
FR
O

M
 T

H
E 

A
R
CH

IV
ES

Find Similar Titles More Information

Visit the National Academies Press online and register for...

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National 
Academies Press.  Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy 
of Sciences. 

To request permission to reprint or otherwise distribute portions of this
publication contact our Customer Service Department at  800-624-6242.

Copyright © National Academy of Sciences. All rights reserved.

Instant access to free PDF downloads of titles from the

10% off print titles

Custom notification of new releases in your field of interest

Special offers and discounts

NATIONAL ACADEMY OF SCIENCES

NATIONAL ACADEMY OF ENGINEERING

INSTITUTE OF MEDICINE

NATIONAL RESEARCH COUNCIL

This PDF is available from The National Academies Press at http://www.nap.edu/catalog.php?record_id=18930

Pages
48

Size
5 x 9

ISBN
0309311454

Research Objectives for Continental Scientific 
Drilling Studies of Active Fault Zones (1987) 

Continental Scientific Drilling Committee; Board on 
Earth Sciences; Commission on Physical Sciences, 
Mathematics, and Resources; National Research 
Council 

http://www.nap.edu/catalog.php?record_id=18930
http://www.nap.edu/related.php?record_id=18930
http://www.nap.edu/catalog.php?record_id=18930
http://www.nas.edu/
http://www.nae.edu/
http://www.iom.edu/
http://www.iom.edu/


�esearch Objectives for 
Continental Scientific 
Drilling Studies of 
Active Fault Zones 

Continental Scientific Drilling Committee 
Board on Earth Sciences 
Commission on Physical Sciences, Mathematics, and Resources 
National Research Council 

NATIONAL ACADEMY PRESS 
Washington, DC 1987 

Order tram 
National Technical 
I nforrnation Service, 
Springfield, Va.. 
22161 
Order Mo.-------

Copyright © National Academy of Sciences. All rights reserved.

Research Objectives for Continental Scientific Drilling Studies of Active Fault Zones
http://www.nap.edu/catalog.php?record_id=18930

http://www.nap.edu/catalog.php?record_id=18930


ott, 
I . . 

�· ... 

,'"")' . 
. ...... ... .. 

.._•. I 

NOTICE: The proj ect that is the subj ect of this 
report was approved by the Governing Board of the 
National Research Counc i l , whose members are drawn from 
the counc ils of the National Academy of Sc iences , the 
Nat ional Academy of Engineering , and the Inst itute of 
Medic ine . The members of the committee re spons ible for 
the report were chosen for the ir spec ial competenc ies and 
with regard for appropriate balance . 

This report has been reviewed by a group other than 
the authors according to procedure s approved by a Report 
Review Commi ttee cons isting of members o f  the National 
Academy of S c iences , the Nat ional Academy of Engineering, 
and the Ins t itute o f  Medic ine . 

The National Academy of Sc iences is a private , 
nonprofit , self- perpe tuat ing society of distinguished 
scholars engaged in sc ient ific and engineer ing research , 
dedicated to the furtherance of science and technology 
and to the ir use for the general welfare . Upon the 
authority of the charter granted to it by the Congress in 
186 3 , the Academy has a mandate that requires it to 
advise the federal government on sc ient ific and technical 
matters . Dr . Frank Pres s is pres ident of the National 
Academy of S c iences . 

The Nat ional Academy of Engineering was es tablished 
in 1964 , under the charter of the National Academy o f  
Sc iences , a s  a parallel organization of outstanding 
engineers . It is autonomous in its administration and in 
the selection of its members , sharing with the Nat ional 
Academy of Sc iences the respons ib ility for advis ing the 
federal government . The Nat ional Academy of Engineer ing 
also sponsors engineer ing programs aimed at meeting 
nat ional needs , encourages education and research , and 
recognizes the super ior achievements of engineers . Dr . 
Robert M .  White is pre s ident of the National Academy of 
Engineer ing . 

The Institute of Medic ine was es tablished in 1970  by 
the Nat ional Academy of Sciences to secure the services 
of eminent members of appropriate profess ions in the 
examinat ion of po l icy matters pertaining to the health o f  
the pub l ic . The Ins t itute acts under the respons ib i l i ty 
given to the National Academy of Sciences by its 
congres s ional charter to be an adviser to the federal 
government and , upon its own initiative , to ident ify 
is sues of medical c are , research , and education . Dr . 
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S amuel 0. Thier is pres ident of the Institute of 
Medic ine . 

The National Re search Counc il was organized by the 
National Academy of Sc iences in 1916 to assoc iate the 
broad community of sc ience and technology with the 
Academy ' s  purposes of further ing knowledge and of 
advis ing the federal government . Functioning in 
accordance with general pol ic ies de termined by the 
Academy , the Counc i l  has become the princ ipal operating 
agency of both the National Academy of Sc iences and the 
National Academy of Engineering in providing services to 
the government , the public , and the sc ient ific and 
engineer ing communities . The Counc il is adminis tered 
j o intly by both Academies and the Ins titute of Medic ine . 
Dr . Frank Pres s  and Dr . Robert M .  White are chairman and 
vice chairman , respective ly, of the Nat ional Research 
Counc il . 

Support for this proj ect was provided through the 
following agenc ies: the U . S .  Geological Survey 
( Department of the Interior) , Department of Energy, and 
Office of Naval Re search . 

Available from 
Commi ttee on Cont inental Scientific Drilling 
Board on Earth Sc iences 
2 101 Cons titution Avenue 
Washington , D . C .  2 0418 

Printed in the Uni ted States of America 
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PREFACE 

The importance of a sc ientific drill ing program to 
s tudy act ive fault zones and earthquakes has been 
emphas ized in numerous workshops and sympos ia , including 
the 19 7 8  Los Alamos , New Mexico , Workshop on Continental 
Drilling for S c ientific Purposes (U . S .  Geodynamics 
Committee , 19 7 9 )  and the 19 74 Workshop on Continental 
Drill ing held at Ghos t  Ranch , New Mexico ( Shoemaker , 
19 7 5 ) . This report , prepared by the Panel on Downhole 
Phys ical Property Measurements and Fault - Zone Drilling o f  
the Cont inental S c ientific Drill ing Commi ttee , both 
reinforces and expands upon earl ier recommendations and 
provides examples of pos s ible s i tes . 

