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ASSTRACT

Schhid, S.M., 1976. Rheological didence for changes in the defomarion mec,heism of
Solenhofen limestone towards low streses. Tecronophysic6, 31: T2FT28.

New fteological data on Solenhofen limestone at iemperarures of600-,90OqC show a
hesition into power-l&w creep wiih n{alues d@nd 4.5 followed by a seond irdsition
inio low n-values (tr - 2). It is suggesied that the m€chdjsm a€s@iared with lop r-values
b probably the active one in many geological dituations involving flow in fine,grained
c{tbonat€ and cor$pon& to supetpla6tic phenomen. kdown io occur in fine-arained

INTRODUCTION

Constitutive equations for creep, rclating shain ratp and flow stless as
obsewed in the laboratory, can only be extrapolatdd over many ordeB ol
magnitude in strain rate into geological environments provided no change
in defomation mechanism (and consequently the folm of the constitutive
equations) takes place towards lower strain rates and stresses. Such changes,
however, are well document€d in the case of metals and attempts have been
made to consider them in the tleatment of tectonophysical problems. Fields
of different flow regirnes in rocks can be represented in a stress-temperature
space in the form of "deformation maps", so far based mainly on th;oretical
considerations (Stocker and Ashby, 1973; Pat€rson, lg?b and Rutter, 19?5).

Following suggestions by Pate$on (19?5) anattempt wa.s made to produce
geologically relevant deformation mechanisms at low shesses using high
temperatures, given the limit€d range of laboratory strain Etes. Some defoma-
tion mechanisms a! low stresses are expecled to be glain-size dependent
(Coble- and Nabano-Herdng creep, superplastic phenomena). This is because
in fine-glained matedals, processes such as rnals tnnsfer by diffusion and/or
Sain-boundary sliding become more readily (i.e. at higher strcsses) competitive
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with proc€sses involving dislocation motion alone. therefore, Solenhofenlimestone w_as re-garded ar suitable matedal to explore such l;w-str"a, *"irrr",
lgrain-size: 1-10 pm). Much is knowr alreadv o,i tt 

" 
rhJ.gv .i dJ*fi.i",timestone a! m-oderaue temperalures up to S0b"c { Ru rter, fs?a i""J .;:"' 

"'

::-:ig.r":o 
yule marbte up rc 800.C rHoar4. 1963. tl"""d arld Rajeish.

1v, z,-ouL exlmpotations jnto geological condirions based on rhese flowlawsaronp tar, at tFast in some geological environments (Schmid, 19?5). in lhatmey gve.unrealrstically high esrimates of flow stress. This suggesLs ihar. otheroerormanon mechanisms, Ior whjch the flow slress is more sensilive to strainrate, might become dominant at geological stnin rates.

APPAR,ATUS AND TECHNIQUE

The 6pecime6 werc defomed in a hish-oresj

_dLTI,-bjlly pa,e*on (1,''0,. *o "oo-",;" n,ililfl:flT'"f,::".,:X,T,"j*""lij'l#,
il;1ffi:"Hilff:i::,* i.:.":Ti:?jtj;,Jf *"e*,.ures: s6 con in ;s h.d uh.
::;ffi riit"T *#f fl li:ii:rffi al:#J#.:ri:'tx'"1i'1""ff"i:riiff
_ lorcs of  10 hh dlmei€r and 20 mh iencth (u

:;ul*r*rri:1" l*f ili #y"T#T:":ff *rffi *xkh."'s::m::r3 kb.r and iemperarures b€tseen 600 and ioo.aa,,co*,.n, mdo.sp+d ,co,.."o*,,,,.."*,;#Sl"i"':I:"JX""JIj;T.I::: i"jfll*
i m.ny ot those tum slressreldarioh resl3 wer; pq, orm;d

,,"I::I.1s:,11" 
**:s were derived by makins rhe uluai correcrioE for apparatus

ililill??;l:Xli,l,ilj l",S 
and cr@'*crion ircrese witt i.*"*i.g"r.',i'. s#ii"*

"'f,iT,i"fffi-*' ffi xT:'ff1'1,1$",*,1*;*''*"'ria'erv rowered in order to

EX?ERIMENTAL RESULTS

Constant strdin-mte t ests

" 
The slress---strain cuwes exlibil no appreciable variarion in sEess alter aIew percent strain under all test conditions. The flow stress used for estab_lishing strain Iate vs. str€s6 relationships wa.s taken at 10Zo strain, Fieure i

Notes belonging io Table I
AI tests w€re pefoned arconAiant shain raie and on smples of 10 mm dimeter an.t20 mm lehgth unlessstaied orheNh.:* Specimen of ? X 14 mm.

