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1 . O  INTRODUCTION 

1 . 1  BACKGROUND 
I n  any discussion o f  geothermal subsidence, i t  i s  important  t o  consider 
also the subsidence resulting from other sources. 
reasons f o r  such consideration. F i r s t ,  ground movements from one or 
more other sources may occur in a geothermal area. 
Geysers i n  California, tectonism, lands1 ides , and geothermal f luid 
withdrawal  a l l  contribute t o  g round  movement. To identify the contribution 
o f  each source t o  the t o t a l  subsidence, the characterist ics of ground 
movements from each source must be understood. A second reason for  
consideration of non-geothermal sources of subsidence i s  t h a t  data on 
geothermal subsidence i s  scarce. Examination of subsidence processes 
which share some common features,  particularly those i n v o l v i n g  f l u i d  
withdrawal, may provide some insight into the nature of subsidence from 
geothermal production. 

There are two primary 

For example, a t  the 

Ground movements have been recognized as h a v i n g  resulted from the following 
non-geothermal sources : groundwater withdrawal , o i  1 a n d  gas withdrawal , 
tectonism, col lapsina so i l s  (hydrocompaction) , soil  oxidation, underground 
mining, landslides, and slope creep. A discussion of the characterist ics 
of the ground movements resulting from these non-geothermal sources i s  
presented i n  Appendix A. 

Experience has demonstrated t h a t  the subsidence i n  an area may be 
the resul t  of two or more sources acting simultaneously. 
i n  the Wheeler Ridge area of  the San Joaquin Valley, California, 
ground movement resulted from the combination of groundwater w i t h -  
drawal , extraction of o i l  and gas, tectonism, and hydrocompaction. 
Vapor or liquid-dominated geothermal areas are usually associated w i t h  
magmatism high in the ea r th ' s  crust  and with tectonic plate boundaries, 
so tectonic movements i n  geothermal areas are  l ikely.  Landslides 
may be associated w i t h  a geothermal area of rugged topography such 
as the Geysers. 

For example, 

Geopressured f ie lds  often contain valuable 

@ 
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quantities of methane and are found near petroleum producing areas; t h u s  
o i l  and gas withdrawal could contribute to  subsidence i n  these areas. 
The other potential sources of subsidence (hydrocompaction , oxidation of  
organic soi 1 s , and underground m i  n i  n g )  have not been reported as occurring 
i n  geothermal resource areas. 
rock formations and should be readily identifiable.  

They are associated w i t h  specific soi l  o r  

The major process which may cause subsidence i n  geothermal areas i s  
considered to  be loss of pore space due t o  f luid withdrawal. 
may effect  b o t h  intergranular (primary) pore space a n d  fracture (secondary) 
space. This process i s  readily explained by the theory of effective 
s t ress ,  which s ta tes  t h a t  the effective downward s t ress  carried by the 
rock or soil  structure i s  equal to  the geostatic pressure (due to  the 
combined weight of overlying rock and i n t e r s t i t i a l  water) minus the f luid 
pressure. Thus, a decrease in f luid pressure caused by the removal of 
f l u i d s  by production resul ts  i n  increased effective s t ress  and leads to  
compaction of the layers from which the fluids were removed. 
i n  volume in the compacted layers i s  reflected as subsidence of  the over- 
l y i n g  s t r a t a  and of the ground surface. Compaction of  in te rgranular  pore 
space i s  considered t o  account for  the major po r t ion  of subsidence i n  
geothermal areas, b u t  experiments on rock core samples indicate t h a t  an 
increase in effective s t ress  may also reduce the volume of fracture pore 

This process 

The decrease 

space. 

Subsidence may resul t  from thermal contraction associated w i t h  reservoir 
cooling; and earthquake shaking can contribute to  the compaction of 
porous, unconsolidated materials by f ac i l i t a t i ng  rearrangement of grains. 
Thermal contraction would probably be minor because of the low coefficients 
of thermal expansion of  the materials involved and the small changes in 
average temperature which resul t  from production. 
areas are located near the boundaries of major crustal plates,  they are 
more l ikely t o  experience seismic shaking than other f lu id  resource areas 
as a group. 
thermal subsidence is  presented i n  Appendix B.  

Since most geothermal 

A more detailed discussion o f  the characterist ics of  geo- 
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The geothermal resources of  the  Uni ted States are  an impor tant  p o t e n t i a l  

source o f  energy. The produc t ion  o f  t h a t  energy invo lves  wi thdrawal o f  

f l u i d  f rom the ground. I n  many areas o f  o i l ,  gas, o r  water product ion,  

subsidence has accompanied f l u i d  withdra.wa1. I n  New Zealand, t h ree  
producing geothermal f i e l d s  have a l l  experienced subsidence. It i s  

reasonable, there fore ,  t o  expect subsidence t o  r e s u l t  from withdrawal o f  

geothermal f l u i d s  as U. S.  geothermal resources are  developed. 

Surface subsidence due t o  a l l  sources has caused a considerable amount o f  

damage around the  wor ld.  I n  excess o f  $100 m i l l i o n  i n  remedial work was 

c a r r i e d  o u t  as a r e s u l t  of subsidence due t o  petroleum produc t ion  a t  t h e  

Wilmington o i l  f i e l d  i n  Ca l i f o rn ia .  Subsidence has a l so  hampered 

i n d u s t r i a l i z a t i o n  and development i n  and around subsid ing areas. 
of the  impor tant  economic consequences o f  subsidence, ser ious cons idera t ion  

must be g iven t o  e s t a b l i s h i n g  programs o f  subsidence mon i to r ing  f o r  a l l  

geothermal f i e l d s .  

Because 

1.2 NONITORING OBJECTIVES AND PURPOSES 

The fundamental o b j e c t i v e  o f  a mon i to r ing  program as descr ibed i n  t h i s  

manual i s  t o  quant i f y  t h e  magnitude and d i r e c t i o n  o f  sur face  movements 
which may occur i n  a geothermal r e s e r v o i r  area immediately p r i o r  t o ,  
dur ing,  and immediately f o l l o w i n g  t h e  removal o f  geothermal f l u i d s  f o r  

the produc t ion  o f  energy. 

A mon i to r ing  program may be es tab l i shed f o r  one o r  more purposes. 
poss ib le  purposes inc lude:  

Several 

1. The s a t i s f a c t i o n  o f  l e g a l  requirements f o r  mon i to r ing  i n s t i t u t e d  
by governmental a u t h o r i t i e s  w i t h  j u r i s d i c t i o n  i n  the  area. 

2 .  The p r o t e c t i o n  o f  environmental features,  such as streams, parks,  
f o res ted  areas, w i l d l i f e  h a b i t a t ,  etc. ,  which may be adverse ly  

a f f e c t e d  by s u bs i dence . 
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3. The protection o f  man-made structures,  such as i r r i g a t i o n  o r  
drainage canal s bu i  1 dings , power 1 i nes , 
communication towers, roads, railroads,  e t c . ,  which may be 
damaged by subsidence. 

dams , power plants 

4.  The collection o f  evidential d a t a  for enforcement purposes. 

5. A check o f  engineering design features intended t o  minimize the 
effects of subsidence. 

6. Research, for example , i n the development of  moni to r i  ng techniques , 
or i n  operational aspects of the geothermal f i e ld ,  including 
relation between rate  of subsidence and rate  of  f luid withdrawal, 
rate of subsidence vs. ra te  of f l u i d  reinjection and relationships 
between subsidence and temperature regime changes. 

Other purposes may be  considered i n  making  the dec is ion  whether o r  no t  t o  

establish a monitor ing program. No further elaboration o f  purposes will 
be presented here, since i t  i s  assumed in preparing th i s  manual tha t  the 
decision t o  monitor has already been made. However, the purpose of the 
program i s  an important  consideration i n  i t s  design, since certain aspects 
of the program wi l l  be affected by the purpose to  be served by the program. 
For example, i f  one o f  the purposes i s  research, a greater number or 
different arrangement of monuments m i g h t  be used, or measurements m i g h t  
be taken w i t h  greater frequency. I n  any event, the purpose which the 
program i s  t o  serve should be clearly understood before the design i s  
in i t ia ted .  

1 .3  
This manual i s  intended t o  provide guidelines for  the establishment of a 
program for  the monitor ing of surface movements associated w i t h  the 
production of energy from a geothermal source. 
of these guidelines are: the preliminary investigations which must be 
made t o  o b t a i n  the necessary data for  design of  the program; the design 
of the monitoring program; and the operation of the program, including 
d a t a  handling and analysis. 
guidelines are the decision making processes involved in deciding whether 

SCOPE A N D  LIMITATIONS OF THE MANUAL 

Included w i t h i n  the scope 

Not included within the scope of these 
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or n o t  t o  monitor, and  i n  deciding what actions, i f  any, are indicated 
by the results o f  the monitoring program. Also n o t  included are subsurface 
monitoring, a l t h o u g h  subsurface moni to r ing  should be considered, e i ther  
as an integral p a r t  of the surface monitoring program, o r  as a separate 
program. 

Since the purpose o f  the monitoring program, as well as the characterist ics 
of the s i t e ,  will affect  i t s  design, a standard monitoring program 
applicable t o  a1 1 s i t e s  cannot be prepared. However, subsidence monitoring 
programs for geothermal production s i t e s  can be described in a ser ies  of  
logical steps. I t  i s  the purpose of th i s  manual t o  describe these logical 
s teps ,  and to  p o i n t  out the s i te-specif ic  information which i s  required 
d u r i n g  each step in order t o  arrive a t  an adequate program for  the s i t e .  
The format of t h i s  manual recognizes by major section headings the three 
major steps in establishing the program: Preliminary Investigation, 
Designing the Monitoring System, and Monitoring Operations. 
l ines are presented in brief narrative descriptions generally indicating 
the i r  logical sequence of application. Where amplified descriptions and 
additional detai ls  are indicated, they are presented i n  appendices or by 
references. 

The guide- 

I 
I 

' Q  i 
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2.0 PRELIMINARY INVESTIGATION 

The design and operation of a subsidence monitoring program require a 
competent team supervised by experienced professionals. For example, the 
team m i g h t  be headed by a c iv i l  engineer w i t h  surveying, instrumentation, 
and data analysis experience, assisted by a structural  geologist, 
preferably having been associated w i t h  pre-production investigations of 
the f ie ld  t o  be monitored. 
s i t e  geology required t o  establish such design i n p u t  as :  
of the area of subsidence; estimates of  probable order o f  magnitude of 
subsidence from each 1 i kely source; and suscepti b i  1 i ty t o  1 andsl  ides. 
The engineer provides the knowledge required for :  
system, including selection of  suitable instrumentation; for  operation of 
the monitoring system; and for analysis of the monitoring data. Ideally, 
the preliminary investigation should be conducted under the supervision 
of the same professionals who will  be i n  charge of design and operation. 

The geologist supplies the interpretation of 
probable extent 

design of the monitoring 

Before a monitoring system can be designed, certain information regarding 
the s i t e  must be obtained. 
information for  most s i t e s  will be readily available. However, some 
limited f ie ld  investigation will usually be required t o  supplement or  t o  
verify and update information obtained from pub1 ished 1 i terature  or other 
available sources. 
required are presented and the probable sources for  obtaining such 
information are l i s ted .  Also presented are the reasons for  obtaining the 
information in terms of the probable use which will be made for i t  in the 
design or operation of the monitoring system. 
discussion the Preliminary Investigation is  recognized as consisting of 
f ive steps,  as follows: ( 1 )  Basic Data Gathering, ( 2 )  In i t ia l  S i te  
Inspection, ( 3 )  Plan for Additional Information, (4)  Field Investigation, 
and (5)  Report of  Preliminary Investigation. Because the investigation 
must be tailored t o  the s i t e ,  the l i s t s  of  the types of information required 
are not necessarily all- inclusive,  and the investigator should be a l e r t  
for unusual information which may affect  the design or operation of the 
monitor ing system. 

A considerable amount of  the necessary 

In  the fo l lowing  sections, the types of information 

For purposes of this  

a 
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A 
2.1 BASIC INFORMATION G A T H E R I N G  
Following are examples of the most important types of information which 
should be obtained, the major sources of such information, and the primary 
purposes for which the information will be used. 

a .  

b. 

C.  

d .  

e. 

Geologic maps and reports; U .  S .  Geological Survey (USGS) , 
State geologic agencies, and  university geology departments; 
characterist ics and location of geologic formations i n  and 
surrounding the reservoir area. 

Topographic maps , recent and  h i  s tor i  cal ; USGS; elevations , 
slopes, drainage pattern, locations of roads, railroads,  bridges, 
dams, reservoirs, canals, and other significant construction, 
and  location of survey monuments. 
historical  maps may indicate whether gross changes in elevations 
or slopes have occurred. ) 

(Comparison of recent and 

Aerial photographs, recent and  historical  ; USGS National 
Cartographic Information Center, aerial  survey companies; detai ls  
of surface features n o t  obtainable from topographic maps, e.g. ,  
vegetation, rock outcrops, small streams, and structures.  
(Comparison of recent and his to r i  cal photographs may identify 
landslides or other surface changes n o t  identifiable on 
topographic maps. ) 

Soils maps and reports; U. S. Department of Agriculture Soil 
Conservation Service (Washington D . C .  off ice ,  and local off ices)  ; 
properties of so i l s  for  use in determination of types and location 
o f  monuments. 

Climate and weather records; U. S. Weather Service; data on 
f ros t  penetration, precipitation, stream flows, floods, and h igh  
water levels for  use i n  determination of location o f  monuments 
and scheduling of surveys. 

-7- 



Much of the above information i s  available from university or other 
technical l ib rar ies .  In addition t o  the above rather standard information, 
the information which m i g h t  be available from local sources should not be 
ignored. 
will have been accumulated during studies t o  locate and develop the s i t e .  
Also, special studies may have been made i n  the area for  design and 
construction of  highways, railroads,  a i rpor t s ,  canals, dams, bridges, or 
b u i  1 d ings .  Interviews should be conducted with personnel 1 i kely t o  have 
pertinent information n o t  published, for example, c i ty ,  county, or s t a t e  
highway personnel concerned w i t h  highway design, construction, o r  maintenance 
i n  the area. 
may be of s ignif icant  value. 

@ 
First of  a l l  , a considerable amount of s i te-specif ic  information 

Records of water supply well levels over the previous years 

2 .2  INITIAL SITE INSPECTION 
Once the major portion of the basic data has been obtained, an i n i t i a l  
s i t e  inspection should be made. 
accomplish specif ic  purposes, such as checking o r  confirming information 
developed from the basic information, and obtaining information n o t  included 
i n  available documents. 
persons, selected on the basis of qualifications i n  regard to  the type of 
information involved. Maps and aerial  photographs should be used t o  plan 
the inspection and as guides d u r i n g  the conduct of the inspection. Field 
notes and sketches may also be made direct ly  on maps or  aerial  photographs. 

The inspection should be planned t o  

The inspection should  be made by one or more 

Typical of the information obtained from the s i t e  inspection are: for  
structures - type of foundation, and general structural  condition; for  
so i l s  - confirmation as t o  type and condition; and for survey monuments - 
confirmation as t o  location and accessibi l i ty .  

2.3 PLAN FOR ADDITIONAL INFORMATION 
If i t  i s  determined tha t  certain needed information is  not avai 
the l i t e r a tu re  and cannot be obtained by the s i t e  inspection, a 
be prepared fo r  o b t a i n i n g  this information by other means. The 
means are t h r o u g h  a limited f i e ld  investigation. For example, 

able i n  
plan should 
most l ike ly  
f needed 

information on soil  depth or  subsurface condition is n o t  available,  a 
f i e ld  investigation m i g h t  be planned to  obtain the information by 
mechanical b o r i n g  o r  tes t  p i t s ,  o r  by hand augering. Planning for  a f i e ld  
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i n v e s t i g a t i o n  should inc lude:  determin ing p r e c i s e l y  what i n fo rma t ion  i s  

needed, assur ing t h a t  the  i n fo rma t ion  cannot be b e t t e r  obta ined by o the r  

means, and spec i f y ing  the  manner i n  which t h e  i n fo rma t ion  should be 
8 

obta ined i n  the  f i e l d .  

2.4 FIELD I N V E S T I G A T I O N  

This s tep  cons is t s  o f  conduct 

the  p lan.  

ng the  f i e l d  i n v e s t i g a t i o n  as s p e c i f i e d  i n  

2.5 REPORT OF PRELIMINARY I N V E S T I G A T I O N  

Fol lowing complet ion o f  the  i n v e s t i g a t i o n  a r e p o r t  should be prepared. 

I f  a formal r e p o r t  i s  n o t  requ i red  by a regu la to ry  agency o r  by c o n t r a c t  

agreement, an in fo rmal  r e p o r t  should be prepared f o r  use i n  design of t h e  

mon i to r ing  program. It should i nc lude  a t  l e a s t :  a t a b u l a t i o n  o f  a l l  data 
obtained; copies o f  a l l  maps and a e r i a l  photographs; e x t r a c t s  o f  p e r t i n e n t  

i n fo rma t ion  f rom publ ished repo r t s ,  w i t h  complete re fe rence t o  the  r e p o r t  

f rom which obtained; r e s u l t s  obta ined from t h e  s i t e  v i s i t  and f i e l d  

i n v e s t i g a t i o n ,  i n c l u d i n g  data and f i e l d  notes; and explanatory  notes,  
conclusions, and recommendations regard ing any o f  the  i n fo rma t ion  ob ta ined 

n 
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3.0 DESIGN OF MONITORING SYSTEM 

Guidelines f o r  the design of the monitor ing system are presented i n  the 
following sections as four basic tasks: 
network, 1 oca1 survey network, and speci a1 moni tori ng.  

defining the s i t e ,  regional survey 

3.1 DEFINING THE SITE 
Before a monitoring system can be designed i t  i s  necessary to  determine 
the area which should be covered by the system. 
determine the probable extent of the geothermal reservoir, and of the area 
which may be subject t o  subsidence as a resul t  of withdrawal of geothermal 
fluids from the reservoir. This information should be available from 
information developed d u r i n g  the course of the investigations which were 
made t o  locate the geothermal f i e ld  and t o  arrive a t  a decision regarding 
i t s  development. Any interpretations of this information should be made 
by a geologist w i t h  the necessary specialized background. 

The f i rs t  step i s  t o  

A second step 
non-geothermal 
magnitude, and 

s t o  arrive a t  decis 
sources is  l ikely to  
areal extent o f  such 

usually based on historical  records 

ons as to  whether subsidence from 
occur, and, i f  so, the probable source, 
subsidence. These decisions are  
or on indirect  evidence that  subsidence 

probably has ,  or has not, occurred i n  the recent p a s t .  

A 

The t h i r d  and f i n a l  step i n  th i s  task i s  the actual establishment o f  the 
boundaries for  the monitoring system. These boundaries wi 11 usually 
include only the area expected to  be affected by geothermal production. 
However, i f  subsidence from another source i s  expected t o  occur i n  a 
larger area which includes some or a l l  of the geothermal area, consideration 
should be given t o  extending the monitor ing area t o  include a t  l ea s t  a 
portion of the area expected t o  be affected only by the non-geothermal 
source. This will a s s i s t  i n  separating geothermal movements from baseline 
movements, as discussed later. 

A 
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3.2 REGIONAL SURVEY NETWORK 
The reg iona l  network i s  intended t o  be the  s t a b l e  base from which a l l  
determinat ions o f  movements a re  made. Although, i n  theory,  one bench 
mark may be a l l  t h a t  i s  requi red,  i t  i s  suggested t h a t  cons idera t ion  be 

g iven t o  the  establ ishment  of a minimum of t h ree  f o r  a d d i t i o n a l  convenience 

and g rea te r  r e l i a b i l i t y .  
s e l e c t i o n  and establ ishment  o f  bench marks i n  t h e  reg iona l  network are:  

(1 )  l o c a t i o n  ou ts ide  of t h e  area assumed t o  be sub jec t  t o  movement associated 
w i t h  subsidence r e s u l t i n g  e i t h e r  f rom geothermal p roduc t ion  o r  f rom o the r  

sources; and ( 2 )  a c c e s s i b i l i t y  t o  survey t i e - i n s  t o  t h e  l o c a l  network, 

w i t h  cons idera t ion  g iven t o  distances, i n te rven ing  t e r r a i n  features o r  

s t ruc tu res ,  and land  use and ownership o f  p roper ty  t o  be t raversed.  

8 

The two major c r i t e r i a  t o  be considered i n  t h e  

Also requ i red  i n  the  design o f  the  reg iona l  network are:  
o f  the  s p e c i f i c  l o c a t i o n  o f  any bench marks t o  be es tab l i shed;  o b t a i n i n g  

the  necessary permission t o  p lace t h e  bench marks a t  the  se lec ted  l oca t i ons ,  

and assur ing  t h a t  r i g h t  o f  e n t r y  may be obta ined f o r  placement o f  t h e  

bench marks and f o r  f u t u r e  access f o r  survey t i e - i n s ;  and p repara t i on  o f  

s p e c i f i c a t i o n s  f o r  i n i t i a l  survey ing serv ices  f o r  the  reg iona l  survey, 

i n c l u d i n g  t h e  spec i f i ca t i ons  f o r  bench mark cons t ruc t ion .  

t h e  de terminat ion  

Appendix C presents  gu ide l ines  f o r  t he  prepara t ion  o f  s p e c i f i c a t i o n s  f o r  

reg iona l  survey networks, i n c l u d i n g  requ i red  survey accuracy. Appendix D 

discusses t h e  c h a r a c t e r i s t i c s  o f  inst ruments app l i cab le  t o  use i n  reg iona l  

survey networks, and the  requirements f o r  survey bench marks. 

3.3 LOCAL SURVEY NETWORK 
The l o c a l  survey network cons is t s  o f  permanent bench marks w i t h i n  t h e  
boundaries of t h e  area t o  be monitored. 

l o c a t i o n  o f  t h e  bench-marks t o  p rov ide  e f fec t i ve  coverage o f  t h e  area a t  

a reasonable cost ,  and t h e  s e l e c t i o n  o f  t h e  type  o f  bench mark t o  be used. 

Th is  design task - inc ludes  t h e  

The l o c a t i o n  and spacing of bench marks w i l l  depend on t h e  t e r r a i n  and t h e  

purpose o f  t h e  mon i to r ing  program. 

e x i s t ,  a bench mark spacing on the  o rde r  o f  500 t o  800 meters should be 

Where no spec ia l  features o r  s t r u c t u r e s  
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satisfactory.  Add i t iona l  bench marks, or closer spacing, should be provided 
where loss of a bench mark would be c r i t i c a l .  
required a l s o  where geologic structure i s  complicated, or where more 
detailed information i s  desired, such as for research purposes. Considerably 
wider spacing could be used where terrain and geologic structure are 
uniform or where more detailed information regarding movements i s  n o t  
requi red. 

Closer spacing migh t  be 

I 

The location of bench marks should be such as t o  minimize the possibil i ty 
of disturbance, and t o  be conveniently accessible t o  survey crews. Bench 
marks may be disturbed or destroyed by construction or other ac t iv i t i e s  of 
man, or by na tura l  forces such as landslides, soil  creep, frost heave, 
expansive so i l s ,  or f looding .  

Appendix C presents further guide1 ines for  the preparation of specifications 
for  loca l  survey networks, including required survey accuracy. Appendix D 
discusses the characterist ics of instruments applicable t o  use i n  local 
survey networks, and the requirements f o r  survey bench marks. 

3 .4  SPECIAL MONITORING 
The area-wide monitor ing which i s  accomplished by means of the local network 
of bench marks may need t o  be supplemented by more comprehensive or precise 
monitoring a t  a p o i n t  or over a limited area. 
be accomplished by set t ing additional monuments within the local network 
or by the use of certain special-purpose instruments. 
one or more additional monuments should be considered a t  special locations, 
such as a t  well-heads or on structures which are particularly susceptible 
t o  damage by ground movements. Special purpose instruments which have 
particular appl i cations t o  surface monitoring are o f  three types : 
extensometers, tube profi 1 e devices , and t i  1 tmeters. 

Such special monitoring may 

Instal la t ion o f  

Extensometers are used t o  determine the change in distance between two 
relatively closely-spaced points. Examples of use are for  monitoring 
across known fau l t  l ines  or surface cracks. 
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Tube prof l e  devices have applications in the monitoring of vertical ,  
movements i n  inaccessible locations, such as under dams or other relative1.y 
large and heavy structures.  
congested areas or other areas of inconvenient access, such as  well f i e lds ,  
buildings, or other structures.  

They should also be considered for  use i n  

Tiltmeters may be used t o  monitor movements in local areas. One major ad- 
vantage of the t i l tmeter  i s  that  movement may be detected by reading of a 
single instrument, without t ie- in  t o  other monuments, such as would be 
required for survey techniques. 

Special purpose instruments and guidelines for  the i r  use in monitoring are  
discussed i n  detail  i n  Appendix D. 
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4.0 MONITORTNG OPERATIONS 

Guidel ines f o r  t he  opera t ion  of a mon i to r ing  system are presented i n  the  

f o l l o w i n g  sect ions.  

operat ions func t ions :  
handl ing.  Construct ion i s  inc luded here because i t  w i l l  be performed i n  
connect ion w i t h  i n i t i a l  survey measurements and i s  d i f f i c u l t  t o  separate 

from operat ions.  
design func t ion ,  i t  i s  inc luded w i t h  operat ions because i t  i s  almost 

c e r t a i n  t h a t  any i n i t i a l  schedule would be t e n t a t i v e  and t h a t  schedul ing 

w i l l  be sub jec t  t o  changes as operat ions cont inue. 