The Continental Sc ientific Drilling Commi ttee 
endorses thi s  report and the recommendations put forth by 
the Panel on Downhole Phys ical Property Measurements and 
Fault-Zone Drill ing . The committee welcomes comment from 
the sc ientific community and encourages partic ipation in 
the implementation of research drill ing projects to 
inves t igate active fault zones . 

ix 
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1 

SUMMARY 

The mechanics of crus tal deformation and faulting , 
and the s tres ses that drive l i thospheric plates are 
outs tanding problems in the earth sciences . Our 
inab i l i ty to model quantitative ly the deformation and 
phys ical evo lution of the earth's crus t results directly 
from the lack of critical data at depth . Fundamental 
quest ions to be answered include : ( 1) How s train energy 
i s  accumulated through plate motion and di s s ipated 
through crus tal deformation? ( 2) What are the compos i tion 
and phys ical properties of the materials invo lved in 
these proces ses? and ( 3) Under what s tresses and 
temperatures do these processes  occur? Drilling and 
downhole experimentation are required to answer these key 
questions about the forces that move tec tonic plates and 
the mechanisms controll ing deformation of the Earth's 
crus t . 

Because of the diverse nature of faul ting and crus tal 
deformat ion , the data cannot be obtained by drilling at 
any s ingle s ite . We therefore recommend the fo llowing 
five s i tes , in order of priority , where dr illing and 
experimentation would address five different types of 
crus tal deformation : transform faultin&- - the San Andreas 
faul t ,  Cal ifornia; crustal extens ion- - the S evier Desert 
de tachment faul t , Utah; cont inental collis ion and 
overthrus ting- - the S an Gabriel faul t ,  Cal ifornia; 
intraplate faulting - - the New Madrid seismic zone , 
Missouri; and subduction zone s - - the Aleutian megathrus t ,  
Alaska . 

In the following sections we explain briefly the 
sc ient ific rat ionale used in selecting each of thes e  
s ites , the spec ific objectives o f  each hole , and the 
types of measurements that should be made both in s i tu 
and on recovered rock and fluid s amples . In a.final 
section we discus s me thods for long - term dep loyment of 
downhole ins truments for ultraquiet seismic , strain , and 

1 
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2 

fluid monitoring . Such observations will make it 
pos s ible to study act ive tectonic processes directly and 
to monitor them over time . 
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2 

INTRODUCTION 

One of the mos t  crit ical needs in geology today is  
for better information about the third dimens ion of the 
earth's crus t , particularly its compos i tion and the 
proce sses  that shape and affect it . Virtually all 
geo logic maps and s tudies mus t  make assumpt ions about the 
character and s tructure of rocks at depth; yet outside 
the s edimentary bas in , we have l i ttle direct knowledge 
and no good control on inferences drawn from indirect 
measurements .  

In no area i s  thi s  lack o f  data more critical than in 
the s tudy of earthquakes and the ir causes .  As po inted 
out by the U . S .  geodynamics Committee in its report on a 
Cont inental Sc ientific Drilling Program , the potent ial of  
earthquakes for caus ing loss  of l i fe and extens ive 
property damage is a powerful argument for s tudying 
se ismic proces ses. In addition , desp i te good progres s  in 
our understanding of earthquakes ,  we still  lack the 
knowledge o f  j us t  how they occur; and this lack serious ly 
impedes high priori ty programs such as the s i t ing of 
nuc lear fac i l ities and maj or dams . 

Ho les dri l led along or near ac tive fault zone s would 
provide : ( 1) samples for direct s tudy of materials 
( inc luding core fluids) close to the faults at depth; and 
( 2) opportunity for in s i tu measurements of physical 
parame ters , many of  which can be made only from 
boreholes. Especially important are stress  and its 
variations in t ime and space and fluid pore pres sure . 

In the following sections , we outl ine some of  the 
important goals of  dr ill ing and the measurements and 
tes ts to be made , and we sugge s t  five pos s ible target 
areas . Although each area would emphasize a different 
obj ec t ive , all are needed for a more complete picture . 

3 
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4 

As the highe s t  priority , however , we recommend the S an 
Andreas Faul t near Caj on Pass, Cal ifornia .* 

*Since the preparation of this report, the Cajon Pass 
site has been selected as a prime site for the program 
conducted by DOSECC and drilling has been started. 
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3 .  

PROPOSED DRILLING SITES 

S ites have been selected according to the fo llowing 
criteria: 

1 .  Geological significance . The holes should be 
dr illed at or near common and important types of 
faults--e . g . , maj or trans form fault sys tems , large thrus t 
faults, intraplate fault zones , extens ional fault 
sys tems, or subduc tion zones . 

2 .  Tes t ini of  geological and tectonic hypotheses . 
S i tes should be selected for testing a var iety of 
existing hypotheses or outstanding ques t ions regarding 
faul t mechanics and fault ins tability .  For example, are 
creep ing fault segments due to different propert ies or to 
greater s tress levels than are pre sent in locked fault 
segments? Are prominent seismic reflectors observed 
within crys tall ine basement ac tually fault planes? 

3 .  Seismic and tec tonic ac tivity . Because our goal 
i s  to s tudy active processes, the s i tes should currently 
be tec tonically ac tive . Such s ites wi ll also yield data 
about temporal change s in such crit ical parameters as 
s train and pore pre ssure, as we ll as any changes in the 
phys ical properties of  the surrounding rock mass . These 
changes might be secular, presumably related to gradual 
s train accumulat ion and/or release, or ep isodic, like 
those assoc iated with seismically s trong earthquakes, 
s low earthquakes, or creep events . 

