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;:0.::. section
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WA before and after grouting
. ﬁg Fig. 86 anterre water reservoirs: {iltler 4 zone, residual anomaly map
?.' bafore and after 2 phases of pgrouting
Fésq Fig. 8 : Porte Pouchet areca, Paris: portion of terrain correction map
e Fig. 83 : Porte Pouchet area, Paris: portion of raw Bouguer map
,‘) Fig. 89 : Porte Poucher area, Paris: portion of correccted Bouguer map
ﬁ% Fig. 90 : Dowcll-Schlumberger factory, St Lticnne: modelled profile
E#z Fig. 91 : Dowell-Schlumberger factory, St Etienne: initial residual map
Fig. 92 : Dowell-Schlumberger factory, St ltienne: seccond residual map
;'}2 Fig. 93 Civaux nuclear power plant: residual gravity map
ey Fig. 94 Civaux nuclear power plant: density inversion
( Fig. 95 Civaux nuclear power plant: depth to deep seismic refractor
o Fig. 96 : Sailly-lez-Cambrai housing projcct: residual anomaly map
?\# Fig. 97 Sailly-lez-Cambrai housing project: residual anomaly map corrected
qd& for effect of opencast quarry
. Fig. 98 : Sailly-lez-Cambrai housing project: typical gravity anomaly and
5, interpretational models
® Fig. 99 : Sailly-lez-Cambrai housing project: density deconvolution (7-12 m
p slah)
5}'} Fig. 100 : Liendo cement plant project (Spain): gravity profiles and Nettleton
:{;: profile
'?;: Fig. 101 : Jebel Dhanna tank farm: residual anomaly map
,;:- Fig. 102 : Jebel Dhanna tank farm: density variation map
(“ .Fig. 103 : Jebel Dhanna tank farm: synthesis map
WS "TFig. 104 : OPHIM Lille building project: location map and known quarry limits
}%f Fig. 105 : OPHLI Lille building project: residual anomaly map
%*: Fig. 106 : OPHLM Lille building project: panoramic view of a quarry taken by
kg- drill hole camera
i Fig. 107 : Dax hospital project: residual anomaly map
i} Fig. 108 : Dax hospital project: computed structural maps
x Fig. 109 : St Cermain-en-Laye finance ministry building: residual anomaly
'53 Fig. 110 : St Germain-en-Laye finance ministry building: drilling rates
ﬁﬂ during drill holes Sl, $2 a,d S3.
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APPLICATION OF MICROGRAVITY TO THE ASSESSHMENT OF

EXISTING STRUCTURES AND STRUCTURAL FOUNDATIONS

PART 1 : OVERVIEW QOF THI HICROGRAVITY TECHUNTQUE

Historical Packpround

l. The word "microgravity" was first coined by the late R. Neumann
(1967) from Compagnie Générale de CGéophysique (C.G.G.). However, the first
commercial microgravity surveys in the world (to our knowledge) were carried
out in France by Compagnie de Prospection Géophysique Frangaise (C.P.G.F.) in
1962, and published the following year (J. Lakshmanan, 1963). In fact, the
leadership of French geophysicists in the field of microgravity is a normal
continuation of work by the great French physicists of the 18th and 19th
centuries, Coullomb, Poisson and Bouguer and in the 20th century by Cagniard
(1960). The important role of French scientists in the knowledge of gravity,

after Mewton, was recently recalled by Thomas LaFehr (1980).

2. However, if the theory was often French, gravity meter technology,
after Fotvos (1936), is mainly American. Since the forties, field gravity
meters regularly allow readings to 10-5 gals. In 1968 lacoste and Romberg
brought out the model D gravity meter, often callad the "microgal', which can

be read to the microgal (10“6 gals; 1 gal = lem/s? and g ™~ 980 cm/s2).

3. The introduction of the model D meter has really allowed gravity
sur' vs for shallow features to add the prefix "micro" to the word "gravity"
Just over a hundred of these D-meters have been built since 1968, and at least

12 of these are in commercial use in France.

4. According to the size and depth of suspected causes of density
anomalies, and to corresponding spacings between gravity stations, we can

classify gravity surveys in thrce main groups
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e, Table 1: Classification of gravity surveys

;:&: Depth Statlon Amplitude of Accuracy
s:k} Spacing anomalies

3:;5 Gravity surveys 2000-6000 m | 1000-5000 m 5 to 30 mGal 0.1 mGal
.:} "Minigravity' surveys 200-1500 m 100-300 m 0.5 to 5 mGal 0.01 mGal
'}\* (Mining~-ground water)

e "Microgravity" 0 to 50 m 2 to 40 m |0.02 to 0.40 mCal |0.001 mGal
5 A sSurvevs

if; 5. C.P.G.F. is proud to be a pioneer and a leader in the field of

‘ microgravity and has carried out over 500 surveys in 9 countries. The most
“-Si interesting of them will be analysed in éhapter 7 of this report.

,::i 6. Salient features of development of microgravity in Europe are as
.:E follows

‘L: a. A symposium of the International Association of Engincering Geo-
i%é; logists was held in Hannover in 1973, on the theme of dissolution cavities

‘:2: (J. Lakshmanan, 1973). The French government financed a multicompany research
::g program in 1977 on the theme of Cavity Detection. C.P.G.F. was in charge of

(_ g appraising microgravity and a novel 3-D seismic technique, the Sismobloc-

;2: C.P.G.F. (J. Lakshmanan, M. Bichara, J.C. Erling, 1977). In 1979, a working
'::; committee of the French National Committe on Soil Mechanics established

?:ﬁ "Recommendations on the treatment (and the detection) of underground cavities'.

This committee included J.C. Erling and J. Lakshmanan from C.P.G.F. {(P. Habib

et al, 19/9).

€

.0

-

RN

-‘)..IJ

b. In the United States, interest in geophysical detection of caves

seems more recent. Quite comprehensive research has been carried out by the

A LN

;: U.S. Corps of Engineers fer the last 15 years (Butler, 1977, 1984), Further

Zta details on published papers, either by C.P.G.F. geophysicists, or other experts,

*:ﬁ will be described in chapter 8.

Esij c. The use of microgravity for density determinationin the structure
y itself is more recent and has been described in two papers by C.P.G.TF. and

{é; French Railway geologists (M. Bichara and J. Lakshmanan, 1983, J.C. Erling and

?$$ G. Roques, 1983). In this case, when the structure is located above the normal

: s pround level, application of a generalized Nettleton processing technique can
‘“ lead to direct absolute density measurement (when the anomaly is located below

z“f the average ground level, only relative densities can be computed). An impor-

L?ﬁ tant application of the gcneralized Nettleton processing technique is for

R embankment density monitoring.
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ﬁﬂ Field Measurements and Data Reduction
b
( 7. Readings with the model D meter are made to the microgal (0.001
e . . .
:f milligal). However, special procedurcs arec necessary in order to achieve the
,“ best repeat accuracies which can be brought down to a few microgals. Some of
LX) '
W . .
1?' these are described by McConnell, llearty and Winter (1975). As for data
)
v reduction, the main reference is still Nettleton (1949).
. .
5‘ Meter Control.
'(“ ' . .
;% 8. Every two months, the meter's instrument constant is checked on a
;59 test range. In France, the main contractors (C.P.G.F.:and C.G.C.) use the
bl
( Marly-Croissy test range near Paris. These two bases are separated by 3
Qq. kilometers and there is a difference in elevation of about 100 meters. The
)
e difference in gravity between these stations is 32.86 mCal. Usual check
gﬁ 8 y
) . -
i includes at least 3 alternate mecasurements at each base. The mean square
\
® difference (compared to average difference) is generally in the order of 5
; : microgals. Generally, no significant change of the instrument's constant is
iﬁ observed.
e
<% 9. Before using the test range, the cross and longitudinal levels of
] g B g
.
{ the instrument are checked and, if necessary, adjusted according to the manu-
:¢ facturor's specifications. General revisions at the manufacturor's plant are
Y
Ay : .
2 only neecded cvery 4 or 5 years. The "life" of each instrument is followed on
1
5
{? a special notebook. A copy of 3 sheects of one of these notebooks is enclosed.
L
:) Daily checks.
;: 10. The meters are kept under thermostatic heating permanently. One spare
f
> battery is therefore absolutely necessary when readings are started in the
2% ) 3 y &
‘* morning, several repeat readings are necessary at the first base, especially
)
when outside temperatures are very different from room temperatures (either
ﬁ in very cold or very hot weather). When temperature contrasts are very high,
- "warm-ups' or "cool-downs'" may need up to half an hour. Otherwise, measure-
f} ments would start with heavy, erratic drift, which can also be related to the
L
PY duration of previous clamping.
M Return to base.
! -
I1. Returns to base are made every 20 to 30', in order to check whether
' ; . .
K~ abnormal drift is occuring, which can be due to a shock during transport, or
B . : . .
:; irregular functioning of the thermostat (it should be reminded that D-meter's
& thermostatic temperature is generally in the order of 49.5°C).
)
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Figure 1. Example of control sheet:
Control of level of horizontality
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GALVANOMETRE
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Ry Figure 2. Example of control sheet: galvanometer
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da SENSBILITE DE DEPLACEMENT (P&d&,, ¢ Q.0 ~.3.u)

\ DISPLACEMENT SENSITIVITY (Limits 2.0,-3.4)

V) READING

X FOR 10 GRAD. DISPL.
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4

§ '.‘ Horizonta! level Cross level

{ Jo wset g o |
“'.' oua woL o‘f RER A ALY nL.?

lt 3 A ¢

R BR doo |Her  om ISSIWSg PR N T I O Ly on
o A A hn 0 Pedoe q('\,',\:u. b

e J«:m’d-

o ' ox

>

'y —— ] e = e I - -

::'5 Q,S;Ta..‘./wyf x' urles| {¢ ,'.'Au,;/"

. J B.EI.J/.,.J | x g ec| 2 p$ ——

n' ” :f T, }
" 0 .1,.1/“,] x 2.3, 85 | 44 rf Ton

(}) PRESEESRS I — e e e
:l'.‘l 9 —’/LTJ/_,S : PATIE RN 66 mt Ruel.
. £

‘% ‘{I;—?.u..' /Mz,:,c oua ?_ Lol gé T, Ee ‘/p7_fl;.

h Figure 3, Example of control sheet: displacement sensitivity
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A Luni-solar corregtions.

}b& 12. Before further corrections, the drift curve of a D-meter is very

close to the luni-solar drift curve, i.c., it shows amplitudes of 150 to 300
;f§ microgals, with an approximately twelve hour period. Maximum gradient is

syt about 50 microgals/hour. The following graphs are from Nettleton, 1940, 1t

fzs should be noted thak at that time, for conventional gravity surveys,

Dr Nettleton mentioned : "Since in most gravimeter operations, the instrument
is returned to a subbase at intervals of at most a few hours, any tidal effect

appears only as a slight modification of the drift curve and therefore does

not affect the gravity difference determination.
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: 2 NOON 12
A JAN. 23,1938 ( LAST QUARTER)

P4 Fig. 4. Example of luni-solar drift (after Nettleton)

\ﬁg‘ Consequently, in ordinary gravimeter operations no attention need be given to
Sy tidal effects. If an instrument were used for a period of 6 hr. or more

:?f without a drift reading, and if {1t were stable enough so that its drift could
be interpolated reliably to 0.1 mg. or better over that peried, and if

o . gravity differences were being depended on to better than 0.l mg., then it

' would be necessary to consider the tidal effects."
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;’::E: 13. In microgravity, it is neccessary to correct for Juni-solar

{’“ variations before any further processing. These corrections can be made with
gﬁh the tables published bu Compagnie Cénérale de Géophysique and Service hydro-
:ﬁ“a graphique de la Marine, and edited by Cecophysical Prospecting. Alternatively
ghﬁ (and preferably), the corresponding formulas can be programmed on a micro-

EAR ol M

') computer.

::: Residual drift.

ga&l 14, Once the luni-solar corrections are made, the residual driit should
$f5 in theory, show out quite a regular curve, in fact something close to a

{ - straight line. The usual drift rate of a very good D-meter is in the order of
?Vn 2 to 7 microgals/hour. For a less regular D meter, the drift can be in the

Az

-~
LA

2L

2T,

order of 5 to 20 microgals/hour. An actual field example follows and is shown

on figure 5.

-~

15. The measurements were made along the circular freeway surrounding

e

raris, with severe traffic conditions, despite measuring at night. This

)

f%: example shows the "beat" often found in microgravity surveys, where pseudosi-
~

)

: o ne oscillations with an amplitude of 5 to 20 mGals and a period of an hour

‘ §

. - are found, superposed to the regular drift.

. .

af 16. This "beat'" has been described as being due to variations in the

ahy

%¢: duration of clamping. Between stations, the instrument is clamped during a

|

3 nearly constant interval, 2 minutes for example. If the meter is returned to

E\

D) the base, it may stay clamped for 5 or 7 minutes. This increase of clamping

f$| may contribute to the "beat" effect (the explanation being hysterisis of the

at

s spring).
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Fig., 5. Example of drift control
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Qﬁ‘ 17. In certain conditions, and with certain less regular meters, resi
I ) , , .
ﬂse dual drift can appear as a sine curve, with an apparent period of 20 to 40'
14
dﬂd and an amplitude of 10 to 15 microgals, as shown on the same enclosed graph.
% ) This means that an anomaly of this amplitude may either be spurious, or may
’.’ . . .
'aq be cancelled by a drift of opposite sign.
T
;ﬁs Semi-random field procedure.
o
;l- 18. 1In order to avoid this type of phenomenon, which leads to Bouguer
%u“ maps showing anomalies lined up along the profile direction, C.P.G.F. has de-
)
:5; veloped a drift control technique (see Bichara, Erling, Lakshmanan, 1981),
:gg which implies a semi-random field procedure. The spatial sequence should not
¢
£, be correlated with time. In other terms, ecach gravity station (supposing a
o
The regular grid) should be surrounded by points taken at dates differing as much
as possible from the central station's date. In addition, the dates of the
1t®
€a$ surrounding stations should also be the most variable possible. The proces-
0
‘ﬂ&‘ sing technique is described in the above mentioned paper. The field technique
‘o'i ' procedure implies the corresponding processing.
:h' 19. In the same field sequence (between 2 returns to base), the 8 to 15
:“: stations forming the program should be spatially as far as possible one from
s each other. In order to keep production to a reasonable level, measurements
can be made according to the following principles;
< Tl
%)
k " - Base {(time 0)
" . -
‘sk - Line 5: points A, D, G, J, M (times 3', 6', 9', 12', 15")
"
?: - Base (time 18")
d - Line 8: points A, D, G, J, M (times 21", 24', 27', 30', 33")
oy
;0: - Base (time 36")
1y _
$u‘ - Line 11: points A, D, G, J, M (times 39', 42", 45', 48, 51")
il . .
#,' - Base (time 54')
- Line 6: points B, E, H, K, N (times 57', 60', 63", 66', 69')
N
*é' - Base (time 72')
N
o - Line 9: points B, E, H, K, N (times 75', 78", 81', 84", 87')
g
O .
:ﬁﬁ - Base (time 90')
e . = Line 12: points B, E, H, K, N (ctimes 93', 96', 99', 102', 105') |
W\
$" - Base (time 108")
(3 . |
Qg - Line 7: points C, F, I, L, O (times PIl', 114", 117', 120", 123") |
W
J
@
R 19 ‘
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e,

g'
K

.’a '- ‘. bt '»‘ M .'u.. ' .!n X |5|‘| g'i ',\ 0.! " 0"

- Base (time 126')
- Line 10: points C, F, I, L, O (times 129", 132", 135", 138", 141")
- Base (time 144")
- Line 13: points C, F, I, L, O (times 147', 150", 153", 156', 159")
- Base (time 162")
- Line 5: points B, E, H, K, N (times 165", 168", 17t', 174", 177)
- Base (time 180'") (...cieeve CEC cnvennns
20. In such a manner, a good decorrelation between time and space can
be achieved. In the previous cxample, on line 9, points A to 0 will be read

as follows:
Point A B C D L F G H I J K L M N 0
Time 396 75 237 399 78 240 402 81 243 405 84 246 408 87 249

Along each line, each point is surrounded by 2 points belonging to two dif-

ferent programs. Considering the grid, point 9-D will be surrounded as

follows
8-C 8-n 8-E
345" 24" 186"
9-C 9-D 9-E
237! 399 78"
10-C 10~-D 10-E
129" 291" 453"

LFach of these 9 points belong to a different program.
Final drift evaluation.

21. Generally, however, the semi-random procedure is simplified by
covering a grid four times

- even lines, even stations
- odd lines, odd stations

- even lines, odd stations
- odd lines, even stations

In addition, at about 10 7 of the stations, repeat readings are made.

I[f instrumental drift is sufficiently regular, linear interpolation between

base stations is made. If not, a polynominal fit is made, taking into ac-

count (by order of weight) :
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-small, and the surface 1is relatively flat. At least,

~all iR b st i e de e

- base stations

- repeat stations

~ diffcrences between readings at the

station and at the four closcst stations.

22. Readings made by a professional operator have an apparent accu-

racvy of | or 2 micregals (difference between 2 readings made at | or 2 minu-

tes intervals. In a survey made in normal environmental conditions (no great

winds, not much traffic, no industrial vibrations) the mean square difference

between repeat readings at different dates is about 5 to 15 microgals, or
even less with the smallest grids. After adjustment of the drift curve, if
ancmalies in this curve or in repcats arc observed, certain portions of the

survey may be rerun.

23. The complete procedure as described in paragraph 19 slows down

the field production from 80 to 50 stations per day, but it allows maximum

reading accuracy. A residual anomaly of 10 micrograls seen on several adjacent

points can he considered to have a very high degree of confidence.
Other field recommendations.

24,

Some additional recommendations for microgravity survey field
procedure are listed below :

a) The meter should be read, placed in the same direction in

respect to the North.

b) The sequences should follow one another continucusly : 1 eight
hour sequence is better than 2 four hour sequences with a lunch
break. When possible, with 2 operators, a meter can be read
from dawn to dusk.

¢) The ground surrounding the meter should be a flat as possible.
When working in ploughed fields, a lm by lm area will be
flattened out with a spade. Alternatively, if the weather is

not windy, the base plate can be set on a 75 cm high tripod.
d

~—

When elevation variations are large, points in the same program

should be at altitudes as close as possible to one another.
This fact has been studied by McConnel et al (19753).
surveying
25. Usually, the area covered by a microgravity survey is quite

this 1s the case for
most building projects.
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2¢ 26. Starting from a bench mark supplied by the main contiactor, and often ‘
"1t
:ah by using a side of the building plot as one of the coordinate directions, |
LN |
Ea ) . . . . .
,ﬁh stations are often located by chain. Each station is pegged, and the ground !
\ . . .
;“J flattened, if necessary, at the foot of. the peg. Using an automatic level
ﬁE (such as the Wild Nak-1) all the stations can often be measured with a single
'
:i instrument station and a moving rod. This is the usual simple procedure for a
W
oy . . . . .
b survey on flat ground, with 50 to 200 stations with a station spacing of 5 m,
gﬂ for which a millimeter accuracy 1is no problem, at least if the ground is
e, sufficiently compact, and not formed by ploughed land.
1S . , . L :
n 27. When station spaclng 1s grecater (20 to 40 m) and when the area is
X
ﬁ large, it may be necessary to use a high precision theodolite (Wild T2, for
,' example) coupled with a distance meter (such as Wild Distomat with a T2
&: theodolite). Instead of using the gravity operator to do the surveying, a large
L]
B area will need a professional surveyor.
) 3
‘" 28. The largest microgravity survey we ever carried out included 6,000
t . . . . .
i stations on a 10 by 50 m grid, in an area of quite severe topographv in the
f\ Alps (Rif Tort hydroelectric project, owner Llectricité de France ; the survev
b was carried out by C.G.G., associated with C.P.G.F.). This survey nceded a
:1 series of topographic control points, along a 200 by 200 m grid, which were
J set up by a separate surveying company. Between these points, the infilling was
) . .
% done using a Distomat.
¢
! Corrections
v Altimetric correction.
29 . Vaviations of elevation create variations of g between 2 stations
;: due to (7 in meters, AG in microgals)
¥ - Change in distance from the centre of the earth ("free air correction'). The
‘.
iy free air correction is AGlL = 308.6 (22—21) (at a latitude of 45°).
o - Theeretical attraction of the horizontal infinite slab, having a density of
G
%: z, and located between elevations Zz and 72, (in meters) of stations 2 and 1
S . 4Q0m
x: it is called the Bouguer corrvection : AG2 = - 3 0 (22 - Zl)'
:; These two corrections related to clevations, in microgals, are generally
*
o ?
combined : G = (308.6 -~ 41.99) (Z2 - Zl)'
P .
ﬁg At other latitudes, a more sophisticated cvaluation of the freec air correction
. rav he e r Y = 9.780318 D+O 0053024 sin® 0.0000059sin" 2
ay necess: 2Y = . -0, sin?
\ vob ssary a(T-fcos7p) i sindy sin® 2¢7]
O
8
@
.?;‘ 22
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- where ¥ is the latitude, £ = 3.35282.10 (carth's flattening) anc

' ﬂ. . . . .. ,
b ~ a = ().378139.106 m (earth's equatorial radius). The Bouguer cocfflcient may
X

J: then be taken to be 41,9214,

) For - =0 AG = 308.8 (Z,-2;) (frce air correction)

¥, ,

:;"" For o = 2.0 /G = 225.0 (2,-Z))

0

:‘: For » = 2.5 AG = 204.0 (2,-2y)

i:::l Latitude corrvection.

A e

'
("" 30, The latitude correction is due to the flattening of the earth and
) to its rotation, which reduces g when moving from the poles to the equator.

+ . . ;s
The correction is given by L. = - k A X, where k is the gradient and 4X is the

novrth-south distance of a statjon from a reference station.

(M)
...' )
" he average gradient of this correction is given in table 2 (due to Nettleton,
o 1939Y. Tkis rorrection is added when a gravity station is south of a site refe-
A .
“ ',l . . ) -
o rence station and subtracted when a station is north of the reference station.
4::‘ Table 2 : latitude corrections
v
[ _ Latitude " K
\. ] . in degrees npal /mile mgal/km,
"‘i[ 0 0 0
ey 10 0.447 0.278
'4, . 20 0.840 0.522
-
L 30 1.132 0.703
3, 40 1.287 0.800
0 50 1.287 0.800
o 60 1132 0.703
A
\ 70 0.840 0.522
e
W 80 0.447 0.278
% 90 0 0
N
: z Plate height corrections.
(it
: 31. . The meter may be at a certain height I above the ground; if this
Do .
" - height varies from one statjon to the other, an additional free air correc-
tion PHC should be added : PHC = 308.6 (l,-11,).
9,
::. Usually ”2 = ”1’ and this correction becomes constant in each point and is
WL
1._: therefore neglected.
1.Vl
‘:' Basis of terrain corrections.
o 32. In Paragraph 29, we suppose that the correction due to elevation
[T - .
K . : . . . :
{. ! is related to density and to the difference of clevation between two stations
o Co
|!E§ supposing that each station is located on an absolutely flat ground, as
oy
a0 illustred in Figure 6.
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Figure 6. Basis of terrain corrections

In the theoretical casc(a), the total altimetric correction will

be (7 in meters, 4G in microgals) ;

LG = (308.6-41.90)(Z2~21)
for 0 = 2.0 gm/cc
LG o= 225.0 (Z,-24)
in case (b), supposing a very high tripod at station 2 (or a ficti-
tious thin pinnacle <,-Z; meters high), with the ground elevations the same

at stations | and 2

LG = 308.6 (Z,-Z))
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33. In the real case (c), lateral masses must be taken into account.

The valley to the left of station 2 will have an influence on the reading at
station 2 ; it will reduce the value of g at 2 (we suppose here that base
station | is In an absolutely horizontal area). The necessary terrain
corrections, TC, will be positive, and the equivalent coefficient B will be
intermediate between 225.0 and 308.8, as if the density were lower than
c = 2.0.

AG = 225.0 (Z,-72;) + TC

AG = B(Z,-2))

For example, for o = 2, ZZ = 110m, Z1 = 100 m and
TC = 120 microgals at station 2 :
AG = 237.0 (Z2~Z;)
The equivalent density o' = 1.71 is intermediate between case (a)

= 2.0, and case (b): o = 0.0.

34, Alternatively, we can consider that the correction is equivalent
to the effect of a fictitious elevation Z', at station 2. Considering the
total correction:

4G = 225.0(110.53~100.0)

Z', = 110.53 instead of Z, = 110.0
Considering the Bouguer correction only

AG2 = —41.90(22—21 - Tc(o)_é%

(TC(o) is the terrain correction for an arbitrary density Jg).
TC

A = - - 0
LG2 T€41 .9(7,-2, T 9Jo)
7, - 54- can be considered to be a fictitious equivalent
0
altitude
TC
ly = Ly = ——
Jo 120
with the previous example Z3 = 110 - PRV 108.57.

(Note : If station 2 were at the bottom of a valley, the terrain correction

due to lateral hills would also be positive. )

Terrain correction program used in microgravity,

35. Many years ago, Hammer (1939) published detailed tables, allowing
computation of terrain corrections. These tables are based on the use of
a termplate appl;ed on a topographic map and centered at the point where
terrain correction is to Ee computed. These tables were made for large
scale gravity surveys, and are not applicable for microgravity.
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o In fact, Hammer's first =zone ranges from a. radius of 2 m to a
1) .
N . .
W radius of 16.6 m, the second zone rcaching 53.3 m. Apart from the
.!I 3 1
: scale effect, microgravity surveys are often conducted in urban enviromment,
X and severe corrections (and gradients of corrections) are to be made due to:
! Cy e
: W - masses of buildings
oW ’
kh - cellars
( - open pits
§.‘ Corrections can frequently reach 200 to 300 microgals, while the
l ' .
;p' anomalies we are looking for may only be of 30 to 50 microgals.
¢h 36. Accurate computerized corrections are absolutely necessary.
)
g .
': Various programs have been developed at C.P.G.F. For example, Tercor program
it; is mainly used for measurements made inside an open pit (such as a building
‘:: project under construction). The enclosed fig. 7 illustrates the procedure
-~ . . . . . .
.f used. Inside a first window Fl surrounding the considered point M, the ground
o

is divided into prisms, following the grid at which elevations have been

TN

measured (often, a 2 x 2 m, or a 5 x 5 m grid is used). Each prism is divided

o

into elementary prisms 0.50 m high. The attraction of cach prism is the inte-

gration of the effect of the elementary prism, using the formulas given by

e

P. Vallabh Sharma (1967) or by Nagy (1966). Alternatively, the formula given

EL)

-
b N

by Olivier and Simard (1981) which supposes that prisms have sloping tops can

»

also be used.

.:'l 2 a_ ¥ 3

: 37. Outside the moving window Fl and up to the limits of the grid

? (equivalent to a window F2), a simpler formula isvused to compute the effect
%: of each prism. It supposes that thc effect of the prism is the same as that
;: of a vertical cylinder (Parasnis, 1961). A third correction is applied to
';' correct for the influence of masses outside window F2. In the usual version
V- of the program used for measurements inside pits, the external elevation

:: is supposed to be constant. .

M 18, The second éxamplc, Figure 8, gives a pratical resul obtained for
" measurements made at Charleroi (Belgium) inside an open pit about 8 m decep
,? The station spacing is 4 m. The corrections vary from about 320 microgals at
Zi the corners of the pit to 250 along the sides of the pit, down to less than
&: 150 microgals in the middle of the pit. We were looking for old, cuperficial
'y coal mining works ; the corresponding anomalies only attained 50 microgals
: (Michel and Frling, 1975).
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35} Generalized Nettleton corrections.

LN

{ The Bouguer and the terrain corrections suppose that a density has

¥

;\" been suitably selected. Usually, a constant value based on geology and soil
Q%*x mechanics is selected. However, an error on the evaluation of can create
{kvé fictitious anomalies in zones of important elevation variations. An error on
A A

) ¢ of ¢ will make an error on g of

RO\ A - g -

;:‘ Ag 41.9 Ao(z2 1.1)

- For 7,-2, = 10 m and 80= 0.3 gm/cec ¢

l?@ﬁ Ag = 125 microgals !

*a

( Even for Ac = 0.1 gm/cc, Ag = 42 microgals. We can see that correct evalua-
ﬁ;f tion of density is very important as soon as elevation variations exceed a

W few meters. In 1939, Nettleton invented a procedure which since carries his
Ry

:; name, the Nettleton profile (Nettleton, 1939). We shall cite his book

:.' "This consists of taking a series of closely spaced stations over a lo-
i&x cal topographic irregularity, preferably a hill or valley or both. The
"‘““, : K3 I3 :
e gravity values are then reduced for different densities. The criterion
e

Do for the a-tual density is that which gives the smoothest reduced gravi-
7 ty profile across the topographic irregularity. The method has the
L3 -

%,‘ ) advantage that it samples a comparatively large mass of material. It

has the disadvantage that very accurate gravity differences are needed, .

Pl
P

$

especially if the topographic relief is small. llowever, this latter

W <

disadvantage is compensated to a certain extent because, where the

relief is small, a larger error of density is tolerable and, where the

=¥

%}, relief is large, a more accurate mcasurement of the density can be made.
sa" In regions where a gravity survey extends across outcrops of rocks of
P different density, it may be necessary to use variable densities for

'55: the reduction of different parts of the survey. In such a case, if the
355 reduction is properly made, it is necessary to make an estimate of the
;53; thicknesses of the different beds considered and reduce different ele-
o ments of the topography with different clevation constants."

9 This fundamental description is illustrated by Figure 9, also due to Nettleton.
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40. Among cases where remarkable terrain corrections were necessary,

: we mention in this report : the Cheops pyramid (see Paragraph 140 to 145) ;

o Blaisy Bas tunnel (see cas histary 5) ; Porte Pouchet, Paris (see case history

Rl
4]
i:'."' 9 ) )

Bl An interesting published case is a crypt identification survey inside

;." St Venceslas church, Czechoslovakia (Blizkowsky 1979).

o ) CHARLEROI ( BELGIUM)

e Figure 8. MAP OF TERRAIN CORRECTIONS
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&s 41, The use of computers has allowed generalization of Nettleton's
y
4# principle, by trying to minimize correlation between elevation and the
)
'§? Bouguer anomaly (Parasnis, 1952). The innovations introduced by C.P.G.F.
Rl -
:) (Lakshmanan, 1982, F. Rimbert ot al, 1984, Lakshmanan, 1985) have been:
:Sf a. the use of moving windows in order to compute a density at each point,
I
%ba b. decorrelation of residual Bouguer and elevation with respect to regional
oWy ’ .
:54‘ datums, and not of absolute Bouguers and elevations, which leads to absurd
'I'!'ﬂ
P values.
e c. iterative computation,
é }' 42. Elevation Z and original Bouguer G are separated into regional (m)
i t and residual (o) components
A ‘,,, Z - Z + Z
e m 0
::'o G=g *+8§
"f: m [o]
/
e - . .
'd“' G is computed with a constant density oo.
XK .
2otel Regionals are computed with the same operator so that they pass just below
' minimum points (such as valley bottoms for z).
l‘. o ’
a:. The purpose of the procedure is to evaluate a new Bouguer Gl computed with
agd .
,&' a varijable density 9y above the variable datum, as shown in Figure 10,
»
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3, If F is the free alr anomaly and Co the terrain correction comput-

L
I~

Al ed for vo,then

)
; s+t 8 r - 4o gc 7 +0 2 %+ C for a constant density o
oo “o'm ) o

3
407 01 .
o7 +0 2 + — C for a constant density o}
1m o 3 o oan Jg_ o

3C
o
4000
]

rm o _ 4011
:,:.: 81, = & (g1, gm) 5 (1~0)

—
O

g* setting Ar 81, ~ &
1". l. 3 C
o and 27 =2 -~ o

o o 4
o OHOO

oy If g and Z are to be independant variables, we must have, setting
o o ?

. ~ = .]L ) - - - v
o cov (x,y) a L (xi X) (yi y)
g : Cov ( Z ) - Cov(Ar, Z ) - 40N (5) - o) Cov(zz, Z.)
4 Byr 4 N 3 1 o 3 4

Cov Z -
“h‘ The new density o) will be * o, =g + ° (i%h 0) COV(Ar'zo>

ol °
—3—'Cov(23,20)

o 44, We will first suppose that Ar#0 (this is experimentally correct);
after one or two iterations Ar becomes very small compared to By - In addi-
V} tion, Ar and ZO being practically independant variables, Cov (Ar,Zo) will be
! . .

very small. The first evaluation of the new density o; is then

e

W™ Cov(gO,ZO)

‘l." i = 0() QUH

" Cov(? 0)

4l 45, When terrain corrections can be neglected, we get

@ :
pre Lov(go,Z

) 0) {
:F$ ° —EL(var Zo)

!‘g as written by Legatt (1984). This generalized Nettleton technique "rubs out”
anomalies strongly correlated with eclevation variations, and has to be

used very carefully. It supplies an interesting by-product, the densities

& of the hills. In a further chapter, its use for density evaluation of

o embankments (Bichara and Lakshmanan, 1983) and other finite structures,

@ such as the pyramid of Checops (Lakshmanan and Montlugon, 1987) will be

described.
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o
& t:
:::i‘ Accuracy.of microgravity surveys
)
,f'%f. 46. The various corrections leading to the Bouguer anomaly add up as
".W follows: .
o Co
Y B=KR+DT+ M+ (308.8 -41.90)(2-Z ) + g% + L
J.‘:' o o
"':"' B Bouguer 1
BT g anomaly
g K instrumental coefficient
.';:;,' R ! reading
"
:~’\‘:t D v drift
A
‘:“‘\' T { time
b\ \J
A M ¢ luni-solar correction
@ .
193 o] t density
W :
y‘“_ z-z : difference of elevation compared to base
:! C : terrain corrections for an initial density o©
o o) )
A L : latitude correction
\,;.;.: N Accuracy AB is given by:
0
Z,':' LB = AK R + KAR + TAD + DAT + AM + (308.8~41.90)AZ
N Colo
o + 41.940(2-2 ) + AC_ L + 222 4 AL
9,‘. o o0 g
P © °
"'g'f For K = 1.1636 (gravity meter D7)
n::;:: LK = 0.003 (following tests on standard bases)
1y
1::}: R = 100 microgals
:!! AR = 5 microgals
,. D = (maximum) 5 microgals/hour
L0
:" ? AD = 2 microgals/hour (?7)
14
-\j T = (maximum) 0.75 hour
‘{: LT = 0.05 hour
, AM = ¢ | microgal (?)
b
: X o, =0 = 2.0 gm/cc
A
Zj,‘ Ao = 0.2 gm/cc
M
L\ Z-Zo = | meter (in a flat area)
AT Az = 0.0l m
i.' .
i::!:: C, = 30 microgals |
b
;::::' ACO = 3 microgals i
el
'::“ AL = 10 microgals/kilometer ; therefore negligeable for a microgravity 1’
@
:‘:; survey 11
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47, Separating errors on rcading, surveying and densities :
AB = 0.2 + 1.16AR + 1.5+ 0.2 + 1,0 + 224.8 AZ
+ 41.940 + 3.0 + 1540

AB = 6.0 + 1.16 AR + 224.8 AZ + 56.9 Ao

This equation gives an idea of the relative weights of the differ-

ent causes of error.

For AR = 5 microgals

A7 = G.005 meters
Ao = 0.2
48, The errors are summarized as follows :
~ Error related to drift, etc ... : 0 microgals 1.8
~ Error related to reading 5.8 "
- Error related to elevation : 2.2 "
- Error related to density : 1.4 "
49. The first two errors, once combined, are controlled by repeat read-

ings, at the same station, at different dates or hours. In fact, practical

experience show rather better results, as shown below. The selected example
is a microgravity survey at Cambrai (northern France), planned for locating
ancient underground chalk quarries. The survey included 250 stations, among
which 25 were double repeats. 3 different gravity meters were used (in order
to compare them together). Among the 25 absolute differences :
- 8 were lower than 4 microgals (32 %)
- 23" " "8 " (92 %)
- 25 " " 10 " (100 7)

The 3 gravity meters compared as follows:

Table 3: example of repcat measurements
Absolute differences
Gravity | Number of Less than 4 pgals | Less than 8 ugals | Less than 10 ypgals
meter repeats
Number 7 Number % Number A

D7 ] 0 0 3 100 - -

Dl 7 2 28 7 100 - -

D94 15 6 40 13 87 15 100
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DATE BOUGUER IN MICROGALS
STATION : GRAVITY AVERAGE
DAY TIME METER 1ST 2ND ‘ 3RD DIFFER.
MEASURE MEASURE MEASURE
AB 25 9-17-86 9.35 D4 -30 ;
" 9.59 " -33
AB 24 | 9-17-86 9.38 D94 19 0
9-18-86 9.59 " 9
Y 20 |9-17-86 10.08 D94 18 |
9-18-86 10.15 " 19
Y 19 |9-17-86 11.26 D94 27 5
9-18-86 10.15 " 27
Y 11 |9-10-86 13.05 Dl -30 |
9-10~86 14. 55 v ~31
X5 9-17-86 12.14 D94 2
9-17-86 14.18 " -1 6
9-17-86 16.05 " -7
Wil [9-10-86 15.03 DIl -25 0
9-10-86 15.45 " -35
v 10 |9-10-86 17.09 D1l -47 6
9-10-86 17.20 " -53
U7 9-11-86 11.20 DI -37 )
9-12-86 9.30 " -31 °
U 13 [9-10-86 [1.03 DIl 21
9-15-86 15.30 D94 20 4
9-15-86 13.38 " 14
T 14 |9-10-86 16.25 D11 14 4
9-16-86 11.52 D94 10
R 10 |9-10-86 10.15 D11 22 ;
9-16-86 9.21 D94 15
R 13 |9-10-86 9.58 DIt 21 A
9-12-86 11.04 " 17
G 21 |9-16-86 9.50 D94 50 5
9-16-86 9.46 " 55
Q 20 [9-16-86 10.59 D94 50 5
9-16-86 9.46 " 55




X XJ
o)
d

e TR

) e e

Y

-

SRR

icoss
v 3 ..
o 2 L ol oLt

e s

4

"o
&S
'.‘-'f‘l

'I\"

"- n' L]
s LIV .
v o P "

L

;f_-,

L

19 oM

t‘;’l
't

nrron DATE CRAVITY BOUGUER IN MICROGALS N r
PRALEEE DAY TIME METER 1ST 2ND 3RD DIFFER
MEASURE | MEASURE | MEASURE :

Q 19 9-16-86 9.46 D94 50 g
9-16-86 | 11.37 " 45

N 26 9-4-86 11.05 D7 162 s
9-4-86 11.21 " 167

N 21 9-3-86 17.08 D7 20 )
9-4-86 10.30 " 27

N 19 -16-86 | 10.02 D94 29 3
9-18-86 8.50 " 26

MO18 -15-86 | 16.31 D94 33 0
-18-86 | 18.48 " 33

M O19 9-15-86 | 16.25 D94 12 4
9-18-86 8.59 3 16

L 17 9-15-86 | 16.18 D94 34 )
9-16-86 8.25 " 32

K 17 9-15-86 | 14.41 D94 24 5
9-15-86 | 16.14 " 19

L 24 9-4-86 14 .47 D7 113
9-11-86 | 15.04 " 123 7
9-12-86 8.13 DIl 118

R 10 9-12-86 8.21 DIl 17
9-15-86 | 15.50 " 22 5
9-18-86 9.21 D94 15
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50. The third error, related to elevation, shows the importance of
accurate surveying. The station position has to be flattened, so that the
btase plate will actually be positioned at the point where the base of the rod
will be placed (the rod should not be put on the top of the peg, as often
dene) .

51. Surprisingly, the welght of the errors due to bad evaluation of
surface densities is very high. The case is of caurse worsened in hilly
areas. However, in a microgravity survey, we do not often know how to sepa-
rate surface anomalies, related to topography, from deeper ones. If we do
not try to separate them, then in fact the inaccuracy related to Ac is not
an inaccuracy, but rather something related to what we are looking for.

