


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
- I 

Inversion of Electrical Resistivity 
Data to Identify Granular A/ 
Resources in Ar&c Waters. 

Contract Report 

Prepared for 

Supply and Services Canada 

n 

Prepared by 

C-CORE - Centre  for Cold Ocean Resources  Engineering 

C-CORE Contract 94 - C5 
March 1994 

c f C-C-ORE, 
Centre for Cold Ocean Resources Engineering 
Memorial University of Newfoundland 
St. John's, NF, A16 3x5, Canada 
Tel. (709) 737-8354 Fax. 709-737-4706 - 



The correct  citation  for this report is : 

Scott, W.J., English, G.H., and Sayth, S . J . ,  1994, Inversion of Electrical 
Rewlsrtlvity Data to  Identify  Granular  Rcaourccs in Arctic Waters. 
Contract  report  prepared for Supply and Services Canada, C-CORE Contract 
94 - c5. 

I 
1 



I 
D 
I 

RESISTIVITY NEASURWENT 

INTRODUCTION 

INTERPRETATION OF RESISTIVITY  SOUNDING DATA 

INVEXSION 
1D Inversion 
Iterative  Inversion 
Inversion with Ridgs  Regression 
Monte Carlo Invarrion 
Direct  Interpretation 
Direct  Interpretation (Baaokur) 
Direct  Calculation (Zohdy) 
Error of Fit of Inversion 
Reliability of Inverted  Models 
Equivalence 
Example of Equivalence  (Scott and HacKay, 1977) 

APPRAISAL OF INVERSION ROUTINES 

COMPARISON OF PERFt"CE OF INVEG1SION  ROUTINES 
RunninB inversions, Beaufort: Sea Data 

Fiducial  marks 
Lime 10D 
Line 22A 
Line 44A 
Line  4% 

Line  J1S 
Line J2N 
L i n e  J2S 

Running Invereaonr, Bay of Fundy Data 

Running  Inversions, Conception Bay Data 
Di8cursion of Running Inversions 
Influence of Starting Modalr 
Inversiow with Fixed Layer Thicknaeaes 

Teat 1 
Test 2 
T ~ m t  3 
Test 41 
Teat  4b 

Trisln on Theoretical Hodelr 

SuNlIARY AND DISCUSSION 

REFERENCES 

APPENDIX A 

APPENDIX B 

1 

2 

3 

4 
5 
6 
6 
9 
10 
10 
11 
12 
13 
14 
14 

18 

22 
24 
24 
25 
26 
30 
34 
38 
40 
41 
43 
44 
47 
47 
51 
5 1  
53 
54 
54 
55 
56 

62 

66 



I 
I 
I 
I 
I 
I 

LIIT W lIOvItlkg 

(Figures aarkrd with ' are in pockat). 
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The purpose of this  report ia to describe  the  results of a  study of 
inversion of resistivity  data  obtained  with  the MICRO-WTP marine  electrical 
survey systea. In the  lkauforr  Sea there is a requirement to process marine 
electrical  resistivity  data  continuously during aurvey to determine the 
resistivity of ahallow  sub-surface  layera. Rsrirtivity valwr can be used t o  
indicate whather coarus-grained  materials  are  prmsent, a d  whatbr permafrost 
licrs within the  depth8 of SntereBt. Since  uuch mumeys are often Bone just 
before  sampling and/or dredging of aggregate, there i r  mad for a mthod which 
gives a rapid  interpretation. 

The approach  taken  in  interpretation of reoiativity  data in general is  to 
invert  the &ta in  terra of a layered  rub-rurfacs.  Interpretation  is  usually a 
two-step procam. First an  automabed imerrion i r  prformd, then the  inverted 
node1 ie adjusted  to improve the fit, and finally the interpreted  model is 
appraised  for  the range of equivalent models whPch could fit the  data with the 
same error. This is  generally a slow process  bsc4ure of the nurbQr of soundinp 
to  be  interpreted. 

Rapid analysis of survey data on board the veseel during  survey  requires 
automated  inversion  with na intarvantion  by  the  operator. This requirement is 
unique  to  marina mummy, au it is  rare  in  terxeotrial work to obtain aounding 
data at a  rate which pxecludce  interactive  interpretation. While an autorated 
inversion may not yield  the  final  intapretation, it should provide reaeonably 
reliable  interpreted  modela, 

This  Study was mugported  by tha Atlantic Canada Qpportunitias Agency, and 
by  the  Atlantic  Geoscience Centre, Natural  Resoureerr C a d  ( A N ) .  Preparation 
of this report for Indian a d  Northern  Affairr Caarrda (IUC) was authorisad  by 
R. Gowan of INAC. Field work in  suppert of this  study was carried  out  in  the 
Bay of Fundy,  New  Brunawick  and in Conception  Bay in Newfoundland. 

Originally it was planned to collsct MICRO-WIP data from an area in the Bay 
of Fundy at  hi& tide, and then  to  return  at  low tide to  measure t h  raniotivity 
of the exposed  sediments.  Unfortunately  the f i e l d  program in Futrdy was complete 
before  authorisation for the additional work at lor tide was received, However 
acoustic data fxom the Bay of Fundy  indicated  that  tha  bottom w m  either rock or 
sand and gravel, so that at least a mini- of control is availabla. In 
addition, &ta collected  in t b  Beaufort Sea in tha s-r of 1991 wan wed, with 
the perriseion of S. Solomon of AGC. 

The study describad in this report was carried out to find the best 
approach t o  real-time  inversion. The report diocwres the procems of obtaining 
a set of data to interpret,  and  than  the  approaches taken to  produce  an 
interpretation of this dntr sat. The problem of equivalence is outlined  as well. 
Several acheran are appraised in terms of autorated inversion of &t4 fror the 
Ebaufort  Sea, the Bay of Fundy in New brunswick,  and  Conception b y  in 
Newfoundland.  Finally  the  report  dercribes an approach  which is consicbrad to 
be  optimum. 
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RESISTIVITY HUSWREHEWP 

A value of apparent  resistivity  is  datsrmimsd by leasursrent of the 
potential  established an a result of the flow of electric  current in the sub- 
surface,  The  apparent  remlntivity is calculated a8 followr: 

where pa - apparent  remistivity  in h-mmtres, 
G - gsoaetric factor (depeds on array type and apacing), 
V - potential measured across receiver electrh pair, 

and I - current  injected  through  current  electrodes. 
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igure 1: Electrode arrays. 

To establish a depth  dependence of apparent  resistivity  values, the scale 
of the electrode array ie increased  in steps; the  resulting  data set  is called 
a sounding, Figure 1 shows the c w n  electrode  arrays  used  to obtain 
resistivity  soundings. In Figure  1,  following common practice  in  electrical 
geophyrics, the  potential electrodes are  called N and N, and the current 
electrodes A a d  B, 
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work, the d l  electrical  properties of interest are remistivity and soretimes 
chargeability, or indued polaritation (IP). 

IP is generally  modelled in term* of percent frrquency effect (PF'E), by 
running the  raalativirp rodel a second time with reairtivity valwr chanpd t o  
reflect thcr w&l PFE valws, and th*n corrp.riq tha two #at# of calculated 
apparent  resistivitiem to calculate  apparent PFE v a l w ~ .  Sirme  there  is  a 
general  equivalence  between PFE and time-8ouin chargeability values, the 
apparent Pplg values e m  bQ converted to cBprrent chrrpabilities. 

This report  will dircwo rerirtivity a l m .  In tha earth, t h  resistivity 
ray vary o h r p l y  r t  well-defined  interfacsa, OF may chawe gradually  with 
position. Camrally, a =del ir uds to Lncluda sharp intrrfmao, in the hopes 
that if variations  are net rtcsp-vias, they are at h a r t  confined to narrow XQTW 
which can be Irodellad a8 wall-dcfinsd layers. T b  interpretation process then 
involves datermining the valuer of the par-tara which defim t b  d l .  Once 
the valuea of the parrrotora that tkrcrib the  modal  are dataminsd, the find 
step in the interpretrtim procers involver drawiw concluaims about tha geology 
of the sub-surfrca fror the md41 values. 

A model ray bs orm-dilrrsmional (ID), tm-dimensional (2D), or three- 
dimensional (3D). A 1D rodel is one in which the variation is in only one 
dimension, w w l l y  vertical,  with  the  assumption  that there axe rw variationm in 
the othsr twa directiom (parallel to profils direction, and psrpsmdicular to the 
profile plans). In a 2D madel variation 1s confined to thc two dirsnriono in the 
plane of tha profile. A 3D mudel al lwa vaofation in all tkae  dilmuims. 

When field ailit* am t o  be interpreted,  the  first  atsp  is to examine the 
graphr of apparent  rcrirtfrity function of spacing. A ID Interpretation i r  
only valid  if the 1aysrln.g d e r  the sounding is essentially horimntal over the 
gemral dirennions of the sounding. 

kfore the advent of computer modelling  routines,  the c- approach was 
to compare  the f i e l d  data with Btandard CU~VBB prepared for a range of 1D layered 
models. If tha field curves rm&abhd the rtandard one8 in ohpen a d  smooth- 
T H ~ S B ,  then the rrsurption of a ID cass was conaidered juotif ird,  urd & search  was 
lude fox the  family of standard CUSX~E which mart clonrly xsmmblsd the field 
data. Once  a  reasonable fit to one of the family war obtained, ths rodel 
parameters for the staQlrd curve would be accepted as the basis for  geological 
correlation. In mimple c u e s  this approach was quite uaeful, but tha n m b r  
of layers increamad b e y d  two or three, the number of standard C W ~ I  required 
to offer a reasonable choice bet- extr-ly large, and the promar of finding 
an appropriate fit bsc- umieldy, 

Recent d.velopmenta allow  calculation of uldsl pmrmtrrs in  terms of the 
f i e l d  data, a precess knwn na invarsion, There are two gmmrol approad#. t o  
inversion. The first is the process of iterative  rolution, a d  tha oecond is 
direct calculation of d l  paramaterr from thc field data, This disccurion will 
firat cover  iterative  trchmiques, and t b n  direct interpretation. 
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At prrrcmt, inverrion io  gsnerally  liritsd t o  1D d l s ,  although forward 
calculations can be macle far 2D d l # ,  and IOM 2D imrsroian routine. have been 
published (e.g., Naraym, S., 1990). Forward calculation# can ?M rude in mme 
limited  case#  for 3D lrodelr as well. 

1D Invarrion 

Several  approaches  to 1D inversion  have been embodied In iterative  computer 
routinae. Thore to be dimcumsed are limted  below,  with  the bold face indicating 
the  nama by which each will be idsntified  in  this report: 

~ S ~ I P  a c-rcial software packqs available on the opm market, 
Hardy B1T (Scott,1992), a routine dawloped to run on HP computers far INAC, 

Banohm (1992)) a routine which ir in the  public -in, 
D * V h  1979, l4irmeaota Geological Survsy , a routitm in ths &ltc domain, 

Z*Y (1990), an Open File  Releooe from the USGS. 

All  five  routinem  are  based on the  concept of 1D rrodsls ofhose parameters 
are  layer  thickness and layer  resistivity  valuee.  They  incorporate a nurber  of 
such  layers  lying on a half-apace, which  is  in  effect an infinitely  deep  layer, 
In practice,  the  number of layerr in the  model ire limited by the number of 
apparent  reaistivity  valuas  available for the imamion. 'Thus in  a  sounding 
taken  with a multi-dipole  array of n - 1 to 6, only two layers on a half-space, 
with  two thicknasms and  three  reaistivities or a total of 5 par-ters, can be 
reliably  inverted.  Threr laysrlr would  involve  four  reoistlvitiso end three 
thickness, for a total of 7 parameters,  too  many  to  resolve w i t h  pix apparent 
reaistivity  readings.  fnversion of such (L model  will  mtlll  yield a met of d l  
parameters,  but  the  uncertainty of the  interpretation  will ba great. However, 
additional  layers can be inserted  without  degrading  the  reliability of the 
inversion  if  their  reoiativity  and  thickness are known, For example,  if  the 
water depth and  resistivity  are  known,  then a water layer cam be inserted  without 
penalty.  Furthermore,  if a layer  thickness can be  detarnined by other  means  such 
a& shallow acoustic  profiling  or  drilling,  and if the  interface  correlates  with 
a  change in resistivity,  then  the  reliability of the  interpretation  will be 
improved  by  forcing  one  layer  boundary to fit  the known depth. 

It  should  be  noted that wing inversion  routines  with  the MICRO-WIP is 
working at the 1imitB of the  technique.  All  inversion  schemes work best when the 
problea is  wall  overdetermined;  that is, when there are many  more  sounding  values 
than  layer thiclcnesrssr and resistivities to determine. The physicallinitations 
of a  towed  streamer  limits  the  system  to a small number (six  at present) of 
apparent  resiativity  values, A t  the  same time models  must  include  several  layers 
BO that  the sub-bottom  conditions can be  adequately  approximated.  Thus  the 
MICRO-WIP soundings  are not really  overdetermined, as the  ueual  model 
incorporates  five unknwn parameters  (two  thicknessee  and three resistivity 
values),  with  only  six  apparent  resistivity  values  to work with. It is 
surprising how much of the  time it  is  possible  to  achieve a reasonable solution 
with inversion. 

ReeixIP,  Davis and Hardy are all examples of iterative  techniques,  while 
Baaokur and Zohdy  are direct interpretation  routines,  althaugh Zohdy also  makes 
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use  of an iterative  approach.  Zohdy was dove1op.d  to handla Schlumberger 
routines  only. The approach  in Zohdy could be adapted to athex arrays, but only 
with  considerable proarming effort. At thir stage it rpprrr that  Zohdy 
&panda =re  than  the  others on the shape of tha rounding curve, and thus 
requires  that the mounding be grracly wsrdatarriasd to .chiare reamrmblr 
accuracy, All of the others will handle apparent reristivity valws frm a 
variety  of  arrays, including multi-dipole.  Only the Hardy routim, h v e r ,  will 
handle  the  log dipoh array,  altheugh in principlr , the othmrs cwld  ba urdifird 
to  handle log dipole array.. 

Itmratlvm Iawarrfon 

The iterative  approach  is shown acharrtlcally in F i w s  2. I t  involves an 
iterative cycle of calculations, coqrrirono ud corrmctioru. To start, an 
estimate  is ma& of tapS model parameter valws. In what l a  Stnown as a forward 
calculation,  the paructrr entimates  are wed to calculate  rodml ownding data. 
These  data ara compared  to  the  field  data, and a Bet of arror values is 
calculated.  The ste&rd &viation of the errom (or some o t b r  equivalent 
quantity) is used t o  rrvalurtc the g&ms of fit of the mode1 t o  the field data. 
If the  fitting error is within some acceptable limit then the rodal i m  said  to 
fit the field &ta. If the  fitting  error is too large, then equations  are 
constructed to calculate  corrections to the d l  paraueters in term of the  set 
of errors batmen mclel end f ie ld data. The core of the inversion process is the 
determination  of  the  coefficients of this  equation set, n procrm~ which is 
crrxied out  by forming autricss to  include  the error aquatiow, and then 
inverting t b  matrix equation  to  datormins tha vrrlurrs of the cmeefficients, The 
rasulting correctima are  applied  to  the model par-tsrr. T h i B  procssa is 
called the inversa calculation. Ths nmw d l  paramatera are then u r d  In a m w  
€orward  calculation, a d  the  cycls  is  repeated,  until the fitting  error is 
reduced t o  a minimum,  or  to  the  predetermined  limit, 

Both IlQaixIP a d  Davis use ridge regression to determine the corrsctions 
t o  the model  parameters.  Hordy  uses a mthod known a8 hnte Carlo or hdow 
Walk, and is t h w  rorrswhrt different from the other two. The riha rcgreesion 
approach  will be discussed  first. 

The following dimcumion is based on Neju (1992). The inverrion  of 
electrical  or electramapetic m d i n g  data for sub-surface  resistivity 
distribution im a  nonlinsar and nommique problem. Practical data rrs by their 
natura  inaccurate, inaonaistmt and lirited in bandwidth or mpacing, and 
consequently an infinite  number of aodsls sxieto that can ratiafy a given  rat of 
data. The goal of inwrrion is  to datsrmina ncme d l  that  adaqurtely  explain8 
our obrsrvatima and a h o  rrrtisfirs  any  conrtraintr  imposed by the physicr of the 
problen, or any  external  control, A variety of methods  has  been dsvelopd for 
addreseing such problem, (e. g. Inman, 1975; Jupp and Vozoff, 1975; Johanaan, 

is adopted, and nonlinearity usually is addrerred via an iterative procedure. 
However, most iterative  procedures  require a good initial guess at the true model 
in order to conv.rgs, and ewn so, there is no parantee that any particular 

1977; k j u ,  19188). The mathematically robust least-squares f O N 1 i m  g ~ ~ r a l l y  

schsrw  will  celrvsrge to ths trus I*odel. 
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In nonlinear problears such as resistivity  inversion,  the  experirental  data 
d are  related to  the mob1 parareterm m through  a  nonlinaar  function f (known as 
the forward model) as follows: 

where e is a vector of additive mias. Our goal is to datlrrrina a  hypothetical 
earth  modal whose responses f ( m )  are idantical to the recorded  data d ,  

Experimental  errors also can be included in the inversion procaua. This 
is  particularly  important  if asole of the valwm in d are leor reliable than 
others. If the n sxperimntal errors a, are  Gauraian and rtatirtically 
independent,  then we may dafins a diagonal wighting rrtrix V as: 

This is used to scale tha  observed  data to prevent  undue  irportsnce  being  given 
to poorly-estimated data, but  in not neceslsary if a11 data are equally  reliable. 

Tha differences between the forward model and the data are exprearsed as: 

a - d - f(r) ( 3 )  

or, with  the  experimental  errors  included: 

To use least-square#  to  produce a fit between model and field  data, it  is 
necessary t o  adjust  the model f(r) to rinirise the quadratic meamare of fitting 
error : 

ssq - eTs - (d - f(r))T(d - f(r)) (4) 

where aT signifies the  transpose of a. Thia kind of problem isl generally 
linerrised so that  the standard least-squares method can be used  iteratively  to 
refine an initial guero model  (mea Limo and Treitsl, 1984, and references 
therein). To do this, wg assutlltt that the model in linear for small interval 
around an initial guem d* and  perform the firmt-order Taylor'r expanaion: 

or 

where A - *f(m@)/.m is the set of partial derivativen of f(r) with respect to II 
at d, and x - (n - d) is the vector  containing the correctiorm to Bs determined. 
This equatisn nays that if d im close t o  a then a correction t o  f(d) in tellas 
of parttal  derivatives st d can be wed to refine the estimate of f(r). 
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Equation (2) nay then  be  written 

or 

To determine the correction@, it is raecsrrary to datcrminr the valuma of the 
model parameter correction. x which reduce orq  t o  a minimum. This is 
accoapliehsd by setting  to zero the  dsrivativsm of rag with rrrpact to each of 
the  correctionr x. This  results in a r e t  of squtionrr which can be solved 
iteratively  to  determine  the  values of x. The iteration involveo progrsrmively 
smaller  changes  in  trial  values  far x, and as the b e t  valws are approached, the 
sizes of the  correctione  become so small that in inverting  the  matrix of 
corrections,  the  process  becomes  unatable. To avoid thim problem,  ridge 
regression (Marquardt, 1970, Iruun, 1975), controls  the  etep  length of the 
corrections  to x by imposing a constraint on Equation (6) by nininising the 
combined  function 

where L2 is a limit on the etl6rw of the p ~ r m t a r  carrsctiona, a d  & is  called 
the  damping  factor. 

l4inirisrtion i m  then achieved by matting to zmra ths partial  derivatives 
of + with  reopect to each of the rodcl prrmtsr correctionm x. T h i m  results  in 
the least-squarsr normal equations 

where I is  the  identity matrix. These equationa may be solved for the model 
parameter  corrections 

In ridge regrrorion, the iterative formla is 

where d is  the  refined mdel at iteration k and A and 7 are evaluated at 

Monte  Carlo invarsion, used by the Hardy routine, does not  forrally 
calculate  the met of corractiona for the -1 parmttcra. Instead, a starting 
node1 is propomad, a forward pods1 in calculated, a d  then  each prruster is 
varied in turn by a fixed  percentage. 

One parameter im  increased f i rr t ,  and a n e w  forward mod41 i o  calculated. 
If the  new error io smaller that the rtarting error, t h m  the parameter 
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correction  is  accepted. If the new error io larger,  then the parmtsr is 
reduced  from  the  starting  value by t b  a m  percentage, and another  error  is 
calculated, If this  error  is ~mallsr than the rtartiw error, then the n e w  
parameter  value  is  accepted,  otherwiae  the rtarting parustex value  is  kept. 

The  program mats to each parmter in succsrrion, and goes  through  the 
same procam. The end result  is  a  set of modified or  unmodified  parameters , 
which now b4coma the mxt starting set. A new forward  model a d  a new error are 
calculated. The correction process is then  repeated, but wfth a smaller 
percentage of parameter  change, Three iterations are allowed in Hardy  if 
required  to reduce ths  error  below  the  criterion.  More iteratiom could be 
allowed if required,  but  the  parritted  ranges of paruster change  would  also 
require  change  for more itrrotions. 

