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ABSTRACT

Using & La Coste and Rowberg groviumeter, resdings
were teken eveyry heli hour for WE hours ifmmediotely prew
ceding full moon in the sub-busement of IMudd Bullding,
Culifernis Institute of Technology, .md for 56 hours
imm&&imt@ly following in the interferometer bullding on
Mount Wilson, Observed values were compared with values
guleuluted on the hypothesis of « rigid ecurth, the results
showing more yielding ot Mount Wilson (k&5) then ut Mudd
Building (164), Eifects due to oceun tldes and burowetric
changes were estim.ted, After the recoval of drift wnd
gerth tide effects, the residu.ls showed perlods of k4, 13,
@, and & hours, the 24 hour vericd being very strong ut

Mount Wilson,
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INTRUDUCTION

It is well konown thuat the grovit.utional foree at o
given point varies with time, the vuriations being due to
changes in the ottroctive forces ol the moon wud sun as these
bodies move relative to the ec.rth, The .mplitude of the
effect is & function of the l.titude of the observution polnt,
and has o mexdown velue of whout 0.9 mgls,

Becuuse of the small wegonitule of the veriation, ex-
perinentul weasurements were not pessible until sensitive
meusuring devices hud been developed, Anong th@‘agrli@st
observations are those of Schweylsr (1), Hurtsough (&), und
Tomuschek and Schulferndicht (¥), These workers used appur-
atvs designed specilully for mewsurements of the tidel veriat-
ion, During the last twelve yeurs commerci.l gruvimeters
have been used for this purpose by Wyckof! (4), Trumun (5),
Wolf (6), und Lockenvitz (7),

A1l of the me.surements show thet the weplitude of
the observed effect is‘gwmgtar than the theoreticdl vilue for
a perfectly rigid eurth, but there is no .greement concerning
the mugnituie of the difference, Various obscirvers huve
obtained vilues between eight and twenbty per cent, while
Lambert (8) estinates the vulue to ba-batweﬂn ten wnd twenty
per c¢ent, A similur luck of ugreement is evident with regurd

to the ph.se difference between the theoreticul .nd observed

This disugreement between the differenlt sets of dut.

mey result portly from the method of trooting the dute, for
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example in cliowing for drift, but it is probuble that a
gonsider.ble amount is due to v.ristions in the rigldity of
the eurth, effects of oceun tides, burometric changes, eic.
8ince present-duy gruvimeters h.ve been uevelbp@d to the
point where factors of this order of m gnitude ure import.ut,
ony additional inférmatiun which can be obtuined is culte
viluable, |

Duping the course of the present 9x§@wxmamt, i gruvie
meter wes re.d at holf-hour intervuls for a period of approx-
imately six duys, from November 1o to 18, 1948, This perlod
wag chosen becsuse the full woon, and therefore the muximum
effect, occurred about midw.y during the perdod, mmring the
flrst balf of the period the instrument w.s set up in Room
00LE in the subsbusement of Mudd Building, Celifornie Instit-
ute of Technology. At the end of three doys it wga trunge
ferred to Mount Wilgon where it w.s set up in the Interfer-
ometer Pullding and recdings agein tuken for two .nd one half
auys,

Thamra@iaml‘vhluwﬂ of the tidul variation and the
difterences between corresponding theoreticel und observed
valuss were computed for the time of e.ch observution, Ey
making cert.in .ssumptions und using the methods of lewust
squares, the components due to instrumental drift wnd to the
nan-rigidity of the eurth were removed from the uifferences,
In this wey .n estimute of the effect of the mon-rigldlity of

the sarth w.g obtuined,



-3 -
THEORY OF THE TIDAL EFFECT
Let g be the vertical component of the tidal
gravitational forve produced by a body m at the point P on
the earth's surface, e and r being the distances from m to the

point P and to the center of the earth

respectively, Then assuwning g

to be positive wheu directed to-
wards the center of the curth,

g = ~(km/e®)cos (8+¢) + (kn/r%)cos @ ,
k being the gravitational cmnﬂtaht.

