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The KTB drilling site: Seismic properties of dry and wet rocks
- Experiments and modelling
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FII'- 6; "anluon or p. "I'll;! S·w.I~e "elocllle~ 1~ll.ear ........'e ,pUllinil
"'1th the dip 0/ the fOh"tIOn pLme for lhe llepth intel'''' 01
2·3 kin 01 Ihe KT8 pilot hole. The doUi refer '0 blOl'le
llne!~ eJthlblting I'ie~ 5>'mmelr).

Iii) seiSIn... in·suu "e\ocUIeS "" .. functiOn 0/ the lllp of folw.uDn
il the nBdnUing SlIe. TIle dollil reprew'nt near ot1i1et YSPs.
~~~ ""lh model CUf"\e5 of Ie"", SQlWfllitung (RJ.bbtl.

lbJ VillUUDn 0/ p• .and S-W..W ,·ftoClties f'>hear "''''"e 1phlllnll
...ttl thedipo/ the 1oI\;WOl'1 pbne~dem~ from lilbor"lOO'}'
meiwremen~ Iill SO '01""'. erf«to'e .and criIC.-f~1 1-01
comp;u11Of1. the dilta 01 RJ.bbet (I '.l91' In Indir~. ~i~
line 1\ pI .and lof\:oIded Mt'.. 1\ ~l

(ulllparison wilh VSP-data
Figure 6 compares lhe laboratory data HII') samples: 50
MPa and intrinsirl ..... ilh VSp·measuremenu repre~ent·

ing seismir In sltu-rocl. proprrties from the KTa·piiOl
hole rrpclrled by Rabbl'l (I (92). The rock sequrnces
prnelrated by Ihe KTS·pilol hole are dominated by biO·
tite gneisses e~hibiling mostly steep but varying dip
and strike of foliatiOn. In Ihe depth inter....al of 2 to j
km, the dip of rock folialion changes slowly (rom 80 10

30 dee.. Ib;sed on lhe assumptiOn of a quasl-he'Qgooal
aggregale S) mmetry in the gneisse~, .... e used the ex'
perimental dala 10 rakulale the variation or P-wa,'e
,elocilit's and of shear ",ave splining as a function of
lhe dip of the foliation

Conclusions
The experimental results sunest that rombiMd Vp,
Vs·measurements may live evidence for the p~sence

fluids on ar.Un boundaries and, in addition, lNy pr0
vide an eslimate of the in-situ cr.ICk-dcflsitles. The
comparison of the laboratory d.na with VSP-measure
menu of lhe KTa-pilot hole suggests Ihat the in-situ
seismic propenies of lhe crustal section penelral~ by
Ihe pilot hole are affecled by intercrystalline fluid
lilm~

Comparison wilh lhe VSP data re"eals that. quallta
tl\"ely, the experimentally derived variation of sht'.ar
....·ave splillina with the dip of foliation compares fairly
....·ell with thai obsef'o'1!'d In the seismic ~xperimenl.

HO'oO"t'Vff. shear wave splinlng measured in the labora
lOry is silnincanlly lower than obse~ in-situ. and.
importanlly, lhe Vilriation of the corresponding P-wa'"e
,"t'locil) (and thus P-wave anisotropy) is markedly
higher. The observed discrepancies can, probably, be
related 10 effeclS of inten:ryltalline fluids
Iu shown by KCt'"n tt 011. (in press), microcracks can be
selectively kepi Open by a deviatoric Sl~SS, and thus
give rise for an increase of shear wave splitting. Be
cause S-waves are less sensitive to fluids than P-wave5
at condition§ of very low pore-flUid pressure. shear
wave splitting remains nearly unaffected by intercrys
talline fluids, whereas P·wave velocities are sianln
cantly increased by fluids on grain boundaries. Assum
ing that the seismic in·sltu velocities and averaat'd lab
oratory data are repn'senlative for the same rock unll
and taking into account that the laboralory dala were
oblained from dry samples, our experimental lindinls
may live hinlS that the relath"ely high in silu P-....·ave
velocilies and low P-wa,"t' anisotropy at the IITS loca
lion (compared to Ihe "docil)' data measured on dry
rock samples) art caused by Oyid$ 00 'Gin OO"ndarif:"

i'~j:':~rli=
;'j,

, ......(>",_,"1

,~....
~: ~'
I, .