The advantage of the  Hardy rpprocch io  that  it  is mot necessary to 
calculate  the  partial  derivatives A of the forward =del f (m) , and then to solve 
for the  corrections x. The main dimdvantags is  the need to calculate  many 
forward  model8 for each iteration. For exuple, with 5 par-ters, a11 of which 
are too large, 10 forward  calculations and 10 error  oslculatiens rust be made in 
s single  iteration. Th9 Monte  Carlo  approach ray be farter  than  the ridge 
regression  approach for mull data  sets,  but as the ~ ~ M B K  of aovnding values 
increases,  the  relatiwr coaputotion tima  increaseo. 

Monte Carlo inversion  also depeml~ on a relatively clore estimate  for  the 
starting model. If the initial sstiaratelr are too far fror the best fit,  the 
range of corrections allowed in the  iteration  series MY not be large enough to 
bring the modal into the range of minimum error. Furthemre, there may be local 
minima in ths distribution of error, away from the true minirurr error, which  nay 
stop  the  process before the  ultimate bemt f P t  is  achieved. This is a problem 
with  many othar inveroion  techniques as well.. 

Direct Interpretation 

Bamokur and Zohdy both offer direct interpretation  approaches.  Inter- 
pretation of apparent  resietivity  data can be carried aut in either  the  apparent 
resistivity  or  the  resistivity tramform dotoin. Banokur operates in the 
resistivity tranofom h i n ,  while Zohdy operatoo in the apparent resistivity 
c h a i n .  Each  routins w a s  a different  concept, and will be dircussd separately. 

Direct Interprrtation (ksdnrr) 

Baaokur depend. on a two-atep approach; this  discussion is basad on hsokur 
(1984 and 1990). In these  two  papers,  the thaory of the rathod is  outlined. 
Only an outline of the technique  will be given here. T k  first  step  involves  the 
calculation of the resistivity trnwform from the  field  apparent  reri8tivity 
data. The a e c d  step involves  calculation of the modal p r ~ ~ t ~ r .  from the 
reeirtivity  transform. 

The first  step  in thr direct  interpretation mthd is  to obtain the sample 
values of the resistivity  transforn  function from th4 sample valuer of the 
measured  apparent  resistivity  data. This is done with  a techniqw daacribcd  by 
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Santini and Zrubrcno (1981) and  amplified  in hsokur (1990) To obtain  the 
reeistivity tramform function fror t h m  apparant remistfvity data, it is 
neces~ary t o  dmslop a amt of fitting functioru. Tbsm act am & kind of filter 
applied t o  the apparmt remiutivity data to obtain the resiativity tramform 
values. mere is OTW rerintivity trarmforr Val- for each apparent resistivity 
value. Basohr (1990) given  fitting ftrnctionr for I variety of arrayr, including 
multi-dipole; theme are incorporated in him computer pro&ram. 

The recond mtap in the procaor is tc~ w e  recursive relatiom to datamine 
the  parameterr of the mbl. The prmerr atrrts by u~uriry that thr early part 
of the  rerimtivity  trmwforrr curve ir inf1wnc.d only by the firrt and recond 
layera.  The  remirtivity and thlckrwrr of the first layer are computed. Once 
these are detmmined, ths influence of the f irst layer f 8 rerwed from the 
reristtvlty tramform by meam of the Pekerim reaurremcm equation, If =re  than 
two layers  are  preoent, the procsom i r  repeated on the next part of the 
resistivity tramform curve. When a11 layerr are accounted for, the final 
calculation  gives  the  renintivity of the subutrmm. 

When the program in run in ita publirhsd fora, the operator i a  asked how 
lnrch of ths reaistivity transform c u m  reflect. only tha firrt two 1ayarr. 
Similar judgements are  rmqrwrtrd far each ruccsrsivc otep until t b  subrtratuar 
is  identified,  For  automated  operation  of  the pragru, this  interaction  must be 
removed, There  is no simple rrthod t o  calculate  the part of t h  reaietivity 
tramform curve that raflects the influence of a given layer. In th ia  rtudy, the 
ranger of influance of each  layer  were fixed at tha outmat, and the program run 
in this way. Savaral passss were  run w i t h  different  rangan, ond tha arragement 
with  the mini- error of f i t  wao choosn as the mort appropriate. cood fits are 
obtained  only h e n  the prejudgemntr are at  lerrt  approximmtely  correct. This 
situation is pxobdly  ncrt sati8frctary for an autarrted itwaraim s c h ,  An 
additional disrdvcntapa of laroltur i r  that  the  approach  works  beat  with a large 
n d a r  of clouely-spaced cppnrsnt rsoiatlvity Val-a, ao thrt there are several 
values  reflactin8  the inflwnce of each layer,  This is the  condition of 
overdet~rmination mentioned above. 

Direct Calculation (2oWy) 

Zohdy  offers 1p direct  calculation  which i u  based on the charactrristice of 
a wnmding cume. Any sounding c u m  i n  a muted  copy of the reeimtivity-dapth 
C U X V ~  of the rods1  from  which it i a  &rind. Apparent resiativity excursions are 
a1ansys lema that the corrrrpondiftg true reaistivity chngem, Any chuys in  true 
reoistivity  at a giwn depth  is  reflected by 6 charys in apparent  resistivity, 
but at a opmcing wtrich i n  oomwhat greater than the bpth of the corremponding 
interface in the d l .  

Zohdy point8 out  thrt  in  most caawa the rseintivity-depth curve  i8  not 
stepped,  but  is rather a curye  with  inflection points. He rru%geatu that if the 
right rsducing factor for dspth and uplifying factor for  reairtivity can be 
determined,  then  the lode1 resiotivity-depth  curve can be calculated from the 
apparent  raricltivity  mounding c u m .  

Alt:hou& the  program offers a direct calculntion frtm the  mounding  curve, 
it also depends on an 1tarati-m  aaarch  for  the appropriate dopth-raducirtg and 
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resistivity-amplifying €actors. A firat ortimate of the factarr i m  embedded in 
the pxo~ram, and the first rsrirtivity-dspth cuwa in dstarmlerrd. A forward 
calculation I n  made for thi8 d l ,  and the results compared with thr field data. 
Changes to the factors  are mde to reflect  difference. betwean the two curves, 
a new resistivity-dupth c u m  i m  dstermimd, urd a m w  forward  calculation is 
ma&. When the f i t  tmtwsen calculated urd obmervrd mounding cumes meets the 
criterion, tha process is  terminated. 

Zohdy's tmhniqw i e  particularly rttractivebecrus calculation i n  raducsd 
to a minimum. As publirkrd, however, ttm program in r a t  up for 8chluQarger data 
only. Furtharrroxa, it , lib hmelnrr , i s  loat effective trhrn thrr arr many 
apparent  resistivity valwm in ths c u m ,  yet only a few layer. in the modal, 
Tim r d i n g  of Figurm 3a bdem is a 8ood .-le of LLL ovardeterrimd case, in 
which thin program would  give  rslirbls rmeults, if top of perrsfront could 
be wtpreuented  a  gradational e m  rather than a m h a r p  interface. 

In the  prsrent study, soae effort was directed to automating  the 
transforsation of multi-dipole data to Schlurberger &ta ta  allow tha use of the 
Zohdy rwtim. After s m  effort, howwer, we have dscihd that  accurate 
traneformation requires the U I ~  of judBelent in each  came, and is thum not  well 
suited t o  inclusion in an autoratrd routim. 

To dstsrrrinc an acceptable error within which  a model fits the f ie ld data, 
It i o  important  first  to  determine the error associ&tsd  with  the mwaurement of 
qparemt rssiativity values. hn inwrslon which  fits the field data with a lawer 
error than that ssrociatd with tha field data could rsprsmnt a fit to part of 
the inherent mise as  well. 

Error may ariae from calibration errors  ruch aa the precision to which  the 
array constants are known, or  uncertainfy in ths value of the rsristor across 
which the  voltage Z.8 mamured to calculate  the  transmitter current, but 5uch 
errors are conmtant and will not affect the  relative error associated  with 
i~ividllllapparentrerirtivityval~8. The resolution of the  digitizer, 16 bits 
plus  sign, i. adequate to ensure that tm significant error is contributed. 

The m a t  rignificant ~ource of arror in the MICRO-VIP $8 t h  presence of 
mille. There are three  principal  maarces of mime in the s i p l ,  The fSrst is 
tkc  presence of &O Hz mise from the motor-generators wad t o  nuaply operating 
power for  the oyrter* uaQd in the survey. Narmuremntu from expmrirentr in the 
fall of 1992 (Scott et al., 1993) show that for signals of 1 millivolt, the 60 
Hz content of tha dfgitissd  signal is less  than 0.1 percent of the  input Val-. 

The second neiua type is long-term  drift, or DC offret. The sparator 
m i t o r s  this while the system i n  in operation, and correctlow are sp~lied if 
necessary. OVdr peridu of a minute, thim drift is in the rankle of micrwolta, 
and appearm t o  be linsar; it l a  cancelled by working in terw of paak-to p a k  
values of succ~msivs cycler of the tranrmittsr a i p a l .  

The third miss t p  is that armciatad with  the motion of elaatrodes in 
the  water. Thio noim is conaltbred to be the lirZting factor in tlm precision 
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with  which  apparent  resistivity  values  are  calculated.  Research  into  the  causes 
of thilr noise i r  continuing.  At  the  tire of the  survey  &scribed in this  report, 
a reasonable  limit for motion-induced noime wan a few term of microvoltm peak-to- 
peak, over periodo of about one minute.  This  noiae  is  most  significant  for  the 
lowest  measured  apparent resistivity valwa. In the most mxtrus cam, with an 
apparent  remistivity of orw ohm-metre and a trasmitter current of 8 amperes,  the 
notion-related noise on the  fartheat (n - 6) d i p o h  is about 10 per cent of the 
signal. In an I-cycle average,  about 1400 ruch valumm are stacked, and the mine 
reduction  thur  achieved  ohould  reduce  the  error to lenm than  1  percent In most 
of the  survey,  apparant  resistivity values, even on n - 6 were significantly 
larger  than o m  9-m a d  the  associated errors were thua  lems than 1 prcsnt. In 
evaluating  inversions  for  the work dercribad in  thia  report,  therefore, it was 
decided  to tldle 1 per  cent as the criterion for acceptable  goodnesm of fit. When 
a modal  fit  produced an error of less than 1 prcsnt, the 5 d i n g  was conridered 
adequately  fitted, 

The reliability sf the inverrion wars appraised by calculating, as part of 
the  inverrion,  the standard deviation of the  percentage diffsrrncssl between 
corresponding  apparent  remistivity  valuer in the  field i*nd model b*ta rets. 

If ths error of fit wan  larger  than  about 1.5 percent,  then  adjuatmentr 
were  de arnully to roEtel vblwm, and a new model  data met was calculated. 
By such cut-ad- try  procedure8 , it warn pomibls in  all  but a f e w  caaea to reduce 
the error of fit  to about 1 percent. 

Once the data  5ets for a line ware inverted, aa profile vaa plotted for the 
line, and the various sub-surface  region8  assigned  a  tentative  geological 
correlation. Rcs horizontal  scale for the  profile was kept t h  a m  as that of 
the  plot of the vwael survey path, The vertical  scale w u  choaen to allow good 
resolution of the near-awrface fcaatureu as well aa adaqwts rapreamtation of 
dsepsr  faaturea. 

Raliability of Inverted -la 

There are threc main S O ~ L T C ~ O  of poeaible error in  this process of 
interpretation. The first  arises fror lateral  variations in thQ  electrical 
properties of the mub-bottor materiolr. The second arises from bsncls in  the 
streamex. lb third is related to a condition known a& equivalence. 

The 1-D inversiom  proceos amsumes that  modal  parameterr  (layer  chickneas 
and resirtivity)  are  latsrally  invariant to infinity. In practice thin condition 
ir approximately  met if the valwu change  slowly over horizontal dirtanceu of 
raveral  dipole  lengths, but the 1 - D  inversion  proceaa braaka born in areas where 
thicknesaes  or  resistivities change rapidly  along  the survey line. In such calses 
it m y  not ba poao%ble to  obtain  a 1-D rdlel with  acceptable amor, and 
consideration olrwld be given to further  interpretation  in terrm of two- 
dimensional mdelaa. It  is  also possible that a guud fit  may  be  obtained to the 
data  in an area of rapid  lateral variation; even if the error of fit is low,  the 
interpretation in such an area should bs viewed with caution, The soundings 
intrerted for thin r e ~ ~ r t  were chomerr prirurlly from rrgiom of limited  lateral 
variatlon in apprrmt raoiativity valws. 



- 14 - 

I 
I 
I 
1 
1 

The  calculatioru of apparent  resirtivity  values ora baaed on the  assumption 
that the potentials  are rcarured with tkw 8trrr-r in a mtrai&t  line. If the 
eurvey  vesuel holb a straight courser during tlie time the MICRO-WIF io recording, 
then  the  streamer is alro straight, and the condition is ret. If, on the  other 
hand, the vessel tu-, t b n  the r t r s m r  will have a kink in it until it has  a11 
parsed the point  at  trhich the vegnsl turnad. ThQ apparent  resistivity 
calculations  will be in arror, a d  thare will be zw) indication of th. error  in 
the data. During sumg the s t r e m r  parition wan mitored,  and recording  was 
undertakan only when the streemar was rtraight. It i n  porsible, however, that 
soma b e d  in thQ cable went wndetected. The oomequent error# wuuld IKIW be in 
the data, and could bQ ncithsr  identified nor remad.  

In many cases more than o m  appropriate  rods1 can be detsminwd for which 
the fit between field CRd d l  data  sets is acceptable. Th%ss j ~ l d s l a  are arid 
t o  be equivalant. Equivalmce rrirrs m a t  fregwntly whsn o ~ l w  of t b  layers  in 
the rodel i r  thin in  coaparison to its Qspth of burial. f f  much a buried  layer 
is more rerirtive that t h e  surrounding  it, cnd its thtckwss is  lsas  than or 
comparable  to its depth of  burial, then the irrvaraion &tmmims the product of 
thickness and resirtivity,  but h a  not yield a reliab2e  indication of the value# 
of ramistivity m-4 thickmas. If the buried  layer is less reolrtiw than  thoae 
eurrounding  it,  then the inversion datrnims ths  ratio of t h i c h e s  to 
resi~tivity, but  cannot  srparate  the tro parameters  (Lasfargues,  1957, p.  108- 
112). In Ouch caner, a variety of r a t a  of thicknsssee and resistivitier can be 
found such thut the pswluct of, or ths ratio of thicknrro a d  rarirtivity for all 
the sets is ths u r n .  Equivalent rodsla can vary  quite  widaly  in the thicknesses 
of a given layer, and unlesm  independant  eviddncc, such as depths frolr seiumic 
profiles, can be obtained, all equivalent l o d e l a  may be equally  acceptable  in 
terms of error of fit. 

It  should be eqhwlrsd  that the problem of equivalence ie inherent  in 
electrical a d i n g r  a d  is  not a limitation of tha choerrn inversion  technique, 
or of the array cho~en for the  field  neasursrents.  It  arises equally in the 
interpretation of electramagnstic  rounding  results (e.p., V e r m  c d  hllik, 
1979).  Equivalence  in  electrical sounding intsrpretations  is  discussad by a 
number of authors; sae for example Leafargues (1957), Keller and Frlschkrrecht 
(1966), Koef-d (1969), 1-n (197S), Rocrof (1975),  Scott and hclcly (1977), and 
Starmiec (1982). Tha e q l s s  preuentsd hare are taken from Scott cnd IbcKsy 
bscaurrc they de01  sprrcificrlly  with permafrost. 

These s d i n g o  V Q ~ I  interpreted by I-D inversion, followed by adjuntwnt 
in the SUB unner 88 in  the  prenent study; the camputst: prograa wss written 
specifically for SchlmkmrCCar  soundings by Zohdy (1974). Zohdy ua-8 initially 
that the rtumbar of layers La equal to the rwdser ob apparent  resistivity v a l ~ s  
in the soundlty. Imroicm in tema of thia model determinem the resistivity 
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Figure 5:  Top - Field data and theoretical curve for Schlumberger sounding 
In drained k d  of Banook Lake. Points for AB/2 greater than 100 
are influenced by the shore of the lake. After Scott and kcKay, 
1977. 
Bottom - Resistivltydepth functions interpreted for the sounding 
in Banook Lake. A, B, and C are as in Figure 4 .  After Scott and 
WcKay, 19 7 7. 
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values of the layers. Once a reasonable fit i d  achieved,  the n d m r  of layers 
is  reduced in steps a d  forward  calculations are  de with the reduced  model; 
reduction  stop# when the  error of fit  for  the  reduced rode1 incrsares  beyond some 
predetermined  percentage of the  error of fit for the  original  inversion. 

Figure 3b shows the resimtivity-depth curve dmtsrninsd for the sounding of 
Figure 3a. No other  models  with laysru of differing thiclareus and resistivity 
can be found which can produce as low an error of fit as the  model of Figure 3b, 
which  gives  rise  to  the  theoretical  sounding  shown ar a solid  line in Figure 3a. 
Drill  control  in  the area in consistent  with  the intmrpretedpermftost thickness 
of 480 metres. 

Figure 4b shown soma possibla rrsimtivity-depth curves for the  sounding of 
Figure 4a, all of which  fit the same theoretical  rounding  curve, n h s m  in  Figure 
4a as a solid line, within 2 percent.  Figure 4b also  show#  the  log of a hole 
drilled st the centre of the  mounding,  The baas of permafrost  indicated by the 
drilling  is  consistent  with  the  reristivity-dapth cume in  which  the  deepest 
high-resistivity  layer io marked C. Layers A and 1, however, represent: extremes 
that  give r i m  to  the IJ- error of fit. The layer# A, B and C are maid  to be 
equivalent. They all  have  approximately  the same product of resistivity  and 
thickness,  between 6 . 5 ~ 1 0 )  and 8x105. Note  that many other equivalent cuwes 
exist, whose reuiotivity-thickness product.  are camparable.  There  is no lntarnrl 
evidence in the sounding  data to indicate that C or  any other  equivalent  layer 
is the  most  accurate  choice.  Once some independent  information on thickneas  is 
incorporated,  however, the  resistivity of the  layer is well  detexmined. 

Figure 5b shows  three  equivalent  rssistivity-depth cumes, all of which 
give wise to  the same thoretical sounding CUTVB, shown as a solid line in  Figure 
Sa. Curves A a d  B reprewmt the extrews of variation  in  the -1 for which 
the  error of fit  is  the same; curve C was chosen  to  fit  the known thickness of 
permafrost  determined  by  jet-drilling. 

Equivalent layere in a resistivity sounding cannot be resolved  unless  there 
is independent  information on either  thickness or reaiativity.  It  is  possible, 
however, to identify  the  presence of equivalence, and t a  sn*lyrrr ita  limits. 
Plots of equivalent  models  which  embody  this  analysis can be prepared to 
accompany  the  sounding  interpretations, 

Tha appraisal of inversion  routine8  concentrated on those demcribad above. 
After the  initial  evaluation, the Zhody approach  was  not iXtl?lUbQd in the met for 
appraisal, and dfortm were  directed  to  the  others,  Data available at the atart 
of the study had been collected  prirrrily  with  multi-dipolr arrays; loot of the 
appraisal  therefore W ~ J  &ne on the  three routincu mitten for that array. 

A comparison af ths Hardy routine  with mlti-dipole inwrrsioas  war  the last  
part of thim at*. Ccnmidsrable effort was spent  in trying to find the 
logarithmic  array  developed at Hardy BBT, but unfortunately it appears t o  have 
been discarded  after the departure of W.J. Scott.  It wan one of a serisu of 

". . 
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rtreartars made in one run. There had been a problu with  the  multi-dipole 
streamers made at the same time,  which  led to frequent breakage of tmQ p i p a l -  
carrying  conductors. Wile there  is no record of the fate of the loprithric 
array, it must have h e n  discarded  with the othr  faulty stramrs. Within  the 
budget  constraints of thir program, fabrication of a MY log-array stre-r was 
not feasible, but the  25-retra  multi-dipole  atreamer was rodified to a 
logarithric  spacing for the trials kscribsd in a i r  report. Several  attempts 
were necemary beform a ruccesnful mdificrtion w u  mhievad. 