If e and r are projected onto the line OP, tnen
¢ cos(9+@) = r cos § - R,
Using this relation to eliminate g in the above, the lollow-
ing eguatlon fmr g results.
g = (ika/rF) [ams & - {(r8/e®)(r cos & - a)]
- (kM/R8) (/M) (B/2)® [oos @ - (#/e)P(cos & - B/r)
* Gln/M)gRp « O - «)(1 « 2pg + qﬂi-‘&/ #
G being the gravitational field of the earth at P, q # R/r,
P = cos 8, and ¢ has been expressed in terms of p and q by
means of the cosine law, | |
The quantity ¢ iz &pﬁroximaﬁaly 1/80 for the moon,
and 1/¢5,000 for the sunj hence (q®= 2p3) < 1, and the righte
hand bracket can be expanded by the binomial theorem,
g = 6@Melp ~ (0~ @)L - 3/2(a®- 2pq) + 15/8(aR- 2pq)?
- 35/16(¢® - 2 pe)®+ “}] "



wir
g = 0lu/1)e® [(1 « 3p%) + «(9p/2 = 15p°/2) + q¥(~B/2 + 15p%
- 85/2p%) + q®(=75p/8 + 175p%/4 ~ B15PP/B)F seerend]

e coefficlenty of qﬁ wind %E inside the s uwre
bropket nove thelr gre.test numcricul value when p = X1, In
the c.se of the moon, these values wre spproxim.tely 0,001
snd 0,00008, so thuat for 0,15 weecuracy wll terms in the
sutde brecket involving powers of ¢ higher thun two cun be
neglected., TFor the sun ¢ 48 30 swell that «ll terms inside
the brocket involving ¢ cen be negleoted,

Rowriting the expression for g in terms of p‘@md
using 1/80 s the uver.ge value of ¢ for the moon (inside the
bracket only),

g & 0{m/M)e® Kl - Gp~) 4+ (~0,0004 + 0,0750p = 0,004ipe
- 0.1248p3 ~ 0,0049p%)]
= BG (/1) g Klﬂb ~ cos“8) + £(8))
where fCﬁ)ﬁﬂ@&dbéxl&*%(w@+?ﬁﬁcuﬁ %w%ﬁmmﬁx@wlﬁéﬁﬂﬂﬁﬁﬁméﬂﬂﬂﬁéﬁ),

When the tid.l effegt of the gun is deslred, the above
formule with £(8) set equ.l to zero cun be used,

The qu.ntity ¢ Jepeads upon the distence frow the
purth to the sun or moon, .ndl cun be expressed In terms of
the equatorial horizontel porsllox P as followvs,

E & B/r = Cley/r = Culn P
where Rgg 48 the equutoriul redius of the esrth, and € is a
gonstent for o given point on the eurth's surflice, Using
this expresslion for‘q, thie formula for g becoues
g = 56(n/10)csin”p [0.5505 ~ cos®e) + £(e)]

For the moon, P runges from 04! to B1Y, und 1t is
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convenient to write this forwul. ln the following way.
g = 56{u/1) (Cein 601)°(sin D/sin 601)° [(uduW -~ cog®8) + £(8)]

= Ky(sin P/sin 801)° [(0.5508 - cos™8) + £(8)] . o v v« . (1)

The puerullex of the sun chonges wueh more slowly
thun thet of the moon, .ud durding the coursc of the present
experipent it ineresscd from &,89% to 8,91%, Jn hVﬁW&ﬁ@‘
vilue of 8,807 wus used far the entire period, thus intro-
dueing 0.35 error in the culouluted effect of the sun during
the first und lust twelve hours of the experiment .nd a |
negligible error during the remuin er of the period.

Th& constunt C which appeirs in Ky cen be culeulsted
from the following eyu. tion for the fipure of tue e.rth (13).

B = Rig 1 - (2o - eM)sin®B] /(1 - e*sin”p)
where @ = m,ualwa, wnd the Lotitule ¢ is d« 10V, Using these
values, C = R/Rgy = 0.2389,

The values of the TﬂMmiﬂinb quuntities uppesring in
Kgy wnd the corresponiing const.nt for the sun, kg, «re given
below,