52. On the whole, the error on the Bouguer can be considered - in
microgravity - to be in the order of 5 to 15 microgals without taking into

account the influence of surface variations of density.
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Conventional interpretation
General
53. For th: mathematician, interpretation of gravity data
has the intrinsic heauty of simplicity, everything being held in a single
line, Newton's law. In microgravity units (microgals, tons and meﬁers), the

vertical component of a sphere (or a similar concentrated massm located at

: . _ 20 mz
a distance r and a depth z, will be G = 5T
54 . For the geophysicist unfamiliar with gravity, such as the

petroleum seismologist, gravity is synonymous with ambiguity. To suppress

ambiguity, we need to input constraints, which are given by geology

~ density ranges

depths
- sizes
- shapes
55, We can illustrate the fundamental ambiguity of gravity by the

following example :

& horizontal earth G (x,y,0) is due to variations of thickness (t(x,y)) of a

very thin, superficial slab, as shown below.

9

Figure 11. Tffect of surface variations

The gravity anomaly at a given point I,J will be

. 20 n(K,LYz(K,L)
(1 I J = - —————————
(1,9 % % r3(1,J,K,L)

¥,L is a running point moving from —w to +¢.
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Thicknesses being very small compared to horizontal distances, it can be
. 0
shown that the anomaly will be very close to G(I,J) 7 -%T.ZH.O(I,J).t(I,J),
¢(1,J) being the density of the slab and t(I,J) its thickness.
3 6(1,J)

t(LJ) = 751 — %

Now 1f we suppose that G(I,J) was in fact duec to a sphere of 10,000,000 T

If 0(1,J) = 0 = constant,

centered at a depth of 1,000 m below the surface, we would have

c(1,1) = 22107, ——’———3
3 (x%+2% )

Selecting the origin of coordinates vertically above the center of the sphere,

/2

we could have the following values of G, and ecquivalent values of ¢t

(supposing 0 = 2.0 g/ecmd).

Table 4 : thicknesses of a superficial layer equivalent to a deep sphere
x G(ugals) t (m)
-5000 0.5 0.01
-2000 6.0 0.07
-1000 23.6 0.28
0 66.7 0.80

A layer less than a meter thick, and very slowly thinning away to each side

could in theory create an anomaly similar to that due to a ten million ton

sphere, 1,000 m dcep!! One of the aims of the rest of this report, both in

its mathematical section and in its field case history section, will be to

illustrate practical ways to resolve this paradox.

56. Regional and residual components of the Bouguer anomaly.

The terms ''regional' and 'residual' anomalies are quite misleading. What the

gravity interpreter needs, whether he is looking for deep oil-bearing struc-
tures or for caves, is rejecting low frequency and high frequency variations

in order to focus on the depth of interest. The methods generally used are
- graphical

- mathematical (polynomial functions, for example)

57. In microgravity (and particularly at CPGF) it is usual practice

to keep the "regional" high, so that nearly all the '"residuals' are negative.
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{ Figure 12, Separation of Bouguer anomaly
into regional and residual components

REGIONAL

‘:'n‘ vt RESIDUAL BOUGUER

faJ 58. Considering the empirical rule '"the higher the frequency, the

- shallower the depth'", it should be kept in mind that the regional should not
f.?é include causes which are of interest, and the interpreter should always care-
R fully examine and interpret the regional.

59. A good way of checking the validity of a regional is the evaluat-

A

ion of its average gradient. Supposing a planer regional over a total distance
<. of AL, and with a gravity variation of Ag ; if the regional is due to a thick
elongated slab, as shown below, we can suppose that the plane regional

corresponds to the steepest gradient of the complete curve.

\: UNKNOWN PART7 MEASURED PART

Z,

:".:' . Figure 13. Validity of a regional anomaly
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- Depth to the top of the slab will be

The anomaly due to such a slab is examined in a later section, where it is

shown that the normalized depth E can be computed from normalized relative
. _ g . .
gradient U = X dp/dx (with X # L). In our case, we can admit that the
unknown maximum amplitude g is
g > 20g
and the unknown maximum width L is

L > 2AL

1 24
N,  —
In that case U 70L * Bg/AD ~ 1,0

In fact, our experience shows that 0.4 < U < 1.0. For these limits and for

a thin wide slab, we have (see paragraph 85)

0.15 < £ < 0.5 .
or 0.3AL < z < AL. ‘
Our nomogram (see paragraph 85) also gives the tickness-density product

tho. For the above limits,

th
0.029 < —Eg < 0.050

Supposing 80 = 0.3, and with g Vv 2Ag
0.193 < += < 0.333
Og

0.3.00 - 2022 ag < 2y < ar - 2322

Ag

For various values of AL and %%, values of z) are given by the following

table

Table 5 : depths to a wide slab as a function of Ag/AL

z, (depth to top of slab)
dg (microgals/m
AL or milligals/km) AL = 100 m AL = 200 m AL = 500 m
0.5 25.2 to 91.7 50.3 to 183.3 125.9 to 458.4
1.0 20.3 to 83.3 40.6 to 166.7 101.7 to 416.7
2.0 10.7 to 66.7 21.3 to 133.3 53.3 to 333.3
3.0 1.0 to 50.0 2.0 to 100.0 5.0 to 205.0
z| /4L for %% = 2.0 0.11 to 0.67 0.21 to 1.33 0.53 to 3.33
41
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éf 60. This table shows that the regional gradient should not exceed
! 2 milligals per kilometer, particularly when the survey area is small.

i Typically, microgravity field surveys yleld regional anomalies of 0.2 to
w‘ 1.5 milligals/kilometer, which correspond to causes deeper than 50-100 m.
§. 6l. A confirmation of these values can be obtained from Bott and
{ Smith's (1958) formulas, which compute maximum depth of anomalies.

N For an elongated body, Bott and Smith's formula is

3 |
, 21222 ¢ 0.6495 TR

bi <E;) max

W

b Supposing g max >2Az as on the p;gvious page,

3§ B3 £ 0:65 e

3 A I L

; We get figures of the same order as from the above table. For a

;; body of arbitrary shape, Bott and Smith's formula is:

',

21*2Zp < 0.86 & M2X

: - 2 ) g

) 6=
)

%

d therefore, Zigzl-< 1.72 A L
R |

62. To summarize regional selection techniques, and considering that
}g in microgravity surveys, targets are generally located at depths of less than

a hundred meters, the regional anomaly should have :

- a gradient of less than 2 milligals/km

- been observed on distances exceeding 200 m in both x and y directions.
63. Quite often, a very small microgravity survey, for example a grid

of 7 x 7 stations, 5 meters apart, will therefore have to be extended by

A IO

ol

e n
.
Yt db

4 "regional" profiles, as shown on the following sketch.

.-'
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’ . Figure 14. Typical 'regional" profiles in microgravity

64, High frequency filtering. When the target is medium deep, for

B

™ example dissolution lenses in gypsum, North of Paris, at depths of 50 m, it
e can be suitable to filter '"noise" rclated to anomalies in the first few

%‘ meters of the soil. These anomalies are usually visible on a single gravity
¢ . . . . .

ﬁ point, with station spacings ranging from Ax = 15 to 40 m. Using Bott and
X -

:.: Smith's formula for an arbitrary shaped body :

4

38"

z, € 0,86 -4.Max_

KN ( dg ) max

10 —_—

Ky dx

N

%: For an anomaly gv only visible on a single point, we can arbitrarily suppo-
)

i) se that
f g max ~ 1.2 gv
“- d v
b and that ( g)mox ~20 2L
o, dx Ax
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Therefore : 2,< 0,86 1.2 g;v
20 5%

z €0,52 Ax

Anomalies visible on a single point along a profile with a station spacing of

Ax, are approximately situated at depths less than Ax/2. Simple smoothing,

based on a moving window technique (average on 3 adjacent points for a
single profile, or 5 for a grid) will quite well reject phenomena located at
depths less than half the grid spacing, for cxample, variations in thickness
of top soil or loose fill. A more accurate proof of this empirical rule would
need a detailed geostatic analysis, taking into account the shape of the

superficial anomaly to be filtered out, and the size of the grid.

Figure 15 shows an example of such a smoothing.

65. Other methods, such a spectral analysis or linear inversion, can
be used for procession the Bouguer anomaly itself, and will then implicitly
carry out the low and high frequency filtering described above and;in

paragraph 56. They will be described in later sections.

66. Use of set curves. One of the main techniques in preliminary
interpretation of gravity data is the use of standard or set curveé, computed
for bodies of simple geometrical shapes. These set curves are compared to
selected field profiles, carefully chosen so that they intersect the anoma-
ly's maximum. Of course, more sophisticated inversion techniques are often
used for final interpretation, but conventional interpretation methods still
and of

hold their place, particularly in the cases of field interpretation,

survey feasibility studies (when one has to reply to the question "can a

cavity be detected or not?").

67. The following bodies are the most useful in the analysis of
microgravity anomalies, either alone, or using a combination of several
bodies to simulate an underground quarry or karst :

- sphere

- horizontal cylinder

- semi~-infinite slab or fault
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o——= Bouguer anomaly
smoothed values {average on 5 points)

S—=_

REGIONAL

KNOWN CAVE

[LOCATION OF CAVES IN UPPER EGYPT]
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K Figure 15. Example of high frequency filtering
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KRN wide

o - infinite strip

“' narrow

(s wide (flat disc)

B - vertical cylinder

! narrow (vertical tube)

Eq:l:. - right prisms

- 68. Sphere.  g(y gal)- 20m 2

N ( dg\ 20m 0,85685

dx/ mex = 3 z3

)
e g max z

. (dg>max 0,85685
;:; dx
$
,“" max
i and Z = 0.85685 S—r_

i (5% max
“ ) 69. The maximum gradient is for x = * 0,50 z. Tor this value g (127'-)

)
e 0.7155 g max. Half value of g max is reached for x = 0.766 z. Depth to center
:: , is equal to the separation between inflexion points (which should be at

)
o 0.72 g max) as shown in Figure 16,

I
w : 0,729 ! A
;:. : max N z 9 max.
Ay 10/Lgals ’

1Y v
‘.‘. g9 ) H
§ -t X ( m ) —-J

""' VALl Uil aesdd f77///7/7777//////////

e 2=10m AO =-1.0g/cmd
R=3.296m

mass: m( tons)

Figure 16. Example of anomaly due to a sphere.
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70.

2, 3, 5,

322
20

10 and 20 m)

g max

Once z is determined by the above formula, mass m of the sphere is given by

The following table summarizes the main results of the set curves
enclosed (for depths of z
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(spheres tangent to the soil surface).

9
[ien
g
<
o_\
47

ik

%‘

00 |'q'

The family of curves is limited by a straight line corresponding to z

This straight line's equation is
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Table 6 : Sphere, maximum anomaly
Maximum anomaly (microgals)
Weight Volume Radius z=2 m | z=3m |{2=5m | 2=10m | 2=20m
for 0 = 2.0
8.4 4.19 1 14.0 6.2 2.2 0.6 0.1
67.0 33.5 2 111.7 | 49.6 10.7 2.7 0.7
226.2 113.1 3 - 167.6 | 60.3 15.1 3.8
1047.2 523.6 5 - - 279 69.8 17.5
8378 4189 10 - - - 558.5 139.6
67021 33510 20 - - - - 1117.0
The set curves (Fig. 17-21) at calculated for radii of R =1 2
,gs 3, 4, 5, 6, 8 and 10 m and depths to center of 1, 2, 3, 4, 5, 6
M
el 7, 8, 10, 15 and 20 m.
B
‘el 71. Figure 22 gives the maximum anomaly for spheres located at center
%; depths ranging from 1 to 12 m, with radii ranging from R = 1 m to R = 30 m.
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Maximum anomalies due to spheres at various
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Horizontal cylinder (radius R in meters, depth z in meters,

’
(""' Ac_in T/m3, g in ugal.
W 40 T R?z
;“. - __.AO'..___Z_____
e 3 x24 z2
S 2
] dg 80 AOC.TT R z.x-
v dx 3 (x24 22)2
) 40 7 R?
! g mox =—=.A0 TR
,.. 3 z
"',‘r or if P is the mass per unit length (P = Ao.IIRz)
: max = *0P
Ly g 3z
o~ dg 40 T R? 2
o (—-—) maxz—AO ~—— — = 27.207 AO R
.‘-: dx 3 8V3 22 z2
N 9
I
‘ g mox 2
o dg 0.6495
.- —— ) max
N dx
:- The maximum gradient is for x =.t\/33_ =% 0.577 2z, and
46 for this value g (L) - | .
o 73 0.750 g¢g.mox ;
=
bl half value of g max is reached for x = z and quarter value for
} ~‘.
3 x =V 3 2z,
1*' 73. For a same value of g max, the anomaly due to a cylinder is less
!
A6 sharp than the one due to a sphere. (see Figure 24).
w ' > x
l';'v
Y max =5 al
o g O /L gals
1' .
)
0 ]
: g I
‘o
L.« s
“f; \ l
s
0 '
K7 z=10m. | AC =-10gm/cc
:-f: : R= 3.455m
° ! S=37.5 m®
i BNYA '—‘
y :
R
:;0 Figure 24. Example of anomaly due to a cylinder.
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The mass per unit length of the cylinder will be given by :

- _ 2 - 3z gmax
P Ac.S Ao IR 0

A

’.

~ .
~~ cylinder
sphere
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Figure 23. Comparison of anomalies due to a sphere and to a cylinder
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74, The following set curves (figures 25-26) are enclosed:
- Radius R : 1, 2, 3 and 5 m
- Depth z : 1, 2, 3, 5, 10, 20 and 30 m.

-u;-'*.

o

Figure 27 shows the maximum anomaly created by cylinders of radii

0:' ranging from 1 to 8 m at depths of 1, 3, 5, 9, 15 and 30 m. A density
K I contrast of Ag = ~-2.0 g/cm’ is supposed (void in a chalk environment, for
'.15 example).

- 75. Horizontal slabs. An horizontal slab, of thickness t and with a
..;: density contrast Ao, infinite in the x and y directions, gives an anomaly
‘f independent of its depth below the surface : g = 403“ Aot (ngal, when t is
..' in m and A in g/cmd).
.3 In the following paragraphs, we will examine the adjustments to be made
V’: when the slab is not infinite in the x direction
L . 40T { \

) Q-TAdt l'l-f(f,z,x)’

'
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76. Thick infinite horizontal slab, x# P _x 0

" . - -
e e e e ail

Integration in the x direction : o ! Zy |z
AN @ %
e, g =309 , 4 _dx %Z
: 3 X x2+ 22 '24'
*' g = a0 O d:z [mn'1 _x__] @ = 40 o dz [lT_ - fan "' X
X 3 zZ Jx 3 2 z
j:‘ Integration from Z) to Z, yields
k)
o Z
) - 40 2 m 2 x

g = — - tan~! 2_\ dz
:‘:' 3 J ( 2 z )
( % z
2
- g =400 L (Zp - 29) - tan”! X 4,
: Z, 7
- 400 (T 2
\ g =—— )= (Zp -2y - ctn”l Z_ g,
q 3 2 X
g Z,
Z2
g :_4_0_0-;1[- ( Za - Z]) - 4 Cfl'\-‘ __E_+1_|n (22+X2)
4 3 2 x 2 7
h !
. 2 2
f. g = 290 % T (22 - 2,4 )-2, fon'1L+Z1 tonJL——x—lnzz“
:: 3 2 zZ2 VA 2 Z} +x2
K
4
i’.: If X—=- @ gmox_.iggnz(zz_zﬂ
- Limits If x—+ ® g —~ 0
)
&
R It x =0 9=22 7o (z, - zy)
o 3
: Horizontal dg _ 200 x2 . 2%
P gradient — = -——— |p % %
dx 3 X< + Z

maximum for x =0 ,(—di) max =400 In Zz
d x 3 Z5
gmax  -TM(Zp - 2y)

&%

- e

d

, <_g)max In (Zz /24 )
: dx 2p +2
K If Zp- 27 =t and JF =
N g max -t
N = f
/ ( g ) max T+ ?Z.

X In
R -
! 2z
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77. The following table shows that as soon as z exceeds t, the

. g@max
= aa————— is close to lz.
max
(&) |

Table 7 : Function ( U )as a function of thickness t and depth z.

function

(thick infinite slab)

2z
t
z 10 20 30 50 100
10 0.91 0 - - -
20 0.98 0.91 0.77 - -
30 0.99 0.96 0.91 0.70 -
50 1.00 0.99 0.97 0.91 0
100 1.00 1.00 0.99 0.98 0.91]
200 1.00 1.00 1.00 0.99 0.98
Therefore : g max

< Tz
dg max
dx
The approximation is correct (error of 9 7 or less) when t £ z.

78. Figure 28 gives the half anomalies (outside the slab, the other half

1s symetrical) due to semi-infinite slabs located between the following
depth :

5 mslab : 10-15m 10 m slab : 10-20 m 50 m slab : 10-60 m
20-25 m 20-30 m - 20-70 m

50-55 w 50-6G m 50-100 m

100 m slab : 10-110 m
20-120 m
50-150 m
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ANOMALY DUE TO A SEMIT\
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HALF ANOMALY
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i N 50-100
B 1047 20-120 /
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100m 200m 300m 400m 500m distance 1o edge of slab

o Figure 28, Anomaly due to a semi-infinite horizontal slab
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ina'e It can be noted that the anomaly drops to 10 7 of the maximum value (20 %

of the half-anomaly) at the following distances D from the slab edge

.

\ 0-T5m : 45 m | 10-20m : S0 m | 10-60 m : 100 m | 10-110 m : 180 m
‘o 20-25m : 70 m 20-30m : 80 m 2070 m : 150 m 20120 m : 215 m
’-; 50-55 m : 160 m | 50-60m : 170 m | 50-100 m : 210 m | 50-150 m : 295 m
]

;& 70-75m : 205 m [70-80m : 230 m | 70-120 m : 280 m | 70-170 m : 350 m
Y
L)
fkﬁ The distance D is approximately
i D# 3 (Z;.'_Z__Z_?)
.
.‘X where Z; is the top of the slab and Z; the bottom of the slab as shown on
! Figure 29.
o 79. Thick finite horizontal strip.
(o) X M
The slab is supposed to be infinite in the Z'Y = vl
i, 1
! y direction.. Integration from y > - « to *- L/2 L/2 _;22

Y
l‘:‘ y o+ + o
e,
¢ g=2.20 (VT'% zddya
\ 3 (x2 +y2422) 5,

r“.ﬁ y=0

‘;-ff 400 z dz dx [ y ©
) 9 75 (x% + z%) (x2 +y2 +22) /2

AN,

Y q = 400 2z dz dx

By 3(x2 4+ 22)

R

e . . ) L _ L.
PS ntegration from x =X -—=— to x=X 4 2"
FT 40 xz=X+L/2 dx

- =2 Ozdz

L ¢ 3 J' x2422

S x=X-L/2

|

o -

o g =399 4, [Mn-u X4L/2 001 X-L/2
t{j 3 z z
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[THICK SEMI - INFINITE_HORIZONTAL SLAB]|

D distonce at which
(m) anomaly is reduced to 10 %

e 5 m slab

3004 A0 m slab
o 50m slab
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200 e O
o} -0
100 @) —l
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average slob depth

Figure 29. Thick semi-infinite horizontal slab;:
distance at which anomaly is reduced to 10 7 of maximum
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fageh Integration from Z = Z) to Z = Zp

“ 9 3 z 3 z

Z2 Z3
( 4oo-J‘ tan-1 X+L/2 4 400 a1 X -L/2
Z;

AN
2 2
) g =300 [, (p-1Xsb/2  XsL/2 o ((X+L)” )
3 z 2 2

Z3

400 [, aXols2 X-L/2 ((x-L)2+z2>]
3| z 2 2 2,

Py e ”
&

-

=

g=400'322 m_1xfu2 _tan 1 X=L/2) 7 fn X L/2 o 1X L2
3 Z, & Z, z,

s
A ‘1'1.

RS

L Xslr2 o (x+L/2)2+22 X-L/2 (X-L/2)%2%
2 (X+L/2) +22 2 (X-L/2)%, 2%

aarty
' «

..
o
£y
P

Y

The maximum value (for X = 0) is given by :

-
)

2

. 800 -1 L g L L
max = Zotan  — _Z.tan"'=— s = In
9 3 ; 2 2z ! Z,' 3

T
- - -

(2 +4222
L2 «"4221

£

2

L
Above the edges, for X :1?

_400 -1 L J L oL 2 +2%
[ g(L/2)=222012, tan"'=__7Z, tan-! — in
e 3 2 Zz ! Z: ‘2 12,z2

Horizontal gradient is given by :

Y dg . 200 | (X+L/2)24 24 (X -Ls2)%e 28
ey dx 3

» ax 3 (X +L/2)2:202 (X -L/2)%+ 22
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Maximum value of -4 is attained for :

dx
X = L2 -(12+ 22 + 22 )+ (V(I2+ 22+ 201228 2
4 6
Or, setting QT+£2-= Z aond 2o -2, =t
+ L2 2224 t3%3/2 1 4 4,44 . 01272, 1212_47242
X = 1y - SR S Lt 16 204 a2 22 B 12422

The next tables give the values of

the parametefs defined in Figure 30 :
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Figure 30. Bases of anomaly to a thick horizontal strip
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R AT S

Table 8 : Anomaly and horizontal gradient due to a finite horizontal strip.

t/z L/z 0 0.1 0.2 0.5 1 2 5 10 ©
.0 x/z .577 .579 .583 .613 717 1,075 2.507 5.001 /2
A .000 .000 .000 .000 .000 .000 .000 .000 .000
B .000 . 000 .000 . 000 .000 .000 .000 .000 .000
to/g © «751 .376 . 153 .081 .048 .032 .027 .024
U 1.540 1.541 1.546 1.578 1.680 1.949 2,476 2.774 3.142
.1 x/z .576 .577 .582 612 716 1.074 2,507 5.001 /2
A .000 .006 .013 .031 .055 .081 .096 .099 . 100
B .000 .010 .020 .049 .093 . 157 .238 .275 .314
to/g i .750 .375 153 .081 .048 .032 .027 .024
U 1.538 1.540 1,544 1,577 1,678 1,947 2,473 2.772 3.139
.2 x/2 .572 .573 .577 . 608 713 1,073 2.507 5.001 /2
A .000 .013 .026 063 01 162 .193 . 199 .201
B .000 .020 .040 .098 . 186 314 476 .549 .628
to/g o .748 .375 <153 .081 .048 .032 .027 .024
] 1.532 1.534 1,540 1.572 1,674 1.943 2,467 2.765 3.131
.5 x/z .541 .543 .547 .580 0.693 1.065 2.506 5.001 w/2
A .000 .034 . 068 . 162 287 414 492 .506 511
B .000 .051 .102 .250 470 791 1.191 1.374 1.571
to/g ol .735 . 368 . 150 .080 047 .031 .027 .024
u 1.497 1.500 1.505 1.538 1.641 1.908 2.423 2.715 3.075
1.0 x/z .429 .432 .438 484 .627 1.041 2,504 5.001 of2
A .000 .081 161 .380 .651 .909 1.061 1.089 1.099
B .000 10 .219 .532 .985 1.612 2,388 2.748 3,142
to/g © .684 L343 140 .076 047 .031 .027 0.024
U 1.350 1.355 1.361 1.400 1.512 1.774 2.252 2.524 2.860
1.5 x/z {0.241 . 246 .260 » 342 .543 1,013 2,501 5.000 /2
A .000 . 191 .373 .828 1,290 1,671 1.889 1.931 1,946
B .000 . 194 . 384 .909 1.601 2.495 3.597 4.124 4,712
to/g oo .580 .293 . 124 .070 . 045 .031 .027 .024
U 1.014 1,017 1.029 1,098 1.241 1.493 1,904 2.136 2.422
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ot t/z | L/z 0 0.1 0.2 0.5 1 2 5 10 %
s
{ 1.8 x/z .099 11 L4l .268  ,508 1.001 2.500 5.000 /2
K%
A .000 .478 874 1.611 2,188 2.624 2,877 2.927 2.944
'-'
| $ B .000 .291 .563 1,240 2,052 3,065 4.329 4.951 5,655
"f to/g o 465,240 .109  .068  .044 .03l  .027  .024
he
' U .558 .608 .644 .770 .938 1.168 1.505 1.692 1,921
e
f):ﬁ 1.9 x/z .050 .071 L1112 . 255 .502 1,001 2.500 5.000 /2
o
R A .000 .880 1.438 2.280 2.881 3.329 3,593 3.645 3.664
Y
i, B .000 .353 .661 1.381 2,220 3.263 4.575 5.227 5.969
| to/g © L4030 L2116 103 .064 044 .031 .027 .024
o2 U .366  .402  .460  .606 .770  .980 1.273 1.434 1.629
-~ 1.95 | x/z .025  .056  .103 .251 .500 1.000 2.500 5.000 oo/2
\.
‘.J A .000 1.442 2,089 2.967 3.575 4.029 4.297 4.350 4.369
@Qi B .000 L4601 .724  1.459 2.307 3.363 4.698 5.365 6.126
e to/g 0 . 365 .202 . 100 .063 .043 .031 .027 .024
o
iﬁa U .219 .278 347 492 . 645 .834 1.093 1.233 1.402
o
( 2.00 x/z 0.000 .050 . 100 .250 .500 1.000 2.500 5.000 /2
':'::": A 0.000 [ o o [} 3 oo w o
L
t; B .000 .469 .799 1.541 2.397 3.464 4,821 5.503 6.283
b
bt ta/g c .320 .188  .097  .063  .043  .031  .027 .02
e
’:) ) 0 0 0 0 0 0 0 0 0
< .
T;j 80. The above Table 8 is computed for various values of t/z, ranging
:Sj from % = 0 (infinitely thin strip, equivalent to the case described later in
';' 1613) to % = 2,0 (z being the average depth z = ZL~§*Z2, t cannot exceed 2 z
::: when Z; = 0). For each value of t/z, the parameters A, B, %; and U, as
RS
;-}i defined above, are computed for various values of L/z, ranging from L/z = 0
7::; (infinitely narrow strip, as described later in 1617) to L/z = « (for an
‘YN
PY infinitely wide, thick strip).
';t; 81. It can be noted that X (distance from center to point of maximum
l-‘~
ﬂ}: gradient) 1s close to % (half width of strip), as soon as % > 2, with an
}:: accuracy better than 7.5 7.
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1610. Nomogram for the interpretation of a finite thick horizontal strip.

As in 169, the strip is supposed to be infinite in the y direction. Thick-
ness, depth and width can vary freely. From the formulas and tables derived
in 169. we have developed the following procedure using parameters defined in

Figure 31 and the nomogram in Figufe 32 (where the procedure is illustrated

with a specific example).

Regional Trerd

(S le2r

Figure 31. Example of parameters used in nomographic interpretation

dg o = 1Y (d8) |, (2
1. Evaluate Ix Mex = 3 (E;)l + (dx) 2;

g max = 445 pgals

20 ugals/meter

n

2 X=40m

2. Compute U = = —8MX  _ 4 556 o 0.56

2X
-
(£8) max

3, Select a first value of t/z : 0.5

Nirr
(]
o
wv

4. Starting from ordinate 0.56, move horizontally until curve
(on main set of curves)

5. Read abscissa: fi = 0,235> z = 40 x 0.235 = 9,4 m

b. From point A (0.56, 0.235), move downwards to point B on curve %f

(for & = 0.5)
7. kead ordinate: —2 = 0.034
& £ _ 15.10
8. Supposing ¢ = 1.0, compute t = 15,10 m and 2" 64 ° 1.606

9. Select a second and then a third value of %
10.Plot computed (é) ¢ as a function of selectml(é) s

11.Point whena(%) c = (%) s 1s the best choice for the supposed value of

density o.
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(£)s] - e [(5)e
0.5 9.4 15, 1.6
1.0 10.8 15.6 1.44
1.25 12,0 16.2 1.35
1.5 13.0 16.4 1.26
Interpolation 1.30 12.2 16.25 1.30
12.Frqm interpolated point A (0.56, 0.31), move upwards to curves %; = f({i).
Interpolating t/z = 1.3 between curves 5 = 1,0 and 1.5 for the same
ordinate f% = 0.31, read: L ~
i 0.99 to 1.00 > L = 40 m.
This example was derived from the following theoretical case :
L =40 m
z=12m
t=16m
yielding X = 20.0788 m rounded to 20.0
g max = 446.76 pgals rounded to 445
(%%) max = 20.04038 ugals rounded to 20.

Of course, if density o is not known, the iterative technique described above
t . .
cannot be used. In that case, each selected - curve will yield :

I. the same depth z as above

2. t = (E) z
z/)s

tag 1
3. o= (_.) 1
o z g .

For the above example, we get :

(t)
-} s z t g
4

0.5 9.4 4.7 3.266
1.0 10.8 9.4 1,442
1,25 | 12.0 15,0 1,053
1.5 13,0 19.5 0,821

real ;|(1.333) (12) (16) (1.000)

A
¢, 3.8
el it e




- Using geological limits for maximum density contrast, certain
WO

solutions can be rejected,

RV¥ 83. Semi-infinite thin slab. The slab is supposed to be infinite in
¥

o the y direction as well as in the x + directionm.

N .t" o4
&

( 01, O arbitrary Ao = 02-03

i The first formula given in Paragraph 76 simplifies as follows,

when the slab is thin. The approximation is quite acceptable when t <z.

o, 9 =30 Aot [_TT_ + tcn"—’f—] (z>0)
° 3 2 z

e
$: Limits:

H

A To the left g — 40T A oy,

" " For x = 0, g = 40 I[Ao"t (half of the maximum anomaly)

BV 3 2
‘-,
> To the right g - O.

‘l’:" This can also be written : g = 40 Aot 4)
ol

) Note : a quarter of the maximum anomaly is reached for x = -z,

First derivative dg _ 40 aot 2
'-i‘\ dx 3 xa,‘, 22

Tt Maximum for x = 0.

. _d_g_ max =_4_O_ AO"-'—-
dx 3
N gmox _ 3 *

-
s d 40 1
i (ail)max -~ Ao—

“
f“"‘ g mox  _ Tz = z
= (dg> mox 0.31831

dx
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The enclosed fig,33 gives a normalized set curve for L Ac t = 10.0.

84. Thin finite horizontal strip.

L/2 0 Ls2_

X ¢ ~af——
2] “ g
04 L‘g L -]

01,04 indifferent. Ac = gy =~ 03.
a. First formulas

The formulas given in 79 simplify as folloys when t < 0.5 z :

¢ = 30 Aq émnq x4 L/2 1 x-L/2 ;
3 z 2 .
Horizontal gradient : dg_ 80 AOC.t.L.x

dx 3 [(x+L/2)%+ 22][(x - L/2)% 4 22 ]
g maximum for x = O.
gmax:-sgo- AO".T.?GI’\JL

Maximum horizontal gradient is reached for :

2 2 5,2 3
R e o

Second formulas :

|o*

When L > 2z, these formulas can be further approximated.

80 7 2z
max Z ACH —~-—
g # (2 -

dg 40 Aot L2 8 24 (2. 22
max Fee—m — = ! 1=
(dx) 3 124 22 j 3 LY 2, z2
L g8 z4
reached for xy # 2 (]+€" T_")
40 L 4

for which @l1# —=

Aot (tanl S z
z 3 T(T?*—zf)%
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Figure 23. Anomaly due to a semi-infinite thin slab
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,’::: c. Third formulas.
- Further simplifications are possible when L >> z :
;:: gmax ~. ——430 TTAC ¢t
Ay
4!
N dg +40 AOt.
o) and max - ——2——2-
," ' (dx) 3 z(Le + 29)
i~
3z
:::. reached for xy = L/2
N
$
!" and g,z i.g.AO‘f _T_[._L
[ 3 2 L
Y
W,
]
. or 9. 2Tao (—-—9‘ ~ 0.500)
o 3 g max
:.' d. Depth evaluation, ‘
b
® : max :
W The ratio _9M3IX  capn be written as follows :
Wy dg
L% -=1 Max
L (dx)
e 2
b U = ngX >z (TT a%i-) X (1 +-E-é-) (for the second group
; g
." (-&) max of formulas)
4
]':s For : z=0.2L: U =2.365 (with exact formula U = 2.476)
T
z =0.1L U =2.769 (with exact formula U = 2.774)
n
:: For the third set of formulas y = gmax ~ Tz
: (dg/dx) max
'
' Generally, when comparing with paragraph 79 for a thick
;: plate, it can be noted that
'
:: - the first simplified formulas are accurate to less than
1:5' 1 % if t/z £ 0.2, whatever L/z.
- the second, more simplified formulas, can be considered when
'y L > 2/0 and E-\< 0.5.
R z z
ol - The third, even more simplified formulas, can be considered
% as limits, valid when -Izi > 20 and % < 0.5,
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: ? 85 . Interpretation of a wide strip. Taking into account the following
;53 simplified formulas, valid when z < L/2 and for t < z/2,
2?5?

)

;::::: g max = ? Aot  twan-? ZL

e :

)

! 2

' dg =40 AOtL

t 3 and i mgx = X

" dx 3 z2(L2+ z9)

g:..‘ 1L (LZ 2)
" i SR VI ML 3 ] vz
::. lead ing to . —3—9.—' 2. (tan — 57 La

e dx )™
f we have developed an interpretation technique for wide slabs (see
"

R Figure 34).

0
o X [ Xy

‘.:k' et et »—

::" . ; : T

it | | I

“ | |

s-{; dg g mMax|- —— >~ g E?) 2
% ) M S

[4 . . . .
A : Note : this method can be used even in the case of a tilted regional.

Ny dg
o =
f (dx)1

1K Ist step : determine inflexion points, yielding

,
{ L= x4+ X2

® U = g max
Fe 1 ((19 _9.) )
a:.:l 2 dX1 dx 2
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2rd step : plot on curve (A), which is v = f(%), computed value of V as

ordinate, find z

T as abscissa, hence z.

3rd step : for the same abscissa, read ordinate w of curve (B), which yields

et
=y
g max
Hence, A0 t = g max F(w)
As an example : g max = 80 ugals
(Qg) max = 4.0 ugals/meter
dx * &
L =20m
1 80
V—--z—(—)'.T—-l.OO
One reads % = 0.50 H z=0.50x20=10m
and 29 _ 0,50 ; Ao t = 80 x 0.50 = 40
max

If Ao = 2.0, t = 20 m. This means that the strip is located between depths

21=10—229-=0
andzz=10+229=20m.

Compared to the set curves of Paragraph 76, it 1is clear that this

simplified procedure is only valid when L/z > 2.0 and when % < 0.1 or 0.2.

86 . Thick outcropping infinite slab. When z; » 0, the integration in

76  becomes

g :—..400- _T_L 22 _22 fqn’ll._l— In (Z%-&XZ)-}X InX
3 2 Z2 2
2
and horizontal gradient 49 . _200 . 5__1225_
2
dx 3 X
If X —= - @ ; gmax — iO_TTU 22
3
1f X —= +® ; gmn — O

If X =0 g=-2-§-TT°'ZZ

If X = 0, horizontal gradient becomes infinite, except if Z, is very small

but nct nil (see table 6) f&l . -40 0'( In

Z, - |In Zv)
dx z
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fcd
s.l’n (N

The usual depth criteria _9maX  leads to :
(dg /dx)max
gmax _ TrZ
(:_3) max ) 1n{Z2/24)
Table 9 : Horizontal gradient for semi-outcropping infinite slab.
dg . 1 g max
Z> Z, (a;) max (for o = 1) z ( ) max
10 m ] m 30.70 11/2.30 = 1.364
10 m 0.1 m 61.40 II/4.61 = 0.682
10 m 0.01 m 92.10 1/6.91 = 0.455
10 m 0.001 m 122.80 M/9.21 = 0.341
10 m 0.0001 m 153.51 I/11.51 = 0.273

87 . Thick outcropping finite strip. ( 21z Q)

2
=209 4, [mn-1x+|_/2_,on-1x-L/2]+X+L/2 in (X+L/2) +zz%
3 Z2 Z2 2 (X+L/2)

L
X -
T2 (x-L/2)373
2 (X-L/2)2
gmcx=8—0—g Ztan™! L _.L L2+ 4 7%
3 2Z,; 4 L2

2
1f 2, is small : gmax = 8011 E224- #.4.90-‘[1' Z,
3 2 L 3

dg _ 200 (X +L/2)+23 (X -L/2)2
dx 3 (X+L/2)2 (X -L/2)52°

Maximum Gnfinite) value of %% is attained above the edges : X = #

At these polints

g ( L/2)=-@—g— 322 tan-! +-L—- |nL +ZZ%§
3 Z, 2 L
Figure 35 gives values of 5%—< as a function of X, for various
values of %% .
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'_‘:o:: When the slab is only semi-outcropping, with Z =

0, values of g max and

g (L/2) are practically unchanged.

Maximum gradient is attained for :

¥y 2
o x# o+ L +_22_12_z§=,(t_+€>,w1the-_z_ﬁ__z_;
i 2 L2 (2. 22 2 L(L2+ 2%)

~ or X Nt_L_
b 2 2 2 2

dg 20 (L+€)%+ 23 €
— Jmax = —— in
:P (dx) 3 (L+ €)2 €% 2%
R,
o (dg)mox 4 400 7,
‘,} dx L
('0-- 88. Narrow strip. Y X M
- '

B -- I

- .

.-:" | Z| o

o — Lt ——
.-\-. z
'.' ///

Z2

3 2.,

3 %
?.\,} o3 // g2-03= ACT
‘{"_' S — l/ _____ — O1,04 . indifferent
i:.» <L"1 g4
:t: When L is small compared to Zj; , Zy , the integral to be considered is
o Z2
s g =300 L _zdz
R 3 x2 + 22

Y 22
N 200 [ 2 2 ]
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e Vertical gradient is
A
( dg _ 4000 .L.¢ (X2 - 224 12/4)
A =
oo S 2 3 (X2 4 (Z +1/2)2) (X% (2-1/72)%)
3- bl .
SN and horizontal gradient
o
N 36 _ 80AT Lt X Z
N =
per Sx  (X24(Z41/2)2)(XB+(Z -1/2)2)
NN Maximum for
e
N 74 72..V(z2, 22 2 52
‘ﬂ\ X =+ ]+ 2+ (Z1+22)+1221 22
A -
( : 6
‘.r, Formula (1) given above simplifies as follows when z > t
i
’ ~ 40 L z
B g - — ACt
“: 3 X%y 22
A
hd or g max * 4_3Q L‘;_'L
Y
k2. g max = 20 so TT—L—— (2)
pore 3 — + 2
b 2
o .
' The maximum horizontal gradient is
- (92) mx = 5VY3a0 nL
‘.»:‘ dx 22
. z
(o reached for x; = —— or x = 0.577 z as for a horizontal cylinder. For
. this value V3
. gy = 104C0.t L
:.':} z
':::' and g—"=0.750 * (as for a horizontal cylinder).
‘\ g max
o The ratio u is given by
. :
J.\',- U = gmax . z (as for a horizontal cylinder)
™~ dg 0.64952
.]l-'. <——> max
...\'~' dx
o Tables given in paragraph 76 show that the above approximations of x; and
T of u are correct (accuracy better than 5 %) if both following conditions
_-'_\ i
- exist : L < 0.7 z and t < 0.7 z. They arec also valid if L = t. !
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89 . Horizontal, cylindrical body of narrow cross-section, Consider-

ing a narrow prismatic body, infinite in the y direction, and of cross-

t.L, having a mass per unit length of

Ao S

section §

P=ActL
The above formula (2) gives

3z g max

40

P._

90. It can be seen that the formulas giving g max, (%%) max and
corresponding values g; and x; for maximum gradient are exactly the same for
a horizontal cylinder as for a a narrow buried strip. In fact, any narrow
elongated body (of reduced height), continuous in the y direction, of mass

per unit length P will give the same values

g mox

reached for & .

and for x; =% 0.5772

z being the depth to the center of gravity of the
will hold

body. The following ratios

g max

(92) max 0.64952
dx

9
¢ max

z

z=10 im |

and = 0.750

t=12.5m

L-5.5,t=6.82.

N

R=3455m

Bases of anomaly due to a horizontalvcylindrical body
82
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Figure 36.
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N 91, Comparison with tables given in paragraph 79 shows that the
< abeove approximations hold (with an accuracy of 5 %) if both the fallowing
L.
;: conditions exist : L/z ¢ 0.7 and t/z < 0.7 and also if t =~ L. In the above
. sketch, the very narrow body (3 x 12.5) will only be equivalent to the
i ’ cylinder if its middle depth z is greater than 17.8 m. In the case of a thin
: prismatic strip of feeble height, the same general formula as for a cylinder
»
o is found:
(El.
- gz400‘ szAz.az
W 3 X + 2
£ x
M 40 Pz i
) or 2 — ————
nl 9 3 x% z2
®
i’ dg _ 80P «xz %% ‘{Az
N dx 3 (xA2)2 alx | A
5 -
Y £
_ gmax = 39 P
5 3 Z
~
y
K (d_g) mox = 29P _ 9
; dx 3 8V3z2
*y
r‘
. z
s, X = —
’ V3
and _gmox  _ 8V3z _ 2

dg 9 0.6495

(%2 max

dx

A A TSN I @ NSNS AN @

These formulas are exactly the same as for a horizontal cylinder.