The fo l l ow ing  f o u r  tasks have been inc luded as 
cons t ruc t ion ,  schedul ing,  measurements, and data 

Also, a l though schedul ing might  be considered t o  be a 

4.1 CONSTRUCTION 

Construct ion o f  the  system inc ludes the  i n s t a l l a t i o n  of a l l  bench marks 

f o r  t he  reg iona l  and l o c a l  survey networks ' a t  t he  s p e c i f i e d  l o c a t i o n s  
and according t o  the  cons t ruc t i on  s p e c i f i c a t i o n s ;  and the  i n s t a l l a t i o n  o f  
a l l  spec ia l  inst rumentat ion.  Measurements i n  the  f i r s t  survey round are  

conducted i n  con junc t ion  w i t h  cons t ruc t ion .  This  survey es tab l i shes  t h e  

i n i t i a l  e l e v a t i o n  and h o r i z o n t a l  p o s i t i o n  o f  a l l  bench marks. I n i t i a l  

readings are a l so  made on the  spec ia l  inst ruments a t  t he  t ime o f  i n s t a l -  

l a t i o n .  

A lso es tab l i shed a t  t h i s  t ime are the  formats f o r  t a b u l a t i o n  o f  t he  data 

from t h e  surveys and spec ia l  instruments.  
data i n  the  f i e l d  and f o r  t he  associated c a l c u l a t i o n s  t o  a r r i v e  a t  

e leva t i ons  and p o s i t i o n s  are  adequately covered i n  survey ing manuals and 

textbooks and are n o t  repeated here. Guidel ines f o r  p resen ta t i on  o f  t h e  
r e s u l t s  o f  t he  mon i to r ing  surveys are presented i n  Appendix E. 

Formats f o r  record ing  o f  survey 

4.2 SCHEDULING 
Because o f  t he  many unknowns a t  t he  beginning o f  t he  mon i to r ing  per iod,  

i t  i s  no t  f e a s i b l e  t o  e s t a b l i s h  a r i g i d  mon i to r ing  schedule f o r  the  

produc t ion  l i f e  of t he  geothermal f i e l d .  The r a t e  o f  subsidence, t he  
t o t a l  amount o f  subsidence, and even whether subsidence w i l l  occur, a l l  
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a f f e c t  t he  mon i to r ing  schedule, b u t  must be p red ic ted  from very l i m i t e d  
data and l i t t l e  exper ience a t  t h i s  time. Pred ic ted  r a t e s  o f  wi thdrawal 

and o f  t o t a l  wi thdrawal o f  geothermal f l u i d s  are almost c e r t a i n  t o  change 

as produc t ion  proceeds, as the  c h a r a c t e r i s t i c s  o f  t he  r e s e r v o i r  become 
b e t t e r  known, and as the  demands f o r  power f rom the  f a c i l i t y  f l u c t u a t e .  

8 

However, i t  i s  essen t ia l  f o r  p lanning purposes t h a t  a t e n t a t i v e  schedule 

f o r  mon i to r ing  be es tab l i shed  as e a r l y  as poss ib le ,  w i t h  p rov i s ions  f o r  

m o d i f i c a t i o n  o f  t he  schedule as produc t ion  proceeds. 
i n  prev ious steps w i l l  be h e l p f u l  i n  e s t a b l i s h i n g  the  t e n t a t i v e  schedule. 

The schedule i s  b u i l t  around th ree  po in ts :  ( 1 )  t he  e a r l i e s t  t ime a t  

which i n s t a l l a t i o n  o f  the mon i to r ing  equipment can be expected t o  be 
completed; ( 2 )  t h e  planned i n i t i a t i o n  o f  subs tan t i a l  wi thdrawal  of geo- 

thermal f l u i d s  (beginn ing o f  p roduc t ion) ;  and (3 )  t he  end o f  t he  planned 

produc t ion  cyc le .  Although each round o f  measurements i n  the  mon i to r ing  

program i s  conducted i n  e s s e n t i a l l y  the  same manner as a l l  o thers,  t he  

program may be d i v i d e d  i n t o  th ree  phases on the  bas is  o f  t h e  use made o f  

t he  data obtained: (2 )  the  

In fo rma t ion  obta ined 

(1 )  t he  pre-product ion,  o r  base- l ine  phase; 
p roduc t ion  phase; and ( 3 )  t he  post -product ion phase. 

The pre-product ion phase i s  p r i m a r i l y  f o r  t he  purpose o f  e s t a b l i s h i n g  a 
base- l ine  aga ins t  which l a t e r  measurements w i l l  be compared. The pre- 

p roduc t ion  phase may a l so  serve the  impor tan t  secondary purposes o f  

con f i rm ing  t h e  adequacy and w o r k a b i l i t y  o f  t he  mon i to r ing  program and 

equipment; t r a i n i n g  o f  crews i n  the  opera t ion  of equipment and f a m i l i a r -  
i z i n g  them wi th ,  procedures; and making any changes i n  program o r  equipment 

based on i n i t i a l  operat ions.  The importance o f  e s t a b l i s h i n g  t h e  r a t e  of 
base-1 i n e  movements d i c t a t e s  , tha t  t he  pre-product ion pe r iod  be as l ong  
as p r a c t i c a l ,  a l though a pre-product ion mon i to r ing  p e r i o d  o f  more than 

about two years may seldom be f e a s i b l e .  

pre-product ion mon i to r ing  are presented i n  Appendix F, Sect ion 1. 

Guidel ines f o r  schedul ing of 

The produc t ion  phase of .  moni to r ing  i s  p r i m a r i l y  f o r  t h e  purpose o f  de tec t i ng  

any movements which !nay be a t t r i b u t a b l e  t o  the  wi thdrawal o f  geothermal 

f l u i d s ,  and es t ima t ing  the  de t r imenta l  e f f e c t s  which such movements have 

had, o r  migh t  be expected t o  have, on environmental o r  man-made fea tures .  
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(Actions which should be taken in the event of detrimental effects ,  or 
prediction of detrimental effects  are outside the scope of th i s  manual.) 
I t  i s  suggested t h a t  the i n i t i a l  measurement cycle be scheduled approximately 
six months a f t e r  the beginning of production, and  a t  about six-month 
intervals thereafter i f  appreciable movements are detected. 
i s  detected d u r i n g  the f i r s t  four  or f ive measurement cycles i n  the 
production period, i t  i s  suggested that  the interval be lengthened t o  
about  1 2  months. 
may be continued, b u t  i t  should revert t o  the 6 m o n t h  cycle a t  any time 
t h a t  movements are detected. 
considered following a period of unusual seismic ac t iv i ty ,  or when there 
i s  vi sua1 evidence t h a t  accelerated movements may have occurred. 

I f  no movement 

As long as no movements are detected, the 1 2  month cycle 

A special monitoring cycle should be 

Monitoring i s  continued into a post-production phase because there i s  
evidence t h a t  surface movements may lag appreciably behind the time a t  
which the movement i s  generated a t  a subsurface source. 
that  the interval between measurement cycles a t  the end of the production 
phase should be continued i n t o  the post-production phase. Monitoring may 
be discontinued a f t e r  two or three years i f  no movement has been detected 
during t h a t  period, or one year a f t e r  the ra te  of movement a t  the end of  
the production period has essentially stopped. 

I t  i s  suggested 

This monitoring schedule i s  applicable only to  the local survey net and 
t o  special monitoring instruments. The monuments i n  the regional network 
are assumed t o  be stable and frequent checks are  n o t  performed. 
suggested t h a t  they be checked against one or more established bench marks 
a t  a considerable distance a t  intervals of f ive t o  ten years. 

I t  i s  

4 . 3  MEASUREMENTS 
This step i ncl udes performing the monitoring measurements i n  the f i e ld  
accordirig t o  the tentative schedule previously established, and tabulating 
the data  according t o  the established format. 
section, the resul ts  obtained will be used to  judge whether the monitoring 
schedule should be changed. 

As discussed in the previous 
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In  addition t o  the scheduled measurements, i t  i s  recommended t h a t  a log 
be kept of a l l  events which may be of significance t o  ra te  of subsidence, 
such as:  s t a r t  of geothermal production, rates of  f luid withdrawal, 
earthquakes, landslides, rock f a l l s ,  a n d  i n i t i a t i o n  of ground cracking or 
cracks i n  structures.  Consideration should be given t o  instal la t ion of 
additional bench marks or special instrumentation t o  monitor unexpected 
movements. 
instal la t ion of  extensometers t o  monitor the ra te  of movement. 

For instance, appearance of ground cracking m i g h t  warrant  

4 .4  DATA H A N D L I N G  
As mentioned i n  a previous section, guidelines for  presentation of the 
resul ts  of the monitoring surveys are presented i n  Appendix E. 

i n  Appendix E are: 
mark elevations, of  the differences i n  elevation between successive 
elevation determinations, and of the total  difference in elevation for 
the monitoring period; a simple example of how elevation differences may 
be used t o  p l o t  subsidence "contours"; an  example of a method o f  
graphical presentation of the resul ts  of  a level survey; a suggested 
format for  tabulation of  resul ts  o f  surveys for  determination o f  
horizontal movements; and  a simplified example of a method of graphical 
presentation of horizontal movements. These examples are guide1 ines for  
recording the monitor ing d a t a ,  and for  plotting t o  a s s i s t  i n  v i s u a l i z i n g  
the data. 

Included 
a suggested format for  use i n  tabulation of bench 

To sa t i s fy  the purposes of monitoring i t  i s  necessary t o  determine the 
surface movements which have resulted from the withdrawal of geothermal 
f luids .  If no measurable movements occur prior t o  geothermal production, 
the determination i s  re la t ively simple, since, ba r r ing  any unusual occur- 
rences, a1 1 movements determi ned a f t e r  i n i  t i  a t i  on of production are 
assumed t o  resul t  from the production. 
the pre-production period, these movements are extrapolated i n t o  the 
production period t o  form the "baseline". 
geothermal sources are then assumed to  be the total  measured movements 
a f te r  production, minus the baseline movements. Although this approach 
i s  simple, i t s  application may n o t  be so simple because movements cannot 
be expected t o  be the same a t  a l l  bench marks and the ra te  of movements 
will vary with time. Plotting of resul ts  (see Appendix E)  may be helpful 
i n  visualizing the d a t a ,  b u t  a s t a t i s t i ca l  approach will usually be 
indicated. 

I f  movements are measured during 

The movements a t t r ibutable  t o  
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The basic s t a t i s t i ca l  approach applicable to  th i s  problem i s  t o  perform 
a regression analysis for  the pre-production d a t a ;  t o  use the resulting 
regression model t o  estimate the baseline movement a t  some time, t ,  
dur ing  the production period; and t o  compare th i s  base l ine  estimate w i t h  
the measured t o t a l  movement a t  that  time. 
estimated base line value and the measured value is  the assumed value of 
movement associated with geothermal production. 
small, i t  i s  possible t h a t  the base l ine  movements have deviated from 
the predicted model. 
the probability t h a t  a measured production value belongs to  the family of 
movements recorded before production, i . e . ,  that  no increase in movement 
has resulted from geothermal production. The applicable s t a t i s t i c a l  
procedures and a numerical example are presented in Appendix F ,  Section 3.  
Also presented i n  th i s  Appendix i s  a method for  determination of the 
s t a t i s t i ca l  correlation between measured ra te  of  subsidence and ra te  of 
geothermal production. 

The difference between the 

If t h i s  difference i s  

A simple s t a t i s t i ca l  approach may be used to  determine 

Included as a data analysis func t ion  should be provision for  periodic 
summary reports, including those which m i g h t  be required by regulatory 
agencies, and for  a f inal  report a f t e r  completion of monitoring. 
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APPENDIX A 

CHARACTERISTICS OF NON-GEOTHERMAL SUBSIDENCE 

I n  t h i s  Appendix, t h e  c h a r a c t e r i s t i c s  of ground movements f rom t h e  

f o l l o w i n g  sources are  b r i e f l y  reviewed: 

- groundwater wi thdrawal 
- o i l  o r  gas withdrawal 

- tecton ism 

- co l l aps ing  s o i l s  (hydrocompaction) 

- s o i l  o x i d a t i o n  

- underground min ing 

- lands l i des  and s lope creep 

A . l  GROUNDWATER WITHDRAWAL 
Groundwater wi thdrawal has produced subsidence i n  t h e  San Joaquin Val l e y ,  

C a l i f o r n i a ;  Tokyo, Japan; Venice, I t a l y ;  and many o t h e r  areas around t h e  
wor ld  (Poland and Davis, 1969). 
perhaps t h e  bes t  documented case, has af fected roughly  9000 square k i l o -  

meters o f  farmland (Lofgren, 1969). 

i n  the  San Joaquin Va l ley  was roughly  9 m. Th is  amount i s  equa l led  o n l y  

by subsidence i n  Mexico City and a t  t h e  Wilmington o i l  f i e l d .  

groundwater subsidence areas, the  areas o f  maximum withdrawal tend t o  

exper ience t h e  g rea tes t  downward movement, w i t h  a bowl-shaped depression 

forming over the  area of wi thdrawal.  
subsidence trough a re  dependent on t h e  th ickness  of t h e  compressible 

deposi ts  i n  a g iven l o c a t i o n .  

Subsidence i n  the  San Joaquin Va l ley ,  

As o f  1969 t h e  maximum subsidence 

I n  

The magnitude and contours o f  the  

The deposi ts  assoc iated w i t h  groundwater subsidence tend t o  be unconsol i -  

dated t o  semi-consol idated c l a s t i c  depos i ts  of a l l u v i a l  o r  l a c u s t r i n e  
o r i g i n .  They a re  a l l  confined aqui fers  con ta in ing  h igh  pe rmeab i l i t y  
coarse-grained s t r a t a  w i t h  low pe rmeab i l i t y  f i ne -g ra ined  aqu i ta rds  

(Pol and, 1969). 

most o f  t h e  subsidence (Lofgren, 1969). 

The fi ne-gra i  ned compressible 1 ayers a re  respons ib le  f o r  
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The mechanism of groundwater subsidence i s  primari ly consol idation of 
the aquitards. 
an increase i n  effective s t ress  i n  the aquifer and associated aquitards. 
This s t ress  increase causes some small e l a s t i c  compression of the coarse- 
grained so i l s .  The behavior of the fine-grained so i l s  i s  more complex. 
The aquitards will f i r s t  compress as an overconsolidated soil until the 
preconsolidation pressure i s  reached. 
e las t ic ,  i .e.  , i t  can be substantially regained by unloading the so i l .  
Any subsequent compression due t o  stresses greater t h a n  the preconsoli- 
dation pressure will occur as v i r g i n  compression. 
l o s t  d u r i n g  v i r g i n  compression i s  irrecoverable. Typical behavior of a 
fine-grained so i l  under loading and unloading i s  shown on Figure A-la. 
This behavior i s  reflected in f ie ld  records, as shown i n  Figure A-lb.  
During an annual cycle of pumping and recovery, when the loads due to  the 
pore pressure decline are applied for  only a limited time, only a small 
amount of the potential consolidation occurs -- on the order of 5% t o  8% 
(Riley, 1969). 
of subsidence. Subsidence movements i n  areas of seasonal overdraft tend 
to  show a step-like pattern (Figure A - 2 ) ,  w i t h  no compression or a s l igh t  
rebound occurring during the rainy season. 
rebound i s  due primarily t o  the difference between the pore space l o s t  
d u r i n g  v i r g i n  compression and that  recovered d u r i n g  rebound (Figure A-la) .  

Lowering of the groundwater pressure by pumping causes 

This compression i s  small and 

Most of the pore space 

This complicates interpretation of the data and prediction 

The lack of significant 

Ground cracking may accompany groundwater subsidence. 
faulting has been observed associated with groundwater withdrawal in 
Arizona; California; Raft  River Valley, Idaho; Houston-Galveston, Texas; 
and Las Vegas, Nevada (Holzer, 1976). The mechanism of ground cracking 
is  controversial. Several theories have been advanced. Ground f issures  
are postulated t o  develop from tension cracking due t o  bending (Lee and 
Shen, 1969) , from different ia l  subsidence across discontinuities or 
across fau l t s  i n  the basement rock, or from horizontal seepage s t resses  
(Lofgren , 1969). 

Fissuring or  

Data from selected groundwater subsidence areas are shown in Table A-1.  
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FIGURE A - l a :  I D E A L I Z E D  BEHAVIOR OF FINE-GRAINED S O I L  UNDER DRAINED LOADING 

+ 
1 

Note permanent loss of pore 
space when soil is unloaded 

VIRGIN COMPRESSION 

BEHAVIOR 
(Virgin compression will 

occur once soil is reloaded to 
preconsolidation pressure P ) 3 

I - LOG PRESSURE 

+ 
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(FT'I 

FIGURE A - l b :  F I E L D  BEHAVIOR OF CONFINED AQUIFER SYSTEM A T  P I X L E Y ,  C A L I F O R N I A  
( R i l e y ,  1969) 
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TABLE A-1 - SELECTED DATA FROM GROUNDWATER SUBSIDENCE AREAS 
(from A t h e r t o n  e t  a1 , 1976) 

SAN JoIWlM 
VALLEY YMTA CLARA l!QUSlOM- 
CALIF. VALLIY. DLYESTOI.  OENVER. OSAK4. MEllCO CITY. TAlPLl BASIN. LONWM. 

IUESTERI ARLAI CALIF. T E X A S  C O L O R I W  ARlZOW NEVLDA GLORGlA LOUlSlANA JAPAN M E X I C O  TAIWAN EKGLANO 
ELI-VlCACD. LAS VCWLI ,  SAVANW. BATON ROUGE. 

SURFACE DEFOIUUTION 

Subsidence 

Area affected 
M x i N m  Iubildmcc 
Subsidence rate 

n o r i m o i  mrmnt 

Associated Fau l t i ng  

l O , M O t &  
(19691 

I - b l l 9 6 9 )  
m - 1 0 m / y t  

None 

1943-1961. 

> 9.wOkm2 
9 . l k  

u x  15-37aIlYr 

500tmZ(1969) 130km2(1969) 500hm2(19691 280tm2119511 Z5*n2(1969) .1Wkn2(1969] -Z75tm2119691 

0 5-12cn/yr 4-50cmlyr  (1969) 
( 1885-1 951 ) 

Id 1969, 0 . 7 f t I ? l  0.7m(1969) 0 811969) 3-4m(19691 em19691 2.3d 19691 lnl1969) 
1-40cmlyr 4m-3cnIyr ma, 4mIyr 

( 1969 1 11963) 

f#teniive None None 4 n a  none 4 n c  Noone Wone 
f l r r u n n q  
Peripheral 
to  b a n "  
1952-19614 1935-1963. 1820(?1- 1934-1965' 1928-1913 1938-19681 1.1966, 

1948-1965* 1931(?) 
1933.1955 

F i s w i w  due 
U, hydro- 
C-ction 

1935-19701 1 1 n  of Pr inc ipa l  
OCC"Tl%?"CC 

1920-1967. 

RESERVOIR WTIRIALS 

Type. Age. 
CO"SO1 id.ti0" 

Po ros i t y  

P c m a b l l  I W  

Mi ncra1ogr 

canpac t im  Behllio. 

28-61 .?I 
(.IC 40x1 

.001-650 
QPd/ftZ 

nDnmr11- 
1 o n i t i c  c1.y 

4 I t  
compaction 
I" flm- 
9 n i n . d  
.q" iUldr 

High 
84-901 i n  
0 W l Y l " g  
ben ton i t i c  
aqu I c1 "de 

? 
ul 

About 314 O f  
COmgaction 
i n  c lays 

S m i l a r  to Simi lar  to 
rererroir r c re rv9 i r  
m a t e r i a 1 5  mtats-ia1r. 

i 1 ay . .ard 

REGIONAL GEOLOGIC 
STRUCNRE 

Foldlng. Faulting. 
~ e g i o ~ 1  stress 

lntcmntrnr 
basin. small 
d ips toward 
basin Center 

strata  f l l t ,  
gmt1y 
dipping: 
MllMl 
fsultlw 

Part  Of 
Subsidence 
due t o  
regional 
t l l t r n g .  
f i l l i n g  o f  
Late Meld 

1ntemO"tdnC 
barin. small 
d ips toward 
b d i i n  'enter 

PRMUCTION 

Ocpth 

F l u l d  Type 

P r O d Y C t l O "  Rate 

90-9oLh 

cold r.ter 

11943-19591 
>3.411 06m3/day 

?-76Om 

cold water 

7.6-19x104m3/ 
(1951-1961 I 

1 W - 3 O h  60-300(?)m 

co ld  *ate7 cold water 

~ . 2 . 1 1 ~ ~ 1 0 ~ ~ ~ 1  
day (1937-1960) 

40-9001?) "8 10-200(?1m Chief ly 1 0 - 5 h  30-200(?) 90.' (1969) ~ 

co ld  r a t e l  cold l a t e r  cold water cold  mtrr co ld  water  

1.1-1 1x104n3/ 
day 

co ld  w a t w  

8.7-24x10'm3/ dOY 

T o o l  Production ~ 1 . 9 4 ~ l O ' ~ m ~  

11943-19593 

15kg/cm2(lsCn) 
11969) 

.Ol-.OB 

29-501 
11943-1959) 

1 1 2 x l 0 9 d  

llRR3-19621 

18kg/cm2( 18m) 
119621 

. w 2  

-3kg/cm2 

(19691 
.25 

1'3hl  
4-10 kglcm' 
(38-95m) 
(1936) 
.07 .l-.@a .oo .03 

Production Fmn 
Compaction 221 

I 



A . 2  OIL OR GAS WITHDRAWAL 
Subsidence has been recorded a t  only a few of the many o i l  and gas f i e lds  
world wide. 
caused extensive flooding (Poland and Davis, 1969). I t  i s  l ike ly  tha t  
other f ie lds  have undergone subsidence, b u t  i t  has not been measured. 
The areas of notable subsidence include the Wilmington o i l  f i e l d ,  
California; the Goose Creek o i l  f i e l d ,  Texas; the gas f i e l d s  of the Po 
Delta, I ta ly;  the o i l  f i e lds  a t  Lake Maracaibo, Venezuela; and the gas 
f ie lds  a t  Niigata, Japan. 

Most of these are  near a body of water, and subsidence has 

Subsidence appears t o  be a result of the removal of water and sand, as 
we17 as o i l  and gas (Poland and Davis, 1969). The mechanism o f  compaction 
due t o  o i l  o r  gas extraction i s  similar t o  tha t  of groundwater withdrawal. 
Fracture and pore space a re  compressed as  the effect ive s t resses  on the 
soil/rock skeleton are  increased due t o  f lu id  pressure decline. 
Wilmington, subsidence is now being controlled by maintaining the f lu id  
pressure by water injection. 

A t  

The s u b s i d i n g  area tends to  form a bowl-shaped depression which extends 
s l igh t ly  beyond the production area. 
recorded a t  Wilmington (Yerkes and Castle, 1969) and a maximum ra t e  of 
0.71 m/year was recorded (Mayuga and Allen, 1969). 
observed a t  the outer edges of the subsidence bowl i n  the Goose Creek 
f i e l d  (Poland and Davis, 1969). The areas affected by o i l  and gas 
subsidence vary i n  s ize:  65 km a t  Wilmington, 11 km a t  Goose Creek, 
and about 400 km i n  the Po Delta (Atherton e t  a1 , 1976). 

Nine meters of subsidence were 

Tension cracks were 

2 2 
2 

Substanti a1 horizontal movements have been observed t o  accompany oi 1 
f i e l d  subsidence, e.g., nearly 3 m a t  Wilmington (Mayuga and Allen, 1969). 
Surface faul t ing has been observed a t  Goose Creek, Inglewood, Kern Front, 
and Mykawa f i e ld  ( i n  California and Texas), w i t h  associated d i f fe ren t ia l  
subsidence of as much as 2 . 3  m, horizontal displacement of 0.4 m and 
active movement continuing dur ing  production (Yerkes and Castle, 1969). 
Table A - 2  presents selected data on o i l  and gas subsidence areas,  
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TABLE A - 2  - SELECTED DATA FRO14 O I L  AND GAS SUBSIDENCE AREAS 
( f r o m  A t h e r t o n  e t  a l ,  1976) 

YlLMlNGlON LONG BEACH lNGLLYW0 HUNTlNGTON EtACH GOOSE CREEK LAKE MPRACAIEO PO OELTA NIIGATA 
CALIFORNIA CALIFORNIA CALIFORNIA T L X I S  VtNtZUELA ITALV JAPAN CAL 1 FORNI A 

SURFACE OEFOF?!AlIMI 

Subsldcnce 

Area A f fec ted  

Maxinun Subsidence 

Subsidence Rate 

-65kmZ( 1970) 

E.@mI1928-19701 

33-77cn/yr 
11947-1958; 
be fo re  i n j e c t i o n )  

31 krn2 11 km2 

0.75m(1925-19671 1 .7h119 l1 -1963 l  

31 t m Z  

1.22m(1~33-i9651 

3.8cmlyr auq 1 .8 rm l ) r  dvg. 3.3cmlyr 
(1925-1967) (1911-19631 

l i o r i 20n ta1  l l ovemnt  

ma.imM m v - n t  

Rate 

Associated F a u l t i n g  

TYPC 

Loca t io ”  

Earthquake 

Maqni tude 

Time O f  Pr,nEipal 
Occurrence 

RESERVOIR WTERIALS 

Type. Age. 
Consol i d a t i o n  

3.7nl1937-19701 

l lm /yP( l937 -19701  

0 . 7 6 d  1934-1963) 

avq. 2 . 6 c r n l y ~  
(1934-19631 

W O W  Higb anqle.  noma1 

PCI lDher I l  

LOW dngle 

cen t ra1  

611947-1961 1 
2.4-3.3 

1947-1958, (now 
h a l t e d  by i n j e c t I a n 1  

None Hiqh angle.  noma1 None 

Per iohe rd l  

N O M  none 

1925-1967 1911-1963 1913-1965 191 7-1926 1926.1954. 1950-1960 1955- 1960* 

UnCOnsOlidated t o  
r n i c o n r o l i d a t e d  
rand w i t h  j n t e r -  
bedded c l a y  and 
shale (marine).  
Miocene t o  
P l i ocene  Age 

20-352 

100-1500 m0 

60% of compaction 
i n  sands. 40% i n  
c lays  and shales 

S i m i l a r  t o  S i m i l a r  t o  
Yi lm ing ton  Y i l n i n q t a n  

S i m i l a r  t o  
Y i lm ing ton  

Unconsol idated sand Interbedded sand. 1inrnn~01idat.d Oeconsol idated 
sand. Sandstone 
and conglomerate 
w i t h  i n te rbedded  
c lay .  Cenozoic aqe and lagoonal)  

Ouaternary age 

Poros i t y  

P e n e a b i l l  t y  

CmDac t ion  Behavior compaction 
rough ly  equal 
i n  rands and 
c lays  

Cause of  s m  
rub r ldence  p r i o r  
t o  devclopmcnt 
i s  unkmvn  

OVEQBUROEN 

Type. Competence Unconsol idated 
D c f o m t l o n  P m p e r t i e s  shale.  sand. 

claystone, and 
s i l t s t o n e  of  
Pl iocene and 
P le i s tocene  age 

S i m i l a r  to  S i m i l a r  t o  S i m i l a r  t o  S i m i l a r  t o  
Yi lm ing ton  Y i lm ing ton  Y i lm ing ton  r e s e r v o i r  rock 

S i m i l a r  t o  
Tese ivo i r  rock?  