The MICRO-WIP oprating system  executes OPL a 486 computer with P 33 M z  
clock speed, "he operating system is t imd SO that reriutivity  and  chargeability 
values  are cowputad every 16 seconds. Of this 16 second., approximately 6 
seconds  are required for the  procersitq of the digitized  data.  This  leavee 
approximately 10 mecords of C W  tima for other  operations much as a routine to 
perform an inversion on the data and plot  the  results  along  with  a  pseudo-depth 
section.  Therefore, a suitable  inversion  routine  would have to ba capable of 
running in Hlcroaoft qUIcwksIC 4 . 5  ond giving a reaaoluble answer  in  leso  than 
10 seed. If future chagas to ths oprrating syatem rub it wceaurry to uus 
more of the free time  for  dnta  collection,  file  handling,  navigation a d  other 
operatiom, it would be pwrible to trrmmfsr the  raw data (apparent restetivitiea 
and chargeabilitimta)  to a necond corputar  over a serial c-icatiorm line and 
allow the secsnd PC to perform the inversion on tha  data a d  to plot  the pseudo- 
depth srctioa 8nd i m r t r d  m d e l  drta on the  printer. 

1. Barohr 

The Baaokur progru offers  "direct  interpretation of reslistivity sounding 
cumea marursd with  the  two-electrcde W e m r ,  Schlumbarger or dipole 
array@. . .The puramaters of the f lrrt  laymr  are  determined from the early part of 
the  rerirtivity trcnaform cuwa. The top layer ie rslrovsd by  the  Perkeris 
recurrema equation. This mmthod  operates on a modified lrsrrwl function. The 
successive  application of the proporad rsthod and tho recuxremx equation on each 
part of the  rauiutivity  transform cum@ determines all the layer parameters.* 

The original  source  code w p 1  written so that  inversions Onre performed in 
an interactiva u m r  between the software a d  the parson processing  the data. 
While  running in real time,  with m l y  10 raconds to carry out tha inversion, the 
only interaction that we can offer is the resistivity a d  depth of the  water 
layer (measured autoutically) as  well an the previm model parameters. 
Therefore  the source cod0 was modified ao that  theme  paramatera were input 
automatically by the calliw program each  tire the inversion routine was 
initiated. 

Tha Wakur routine performed intrar*iona most  rapidly of a11  the  routines 
teated. khmvew, durlna tasting it warn datemined that the rasultr  obtainad with 
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much of our data was not rdlabls. The rrason for th i m  ir h t  thr program  looks 
for  inflection  points  in t b  apparent  ramimtivity data d w e #  there point. to 
&tarmine  the thickness of the layers. kcawm our data  contains jwt  six 
apparent  resirtivitiem  which have awbtls  inflection  points  the proarm t a d  to 
fit  a single layer on an infinite half space. When thm invsrBiorz routine waa 
tested with  artificial data with well defined inflection point. it pve reliable 
anewers . 

2. Davie 

The Davis iwerrion program "finds the  theoretical rode1 whose apparent 
reairrtlvity cume u t a b 6  the field data to  rearonable lccurlcy. The program 
accomplishem thim urrl~kg lhrqturdt'o alprithr (I(.rquardt, 1963) which io an 
optimized  corbinntion of the  Newton-Causa and the gradient invaroion methoda. 
A met of f i e l d  apparent  reriativitic8 and initial lrodal pcrmtsrm are  input. 
Theoretical  apparent  rsoirtivity valusr are computed for t b  trial model. In 
addition,  derivativau of apparent  resistivity  with  respect to arch layer 
parameter are c q u t ~ d .  Corrections  to  each  parameter  are detsrminad froa I 
generalized inversion of the  derivative matrix. These correctione are then 
applied  to  the old moth1 t o  give a naw n e t  of apparent  reaiucivity  values. The 
procers i r  repeated until t b  root-mean-aqurre error falla below a  chosen  cutoff 
value. 

The original mourca codQ for this  inveraion rwtins was written in FORTWAW 
77, It WPI trm8lcted to Hicroaoft QuIcKJusIC to evaluate it6 parfOmmCe. 

3 ,  Hardy 

The Hardy imurmim routine wa. originally written in HP BASIC for una with 
an earlier wrrion of the MICRO-WIP operating syetem. This program take8 a 
starting rode1 and w e #  the h n t a  Carlo  approach  to  fit  the  model to the  data. 
The forward calculations urad in thiB program are baaed on linear fi lter theory. 

The filters wed in this version of the program were for  the  calculation 
of apparent rsmistivitieo for an array with  logarithmical apaccbd elactrodem. In 
order t o  t e a t  this in-mraion routina an array with logsrithrric*lly-nprcsddipolee 
was constructed. The opaeingn w e d  matched  thome  for which the program wae 
written  and a m  shown in Table I. 
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Dist&nce 
(mmtrrm) 

0 
25 

50 
60 

70 

85.75 

107.75 

141.75 

189.25 

260.50 

IQlntificrtion 

Start of Cable 

Current Dipole 

Potential churrrcrl 1 

Potential Chamm1 2 

Potential c b r w l  3 

Potential chent241 4 

Potential Channel 5 

Potential Channel 6 

El.ct*& 

- 
c1 

c2 
P1 

P2 

P3 

F4 

F5 

P6 

P7 

Table I :  Design of Hardy Logarithmic Cable. 

4. ReslxIP 

ResixIP u e s  rfdge re&rrssion ( I m n ,  1975) t o  adjut in an iterative 
manner the  parameters of a  starting d l  supplied by the user. This allows  the 
best fit modal (in a least a q u r s n  nsnme) to be  obtained from the data. 

We haw used ResixIP in the  past  to modal data for reports and paperla. 
When given a rearmably good startin8 mod41 the pro8taa quickly converger on the 
model which best fits the data, ResixIP also givaa, the range of equivalent 
models which  fit the &ta within a specified error range, EsrixIP is supplied 
in executable fora only,  therefore thc source coch is not availabla t o  the user, 
Because of the way the software is structurad it cannot be called a# I subprogram 
and prrosed raw data t o  h inverted. It can only bQ wed in an interactive 
msaPion  with  the opsrator mupplying  the raecerrsary informatien. For a fee, 
Interpex, the vendor of RerixIP, would ba praparrd to develop a version which 
could be included  in tha IIICRO-VIP operating syater. In view of the  inititial 
review of inversion routine#, it wan falt t h t  there would be little  advantage 
in requesting such 8 dswlopment, 

With these limitations, RaoixIP irr not suitable for usat am an autorpted 
inversion rout in*. Because it  ham h e n  the C-coaE mtad.rd mathod of 
interpreting data for sene years, it W&S used om a m h e t  of ths  field data on 
each line for amparimon with the other inversion rwtinea, 
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5, Zohdy 

Zohdy, a direct  interpretation  scheme, was amerred but not wed for the 
MICRO-WIP data  because of the  problems irmolvsd in changing the multi  dipole 
values  to  equivalent onas which  would  have been r a d  with a Schlwbergar array. 
Zohdy is set up for SchltrrrbQrger data only, and rignificant  sffort  would  be 
needed  to  rltmr it  to  accept  other  arrays. Zohdy operates on the shape of the 
sounding cume, and would t h u  be more dependent on having many apparent 
resistivity  valusr. 

To appraise  the  performance  of  the vaxiow inversion  schemes,  data from 
three  sources  have been used.  The  firrt  tests  were  carried  out on apparent: 
reaiativity  data  sets from the 1991 Beaufort  Sea  rurvey. Subaequsnt cocporisons 
were made on the  set collected on three  liner in the llsuth of Possmqwddy Bay 
in the  Bay of F’undy. Finally,  data  pats  collected  in  Conception Bay with  both 
dipole  and logarithaic arrays were procerrsed. However, most of tha rppraisal 
effort  was  expended on t b  Jhaufort Sea dpts m t o .  In addition to  the  rurming 
inversions,  tests  were prpda on the  effect of inverting  with  fixed  layer 
thicknesses, and on the influence of using  different  starting ntdsls on the 
ultimate fit. 

The  operation  of  three of the  most  promising  invarllion  routines  was 
compared. Two of the  inversion  routines, Basohr and  Davis, were incorporated 
into  the MICRO-WIP -rating oystsm. The routinea were fed the raw data; the 
result8 were preeented in the form of printer  plots  containing pcr&-depth  depth 
sections and t k  &la obtained frcm the inversion. The third irwermion  routine 
ReaixIP waa uasd as a B b w h x k  to check the other  rseulta  obtained from the 
other  routines. ResixIB wao used as the benchmark because it had  provan  itself 
to give reliable  results in the past and had t b  capability to provide 
equivalence  information  with  the -1s  it produced, The reaulte of the other 
two inversion rwtiner were then compared to  the  equivalence range to  determine 
the h g r m  of agreerent of the  models and the reliability of the  routines, 

The appraisal  process  thus started with a running imeraion of the Beaufort 
Sea data  with Devis a d  Basokur, a d  comparison of selected  inverted rrodels with 
the  results from BamixIP. This appraisal  indicated  that  there  were  frequently 
great differences betmen the  results obtained with Davio m d  with Brookur, 
Similar running invsrriolze  were perforrsd on the data from tha bay of Fundy. 
Running inversiono were a l m  carried wt mn the data from thr linr in  Conception 
Bay. Each set of rsrultm i r  dircusred below. The final  step was t o  imsmtigatrd 
the approach of fixing  tha thichsmes of five  a&-bottor  layers and inverting 
in term of t h  resistivitiss of the layers.  Several  sets of thichsmss wars 
tried  to see if a  generally  reliable rpet could b found. 



The three dipoh routines wexe compared with data collected wing lolr and 
25m multi-dipole arrays with n - 1 to 6 , on Line 1OD (5Ch)  and on Lines 22A, 44A, 
and 45A ( 2 5 4 ,  from the 1991 fisld proeru conducted for Atlantic Geoscience 
Centre. Figure 6 shows the  location of the survey lime. 

I 
Figure 6: Location of survey lines, 1991 XICRO-WXP summy, Richards Island, 
Beaufort Sea, BHT. 

All three of the  inversion program were given the values of thickness and 
resistivity for the  firrt layer (th4 wnter layer), oirtea there were waaured 
independently in the field. With  the values for the  firrt  layer held fixed,  the 
inversion  routines -re left to find valuce for  the  thickness and remimtivity of 
the second  layer, a d  the  value for the  rrBistivity of tha halfspace below  this 

.. . . ". 
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layer. The performance of the routines warn apprrimd in terns of the  fitting 
error of the  interpreted rodel, Table I1 e-riaas the  average  fitting errors 
obeerved for the four 1 1 ~ 0 .  

Line Bas0kUr Davis ResixIP 

1OD 

8.02 55.1 4 .23  45A 
4.64 74.3 3.90 44A 
2.56 52 .4  3.97 22A 
2.61 64.2 4.53  

Tabla 11: Avaragc  fitting errors for &soufort Sea lines, 

In many cams the sub-bottom  conditions may offer greatrr complications 
that a aiaple  layer on I half-space, a d  the  continuous  inversion  routine MY not 
offer  the  best  ultimate  molution. "ha inversion  routirwe  tested (and most  other 
routines as well)  start  with a model with a fixed d e r  of lsyera, a d  fit  the 
model parmeterr. Moat imeruion routines are t h w  not capable of deciding how 
many  layers  to  include; far I first  pase  the  most  efficient  approach is to limit 
the number of layers. If the  inversion  fite a model with  fewer than the 
specified number of layers, then the fitted -del will have auccesrive layers 
with the same resistivity value, or layers with zero thickmm. If there are 
more layers  implied in the  dptr  than  have  been  fittrd, then the half -space 
resisitivity  will  include  variations in deeper layers. 

'Rte r'csultrn of thm running inversions with Davim and b r o h r  8ra presented 
in Appendix A. Thana liotinga  shcw the apparent  resirtivity  psaudooectfon 
obtained  in tha field, and the  results of the  inversion9  with  each routine 
plotted as layared aodsls, with tha values of thickness and resintivity  displayed 
below  each  rodel. - 

In order to  correlate  the  porition of the verse1  with  the  poaltion of a 
sounding, and with  poaitione of other data, use is arde of Fiducial Harks, known 
ae f i d a .  In UICRO-WIP sumeys, €ids are used to corralate positionat between 
different a e a ~ ~ r a ~ ~ t ~ .  At  selected intrmala eithar in time or in distance, a 
simultaneous lark i@ put on all geophysical  records, and the position of the 
survey vessel in determined at that  time. When the  vessel  track is rscovered and 
plotted on a map the p a i t i o n o  of the  fido  are shown. Far the MICRO-VIP there 
is an offset between the vesrel pornition at any fid, and the poeition of the 
centra of tha sounding rspresented  by  the array. The slza of this offoet depends 
on the  dipole  cpacing of the  array. 

In the Beaufort Sea inveraion  data  presented in Appendix A, the fida  have 
been  corrected for  this offset, and each fid appears on the proff le directly over 
the  centre of itn associated swnding. 
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Figure 7 shows the fittin8 errors for ths imerniorm on Lirw l O D .  Errors 
in the values of apparsnt resistivity a t  Fi& 1160-1162 and at  Fid 1208 produce 
the two spikas a t  the ri@t hand end of Fipre 7. Table I11 compares the 

*..': . .  . .  

0.1 I 1 I I I I 1 1 I 

967 992 1017 1042 1067 1092 1117> 1142  1167  1192 
Fidxid W 

RtdxlP ..... * .... Oravis ""1 BaMmkLF 

Y 

Figur~ 7: Fitting error8 on Line 10D for three inverrion routinca. 

Dn Line 1 0 D ,  the Balrokur routine gives tha beat fit t o  the apparent 
resistivityvalwo and thus the lowert errorr. Average fitting errors, excluding 
the  fida with  data crrors, (Table 11) are 4 . 5 3  for RerirIP, 64.2 far Ikvir, and 
2.61 for Basokur. Except st the left end, ResixIP amsigns very high resistivity 
valuae to the half-space, even though -st of the apparent resiutivity value8 at 
n - 6 are lass  than 20 9-r. The range of equivalent rclrirtivity values appears 
to be much mora Sinitad than the shape of the rounding curve r w l d  justify.  At 
n - 6 the  apparent  reBistivity valws are rising sharply, but are only in the 10 
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to 20 O-r range.  It  is surprising, then,  that  the  equivalence  range does not 
include  lower  final-layer  resistivity  values. 

Dwiu gives 100 0-m for the half-space at  the left and of tha line, drops 
abruptly  to  about 2.5 0-r at Fid 993, a d  rbsr rBpidly to abut  38.5 M-r 
between F i b  1009 and 1016. This  reuietivity  is given for a11  fids up to Fid 
1189, after which the value drops to abwt 4 Ic9-m uad then riasm t o  over 12 M-n 
after  Fid  1198.  The high final  reristivity values appear to contribute  to  the 
high fitting  error on this line. Host of the high values fall in the range af 
equivalence given by  RerixIP. For most of the  line,  Davis esuilpu to tha  diecond 
layer a thiclsnsss of from 10 to 20 m, which  increases  to  nearly 30 m towards the 
right end of the line. 

Baaokur 8iverr half-space resistivityvrluQr which are generally about  twice 
the value of apparent  resiativity at n - 6, ax from 6 to 20 a-r, a d  rarely  much 
greater  than 40 9-r. For the  central part of the line, brmobr reduces  the 
thickness of the second layer  to zero, although  there  are finite thicknemes 
amsigned  to it f o x  short  segments m a r  both sndo of the line. 

For  this  line,  DaviB and ResixZP  fit  a similar rodel (2  lryerm QII a high- 
resistivity half-space) to the apparent  reoimtivity  data,  although  ResixIP has 
much  lower  average  fitting error ( 4 . 5 3 % )  and a 1-r hrlf-spcae resiativity. 
Basokur, on the other hand, fits one layer on a much lover resistivity half- 
Bpace,  with the lowest  average  fitting  error.  Thir  line is in an area  with 
shallow  water, a bottom  which must be unfrozen at  least  in  tha top few retrer, 
and  relic permafrost at hpth. It is thus  unlikely  that t b  mdd intewpreted 
by Basokur is  correct. "ha uncertainty  could  probably be bstter rsmlved if more 
dtpola  spacing. had baan masured. 

u 
Line  22A was a r b r t  segment  which was run in ahallow water mar a spit, 

It: war surveyed with 25 R dipoles and n - 1 to 6.  Fipra  8 shows the 
distribution of fitting errors for Line 22A, and Table IV shows the  fitted models 
for selected fib. Printouts A-3 a d  A-4 (Appendix A) #hoar tha rmsultm of 
running inversions cm the apparant  resirtivity data on Line 22A fox Davis a d  
Blrsokur rrspsctively. 

On this lim, AbsixIP ha8  fitted two layers  above the half-space. The 
thichau of the mmcond  layer  ranged from 3 t o  35 a, end the reuistivity from 1.3 
to 5.1 O-r. Wlf-spwe resistivity  valuer  varied from 10 9-m to 30 kp-m. 

Davis d u o  fittsd two layewe above that half-space. Thicknearses varied from 
30 to 47 m, con*idcrrbly  greater than those of RerixIP, and resistivity  valuua 
ranged from 6 to 31 0-r. The half-space resistivity wa6 constant at 41.6 k0-m 
all along the  line. Both arc&-layer and hrlf-.pace resistivity value8 were 
consirtmtly hi+r than  interpreted by RmsixIP, and the fitting errors 
-re consequsntly much hi-r. 
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Basokur fittsd the roundinBs with o m  laysr on the half-apace throughout 
the line, and nosigned relatively  low  values to tha mmiativity of thb half- 
space, Fitting errors (Table 11) were lower than for either of the other two 
inversions, but again, the geology of the area rugeerto that there Bhould be an 

3290 3295 3300 3305 3310 3315 
Ficlucirl M w h r  

ResixlP .......... Davis "-" Basoku 

I 
Figure 8 :  Fitting  errorm on Line 22A for three inversion  routines. 

unfrozen layer above  the permafrost which almost certainly underlie# the line. - 
Line 4441 runs from west  to eaat along  the  front of Richarb Imland, and 

crosses shallow  water in a narrow zona bctwsrn two ielanda. Printouts A-5 and 
A-6 (Appendix A) show the  xssultm of running inverelons on the data of Line 44A, 
for Davis and Basokur respectively. The pueudosections  in the corrplete inversion 
record in Appendix A show0 very high apparent 
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resistivity value at  Fide 5177 a d  5178, which correfipond to paasage through the 
narrowr. Apparent  resistivity  valuer change BO rapidly  with porition in this 

lax, 

100 

10 

1 

1 1 I I I 

5 1 0 0  5125 5150 5175 5200 5225 
Fidxial 

9 :  Fitting errors on Line  b4A for three invera ton routines, 

area that it  io doubtful that the lateral uniformity needed for orm-dimensioml 
inversion exists. It too i m  underlain by relic perufrort along moat but not all 
of its length. Fiyre 9 m b w m  the distribution of fitting error. a l q  Lirw 44A, 
and Table V sbwa the f i t t ed  model. for s o w  .elected fib, Cmditiona along 
Line 44A a m  quite variable, and the  raaultm of the fnverrfonw are similarly 
variable. Average fitting arrors (Table 11) are reamonably lmv for ReaixIP and 
Basokur, but much hi-r for Davlo. With the exception of two areas where the 
apparent resist ivit ias  are very hi& or unreliable (Fids 5177 mad 5171, and 5222 
to  5227),  the f i t t in8  errom for BerixIP and Bamkur are generally leas than 10 
percent. 

ResfxIP on this  line  supports the inclusion of a ssaond lrayer  above the 
half -space, A t  f ive of the nine fide in Table V, BeaixIP produces a second layer 
which ham a well-defined t h i e h o o  and resistivity. At: Fida 5123,  9133, 5184 and 
5200, however, the thiclnurae of ttte mecod layer i m  lee. wall dsfid, a d  ranges 
from jurst over 0 to bemen 6 and 16 metrea. At: tha o m  fib,  the range of  
rcsiativity valarss for the second layer f a  aimilrrly  wick, ranging from a low of 
0.08 t o  a hi& of 45 Q-m. A t  these f ids  the fitting error is hSgher, and the 
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range of equivalence is consequently wider. The rsaistivity of the half-space 
is high emu@ t o  indicate  the presence of rub-seabed pcrrrJfrcr#t at aix of the 
nine f ide,  end is d r a t e l y  high at two othrrra Only at  Pid 5109 is the half- 
apace resistivity  low enough to  rule out the pxeaence of pe-frost within the 
top 50 metres. 

On this  line, Davis *tart# out with a thin second layer, a hif i  resistivity 
for  the half-space and a fitting error comparable to ReaixIP. When the  apparent 
resiativity valms drop rapidly  after  Fid 5103, howsvasr, Davia caanot track  the 
change, and  the  fitting  error  rises  rapidly. Th4 only low fittin6 error after 
the beginning is at  Fid  5140,  where the apparent resistivity  at high values of 
n rises enough to  match the values  calculated by the bvis  imrsian. It appears 
that: once the fit is bad emugh, Davis cannot find out haw to improve it. By Fid 
5115, Davis has locked onto an uneuitable rob1 which, bmpite tha hi% fitting 
error, is not changad again  until high apparent resistivity valws are 
encounterad c t  Fid 5132. hops in apparent reeistivity aftsr rid 5140 again lorre 
the routlm, which locke onto another uruuitable rods1  and  carries it on to  Fid 
5178. Although  the  model  changes at higher f i d  numbern,  there is no satisfactory 
€it achieved for the rest of the linea. 