92. Yertical, limited bodies. These bodies are useful in microgravity,

particularly for computing the influence of mine shafts. We will consider:

- the vertical cylinder of infinitely small horizontal section

o "~ the vertical cylinder of circular section
i

1

ﬁa - the right rectangular prism

i)

ia - the right prism of any polygonal section
iU
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93. Weighted line (vertical cylinder of infinitely small

I
|
I _121
i
Z2
Section S density
3 controst O

Figure 37. Bases of anomaly due to a weighted line

The vertical component of gravity is given by

2
5 = 2008 / z dz
D 2
3 2 (x2+'/.2)3/
- 22
g 2008 [ -1 ]
3 | (><2+22)1/2 z)
o - 200S 1 _ 1 ]
= 5 5
3 | (% +22)1/ (x2+22)1/ ]
1 2

Limits

oS
When x>>2zy, 22, § 333 (zi—zf)

(a) 2y =0.5m 2z =20m
(b) z} = 5 m z; = 20 m
(¢) z) = 0.5 m zp = 50 m
(d) z, = S m zy = 50 m
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4;: Table l0:anomalies (in microgals) due to a vertical cylinder of small section

R

e

( . * 0 1 2 5 10 20 50

Q:?. iCases

[}

% (a) ~102.1 | —44.2 | -22.8 | -7.9 |-2.9 [-0.8 | -o0.1
’-

b £ (b) - 7.9 - 7.7 - 7.1 ~4.9 -2.3 -0.7 -0.1

:53' (c) ~103.7 | -45.8 | -24.4 | -9.4 | -4.2 -1.6 -0.3

oy (d) - 9,4 - 9.2 -8.7 ~6.4 -3.7 ~-1.6 -0.3

e

s

%

%& It can be noted that

-

- the anomaly is very strong when the cylinder is outcrop-
ping, but in that case, it reduces very much at a short
distance.

- the overall length does not change the anomaly very much.

oo
b o

P

P

When the cylinder does not have a infinitely small section, its anomaly is
given by the following integral

N e

2 —t—

=

AN Figure 38. Bases of anomaly due to a vertical, circular cylinder

e
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ALROEY
F
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--: Z 2

' a=211 r=R

SN o 200 / da / rdr _ rdr
¥ ) 3 ()(24-22)1/2 (x2+22)
o a=0 r=0 ) )

/2

1/2

st gl with x = (r2+X2—2rXcosa)1

Tl The 1integration in respect to R is possible

¥ R

5

2aY rd? 1/2

B o 242272 (re+X +zl rXcoso) x ]

e . +Xcosaln 2(r2+X2+22—2rXcosa)1/2+2r—ZXCosa
1
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However, the integration in respect to a is a more compli-
cated problem. Despite the efforts of several geophysicists
and mathematicians (Parasnis, 1961 and Singh, 1977), the
exact mathematical solution of this integral is not known and
the analytical procedures long and tedious, leading to slowly
converging series. The integration is however very easy along
the axis of the cylinder, and leads to

4 ~r
g = —%ﬂ-o Fz—zl- \/§2+z§+ \/R2+z? ]

The exact anomalies for x = 0,
previously are the following:

for the 4 cases computed

Simplified formula Exact fornula

(a) -102.1 -62.1
(b) -7.9 -7.8
(c) -103.7 -63.7
(d) -9.4 -9.3

It can be seen that as soon as the cylinder is slightly
buried, the approximate formula becomes correct. Of course,
if the cylinder was outcropping, the approximate formula
becomes incorrect, giving, for z); = 0, g (at the center) * ®
instead of:

o(x=0, z,=0) = 40N

- 24,2
3 [R+22 R +22 ]

Qutside the axis of the cylinder, the usual practice is to
consider that at a certain distance, the appropriate formula
is correct (which is correct especially when the overburden
z] is thick) and for medium distances, to interpolate between
the exact value on the axis and the values at long distances
computed with the approximate formula.

Another procedure is to consider that the cylinder is in fact
a right rectangular prism, and to use Nagy's formula (see par.
1619). Alternatively, the horizontal section of the cylinder
can be assimilated to a polygon, and the procedure described
in section 1620 be used.

Flat disc

Then R > z, the equation giving the anomaly along the axis of

a vertical cylinder has the following limit, writing
t = Z29-7,
7 = ZZ%ZL

40 z
g Tﬂct[l—i]

It can be noted that as soon as R > 2z, the error becomes less

than 5 Z. When R >> z, we find the general formula for an
infinite slab 0
g = = [lot
3
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96. nght rectangplar prism. Nagy (1966) has shown that the vertical

component of the attraction of a right rectangular prism is given by:

I 2 Y2 X2
G 20 o] [ In(y+r)+y In(x+r)-7Z si ____.L_L.2+ 2+ ] ]
z2 = — x In(y+r)+y X -Z sin_
3 \/ 2
L + 24
s (y+r) Vy?ea? 1 Yyl X)
o e
20
or G = 3 o_[_}?:] ] ]
2T n o ox

If x or y axes (or both) are crossed, the integration must be carried out

separately from the lower limit to O, then from the lower limit up to the

upper limit. For example; if y; < O, y2 > 0 and x;, xp > O:
Z O Zy Y2 X2
Z1 “yl Z1 70 X1

These expressions, if written out completely as by Nagy in the general case,

look very cumbersome. However, they are easy to program on a computer. The

.effects of the prisms of sections and lengths corresponding to the cylinders

of the previous chapter follow (section of cylinder § NR2 I x 1, side of

=V ).

axes, and the anomalies are computed for y =

The prism is symetrical in respect to x and y

0

equivalent square prism

Table 1!l : maximum anomalies for cylinder and prism
Cases Weighted line Vertical cylinder Right square prism
(a) -102.1 -62.1 -61.7
(b) - 7.9 - 7.8 ~-71.7
(c) -103.7 -63.7 -63.3
(d) - 9.4 - 9.3 -9.3

It can be seen that the right square prism gives results very close to those

of a vertical cylinder of same section, along its axis.
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GRAVITY ANOMALY
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i:: Figure 39. ELffect of a rvight square prism
%, (side = 1.77 w)
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Table 12:anomaly (in microgals) due to a square right prism (side = 1.772 m)
X 0 1 2 ) i0 20 50
Casces
(a) 61.7 44,0 23.4 7.9 2.9 0.8 0.1
(b) 7.7 7.6 7.1 4.9 2.3 7 0.1
(c) 63.3 45.58 24.9 9.4 4,2 1.6 0.3
(d) 9.3 9.1 8.6 6.4 3.7 1.6 0.3
Case (a): zy = 0.5 m zp = 20 m
(b) =z, = S5 m z, = 20 m
(¢) 2z, =0.5m zy = 50 m
(d) =z, = 5m zp = 50 m
a7. It should be noted that:

the simplified formula for the weighted line gives very similar values to

the right square prism, except for x < ! m, and when, at the same time,

overburden is very small (considering normalized parameters f-and %}-, with
= (z1+22)/2, the limits are around E < 0.01 and %} < 0.01).

the very upper part of the prism creates the major part of the anomaly: for

a same z) value, the anomalies for z, = 20 or 50 m are very similar.

for % R 0.20, the anomalies do not depend much on the normalized thickness

of overburden %ﬁ

the major part of the anomaly is visible above the prism itself ; the

anomaly drops out very quickly outside, especially when the overburden is

thin (for z) = 0, the anomaly is reduced to half its maximum when x >

1.2 = 5 that is, just after the edge of the prism).

98. Fffect of a horizontal thin polygon. Following Talwani (1960),
and Moudressov ct al (1979), the anomaly due to a thin horizontal polygonal
lamina is civen by:

AG = == oh Z 551 W cos_1 ;% tiii + %i.iiii
.1 24,8 . 2£4S
-sin 2;;:;;;i7§;+ sin } o 2eg )1/2
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K
J where o : density
¥ AZ : thickness of lamina, Z : depth of lamina
; Xi,¥i coordinates of successive vertices of the polygon,
\-
\
W xi+l,yi+l i increasing counterclockwise
1
"
K] Ty =[(xiz+Yi2):l1/“
I
« i iel = (ximxprD)2 + (yioypen? M2
W S =+1 if p;f >0 ;3 S = -1 4if pi <O
K W=+1 if mi >0 ; W=-14if mj <O
a bi = Yi-Yi+l <. - X1-Xi+] v
. _ Fi-Xixl X Yi-Viel Yi
}. ql I‘i,i+]. ri r ,i+l ry
4 .- Xi-Xi+]l Xi+l = Yi-Yi+] yi+l
< Ior;,i+l ry+l ry,i+l rj+l
It
; L YiXirl | ¥isl X4
‘: 7y ri+l ri+l ri
»
v, 72
{. " For a right polygonal prism: G =/ AG.AZ
K » This formula has proven very useful for computing the effect of
»
A the pyramid of Cheops which is not square. It is also used for computing
0 terrain corrections, and for modelling dams. ’
N 99. Anomaly due to a sloping embankment.
»
X Figure 41. Bases of anomaly due to a sloping embankment
-
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o The attraction of a thin slab is given by
.
N 2
1 40 i -1[ tana]
. G =—=-Ac.Az{% ~ n —_—
" 37 A0-fzgg - ta z
s
A Integration from z = 0 to z = H leads to
o
o ; 2
e 40 i -1 ,x cosa X .2 H 2cosa H
' G =—— A H{T -t = D) - - a1 gt = =
s;)* 3 2 an (H SLna) 21 S " | x%sinZa Sina x !
O
%
o X . -1 H CoSsQ 11
s + = sina coso |[tan ( T ) -5t a
e 1 xsin*a sina 2
™
( Figure 42 gives values of G for a standard value of H = 10 m,

as a function of the angle o and of the distance to the top of the

embankment . For other values, one can compute:

e
.". '.-."u:‘(

. His
G(H,s) = €(10,1) x 75

RN
o

o

v
and read as a fonction of R

.
R

PN

100. Special interpretation ‘techniques. Tn the previous section (53t096)

“

o ho»
LR
P

”
L'e

’

«“e

we examined various interpretation techniques, mainly based on the use of

2

set curves, completed with depth evaluaticn with Bott and Smith's (1958)

AN

A0

formulas and with the use of nomograms. We will now consider in this section

&

»

a certain number of special interpretation techniques:

L b s S,

LS
i:; - second derivatives, very popular with petroleum geophysicists
‘JV - two-dimensional inversion and modelling
‘x.
’;ﬂ - three-dimensional inversion and modelling
ahY
2
-‘L. 101. Spectral analysis and Fourier transforms, also frequentl; used in |
L petroleum gravity interpretation, often neced large data sets. These techniques
!
.~ : ~ :
A have not been used much in microgravity. In fact, at CPCF, we prefer spatial
P .
k’ filtering, as described in section 174, even for oil exploration, rather than
- L
L .
»;'-'! working in the frequency domain. |
;'53 102, Second derivatives, Cravity being a Laplacian function, we have:
\
L ekl
o §%c 8% &% 0 i
7 Tt 5T =
) 5x 4 Gy<  §u” i
® Therefore, if we compute the horizontal second derivatives from ficld data,
)
,
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vertical second derivative 1is given by

556 <5?c 5%)
5 = -\ + 7
Sy~

ied

87 Sx<

derivatives can be computed in two manners

horizontal second

Bouguer values G, inside a moving window surrounding the point where

second derivatives are to be computed, can be used to best fit a

second degree polynominal, by minimizing
2
o 2
v o= S‘I:C— (a:<‘-+b:<+cy“+dy+e)]

The second derivatives will be:

~D
6°G
— = 2a
Sx~
S°C e

The main problem is the selection of the size meving window, which

will automatically influence the result.

The second method is mainly useful in the case of gridded data. One com-
putes the averages G(i) of the Bouguer values at various radi r(i)
surrounding the considered point where the Bouguer is G(o). It can be

shown that the second vertical derivative will be given by:

520 i=n
é;z = a(o)Clo) + Z ai G(1i)
i=1

Suitable coefficients a(i) and radi (s) have been published by Henderson
and Zeitz (1949), Elkins (1951) and Rosenbach (1953). Two formulas are

given below:

8%¢ 4 -
W =37 G(o)-G(s)

2
S - [AG(O) - 3G(s)- 5 G (VD) + % G(S\/—S)]

As in the first method, the result heavily depends on the radi selected.
A4

Once %;7~is computed, it can be used for depth evaluation and for filter-
G ls

ing as follows:
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103. Sphere (volume V)

= Z-(—)-0 \Y z
8 3 ()(2+z»:2)3/2
§2G 60 -7 2_9,2
5T - % oV zr (3x°-22°)
g max = %;~0V 2-2
e ax = lzg oV 2—4
T72 max 3

It results that depth

7 =

104. Horizontal czlinder

40 z
g =3 MoR® ooy
c2 2_7,2
gzc - %? IR z (z--3x%)
(x2+22)
40 _ R
For x = 0 : g max = -3 I S
22 2
-0 . 56€ -8 5 R
Forx—O.S-;Zmax—3Hz—3
Depth z is given by:
_ Cmax
z = 1,4142 352G
$72ZMmax

21
~— T ——
T -
g=%qot(;+ tan 1%)
8§26 _ 40 . __2xz
527 = 3 O (x%4zD)?
95
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'Q‘l
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Maximum for x = 'z
826 _ 20 ot
§z2/M3% T 3T T
4
g max (x+e) = -%9 ot
max - 21
6?!»6 zZ

(622

Z
Thin_plate
. _ 40
() 3
826 _ 40
Sz 3

) max

0.3989

u

- Xz -
2]
- L =,¢z
-1 x? -1 %!
ot (tan X _ tan ELO
z z
ct./Z X2 31
(X27+z£) (x1[+zz)[

a depends on the ratio L as follows:
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IO
::E: Table 13 : depth evaluation of a thin plate (second derivative).
v
e\
;0'~ L
o = 0.1 0.2 0.5 1 2 5 10 20 100
e z
¢
S a 1.411 |1.402 }1.344 | 1.175] 0,798 | 0.283 [0.104 | 3.0365( 0.003
:A:..
':’. L
j:::' When P 0, a > 1.4142 (as for the horizontal cylinder)
&
oy L. 32 z.3/2
I' then PRI - T (f) /.
s
I
‘o: Measured vertical gradient.
)
e.::f 107. General. In microgravity, it is possible to actually measure the
a'l
?"" vertical gradient of g, using a tripod or, if necessary, a tower (Fajklewicz,
';i.»;‘ 1976, Blizkovsky, 1979 and Butler, 1984). The general idea is to help deter-
)
“:‘:. mining depth to anomalies. If the anomaly is very shallow, repeating a
R
'.E:: station one meter higher will strongly filter it out.
"
.! We will give here a series of formulas, while in case history
;.' section II, Civaux nuclear power plant site survey is a good example of the
' practical use of this method.
'-f;’; 108.  Sphere
¢ 200 z : 2 2,.2
\ g = = m-— (with r< = x°+z°)
X :
OO 2_9,2
1 d 20 -3 | x“=2z
0 ag L =Y X o2i
’1:: dz 3 [ r ]
& |
e dg
7 L2 9z 1 X222
::.‘ g z r
¥
)
v": Forx=0,u"—g
N, 4
".‘l
.’ 109, Horizontal cylinder (radius R)
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110, Wide plate

Consider first three adjacent cylinders of radius R = az

40 o R2 4a?+3

g max =73 z LaZ+l
2
dg 0y - _ 40 R? 16a“+8a?+3
and (dz) (x=0) 3 1927 TGate T
dg
g =dz _ 1 16a"*+8a2+3
g z 16a"+16a2+3

=l 1 83
or v =7 16a"+16a2+3

ﬁg
us = = E-and z = bg
g z dg
dz

Table 14: Egrameters for depth calculation from vertical gradient

B = eIy APy

Relative width %§-= Ll o 1.2 2.4 3.6 4.8 | 6.0
-8 0.1 0.2 0.4 0.6 0.8 1

b 0.9997 |0.9127 | 0.7856 | 0.7342 [0.7413 |0.771

111. When the group of 3 cylinders is very deep, b =+ 1 (case of a

unique cylinder). If one had considered more adjacent cylinde:s, the average
value of 0.74 would be further reduced to 0.5, 0.3, etc ... In the case of
an infinitely wide plate of thickness t, g = %g-ﬂct, which is independent

of z, thenb > O.

112. To summarize, the ratio u of the vertical gradient above the

center of the anomaly divided by the maximum value of the anomaly, varies as

follows:
dg
-4z _ _b
g VA

. Point source (sphere) : b = 2.0
. Line source (horizontal cylinder, ratio %~< 1.0) : b= 1.0
. Wider, 2 dimensional source : b < 1.0, depends on ratio 2

for 3 < 5 <6, bn0.75
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;\k§ 113. Nomogram for the interpretation of vertical gradient. For a
qug sphere or a horizontal cylinder, set curves can be computed, giving %g as a
;5$| function of g, for various values of x, and not only above the center of the
%ﬁ% anomaly. The enclosed graph (figure 43) gives these curves for:
\Fh - spheres at a depth of 5 m (in detail for -100 and -200 Tons)
%é%: -~ spheres at a depth of 10 m (in detail for -1,000 Tons)
%ﬁ., - spheres at a depth of 30 m (in detail for -10,000 Tons)
z&ﬁ - spheres at a depth of 60 m (in detail for -100,000 Tons)
;h' - single cylinders at a depth of 2.5 m
3?“ - single cylinders at a depth of 5 m
Sé“ - single cylinders at a depth of 15 m
;§$§ - single cylinders at a depth of 30 m (in detail for radius R = 6.2, 13.3
bbb and 20 m)
’, - a group of 3 cylinders at a depth of 30 m (R = 7.68).
:5% It can be seen that the group of 3 cylinders (R = 7.68) which has
QT# the same total section as the single cylinder of radius 13.3, gives a differ-
[ro> ent curve, with lower vertical gradients.
i??; i 114, The example comes from the Civaux nuclear plant site survey in
3&: France, designed to be built on Jurassic limestone. At a first (now abandoned)
nk? location, many gravity anomalies were found (see case history section 711).
gﬂr It can be seen on the chart that gravity anomalies are in 3 goups:
E%Q - shallow light (A < 0) anomalies, located at depths of less than 20 m,
‘af, - deep, light (Ao < 0) anomalies, located at depths of 30 to 60 m,
f‘ - shallow heavy (Ac > 0) anomalies located at depths of about 5 m.
'dﬂa The use of this chart helps to confirm conventional depth evaluation.

=
:*E 115. To conclude, interpretation using both vertical gradient values
: “ and residual anomalies, along a profile crossing the structure, can help
o, evaluate depths up to 50 m, even if the gradient is measured with a single
.1, vertical interval of only 1 m. But this needs the interpretation of several
§ ' gradient measurements. A lone vertical gradient measurement is of no practi-
rh cal use. These remarks and the nomogram can be considered as completing the
:L thorough evaluation of vertical gradients made by Butler (1984).
ms 116. Vertical gradient measurements in tunnels. When gravity measure-
g&; ments are made inside a tunnel along a single profile, it is not possible to
e ”
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separate a heavy cause above the tunnel from a light cause below the tunnel.
This ambiguity disappears when measurements are made at two separate eleva-
tions. This is shown by considering the effect of a sphere (see Figure 44.)

The results are summarized as follows

A

>0 <0 light cause under the tunnel (Ao < 0)

>0 >0 " " over the tunnel (40 < 0)

<0 <0 heavy cause over the tunnel (Ao > Q)

<0 >0 " "  under the tunnel

>0 =0 " " on the side of the tunnel

<0 =0 light cause on the side of the tunnel (Ac < 0)

Intermedaite effects may be computed for anomalies not located
in the same vertical plane as the measurements.
In case history section 5 describing Blaisy Bas railroad tunnel,
most of the anomalies were due to low densities located below the tunnel,
while a few of them were due to heavy causes above the tunnel.

117. To conclude, systematic vertical gradient measurements are abso-
lutely necessary in gravity surveys made in tunnels. Otherwise, interpret-
ations are completely ambiguous.

117. Two dimensional modelling. When detailed geological information

is available, more detailed interpretation can be made, instead of simply
trying to identify anomalous bodies as described previously. This is not
often the case in microgravity surveys, while two dimensional modelling is a
routine procedure in petroleum gravity surveys. One of these 2-D techniques,
the MODCONG program used by CPGF, is described as follows. Two dimensional
modelling is of course only valid if the structures are rather elongated.
a.The first step is to consider a certain structure, i.e., depth limits

(zy, z», z3) separating 2, 3 or 4 layers, and suppose corresponding constant

initial densities (0y, 0, 03, 0y) and then compute gravity C(j) due to

this model (using for each prism Nagy's (1966) formula).

i-n
c() = X o(i,0) I(i,5)

i=1

I (i,j) being the influence of layer i on point j.

101

! 5.0'0 ONOSOS0 OSSOSO OSSN OBONAN0NN DAY
W l'| .Q’.‘l‘\ () l‘q,‘:g’i:h“gfl.. "h.:%‘:' l:ela‘i.l“'g 0) 0'@ ." O ('. i‘g l‘. A"J'. t'. C.Q !" .::@::sl-"'h:‘!;r“:f}‘:(‘ ‘:‘

W 0 "
DORARA MR ORI R X S ! MRt 2 NN TN SUMR KT NI

’ ., (i j&'t!‘l’n‘t Poucp w7

,,l’q,l'n‘\‘n A

R AR

)
; n?l'l (ML Iﬂ =..'v’0.) E) .

"




N
Al
3
¢
‘
*
£
t
¢
1
*
{
LY
[)
D
k)
A
Il
K
[
\ T — e — — — — —
Clmicrogon)
49 30 I —m — e o — ———
H 40 .
L5 L33
30.
3,
' 20
b 40J 1 gen 10
r N o
\u 0, 86 Q-6
i. - ar -
R a6, o102 [ 85, 80-0
B al 81 al
3, ay
i 2
) ol
’ e e
&
> e — -
>
by
f & {microgan) Glmicregals)
L - @ [
L)
0 . 0 (13
) 20 | ' 20
L+ 0 % -
" G
: ° - .
9'
02§ GLaGL
. ar - v
. u.h-cl
[ 14 sl
‘ 4
b °
4,
7
¢ utavy_cavse on Q0 (microga 7meter)
It SeIpCls az
": iy Lo
; Ty
P!
3
¢ —_—
'V
‘ !L‘;.'_S"LM
)
1
)
L)
4
b
A 3 . ] s
3 Figure 44, Vertical gradients in tunnels
b
;
4
102
l
.,‘!..‘ ‘ ' A ..' '..‘?.'. ,‘. ...’ .‘ .. .’ ‘|' .‘. " “‘.. " ‘.' .‘: .'. .:.‘ " . . Q:' o ." ", :' ’.. ‘p Q:'.A ‘",'0'. “
RONON ;’.a,a’ W A' .a’t ,,n 1 u\( -Juh. qq-‘.\l n ..e'. t l,‘a.‘ ' Wttty ln‘l l a.lrh; O




b. The second step supposes that one of the parameters (depth Z(p,j) or
density ¢(p,j)) can be adjusted. The fastest procedure is the iterative
adjustment of densities, supposing that along a given layer, densities

may vary from one point to another.

Figure 45. '"MODCONG" two-dimensional modelling
o = variable Z3 = fixed T Lol
Oh Z. fixed
01 = constant Z2 = fixed ,\/\/
Oz = constant,Zs = fixed Ce Z s adjustable

\ ~
-
\ gid -
~_ -~
O3

O's =variable, automatically adjusted,Z4 = fixed
L |

117. At the Civaux nuclear plant (general description in the case

history section) this program was used on 3 main profiles. A four layer model

was introduced as listed in Table 15.

Q
J(A‘

}g " Table 15 densities at Civaux nuclear plant
4
¥
[\
%ﬁ Layer no. Geology Average Initial density
:q thickness contrast
()
L)
7"' 1 Sand and gravel 10-25 m -0.2
_$ 2 Fractured limestone 10-25 m +0.1
;¢ 3 Dolomitic sand 10~20 m +0.3
X 4 Compact limestone 20-30 m +0.2
‘?s 5 Compact basement @ 0.0
Y
L Variable initial depths were obtained from drill holes aad from seismic
5Y refraction profiles. The main problem was the possibility of local low
Y : .
? density lenses in layer 3 ; the model was first adjusted supposing that
&, all the gravity anomalies were due to this layer. However, density DENS 3
[y .
[ was constrained to the interval -0.6 to -0.2. Figure 46 shows improvement
) :
He of the correlation coefficient (between measured and computed gravity)
L/
?: after each of the 6 to 8 iterations.
N
Ay 118. After stabilization, the densities DENS 2 of layer 2 were allowed
al to vary between O and +0.2, and 5 to 11 iterations made. Moving up to the
Vgl
!l'
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i&. first layer, a final iteration was made, allowing DENS 1 to vary. After these
EBE 3 phases, the initial correllation coefficicnts were improved from 0.816-0.899
§1r to 0.9996-0-0.9999. Figure 47 shows the same procedure, using the mcan square
g%: difference, expressed in centimilligals (lcmgal = 10 microgals). The adjusted
§§§ model is shown on the cross-section on Figure 48.

e 120. To summarize this technique as used at Civaux, it consists in

f? trying to adjust a model, mainly on an initial deep layer, and then working
)f‘ it up towards the surface. It yields the deepest possible structure, located
??: above the top of the last fixed layer. Final results are shown on Figure 48.
g;“ It should be noted that, to avoid edge effects, gravity should be known (or
(r' extrapolated) up to a distance of about 7 times maximum depth, at both ends

5 " of each profile.

;ﬁr 121. Another remark concerns the transverse width of the model. CPGF's
gki MONDCONG algorithm is in fact a 2.5 dimensional model, where a finite trans-
® verse width can be }ntroduced.'For infinitely extended horizontal bodies, of

= sl

finite cross-section, Talwani's (1962) algorithm can be used, where the cross-
section may be a polygon of any number of sides. This technique is convenient

when a small number of bodies is considered. When one wants to adjust depths

s

»

or densities of one or several layers, CPGF's MODCONC algorithm is preferable.

122, Three dimensional (3-D) inversion. Three main techniques can be

qu """"""""""""""""""""
é’: used for 3-dimensions
3¢‘ (1) - Processing in the frequency domain (not used at CPGF) ;
'7  (2) - Tnversion using spatial filtering (technique frequently used at CPCF) ;
;dﬁ f3) - 3-D iterative modelling (similar to the technique described in para.ll5)
?" Inversion using spatial filters is quite commonly used at CPGF in microgravity
ér‘ surveys, and is therefore described here. The mathematical bases were descri-
‘. bed in detail by Bichara and Lalshmanan (1979, see appendix 4 ), while the
igi principles and an application to microgravity were described by Lakshmanan
gis (1973 and 1977).
M~ 123. The basic assumption of CPCF's spatial filter supposes that,

o below a semi-horizontal surface (Z - 0) on which measurements are made, all
:*3 causes of gravity anomalies are exclusively located between 2 horizontal
% 3 planes Zl and 22 , and correspond to density variations and not to depth
:~J variations.
i . For this case, supposing in particular that measurements are made
e
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over a regular grid and that density variations follow the same grid,
gravity G(i,j) at points (i,j) is a function of densities of prisms forming

the layer 7, 7,.
Figure 49. Schematic of "TESTFIL" 3-D inversion

(i,)) (k,1)
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G(i,3) = 28 25 a(i,j,k,1) o(k,l)

This equation can be inverted, leading to:

kito  li+w

o(k,1) = X > B(k,1,1i,§) G(i,])
ki=w  1li-e

The points being located along a regular grid and z, , z, being constant,
the coefficients B will be the same for each point (k,1).
124. Empirically, if the summation is carried out inside a moving

window, with the following sizes, a very good approximation is achieved

x(k) - x(k min)
y(1) - y(1 min)

7 (2255

It can be noted that when the moving window is large enough, the

x(k max) - x(k)

= y(1 max) - y(1)

it

>

sum of coefficients B should be equal to:

kmax 1lmax

oo AN N
RS ~  B(k,1,i,3) 401(Z,-Z1)

kmin 1min

125. As an example, at the Cruas nuclear power plant, with a 10 x 10
meter grid, the following parameters were used
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:ﬁ.::::: + Number of elements used: 7 x 7 = 49

'f?i::. + Slab depth (Zy, Z2): 7 to Il m

!'._' +a = Zfilter coefficients = 0.0067

,1:‘;::5 + maximum filter coefficient = 0,066

!;E‘:': +b=ax (Z,-2,) = 0.0268

:;:::' + Theoretical coefficient b = Zg‘ﬁ = 0.0239

"7_ (the better the filter, the closer b is to 0.0239)

:‘.... 126. For this particular case, the numerical coefficients for computing
:::':'. density o are:

3‘53: 0= 0.0660g(0) - 0.0796g(10)

{ +0.0098g(10V2) + 0.0170g(20)

e -0.00195(10VS) - 0.0003g(20VT) - 0,0037g(30) - 0.0004g(10 VI0)

:s' — —

o +0.0003g(10 V13) - 0.0001g(30V?2)

':f::. The normal procedure used at CPGF is to start the inversion with a very deep
. layer between Zn and Zn-1 and then work up towards the surface. The results
::q‘: include

}:E ~ initial residual (or Bouguer) map

- density map for each hypothesis of depths (Zn, Zn-1)

{ - -~ gravity due to the model

‘f ~ difference map (between measured and computed gravity)

g:'s:: ~ statistical map (correlation coefficient and mean square difference maps,
;‘;S the parameters being computed on a moving window).

g ‘ 127. Vle have shown that the filter should be extended laterally, so
ii:.;.: that the total radius of the area involved in the processing around each point
::k should exceed 7 times maximum depth. However, it is preferable to limit

;:‘i (by suitable sampling) the number of values for each inversion to 9 x 9 = 81
(49 is usually used).

:::.':: 128, Case histories 711, 714 and 716 illustrate the use of spatial
ZE::: filters. They show the '"sharpening' effect of this inversion technique. Even
'2:3:: if the selected depth is not perfect, the very "soft" edges of a gravity

® anomaly clear up very well. This is also obtained by the second derivative
t’:(: transform, still in favour among petroleum geophysicists. The main and funda-
;iz mental difference is that, if both methods have the '"sharpening" effect

| fj’ needed for an effective interpretation, the spatial filter additionally yields
L3 . a fundamental geological parameter, the relative density of the layer (for
:3:525 the supposed depth). As shown in appendix 4, a maximum depth compatible with
;:o:.:u 109
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R logical densities can be deduced, which is a more limiting factor than pure-
ly mathematical criteria.

129. Three dimensional modelling. If one suspects that densities in

Y the different layers of a 2, 3 or 4 layer model are constant but that depths

’ limiting one of these layers can vary, the modelling technique used at CPGF
is more complicated to carry out. Supposing a 3 layer model, with possible

! ) depth variations at the bottom of the 2nd layer, the following steps are made:
'::'.'0 - lst step: determine possible limits cf variations of bottom depth Z,,
limiting the layer:

ol Zo min, Z; max

( - 2nd step: determine Z; min, Z; max corresponding to the geological model
b - 3rd step: make a 3-D inversion as in 174 for a horizontal layer limited by

N
..b Zg = Zy; min and Zg+t = Z max, compute densities ¢,(i,j)
~

M Z0

o Tz 777

Yy : - 4th step: make a first evaluation of thickness AZ of second layer with
A

fixed density
\’“ 0(
e AZ = (Z, max-Z) max) x

—_2
Oz(i,j)

[ 7777777777777 777777777777

81= Constant.

NS b=62b -4
= constont

; 2 é2b= Constant

Z1{adjusted)

® a'M grep

Y Figure 50. Bases of 3-dimensional modelling
Wi - 5th step: compute new base (or top) of second layer Zp = Z; + AZ and new
e, values of Z; min

o - 6th step: compute gravity (GC) due to new model and compare with measured
140 gravity (GM)
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Tt L)
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7th step: divide second layer into non-adjustable upper part, and adjust-

B

able lower part, with separation at Z = Z; min

. - readjust layer between 7, min and 7, by going back to 3rd step and continu-
0'. .

'5: ing as often as necessary (2 or 3 iterations are usually sufficient).

\

)

i) 130. As for the density inversion procedure, the products include:

- - initial and final gravity waps

%' - depth maps

2;’ - statistical maps

gq Various possibilities can be selected

e ~ fixed bottom or fixed top of a layer

g ~ constraints for maximum variation

¢ - variable density basement as sketched below (in this case Z, is taken to

have an arbitrary, very large value):

Pl
&

iy ¢ 1= Constant

1 623 rodobh

3 131. A three layer model can also be adjusted. After a certain number
of iterations, the yet non explained residual can be transferred to another
(usually superficial) layer and its thickness (or density) be in turn

adjusted.

40 = voriable 40 = Constant

';:l 41 = Constant

i /\/\N 61 = Constant
0
::::.

°® 62 = Constant

tH

462 = Constaont

Figure 51. Techniques of 3-D modelling
“j The technique is described in detail by Alessandrello et al, 1983 (see

 J . APPENDIX 4).
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:::?" 132 . Direct evaluation of total mass. 1t can be shown, using Creen's
o
¥ theorem (Schoeffler, 1978 and previous others) that the total mass M causing
e an anomaly is given by:
i" + 4
ki
S - o3
,:} M= 5 / / g(x,y).dx.dy
.l-. - -0
')
;,::; (whatever the shape or depth of the cause). However, the main problem in the
0
:::::: practical use of this integral is the sclection of the'radius inside which
\
::::.: the integration is to be made efficiently. For example, in the case of a
W
,"" 1,500 Ton sphere, centered at a depth of 10 m, the integration with a AX =
\
A AY = 10 m grid, simplifies as follows:
v
:::::, k=i+m 1l=j+n
13 ]
»:::' M 4—(3)— 2 Y k1) .ax.4v
Wy It s e
p k=i-m l=j-n
®
: According to the size of the window -m, +m, -n, +n selected, the following
"’-
N approximations are achieved.
X bl
'-
{ Table 16: Calculation of total mass by integration of gravity
r‘.'
W,
:| e m Total size of the window M approx.
':' ) Depth M real
! ,
,j 0 1.0 15.9 7
F 1 3.0 50.7 %
o 2 5.0 67.4 %
k)
::.' 3 7.0 76.2 %
(
ol 4 9.0 81.4 %
L 4
_'3 5 11.0 84.8 7
W
p :j 6 13.0 87.2 %
y
-“.:j 7 15.0 89.0 7%
A aty )
P 133. When the window is 15 times the depth (169 points used), the
Q-:. accuracy becomes nearly acceptable (but the error is still in the order of
"{{ 10 7). The equivalent radius is 8.46 times the depth. If the anomaly were not
A
'&: spherical but more or less elongated, the ratio would have been greater.
.‘ 134. In conclusion, this method is not presently very popular at CPGF, J
::::o due to the fact that microgravity surveys are often not very extended, and }
e
|":| |
"y 112
"'.O !
et !
o
D !
i::.. I
. |
it 'l ’b'l*& Satiatet
B A e e R RS




L

"
3

N that integration of)(/- .dx.dy over a limited area only yields 50 7 to 75 7
i;: of the total mass. The method can hawever be used to make crude evaluations.
(_ 135 . Microgravity survey planning and design. Prior to carrving out a
X survey, it is absolutely necessary to carry out some preliminary modelling,
“i in order to reply to the following questions:
- are the anomalies detectable or not?

v - what is the most reasonable grid?

Ko

: The two questions are in fact closely linked. Due to the known

it

a% accuracy of microgravity measurements, one can consider that an anomaly

4

g‘ exceeding 10 microgals on 3 adjacent stations, is very probably true (if the
( measurements were made during at least two different work programs). Without
f* entering the field of probability analysis, and referring to set curves of
'\? section 16, this means that the following spherical voids can be detected
b

\$ (with a density contrast of -2 gm/cc).

®
; Table 17: sphere: minimum spacing so that anomaly exceeds 10 pgals on
;5 adjacent points

%y
? Depth Radius Mass deficit Maximum anomaly Minimum grid
f of sphere ' ' (ugals) for 3 points > 10upgals
H : (m) (m)

" 1 1 8.4 T 56 1.5 m

R

W,

0 2 1 8.4 T 14 1.0 m

1

M 2 2 67 T 112 4.0 m

i 3 2 67 T 50 4.1 m
o 3 3 226 T 167 7.1m
4?

% 4 2 67 T 28 4.0 m

Bt

® 4 3 226 T 94 7.4 m

4 4 536 T 223 10.5 m

o 4 5 1048 T 437 13.5 m

e 5 2 67 T 18 3.4 m

5 3 226 T 60 7.6 m

b

A 5 4 536 T 143 11.1 m

}. 5 5 1048 T 279 14.3 m
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Rl TN e | Al

Depth Radius Mass deficit Maximum anomaly Minimum grid
(m) of fgyore (pgals) for 3 points > 10ngals
7 2 67 T (9) Not achieved
7 3 226 T 31 7.4 m
7 4 536 T 73 11.6 m
7 5 1048 T 143 15.5 m
7 6 1610 T 246 19.1 m
10 3 226 T 15 5.6 m
10 4 536 T 36 11.6 m
10 5 1048 T 70 16.3 m
10 6 1810 71 121 20.6 m
10 & 4290 T 286 28.9 m
15 3 226 T (7) Not achieved
15 4 536 T 16 9.0 m
15 5 1048 1 31 15.9 m
15 ) 1810 T 54 21.5 m
15 8 4290 T 127 31.6 m
20 4 536 T (9) llot achieved
20 5 1048 T 17 13.4 m
20 6 1810 T 30 20.9 m
20 8 4290 T 72 32.9 m
30 6 1810 1 13 13.9
8 4290 T 32 32.3
136. This table, which is shown in graphical form in the enclosed

figure 52, can be summarized by the following rules of thumb:

- optimum detection of spherical voids of mass M needs spacing of the same
order of magnitude as depth

- maximum depth of detection z < % IM]

- For a horizontal cylinder, with a density contrast of 2 gm/ce, the following

table 13 pives the maximum anomaly and the minimum spacing so that three

points (on a transverse profile) have an anomaly exceeding 10 pgals.
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v ) maximum anomaly (microgals)

o
rodius of sphere (m)

mass.(tons)

o -
minimum station spacing
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. i
N |
€ Table 18: ~vlinder, minimum spacing so that 3 adjacent points excced 10 ugals
Y
(x
4 Radius of Max. anomaly Minimum spacing
i:' Depth cylinder (for o = 2) for 3 points > 10 pgals
:' (m) (m) in microgals (m)
Y
&
! 1 1 84 2.7
;0
K 1 42 3.6
i 2 2 168 7.9
1.4
:E‘ 3 1 28 4.0
( 2 112 9.6
. 3 251 14.7
W 5 699 264.9
‘ 5 1 17 4.1
.
[ 2 67 11.9
. 3 151 18.8
% 5 419 32.0
i 7 821 45.0
"
iy 10 1679 64.5
11 . 10 1 (8) Not achieved
K 2 34 15.3
B 3 75 25.6
o 5 209 41.7
S 7 411 63.3
a
10 838 91.0
4 20 2 17 16.4
' 3 38 33.3
2 4 67 47.8
v
; 5 105 61.6
, 7 205 88.4
¥ 10 419 127.9
. .
I 30 2 11 10.3
. 3 25 36.9
ay
" 5 70 73.4
v'u
¢ 7 137 106.8
)
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H Radius of Max. anomaly Minimum spacing
{ Depth cylinder (foro = 2) for 3 points > 10 pgals
Wy (n) (m) in microgals (m)

40 3 19 37.6
0 5 52 82.3
7 103 121.7

3
'\:q 137. Results concerning horizontal cylinders are shown in graphical

'\~ form on figure 53. Tt should be noted that actual cavities are oftcn casier
{ to find than one could expect. This is due to a phenomenon of migration of

voids towards the surface, by caving in.