'~,:.::..~o I r.=- 0

rl~
1 I • •

, " ,c<,O<._ ..

.,."

... ".

~- . -,.,--~-.--:>

_, .....\~~ •."7':r.#-c·----i

~....."-

~...""

~

I I '.-::"
-.0-

J
, .,

I!l
t!

'1/;'"

] f.I·~·:-
[ ~ I ... "
I ~ 1'-".... 00.':'"

[;] '-~:-,,,,-",
;,:",-.

..
.:
I

__ 10 ......

l ..,,
.'
..
,~, .'

.j

b)

..r------=,---~

There h ollX) a colTel:inion bet....een the calculated
crarl.-drnsitir5' (for dT) and saturall'd conditiom) olnd
crarl.·porosilies 'I drri"ed from the e~prrimrntallyde'
lrrmined volumetric strolin Clll'\rs (fig. 401.

from ,he relation (cia). ('IIo)/{4l1/l) we eSlimaled the
aSpeo!"t-ralio c a for rOKh data sel of 'I and, (t·lg. 5). In
lhe 10.... prrssure range. the aSpeo!"t-raliOs an:" on Ihe or
der of 0.00 I to 0.0 I and remain nearly conManl during
lhe Initi.;11 Slage of sample compactiOn. This indicates a
conlinl,l()S closure of c~ks .... ilhoul marked change~ of
lhe pore geomelry. The linal ~tage of comparuon at
pre~~ures 1I.OO'e SO'iPa is .a5sociatcd .... ilh a sigmflCanl
change of lhe aspecl ratios.

Hl-J ~o/ >-doot\ ' ••nolljOo'lS 1ft thot' ploI'\p' \,'1
I\p\~l,~n..~\.. \ ...

I.. , tor d1ffHtnl dfCrf'e 0/ salur.mon. ~

Ib, lor fluod,ntltd rr;or:u e\lubll:fll dllfHHII Jspfo:l r ..'1Q>. \ ~

lalWrO ~..:fa.dlanst).1'.l7~1.

ConlO\On 0/ const;lnt IT.'Ct dft>slt) • - " 0 ~ olJ ~ t~
lll'>tli ~ indIcalfd In botJ\~
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F.xperimental results and discussion
Al atmo~phericpn:'~~u~, P·wa'~ v~locili~~of Ihe satu'
rolled. low·poro~iry rocks « 1'Hl) are ~ilniflCanily hiaher
than in dry rocks. when'as the differ~nc~~ for S·...1l'·e
velocllle~ are less pronounced (Fig. I). The effecl of in
lercrystalline fluids on seismic properties at incre~
pressure conditions is particularly renected by the
variation of the Poisson's rouio because P·wave "eloci·
lies are more sensitive to fluids than S·wave velocities
in the low-porosity rocks (Fig. 2).
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Introduction
In this slud~. 1'1"1' prl'M!nl ne,,· l"boraIO!) data from
combined mea~uremenfS on the variation of seismk
"eloclties aJld of crack porus;!> as a funnion of pres
sure on rocl.. r.amples nopresenll"K the main lithological
rock unils (Ilneis!it's and mClabolsilt'sl ('\posed in the
~T8 .... ells. 11M' Mud)' focu~ lart!'l) on the effecl thai
the presence or absence of pore Ouids rna) ha\1' on the
effect of microfracturinc and thus on sebmic rock
propeTt~ ~ VlperimenlS ...·ere performed on un
jK~led .!.ample cubes (43mm on tdaesl In a (ubK·
anv,l ..pp;aratus (eg.. "em. 1982). The prcuure dl-pen·
dence of p- and 5·......\·1' \elocities. ,'elocl,)' a"!sotrop)
(A-Vp), shrill" .... ave splining UNs) 0100 (~"-poro5il)'

1111 has been !n\'e$ligillll'd for dl') and weI (",ller UIU
rated) rond;tion~

ii .....ern. 'nll I'opp.
~l""'r~l"~,,, h·I',·'m~r~rh,,,h", In,,,,u, I 'n, ~",I

The experimental data were u~ to t«t the , ..Iidi!)· of
the empirical model ofO"Con~1and Budi.lonsky (1974).
