimction between the Vs and Vp logs for 
the metabasite sequence M2V from the pilot hole (see Table 
I). 

(Figure 10), this poor result is not surprising. The estimates at 
shorter wavelengths either approach zero or infinity. as 
expected from the lower coherence (Figure 10). 

To improve our estimate of the transfer fimction, we consider 
those series which show strong Vs-Vp coherence, namely the 
metabasite sequences (Figure 12b). The real part of the two 
estimates of the transfer fimctions are shown in Figure 16, and 
there is less bias effect, but the estimates are still not useful. 
Note that we can reject estimates of the transfer fimction below 
1.414, as they will lead to unphysical values for Poisson's ratio 
less than zero, so all the downward biased estimates are 
rej ected on physical grounds. These estimates are too low 
because of the high noise on Vs compared to Vp. Using the 
density log as a remote reference [Reiersol, 1941; Geary, 
1943; Goubau e/ al., 1978] to avoid noise autopowers gives 
estimates statistically identical to the upward biased ones, 
which suggests that these estimates are far less affected by 
noise bias than the downward biased ones. 

The metabasite sequences in the pilot hole show the largest 
coherence between Vp and Vs. Deriving the upward biased 
transfer fimction estimates from those logs, and converting the 
ratios to Poisson's ratio, gives the values shown in Figure 17. 
Estimates at wavelengths shorter than 3 m are poor due to the 
low signal-to-noise ratio resulting in a large upward bias from 
the noise autospectra. The values for wavelengths between 3 
and 60 m are physically reasonable and imply that there is a 
wavelength-dependent variation in Poisson's ratio, with smaller 
values at shorter wavelengths (3-20 m) compared to longer 
wavelengths (30-60 m). A histogram of point estimates of 
Poisson's ratio from the Vp and Vs logs in the pilot hole 
metabasite sequences is approximately Gaussian-like with a 
mean and median of 0.26, a mode of 0.275, a standard error of 
0.025, and a 95% confidence interval of 0.21-0.31. These 
ranges are commensurate with the spectral estimates shown on 
Figure 17. 

Discussiou 

Leary [1991] obtained comparable results to this study when 
cross-correlating sonic and resistivity logs with gannna logs 
from the Cajon Pass borehole. Gannna logs are primarily 

seusitive to petrology whereas resistivity logs are governed by 
pore fluids. Since the primary porosity in the probed gneissic 
rocks is very low, Leary [1991] argued that fluid-filled cracks 
and fractures rather than the petrology dominate the small-scale 
seismic structure in the upper crystalline crust. Ho/liger 
[1996a] found sonic logs from a wide variety of upper crusts to 
be stnprisingly unifonn in terms of their second-order statistics. 
Such uniform statistical properties of upper crustal velocity 
fluctuations are indeed consistent with the correspondingly 
uniform scaling laws for brittle faults and associated crack 
haloes [Holliger, 1996b]. In the following, we shall therefor 
explore how compatible our observations are with the interpre
tation that small-scale fluctuations in upper crustal velocity are 
dominated by cracks and their level of flnid saturation. 

In an ideal solid, the relations bctwccn density and 
compressional and shear velocities are independent of length. 
The effects of dry and saturated cracks on the bulk and shear 
moduli are quantified, for example, in Bourbie e/ al. [1987, p. 
180]. Our coherence measurements show no coherence 
between Vs and density logs, emerging coherencc between Vp 
and deusity logs at larger wavelengths (>50 m), and weak, but 
significant coherence between Vp and Vs logs (Figs. 10 and 
11). Cracks have dramatic effects on seismic velocities while 
barely affecting the density due to the low increase in total pore 
space. Dry cracks similarly affect the bulk and shear moduli, 
whereas fluid-filled cracks have only minor effects on the bulk 
modulus [Bourb;e e/ al., 1987, p. 180]. Fluid-filled cracks are 
thus indeed a possible explanation for the lack of coherence 
between the Vs and density logs. Evidently, this explanation is 
also consistent with reasonable coherence between the Vp and 
Vs logs as well as with the weak coherence between the Vp and 
density logs. The enhanced coherence between the Vp logs and 
the density and gannna logs at longer wavelengths (>50 m) 
(Figs. 9 and 11) might imply that at larger scales the effect of 
cracks diminishes and the influence of composition on veloci
ties and densities increases, which is also the implication from 
the results ofPoisson's ratio determination. The transition from 
dominantly physically controlled to dominantly compositionally 
controlled upper crustal structure could be related to the 
uniform outer range of self-affme scaling typical of upper 
crustal Vp logs [Holliger, 1996a]. 