4 .  S tate and compos ition o f  fault zone and nearby 
rocks . S ites should be selected to provide maximum 
informat ion about the mineralogy, pe trography, and rock 
charac teristics, as we ll as the s tate of the rocks . Some 
dr illing is  planned to intersect fault gouge zones which 
may be s i te s  of anomalous ly high pore pres sures and low 

5 
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6 

frictional characteristics . 

5 .  Exi s t in& data and available information . S i tes 
should be selected about which substantial geological and 
geophys ical informat ion has already been ·obtained from 
surface measurements and observations such as seismici ty 
s tudies ,  crus tal investigations , geophys ical surveys , and 
de tailed mapp ing . Some s ites should be at active faul ts 
where s e i smic ac tivity has been observed , fault s train , 
creep and displacement have been measured ,  and seismic 
soundings have been made to de fine the geometry o f  the 
fault zone . 

Five areas- - the S an Andreas fault , the Sevier Desert 
de tachment fault ,  the S an Gabriel fault , the New Madrid 
seismic zone , and the Aleut ian megathrus t--meet these 
criteria and are recommended for the initial phase o f  
ac tive fault zone drilling because they wil l  provide the 
be s t  opportunity to answer critical prob lems of crus tal 
fault ing . In each of  the five areas , tentative drill 
s ites are recommended on the bas i s  of  available 
geological and geophys ical data . Selection o f  final 
dri ll s i tes would depend on further inve s t igation . 

SAN ANDREAS FAULT , CALIFORNIA - Trans form Fault 

The S an Andreas fault zone and its near vic inity is 
recommended as the highe st  priority drilling s ite for 
four important reasons. Firs t , it provides an 
opportunity to s tudy the phys ics of an active transform 
fault . The resul ts of work at this s i te will have 
implications for the mechanical behavior of  s imi lar fault 
sys tems around the world. Second , it is one of the mos t  
active fault sys tem i n  the United States . The high level 
of s e i smic ity on the fault wi ll provide an opportunity to 
detect the large s t  changes in stre ss over time 
(assoc iated both with individual earthquakes and with 
secular s train due to a se ismic fault mo tion at depth) . 
It also is eas ily access ible for downhole seismic 
monitor ing . Third , extens ive geophys ical and geological 
data are already available, including shallow data (to 
about 1 km) on in s itu stress , temperature , pore 
pre s sure , and seismic veloc ity .  Finally , many of the 
hypotheses  and models for the mechanical behavior of the 
San Andreas fault can be directly tes ted and evaluated .  
In addition , the San Andreas traverses area with high 
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7 

population . 
As an example , resolution of  the debate about the 

level of shear s tress on the San Andreas fault wi ll have 
important consequence s  for understanding the forces that 
drive l i thospheric plate s , the nature o f  de formation at 
trans form fault p late boundaries , and the mechanics and 
prediction of maj or earthquakes .  Existing heat flow data 
near the S an Andreas fault show no discernible anomaly 
near the faul t , sugges t ing an upper l imit for the mean 
shear stre s s  on the fault in the seismogenic layer . 
However , s tress measurements made near the fault at 
depths to 1 km indicate a relatively high shear s tres s  
gradient o n  the fault of about 100 bars/km . While 
cons i s tent with s tre s s  estimates based on laboratory 
friction s tudie s , the measured shear stress  gradient 
cannot pers i s t  to more than 2 to 3 km wi thout violating 
the cons traints imposed by the heat flow data . 
Measurements in holes 5 - km  deep adj acent to the San 
Andreas fault would allow : ( 1) stress  measurements to be 
made direc tly at s e i smogenic dep ths , ( 2) temperature and 
conduct ive heat flow to be determined over a sufficiently 
great depth range to confirm or deny the possibil ity o f  
apprec iable convective heat transport , and ( 3) seismic 
and s train sens itive ins truments to be emplaced at 
s e i smogenic depths near the fault for fault zone 
monitoring . Two areas along the San Andreas fault are 
proposed as ini tial dri l l ing targe ts ( Figure 1) . Each 
site invo lves dr i l l ing in granitic rocks adj acent to the 
fault zone to a depth of 5 km .  

Although a ho le adj acent to the fault zone would not 
yield s amples of  fault gouge for analys is , it would 
op timize dr i l l ing conditions and downhole 
experimentation . A hole in the highly crushed rock and 
gouge compris ing the faul t zone will eventually be 
needed . However , the potential drilling problems and 
extens ive cas ing required in such a ho le would probably 
prec lude many important downhole measurements. Thus , we 
sugges t that a second phase of dri lling be undertaken in 
the fault zone itse l f  after initial holes are dr illed in 
the rock adj acent to the fault zones . In this way the 
laboratory analys is of fault zone materials and 
measurements within the fault zone would complement the 
data gathered immediate ly outside the fault zone . 

One s ite recommended for faul t zone drill ing is in 
the Gabilan Range of  central Cal i fornia . Along this 
section of  the fault , numerous small earthquakes occur 
and the fault is active ly moving at the rate of 2 
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em/year . As no s train is accumulating here that could 
lead to a b i g  earthquake , the fault i s  said to be 
creep ing . The second s ite i s  in the Caj on Pas s area at 
the southern end of  the fault segment that broke in the 
great earthquake in 1857 . Data from these two s i tes 
would he lp explain the cause s  of  the different s tyles of  
deformat ion seen in the se sections of the faul t . Is the 
creep ing part of the fault subj ected to higher s tress? 
Does it  have lower s trength , or s imply different 
mechanical properties that al low ductile deformation? 
Moreover, while the Gabilan s ite would be ideal for 
monitoring an ac tively de forming fault zone with numerous 
small to moderate magni tude earthquakes and creep , the 
Cajon Pas s s i te would be better for monitoring.secular 
strain accumulation leading to a very large earthquake. 
In both areas there has been extens ive geologic mapp ing 
and a l imi ted amount of seismic reflection profil ing . A 
important advantage of  the Caj on Pas s s ite is the 
exis tence of a hole 2 km deep which can reopened for 
s tudy . The hole already penetrates more than 1 km o f  
granitic bas ement rock ( Figure 2) , and a number of other 
ho les in the area ( Figure 3) have already been used for 
in s itu s tress and other downhole measurements .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R e s e a r c h  O b j e c t i v e s  f o r  C o n t i n e n t a l  S c i e n t i f i c  D r i l l i n g  S t u d i e s  o f  A c t i v e  F a u l t  Z o n e s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 9 3 0