S i m i l a r  t o  
r e s e r v o i r  rock? 

REGIONAL GEOLOGIC STRUCTURE 

Gent le done i n  
Miocene and 
younger rediments; 
a l d e r  deposi ts 
i n tense ly  f a u l t e d  

Gen t l y  f o l d e d  Foldinq, Fau l t i ng .  Eioad a n t i c l i n e ,  
Regional Stress f l ank  d i p s  20-600. 

w i t h  n~merous 
t ransverse n o m 1  
f a u l t s  i n d i c a t i n g  
t e n s i l e  s t r e s s  

l i g h t l y  f o lded  h t i c l i n c ;  
a n t i c l i n e .  h igh -  f a u l t i n g 1  
angle  r e v e r i e  
f a u l t i n g  
i n d i c a t i n g  
compressive s t r e s s  

Anti,cl i n e  
f a u l t i n g ?  

PROOUCTION 

Depth 

F l u i d  Type 

600-23Oh 
(mr t 600-1 l o r n )  

o i l .  water.  and 
gas 

median I69h median 9 0 h  

O i l  and r a t e r  o i l ;  water and 
gas? , 

red ia “  9 3 h  

o i l ;  w a t e r  and 
gar’ 

200-14Oh 1 (one w e l l  7 0 h )  1-1ooan 

o i l ,  gas, and o i l  and water 1’) b r i n e  w i t h  d i s s o l v e d  b r i n e  v i t h  d i sso l ved  
water  methane methane 

Produc t ion  Rate o i l :  1 1 - 2 2 ~ 1 o ~ ~ ~ / d a ~  avg. t t 1 
1 .Er109$day 

To ta l  P roduc t i on  o i l  I water:  
222x1063 

gar: 24~109m3 

t o t a l .  24x109n3 

Maxlmm Pressure Dec l i ne  n 7 7 k g l c m ~ ( 1 1 0 0 p s i )  

Subsidence: Head Oecl lne n.O1 

Produc t ion  from Compaction 391(1928-1962. 
i g n o r i n g  g a r )  

N . 0 0 5  l r .001 

201(1917-1?26) 

Notes: 

1 )  Dates i n  parentheses i n d i c a t e  p e r i o d  o f  measurement o r  year  o f  recmrt  

21 Dens i t i es  used for Conversions. a t  25OC and 1 d tm:na tuml  gar. 0.829 kglm’. 
o i l .  858 kgln’; water.  1000 kg/m3 

* Not masured  

Sources: Van der Knaap and Van der Viis. 1967; Poland and O a v l r ,  1969; 
V c r l e l  and Cast le,  1969; Uayuga. 1970; A l l e n .  1971; KovaCh, 1974 
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A. 3 TECTONISM 
Subsidence due t o  tecton ism i s  a gradual o r  sudden movement i n  the  e a r t h ' s  

c rus t .  Sources o f  t e c t o n i c  movements t y p i c a l l y  occur a t  depths grea ter  
than t h a t  o f  o ther  sources o f  subsidence discussed i n  t h i s  paper. 

"Palmdale Bulge" i n  southern C a l i f o r n i a  i s  a well-documented example o f  

gradual u p l i f t ,  w i t h  rough ly  0.28 m o f  u p l i f t  occur r ing  between 1961 and 
1971 (Real and Bennett, 1976). Typica l  r a t e s  o f  t e c t o n i c  subsidence and 

u p l i f t  i n  t he  Uni ted States are 0.001 t o  0.015 m per  year (Press and 

Siever, 1974), and invo lve  broad areas as shown i n  F igure  A-3. 

The 

Rapid t e c t o n i c  u p l i f t  o r  subsidence may accompany earthquakes. 

example, the  San Fernando, C a l i f o r n i a  earthquake o f  1971 caused rough ly  

1 m of v e r t i c a l  movement and 1.5 m o f  h o r i z o n t a l  movement (Green, 1973). 

As a r e s u l t  o f  the  Alaskan earthquake o f  1964, a maximum u p l i f t  o f  13 m 
and maximum subsidence o f  2 m occurred a t  d i f f e r e n t  l oca t i ons  i n  an 

i n t e r v a l  o f  a few minutes (Press and Siever, 1974). 

For 

Because geothermal areas are associated w i t h  magmatism h igh  i n  the  e a r t h ' s  
c r u s t  and are o f t e n  near p l a t e  boundaries (White, 1973), t e c t o n i c  fo rces  
can be an impor tant  source o f  movement. 
evidence t o  suggest t h a t  f l u i d  e x t r a c t i o n  may induce f a u l t i n g  (Holzer, 

1976). 
t he  c r u s t .  

I n  add i t i on ,  t he re  i s  some 

Extensive removal o f  f l u i d s  f rom a l a r g e  area may cause heave o f  

A. 4 COLLAPSING SOILS (HYDROCOMPACTION) 
Some s o i l s  co l lapse when wetted, 

t o  c lays  and are o f  h igh  po ros i t y ,  e.g., 43 t o  85% i n  the  San Joaquin 

Va l ley  (Cur t in ,  1973). 
as a r e s u l t  o f  hydrocompaction (Cur t in ,  1973). 
hundred meters o r  more ou ts ide  the  wetted zone. 

depression can be steep scarps a t  t h e  angle o f  repose o f  t he  m a t e r i a l .  

The boundary o f  the wet ted zone i s  o f t e n  scarred w i t h  concent r i c  cracks 

(R i ley ,  1970). 

These s o i l s  are t y p i c a l l y  s i l t y  sands 

V e r t i c a l  movements o f  up t o  4 m have been recorded 

Subsidence may extend a 

The edges of t h e  
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Uplift (rnm/yr) 

Subsidence (mm/yr) 

m 1-5 I 

(Press and Siever, 1974) 

FIGURE A - 3  - CRUSTAL-MOVEMENT IIAP SHOWING AREAS OF 
PRESENT-DAY U P L I F T  AND SUBSIDENCE I N  
THE UNITED STATES 



Hydrocompaction i s  character ized by r e l a t i v e l y  r a p i d  dramatic movement 

(Cur t in ,  1973) as a l so  i l l u s t r a t e d  i n  F igure A-4. Hydrocompaction i n  

i n f i l t r a t i o n  ponds and t e s t  p l o t s  along the al ignment o f  the C a l i f o r n i a  

aquaduct amounted t o  0.6 t o  2.1 m (Lucas and James, 1976) and occurred 

r a p i d l y .  By 
i n t e n s i v e  use o f  i n f i l t r a t i o n  wel ls ,  i t  was completed i n  6 months along 

the canal al ignment (Lucas and James, 1976). 

I n  a t e s t  p l o t ,  hydrocompaction was completed i n  3 years. 

A.5 SOIL OXIDATION 
Peat and organic s o i l s ,  when drained and exposed t o  a i r  a f t e r  be ing 

submerged, tend t o  o x i d i z e  and lose  volume. 

been responsib le  f o r  55 t o  75% o f  t he  subsidence o f  t h e  Everglades, 
F l o r i d a  organic  s o i l .  

and Stewart, 1976). 

co lder  c l  imates . 

Biochemical o x i d a t i o n  has 

Subsidence the re  averages 32 mm pe r  year (Stephens 
Lower r a t e s  o f  subsidence due t o  o x i d a t i o n  occur i n  

A.6 UNDERGROUND M I N I N G  
Subsidence due t o  underground min ing has been e x t e n s i v e l y  documented i n  
Europe and t o  some ex ten t  i n  the Uni ted States. 

d e f i n i t i o n s  of t y p i c a l  min ing subsidence terminology.)  When min ing a 
r e l a t i v e l y  h o r i z o n t a l  seam, a t r o u g h - l i k e  depression t y p i c a l l y  develops 

above the  mine as a r e s u l t  o f  t h e  overburden bending and c o l l a p s i n g  i n t o  

the mined-out vo id.  Over coal  mines, subsidence may vary f rom 0 t o  90% 
o f  the  ex t rac ted  th ickness (Wardell ,  1970), depending on t h e  amount and 

type of support prov ided a t  mine l e v e l  and on t h e  competency o f  t he  
overburden. I n  t h e  Uni ted States, maximum subsidence over a s i n g l e  coal  

seam usual l y  does n o t  exceed 1.2 m ( Woodward-Clyde Consultants, 1977a). 
However, over a l a r g e  b lock caving operat ion f o r  min ing copper, a hundred 
meters o f  subsidence may occur (Johnson and Soule, 1963). 

(See F igure A-5 f o r  

S i g n i f i c a n t  h o r i z o n t a l  movements may accompany underground mining. 

much as 0.2 m o f  displacement has been observed over U. S. coa l  mines 

As 

(Woodward-Clyde Consultants, 1977a), and cracks have been observed 

open as much as 0.4 t o  0.6 m (Dunrud, 1976). Hor i zon ta l  movements 
t o  

appear 
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FIGURE A - 4  - T Y P I C A L  HYDROCOMPACTION SUBSIDENCE - T I M E  RELATIONSHIP  
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FIGURE A - 5  - TWO DIMENSIONAL MODEL OF SUBSIDENCE 
(Shown for Mine Void of C r i t i c a l  Width) 



t o  r e s u l t  f rom t h e  bending ac t i on  o f  t h e  overburden and i n t o  t h e  mined- 

ou t  vo id .  
may occur where h igh  compressive s t resses are developed. 

Cracks tend t o  open i n  t h e  zone o f  maximum tens ion  and buck l i ng  

Subsidence movements tend t o  be r a p i d  over  

r a t i o  (percent o f  m inera l  removed) i s  h igh  

of c r i t i c a l  w id th .  I n  England most o f  the  
months o f  mining, and movement i s  essent ia  

years (Wardel l  , 1970). Where support t h a t  

prov ided a t  the  mine l e v e l ,  subsidence may 

deve 1 op . 

a seam where t h e  e x t r a c t i o n  

and t h e  e x t r a c t i o n  i s  a t  l e a s t  
subsidence occurs w i t h i n  a few 

l y  complete a f t e r  two o r  t h ree  

may d e t e r i o r a t e  w i t h  t ime i s  

take  hundreds o f  years t o  

The ex ten t  o f  min ing subsidence beyond t h e  edge o f  t h e  mine i s  c o n t r o l l e d  

by  t h e  angle o f  draw, and i s  approximately equal t o  the  depth t o  t h e  mined 

seam. I n  an ex tens i ve l y  developed min ing d i s t r i c t  w i t h  many mines, 

subsidence can a f f e c t  tens t o  hundreds o f  square k i lometers .  The angle 

o f  draw ( u s u a l l y  30 t o  60 degrees) seems t o  be r e l a t i v e l y  constant  i n  a 
min ing d i s t r i c t  and i s  c o n t r o l l e d  by t h e  competency o f  the  overburden i n  

r e l a t i o n  t o  a g iven min ing technique. 

While min ing subsidence i s  n o t  l i k e l y  t o  occur i n  a geothermal areas, t he  

wel l -developed terminology and understanding of min ing  subsidence mechanisms 
may be usefu l  i n  t h e  eva lua t ion  o f  geothermal subsidence. 

A.7 LANDSLIDES 
This phenomenon i s  n o t  s t r i c t l y  a subsidence process. 

l e a s t  one major geothermal area, t h e  Geysers, i t  i s  an impor tant  source 

o f  ground movement. I n  f a c t  50% o f  the  w e l l s  a t  t h e  Geysers a re  s i t e d  
on Quaternary lands l ides  (Bacon, 1976), and t h e  presence o f  a h igh  water 
t a b l e  i n  t h e  area tends t o  encourage t h e  development o f  new s l i d e s  and 

t h e  r e a c t i v a t i o n  o f  o l d  ones. I n  March o f  1975, a r e a c t i v a t e d  l a n d s l i d e  
caused t h e  blowout o f  a w e l l  a t  the  Geysers; t h e  s l i d e  was e s t  mated t o  

be 38 m deep (Bacon, 1976). 

However, i n  a t  
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Classical landslides are generally characterized by an uphill scarp and 
an uplifted zone at the toe, and are often marked by tilted trees, giving 
evidence of recent rotational or sliding movement. Geologic inspection 
of a geothermal area, including study of aerial photography, should 
reveal the potential for landslides and evidence o f  previous landslides. 

The rate of landslide movement is 
slope creep may occur for years. 
of minutes or days. Frequently a 
ra nfall is associated with lands 
or remedial measure is to install 

variable. Slow, barely-perceptible 
Rapid movement may occur over a matter 
high groundwater table or substantial 
iding; therefore, a common preventive 
drains, 
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APPENDIX B 
CHARACTERISTICS OF GEOTHERMAL SUBSIDENCE 

Some "developers contend t h a t  subsidence should be less  i n  geothermal 

than i n  groundwater and hydrocarbon areas because t h e  geothermal r e s e r v o i r  

and overburden u s u a l l y  cons i s t  o f  rock types more r e s i s t a n t  t o  deformat ion"  

(Woodward-Clyde Consultants, 1977b). Product ive geothermal f i e l d s  e x i s t  

i n  severa l  coun t r i es  and apprec iab le subsidence has been measured a t  a 

number o f  them. The magnitude and ex ten t  o f  geothermal subsidence depend 
on t h e  c h a r a c t e r i s t i c s  o f  t h e  overburden and r e s e r v o i r ,  and t h e  p roduc t i on  

cond i t ions .  Table €3-1 summarizes t h e  f a c t o r s  t h a t  c o n t r i b u t e  t o  subsidence 

and t h e  f a c t o r s  t h a t  f avo r  s t a b i l i t y .  

B . l  CAUSES OF GEOTHERMAL SUBSIDENCE 

This sec t i on  and sec t i on  B.2 discuss t h e  p r i n c i p a l  mechanism invo lved  

and the  p o t e n t i a l  f o r  subsidence i n  r e l a t i o n  t o  t h e  t ype  of geothermal 

r e s e r v o i r  be ing  exp lo i t ed .  The t e x t  has been ex t rac ted  f rom I n t e r i m  
Report No. 1, Geothermal Subsidence Research Category 3, P r o j e c t  1, 

prepared by  Woodward-Clyde Consul tants,  December 1977. 

By analogy w i t h  hydrocarbon and groundwater subsidence areas, t h e  major 

process which may cause land subsidence i n  geothermal areas i s  considered 
t o  be loss  o f  pore space due t o  f l u i d  wi thdrawal (A ther ton  e t  a l ,  1976; 

Finnemore and Gi l lam, 1976). Th is  process may a f f e c t  both i n t e r g r a n u l a r  

(p r imary)  pore space and f r a c t u r e  (secondary) space. A smal le r  amount 
o f  r e v e r s i b l e  subsidence may r e s u l t  f rom thermal 

w i t h  r e s e r v o i r  cool ing.  

B. 1.1 F l u i d  Withdrawal 

"Compaction r e s u l t s  f rom a t r a n s f e r  o f  l oad  f rom 

rock ( o r  s o i l )  t o  i t s  s o l i d  g r a i n  framework. Th 
as t h e  pore f l u i d  i s  sucked o r  squeezed f rom t h e  

pore f l u i d  pressure t o  decrease. The a d d i t i o n a l  
tends t o  rearrange, d i s t o r t ,  and break them caus 

volume" (Ather ton e t  a l ,  1976). 
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t h e  pore f l u i d  o f  a 
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rock,  causing t h e  i n t e r n a l  

l oad  app l i ed  t o  t h e  g ra ins  
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TABLE B-1 - FACTORS TENDING TO INFLUENCE GEOTHERMAL SUBSIDENCE 
( A t h e r t o n  e t  a l ,  1976) 

FACTOR TYPE FACTORS 'UHICH XAY COHTRIBL'TE FACTORS WHICH MY CONTRIBUTE 
j* aajor;  A r i n a r )  TO SUBSIDENCE SUSCEPTIBILITY TO SURFACE STABILITY 

1. 

9 -. 

I .  

.. 

5 .  

5 .  

?. 

8 .  

RESERVO[R F L U I D  
Phase 

Pressure  
3enrrcv 

4 Dlsao lved  S o l l d s  
1 Temperacure 

PRODUCTION FLUID 
Volumes 
F l u l d  l e v e l s  
Pore p r e s s u r e s '  
Foruuc run f l aah ing  

GEOHYDROLOGY 
Wacural r eChar l e l  

RESERVOIR !UTERIALS 
Type 
7redomindnC ? r a i n  s i z e  
Graln rhdpe 
?orisicy - Primary - Sec.>ndrrV 
Conaolldacion/;"nancaclon 

? r e c o n o o l i J a t i d n l  
Hydrocnemal  rl:+raclon 
Adalxed COnCeOC 

Admlxed i i n e r a l  :uncenc 
(sore  !nq) 3 

A V  
= T h l z i n e s s  (ln ;omnuntca:ion) 

Deiorxac:an p r o p e r c t c s i  

ASSOCIATED UTERIALS 
TYPC 
-ccucrcncs 

RLSERVOIR C E O M T W  
Uidch lch lckness  r a t  LO' 

JVERBURDES 
Th lcknes r  

4 Competence 
Deformacion p rupe rc l e s6  
Dens t c v  

SLTE CEOLOCY. STRUCTURE 
Fo Ld inq 
Flank  d i p s  
F a u l c  lng  
Fraccuclng 
Replonal .scress*a 
S c r a c i s r a p h y  

A l l - l i g u t d  

Caopressured (ove rp res su red )  
High 

(see CexCJ 
(see c a x c )  

Vapor- l iquid alxcure (vapor  dominaced. 
t o  a l e s s e r  excent)  
Lou (below hydroscac lc )  
L O W  

Large Sma 11 
Large drops .  Lonq c l m e .  axcens ive  areas No dropr  
Larqe drops .  long clme, e x c e n s i v e  areas No d rops  
None Excenslvs. conc inua l  t l a a h l n g  

Low races  High r a c e s  

Sed lmencr 
Coarsc 
Anqular 
2 5 4 0 %  
High 
Unconsollddccd. Ldckinp 
(loose or f r i a b l e )  
None 
Presenc 

Igneous or metamorphic 

Rounded 
Very low 
Low 

cemcncacion Consnl ldaccd.  ccmcnccd 

Xuch 
Absent 

- 

High .11ici. noncmor i l l on lc i c  c l a y s  None 
Xicocenr rnd younger Older  than Xlocene (21 m i l l i o n  y e a r s )  
Great v c r c l c i l  s ecc ion  Small v e r c i c a l  s ecc ion  
Hlphly d e i o r n a o l e  Sllghcly deformable 

Clays,  stlcscones, s h a l e s  V o k a n i c  t ~ o w l  Jnd rha l low :nrcnioIa.ro 
Many chin scraca  of l a r g e  coca1 v e r c i -  
e e l  chlckness. Lncerbedded v i c h  r e s e r v o i r  
macerials buc noc Lmpalring communicaclon 
becween cham (less s u s c e p c i b l e  l f  d l r c r l -  
buced in  f cv  chick scraca) 

U r g e  Small 

Small ( <  ID00 I C )  Creac 
Incompetence. unconsol tdaced sedlrnencs Compecenc. c o n r o l l d a t e d  
Hlghly deformable S l i g h t l y  deformable 
Htah Low 

Gencle, broad ,  r y n c l l n a l  
Leea chan 25 '  
Normal. graben blocks 
Much, r e c e n t  
TCI ?mal 

(res cexc)  

Sharp.  a n c l c l i n s l  ( a rched)  
Grescer chan 25' 
Reverse or chru rc  
f l c t l e .  o l d .  m a l e d  
Compressional 

1.  Depend(s)  upon iormaclon prope re l a s .  which may be scud led  by p r e l l m l n a r y  well cescs .  
' 2 .  P r * c c m j o l ~ d a c e d  macarials have p rev ious ly  experienced l o a d s  grcacer chan c h e l r  pre9cnc load.  

). 

i. E l a a c t c  c o n s t r n c s .  compacclon c o e f f t c l e n c .  y i e l d  screas .  e c c .  

j .  O f  che  producing zone. 

6.  Can Che overburden macerials poas ib l e  respond more slowly chan che r e s e r v o l r  macerials below 

I f  h i a h  p r e s s u r e s  d t d  nor always accompany che presence of adolxed c l a y s  I n  geopreaaured zones, 
t h e y  will be preconsol idaced.  
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The p r i n c i p l e s  causing t h i s  type  o f  compaction, and associated h o r i z o n t a l  

movements, have been s ta ted  i n  terms o f  seepage st resses r e s u l t i n g  f rom 
the  viscous drag o f  moving water on rock g ra ins  (Lofgren, 1968); however, 

t h e  concept o f  e f f e c t i v e  s t ress  (Terzaghi  and Peck, 1967) app l i cab le  t o  

v e r t i c a l  s t resses and movements, i s  more e a s i l y  r e l a t e d  t o  f l u i d  pres-  

sure. Th is  theory  s ta tes  t h a t  the e f f e c t i v e  downward s t ress  c a r r i e d  by  

the  rock  o r  s o i l  s t r u c t u r e  equals t h e  geos ta t i c  pressure (due t o  t h e  

combined weight o f  o v e r l y i n g  rock and i n t e r s t i t i a l  water)  minus t h e  f l u i d  
pressure.  Thus, a decrease i n  f l u i d  pressure caused by  pumping r e s u l t s  
i n  an increased e f f e c t i v e  s t ress  and leads t o  compaction. 

63 

Compaction o f  i n t e r g r a n u l a r  pore space i s  considered t h e  most impor tan t  
process causing subsidence i n  geothermal areas, b u t  experiments on core 
samples show t h a t  increased e f f e c t i v e  s t ress  may a l so  reduce t h e  volume 
o f  f r a c t u r e  pore space (Ba tz le  and Simmons, 1976). 

Ather ton e t  a1 (1976) p r e d i c t  a maximum compaction o f  5 cm due t o  micro-  
f r a c t u r e  c l o s i n g  i n  a r e s e r v o i r  1.5 km t h i c k  which experiences a uni form 

change i n  f l u i d  pressure of 100 kg/cm . 
l i k e l y  i n  most geothermal areas. 

Using t h i s  data, 

2 A l esse r  v e r t i c a l  s t r a i n  i s  

B.1.2 Thermal Contract ion 

"The c o n t r i b u t i o n  o f  thermal c o n t r a c t i o n  t o  t o t a l  subsidence a t  geo- 

thermal areas w i l l  p robably  be minor because o f  t h e  smal l  va lue o f  thermal 
expansion c o e f f i c i e n t s  ( t y p i c a l l y  one p a r t  i n  10 5 o r  10 6 per  OC) and smal l  

changes i n  average temperature which r e s u l t  f rom produc t ion  . . . . Order 
o f  magnitude c a l c u l a t i o n s  . . . i n d i c a t e  t h a t  un i fo rm ly  c o o l i n g  a geo- 
thermal r e s e r v o i r  1 km t h i c k  by  2OoC cou ld  produce 20 cm o f  shor ten ing"  

(Finnemore and G i l l a m ,  1976). 

wel ls ,  b u t  such wide-spread c o o l i n g  i s  u n l i k e l y .  
Cool ing may be more extreme near i n j e c t i o n  

B. 1.3 Earthquake Shaking 

"Earthquake shaking can c o n t r i b u t e  t o  t h e  compaction o f  porous, unconsol i -  

dated ma te r ia l s  by f a c i l i t a t i n g  g r a i n  rearrangement. 

Wilmington o i l  f i e l d  i n  Ca l i f o rn ia ,  t he  r a t e  o f  ground subsidence increased 

tempora r i l y  by  severa l  cent imeters pe r  year  (Poland and Davis, 1969) i n  

For example, a t  
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response t o  two moderate-sized earthquakes . . . Since most geothermal 
areas are located near the boundaries of major crustal  plates ,  . . . 
geothermal areas as a group are more l ike ly  t o  experience seismic shaking 
than other f l u i d  resource areas" (Atherton e t  a l ,  1976). 

Q . 

B.2 SUBSIDENCE POTENTIAL OF GEOTHERMAL FIELDS 
Geothermal f ie lds  have been divided into several types on the basis of 
the mode of heat t ransfer  and the presence and s t a t e  of water (White, 
1973; White and Williams, 1975). The r i sk  of subsidence varies a t  
these different  types of f ie lds ,  primarily depending on t he i r  suscept ibi l i ty  
t o  large changes i n  f l u i d  pressure and t h u s  t o  loss of pore space. 
types of geothermal resources, magma and hot rock, are n o t  discussed 
because they contain no natural water and cannot be developed economically 
under current or  near-current technology. 
various types of geothermal f i e lds  has been recently reviewed by Atherton 
e t  a1 (1976) and Finnemore and Gillam (1976); t he i r  assessments are 
summarized i n  Table 8-2. 

Two 

The subsidence potential of 

Researchers i n  subsidence and geothermics appear t o  have reached a general 
consensus on the potential for fluid-withdrawal subsidence i n  geothermal 
areas. The following summary i s  quoted from Atherton e t  a1 (1976). 