(m/w)m = 0,01088 {mmi)-ﬁ = z:ss;;sa,m;)' G = 979, cm,r\amcz
Vith these values, it is found that X, = 0,1917, Ky = 0,0775
when g is expresced in nilligels, Oubstituting these vedues
and addiny the effegts of the moon . sun, the finel ex-
pregsion for g is” obtalned,

g Z 0,100 (sin P/sin ﬂ{}*)a [(m,zm.;:s - uaaﬁé) + f’(e)] HWOON

+0,0775 [(0.6oie ~ r‘af"*eﬂmm
= 0.1817(sin P/sin 60t} “M(8) + 0.,07758 (8) . ... (&
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The ungle & is not teubuluted in the Fphemeris, «nd
must be culeul.ted frow the deelimation wcnd hour .ngle, In
Fig. &, pige ¥, 8= AOn = declin tiom, H = AOR = locul
bour angle, § = BLZ = l.titude of the obuerver, Let 0Z
and Om be unit vectors, and toke three mutu.lly perpend—
feulur unit vectors 4, J, k along 0B, the poler «xis, and
tue mopmal to the plene of 0B wnd CZ, Then,

7= (cos @)L + (sin 9)j

om = (coss cos UYL + (sin6)) - (cosf sin H)k
Sinee 0Z wou Om ure unit vectors,
cog 8 = OFe0n = gos § cos @geos U+ sind gin ¢

The Greenwich hour wngle of the woon and sun are
tabuluted for every ten minutes in the Jmerlcun Ar Almanac,
or they mey be obtuined from the .mericun Ephemeris by sub-
troeting the Right .scension from the Sidersal Time and
gonverting the .nswer from hours to anpguler measure, The
local hour .ngle is fount by subtrueting the 1ungitud@'m£‘
thé point of observetion Irom the Ureenwieh hour %ngl@»iuqding
far longitwies eust of Greenwich),

The Jeclinwtion of both the &um‘“md mOon ey be
gbteined from elther of the above sources, «loug with the
parallax of the moon. If the peruldlon of the sun iz desired;
it must be obiiinsd iram the Dphewerls,.

The Foregoing ceriv.tion of the tidal Eflaﬁh neplects
several fuctors, wnd it is necess.ry to eonsiuer wint errors
might be introduced in this wuy, In cduition to the vat&%&l

component, there is & horizontil componsnt which 1s cdded
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vectorlally to the totul verticul component to give the
resultont grovitutional field, Oinece the noriszontal com-
ponetit i@m) i ulse o« funection of itime, the directioun ol
the resultunt field wuries, Thug, while the calouwlated
values of the vertical coumponent afe along the rudius vector
from the center of the sarth, measured vilues wre wlong &
line which ogcillates ubout this direction., Referring to
Fig. 1, puege &, the horizontul component Is piven by

By = ~(en/e”)sin(9+g) + (lm/r~)sin @

& (km%r‘)[l - (r/m)a]ain‘a

where the sine law hos been used to eliminate @, Proceding
as before it can be Qnmwn that

B ® ~Ky(eln B/sin 60') lsin 2@ for the moom, und

gy * -l dsin ¥@  for the sun,

The moxiowm v.lue of gy is therefore H(K,+ K ), or
O 08 mgl, This iz to be added to a4 veobor perpendiculur to
8 with & mugndtuie of Lpproxim.tely 280x10% mgl} Thig
reaswlts in on Inclinction of the verticul by an ungle whwaé
tongent is l.%ﬂlﬂ“v. To correct for this, the observed
vilues shoul! be mltiplied by the cosine of this wngle, that
is, by (lﬁﬂagﬁxlﬂﬂl%). Therefore the effect iy negligible,
‘The caleulsted vuimc of g represcntz the gomponent

along the rodius vector from the center of the ewrth to the
point of observation, while the observed value is normul to
the geold, The amgle ¥ between these two directions is

gaglily caleoulated in the following wuy,
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The evwction of en ellipse 1s
pE = FpF/ (»;xf’*‘wff‘e + beos”8). The
ongle ¢ i given by tan p = p/M
vherve pt = %é'. Also, tun @ = —coty . — ,
niffaramti;ting lopurithmicully, Fig. &
—tany = /P = -(uFsin Gcos H-b sin Bcos 8)/(e*s1n8 +bXoosve)

= (1L - e°)/(ten ® + efeot ) where e = b/a = 0,99664,

SBubstituting & = &4° 087, the l.titule of Pasadena,
¥ is found to be 107487, Since cos 10148% = 0,99999, tids
effect also contributes negligible error,

Pormule &, p.ge 5, gives g s o function of P und O
wherc ® in turn is o function of the declinution § und the
locul hour angle U of the tide-produeing boly., The lubor
ifovelvaed in coleuloting g from the Tormuls for helf-hour
intervals over o period of six days would bﬂ‘tm@mwnu@uﬁ, 50
graphical methods were used,