http://www.nap.edu/catalog.php?record_id=18930


0 

1000 

2000 

= � 3000 
"""' 
c:::o 

4000 

5000 

T.D. 
5890 

9 

CAJON PASS WELL 
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FIGURE 1 Map of California and Nevada showing 
earthquakes of magnitude 1. 5 and greater in the year 
1980. The proposed Gabilan research drilling site is in 
the central section of the San Andreas fault where a 
seismic creep and numerous small to moderate magnitude 
earthquakes occur. The proposed Cajon Pass research 
drilling site is at the south end of the section of the 
San Andreas fault that moved in the great Fort Tejon 
earthquake. There is about a 50 percent change for this 
earthquake to reoccur in the next 30 years. 
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FIGURE 2 Schematic drawing of the Cajon Pass drill 

•. 

hole. The steeply dipping Punchbowl formation (a Miocene 
terrestrial sandstone) overlies granodiorite to a depth 
of 700 m. Total depth of the holes is 1800 m. 
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Lancaster 

0 50 Kttl I I 

FIGURE 3 Locations of drill holes in the western Mojave 
desert near the San Andreas fault which have been used 
for in-situ stress and other measurements. All of the 
drill holes are in granitic rock except MOJl which is in 
the Punchbowl formation. Figure is after McGarr et al. 
(1982). 
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SEVIER DESERT DETACHMENT FAULT , UTAH 

An important problem that has recently come to l i ght 
is  the nature of the mechanical interact ion between 
s teeply- dipp ing (so• to 60°) normal faults and 
shallow - dipping detachment (normal) faults in the Bas in 
and Range province. Numerous low-angle detachment faults 
with evidence of  Miocene - and Oligocene s l ip are exposed 
in ranges throughout the province , and recently available 
seismic reflec tion data from both indus try and COCORP 
( Consortium for Continental Reflection Profil ing) reveal 
that low - angle de tachments may still  be act ive and play a 
key role in Bas in and Range deformation . 

Figure 4 shows indus try seismic reflection data from 
the S evier desert bas in in wes t - central Utah . ,At this  
locale , s teeply dipp ing normal faults with known 
Quaternary movement anas tomose with a shallow - dipp ing 
de tachment fault at 3 - to 5-km depth . Data from COCORP 
indicate that this detachment fault extends over 70 km in 
a direction perpendicular to the s tr ike of  ranges in the 
area . The detachment faul t has an average dip of about 
1 2•, and nowhere do high - angle normal faults offset  it . 

The conditions of  the in situ s tress field , the 
values of the frictional coeffic ients of the respect ive 
faults , and the magnitudes of in s i tu pore pressure that 
could explain faul t interaction such as that illus trated 
in the figure are completely unknown .  Conventional 
values for these parame ters wi ll not permit s imul taneous 
s l ip on these two faul t sys tems. Measur ing the 
parame ters would shed l i ght on the mechanism of  
de formation in the Bas in and Range province. 

It is  proposed that a hole be dr illed through a 
low- angle de tachment to measure these values. At an 
opt imal location , such as near the wes tern edge of  the 
area shown in Figure 4 ,  it would be pos s ible to drill 
through both a high - angle and a low- angle faul t . At thi s  
s i te , the rocks both above and below the detachment are 
we l l - indurated Paleozoic sediments , wh ich would be ideal 
for downhole measurements .  The heavy vertical l ines in 
the figure repres ent pe troleum exploration dri l l  holes . 
Efforts are currently under way to ob tain dr ill ing 
histories and geophys ical logs from the se holes. The 
ho le near the far wes tern edge of the sect ion would have 
intersected the de tachment at a depth of about 5 . 7 5 km. 
The proposed dr ill  s i te would be ideal for exploratory 
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drill ing and downhole measurement because i t  would have 
optimal l i thologies and would intersect both a high-angle 
fault and the detachment plane . 
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SAN GABRIEL FAULT, CALIFORNIA 
Continental Collision and Overthrusting 

Thrust and reverse faults constitute an important 
class of faults characteristic of accreting or convergent 
continental margins, such as those along the coasts of 
the Pacific northwest and Alaska, and sinuous transforms 
like the "big bend" of the San Andreas fault in southern 
California. Commonly in such convergent zones, 
displacement has occurred across a series of imbricate 
fault planes, not all of which may be active at a given 
time. Imbrication may be particularly pronounced in 
continent-to-continent collisions where negative bouyancy 
(i. e. , slab pull) is not available to counteract the 
frictional resistance of underthrusting. A new 
generation of geologic mapping and high resolution 
lithospheric studies, e. g. Consortium for Continental 
Reflection Profiling [COCORP], is beginning to reveal the 
importance of thrust faulting in the continental 
evolutionary process. 

Fundamental questions include whether the mechanics 
of thrust faults are similar to those of strike-slip 
and/or normal faults, and what is the role of fault 
mechanics in controlling tectonic processes such as 
regional uplift and the development of geological 
structures. It is believed that stresses are generally 
higher on thrust faults than on strike-slip or normal 
faults at equivalent depths. However, as in the case of 
strike-slip faults, the roles of fluids and heat 
production on thrusts are unknown and need to be 
addressed. 