"" Change ofshain rate witiin one tsr.
The numbs Nigning the iest! ro different flow regim€s siahd for:

2:a" 
' r lh igh 

n-values
3:4.  or l low a-v. lues
R: SFess-Elaxation r€st ar the end ofthe run.
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TAILE T

Rrn nrmb€r 'Imp.ntlE rc) Dill€Fniid6l@ Itowqin.
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1310
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1232
1146
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930
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2X1
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747
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a?1
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277
la4
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R
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R
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2
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3
3
3
2

2
2
2
2
3
a
I
3
a
3
3
2
2
2
2
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a
3
a
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3
3
2
a
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Fig. 1. Log; vs.log d diagrd. Dat.poidts conelpond
of bst fit con€€pond lo the vslu6 li6ted in Table U.
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to lhce ltuted in T&ble L The lin€s

- LoG sIRAIN RATE {se( )

LoG STRESS RATE { bqr sec- )
Fig. 2. Stresielaaiion data pto[ed ih e rog tdq/dt) s. log d diagrs, poinLs b€lobging ro
one relsrtiotr test ale intercoMect€d by line.. Circres. rridgle ddsquales srand f; Gsr
tenpemiurs of 600, 700 ed 800'C, terpectively. The stre$ rater o! the toD scsle w€re
cdculal.d using eq. 2. For compdi6on lbe tin6 of belr fil for r]e data poin; in Fig. I are
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shows all the results listed in Table I in a strain rat€/shess dia$am with
logadthmic axes. Tests at a given temperature lie along a straight line in this
dia$arn if a constitutive equation of the following folm (Stocker and Ashby,
1973) holds:

; - r*p{ ! )""  ( r ,- \  Rr. l

A and n are constants, .0 is the apparent activation eneqy for creep, -R the
gas constart and ? the temperature in '1<.

It is obvious ftom fi$t inspection of Fig. 1 that no single relationship of
th€ {orm of eq. 1 is valid for all the laboratory conditions covercd. lt was
found that all the data below 1900 bars can be satisfactorily described by two
sets of parametets in eq. 1. Individual teshs in the transition region were
assigned to on€ of the two sets such as to optimize a leastsquarc fit to the
Iinea zed form of eq. 1 (Table lI). No statement can be made about the
width of the tra.nsition zone, nor can the exist€nce of minor variations in n
as a function of shess be excluded within each of th€ data goups, given the
scatter in the data available. Thus three equations, possibly implying three
distinct deformation mecha.nisms, fit the entire range of o, 6 and ? coveted:

(1) An exponential relationship olthe form € o exp(Cs) is suggested for
stresses above -1900 bars at 60011. Thus tle few data in this range fall
approximately on a straight line in a logro ; vs. o ptot. The slope C(ln 10) lies
around 2.0-2,2 kbaat.

(2) A region of power-law creep with high n-values around 4.5 and an
apparent activation ene4y for creep of -68 kcal./mole.

(3) A region of power-law creep wittr lo11r n-values around 2.0 and a reduced
activation energy of -50 kcal./mole.

TABLE II

V.lues for logA, Ii and r obiained from aleat6qude ni to the linearized fom ofeq, 1
(nsi steddd deviaiion)

logA(sec-rbe-n) E(kcal . /nole)

High€tre$ tegime -0.88 1 1.?9 68.it r 9.3 4.35 1 1.03
Los-shes regime 1.55 1 1.02 50.4 1 6.9 2.05 1 0.43

Not much can be said about the transition ol exponential into power"law
creep in d e ?-space since this transition \ras observed at 600'C onty. An
exponential flow law rrell descdbes the behaviour of Solenhofen limestone
at temperatures below 600'C with C(ln 10)-2.? kb ', (Rutter, 19?4). A
similar hansition into powerlaw creep was shown by Heard and Raleigh
(19?2) to occur in Yule marble. in this case at lowel stresses around
1100-1400 bars at 500'C.

The second change from high n-values to low n,values takes place at a
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hansition stress wbich dses from BOO bars at 900.C to 1050 ba1s at 600"C.
This suggesls that at upper-cruslal rcmperaEres of less tlar 600.C l,he enl,ire
range oI geologrcally rpaliatic flow sbesses may lie below this transil.ion in
the case of fine-grained calcit€ rocks.