Thb model describes lhe ~smlc behaviour of a $Olid
cOntaininl a sel of randomly distributed, "penny
shaped" flat cracks (described by the crack density pa
rameter. rj with panial saturation (iii. The crack density
f is defined as

I _ I Na3 , where N i~ the number of cracks per
unil volume and a is the major semiaxi~

of the flat spherical crack wilh a. b:o c.
O'Connell and Budiansky calculated twO different ve
locity diaarams, considering the effects of fluid satura
tiOn and of the a~pect ratio of cracks (m _ :LIc) sepa
rately (Figure 3).
Figure 401 shows that the experimentally derived data
lit the model of O'Connell and Budiansky (1974) reb
li,'ely well for rocks exhibiting, Poisson's ratios of about
0.25: rh~ experimental ViI/ues for absolufe/y dry and
fully SIiItllrarl'd (solid CUlVeS) I~ close fO the limits of
the fh«)~lical'y~a/izl'd velocity sPJICe.
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Comparison with VSP-data
Figure 6 compares the laboratory data (dry samples; 50
MPa and intrinsic) w i th  VSP-measurements represent-
ing seismic in siro-rock properties from (he KTB-pilot
hole reported by Rabbel (1992). The rock sequences
penetrated by the KTB-pilot hole are dominated by bio-
t i te gneisses exhibiting mostly steep but varying d ip
and strike of  foliation. I n  the depth interval of 2 to  3
km, the d ip  of  rock foliation changes slowly from 80 to
30  deg Based on the assumption of  a quasi-hexagonal
aggregate sy mmetry i n  the gneisses, we used the ex-
perimental data to calculate the variation o f  P-wave
velocities and of shear wave spli t t ing as a function of
the dip of  the foliation

There is also a correlation between the calculated
crack-densities i (for dry and saturated conditions) and
crark-porositles i |  derived from the experimentally de-
termined volumetric strain curves (Fig. 4b).
From the relation (c a)  - (t | /r)/(4n 3)  we estimated the
aspect-ratio c a for each data set of i |  and i (Fig. 5). I n
the low pressure range, the aspect-ratios are on the or-
der of  0.001 to  0.01 and remain nearly constant during
rhe init ial  stage of  sample compaction. This indicates a
continuos closure of  cracks without marked changes of
the pore geometry The final stage of compaction at
pressures above 50MPa is associated with a significant
change of  the aspect ratios.

H. Kern, Till Popp.
Milteralngisi h-l'eirogrjphiM he* Institut. Im  Ku l

Introduction
I n  this study, we present new laboratory data from
combined measurements on the variation of  seismic
velocities and of  crack porosity as a function of  pres-
sure on  rock samples representing the main lithological
rock units (gneisses and metahasites) exposed i n  the
KTB wells. The study focuses largely on the effect that
the presence or  absence of  pore fluids may have on the
effect of  microfracturing and thus on seismic rock
properties The experiments were performed on un-
jacketed sample cubes {43mm on  edges) i n  a cubic-
anvi l  apparatus (eg..  Kem. 1982). The pressure depen-
dence of  P- and S-wave velocities, velocity anisotropy
(A-Vp),  shear wave splitt ing (AV S | and crack-porosity
In)  has been investigated for dry and wet (water satu-
rated) conditions.

Experimental results and discussion
At atmospheric pressure. P-wave velocities o f  the satu-
rated. low -porosity rocks (<  1%) are significantly higher
than in dry rocks, whereas the differences for S-wave
velocities are less pronounced (Fig. 1). The effect of  in-
tercrystalline fluids on  seismic properties at increased
pressure conditions is particularly reflected by the
variation of the Poisson s ratio because P-wave veloci-
ties are more sensitive to  fluids than S-wave velocities
in  the low-porosity rocks (Fig. 2).

Fig. h: Variation o| P- and S-wave velocities (shear wave spl i t t ing  «
with the dip o( the foliation plane for the depth Interval nl
2-3 km of the KTB pilot hole. The «data refer i o  biotite
gneisses exhibiting hexagonal symmetry.

ia> Seismic (n-siiu velocities as a function of  the dip of foUaoon
ai  the KTB drilling site The data represent near offset VSPs.
together with model curves of  least squares fitting ( Rabbel.