In addition, it should be reminded that microgravity often detects

® karstic zones (groups of cavities, fractures, etc ...) and not just individual
i& cavities. This has been particularly clearly shown by numerous surveys

: N carried out in the northern part of Paris and its suburbs, as reported in the
@“7 case history section (Porte Pouchet), as well as by Kutkan and Lakshmanan

4 . (1969) and Bolleli and Lakshmanan (1965).
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Figure 53. Anomaly due to a cylinder : minimum station spacing
so that 3 points exceed 10 ugals
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ey PART 2: APPLICATION OF MICROGRAVITY
wht, TO THE DIRECT IN-SITU MEASUREMENT

e OF EMBANKMENT DENSITIES

AN 138. Genecral. The generalized Nettleton technique described in 146 was

first developed by CPGF in 1976 for microgravity surveys, in order to improve
terrain corrections. We soon noticed that the procedure yielded an interesting

§$ by-product, the densities of the slice of ground located above a variable,

7 smooth datum linking the lows (or relative lows) of the topographic surface.

o In the particular case of an embankment constructed on flat terrain, such as

a railway embankment, a road embankment, or a river or canal levee, the

.; ) datum can be a horizontal plane, which represent . the ground surface before
L "

. construction of the structure. In that case, the formulas given in the 39
-. 3 can be written as follows, with h being the height of the embankment

L) g &

Yol

o

o:,.;

k.':: o) =g + OV(gg,h) - COV(Ar,h)

{

i —‘%ﬂ COV(Z1y,h)
{ :

Ay

g go is the initial residual computed with density op,

ﬁ}..:

?it Ar = gim-m, difference between 2 successive values of the regional anomaly
. y _ "(‘0

g and 73 = h - W07,

Ry

4$ Co being the terrain correction computed for density op. After two iterations,
)

: } a stable solution giving new values ol cmbankment densities at each point is
Wy

:h; obtained.

® 139. Application to railway cmbankments. An cxample is given by Bichara
't

)f%' and Lakshmanan (1983). It concerns the density evaluation of a railway embank-
ﬁ\ﬁ ment, 6 to 7 m high, in the south of France. A profile in a weak section gave
L

.’}B an average density of 1.88 gm/cc, while in a section of good quality,

Y

® a density of 2.15 gm/cc was computed. Another example concerning the Arles

)

) , viaduct along the Arles-Marseilles railroad is described in the case history
0

g.. section.

\

:ba 140. Cheops pyramid microgravity survey. This method has been applied
0, T A e

and largely improved during 1986 and 1987, during the processing of the

(W N

ie : gravity survey carried out by CPPCF in the Creat Pyramid of Cheops in Lgypt.

)
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;’l.:: The main results of the first two surveys (May and October 1986) are des-
'l cribed in the enclosed paper 'Microgravity probes the Creat Pyramid', by
&“r J. Lakshmanan and J. Montlugon (1987) (sece annexure 2). A third, more compre-
¢ S
‘ hensive survey was made in February 1987, during which the 4 sloping edges
{7 .
:. and a perimetric profile around the Pyramid were surveyed. A total of 608
¥y
f::‘. stations were taken during the three surveys.
v )
IO 141. The interpretation procedure developed by CPCF includes a series
4 of steps. Instead of computing, as usual, the Rouguer anomaly, gravity
5
ﬂﬁo measurements on or in side a finitc body are only corrected of the free air
e
i effect. The free air gravity (FA in microgals) is given by:

s FA = kR + 308.8 z ~ 0.7025 x

', : 2 is the gravity reading corrected of luni-solar variations and of instrument-

" al drift,

__ k is the instrumental coefficient

”5 2z is the elevation of the station and 308.8 the free air coefficient

fﬁz 2z is the latitude (in meters) and 0.7025 the latitude correction (at Cairo's

';' latitude).

:_ . In a first step, FA can be considered to be the sum of:

:Ei:’ - the general attraction P of a homogencous theoretical pyramid of density oP

E% from which the effect C of known cavities is subtracted

{;ﬂ - the attraction 0 of ground around the pyramid, computed from topographic

J; maps at a scale of 1 to 5000th, up to a distance of 5 km

’*: - long distance regional effects (RE = ax+by+cz) due to remote causes,

N \ supposed to be linear, and evaluated from the interpretation of a regional
.

1/1000000th gravity map (in fact, ax and by are very small and were added

55

to the next linear coefficients Ax and By, while cz was used to correct FA).

|3
'.l
LoEAL X

- short distance regional effeets Ax+By+C.

P
[ Sy
L)

142. P and C having becn calculated for an arbitrary density og, a

(P-C)
g

%
LR

rnultivariate regression between FA, , X and y leads to the evaluation

’

1@

of the real average densities ol of the pyramid, oT of the ground around the

G
/2

pyvramid, and of the linear coefficients A, B and C. Taking into account the

effect GR due to heavy slabs of granite surrounding the King's chamber

Pl
'a

; (density 2.70), the equation becomes:

<A
.f'..

-
L . FA-CR-cz = ¢P Lc;‘(: + oT.Q + Ax + By + C + RE
0
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: 1473, It should be noted that 9 is not the usual terrain correction T
L) ,
& used in normal gravity processing. € is the influence of the real terrain,
(v- while 7 is the wsual correction made by "erasing' topographic features located
N correction
:‘L‘ above the <tation elevation Z, and by "filling in'" valleys located below z.

A

b The algorithms leading to O and to T are similar but differ in signs, as shown
‘l

below:

v STATION - T= effect of + effect of 5

: AR 255110, \ f

. SUNNINRNSNN —"

,\‘_ N \

Y
5
vl

'4- Conventional terrain  cofrection.

5
&
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S,

o q
“ O = effect of O
15 . . . . .

.}j Figure 54. Difference between terrain corrections and influence of topography
,—, After regression, a residual value of free air gravity was computed at
.- each of the 608 stations. After examining the values of these residuals,
- the pyramid was divided into 21 blocks and the bedrock into 6 blocks,
Ko forming what we called the "macrostructure' of the pyramid. Multivariate
d regression yielded the absolute dengities of these 27 blocks, shown on the
i g

‘i- following sketch. Central block 21 includes necarly all the accessible

:: tunnels and chambers (see Figure l and 2 in enclosed paper).
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N
j::ﬁ:: Figure 55. Macrostructure of Cheops pyramid

9
o 12,3 10
iif:.:: S 10‘5’6'7'8 2\, N S 21 N
E::::. 1214 | 27 15,96 I 12
0y 17,18 19,20
:',."‘t' [ 22, 23 26 |2a25 a7
;’.o"
i::;‘ . 144. Tn a second step, in order to explain certain well organized
s residuals, 3 extra blocks were cut out of blocks 20 and 25, and the central
S';‘. block 21 was divided into 94 blocks, sclected in order to take into account
‘*: the organized residuals. This is the study of what we called the "meso-
‘ 'y structure'. The first degree residual obtained by the regression of the
l.:.. "macrostructure” replaced the Free Air gravity, and a second regression was
.,. made, yielding the relative densities of the new set of blocks (to be added
y ',:;) or subtracted to density of block 21).
:3' 145.  Tn a third step, a certain number of blocks of the '"mesostructure'
?J were redivided into blocks of "microstructures', and a third set of regres-
s ) .
i" : sions made, using the sccond step residuals. Improvement in the knowledge of
:::::: the densities is shown by the following mecan square averages of residuals
:::.‘:: in microgals.
"!":' - Free air gpravity (initial values) 1150
:; ﬁ - Macrostructure (1 density for pyramid + bedrock): 32.9
:. . - Macrostructure (1l density for the pyramid,
::‘.;E 1 density for bedrock,
) neglecting effect of granite,
*\;.'. neglecting Ax + By): 11.06
:!:‘ - Macrostructure (ditto with Ax + By): 5.93
i::' - Macrostructure (ditto, with granite at 2.60 and Ax + By): 5.56
' - Macrostructure (ditto, with granite at 2,75 and Ax + By): 5.53
?Yj - Macrostructure (25 blocks in pyramid, 7 in bedrock): 2.26
':g - Mesostructure (27 smaller blocks dividing block 21): 2.06
;:-;’ - Microstructure (with extra blocks avound King's chamber
;‘3‘: and around Queen's gallery): presently in progress,
;!"‘ should reach 1.5
e
E > 122
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146. Application of the method to other structures. During the Cheops

survey, we carried out at the same time:

- the development of a new technique for assessing densities of existing

structures

- the survey of the pyramid itself.

If a new survey were to be carried out on another existing struc-

ture, a rock fill dam for example (1,000 m long, 50 m high, 200 m wide), the

following procedure would be advisable:

1)

2)

3)

.4)

5)
6)

7)

8)

9

10)

Obtain topo maps surrounding the dam, at a scale of 1/10000th for example,
covering an area of at least 3 x 2 km, and digitize at a 100 x 100 m grid.
Obtain a topo map of the structure and its surroundings, at a scale of
1/1000th, and digitize at a 20 x 20 m grid (the corresponding elevations
have to be carefully checked and connected with those of the gravity
survey points themselves).
Plan and carry out a gravity survey covering all accessible points on the
structure and, if possiBle, inside it (along drainage tunnels, for exam-
ple) with a station spacing of about 10 m.
Extend the gravity survey outside the dam with a 50 m grid close to the
dam, and with a number of "regional" profiles extending to 2 km from the
dam,
Compute {ree air gravity .
Divide the structure and the surrounding terrain into a very large set of
prismatic blocks B(i) corresponding to the survey points and to all digi-
tized points (i) (one or several blocks/point). For example, the number
of blocks can be 1,000 for 200 measurements (see enclosed figure 56).
Compute the effect E(i,j) of each individual block on each survey point(j)
for a standard density of 1.0 and store on tape.
Add effects of all blocks forming the structure (SS(j)=Z:S(i,j)) and of
all blocks forming the terrain (ST(j) = 2:T(i,j)).
Compute plobal densities og and o7 of structure and of terrain by
regression:

FA(j) = 0g.S85(j) + op ST(j) + ax + by +c¢
Compute first step 'residuals" (diffecrences between measured and computed
values), examine carefully and regroup blocks B(i) accordingly, into a
reduced set of macrostructure blocks BI1(lz), both in the o cure and in

123




- T

measurements
10m

in @ draincge tunnel

‘ micro grovity stations

#” vertical grodient
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[_THEORETICAL EXAMPLE OF GRIDDING ON A ROCK- FILL DAM |

g Figure 56. Theoretical example of gridding on a rock fill dam
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: : the terrain (for example, 30 blocks.

:!\ - 11) Compute cffect EIl(k,j) of blocks Bl(k) on survey points (j) by adding
*‘;i:‘: values computed in (7).

12& 12) Compute densities o;(k) of blocks B1(k) by regression.

4::::: 13) If necessary, readjust by regrouping certain blocks and go to (11).

Qka 14) If necessary, divide important blocks of the structure, particularly in
E, zones where sufficient data are available, into a mesostructure, and run
é& steps similar to (11), (12), (13),

s, : 15) If necessary.(and possible), create a (or several) microstructure(s)

}( and run steps similar to (11), (12), (13) until mean square differences
@

are less than 10 microgals and until residuals show no organized struc- |

ture. The final product obtained is a model giving absolute 3-D densities

-.J::-.

?Q? of the structure and its foundation. We will show in the case history sec-
4&5 tion 710 (example of Dowell-Schlumberger plant) that one of the main advan-
zfq - tages of the regression technique is that it is not necessary to dispose
k’t of gravity data extending largely out of the survey area, as with the |
: other inversion techniques.

vy 147. Measurements during construction. M.L. Hadj-Aissa (1986) described
e a method of embankment monitoring by microgravity measurements, before, during
:ff':i:. and after construction (J. Lakshmanan was a member of the thesis jury). His
"é:: method can be summarized as follows:

ﬁ$: - a first set of measurements is made on the ground surface, before construct-
ion,

"-\\“ - a second sct made at the end of the construction, on the top of the embank-
;3 ment, exactly at the same horizontal coordinates (x,y) as the previous set.
i;x‘ - the gradient between upper and lower measurements is a function of the

‘? density of the embankment, as with the borehole gravity meter, but with only
grq‘ a half coefficient (while the lower readings are made, the embankment does

:' : not vet exist).

A" 148. Taking into account CICI's techniques developed at Cheops pyramid,
9 we have modified Hadj-Aissa's mcthod as follows:

';9; - we consider the free air anomaly and not the Bouguer

xa: - we take into account the vertical gradient before construction (neglected

5:52 by Hladj-Aisgsa).
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;‘"i' Decomposing the dam into a set of prisms (j), whose gravity effect
"y )

E% on measurement points (i) are P(j,i) for a standard density of 1, the 2 free

)

anomalies are related as follows:

') j=n

e FA(top, 1) = FA(bottom,i) + 2 P(j,i).0j + hbottom. 1) (s

al i

:l:: Az is the elevation difference between top and bottom points (i)

}')n, o3 is the (unknown) density of prism j.

o 3TA

"l =7 is the vertical gradient obtained by interpretation of FA (bottom),

::?3:: The above equation 1is linear with respect to unknowns 0j. If the

:,'l\.'_ nurber of mecasurement points (i) is sufficiently large, compared to unknowns
' (n), a mulrivariate regression yields best fit values for dj. '

ey The interpretation of FA (bottom) can be made before construction

::l‘ I of the dam, by various means. Particularly, a separation of the foundation
.:..“ into "k'" blocks of densities D(k) gives a set of j equations with the un-

H ) N knowns. A similar regression yields D(k) and an upward continuation is then
\: casily made, using Newton's lav, and from there %E can be evaluated.

j ) 149.  The vertical gradient can also be computed by a linear filter,
299 such as published by Schoeffler (1975):

b 26 = - =

;'.. 17 = 2,26 glo) = 1.16 g(8) - 0.12 g(s V2) - 0.96 g(s V 5)

i lladj-Aissa has used a similar method on the Al Moustakbal dam in

v Algeria, as well as along several road embankments in bBelgium. Some of these
;"‘ measurements were made at 3 levels (bottom, middle, top).

j}-.' 150. The borchole gravity meter. This tool, which is in fact a remotely
:j::. operated gravity meter, is constructed by Lacoste and Romberg. The surface
f‘ electronics have been strongly improved by EDCON, Denver, Co., who is the sole
:" -{ contractor supplying this service. This tool is primarily used in the oil in-
" dustry for in-situ density measurements. The vertical gradient of "free air"
:“ corrvected gravity i1s directly proportional to the density of a horizontal slab,
"" in the case where other lateral sources of vertical gradient can be neglected.
;-‘;;..'. : I{ readings Rl and R2 are made at two clevations 7Z; and Z,, apparcnt density
:';l,. is given by:

0 .
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The "radius of investigation' is about 50 to 100 meters (Lalchr, 1983).
151. Present applications to civil enginecering have been limited to
nuclear waste disposal sites (Bichara, laurin, Black, LaFehr, 1981 and
Lakshmanan and Kutkan, 1985) in Denmark and in Switzerland. Limitations are
presently related to the required hole diamcter (at least 5 1/2") and cost.
Hoever, one can imagine a development of this tool for the evaluation of

embankment densities, as described in chapter 24.
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PART 3: APPLICATION OF MJCROCRAVITY 7O CROUTING CONTROL
AND OTIIER REPLEAT SURVEYS

152. Cencral. If the ground clevation is not modified by the works, the
differences between measurements made before and after grouting are only due
to the grout. Supposing that the ground is formed of zones of constant
densities, plus an extra zone p+l, whosc density can be modified by the grout,

then before grouting: i=p

c(0) = 2 0ili + o(0,p+1)Ip
i=1

Ii being the influence of the different bodies i on each measurement point,

including terrain corrections, for a density ogg = 1
i=p

After grouting G(1) = 25 oili + o(l,p+1).1Ip
i=1

Change in density will be given by:
o(1,p+1) = 0(0,pr1) = LD
Measurements need to be made very carefully, with stable and non
movable (cemented) station poséitions.,
The following case history was completed with the use of a small
part of the funds made available to CPCF by the present contract. In the case
history section, chapter 78 describes another case, the Nanterre reservoirs,

where measurements were made before and after grouting.

Case history of Varangéville railroad

153. General. The Paris~-Strasbourg railroad has been affected by sink-
holes, near Varangéville (i.orraine) since nearly one hundred years. CPCF has
carried out 4 surveys for SNCF (French railways):

REf. 2220: microgravity survey in June-July 1981
Réf. 2311: microgravity modelling, December 1981
REf. 2364: 4 drill holes with logging while drilling, June-July 1982
Réf. 3038: microgravity survey in December 1986

REf. 3169: 2 drill holes with logging while drilling, August 1987
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;f \ 154, The average geological cross-section (with corresponding depths):
f“‘l - 0Oto2-"m ! made ground and/or red dolomitic clay

,gg? - 2-3to 7-9 m : Beaumont's bedded dolomite

:5{} - 7-9 to 17-19 m : sandstone (sandy clays, siltstone and silty clays)

$hv ~17-19 to over 100 m: gray and red siltstone with pgypsum lenses in the upper
rtr part

gﬁi - Below 60-80 m : salt beds are interstratified.

éﬁ# The age of these formations is triasic. Tt should be noted that the hydro-
%g' geological conditions may be locally modified by the presence of a canal,
f&k which follows the railroad all along the surveyed section. These sink-holes
Y] have diameters reaching 2 to 4 m, and are mapped as black circles on enclosed
:3: Tigure 57, left part), with corresponding dates of movements (example "année
xkz 1956""). Several geotechnical surveys and drilling have shown that the sink~
fdh holes could be related to karstic cavities in Beaumont's dolomite, and also
::ﬁ in gypsum lenses located between depths of 20 and 40 m.

.;3

r i 155. Another cause of the sinl-holes is the old St Nicclas-Varangéville
}. salt mines, located between depths of 100 to 150 m. An old (uncontrolled) map
1}? ° of these mines is produced on figure 57(b), with boundaries shown with dotted
}{ lines. If these boundaries are correct, it would seem that the mines are only
ﬁ related to the sink-holes between kilometer points 365.000 and 365.100. After
?t! the occurence of each of these sink-holes, SNCF has carried out many repairs :
T)’ repairs

a9 - filling

’&, - grouting (1978, 1980 and 1982)

57( - construction of rigid steel platforms ("tablier métallique' on the map).
E%] 156. The purpose of the first gravity survey (1981) was to check the
:ﬁ*: existence and position of remanent voids and to help plan the next grouting
:35’ campaign. It included two lines of microgravity stations (one along each track)
‘Q?h with spacings of 7 or 14 mecters, with a total of 183 stations in a section

.?. 760 m long. It should be noted that for maximum coverage, the stations on

; . track 2 are located at mid point of stations on track !. The second survey

:? : (1982) included 4 drill holes 27.5 m deep, with logging while drilling

a:‘ ("LWD") recording. These drill holes werc equipped with "tubes a manchettes"
% . for subsequent grouting.
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S The third survey (1986) was a repcat microgravity survey. 90 gravity

. stations (mainly along track i) were repeated in order to control the
.gg development of sink-hole phenomena for the last 5 years.
}a. 157. Results, 1981 microgravity survey. The microgravity results are
;?:i plotted as follows:
Qé; - Bouguer values, plotted on figure 57
%’\ - Residual values on the left part of map 58, after subtraction of a
g&r graphical "regional" (it should be noted that this regional leads to
:?ﬁ maximum residuals of -40 microgals, while a higher regional between 364.700
;‘“ and 364,900 would have doubled the residual).
kf’ The survey showed 4 main anomaly zones:
" 2 a) PK 364.400 to 364.550: several narrow anomalies with maximum negatives of
:g& -20 microgals. Modelling sugpests causes at less than 10 m depth. These

Sl\% anomalies seem often related to a first set of sink-holes. Of course,

3}_ previous grouting has strongly reduced the anomalies from their initial
:Q} vaiues (if measurements had been made). It is in this zone that a steel
E - platform had previously been constructed ('"tablier métallique').

f;, b) PX 364 364.580 to 364.720: a set of anomalies attaining -40 microgals are
E;f - strongly correlated with an impressive series of sink-holes and with the
mr second steel platiorm. Maximum depth of causes can range from 0 to 10-20 m.
§kw It could appear that the eastern part of this anomaly has not been grouted
Sﬁf sufficiently, '

TJ c) PK 364,750 to 364.920: é wide anomaly (-40 or -80 microgals, according to
gj? the choice of the regional curve) seems related to the old salt mines. The
;ﬁ? voids may have "moved up" a bit, but are still not at the surface, no sink-
E;Y{ hole having been observed.

; d) PK 365.300 to 365.140: a set of narrow anomalies reaching -20 microgals,
Eﬁéﬁ related to 2 sink-holes. Thesc anomalies probably have superficiel causes.
%@i In December 1981, modelling was made, using extensive drilling data
b& ; (15 drill holes on each ﬁrack, for a length of 80 m) made before 1980,

.. prior to any grouting. The drill holes recached 20 m and a density inter-
35»‘ pretation was made, supposing the following densities:

3: Sound rock : 2.1 gm/cc

il Slightly open rock : 1.95 gm/cc

gas ) Very open f{ractures: 1.75 gm/cc

f ) apparent ''volds" ; 1.30 (water or mud filled)
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:5: 158. The corresponding gravity profile for the south track is shown
o at the top of the "difference” profile, figure 59, with anomalies reaching -100
(57 to =120 microgals around the distance points 360.150 to 360.670. After the
0
sﬁ drilling which leads to this "initial"™ model, about 3,000 cu.m of ccment grout
nd
; » were grouted in this section. The comparison between this theoretical profile
K L]
fﬂ: and the one measured after grouting shows that
|
e

o + the grouted zone probably extends on 2 transverse width of about 50 m

+ grouting is insufficient between 364.59C and 364.640, and that the lack of
-

grout is in the order of 500 cu.m.

R 159. Results, 1982 drill holes.
zté Drill hole F4 is located in a critical part of anomaly (a) defined above.
J:E Drill hole F3 is on the western edge of anomaly zone (a)
b ) Drill holes TFl and F32 are in the main part of the anomaly zone (b).
,._ These holes were drilled with a percussion up-hole hammer, with water flushing.
,?{ Pressure on the tool ;as maintained constant and the following parameters were
Eﬁ recorded during drilling (with a Lutz recorder) .
%

- instantaneous rate of drilling (in meters/hour)

-~ reflected percussion, as measured by an accelerometer fixed to the up-hole

\-
: d hammer.
)

160, After completion of drilling, a gamma ray was run. The Lutz para-
& meters can generally be interpreted as follows:
{" Voids, open fractures, loose fill: high drilling rate (often over 500 m/h)
;33 Clay filled fracturcs: high drilling rate, low reflected percussion
3 Slightly fractured or weathered rock: medium drilling rate (50-100 m/h),
'y variable reflected percussion
y’. Hard rock: low dJdrilling rate (10-20 m/h), ﬁiﬂh reflected percussion
':i As an example, log of drill hole Fl is supplied (Figure 59(c)). The
y;: interpreted cross-section follows
_s: Oto 3.2 m : fill (drilling rate is not sipgnificant, as a 94 mm
o casing was first installed, before pursuing with a
;ﬁi 64 mm tool)
.::: 3.2 to 8.0 m : weathered dolomite, with a very loose zone at the
'tf base. The gamma ray clearly shows the upper and

lower limits of the dolomite

6‘?. “
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Yot
‘% 8.0 to 20.0 m : clayey sand or siltstone
‘éﬁ: After 20.0 (up to 26.0 m): hard siltstone or sandstone (without clay after
[}
! 22 m)
_—
;::\:: The 4 drill holes found various loose zones, but not real voids. The
"0
:::"' probability of sink-holes can be appreciated by examining the cumulative
4 1
0:: ticknesses of zones where drilling rate excceds 100 m/hour
il
) Table 19 : Varangéville railroad: 1982 drilling results
A XY
;:0:'.‘1 Drill hole Total thickness Gravity anomaly
;':t:| (microgals)
ol
|'.0
e} Fé& 7.4 m between O and 7.6 7.8 m -32
(
L 0.4 m " 22.3 and 22.7
)
‘:"‘l'
g F3 4.5m " 0and5
::.l: 1" . 6
....:. 1.0 m 6 and 10.5 7.8 m -
Lt
L 2.3m " 13.8 and 26.7
®
’Q F1 3.6m " 0 and 4
:3":' 0.6m " 7.2 and 7.6 4.9 m -35
‘el
s 0.9m "  10.3 and 17
N
vt F2 3.5 m " 0 and 5.0 3.5 m ~44
: "
B
l. I3 3
;:.‘ 161. The depths at which these loose zones were found confirm micro-
N
Wit gravity modelling, with loose zones mainly in the first 10 meters. However,
;').' no clear correlation is seen between the values of the gravity anomalies and
‘," »
::‘:l the drilling results. We know from experience (see Civaux nuclear power plant
.,
:'.‘: in case history section) that in karstic zones, good correlation is obtained
::'l between microgravity and drilling results only when at least 15-20 drill holes
® are available. Following this drilling campaign, limited grouting (in the
x,:,\; order of a hundred cu.m) was made at the end of 1982, using these holes.
.;§.':1
[
TRCR :
Oy 162. Results, 1986 microgravity survey and comparison between the two !
Ty surveys. This repeat survey confirms the general results of the first survey. ‘
:: . On the lower part of figures 59(a) and (b), a residual map is plotted. The
: same regional was used as for the first survey. The three anomaly zones (a),
of
',g (b) and (c) are clearly seen (zone (d) was not resurveyed). The comparison
.-., between  the two  microgravity surveys is shown
W
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on figures 59(a) and 59(b) (specially prepared for this report). In the
upper part of the figure, the Bouguer anomalies along both tracks for the
1981 survey are shown, overlaying the measurements made in 1986. The repeat
profiles are very similar (even for certain small details, such as the small
negative peak at 364.540 on the north track). The lower part of the figure
shows the substratum between the two surveys (1986 minus 1981). Over the raw
difference curves, we have plotted a smoothed difference curve.

163. Along the north track, several zones show out (note: "increase'
means ''values becoming more positive" ; "decrease' means ''values becoming
more negative').

1) 364.400 to 364.425: increase of about 10 microgals (this zone has been
grouted through hole I'4 at the end of 1982)

2) 364.435 to 364.475 | these two parts of anomaly zone (a) seem to have
decreased by 10 to 20 microgals, by reduction of

3) 364.500 to 364.525 | previous positive zones

4) 364,535 to 264.640: variable increase, averaging 10 microgals (this zone
has been grouted at the end of 1982, through holes Fl,
F2 and F3)

5) 364.650 to 364.675: decrease of nearly 10 microgals by extension towards
the east of the main part of negative anomaly (b)

6) 364.685 to 364.720: increase of 10 microgals

7) 364.790 to 364.875: decrease of deep negative anomaly (c) by 10 to 30
microgals, suggesting that the cause of this anomaly
is "moving up"

164. Along the south track, the repeat survey was shorter. However,
the following features are confirmed:

+ 364.575 to 364.610: "positive" zone (4) seen along the north track is
confirmed, with an increase of about 20 to 30 microgals
(grout through Fl)

+ 364.625 to 364.660: confirmation of decrease in zone (5) (-15 microgals)

+ 364.660 to 364.700: confirmation of increase in zone (6) (+10 to +15 micro-
gals).

165. Detailed modelling of two incomplete lines is not easy. llowever,
from the subtracted profiles, it is possible to infer approximate maximum

depths at which changes have occurred. For abtove mentioned positive zone (1)
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L
Koy
i
.::l.' along the north tracks, depths would be less than 5-10 m (smoothed curves).
‘ .
':‘ Note that the grouting in hole F4 was made for the top 10 meters. For the
{ negative zones (2), (3) and (5), depths of density reduction are also less
.
:'::.:: than 5-10 m. For positive zone (4), as clearly seen on the south tracks,
:.'. depth is less than 10 m. In fact, grouting was made at Fl, for the top 10 m,
;:::,: as for drill holes F3 and F2 on the north tracks. The small positive zone (6)
o PRT
:)'s is diflicult to explai., unlecs onc supposes that the effect of grouting in
.'a‘ 1982 extended to (6) through (5), and that after 1982, a sink-hole sector has
+ e
:ﬁ ’ developed in (5), separating positive zones (4) and (6). For the major nega-
‘atin tive increase (zone (7) along the north track), the difference profile
L] A
( ' suggests a cause about 20 m deep, while the 1986 profile suggests a depth of
;|I approximately 25 m for the total anomaly.
ity
¥ 'S'{ 166. Results, 1987 drill hole survey. Two new drill holes have just
:: vy been drilled up to 30-31 meters (F5 and,F6, locations on lower part of map
® 3038-02). These two holes found soft zones (drilling rate over 100 m/h) at the
o following depths.
,\}: Table 20 : Varangéville railroad: 1987 drilling results
s
~ . Drill hole Total thickness Gravity anomaly
[4 -
A
L F5 8.2 m between 0 to 8.2 m 8.2
K}
! 1.7 m " 9.5 and 11.5
1
i 0.8 m " 13.2 and 14.5 12.2 -80 ugals
! 81
“"')" 1.5m "  16.4 and 17.8 | 4.0 (1981)
Wad 0.3 m " 18.9 and 19.4
A 0.2 m " 20.5 and 21.7
D ¢
B \
"] Fb 5.8 m " 0 to 5.8 5.8
® 0.7 m " 8.0 and 9.5 13.3 -60 ugals
N e " (1981)
‘. :' 6.4 m 12.4 and 18.7 7.5 -80 pgals
NN Obm " 20.5 and 21.6 (1986)
EaL s’
'y
® The thicknesses of loose zones are much greater than for drill holes Fl to
:3‘ F4 , which is compatible with the gravity anomalies
]
v
:';-;‘1(" Total loose thickness Gravity anomaly
Ar
[
‘-' Average Fl to T4 6.0 m -29 (1981)
4 ‘ Average F5-F6 12.75 m -80 (1987)
A 5
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K)
Q"
;‘:'.
Qa The depth of occurrence of density anomalies (7.1) and (7.2) as modelled :
!
ﬁﬁ - 20-25 m, compares well with the deeper zones found in the drill holes
{rq (particularly at F6). These loose zones (7.1 and 7.2) are located in the
i
g{ "grés a roseaux' sandstone layer, between 8 and 21 m, while the underlying
4
s‘. silstones seem compact.
ﬁﬂ 167. Conclusions on the Varangéville surveys. The two microgravity
‘;2 surveys show that, despite several seriés of grouting campaigns, several
i‘. g
:44 zones (where sink-holes have already occurred) still show negative anomalies.
DU
:Sf These negative anomalies have '"decreased" by 20 to 40 7 during the past five
Ay
:&t years while limited grouting shows up by a positive "increase'. Extra grouting
{ in limited zones could be planned with the help of microgravity results.
o In the western part of the survey, the anomalies are located in the top 10
'*; .meters (fill and '"Beaumont' dolomite). In zone C (anomalies 7.1 and 7.2),
by .
;: where a wide negative anomaly seems related to old salt mines, the negative
® amplitude has been accentuated by up to 30 microgals (probably over 30 7 of
Eaﬁ 1981 value). Causes are mainly located between 8 and 20. m depths. However,
Qp' . . . ‘o
v*g no sink-holes have yet been observed in this east section.
. ) 3
&% It has been suggested to SNCF (French railways) that the section
. s .
;\‘ . between 364.750 and 364.900 be carefully monitored, and that in addition, a
;§$ third repeat survey be made in 1988.
B ‘ .
4$' 168. These surveys show the possibility of using repeat microgravity
"
f: surveys to monitor active changes in sink-hole areas, as well as the effect
By %

B of grouting, and can be used to complete other monitoring techniques. such as

surveying and stress measurements.

Other repeat surveys

G

‘; ' 169. Apart from the above described Varangéville

..

® case, which includes zones where repeat mecasurements controlled grouting and
Y

Aﬂ5 others where they show development of sink-holes in gypsum, CPGF has conducted
Ay

:i’ several repeat microgravity surveys. They all aimed at observing changes in

: z active karsts (particularly in gypsum). We should mention the Echaillon canal
o (in Savoy) where a first profile showed anomalies reaching -800 pgals (our
I’.‘.

$|' record!). A year later, some of the anomalies had rcached -850 ugals.

W,

:sf 170. In another field, the work of Fajklewicz (1983) deserves a

DO

l“! mention. He carried out repeat microgravity surveys in mines, in order to

..

] . predict rock bursts.

Y
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;\" 171.  The extensive repeat surveys carried out by J. Fett (unpublished)

KX in California, in order to predict earth novements related to earthquake

" prediction, should also be mentioned.
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PART 4: COMPARISON OF NICROCRAVITY

WITH OTHER CEOPHYSICAL TECHUNIQUES

Lo

172. Detection of cavities by resistivity and electromagnetic methods.

e will exclude radar, which has alrcacdy been studied extensively for tunnel
detection, for the U.S. orps of Engineers (Ballard, 1983). D.C. resistivity
has often been tried, including at CPGF (Lakshmanan, 1963), because it is an
easy-to-use method. However, its use in urban environments is generally
impossible or very difficult, because of stray currents and of various
conductors such as pipes or cables.

173. In addition, it has been shown (liabberjam, 1969) that the maximum
depth at which a resistive sphere can be detected is very small ; the tcp of
the sphere has to be buried at less than a radius under the surface. In the

case of a Wenner array, with an electrode spacing of "a"

, above an infinitely
resistive sphere of radius R, whose center is at a depth of z meters, the

following ratios of -—DEL will be obtained.
0

Table 21: Effect of resistive sphere

z/R | Optimum a/R Eg%E
1.25 1.04 1.58
1.50 1.20 1.23
1.75 1.28 1.14
2.00 1.36 1.11
2.25 1.38 1.07

174 . Considering that at least a 10 7 change in apparent resistivity
is necessary to obtain confident results, a sphere of 1,7 m radius should be
at an axial depth of less than 3,4 m (corresponding gravity anomaly
-24 ;gals, for a density contrast of -2.0). For a sphere of radius 2.29 m

(volume 50 cu.m), z < 4.6 m ; corresponding gravity anomaly -32 pgals).
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g%' 175. Of course, if we need a 20 % change in resistivity, depth condi-
i%; tions become much more severe. Some tests have been made (Cabillard et al,
1“ 1977), using a combination of down-hole and surface electrodes, depth of
5%; penetration approaches the depth of the hole, but the radius investigated
?’Q around the hole i{s not very large. Inductive (EM or AMT) methods have also
égz been tried, but also have the same type of depth limitation (Gabillard and
.) Dubus, 1977).

5': 176. Detertion of cavities by seismic methods. A test of seismic

5&5 reflection over known, semi-horizontal, underground limestone quarries has
5&1 been made (Frappa et al, 1977) ; the method is operative in certain cases.
i" has occasionally used different seismic methods for locgting large, open,
$$? semi-vertical cracks. Such cracks would give a sharp gravity anomaly, but
;B&ﬁ unfortunately, very narrow and hardly exceeding the width of the crack or the
=$${ fractured zone itself. Seismic refraction, with profiles perpendicular to the
: cracks, can be used. In order to ensure a regular 3-D coverage, a specific
'ﬁﬁ technique, the SISMOBLOC-CPGF, has Been developed. The SISMOBLOC-CPGF

;'ac (P. Lechat et al, 1971) includes :

{ , - a regular grid of geophunes

$§¢ - two fixed shotpoints, as shown in the following sketch,

f_ﬁ:?",'r‘

ke S
Wad
——
iy
" ¢ P
i
3 Figure 60. Schematic "SISMOBLOC CPGF"
s
n
A 177. The two fixed shotpoints can be located at the bottom of drill
5y
! Eﬁ holes. Other small shotpoints can be distributed at different points of the
] grid. Processing of the OS and PS times first separates vertical and horizon-
3
.:f{ tal times, yielding:
j $~
Mo - a delay map
AN
p5e - a "bedrock" velocity map
\f& 1
) Introducing velocity laws computed from the other shotpoints, dalays can be
:.3 transformed into depths to one or two refractors.
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178. Case history - Corbeil 1les Tarterets. At Corbeil, near Paris,

for a high-rise building project, a specific 3-D refraction technique, the
"SISMOBLOC-CPGF" was used to locate large vertical cracks in tertiary lime-
stone along the slopes of the Seine valley. These cracks are parallel to the
valley, are about 0.5 to 1 m wide and are partly filled with clay. The
corresponding gravity anomaly being small and particularly narrow, seismic
refraction was successfully tested. In this case, the layout was selected so
that raypaths had to cross the cracks.

179. Measurements were made with geophones along a 5 x 5 m grid, set
out on the weathered bedrock, after overburden had been removed. The enclosed
maps show:

- delay times (subvertical)

- bedrock velocity (subhorizontal)

The most significant correlation between seismic results and geotechnical pro-
perties (measured by drilling rate and by pressiometer tests in about 20 drill
holes) is seen with the bedrock velocity where the rays have to cross the
cracked zones. It appears, in the case of this tertiary limestone, that rock

quality was sufficient for shallow foundations when the seismic velocity

- exceeded 1,600-1,700 m/s. Zones where velocities were less that this limit

(particularly towers T2 and T3) had to be grouted. The east-west fractured
zones show out well on the velocity map. The higher delay times have a certain
relaticnship with the low bedrock velocity (except for tower T4). With an
average overburden velocity close to 1,000 m/s, the delay times are similar to

the depth in meters of the seismic '"bedrock" (less factured limestone).

Grout control by other geophysical methods.

180. Resistivity methods. During a Ministry of Industry funded project

in 1983, CPGF tested the use of resistivity methods before and after grouting
(CPGF, 1983), making the measurements inside the grouting drill holes equipped
with the usual "tubes 3 manchettes'(1). Various combinations of electrodes

were used. The best {(or at least the least bad!) was achieved with the follo-

wing layout

(1) The French expression is used all over Europe. It defines the rubber

sleeved tubes used for grouting under pressure between packers.
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Figure 63. Resistivity between drill holes

A and B are the current electrodes (B is at a semi "inf{inite" distance, and
is fixed),
M and ¥ are the potential electrodes,

A, M, YN, are simultaneously moved down three holes with 2-3 meter horizontal

’
spacing. Significant changes of apparent resistivity were observed, with

an Iincrease with cement grout, and a decrecase with silicate grout.

181. Seismic tomography. Very interesting results have been recently

achieved by CPCF during repeat measurements made for the city of Bordeaux,
along the future large Cauderan-Naujac waste water collector. The following
is an abstract of a paper to be read shortly at a symposium in Bordeaux
(Erling, Bertrand and Kutkan, 1987). ln annexure 3, we supply a preprint of

a general paper on seismic tomography to be read shortly at Denver (Bertrand,
Herring, lLakshmanan and Sanchez, !987) which summarizes the methods used at

CPCE for acquisition and processing of curved ray seismic tomography, and

sives a set of examples ranging from Busanga dam (Zaire, 1970) to Turkwel dam
(Xenya, 1987) in various applications to foundation assessment,
182, Case history - Cauderan-Naujac tunnel. Along the Cauderan-Naujac
waste water tunnel under construction at lordeaux, a section crosses a zone
e of karstic limestone, where grouting prior to tunnelling is partly necessary.
:{ A set of seismic tomographies was made, some of which were repeated after
., grouting. The tomographies were made with a mini-Sheargun (42 mm) which could
.
ﬂﬁ use the grouting holes directly, and with a mini-Sismopressiometre. Comparison
-, . .
bﬂ between the Lwo tomographies of of figure H4 shows that between 8 and 9 m
f‘
A . .
g (which is the grouted section), velocities are generally increased {rom
,900-2,100 m/s to 2,000-2,400 m/s. A limitced zone near drill hole 138
-
h":‘ 149
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ri (at 83 m) may however have been fractured and not completely grouted. Its velo-
h‘ city drops from 1,710 to 1,120 m/s.
g _ 183. Another seismic technique was also used at the same site. We
:ri compared the shape of the signals received before and after grouting (see
A0 left of figurc 65). The high frequency content is increcased as shown by the
igf centre figures, which show the amplitude spectra. The 0-200 lz encrgy (S-wave)
v does not change, but an appreciably strong cnergy in the 400-800 llz appears
;E; (P-wave). We also divided the spectrum after grouting by the spectrum before
:" grouting (see right figure), which shows racios of about 2 for frequencies
ﬁ‘ above 400 Hz (instead of 1 below 400 "z). Uhen similar processing was made at
( depths of 12 m outs.de the grouted zonc, no frequency changes were observed.
ig? It should be noted that frequency comparison should preferably be made between
E:E 3 holes in line (one transmitter, 2 receivers), to eliminate the effect of
i;: changes close to the transmitter hole. This has already been done, particularly
® cn the Paris express metro test site (CPCF, 1983).
- Down-hole logging.
n::
"{ 184. logging while drilling. After detecting by geophysical methods
(; - anomalies duc to caves or other mass deficits, it is necessary to control
‘S evaluation by drilling. Our experience, and that of several main French
‘;b clients, is that coring is not a satisfactory method: it is expensive and
'é‘ mainlv, when the anomalies are not due to open cavities , but to fractured
j) zones, filled cavities or caved-in cavities, core recovery is very poor and
:,) correct interpretation is difficult. Static or dynamic penetrcmeter tests (or
:; $.P.T.) can be used in certain cases, but are soon blocked by rock.
"d 185. Twenty vears ago, in the Paris district, underground quarry evalu-
L ation was often made by fast destructive drilling (with an up-hole hammer)
’jg and measuring drilling rate on each section of 25 cm, with a chronometer.
.j: This primitive technique has been supcrseded (for the last 10 years) by log-
L ging Fhile Drilling (L.W.D.) or Measurement While Drilling (M.W.D.). These

petrolecum techniques have been adapted to the public works and construction

®
@*
&N

‘53 Soltetanche (the I'mpasol system). Examples of applications by CPGF have been

v ‘ - :

bﬁ published by T'rling, Lakshmanan, Rougd, 199 and by Lakshmanan, 1983, while
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rmarket by tvo main rench manufacturers: Lutz S.A. (the Tutz recorders) and

the manufacturer's points of vicw were given by Lutz (1978) and Richez (1981).
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Cauderan-Naujac tunnel-Comparison of signals

and amplitude spectra,

Figure 65.
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186. The main parameters measurced are:

- drilling rate

- reflected percussion (a Lutz specialty)

- pressurc on the tool (this should be kept as constant as possible by the
driller

- water pressure (when the hole is water-[{lushed)

- torque (in rotary drilling).