S tre ss- r e I ara t ion t e s t s

_ 
S9essllelaxatiT.tf sF were performed a! r,he end of many of the constan!slrarn-rale ksts ( l abte t) by simply stopping.lhe crosshead movement andmonrronng [.||e stress drop in the specimen as a function of tjme. This slressorop rs oue to creep in t}|e specimen as elastic strains in specimen andapparatus are converted into pemanent strain in the spe;imen. Strain rate intle specimen is telated to the ,,stress rate,,(doldf) byi

ds=(ralra+Ks) do
dt (2)

Ihe}e,T, 
and, Ks are the elasric compliances of appanrus alld specimen,

rcspectrvelyi La converlj apparatus djsplacement into permanent specimen

Figure 2 shows the results in the form of a log srress/log stress rate djasram.
Tf apparatus distortioh i6 constart and under t}li rr.rrnpti-on tf,^t tfr" ,oIiil""
readjusts irself contin u ously to strain rarcs described by eq. 1 * dr;;il;;- 

"'
drops (i€. rcmains in steady state), the rightfrand siaes oi eqs. 1 anJ2 areequal. Thus the plots in Figs. 1 and 2 should contain identical info;;tion
and stress tates in Fig. 2 arc conveted into strain rates using eq. 2.
. To t€st the a.ssumption just made and thereby the validitf ofa stress_relaxa_

tion test for investigating the form of constitutive equations of creep, ttre-_best fif,s obtained from the constant_strain_rate a*tulfig, fl fru* lu-u'n ,"p"r-imposed on the relaxation data in Fie. 2.
Although there is considerable scttter at low stresses (gOO. runs) the aglee_ment is surprisingly good. This males the stress_relaxation test a powerfui

tool to investigat€ a wide &nge of stresses and even to detect changes indefotmation mechanisms (reflected in a chang" in Oope,l on a fog;/log(ao/ar)plot) in one single test.

DISCUSSION

The mosr significant observa[ion in vieltr ot exhapolations to qeolosica.l
conditions is clearly Lhe hansition ftom high n_vatues 1n, 4.bj t; l;;;;r".(n -2) in a powerJaw retationship (eq. 1). Ar ditferential sEe;.; ; th";;
or magnrruoe expect€d in most geological siluations {less l}an 1 kb) the defor_
mation rnechanism leading to low r_values (n - 2) is expected to dominate
in fine-grained calcit€ rocks. It is intercsting to note that such a hansition intoIow n-values}|as nol been reporl,ed on coiuser-$ained yule marble laveraEegrain size 400 gm) even down to srresses as Io* * r SO u"* 

"i 
godt ii;i
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and Raleigh, 19?2). This suggesLs that the transition into the low n'values is
gain-size dependent. Anothe! lact emerging ftom a compadson with Yule
;arble i! th;t Solenholen limestone is rclatively stronger than Yule marble
at modelate tempelatures and/or high strain lates but becomes relatively
weaker at high tempeutures and/ol low strain rates.

It is the t;k of turther wolk cunently being undertaLen in this laboratory
(1) !o e$ablish the gain.size dependence oI tbis transition into low'n creep
and {2} to reveal the exact nature of ihe deformation mechanbms bringing
about the changes in rheology. Evidence for substadtial gain'boundaly
sliding in t}re n: 2 region is already available ftom the obseFation t'bat the
total ;hain in the specimen is only partially recorded by the flatt€ning of
individual grains in thi6 flow regime (for example lesr than 1/3 of a total
strain of 357, in test 2632 at 90011 is brought about by gain flattening alone)
The lowel activation energl for creep in the n - 2 region is intelesting in this
codt€xt because gain-boundaly diffusion (a po6sible process ol $ain'boundary
accomodation) g;nela]ly €xhibits lower values of actimtion enel5/ than bulk
diftusion (Stocker and AshbY, 19?3).

Grain-sizedependent cleep is to be expected in deformahon regimes such
as diffusional flow (Coble- and Naba$o-Hering creep). These models however
D!€dict a linear stress---strain late lelationship. A phenomenon refeEed to as
superplastic flow in the metallurgical literatule howeve! hrs stliking similau-
ties with what is reported here. The mechani$ns leading to superpladic
behaviour are not ir.Ily known (Ashby and Verrall, 1973, suggest diftusion-
accomodated grain-boundary sliding) but most metallulglcal aut'hors repolt 

-
the following ahatacteli.stics of superplastic flow (review by Davies et al', 19?0):

(1) Low n-values (1<n<3) in a constrtutive equation in t]le form ofeq l'
(2) Stable gain size of < lO lrmx, the gains rerDaining equiaxed up to high

srralns.
(3) Low diBlocation density and destruction ol prefeEed orientation'
The low /r-values described above suggest that superplasticity occuB at low

shesses in Solenhofen limestone supported by the obsewation bf a persistence of
equiaxed glains and the absence of substantitl gain gtoli'th. Altlough based
on field evidence alone, Boullier and Gueguen (19?5) legad superplastici8
as an important defomation mechanism in some fine$ained mylonites lt is
interesting that an exbapolation baled on ttle constitutive equations dedved
hele (Table II) bringF the stress down to leasonable values at strain mteg
infened ftom field data along Ule Glalus overthrurt, a thrust involving flow
of an ultla-fine-gained calcite mylonite layer (schmid, 19?5).
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