The soecur ¢y of reuding the gravimeter weg 20,0058
mgl, and therefore a graphicul method of compureble accuracy
was required, Adler (9) and Elkins (10) have describod
metheds of graphic.l solution; but in both methods the
aceursey is less thun thot reqmirﬁ&; therefors the method
described in the following section was fdsed,

CRAPHICLL METLOD OF CALCULATING TUE TIDAL EFFECT

During the period of the experiment, the moon's
declination inereased from ubout 6°N to 28 N, &ﬂomrdingly?
tubles were constructed for a l.titule of 34°08'N und

declinitions of BN, 10°N, ete. up to 30°N, In the tables
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were listed cos ©, M(8), wnd 0,1917M(8) ifor %° intervals of
H frow 0° te 860°, Cruphs were plotted of 0,1917H(8) as a
function of H for euch v.lue of &,

Values of the woonts por.llax were obtained from the
Epheweris for twelve hour intervals, and the purullax factor
(sin P/sin B801)% plotted csafunciion of tiume,

4 similur procedure was carried ocut for the sun,
gruphs of 8(9) for declinutions of 18°8 and &0°8 only being
required, Ne parullex correction wos made in celeuluting
the effect of the sun,

Coples of these curves will be found inside the back
cover of the raport.

The procedure for finding g is as follows:

(1) obt.in the declimutions wnd Greenwich hour sangles of the
moon emd sun frouw the alr Almencoc or Ephemeris for the
required times, (&) obtuin the parellax factor fer the moon
and the quantities 0.,1917M(®) wund 0,07755(8) from the graphs,
and add algebrailcally the product of the paprellex fuctor und
0.1917M(8) to the cwuntity 0,07758(8) ~ the result is g,

In computing the dute wused to plot the graphs, enough
slgnlficant Tigures were uged so that the final resulis were
securdate to the newrest 00,0001 mgl, In adultion, the accurucy
of the graphs wus checked by celeulating g direetly from the
formula for several v.lues of 8 and H und compuring the values
with those obtuined fyom tihe graph, The wmuximum difference
wag 00,0008 mgl., Finally, «ll vilues obtiined from the graphs

were reud twice, and 1t was found that readings were reprod-



, S
ueible to within 0,0008 mgl, Since the maximum possible
error in recding the gravimeter wus 0,005 mgl, it is felt
that the sceursey of value: obtained by the graphical
method waes more thon sufficient,

Tables éimilgr to those deseribed above were Colw
puted for Mount Wilson (1. titude 54° 151) for declinctions
of 5°W and 30" N, and 4t was foucd thut the veluss difflered
frow those for Pusadenms (lutitude $4°08') by «n asnount which
wis usuwally less then 00,0001 mgl ond hadt & maximuon velue of
0,0008 mgl when H wos in the neighbourhood of 0° or 180°,
Therefore the first set of curves w@& used for both pluces,

FXPERIMENTAL PROCEDURD

The inztrument used for measuring the wuriations in
gravity wae a Lo Coste~Romberg gravimeter, The calibrution
w.d lneur, each scale division being equel to 0,1011 mgl,
In order teo incresco the sensitivity beyond the normul value,
the instrument wos udjusted so thet it was off level by one
minute, In ordev to minimize changes iu sepsitivity, the
instrunent woes left unclunped during the entire period in
whien revdings were belng tuken except for the interwval
during which 1t was being trumsported from Pusadena to Mount
Wilson, _

The level bubbles were checked at the time of euach
recwddog snd did wot deviute more then 0,¢ minutes during the
entire period. Preliuninary tests showed that deviotions of
this mognitule were unluportunt,

In ordur to increase the wecureey of ruading the
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scale, & smull puper scule w.s wuded, the dlvisions of this
scule being one tenth of the main iivisions. In this way
readings could be estimuted to the ne.rest 0,056 divisions or
0.005 mgl, On some occu.gions microsclsus reduced the accur-
acy of the reudings to 0,& divisions; this wus particulurly
noticéablm on Mount Wilson where the nicroselsus seem to
be caused by moderate winds,

Bueklush wag wvolded by always muklng the fingl
‘ad Justwent with o clockwise rotution of the diul,

The instrument w.s Tirsl set up in Room 00lk, Mudd
Bullding, Culiforniu Institute of Technology, aﬁd resiings
taken st intervils of ome hulf hour from noon, Noveumber 13,
until noon, Novewber 16, 1948,, The instrument wes then
waken to Mount Wilson «nd set up in the Interferoweter
Building, end holf hourly rewdings tuken from 11,00 P,M,,
November lé, until 8,00 4.4, Novewber 189, All times ure
Puclfle Daylight Time, The datu wre 1isted‘1n APPENDIN A,
pages 20-24. . .