187, These techniques are now really standard practice in TFrance.
Flectricité de France, the French State Power Board, when investigating
nuclear power plant foundations, generally drills 10 destructive holes, for
one cored hole. The French railways's (SKCF) position is described by Erling
and Roques (1983). The official recommendations for building design are
mentioned further on chapter 195. Another opinion on the subject was expressed
in a paper entitled '""New Reconnaissance Techniques', written By a working
group of the French National Committee on lLarge Dams,

chaired by the author
of this report (1982).

188, Fxamples of records are given in the case history section, as well
as in the Fnglish summaries of papers written in French (references section).

Interpretation of L.W.D. is based on the f{ollowing criteria

Table 22 : Logging while drilling interpretation

Percussion drilling Drilling rate Percussion rate
Voids »500 to 1,000 m/h very high
Very fractured zones,
filled quarries, 200 to 500 m/h high
Collapsed underground quarries
Clay filled fractures or karsts 100 to 500 m/h low
Fractured zones 50 to 200 m/h medium
Hard rock 10 to 20 m/h high
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ﬁt Rotary drilling

éﬁ; NDrilling rate Water pressure
. Voids Very high low to nil
5;, Very fractured zones,

?%' filled quarries, high low

ba Collapsed underground quarries

;.A Clay filled fractures or karsts high high

': Fractured zones medium med ium

e& Hard rock low medium to high

Interpretation is completed by observation of cuttings and, occasionally, by

the use of gamma ray logging.

5
:S 189. Correlation between gravity interpretation and L.W.D. results
§¢ is shown on figure 66, which comes from the Civaux nuclear plant survey.
[ Ordinates are the relative densities Ao computed by 3-D gravity inversion.
T Abscissas are the cumulated thicknesses of zones where drilling rate exceeds
153 100 m/h. General regression gives a density deficit of 0.036 gm/cc in these
;ﬁ zones. llouever, regression on the points marked by crosses (except 2 of them)
'5~ ~ which corresponds to a particular zone, gives a density contrast of
;ﬁ; -0.21 gm/cc.
Ea 190. Conventional logping. When drilling through voids, fractured
f& zones, etc ..., it is often difficult to keep the hole open, for subsequent
#‘ logeing. Therefore, these techniques have not become popular in France.
Si + Resistivity and spontaneous potential: are seldom used, for the above
fﬂ' mentioned reason; also, the holes are not often water filled.
:*‘ + Gamma-ray: is more often used as a geological mapper, as the usual 1" tools
0 can be used in the smallest PVC casing. For example, in chapter 32, describ-
‘ ing the important Varangéville case history, drill hole Fl log is supplied.
x" The geological limits between delomite (lower activity) and clay (higher
:34 camma activity, due to the isotope K-40) show out quite well.
! + Camma-gamma: CPCF and other searchers such as the L.C.P.C. (Central Public
g;{ t'orks Laboratory) had placed great hopes in the method, which evaluates

. down-hole densities, for controlling microgravity surveys. However, it is
$§ dangerous to put this tool down an uncased hole in fractured, unstable

- formations. Along the new 'Paris-Atlantique' TGV fast railroad, CPGI recent-
W ' ly had the L.C.P.C. carry out a test in PVC cased holes (cavity location in
\\ 154
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:ﬂa' chalk). The sonde has 2 receivers and processing can eliminate the effect of
L%
¥ . . . . Y
:ﬁﬁ variations of hole diameter, but only to a certain extent (Bru et al, 1983 and
a
{ . Vashkowski, 1983). During this test, it appeaved that densities were only com-
"'.
:q% puted validly in the sound rock scctions, while in the fractured zones, the
L
’32. "hole effect" could not be corrected, duve to oversize hole diameter. The en-
v Q.‘ .
‘5 closed figure 67 shows:
:“) - to the left: natural gamma log (clay deviates to the right)
[N . . . . . .
ﬁ. - in the middle: vy log, full line = far receiver, stippled line = close
()
fN receiver ; the interpreted densities (yh) are the figures between the y and
Aoy p ( g
oW
é" the yv ray logs (varying between 2.0 and 2.4 gm/cc).
( - to the right: neutron-neutron log with 2 receivers ; between the yy and the
Ot
iy': NN logs are the interpreted water content values (VV) which vary from 15 to
‘:‘:z. ) 55 7.
?f: + Nown-holc scismic logging: Point by point, down-hole seismic measurements
® are used in France for public works investigation, mainly for the evalu-
Vi
!,d ation of fracturing in major rock foundations (or stability of large cuts),
oY but not really for cavity investigation. Continuous sonic logging is gene-~
uey 3 y g gging £
;¢“{ rally excluded, as it nceds mud filled holes.
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PART 5: COMPARISON O FRENCIH CURRENT PRACTICE WITH

CAVITY DETECTION TN THE REST O THE WORLD

Current French practice.

191. General. In part 1, para. 1 (historical baclground), we men-
tioned that "microgravity" had first been started in France, having been pro-
moted by the author of this report at CPCIP and by the late Robert Neumann at
CCG.

192. A certain number of official documents confirm that microgravity
has become common practice in many areas in France, and is officially recom-
mended for locating cavities. Of course, it should be noted that France
includes many limestone, chalk and gypsum areas, with extensive underground
quarrying since the Middle Ages. Therefore, a large number of man-made voids
are to be added here to karstic cavities, as they may exist in other parts of

the world.

193, When an owner (whether private or public) wants to build a house

or a building, he (or his architect) has to apply for a "construction permit"

‘to the Ministry of Equipment and Housing. This Ministry can ask for proof that

the site can offer sound foundation. Particularly, in certain areas subject

to a risk of undererouand auarries, the applicant has to comply with the speci~

fications set by the "Quarry Service" of the city or the 'département"

(France is geographically divided into 95 "départements"). A certain number

of exposed cities (Paris, Caen) or "départements' (Nord, Yvelines, Maine et

Loire, Gironde, etc ...) have such services. The specifications will include

the need for a geotechnical survey and could state, for example:

- counstruction permit refused, project located over dangerous cavity,

- permit authorized, only if suitable soil improvement or special foundations
be made,

- construction close to a dangerous zone, cavity limits not accurately known,

proof{ of sound foundation to be made, by at least:

{
9

drill holes for a small house
- 2 to 4 drill holes + microgravity survey for a larger
construction.

194, In addition to these formalitics, the owner (except when he builds
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for his own use) and the contractors have to contract an insurance policy.

French insurance companies use the services of "Sociétés de contrdle"

(certifying agencies) who give them technical assistance, and in particular

for the control of foundations. Once the official demand for a geotechnical

report concerning underground quarries has been made, the owner calls in a

qualified soil mechanics or geophysical company. The geophysical company is

quite often a subcontractor to a soil mechanics company. Quite often however,

the architect, the contractor, the municipality and the "Société de contrdle"

can be quite influential in making decisions as to the use of geophysical

investigation, as opposed to drilling alenc.

195,  Official French recommendations (buildings). As seen above, geo-

physical investigation for buildings, and particularly for the location of

voids, is never compulsory. Two official "recommendations' are however used

as guidelines.

a) '"Ttude glotechnique et reconnaissance des sols'", written by a group of

b)

eminent soil mechanics engineers, published by the ''Presses de 1'Ecole
Nationale des Ponts et Chaussées', TFebruary 1983. The chapter concerning
geophysical methods describes the uses and limitations of resistivity,
gravicy and selsmic refraction surveys. Only gravity is recommended for
"locating lateral changes in the structure of the sub-soil, when they are
related to strong and localized changes in demsity (underground caves,
trenches, tunnels, bomb craters filled with loose material’.

"Recommandations sur le traitement des cavités souterraines et notamment

des carrilres’ (quarries), Annales, [.T.B.T.P., n® 370, March 1979. This
report, written by a group of soil mechanics engineers, geologists and
seophysicists, describes the types of cavities found in France, the recom-
mendable survey methods, and the methods of soil improvement.

Microgravity is reported as the most suitable method with, in
certain cases, seismic reflection or refraction. When depth of cavities is
less than 4 m, resistivity methods can be used. When the area to be sur-
veved is large, resistivity or seismic methods can be advised on the basis
of reduced cost. Vhen the area is inside city limits, gravity is generally
the only valid method. The following grids are advised:

- general survey, larpe caves : 20 x 20 m

localized survey, large caves : 7 x 7 or 15 x 15 m

localized survey, small caves : 2 x 2 to




P

ATE AL

AR TN
2 s

3

T T

Some geophysical methods, using drill holes, are also mentioned (cross-hole
scismics, hole-to-surface resistivity or scismic measurements).

196. Place of geophysics in France (buildings). Taking into account
the above mentioned official "recommendations', we have noted that actual
practice variecs {rom one region to another. In the main carbonate and gypsum
zones of the Paris basin and in the north of [France, microgravity is quite
regularly used, compared to all other geophysical methods which appear very
rarely in the field of cavity detection. Tn the southern part of France, it is
not yet so general. However, for small buildings or houses, owners often limit
themselves to one or two drill holes (often destructive holes, drilled with

an up-hole hammer drill, and more and more, with logging while drilling).

197. Case of public works. No rules or recommendations govern the need

for geotechinical or geophysical investigation, except for road construction,
where the Ministére de 1l'Equipement has published the following recommend-
ations: 'Recommandations pour la reconnaissance géologique et glotechnique

des tracés d'autoroute', Ministére de 1'Equipement, Laboratoire Central des
s quip

Ponts et Chaussées, February 1967. The geophysical methods mentioned for

- road surveys are

- resistivity

- seismic refraction

- microgravity, which is recommended for
the detection of underground caves

198. Station spacing of 5 m is recommended. A rule-of-thumb limitation
of the microgravity method: h < 2d, where h is the thickness of formations
above the cave, and d the diameter of the cave, is mentioned in these recom-
mendations.

199.  The French railways (SNCF), who presently have an ambitious
program of new, very fast railroads (TGV) construction, have unofficially
expressed their policy in the field of void detection in the paper by Erling
and Roques (1983). The part of this paper concerning geophysical investigation
can be summarized as follows:

- resistivity cannot be used on existing railroads, due to stray currents,
- seismic methods are only applicable in certain cases ; seismic tomography
can study detailed zones,

- well logging Ls only used in certain cases.
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The main methods recommended by the authors are

- microgravity, with grids ranging from 3 to 10 m, and special processing to
compute density maps,

- destructive drilling, with "logging while drilling” (L.W.D.) ; the drill
holes are often equipped with "tubes d manchettes" for subsequent grouting.

200. Ancther major promotor of public works, Electricité de France

(FhF, the French state power board), has often ordered microgravity surveys,

mainly for several nuclear power plants, such as Civaux (see references

section of this report). In addition, this organization sponsorized the

microgravity survey of the pyramid of Cheops (Montlugon and Lakshmanan, 1987).

201. Conclusions on void detection in France. As outlined above, geo-

phvsics and particularly microgravity, has become regular practice in many
sections of French building construction and public works. However, despite
general "recommendations', no geophysical investigation can be made compul-
soryv. From one region to another, and {rom one client to another, the relative
quantities of microgravity surveys, as opposed to drilling, can vary very
considerably. On the whole, the number of microgravity stations measured
annually in France is in the order of 10,000. At least four organizations
(three geophysical contractors, one public) offer professional microgravity
services.

Available information on the rest of the world

202. Rest of the world, excluding the United States. This chapter is

not an exhaustive enquiry on the state of the art of microgravity in the rest
of the world, but summarizes the impressions and experience of CPGlI''s engi-
neers.

203. 1o our knowledge, South Africa is apparently the only country
where microgravity is standard practice. It is used (and asked for by local
authorities) for systematic mapping of dolomite karts around Johannesburg,
prior to housing development projects. At least twu professional companies
offer microgravity services in R.S.A.

204, In Belgium, quite a lot of cavity problems have been studied by
microgravity (by French companies or by the University of Liége):

- small tertiary sandstone quarries (along Brussels-Paris motorway for example)

carboniferous limestone karsts

- karsts in chalk (example F.N. arms plant at litge)

mine shafts (near Tournai)
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underground chalk quarries (near Mons), Ue are not awvare of any official

position on microgravity in that country. Tt is rather when the constructor is
in front of serious foundation problems that he thinks about geophysics in

order to save part of the necessary drilling costs.

205. In West Germany, despite the existence of many sink-holes (see:
Svmposium of the International Society of Rock Mechanics, Hannover, 1971, on
the theme of dissolution cavities), often related to salt, microgravity does
not seem very popular.

206, In the lUnited Kingdom, the geological conditions are very similar
to France in the southern half of the country, but microgravity is not known
to be popular.

207 . CPCF has promoted microgravity and made surveys in the l!liddle
Last and the l'ar Last, where a variety of cavities exist:

- caverns in gypsum and limestone (Saudi Arabia)

- low density zones in volcanics {(Abu Dhabi)

- karstic pinnacles and caverns under sand and silt cover (Malaysia)

old filled sand quarries (Singapore)
The local anthorities were not aware of microgravity and used only drilling

or , in Saudi Arabia, cross-hole seismics.

208, In some other countries, CPCF has carried out microgravity surveys
but on the advice (or on behalf) of French clients. Ve were not in a position
to cvaluate the in-country regulations, if any, concerning cavity detection.
Among these countries, we can mention: ‘
Portugal: clay filled karst (for a cement plant)

Spain: open karsts (for a cement plant)
Argentina: gypsum karsts (for a dam under construction)
‘'ew Caledonia: coral limestone karsts (for an airport)

209. Status of cavity detection in the U.S. (as seen {rom France).

The comprehensive Corps of Fngineers report (lngineering lManual, 1979)
considers the main surface geophysical methods for engineering surveys to be
recistivity methods and seismic methods. Microgravity is mentioned as a pos-
sible method for cavity detection, but with "relatively low sensitivity".
Since this report, progress has been made in many fields.

210, It appears, seen from l'rance, that a lot of work is done in the

I'.%. by ground peretrating radar (Ballard, 1983, Denson and Yuhr, 1987, Fisk
162
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et al, 1937), but radar is excluded from the present report. In addition,
it seems toe have a very limited depth of investipation under temperate cli-
mates, where superficial soil is very conductive.

211, Ouite a lot of work seems to have been done in the fiecld of seis-
mic reflection (Steeples and Miller, 1987) and in cross-hole seismics (Fisk
et al, 1937). It is surprising to note that, while the only gravity meters
in the microgal range are of U.S. construction (lLacoste and Romberg, model D),
micregravity surveys secem to be far from standard practice. In the U.S,, the
use of microgravity for the survey of a nuclear power plant site has been
reported by Arzi (1975), while Butler is a tireless pioneer (1980, 1984).
Vertical gravity gradient measurements have bheen reported by Butler (1984)
and by Smith and Smith (1987). The recent scminar on karst hydrogeology, held
at Orlando, Florida, in February 1987, has shown that sink-holes - some of
incredible extent - are very frequent in many states of the southern third

of the United States.
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Roselend tunnel

St Dalmas de Tende tunnel gypsun

Fchaillon canal

Oraison canal . . .
low density lenses in quaternary alluvium

Curbans canal

216. The French railwavs (SNCF), after a catastrophic failure at

Vierzy in the sixties, has had CPCF survey several tunnels, to detect low

density zones:

Meudon tunnel (near Paris)

Blaisy Bas tunnel along the main Paris-lyons railroad

-

Beaucaire tunnel (near Nimes, south of France)

Blaisv Bas survey is described in the case history section.
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PART_6: EVALUATION OF THE APPLICATION OF MICROGRAVITY TO THE

MONTTORING OF THE FOUNDATIONS OF EXISTING STRUCTURES

212. A certain proportion of geophysical surveys carried out by CPCF
concern the foundations of existing structuires. The problem arises particu-
larly in three cases:

- fissures and cracks in existing buildings due to differential settling of
the foundation, particularly in the case of cavities and of evolutive sink-
holes,

- movements and disorders in existing tunnels or embankments,

- modification of the superstructure, for example, the reconstruction or the
heightening of an earth or rock fill dam.

213. There is no major difference in the design of a gravity survey of
the foundation of existing structure and that of a future structure, except
that one has to take into account:

- limitations of access

- severe corrections due to buildings, cellars, etc ...

’

214,  CPGF has done several surveys in the northern part of Paris city,

2;“ and in the northern suburbs, which can be considered as typical examples of
\;3 this tvpe of problem (see case history section, Porte Pouchet). Gypsum
! :: lenses are found at depths of 35 to 50 m, interbedded with Lutetian (tertiary
f}h marls). Pumping for industrial purposes of the sulfate saturated aquifer
:}:: located in this stratum has activated the dissolution of gypsum and maybe
.;;: 500,000 tons of gypsum have been dissolved for the past 50 years. A house

l;f: disappeared in a sink-hole at Sevran in 1963 (Kutkan and Lakshmanan, 1969).
° ' Since then, other minor or major sink-holes (up to 10,000 cu.m just under
' $g the tracks of Gare du MNord railway station) have occurred, despite the reduc-
,:3 tion of pumping.
':: 215. The problem of stability of tunnels can also be considered to be
0‘:u related to the same theme. Several hydroelectric tunnels cross dipping trias-
‘ES sic gvpsum layers in the Alps. Initally, small leakage creates fissures in
’:: the concrete lining, and the leakage then accelerates. Such surveys have been
‘ib made, on behalfl of Electricité de Fraunce (I'rench state power board). \le can
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PART 7: CASE HISTORY SECTION

The following 72 case histories have been selected among the
scveral hundred surveys made by CPGI. (P, relers to paragraphs - C to case
Historyv numbers).

! CASE
TARCET LOCATTON CONSTRUCTION HISTORY
[N
I'nderground Varanglville (lorraine) {Fxisting SHCE Paris- o153
quarries Strasbourg railroad to 167
. Joinville-le-Pont Lxisting aqueduct C. 3
(near Paris) (underground survey)
Lille 6 storey residential C. 15
building project
Mine works St Etienne Dowell-Schlumberger €. 10
factory, location of
cavities for disposal
of excess grout
Charleroi (Belgium) Office building vLo3e
project over old
coal mines
Man made cavities Sailly-lez-Cambrai llousing development C. 12
project (location of
World War 1 tunnel)
Cheops pyramid - Location of unknown Y. 140
(Tgypt) chambers to 1453
- Analysis of
pyramids structure
Rarstic cavities | . Corbeil-les-Tarterets |High rise building P. 173
(limestone) (near Paris) (STSMOBLOC-CPGF) for to 170
location of vertical
cracks
Licendo (near Laredo, Cement plant project C. 13
Spain
Neuchatel-en~Dray Access to channel C. 7
(Mormandy) tunnel roadway project
Arrou (Touraine) SNCI* fast railroad P. 190
bridge project (TGV
Atlantique)
Fosse Goucy Existing highway e
(Normandy)
St Germain-cn-laye Finance Ministry building®. 17
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45 F4 TARGE’ I.LOCATION CONST TION CASL
&q ARGET .0C CJONSTRUCTION H1STORY
& x°
{
o Harstic cavities . Palais des Oliviers High rise building C. 6
.’ (limestone) (Monte Carlo) project
2. . Cauderan-taujac Vaste water tunnel CPLo 181
: (Bordeaux) project to 183
o ﬁ.
' blarstic cavities . Nanterre (necar PVariy) C.U.B., existing water C. 8
?L (evpsum and salt) reservoirs
wem
:;. Blaisy Bas SNCF railroad existing | C. 5
Y (near Dijon) tunnel (underground
N survey)
f i Varangéville (already mentioned P.o153
K'cy (Lorraine) survey above) to
3 y
.
N Porte Pouchet areca Constructed area + C. 9
" (Paris) roads in a large part
W of N.W. Paris
®
g Jow density zones | . Civaux (S.W. France) Nuclear power plant c. 11
> (low density dolomite
- sand lenscs)
g
i Jebel Dhanna Existing petroleum C. 14
. (Abu Dhabi) tanks (scoria zones in
H volcanic bedrock)
‘|
Q“ Nax Projected. hospital C. 16
"
i
\:~ jefore and after . Varangéville Already mentioned P. 153
ac Prouting surveys (Lorraine) above to 167
:) Cauderan-Naujac Alrecady mentioned P. 181
E}' (Bordeaux) above to 183
L,
Wy Nanterrc (near Paris) Already described C. 8
~ above
-
;! I'mbankment and . Arles viaduct SNCF Lyon-Marseille C. 2
W, structure control railroad
Y ’ /
?: Beautiran-Langon SNCF railroad C. 2
Y (S.4W. France) embankment
N
‘v , .
' . Cheops pyramid (already mentioned . 40
o above). Structural to 145
’j: analysis and density
1 L evaluation
A
i
\ ' For each case history, we describe:
'&d
Dy,
Yol 167
!
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l:'
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@
$
"
K
;b -~ the project (or the existing structurc)
E)
K . .
bﬁ - the geological setting
{ - the purposc of the survey
Y .
N - 1ts contents
0
N - results of the survey
"
‘?: - conclusions (results of drilling, effect on the project, etc ...)
;_ and we attach a set of selected dravings.
a The selection of case histories include:
i*
o Table 23 : Analysis of case histories
i
L Existing Projects
{
)
\ - Foundations of buildings or houses 1 6
)
: - " " industrial plants 2 2
L - " " roads 1 1
o
T " >
+C8 - railroads 1 1
v
3" - Tunnels 2 1
4]
:¥ - Structures: railroad embankments 2 -
{ - : Cheops pyramid ] -
'
) - Underground storage - 1
L]
L]
N\ 10 11
a3
_ Among these 22 cases, 20 werc studied by microgravity (including
e
Ft one with y-y density logging) and two by seismic methods.
3
’
‘k Note: The selected drawings are copies of originals, the written part of the
) —
! drawings is therefore in French. lowever, we have added at the end of
L . , . N . .
e each text, an English title and description of each figure. On certain
¥
{, figures, relevant English captions have been added, so that the fijures
L)
': should now be self-explanatory.
L)
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Qb Case history 1 : Fosse-Soucy highway

'

{" Client : "Direction Départementale de 1'Equipement’ (Department
3

f’ of Public Vorks, Mighways Division)

)

o Sfurvey refercnces: March 1982, CPGF n° 2347

KO

4: Site : lighroad crossing at la Fosse-Soucy in Normandy, France
! Object : Sink-hole mapping after abnormal settlement on the road
A

;{ Definition : Microgravity survey complemented with destructive drilling
) . . S17 s

1 using L.W.D. (logging while drilling)

\'

[

)

{ Geological sctting

Outcropping mid-jurassic limestone locally subject to intensive fracturing.

wPull ol 4

Surface run-off disappears at some fault traces. Road collapse took place at

e

._ a similar location.
pe.
"
-
4 3
X Vhy microgravity?
\. — —
..‘
{ © Map the underground density anomalies (voids, intensive fracturing, faulted
Q zones) and variations of depth to the top of sound limestone.
]
v'.
D
5 Survey design
“i . . . . . .
o 2 microgravity stations, with 3 to 6 m centers, in a 20 x 30 m cross-road
.""
' b drill holes with MWD, 15 m deep.
..I
£,
. Results
.'
\ . .
L~ a) Microgravity survey
.‘:: """"""""""""""
\
W% Bougner anomalies of 50 to 75 microgals in two perpendicular directions.
Vi
° Causes seem to be very shallow.
-
s b) Recording drilling parameters
1Y
;* Poreholes were drilled at critical locations. Drilling rate and reflected
W
1 percussion i{nformation data obhtained by microgravity were correclated to
@
e show that disturbances encountered are in relation with fracture systems
¢
7
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which gave rise to local intensive alterations, weakening the subsoil.

Conclusions

This survey is an example of the fact that microgravity can be used to map

cenerally the underground, although the primary objective is often the

detection of cavities.

In the present case, subsurface cavities ave not the cause of the road
collapse, but heavy weathering associated to a fault system; subsequent geo-
logical disturbances were mapped by the use of wmicrogravity. The enclosed

figure shows how accurately these anomalies can be mapped.

Fnclosed documents: Figure 68 : residual gravity map (CPCF ref. 2347-04).

Values in lO_2 milligals.
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Fosse-Soucy case history, residual anomaly map
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Case history 2 : Arles railway viaduct.

Client : S.N.C.F. (French Raiways Anthority)
Survey references: January 1983, CPCF n® 2462
Site : Arles viaduct, near Marseille, south of France

Object Railway viaduct/embankment under operation. Possible

cavities within the embankment cause small collapse
features on the platform

Definition Microgravity profiles along and across the embankment

to weigh it. Embankment cmbodies old partially destroyed
viaduct (World War 17)

Geological settirng

Artificial geology : piles of the old viaduct contain voids ; heterogeneous

material used in the embankment 9 m high.

Why micrq&ipvitz?

Tvpical example of a high resolution survey including three components:

regular profiles, sophisticated terrain corrections, variable density

processing.

Survey design

A total of 19] gravity stations, spread along longitudinal and transverse

profiles, with 6, 3 and 1,5 m spacing, were carried out. 112 EM measurements

were also taken as a test and correlated with gravity.

Pesults

Gravity anomalies were quite difficult to isolate, for the piles of ancient

viaduct yielded positive anomalies, while the arches gave negative anomalies.

To complicate everything, maintenance chambers located in the upper part of

the piles produced negative anomalies within the positive ones.
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Heterogeneities within the bulk of the embankment, near its upper surface,
created negative anomalies of 20 to 30 microgals. Local settlings possibly
due to vibrations and materials evacuation are believed to be the cause of

those anomalies.

The body of the embankment was found to include two types of densities after
variable density processing of the gravity data. This is a mean to weigh a
structure ; it also provides surface density maps. The core of the embankment
constructed just after the war, has a density around 2.0 gm.cc, while the

twvo flanks, more recently added to avoid toe-slipping, have a density of

2.2 gn/cc (see figure 2462-13).

Conclusions

Heavy superficial density along the embankment slopes is probably due to
construction in ? phases. Survey showed no major disturbances in the bulk of
embankment. Subsequent drilling only detected minor disturbances right below

the platform, as foreseen by microgravity survey.

Fnclosed documents

Fig. 69 : example of longitudinal profile above an old pile (theoretical and
experimental values) - CPGF ref. 2462-12
Fig. 70 : density map and cross-section (CPCF ref. 2462-13)

Fig. 71 : complete longitudinal section with:

- on top, deformation curves {rom 9/1981 to 10/1982

- at bottom: Bouguer anomaly in 10_Z milligals
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80,2 controste entre lo pile et le rembloi

CPGF 2462-12

‘O Figure 69. Arles railroad, example of longitudinal ;
profile over an old pile 5
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~ Case histcry 3 : Joinville-le~Pont aqueduct.
A ™
]\
Client : Paris city
\
\
WS Survey references: March 1984, CPCF n® 2610
:.- Site : Joinville-le-Pont, ncar Paris, France
o
X A . . .
",-J' Object : 0ld underground aqueduct built over an ancient quarry.
A ;
x
t To be re-usgsed as a future water main.
("
-~
N Definition : Microgravity in a tnneel to map an underground quarry
A
T
.l
oy Ceolovical setting
S yroiogpical setting
o . . . . : . .
..:-_. Nuarries in tertiary limestone, overlain by marls with limestone beds.
=
o
"'::" “hy micropravity?
)-\,) LNy merogravity.
a
®
I""
W Densitv anomalies to be discovered from the interior of a tunnel 4 m below
-}-1
o . . . RPN . .
g the ground and with a diameter of 2 m. Specific terrain corrections and
-~ & p
P
B " precise modelling required to perform this survey over 180 m of tunnel.
" i
( i
-
al- « los i
o purvey design
Wl
e
‘..i.': 106 gravity stations spread along two parallel profiles, 1.20 m apart, with
L
i S mand 2.5 m spacings.
S
A
R
P Results
o EAASEEALLATE
."-.\
.
o A verv well marked negative Bouguer anomaly of 30 to 45 microgals is observed
o
P on both profiles, possibly related to quarry voids. Also, rather sharp and
N
-m narrow positive anomalies show up and are associated with the pillars of the
.
’\’\ )
o unlving quarry,
L J
“5 ] _
.. Conclusions
. Lene A ons
e 72 "
2
"“ . . . . » I3
"_' n Subsequent core drilling proved the presence of pillars at  ositive gravity
® anoraly locations, whereas negative anomali s are believed to be produced by
o
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very weak marly formations, rather than by voids.

”
P

Tnclosed documents : Figure 72 : Gravity profiles (CPGF ref. 2610-01 -

oo

-2
anomalies in 10 ~ milligals).
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Case history 4 : Beautiran-langon railway embankment.

“I_
("' Client : S.NLCLF. (French Railwavs Authority)
&
::::: Survev references: December 1984, CPCF n® 2774
1
LAY . . ,
:,:.:. Site : Feautiran-langon railroad near Bordeaux, France
4
) s .
,::‘..: Objiect : Railroad under operation ; sink-holes appear along the
‘:) tracks over 20 kn.
o
. Definition : Microgravity associated to I and resistivity for a test
4!
B survey along a railroad embankment, before and after
0y '
’21 grouting.
o
JaA Geological setting
SN A
B
oo S . .
_{,{?\ Karstified tertjary limestone overlain by sandy-clayey gravels.
®
a
: N Vhy microgravity?
9. NI‘
~i
' n
\: Karst mapping may have to be performed at a big scale, so complementary
(' - methods are tested for the sake of cross-control and cost efficiency.
Q‘I
s
.
hy . .
:9:‘.! Survey design
o
3 Five critical sites were selected for multi-disciplinary investigations. A
=
\ total of 36 gravity stations, 6 vyertical clectrical soundings (V.E.S.) and
L/
.s 390 m of EM profiles were carried out, One of the five sites was previously
-
A':: investigated by microgravity, Cavities were detected by drilling and grouted.
.’1
L
s Results
e
NS
ol
- : - . .
. The idea was to associate ground conductivity variations to gravity anomalies.
2% eVl
L Apparent shallow FM resistivities were obtained using an FEM-31 equipment from
e
b Geonics. Resistivity soundings helped to calibrate EM resistivities. Very
s, cood correlations were obvious in areas where conductive superficial material
A
T fell in dissolution cavities within the mass of the limestone and in areas of
.Ll
® sound bedrock.

'::o‘.'l '. ."l',‘l'. i, y
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Conclusions

( Fast conductivity/resistivity traversing with inductive coupling systems like
-t
. . . . .
2* Y EM-31 provide 1n some cases a quick coverage of large areas in terms of
)
as§ general purpose subsurface mapping. Microgravity pinpointed the mapping,
(W . . : .
w namely by vielding the vertical extent of local anomalies.

Resurveying of the already grouted area proved the expected efficiency of

:;;5 microgravity for grouting monitoring. As a matter of fact, negative anomalics
. 3 - . v . .
Latn of -38 microgals were strongly attenuated (-24 microgals) after grouting the
WHE)

Yy .
{ 4 limestone (see lower part of figure 2734-09).
S .
) Fnclosed documents
M M
) )\"ﬁ

. . . . . . . -2

s : Figure 73 : Electromagnetic and microgravity profiles (anomalies in 10
, milligals), some before and after grouting - CPCF ref. 2734-09.
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K2 Case history 5 : Blaisy-Bas railway tunncl.
M ’ - Tt
oy
e.'.’t!
! . Tlient : S.N.C.F. (French Railways Authority)
&
X Survey references: May 1987, CPCF n® 3117
I
{*t Site : Blaisy-Bas tunnel, Dijon area, Burgundy, France
;fh Object : Railway tunnel through a hill, 4 km long ; dissolution

Y,

cavities in gypsum caused minor collapse at platform level.

LA . . . .
-ﬁ?\ Definition : Microgravity and vertical gradient profiles along the two
it & X £ p &
BOU
i tracks of a railway tunnel.
kﬁ! Y
{
A%
{'r Ceological setting
ol T T
R
Ly !
D
jhﬁ’ Tunnel dug through lower jurassic and triasic dolomites, marls and gypsum.
et
DX )0 . . s . . . A
f« lLithological hcterogeneities are associated to tectonics. Karstic cavities
XK £ g
. can be observed.
A
—"-
e . .
LA Why microgravity?
Ll -
*'
{ " Method covers quickly and economically an investigation of two lines, 1.5 km

long, to map underground disturbances and spot the most critical areas to be

A

checked by drilling.

o LA

WAELLER,

This is a major railroad (Paris-Marseille) and traffic ought not to be stopped

2

I‘I.J

by heavy tools opcrating in the tunncl. Special operational procedures were

set by railway authorities to allow readings along the central axis of the

o

tracks.

- o
rI‘
L0 I

1

o

Survey design

S

300 gravity stations along 2 % 500 m of tracks, with 10 m cei.irecs, plus 40

il
A AN

stations at 5 m centres at anomalous zones. Besides, 20 gradient measurements
1.6 m above the platform level were taken on the flanks and at the maximum of

o residual gravity anomalies.

)% iyl .
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\ Results

)

2
£ A Digital Terrain Model was made out by digitizing topo maps. The terrain

d

A corrections for the hill (summit 195 m above tunnel level)} were computed

a using special Tercor software. The tunnel itself was modelled using similar
D

g right prism technique, sliced to fit the real modei and corrections computed.
; Terrain corrections in the order of 12 milligals were computed. Then residual
" anomalies of 30 to 75 microgals were contoured. Some of these are in relation
3 with shallow dissoluticn in gypsum (see scction of residual anomaly map

iy

b 3117-09). Thanks to gradient measurements, some others were found Lehind the
{ sidewalls or above the vault (see figure 3117-11).

W&

")

‘

h Conclusicns

¥

. »

! Fxtensive modelling and precise terrain corrections had to be performed to

Y

Re compute tiny local gravity anomalies (terrain corrections 400 times bigger
§ than smallest anomaly). Good correlation with lithology and tectonics.

}
{ " Fnclosed documents

b

2

Fig. 74 : Geological cross-section along the tuannel (CPCF ref. 3117-01)
N Fig. 75 : Three-dimensional view of the DTM of the tunnel entrance, in view

of terrain corrections (CPCF ref. 3117-03)

5 Fig. 76 . Typical tunnel cross-section and its digitalization in view of
; bottor
4 (bottom) delling (CPGF ref. 3117-05b)
o
N Fig. 76 . Part of the residual anomaly map (CPCF ref. 3117-09)
W (top)
- . . d .
4‘ Fig. 77 : Vertical gradient measurement (wh?n g < 0 and E% > 0: light causes,
v$ under the tunnel, when g < O and %% < 0: heavy causes, above the
)
fﬁ tunnel (CPGF ref. 3117-11).
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sl Case history 6 : Palais des Oliviers high risc building, Monte Carlo.

Client : Private developer

“?f'l".f-

P

Survey references: December 1982, CPCI' n® 2443

1,
[4

T

s

Site : Palais des Oliviers, Monte Carlo

Object : Karstic cavity detection

il
<

Definition : Microgravity survey complemented with destructive drilling

}5§ using L.W.D. for a high rise building.
b

Geological setting

) . . .
“:" Cretaccous limestone, fractured over the first 10 m.

® Vhy microgravity?

g Vorks have started on this high rise building project. During excavation for
- foundations, small cavities were encountered. Ve have been asked to lcolk for

( " more possible undetected cavities below excavated level.
h)

Survev design

- 3 x 3 m rectangular grid, a total of 98 gravity stations
‘i - 9 boreholes, 9 m to 17 m deep, with L.W.D. (parameters recorded: drilling

jq rate and reflected percussion).

o

PSR

® Results

, - Micropravity : a main negative anomaly of 60 to 90 microgals covers most of
L) the known cavity locations and shows possible extension.

v Very irregular surface topography (natural and man-made) has
been taken care of, using very sophisticated CPGI Tercor
terrain correction programme. Part of the area coverecd by

measurements was declared sound.

- Drilling : most of the boreholes were drilled within the major gravity

'¢;. anomaly arca. No cavities, but differential fracturing and
. o
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and small voids were met.

As usual in hard rock environment, drilling parameters showed sharp signatures

related to fissured, fractured and sound limestone and small voids.
Conclusions

This is a trap-type survey where gravity anonalies could have been artificial-
ly distorted, suppressed or enhanced by terrain ecffects, should those have not
been properly corrected. It is also another example of subsurface geological
mapping by microgravity, showing the power of such high resolution surveys to

o bevond the simple detection of cavities.

I'nclosed documents

-
Fig. 78 : microgravity residual map, values in 10 © milligals (CPGF 2448-02)
Fig. 79 : drill record of drill hole 2 (center of gravity anomaly) with
fractured zone from 9.5 to 1l m (CPCF ref. 2448-03b)

Fig. 80 : drill record of drill hole 6 on the edge of an anomaly - sound rock

(CPGTF ref. 2448-03f)

rig. 81 : drill record of drill hole 6B close to 6, but near axis of gravity

anomalv, fractured zones ULetween 8 and 13 m (CPCF ref. 2448-02g)

Note : drill records show : reflected percussion to the left,

drilling rate to the right.
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~ APPLICATION OF NICROGRAVITY TO THE ASSESSHENT OF
EXISTING STRUCTURES AND . (U)> COMPAGNIE DE PROSPECTION
GEOPHYSIQUE FRRNCRISE RUEIL -MALMAISO J LAKSHMANAN
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WY Case history 7 : "Chunnel' highway, Normandy (access to channel tunncl).

Client : Public Works Department, Département of Seine-Maritime -

0 Roads and Highways Rouen Technical Center (CETL)

bt Survey references: June 1987, CPCF n° 3120

e Site : "Chunnel" highway, Normandy section (8 km)

|:) Object : Possible underground quarries along the main axis of the
,q? highway. Several occurrences of sink-holes, collapse

ol features and shafts visible along the project.

Jod Definition : microgravity profiling

s Geological setting

'“N:
??. Upper cretaceous chalk overlain by clay.

R Why microgravity?

Fastest and more reliable method to investigate long sections of a linear

. “project in terms of density anomaly mapping.

A}

X Survey design

»

_J lLongitudinal and transverse profiles, 5 m and 10 m centres.
0 Results

Several well-marked 10 to 40 microgals negative anomalies were detected.
» These are usual signatures of quite well known exploitation patterns. Model-
ling was done for a best fit between gravity expressions and possible quarry

? 0 design.

Other portions of surveyed profiles were declared not subject to underground

y density anomalies.
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Conclusions

Typical example of a regular preliminary geophysical survey before geotechni-
cal investigations along a road centerline. licre is a most effective approach
to detect underground quarries, microgravity being in this setting the only

possible geophysical tool to use.