0 Vapor-dominated systems - Fluid withdrawal i s  expected t o  cause 
a t  most a few centimeters of subsidence i n  these areas because 
of the vapor phase of the geothermal f lu ids  and the induration 
of the reservoir rock (White, 1973; Lofgren, 1973; Sanyal, oral  
communication, 1976). 

0 Liquid-dominated sys~tems (normally pressured) - Subsidence i s  
considered a def ini te  hazard i n  these areas unless injection 
i s  practiced t o  prevent widespread reductions in f lu id  pressure. 
White (1973) considers subsidence par t icular ly  l ike ly  where the 
reservoirs consist in part  of clay, s i l t ,  or shale which may 
dewater into the coarse-grained beds. Lofgren (1973) s t a t e s  
tha t  subsidence i n  the Imperial Valley i s  a definite hazard 
unless precautions are taken. 

B-4 



TABLE 8-2 - ESTIMATED RANGES OF EXPECTED SUBSIDENCE I N  GEOTHERMAL AREAS 
( a f t e r  A ther ton  e t  a l ,  1976) 

Resource A P* AT F1 u i d  Frac ture  Earthquake Thermal Tec t o n i  c 
TY Pe (kg/cm2) ("C) Withdrawal C1 o s i  ng Shaki nq Cont rac t ion  Mo v erne n t s 

Steam 30 - 5  X X X X Va r iab le  

Hot  Water 50-250 10-50 X X  o r  XXX X o r  X X  X o r  X X  X Va r iab le  

Geopressured 2 50 -400 10-50 xxx  X X X Va r iab le  

W 
I 
ul 

Key t o  est imated range: 

X X X  - more than 1 m 
X X  - l e s s  than 1 m 

X - few mm o r  cm 

---- - n o t  app l i cab le  

*Approximate maximum drawdown t o  minimum 
enthalpy i n p u t  requirements o f  generat ing 
systems; depends on bo th  temperature and 
pressure.  F u l l  f l a s h i n g  assumed i n  i n i t i a l l y  
l i q u i d  rese rvo i r s .  



0 Geopressured - Subsidence over geopressured resources i s  

considered l i k e l y  (Whit ing,  1973; White, o r a l  communication, 

January 1976; K r e i  t 1 e r  , o r a l  communi c a t i o n  , June 1976). The 

r e s e r v o i r  sands i n  these areas are w e l l  cemented ( K r e i t l e r ,  

o r a l  communication, June 1976), b u t  s i g n i f i c a n t  drainage i s  
expected from undercompacted shales (Papadopulos e t  a l ,  1975). 
Whi t ing (1973) has s t a t e d  tha t ,  i n  the  geopressured reservo i rs ,  

an economic abandonment pressure would be reached be fore  t h e  
pressure dec l i ne  was s u f f i c i e n t  t o  cause subsidence, imp ly ing  

t h a t  a th resho ld  pressure must be surpassed. However, because 

the  geopressured sediments have never borne t h e  f u l l  weight 
of t he  overburden, K re i  t l e r  chal  1 enges Whi t ing ' s statement . 
Two s tud ies  o f  p o t e n t i a l  p roduc t ion  p r a c t i c e s  have suggested 
d isposing o f  waste water f rom geopressured r e s e r v o i r s  by 

pumping i n t o  shallow, normal ly  pressured aqu i fe rs  (Wi lson 
e t  a l ,  1974; House e t  a l ,  1975), desp i te  t h e  f a c t  t h a t  t h i s  
procedure would no t  tend t o  m i t i g a t e  subsidence. Product ion 

scenar ios developed by K r e i t l e r  and Papadopulos e t  a1 (1975) 

p r e d i c t  subsidence. The l a t t e r  scenar io  fo recas ts  5-7 m o f  

subsidence, assuming t h a t  an i n i t i a l  h y d r o s t a t i c  head o f  450- 

580 kg/cm i s  reduced t o  140 kg/cm . Subsidence p r e d i c t i o n s  

such as the  preceding one are considered h i g h l y  t e n t a t i v e .  

The general consensus among researchers i s  t h a t  ac tua l  
exper ience w i  11 be requ i red  t o  determine how geothermal systems 
respond t o  changes i n  e f f e c t i v e  s t ress ,  and t h a t  mon i to r ing  

w i l l  have t o  cont inue f o r  severa l  years be fore  f i r m  conclus ions 
can be r e  ached. 

2 2 

B. 3 GROUND MOVEMENTS ASSOCIATED WITH GEOTHERMAL SUBSIDENCE 
I n  subsid ing areas, t h ree  major types o f  ground movements may occur - 
v e r t i c a l ,  ho r i zon ta l ,  and f a u l t i n g .  V e r t i c a l  movement r e f l e c t s  some 

percentage o f  t he  r e s e r v o i r  compaction. 

associated w i t h  the  induced s t r a i n s  as t h e  "subsidence bowl" i s  formed 

and w i t h  t h e  h o r i z o n t a l  f l u i d  pressure grad ien ts  induced by  product ion.  
The f a u l t i n g  associated w i t h  subsidence may occur around t h e  pe r iphe ry  

o f  t he  "subsidence bowl" o r  i n  the  center  o f  the  subsidence area. The 

Hor i zon ta l  movement i s  
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per iphe ra l  f a u l t s  are u s u a l l y  h igh  angled and normal t o  t h e  c e n t r a l  

area o f  subsidence, w h i l e  the  c e n t r a l  l y  l oca ted  f a u l t s  are u s u a l l y  low- 

angled and reverse  (A ther ton  e t  a l ,  1976). Q 
B.4 MAGNITUDES OF SUBSIDENCE 

The geothermal f i e l d  a t  Wairakei, New Zealand, subsided 4.7 m f rom 

1956 t o  1974, and t h e  associated h o r i z o n t a l  movements t o t a l e d  0.8 m as 

of e a r l y  1975 ( S t i l w e l l  and others,  1975). 

movements recorded a t  a geothermal f i e l d .  Two a d d i t i o n a l  f i e l d s  i n  

New Zealand, t he  Broadlands and Kawerau, have experienced subsidence, 

bu t  n o t  t o  t h e  ex ten t  o f  t h e  Wairakei f i e l d .  

These are the  l a r g e s t  

A t  t h e  Broadlands subsidence t o t a l e d  0.18 m and the  h o r i z o n t a l  movement 
0.12 m between 1969 and 1975. The subsidence a t  Kawerau i s  less ,  w i t h  

a measured v e r t i c a l  movement o f  0.028 m i n  one year.  Hor i zon ta l  move- 
ments were n o t  measured ( S t i l w e l l  and others,  1975). Table B-3 

sumnarizes t h e  i n fo rma t ion  f rom t h e  th ree  New Zealand geothermal f i e l d s .  

The o n l y  p roduc t i ve  geothermal f i e l d  i n  the  Un i ted  States i s  t h e  Geysers 
f i e l d  i n  C a l i f o r n i a .  

c o n s i s t i n g  o f  we1 l-cemented sandstone (Woodward-Clyde Consul tants,  
1977b). 

t o  1974 (Lo f  gren, o r a l  comun i c a t  i on, 1976). 

I t  i s  a vapor-dominated f i e l d  w i t h  a r e s e r v o i r  

A few cent imeters o f  induced subsidence has occurred f rom 1972 

B.5 AREAL EXTENT OF GEOTHERMAL SUBSIDENCE 
The s m a l l  a rea l  ex ten t  o f  most geothermal r e s e r v o i r s  ( t y p i c a l l y  l e s s  

than 100 km ), and the  r e l a t i v e  impermeab i l i t y  o f  f a u l t e d  o r  hydro- 

the rma l l y  cemented r e s e r v o i r  boundaries may r e s t r i c t  subsidence t o  a 
smal l  area (Finnemore and G i  1 lam, 1976). Subsidence a t  Wairakei covers 

65 km , and a t  t h e  Broadlands geothermal f i e l d  73 km . 
subsidence area covers approximately 42 km . 

2 

2 2 The Geysers 
These areas are smal l  2 

i n  comparison w i t h  hydrocarbon and groundwater subsidence areas, 

which are one t o  two orders o f  magnitude l a r g e r  (A ther ton  e t  a l ,  1976). 
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TABLE 8-3 - COMPARISON OF GEOTHERMAL SUBSIDENCE AREAS 
(from A t h e r t o n  e t  a l ,  1976) 

Broad1 ands Kawerau 
New Zealand P i  ra  Lei 

)*r Zealand Nu Zealand 

SURFACE DElORIUTION 

Subsidence 

Area Affected 
hrimm Subsidence 
Subsidence Rate 

I(OriionU1 movement 

Mnrtmun b v m c n t  
Ra te 

Associated fau l t ing 

Time o f  Principal Occurrence 

RESERVOIR IUTERIALS 

Type. A9a. Consolidation 

c w a c t i o n  Behavlor 

OVE RBURDEN 

lype. Conptteree. 
(kfomution Pmoerties 

RIGIOW OLOLOGIC STRUCTURE 

folding. fault ing. Rip lon i l  
5 tress 

PRWUCTION 

Depth 
F lu id  Type 

Tmperature 

Production R a t e  

T o U l  f l u i d  Yithdrawal 

Mrimun Pressure Decline 

Subsidence: Head Decline 

65 kmZ (1956-1970) 
4.764 (1956-1974) 
h a .  40-45 mlrr (1967-1974) 

0 . h  (1956-1974) 
h a .  -10 cn lyr  (1970) 

mne 

1953-1976 + 

Pumice breccia w i t h  sandstons 
and minor s l l ts tone,  medial 
rhyo l i t e  s i l l ,  Pleistocene 

E r t r a e l y  variable due to 
c m n t a t l o n  

< 1-30 no ( intergranular) 
: 1 0 (fracture) 

Maxlmum subsidence outside 
area o f  greatest production. 
Local s i l l s  o f  volcanlc rock 
m y  prevent transfer of load 
LO underlying reservoir 

Tuff4CcOuI shale and sand- 
stone w i t h  interbedded tu f f  
and conglonarate, PICiStoCCIIe 

Sedlments drape-folded over 
basement highs, noma1 
f a u l t h g  with small sonpo- 
nent of r i gh t - l a te ra l  ravc- 

.merit, indicates tens i le  
stress 

150- 1 36Qn 
Hot water and flashed 
s t e a m  

lllrimuw ZKOOC 

1 . 3 ~ 1 0 ~  k q l d y  (1975) 

93Oa1O9 k9 (1956-1974) 

25 kglcm2 (1956-1974) 

.02 (1956-1974) 

73 km2 (1969-1975 
0.17Sn (1969-19751 
7.5 m / y r  (1969-1972) 

- 1  km2 
0,028 ( 1970- I971 
Nar. 2.B cWyr (1970-1972) 

0.1% (1969-1975) Not measured 
Avg. Z cm/yr (1969-1975) 

None None 

1966-1976 + 1956-1976 + 

Pmice breccia and tu f f .  
Pleistocene. w l t h  medlal 
s i l ts tone and rhyo l i t e  
aquitards. Pleistocene 

15-50: (highest i n  
Punlce breccia) 

Moderately hlgh 

Pumice breccla and ign l ra r i t e .  
w l t h  medial andesite s i l l s .  
Pleistocene 

Chlefly s i l ts tone,  mud. 
stone, and rhyo l i t e  w i th  
minor sandstone. tu f f  
and alluvim. Pleistocene 

Pleistocene rhyo l l t e  flows and 
Holocene ( 1 )  alluvium 

Numerous noma1 fau l ts ,  w i th  small 
componrnt of r i gh t - l a te ra l  rave- 
rent .  lnd icat lng tens i le  stress 

Norms1 fault lng. w l t h  
small cmponent o f  
r i gh t - l a  tern l ~~vemont ,  
indicates tens i le  stress 

430-lt00m 
Hot water and flashed 
steam 

Marinurn 3000C* 

I v g .  2 . 6 3 ~ 1 0 ~  kglday 
(1973-1975) 

460-91 5m 
H o t  water and flashed steam 

Mniimum 270oC+ 

h a .  1 .6x107 kglday (1956-1970) 

Sources: Orindley. 19b4, 1970; S t i l w e l l  and others. 1975. 
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The c o n f i g u r a t i o n  o f  a subsided area i s  genera l l y  t h a t  o f  a bowl. 
F igure B-1 conta ins  th ree  subsidence contour maps f rom which bowl-shaped 
depressions can be v i sua l i zed .  

areas o f  f l u i d  wi thdrawal,  a l though t h i s  i s  n o t  t h e  case a t  Wairakei, 

as shown i n  F igure  B- lc.  

8 The deepest areas u s u a l l y  co inc ide  w i t h  

B-9 
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APPENDIX C 
GUIDELINES FOR SPECIFICATIONS FOR MONITORING SUBSIDENCE 

C.l OBJECTIVE OF SPECIFICATIONS 
Q 

The guidelines for preparing specifications outlined in this section are 
based on providing minimum standards for a monitoring system to provide 
meaningful data. 
levels of movements, and methods for distinguishing different sources 
of movements are presented. 
techniques and the required instrumentation are also discussed. 

Specifications for systems for detecting damaging 

Guidelines for selection of monitoring 

The specifications are based on summaries of the data and information 
found in the literature; with engineering judgment applied to supplement 
incomplete data, where necessary. 

C.2 USEFUL MEASUREMENTS FOR MONITORING SUBSIDENCE 
Vertical and horizontal movements are the two primary measurements that 
are directly recorded. Differential settlements, distortions, horizontal 
strains, and subsidence profiles can be determined from these measurements. 
Tilt can be measured directly, but it can also be determined from 
measurements of vertical and horizontal movements. 

C.3 RANGE AND ACCURACY OF MEASUREMENTS 

C.3.1 Maximum Range of Subsidence 
The expected ranges o f  horizontal and vertical movements from various 
sources are presented in Table C-1, which i s  a summary of the data on 
maximum and minimum movements obtained from the literature. The values 
of maximum movement and o f  maximum rate of movement presented in this 
table do not necessarily correspond to the same occurrence. 
landslides are taken from Kennedy and Niermeyer (1970). 

Data on 
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TABLE C-1 - RANGES OF MOVEMENTS 

Type o f  

Hydrocarbon 
Production 

Ground Water 
Production 

Tectonism 

Collapsing 
So i ls  

So i l  Oxidation 

Underground 
Mini ng 

Lands1 ides 

Geothermal 
6roduction 

Ver t i ca l  
(me 
lax. 
3.8 

1.15 

0.91 

4.1 

-- 
1.21 

-- 

4.7 

- 

Vert ica l  Rate 
(cm/year) 

Max. 

33-72 

15-72 

0.1-1.5 

-- 

0.4g3 

-- 

1 .3m/hr 
19-46 c 

40-45 

Hor i : 
(me, 

Max. 

3.7 

-- 

1.52 

-- 

-- 
0.24 

n/day6 

0.8 

- 

'Subsidence caused by v ibrat ion,  earthquake d i d  not cause a l i n e  o f  surface 

2Typical rates Invo lv ing  broad areas. 
3Average r a t e  o f  drainage p ro jec t  i n  Flor ida.  
4Maximum measured i n  U.S. 
513 minutes before f a i l u r e .  
61 year p r i o r  t o  f a i l u r e .  
'1 week p r i o r  t o  f a i l u r e .  

rupture. 
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C. 3.2 Survey Accuracy 
F i r s t  order  methods have been most o f t e n  used f o r  survey ing o f  reg iona l  

v e r t i c a l  c o n t r o l  networks, and second order  methods have been used f o r  
e s t a b l i s h i n g  and mon i to r ing  the  l o c a l  network. 

Wairakei where the  r a t e  o f  subsidence was so l a r g e  t h a t  second-order 

l e v e l i n g  d i d  no t  produce s u f f i c i e n t l y  r a p i d  r e s u l t s  i n  the produc t ion  

area, so a change was made t o  double- level ing,  which r e s u l t e d  i n  a 
survey ing produc t ion  r a t e  o f  4.8 km/day (Holton, 1970). Hor i zon ta l  

c o n t r o l  surveys are performed by means o f  e i t h e r  t r i a n g u l a t i o n  o r  tri- 
l a t e r a t i o n .  

o f  known leng th  and extending t h e  survey by measurement o f  t h e  angles 

o f  a se r ies  o f  in terconnected t r i a n g l e s .  I n  t r i l a t e r a t i o n ,  t h e  exten- 

s i o n  i s  by measurement o f  t he  s ides o f  the  t r i a n g l e s .  

geodo l i t e  equipment w i t h  an accuracy o f  1 i n  10,000,000 was used f o r  

reg iona l  mon i to r ing  and e l e c t r o n i c  d is tance meters (EDM's) w i t h  an 

accuracy o f  1 i n  2,000,000 were used f o r  mon i to r ing  smal ler  areas 

(Lofgren, 1974). 
p roduc t ion  area measurements w i t h  accuracies o f  1 i n  10,000,000 r e g i o n a l l y  

and 1 i n  100,000 i n  the  produc t ion  area (Lofgren, 1973). Theodol i tes 
accurate t o  decimals o f  a second o f  arc  and EDM's accurate t o  5 mm ?r 1 mm 

per  km were used a t  t he  Broadlands i n  New Zealand. 

An except ion was a t  

T r iangu la t i on  i s  based on the  establ ishment  o f  a base l i n e  

A t  Imper ia l  Val ley,  

A t  t he  Geysers, EDM's were used f o r  both r e g i o n a l  and 

One o f  t h e  purposes f o r  mon i to r i ng  produc t ion  areas i s  t o  recognize 

d i f f e r e n t i a l  movement o f  damaging magnitudes. 

maximum al lowable set t lements f o r  var ious  types o f  s t ruc tu res .  
rev iew o f  t h i s  tab le ,  i t  can be seen t h a t  t h e  accuracy r e q u i r e d  t o  

Table C - 2  l i s t s  t h e  

From a 

measure p o t e n t i a l l y  damaging movements i s  a f u n c t i o n  o f  t h e  type  o f  

s t r u c t u r e  being monitored. 

P re l im ina ry  values o f  expected maximum ranges and maximum r a t e s  o f  

movement, and t h e  accuracy which should be achieved i n  t h e  mon i to r i ng  

measurements i f  these movements are t o  be detected, are presented below 

by source o f  movement. 

based on r e p o r t s  o f  f i e l d  measurements; t he  accuracy i s  i n t e r p r e t e d  
from the  r a t e  o f  movement expected and t h e  e f f e c t s  o f  movements on 

The values o f  range and r a t e  o f  movement are 
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TABLE C-2 - LIMITING SETTLEMENTS 

Type of movement 
- 

Total settlement.. . . . . 

Tilting. . . . . . . . . . . . . 

Differential movement. 

Limiting factor 

Drainage 
Access 
Probability of nonuniform settlement: 

Masonry walled structure 
Framed structures 
Smokestacks, silos, mats 

Stability against overturning 

Tilting of smokestacks, towers 
Rolling of trucks, etc. 
Stacking of goods 
Machine operation-cotton loom 
iMachine operation-turbogcncrator 
Crane rails 
Drainage of floors 
High continuous brick walls 
One-story brick mill building, wall 

Plaster cracking (gypsum) 
Reinforced-concrcte building frame 
Reinforccd-concrete building curtain 

Steel frame, continuous 
Simple steel frame 

cracking 

walls 

Maximum 
settlement 

6 to 12 in. 
12 to 24 in. 

1 to 2 in. 
2 to  4 in. 
3 to 12 in. 

and width 
Depends on height 

0.004b 
0.01L 
0.01L 
0.003L 
0.0002L 
0.003L 
0.01 to  0.02L 
0.0005 to  0.001L 
0.001 to  0.002L 

0.001L 
0.0025 to  0.004L 
0.0031, 

0.002L 
0.005L 

NOTE: ZA = distance between adjacent columns that settle different amounts, or 
Higher vnlrics are for regular scttlc- 

Lower values are for irrrgular settlements and 
between any two points that  scttle diffcrently. 
ments and more tolcrnnt structures. 
critical structures. 

(Leonards , 1962) 
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1 

I 

environmental and s t r u c t u r a l  fea tures .  
was requ i red  where data were no t  ava i l ab le .  
i n  every case be obta ined by f i r s t  o r  second order  survey methods, and 

more p rec i se  methods may be requ i red  i f  de tec t i ng  t h e  very  slow r a t e s  

o f  movement i s  considered s i g n i f i c a n t .  

A cons iderable amount o f  judgment 

The s t a t e d  accuracy cannot 

63 

1. Petroleum and Groundwater Product ion Areas 

Range: 10 m v e r t i c a l ;  1 m h o r i z o n t a l  

Rate: 0.7 m/year v e r t i c a l ;  0.1 m/year h o r i z o n t a l  

Accuracy: f 3 mm v e r t i c a l ;  f 1.5 mm h o r i z o n t a l  

2. Geothermal Product i  on Areas 

L i q u i  d-Dominated 

Range: 5 m v e r t i c a l ;  1 m h o r i z o n t a l  

Rate: 0.25 m/year v e r t i c a l ;  0.05 m/year h o r i z o n t a l  
Accuracy: f 1.0 mm v e r t i c a l ;  f 0.5 mm h o r i z o n t a l  

Range: 0.25 m v e r t i c a l ;  0.05 m h o r i z o n t a l  

Rate: 20 mm/year v e r t i c a l ;  10 mm/year h o r i z o n t a l  

Steam- Domi n ated 

Accuracy: f 0.5 mm v e r t i c a l  and h o r i z o n t a l  

3. Tectonic  Movements 
Non-Earthquake Induced 

Range: 2 m v e r t i c a l  and h o r i z o n t a l  

Rate: 10 mm/year v e r t i c a l  
Accuracy: * 0.5 mg~ v e r t i c a l  and h o r i z o n t a l  

Range: 13 m v e r t i c a l ;  2 m h o r i z o n t a l  
Rate: 

Accuracy: f 3 mm v e r t i c a l ;  k 1.5 mm h o r i z o n t a l  

Earthquake Induced 

Not app l i cab le  s ince  movement i s  almost 
instantaneous t o  maximum range 

4. Co l laps ing  S o i l  

Range: 5 m v e r t i c a l ;  2 m h o r i z o n t a l  
Rate: 2 m/year v e r t i c a l ;  0.5 m/year h o r i z o n t a l  ( induced) 

Accuracy: k 5 mm v e r t i c a l ;  ? 1.5 mm h o r i z o n t a l  

A 
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5. Soil Oxidation 
Range: 

Rate: 
Accuracy : 

50% of thickness of deposit ver t ical ;  

30 mm/year vert i ca 1 
f 5 mm ver t ical ;  f 1.5 mm horizontal 

5% o f  thickness of deposit horizontal 

6. Landslides, Underground Mining 
Range: 

Rate: 

Accuracy: k 2 mm vertical  and horizontal 

2 m vertical  and horizontal (occasionally 
considerably more) 
1 m/year ver t ical  and horizontal (occasionally 
lands1 ide ra tes  considerably more rapid) 

7. Multiple Sources 
Range: 
Rate: 
Accuracy: Equal t o  tha t  of most accurate of sources 

Square root of sum of squares o f  component ranges 
Square root of sum of squares o f  component r a t e s  

C.4 MONITORING NETWORKS 
The networks fo r  monitoring subsidence include a regional network and a 
local network. The regional network provides a s table  datum; and the 
local network monitors movements i n  and adjacent t o  the production area 
in re la t ion t o  the regional network. 

C.4.1 Regional Networks 
To obtain the accuracy needed, f i rs t -order  leveling should be used for 
vertical  measurements i n  the regional network. 
standards f o r  ver t ical  control surveys i s  presented in Table C-3. 
the recommended spacing for such l ines  i s  100 t o  300 km, and a geothermal 
f i e ld  may be on the order of only 100 km , location and spacing of 
regional control network monuments i s  based on requirements of the 
monitoring operation rather than survey accuracy. 
i s  already established in the area and i s  accessible, i t  may not be 
necessary t o  set up additional monuments for  the regional network. For 
example, a t  the Geysers i n  California, a level l ine was r u n  between two 
existing f i rs t -order  l ines ,  w i t h  a loop w i t h i n  the production area 
(Figure C - 1 ) .  

A summary of some of the 
Since 

2 

If a sui table  network 
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TABLE C-3 - SUMMARY OF STANDARDS FOR VERTICAL CONTROL SURVEYS* 
( A f t e r  Mof f  i tt and Bouchard, 1975) 

Survey C l a s s i f i c a t i o n  F i r s t  Order Second Order T h i r d  Order 

Related uses Control  network; Subsidence moni- Supplementary 
reg iona l  t e c t o n i c  t o r i n g  networks subsidence 
mov erne n t s measurements 

Instruments Automatic o r  Automatic , Geodetic 1 evel  s 
t i l t i n g  l e v e l s  t i l t i n g ,  o r  geo- and rods 
w i  t h  para1 1 e l  
p l a t e  micrometers; i n v a r  sca le  rods 
i nvar sca le  rods 

d e t i c  1 evel  s ; 

Maximum leng th  o f  50 meters ( C l .  I ) ;  60 meters (Cl. I )  90 meters 
s i g h t  60 meters ( C l .  11) 70 meters (Cl.11) 

Maximum c losures 3mm R ( C 1 .  I); 6mm f l ( C 1 .  I ) ;  12mm 

5mm K ( C 1 .  I I )  8mm K ( C L .  11) ( K  = d is tance i n  
k i  1 ometers ) 

*Standards are  sub jec t  t o  change. Before using, check c u r r e n t  pub1 i c a t i o n s .  
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A 

First-order Ieveliry 

---- 
S c a d - o r d e r  I-Iiry 

-.--.-...- 
New l * v e I i w  

............... ............... ...... ._, ..... ............... 
O c o t h e m I  p & t i a  a r u  

8 
I b r i s m t a l  catrol  s tmt im 

A 

I NILES 
O- 

R w o '  

B.45' 

(Lofgren, 1973) 

FIGURE C-1 - REGIONAL VERTICAL CONTROL NETWORK 

THE GEYSERS AREA, C A L I F O R N I A  
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A 
For h o r i z o n t a l  con t ro l ,  two general types o f  t r i a n g u l a t i o n  networks are 

used, the  arc  o r  cha in  network (F igure  C-2) and t h e  area network (F igure  

C-3). Although re fe r red  t o  as t r i a n g u l a t i o n  networks, t r i l a t e r a t i o n  o r  

a combination o f  t r i a n g u l a t i o n  and t r i l a t e r a t i o n  survey methods may be 
used i n  e i t h e r  arc  o r  area networks. Arc networks are genera l l y  used 

f o r  e s t a b l i s h i n g  h o r i z o n t a l  c o n t r o l  on a n a t i o n a l  l e v e l  o r  f o r  a very  

l a r g e  reg ion .  Area networks are normal ly  used f o r  smal le r  regions, such 
as county surveys, and are u s u a l l y  t i e d  i n t o  an arc  network ( M o f f i t t  and 

Brouchard, 1975). F igure  C-4 shows the  h o r i z o n t a l  c o n t r o l s  es tab l i shed  

a t  the  Geysers, which i s  b a s i c a l l y  an area network t i e d  t o  an arc  network. 