1bl variation of  P and S-wave velocities i shear wave splitting*
with the dip of the foiLitr <n plane as denied from laboratory
measurements «at 50 MPa. effective and crackfreet  For
comparison the dau of Rabbel 119921 are indicated supped
line ( \  p)  and shaded area tV j )Rg. 3; Modelling of xelooiy vanauons m the plot iVp * Vv* i  *

iVp Vj j  versus V$ V j.
iat far different degrees of  saturation. i
ibs far Rind (IIfed cracks exhibiting different aspect ratios * a

<after O Canned and Budiansky 19741,
Contours of constant crack denutv i - \ *<  > nüsheu
linesI are indicated in both diagrams

Comparison wi th the VSR data reveals that,  qualita-
tively, rhe experimentally derived variation of  shear
wave splitting with the d ip  of  foliation compares fairly
well wi th  that observed i n  the seismic experiment.
However, shear wave spl i t t ing measured i n  the labora-
tory is significantly lower than observed in-situ, and.
importantly,  the variation of  the corresponding P-wave
velocity (and thus P-wave anisotropy ) is markedly
higher. The observed discrepancies can. probably, be
related to  effects of  intercrystalline fluids
As shown by Kern et al. ( i n  press), microcracks can be
selectively kept open by a deviatoric stress, and thus
give rise for an increase of  shear wave splitting. Be-
cause S-waves are less sensitive to fluids than P-waves
at conditions of  very low pore-fluid pressure, shear
wave splitt ing remains nearly unaffected by intercrys-
tall ine fluids, whereas P-wave velocities are signifi-
cantly increased by fluids on  grain boundaries. Assum-
ing that the seismic in-situ velocities and averaged lab-
oratory data are representative for the same rock uni t
and taking into account that the laboratory’ data were
obtained from dry samples, our experimental findings
may give hints that rhe relatively high i n  situ P-wave
velocities and low P-wave anisotropy at the KTB loca-
tion (compared to the velocity data measured on  dry
rock samples) are caused by fluids on  grain boundaries

Conclusions
The experimental results suggest that combined Vp-
VS-measurements may give evidence for the presence
fluids on grain boundaries and. in  addition, may pro-
vide an estimate of  the in-situ crack-densities. The
comparison of  the laboratory data w i th  VSP-measure-
ments of  the KTB-pilot hole suggests that the in-situ
seismic properties of  the crustal section penetrated by
the pilot hole are affected by intercrystalline fluid
films.

Ag l :  Efteit of  pressure on  P- and S-wave \ekxiues tai .  Vp-
anworropy ■ b l  and shear «ave splitting <. • m a game tam-
phibahte I KTB 61C9bi under dr. and wet i saturated*
concüaonv

fig- 4 Comparison of  the experimental vetocitv data (mean val-
ues« with the respective model calculations for five rock
samples ra - d* under dry and wet renditions

I left i \ p * V j ’ j  tVpV  j )  versus shear wave velocity A» ’  v t >
Included are model curves far dry and wet condinons xote
the progressive decrease of the crack density *. with in-
creasing pressure «compare figure la«.

i nghti  retauen between experimental determined crack-porositv
and  calculated crark-denuty

Fig 2 Effect of pressure on  rhe solumetnr strain <a* xnd :he
Poisson s rain «bl in  a garnet-amphiboitte • KTB 01C9b; un-
der drv and wet oontkiions The insets show the pressure
dependence of the experimental determined crack porosin
* a t .  and  of  the cakuUred crack densin. * tn.

The experimental data were used to  rest the validity of
the empirical model of  O'Connell and Budiansky (1974).
This model describes the seismic behaviour of  a solid
containing a set of  randomly distributed, penny-
shaped" flat cracks (described by the crack density pa-
rameter, t )  with partial saturation (£). The crack density
t is defined as

« - X Na , where N is  the number o f  cracks per
un i t  volume and a is the major semiaxis
of  the flat spherical crack wi th  a = b » c.

O'Connell and Budiansky calculated two different ve-
locity diagrams, considering the effects of  f luid satura-
tion and of  the aspect ratio of  cracks (w - a/c) sepa-
rately (Figure 3).
Figure 4a shows that the experimentally derived data
fit the model of  O'Connell and Budiansky (1974) rela-
tively well for rocks exhibit ing Poisson's ratios of  about
0.25; rhe experimental values for absolutely dry and
fully saturated (solid curves) lie dose to the limits o f
the theoretically realized velocity space.
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'aspect ratio* (c/»J
Fig 5: Variation of the pore geometrx of  three KTB-samples «drv

and wet) during compaction [seltnes indicate cra;k densities