Enclosed documents

Fig. 82 : zone 1, example of gravity modelling (CPCF ref. 3120-04a)
Fig. 83 : zone 2, example of gravity modelling (CPGF ref. 3120-04b)
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C.P.G.F 3120-04a
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Figure 82. "Chunnel" highway, zone 1, example of gravity modelling
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ANOMALIES TYPES INTERPRETEES
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R o ‘
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Figure 83, 'Chunnel" highway, zone 2, example of gravity modelling
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Case history 8 : Nanterre water _resc:‘rvoirs:~

Client t Sociétd Lyonnaise des Eaux (Yater supply Company)

Survey references: June 1987, CPGF n® 3131

Site : Nanterre, western Paris suburb, France

Object : Uater reservoirs and filters suffer foundaiion unstability
caused by underground cavities due to gypsum dissolution.

Defirition : Microgravity gridding to map the weak underground and

repeat survey for grouting monitoring.
Geological setting
Reservoirs are sitting on tertiary gypsiferous marls underlain by limestone.
Why microgravity?
This water supply facility installation comprises many civil works, ponds,
reservoirs, [ilters, buildings, etc ... Three-dimensional underground mapping
-and checking of grouting efficiency could only have been accomplished by

high resolution microgravity.

Survey design

349 gravity stations were put on grids and profiles with 4 m to 8 m spacing.

Results

n A very particular artificial mass distribution above and below the survey

surface had to be taken care of to suppress the undesired effects. Empty or

full, or half-full reservoirs and filters, a whole network of water mains and

several buildings had to be modelled. The remaining measured anomalies were
found to be the expressions of dissolution cavities ready to produce surface

collapse.

Grouting took place below a few filters, where a previous microgravity survey

-had detected cavities. Some stations werc re-run this time to show that in
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% all cases, residual anomalies completely disappeared after grouting.

i

!
Conclusions
20 to 30 microgals residual anomalies isolated in a difficult operational
environment delinecated very precisely the contours of underground dissolution
features.
A remedial action was proposed and subsequent grouting was planned according
to the microgravity map indications.
Enclosed documents
Fig. 84 : location map and geological cross-section (CPGF ref. 3131-01)
Fig. 85 : reservoir 1 zone, residual anomaly before and after grouting

(CPCF ref. 3131-05)
Fig. 86 : filter n° 4 zone, residual anomaly before and after 2 phases of
grouting (CPGF ref. 3131-07).
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> Figure 85. Nanterre water reservoirs: reservoir 1 zone,

residual anomaly before and after grouting
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Case history 9 : lorte Pouchet constructed area, Paris.

Client City of Paris/Underzround Quarries Authority, France

Survey references: September 1986, CPGI n® 2973
Site : Porte Youchet site, northern border of Paris, France

Object Large dissolution cavities in gypsum, 30 to 40 m deep,

create sink-holes at the surface and jeopardize buildings,

infrastructure.

befinition : microgravity gridding and profiling of an urban arca of
800 x 400 m.

(ieological setting

Damages to buildings, road pavements, mains and the like have bcen identified

in this part of town. Cavities occur by dissolution of gypsum contained in

A tertiary marl formation at a depth of about 30 to 40 m. Cavities 'progress"

) 0

N

N upwards when overlying sandy and fractured marly formations fall into the
{ ‘\"

%%ﬁ cavities. leakening shallower materials became cohesionless, sink-holes

oy

! - appear.

e

ity

[ Why microgravity?

;".' ; Wiy 8] Ve

»

‘53‘.5'

’.‘ . » : 3 (] ’

:)‘ then applied with maximum efficiency, this is the only method which may have
héﬁ yielded satisfactory results in such a complicated urban site to detect under-

L)

*ﬁ round cavities

1.“ g e

o

12\ \

2k

® Survev degion

¢

i

. Al

thaly A total of 929 gravity stations were spread along boulevards, streets and
A,

~f ? cross-roads with 20 m spacing. Several hundred other stations from previous
Sl

® surveys in the area were integrated into the present network to better assess
) . . .

R : the regional extent of the cavitation phenomenon. Part of the survey was
<hgy

156N carried out at night to avoid heavy traffic.
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Results

Prior to field gravity operations, an extensive investigation has been run in
the area to classify all construction featurcs above and below the street
level: buildirn~s  pavements, civil works, caves, underground openings, mains,
etc ... All these data were digitized and specific terrain correction soft-

ware was applied to correct raw Bouguer values from known artificial effects.

A terrain correction map was produced at the main office to be used by field

crews for daily processing needs.

Negative residual gravity anomalies of 20 to 70 microgals were isolated.
Modelling was performed to identify main causative bodies as dissolution

cavities at a depth of 10 to 40 m, with weakened overlying formations.

Conclusions

Isolating a local density anomaly has seldom been so dependent of environ-
mental constraints., CPGF's special skills in data collection and terrain
correction procedures made such surveys possible. Subsequent drilling con-

firmed density anomalies identified by microgravity.

During a previous nearby survey, a wcak zone shown by gravity was consequent-
ly grouted. We re-run this portion of the adjacent survey and found that the
gravity anomaly had completely disappeared, confirming hence the efficiency
of the grouting.

Fig.

EFnclosed documents

Fig. 87 : portion of terrain correction map (CPGLF ref. 2973-02)
Fig. 88 : portion of raw Bouguer map (CPCF ref. 2973-03)
Fig. 89 : portion of corrected Bouguer map (CPCF ref. 2973-04).
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Case history 10 : Dowell-Schlumberger factory, St Etienne.

Client : Dowell-Schlumberger

Survey references: June 1987, CPGF n°® 3144

Site : Z2.1. Molina la Chazotte at St Etienne (S.E. France)

Object : Elimination of excess cement grout from laboratory
testing by underground storage

Definition : Microgravity survey for evaluation of residual densities

of caved-in coal mines

Geological setting

Carboniferous strata under 0-20 m quaternary with slightly dipping coal

measures.

%5 Why microgravity?

Ve

')

)

iﬁ$

fba 01d unchecked maps of mine works are available, but mines have caved in, and
!
: - the actual volume of voids available for grouting the excess cement is not

{

o known.

kS

b

. Survey design

L3

)

3g 157 microgravity stations with 10 x 20 m grid, including some additional

”l

?ﬂ stations located after initial processing.

BN

l".

): \J

Results

R

a0

R

;h 31 main anomalies attain -60 to -100 microgals, corresponding to three known
W

Qﬁ mined zones. 2~D models confirm depth of 10 m for anomaly 3, 30-40 m for ano-
'y

® malies 1 and 2. Special processing was made on residual gravity, by modelling
;;i three known zones, 10 meters thick, and computing their densities by regres-
R ]

ﬁ&: sion (other inversion techniques could not be used due to small survey area).
G

‘bn Density deficits computed were:

iy

~Zone 1 (depth 230 to 40 m): -0.102 gm/cc

S

rale Zone 2 (depth 25 to 35 m): -0.093 gm/cc

$‘|'l
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Zone 3 (depth 5 to 15 m) : -0,269 gnm/cc
B0 Second residual map (difference between initial residual and computed gravity),

- ¥ shows possible extension of mined zones, particularly between zones | and 2
X and confirms available volume V (for average density contrast O.1 in areas 1
:, and 2). V = surface x 10 m x 0.1.

tQ V (cu.m) = S(sq.m).
Conclusions

A The position of two drill holes has been seclected following gravity survey,

. and the project has been deemed feasible (sufficient volume available).

) Fnclosed documents

FY Fig. 90 : modelled profile
™ Fig. 91 : initial residual map (CPCT ref. 3144-04)
) Fig. 92 : final residual map (CPCF ref. 3144-05)

w9 Values of residuals are in 10-2 cmgals.
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Case history 11 : Civaux nuclear power plant.

Client : Flectricité de France (French state power board)

o

Survey references: - September 1980, CPCF n° 1980

- Movember 1984 to Vebruary 1985, CPCF n® 2747

Site : Civaux, Poitou region, France

Object : Future nuclear power plant - foundation study

Definition : Microgravity and seismic refraction to map loose dolomite
sand.

Geological setting

r

Vienne river valley: 5 to 12 m sand and gravel overlay Bajocian and Bathonian
veathered and fractured limestone. A deep, loose zone has been found locally
between depths of 30 and 50 m, corresponding to dolomite and dolomitic sand,

overlain by fractured limestone, and overlaying compact limestone.

Vhy micropravity?

- llelp map base of sand and gravel

- Delimitate loose dolomitic sand lenses and map density of foundation rock.

furvey design

First survey (1980): 277 stations (10 x 10 m grid)

Second survey (1984): 1,571 stations (10 x 10 m grid)

In addition, 15 vertical gradient measurements were made, with a tripod 1.60 m
high. The survey was completed by 64 seismic refraction spreads, 120 m long

each. Fxtensive drilling, mainly with L.W.D. recording was subsequently madec.

Results

Vertical gradient measurements are developed in section 172 of this report.

Thoy show that main anomalics are located at depths around 10 mw.
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Y

- 2 1/2-p modelling (CPCF's Modcong program) along geological profiles, using
drilling results : interpretation shows that residual gravity anomalies are
mainly due to sources located in the dolomitic sands, between depths of 30
to 50 m, and that density anomalies range from -0.2 to -0.6 gm/cc. locally,
densities are also reduced in the fractured limestone overlaying the dolo-
mite.

~ 3-D density inversion (CPCI's TESTFIL inversion technique): most appropriate
slab is located between 30 and 50 m depths. Several positive anomalies show
up with density contrasts of O to +0.2 gm/cc. One large negative zone and
two negative axes correspond to density contrasts of -0.1 to -0.3 gm/cc.

- Variable thickness inversion: first model selected had horizontal top
(10 m depth, below alluvium) and variable base. Map supplied is similar to
the density contrast map, but with greater contrasts. In a second model,
variable top, corresponding to base of sand and gravel found in drill holes,
was selected.

Seismic refraction interpretation shows following velocity sequence:

1. Dry sand and gravel: : 600-800 m/s

2. Weathered limestone (below water table) : 1700-2500 m/s
3. Fractured limestone : 3000-3800 m/s
4. Dolomitic zone : 2500-3300 m/s
5. Compact limestone : 3800-4400 m/s

Deep refractor corresponding to layer 5 occasionally disappears and deep velo-
cities around 3000 m/s are found along gravity low axes, corresponding to

dolomitic sand lenses.

Conclusions

Position of nuclear power plant was adjusted to fit with sound zones found by
geophysical investigation:

- positive densities in the 30-50 m section

- deep refractor with velocities exceeding 3500 m/s.

wumerous drill holes with L.W.D. confirmed geophysical results. No clear cavi-

ties were found, all anomalies scem Lo correspond to loose dolomitic sand.
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Fnclosed documents

Fig. 93 : residual gravity map, anomalies in 10—2 milligals, with negative
MoK values of -230 pgals towards MN.W., -130 pgals towards E, -8 to -12
) a pygals along two axes. These two negative axes delimitate main posi-
N ) tive zone (R2) with values of 0 to +10 ugals (CPCF ref. 2747A-05)

i { Fig. 94 : density inversion (slab between 10 and 50 m depth)

g (CPCF ref. 2747A-08)

¥ Fig. 95 : depth to deep seismic refractor (generally V > 3 500 m/s ; along

( deep axes, velocity can drop below 3 000 m/s) (CPCF ref. 2747B-02)
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Case history 12 : Sailly-les-Cambral housing project.

Client : Département du Nord, Tnspection des Carritres Souterraines
(Underground Quarries Inspection Authority)

Survey veferences: November 1985, CPCF n® 2854

Site ¢ Sailly-lez-Cambrai, near Douai, northern France

Object : Housing development project ;3 underground quarrying with
chambers and galleries built during World War T, suspect-

ed.

Definition : Cravity survey to map the cavities.

Sub-cutcropping cretaceous chalk, partly covered by tertiary silt, clay and

sand.

\hy microgravity?

" This is a typical setting where only very detailed gravity survey and inter-

tation could map the possible cavities.

Survey design

10 x 10 m gridding over the entire zone (4000 sq. m) ; grid tightened to 5 m

in most suspected sector, for a total of 266 stations.
lNesults

At the southwest corner of the survey, there is a known old opencast quarry
now backfilled. Tt has an obvious lateral effect on gravity readings. This
has becen taken care of by modelling (15 m of fill, lack of density of 0.2
gm/cc).

Corrected residual anomaly map shows very clean contours of closed negative
anomalies of about 70 microgals. Quarries are suspected to be situated at a
depth of 10 to 15 m. Modelling was donec using known dimensions ; results show
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that residual anomalics cannot be totally explained by possible unknown
quarries. Then 3-D density inversion was successfully tempted using a slab
situated between depths of 7 and 12 m. Very sharp density contrasts are met
along different axes, possibly in relation with galleries. Quarried thick-
ness bigger than the model used for inversion yielded a better result,
tecause of possible decompressed upper sections. Unexplained residual is

almost nil, so the 0-7 m slab shows no significant density variations.

Conclusions

A sophisticated inversion technique was used to halp interpret this gravity
survey where simple modelling was unsatisfactory. Exploration and mapping of
partly filled chambers and tunnels has started. Mapped part has been drawn on

residual map. Very clear correlation are visible.

Enclosed documents

Fig. 96 : Residual anomaly map not corrected for opencast quarry influence at

the southwest corner of the survey (CPCF ref. 2854-03)
Fig. 97 : same as 2854-03, but corrected for known quarry effect (2854-04)
Fig. 98 : typical gravity anomaly and interpretational models (2854-05)
Fig. 99 : density deconvolution, 7-12 m slab (CPGF ref. 2854-06).
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:f,o'l Figure 97. Sailly-lez-Cambrai housing project, residual anomaly map
® corrected for effect of opencast quarry (values in 10-2 milligals)
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;sz Case history 13 : Liendo cement plant project (Spain).
4
"!

.sh Client : Ciments Lambert

Bl

,f\ Curvey references: January-May 1966, CPCF n° 348

‘W . . .

:”r Site : San Julian, Liendo (necar laredo), Spain
\ Object : Future cementation plant. Site surveys
'y Co . . :

;Q Definition : Microgravity to map karstic cavities network.
M

l'l

e

.a: Geological setting

1.5
L4

.

ga Upper cretacecous limestone, highly tectonised and karstified. Seashore site,
[N

a cliff about 30 m high.

5

o

fﬁ

:i‘ Why microgravity?

“. ]

b . . . o .

t?g Complete the geological investigations by mapping the underground voids net-
3

Ay work in the most economical manner at a site of difficult access and rough
" .
S . surrounding topography.
.

s. A}

B,

; \ Survey design

L -

Y

803 gravity stations carried out along profiles and on a grid with 10 m

spacing. Check boreholes drilled.
Results

Verv large negative residual anomalies (50 to 300 microgals) are mapped. The
drilling proved, as expccted from the gravity survey, that superficial disso-
lution features were connected to huge undecrground cavities sometimes partly

infilled with debris. Geomorphology suggested a certain downward extension of

! surface dissolution sink-holes, but microgravity mapped the invisible part

) of the karsts.
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Conclusions

Survey took place in two steps. First, profiles and calibration boreholes,
very satisfactory results. Then, gridding and more boreholes. Large terrain

corrections had to be handled carefully to filter out lateral effects.

Enclosed documents

Figure 100 : gravity profiles P5-P2 (CPCF ref. 348-02c)

- Note in the corner of the figure, a Nettleton profile to determine surface
densities. Best adjustment for demsity of 2.35 gm/cc

_ values in 1072 milligals.
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Jebel Dhanna_existing | setroleum tank farm (Abu Dhabi).

Case hlqtorz :oJebe

Client : ADCO, Abu Dhabi (owner), PARTEY, Lisbon (consultant)
Survey references: August-Scptember 1983, CPGF n® 2550

Site : Jebel Dhanna tank farm, Abu Dhabi, U.A.F.

Object : Tank farm under operation. Foundations stability jeopar-

dized by weak underground due to dissolution fecatures.

NDefinition : Complete soil investigation scheme by geophysics and

drilling to anticipate a soil improvement programmec.

Miocene sandstone and limestone filling a closed basin, basement made up of
rhyolites. The whole site is an uplift feature related to salt plug phenome-
non well known in the Culf area. Basin is highly tectonized ; gypsum outcrops

and is weathered.

J\hy microgravity?

Major underground anomalies are suspected to be voids due to dissolution of
gypsum and limecstone, and a vast arca had to be covered by investigations
within the tank farm under operation. Only microgravity could be able to map

density anomalies under present conditions.

Survey design

Typical layout for geological mapping : 707 pravity stations spread over a
prid with 15 to 25 m centers ; a few vertical clectrical soundings for depth

calibration ; acrial photos examined for a better approach of the local geo-

24
50!
4
i logy.
27 boreholes drilled (by Fugro). Supervised and results interpreted by CPGE 4
logging while drilling carried out on each borchole (rate of drilling and
o fluid pressure) ; piczomcters installed on ecac. borehole and water table moni-
% . tored ; water samples taken and chemical analyses performed mainly to abtain

the sulphate content. 2
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o Results
LA
f\; The residual Douguer map obtained was fully interpreted in terms of under-
-~
3t$ ground structural geology helped by drilling, water table monitoring and
]
¥
.EJ surface geolopgyv. Peyond the detection of small volids, we were able to map the
o
o)
( differential weathering and possibly identify lithology. Weak terrain was
ﬁ very clearly identified for further investigations, while sound basement
AN . .
* K. showed up as gravity "highs" (positive residual anomalies).
R
f\ 3-D gravity inversion was carried out to output underground densities map
( at selected slab thicknesses. Hence, the client was provided with the vari-
. ations of a usual parameter easy to interpret and showing possible problem
A
areas between the surface and a depth of about 40 m.
AR
NS
® Conclusions
kw5
9y
g%}
‘t#f This survey shows how microgravity can be a very powerful, yet a cost-effect~
"t
.;ﬁ- ive investigation tool when complemented with drilling and other surveying
L8
{ . techniques. Geophysics were able here to design the expected grouting works
¥ '. : » I3
| by sufgesting the grouting technique and layout to be used.
n
%
|bﬁ
W, I'nclosed documents
‘,"‘ Fig. 101 : residual anomaly map (CPCF ref. 2550-02)
>
lJQ; Fig. 102 : density variation map (CPGF ref. 2550-03)
in
R " Fig. 103 : synthesis map (CPGF ref. 2550-08)
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Darkest zones: < -0.4 gm/cc
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Case history 15 : OPHIM Lille building project.

Client

Epale (New Town Authority)
Survey references: July 1981, CPGF n° 21991

Site : New town of Villencuve d'Ascq, near Lille, northern Vrance.
Object : Look for possible extensions of a known underground quarry.
Definition : Very large underground chalk quarries exist over the

southern belt of the town of l.ille. lLand developers arc
required to make sure that no cavities exist in the under-

ground of the construction zone.

Geological setting

Cretaceous chalk is outcropping in the entire area.

Vhy microgravity?

The question here was to investigate the site of a large building in order to

detect the possible extensions of a known quarry, previously surveyed by CPCF.
Microgravity is the most reliable method to certify whether quarry voids are

present or not.

Survey design

85 gravity stations were carried out over a square grid of 10 x 10 m. Nine
boreholes were sunk for calibration purposes. Drilling rate and reflected

percussion parameters were recorded while drilling.

Nuarry voids were detected in several borcholes ; in one of them, a panoramic

view was taken by a stand-still camera.
‘agl Results -
" . . . .
: e Residual Bouguer map shows negative anomalies of about 20 to 50 microgals as
d

an extension of known quarries. Drilling confirmed the presence of partly

filled quarry chambers within the contours outlined by microgravity. Logging
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th
..
ot
:g: while drilling helped distinguish betwecen silt, backfill and weathered chalk
t
{”' on one hand and quarry voids on the other hand, as possible causes of comput-
| ed density anomalies. As a matter of fact, similar gravity expressions occur
B
2 caused by radically different features.
?
!
)
V¥ .
N Conclusion
0 onclusions
B
:&a A very reliable microgravity survey, backed up by borehole data, drilling
"
k&: parameters and detected caves" panoramic views helped resolve a foundation
|.
;“J problem quickly and in a most economical way. Once the void was located by
:*x drill hole S4, a well was dug and voids mapped by surveying. Very complicated
I
:7; limits explain irregular drilling results.
1
R "
L Fnclosed documents
®
I
:‘d:‘ Fig. 104: Location map and known quarry limits (CPGF ref. 2281-01)
\]
% ! Fig. 105: Residual anomaly map. Borehole locations. Residual values in
4 -2
,'?i;! 10" cmgals (CPGF ref. 2281-03). Drill holes results:
i.;;‘ , S4: void (quarry) ‘
.J"
P 55, S10: filled quarries
)
Vi $2, S3, S7: weathered and fractured chalk
" Sl, S6, S8, Sl1: sound chalk
sg Fig. 106: Panoramic view of a quarry detected by microgravity located by drill
%#- hole S4 and taken by drill hole camera (CPGF ref. 21988-04).
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Case history 16 :

Client :
[ .
Survey references:
Site :

Object :

Definition :

Ceological setting

hy microgravity?

substratum. Hence,

Survey desi&ﬂ

Results

angle to the dip.

ings.

‘et 'o“' B : ) :!‘|‘|
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Dax hSEPEEPI project.

Dax hospital (owner), SEDIM (consultant)
June 1981, CPGI' n° 2172
south west of France

Dax hospital, extension,

Basement mapping. Irregular marly limestone steeply
dipping westward
The positioning of the future buildings in optimum

foundation conditions.

Marly limestone overlain by recent deposits.

Appreciable density contrast was expected between the overburden and the

the gravity method was welcome to provide with structural

map with density information following a 3-D inversion.

A regular grid of 20 x 20 m centres was carried out with individual antennas
stretching out of the grid area for a better regional control. A total of

165 pgravity stations were taken.

A very deep regional gradient is observed on the Bouguer map which shows on
the other hand a very well defined residual anomaly extending almost at right
Inversion in terms of structure gives the contours of the

deepening of the basement which involves a large portion of projected build-
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Conclu51ons

Microgravity is used once again outside of its usual application of under-
ground void detection. Inversion techniques inspired from oil exploration are

used here to resolve a foundation engincering problem.

Fnclosed documents

Fig. 107 : residual anomaly map (CPGF ref. 2172-03)

Fig. 108 : computed structural maps (CPGF ref. 2172-04)
Values in 10_-2 gals for maps (a), (b) and (c)
(a) residual anomaly (regridded for processing)
{(b) Computed anomaly
(c) difference (b) - (a)

(d) depth to bedrock (in meters).
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\) Case history 17 : ¢t Cermain-cn-Layc Finance Ministry Duilding.

" Client : Ministry of Finances, Paris

@
Sl

Survey references: August 1976, CPCGF n® 1564

l'il

Site : 5t Germain-en-Laye, 20 km West of Paris

PIC AV A N

- -
2

Object : Construction of a new building, location of karstic

./

l‘:' cavities

biﬁﬁ

Definition : Microgravity survey to map karstic zones.

L K, Geological setting

;t; The building was to be constructed on piles, 10 m long, crossing 6 m of soft
i top soil and tertiary marls. The piles following a 7.2 by 7.2 m grid, and
Y located under a series of ground-floor pillars, were to be anchored in ter-
Sl tiary limestone below the marls. A conventional (core drills and laboratory
i&ti testing) survey had specified the foundation conditions. Some of these piles

Ve were to support quite heavy loads, exceeding 200 T.

Why microgravity?

B After the conventional survey, a sink-hole appeared 50 m North of the project-
1935

! ? ed building. It was suspected to be related cither to medieval water drainage
;) tunnels (excavated from the side of a valley located North of the zone),

to karstic phenomena in the limestone.

'”*K Survey design

The microgravity survey was designed to follow exactly the pattern of the

oo pillars. So, 92 gravity stations were made along a 7.2 x 7.2 m grid.

Pt
g

Results

" Anomalies slightly in excess of -30 microgals were found, nmainly in the east-
R ern part of the building. Analysis of thesc anomalies showed that they were

due to causes located betwcen 5 and 20 m.
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Other methods

Control was made by 3 destructive drill holes with L.W.D. They correspond to
the following values of residual anomalies:
Drill hole $1: =13 microgals
82 =20 "
i -28 "

Drilling rate log of drill hole Sl showed soft gfound up to 6 m, then sound
limestone. 52 showed, with an average gravity anomaly, soft ground up to 6 m,
then sound limestone, with a karstic zone from 14 to 19 m. S3, with a high

gravity anomaly, showed karstic limestone from 8 to 20 m.
Conclusions

Taking into account the good correlation betwecen L.V.D. and microgravity, the
residual anomaly map was used to plan the foundation project. It was deccided
not to deepen the pil s (the soil located below the limestone at over 20 m

depth is not very sound), nor to grout the karstic zone (not economical in

.this case), but to conncct the bottom of the pillars located in the eastern

part of the building by reinforced concrete beams (calculated to '"hridge" the
cavities up to 3 m in diameter) and to replace the 10 m piles by cheap 6 m

concrete filled wells.

Fnclosed documents

Fig. 109 : residual anomaly
Fig. 110 : drilling rate rccorded during drill holes Sl, S2, S2. Vertically:

depths. Horizontally: drilling rate in meters/hour.
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PART 8: REFERENCE SECTION

References Mentioned in the Report

el
o
::. Jote: an x mentions papers written with the participation of CPGF personnel
) .
W including:
g
) - Yves Bertrand
(:"5 - Marc Bichara (1)
)
:'.::: - FEdrmond Dolelli (1)

0
:'.: - Jean-Claude Frling
1.5

- Frkan Kutkan

:; - Jacques Lakshmanan
‘{fr - Frangois Lantier

-
: { - Yves Lemoine
.' - Jacques Rougé (1)
o - Manuel Sanchez
U
,; - Frik Siwertz
B
::.3 (1) at time of publication of corresponding paper
{-

o

-
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Summaries of relevant papers

A certain number of papers, originally written in French, have been summari-
zed in English. They are supplied with their main figures, with captations

translated into Fnglish as follows :

PAPER 1 : Foundation engineering using the gravimeter in cavernous terrain.

PAPER

ro

Measuring and interpretation techniques minimizing acquisition

errors in microgravimetry.

PAPER 3 : Surveying ang grouting natural or artificial cavities in
railway civil engineering works.

PAPFR 4 : Detailed urban subsurface investigations in conjunctions with
underground works.

PAPER 5 : Gravity and gamma-gamma mapping of sink-hole in Lutetian
gypsum, north-east of Paris.

PAPFR 6 : Use of "logging while drilling" for grouting design in
collapsed underground quarries.

PAPFR 7 : Microgravity adapted to the investigation of underground

quarries.
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PAPER ‘1
ETIDES DE FOUDATION EN TERRATN GAVERNEUX: PLACE DE LA GRAVIMETRLE

(FOUNDATION ENGINEERING USING THE GRAVIMETER IN CAVERNOUS TERRAIN)

by J. Lakshmanan, M. Bichara and J.C. FErling

Sulletin de Liaison des Laboratoires des Ponts et Chaussées (Highway Deaprt-

ment, monthly bulletin), n® 92, November-December 1977, pp 74-79.
Abstract

The position of geophysical investigation in foundation engineering over
caverns is first examined, separating cases of extensive caverns or under-
ground quarries from those of small holes. Microgravimetry is shown to be the
onlv method directly measuring the prospected anomaly: mass deficit in tons.
Control by drill holes is not always ecasy to interpret and monitoring of
rilling velocity and reflected percussion is recommended. Various prospect-
ion plans are described, as well as foundation solutions, following different
tvpes of constructions and of geological problems. Lastly, several field

exanples arc given.

Note: the last example is already in section 717,

Pressure

Fig. 1 - Correlation betwcen drilling
rate and pressiometric module.
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PAPER 2
TECHNIOUE DE MESURE ET D'INTERPRETATION MINIMISANT LES LCRREURS DFE MESURES
{ EN MICROGRAVIMETRIL

(MCASURTNG AND INTERPRETATION TECUNTOUES MINIMIZING ACQUISITION ERRCPRS
IN MICROCRAVINETRY)

by M. Bichara, J.C. Erling and J. Lakshmanan

-

Geophysical Prospecting, 9181, vol 29, pp 782-789.

PLan

Abstract

Pifferent sources of error influence gravity surveys, particularly shallow

K "microgravity surveys. Experiments show that the most frequent source of error
{ in gravimetric prospecting is bad estimation of drift. Better control of drift
oxists with the field procedure and interpretation technique developed by the
auttors, as can be shown theoretically as well as experimentally. The method

implies a vandom or semi-random spatial sequence of measurement points. A real

case of ficld prospecting is described,

o e

Fig. 1. Processing flow chart Fig. 2. Drift correction exemple
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PAPER 3
RECONNAISSANCE ET TRAITEMENT DE CAVITES HATURELLES QU ARTTFICLELLES

DANS LE DOMATNE FERROVIAIRE

(SURVEYING AND GROUTING NATURAL OR ARTIFICIAL CAVITIES
IN RAILWAY CIVIL ENGINEERINC WORKS)

by G. Roques, J.C. Erling

Bull. Int. Assoc. Eng. Geology, n®.26-27, pp 299-308

Abstract

The presence of underground quarries and nectworks of karstic voids may gene~
ratec stability problems concerning the existing or projected SNCF platforms,
Feliowing a préliminary inquiry, a line of survey and handling is set up
sccuring against the risk of collapse at the surface of natural ground. A

. microgravity survey is run, completed with a campaign of tricone drilling,
'cn%nncod through the recording of drilling parameters. This is the logical
appreach to optimize the prouting program. The method is illustrated by a few
examples of survey done at Massily on the new TGV track between Paris and

lLvon, and also on three sites on already cexisting SNCF tracks.
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PAPER 4
PROSPECTION PLTATLLEL DU SOUS=SOL URBAILN EN VUE DE TRAVAUX SOUTERRAINS

(DETATLED URBAN SUBSURFACE INVESTICATIONS IN CONJUNCTTON

WITH UNDERCROUND WORKS)

bv J.C, Erling, Y. Bertrand and F. Kutkan

Assoc. Fr. Travaux Souterrains, A¥TES (Fr. Assoc. on underground works),

'nterrational Technical Meeting, Bordeaux, October 1987.
Abhstract

subsurface investigations in urban environment are delicate operations, owing

to buildings, pavement, pipes, cellars, cables, ectc Underground geological

disturbances have to be mapped to c-able a better design of subsurface works.

Two very particular geophysical techniques are described in the paper: very

]

RN
high

reselution microgravimetrics help to map density anomalies, while seis-
mic tomography yields a cross-sectional image of the underground in terms of
velocity distribution, attenuation and dynamic moduli.
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Figure 2. Parils, Porte Pouchet. Microgravimetric
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Figure 3. Blalay ratlway tunnel. 3-D view of
the south entrance.
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PAPER 5
CARTOCRAPHIE MICROGRAVIMETRIQUE ET RADIOACTIVE DES ZONES DE DISSOLUTION

DU GYPSE DU LUTETIEN AU NORD-EST DE PARIS

(CRAVITY AND GAMMA GAMMA MAPPING OF STNK~HOLE AREAS IN LUTETIAN CYPSUM
NORTH-EAST OF PARIS)

by J. lLakshmanan

Int. Assoc. on Rock Mechanics, International Symposium, Hannover, 1973.

Abstract

Following some spectacular sink-holes, Lutetian gypsum lenses have been
detected in the north-east of Paris region. Cravity methods are now regularly
used for the location of sink-hole areas. New computation techniques give
directly average heights of underground voids. Drill holes are completed by

in-situ density measurements (gamma—gamma).
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PAPER 6
APPORT DES DIAGRAPHTES POUR LA REALISATION D'INJECTIONS

DI CARRILERES EFFONDREES

i

(USE 0F "LOGGING WHILE DRILLING'" TECHNIQUE FOR CROUTING DESICH

TN COLLAPSED UMDERGROUND QUARRTES)

by J.C. Frling, J. lLakshmanan and J. Rougd

Journées Nationales Céotechniques (National Ccotechnical Symposium),

Nantes, March 1981.

Absgipct

The imp%ovement of collapsed underground quarries, because they are inaccess-
ible, is a technical and cconomical problem ; the latter aspect is vital, as
the volumes to be grouted are much lesser than the known layout of the quarry
(or of karstic cavities). The permanent use of the "logging while drilling"
technique, and particularly drilling rate and reflected percussion parameters
help to £ill the gap between detailed investigation and grouting works.
Interpretation of recordings allows the geophysicist to provide the contractor
with such information as the exact location of zones to be grouted and the
type of grout to be used.

On the other hand, post-grouting drilling with instantaneous lagging provides

a {inal calibration and control of the grouting.
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PAPER 7
I.A PROSPECTTON MICROCRAVIHHfR]QUH ADAPTEE A LA RECONNATSSANCE

i

DE CARRILERES SOUTERRAINES

(MICROGRAVITY ADAPTED TO THE INVESTIGATION OF UNDERGROUND QUARRIES)

by J.C. Erling and J. Lakshmanan

Ouarry Inspection Authorities, Versailles. Technical meeting on old under-

ground quarries, October 1985.

Abstract

The authors first describe the use of various geophysical techniques for the
location of underground cavities, insisting on the interest of microgravity.
After describing the position of microgravity in the planning of a complete
survey, special aspects of microgravity interpretation are described:

- Vertical gradient measurement

Cravity surveys inside tunnels

-D processing with the Modcdng programn

- 2-h inversion with the Testfil pfogram

The authors then give a series of practical examples:

+ underground limestone quarries in the city of Arras

+ " " " at Caen

+ TGV Atlantique fast railroad: location of gypsum quarries at
Fontcnay-aux-Roses

+ Housing project at Chanteloup-les-Vignes (west of Paris) above collapsed
gypsum quarries

+ Adaptation of the construction of a building at St Cermain-en-Laye (west of
Paris) following results of a microgravity survey above a karstic zone

+ Density evaluation of embankments

- Grouting control at Varangeville (eastern France).
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APPENDIX A - PAPER Al
Geophysical Prospecting 31, 608 620, 1983,

- AUTOMATIC THREE-LAYER,
THREE-DIMENSIONAL DECONVOLUTION
OF THE PAYS DE BRAY ANTICLINE*

E. ALESSANDRELLO, M. BICHARA and J.
LAKSHMANAN®**

ABSTRACT

ALESSANDRELLO, E., BicHara, M. and Laksusanax, J. 1983, Automatic Three-Layer, Three-
Dimensional Deconvolution of the Pays de Bray Anticline, Geophysical Prospecting 31,
608-626.

Gravity data have been transformed into a three-layer, three-dimensional model by using
an automatic procedure based on linear filtering. The Bouguer anomaly is first transformed
by lincar filtering into density variations located between two planes 1100 and 2500 m deep.
These densities are then transformed into thicknesses with a constant density contrast of
0.4 g cm? with two geological constraints for the sccond and third interface:

—minimum at 2500 m depth;
—maximum below a variable limit given by geology.

This gives the contact between the second and third layer. Differences between measured and
computed gravity are then applicd by a similar procedure to a fayer located between depths
of 0 and 500 m, giving the contact belween the first and second layer. Interesting sccondary
anticlines and transverse faults arc shown by various structural maps.

RESUME

Avtssannretrto, E. Bicnara, M. et Laxsistanan, J. 1983, Déconvolution Gravimétrique
Tridimeasionnelle et i Trois Couches de FAnticlinal du Pays de Bray, Geophysical Prospec-
ting 3, 608-626.

Utilisant un procédé automatique de déconvolution base sur un filtrage linéaire, les
auteurs ont transformé des données gravimétriques existantes en un modéle tridimensionnel &
trois couches. L'anomalie de Bouguer est dabord transformée par filtrage linéaire, en varia-
tions de densit¢ d'unc plaque horizontale, située entre 1100 et 2500 m de profondeur. Ces

* Paper read at the 43rd meeting of the European Association of Exploration Geophysicists,
Venice, May 1981, revised version accepted December 1982,
** Compagnic de Prospection Géophysique Frangaise, 77-79 avenue Victor Hugo, 92500
Rucil-Malmaison, France.

608 0016-8015/83/080 (608 SO2.00 . 1983 EAEG
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s densites sont ensuite transformées en cpaisseurs en utilisant un contraste constant de densite
| de 04 gem?, avee deus contraintes géologiques pour L limite entre Ja deuxi¢me et la troi- J‘
ﬂ\'\J sicnme couche:
g i, s as
W minimunt fixe & 2500 m de profondeur; ;
; ) ~ manimunm situd sous une limite variable en chagque point, inée dlapres la geologie. j
:: : Avant obtenu ainsi le contact entre L deuxiéme et la troisicme couche, Ta difference entre le !
..: champ mesuré et le champ dii i cette premicre structure est appliquée a une deuniéme plague }
" \ situde entre 0 at 300 m de profondeur, pour en déduire fe contact entre la premiére et L
: ) deuxicme vouche. Les diverses curtes structurales obtenues mettent en ¢évidence plusicurs
1 A anticlinaux secondaires, ainsi que de nombreuses fuilles transverses.
AN
A&
NN
;Aﬁ I. INTRODUCTION
K
il "
,x:‘ The hydrogeology department of CPGF has been charged by the French Ministry
® of Agriculture (DDA of Scine Maritime) to evaluate ground water resources in the
> Pays de Bray area, northwest of Parnis. In order to supply detailed structural infor-

P4

Jr._
N

A

mation from the area. it was decided to carry out a quantitative analysis of existing
gravity data, published by the BRGM, at a scale of 1 : 200000.

The computer program developed by Lakshmanan (1973) and Bichara and
Lakshmanan (1979) supplics, aflter introducing vuarious geological constraints, a
three-layer, three-dimensional model. The procedure. using lincar filtering, is much
faster than an iterative system described by La Porte (1963). involving a two layer
mcthod.

The procedure works as follows:

"‘I
b

22

4

0 4 & 5§
f"-‘_

B

(el ‘:"
. 'l ’I

2

—in the first step, construction of density maps of thick horizontal plates by lincar
filtering
—the use of geological bullers in the construction of the model.

grrrrer( )
R

2. EX1STING DATA

e

1@ sviuns s g
PaeAEp
LS

We used the BRGM gravity maps of France, ic., sheets of Abbeville, Rouen,
Amicns, and Paris, corresponding to the southeast half of the famous Pays de Bray
anticline (between Neufchatel-en-Bray and Beauvais), and starting with the Bouguer
anomaly with a 2.3 g/em? density. Unfortunately, the station spacing is quitc high:
5-10 km? per station, equivalent 10 a 2.5-3 km square grid, and the measurements
are rather old (BRGM North American gravity meter). The maps were digitized on
a 2 x 2 km square g-rid. The interpretation was made on 20 x 20 = 400 central
A points, using a maximum of 28 x 28 = 784 points. Location of the arca is shown in
' fig. 1. )
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N’{

amig ns®

Sutvey Area

Jurassic

cretacenus

LM1Y & LYvaIS

Fig. 1. Location of the survey. [Situation de V'éetude.]

The Bouguer anomaly corresponding to the 400 central points is shown in fig. 2
The values increase from —30 mGal in the southwest towards the anticline, along
which — 15 mGal is observed towards the southeast and — 4 towards the northwest.
Northeast of the muin anticline. the Bouguer anomaly stays high (~4 to — 10}
decreases along a syncline (—~16 to —20). and finally incrcases to —13 in the
northeast corner.

The maximum Bouguer variation is thus 26 mGal. the average anomaly com-
pared to the minimum is 17 mGal. and the median anomaly is 22.7 mGal.

3. SYSTEMATIC DECONVOLUTION BY VARIABLE DENSITY
HortzoNTAL SHEETS

For cach sheet, the entire Bouguer anomaly is used. giving four different density
maps. The following depths were selected, starting from a datum planc located at
100 m above scat level:

0-500 m
500-1500 m
1500-2500 m
2500-3500 m

For cach density map, the corresponding gravity ficld is computed as well as a
map of differences between measured and computed ficlds and a map of the correla-
tion cocflicient ry,. This cocflicient corresponds to the correlation between the com-
puted ficld and measured Bouguer anomaly, inside a 7h x 7 moving window,
where I is the central depth of the plate:

_ dareaz (Thy = ThXExp, — Fxp,)
VI a1 v a2 CTh; = Thy) Exp; = Exp, )]

g =
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“ig. 2. Bouguer anomaly (in mGal). [Anomalic de Bouguer (mGal).)

2

: where Th; is the computed value at the running point i, Thy is the computed value
at the considered point 0, Exp, is the experimental Bouguer value at the running

< point i, Exp, is the experimental Bouguer valuc at the considered point 0, and Al,

',' A2 are the intervals defining the moving window.