F igure  C-5 shows t h e  area network t i e d  i n t o  an arc  network used a t  Kawerau, 

New Zeal and. 

Because o f  speed and accuracy o f  survey ing f o r  t h i s  type, area networks 

are u s u a l l y  appropr ia te  as t h e  r e g i o n a l  network f o r  h o r i z o n t a l  c o n t r o l .  

Arc network methods may be used t o  extend c o n t r o l  t o  t h e  reg ion,  t o  

p rov ide  a base f o r  an area network. The accuracy f o r  such networks 
should be t h a t  o f  f i r s t - o r d e r  h o r i z o n t a l  c o n t r o l  surveys (Tables C-4a 

and C-4b). 

The l o c a t i o n  o f  v e r t i c a l  c o n t r o l  bench marks and o f  h o r i z o n t a l  c o n t r o l  

s t a t i o n s  f o r  r e g i o n a l  networks are determined p r i m a r i l y  by t h e  needs o f  
t h e  mon i to r ing  operat ion.  

bench marks and s t a t i o n s  are 1 )  a c c e s s i b i l i t y  f o r  mon i to r i ng  surveys; 

2 )  l o c a t i o n  such t h a t  t h e  data obta ined w i l l  be meaningful; 
o f  mounting, e.g., i n  bedrock o r  heavy s t ruc tu re ;  and 4) minimum poss i -  

b i l i t y  o f  l oss  through produc t ion  expansion, cons t ruc t i on  a c t i v i t i e s ,  

lands l ides ,  o r  o the r  events. 

Four o b j e c t i v e s  t o  consider  when l o c a t i n g  

3)  s t a b i l i t y  

C.4.2 Local  Networks 

The f o l l o w i n g  d iscuss ion  i s  d i r e c t e d  p r i m a r i l y  t o  mon i to r i ng  o f  sub- 

sidence i n  geothermal areas, i n c l u d i n g  t h e  subsidence i n  such areas 
which may be a t t r i b u t a b l e  t o  sources o t h e r  than geothermal product ion.  

Mon i to r ing  o f  p o t e n t i a l  l a n d s l i d e  areas i s  discussed separate ly .  

A 
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( M o f f i  tt and Brouchard,  1975) 

FIGURE C-2  - ARC TRIANGULATION 
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SAN PABLO RIDGE 

( M o f f i - t t  and Brouchard, 1975) 

FIGURE C-3  - TRIANGULATION DIAGRAM OF THE 
C I T Y  OF OAKLAND, C A L I F O R N I A  
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A 

FIGURE C-4 - REGIONAL HORIZONTAL CONTROL 
THE GEYSERS AREA, CALI FORN IA 

(Lofgren, 1973) 
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FIGURE C-5 - KAWERAU SURVEY CONTROL 
(Stilwell et al, 1975) 
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T A B L E  C-4a - SUMMARY OF STANDARDS FOR HORIZONTAL CONTROL SURVEYS - TRIANGULATION 0 

Survey C1 ass i f  ication First Order Second Order Third Order 

Base Line Measurement 

Standard Error 

Triangle Closure 
Average, n o t  t o  
exceed 
Maximum, seldom to 
exceed 

Closure i n  length, 
Should not exceed 

1 i n  1,000,000 1 i n  900,000 1 i n  500,000 

1 i n  800,000 1 i n  250,000 
(Cl. I )  (Cl. I )  

(Cl. 11) (C1 . 11) 

1 .O" 1.2" (Cl. I ) ;  3.0" (Cl. I ) ;  
2.0" (Cl. 11) 5.0" (Cl. 11) 

3.0" 3.0" (Cl. I ) ;  5.0" (Cl. I ) ;  
5.0" (Cl. 11) 10.0" (Cl. 11) 

0 

1 i n  100,000 1 i n  50,000 1 i n  10,000 
(Cl. I ) ;  ( C l .  I ) ;  

(Cl. 11) (Cl. 11) 
1 i n  20,000 1 i n  5,000 

TABLE C-4b - SUMMARY OF STANDARDS FOR HORIZONTAL CONTROL SURVEYS - TRILATERATION 

Survey C1 ass i f i cation First Order Second Order T h i r d  Order 

Minimum Angle i n  

ura t i  on 
Geometric Config- 

25" 25" (Cl. I ) ;  20" (Cl. I ) ;  
20" (Cl. 11) 15" (Cl. 11) 

Length Measurement 1 i n  1,000,000 

n 
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Local networks are f o r  mon i to r i ng  movements i n  the p roduc t i on  area and 

should extend over t h e  e n t i r e  area i n  which movements are expected. I n  

general,  t h i s  i s  an area surrounding t h e  p o i n t s  o f  withdrawal, b u t  i s  

n o t  necessa r i l y  so, e.g., a t  t he  Wairakei geothermal f i e l d  t h e  maximum 

subsidence was some d is tance from the  area o f  maximum withdrawal.  

For mon i to r i ng  o f  v e r t i c a l  movements, second order  l e v e l i n g  survey 

procedures w i l l  u s u a l l y  p rov ide  the necessary accuracy. Second-order 

l e v e l i n g  should be used d u r i n g  t h e  pre-product ion p e r i o d  t o  determine 

whether movement i s  o c c u r r i n g  f rom o the r  sources and, i f  so, t o  estab- 

l i s h  the  r a t e  o f  such movement. I f  r a t e  o f  movement du r ing  p roduc t i on  

becomes r e l a t i v e l y  large, t he  t ime r e q u i r e d  t o  o b t a i n  second order  

accuracy may no longer be j u s t i f i e d ,  and more r a p i d  t h i r d  order  pro-  

cedures may be used. 

has ceased, second order  procedures should be re - i ns ta ted .  The l o c a l  
network should be t i e d - i n  t o  pre-se lected r e g i o n a l  network monuments 
each t ime a v e r t i c a l  survey i s  made. 

Should t h e  r a t e  decrease, such as a f t e r  wi thdrawal 

I 

The l o c a t i o n  and spacing o f  bench marks i s  based p r i m a r i l y  on e x i s t i n g  

or  expected c o n s t r u c t i o n  i n  t h e  area, i n c l u d i n g  t h e  geothermal p l a n t ;  

t he  shape and a rea l  ex ten t  of t h e  sur face which i s  t o  be monitored; 
and t h e  maximum leng th  o f  s i g h t  f o r  second order  v e r t i c a l  c o n t r o l  

surveys. A bench mark should be placed on each s t r u c t u r e  which might  

be damaged by subsidence; more than one should be considered on extended 

s t ruc tu res ,  such as long b u i l d i n g s  o r  canals, where d i f f e r e n t i a l  sub- 
sidence might  be c r i t i c a l  (Table C-2). 

spacing o f  monuments a t  120 meters ( t w i c e  t h e  maximum leng th  o f  s i g h t  

f o r  second order  l e v e l i n g )  would be e f f i c i e n t  f rom the  s tandpoint  o f  

surveying, b u t  would seldom be p r a c t i c a l  because o f  t h e  l a r g e  number o f  

bench marks which would be r e q u i r e d  t o  be placed. The shape o f  t h e  
mon i to r i ng  area might suggest a p a t t e r n  o t h e r  than a s imple g r i d .  

F igure C-6 i l l u s t r a t e s  a g r i d  p a t t e r n  t h a t  has been a l t e r e d  t o  more 

n e a r l y  correspond t o  t h e  mon i to r i ng  area. 

Where t h e r e  a re  no s t ruc tu res ,  
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For mon i to r i ng  o f  h o r i z o n t a l  movements , a second-order area tri angu- 
l a t i o n  ( o r  t r i l a t e r a t i o n )  network should be establ ished.  

s t a t i o n s  i n  t h e  network i s  based p r i m a r i l y  on ob ta in ing  the  s t reng th  

of f i g u r e  r e q u i r e d  by second-order survey ing procedures. I n  general, 

s t a t i o n s  should be the  v e r t i c a l  c o n t r o l  bench marks. Should ground 

c rack ing  o r  h o r i z o n t a l  displacement o f  r e t a i n i n g  wa l ls ,  p ipe l i nes ,  o r  

b u i l d i n g s  develop du r ing  product ion,  cons idera t ion  should be g iven t o  

e s t a b l i s h i n g  a d d i t i o n a l  s t a t i o n s  f o r  c l o s e l y  mon i to r i ng  these movements. 

A t i e - i n  should be made t o  one o r  more o f  t h e  s t a t i o n s  i n  t h e  network. 

Locat ion  of 
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APPENDIX D 
INSTRUMENTS FOR MONITORING 

D.l SURVEYING INSTRUMENTS 

D.l.l Vertical Measurements 
The engineer's level is found to be adequate and the most practical for 
vertical measurements required to monitor geothermal subsidence. 
Basically it is a telescope with a manual or automatic line-of-sight 
leveling system on a horizontally-pivoting base mounted on a tripod. 
A number of important improvements in levels are worth mentioning. For 
precise leveling over the first order base line circuit, levels equipped 
with optical micrometers are desirable. The optical micrometer allows 
the level operator to read graduations on a leveling rod to 0.001 ft. 
Another desirable feature on a precision level is a split-bubble spirit 
level that may be observed through a separate eyepiece at the time of 
making a reading on the leveling rod. For more rapid work which does 
not require quite as much precision in the reading, a self-leveling or 
automatic compensating level can be used. With this instrument, the 
observor usually brings the line-of-sight into approximate level, and 
then an automatic air or magnetic damped compensator takes over. The 
compensator is an internal pendulum apparatus which maintains a level 
line-of-sight regardless of the direction to which the instrument is 
sighted. This is a valuable feature for accurately carrying out rapid 
work in congested areas, such as expected for the immediate geothermal 
produc t ion  well area. For such work, readings are made on leveling 
rods directly t o  0.01 ft. and estimated to 0.001 ft. 

Level rods used in conjunction with levels can be made of wood or 
fiberglass, and either may have an invar face. 
and least expensive of the rods, fiberglass is the most lightweight. 
For high-precision leveling, invar rods are widely used, because they 
are less sensitive to the environment. Most level rods are accurate 
to about f 0.01 ft, and when used with a target and a vernier, accuracy 
can be improved to about f 0.001 ft. 

Wood is the most durable 
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The elementary procedure o f  l e v e l i n g  i s  genera l l y  well-known. 

l i n e - o f - s i g h t  leveled, d i f f e rences  i n  e l e v a t i o n  between two p o i n t s  are 

determined by observing the  r e l a t i v e  d i f f e r e n c e  i n  readings on a 

graduated r o d  h e l d  v e r t i c a l l y  on the  two p o i n t s .  General ly,  a l e v e l  

c i r c u i t  i s  begun on a reference e l e v a t i o n  bench mark, and i s  c a r r i e d  

s e q u e n t i a l l y  through a se r ies  o f  c o n t r o l  po in ts ,  commonly designated 

temporary bench marks (TBM), i n  the reg ion  being monitored f o r  v e r t i c a l  
movements. The complete procedure f o r  running l e v e l  c i r c u i t s  i s  beyond 
the intended scope o f  t h i s  r e p o r t .  Successful l e v e l i n g  r e q u i r e s  

personnel w i t h  t r a i n i n g  and experience. 

With t h e  

A t h e o d o l i t e  ( o r  t r a n s i t )  may be used as a l e v e l  o r  by measurement o f  
v e r t i c a l  angles, t o  determine d i f f e rences  i n  e leva t i on .  
would seldom be used f o r  measurement o f  small  v e r t i c a l  movements i n  

subsidence monitor ing,  because the  r e q u i r e d  accuracy would u s u a l l y  n o t  
be obta inable.  

However, i t  

D.1.2 Hor i zon ta l  Measurements 
Moni tor ing o f  h o r i z o n t a l  movements requ i res  t h a t  h o r i z o n t a l  d is tances 

between p o i n t s  be determined. 

e i t h e r  by  d i r e c t  measurement w i t h  tape o r  E l e c t r o n i c  Distance Measure- 

ment (EDM) instruments; or  i n d i r e c t l y  by t r i a n g u l a t i o n ,  i .e. , by 

measurement o f  angles o f  a t r i a n g l e  w i t h  one s i d e  o f  known leng th  and 
c a l c u l a t i o n  o f  the lengths o f  t he  o the r  s ides.  

Distances are determined i n  surveys 

Although tapes are a v a i l a b l e  i n  almost any length,  100-foot o r  300-foot 
tapes are commonly used i n  surveying. For p r e c i s i o n  work, they are 

always made o f  s t e e l .  
used t o  avoid the requirement f o r  temperature co r rec t i on ,  b u t  t hey  must 

be handled c a r e f u l l y  because o f  t h e  b r i t t l e  nature o f  t he  ma te r ia l ,  and 
are r e l a t i v e l y  expensive. Measurement by tape i s  an extremely t ime- 

consuming operat ion,  p a r t i c u l a r l y  f o r  long d is tances and s teep ly  s l o p i n g  
t e r r a i n .  Thus, be fo re  the development o f  t he  EDM, t h e  procedure used 

f o r  h o r i z o n t a l  surveys consis ted o f  determining t h e  l eng th  o f  a 
r e l a t i v e l y  s h o r t  base l i n e  by taping, and expanding the  survey over a 

l a r g e  area by means o f  t r i a n g u l a t i o n .  

Tapes o f  a spec ia l  type o f  s t e e l  ( i n v a r )  may be 
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Although t r i a n g u l a t i o n  i s  s t i l l  be ing used, w i t h  t h e  development o f  t h e  

EDM d i r e c t  measurement o f  d is tances can now be done r a p i d l y  and p r e c i s e l y .  
The p o s i t i o n  o f  unknown p o i n t s  may be determined by t r i l a t e r a t i o n ,  i n  0 
which a network o f  t r i a n g l e s  are const ructed f rom a kn 

and the  length  o f  a l l  s ides are determined d i r e c t l y  by  

The EDM i s  a por tab le ,  battery-powered apparatus which 

t r i p o d  s ta t i oned  a t  one end o f  the  l i n e  t o  be measured 

a beam o f  l i g h t  o r  a se r ies  o f  modulated microwaves t o  
i n  t h e  case o f  microwaves, a "remote") mounted on a tr 

wn p o i n t  o r  p o i n t s  

means o f  t h e  EDM. 

i s  mounted on a 

It t ransmi t s  

a r e f  1 e c t o r  ( o r  

pod a t  t h e  o the r  

end o f  t h e  l i n e .  

and l a s e r .  

o f  t h e  wavelength o f  t h e  l i g h t  used and the  i n t e g r a l  number o f  wave 

lengths i n  t h e  double d is tance.  

Types o f  l i g h t  used are  i n f r a r e d ,  tungsten, mercury, 

The EDM computes the  d is tance t o  t h e  r e f l e c t o r  on t h e  bas is  

By changing t h e  frequency o f  t h e  
t ransmi t ted  waves, the  d is tance can be determined t o  as many as f o u r  

decimal places. A r e l a t i v e l y  a r b i t r a r y  c l a s s i f i c a t i o n  o f  t h e  EDM 
instruments a v a i l a b l e  i s  made on the  bas is  o f  t h e i r  range c a p a b i l i t i e s .  

Short  range instruments,  commonly used i n f r a r e d ,  have a range up t o  
3 krn. The in te rmed ia te  range instruments use tungsten, mercury, o r  

l a s e r  l i g h t  o r  microwaves and have a,range up t o  16 km. 

range instruments,  w i t h  a range up t o  65 km, use l a s e r  l i g h t  o r  micro-  

waves almost exc lus i ve l y .  Since a i r  dens i t y  a f f e c t s  t h e  v e l o c i t y  o f  
l i g h t ,  co r rec t i ons  must be made f o r  a i r  temperature, atmospheric 

pressure, and r e l a t i v e  humid i ty .  I n  most instruments,  these co r rec t i ons  

may be processed i n t e r n a l l y  by means o f  a micro-computer. The accuracy 
o f  measurement a l so  depends on the d is tance measured. 
most instruments i s  a constant  p l u s  a percent  o f  t h e  distance, t h e  

percent accuracy improves w i t h  d is tance.  

The long- 

Since e r r o r  f o r  

A t h e o d o l i t e  ( o r  t r a n s i t )  i s  an inst rument  whose pr imary  use i s  i n  t h e  

measurement o f  h o r i z o n t a l  angles i n  t r i a n g u l a t i o n  surveys. B a s i c a l l y  

i t  i s  a te lescope w i t h  l e v e l i n g  tube at tached t o  a v e r t i c a l l y - p i v o t i n g  
c i r c l e ,  based on a h o r i z o n t a l l y - p i v o t i n g  c i r c l e  w i t h  a second l e v e l i n g  

tube o r  bubble. 

Both c i ' r c l e s  are subdiv ided i n  degrees o f  arc,  i n  o rder  t h a t  angular 
d i f f e rences  between successive p o s i t i o n s  o f  t h e  te lescope may be measured. 

The apparatus i s  mounted on a t r i p o d  f o r  f i e l d  operat ions.  

A 
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As f o r  t he  engineers 

ments may be made are 
the operator ' s degree 
accuracy which may be 

Appendix C, Table C-4 

evel ,  the accuracy and speed w i t h  which measure- 

a f u n c t i o n  o f  t h e  design o f  t h e  instrument and o f  

of s k i l l  and c a r e f u l  a t t e n t i o n  t o  d e t a i l .  The 
obtained i n  h o r i z o n t a l  c o n t r o l  surveys i s  given i n  

Recent developments enable t h e  angular displacements on t h e  t h e o d o l i t e  
t o  be converted d i r e c t l y  t o  d i g i t a l  readout. 

by e i t h e r  pho toe lec t r i c ,  magnetic, o r  d i r e c t - c o n t a c t  p ickup reading o f  

b i n a r y  codes impr in ted  on the c i r c l e s .  The s i g n a l s  are so r ted  e lec t ron -  

i c a l l y  and the  readings can be d isp layed and, i f  desired, s to red  on 

magnetic o r  p e r f o r a t e d  tape, p r i n t e d  i n  hard copy, and in t roduced i n t o  

a computer. D ig i t a l - readou t  t h e o d o l i t e s  are ava i l ab le ,  b u t  n o t  y e t  
wide ly  used. 

The conversion i s  accomplished 

D. 1.3 Photogrammetry 
Photogrammetry i s  w ide l y  used i n  surveying, c h i e f l y  i n  the use o f  a e r i a l  

photographs t o  add contour l i n e s  and d e t a i l s  o r  man-made fea tu res  t o  
prepared base maps. The p r e c i s i o n  r e q u i r e d  f o r  most aspects o f  sub- 

sidence mon i to r i ng  cannot be obtained by photogrammetric methods. 

However, a e r i a l  photographs, and maps made f rom a e r i a l  photographs taken 
several  years before t h e  s t a r t  o f  the mon i to r i ng  program, should prove 

h e l p f u l  i n  determining whether o r  not  gross changes i n  e l e v a t i o n  o r  
h o r i z o n t a l  p o s i t i o n  have taken place. For example, f a u l t  movements o r  
l ands l i des  which have occurred since an o l d  photo was taken o r  map was 
made may be ev ident .  

maps, t h e  more l i k e l y  they are t o  be o f  value. 

For t h i s  purpose, t he  o l d e r  t h e  photographs o r  

D.2 SPECIAL MONITORING INSTRUMENTS 

Area-wide mon i to r i ng  may need t o  be supplemented by  spec ia l  mon i to r i ng  

a t  a p o i n t  o r  over a l i m i t e d  area f o r  which p a r t i c u l a r l y  comprehensive 

and p r e c i s e  data may be desired. 
s e t t i n g  a d d i t i o n a l  monuments w i t h i n  the  l o c a l  network, o r  i t  may be 

des i rab le  t o  make use of c e r t a i n  special-purpose instruments. 
which may be app l i cab le  t o  such spec ia l  purposes i nc lude  extensometers, 

tube p r o f i l e  gages, and t i l t m e t e r s .  

, 
Such mon i to r i ng  may be accomplished by 

Instruments 
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D.2.1 Extensometers 

Extensometers are used t o  determine t h e  change i n  d is tance between two 
r e l a t i v e l y  c losely-spaced po in ts .  Models a re  a v a i l a b l e  f o r  subsurface 

measurements (borehole extensometers) o r  f o r  sur face measurements, as 

descr ibed here. 

p r e c i s i o n  i s  requi red,  such as i n  crack mon i to r ing .  Most sur face  ex- 
tensometers are designed f o r  d is tances o f  up t o  10 t o  25 f e e t ,  a l though 
tape extensometers are made f o r  d is tances o f  up t o  100 f e e t .  

t i l t m e t e r s ,  extensometers r e q u i r e  spec ia l  re fe rence p o i n t s  compat ib le 

w i t h  t h e  device used. 
cons is ts  o f  a permanent p a r t  and a removable p a r t .  

cons i s t s  o f  
manently i n s t a l l e d  i n  t h e  f i e l d  by fas ten ing  t o  ob jec ts  such as a reba r  

anchor i n  a concrete s t r u c t u r e  o r  a p ipe  embedded i n  concrete.  
threaded s tud  should be covered f o r  p r o t e c t i o n  i n  s i t u a t i o n s  where i t  

might  be damaged. Measurements are made w i t h  the  extensometer between 

spher ica l  heads o f  extens ion rods which are shaped and threaded t o  f i t  
the  cone and stud. 

The i r  pr imary use has been where r e l a t i v e l y  h igh  

As f o r  

F igure  D-1 shows a t ype  o f  re fe rence p o i n t  which 
The permanent p a r t  

a s t a i n l e s s  s t e e l  cone w i t h  threaded s tud  which i s  per -  

The 

Extensometers i n  most common use f o r  sur face measurements are the  rod-  

type and the  tape-type. The r o d  type  cons is ts  o f  a meta l  box beam 
sec t i on  w i t h  p l a t e s  a t  each end t o  f i t  the  re fe rence p o i n t  used. 

measurement i s  taken w i t h  a d i a l  gauge, a mach in is ts  scale, o r  f o r  
g rea ter  accuracy, a micrometer. An example o f  a r o d  extensometer w i t h  

micrometer i s  shown i n  F igu re  D-2a. The tape extensometer cons is t s  o f  
a s t e e l  tape at tached t o  a sensor and t o  a h o l d i n g  device which app l ies  

a cons is tan t  t ens ion  t o  t h e  tape and the  sensor (F igure D-2b). The 
tape extensometer has a much longer  displacement range (up t o  100 f e e t )  
than t h e  r o d  type ( a  few inches);  bu t  t h e  accuracy i s  lower - about 

f 0.01 i n .  versus f 0.0004 i n .  Both types are temperature sens i t i ve ,  and 

temperature co r rec t i ons  must be appl ied.  

The 

D.2.2 Tube P r o f i l e  Devices 

There are many d i f f e r e n t  types o f  tube p r o f i l e  gauges. 

use has been i n  t h e  mon i to r i ng  o f  v e r t i c a l  movements i n  inaccess ib le  
loca t ions ,  such as w i t h i n  ea r th  dams o r  under r e l a t i v e l y  l a r g e  and heavy 

The i r  p r imary  
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s t ruc tu res  such as storage tanks. They may a l so  have cos t  and convenience 

advantages f o r  surface subsidence mon i to r i ng  i n  congested and inconvenient 
l oca t i ons  f o r  personnel access, such as w e l l  f i e l d s .  Two o f  the devices 

of t h e  type which r e q u i r e  a supply o f  water o r  o the r  l i q u i d  are shown i n  
F igure D-3. I n  Figure D-3a i s  a gauge i n  which water i s  pumped through 
the b u r i e d  tubing, and the e l e v a t i o n  o f  t h e  i naccess ib le  p o i n t  i s  

determined from the common water l e v e l  a t  t h i s  p o i n t  and a t  t h e  stand- 
p ipe a t  t h e  accessible end o f  t h e  tube. In t he  device i n  F igu re  D-3b, 

water i s  a lso pumped through the b u r i e d  tub ing,  bu t  w i t h  t h i s  device a 

pressure-sensi ng probe i s  used t o  determi ne t h e  d i f f e r e n c e  i n  pressure 

between any p o i n t  i n  the  tube and a we i r  a t  a known e l e v a t i o n .  Other 

devices use a combination o f  f l u i d s  o f  heavy dens i t y  (mercury) and o f  

l i g h t  dens i t y  (water) ;  e l e v a t i o n  i s  determined by measurement o f  

d i f f e r e n t i a l  pressure f rom t h e  f l u i d  i n t e r f a c e  as i t  i s  f o r c e d  t o  
t rave rse  the  tube. Two devices which do n o t  r e q u i r e  t h e  use o f  f l u i d s  

are presented i n  F igu re  D-4. The h o r i z o n t a l  movement and set t lement  
gauge shown i n  F igure D-4a has a two p a r t  probe. 