For the Iithologically defined subsets, Vp-Vs coherence is 
stronger for the metabasites than for the gneisses, and density
velocity coherence is siguificant for the metabasites but not for 
the gneisses (Figures 12 and 13). If, as speculated above, the 
coherence between seismic velocities and densities is governed 
by fluid-filled cracks, this could imply differing crack-densities 
and/or differing levels of fluid saturation within the gneisses 
and metabasites. Alternatively, differences in Vp-Vs and 
velocity-density coherences between the gneisses and metaba
sites could be due to differences in Vp and Vs anisotropy. 
However, laboratory measurements indicate that although 
gnelsses tend to be much more anisotropic than metabasites, 
the respective Vp and Vs anisotropies generally agree within a 
few percent [Bur/ini and Foun/ain, 1993]. 

Attempts to define a transfer fimction between the Vp and Vs 
logs met with limited success, but suggest that the method may 
hold promise. Noise cootributions were too large for all but the 
most coherent subsets, i.e., the metabasites in the pilot hole. 
Expressing the transfer fimction in tenns of Poisson's ratio 
indicates that there may be a length-dependent scaling of 
Poisson'g ratio, with increasing values at longer wavelengths. 
The inferred scale-dependence of the Vp/Vs ratio (Figs. 15, 16, 



18,402 JONES AND HOLLIGER: SPEClRAL ANALYSIS OF KTB LOGS 

17) could be due to the stronger correlation of Vp, but not Vs, 
with rock cbemistry at larger wavelengths as evidenced by the 
correlations between the velocity and gamma logs (Figure 9). 
Alternatively, it could reflect the presence, distribution, and 
level of saturation of cracks. Dry cracks are not expected to 
change the VplVs ratio, whereas for saturated cracks the 
relationship becomes strongly nonlinear [Bourbil! et al., 1987]. 
The presence of statistically distributed saturated cracks alone 
can thus be expected to introduce some wavelength depen
dence of Poisson's ratio [Holliger, I 996a ]. The observed 
variation ofPoisson's ratio with wavelength serves a caution to 
those who compare laboratory detenninations of Po is son's ratio 
on rock samples representative of a region to crustal scale 
seismic detenninations. 

Since our results corroborate the importance of fluid-filled 
cracks on upper crustal sonic and density logs, the question 
arises as to the extent that cracks are induced by the drilling 
process. Evidently, drilling could be expected to produce 
excavation damage zones that are consistent between similar 
rocks types. This conld explain surprisingly uniform statistics 
of sonic logs from crystalline rocks as well as the differences 
between paragneisses and metabasites resolved in this study. 
H olliger [1996a] found that logging the same borehole with 
sonic tools with short Cl m) and long (3 m) source-receiver 
spacings resulted in statistically indistinguishable measure
ments. This suggests that either the excavation damage zone 
is thin and does not affect sonic log measurements significantly, 
or that it is very thick and completely dominates sonic log 
measurements. Results of high-resolution tomographic 
imaging of borehole walls in sedimentary rocks indicate that 
the latter is much less likely [Homby, 1993]. 