}I It should be noted that the use of a corrclation coefficient, or rather of a

v similarity coefficient for depth determination, has been sugeested by Naudy (1971).

j‘:::; However, the following two points arc different: -

| @ —Naudy's mcthod supposes several standard shapes for the anomaly, while we
P determine the shape itsell by deconvolution.

o —Naudy supposcs a two-dimensional anomaly and only examincs profiles, while we
g study three-dimensionail anomalics.
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612 ECALESSANDRELLO, A, BICHARA AND J. LAKSHMANAN

Figures Y to 6 show the four computed density maps. The general statistics are
as folows: .

Bouguer anomaly

maximum =23 mGal;
median - 8.2 mGal;
minimum - 30.9 mGul:
varttion of amplitude 28.6 mGal:
median variation M =227 mGal,

In order to give a homogencous st of densities corresponding to a 1000-m-thick
slab, the 0- 10 500-m map was transformed into a 0- to 1000-m mup.

In fig. 7. variations of mean square difference of the whole arca are shown as
functions of the average depth of each slab. It can be seen that the mean square
dilference increases with depth without a minimum. However. this parameter
increases quite suddenly after an average depth of about 2000 ns (see table 1),

The corrcliation cocflficient is very close to 1. The obtained values decrease for
depths greater than 2000 m for the entire arca. 1700 m for the main anticline (i.c..
1200 m for its top). ard 2200 m for a syncline located 8 km SW of the center of the

2500 - 3500 meters

Fig. 3. Inveried density between 2500 and 3500 m (g/em?). [Densité oblenue par inversion,
entre 2500 et 3500 m (g cm*).]
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Fig. 4. Inverted density between 1500 and 2500 m (g/cm?). [Densité obtenue par inversion

entre 1500 ¢t 2500 m {g'cm?®).)

& 500-1500 melers

Fig. 5. Invertcd density between 500 and 1500 m (g/em'). [Densité oblenue par inversion

entre 500 et 1500 m (g/cm?).)
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0-1000 meters

Fig. 6. Inverted density between 0 and 1000 m (g em®). [Densité obtenue par inversion entre
0¢t 1000 m (g cm*).)

main anticline. It should be pointed ow that the actual depths to the top of the
anticline found in five wells were 1110, 1207, 1078, 959 and 979 m (datum planc
100 m above sca level).

It should be noted that, if both mcan square difference and corrclation coeffi-
cient show a semi-horizontal section for the plate center located between 1000 and
2000 m, another improvement in these criteria can be seen when the plate outcrops.

Table 1. Corrclution statistics and averaqge densities.

Mcan square Corrclation Relative densities
difference coellicient {g:em?)

Depth Percent Whole Muin Amplitude of
(m) mGal  of M arer anticline Maximum  Minimum vitriation
0-500 0.05 0.2 099999 099999 -0.11 —1.51 1.40
(0-104K)) — — —_ -— (—0.00) (—0.76) (0.70)

500-1500  0.1§ 0.7 0.99988  0.99993 -0.016 -0.814 0.80
1500-2500  0.24 0.9 0.99964  0.99981 +0.53 —-0.94 1.47
2500-3500 0406 2.0 0.99772  0.99859 +0.57 —1.12 1.69
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Fig. 7. Variation of mean square differences and corrclation coefficients with depth. (a) Cor-
relation coefficient, entire arca: (b} correlition coefficient. main anticline; {c) corrclation cocfhi-
cient. southwest syncline: (d) average mean square difference. The arrow indicates average
depth computed in next step.

{Variation des écarts types et des coefficients de corrélation avee la profondeur. {(a) Coeffi-
cient de corrélation, ensemble de la prospection; (b) coefficient de corrélation, anticlinal
principal; {c) coefficient de corrélation, synclinal du Sud-Ouest; (d) écart type moyen. La
fieche indique la profondeur calculée i Fétape suivante.]

The genceral shape of those curves suggests that, in addition to the main causcs
situated at 1000-2000 m, there cxists some gravimetric noise, duc 1o superficial
causes, or duc to imperfections in the system itself.

These two parameters can thus be used to determine the maximum depth of
gravity anomalics, similar to the rules given by Bott and Smith (1958) for simple
bodics.

A third criterion is the absolute value of density variations shown in fig. 8 for the
catire arca, the main anticline and the southwest syncline. The values arc close to
the theoretical density limit (a4) for the outcropping stab (0-500 m), which is
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H—

. z;rs/___.__

Density (g/em?)
o
1

0 1000 2000
Deptn 1o top of siob (m)
Fig. 8. Variation of densities with depth. {a) Entire area: (b) main anticline: (c) southwest
syncline. The arrow indicates depth to top of slab computed in next step.
[Variation des densités avec la profondeur. (a) Ensemble de la prospection: (b) anticlinal
principal: (¢} synclinal Sud-Ouest. La fléche indique la profondeur jusqu'au toit de la plaque.
calculée a I'étape suivante.]

2387 A(/m\
Gpg = —————
¢
For Ag,,,. = 28.6 mGal and ¢ = 500 m, one has 64 = 1.365 g/cm? instead of the
computed value of 1.4 g/em’. Maximum density contrast increases for depths
greater than 500-700 m. considering either the whole area or the main anticline,
reaching 1.4 or 1.6 g cm:? for depths to the top of basements of about 2000 m. These
values are geologically impossible: to reduce them, it would be necessary to assume
a thicker plate, bringing back the top of the plate to depths of around 1000 m
(thickening the plate downwards would not substantially reduce the density
contrast). The maximum density contrast thus provides another constraint on the
depth to the top of the anomalous layer.

4. STRUCTURAL INTERPRETATION WITH
GeEoLoGical CONSTRAINTS

In order to usc a three-layer model, it was necessary to simplify the complex
geology. The general stratigraphy of the area is, very schematically, as shown in
table 2 (with depths relative to a datum plane 100 m above sca level).

The interpretation starts by supposing that the anomaly is duc to density varia-
tions of a horizontil slab. We sclected 1100 m as depth to roof and 2500 m as depth
to base, following the results of the systematic interpretation by slabs and the
geological data.
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Table 2. General stratigraphy of the arca.

Presumed SW ol the NE of the
density anticline Anticline anticline
(gem
Tertiary 100 m 0 150 m
{sand. clay,
limestone) 20
Crelaccous 100 + 150 = 250 m 0 150 + 150 = 300 m
(chalk, maily
Jurassic 250 + 1250 = 1500 m 100 m 300 + 1200 = 1500 m
{marl, imestone)
Permo-Triassic Absent Absent
{clay. sandstone) f 24 > 1500 + 1000 = 2500 m
Primary
{limestone. slate, Absent Absent
sandstonc)

Crystalline basement
fenziss + local 28
basalt intrusions)

The map obtained {fig. 9) shows variations of density between —0.60 and
+0.20 g/cm?, that is a maximum contrast of 0.80. This excessive contrast (compared
to the theoretical 2.8-2.4 = 0.4) could mean that:

—the plate is thicker than 1400 m;
—and,'or more superficial anomalics are superimposcd.

A first test with the same top and a higher base (in that case, Primary ~nd
Permo-Triassic sediments were included in the basement) gave even more unrealistic
density contrasts. We therefore concluded that a more corrcct mode! consisted in
grouping the Primary and the Permo-Triassic with the Jurassic.

Structural analysis of this density map shows many interesting features. Several
sccondary anticlines and synclines parallel to the main anticline can be scen. In
addition, several transverse faults (NE~SW or ENE-WSW) can be scen, and should
be compiired to geological features described by, e.g., Weber (1973), Pomerol (1980)
and Debeglia (1977).

The sccond step, which follows automatically, transforms these dcnsny varia-
tions into thickness chianges, assuming:

—a Nat basc at a depth of 2500 m;

—a variable top, situated between two “buflers™: the lower “ buffer ™ at a depth of
2500 m, the upper “buffer™ determined from the general geological structure,
translated 100 m upwards, to allow somce frcedom;;

-
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618 E. ALESSANDRELLO. M. BICIHARA AND J. LAKSHNMANAN

Fig. 9. Structural map, densitics between 1100 and 2500 m. (a) Fault; (b) major anticline; (c)
density fgiem?).

[(Carte structurale, densités entre 1100 et 2500 m. (a) Faille: (b) anticlinal principal; (c)
densité (g'em?)]

i constant density contrast of 0.4 g'em? (basement 2.8 g/em?, scdimentary strata
24 eemt).

The upper buffer is shown on fig. 10. The transformation in cach 2 x 2 km prism =
‘ of densities into thicknesscs is done in two steps:

= firsta linear transformation of density contrasts Aa into

,_(2500~l|00)an by
2.8-24) 3
B,

(
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v Fig. 10. Geological ~bufler ™: minimum depths below sea level of interface berween second
! and third laver. [ Butoir ™ géologique: profondeurs minimales sous Je niveaw de la mer, du
':: contact entre scconde ¢t troisicme couches.] 1

|'::l

t:c, The exact correction takes into account displacement of the prism’s center of

_!.s gravity and is not described here:

‘J —a sccond iteration slightly modifics the top of the prism by treating differences
between measurcd ficld and the ficld duc to the approximate structure. Liaprove-

Y ments by further iterations arc very small.

::": After computing the final basement map, the corresponding ficld is computed
» and compared to the measured ficld.
° The residual is mainly due to the fact that along the main anticline as well as in
the northeast of the arca, the buffer has often been reached. This residual is then
" supposed to be due to variations of a first layer located between depths of 5 and
XX 500 m, corresponding approximatcly to the Tertiary and the Cretaccous (in other
N ‘ surveys, the residual could also have been attributed to basement density changes),
Structural analysis of this first layer is then carried out in a similar manner: >

. — density map between S and 500 m;

\)
" —transformation into changes of thickness, supposing a density contrast of
q;; 0.4 g/cm® (first layer 2.0 g/om?®, sccond layer 2.4 g/em?).
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R

AN T

Omsm

100 m a.%,—/‘. \
500 m

9,24 g/emd

a,:2.8 q/cm’

2500 mj—a”

Fig. 11. Geological constraints of the model. (a) Ground level (average elevation 100 m above
sca level); (b) sea level: (c) geological “bufTer ™ for top of third layer: (h} height of interface
between second and third layer limit above base (2500 m below datum): (ho) height of
interface between first and sccond layer limit above base (500 m below datum).

[Contraintes géologiques du modéle. (a) Altitude moyenne du terrain + 100 NGF; (b)
niveau de la mer; (c) “butoir " géologique pour le toit de la troisiéme couche; (h) hauteur de
la limite 2¢me-3éme couches. au-dessous d'unc -base située 3 2500 m de profondeur: (ho)
hauteur de la limite lére-2¢me couche avec base située & S00 m de profondeur.]

A three-layer model is thus obtained. The various parameters and buffers are
shown on fig. 11.
The computer program supplics the following maps:

—Bouguer anomaly;

—top of the deep structure;

—field due to the deep structure;

—difference between Bouguer and computed field;
—top of the superficial structure;

—field duc 1o the superficial structure;

—last residual;

—for cach step, difference maps and corrclation maps.

The first two maps arc shown in figs. 11 and 12. A general SW-NE cross-section
(fig. 13} illustrates the complete interpretation,

5. COMMENTS AND INTERPRETATION
3.1. Basement Map (fig. 12)

This map shows a series of NW-SE anticlines and synclines, parallel to the main
Pays de Bray anticline. Several short transverse faults can be scen; several of them
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fan
P

Fig. 12. Basement map. (a) Depth below sca level; (b) cross-section; (¢) wells.
[Carte en courbes de niveau du socle. (a) Profondeurs sous le niveau de la mer; (b) coupe
d'interprétation: (c) forages.])

scem to be connected. The main transverse fault is NE~SW and connects the center
of 1he survey 1o the SW corncr,

Five wells where the igneous basement was reached were compared to the final
inferpretation as shown in table 3.

Thesc very small dilTerences ire surprising, particularly since well 1 is located on
a sccondary anticline on the southwest flank of the main anticline. This sccondary
anticline is practically invisible on the Bouguer map. Three other wells lic outside
the survey arca, two ncar the NE corner, and another onc near the NW corner. The
dilfcrences are more important; -

F6 (Bellcusc), reil depth 871 m instead of about 1300 m:
F7 {Mardivillicrs), real depth 144 m instead of about 1650 m;
F8 (Compainville, PB 201), rcal depth 861 m instead of about 700 m.
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::l' Table 3. Comparison of depths at_five wells.
)
:':'l‘ Actual depth Computed depth
)
o (m) (m)
)
KX Well Fl ~ 1010 —1100
g.::l \ {Ferriéres-cn-Bray)
ﬁ. Well F2 ~1107 —1060
;; {aux Marais)
AN Well F3 —978 —900
!'"'" (Hoderc-en-Bray PB402)
. Well F4 -859 —800
it (Villers Vermont)
(:{-‘:i. Well § -89 -900
Sy (Hanaches PB101)
‘l.“‘
§.|'I:
A
® These differences can be explained by:
! - :
:::\ . . —unrcliability of the extrapolation of our results out of the survey area;
& , ’ —lower quality of deconvolution due to edge effects, particularly in the corners;
“'l q 8 p y
_.i,.. —for wells F6 and F7, influence of the low-density NW-SE axis crossmg the NE
:::.: corner of the survey;
Pl —influence of a regional anomaly.
A}
;‘l' This last reason seems to be the most important: all the wells along the main
" (y anticline (except F1) have real depths greater than computed depths, while wells F6
:':‘ and F7, near the NE corner, have real depths smaller than computed depths.
WY
s . .
W 5.2. First computed field and first residual
an The computed fields look very much like the Bouguer anomaly, and the residual
,:'.;, map is more important. The mean square residual is 1.86 mGal (8.2% of the median
: o Bougucr anomaly). The main differcnces are due to points where the structure
~.::l.: rcaches the buller, principally along the main anticline. The residual map is there-
_,“g fore a “ ghost " of the Bouguer anomaly,
@
¥, .
'::’:.: 5.3. Superficial structural map
) .
i:‘::: The main anticline shows up clearly, as well as another parallel anticline 11 km to
.’:'c.:’ the NE. Three transverse featurcs appear, one of which corresponds to the major
:,:,:.' transversc fault visible on the bascment map. The northern feature was not visible
%0 on the other maps.
®
o :
\::: ) 54, Second computed field and last residual .
Y . . . =
:";" The second computed ficld is very similar to the first residual ficld. The mean square
c"::.' dilference is 0.17 mGal, 3.8% of the average amplitude of the first residual
3.4
I
naa
iy
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o .

0 S mGal) or only 0.8% of the average amplitude of the original Bouguer anomaly
:. ” (22.7 mGal). The figure of 0.8" is to be compared with the mean square dilference
S of 8.2 on the basement map.

D) It should be noted that the remaining differences are duc to:

:‘; X —four points reaching the second bufler, along the main anticline, with differences
A 0l 0.63. 0.96, 0.31, and 0.37 mGal, respectively:

£

—cdge cffects,

-‘.‘ e

If these four points and one line close to the margin were removed, the mean
square difference would be only of 0.13 mGal (0.6"4).
Taking into account these remarks, it can be scen that the last residual map stifl

Ul

P
.‘V_‘; has an organized look. First. an extensive "anticline ™ of small amplitude, with the
.0 same axis as the main anticline. can be seen; it may be related 10 regional variations
! L in the basement. This " regional ™ anomaly has the following values:
N )
-4 Northeast —0.4 mGal:
® Anticlinal axis ~ +0.2to +0.3 mGal;
o Southwest -0.2 mGal.
l-‘
%
. :: : The corresponding gradients are very small: 0.02 mGal, km.
» Apari from this regional cffect, two other slight " anticlines ™ can be scen parallel
5 to the main anticline. However, after comparison with the basement map. it seems
{ that the deep deconvolution was slightly too powerful and that the two synclines
3 separated by the main anticline on the basement map are somewhat shallower than
) p 3 p
K indicated. Of course. other geological interpretations are also possible.
el
g )
! 3.5. Edge effects
BOX .
D The above-mentioned edge effects are mainly due to the calculation of the resultant
e \ ficld and not to the deconvolution itsclf. When this job was carried out, the resultant
P field was computed without extrapolation of the structure out of the survey arca.
‘-: Since then. the program has been adjusted 1o suppress this minor defect.
b, . Y
n
.? 3.6, Final geological imterpretation
e S Lo . I .
K j The general geological interpretation is shown in fig, 13, which is a SW-NE diag-
...'- onal cross-scction. We have drawn:
4
) . . .
‘o0 —the interface between the sccond and the third layer according 1o deep deconvolu-
o tion: =
o - the geological buffer;
¢
Y —1op of the bascment (third layer);
. 3
0 —the interfuce between first and second layer according to residual deconvolution.
-
:, ;\, The comparison between the top of the sccond layer and our geological
-, . . .. .
k" interpretation based on surface data shows a remarkable coincidence between this
i 2
. .'.
’:‘:‘.
v|' l‘ .
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X mterface and the base of the Kimmeridgian, except in an arca located between 2 and
,:0 13 kv NE of the main antichine. In order. to have regular variation of thicknesses, it
:' was necessary to lower both gravimetric limits. Part of the gravity high can then
i) only be explained by an increasc in basement density, which would be around
\ 3.0 g'em®. This axis would correspond (o the important (but rather flat) gravity high
:.; 1o be scen on the Bouguer map, with an axis located at 9 km NE of the main
' anticline, This part of the interpretation was carried out by semi-manual calculation,
: ( using the two-dimensional prism [ormula.

;Q Lastly, there remain local negative differences between geological and gravity
iy interpretation. These negative residuals are probably due to narrow vertical faulicd

rones. where the sccond layer density could be reduced to 2.3 g/em? and/or the

. busement density reduced to 2.6 g/em®.

)

N
)

: 6. COMPARISON BETWEEN CLASSICAL DOWNWARD

N CONTINUATION AND DENSITY MaPrs

- Though this paper does not deal with the theoretical aspects of the described
Y . method. it seems uscful to place what we call * deconvolution™ within the context of
., . classical map fHltering by Fourier transforms or grid operators.
;:l First. it should be noted that * gravity deconvolution ™ (Bichara and Lakshma-
§ nan 1979} is no more than a particular map filtering. Nevertheless, two differences
. between " deconvolution ™ and classical map filtering should be stressed:
i'«

"-:0 a. Map filtering aims at obtaining either an enhancement of certain anomalies (e.g.,
,' sccond derivative at various grid spacing, regional or residuai filtering) or a map
N representation of ficlds at difTerent altitudes {upward or downward continuation).
X ' * Deconvolution ™ aims at obtaining a density distribution for a plate of chosen

" thickness and depth.

b. Map filiering can, at least theoretically, be done perfectly. This is due to the fact

i} that frequency domain representations of upward, downward, and second deriv-
:: ' ative operators have analytical expressions (Fuller 1967). We do not know of any
,0'. frequency domain analytical expression for density operators.
". .
Ncevertheless, one could argue that classical downward continuation is a density
. operator which also has the advantage of being well defined in the frequency
R domain, and thus would be more advantageous 1o usc as an operator. In fact,
‘::' downwitrd continuation can only give a surface density distribution which has less
o physical significance and is more difficult to use for structural mapping. Another
:: disadvantage of downward continuation is that, in our experience, it is a much more
noisc-generating filter than * deconvolution™. In any case, downward continuation
) can be (and has been) used for structural mapping (La Porte 1963); in this respect,

) " deconvolution™ could be described as a generalization of downward continuation:
downwird continuation is a “dcconvolution ™ with a layer of thickness 0 and at a
depth which is a multiple of the grid dimension.
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7. CONCLUSIONS

The three-dimensional, three-layer deconvolution of existing gravity data along the

) Pays de Bray anticline has supplicd & powerful structural tool to the geologists.
b helping to locate various features. such as secondary anticlines and transverse faults,
e particularly for a sccondary anticline on the flank of the main one, practically

' invisible on the Bougucr map.
B = Three-layer modeling was possible here by the use of geological constraints,
::'. ’ available in this well-known arca.
5:'.::: The basement map compared to five wells shows a mean square difference of
;r:"# 72 m (6.4%). This accuracy is in part due to the absence of lateral density variations
‘:‘::'.' and also to an abrupt variation between sedimentary and basement densitics.
In regions where no geological information is available, the described procedure
ﬁ\;‘." results in several parameters (mean square diﬂ'crcncg‘ correlation cocfﬁcien'l. and
; limiting densities) that can be employed to automatically construct a maximum-
i::.' depth basement map. It should be stated that the intcrpretation tool described in
N the present paper has been used regularly by us for several years: various improve-
. memts update the technique cach year. Of course, this new mecthodology of the
° interpretation of gravity anomalies does not render obsolete classical interpretation
3 methods. such as downward continuation. There will always be the necessity of
L . separating regional trends from residual; classical methods for depth determination
""S ) are always useful and we do use them frequently. Nevertheless. density maps allow a
f’: ’ quantitative look at Bouguer anomalics which have proved uscful in many
1‘ instances. Furthermore, provided a given density contrast, these maps are easily
{ transformed into basement maps. which in many cases were confirmed by drilling.
e We e presently studying the application of these techniques to air. land. or sea
A magnetic surveys.
,':":.n'
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Trrasure hunters and some archeologists have been convinced, bers) above the King's chamber.
since st least the 12th century, that mysterious chambers Dormion and Goidin accepted these anomalies as proofs that
exist in the Great Pyramid which conceal the real 1omb and the so-called King’s chamber is just a decoy which hides the real
N7 treasures of Cheops. A year ago two French architects, Gilles King's chamber, and that *‘stores’” should exist close to the
)‘- Dormion and Jean-Patrice Goidin, examined the construction Queen’s chamber.
gﬁ- features of the tunnels and chambers inside the Great Pyramid Early in 1986, the two French architects convinced the
LN — one of the largest buildings, ancient or modern, ever con- Egyptian Antiquities Dcpartment, the French Foreign Ministry
e structed — from an architectural point of view. They observed and Electricité de France (the French State Power Board) that
B39 several anomalies, particularly: their theories were sound enough to be tested in the field.
Electricité de France, following its policy of technological spon-
o ¢ The huge vault, much too high, above the entrance of the sorship, decided to head the funding of an expedition and
:; N pyramid. start with a geophysical survey. Compagnie de Prospection
R~ * The offset of the King's chamber — all other chambers in Géophysique Francaise was hired as a consuliant. Resistivity,
,;.‘. this and other Giza pyramids are exactly in the pyramid's verti- electromagnetics and seismic methods were soon rejected. Radar
W " cal axis (see Figure 1, inset). was carefully examined but, in the end, Electricité de France and
B . * The abnormal position of the slabs in the Queen’s chamber CPGF selected microgravity as the most efficient technique for
) tunnel. cavity detection in the very special conditions existing in the
" ~ * The abnormally large superstructure (decompression cham- pyramid.
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Above left: Jean-Pierre Baron drilling under supervision of Egyptian Department of Antiquities.
Above: An example from another gyn_nllg g_!_a “;lon" slmiln.r {0 the one we were looking for slong the Queen's chamber access tunnel.
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Mkmgnvuy surveys for caves. Microgravity surveys have
been carried out by CPGF for several years — starting with the
Paris-Lyon motorway (detection of karstic cavities) in November
1962 and in the city of Caen in Normandy (underground quar-
ries) in December 1962. CPGF has, subsequently, carricd out a
number of microgravity surveys, involving a large number of
stations. Traditional gravity surveys really became *‘micro-
gravity'" in 1968 when the firm of LaCoste & Romberg brought
out the D-meter with a reading accuracy of one microgal.
Various field proccdures, processing techniques, and interpreta-
tion methods have been developed to utilize the higher sensitivity
of microgravity surveys and some of them have recently been
incorporated into conventional gravity surveys for oil.

Electricité de France is a major user of microgravity surveys
— for preliminary site investigation of dams and nuclear power
plants, for foundation qualtity control, and for fine microgravity
gridding in the foundation excavation itself. The US Corps of
Engineers has recently become interested in microgravity's poten-
tial and this year is studying the application of microgravity to
the assessment of existing structures and structural foundations.

Station spacing ranges from 2 - 40 m in microgravity surveys.
The usual depth of caves is of the same order. The gravity
anomalies range from 15-300 pGals. In order to achieve maxi-
mum accuracy, field measurements are made with great care,
in a semirandom sequence, with returns to base every 20-30
minutes. The instrumental drift curve is adjusted to take into
account repeat stations, and to minimize time dependent
anomalies. Work is often done at night when ambient noise con-
ditions are quietest.

Final accuracy on repeats is in the order of 2-10 4 Gals when
field conditions are good. When surveys are made in harsh
urban conditions (for example, along the circular Paris freeway),
repcat differences vary between 5 and 30 pGals. However, in
the middie of large cities, microgravity is practically the only
feasible geophysical technique.

The main geological targets in microgravity surveys are ancient
underground quarries which occur frequently in chalk and

Jean-Claude Erling reading
LaCoste & Romberg
D.meter In the King's
chamber.
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limestone regions in Europe; World War [ trenches and tunnefs;
sink holes and dissolved zones in gypsum, salt or limestone areas;
and repeat surveys for controlling grouting operations.

Another novel application of microgravity is the measurement
of absolute density of embankments by gencralized Nettleton
profiles. Conventional microgravity is  often  completed
by vertical gradient profiles across major anomalics for more
accurate depth evaluation. Gradient is mcasured between sta-
tions 1-1.§ m apart,

Micrognvily survey in the pyramid of Cheops — preliminary
modeling. Computer modcls were run, prior to the survey, in
order to evaluate the type and size of cavities detectable by
microgravity. These showed that by operating along accessible
tunnels and chambers, cavities of around 10 - 40 cu m could
be detected at distances reaching 10 m. A complete computer
model of the pyramid was then run in order to compute the
general effect (P) of the pyramid and the corrections (C) due
to all the known existing chambers and tunnels.

Values of P range from — 2,500 pGals in the Queen's chamber
tunnel to +1,700 xGals at the highest decompression chamber
with a gradient of around 96 pGals/m (for a density of 2.6
8/¢cu cm),

Values of C range from 0-280 uGals (for the same density) with
the maximum values being on the floor of the King’s chamber,

All of these corrections were made in advance so that the field
crew could compute corrected Bouguer values on the site,
Different models of unknown chambers were run in advance
s0 that comparisons leading to immediate decisions could be
made during the survey.

Field work in the pyramid (sec Figure 2). During the May 1986
survey, a 2.1 X 2.1 m grid of 15 stations was set up on the floor
of the King's chamber and on each of the five decompression
chambers. In the September survey, scaffolding was put up and
two extra levels were surveyed in the 6-m high King's chamber.
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‘ Three stations were made close to the entry of the King's ,(P~-C) s
) . . . . = ‘ ¢
i.e8 chamber in Caviglia's tunnel which was dug during the 19th A = o, tad +alx+ byl + by +c
( century.
% "~ A 27-m profile with 15 stations {spaced 1-2 m) was madc in 0.’ bei o . -
9 . e . ," being an apparent density, as in borchole gravity.
R :'}‘ Ma_v. in the access tpnnel to the Queen's d}ambcr. Two other We also had to take into account the effect of granite slabs
b profiles were made in September on cach side of the 1.i x 1.1 (2,65 g/cu cm) surrounding the King’s chamber and the decom-
I m tunnel. Spacing between these three profiles is 0.5 m (which 08 . : . .
LAY is probably a world record!) These two profiles include a total pression chambers. This required an iterative procedure.
P ‘.'(p ofp46 smiyons with s a‘in. ane in ﬁol:n 0.5-2 m u Tests were also made using a horizontally stratified, 3-layer
L pacing ranging ’ ' pyramid density. Results yielded an average apparent density of
\ the pyramid ranging from 1.88-1.95 g/cu cm (see Figure 3).
) ? I"‘"Pfﬂ’"“ﬂ procedure. The Pyramid’s density was computed Aflter computing 0,’, @, b and ¢, the theo:etical free air gravity
I',‘: using an interpretation technique similar 1o that used in borchole (TFA) was computed at each point, leading to a residual free
149 gravity surveys. In fact, the measurement of gravity inside a finite air anomaly:

body is a generalization of borehole gravity.

Measured free air gravity (FA4) is the sum of:

® The general attraction P of a homogeneous theoretical
pyramid, of density o, from which the effect C of known cavities
is subtracted; £-Cis the effect of the *'pyramidoid, ' by analogy
with the geoid.

® Regional effects on the pyramid due to external causes,
either linear fax + oy = C) or of the second degree.

* Regional vertical gradient.

RFA = FA — TFA.

These residual values were then transformed into differential
densities Ao by computing the vertical gradient £.RFA inside
a moving window. We (quite arbitrarily) suppose that ZLRFA is
due to a local modification of the Pyramid’s average density
o, , inside a cylinder AZ meters high, and of a radius R meters.

The difference of free air attraction between the top and the
bottom of a vertical cylinder is given by:

" * Effect of local inhomogeneities inside the pyramid, such 80
o~ as unknown caves. # > LFA = 3 wed (R + AZ —\/R' + 02" |,
N :: After computing P-C for an arbritrary density, a multivariable . . .
hY regression between FA, P-C, x, y and z should yield the correct which yields, setting R = rAZ,
o average density 9,. In fact, tests show that P being very strongly Ao = 1 AV 1
’ . related 1o 2, these two parameters cannot be easi!y'scpara(cd. T 818 Az l4r = V1497
HE . The regressions used were therefore based on equations of the .
¥ '.*_ . type: as compared to the usual borehole gravity formula
'N': FA =0, P-G or g = LI
o) 2.6 818 A&Z

o GLOBAL DENSITY OF THE PYRAMID
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RO THEORETICAL ANOMALY
{. OF A CHAMBER SITUATED BEHIND
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( Figure 4.
\» ‘(-
i’t'l. Wh = 5, bt Ja 1_ 4
Ly we obtain Ag = —— —-
AN s 755 AZ
Jt} We can then compute an apparent density ¢’ at each point
:ynﬁ o' = g + Ao
L Vertical gradients due to regional effects were then computed.
. The correction of the effect of a large gravity feature located
-i:;l" 25 km NW of the pyramid increases the apparent density by
W, 0.15 percent. The correction of the topographic effect of the Nile
K O\ valley and of the effect of lower density quaternary sediments
: oY increases the apparent density by about § to 7 percent.
' A\-enge density and structure of the pyramid. Taking into
‘ account these corrections, the average density of the pyramid
-4 is very close to 2 g/cu cm. This figure should be compared to
:. \ the known density of the materials of which the pyramid is (or
A could be) formed:
[
'\. N * Tura limestone, which covers all the access tunnels is 2.6
LG g/cu cm,
O : ¢ Local paleogenic limestone is an average of 2.07 g/cu cm.
i ¢ Fill seen in Meidun Pyramid, but not yet seenin Cheops
® is 1.8 g/cu cm.
[ ; Pending further debates, we consider the hypothesis of a
[ ')'-\.' massive pyramid, mainly made of local limestone, without (or
&-; with very little) [ill, to be the most coherent.
,*\" The results of more intricate models (3-layer, or with a sec-
3 ond degree regional) make us suspect that this density of 2g/cu
~ cm is just an average. We feel that the lower southwest part of
» . .
Y a8 the pyramid could be heavier, but further measurements on the
surface of the pyramid would be necessary.
l".
iy Rnulu in the King's chamber. The residual values range from
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~25t0 +33 uGals. The main negative ~10maly is located at the
northwest corner of the King's chamber's floor. It corresponds
to a small old investigation tunnel, leading out from beiow the
stone coffin. A couple of small high frequency local anomalies
show up and will be investigated later, but they have nothing
to do with the anomaly computed from the presumed unknown
tomb, which should have given a § m wide negative anomaly
at decompression chambers 2 and 3 and a symmetrical positive
anomaly of the two reading levels on the scaffoldings.

Figures 4 and § compare the theoretical gravity due to the
suspected chamber and the real residuals and Figure 6 shows
the apparent densities computed from these residuals corrected
by 7 percent of the effect of regional vertical gradient.

The Queen’s chamber access (unnel. This zone was only
surveyed as a secondary target; however it was here that we had

¥, - -l - v Gl o naN o aw - TR Y g

the most significant results.

Figure 7 is a residual anomaly map, showing the results of
the three profiles after all corrections. Towards the entry of the
tunnel, a positive zone (+ 20 xGals) shows up, while towards the
Queen's chamber, a strong negative feature (~ 25 uGals) is visi-

. ble, mainly on the western profile. The difference between the

two zones, around —45 uGals, is a very significant, non-ambig-
uous anomaly.

Quantitative analysis is very difficult because data are only
available along the three tightly spaced profiles. We made various
interpretations with different hypotheses, supposing various posi-
tions and amplitudes of the maximum anomaly. The most pru-
dent hypothesis supposes that the maximum is reached at the
west profile, while one could suppose that this profile is in fact
just on the edge of a larger anomaly (see Figure 8).

The different proposals yield various interpretations (either

QUEEN'S CHAMBER ACCESS TUNNEL
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‘ MICROGRAVITY TEST ABOVE THE SOLAR VESSEL CHAMBER
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P for a horizontal cylinder or for a horizontal strip) all located where a buried vessel is suspected. A similar vessel has previously
r in the hatched zonc. been discovered and reassembled in an adjacent museum.

Of course, if one of these sources extended upward towards
the side of the tunnel, the upper part (located on the same
horizontal level as the measurements) would not create any
anomaly at all on the vertical component of g, measured by the
meter.

The position of this anomaly along the tunnel and its loca-
tionon the west side coincide with a certain number of observa-
tions made by the architects. 1t was therefore decided to drill
sideways, with holes tifted 30 degrees from the horizon, in order
to locate possible *‘stores’’ as have been found in other pyramids.

The drill used was a small electric rotary drill with 2 35-mm
diameter. The Egyptian authorities made us carry out a pre-
liminary test on large blocks outside the pyramid to avoid all
risk of destroying valuable objects. The pyramid's building
blocks are limestone and 53 cm thick. We were allowed 1o use
water injection to flush out the sediments for the first 45 cm
of drilling but we had to end the drilling in each block with dry
diamond drilling.

Three holes, 2.6 m long, were drilled 1.5 m apart. After cross-
ing about 2.1 m of limestone (four blocks), they all struck loose
sand with pieces of mortar. The three holes were visually in-
spected using a Bodson endoscope. The edge of the sand was
seen to be vertical in all three holes. This sand is very loose and
we air-flushed out several liters with a small compressor. The
architectural purpose of this sand is not known; however, the
Egyptian Antiquities Department agrees that this discovery is
a definite indication of an organized structure, probably related
to new and unknown chambers,

Reverting to gravity interpretation, it is clear that if the anom-

The survey included 35 stations with spacings ranging from
1-6 m. The two profiles which cross the presumed vessel clearly
show anomalies reaching —30 to —50 uGals. This short test
showed how easily fine microgravity could be used for locating
small underground chambers. Of course, all the sophisticated
corrections made inside the pyramid were not necessary here.

We wish to put aside the *‘treasure hunt’’ and *‘curse of the
Pharach’’ sides of the survey, which attracted 40 international
journalists to the pyramid. We do not wish either to intervene
in the present controversy between schools of Egyptologists as
to the nature of the sand-filled cavities we have detected.
However, the techniques used: microgravity with advanced cor-
rection and interpretation techniques, and microdrilling with
endoscope visualization, are considered by all involved to be the
best combination for surveying underground chambers, particu-
larly when surveying inside structures like the pyramid,

Egyptian and French authorities are now discussing the best
follow-up courses. One debate is between the use of a larger,
more powerful drill or the construction of an investigation
tunnel.

More gravity surveys are anticipated along uninvestigated tun-
nels (particularly the Grand Gallery) and on the outside faces
of the pyramid. A complete 3-D gravity mode! “*weighing®’ the
pyramid could yield more information on both the possibility
of other chambers and on the geotechnical features of the
pyramid itself. Several observations (particularly in the decom-
pression chambers) suggest that stability problems exist in the
pyramid. Such an investigation could be a useful test for develop-

;.: uy aly was only duc to sand, its volume would have to be very large ing techniques for the assessment of other larger existing struc-
(o — around 40 cu m for anomaly 4, for example. tures, such as earth dams. I&
AV
G (Oral versions of this article were presenied at a seminar at the
Wy ravity test over the huried vessel chamber. A short gravity Colorado Schvol of Mines in September and ot SEG's Annual
s'::"' test 'was also carried out outside the pyramid, over a chamber International Meeting in November 1986.)
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! SOCIETY OF PROFESSIONAL WELL LOG ANALYSTS ,
fy!,:; Second Internatfonal Symposium on Borehole Geophysics
( For Minerals, Geotechnical, and Ground Water Applications
\ October 6-8, 1987 - Golden, Colorado
X
‘:1 ' CURVED RAY SEISMIC TOMOGRAPHY - 17 YEARS EXPERICNCE FROM ZAIRE (1970) TO KENYA (1987)
\‘\:’Q Yves Bertrand(1), Alan T. Herring(2)
& Jacques Lakshmanan(1), Manuel Sanchez(1)

(1) Compagnie de Prospection Gaophysique Frangaisc, 20 rue des Pavillons - 92800 Puteaux {France)

_::t... (2) EOCON, Inc. 171 So. Von Gordon, Denver, Colorado 80228 {USA)
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Th Y ACSTRACT - Survey of the 150 m c1{ffs forming the fourd-
Y ations of the Turkwel dam site, Kenya,
& W llearly 20 years ago, the late Maurice LaPorte - Location of fractured zones in chalk for the
," developed a very sophisticated technique for nuclear power plant of Mogent-sur-Seine,
K/ inverting well-to-well seismic travel times. France,
For its initial purpose : the detailed invcst\g- ~ Location of karsts for the nuclear power plant
@ ation of oil ficlds, this technique came in too of Civaux, France : tomography between ground
,‘\,) carly, and was nearly forgotten. Mow, several surface and a deviated bore hole.
N; teams around the world have taken up the subject
;}. ,for ofl exploration, on an even more ambitious 1. INTRODUCTION

) ine.

'$ -Nearly 20 years ago, the late Maurice LaPorte
A In the meantime, CPGF in France had started developed a very sophisticated technique for
& testing the algorithm in the field, for dams inverting well-to-well seismic travel times,

' and other public works. During the last 17 years and tested it once at the Lacq oil field

A more than 50 surveys have been carrfed out and (Bais et al, 1971). LaPorte's technique supposes
B many developments have been made. the iterative adjustment of velocities 2t a scot
‘_|:' of around a hundred nodes. Between the nodes,
;'.g CPGF has also added, since 1980, two down-hole velocities are supposed to vary continuously.
) tools : For its initial purpose : the detailed investi-
g \ - the Shearqun, a down-hole mechanical hanmer gation of oil fields, this technique came in
;5',‘ - the Sismopressiométre, a down-hole, three too early, and was nearly forgotten until the
: comnonent geophone, with high pressure radial cighties. Now, several teams around the world

‘ clamping. and particularly in the U.S. (at the M.1.T. with
l" Toksoz) and in France (with Tarantola) have
i‘ The paper illustrates the advantages of curved taken up the subject for oil exploration, on an
‘.0 ray tomography, as opposed to straight line . even more ambitious line, including full wave
’|¢ tomography. The advantaqges of high power, inversion, but without any field experience.
.., clamped mechanical sources, such as the Sheargun,
[ i| are also shown. Typical examples of seismic In the meantime, CPGF in France, who had main-
et tomographies include : tained a neighbourhood relationship with Haurice
o - Survey of 3n underground power statfon ina LaPorte and the I.F.P., had started testing the
;.V - horizontal plane, between 3 adits at Qusanga algorithm in the field for dams and other
e dam, laire, public works.
a.:‘ - Survey of an existing nucicar power plant at
Ny Doel, Belgium, During the last 17 years, more than 50 surveys
¢ - Survey of an underground power station at the have been carried out in a vast variety of geo-
) 'i Grand'Maison dam in the Alps, in a vertical " logica) conditions, for many types of works and

2 plane, ) nany developments have been made at CPGF, both
@ = Location of faults at a dam site, in Vendée, .for acquisition and processing.

r“ Fr‘nc!. . .