Thrusts, because of their low angle, are ideal deep 
drilling targets. A particularly attractive target is 
the San Fernando fault, a strand of the frontal fault 
system along the southern flank of the Transverse Ranges 
in southern California and the causal fault for the 1971 
San Fernando earthquake (Figure 5). Locations of both 
the surface rupture and the epicenter are shown in Figure 
5. These elements, together with the zone of aftershock 
activity, define a tongue-shaped fault plane dipping 
northward beneath the Transverse Ranges and culminating 
at, or slightly below, the focus. Cross sections from 
three different studies are shown in Figure 6 (note that 
profiles in Figure 6a and 6b are keyed to Figure 5). 

Two other drilling objectives are made possible by 
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FAULT MAP OF 1971 SAN FERNANDO EARTHQUAKE EPICENTRAL AREA 
(After Ookeshot,1975) Epicenter after Allen et ol 0973). 

FIGURE 5 Geological structure map of the San Fernando 
earthquake epicentral area, showing faults and folds 
(after Oakeshott 1975). The epicenter is from Allen et 
al. (1973). 
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FIGURE 6b A north-south cross section of the epicentral 
area along A-A' of Figure 5 (after Hanks, 1974). 
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FIGURE 6c Fault geometry of the San Fernando fault 
(after Langston, 1978). 
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s i ting a deep hole along Little Tuj unga Road; (1) dri l l  
with in o r  whipstock through the dormant San Gabrie l 
fault, and (2) dri l l  through a pos tulated, pre-Miocene 
shallow crus tal decollement between the overlying 
allochthonous Mesozoic and Pre - Cambrian plutonic rocks o f  
the S an Gabriel Mountains and underlying, 
subduction-derived Pe lona schis t .  Thus, in princ iple, 
three maj or faul ts o f  di ffering characteristics would be 
within reach o f  a s ingle deep hole . 

NEW MADRID S EISMIC ZONE, MIS SOURI - Intraplate Fault ing 

In order to understand intraplate crus tal de formation 
and the mechanism control l ing localizat ion of se ismicity 
in mid - plate regions, a dri l l  s ite is proposed in the New 
Madrid seismic zone ( Figure 7) . Three maj or earthquake s 
occurred there in 1811 and 18 12, and numerous earthquakes 
occur there today . There has also been extens ive 
geophys ical surveying in the area, including extens ive 
se ismic reflect ion profil ing . 

Numerous hypothe ses have been proposed to explain the 
mechanism respons ib le for large intraplate earthquakes .  
These include sugges tions that local ized high stresses  
exist in the region ( due to a variety of hypothetical 
mechani sms) , that the region has anomalous ly low 
s trength, that there is unusual ly high pore pressure at 
depth in the region, and that the region has unusual ly 
high secular shear s train due to concentrated a s e i smic 
de formation at depth . Measurements made in a dri l lhole 
could determine which of thes e  hypotheses is correct and 
what forces are important . In addition to be ing of 
fundamental s c ientific importance, understanding the 
phys ical mechanisms control l ing intraplate earthquakes is 
very important for s e i smic hazard evaluation throughout 
the central and eastern United S tates and has direct 
relevance for s imilar areas around the world . 

ALEUTIAN MEGATHRUST, ALASKA - Subduction Zones 

An opportunity exists to obtain data on de formation 
wi thin an act ively consuming plate margin by dri l l ing on 
Middleton Island, near the eastern end of the Aleutian 
Arc (Figure 8) . The s i te would provide information on 
the state of strain in the upper plate of the Aleut ian 
megathrus t, along which there is near - orthogonal 
convergence at an average rate of 5 . 8  em/yr . 
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FIGURE 7 Seismicity and tectonic features of the New 
Madrid seismic zone. The proposed research drilling site 
is along a major northeast-striking strike-slip fault 
that was responsible for three major earthquakes in 
1811-1812. The heavy subparallel lines mark the 
approximate boundaries of a late Precambrian/earth 
Paleozoic mid-crustal rift zone. 
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FIGURE 8 Proposed research drilling site at Middleton 
Island in the Gulf of Alaska. The proposed drill hole 
would penetrate the active upper plate of the Aleutian 
megathrust to reach the subduction zone beneath it. The 
Tenneco Middleton Island #l hole and U.S. Geological 
Survey seismic reflection line #425 are shown. The 
structure section, showing Upper and Middle Tertiary 

t rocks (umT) underlain by Lower Tertiary rocks (lT) and 
earthquake hypocenters, is after Plafker et al. (1982). 
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Large-scale tectonic displacements occurred along this 
plate boundary during the 1964 Alaska earthquake and 
during at least five other major seismotectonic events in 
the pas t 4, 200 years . In addi tion, se ismic reflection 
and earthquake data sugges t  that subducted oceanic crus t, 
with its overlying 3 . 5-km- thick sedimentary cover, i s  
subhor izontal, and the top of this zone may be as shallow 
as 8 km below Middleton I sland (sect ion A-A'  in Figure 
8) . I f  so , this  may be the only place in the world where 
it wi ll be poss ible to drill into an act ive zone of 
subduc tion from an onshore s i te . 

A pe troleum exploration hole, drilled 3 miles (5 km) 
southeast of Middleton I sland to a depth of 12,002 feet 
(3658 m) , indicates a normally s tacked sequence that 
bo ttoms in e arly to middle Eocene marine s trata . 
Locations of the Middleton I sland hole and part of the 
U. S .  Geological Survey ' s  multichannel seismic reflect ion 
Line 425 are shown on Figure 8 .  By us ing the island as a 
drilling platform, the properties of the rocks and pore 
fluids deep within a subduction zone could be de termined 
without tying up a dr ill ship for long periods of time in 
a hostile environment . 
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PRINCIPAL MEASUREMENTS 

The status of current technology is such that s tate 
of s tress , pore pres sure , hydraulic propertie s , and 
temperature regimes c an be measured with accep table 
accuracy under favorable conditions. However , most 
researchers act ive in this area believe that the 
techniques can and should be improved .  The methodology 
associated with each of the measurements is briefly 
dis cus sed below. 