On almost all of Line 44A, Basokur reduces  the  effect of the r~cond layer 
by  finding  a thichaam which is either 0 or very  close t o  0 .  At Pid 5109 ResixIP 
shows a 3.9 Q-a second  layer  with a thicltnssr of batwean 30 and 35 R, and a half- 
space of between 2 and 30 k0-m, and Baaokur a 2 .5  O-r layer 9.2 1 thick lying on 
a 12.3 0-r half-space. The fitting arror for R.sixIP at Fid 5109 (1.4a) in 
comiderhly lower than that for Baaokur (3.718). At Fid 5111, Buokur also 
provides a 4.1 0-rr 8 r c d  layer 11.9 I thick. 

Occaaionrlly on this line ksokur substitutes a very thlck recond  layer 
for a thin sscond layer cmar a half-space. A t  Fid 5102, for  example, Baaokur 
fits a 51.1 O-r second  layer  with  a thickmar of 2670 metres, For a 25 m array, 
this  is  effectively an infinite thichra, and tha Val- p a s i p a d  to the half- 
space ( 0  0-1) is  not  really  relevant. The same situatim exists at Fid 5171, 
Brrsolntr give5 ~irilrr fits for F i b  5162 to 5165, although the thiclcnssaee ate 
only  in  the  range of 160 to 300 r, The half-space rsoiativity  valueo  are more 
realistic but equally unreliable, because they  are not within the depth range of 
tha  array. 

LLuAu 
Line  45A runs fror  north-west  to  routh-east  along the eastern edge  of 

Richards  Inland, off Reindeer  Island. It was s u m y e d  with  tha 25 1 array and 
n - 1 to 6. Water depth0 range  fram 1.9 to 3 m, and the north-west: part of the 
line may not be underlain by permafrost within the range of the array. To the 
awth-eaBt, tha line pasaes clome  to Rei&er Spit, and perufroot i o  alnont 
certainly prrscnt in  the sub-seabed. Tcwarda the south-srmt end sf the line, 
apparent rraiutivity  valusu  change  rapidly  with position; the chqgs may be too 
rapld to all- rsliable inversion in one dimruian, slthwgh the imroiono ware 
carried out anyway. 

Figure 10 ahowe the  distribution of fitting errors along Line 45A for the 
three inversion routines, and Table Vf shows the  fitted aodel~ for s o ~ d  selected 
fidr.  Printouts A-7 and A-8 (Appendix A) @how the results of running inversions 
w i t h  P w i a  a d  Baftokur rsapctively. H i g h  errore  at  Fido 5238  and 5253 indicate 
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Figure 10: Fittine errors on Line 4% for three  inversion routinas, 

problems with  the  apparent  resistivity data, and have been excluded from the 
means shown in Table 11. ReoixIP has a lor  average  fitting arror, but Basohr 
has error& which are twice *I l a ~ p ,  and Davis has an averrga arror an order of 
magnitude h€&r than RerrixIP. 

Along Line 45h, ReaixIP gives rsaaombly well-dsfinsd  valuaa for both 
resirtivity a d  thicicncra of the second layer, andthe &la haw low f i t t i n g  
errors. Becauee the resistivity valwc are well conrtralned, it would be 
posribla t o  ume t h a m  to determine meam with coarre-$rainrrd material. Half-space 
resistivity values increase from north-east t o  south-west, but permafrost 
rsniotivity  values are indicated only in the awth-eart. At t b  ti- 





of the suwey, 
the inf lusnce 

- 37 - 
water rasistivity valuoa ware batwren 6.7 urd 6.5 0-r, reflecting 
of the plum from tha Nmbnzie Bivmr. b a rerult,  all the 

sounding curvea atart with a high apparent rsairtivity at II - 1 and havr negative 
slopes This situation holds until Pid 5273, after which the omroll slope 
becomes  positive. 

For the firet: three fida on thm Ilrm, Davin managma a p o d  fit with 
thickneeses md rasistivithr comparable to those detrrainsd by Rs~ixfP a t  Fid 
5260. A t  Fid 5237 a momentary rise in apparent rmmiativity at nd forces  Davis 
t o  raise the half-space resistivity. At arubrrq~mnt fib, Davir hold. the half- 
space rcsmirtivity constant, a d  manipulate. th. racond layex to obtain a fit with 
errors sommwhat lower thur thoae o f  brsokur. At Fid 5252, the apparent 
resiativity  at n - 6 i a  too high to be bllmvable. In attempt* to f i t  this, 
Davis  sate the half-space reaistfvity to 100 kP-r, and wver recowra on the remt 
of the line. Tha mmmitivlty of tha Davis rwtine to  rusdsn change. is 
considered below, 

With a f e w  execptiom, Barrokur fit5 a reeistivity of 0 to the half-space 
on the north-weat end of the line. Bamkur's second-layer t h i c h s r r r  are 
generally in the hunckrrds of metre@; the macond layer i# sammtirlly the half- 
space b e c w e  i t 8  base is below the range of inflwncm of the array, Aftsr the 
change in n l q e  of thm rounding CUWM (Fid 5273), kroltur raises tha half-apace 
resistivity  gradually almng the line, ultimately reachin$ valuen an hi@ as 51.  S 
9-m. After Pid 5300, h v a r ,  t b  rseond layer thickas i r  ust t o  zero, and 
from there to the end caf tha lins, tk. interpretation is in t e r m  of &a water 
layer and a half-space. 



In the fa l l  of 1992, a aeries of exparimentn was crfricd out TIOQK Deer 
Ieland,  in the mouthern part of the Bay of p u n d y ,  mng tha string of i r l m d  i n  
the mouth of Pammarrquoddy Bay. Moot of the work was directed towarb reduction 
of electrical  noire asnociated  with tooring of the array  in o r l t  water  (Scott e t  
al., 1993). Qn the final day, howwar, three liner -re ruil to  obtain  data for 
inversion  with  different schemes. In addition  to  the NICRO-WIP, a Raytheon RTT- 
1000 sub-bottom prafiler wan ala~o ured. Aa in ttm kaufo r t  Sea, a aalinoleter 
was used to obtain thQ conductivity of the meawater along the line, t o  w e   i n  
defining the parametmra of the f i r a t  layer. 

Originally it had h e n  i n t e d d  t o  carry out: real-time invrrniom, and to 
run each lina  rsvsral times. Howwar, tire waB limLted, and navigation was 
complicated by the naed t o  intersparas the ruw with tb pansage of the ferry t o  
h e r  Island, ro that  it wao not clear that exactly the a m  liws E O U L ~  be covured 
on each pass. It vas ckcidsd instead t o  collect o m  se t  of &tr on each line mad 
to run the itwarsions aftamarda. The results are equivalent to  running the seme 
l ine three timrr with  throe  different  inversion*, end i n  Idditim there is 
assurance th r t  the data rats  really did come froa the same line. 

Figure 11 shows the location sf ths three linms. Tks ferry route is &&wn 
by the dashad line which croores the three aurvey l i n e a  near 56'2" V. No path- 
recovery syatar wae wad, but the  lines were reliably  positioned by wsference t o  
the surrounding shore a d  islandr. Nota that Line J2H WPP run in the oppoaite 
direction  to t b  other two, and h a m  been plotted  in thr direction in which it WPB~ 

run so that the analopm  record from t b  rub-bottor profiler c m  be shown i n  
 prop^ relati-hip ta  the line. haauremmts were t a b n  with 10 m dipoler urd 
n - 1 t o  6 .  In view ef w r t r w  depth  wMch  ang gad up to  9 n, the 25 mtre array 
would have been preferable, but would h v a  led t o  complicationr with the prmsing 
ferry. 

Becaws t b s a  lims were rbrter than tha busfort Saa linea, it was 
possible t o  compile WI a ainigls shoat tks rsuultm of a l l  the ilwerrims for sach 
line. T b  raw data frsr arch of thrse thrrr line# are plotted with the inverted 
valuer and t b  sub-bottom profile in Figures 12, 14 4 16. Imarrion results 
from Davis and bookur have been plotted above the centre of the appropriate 
sounding. ThQ rpot ResixIP inverriorw hawe also beas plotted over the  centres 
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of their associated soundings. In Figwas 12 ,  14 d 16, ttke Bottom and rub- 
bottom profiles interpreted from th. RTT-1OOO * a u l o p  rmcard k.va ken dhplaysd 
at the top. Below there are ths interpretad profiles fxor the iwerslofls, with 
the valuea for each modal displaysd blow t b  h p t h  point. At t)yq bottom of each 
sheet is the pmeudosectim of apparent rerirtkvity. The -11 Bxaphr badow the 
paeudoaaction s~hw the range of equivalence oalculrtrd by ResixIP at the f ids  
identified. 
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Figure 12 ( in  pocket) shows the re,sultr fox Lila* J13, a d  Figure 13 ahowe 
the distribution of fitting errorm. Note that on this lim tha profile wall run 

from north  to south, a d  North is shown on the l e f t  side of the profile. From 
the RTT-loo0 record it apparrs that f o r  much of Line  518 rock is expoBsd on the 
bottom. The only exceptions are the area from Fid 56 south to about Fid 63, 
which has sands and gravelo varying in thickness from 0 to about 7 metres, and 
the area from Fid 75 t o  Fid 7 9 ,  which hra 1 to 2 mtresl of sand and gravel. Both 
bottom and bedrock Burfscs are quite  irregular, a d  probably too umven to allow 
a perfect one-dirrenoiomal invereion. 

Inversions wfth RasixIP were run at w e r y  fifth fid. AT1 resultn  indicated 
t h  presence of 8 layer on the bottom  with  resistivity valwa from 1.8 to  4.7 9- 
m, and thicknerres frorr 14 to 27 =tram. Half-space rasiotivlty values range 
froa 940 to 6300 0-a, and are probably appropriate  for the badrock. The ResixIP 
imrerslons show the gravel layer aa continuow along the lins, despite the 
acoustic evidence to the contrary. If the inva4rmionB were not errrisd out on  an 
autonrted braio,  tha starting d l  for the imrrrion csuld ba adjuoted t o  



reflect  water  lying on rack outcrop. With autautd inversion,  however, the 
starting model for  each  inversion i s  the f i n i d d  modal for ths previouu 
inversion, so knom ahanges  in  tha sub-bttea cditioru arm difficult  to 
incorporate,  Note  that  the  averaga fittiq error (Tdla  VII)  is  not high enough 
to  indicate a grosr riafit, EO that them is no inromal indication  that  the 
model is not  always  correct. In fact,  ths higbmt error is found when ResixIP 
fits a two-layer mdQl where &ravel i r  pxarent rbow t b  bedrock. 

Inversion# with the Davis routhe (top of f lyre )  ahow a g r w d  layer  which 
is interpreted  as allroot continuous along ths lina,  but variable in thichso, 
Where well-defined, it hslr resistivities fror 1.5 to 5.5 0-r. A t  Fid 57, the 
intermediate  layer im reduced in  thickname to alrroat nothing, t h u m  converting  the 
interpretation to one  layer on a half-apace. At Pidm 63 to 65, the second layer 
is assigned a t h i c b m  of over loo0 1, 10 that it in fact beeor*# the half- 
space. The most improbable  invmraion is at Pid 70, *are the marcowl layer is 
very  thin,  the  resistivity of the third layer is 0 O-r, and the fitting error ir 
very high. In the  other irweraianr the half-space rwtimtivityvalusr are greater 
than 1000 9-r. 

The remlts of the Basokur imrerrion  are  quite  different from the  other 
two. Along moat of the lins, hsdtur show# only one layer on ths half-space, and 
that s the water, The resistivity of the half-space, however, is very low, The 
Basokur inversion rsprsaents  the m a t  cmervative interpretation,  which trasigrur 
the half-space the m i n i m  possible  resistivity which will gemrate fit  to the 
sounding  cumat. ThQ average fittfng  error i r  hardly different: from those of 
ResixIP and Lkrvia. 

3dbmdzN 
Figure 14 (in pocket)  nhows that raw datr and the result. of invarsi- on 

Line J2N, laid out in the mma m m r  as in Figure 12. It  is  ircgortant to 
remember that  thin  line war run in the opporite direction  to 518 and J3S, L ~ O  that 
the ends of the plot are reversed with raspect to the ends of t b  other limo, 
with  North on the right.  Figure  15 ohms t b  diotributlon of fitting errors on 
the 8- line. The rub-bottom profile indicate. that t b  only area of oand and 
gravel is towardm the north end of the line, and that tha thichrr prahbly doas 
not  exceed 3 metres. 

Averrrae fitting errors are vary similar for all tkrra fmaraion r w t i w s  
(Table VII). On Line J2N all  five of the  ReoixIP inversions show a layer  between 
the  water and the bedrock, dsspitr the acoustic  indication of outcrop  along  moat 
of the line. The ovsrhrdsn layer ragsa in rmistivity from 2.4 to 7 . 1  Q-R, and 
in thickness  from 13 to 34 metre., evsn though t b  rcou#tPc show# nu grrltsr 
thicknsmses  than 3 m. Tha half-space reristivity range# frer 780 t o  4800 Q-r. 

Davis  showa a layer of overburdan on the rock which irr prooant except  at 
F i b  104 and 101. At  Fid 98, the se~cord layer i m  effactivmly  infinite,  even 
though the second-laymr rsmiatlvity IP only 13 &a. (kr th4 reat of t h  line, 
Davis showat ovdmrbn thickweaer from 18 to 24 E with occcaionrl mxcuraiomm! t o  
90 IR. Host  resirtivity values are betmen 1 and 3 0 - 1 ,  with a f e w  higher and 
lwer value.. Tha half-apece rsriotivity is in the tkou*sn89. 

Basokur again fit. a rodel which i o  ~OYQ in b e p i n g  with the b t a  than  with 
the expected  situation. War considerable part. of th. line, Basdnrr also brings 
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Figure 15: Fitting errors on Line 52N for three inversion routines. 
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the overburden layer t o  zero.  Half-apace  resistivity valuers are  quite low, 
ranging from 2 to 5 O-r. No decrease in error asts  Basohr apart from the other 
inversions in temm of goodness of fit. An interpreter having no prior knawlrdgs 
of a nodel to work with  would  find hsohr '5  inverted modelo quite acceptable. 

UQhus 
Figure 16 (in poeket) showe the raw data and the results of inversionr on 

Line J3S, laid out in the a a ~  manner as Fiprss 12 a d  14.  Note that this  line 
was run from north to aouth, a d  North has thus been plottrd tha 1aft hand 
side of the  profile. ThQ only  plmce which appears from ths acoustic recorda to 
have any overburdsn im the north and of ths line, Outcrop is prcaent for moat: 
of the re& of the line. 

Figure 17 shows the  distribution of fittin6 errors on the same line. 
Average fitting errom ore slightly h i w r  than those for lima J1S and J2N. 
When  the comparison is based on the same fib, RaaixIP appears to have a lower 
fitting error. 
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The ResixIP inversions appear to be well  defined, and the interpreted 
thickness of ovsrburdan ran8es from 16 t o  21 metres, with  KeSiBtiVity  valuem of 
1.8 t o  2.3 O-a and reasonable  low  fitting errom. T b  half-space resistivity 
values are appropriately in the  thousands of ob-lwtrss. Once again, there is 
a conflict between the  acoustic  indication of outcrop and  the h a i x f P  indication 
of a well-defined overburden  layer, 

Davis on this line does not alwaym ahow an overburden  layar. At Fidr 116 
t o  118, 127 to 129, and  131,  Davis  sets the second layer infinitely thick. At 
Fid 123 the  second layer thickness ie get to 0 .  Betwean these srctiono, the 
interpreted  ovmrburden is from 15 t o  30 mtreo thick with a resistivity  ranging 
from 1.2 to 6 . 0  O-m, Where interprated t o  be pserrrvme within the range of the 
array, the half-space has quite high resistivity vr lws .  

On Line J3S barokur fits almost all of tha section  with layer ( t b  
seawater) on a hnlf-apace, At only 3 fida (120, 121 Macl 125) does hsoicus ohow 
7 t o  25 I of overburden  with 2 to 6 0 - m .  Even this iaterpretotim ir overly 
optimistic in showing march thick overburdam. As on the other lines, bedrock 
resistivity valua~ are leas than tan oh-metrso, which is  in accord with  the 
apparent  resistivity mundings, if nnrt w i t h  the ccoustic interpretation and 
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expected bedrock  resistivity v~lues. 

On all three Fundy  lines the use of a 10-rrstre array d o e m  rtot help the 
problem of resolving thin  layera on bedrock. In aream of -11 vertical 
contrasts  in  rssiativity,  the  array ahwld provide information to depth. of 30 
to 40 metres. Because of the  large  resiativity  cantrart betwan seawater end 
bedrock, however,  the  rssolvin8 power of Che array i n  wry limited. U&r such 
conditions even fixing the known depth and reriativity of th% water does not 
improve the  vertical  resolution of the rcsrdlngs, It i s  unfortunate that efforts 
to  improvise a logarithmic array for thta survey were Unmuxesnful, because  such 
an array  should improve vertical raaolutlm, 

Pipre 18 s h s  the survey area in Gemcaption hay, -st of S t .  John's. kt 
this  site,  aeveral  attalpts W B K ~  made to improviaa a logaritbic array, On 23 
December 1993, profilcs rere run on coineidrnt  lines  with 25 matre rrulti-dipole 
array  (Line  L1) and with a sakeshift  logarithmic stre-r which gave tha  first 
5 channels of the Hardy array specified  in Tubla If (Line L5). Tha survey was 
run along the 10 metre  brthymatrfc contour, over  a bettor tmom €ram grab 
sampling  to he dominantly oar& and gravels lying om bedrock. Acoustic 
neasuremmts by other C-CORE warkars in the paot year  have  indicated  that  the 
cover was thin, but penetration  of  acoustic  signal#  to bedrock was rare. 

Figure 19 (in packet) show the raw data collected  with  dipole and 
logarithmic  arrays, %sther with the results o€ imreroiono  with four routines. 
Although  the  south--at part of Line  25 was coincident with L i n e  1, Line 5 
extended farther north than L h e  1; only h coiwidsnt part is uhom in Figure 
19. A salinometer WU wad to obtain water rsmiBtivity, and tb v~a~el's dspth 
sounder wan read at intervals ea well. 

Figure 20 shows the distribution of fitting errors  aleng thr l i m e  for the 
various  inverrlon rpch-s, Becaus L i m  t 5 ,  run with the lo&krithric  array, WQB 
longer  than  the  others,  a  cowplete data o a t  is inc1ud.d in Appesldlx A aLo Printout 
A-9, For multi-dipole inversions, the average fittiw error  for k v i o  wan 3.39%, 
and for Basokur 3.991. For  the  five  fids  at  which  ResixIP imrrions were 
performed (Fids 2, 8, 13, 18 and 2 2 ) ,  average fitting errors for hrixIP, Davis 
and Basokur WWQ 3.451, 3.335 and 4,188 rr@pectivdy, 

The  Hardy inversion t o m  corplicatad by having only five valwr of apporsnt 
xssiativity, while t h  routirm was written far nix, k mixth valw was estimated 
far each pounding by axtraplation. The Hardy rwtina fitted all #ourdings with 
an averqe error of 8.6 8' and t b  five equivalent t o  F i d r  2 ,  8 ,  13, 18 umd 22 
with  an  average errer of 7.77%. The hlrrdy routine lovca its -1 parrrotcrs I 
limited amount in each inversion, and it appears to have taka the fh6t four 
fids ( - 3 to 0) to settla into a rtable fitting error. Thir error LP P bit hi@ax 
than warn expected, but cwld prob.bly be reduced  with Lopritkrfc array built 
for the purpoee. In tha naxt phase of bvelopawnt of tha MIGitO-WIP, it i a  
planned bath to  increase t h  rrurbar of channels m d  to build an appropriate 
logarithmic  array. 

Four of the five inrersiona with EeaixIP showmd a thin layar (2.5 to 3 m, 



- 45 - 

'igure 18 : Location of survey line, 

0.16 to 0.18 firm) dove a half-.pace sf b u t  200 0-r. The f i f t h  .st a 6 m layer 
of 0 . 3 7  9-r on a 20 9-r half-space. Without acoustic or o t k r  aontrd, it is 
difficult t o  may hmw accurnte tha  interpretation is. C-CORE w i l l  ba running 
acoustic profileo with a n e w  ryatem ia the araa in the mar future, ard control 
will  ultimately be available. 

Inwarmiom with tha Duvis routiae show an intarnitteat thin layer on a 
half-$paca with resimtivity valwm from 180 to 430 0-m. 'pits mverburden layer is 
about P tmtre thick at the muth e d  of ths line, but thiRs to 0 Ear F i b  -1 to 
1, thickma to *bout 2 .5  R for Fiela 2 t o  7 ,  th iw again for Fidh I to 11, and 
then thickens t o  2 t o  3 metres, with ans thicker arm mar Fid 21. Whrre there 
is soae thiclcnesa EO the layer, tha rasirtivity is fntrrpretd to Ba abwt .18 
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Bay. 