Although this study was limited to logs from the KTB 
boreholes, the results obtained could have implications for our 
understanding of upper crustal structure in general. While 
pointing to interesting deviations in detail, robust spectral 
analyses ofKTB logs confirm the statistical uniformity of upper 
crustal velocity and density fluctuations, and support the 
interpretation of this phenomenon in terms of fluid-filled cracks 
[Leary, 1991; H olliger, I 996a,c ]. Of the particular importance 
in this context are the exceptional length of the KTB logs and 
the fact that the there do not seem to be any systematic statisti
cal differences between the shallower and deeper parts of the 
logs. Therefore, it is plausible that the statistical uniformity of 
upper crustal structure suggested by sonic log measurements 
[Holliger, 1996a,b,c] can be extrapolated throughout large 
portions of the upper crystalline crust. Sonic and density logs 
do not contain any information about the spatial structure of 
upper crustaI heterogeneity. Yet, by measuring the coherence 
between the pilot and main holes, which are some 200 m apart, 
we are able to conclude that the horizontal correlation length of 
the heterogeneities is certainly shorter than 200 m. It is 
important to point out that the certainty of this statement is 
entirely due to the use of robust spectral methods and corre
sponding error and significance estimates. Given the unifor
mity of upper crustaI velocity fluctuations [Holliger, 1996a,c], 
the thus inferred quasi-isotropic structure is not necessarily 
restricted to the KTB area but could be representative of the 
upper crust in general, which has profound implications for 
seismic wave propagation [Holliger, 1997]. 

Conclusions 
We have used robust methods with nonparametric error 

estimation to investigate the spectral properties of the sonic and 

density logs from the KTB deep drill holes in southeastern 
Germany. In addition to power spectra, we also investigated 
coherences between individual logs as well as between 
lithologically defined subsets of the logs. The power spectra 
generally show a IIwavenumber decay in the intermediate 
wavelength range (-3-150 m), as deternained by previous 
parametric estimates. The nonparametric approach allows 
resolution of deviations from this behavior at shorter and longer 
wavelengths, as well as between the Vp logs from the main and 
pilot holes. Whereas spectra at shorter wavelengths (<3 m) are 
heavily affected by filtering effects of the logging process, 
changes allonger wavelengths (> ISO m) point to fimdarnental 
changes in the origins of density and velocity fluctuations. 

Coherences between the full logs were found to be strong 
between Vp and Vs logs, moderate between Vp and density 
logs, and weak to insignificant between Vs and density logs. 
Statistically significant coherence was found neither between 
any of the physical logs and the caliper logs nor between the Vs 
logs and the gamma logs. Weak but significant coherence 
exists between Vp logs and gamma logs for wavelengths in 
excess of some 50 m These results indicate that breakouts and 
uneven relief of the borehole wall contribute mostly to the 
quasi-white portions of the log spectra and that velocity and 
density fluctuations are governed by the physical state rather 
than by the petrology of the probed rocks. Analyses of the 
lithologically defined subsets point to significant differences in 
the spectral characteristics and coherences of the paragneisses 
and metabasites, which are not resolved analyzing the full logs 
or using parametric methods. No coherence was fOlmd 
between logs from the pilot and main holes, which may be 
indicative of a quasi-isotropic spatial structure. Poisson's ratio 
for the metabasites in the pilot hole show a wavelength
depeadent variation, with lower values (0.22 ±O.025) at short 
wavelengths (4-20 m) compared to higher values (0.33 
±0.026) at longer wavelengths (20-60 m). 

OUI' preferred interpretation, which is compatible with all the 
above observations, is that at wavelengths shorter than some 
lOOm, fluctuations of sonic logs are dominated by fluid-filled 
cracks and largely independent on the petrology of the probed 
rocks. Differing coherences between densities and velocities 
in the metabasites and paragneisses would then be indicative of 
differing crack densities, crack geometries, or fluid saturation. 
The above hypothesis could be tested by extending type of 
analysis presented in this paper to additional types oflogs, in 
particular nuclear logs and/or by laboratory measurements of 
crack densities and geometries. 
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