IN SITU CONDITIONS 

S tate of Stre ss 

The magnitudes of the stresses in and near fault 
zones need to be measured to es tablish the boundary 
conditions for the loading of the lithospheric blocks 
that move during an earthquake . It is simply not known 
whe ther the forces that drive plate motion overcome great 
or little fric tional resis tance at trans form faults ,  
whether subhorizontal faults can accommodate crus tal 
extens ion in areas of ac tive rifting , or whether 
intraplate fault zones are anomalous ly weak zones in the 
crus t . Drill holes to a depth of 5 km or greater provide 
the pos s ib i l i ty of measur ing the absolute s tate - of- s tress 
at dep ths where earthquakes are currently occurring . 
Laboratory measurements of the frictional s trength o f  
rock indicate that , with normal hydros tatic fluid 
pres sure , shear s tresses  of 1 to 2 kilobars are required 
for shear fai lure on faults like the S an Andreas . 
However , from the absence of an anomaly in heat flow over 
the faul t ,  one may infer that the shear s tre ss should be 
100 to 200 bars , (100 to 200 x 108 Pa) assuming 
predominantly conduc t ive trans fer of heat to the 
surface . I f  the shear s tres s  is closer to the lower 

24 
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es timate , the fault zone mus t be pervaded by fluids at 
pres sures very near the magnitude of the leas t principal 
stre s s , or the rocks in the fault mus t have an abnormaly 
low coefficient of s tatic friction . These inferences , if 
correct , will have profound implications for plate 
driving forces and the nature of the ins tability that 
leads to great earthquake s .  

Other key ques tions concerning the behavior of faults 
include the transition from s table to uns table sliding . 
Also , the differences  between the sections characterized 
as creeping or locked are of fundamental importance to an 
understanding of  the physical processes leading to 
earthquakes .  Are parts o f  the fault creeping at low 
stresses , or are those segments highly stres sed , and is 
the current seismicity premonitory to a major 
earthquake? I s  the relat ive s tab ility of the failure 
proc e s s  in the creeping section of the San Andreas faul t 
due to the level of s tre s s , to some intrinsic di fference 
in mechanical properties , or to pore pres sure? 

Of techniques currently available for measuring 
stre s s , hydraulic frac turing is mos t  reliable in deep 
drill holes . A number of inve s tigators have demonstrated 
that , under favorable condit ions , the method will yield: 

1. magnitude of the leas t pr inc ipal s tres s , 
probably with an accuracy of  10 percent; 

2 .  magni tude of the maximum pr inc ipal s tre s s  (to an 
accuracy les s than that of the leas t princ ipal s tres s) ; 
and 

3 .  orientation o f  s tress tensor . 

Hydraulic fracturing is no t without problems. The 
current technique requires that the rock be unfractured 
to obtain the maximum pr incipal s tres s and the 
orientation of horizontal components of the s tres s 
tensor . Further research may make it pos s ible to obtain 
the s e  quanti ties in frac tured sections . The orientation 
of  the hydraulically-produced frac ture mus t be measured 
to obtain the orientation of the stres s tensor . Current 
methods that use either impress ion packers or the 
downhole televiewer , a sonic device , yield reliable 
orientat ions of the fracture in perhaps one out of two or 
three measurements. Further research may improve this 
reliab i lity , but other methods are being developed to 
de termine the orientation of the stres s field , such as 
the orientation of stres s-induced wellbore breakouts. 
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Pore Poro s i ty and Permeab ility 

The magnitude of subsurface pore fluid pressure i s  
critical t o  unders tanding the mechanics of active 
faulting . Fortunately , pore pressure is one of the 
easier measurements that can be made in a drill hole , 
assuming that the rock strata have at least modest 
permeab ility ( greater than 1 millidarcy) . Perhap s  the 
s imple s t  and most reliable pore pressure measurement i s  
made b y  i solating an interval i n  the drill hole and 
allowing the drill p ipe to fill until the pres sure in the 
fluid column balances the pore pressure . The rate at 
which fluid flows into the hole is  dependent upon the 
hydraulic di ffus ivi ty ( the ratio of the permeab ility to 
the compres s ib ility of the rock plus the pore fluid) of 
the rock in the vic inity of the hole . The higher the 
permeab ility , the more rapid the fluid exchange between 
the hole and the surrounding rock ( the rate at which the 
hole fills is  used to measure hydraulic diffus ivity) . 
Unfortunately , in rocks of low permeab ility the t ime 
necessary for fluid in the drill hole to reach 
equilibrium may be long . However , extrapolation 
techniques c an be used to e s t imate s tatic pore pres sure . 

Many theories of  fault behavior involve pore fluid 
movement . To test thes e  ideas , permeability mus t be 
measured . Permeab ility is  highly dependent on frac ture s , 
so in s itu measurements are of pr imary s ignificance . 
Some laboratory values should also be obtained , 
particularly i f  the in s itu values are very low and clos e  
t o  the de tec tion level of drill hole methods . 

Techniques to measure in situ permeability are well 
developed . In the drill stem test , a method widely 
utilized by the pe troleum indus try , an interval of 
intere s t  is isolated and fluids are allowed to flow into 
the drill s tring . Pressure is measured continuously at 
the base of the fluid column . The rate of flow is known 
from the rate at which the drill column fills . Results 
of  the tes t yield the permeability , and hydraul ic 
dif£�s ivity values of permeabili ty ranging from 10 to 
10 - cmjsec can be measured .  

Enough permeab ility measurements have been made under 
a wide var iety of condit ions to sugges t  that those media 
that behave even approximate ly as porous media--which 
includes a number of frac tured media - -yield good values 
of permeab ility . In fractured media , the current status 
of the technology is le s s  certain . For the single 
frac ture the theory is developed , but for the case o f  
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multiple frac tures the results are much less clear . 