9-la. This-interpretation agrees well with that of RasixIP. 

The Basokur routine  gives P sorewhat different picture. On the oouth-wetat 
part of the line, Baodcur mets the thickness and rrc~imtivity of the aecond layer 
to 0, and fits a resistivity of 4.0 to 6.81 to the  half-space. North-rent, of Pid 
13, there is a second layer  which incrs5as~ in thickness to P maximum of 37 
metres, before dacreaaiag  to about 20 m at the end of the lina. This layer has 
rsmistivity value. of 5 to 8 9-n, and lis0 on a half-space of about 3 . 4  0.n. 

The Hardy routine mtarts out with a hiah  fitting  error, and talus the first 
five fids to settle to an error of about 8 percent discrerain8 to about 7 percent 
along  the line. Once #table, Hardy fitm a ncrcond layer of 5 t o  13  metres in 

resistivity of 5 to 13 9-a. The Hardy routine thua giver half-space 
resistivities  which  fall  between thee from Davis and Basokur, and a aacond layer 
thicker than than that of Davis, n d  thinmr than that of h o k u r ,  at: tlw north- 
eatst end of the line. The Hardy routine a&re%m with Davis mad ResixIP in 
asmigning to  the @ s e d  layer  resisistivity  values of leas then am 0-r. 

thichaoa, with a xe*i.tivity of about .16 to .38 0-r, The half-mpae has a 



- 47 - 

The work &ne in  inverting  reatlstiviq  data from thras different areas 
demonstrates t b t  it  is possible to set up a program to  csllsct  rssiutivity  data, 
while at the name ti- invarting it in term of a layered mdd. It ir difficult 
to choose any inversion algorithm which is better than the othrrr in all 
situations. In running  inversions there is no time t o  optimise tha model after 
the invermion, a8 there  is when individual soundings are hing handled by an 
interpreter. Ge~rally, the  fitting errors are larger than can bs achieved by 
an operator W i n g  rspsated adjustremtn one each d l  interactively. 

Each imeraim offers a diffarlsnt type of lob1 after immroim. RerixfP 
prwidas a fit which i a  relatively clorr in aonfiwation to ths starting lodsl. 
Davim tQndrJ to choose either vary high or very low resistivity  valurr for the 
half-space, snd to irrcorporrte moat of tha chqles sloly the  lina  into  the 
parameters of the second layer. Besokur tends t o  provldu! the l -nt  half-space 
resistivity  that  will  fit  the .ding &ta, and crlu, tsndr to rsducr the oecond 
layer  to  minimum  thickmass at  times. 

All routines,  prrtiaularly  Davis,  sensitive to the starting d l .  
Because each invertad model io usad as tlw #tart for the m x t  imarsfon, the 
routines da mt track  well when thgre are ntrong changes  in apparent resistivity 
along  the survey line. It is  poeaible that such  repid  lateral chaqps invalidate 
the  idQa af  carrying  out 1D inversiom, and that recourse muat be rode to 2D 
modelling  in such cases. 

Of the  routines imsrtigated, tmly ResixIP offered 4 6ilple  way to 
invauti&ata the 12uLtm of squivalenca. ThQ wwk dercrib.d ab-, however, 
indicates  that, for a  glven s d i w ,  tbra ere equivalent  rsairttvity-drpth 
functions  which  give &a lrno a fitting  error am  the original  ReaixIP cage, yet do 
not  fall  within the aguivalence envdops defirmd by RerirIP. It in clear that 
some canrtralnts a m  be applied if ammething I s  krmm of th p o l ~ g y ,  but equally 
clear  that the= cawtraints are  difficult t o  chcngm in real time. 

During  the  inversions  reported upon &ove, it b s c u c  clear that starting 
w d d s  have an influrnce an the  rssultm of the inversion. 

TQ dmmmntrrta thin  impact, which in particularly pt-md with the Davis 
routirw, ttm data for Linea 22A and 4% fraa tlw hcufort Sea -re r e m  With 
different atartiw rodbls. Table VI11 #hovr the starting &ls u r d  for them 
tests 

Th@ Line 22A test: measure8 t b  impact of chmt@mg th. realnrivity of the 
half-space. Tha first  attempt at: P starting lroBel uaad 27.4 9-r, mice tha 
apparent resistivity for n - 6, IS the half -space value The Davia routine (A-10 
in  Appendix A) fitted vary low resistivity t o  the half-space, with an error in 
tha firat fit of 604, ad 0th the whole line of 771. When t b  start ix  half-space 
resistivity was raioed by an orbr of ma#paitu&t to 215 Q-m, Davis then fitted a 



very high value (53.7 kQ-r) (A-11 in  Appendix A). This recond mtrrting node1 
reduced the  error by M ordar of magnitude. With sorr ffna tuning the error 
might be reduced etill further, but this would not be possible  in a running 
inveraion. Unfortunataly the fit deteriorates within a few fid. t o  an overall 
average error of 598 ,  prabably becatucr the f i t tad  hrlf-upaca resistivity  in too 
high to provida stability when put into rubregwnt inversions 18 a starting 
model. 
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The Line 4% pair includes n change  in second layer thickness as well a8 
half-space resistivity. Tha modal for Printat A-7 (Appendix A) wed 2.8% 0-a, 
twice the apparent  resistivity  at n - 6 ,  as a starting  vnlus for thm half-space, 
and 1.73 9-m, the apparent resistivity for n - 3 ,  am the mtartiag va'lus for tha 
wmmd layer. The rmmult fer tha firrt fid wan a thickening of t b  r a c d  layer 
with  little kn resistivity, a d  a drop %n tha rariutivity of the  half- 
space. S o r e  adjustrent could reduce the fittinlg  error from the obmerved 4 I, if 
IL single data  ret  was baing inverted. The second atartin$ -1 rued much 
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thicker second layer and a much  more resistive half -.pace; thQ invereion reeults 
(A-13, Appendix A) ahow the second  layer and the half-space unchanged, and a 
fitting  error of 8 8 .  Note  that  both A-7 and A-13 show  quits small fitting 
errors  until Fid 5253, where a misread gain ham rerulted in an mrromous apparent 
resistivity  value of 9.86 9-m, In an attampt  to  match  the jump in apparent 
reaisltivity  for n - 6, the Davis routine  raised the half-space  resietivity from 
214 O-m to 99999 0-s. The result of this iwerrion was tha  starting model for 
the  next data r e t  on the line, a d  Davis mver recovered from the rhrrp change 
in half-space resintivity. Bamkur, on the other hmd, (A-8, Appendix A) fitted 
that  value  with a high error (101 e ) ,  ubd was not dsflsctd from tracking the 
following data seta. Such an abrupt chcys in o m  rpprrsnt rraintivity throws 
the  Davis  routine  into a atrong misfit, from which  it mvar really recovers. 
Both A-7 and A-13 result in fitting errors of 55 % averaged over t b  rntirs  line. 
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Figure 21: Corparfron of fitting errors for Davis  routine in Lina 45A with 
and  without  correction of the high apparent  resistivity value at Fid 5253. 

To appraise  the impact of the  incorrect  apparent  resiativity value on Line 
456, the  ramistivity  for n - 6 at Fid 5253, Line 45A, waa changed from 9.86 b - m  
t o  1.56 0-r. The inversion result.  are ohown in Printout A-12 in Appendix A. 
Figure 21 shows the  resulting  change  in the distribution of fittlng  errors on the 
line. With  the  correction, the Davis  routine  held  realistic half-space 
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slope with  position. 

resistivity values fror the start of the line t o  Fid 5 2 7 3 ,  at which the slope of 
the  sounding cum@ changed from negative t o  positive. To illuptrate this change, 
Figure 22 shows four sounding cuwes from Line 45A: 

at Fid 5 2 3 4 ,  the first: f i d  of the line (fit shown in Table VIII), 
at  Fidm 5271 and 5 2 7 5 ,  just  each ride of the change, and 
at Fid 5312,  the highest apparent  resiarivlty for n - 6, 
A t  the change in dope (Fid 5 2 7 3 ) ,  Davis s a t  the half-space resistivity t o  

zero P-n for the low-resistivity half-apace starting model (Printout A-121,  and 
to 100 k9-n for tha high-resistivity half-space  starting rods1 (Printout:  A-13). 
For both  craem, from then to the end of the l im, t h  fit gradually worsened. 
If  the Davis routine -re to bs uoad for running in~armion, it: wlcl be tmcraaary 
to provide for auttwatic halt for correction of tha s tart fq  h 1 ,  or else  
an automated rseattirqg of the starting model, w h n  conditions changed in such 
way8 . 

The Brsokur rmtine did  not appear to be sanuitive t o  the abrupt change 
as Davis. To see if the Mardy routilns was umsitfve,  the apparent rsfaistivity 
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for n - 6 at Fid  111  was  increased fror 2 to 10 9-r, and the  imrsrsion  was  run 
again. The remults  are shown on Printout A-14, Appendix A, While  the  fitting 
error ia higher  at Fid 111,  there  is r e d  changa in the inversion on the  west 
of the line. It appears that DavidD is  the m e t  memitiva of the  routines  to 
changea in the  atarting d l .  For this rrarron, Davie is tha  lraot  attractive 
routine for automated running inversions. 

Evaluation of the  equivalent  nobals  determined by inversion  shows  that 
frequently  the  equivalence  arises  fror t b  difficulty  in  separating the thickness 
of a layer from it. rasistivity value. To avoid thin  difficulty, tha possibility 
war investigatrd  of  fixing  layer  thicknessam so that the invermion w m  called on 
to  determine  rrriotivity valwa only. With fixed thiclurssoes, it is possible  to 
increase  the nudum of layers  above the half -apace to six. The f irrt layer, the 
water,  has  resistivity and thickness known from  direct  measurement, so that there 
are s ix  unkmwn resistivity valws in auch a rodel. The resistivity  values  thus 
determined are wed to construct a resistivity-depth  curve, 

In this  approach s i x  modal  rauiotivity values are  calculated for six 
apparent  resistivity values. Noise in any apparent resistivity value will be 
reflected  in fluctuation. in interpreted model resistivity  values, If the model 
layers axe uufficiantly  thin  in the shallow  part of the d l ,  a d  if the field 
data  are smmth enough, then th io  approach can yield waful  inforution on the 
propertiso of the ohallow sub-bottoa. 

To test  this idas, I tmven-layex d l  (i.e., six  layer8 on a half-apace) 
d l  was estrblinhad. !l%a first layer (water) thickmss and rcoirtivity were 
fixed as observad in t b  survey. !W thickzmsoccm of layers 2 thrw&h 6 were held 
fixed. The Davia  inversion routha was wed with the observed apparent 
resistivlty  values for Line  10D Eo determine the resistivity  valuer of layers 2 
through  6 and of the half -space. All fib on this line (967 to  1208) were 
included in the running  inversion. 

Several way0 of fitting a aeven-layer  model  were  tested, a8 outlined  in 
Table IX below. Each row in the table  reprslrents an increase in corputation  time 
over  the  preceding one. 

WiLlLL 
In Test 1, each &ta Pat  in the line wao first  inverted wing the  Davis 

routine and a 7-layer mQCl with  fixed  thicknesses. For the starting model of 
each inversion, tha lryar  thicknessea  were  held  constant. The values used for 
first  layer (water) thickness  and  rcaistivity  were  the ones recorded  at  the  time 
of the apunrey. Table X shws the  starting  model for the first inversion. The 
second to aExth  layer  thicknemsea used held constant  at 1, 2, 4, 8, and  16 
meters. The raoistivities from the  final d e l  froa e8ch  invereion wag used as 
the starting model for the  next. 

The full art of rsnultr is  listed  in Appendix A,  Printout A-16.  The 
distribution of the  fitting error along the  line ias ehorn  in Figure 23. The gem 
fitting  error  for  the  whole  line i a  18.9 %, which  compares  favourably  with 64 % 
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a 

Figure 23: Distribution of fitting errora along Line lOD for various 
approaches to multi-ast invarawion with the Davia routine. 
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Start  Models for 
firat  fid (7 layers) 

1 set, T fixed 
1 aet Rho 

Beat  fit  from  Test  1 

5 sets T fixed 
1 set  Rho 

3 High Rho x 5 T 
sets. 
16th atort: beet fit 
of the 15  inversions. 

. 

3 Low Rho x 5 T seta 
16th  start: b a t  fit 
of the 15 inveroions, 
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Subsequent Strrtiw Rotatirw 
Hodel. L 

hppsndix 
A 
Printout 

S a m  T Bet, but Rho Davia 
set fror last fid I A-15 
Beat fit fror Terst 1 

S w e  T Bet, but Rho 
set frar l a o t  fid 

S m  3x5 mets. 
16th  etart: beet fit 
of 15 inveraiona at 
h o t  fid. 
b a t  outcome kept. 

ResixIP 

Davis 
A- 16 
Davis 
i"-- 

A- 17 

Same 3x5 sets.  Davie 
16th  start:  best  fit A- 18 
of  15  inversions at 
larst fid. 
Bart  outcome keDt. 

18.9 
17.2 

I 

11.8 

- 
9 . 5  

for  the  initial  trial (see Table 11 above), It appears that the Davis routine 
doas not  get as easily  removed from close fits  ae is the case with the thrse- 
layer  model  fitted  above. The half-space rsaletivity rises steadily  along the 
line, in a =mer which is  not  conrtfstsnt with the bhaviour of the apparent 
resistivity valuer in the pseudosection of Appendix A,  Printwt A-1. The 
resistivity of the mecod layer (1 m thick) remains low (>1 0 - 4  all along  the 
line.  Resistivity  of  the  second,  third and fourth  layern  rimem  conairtently 
along  the  line, whils the reslistivity of the sixth layer is generally less than 
1 0-la except from Fid 1140 to Fid  1161,  where it rises to levels of about 16 0-a. 
As the  resistivity  values of the third,  fourth and fifth  layers  and  the half- 
space rima, BO &ea the fitting error, 

DwLL 
In Test 2, the a m  starting modal (Table X) was lnvsrtsd with  ResixIP  at 

eleven  selected f idr .  The ~ a m e  fib ware selected that *re used for the 
corparimons of Table 1x1. The valws ohom in Table X v8re u r d  am t b  starting 
modal for each inveroion  using  the  RemixXP  routine,  Values for firat layer 
thicknessr and reriativity used were the orma recorded at the tima of the  survey. 
Model thicknesaaa were held  constant. 

The xesults of the inversions are listed  in Table B-1 in Appendix 1. The 
errors of fit for the seven-layer models are ehown in Figure 23.  In some caaes, 
(Fids 1029, 1084, 1137) the seven-layer error  is  lower than the three-layer 
error.  These  solutions show a smooth  progression of resistivity  with  increasing 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I- 
I 
I 
I 
I 
I 
I 

depth.  Fide 976 and 1059  rhow 
oscillation  in  remiativity 
variation  with  depth  which 
probably  reflects small 
fluctuations  in  the  mounding 
curve. Fids 1164 and  1192  show 
gross errors, and their 
resistivity  dirtxibution  still 
resembler  that of the starting 
model.  It  is  possible  that  in 
these canes the artaxting nodel 
is too  unrealistic to allow a 
reasonable progression t o  a fit. 

UdiLLL 
In Test 3, each data set 

was inverted 5 tilnco wing the 
Davis  routine.  Fiwa  different 
layering  combinations m x e  wed.  
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Tablo X: Starting mdel for inversione of 
Test 1 and Test 2 

layer 

Water Depth 
2 
3 
5 
8 
12 

Inf inits 

Resistivity 
0 -1 

Water Rho 
10 
100 
500 
7 50 
1080 
5000 

The layer rsairtivitiaa of the final rodel were used PB the rtarting model layer 
reaistivitier for inversion of the nsxt r e t  of apparent reaimtivity  values. The 
beat  aochls from tbse inversions -re then wed as the strrtiw rodels in 
ReslxIP. 

The five  sets of thichsa ore as follow*: 
Set 1: Tlayl, 2 ,  3 ,  5, 8 ,  12 
Set 2: Tlayl, 4, 4, 4, 8 ,  16 

Set 4: Tlayl, 3 ,  4.9, 6,  6.9, 7 . 1  
Set 5:  Tlayl, 2 . 2 ,  3.1, 4, 5 . 2 ,  7 

Set 3: Tlayl, 2, 4, 6, 8 ,  10 

After a stat of apparent  resiBtivitiee war imrted, the  mode1  with  the I 

lorest  error wan oclmted for retention.  Printout A-16, Apps ix A, shows the 
full  net of results from thim test, T 

Fot tha met of selectad fidm shown in Table 111, the final -del. from  the 
Davis  imreraions were then wad *II t b  rtarting  models for a swan-layer 
inversion  with  ResixIP. The results of thass inversion. are compared  with  the 
Davis models  in Tabls 1-2, Appendix B. 

Test 40: 
Tart 4 was carried azlt in two parts. For each  part, each data set was 

inverted 16 tims with a different  starting mdel, each  time. In arch case,  the 
16th  starting l o b 1  w w  the beat f i t  modal of ths inwrsion of ths prsvioua data 
sst. The final -1 with the mallsat error was recorded. 

Each data act  wam inverted 16 timen,  The  starting mode10 wmx made up of 
combinationr of thichsres and  resistivities as follows: 
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T-set 1: Tlayl, 2, 3, 5, 8, 12 
T - ~ s t  2: Tlayl, 4, 4,  4, 8, 16 
T-set 3: Tlayl, 2, 4, 6, 8, 10 
T-set 4: Tlayl, 3, 4.8, 6, 6.9, 7.8 
T-set 5: Tlayl, 2.2, 3.1, 4, 5 . 2 ,  7 

R-set 1: Ellayl, 10, 50, 100, 500, 1000, 5000 
R-Set 2:  Blsyl, 10, 1000, 1000, lOk, lOk, 10k 
R-Bet 3: Rlayl, 10, 10k, lOk,  lOk, 1000, lo00 

AB an example,  Starting  Model 1 was made up of T-set 1 and R-set  1, 
Starting Model 2 of T-aret 1 and R-uet 2 ,  and so on. In each case, the  16th 
starting nab1 WBO the best f i t  model of the prsviow Inversion. The model  from 
each  set of inverseone  with  the  lowest error wag retained. A full  set of results 
is shown ar Printout A-17 in Appsndix A. Bacauloe of the  great  amount of 
computation  tire,  only F i b  967 to  1139 were umed  for this t e s t ,  Even BO, 

computation time on a 496-331hz machine  war  twenty-two  hours  for  this t e s t .  Over 
this interval, the mean fitting error was 11.8 1. 

At  the same set of selected fida shown in Table 111, the  final m o d e l m  from 
the Davis  inversions  were  then used a1~ the strrting  radelr for B aeven-layer 
inversion  with  ResixfP. The results of these inversions are compared  with  the 
Davis models in  Table 11-3, Appendix 1, 

Test 4b: 

starting radal valueas which used mainly  lower  rsaimtivity  valwsm am follows: 
Each data set  was  inverted  16  timer as in the previous  section but with  the 

T-aet 1: Tl~yl, 2, 2, 3, 5, 10 
T - ~ a t  2:  Tlayl, 2, 2, 2, 2, 2 
T-Set 3:  Tlayl, 4, 4, 4, 4, 4 
T-sct 4: Tlayl, 2, 2, 2, 4, 8 
T-set 5: Tlayl, 3, 3, 3, 5 ,  15 

R-set 1: Rlayl, 5, 10, 20, 40 ,  80, 160 
It-set 2: Rlayl, 10, 10, 10, 10, 10, 10 
R-set 3: Rlayl, 50,  50,  50, 50,  5 0 ,  50 

Am before, the 16th starting  rodel was the  be5t  fit model of ths previous 
invertaim. A full  met of results in ahwn au Prlntout A-18 in Appndix A. N u i n  
because of the great arount of computation  time, only Fids 967 to 1139 were  used 
for  this t e s t .  Over this  internal,  the man fitting error was 9.5 %. 

Because  the  two  halves of this  test  really  reprerrenr one full  range of 
resistivity  valusa and t h i a h s s s a ,  the  two r e t s  of  results  ware  combined  by 
selecting for each f i d  the mdel with  the  lawsr  error of fit,  With  this 
selection,  ths mean error of fit  was reduced to 7.7 %. 

A t  the stme set of selected fide s h m  in Table 111, the  final  aodals from 
the  Davis  inversions  were  then used as the starting  models for a seven-layer 
inversion with ReoixIP,  The renultsl of these  inversions  are  compared  with  the 
Davis models in  Table B-4, Appendix b. 



Included in Ia~~okur, 1989 is a net of apparent  remintivities recorbd using 
a Schlurberger array. area survoyed conriatad of a a a i l  layer, a layar of 
pebbls-supported stream deposits  (alluvium), a d  clay. The clay  layer was known 
to start  at 27r. The sounding and rarulto of the Basolnrr inversion are shown in 
Tables XI and XII. 