' = Structural study of limestone-marl sequence In addition, CPGF has added, since 1920, two
§ Ny for a nuclear power project at Crvas, France, down-hole tools, to improve acquisition
::, . - Location of a buried lava flow at the Grand - conditions :

R Etang dam site, Reunion [sland,

,:u . - Location of karstic zones along a large urban
e, sewage tunnel in Dordeaux, France,
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~ the Sheargun, a down-hole mechanical hammer

~ the Sismopressiométre, a down-hole, three
component geophone, with high pressure radial
clamping.

Now, quite a few groups have started working or .
sefsmic tomography applied to civil enqgineering, ..

some with continuous sources (J. Wong et al,
1987), others with simplified straight line
inversion.

In chapter IV, we will illustrate the advan-
tages of curved ray tomography, as opposed to
straight line tomography. In chapter VII, we
will show the advantage of high power, clampcd
mechanical sources, such as the Sheargun,

I1. EXAMPLES OF SEISMIC TOMOGRAPHICS

Typical examples of seismic tomographics
include :

- Survey of an underground power station in a
horizontal plane, between 3 adits at Busanga

dam, Iaire (M. LaPorte, J. Lakshmanan,

M. Lavergne, C. Hillm, 1973), as described

in chapter 111,

- Survey of an existing nuclear power plant at
Doel, Belgium (F. Henning, J. Jacquemart,

J. Lakshmanan, J. Rougé, 1981), with tomo-
graphy under the existing structure, and P-
and S-wave measurements, using the Sheargun
as described in chapter V,

- Survey of an underground power station at
the Grand'Maison dam in the Alps, in a
vertical plane, between 2 adits (A. Martinet,
G. Akermann, J. Lakshmanan, F, Lantf{er,
{1982), with P- and S-waves, leading to
Young's modulus and Poisson's ratio maps,

- Location of faults at a dam site, in Vendée,
France (J. Lakshmanan, 1982),

= Structural study of limestone-marl sequence

bantdl Rl 2ol Lot ~o) ok v

I11. BUSANGA DAHM, ZAIRE

Near the 130 m arch dam project at Busanga,
Zaire, an underground power plant was planned
in primary schists and quartzophyllades, quite
strongly faulted and located necar the Lualaba
river gorge, arourd 100 meters below tre sur-
face. The power plant site had already been
.surveyed by 2 adits G3 and G4 (sce figure 1).
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Figure 1. Location of Busanga power station

The purpose of the seismic tomograpiy carried
out in the horizonta) plane G3, G4, was to
locate the optimum position of the power plant.
AMong the sides of G3 and G4, during a prelimi-
nary survey, conventional seismic measurerients
had been made with 60 m, 12 geophone spreads.
Compressional velocities oLtained are shown on
figure 2, with lower velocities near the adit
entries (3600 and 4300 m/s) as well as in two
interior zones (4300 and 4800 w/s) while the
genera) rock mass velocity is around 5000 -
5400 m/s.

i Al as o p Sy ]

):!lfo for a nuclear power project at Cruas, France
*J‘ (J. Lakshmanan, Y. Bertrand, M. Bichara,
Y. Lemoine, 1982), -1
X - Location of a buried lava flow at the Grand Iy “la
;:" Etang dam site, Reunion Island (J.F. Cottin
PR . et al, 1986), as detailed in chapter 1V,
e - Location of a buried c)iff for the Marseille
1 ol metro (unpublished CPGF report, 1985), A
Wy - Location of karstic zones along a large . + 3.
P urban sewage tunnel in Bordeaux, France "2
® © (J.C. Erling, Y. Bertrand, E. Kutkan, 1987). i
' - Survey of the 150 m cliffs forming the 1 2 .
ey foundations of the Turkwel dam site, Kenya H -3
i (unpublished CPGF reports, 1906-1907), as o -
A described in chapter VI, i+ ®
K> of - Location of fractured zones in chalk for the L
S nuclear power plant of Nogent-sur-Seine, 1. &)
s, 9 tomographies, A0 m depth (CPGF unpublished i
(] . report, 1932), !
Tt ‘- Location of karsts for the nuclear power )
¥ plant of Civaux : tomography between ground ¥ ?
Nl surface and a deviated bore hole (CPGF un- ]
Oy published report, 1987). f% t
AtY
P oL
P .
> Figure 2. Velocity measurements at Busanga
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5 transmitter points were used for the seismic
tomography, while 21 among the 96 conventional
receiver points were sclected. The tomography
panel {s about 120 x 150 metres (see fiqure 2).
After the first (straight line) iteration, the
mean square difference between measured and
‘computed travel times is 0.67 milliseconds

IV. GRAND ETANG DAM, REUNION ISLAND

This dam is planned in a volcanic environment
vhere previous drilling had detected a basaltic
flow 5-30 m thick covered by 20-40 m silt and
pervious scoria, filling an ancient valley.

!:’.0 (2.2 %), while after 3 iterations, it is 0.43 In order to complete an impervious cutoff
i) milliseconds (1.4 1). The computed velocity reaching the basalt, 1t was necessary to check
vyl map compares well with the conventional survey, the continuity of this impervious layer, and
3 most of the maximums and the minimums coincide. its Yink with older basalts forming the edges
) [n fact, we could have included the travel of the ancient valley. 12 seismic tomographies
G tines aiong the adits in the inversion proce- were run between 13 drill holes 50 m deep, and
'.:: dure. Here, they were kept apart. 50 m apart. Two of these tomographies, run to-
;l.. gether, are shown on figures % and 6. Central
KA The Busanga dain project is presently abandoned. drill hole SS3 had the particularity of having
"l‘ }t if were taken up again, comparison of met two layers of basalt, separated by silts,
POty jJures 3 and 4 suggests that the plant be while the lateral drill holes SP2 and SD1 (1ike
. pushed 30 m south and slightly rotated. all the other ones) had only met a single
( basalt layer.
:‘;;
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ey Figure 5. Grand Etang dam, velocity inversion
3’." (1st iteration).
: " 11tation 1
.'-:l: . After the first iteration, corresponding to a
',‘.!, Figure 3. Shot points (A to E), straight line tomography, the link between the
K receivers and raypaths at Busanga high velocity zones on each side is not clear.
) P After 5 iterations, it becomes clear that the
He £ upper basalt met by SS3 is related to the
'y 3 basalt of drill hole SP2, while the lower one
:'n : " fs connected to basalt of SDI, with an evident
.;0 2 Jow velocity separation between both layers.
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K ‘, Figure 6, Grand Etang dam, velocity inversion
e, > ‘ ) (5th iteration)
Afa’ Figure 4. Velocity inversion at Ousanga
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"::":: The raypath construction corresponding to the 5. DOEL NUCLEAR POWER PLANT, BELGIUH

DO last velocity distribution is shown on figure 7.
¢ Here too, the low velocity separation shows out Dynamic soil properties were studies after the
N clearly. concrete structure had been built. Therefore,
e in addition to two sets of conventional cross-
# e s et e e s e e et et e e e .and down-hole tests carried out in an accessible
fi:| . area outside the plant, a seismic tomogr:;hy
S was made between two 60 m holes drilled on each
,:l side of the reactor, 120 m apart ; with 12

5 transmitter points (caps) on one side, and 12

\ ) receivers (hydrophones) on the other.

:;"‘ Figure 9 shows the results of the inversion of
(..', compressional velocities, with velocities less
1 . . * than 1700 m/s up to a depth of 20 metres (loose
b'o.‘ AT ety oo quaternary formations), then 1750-1900 m/s in
::‘ pm pare the tertiary sands on which the pile foundation
iy is built, and then 1700-1850 m/s in the

. ' Flandrian clays. Figure 10 shows the shear
Figure 7. Grand Etang dam, raypaths : moduli in the same panel with moduli of 1500-

W8 2500, 2000-350C and 2200 megapascals in the

o . same 3 formations, .

e Figure 8 shows a synthetic cross-section with The increase of dynamic properties duc to com-
.:::.‘ the 13 dril) holes and the 12 tomographies. It paction under the weight of the structure is
v, seems clear that the recent basalt flow is shown on figure 11, where the velocities in the

gl continuous, except : "interior” columns arc divided by the velocities
13 - close to $53 as described above of the 4 “exterior" calumns.

® - at each end, where it does not connect with

e the older basalts.

.‘,\f '\'\

F) ' old basalts
’*A: i $50 §\§ ofd basalts Y

'§x

::::\ (31
ht
e
0
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R
L'k
A . S,
_) Figure 8. Grand Etang dam. 12 tomographies It shows that the velocities in the sand layer
V] are about 5 % higher under the middle of the
:". reactor than under the edges. Hhen comparing
Yol . with measurements made in the “free field®
)":o outside the reactor, this ratio is close to
W 10 %. The corresponding increase in Young's
T it a3 modulus is around 20 %.
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.‘ Figure 12. Turkwel dam, P wave toriography
-\ . (left bank)
e Fiqure 11. Doel nuclear plant, velocities
14
55 6. TuR TURKWEL DAM
2 - JURKHEL DAN S WAVE TOMOGRAPHY
. ;
oy The general aim of this survey was the deter-
W mination of neotechnical rock quality of the jonmeant nrictania
? ) cliff abutments. This was done bv sefsmic tomo- ;
N graphies between two adits ana between ground
B surface and adits on both banks., 4 tomographies
o were run with both P waves and § waves,
3
g Maps of P and S wave velocities, £ and G moduli
o and of Poisson's ratio were supplicd. Examples
5' of these maps are shown (figures 12, 13 and 14)
Q P wave velocities range from 1000 to 3700 m/s. y AN
. S wave velocitics range from 2500 to 6100 m/s. N

These values yield very high modulf which are
not abnormal for such a gneissic or granitic
rock mass.

e

A certain anisotrcpy seems to exist, particu-
larly on the left bank, where vertical veloci-
ties can be 20 = higher than the horizontal
ones. So, processing was rerun, taking into

s
nl’s

e

I account this anisotropy bv modifying the curva- 7, comen son
§ ture of the rays. Results are very similar to
Q'. e PECRIER PO S s
[ N those obtained wi thout anisotropy. [ '.lllm:'l.'"l.
...' _— .l'IAvl VELOLITY W UETEANIQECONS
::l. Iit should be noted that the computed trav$1
(A time can be compared to measured travel times. ’ Y
W An example 1s shown on the following table ;}3‘}[‘553;,“‘”‘“‘ dam, S wave tomography
® (right bank, P waves).
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"u"‘l Comparison with in situ static dilatometer
Tty TURKWEL DAM “HMederatec” tests show quite nood agrecment
il YOUNG'S MODULUS MAP (LEFT BANK) between dynamic E moduli and static £ moduli,
{ Mean values measured at (or close to) the
:ﬁ;::! Low vevomy guaracy 1 Federatec imeasurement locations are :

W . /

o .- , 5 static £ 16500 HPa

.::..' 2 X dynamic £ 264C0 MPa

LY

':’ﬂ: 7. THE SHEARGUN AND THE AOVAHTACLS OF STRAIGHT-
{'3' FORWARD TIALCBREAY PTCKING

\

R In order to obtain clear S wave components, it
'l ‘has been shown for several years that mechanical

'i‘| B - voren sorr devices, both on the surface and in drill holes,

..I|. are much more efficient than explosives, caps,
|:|’| sparkers or piezoelectrical sources. In fact,
el the original down-hole shear wave source for
L ‘cross-hole testing was a hamner striking the top
{ of a drill rod. In this case, very clear S waves
o were obtained, but the P wave component was very
RN poor.
i‘!“.
t:.:i‘ CPGF has devoloped since 1931, in collaboration
.l‘e“ with Techniques Louis Ménard (the inventors of
.:.0,‘. the Pressiometre®, the vworld famous in-situ
'y t9ee sour geotechnical device) a down-hole hammer called
® e bectmte pomtd . Ma the Sheargun ® (Y. Bertrand, P. Bozetto,
iy ' AT J. Lakshma?an, 198?). This system includes a
nhel i . pneumatical, radially clamped anvil which is in
s':" ; ' fact a Pressiomdtre® included in its Ménard
*-“2 . ?:9‘;:%::;)7”"‘“] dam, Young's modul{ split tube. A spring actualed haumer, driven by
Lo ¢ _ air, strikes the top of the anvil {fiqure 15).
e Ve can see that the mean quadratic differcnce
:.‘2‘ between measured and computed times becomes
e steady after 3 iterations. Average travel time
L was adout 12 milliseconds. Anvil ©
> .
WY EXAUPLE OF INVERSION IMPROVEMENT J
K) j— re— .
’% ) Right bank, P waves i
: Spri |
§ A Anisotropy = 1 _Df_"g. Hammer
5". . Joward ;n:;c;\s:bsna‘nd
|!! g 'g
:% At quad. At wax schematic of the sheargun
o Iteration| (quadratic averaqe) .
,:;. ‘ milliseconds milliseconds
vors
gl 1 0.995 2.302 -
kD Figure 15. Schematic of the Sheargun
igde 2 0.353 1.453
[ 5T B :
3 0.28 1.202 The receiver is a Sismopressiomdtre®, which is
N 4 0.281 1.161 a 3 component geophone clamped to the hole
:. { 5 0.278 1.159 through a Ménard pressiométre.
» 6 0.276 1.153 Tests in soft formations have shown that when
=X the Pressiométre® puts the soil back into its
Y
l‘|'0' = {nitial state of stress {see figure 16), the
Al Extra iterations after slight received signals are of much higher quality
® adjustment of the model than when the geophone is just applied against
e the hole wall by an arm (total force applicd by
M : ? 0.303 1.153 the Sismopressiomdtre is around 50 tons, instcad
'l’o.l’ . 8 0.277 1.148 of 200 times less with a usual down-hole geo-
|:|.0 phone). Depth range of both tools in the stan-
v 9 0.2713 1.143 dard 63 mm version is around 200 metres.
(®
KA 10 0.270 1.138
PONY
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N Figure 16. Pressiometric stress-strain curve

N Signals transmitted by the Sheargun® and
(v, received by the Sismopressiomdtre® are quite
Striking, and show remarkable frequency separ-

d a
. tion between P and S waves..Figure 17 shows the h i itai
3 . oles. Tests carried for E1f Aquitaine. have
o results of afc;oss-hole jast with a horizontai shown that this tool, which produces an cnergy
b L :ﬁp°'°:'°7 of 20 m. On the left of the figure, of 500 joules (instead of 90 joules) can reach
i ¢ actual recordings are shown with the 2 hori- distances close to 300 metres, and can operate
b s Zontal geophones, and at the bottom left, with up to depths of 500 m
1 the ;ertvcal geophone, the most sensitive to )
o the Sv waves created by the Shearqun® . The
Pl ampl;tude spectra on the right (normalized 8. COMCLUSIONS
I vertical scale} show the distinct frequency ’ ; i iSMi
DM N separation between P waves (1350 Hz) and § waves Crar’s Tong practical experwenfg - soti?rc .
gl (120 H 1 ¢ tomography has shown the following features :
B . 2). the recording vas made at Creys- .- curved ray processing strongly improvas the
ﬁ%ﬁa Malville super-breeder nuclear power plant {n " resolution,
‘40 France, in a clayey sandstone formation. - the use of S waves increases the contrast
\ﬂ’ between compact rock and fractured zones,
R - high quality records, and therefore, strong
‘)‘ sources are necessary to obtain good inver-
Prei® ) ] sions.
v * w e .n...~:'m—'~ .
‘Q’. z: t , ] Improvements presently being made concern the
4N R L inversion of the quality factor. In the future,
) 3 i =rai ! I ;\'_ﬂ / tomography will have to take into account the
K ,J.\ 1 1 _:__;_1__ full wave form.
) ' i ’
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Particularly, it can be noted that the P wave
break can be measured with an accuracy of up to
0.02 milliseconds (using another time scale and,
if necessary, an oscilloscepe instead of digital
seismic recorder) and the S wave with an accu-
racy of around 0,05 milliseconds. These figures
scem surprising when looking at the freguency
content of the whole signal. lowever, this con-
troversy between time and frequency domains
should be definitely settled in favour of time
domain, When the seismograph (or the seisuo-
logist) gets the break, it does not care about
the rest of the signal to come!

Time-break picking precision depends on the rise
time which is nct only related to the frequency
content of the signal, but to the energy carried
by it. Therefore, a powerful source like the
Shearqun®, even with a limited frequency content
(2000 Hz for the Sheargun) can yield breaks with
an accuracy better than the actual sampling rate
of the recorder itself ; 0.) millisecond is not
2 problem.

When distances increase, an arithmetic stack is
‘used, and the 63 nm tool can thus reach distances
dround 60 metres. for greater distances, CPGF

has developed a 135 nmm Sheargun®, for use in 6"
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:‘) AUTOMATIC DECONVOLUTION
MY OF GRAVIMETRIC ANOMALIES*

LU ny

e M. BICHARA and J. LAKSHMANAN **

ABSTRACT

\‘0: Biciara, M., and Laksumanay, J., 1970, Automatic 1deconvolution of Gravimetric
o) Anomalies, Geophysical Prospecting 27, 798-807.

upward and downward continuation of measured fields. It can be shown that a unique

set of linear filters, depending only on geometrical parameters, relates density distribution
) at a given depth to gravity mcasured on the surface. A mcthod to compute the filter
3N coefficients is developed. Very accurate reconstitution of theoretical models of intricate
$ it . shape, prove the validity of the lincar relationship. One of these sets of linear filters is
%, . applied to a ficld case of underground quarries.

0
K
-‘:: Existing techniques of deconvolution of gravity anomalies arc principally based on
k

- [ = LINEARITY OF THE RELATIONSHIP BETWEEN GRAVITY AND DENSITY
¢ DISTRIBUTIONS
ol .1~ LA PORTE method:

o,::! La Porte (1903) established an iterative method for the reconstruction of
::‘:: an underground geological structure from the gravity ficld on the surface of
B the ground.

D) In the first step the field is continued up\\'nrds:

"n glv,y+2)= 'i' f j (v sl X.—O)‘ , dx dy (1)

X
LI
N

WY Next the field is continued downward by

a'.‘
gv v =5 = =g (v, 3, +2) 2 (5,3 0) + 22 55 (v v o)
2

: L e “

¢ Received September 1977
*¢ Compagnie de Prospection Géophysique Frangaise, Rocil Malmaison,  France,
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AUTOMATIC DECONVOLUTION OF GRAVITY ANOMALIES 799

Finally, La Porte caleulates a surface density distribution at depth z from

3¢ (r v, —2)
alv,y, —2)=" s (1)
or i volume density distribution from
3¢ vy —2)
S(v.y, ~2)= po . (4)

where ¢ is the thickness of the layver at depth —z.

IZquation (4) and (5) suppose that the variation of the gravity field are due
to the density variations within one layer at depth —z.

The La Porte method is very interesting and justifies itself by equations (1)
to (3). It has been used by us for several problems. Nevertheless, it is a costly
method needing many computations (sce equations (1) and (2)). Furthermore,
problems due to the discretisation of equation (2) often arise. These problems
were already discussed in detail in La Porte (1963).

1.2 = Relationship between gravity and density distribution :

From cquations (1), (2), and (3) one notes that, for a given depth —2,6, and §
are lincar in g (x, ¥, 0). Therefore, there exists a transformation with the
following properties: ¢ = §(g)
if o1 = §(g1) and o2 = §{g2), then o1+ o2 = F(g1+g2); » is a scalar, then o =
S0n0)-

This follows from the fact that:

g (x, y.+2) is lincar in g (¥, y, 0) (see equation(1))

g (x, ¥, 0)
g (v, ¥, 0}, and conscquently from equation (3) the existence of function § is
demonstrated,

According to Schwartz’s theorem (see Yosida 1968) § could be represented by
convolution with a kernel function K. We can write

‘e +a

is lincar in g (v, ¥,+2) at z=o0, thus g (v, y,—2) is lincar in

a (v, yo,—2)= [ [N (x—x0, y—3n, 2)g(x, v) dxdy. (5)
From equation (3) it is evident that & (ve, yw, 2) can be expressed by an

integral equation similar to (5).

Diseretization and limitation of cquation (4) gives the equation:
"M N
Aa{i,j,—z,¢c)= X N oapg(i—-k j=1) ()]
o =M Re -y

where the agy depend on the grid dimension, the depth 2, and the thickness e,
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The vadue oz 1s referred to as the filter cocfficient. This denomination follows
from o more general idea for the discretization of a convolution integral, For
more informations the reader is referred to Ghosh (1971) or Bichara and Laksh-
manan (1g9z0).

The idea is the following:

There is theoretical reason for the existence of a filter (24) realizing equation
{n). This filter has been calculated and tested on various theoretical cases. We
found that it was cfficient and quite adapted to a density reconstitution at a
given depth =

Il = Carcuratioxn OF THE FILTER COEFFICIEXNTS
Proposed method

If equation (0) is valid, it follows that the coefficients ay; depend only on
geometric factors {grid, depth, and thickness of the source layer). Therefore
they are unique and can be computed by considering the effect of any sort of
source, for example a right prism.

Let us consider the effect of a right prism of length ag, height ¢, situated at a
depth z, and with a density contrast of 1, centered on point (m, #) on a grid of
dimensions (2m — x) agz, (2n—1) ay; let g (1, j) denote the gravity effect of that
prism at point (7, j). The gravity anomaly is given by

((+1~m)(j+1~n)aza,

2 (
Ag = —Aoc ¢ jarcty = == T s
S I z I'/(1+ r—ma,+(j+ I—fz)‘(z;,«f-:'

(r = m) (;— ny gy

+ arctg -—
2 V(i=m) axi+ (- n)ial + 2
(fr+1~m)(j—)naza,
—arcty - cjm—=srmmme—mme =X
I(l+1—-m)a + (j—n)’d}, T
{=m) (j+1=n) aw, ] :
— ety ( )(j ) ik ’ {0)

W= m) a} (} +1- n) a

Actually, the more accurate cquations by Nagy (1900) were used.
We can then write a systenvof (im0 x 1) equations

! S oapgli=hj~l) =0 Y (. ))# (m, n) (7)
[ I 1 ==
pX X oapg(m=k n=0)= As, with the azy (%)

b s m J==n

as the mx n unknowns,
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AUTOMATIC DECONVOLUTION OF GRAVITY ANOMALLES Sut
solving these linear equations, we can compute m x  filter cocflicients valid
for a given sct of values of ag, ay, ¢, and 2.

The filter size (m x n) and the grid size (20— 1) x (2n = 1) should in theory
be infinitely large. However, we have found empirically that the filter size
is correct if outside the complete grid (2m — 1) x (21 — 1) the gravity anomaly
is less than a hundredth of the maximum anomaly.

1.2 Expertmental resulls
For a right prism with
Az=ay=10m
overburden z = 10m
height e=3m
density contrast 1 g cm? we obtain the anomaly shown in fig. 1
For a grid of dimensions 2m — I =2n—1=13 (m=n=7); the filter coeffi-
cients are given on figure 2.

o o9 ea
0=
a0 o en Oaw 0eTe 0149 00Ts ©O0es OO
15 i
L2 3
o 6s  die  ga  ques oee o qoes qore |
l olevs que ope g  qoeo Qose qoes
om Oims 4B 00 0,088 0,048 0,0 OOM
I oLn qor  oos qoss qoms qoes Qo
° I ° I““l“l[ -’-.] . l . L
[
ioee 6oe gOe QOB OB Oow G4
olon Qs qoEe Qos QT aee  Qom

Fig. 1. Anomaly due to o square right prism, 3 m high, 1o mlarge, at 1o m depth (point /I

is center of symmetry),

Y ep ot qem:e apot  ap-® ago-e

X o samw-® seo-* ass spet sew-t .ap-®
sams  tewet  ee qr

o et qe “ore o.;n

Fig. 2. Filter coeflivients (point 27 is the center of symmetry).

315

‘“h 1‘.! ’ "3

Hm‘mn
£ *‘l BRI

‘;.4

OSSN
n‘ h‘. e




802 M, BICHARA AND J. LAKSIHMANAN
W) We have

::.l > apr=0.07008 instead of the theorcetical value 0.07974 = T e This
W — -
.._0! theoretical value follows from the equation (4) applied to a laver of constant
' thickness and contrast:

Ay
s for Ag = 308 :
':'g 4me

Y, with ¢ =3 m and Ag in 0.01 mgal,
LY As =0.07974 Ag. Application of the filter of fig. 2 gives
b Ao = (20{3()Ag = 0.07968Ag.

i The close agreement confirms clegantly our theoretical assumptions.

" 11l — EXPERIMENTAL RESULTS

) The following examples concern mathematical control of the accuracy of
® the filters used. Figure 3 gives the theoretical density distribution: 7 blocks
S 10 mx 1o m and 3 m height along a line, at 10 m depth with a density con-
%» . trast of 2 g cm%. Figure 4 gives the gravity anomaly of this model and figure §

: -
V

- L

-y
’l'. Fig. 3. Mexlel 1.
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‘Lol IFig. 5. Madel 1 computed by linear filter.
Ty Standard deviation of densities 0.004 gfem?,
Y Standard deviation of recomputed anomaly 0.00006 mGal

“": gives the reconstructed model. The standard deviation on the density is
n.004 g e maximum L0560}, The standard deviation of the gravity anomaly
: e to this structure compared with the original one is oot 1022 mgal for
(o an average anomaly of 1.00 102 mgal
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The seeond madel is more complicated (figure 0) @ it consists of 24 little blocks

s . .

B, &: with density contrast — 2 g cm-2separated by 25 blocks with density contrast o.
)
\ T

7 //// s
Z 7y, 2/, Y,
/ ./rZZ//J /{'/, o

5 7% 7

A 20 2
7 Zi4 77 Y22,
AR MR, 7
i 74 7

% i

PR
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e
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¥
( 7l V| V] Vo
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b 0a

Fig. 6. Model 2.
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g Fig. 7. Anomady duc to model & (contours oo mgal).
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Figure 7 shows a quarter of the anomaly due to this model. The combined
effect of the 49 blocks is practically equivalent to that at a single big block
with density contrast —1 g cmd,

The filter result is quite spectacular (figure 8). The mean square difference
on the density is .052 g em3, the largest difference being. 005 g cm3. The mean
square difference on the reconstructed, gravity anomaly is .10 -10°¢ mgal for
an average of 6.0 ‘10°* mgal.

S | stoa]| e0ar] ctar| Goar|.i0e| oo

“.04] GO | i8] 0400] «t ma] 008 1 0a

o.ovr] <tom| 0Lwe] ! wry @ nuaf -i0%e| ecar

ovy o0 -LI"IJ (1Y t.ora| ae -I"J

0 ouv] -temm oonq 4l eoe] cam| oo

stpa | ouar | 1o 008 | <1 ane| o] 1 ue

®n | dea] ooar] ctar | o007 ina] oove

Fig. 8. Model 2 computed by lincar filter.
Standard deviation of densities 0.025 gfem?.
Standard deviation of recomputed anomaly 0.0016 mGal.

Field results

Of course, these quite extraordinary results were obtained on theoretical
modcls, and the reader would be quite justified in asking for practical results.
Some of these were presented at the 1974 Hanover Symposium on Engincering
Geology and have been controled by drilling. The studies presented at this
symposium concerned detection of sinkhole areas in gypsum, 45 m deep.

More recent work has been carried out by CPGFE in the Caen arca {(Normandy,
France) where large underground limestone quarries are found. These quarries
are approximately 4 m high and have very variable horizontal extension.

Figure 9 shows the map of such a quarry located by a gravity survery, and
gives the reconstituted density of prisms 1y mx 13 m x 3 m.

The close correlition can he appreciated by computing percentage of quarried
surface inside cach 14 m x 14 m square (5) and comparing this pereentage with
the reconstituted densities 1),

Figure 1o gives this correlation, We have S = 0,385 (1) 4 0.75) + 0,383 or,
admitting a least squares relationship passing through the origin S = —0.405 1.
This means that the average limestone density contrast for S =1 would he
D= —1fogh5= —2,15 gem3, which scems to be a corvect density for this
Jurassic limestone,

Geophysical Prospecting 27 83
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)

Fig. 9. Comparison between quarry map and densities computed by Filt program.
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v,

dy CONCLUSIONS

T The described work has been carried ont by the Compagnie de Prospection
W Géophysique Frangaise, on a Frenelh Government rescearch grant (Délégation
0 Gencrale i fa Recherche Scivntifique ot Technigque). Further work is now heing
L done for systematic use of several filters, to start withea preselected main laver,
:. and building up (or down) density disteibution from the residuad difference
'.:.Q between reconstituted and measured gravity.,
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Variable density Bouguer processing
of gravity data from Herault, France

Francine Rimbert*, Jean-Claude
Erlingt & Jacques Lakshmanant

The Herault permit for oil is located in the south of
France in very hilly terrain between Mount Aigoual
(1500 m) and the sca at Scte. In the preliminary stage
of cxploration, it was decided that new Bouguer maps,
including a variable density one, and a surface density
map should be produced.

France is covered by a national gravity map published
by BRGM on a scale of 1:80000. It was dccided that
the original data should be recovered and new data

- acquired to infill the blanks in order to get stations on

an average grid of 1.2 by 1.2 km. The existing data had
been acquired along roads with a station spacing of 860
to 1200 m, but the road lines were 3 to 6 km apart,
Very detailed mining gravity data were also available
from the arca around Lodeve. After appropriate sam-
pling of the latter data set, 2041 old stations were rc-
tained and 619 ncw stations were planncd (Fig. 1). In
most of the permit, the new stations were located along
tracks or footpaths over the hills, whereas the old grid
was located mainly in the valleys.

With 2660 stations in total, the number of stations
per 100 km? varies between 60 and 70, and the largest
remaining blanks in very inaccessible arcas are about 3
by 3 km in size. The data from thcse stations were
processcd using a generalised Nettleton method. After
isostatic corrections, structurcs show up much better on
the variable density Bouguer anomaly map, facilitating
interpretation. The surface density map shows the low
density of the granitces, and the high density of the Per-
mian and Jurassic dolomites.

Generalised Nettleton corrections

Nettlcton's (1940) method for estimating the near-
surface density along a gravity profile is to calculate the
Bouguer anomaly along the profile assuming a range of
diffcrent values for the density in computing the
Bouguer and terrain corrections, and then to choose
the anomaly profile which correlates least with the
topography: the corresponding value of density is the

*Total CFP, CEDEX 47, 92069 Paris La Défense, France.
tCompagnie de Prospection Géophysique Frangaise, 20, rue des
Pavillons, 92800 Putesux, France.
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best estimate. Parasnis (1972) has summarised pub-
lished wvariations on Nettleton's method. The
gencralised Netticton procedure developed by CPGF
(Lakshmanan 1985) was originally used for microgravity
surveys, and in 1981 was used in a large gravity survey
for oil in very hilly terrain in Morocco. In addition to
applying the mcthod to an arcal array of stations, the
particular feature of this procedure is the use of residual
values of Bouguer anomalics and elevations, instead of
raw values. This allows the effcct of the necar-surface
density distribution to be removed without introducing
any rcgional bias.

The topography is first smoothed with a moving win-
dow: a two-dimensional convolution operator is applicd
to the surface topography z.(x,y). The resultant is
smoothly adjusted to yield a surfacc that lies just below

s« NEW STATIONS

« OLD STATIONS

Fig. 1. Example of old and ncw gravity gridding.

S bty b Sk ek b Tttt
% .I’.tq!qi‘ltgl(n.\ U TOOOOTIOR
KON ?i?"*’u’?ﬁf‘A.’"if‘?""i"':Z"lf‘?!:“.h Gl

bt
T I
1 i?’f"‘a‘»‘r‘;"

i'ﬁna."

X
"‘

00
DTN

i
'\

NI




e

-

-

PR

L
Pg

2

e
I")";‘ "v:";" "“"‘j

-,

»

METERS
330

500
430
400
350
300

MILLIGALS
4.2 ,

4.0 J

8O R__ANOMALY

3.8
3.6
3.4
3.2
3.0

2.8 J

O£ Co

% 0o

CONSTANT DENSITY {0 o)
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Fig. 2. Basis of generalised Nettleton technique. The regional topography is smoothed and chosen to pass below the surface topography
everywhere. The density above the regional topography is adjusted by nulling the covariance between the residual topography and the
residual Bouguer anomaly over a moving window, The variation in this near surface density is indicated at the bottom of the figure.

the low points in the topography throughout the arca.
We call this surface (Fig. 2) the regional topography
2g(x,y). It is assumed that the dcensity has a constant
value o, bclow the regional topography.

Let us consider the Bouguer anomaly for two diffcrent
density distributions between the surface topography
and the regional topography: first that it has the same
constant valuc o, everywhere, and sccondly that it has
an unknown constant value o within a fixed radius of
the station point and the original constant value o,
beyond this radius. The Bouguer anomaly for the first
case is the conventional one, which may be written as

8880 = Sgrat2nGoyz,—To,.

Let the Bouguer anomaly for the second case be 8gp.
It will differ from 8gp, in both the Bouguer correction
term and in the terrain correction term, and may be
readily calculated as a function of o.

The Bougucr anomaly 8gp is smoothed over the whole
area using the same moving window and the same func-
tion that were used to produce the regional topography.
The result is the regional Bouguer anomaly 8ggg which
is also a function of o,
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We now consider the residual topography and the
residual Bouguer anomaly, expressed as a function of
o, given by

Z,(X,y) = Zo(v\")’)"zk(x,}')' and
5gor = 8ga—dgnr-

The best estimate of o is obtained by setting the
covariance between z,(x,y) and 8gpg cqual to zero. This
is done over a moving window. A better estimate of
the Bouguer anomaly can then be computed from the
density distribution found for the ncar surface on the
first iteration, and an improved density distribution
found by setting the covariance betwcen the residual
new Bouguer anomaly and the residual topography
equal to zero. This sccond itcration is usually sufficiently
accurate for the production of a map of the surface
density distribution and the final calculation of the vari-
able density Bouguer anomaly map.

Careful sclection of the radii of the moving windows
for regionalisation and for correlation is necessary. The
value sclected for o, is not too critical, and any reason-
able constant value of density can be selected for the
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The Heraull survey

Surveying. In order to reduce acquisition costs, it was
decided to make do without optical levelling, which
costs nearly as much as gravity acquisition. As many
stations as possible were located on physical bench
marks (60 stations) or on stereo-topographic elevation
points (498 stations) marked on the regular 1:25000
topography maps published by the Institut Géo-
graphique National (IGN). The former have an accu-
racy of 0.02 m, while the latter have an accuracy of 1-2
m. Only 61 stations had to be located away from such
topographic points. Their clevations were measured,
and those of the sterco-topographic points checked,
using two Paulin microaltimeters {one moving, onc
base}. The mean square difference between barometric
measurements and the published values of sterco-topo-
graphic elevation points was 1.62 m or, after excluding
9% of the microaltimeter readings taken during bad
weather, 1.02 m. Finally, apart from a few points where
the IGN stereo-topographic altitudes were incorrect,
the IGN values were retained.

Terrain corrections. These were calculated in the stan-
dard manner, with the appropriate modifications to
allow for the variable density. Long distance corrections
were made up to a radius of about 50 km. The average
terrain correction is (.69 mgal, but they are much higher
in the northwest half of the permit, where they exceed
5 mgal at 25 stations (maximum 14.38 mgal). The accu-
racy of the terrain corrcctions is estimated to be around
10%.

Quality control. The first control was the fit between
the old BRGM stations and the new ones. After a cer-
tain number of repeats and base ties, no significant dif-
ferences were found. In some arcas, apparent differ-
ences between adjacent stations were due to the fact
that the BRGM stations were located on decp valieys,
while the CPGF stations were on the wooded plateaux,
300 to 500 m above. After variable density corrections,
these apparent differcnces disappeared.

This improvement was confirmed by computing a
‘local’ residual by comparing the Bouguer anomaly at
an individual station with the smoothed anomaly com-
puted by averaging the Bouguer anomalies at nearby
stations within a fixed radius of 2 km. With variable
density, the percentage of points with residuals exceed-
ing 3 mgal was 1.0 instead of 2.3 with a fixed 2.3 gcm™?
density. Final accuracy on the Bouguer anomaly was
cvaluated at 0.3-0.4 mgal.

The variable density Bouguer anomaly map for part
of the permit is plotted in Fig. 3 with the surface top-
ography for the same area plotted in Fig. 4.

Isostasy-corrected Bouguer

The Bouguer anomaly shows an important regional
gradient decreasing from the sea towards the northwest.
In order to remove this important gradient, isostatic
corrections were carried out. Isostatic corrections were
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made at eight points surrounding the survey arca, which
is sufficient, taking into account the large radius of
curvature of equal isostatic correction curves. The Pratt
30-km hypothesis was adopted (30 km is the depth to
the isostatic compensation surface). Corrections were

.made with the Lejoy-Coron tables supplicd by the

International Gravimetric Bureau. For cach of the eight
stations, average altitudes are evaluated for cach of the
Hammer-Bouguer zones and corrections read in the
tables; negative corrections were applied 1o occanic
compartments and positive oncs to the terrestrial com-
partments.

Fig. 3. Detail of Bouguer anomaly with variable density (values in
miiligals).

After isostatic corrections, the regional gradient is,
to a large cxtent, removed. Figurcs 5 and 6 show the
isostasy-corrected Bouguer for a part of the permit; Fig.
5 with only the old data and a constant 2.5 g cm™?
density, Fig. 6 with all data and a variable density. The
effect of morc regular gridding and of pscudo-static
Nettleton corrections shows up clearly in the northeast-
ern half of these maps. The clongated shapes of three
Tertiary basins corresponding to ‘lows’ oricnted NNE-
SSW are clearly revealed on the variable density map,
while on the old map, these structurcs are much more
‘pscudopodic’.

H.H
oH
‘o‘ hY

Q’D l" "!

OLX W o WO A)
14,0 .‘x‘. NGO e ‘.

‘ '. ,'.‘.1 h A Al

AN
“".‘. .‘ “( .' "‘0 ‘|§ 5
pQ (N



My TR -
‘' L Al e T e ——

3 Frr

o ~
}.

%

e ddd

-
»

.--
At 2

Fig. 6. lsostasy-corrected Bougucr anomaly map, for variable surface
density, with old and new stations (values in milligals).
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Surface density map

Figure 7 shows the surface densities over the whole
permit, obtained by the gencralised Ncttleton pro-
cedure. In fact, these valucs are not significant over the
valleys, but these are gencrally very narrow.
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Fig. 8. lsostacy-corrected Bouguer anomaly map, for » constant 2.5
g cm™* density. including old stations only (values in milligals). _Fig. 7. Surface density map.
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> (v) high densitics (2.7-2.8) over the Jurassic dolo-
" mitcs of the La Gardiole hills, continuing the pre-
vious zonc (iv) to the south,
o (vi) low densities (2.2-2.5) in the southcast corner
,(-“_- _ (Tertiary coastal plains),
o * (vii) high densitics (2.7-2.8) in the centre/southwest
:; coinciding with the Palacozoic rocks, but extend-
X ing eastwards irom the outcrops,
~ (viii) low densities (2.2-2.5) in the southwest corner
'D’ (Tertiary plains),
:.‘-‘_’.‘ (ix) medium-low dcensity (2.5-2.6) axis separating
':."‘ : high density zones (v) and (vii), corresponding to
XN & the castern border of the Tertiary basin located
:{;:» > ) between the Jurassic (v) and the Palacozoic (vii).
{ Conclusions
o By infilling blanks of an old gravity survey (619 new
| .»::. . and 2041 old stations), ?nd gsing micrqaltimcfcr-con-
! :\j Clieny trolled sterco-topographic points as gravity stations, an
-~ e updated gravity map was obtained at 15% of the cost
N L) of a complete new survey. The generalised Nettleton
AN Ce P y g
g o technique gives a variable density Bouguer anomaly,
v?;-; pscudo-statically corrected. Accuracy of the new
b Bougucr values is aroung 0.3-0.4 mgal, quite sufficient
:._:_‘ . Fig. 8. chinn.algcnlngy:(:4)Tcrli.1ry;(h.)Crclaccoufz(C)Jura“ic;(d) for the largc (4 to 15 mgul) anomalies of the pcrmil.
e Permo-Triassic: (¢) Palacozoic: (f) gneiss and granite. Finally, isostatic corrections have rcmoved a large
‘_ gradicnt dipping from the sca towards the northwest.
. ) , The ncw Bouguer map is now ready for further inter-
Cqmpnrcd to gcncrn.lgcology (scc.Flg. 8), t‘hls surface pretation and modelling.
- Jdensity map shows, with all values in g cm™:
.-

(i) medium-low densitics (2.5-2.6) over the granite  Received 27 March 1986; accepted 22 September 1986.
in the north,
(i) high density (2.7) over the northern Palacozoic
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