Temperature and Heat Flow 

Measurements of temperature and heat flow in the 
drill holes proposed here would have several 
applications . First, the thermal s tate of a faul t zone 
is direc tly related to the amb ient shear s tres s  acting 
during creep or earthquakes .  Thermal trans ients 
developed during earthquakes are proportional to the 
abs olute shear stre s s . Second, the mechanical behavior 
of the fault zone rocks and fluids is  strongly dependent 
on temperature . Third, the influence of mass transport 
of heat laterally from the fault, a mechanism that has 
been invoked to explain the absence of a distinct thermal 
anomaly over the fault, c an be determined in deep drill 
holes slanted across  the fault . Finally, the 
distribution of  heat flow over the region of the plate 
boundary needs to be determined ( in shallow hole s) to 
charac terize the thermal - mechanical machine that produces 
great earthquakes .  

Downhole Logging 

A broad suite of commerc ially available geophys ical 
logs should be run including comprehens ive sets of P - and 
S-wave s e i smic velocity, res i s t ivity and induction logs, 
nuclear dens ity and poros i ty logs, spectral gamma logs , 
and dipme ters . These logging techniques provide 
information on the compos i tion and properties of the rock 
and the pore fluids . Although interpre tation of  these 
logs is well unders tood for s edimentary rocks, much 
research remains before we can fully comprehend the 
response s  of the logging tools in crys talline, igneous, 
and metamorphic rocks. In addit ion to the se logs, use o f  
a borehole gravime ter to provide estimate s  of dens ity 
with dep th would be espec ially des irable. 

It has been shown that the creep ing part of the S an 
Andreas fault zone has large lateral P - wave velocity 
gradients, with the central fault zone cons isting of the 
lowe s t  veloc i ty material. Attenuation of seismic wave s 
in the fault zone is so severe as to make longitudinal 
sei smic profiles to any dis tance di fficult with explos ive 
charges of acceptable s ize . These observations indicate 
the presence of pervas ive fractur ing to cons iderable 
depth, but de tailed interpretat ions of the seismic 
velocity s truc ture in the fault zone itself currently 
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seem beyond the reach of  surface measurements .  Interval 
velocity ,  surface - to -bottom hole veloc ity , and 
hole - to-hole veloc ity would be of cons iderable value in 
clari fying our understanding of  the nature of  the elas tic 
properties and seismic attenuation in fault zones . Taken 
together ,  downhole measurements o f  stress , pore fluid 
pres sure , elastic properties  o f  the rocks , and 
temperature and s e i smic veloc ity structure should , when 
comb ined with material properties ,  provide the firs t set 
of  adequate observations needed for the formulation o f  a 

realistic model of  failure and instab ility in 
earthquakes .  

MATERIAL PROPERTIES 

A thorough inve s t igation of the structural s tate and 
mechanical properties of  material in the fault zone is  
necessary for an understanding of  the nature and origin 
of earthquakes .  

Compos i t ion of  Core and Pore Fluid 

The materials and conditions near the source o f  
earthquakes may be compos i tionally unique and quite 
unl ike e ither surface exposures of  rocks or fault gouge 
of the sheared material on anc ient faults exposed at the 
surface or in mines or tunnels . On faults like the S an 
Andreas , large shear s train has been concentrated in a 
narrow z one o f  crushed rock . Based on microscopic s tudy 
of highly sheared fault gouge produced in laboratory 
experiments , grain s izes may range down to 100 A0 ( 10 - 8 

m) or le s s . Fine grain s ize means rapid alterations , 
particularly at the higher temperatures prevalent in the 
deeper part o f  the s e i smic zone . The natural gouge could 
be highly altered to clay minerals , contain glas s , be 
completely unconsol idated , or be highly indurated . The 
mechanical properties of material in the faul t zone will 
depend s trongly on the se di fferent , unpredictable 
pos s ib ilities . 

S amples of  the ac tual material are badly neede d .  The 
most  important character istic s  obtained from the core 
inc lude; (1) spac ing of  discontinui t ies at all scale s , 
(2) mineralogy , particularly o f  finer- grained sections , 
( 3) grain s ize and porosity in typ ical sections of  the 
core , ( 4) glass content and compos i tion , (5) degree of 
induration , and (6) pore fluid chemis try . In addition , 
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trace element and isotopic studies may reveal thermal 
history and relat.ive permeability of the fault zone 
material. Some of these characteristics such as items 1, 
5, and 6 above may not be accessible if drill core is 
badly broken or even lost; however, many characteristics 
can be observed in fragments or cuttings, and the latter 
should be preserved as carefully as intact core. 

Physical Properties 

In addition to studying composition, we need to study 
the physical properties of core samples collected from 
the holes. Critical measurements include: (1) seismic 
and electrical properties as a function of pressure and 
temperature, (2) elastic and deformational properties 
under different pressure-temperature conditions and at 
different strain rates, (3) microcrack structure, and (4 ) 
hydraulic properties. Very few samples have been 
available from depths greater than 1 or 2 km, especially 
in igneous and metamorphic rocks. No samples of crushed 
and altered rock from depth in and near an active fault 
zone have been available for study. 

Most of these properties require intact core at least 
a few centimeters in diameter. Great effort may be 
required to obtain intact core in typical fresh fault 
gouge, but mechanical behavior of the fault zone material 
as a whole may be dominated by characteristics of the 
finest grained, least consolidated portions. A few 
undisturbed samples of these portions are vitally needed. 
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CONTINUOUS MONITORING EXPERIMENTS-DEEP EARTH 
OBSERVATORIES SEI SMIC OBSERVATIONS 

Once completed , a deep hole offers the pos s ib ility of 
measuring changing conditions with time at depths where 
earthquakes occur . Monitoring seismic i ty with time in a 

deep hole could be extremely produc tive . G iven the 
relatively noise - free environment at the bottom of  the 
drill hole and the lack of  near-surface attenuation o f  
high - frequency seismic energy , fundamental advances could 
be made in understanding the proce ss of fault rupture 
ini tiation , propagation , and termination . Monitoring 
seismicity at depth and away from cultural and 
meteorological no ise will also advance the l imit of  
de tectab ility of small events . I f  very high-frequency 
downhole se ismome ters are deployed in conjunction with a 

recording sys tem capable o f  preserving data up to 100Hz, 
very small earthquakes approaching magnitude 0 in size 
could be analyzed in hopes of  identi fying small-scale 
fault he terogeneity . Changes in earthquake location , 
number o f  smal l magnitude events , frequency of se ismic 
wave s , and s tres s  drop could also be sought with much 
smaller earthquakes than are now used , which would add 
greatly to the resolution of such technique s . 