Elec tr& 
Spacing 

a / 2  

4 
5 
6 
7 
8 
9 
10 
12 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 
100 - 

Measured 
Apparent 

Renirtivity 

4.13 
4 .23  
4.51 
4.95 
5.24 
5.30 
5.617 
6.16 
6 . 5 5  
7.06 
7.26 
7.57 
7.77 
7.13 
7.16 
6.51 
6.61 
6.38 
6.07 

Table XI: Schlulbergerrounding 
from Basokux. 

To check the validity of the Basokur 
routine, the data in  Table XI was  inverted 
u a i ~  ResixIP . Although thQ hsdnrr routine 
doer not require a starting d l ,  tha routine 
aa publirhed requires canridQrabla wcr input 
during the  progression of the  inversion, 
Fortunately, the t e s t  data set ia 80 well 
&fined that the invsrsion was prformed using 
the default: values  calculated  by the routine. 

ResixIP  requires a mtarting model, The 
data in Table XI were  inverted  by ResixIP with 
the d l  in  Table X I 1  as  the  starting rrodsl 
(first  layer  parameters -re left  free) . The 
results shown in Tlble XI1  had  a  fitting  error 
of 1.9 percent.  It can be aaen that the 
brmohr modal is quite rimllax to the ResixIP 
-del. 

The k n o b r  teat data was alao  inverted 
with R4nixIP and different atarting uocklm,  It 
WIO 8osuwd that the first  layer  thicknesm and 
resirtivity were kzmwn. Two irwerstone were 
performed wing the starting WMbl shown in 
Tables XIlIa and IIIIIb. Thc renults in T a b l e  
XIIIa were calculated allwfng first layer 
resirtivlty and thiaktmns to be varied by 
RamixIF. Th4 fittiqg error P F ~ I  2.7 percent:, 
fa Table  XIIIb, the first layer parameter  were 
held  fixed. The fitting error was also 2.7 

percent, Knowing that  the  depth of the  half  space is at 27r, it l r  clear that 
for the starting  model in Table XIII, a =re accurate solution W ~ B  achieved by 
fixing  the  first  layer  parameters. 
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Basakur 
Inversion I ResixIP IrrvQrsion 

(1.9 a)  

4 4 2 .6  3 . 4  4 .3  3 . 3  3.6 3 . 9  
21 9 . 2  14.2 22 .2  33 .5  8 .3  9.1 10.0 

5 . 2  4 . 5  . 5.2  5 . 8  

I I 
R ~ s ~ x I P  Inversion 

~ First layer free (2 .7 8 )  
I - 1 

T 
max bast: nin g l X  beat min 
Rh0 lkho Rho T T 

4 . 2  5 . 3  6 . 2  

6 . 3  5 . 9  5 . 5  
5 9 . 9  2 2 . 6  14.3 7 . 3  5 . 9  1 . 3  
4 .2  3 . 9  3 . 5  

I 

Eli ResixIP, a l l  layers free, 
- 

- 
Layer 

1 
2 
3 

mn¶ 

starting lkulal 
. . . .  

RasixIP Inversion 
Firmt layer fixed (2 .7 I) 

V - - T 

T 
-X be. t rin max best min 0-m P 
Rho Rho Rho T T T Rh0 

4 4 * 

5 . 9  5 . 1  4 .6  10 
9 . 7  9.1 8.6 3 3 . 5  23.1 14.1  100 10 

- 4 - - 4 

[ib: Inwereion with HeaixIP, f i r a t  layer €%xed, 



Finally, the Barrotcur data was inverted by RerixIP wing  the starting model 
shown in Table XIV. As the  starting  models of the  previous two invermions  were 
based on asom prior  knowledge of the first  layer  parumeters,  thin  starting  model 
was  more  genaral,  First  layer parustars were free. Table XIV also shows the 
results of the  invarslon,  The  fitting BFKOT was 1.9 psxcant. It can be seen 
that even  for  a gembra1 starting rodel, gsod rsmltr ware achiav8d without prior 
knowledge of the firlrt layer. 

To c m a s s  trha perforrrnce of tha inversion routines, RenirIP was w e d  to 
create a theoretical s d i q  for a dipole-dipole array. The eourding  consisted 
of apparent  remistivitiam for 19 dipole spacings. In the context of marine 
SoundinBs, the idea of 19 dipole spaaiwrr i r  optirrirtic, but  the data oats are 
theoretically  valid.  Tabla IN rhosrs the s e t s  of apparent rerirtivEtieo  producad 
for dipole-dipole arrays with 5 and 10 I dipler. 

Table XVI shows  the wdelrr CQKr#UpOnding t o  the sounding@. The apparent 
resistivitiem from Table XV WOK@ than inverted by the  Davis and Elasokur routinem. 

Dipole 
Multiple 

n 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

rble X V :  'Fhaoreticsl sow 

Apparent  Resistivity 
5 m dipole8 

Nodel A 

4.17 
4 .21  
4.43 
4.80 
5.23 
5.66 
6 .OS 
6 . 3 8  
6.64 
6.83 
6.96 
7.03 
7.04 
7.01 
6.93 
6.83 
6.69 
6.54 
6.36 

Apparent  Rasiotivity 
5 m dipoles (kdel B) 

and 
10 m diplam (Model C) 

3.25 
4.19 
5.58 
7 . 0 7  
8 . 5 7  
10.08 
11. BO 
13 13 
14.67 
16.21 
17.76 
19.31 
20. El6 
22.41 
23.96 
25.50 
27.03 
28.56 
30.07 

ray. 
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ResixIP  Inversion 
Firat  layer free 

10.7 10.8 11.0 6.2 4 . 2  
21.7 2 3 . 4  24.8 10.2 10.5 

1.8 2.0 

5 .7  5 . 8  3 . 3  
9 . 6  14.9 1113 

0 .0  0 .6  

, Errot 
of 
fit 

I ( 0 )  

ma max I 
I 

4.2 .035 
10.9 
2.3 

I 

3.3 .03 
1534 
4.8 

3 . 3  .039 
3055 
5 . 4  

To begin, the apparent resiotivitiro for Model A (Table XV),  with  startin8 
values from Table XVI, wbre  invsrtad with tha Davis inversion routine. In tha 
first itaration, the routina  returned with the mob1 m h o w n  am Pam. 1 in Table 
]NIL, with fitting e r r w  of 0.12 psrcent. A. sxprctsd, t b  routina  converged 
quickly and adjurtrd the mtarting rodel minimally. 

Ths s m  rmmding (Hodel A, Table  XV) was imrartsd twice mora with ths 
Davis routirm and ttpo other starting W l s  Pass 2 and Pam 3 ,  rhorm in  Tabla 
XVII When the Pea* 2 starting rob1 wag wed, the h v i u  routine converged after 
5 iteration8  with  the rode1 shown. Although the fitting error was 2 . 9  0 ,  the 
resemblance betwen interpreted medal and murce rocla1 was rmt clome. When tha 
Pass 3 nodel was unad as the starting modal, the Davis routins was unable t o  
converge, 

The Basdnrr inversion routine does not require a  starting d l .  Inatsrd, 
the user i 8  required to indicate  the branclfaa of the Resimtivity Tr-form curve, 
For a sounding that hu 19 apparent rsristivitier  being inverted into 3 layer 
model, there are 17 poaoiblc  branch corbinrtiona. To make the imrsrrion  routine 
automated, each met of 19 apparent  rasintivities WJLU inverted 17 time, O ~ Q  with 
each of the posmible branch cdinrtionm. Tha modla1 with the. alsllrst  fitting 
error warn ohouen as the final #rdrl.  When  the Model h rst of apparent 
resitatlvitier (Tabla XV) was invertad with the Basakur routine, t b  madel ehown 
in Teble XVIII w u  fitted with an error of 0.6  percent. 
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Lnpr Starting Stastirag Pitted  Fit  tad  Fitting 
Thickness Resistivity Thicknuan kemintivity  Error 

m 9 - m  m 0 -1 ( 8 )  
I 

Pars 1 
1 10.8 4.2 10.9 4.2 . 11 
2 23.2 10.5 23 .O 10.6 
3 2.0 2.0 

The apparent  rasirtivitirs from lbdel B were  inverted by the Bandnzr 
routine. The best  fit had an error of 19.5 percent  and produced the model ohom 
in Pam 5. The apparent  resfstivitier from Nwkl C wra invartmd by the Basokur 
routins. The b u t  fit had an error of 19.5 percent snd produced this rode1 shown 
in Pass 6. 

The apparent  reeirtivitiea from Hodel B, with valws from Tabla XVI an the 
starting mob1, were imrmrted  using the Davis inversion routirwr (Pam 7) Again 
in the  first  iteration,  the routine returned with  the modal shown with  a  fitting 
error of 0.05 percent. A0 expected,  the routine converged quickly and adjusted 
the  starting rrsdrl minimally, Tha name sounding (kxbl b) warn almo inverted by 
the Davis routine  using the starting w l  rhown in P a m  8. The  routine 
converged  after 4 iterations  with the m x b l  nhorar. The fitting  error was 2.4 
percent, but the fit in not close  to t b  original rodol. 

Finally, the  apparent  resistivities far Nods1 C (10 m dipolra)  were 
inverted, Using the  value#  in  Table XVI as the  ntarting rodsl, t h y  were inverted 
using  the Davis inversion routine ( P a m  10). Again in the firat iteration,  the 
routine  returned  with thcr rodel shown, with a fitting error of 0.38 percent As 
expected,  tbe  routine cmverged quickly and adjusted t b  mtarting rodel 
minimally, Tks s u a  rounding (Irocael C) was alslo inverted  by the  Davis routins 
wing the  starting rodel shown in Pass 10. Ths routine comerpd after 7 
iterations with the ladel shown. The  fitting arrar w m  1.1 percent. 
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Starting 
T h i C h # *  

1 

Not Required 
for 

Baaokur 

5.8  
14.9 

5.8 
10 

11.7 
14.9 

11.7 
10 

korro of Th@ 

3.3 
1113 
0.6 

3.3 
10 
100 

3.3 
1272 
0.6 

3 . 3  
100 
10 

:@tical IIOd 

- 

Fitted Fittod Fitting 

1 0-r ( 8 )  
ThickntJra Rho Error 

10.9 4 . 2  .6 
1.3 67.5 

5 . 1  

5.8 3 . 3  19.5 
0 .0  30.7 

90.7 

11.7 3 " 3  19.5 
0.0 14.4 

88.7 

5 . 6  3.3 . OS 
14.9 1113 

0.6 

5.8  3.3 2 , 4  
37.3 227 

11.6 

11.7 3 . 3  .38  
17.4  1272 

0.6 

11.7 3.3 1.1 
49.7 426 

0 

In comparison with the ResixIP routine,  the Bosohr routine generally  $ave 
unreliable rerultr when MICRO-WIP field data were inverted.  For this routine to 
operate accurately, it appears that the data n e t  ruat  contain well-defined 
inflection  points,  It  war hypetheaimed that mince thm MICRO-WIP data consists 
of only  six drta pairs with subtle inflection  points, the hmlcur routine  would 
be unable  to invert reliably. To test this  hypotheria, an artificial aounding 
warn created in which the inflection points were  well defined. Urlng RsaixIP,  the 
theoretical sounding was  developed for I dipole-dipole array with 19 spacings 
ranging from 5 - 150 m. The apparent resistivities -re adjustad until the 
fitting errar waa minimized. The resulting apparent reoirtivities were then 
inverted u l n g  tha Iks&ur routine, Ih4 rerults are outlined in the following 
tables, 



Dipole 
Spacing 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

m r f x k :  corr 
ResixIP and h a c  

Spacing 
1 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

aritaon of a p t 1  
cur. 
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4.3 
6 . 2 3  
4.35 
4.65 
4.95 
5.3  
6.0 
6.5 
6.8 
7.06 
7.26 
7.3 
7.2 
7.13 
7 .OS 
6.75 
6.61 

6.07 
6.38 

moa 
Ra8ixIP 

P -1 

4.28 
1 .24  
4 .35  
4.61 
4.96 
5 . 3 2  
5.96 
6.45 
6.81 
7.06 
7.20 
7.25 
7.22 
7.13 
6.99  
6.81 
6.61 
6.31 
6.10 

fro, 
Brsokur 
P-n 

4.30 
4.22 
4.39 
4.60 
4.95 
5.35  
5 . 9 9  
6 . 4 5  
6.82 
7 . 0 9  
7.25 
7 . 3 0  
7.26 
7.14 
6.97 
6.78 
6 . 5 7  
6.35 
6.14 

ZI results fra 

Table XIX. 

Ae can ba asen frol the preceding tableu, the larrokur routine can reliably 
invert dipole soundings providad there are many point@ on the uounding cuwe. 
HICRO-WIP soundings, however, portray only P alar11 acction of this curve, This 
routine is therefore not dependrble whsn inverting HICRQ-WIP data, unleaw more 
dipole spacings can ba rraasured. 

This note has hmcxibed the basis for five routinaa for imnrting one- 
dimensional resistivity soundings obtained with tha MICRO-WIP syatm. Such 
soundings have six apparent resistivity values for s ix  8pocing8 of the multi- 
dipole  array, To prepare an interpretation, a data set  i o  aelactad from the 
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rasistivityprsudoscsction for processing.  The met of six  resiotivityvaluecr  (the 
field  data  rat) in than imrsrted in tsrm of a  ons-dimneiorull (1-D) layered 
model, to provide eatiaatee of the  thictmeos and resistivity of successively 
deeper laysrr umbr the location  of the  field  data  set. In  pneral, inverting 
ouch data set. in t a ~  of two unlcnom layers on a half-opace is pushing t b  
limits of n 0 ~ 1  interpretation of electrical soundings. Interpretation of 
electrical swndinga i* rueh simpler when t h  &ta  set  contains  many  more 
apparent:  resistivity  values  than the desired m&l dmiiem  parmtarm. 

For inveroion of each data  set from a MICRO-WIP sumay, the first  layer is 
constrained to be equal  to  the obararrnrd water dapth, urd the first 1ayaK 
resistivity i o  net to  that recorded in the f i e ld  survey Tog. The  modal  values 
gained from the inveraim prwsrr are then uasd t o  calculate Elm resistivity 
valuer which would be observed over th. rode1 (tha mdml drta rat). 

hang the routines, zohdy, a direct  interpretation schsrc, was *socared  but 
not used for MCRO-WIP data becawe of the problem involved in changing the 
multl-dipole valuer to equivalent onas which wwld have been read with a 
S c h l d r g e x  array. Z&y is  met up for Schlurrbsrgsr data dona, rad significant 
effort mruld bQ wmhd to alter it to accept  othar  arrays. zohdy Zs also very 
dependent on tha rhape of the  sounding  curve, and would thus be more thun usually 
dependent on having many apparent  resistivity values. 

Bssokur, also a direct interpretation  scheme, use. thQ ehap of the  curve 
to dacide approximate limits of influawe of each  layer on the curve ahape, and 
thw works bemt when the mounding is wall werdeterrined. It expects the 
operator t o  rub ouch dacioionm. Conmeqwntly,  autouted w e  of this  inwrroion 
routine rorsld irwolve conribrablc progrming to rmp1-e the interactive 
rkciaien-making. Thio is not a trivial prablar. Bwming h*&r w i t h  I prr- 
srlectad set of limits vorkr ream~mbly well when tha limits am oarreat,  but if 
the  limits cbsen do not match  the  situation, t h  the sounding io poorly 
interpreted. h s h r  executes quite qulckly and could be uasd In real tlme with 
no liritatims. It  would be useful,  however,  only if more dipoles can be 
measured with the MICRO-WIP, 

Ikvie is a matrix-inversion r c h  similar  to  ResixIP. It usas much the 
PBM formulation, but its wer interface is not  well developad, and neither 
inversion mr cut-and-try modelling can be earily carried out. It is  quite 
scmrsitive to the  choice of utarting d l ,  and ir prolaably a poor choice for 
running itwarsion. On tha other h a d ,  its minimal user interface u b s  it much 
easier  to rsalify to run automatically. Davis runs quite oloarly, and c w l d  not 
ba run in  real  tira om ths data-acquisition  computer. 'Xt would tm fearnibla to 
pass apparent rm~istivity data set8 to a S S C Q ~  computer  in  real time, urd to run 
Davis on the a m d  camprater. This could provide e q u a t e  computation  time  to 
keep up with the resulto . 

Hardy is a Monte-Carlo  system of iterative  inversion. In many waym it is 
very attractive for srrrll data uets, because it u b a  no initial aosmptions 
h u t  the c u m  shape, Convergence to  a  low  error of fit, however, rwpirer that 
the  starting w&1 be  relatively  close to tha  true  situation, as it has limited 
ability to m a  far from  the  ori6innl  solution. In rmnin& imrmiuns this may 
not be r seriow limitation, becaws the starting model  would  normally be the 



beat fit to t b  previow data set .  As in the data ohom hers, the routine  could 
take srsvsral seta af data to closm  in on an adsquatm d l ,  

The dmveloplrsntal prograrwing carrid out in thir har rraultrd  in  the 
availability of reveral rwtirwr sat up to run in continuma mode. If the real- 
time running inversion did not produca a rrtirfactory -1, then it is ILOW 
possible to rs-Tun the  &ta with a differant routine or with a different  starting 
nodel. It would also be possible t o  st- a continwuo imrsrrion  if  the flt 
deteriorated, to put in a new d l .  0th.r schwa could also ba developad for 
setting up a starting =del, either for each inversion ox when fitting errors 
exceed scme pra-aet criterion. 

The s W r d  invsrrion routine umsd &t C-(xIRE in RmnixTI,  provided by 
Xnterpax Ltd. BaaiwIP is a fogward md imt~.  rsdslling proarm for 
interpreting IP Mld renirtivity munding drta in teru of a layered  aarth (1-D) 
m&l. It is based on t b  ridge-ragreasit~n imrsimn process, and me818 to be 
reasonably  reliable even if  only six epparent  resirtivity valtmr arc uard. 
Sounding CUTWB are entered aa B function of the dipole spacing n. Apparent 
reoistivity data can be interpreted  with OK without IP data. 

Forward rodelling  with  ResixIF allooro the WLF to calculate a synthetic 
resistivity r d i n g  curve for a modal with up t o  tan plane layers. bmistivity 
sounding curves are calculated wing linaar filter#, following the approach 
described in &ah, (1971 a and b) , Dan md Ghooh (1974), ud Dwir et.  al. 
(1979) . 

Irwaraa rodslling with ResixIF  allowm tha uaer to aBtain a rrodrl which brat 
fita thc &ta in  a hart-squarau renae. This im &me by wing r i d p  repression, 
a techniqua which is descrihd by 1-n ( 1 9 7 5 ) ,  t o  adjust the parameters of a 
starting -1 in an itarative rannex. Sdrcted Qrru*t+ro of the starting d l  
can be constrained 80 that they will not be adjcuted by the inverrion scheme. 
Starting  models can contain up to 10 layera for resistivity  inversion, although 
m o m t  of the rrOaels usad in this work had four layera. 

RssixfF runs well tihen it rscsives much user input. It i r  a  commercial 
paahge, homver, and ~ O U K C ~  coda in rwst availabls. Any automation of ReuixIP 
to run continumu inversion  would require the action of the mmnufccturer, and 
fairly  radical chanppa t o  the data filiw  ry~tar. 

With t?m present equipment, the most useful approach i e  to use a 
logarithie array, with s ix  channelp. Data could be inverted  in  real  time  with 
the Hardy routine. 3- dsvelopnt: will be needed to orwure that  the  starting 
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rodel is sufficiently close t o  enable converpnce fn the lirited t"r of 
iteratiow used in the Here routins, 

Wherever posaible, the operator mat taka &antrgm of any available 
acowtic information with which t o  limit the uncrrtrfntiea arrociatsd with 
fmterrion of MICRO-WIP data. 
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Figure A - 1 ;  RTT 1000 record  for  Line J l S ,  Bay of Fmdy. 

Figure A-2:  RTT 1000  record for Line J2N, Bay of Fundy. 

Figure A-3:  RTT 1000 record for Line J3S, Bay of Fwrdy. 

A-1 Line  10D:  Davis 
A-2 Line 10D: Basokur 

A - 3  Line 22A: Davis 
A-4 Line 2211: Basokur 

A- 5 Line 44h: Davis 
A- 6 Line 44A: Basokur 

A-7 Line  45A: Davis 
A-8 Line 45A: Basolcur 

A-9 Line L5: Hardy 

A-10 Line 2241: Davis 
A-11 Line  22A: Davis 

A-12 Line 45A: Davis,  error in XI-6 apparent resietivity at Fid 5253 
removed. 

A-13 Line 45A: Davis 

A-14 Line  L5:  Hardy, error in n-6 apparent  resistivity  inserted  at  Fid 
111. 

A-15 Line 10D: Davis, 7-layer inversion, o m  starting  model,  one 
inversion per f i d .  

A-16 Line 10D: Davis,  inversion with 5 different  Bets  of 7-layer 
models. 

A-17 Line 10D: Davis, 3 high-resistivity x 5 thickness sets of models 
at each  fid, plus best  fit  from last f i d .  