(set t lement  gauge) gives the  e l e v a t i o n  o f  any p o i n t  along the b u r i e d  
tub ing,  w h i l e  the  back p a r t  ( t h e  movement probe) contains a reed swi tch 
which gives a s i g n a l  as i t  passes each magnet. The h o r i z o n t a l  i n c l i n o -  

m e t e r - p r o f i l e r  shown i n  Figure D4-b g ives a continuous reading o f  s lope 
as i t  i s  p u l l e d  through t h e  tube. 

The f r o n t  p a r t  

P r o f i l e  gauges are u s u a l l y  expected t o  f u n c t i o n  f o r  t h e  l i f e  o f  t he  

s t r u c t u r e  being monitored. Accuracy va r ies  considerably  among the  gauge 
types, w i t h  the h y d r a u l i c  set t lement  gauge probably t h e  l e a s t  accurate, 

about 1/4-inch, and the  accuracy o f  o thers being h i g h l y  dependent on t h e  

readout equipment used. 

D.2.3 T i l t m e t e r s  
T i l t m e t e r s  are s i n g l e - p o i n t  s t a t i o n  t i It mon i to r i ng  devices. 

and p o r t a b l e  type t i l t m e t e r s  are ava i l ab le ,  w i t h  t h e  l a t t e r  be ing more 
w ide ly  used. The permanent models can be e i t h e r  completely encased i n  

the s o i l / r o c k  mass as i n  F igure D-5 o r  mounted on the  sur face (F igure 

D-6). The t i l t m e t e r  diagramed i n  Figures D-5 and D-6 has a v i b r a t i n g  
w i r e  t r a n s m i t t e r  t o  de tec t  t i lt. A remote r e c e i v e r  i s  used t o  take  

readings. 

Permanent 

D-8 
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STANDPIPE IN INSTRUMENT HOUSE 

COMMON WATER LEVEL 

DE AIRED 
WATER- 

R OVERFOW TUBE. 

DRAIN TUBE 

F I G U R E  D-3a - HYDRAULIC SETTLEMENT G A U G E  

(So i l  Instruments Ltd.  1977) 

TANK 

WATER SUPPLY STATION 

TYPICAL SECTION UNDER TANK \ 
PVC EXPANSION JOINT / 

PVC PIPE 

. TOWING CABLE CONDUCTOR CABLE 

--- ----- - r -- 

DETAIL OF WEIR STATION PRESSURE SENSING TORPEDO 

FIGURE D-3b - HORIZONTAL PROFILER 

(Geotest ing Inc .  1977) 
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I I 
I 

ALUMINIUM PLATE 
9CCESS WITH MAGNET 
TUBE 

SETTLEMENT PROBE MOVEMENT PROBE 

FIGURE D-4a - HORIZONTAL MOVEMENT AND SETTLEMENT GAUGE 
( S o i l  Instruments Ltd. 1977) 

DIGITAL 
STRUCTURE ELECTRICAL 1111 !! 

FLEXIBLE 
PULLING 

CABLE 

HTP HORRONTAL / 
INCLINOMETER 

\ INCLINOMETER 
CASING 

FIGURE D-4b - HORIZONTAL INCLINOMETER - PROFILER 
(Terra-Technology 1977) 



Vibrating wire tiltmeter in 
hermetically sealed housing 

F I G U R E  D - 5  - G R O U T E D - I N - P L A C E  T I L T M E T E R  
(Maihak, 1977) 
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V i  b r a t  i ng w i  r e  
t i  1 tmeter 

- - -  

Universal 
b a l l - j o i n t ,  
f i e l d  
a d j  ustabl e 
f o r  reset-  
t i n g  a f t e r  
range 
exceeded 

Concrete 



Portable tiltmeters consist of a bench plate permanently fixed to a 
surface and a portable sensor (either mechanical or electrical). 
Electrical sensors with a battery-powered readout are available as single 
units. 
portable tiltmeters, respectively. 

Figures D-7 and D-8 are diagrams of mechanical and electrical 

The permanent bench plate can be made of either ceramic or stainless 
steel. The choice of material will depend on environmental conditions; 
corrosion of the plate may result in inaccurate readings. 
be either surface mounted or welded to a pipe that has been driven or 
drilled into the ground (see Figure D-9). It must be positioned such 
that the portable sensor can be consistantly aligned with a given set 
of grooves, notches, or pegs for a reading, and then turned 90' and 
consistantly aligned again at the right angle position. 

The plate can 

The range of various tiltmeters is dependent upon the type of sensor 
being used, while their accuracy is less dependent upon the type. 
tiltmeter shown in Figures D-5 and D-6 has a range of 30 degrees and an 
accuracy of 10 seconds, while the tiltmeter in Figure D-8 has a range 
of 10 minutes and is accurate to 2 seconds, and the mechanical model 
shown in Figure D-7  has a range of 1 degree but is also accurate t o  
2 seconds. 

The 

Tilt at a point may not be representative of the subsidence profile 
because of local changes in geology and surface soils. 
certain redundancy in quantity o f  tilt data i s  appropriate to average 
out inevitable local anomalies. For use in special-purpose monitoring, 
bench plates should be set in a configuration consistent with the 
movement expected in the area being monitored. 
slopes will enable determination o f  changes of slope at each bench plate 
location. Readings from a number of closely-spaced plate marks can be 
used to develop the trends of slope changes in an area, and may permit 
developing a map of isotilt contours for the area. 

Therefore, a 

Periodic readings of 
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PLAN VIEW OF LEVELLING 
PLATE WITH COVER REMOVED 

TRlAVCLE OJTLINE CONNECTS 
TYPICAL SET OF 3 SEATING 
BUTTONS FOR TILT METER 

REflOVABLE COVER \ 
I 1 px-------- 
---y--- 

LEVELLING PUTE 4 
I 
0 

P 
A 

STANDARD STAINLESS STEEL- 
EXTENSION ROD FOR 
BEDROCK MONUHENTS 

TAPERED AND THREADED BASE 
FOR SEATING ON STAINLESS 
STEEL CONE OF SURFACE 
MONUMENT 

LONG BUBBLE, FOR MICROMETER 
COARSE VIEWING &ADJUSTMENT 

READUJT SCALE 
IN MINUTES OF 

READOUT SCALE 
I N  SECONDS OF 

SPLIT-BUBBLE 
OPTICAL VIEWER 

(2 THIS END, 1 OPPOSITE END) 

FIGURE D - 7  - MECHANICAL SPIRIT LEVEL TILT METER A N D  LEVELLING PLATE 
(from O'Rourke et al, 1977) 



Wrnncc lims 

steel tube- 
sale swltch - 
inrbumrnt case 

P l a n  S e c t i o n  A A  

a )  F i e l d  Set-up b) Section through F i e l d  S t a t i o n  

METHOD OF MEASURING GROUND TILT WITH PORTABLE ELECTROLYTIC SPIRIT LEVEL 
(Whittaker €i Forrester, 1974) 

Grooved 
seat ing 
recep t a c  1 

ELECTRONIC SENSOR IN READING POSITION ON CERAMIC TILT PLATE 
(Sinco, 1977) 

F I G U R E  D-8 - E L E C T R 0 N I C T I L T M E T E R  
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A - F I X E D  TO WALL OR 
VERTICAL ROCK OUTCROP 

T I  LTMETER 
BENCH 
PLATES 

I 

I C E P O X Y  GROUT OR 

T I  LTMETER 
BENCH 
PLATES \a 

B - F I X E D  TO S O I L  OR HORIZONTAL 
ROCK OUTCROP 

ASSUMED LOWER 
LIMITOF THE 
FROST DEPTH 

TILTMETER BENCH PLATE z 
c 2 "  STD. PIPE FLOOR FLANGE 

~ " S T D .  PIPE r w u  
AND COUPLING 7- 

FOAM RUBBER INSULATION 
REFRIG TUBING 2" 1.0. 
FITS 5" DIA. AUGER 

STD. 2" BLACK IRON PIPE, 

STRAIGHT AS POSSIBLE 
SET AT NEAR VERTICAL & 

CONCRETEORSAND- 
CEMENT GROUT 

C - DRILLED INTO S O I L  (ALSO CAN BE DRIVEN) 



Mon i to r i ng  t h e  t i l t  o f  a l a r g e  area w i t h  permanent t i l t m e t e r s  would n o t  

be p r a c t i c a l .  The p o r t a b l e  instruments g i v e  as good o r  b e t t e r  accuracy 
than permanent ones, and r e q u i r e  o n l y  one sensor-readout apparatus t o  

moni tor  as many bench p l a t e s  as are needed t o  cha rac te r i ze  t h e  t i l t  i n  

the area. 

Q 

D.3 BENCH MARKS 

Bench marks are permanent o r  semi-permanent phys i ca l  marks whose e l e v a t i o n  

and h o r i z o n t a l  placement are known, or,  f o r  sur face mon i to r i ng  purposes, 

whose e l e v a t i o n  and h o r i z o n t a l  placement are p e r i o d i c a l l y  redetermined. 

They u s u a l l y  c o n s i s t  o f  a bronze o r  brass cap, s u i t a b l y  i n s c r i b e d  f o r  

i d e n t i f i c a t i o n ,  and f i x e d  i n  p lace by means such as g r o u t i n g  i n t o  rock 
o r  t h e  founda t ion  o f  a s t r u c t u r e ,  c a s t i n g  i n t o  a concrete pos t  i n  s o i l ,  

o r  f a s t e n i n g  t o  t h e  top  o f  a p i p e  o r  r o d  d r i v e n  i n t o  the  ground. 

Profess ional  survey f i r m s  u s u a l l y  w i l l  i n s t a l l  bench marks i n  the  course 

o f  per forming survey services,  and w i l l  have the  background and exper- 
ience t o  advise rega rd ing  s u i t a b l e  designs f o r  an area. 

Special  bench mark designs may be r e q u i r e d  i n  c e r t a i n  environments. For 

example, where f r o s t  pene t ra t i on  i s  unusual ly  deep o r  where t h e r e  i s  a 

s u b s t a n t i a l  l a y e r  o f  expansive s o i l s ,  a spec ia l  bench mark o f  t h e  type 

descr ibed i n  F igu re  D-10 may be used. 
ments o f  a c o l d  environment as descr ibed by  the  Nat ional  Geodetic Survey 

(Rappleye, 1948), the B r i t i s h  Geotechnical Society  (Bu i l and  & Moore, 
1973), and t h e  Uni ted States Army (Sanger, 1969). (The 24 f e e t  o f  p i p e  
below t h e  f r o s t  zone i s  considered t o  be an adequate anchor against  t h e  

e f f e c t s  o f  f r e e z i n g  and thawing and i s  probably  adequate t o  avoid any 

extraneous s u r f i c i a l  d i s t o r t i o n s  o c c u r r i n g  i n  o r  around geothermal f i e l d s ) .  

The p l a s t i c  g r o u t  should have a 7-day s t r e n g t h  o f  about one-quarter t h e  

s t reng th  o f  t he  ground around i t  t o  ensure t h a t  t h e  grout  w i l l  n o t  a c t  
as a l o c a l  re inforcement.  

The design i s  based on t h e  r e q u i r e -  

A 
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4' I 

Annua 1 
Frost  
Zone 
( 6 '  

41 

20' t Below 

/ Cover 

meter Pipe Bench Mark 
d Bead welded on Cap) 

P l a s t i c  Grout 
(75% Bentoni te /  25% Cement) 

6" Diameter Pipe Sleeve 

Empty Void Annulus 

Dry-Augered Hole 

Bottom of Pipe Sleeve 

Sand - cemen t Mo r t a r 

FIGURE D-10 - S T A B L E  BENCH MARK FOR D E E P  F R O S T  P E N E T R A T I O N  AREAS 
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A 

Special bench mark designs may also be required by a corrosive environ- 
ment. Geothermal steam and high-temperature water are characteristically 
high in certain dissolved chemicals. When the steam is released into the 
atmosphere (as at the Geysers in California) the chemicals are also 
released. 
materials used for bench marks. The chemicals thit do the most damage 
are hydrogen sulfide (H2S) and carbon dioxide (C02). 
disc is particularly susceptible to corrosion by H2S, therefore use of 
another metal may be warranted. 
stainless steel, titanium, and chromium plating (Marshall & Braithwaite, 
1973). 
acid which will slowly disintegrate concrete. 
problem for concrete is C02, which can cause permanent shrinkage, and 
when mixed with water to form carbonic acid, can slowly disintegrate it. 
To avoid damage to concrete, protective coatings such as epoxys, neo- 
prenes, or vinyls are recommended (ACI Committee 515, 1966). 

In sufficient concentration, these chemicals can damage 

The bronze or brass 

Possible replacements are austentic 

In a moist, oxidizing environment H2S is converted to sulfurous 
However, a more serious 

0.4 INSTRUMENT RATINGS 
Table D-1 is a summary of the capabilities of instruments which have 
applications in surface monitoring of geothermal subsidence. 
sections of this table describe surveying instruments, extensometers, 
tube profile devices, and tiltmeters. In general, surveying instruments 
are used in establishing the regional network and in establishing and 
monitoring the local network, although they would have applications in 
special monitoring also. 
of horizontal movements between relatively closely-spaced points, for 
example, in ground cracking, movements across fault lines, relative 
movements between points on a structure. Tube profile devices have 
applicability to monitoring o f  vertical movements between relatively 
closely-spaced points, primarily points which are inaccessible to other 
methods of measurement. Tiltmeters are used for point monitoring, and 
by means of a network of points, may be used to monitor areal movements. 

Separate 

Extensometers hre applicable to monitoring 

The instruments included in Table D-1 were selected from a comprehensive 
list developed for the project cited in the table. 
developed from quantitative data, qualitative experience, and judgements 

This list was 

n the literature. The selections for use here were made on 
A 

reported 
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T A B L E  D-1 - I N S T R U H E N T  C A P A B I L I T I E S  
(SUIMRlZED FROn 'SUBSIDENCE bNtTORtN6 SVSTEMS COR 
UIMRIIINED AREAS' J, E. O'ROIJRKE ET AL, WCC, 1977) 
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- Table D-1 ( s i d e  2 )  

ULIBRATIOW 
AND 

M I ~ ) ( I I N C E  

EASElCOST 
OF 

INSTALLATION 

EASElCOST 

OPERATION 
O F '  

c o n  
OF 

I W S T R W E ~  

100 ft: $30 t o  
f3m 

EASElCOST 
OF 

MTA REOUCTIW 

Sisole 2 tapeen plus 
1 mm t o  set 
stdaes; use 
with tension- 
in9 device. 
taping pins. 

2 tapnoen; use 
wlth tension 
f r m s  ~6 
welphts; for 
high a c c u r w  
reptat readlnpr 
with 3 t w s  

1 i n s t r u a n t  
run; 1 md man 

plmbbob 

I n s t a l l  
reference 
Doints 

Per iod ica l ly  

ca l ibrate 
against 

ClaM. 041. MI 

standard tw 

Clean 
p r i o d i c a l l y  

Slaple io0 ft: t3m 
150 It: Hoo 

As above mm 

Check 
te1escOpI 
a l i g f m n t  
mnual l y  

I n s t a l l  
reference 
points and 
bench nurks 

Silpla; need 
1 engineer; my 
use ccqu te r  
t o  reduce large 
VOlIJmE of data 

Level: 1850 
t o  $1500; 
rod: $700 

As above I n s t a l l  
reference 
points M d  
3 instrunent 
stat ions 

1 surveyor; 
M d  1 md IIM 
I f  targets not 
find; 2 a 
n n d r d  for 
tapin o f  
bcselkms 
bctwnn 
inr t rcacnt  
piers 

none As above; 
conouter 

, aval lab le  
KK6 

P r e C i  d o n  
th.odollte: 
SXKW) t o  
s9m 

Calibrata 
w i n s t  50 
m t e r  invar 
tape every 
ho IrM 

I n s t a l l  
reference 
points 

ZYLr 
if ret- 
nflutors 
portable o r  
WJStabl.; 
l a r  cost par 
a l l e  of trav- 
m e  than 
m n r r n t l o n l  
rtkodr 

RlckrrgHble 
b r t t e ry  f o r  
1 d a y ' s  mrt 

OlstmCe 
usw11y 
a u t m l t l c ;  
a feu provide 
only phase 
s h i f t  md 
surveyor u s t  
convert to 
diStMC0 

Tmica l  rm: 
Mekoacter Wm: 
S34.0oo; 
ref lectors: 
$0.50 t o  $410 

As above Oistmce usually 
au tou t i c :  mst 
haw U t O Y t l C  
C o r m c t i o n f o r  
t a g l r a t m  md 
pmssm 

R e f l u t o r s  : 
9.50 to $224 
ndr; E m  sm to tm 
without 
theodolite; 
Te l lurmeter  
M loo. 

I n s t a l l  
refermm 
m l n t s  md 
Irntrclmt 
I tat ions 

As abwe; 
n6uoe 
d i s t m m s  to 
mto 
coordinates 

As abow 

As above 1 s m p r  
M d l r o d  
).) 

ks lbon 

As h e  I ns ta l l  
ar.nncr 
mints; 
I ns ta l l  
I n s t r u n t  
i ta t ions 
If uud 

-tic d l U  
nductfon; 
su rvep r  may 
have to mter 
horizontal or 
wrtical nple 
to t hmizonta1 

olevation (01-3s 
m b )  

d l S L  md 
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T A B L E  D - 1  - I N S T R U U E N T  C A P A B I L I T I E S  ( C O N T I N U E D )  
- 

I: 
COLL 
CHAR 

REWTl 
OR 

DIREC 

Direct 

2 

- 

Direct 

- 
RMlOte 

- 
r\ 
TION 
IER- 

SUBS10 
ENCE 
AREA 
Yes 
- 

- 
Yes 

Yes 

SENSITIVITY 
TO 

ENVIRONMENT 
Suscept 1 ble to 
vandalism unless 
protected; 
sensitive to 
temperature 

INSTRUMENT 
CHARACTERISTICS 

P e m n e n t  for 
moni torlng 
period; 
recoverable 
rugged and 
dependable 

INSTRUMENT 

Rod extensometer 
w i t h  dial gauge 
(ground or 
structure strain 
and crack 
movement) 

ACCURACY 

Sensitivitj 
of 0.0001 
in. 

AVAILABILITY RANGE 
Displace- 
ment 
ranges to 
1.0 in., 
resettable 
gauge 
length 
10 in. to 
20 in.; if 
user fab- 
ricated 
y 9 e  
,‘“e;hf% 

Terrametrlcs; 
Structural 
Behavior 
Englneer ing 
Laboratories 
or user 
fabricated; 
Nason (1971) 

Portable; 
dependable 

Steel tape 
extensometer 
(ground or 
structure strain, 
convergence) 

Sinco; 
Irad; 
T e r r m t r i  cs; 
Interfels; 
Soiltest 

Reference polnts 
susceptible to 
damage; sensitiv 
to temperature to 100 ft: 

y g e  
to 900 ft 
en th 2 fl 

Displace- 
ment range! 
of 2.5 in. 
to 4.0 in.; 

ength of 
3 ft to 
150 ft 

y g e  

io. 0008 
in. to 
0.002 in. 

Invar wire 
extensometer 

round or 
SLucture strain, 
convergence) 

Portab 1 e Reference points 
susceptible to 
damage; 
1 nsl gni f Ican t 
temperature 
effects 

Telemac; 
Kern 

Remote tlo Displace- 
ment range! 
of 0.10 in, 
to 6 in.; 
auge 

9ength 
5 ft to 
10 ft 

io.001 
in. pos- 
sible; 
inf In1 te 
resolutlon 

Electronics not 
tery sensitive tl 
tibration or 
temperature, but 
rusceptible to 
:hanges in line 
reslstance, cab11 
length, or Input 
roltage variance 
nay be subject tl 
:orrosion. 
randalism and 
iensitive to 
temperature 

Rod extensometer 
with LVDT 
(ground and 
structure strain 
and crack 
movement) 

Permanent for 
monl toring 
perlod; may be 
recoverable; 
suitable for 
1 ong- term 
mohi torlng 

User 
fabricated; 
Kennedy 
(1971) 

May be 
permanent for 
moni tori ng 
period or may 
be portable 

Direct Yes 

- 
Yes 

Displace- 
ment ranges 
of 0.1 in. 
to 10 ft; 
typical 
auge 

?ength 
3 ft to 
10 ft 

Sensl ti vi ty 
of 0.01 in. 

iuscepti ble to 
:orrosion, 
randalism and 
iensitive to 
Lemperature 

Rod extensometer 
with machinist’s 
scale 
(ground and 
structure strain 
and crack 
movement) 

User 
fabricated; 
Utter and 
Tescn 
(1965) 

Direct Rod .extensometer 
with mlcrometer 
(surface or 
structure strains 
and crack 
movement) 

Uicro- 
precis 1 on 

Engl neer 1 ng 
Livermore, 
CA 
Burland and 

k r e ,  
1973 

Portable leference points 
usceptible to 
Image; sensitivt 
:o tenperature 
tnless invar 

auge 
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I Table D-1 (s ide  2) - 

COST 
OF 

INSTRUMENT 

EASE / COST 
OF 

DATA REWCTION 

Convert d i a l  
readings t o  
d i  sp l  acemen t ; 
temperature 
correct ion 

EASE/COST 
OF 

OPERATION 

Simple; one 
Derson t o  
read; can use 
:amera 
recorder and 
replace f i l m  
Der i od i c a l l  y 

CALI BRATION 
AND 

WINTEHANCE 

EASE / COST 
OF 

INSTALLATION 

Embed reference 
points  i n  s o i l ,  
rock o r  
s t ruc tu re  and 
attach bar; 
provide 
p ro tec t i on  f o r  
instrwnent 