A variety of  measurements made near the earth ' s 
surface suffer from serious environmental no ise . The 
bottom o f  deep drill holes is essent ially no ise free . A 
var iety o f  relat ively trouble free ins trument packages is 
available that can be deployed for measuring volume tric 
and tensor s train , tilt , and vertical s train . 

PORE PRESSURE AND STRAIN MONITORING 

If fluid from a hydraul ically isolated zone in a hole 
is allowed to rise , monitor ing pore fluid pres sure i s  
s traightforward . Trans ients i n  pore fluid pres sure 
related to earth t ides or earthquakes will provide useful 

30 
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data on the intrins ic properties of the fault zone and a 
s ens itive measure of volumetric strain in the rock . In 
fact , pore pressure measurements of volumetric strain are 
so sens itive that earth tides are commonly observed in 
deep holes . S inie the tidal dilatational strain is of 
the order of 10 - , sens itivities of one part in 10° 

are readi ly achievable even with old s tyle mechanical 
water level recorders , which have been in use for 50 
years . With good pressure transducers , one part in 
10w0 should be achievable . 

Unfortunately , pore pressure is also known to vary 
with other causes such as barometric fluctuations and 
ground water recharge and pumping . These effects must be 
s eparated from those caused by s train; best results could 
come from deep holes hydraul ically isolated fr�m 
near - surface trans ients . Also , digital filtering 
techniques can e ffectively remove much of the no ise in 
the data . 

In summary , the group of ins truments for phys ical and 
chemical monitoring includes (but is certainly not 
l imited to ) : 

1. three - component wide -band downhole seismograph , 
2 .  pore pressure monitor , 
3 .  volumetric tensor and vertical s trainmeters , 
4 .  downhole tiltme ter , 
5 .  s e l f - potent ial (p iezoelectric)  experiment , 
6 .  deep hole temperature/heat flow measurements , 
7 .  water chemis try measurements of deep c irculat ing 

fluids , 
8 .  high- frequency acous tic emiss ion to detect 

microseismic tremors , and 
9 .  airgun or vibroseis s tacking experiment for 

high - gain , high - precis ion seismic veloc ity 
moni toring . 

Not all these measurements are compatible in a s ingle 
hole . Some need cas ing perforat ion , some do not , and 
others can bes t be done wi thout cas ing . Although many of  
these ins truments are under cont inuing development , an 
operat ional vers ion of each sys tem is now available . 

RECORDING AND TELEMETRY 

When a deep hole is ins trumented ,  the s ite itself 
wil l  cons titute a field observatory of a type never 
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available before . A security enclosure with adequate 
thermal insulation will be built over the wellhead to 
allow for wire l ine service when necessary for ins trument 
recovery . The power consumption of on- s i te recording 
instruments and data telemetry devices will be high 
enough to call for a - c  power . On - s ite s tandard t ime 
reference will be required . On - s ite digital recording 
will be needed that can be augmented by data transmiss ion 
in the band of 0 . 1  to 50 Hz through radio l inks us ing 
s tandard FK telemetry techniques . For data of slow 
sampl ing rates, such as pore pressure, tilt, strain, s elf 
potential, temperature, and radon, we antic ipate a sample 
every 1 to 10 min . On - s ite recording can be computed by 
telemetry via satellite to a central location . Such a 
sys tem can be inexpens ive, and i t  will be ideally suited 
to long - term downhole monitoring . 
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CONCLUSIONS AND RECOMMENDATIONS 

Drill ing and downhole experimentation are essential 
to help answer fundamental questions about the mechanics 
of crus tal deformation and the s tresses that drive the 
plates of the lithosphere . 

The Continental Sc ientific Drilling Committee 
therefore recommends : a three - fold program for active 
faul t zones cons ist ing of ( 1) numerous in s i tu physical 
property measurements, ( 2 )  extens ive analys is on core 
samples, and ( 3 )  phys ical and chemical measurements after 
drill ing , us ing the drill  hole as an ultraquie t  
observatory . Such a program would provide a wealth of 
new data on the mechanical behavior of crus tal faults and 
result in a maj or s tep forward in our unders tanding of 
factors controll ing crus tal deformation . 

Because of the diverse nature of faulting and 
deformation , drill ing at any s ingle s ite will not yield 
all the crit ical data . The Committee therefore 
recommends, in order of priority the following five 
s ites : ( 1) the San Anderas faul t near Caj on Pas s , ( 2 )  the 
Sevier Desert detachment fault , ( 3 )  the San Gabriel 
( California) fault , (4 ) the New Madrid (Mis sour i )  seismic 
zone, and ( 5 )  the Alentian megathrust .  

Theese s i tes represent locations for that would yield 
the greates t  scientific reward . However, these  
recommended s ites require preliminary efforts . A 
two - phase drill ing program along the S an Andreas fault is 
recommended , and mult iple holes wil l  probably be needed 
at several Bas in and Range and intraplate s i tes to answer 
que s t ions involving the mechanisms of faulting in these 
areas . A program o f  act ive faul t zone dr illing and 
downhole measurements is the only way to make a maj or 
advance in our unders tanding of the phys ical processes 
contro ll ing the mechanical evolution of the earth ' s 
crus t .  
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