A-18 Line IOD: Davis, 3 low-resistivity x 5 thickness met8 of models at 
each fid, plus bast f i t  from last  fid. 
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1-71 
1.1/ 
0 .?/ 
0 . 6 /  
0.71 
1 .O/ 
3.1/ 
5.6/ 
0 . 7 /  
0.41 
0 . 2 /  
0 . 2 /  
0 .1/ 
0.1/ 
0 . I /  
0.1/ 
0 . 2 /  
0.21 
0 . 2 /  
0.2/ 
0 . 2 1  
0.1/ 
0.11 
U.1/ 
0.1/ 
0.1/ 
0.1/ 
0.1/ 
0.1/ 
0.11 
0.1/ 
0 . 2 1  
0.21 
0 . 2 /  
0 . 3 1  
0.3/ 
0 ,Q/  
0 . 3 /  
0 * b /  
0.1/ 
0,1/ 
0.1/ 

T l a y 2  

1 .o 
1 .0 
1 .0 
1 .o 
1 .0 
1.0 
1 .0 
1.0 
1.0 
1.0 
1 .o 
1 .o 
1 .0 
1.0 
1 .o 
1 .o 
1 .0 
1 .o 
1 .0 
1 .o 
1 .0 
1 .o 
1-0 
1 .o 
1.0 
1 .o 
1.0 
1. .0 
1.0 
1.0 
1 .o 
1.0 
1 .0 
1.0 
1 .0 
1 .o 
1 .o 
1 .o 
1-0 
1 .0 
1.0 
1.0 
1 .o 
1.0 
1 .Q 
1-0 
1 .o 
1.0 
I .o 
1 .o 
1 .o 
1 .o 

Rlay3/ Tlay3 

1.3/ 2 - 0  
0.41 2.0 
0 . 2 /  2 . 0  
0.21 2 . 0  
0 . 1 1  2 . 0  
0.11 2.0 
0.11 2 - 0  
0.11 2.0 
0.1/ 2 - 0  
0.11 2.0 
0.1/ 2.0 
0.1/ 2 . 0  
0.11 2.0 
0.21 2.0 
0.2/ 2.0  
0 . 2 /  2 - 0  
0.2/ 2.0 
1 - 2 1  2 . 0  
2 . 6 1  2 . 0  
2 - 5 1  2.0 
2.5/ 2 . 0  
2 . 5 /  2.0 
2.5/ 2.0 
2.5/ 2.0 
2.51 2.0 
2.5/ 2.0 
2.5,’ 2.0 
2 . 5 1  2.0  
2 . 5 /  2 . 0  
2.5/ 2 . 0  
2 . 5 /  2.0 
2.51 2.0  
2 - 5 1  2.0 
2.51  2 . 0  
2 . 5 /  2.0 
2 . 5 /  2.0 
2 . 5 1  2.0 
2 . 5 /  2.0 
2 . 5 1  2.0 
2 . 5 1  2.0  
2.5/ 2.0 

23.21 2 . 0  
748.6/ 2 ,U 
748.5/ 2.0 
748.61 2.0  
1671 -01 2 ,0 
1469.2/ 2 . 0  
1669.21 2 - 0  
1662.31 2.0 
1662.31 2 - 0  
1642.3/ 2.0 
1662.41 2 .O 
1664.4/ 2.0 0 . 2 /  1.0 

0.6/ 1 .O 21704.0/ 2 . 0  
0 . 7 /  1.0 21704.7/ 2.0 
0.31 1.0 21704.8/ 2 . 0  
0 . 2 /  1.0 21704.8/ 2.Q 
0.11 1.0 21704.81 2.0 

R l a y 4 /  T l a y 4  

12.2/ 4 . 0  
12.11 4.0 
12.1/ 4 . 0  
12.11 4 - 0  
12.1/ 4.0 
12 .I/ 4 - 0  
12.11 4.0 
12-11 4 - 0  
12.1/ 4.0 
12 .l/ 4 -0 
13-71 4 . 0  
13.7/ 4.0  
13-71 4 . 0  
13-71 4.0 
13-71 4.0 
13.7/ 4.0 
13.71 4.0 
1.5/ 4.0 

25.3/ 4.0 
2 5 - 3 1  4.0 
2 5 - 4 1  4 . 0  
25.4,’ 4 . 0  
25.4/ 4 .0  
25.4/ 4.0 
25.4/ 4.0 
25.4/ 4.0 
25.41 4.0 
25-31 4.0 
2 5 . 3 /  4.0 
25.3/ 4.0 
25.3/ 4.0 
25.31 4 - 0  
25.3/ 4.0 
2 5 . 3 /  4.0 
25.3/ 4.0 
25.3/  4.0 
25.3,’ 4.0 
25.31 4.0 
2 5 . 3 /  4.0 
25.3/ 4 - 0  
25.3/ 4.0 
34-31 4.0 
13.0/ 4.0 

:Lays/ T l a y 5  

21.8,’ 8.0 
21.5 /  8.0 
21-51 8.0 
21.5/ 8.0 
2lS/ 8.0 
21.5,’ 8.0 
21.51 8.0 
21.5/ 8.0 
21.5,’ 8.0 
21.5/ 8 . 0  
26.8,’ 8.0 
26 ,8 /  8.0 
26.81 8.0 
26.8/  8.0 
26.8/ 8.0 
26 .8 /  8.0 
26.81 8 .0  
18.91 8.0 
24.81 8.0 
24.9/  8.0 
24 .9 /  8.0 
24.9/  8.0 
2 5 . 0 /  8 .0  
2 5 . 0 /  8.0 
2 5 . 0 1  8.0 
24.9/  8.0 
24.9/ 8.0 
2 4 . 9 1  8.0 
24.9,’ 8.0 
24.9/ 8.0 
24.9/ 8.0 
2 4 - 9 1  8.0 
24.9/ 8.0 
24-91 8.0 
24.9/ 8.0 
24.9/  8.0 
24.8/ 8.0 
24-81 8.0 
24.8/ 8.0 
24.8,’ 8.0 
2 4 - 8 1  8.0 
14.31 8 . Q  
2.3/ 8.0 

Rlayb/  Tlayb 

2 5 . 7 /  16.0 
25-81 16 .O 
25.8/ 16.0 
25 .8/ 16 - 0  
25 .8 /  16.0 
25.8/ 16 .O 
25.8,’ 16.0 
2 5 . 8 /  16 .O 
2 5 . 8 /  16.0 
2 5 - 8 1  16 - 0  
22.11 16.0 
2 2 - 1 1  16 .O 
22.1/ 16.0 
22.11 16 .O 
22-11 16.0 
22.11 16.0 
22.1/ 16.0 
25.2/ 16 .U 

4.4/ 16.0 
3.3,’ 16.0 
1.41 16.0 
1 * 5 /  16.0 
1.6/ 16.0 
1-61 16-0 
1.6/ 16.0 
2.2/ 16.0 
2.81 16.0 
3.2/ 16.0 
3.4,’ 16.0 
3 . 4 1  16.0 
3.41 16.0 
3.51 16.0 
3.5/ 16.0 
3 - 5 1  16.0 
3 , 5 /  16.0 
3 - 6 1  16.0 
3.8/ 16.0 
3-81 16-0 
3.81 16.0 
3.4/ 16.0 
4.2/ 16.0 
1-11 16.0 
0.1/ 16.0 
0 . 5 1  16.0 
1.51 16.0 
5 . 4 /  16.0 
5.4,’ 16.0 
5.4/ 16 - 0  
5 . 4 /  14.0 
5 . 4 /  16.0 
5.4,’ 16.0 
5.41 16.0 
6-01 16.0 

A - 15 

Rlay7/Half Spc Error  

9 7 . W I n f i n i t y  108.5 
97.7/Infinity 52 -9 
97.7/Infinity 51 .o 
97.71Infinity 48-4 
97.7/Infinily 40.6 
97.71Infinity 15.2 
97.7/Infinity 16.9 
97.7/Infinity 14.7 
97.71Infinity 17 -0 
97.71Infinity 9.8 
100.7/Infinity 11.7 
100.7/Infinity 23 - 2  
100.7/Infinity 35.6 
100.7/Infinity 35.0 
100.7/Xnfinity 33.6 
10#.7/Infinity 35.5 
100.7/Infinity 30.8 
lO3.3/Infinity 10 - 6  
325,8/Infinity 17.0 

325.81Infinity 20.4 
325.8/Infinity 18 -9  
325.8/Infinity 20.8 
325.8/Infinity 26 -5  
325.8/Infinity 31.6 
325.8/1nf  inity 33 -5  
325.8/Infinity 33.3 
325.8/Infinity 33.9 
325.8/Xnfinity 32-5 
325.8/Infinity 29.5 
325.8/Infinity 26.9 
325.81Xnfinity 24.7 
325.8/Infinity 21.7 
325.8/Inf inity 23 -0 
325.81Infinity 23.7 
325=8/Xnfinity 25 -9 
325.8/Infinity 31.3 
325=8/Xnfinity 38.6 
325.WInfinity 35.8 
325.81Infinity 36.4 
325.8/Infinity 25.0 
326.11Infinity 8.2 

3782.7/Infinity 5.6 
3782.7/Infinity 6 -4 
3782,7iInfinity 15.2 
4301 .l/Infinity 18 -8  
4301 . 1 / I n f i n i t y  2 4 . 4  
4301=1/Infinity 13.1 
4301 .l/Infinity 7 . 4  
4301 .l/Infinity 20.8 
43OI.I/Infinity 22.1 
4301 .l/Infinity 28 .9  
4301=l/Infinity 39 .9  

325*8/1nfinity  17 - 5  

0 .O/ 16 .O 12502.5/1nfinity 38.7 
O.O/ 16-0 12502.5/Infinity 21.0 
0 -21 16 - 0  12502.5/Infinity 6.5 
0 . 2 1  16 - 0  12502.WInfinity 14.8 
0 , 2 /  16 .0 125O2 .ti/Inf inity 22.8 



1026 
1027 
1028 
m29 
1030 
1031 
1032 
1033 
1034 
1035 
1036 
1037 
1038 
1039 
1040 
1 0 4 1  
1042 
1043 
1044 
1045 
1046 
1047 
1048 
1049 
1050 
1051 
1052 
1053 
1054 
1055 
1056 
1057 
1058 
1059 
1060 
1061 
1062 
1063 
1064 
1065 
1066 
1Q67 
1068 
1069 
1070 
1071 
1072 
1073 
1074 
1075 
1076 
1077 
1078 
1079 
1080 
1081. 
1082 
1083 
1084 
1085 
1086 
1087 
1088 
1089 
1090 

1.4/ 1 .Q 
1.4/ 1.0 
1,4/ 1.0 
1-41 1.0 
1.4/ 1.0 
1.41 1.0 
1.41 1.0 
1.4/ 1.0 
1.4/ 1.0 
1.41 1.0 
1.4,’ 1.0 
1.41 1.0 
1-41 1.0 
1.4/ 1.0 
1.4/ 1.0 
1 - 5 1  1.0 
1.5/ 1.0 
1.51 1.0 
1.51 1.0 
1.51 1.0 
1.51 1*0 
1.7/ 1.0 
1-71 1.0 
1.7/ 1.0 
1.8/ 1.0 
1.8,” 1.0 
1.8/ 1.0 
1.8/  1.0 
1-81 1.0 
2 . 0 /  1.0 
2.0/ 1.0 
2 . 0 1  1.0 
1.9/ 1 .O 
1.91 1.0 
1.91 1 .O 
1.91 1.0 
1.9/ 1.0 
1-91 1.0 
1.9/ 1 .# 
1.7/ 1.0 
1 - 7 1  1.0 
1-71 1.0 
1.71 1.0 
1.7/ 1.0 
1.71 1.0 
1.7/  1.0 
1-71 1-0 
I .? /  1 . 0  
1.71 1.0 
1.71 1.0 
1.71 1 .O 
1-71 1.0 
1.7/ 1.0 
1.7/ 1.0 
1.7/ 1.0 
1.7/ 1-0 
1.7,’ 1.0 
1.81 1-0 
1.81 1.0 
1-81 1.0 
1.81 1.0 
1.81 1.0 
1,8/ 1.0 
I .? /  1.0 
1-71 1.0 

0.3,’ 1 .o 21704.71 
0.5/ 1 .0 21674.5/ 
0.91 1.0 21674.9/ 
1 - 2 1  1 .0 21674.41 
1.01 1.0 21675.71 
0.9/ 1.0 21674 .?/ 
0.81 1.0 21674.6/ 
0.6/ 1 .O 21674.8/ 
0 . 5 1  1.0 21675.01 
0.41 1.0 21675.1/ 
0.3,’ 1.0 21675.21 
0.3/ 1.0 21675.2/ 
0.3/ 1.0 21675.2/ 
0.3/ 1.0 21675.21 
0 . 2 1  1-0 216?5,2/ 
u.2/ 1 .o 21675.21 
0.1/ 1 . 0  21675.2/ 
0.11 1 . 0  21675.2/ 
0.11 1.0 21675.21 
0.1/ 1.0 21675.2/ 
0.11 1 .0 216’75.2/ 
0,1/ 1.0 21675.2/ 
U . 2 /  1 .O 21675.4/ 
0.21 1 .0 21676.4/ 
0.31 1 .0 21676.31 
0.31 1 -0 21675.3/ 
0.3,’ 1 .0 216’75.8/ 
0.31 1.0 21675.81 
0.41 1 .0 21675.81 
0.4/ 1.0  21675.8/ 
0.4/ 1 .0 21675.8/ 
0.51 1.0 21675.8/ 
0.8/ 1 .O 15321.6/ 
0.9/ 1.0  15319-01 
0.9/ 1 .U 15319.01 
0.8/ 1.0  f5319.0/ 
1.0/ 1.0 68980.1/ 
0.8/ 1.0 68980.2/ 
0.71 1.0 48980.51 
0.6/ 1-0 68980.51 
0 . 5 1  1.0  68981.01 

0.4/ 1.0 68981.2/ 
0,4/ 1.0 68981.6/ 
0.51 1.0 68982.11 
0 , 5 /  1 .0 68982.6/ 
0.61 1.0 68983.6/ 
0.61 1.0 68934.31 
0.71 1 .O 68984.9/ 
0.71 1.0 68985-2 /  
0.6/ 1 .O 68986.0/ 
0.61 1.0 68986.11 
0 . 5 /  1 .O 68986.5/ 
0.5/ 1-0 68936.51 

0.51 1 .O 68987.31 
0.61 1 .O 6898?,9/ 
O.C/ 1 .U 68988.0/ 
0.6/ 1-0 68988.21 
0.61 1 .O 68988.2r‘ 

0 . 4 /  1.0 68981.~ 

0 .5/ 1 .o 68986-61 

0 . w  1 .o 68989.91 
0.61 1.0 68993.7/ 
0 . 5 /  1.0 68933.31 

0.71 1.0 68995.1/ 
o . 5 /  1 .o 68993.~ 

7185.31 4 - 0  
7142.8,’ 4 .O 
7143.1/ 4.0 
7141 -81 4.0 
7141.7/ 4.0 
7141.7/ 4 - 0  
7141.6,’ 4.0 
7141.6,’ 4 - 0  
7141.71 4 .O 
7141 .8/ 4 - 0  
7141 .8/  4 .O 
7141.8/ 4 -0 
7141.8,’ 4 .O 
7141.8,’ 4 - 0  
7141.8,’ 4 .O 
7141.8,’ 4 -0 
7141.3,’ 4 - 0  
7141 .a/  4 - 0  
7141.81 4 .O 
7141.8/ 4 - 0  
?141.8/ 4 -0 
7141.8,’ 4 - 0  
7141.91 4 .O 
7142.3/ 4 . 0  
7142.3/ 4 -0 
7141.4/ 4 - 0  
7141.91 4 - 0  
7141.9/ 4 .O 
7141.9/ 4 -0 
7141.9,’ 4.0 
7141.91 4 .O 
714l.8/ 4.0 
221.3/ 4 - 0  
195.8/ 4.0 

195.81 4 .0 
8879.31 4 .O 
8879 .2/ 4 .O 
8879.41 4 .O 

8879.51 4 .O 
8879.6/ 4 -0  
8879.61  4.0 
8879.9/ 4 .O 
8880.31 4 - 0  
8880.71  4.0 
8881.5/ 4 .0 
8882.1/ 4 .0 
8882.6,’ 4 .O 
8882.81 4.0 
8883.5/ 4 .O 
8883.51 4 -0 
8883.8,’ 4 .O 
8883.91 4 - 0  
8883.9,’ 4 -0 
8884.51 4.0 
8885 . 0 /  4.0 
8885.1/ 4 . 0  
8885.31 4 - 0  
8865 -3 ;  4 .O 
8886 - 6 1  4 - 0  
8889.81 4 .O 
8890 .o/ 4 .u  
8890.0/ 4.0 
889O.6/ 4 .O 

195 .a/ 4 .u 

8879 . w  4 .o 

7 . 7 1  8.0 
9-01 8.0 
3 - 2 1  8.0 
7 , 2 /  8.0 
5 - 7 1  8 .0 
6.7,’ 8.0 
5-7,’  8.0 
b . 4 /  8 .O 
5-41 8.0 
6 - 3 1  8.0 
5 - 3 /  8 . 0  
G . 3 /  8.0 
>.3/ 8-0 
6 . 3 /  8.0 
5 . 3 1  8.0 
5-3,’ 8.0 
3.31 8.0 
6 - 3 1  8.0 
5 - 3 1  8.0 
6 . 3 /  8.0 
5.3/ 8.0 
6 . 3 1  8.0 
5.1/ 8.0 
5.8/ 8.0 
5 . 8 /  8.0 
5 . 6 1  8.0 

5.71 8.0 
5.71 8.0 
5 . 7 /  8.0 
5 - 6 1  8.0 
5 . 6 /  0.0 
2 - 7 1  8.0 
3 .6 /  8.0 
3.6,’ 8.0 
3.6/ 8.0 
6.41 8-0 
6.0,” 8.0 
6=1/ 8.0 
6 - 2 1  8.0 
5 - 5 1  8.0 
5 . 5 /  8.0 
5 . 5 /  8.0 
5 . 5 1  8.0 
5 , 7 /  8.0 
5 . 9 /  8.0 
6 - 3 1  8.0 

6.91 8.0 
7 . 0 1  8.0 
7.4/  8.0 
7-51 8.0 
7 - 6 1  8 . 0  
9-61 8.0 

7 . 9 /  8 . 0  
8.1/ 8.0 
8 . 2 /  8.0 

5 . 7 1  8.0 

6.61 8 .0  

7 
/ .%/ 8 .O 

8.3,’’ 8.0 
8.3/’ 8.0 
9.11 8.0 
1.U/ 8.0 
1.0/ 8 . 0  
1.01 8 . 0  
0.81 8 . 0  

2 .O/ 16.0 12502 .S/Infinity 
0 . 0 /  16.0 12502.WInfinity 
0 . O /  16.0 12502.8/lnfinity 
0.6/ 16.0 12502,8/Xnfinity 
0 .#/ 16 .U 12502.8/Infinity 
0.0/ 16.0 12502.8/Infinity 
0.41 16.0 12502.8/Infinity 
0.0,’ 16.0 12502.8/Infinity 
0 .I/ 16.0 12502.8/Infinity 
0.01 16.0 12502.8/Xnfinity 
0 -1,‘ 16 .O 125O2?.8/Infinity 
0.1/ 16.0 12502.8/Infinity 
0.1/ 16.0 12502.81Jnfinity 
0 . 0 /  16.0 12502.81Infinity 
0 .U/ 16 .O 12502.81Infinity 
0 . 0 1  16.0 12502.81Infinity 
0 .U/ 16.0 12502.8/Infinity 
0 . 0 1  16.0 12502.61Infinity 
0 . Q /  16 .O 12502.8/Inf i n i t y  
0 . 0 /  16.0 12502.8/lnfinity 
0 .O/ 16.0 12502.8/Infinity 
0.0/ 16.0 12502.8/lnfinity 
O.O/ 16.0 12502.8/Infinity 
0.01 16.0 12502.8/Infinity 
0 . 0 1  16.0 12502.8/Xnfinity 
0.21 16.0 12502.8/Infinity 
O.U/ 16.0 12502.8/Infinity 
0 .O/  16 - 0  12502.8/Inf i n i t y  
0 . 0 /  16.0 12502.8/Infinily 
O . U /  16.0 12502.8/Infinity 
0 .0/  16 - 0  12502.8/Infinity 
U.2/ 16.0 12502.8/Infinity 
1.2/ 16.0 12934.3/Infinity 
4.1/ 16.0 12931.9/Infinity 
4-21 16.0 12931  -9lInfinity 
4 . 2 /  16.0 12931.9/Infinity 
0.6/ 16.0 29433.7/lnfinity 
0.0/ 16.0 29433.7/Infinity 
0.7/ 16.0 29433.7/Infinity 
1.1/ 16.0 29433.71Infinity 
0 .O/ 16 - 0  29433.7/Inf i n i t y  

0.31 16 - 0  29433.7/Xnf inity 
0.11 16.0 29433,7/Infinity 
0.1/  16.0  29433.?/Infinity 
0.11 16.0 29433.7/Infinity 
0.1/ 16 .0  29433.71Infinity 
0.01 16.0 29433.71Infinity 
0 -01 16 .O 29433=7/Infinity 
0.0,’ 16.0 28433.7/Infinily 
0 .U/ 16 .0 29433.71Xnf inity 
0.1,’ 16-0 29433.71Infinity 
0 .O/ 16.0 29433 . P / I n f  inity 
0 . 2 /  16.0  29433.7/Xnfinity 
0 -11 16 - 0  29433,7/Inf inity 
O w l /  16.0 29433.71Infinity 
0.1/ 16 - 0  29433 - 7 1 I n f  i n i t y  
0 . 0 /  16.0  29433.71Infinity 
0 .O/  16 .O 29433.7/Infinity 
0.01 14.0 29433.7/Infinity 
0 .#/ 16 .O 29433.71Infinity 
0 . 0 /  16.0 29433.71Infinity 
0 -31 16 .O 29433.71Inf inity 
0.3,’ 16.0 29433.71Infinity 
0.11 16.0 29433.7/Infinity 

0.61 16.0 29433.71Infinit-y 

33.7 
34 - 2  
11 -2 
2 - 3  
1.9 
2.6 
9 . 4  
14.2 
15.4 
15.2 
18.5 
26 “ 4  
31 - 6  
34.3 
28.7 
31.4 
25.8  
22 -8 
25.5 
24.9 
30.6 
2 2 . 9  
22 - 6  
9.9 
2 . 5  
6.1 
6.1 
2 -4 
2 .0 
2.7 
2 -3 
2.6 
3 - 4  
5.6 
7.5 

10 -6  
5 . 9  
3.5 
2.7 
8.5 
9.0 
5.0 
15 - 3  
22.6 
16.9 
16 -7 
15.5 
15.1 
10.5 

7 . 9  
8 . 5  
9.3 
7 .? 
’3.1 
13 -6 
12.5 
10.7 

7 . 2  
6 . 4  
6.1 
4.5 
4.6 
8 . 3  
17.6 
22 - 4  
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Table B-1: Eleven  inversions with ResixIP at f ids  selected in Table I11 of 
report . 