POUER 
REQUIREMENTS 

I100 t o  5800 l a t t e ry  f o r  
:amera 

Cal ibrate w i t h  
standard 
reference bar; 
easy t o  r e p l  ace 

~ 

$500 t o  $1500 
~~~~~ 

Embed 
reference 
po in ts  i n  
s o i l ,  rock 
or  s t ruc tu re  

Simple; one 
3 r  two 
people t o  
attach 
extensometer 
to  reference 
points, apply 
tension and 
read; two 
people need 
two hours 
for  15 
readings 

lone D i rec t  readout 
o f  distance 
makes data 
reduct i on 
simple ; 
temperature 
correct ions 

Problems w i t h  
tape breaking; 
ca l i b ra te  w i th  
standard 
reference bar; 
o i l  period- 
i c a l l y  and 
check 

tensioning 
device 

Cal ibrate w i t h  
standard 
reference bar; 
clean 
p e r i o d i c a l l y  
and check 
.tens i oni ng 
device as we l l  
as zero d r i f t  
of readout 

As above Rs above 12 VDC D i g i t a l  
readout o f  
distance 
makes data 
reduction 
simple 

54800 

Check f o r  zero 
d r i f t ;  easy t o  
r e p l  ace; 
ca l i b ra te  w i t h  
standard 
reference bar 

Embed 
reference 
po in ts  i n  
s o i l ,  rock 
o r  structure, 
and at tach 
bar; provide 
p ro tec t i on  
f o r  
1 nstrument ; 
es tab l i sh  
zero reading; 
enclose i n  
telescoping 
casing f o r  
monitoring 
convergence 

Simple, one 
person t o  
take reading 

lone D i rec t  
reading o f  
d i  stance 
makes data 
reduct ion 
simple ; 
app ly .  
temperature 
correct ion 

LVDT 5200; 
transducer 
amp1 i f i e r  
and 
recorder 
readout 
5800; 
cable 
514/20 f t  

Clean 
pe r iod i ca l l y ,  
c a l l  b ra te  
w i th  
standard- 
reference 
bar; easy 
t o  repa i r  

Embed reference 
points  i n  s o i l ,  
rock o r  
structure; 
provide 
p ro tec t i on  f o r  
instrument 

Simple; one 
person t o  
take reading 

lone As above. Mater ia ls  
and labor 
$500 

Clean 
pe r iod i ca l l y ;  
ca l i b ra te  
w i  th 
standard 
reference 
bar; easy 
t o  repa i r  

Embed reference 
po in ts  i n  s o i l ,  
rock, o r  
s t ruc tu re  

One or  two 
people t o  mov 
bar, ad just  
micrometer 
and take 
reading 

D i rec t  readout 
o f  distance 
makes data 
reduct ion 
simp 1 e, 
temperature 
correct ion 

Mater ia ls  
and labor 
$600 

'en1 i ght 
w t t e r y  
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T A B L E  D-1 - I N S T R U M E N T  C A P A B I L I T I E S  ( C O N T I N U E D )  

re icuc;  
i o i l  
Inst-ts; 
i a l i l e o  

rei- 

Soi l  
I ns t ruan ts  

Aslbow 

Permanent for 
monitoring 
period; 
recoverable 

Proba M d  
readout are 
portable 

1 
ICClRACY 

9.25 in .  

SEllSITIVITT m 
EIIYIRO*(EMT 

Susceptible to 
b w c m t r i c  pressure 
variation, heating 
h e  to sunlight. 
taaprrature 
rariat ions. M d  
randalim; watw 
:annot be used I n  
rmzing a n d i t i o n s  

RAW 

RIIdout Md hoses 
can be pernnent  
or portable 

$ 2 "  
rettlcment; 
H t tance l  
u to loo0 
r t  b e t m n  
mferena, 
Boints 

soil and 
roc(: 
lns t ruen-  
ta t im ;  
i l s o  user 
rabricated; 
k n n l c l l f f  
11971) 

Permanent for 
monitoring 
pcriod; my be 
recoverable 

Direct 

- 
Mrect 

m. 

lono 

i f  
hose 

i s  

enougt 

- 
As 

above 

UP to 20 ft 
pf se t t l e -  
a n t  

r0.50 in. 

- 
9.10 in. 

~ ~- 
As above single po int  

s i q 1 e  hose 
-tar 
(structure or 
ruflace 
r e t t l s a n t )  

Single po int  
or au l t l - po ln t  
e lec t r i ca l  
contact trpe 
how manomtar 

Ioil and Rock 
I n s t n n n -  
tatton; Soi l  
I n s t M C n t s  

As above ks above; problems 
u t th  electronics 
l tke ly ;  mercury i s  
used i n  freezing 
taperatures 

(structure or 
surfue 
s e t t l a n t )  

l i r nc t  

- 
Direct 

- 
Direci  

- 
Direct 
or 

ZWta 

- 
!act@ 

lp t o  3 ft 
>f set t le-  
mt 

0.20 in .  

- 
m.Jo in 

- 
t0.60 in. 

Single po int  
O v W l W  trpe 
-tar 
(structure or 
S u + 1 U 8  
settlement) 

Susceptible t o  
m a m e t r i c  pressurn 
varl a t  ion, heat i ng  
dW t o  Sunlight. 
teaperaturn 
variations, 
freezing condit ions 
m d  vandal im 

F u l l  p r o f i l e  
o r e r f l w  tm 
-tar 
(structure or 
surface 
s e t t l a a r t )  

4 t o  10 ft 
of r e t t l e -  
ment 

As above 

F u l l  p r o f i l e  
air balloon 
i n  l i q u i d  f i l l e d  
t b  se t t lmcn t  
d a i c e  
(structure or 
S V f l C e  
Mtt1-t)  

vp to 10 fi 
of set t le-  
ment 

Susceptible to 
variat ions i n  
tewarature and 
pressure; cannot be 
used i n  freezing 
conditions; 
poss i b le  e lec t r i c  
problems wi th  
transducer and 
readout 

Perounnt for 
mi t a r i ng  
perlod; may be 
recoverable 

As 
abow 

7 

m 

4 t o  20 ft 
Of set t le-  
ment 

kO.25 in. 

- 
3 min. 

- 

As above F u l l  p r o f i l e  
two l i q u i d  
pressure ba lana  
-tar 

s u r r u e  
( S t N c t u m  or 
snt t  lement) 

UrW 
fabricated; 
D'Rowke 
(1977) 

A 
~~ 

RBI w i t h  fixed 
e lec t ro l y t i c  
leve l  i e n r o n  
( S W f & X  
s e t t l a a n t )  

UIW 
fabricated; 
tookc and 

Price 
(1973) 

Permanent for 
monitoring 
period; 
TUWSTablO 

t30 minute! 

mechanical' 
extended ti 
6 degrees -. 3 
h9ms UP 

C M  be 
sensit ive t o  m o i s t w l  
changns I n  l i n e  
resistance and cable 
length; t a p e r a t u n  
does not affect 
cal ibrat ion, but  
zero rnading ' ls  
S e n S i t l M  t o  
t e m a r a t w l  
v a r i a t l m  and tw i s t  
o f  casing D-24 



Table D-1 ( s i d e  2) 

n 

CM IBRATION EASEICOST 
AN0 * I OF 

111 I NTEMNCE I NSTALUT I ON 

I n s t a l l  
reference 
points on 
structure; 
provide 
protection 
f o r  readout 
and hoses 
if permanent 
i n s t a l  l a t i o n  

Hoses must be 
free of a i r  
bubbles, d i r t .  
algae, l i t t l e  
d i f f i c u l t y  t o  
repair o r  
replace hoses; 
survey e l e v a t i a  
of readout 
stat ions before 
each 
observation 

Hoses uust be 
f ree of  a i r  
bubbles, d i r t ,  
algae; 
d i f f i c u l t  t c  
repai r  o r  re-  
place hoses; 
survey 
elevation o f  
readout 
s ta t ion 
before each 
observation 

As above 

As above 

As above 

Periodic 
ca l ibrat ion 

nose placed 
in trench of 
uniform 
grade below 
f rost  depth 
and buried; 
provide 
protection 
for readout 
device; 
readout 
must be 
i n s t a l l e d  
below 
lowest 
point 
along hose 

As above; 
i n s t a l l  
readout a t  

elevation 
as 
manmeter 
hose 

S m  

AS above; 
overflow 
c e l l  i s  
buried; 
readout 
must be 
i nst a1 led 
belcu 
lowest 

along hose 

Casing i s  
placed in 
trench and 
buried; 
readout and 
pulley 
system 
i n s t a l l e d  
i n  p i t  w i th  
protection 
provided 

QOfllt 

As above; 
ca l ibrat ion 
r i s e r s  along 
tvbc a l l W  
for i n - s i t u  
ca l ibrat ion 
along 
prof  i l e  

Tubing wi th  
ca l lbrat ion 
r i s e r s  
placed along 
trench o f  
uniform 
grads b e l a  
f r o s t  depth 
and buried 

h e ;  
d i  f f i c u l  t 
t o  m v e  
sensors for 

EAKICOSl 
OF 

OPERATIOI 

Simple; tr( 
technician3 
for portabl 
system. ON 
for pennant 
i n s t a l l a t i (  
repeat 
measurelPni 
for each 
data point, 
and allow 
-le time 
f o r  s t i l l i r  
osci 11 at lor 

I n s t a l l  
sensors in 
f l e x i b l e  
carina alono 

Siwle;  ON 
person t o  
take readir 

Simple; one 
person t o  
adjust 
readout, 
establ ish 
e l e c t r i c  
contact, 
and take 
reading 

Simple. one 
person t o  
add water. 
confirm 
overf lcu 
and get 
reading 

One person 
t o  move 
prove. add 
water, 
confirm 
overflow 

~~~d~~ 

One person 
t o  move 
probe and 
take 
reading 

~m pers; 
to m v e  two 
l i q u i d  
interface 
along tube, 
cal ibrate 
and take 
rebdings 

Simple. one 
person t o  
adjust 
I N e l S  M d  
take readin 

P M R  
REQUIR€MEN 

m n  

l a t t e r y  

(one 

tone 

lattery 

one f o r  
m u l l  
eadout; 
a t t e r y  f o r  
utomatic 
eadout 

a t tery  or 
C main 

D-25 

EASEICOST 
OF 

MTA REDUCTION 

Convert pressure 
dif ferences or 
graduated scale 
reading t o  
elevation 

above 

As above 

onvert graduated 
standpipe or 
pressure gage 
reading t o  
elevation 

s above 

:onvert e l e c t r i c  
.eadouts t o  
! 1 evat i on 

h n v e r t  readings 
in pressure gage 
to elevation f o r  
m u a l  readout. 
\utomatic 
*eadout gives 
icaled char t  
Pecordin of 
tubina eyevation 

Znver t  voltage 
w d i g i t a l  
Peadout t o  
11 spl acemen t 

COST 
OF 

INSTRWENT 

Mul t ip le  points 
and terminal 
po int  apparatur 
$150 t o  $500; 
dealr ing u n i t  
$300 t o  $800 

Readout $150; 
tubing $O.M/ft 
dealr ing u n i t  sm t o  $Boo 

100 f t  long 
manmeter w i  t h  
readout. 
electronics, 
mercury and 
nitrogen 
regulat ion, 

mul t i -po int  
$450; 
dealr ing u n i t  sm t o  $800 

Overflow c e l l  
$32; graduated 
Standpipe $35; 
tub in  

deair ing u n i t  
$x)o t o  $800 

;:;!!e QOtnt 

f25/1%0 ft; 

Readout: 
manual $3000; 
d i g i t a l  $4500 

Available wi th  
e lect rmagnet ic  
torpedo t o  
monitor 
horizontal 
movement $1500; 
casing f 3 I f t  

Tubing fO.%/ft 
manual readout 
sm; 
a u t m t i c  
readout 
$5500 



T A B L E  D-1 - I N S T R U M E N T  C A P A B I L I T I E S  ( C O N T I N U E D )  

'A 
:TION 
IISTICS 

TER 
JJBSIO- 

ENCE 
AREA RANGE 

Yes 0.5 t o  1.0 
degree 

Yes 0.5 t o  1.0 
degree 

Yes 1.5 degree 

Yes t30 degrees 

Yes 0.5 t o  1.0 
degree 

Yes 5.0 
degrees 

I 
COL 

CHARAC 

REMOTE 
OR 

DIRECT 

Remote 

- 
- 

OIrect 

- 
Retmte 

- 
s m t e  

SENSITIVITY 
TO 

ENVIRONMENT 

Sensitive t o  
temperature; possible 
e l e c t r i c  problems 
Includlng zero d r i f t  
due t o  res ldua l  
I n s t a b i l i t y  o f  metals 
and cements; 
permanent Ins  t a1 1 a t  Ion  
may be subject  t o  
vandallsm 

INSTRUMENT 
CHARACTERISTICS AVAILABIL I T '  ACCURACY 

1.0 t o  2.0 
seconds o f  
arc 

INSTRUMENT 

E l e c t r o l y t f c  type 
t i l t m e t e r  
(ground t l l  t ) 

S p l r i t  l eve l  
type t l l t m e t e r  
(ground tl 1 t) 

BAC Portable; long 
servlce records; 
permanent 
i n s t a l l a t i o n  f o r  
best accuracy 

Gal 1 l eo  5.0 t o  
10.0 
seconds o f  
arc 

Moderately sens i t i ve  
t o  temperature; 
reference po ln ts  may 
be subject t o  
vandalism 

Portable; rugged 
long operat ing 
l i f e  

V lb ra t lng  wire 
type t 11 tmeter 
(ground t l 1  t 1 

Telemac; 
Malhak 

Portable, rugged 
long term 
s t a b l l l t y  

0.3 t o  
10.0 
seconds o f  
arc 

Re1 a t  1 ve l  y insensl  t i ve 
t o  temperature o r  
moisture; reference 
po ln ts  may be subject  
t o  vandalism 

Force balaqce 
servo- 
acce 1 erometer 
type tl l tmeter 
(ground tllt) I 

iinco; 
rerra; 
rechnology; 
ichaevl tz;  
ieotest  i ng 

Portable; 
moderately 
de l i ca te  

10.0 t o  
80.0 
seconds o f  
arc 

Rs above 

M I  cro 
Precis lon 

X S ; O  

Portable; rugged emote 

- 
l r e c t  

I 

5.0 t o  
10.0 
seconds o f  
arc 

Moderately sensi t i v e  
t o  temperature; 
reference po ln ts  may 
be subject t o  
vandallsm 

Rod extenso- 
meter w l th  
mlcrometer and 
s p l r l t  leve l  
(ground t l  It) 

user 
fabricated; 
Hendron. 

Permanent f o r  
monl t o r  1 ng 
per iod  

50.0 
seconds o f  
arc 

Susceptible t o  
corroslon and 
vandallsm unless 
protected 

Rod extenso- 
meter w i t h  
1 eve1 I ng 
bubble and 
l e v e l l i n g  
smew, and 
l l nea r  
potentlometer, 
LVOT, o r  d l a l  

(ground tl lt) 1 
gauge 

A 
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I one person 
with 
moderate 
tralning 
to take 
reading; 
portable 
device must 
be mounted 
on base 
plate for 
each 
reading 

Sinple; one 
person to 
mount level 
and read 

Tab1 e D- 1 

CALIBRATION 

MAINTENANCE 
AN0 

EASE/COST 
OF 

INSTALLATION 

EASE/COST 
OF 

OPERATION 

EASE/COST 
OF 

DATA REDUCTION 

COST 
OF 

INSTRUMENT 
P O M R  

REQUIREMENTS 

Check for 
zero drift 

Install base 
plates on 
reference 
stations 

Battery Convert digital 
readout to tllt 
angle 

readout $1500; 
stations to 
$100 each 

Check zero 
by readlngs 
at 180 
degrees 

As above None Simple; direct 
readout of tllt 
angle is given 

readout $1200; 
stations to 
$100 each 

None As above One person 
to mount 
ti 1 tmeter 
and take 
reading; 
time and 
tralning 
required 
depends on 
readout 
device used 

Battery Convert vlbratin! 
frequency, analo! 
readln , or 
dlgita! readout 
to tilt angle 

Tiltmeter $1200; 
readout $3000 
to $4500 

None As above One person 
with 
moderate 
training to 
mount 
tiltmeter 
and take 
reading 

Battery Convert digital 
readout to tilt 
angle 

Tiltmeter 
$2900; 
readout 
$1100 

Check zero 
by readlngs 
at 180 
degrees 

Reference 
points 
ededded in 
soil, rock 
or structure 

One person 
with 
moderate 
training to 
mount bar, 
adjust level 
and read 

None Slmple; direct 
readout of tilt 
angle I s  given 

33500 

None Extensaneter 
mounted on 
reference 
points 
embedded in- 
5011, rock 
Dr structure 

Sinple. one 
person to 
adjust screw 
and take 
reading 

h e  Convert leveling 
screw reading 
to tllt angle 

61500 to $3500 

D-27 
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t h e  bas i s  of re levancy t o  mon i to r ing  o f  sur face  movements a t  producing 
geothermal f i e l d s .  The data and comments are intended t o  i n d i c a t e  the  

c a p a b i l i t i e s  of t he  instruments when used i n  a t y p i c a l  program of 

consc ient ious f i e l d  operat ions.  

assessment o f  a type o f  inst rument  (e.g., r o d  extensometer o r  w i r e  

extensometer) and do no t  apply s p e c i f  i c a l  l y  t o  any i nd i  v i  dual manuf ac- 

t u r e r ' s  product.  Thus, by spec ia l  care and s k i l l  i n  the  se lec t ion ,  

i n s t a l l a t i o n ,  and use o f  instruments i n  the  f i e l d ,  accuracy grea ter  

than t h a t  g iven i n  the  t a b l e  f o r  t he  inst rument  type may be obtained. 

Also, t he  l i s t e d  c a p a b i l i t i e s  are an 

I n  some instances one o r  more manufacturers o r  supp l i e rs  names o r  
equipment model are given. 

desc r ip t i on  o f  t h e  inst rument  type, and i s  no t  t o  be construed as an 
endorsement o f  t h e  equipment, manufacturer, o r  supp l i e r .  

This i s  f o r  t he  purpose o f  s i m p l i f y i n g  the  

Since, i n  many instances, more than one type o f  equipment may be used 
t o  perform a spec i f i c  mon i to r ing  func t i on ,  i t  would be h e l p f u l  t o  r a t e  
these instruments i n  terms o f  t h e  comparative a b i l i t y  t o  per form the  

s p e c i f i c  f unc t i on .  Table 0-2 presents  a system f o r  such comparison o f  

c a p a b i l i t i e s  of inst rument  systems. For t h i s  tab le ,  f i v e  mon i to r i ng  
funct ions are recognized: network mon i to r ing  o f  h o r i z o n t a l  movements 
and o f  v e r t i c a l  movements, and spec ia l  mon i to r ing  o f  h o r i z o n t a l  s t r a i n ,  
o f  v e r t i c a l  movements i n  inaccess ib le  l oca t i ons ,  and of surface tilt. 

I n  a r r i v i n g  a t  a numerical r a t i n g  twelve va r iab les  were considered, as 

descr ibed below: 

1. A v a i l a b i l i t y  - the  a v a i l a b i l i t y  o f  t h e  inst rument  f rom 

commercial manufacturers. 

a v a i l a b l e  a re  inc luded here, d e l i v e r y  t ime i s  a p r imary  f a c t o r  
i n  consider ing r e l a t i v e  a v a i l a b i l i t y .  

Since o n l y  instruments which are 

2. Phys ica l  c h a r a c t e r i s t i c s  - such c h a r a c t e r i s t i c s  as p o r t a b i l i t y ,  
permanence o f  i n s t a l l a t i o n ,  ruggedness, and opera t ing  l i f e  are 

considered. 
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Weighting Factor 1 2 

VI u 
c, 
v, 

c, *r 
e L  
a J w  

L a  
c , L  
m a  
- v  

.r 

5: 
C T  

3 

2 

A - VERTICAL 
MOVEMENTS 

1 2 3  

cv, o u  
c,c, uv, 
aJ .r 
- L  - a  

.F .r 

z 
E: Q a J L  m 
a L  0, 3 
c , Q  c u 
m s  u o v  e u 

1 3 3  

. 1  3 2 

I I  
- . I -  

u n  
I - -  

h 
c, 
.C 

.- 
Q 

Precision Level and 
Invar rod 

Theodolite (as level) 3 .  1 2 

- 
3 

TABLE D-2 - COMPARISON OF CAPABILITIES OF INSTRUMENT SYSTEMS 
(Sumnarized from "Subsidence Monitoring Systems for 
Undermined Areas" J. E. O'Rourke et al, WCC, 1977) 
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3 .  Data collection characteristics - considered are such factors 
as manual reading and recording, remote reading and recording, 
or automatic reading and recording, and the general degree of 
difficulty in collecting and recording the data. 

4. Range - the difference between the minimum and maximum values 
of a measurement which can be obtained. For instruments which 
have unlimited range by repetition of measurements, the limits 
of an individual measurement and the difficulty of repeating 
measurements are considered. 

5. Accuracy - the expected range of the difference between measured 
values and the true value. 

6. Sensitivity to environment - the effect of such environmental 
factors as temperature, humidity, pressure, corrosive soil or 
atmosphere, shock, accidental damage, and dust or other pollutants 
on the instrument in such terms as life, maintenance cost, or 
accuracy. 

7. Calibration and maintenance - the frequency of the need for 
calibration and maintenance, and the effects in terms of costs 
and periods of unavailability. 

8. Ease and cost of installation - the relative skill and training 
required to install or otherwise place in readiness for operation, 
and the associated requirement for equipment and man-hours. 

9. Ease and cost of operation - the relative skill and training 
required, and the time required for taking measurements. 

10. Power requirements - the power required for instrument operation 
in the field, which may range from none to extensive require- 
ments, such as for powered vehicles and continuous high voltage 
electrical power. 
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11. Ease and cost of data reduction - the relative skill and 
training required in data reduction, and the associated require- 
ment for auxiliary equipment and data such as computers and 
borehole data for correlation. 

Q 

12. Instrument costs - the comparative initial cost of instruments 
and their associated hardware, such as readout devices, 
amplifiers, cables, and conduit. 

Each instrument type is given a rating of 1, 2 or 3 for each of these 
twelve variables. 
desirable, 2 about average, and 1 least desirable in terms of the variable 
considered. For example, the least costly of the instruments being 
compared would be rated as 3, and the most expensive as 1. 

These ratings are primarily judgmental, with 3 being most 

Since these variables are not considered t o  be of equal importance, a 
weighting factor was assigned to each. 
3, was assigned to four variables: accuracy, sensitivity to environment, 
ease and cost of data reduction, and instrument cost. 
a factor of 1, was assigned to three variables: availability, data 
collection characteristics, and power requirements. An intermediate 
weighting factor of 2 was assigned to the remaining five variables: 
instrument characteristics, range, calibration and maintenance, ease 
and cost of installation, and ease and cost of operation. 
given to an instrument for each variable is multiplied by the weighting 
factor for the variable, and the sum of these weighted ratings is taken 
as the overall rating for the instrument. 

The greatest weight, a factor of 

The least weight, 

The rating 

The ratings arrived at by means of this system should be considered as 
examples only, since they do not apply to a specific site or set of 
conditions. 
by assigning ratings and weighting factors considered to be most 
appropriate to the site. 
the instruments which best reflect the priorities of the site. 

However, the system may be readily used for a specific site 

The revised totals will then aid in identifying 
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APPENDIX E 
FORMATS FOR DATA PRESENTATION 

The basic data obtained i n  monitoring of surface movements are the resul ts  
of periodic determinations of the elevation and of the position of the 
bench marks comprising the level network. I t  i s  assumed tha t  conventional 
survey procedures will be used for  these determinations, and that  these 
procedures will include f i e ld  data recording and the associated calcula- 
tions. I n  this appendix are presented suggested formats for tabulation 
and for  graphical representation of  the results of monitoring surveys. 

E . l  VERTICAL MEASUREMENTS 
Figure E-1 i l l u s t r a t e s  a general format which i s  suggested for  use i n  tabu- 
lation of bench mark elevations, of the differences in elevation between 
successive elevation determinations, and of the total  difference i n  eleva- 
tion for  the monitoring period. 
bench mark number or other identifying symbol. The elevation determined 
for  each bench mark d u r i n g  the i n i t i a l  survey i s  entered in the second 
column. For each additional survey round three columns are provided: one 
for  the measured elevation; one for the difference between the measured 
elevation and that  for  the immediate prior round; and one for  the difference 
between the measured elevation and t h a t  for  the f i rs t  round, i .e. , the total  
difference in elevation since the start  of monitoring. I f  data from a num- 
ber of  adjacent bench marks are to  be "grouped," a separate l ine may be 
assigned to  each identified group and the calculated average values entered 
i n  the appropriate columns for  each t e s t  round. 

The f i rs t  column i s  provided for  the 

Figure E-2 presents, i n  the format of Figure E - 1 ,  a tabulation of the resul ts  
of a portion of a fictional example of a level survey. I n  Figure E-3, the 
data from Figure E-2 i s  used to  demonstrate how "contour" maps of equal 
vertical movements may be prepared. For example, i n  Figure E-3a the eleva- 
tion differences between rounds n and ( n  + 1 )  (from column 4 in Figure E-2) 
are plotted a t  the plan location o f  the bench mark. Contour lines are then 
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drawn through points of equal elevation difference determined by inter-  
pola t ion  between adjacent bench marks. 
similarly developed for the same area for t o t a l  elevation differences 
from rounds n t o  ( n  + i?) and n t o  ( n  + 3 ) ,  respectively. 
maps should be helpful i n  visualizing the extent of the area subject t o  
vertical subsidence, the shape of the subsidence basin, and areas of 
maximum subsidence. 

Figures E-3-b and E-3-c are 

Such "contour" 

In  order t o  bet ter  visualize the ra te ,  or  changes i n  the ra te ,  of vertical  
subsidence, a graph of time vs t o t a l  subsidence may be prepared. A s ty l -  
ized example of such a graph i s  presented i n  Figure E-4. The total  vertical  
subsidence measured d u r i n g  each survey round i s  plotted against elapsed time 
since the i n i t i a l  survey round. A separate graph may be prepared for each 
bench mark; the data from more t h a n  one bench mark may be plotted as sepa- 
rate l ines on the same graph; o r  the average values for a group of bench 
marks may be p l o t t e d ,  e i ther  on a separate graph or together w i t h  p l o t s  of 
the da ta  for the bench marks represented by the average. 

E.2 HORIZONTAL MEASUREMENTS 
Figure E-5 i l l u s t r a t e s  a general format which i s  suggested for use i n  tabu- 
la t ion of horizontal movements. As i n  Figure E-1 ,  the bench mark number or  
other identifying symbol is entered i n  the f i r s t  column. The magnitude and 
direction of horizontal movement between survey rounds A and B are entered 
i n  the first double column. Two double columns are provided for data from 
each additional survey round - one for the magnitude and direction of 
horizontal wvements since the immediate prior round, and the second for 
the magnitude and direction of horizontal movements since the f i r s t  round, 
i . e . ,  t o t a l  movements since the start of monitoring. I t  should be noted 
t h a t  the magnitude of movements are not necessarily additive from round t o  
round since movements a t  a bench mark may not continue i n  the same direction. 

Horizontal movements may be more easi ly  compared i f  plotted. 
a simplified example of a graphical representation of horizontal movements 
as determined by f ive successive survey rounds. 

Figure E-6 is 

In th i s  plot t o t a l  movements 
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F i a u r e  3a - Round n t o  (n+l) 

F i g u r e  3 b  - Round n t o  ( n + 2 )  

F i g u r e  3c  - Round n t o  (n+3)  

FIGURE E-3 - SUBSIDENCE “CONTOURS” PLOTTED FROM TABULATION IN FIGURE 2 
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Horizonta l  Movements, u n i t s  

FIGURE E-5 - F O R M A T  F O R  T A B U L A T I O N  OF R E S U L T S  O F  S U R V E Y S  F O R  
D E T E R M I N A T I O N  O F  H O R I Z O N T A L  M O V E M E N T S  
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are  represented by a vector whose origin i s  a t  the original map position 
of the bench mark and whose length represents the magnitude of total  move- 
ment to  some convenient exaggerated scale.  

E.3 ADDITIONAL DATA 
Data obtained from special monitor ing,  such as ,  from extensometers, tube 
prof i le  devices, or t i l tmeters ,  should be presented separately. No examples 
of format are  presented here, since the method of tabulation or graphical 
presentation wi l l  be highly dependent on the arrangement and number of i n -  
struments, and the purpose of the instrumentation instal la t ion.  I t  i s  
suggested, however, t h a t  the general principle of tabulation of data sepa- 
ra te ly  fo r  each survey interval and cumulatively to  the date o f  survey be 
followed, i f  possible. 

4) 
Graphical representation of d a t a  from special monitoring may also be helpful. 
For example, t i l tmeter  data may be presented i n  vector form (analogous to  
tha t  i l lus t ra ted  i n  Figure E-6 for  horizontal movements) or, i f  a consider- 
able number of t i l tmeters  are used t o  give area coverage, i t  may be 
possible to  develop "contour" maps of equal t i l t  (analogous to  tha t  i l lus- 
trated in Figure E-3 for equal subsidence). 
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APPENDIX F 

STATISTICAL ANALYSES A 
F . l  NUMBER OF PRE-PRODUCTION OBSERVATIONS 

A s tudy was made f o r  t h e  purpose o f  e s t a b l i s h i n g  gu ide l i nes  f o r  t he  

determinat ion o f  t h e  minimum number o f  observat ions t h a t  should be per-  
formed p r i o r  t o  t h e  s t a r t  o f  geothermal product ion.  I n  t h i s  context ,  

"observat ion" r e f e r s  t o  a determinat ion o f  t h e  h o r i z o n t a l  o r  v e r t i c a l  

p o s i t i o n  o f  a bench mark, o r  t o  the  determinat ion o f  a length,  e leva t i on ,  

o r  p o s i t i o n  by means o f  spec ia l  mon i to r i ng  instruments.  

observat ion i s  made a t  some l a t e r  t ime, the  d i f f e r e n c e  i n  p o s i t i o n  i s  
t he  movement which has occurred a t  t h a t  p o i n t  du r ing  t h a t  p e r i o d  o f  

t ime. 

can be used t o  deduce changes i n  r a t e  o f  movement w i t h  t ime. 

I f  a second 

A d d i t i o n a l  p e r i o d i c  observat ions may r e s u l t  i n  i n f o r m a t i o n  which 

The o b j e c t i v e  o f  these pre-product ion observat ions i s  t o  develop a 
h i s t o r i c a l  r e c o r d  of movements which have occurred i n  t h e  geothermal 

r e s e r v o i r  area f rom sources o the r  than geothermal product ion.  This  
reco rd  i s  used t o  e s t a b l i s h  a "base l i n e "  against  which movements a f t e r  

product ion may be compared and the n e t  movements a t t r i b u t a b l e  t o  geo- 
thermal product ion determined. The p e r i o d  o f  t ime a v a i l a b l e  t o  estab- 

l i s h  a base l i n e  may be l i m i t e d  by the  des i re  t o  s t a r t  p roduc t i on  a t  

an e a r l y  date. 

determine the  minimum number of p e r i o d i c  observat ions and t h e  optimum 

p e r i o d  o f  t ime between observat ions necessary t o  e s t a b l i s h  a s u i t a b l e  
base l i n e .  

complex and may r e q u i r e  a number o f  s i m p l i f y i n g  assumptions. 

some general gu ide l i nes  have been suggested t o  est imate a reasonable 
number o f  observat ions.  For example, D. R. Cox (Neter and Wasserman, 
1974) has suggestions rega rd ing  t h e  number o f  observat ions i n  a s e r i e s  

which must be made f o r  d i f f e r e n t  purposes. These suggestions can be 
app l i ed  t o  subsidence mon i to r i ng  as f o l l o w s :  

Thus a problem i n  p lann ing  t h e  mon i to r i ng  program i s  t o  

A d e t a i l e d  s t a t i s t i c a l  ana lys i s  o f  t h i s  problem i s  r e l a t i v e l y  

However, 

A 
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1. Two observations - to determine if movement exists. 

2. Three observations - when description of the time-movement 
curve by its approximate slope or curvature is adequate. 

3 .  Four observations - when examination of the shape of the curve 
is desired. 

4. Five or more observations - to estimate the detailed shape o f  
the curve, or to show features (such as cyclic movements) not 
adequately described by slope and curvature. 

In order to project base line movements into the future, it would be 
desirable to have the detail which can be obtained by five or more 
observations. Where time is available, and movements are relatively 
small, these observations should be made at intervals of at least a year. 
Where less time is available, the interval may be reduced in the interest 
of obtaining a greater number of observations, although there seems to 
be little advantage in making observations at intervals of less than six 
months because the movement in a smaller interval may not be significant. 
Within these constraints and under the assumptions that more than six 
years would seldom be available for pre-production monitoring and that 
less than two years would not provide an adequate base line, many 
alternative schedules are possible. 
some possible schedules, presented in decreasing order of preference. 
in each instance, observations would be made both at the beginning and 
at the end of the period, and at uniform intervals of either one year 
or six months. 

Presented below are examples of 

1. Six year period, one year intervals, 7 observations 
2. Five year period, one year intervals, 6 observations 
3. Four year period, one year intervals, 5 observations 
4. Three year period, 6 month intervals, 7 observations 
5. Three year period, one year intervals, 4 observations 
6. Two year period, 6 month intervals, 5 observations 
7. Two year period, one year intervals, 3 observations n 
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F.2 AVERAGING OF OBSERVATIONS 
I n  the  prev ious sect ion,  i t  was assumed t h a t  each s e r i e s  o f  observat ions 

on a bench mark would be evaluated separately,  i .e . ,  t h a t  movements a t  
each such p o i n t  would be determined independently. If t h e  des i red  

accuracy cannot be obtained i n  t h i s  manner, g rea te r  accuracy may be 
ob ta inab le  by averaging a group o f  observat ions f rom adjacent bench marks. 
I n  order  t o  do t h i s ,  i t  must be assumed t h a t  t h e  area represented by the  

group i s  moving as a u n i t ,  and t h e  group, once selected, must remain 
i n t a c t  throughout the  mon i to r i ng  per iod.  

A s t a t i s t i c a l  procedure i s  a v a i l a b l e  f o r  determining t h e  l e v e l  o f  

confidence t h a t  t h e  average value determined i s  w i t h i n  the  des i red  

accuracy. 
as app l i ed  t o  subsidence mon i to r i ng  as discussed i n  t h i s  r e p o r t :  

Fo l l ow ing  are d e f i n i t i o n s  o f  t he  terms used i n  t h i s  procedure, 

1. n = 

- 2. j i  - 

3 .  s2 = 

4. s = 

- 5. cv - 

t h e  number o f  observat ions inc luded i n  the  group t o  be 

averaged. 

t h e  a r i t h m e t i c  average o f  t h e  observat ions o f  t h e  

group, i .e.,  t h e  sum o f  these observat ions d i v i d e d  by 
t h e i r  number, n. 

the  variance, a measure o f  t he  d ispers ion,  o r  s c a t t e r ,  

o f  t h e  observat ions used t o  c a l c u l a t e  j ;  

t h e  standard dev iat ion,  another measure o f  t h e  d i spe rs ion  

o f  t h e  observat ions used t o  c a l c u l a t e  j ;  

s = +&- 

c o e f f i c i e n t  o f  v a r i a t i o n ,  t h e  standard d e v i a t i o n  d i v i d e d  
by t h e  average 

c = -  S 
" X  
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6. P = percent accuracy, the range of values (in percent) in 
which it is desired that the average be included 

7. F = confidence level, the probability (in percent) that 
the average lies within the range of the accuracy desired. 

Table F-1 can be used to determine the level of confidence that an average 
value is within the desired accuracy. This table was constructed by 
computing the number of samples required to obtain a given level of 
confidence (F) for a given coefficient of variation (C,) and percent 
accuracy ( P ) .  
successive observations at 16 bench marks (n = 16) have been averaged, 
the coefficient of variation (Cv) determined to be 2%, and that the 
accuracy desired is 1% (P = 1.0). 
b of the table indicates that 16 observations are required for a co- 
efficient of variation of 2% and an accuracy of 1.096 -- and that this 
set of conditions gives a confidence level of 95%. 

For example, assume that the difference between two 

By inspection it is seen that Section 

A confidence level of 95% would usually be acceptable. 
situation may arise where the confidence level is inacceptably low. 
It may be that the desired accuracy is unreasonably high and should be 
re-examined. 
confidence level may be obtained by regrouping the observations to 
reduce the scatter, i.e., to obtain a lower coefficient of variation. 
It should again be pointed out that a group, once established, must 
remain the same throughout the monitoring period, including pre- 
production, production, and post-producti on. 

However, the 

Or examination of the data may show that a higher 

F. 3 ANALYZING SUBSIDENCE DATA 
As discussed in Section F.1, it is essential that the monitoring schedule 
provide for sufficient measurements to be taken during the period imme- 
diately prior to production. The primary purpose of pre-production 
monitoring is to document any movements which may be occurring from 
sources other than withdrawal of geothermal fluids. 
thus establishes a "baseline" from which movements from geothermal 
production may be determined. 

Pre-production data 

n 
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TABLE F-1 - NUMBER OF OBSERVATIONS REQUIRED TO 
OBTAIN A G I V E N  LEVEL OF CONFIDENCE FOR A 
CALCULATED COEFFICIENT OF VARIATION (Cv) 
AND DESIRED PERCENT ACCURACY (P I  

0.5% 

4-a 99% Confidence Level 

27 107 239 425 664 

0.5% 
1 .o% 
2.0% 
2.5% 

4-b 95% Confidence Level 

16 62 139 246 385 
4 16 35 62 97 
1 4 9 16 25 
1 3 6 10 16 

0.5% 
1 .O% 
2.0% 
2.5% 

4-c 90% Confidence Level 

11 44 98 174 27 1 
3 11 25 44 68 
1 3 7 11 17 
1 2 4 7 11 

4-d 85% Confidence Level 

1% 2% 3% 4% 5% 

1.0% 3 9 19 34 52 
0.5% 9 34 75 133 208 

2.0% 1 1 3 5 9 13 
2.5% 1 2 3 6 9 
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If no measurable movements occur prior to production, the problem is rela- 
tively simple, since, barring any unusual occurrences, all movements de- 
termined following initiation of production are assumed to result from the 
production. If movements are measured during the pre-production period, 
these movements are extrapolated into the production period to form the 
"baseline." The movements attributable to geothermal sources are then 
assumed to be the total measured movements after production, minus the 
"baseline" movements. Although this approach is simple, its application 
may not be so simple because movements cannot be expected to be the same 
at all bench marks and the rate of movements will vary with time. Plotting 
of results (see Appendix E ,  Figure E-4) may be helpful in visualizing the 
data, but a statistical approach wi 1 1  usually be indicated. 

The basic statistical approach applicable to this problem is to perform 
a regression analysis for the pre-production data; to use the resulting 
regression model to estimate the baseline movement at some time, t, 
during the production period; and to compare this base line estimate 
with the measured total movement at that time. 
the estimated base line value and the measured total value is the assumed 
value of movement associated with geothermal production. If this dif- 
ference is small, it is possible that the base line movements have 
deviated from the predicted model. 
used to determine the probability that a measured production value belongs 
to the family of movements recorded before production. 
statistical procedures and a numerical example are presented in the 
following sectims. Also presented is a method for determination of 
the statistical correlation between measured rate of subsidence and rate 
of geothermal production. 

The difference between 

A simple statistical approach may be 

The applicable 

F.3.1 Pparession Modeb 
If observation of two variables are available, correlation between the 
two variables can be estimated by statistical analysis of the data. 
Generally employed for this purpose are regression models which provide 
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a relationship for predicting average values of one variable for 
various values of the other. 
indicated by a correlation coefficient obtained from the results of 
regression analysis. 

The strength of the relationship is 
@ 

A general regression model for two variables, X and Y, can be represented 
as follows: 

Yi = f(Xi) + E i 
Xi = ith value of X 

Yi = value of Y corresponding to Xi 

where: 

f(Xi) = functional form of the regression equation 

E. = a random error term 
1 

The random error terms are generally assumed to be independent and 
normally distributed with a mean value equal to zero and a variance, CI . 
Though the functional form f(Xi) can be any complex form, linear or 
quadratic functions are usually satisfactory approximations. The linear 
and quadratic regression models are represented by equations la and lb, 
respect i vel y : 

2 

Where B,, B~ , and ,!i2 are regression coefficients, and Yi, Xi, and E. are 

as defined above. 
1 

The regression analysis begins by estimating the regression coefficients 
and the variance of the random error term from sample data. In this 
report, sample data are a series of subsidence measurements, and the 
linear regression model is assumed to be a satisfactory approximation for 
this data. 

A 
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The l e a s t  squares est imators  o f  t he  reg ress ion  c o e f f i c i e n t s  f o r  t h e  l i n e a r  

model a re  g iven by: e 
-. n 

c (Xi - X I  (Yi - Y) 

bo = V - bliT 

where: 
bl = est imated values o f  B, and BlY r e s p e c t i v e l y  
- 9 

X = mean value o f  X 
Y = mean value o f  Y 
n = number o f  measurements taken 

- 

(3)  

The random e r r o r ,  Eii i s  assumed t o  have a mean value equal t o  zero 

w i t h  a var iance of CI . An unbiased est imator  o f  t h i s  var iance o f  t h e  
random e r r o r  term i s :  

2 
C ( Y i  - bo - b,Xi) -- 2 s =  n - 2  

(4) 

F . 3 . 2  Separat i  nq Base1 i ne Movements 

Two s t a t i s t i c a l  procedures f o r  separat ing basel i n e  movements f rom 
movements measured by mon i to r i ng  d u r i n g  product ion a re  presented here. 
I n  both procedures, base1 i ne movements a r e  represented by a 1 i near 

regress ion model, and a s t a t i s t i c a l  a n a l y s i s  i s  used t o  determine t h e  

p r o b a b i l i t y  t h a t  t h e  movements measured a f t e r  product ion belong t o  t h e  

model o f  basel i ne movements. 

The f i r s t  procedure i s  used f o r  comparing a s i n g l e  de te rm ina t ion  ( o r  t h e  

average of a group of determinat ions)  o f  movement a t  some t ime  d u r i n g  

product ion w i t h  an est imate o f  t he  base l i ne  va lue a t  t h a t  t ime. The 

h 
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procedure cons is t s  o f  es t ima t ing  the  average va lue o f  t he  basel ine move- 
ment a t  t he  t ime the  product ion measurement was made, and o f  determin ing 

i n t e r v a l s  about t h i s  average corresponding t o  one o r  more conf idence 

l e v e l s .  I f  the  product ion movement l i e s  w i t h i n  an i n t e r v a l ,  i t  i s  
assumed w i t h  t h e  conf idence l e v e l  corresponding t o  t h a t  i n t e r v a l  t h a t  t he  

p roduc t i on  measurement belongs t o  the  basel ine model, i .e .  t h a t  geothermal 
p roduc t i on  has n o t  a f f e c t e d  the  p a t t e r n  o f  movement represented by t h e  
base l i ne  model. Fo l lowing i s  an o u t l i n e  o f  t h i s  procedure: 

@ 

1. With xh being the  t ime when the  product ion measurement was made, an 

est imate of t he  average value o f  the basel ine movement a t  t h a t  t ime 

i s  determined from: 

A 

Yh = bo + b X 1 h  (5 )  
n 

where: Y h  = est imated average value o f  the base l i ne  
movement a t  t ime Xh 

bl = est imates o f  B, and B~ f o r  t h e  base l i ne  bo , 
data, as determined by Equations 3 and 2, 
r e s p e c t i v e l y .  

Note t h a t  Equation 5 i s  o f  t h e  form o f  Equation l a  w i t h  the  

random e r r o r ,  E, omit ted.  Since the  random e r r o r  was de f i ned  

as having an average value o f  0, Equation 5 w i l l  g i v e  an 

est imate o f  t he  average value o f  t he  est imated base l i n e  va lue 
a t  t ime xh, 

2. Se lec t  one o r  more s i g n i f i c a n c e  l e v e l s ,  a, f o r  t h e  ana lys i s ,  say 
1, 5, and 10 percent. 
s t a t i n g  t h a t  t he  l e v e l  o f  conf idence f o r  t he  i n t e r v a l  determined 

i s  (1 - a) percent, i .e. ,  99, 95, and 90 percent  f o r  t he  s i g n i f i -  

cance l e v e l s  o f  1, 5, and 10 percent, r e s p e c t i v e l y .  

The s i g n i f i c a n c e  l e v e l  i s  equ iva len t  t o  

3 .  Determine the  i n t e r v a l s ,  corresponding t o  these l e v e l s  o f  confidence, 

t h a t  t he  measured product ion movement should l i e  w i t h i n  t o  be 
considered c h a r a c t e r i s t i c  o f  base l i ne  movements. Each i n t e r v a l  i s  

determined as f o l l o w s :  
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n n 

where: t = t h e  "Student 's  t d i s t r i b u t i o n "  corresponding t o  
a ( 1  - ?) and n - 2 .  

'It" and o f  us ing the d i s t r i b u t i o n  t a b l e  can be 
found i n  any bas i c  s t a t i s t i c s  t e x t  book) 

n = number o f  data p o i n t s  used i n  determin ing t h e  
regress ion model f o r  base1 i n e  movements 

(The mechanics o f  determining 

= the  s i g n i f i c a n c e  l e v e l  se lected 
Y = t h e  measured movement d u r i n g  product ion a t  t ime Xh h 

S = + J s " ,  w i t h  S2 determined by Equation 4 

The second procedure i s  used , f o r  comparing a s e r i e s  ' o f  determinat ions o f  
movements a t  successive measurement rounds du r ing  product ion w i t h  

est imates o f  basel ine values fo r  t h e  t ime o f  each round. 

an o u t l i n e  o f  t h i s  second procedure: 

Fol lowing i s  

1. Using Equation 5, determine the  est imated average base l i ne  va lue 

f o r  t h e  t ime, Xh, o f  each o f  t he  product ion t e s t  rounds. 

2. Determine simultaneous p r e d i c t i o n  i n t e r v a l s  f o r  each o f  t he  average 
base l i ne  values determined i n  1, above. Each i n t e r v a l  i s  determined 

as fo l l ows :  
n n 

A 

where: Yh = the  est imated average va lue o f  t he  
base l i ne  movement a t  each t ime xh 

s* = +m 
m = the  number o f  product ion t e s t  rounds 

F = t h e  " F  d i s t r i b u t i o n "  corresponding t o  

S = t h e  standard d i s t r i b u t i o n  o f  Yh 

n = number o f  data p o i n t s  used i n  determin ing 

Yh = t h e  measured movement d u r i n g  product ion 

a = t h e  s i g n i f i c a n c e  l e v e l  se lected 

( 1  - a ) ,  m, and (n - 2)  

t he  reg ress ion  model f o r  base l i ne  movements 

a t  each t ime xh 
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I f  each produc t ion  measurement l i e s  w i t h i n  t h e  p r e d i c t i o n  i n t e r v a l  f o r  

t h e  corresponding t ime o f  measurement, i t  i s  assumed w i t h  t h e  conf idence 

l e v e l  corresponding t o  t h a t  i n t e r v a l  t h a t  t h e  produc t ion  measurements 

belong t o  t h e  base l ine  model, i .e . ,  t h a t  geothermal p roduc t ion  has n o t  

a f f e c t e d  the  p a t t e r n  o f  movements represented by t h e  base l ine  model. 

F. 3.3 Numerical ExamDl e 

The f o l l o w i n g  example i l l u s t r a t e s  t h e  a p p l i c a t i o n  t o  subsidence mon i to r ing  

o f  t h e  s t a t i s t i c a l  procedures descr ibed i n  Sec t ion  F.3.2. 

1. Assume t h a t  t h e  data i n  t h e  f o l l o w i n g  t a b l e  represents  t h e  r e s u l t s  

o f  measurements o f  v e r t i c a l  movements du r ing  a mon i to r ing  problem. 

For s i m p l i f i c a t i o n ,  i t  i s  assumed t h a t  measurements were made a t  

s i x  months i n t e r v a l s ,  and t h e  measurements o f  v e r t i c a l  movements 

have been expressed as cent imeters per  s i x  months s ince  t h e  
immediately preceding measurement, i . e .  n o t  c u m u l a t i v e .  

X = t ime i n  months s ince  t h e  Y = Rate o f  subsidence a t  
X i n  cm/6 morths beginning o f  mon i to r i nq  

6 0.5 
12 0.8 

18 1.2 

Pre- 24 1 .o 
p roduc t ion  30 1.4 

36 1.7 
pe r  i od 
(base1 i n c )  

42 1.4 

48 2.Q 
-_ - 

Product ion 54 2.5 
per  i od 60 2.7 

66 2.6 
72 3.2 
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2 .  Ca lcu la t i on  o f  the regress ion model f o r  t he  pre-product ion data by: 

Es t imat ing  3, and 61: 

- n 

i=l bl = 0.028 ( 2 )  
c (Xi - x )  (Yi - V) 

b =  1 n  
c (Xi - rr)2 
i =1 

bo = V -  b l  X b = 0.47 (3 )  
0 

S L  = 0.042 (4 )  
Ca lcu la t ions  o f  var iance: 0 

2 
2 s =  

C (Yi - bo - b i X i )  
n - 2  

3 .  Assume t h a t  a s i n g l e  p roduc t ion  measurement i s  t o  be compared t o  the  
pre-product ion model, and t h a t  t h i s  i s  t h e  va lue o f  Y = 2.0 a t  X = 48, 
t h e  f i r s t  measurement f o l l o w i n g  the  beginning o f  product ion.  

c a l c u l a t e  t h e  est imate o f  the  average value, t he  standard dev ia t i on ,  

and the  "Student 's  t" from: 

Then 

A 

Y h  = bo + blXh ( 5 )  
A 

Yh = 0.47 + (0.028048) = 1.814 

S = +e = = 0.205 

t = 2.015 ( f o r  conf idence l e v e l  o f  0.95 and n = 7,  
determined from publ ished t tab les )  

Ca lcu la te  the  p r e d i c t i o n  i n t e r v a l  from: 

1.814 - (2.015.0.205) - < 2.0 - < 1.814 + (2.015-0.205) 
1.401 < 2.0 < 2.227 - - 

The p r e d i c t i o n  i n t e r v a l  i s  1.401 t o  2.227. Since t h e  measured va lue 

o f  2.0 l i e s  w i t h i n  t h i s  i n t e r v a l ,  t he  measured va lue i s  assumed t o  be 
unaf fected by geothermal product ion,  w i t h  a conf idence l e v e l  o f  a t  
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l eas t  95 percent. I f  desired, a prediction interval could be calculated 
for a higher confidence level,  say 99 percent, to  determine whether the 
measured value would also l i e  w i t h i n  t h i s  narrower interval.  

4. Assume t h a t  the en t i re  ser ies  of f ive  production measurements are  t o  
be compared t o  the pre-production model. 

Calculate the estimate of the average value a t  each of the production 
measurement times from: 

The resu l t s  are  as follows: 
A 

'h 'h 
48 1.814 
54 1.982 
60 2.150 
66 2.318 
72 2.485 

Determine simultaneous prediction intervals for  each o f  the average 
base1 ine values tabulated above from: 

F = 5.05 ( fo r  confidence level of 0.95, m = 5, 
and ( n  - 2)  = 5 ,  determined from 
published F d i s t r i b u t i o n  tables) 

S* = +-= 45 x 5.05 = 5.02 

S = 0.205 (as  before) 

6 

Then, for  Yh = 1.814, the interval is: 

1.814 - (5.02*0.205) 5 2.0 - < 1.814 i- (5.02k0.203) 

0.785 < 2.0 < 2.843 - - 
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S i m i l a r l y  t he  i n t e r v a l s  f o r  the  o ther  f o u r  t imes a re  ca lcu la ted ,  

w i t h  r e s u l t s  as fo l l ows :  

48 2.0 
P r e d i c t i o n  In te rva l -  

0.785 t o  2.843 
54 2.5 0.953 t o  3.011 
60 2.7 1.121 t o  3.179 
66 2.6 1.289 t o  3.347 
72 3.2 1.456 t o  3.514 

Since, i n  a l l  cases, t he  measured values, Yhy l i e  w i t h i n  t h e  
corresponding p r e d i c t i o n  i n t e r v a l  , the  measured values are  assumed 
t o  be unaf fec ted  by geothermal product ion,  w i t h  a conf idence l e v e l  

o f  a t  l e a s t  95 percent.  Again, i f  desi red,  simultaneous p r e d i c t i o n  

i n t e r v a l s  could be ca l cu la ted  f o r  a h igher  conf idence l e v e l ,  say 99 

percent,  t o  determine whether the  measured values would a l s o  l i e  

w i t h i n  these marrow i n t e r v a l s .  

F.3.4 Subsidence and Product ion Rate C o r r e l a t i o n  

Since i t  may be des i rab le  t o  est imate the  subsidence which may be expected 
from var ious  approaches t o  f u t u r e  development o f  a geothermal f i e l d ,  a 

de terminat ion  should be made as t o  whether o r  n o t  t he re  i s  a c o r r e l a t i o n  

between t h e  measured subsidence r a t e  t o  da te  and t h e  r a t e  o f  geothermal 
product ions du r ing  the  pe r iod  i n  which the  measurements were made. 

r e l a t i v e l y  s imple s t a t i s t i c a l  procedure may be used t o  determine t h e  

c o r r e l a t i o n  c o e f f i c i e n t  between subsidence r a t e  and produc t ion  r a t e .  

A l i n e a r  regress ion  model o f  the  two r a t e  v a r i a b l e s  i s  determined us ing  

t h i s  form o f  t h e  equat ion presented i n  prev ious sect ions:  

A 

where: Xt  = p roduc t ion  r a t e  a t  some t ime t 

= r a t e  o f  subsidence a t  some t ime t + tu, where tu 

i s  an appropr ia te  t ime i n t e r v a l  a f t e r  which t h e  
e f f e c t  o f  a change i n  p roduc t ion  r a t e  w i l l  be 
r e f l e c t e d  i n  a change i n  the  r a t e  o f  subsidence 

Yt+ tu  

= regress ion  c o e f f i c i e n t s ,  determined as 
p rev ious l y  descr ibed 

= a random e r r o r  term Et 
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The correlation is then calculated using the following equation. 

- n 
0 

c (Xi - X) (Yi - 8) 
i=l r = -  

i =1 i=l 
r = correlation coefficient 

Xi = production rate 

Yi = subsidence rate corresponding to that production rate I - 
X, 8 = mean values of X and Y 

The range of r is from -1.0 to +1.0. 
stronger correlations between X and Y. 
of the total variation in Y explained by X. 

Higher absolute values of r indicate 
Also, r indicates the proportion 2 

Below is a simplified example of how data may be used to determine the 
correlation coefficient between the rate of geothermal production and 
the rate of subsidence. 
that tu = 6 months. 

For purposes of this example, it is assumed 

Time, t, in months since 
the start of geothermal 

production 
12 
24 
36 
48 
60 
72 
84 
96 

X = Production Rate 
at time t in 
kg/day x 10 7 

1.0 
1.5 
1.5 
2.0 

3.0 
3.0 
3.5 
3.. 5 

Y = Rate of Subsidence 
at time t + 6 in 
cm/6 months 

0.4 
1 .o 
1.2 
1.6 

2.5 
2.7 
3.4 
4.5 
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For t h i s  example, the regression model o f  X and Y i s  calculated as follows: 

Y = 6, + f i l X  + E 

bo = -0.968 

bl = 1.318 

variance, S* = 0.192 

Correlation Coefficient r = 0.955 

Since the value o f  r i s  re la t ively h i g h ,  there i s  a positive correlation 
between the ra te  of production and the ra te  of subsidence. 
of r i s  the percentage of Y ( r a t e  o f  subsidence) t h a t  i s  related t o  X 
( r a t e  o f  production). 
reasonable t o  estimate future rates of subsidence from the expected 
future r a t e  of production of the geothermal plant. 

The square 

In  this case r2 = 91%; therefore, i t  would be 
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