Line 10D - 10 m Dipolra 

lwA!i% 

Layer 

1 
2 
3 
4 
5 
6 
7 

uAM5 

Layer 

1 
2 
3 
4 
5 
6 
7 

l u A U . 2  

Layer 

1 
2 
3 
4 
5 
6 
7 

ElSsixIP (7 layer) 
( 5 . 4 9 )  

Thick Resistivity 
(1) (ohm-r) 
4.2  1.4 
2.0 0.1 
3.0 13.6k 
5.0  12.8k 
8 . 0  15N 
12.0  21 .o 

11.4 

ReaixIP (7 layer) 
(5 .1%)  

Thick 
(1) 
1.5 
2.0 
3 . 0  
5 . 0  
8 . 0  
12.0 

Resistivity 
( O h - m )  

1.5 
0.8 
39.6 
333 .O  
1055 
1180 
3.9k 

ResixIP (7 layer) 
(21.7%) 

Thick Resimtivity 
(4 (ohm-n) 
2.2 1.4 
2.0 0.7 
3.0 70.5 
5.0 385 
8 . 0  606 
12.0 857 

1210 

ResixIP (3 layer) 
(8.3%) 

Thick. Resistivity 
( 4 (ohm-r) 
4.2  1.4 
0.1 - 3.4 0.0 - 0.2 

2.6 - 6 . 5  

ResilrIP ( 3  layer) 
(1.7%) 

Thick.  Resistivity 

1.5  1.5 
9.2 - 9.7 4.1 - 4.4 
(a) (oh-m) 

17.8k - 19.2k 

ResixIP ( 3  layer) 
(1.7%) 

Thick. Resistivity 

2 . 2  1.4 
21.2 - 22 .3  5 . 9  - 6.1 
( 4  ( O b - r )  

11.4k - 13.0k 
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1 FidlD29 
Layer 

1 
2 
3 
4 
5 
6 
7 

I 
EitLuu 

Layer 

I 
I 
I 

I 

Layer 

1 
2 
3 
4 
5 
6 
7 

RQmlxIP (7 layer) 
(1.3%) 

Thick Resistivity 
(1) ( O h - R )  
1.0  1.4 
2.0 2,4 
3.0 81.7 
5.0 488 
8 .0  671 
12 .o a48 

5.17k 

ElsrixIP (7 layer) 

Thick Resistivity 
(36.2%) 

(d (ohm-m) 
1.0 1.5 
2 . 0  0.2 
3.0 57.7 
5 .0  424 
8 .0  686 
12 .o 1020 

891 

ResixIP (7  layer) 
( 6 . 6 % )  

Thick Resintivity 
(a) (ohm-n) 
1.0  1.9 
2.0 1.8 
3.0 4.42k 
5 .0  0 . 3  
8 . 0  11.6k 
12.0 24.4 

18.3k 

ResixIP (7 layer) 
(1.3%) 

Thick Resistivity 
(a) (ohm-r) 
1 .0  1.8 
2.0 1.5 
3.0 39.5 
5 . 0  159 
8 . 0  7.7 
12.0 36.8 

6.54k 

RrrixIP ( 3  layer) 
(3.68) 

Thick Reelstivity 

1.0 1,4 
13.3 - 16.3 17.6 - 25.3 

(oh-m) 

45k - 73k 

RssixIP ( 3  layer) 
(3.6%) 

Thick. Resistivity 

1.0 1.5 
(1) (h-4 

21.2 - 23.2 3.0 - 3.6 
12k - 23.6k 

RcnixIP ( 3  layer) 
(4.35) 

Thick. ReoIPtivity 

1.0  1.9 
10.2 7 11.7 13.9 - 16.8 
(n) (*-d 

77.2k - lOOk 

RerixIP ( 3  layer) 
(6.45) 

Thick. Ranistivity 
(m) (h-d 
1.0 1.8 
4.6 - 9.0 2.61 - 5 . 6  

95.9 - 10.7k 



n!Lllxz 
Layer 

1 
2 
3 
4 
5 
6 
7 

Ekutu4 

Layer 

Layer 

ResixIP (7 layer) 

Thick  Rasiotivity 
(1.10) 

(4 (h-d 
1.5  1.4 
2.0 0 .6  
3 . 0  10.5 
5 .0  7.3 
8.0 12.0 
12 .o 309 

333 

RasixIP (7 layer) 

n i c k  Resistivity 
(392%) 

(*1) (h-d 
1.6 1 . 5  
2 .o 10 
3.0 100 
5.0 500 
8 . 0  7 50 
12.0 loo0 

SO00 

RerixIP (7 layer) 

Thick  Resirtivity 
(23.4%) 

( 4 (h-d 
1.7  1.6 
2.0 0.5  
3.0 65.8 
5.0 346 
8.0  562 
12.0 861 

1120 

ResixIP (7 layer) 
(415%) 

Thick Reoiotivity 
(1) (ohm-n) 

2.0 10 
3.0 100 
5 . 0  50 
8 . 0  750 
12 .o loo0 

5000 

1.8 1.4 

B -  3 

RarixIP (3 layer) 
(5.3%) 

Thick.  Reeimtivity 

1 .5  1.4 
9.2 - 12.4 1.9 - 2.8 
(a) (Ohm-m) 

3.Ok - 9,5k 

ReoixIP (3 layer) 
(5.99) 

Thick * Wesiativity 

1.6  1.5 
(4 ( h - 1 )  

25.5 - 31.5 3.9 - 4.3 
6.9k - 15.4k 

ResixIP ( 3  layer) 
(3.1%) 

Thick. Resi.tivity 

1.7 1.6 
(1) (oh-m) 

19.0 - 20.8 4 .5  - 5.7 
15.9k - 28.7k 

ResixIP (3 layer) 
(5.7%) 

Thick. Resistivity 

1.8 1.4 
( 4  (h-4 

24.9 - 32.5 2 .5  - 3.2 
2.3k - 10.0k 
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Table 11-2: Eight inversiom with ResixIP, using an starting rodela the finer1 
model from the invsrniom of Test 3. The thrse-layer models for thane fide are 
shown in Table 1-1 above. 

Line 10D - 10 i Dipole8 
muz.6 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

E L d 3 3  
Layer 
(error) 

1 
2 
3 
4 
9 
6 
7 

EiuJ2.U 
Lsyer 
(error) 

1 
2 
3 
4 
5 
6 
7 

Thick. 
4.2  
2.0 
3.0 
5 . 0  
8 . 0  
12.0 

Thick, 
1.5 
2 .2  
3.1 
4.0 
5 . 2  
7.0 

Thick. 
2.2 
2.0 
4.0 
6.0 
8.0 
10.0 

Davia 
( 2 4 . 2 8 )  
Resistivity 

1.4 
0.9 
0.2 
1.9 
3 . 9  
10.2 
100.0 

Davia 
(14.59) 
Resistivity 

1.5 
0.7 
129 
1.5 
0 . 0  
0 . 0  
10, Ok 

Davie 

Resistivity 
(12.1%) 

1.4 
1.0 
3 . 8  
40.3  
0 . 0  
10. Ok 
10. Ok 

ResixIP (7layer) 
( 9 . 9 % )  
Renintivity 
1.4 
0.1 - 0.2 
0.3 - 1.0 
1.2 - 39.0 
1.6 - 49.7 
0.9 - 86.0 
1 , O  - 1024 

ReaixIP (7layer) 
(6.6%) 
RelsirJtivity 
1 . 5  
0.9 
412 
1.6 
12.1 
6 . 0  
7 .Ok 

ResixIP (71aysr) 
(1.58) 
Resistivity 
1.4 
1.6 - 4 . 3  
3 . 3  - 10.7 
3.2 - 11.6 
3.5 - 9.7 
1.1k - 1.1H 
873 - 8.7k 



Fid.._Za29 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

Ewu44 
Lsyer 
(error) 

1 
2 
3 
4 
5 
6 
7 

1059 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

lciJLu& 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

Thick. 
1.0 
3.0 
4.8 
6.0  
6 . 9  
7.8 

Thick. 
1.0 
2 . 2  
3.1 
4.0 
5 . 2  
7 .O 

Thick. 
1.0 
2.2 
3.1 
4.0 
5 . 2  
7.0 

Thick. 
1.0 
4.0 
4.0 
4.0 
8 . 0  
16.0 

Davis 
(13.40) 
Resistivity 

1.4 
4.0 
165.1 
0.0 
0 . 0  
0 . 0  
10. Ok 

Davis 
( 2 4 . 7 2 )  
Resistivity 

1.5 
0.3 
10. Ok 
10. Ok 
9.9k 
1.9 
0.1 

Davis 
(8.0%) 
Resistivity 

1.9 
1.9 
10. Ok 
10. Ok 
10. Ok 
56.7 
12.6 

Davis 
(6.80) 
Resistivity 

1.8 
2.5 
10 * OL 
10. Ok 
10, Ok 
0.1 
10. Ok 

8 -  5 

ResixIP (7loyer) 
(1.58) 
Rtd.ativlty 
1.4 
3 . 0  - 3.8 
759 - 8,6k 
16.7 - 4.2k 
27.8 - 27,8k 
7.7 - 7.7k 
37.7 - 17.9k 

ResixIP (7layer) 
(29.98) 
Resistivity 
1.5 
0.3 
5.4n 
10,3U 
10,7U 
37.3 
0.0002 

RasixIP (7layer) 
(7.8%) 
Resistivity 
1.9 
1.6 - 2.0 
203 - 20.3k 
457 - 13.4k 
4.6 - 4.6k 
1.0 - 976 
5.9 - 74.7 

Ele#ixIP (7layer) 
(6.9%) 
llvrirtivity 
1.8 
2.3 - 2.9 
28.5 - 112k 
9.2k - 113k 
22.0 - 23.8k 
0 - 2.1 
9.4k - 107k 



Fid1137 
Layer 
(error) 

Thick. 
1.5 
2.2 
3.1 
4.0 
5.2 
7.0 

Davis 
(6.71) 
Resistivity 

1.4 
0 .5  
9.8k 
10. Ok 
9.2k 
0 . 0  
10 Ok 

B -  6 

fPsmixIP (7layer) 
(2.68) 

1.4 
0.4 
10.w 
14.0k - 1.5H 
11.m 
0.1 - 72.1 
0.0 - 11.1 

h S i 6 t i V i t y  
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Table 1-3: Ei@t inversions  with ResixIP, using as starting  models the final 
model from the inversions of Test 4a, The  threa-layer modelo for these fids are 
shown in Table 1-1 above. 

Line  10D - 10 m Dipoles 

m 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

Fid_985 
hyer  
(error) 

1 
2 
3 
4 
5 
6 
7 

E l d u Q u  
LPpr 
(error) 

1 
2 
3 
4 
5 
6 
7 

Davis 
(10. or) 

Thick. Resistivity 
4.2 1.4 
4.0 0 . 2  
4 . 0  10.1k 
4.0 9.4k 
8.0 9 .Ok 
16.0 0.0 

0 . 0  

Davia 
(5.2%) 

Thick. Resistivity 
1 . 5  1 .5  
3.0 1.1 
4.8  6.2k 
6 . 0  10.5k 
6 .9  0 . 0  
7 . 8  0 . 0  

2.8k 

Thick. 
2 .2  
4 . 0  
4.0 
4 . 0  
8 . 0  
16.0 

Davis 
(16.1%) 
Resistivity 

1 . 4  
1 . 2  
54 .2  
0 . 0  
7.9k 
7.3t 
18k 

RerixIP (7layar) 
(10.7Q) 
Elsairtivity 
1.4 
0.2 
10k 
9.4k 
9.0k 
0.0 
0 .0  

ReeixIP (7layer) 
(5 1%) 
Remistivity 
1.5 
1.0 - 1.1 
4 3 . 9  - 47k 
4.Ok - 66k 
0 . 0  - 15.5 
0 . 0  - 15.5 
15 .5  - 3.0k 

EcesixIP (7laycr) 
(11. or) 
Resistivity 
1.4 
1.4 - 1 . 7  
45.9 - 6 3 . 8  
0.0 - 0.1 
7.9k - 79k 
40.3 - 7.6k 
40.3 - 10.3k 



EkLau2 
Layer 
(error) 

3zLLU-m 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

Thlck. 
1.0 
2.0 
3.0 
5.0 
8.0 
12.0 

Thick, 
1.0 
4.0 
4.0 
4.0 
8.0 
16.0 

Thick. 
1.0 
2.0 
3.0 
5 .0  
8.0 
12.0 

Thick. 
1.0 
4.0 
4.0 
4.0 
8 . 0  
16.0 

B -  8 

Davis 
(1.68) 
Redmtivity 

1.4 
2 . 2  
10.3k 
10.6k 
11.4k 
4.7k 
1.16k 

Davis 
(25 .39)  
Raslistivity 

1.5 
0 . 6  
1Ok 
10k 
lOk 
1000 
1000 

h V i S  
(6.55) 
Resistivity 

1.9 
3.2 
9.8k 
9.6k 
9.3k 
0.0 
l.lk 

Dsvim 
(2 .1%)  
Resiartivity 

1.8 
2.5 
270 
0 .0  
9.5k 
lOk 
13k 

ReaixIP (7laysr) 
(1.4%) 
Rssi5tivity 
1.4 
2 . 2  - 2.3 
lk - lOlk 
9.2k - 1OOk 
102 - 102k 
47.5 - 87.5k 
121 - 3.8k 

RasixIP (7leyer) 
{ 35.9*) 
Reeistivity 
1.5 
0 . 5  - 0 . 7  
101 - lOlk 
101 - lOlk 
101 - 101k 
757 - lots 
11.9 - 4,4k 

ResixIP (7layer) 
(5.80) 
Bssimtivity 
1.9 
3 . 7  - 8.8 
3.6 - 5.3 
7.9k - 348k 
258 - 3.4k 
110 - 12k 
16k - 28k 

RerixIP (71ayer) 
( S . 9 8 )  
Rerimtivity 
1 . 8  
2.5 
240 
0.0 
10k 
10k 
10k 

." . 



Ei lLluz 
Layer 
(error) 

Thick. 
1 1.5 
2 3.0 
3 4.8 
4 6 .0  
5 6 . 9  
6 7.8 
7 

Davis 
(7.0%) 
Remistivity 

1.4 
0.6 
10k 
1015 
1015 
1000 
1000 

B -  9 

RQeixlP (7layer) 
(7.18) 
Rwiativity 
1.4 
0 . 6  - 0.7 
201 - 643k 
3.1k - 549k 
871 - 176k 
65.5 - 47k 
0 .0  - 412 



E - 10 

Table 1-4: E i g h t  inversione with ResixIP, using as ntarting modeln the  final 
model from the  inversions of Test 4b. The three-layer mdelr for theee f ids  are 
shown in Table 21-1 above. 

Line 10D 

mux 
layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

a!rxL 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

l2LdlQu 
Layer 
(error) 

1 
2 
3 
4 
5 
6 
7 

- 10 1 Dipolar 

Thick. 
4.2 
2.0 
2.0 
2 .0  
4.0 
8 . 0  

Thick. 
1 . 5  
2 . 0  
2 .0  
2.0 
2 . 0  
2 .o 

Thick. 
2 . 2  
4.0 
4.0 
4.0 
4.0 
4.0 

Davis 
(9.18) 
Resistivity 

1.4 
0.1 
1.1 
12.0 
31.4 
7 5 . 4  
156 

Davis 
(5 ,7%)  
Resistivity 

1 . 5  
0 . 8  
9 . 8  
20.1 
40.0 
80.0 
160 

Davis 
(5.8%) 
Resiativity 

1 . 4  
4.4 
2.8 
3.6 
11.7 
30.0 
9 .8  

ResixIP (7layer) 
( 9  9 8 )  
Rwimtivity 
1.4 
0.1 
0.4 - 5 . 4  
0 . 9  - 121 
1.4 - 317 
71.4 - 760 
1.6 - 491 

ReuixIP (7layew) 
(5.0%) 
Re~irrtivity 
1.5 
0 . 8  - 1.0 
4.2 - 31.2 
5 . 3  - 78.5 
8 . 3  - 872 
11.4 - 914 
899 - 5#2k 

ResixIP (7layer) 
(2.3%) 
Resistivity 
1.4 
2.9  - 3.9 
4.6 - 0.4 
2.5 - 4.0 
5 . 0  - 26.4 
6.5 - 107 
10.4 - 57.2 



HJLUu 
Layer 
(error) 

i!ifu!u 
Layer 
(error) 

Thick * 
1.0 
2.0 
2.0 
2.0 
2.0 
2.0 

Thick. 
1.0 
4.0 
4.0 
4.0 
4.0 
4.0 

Thick. 
1.0 
2.0 
2.0 
2.0 
2.0 
2.0 

Thick. 
1.0 
3.0 
3.0 
3.0 
5.0 
15.0 

Davir 
( 2 . 9 % )  
Resistivity 

1*4 
3.7 
11.7 
21.1 
40.6 
80.3 
160 

Davis 
(10 * 9%) 
Resistivity 

1.5 
4.4 
0.8 
2.0 
5.3 
32.4 
10.7 

Davis 
(8.1%) 
Resistivity 

1.9 
1.6 
1.9k 
92.2 
0.0 
0 .0  
3.0 

Davis 
(3.6%) 
Resistivity 

1.8 
2.5 
13.9 
35.0 
41.7 
75.0 
55.1 
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RasinIP (7layer) 
(1.59) 
Rerimtivity 
1.4 
2.9 - 3.5 
9.2 - 21.2 
24 .5  - 154 
38.7 - 721 
50.9 - 6.0k 
235 - 5.2k 

ResixIP  (7loysr) 
(4. $ 8 )  
Rariativity 
1.5 
1.6 - 2.7 
2.1 - 4.6 
0.8 - 1.8 
1.3 - 4.6 
4.5 - 223 
12.4 - 1.2t 
RemixIP  (7layer) 
(8.2%) 
Reoirtivity 
1.9 
1.5 - 1.7 
1.4k - 25k 
93.1 - 934 
0.0 
0.0 
0.0 - 30.1 

ResixIP (7layer) 
(1.79) 

1.8 
1.9 - 2.2 
14.0 - 73.0 
50.9 - 197 
44.9 - 139 
4.4 - 30.1 
2.8 - 65.6 

llssiativity 



ELLLUz 
Layer 
(error) 

Dsvisl 
(3.3%) 

Thick. Resistivity 
1.5 1.4 
3 . 0  0.9 
3.0 3.0 
3.0 13.7 
5.0 19.7 
15.0 13.2 

11.3 
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ReeixIP (7layer) 
(1.2a) 
Ramistivity 
1.4 
1.0 - 1.2 
2.5 - 4.3 
6 . 1  - 19.3 
5.1 - 10.4 
25.0 - 57.5 
4.5 - 386 