EXPUHIMENTAL RESULTS

Using the gruphic.l method .lreudy described, the

theoreticul wvulue of g corresponiing to ewch obzserved value

was ecalcoulated, and both sets of values plotted as functions
of time. The curves sre insiie the pocket wt the back of

the report, In order to huve the Curves superimposed, 0,850
mgl were subtrected from the values observed ut Pusudens,
and ﬂ.éﬂo‘mgl'frmm.the Mount Wilson vulues,

The diflerences (@) between the observed values (&g)

and the culeuluted volues (g,) -re listed in the tubles in
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APPENDIT A, and also plotied wlong with g “Tut o

As a Tirst wpproximction it cun be assumed thet @ 1se
made up of two purts:(l) & component due to drift of the
iu:Lrummntg‘the dritft belng & linsur function of the time;
(=) a purt due to the mon-pigidi’y of the eurth., Love (11)
hua ghown thet the latter effect suould be pregertion.l to
the theoretic.l walue for o« ri.id e.rth, Hence @ wus '
assuned t@ be of the form @ = kggtat+d, where k, a, and
d are constunts, but hove different vulues .t Pooudenu wnd
Mount Wilson,

The method of lewst soueres wos used to obtuin vilues
of these constunts for the two loec.tions (the theory of the
nethod and det. ils of the c¢.leul.tions are given in APPENDIX
B, puges 25-32). Oubstituting the violues of thesc constunts
in the expression #£ - (kgd+ﬁt'#d}, wnd wusing the tubulated
values of @, g,y -nd t, the differences (c}) between the
. observed velues of @ .nd the 'loust syu.res best Tit? value
of @ cun be culrulated; lug, «s shown in APPENLIX B, the
stundurd errors of the values of the comstents cun be found
from the vulues of e} wnd certein other dute obtuined in
golving the leust squures equutions,

The comstunts k, «, wnd dy wnd the residuuls cf
were culeuloted .o well os the stundurd grrors in Lk, a, «nd d,
While the residunls el ut Pa.cden. were ﬁgmll .nd more or
less evenly distributed ubout the zero v@iue, tivis wus nuot
so for the Mount Wilson duta, shd it w.s necessury to add o

guadratice term to the Jdrilft, Theréfore il wus wssumea thet
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g = kgA—ct3+mt-+d. Using this expressiony the values of k,
ey &, d, und ¢} were culculated for the Mount Wilson data,
The values obtuined, together with the stuniurd errors (except

for the cuse of line.r drift at Mount Wilson) are tabulated

below,

Pagudens | v
k (184%2)x10"" B41XL0™D
d (mgl) (65072 A10” a1 0%
& (ugl/br)  (321%6 )x10™ B40x10™°
¢ (mgl/hr~)

DISCUSSION

Examinution of the curves for Pusudena shows the
following: (1) except lor smwull irregulerities, the curve of
Bo is almost an exuect replica of the curve of g.; (&) there
is no observuble phuge shift, both g, snd g, reuching ﬁheir
extreme vulues vt the s.me timesy (8) the umpliﬁume of the gg
curve is greater than that of the g, curve. “

The Mount Wilson curves of 8o whd ge slso resewble
one wunother but to a wueh suuller degree, The g, curves .re
more irregular, mnd as &« result it 4is not possible to draw
definite conclusions regarding phuse shift, uwlthough If &
phaze difference uoes exist, it 1s less thun about cne hour,
that is, less thun 15 degrees, Furlhermore, the g, curve
shows very cleurly the effect of & lurge instrumental drift
whieh 18 very likely a result of clauwping tie instrument
and transporting it to Mount Wilson,

The amplitude of the g, curves is roughly 15-&5k

greuter then the umplitu.e of the g, curves, the difference {
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corresponding to & vulue of Xk betwsen 16,2 and 16,6% at
Pasadena and 19,5 to 24,94 at Mount Wilsom, Since these
two rangss of values do not overlap, it seems ro.sonable to
eonclude th.t there is a ﬁignifibant difference betwéan the
two sets of data, snd thot this difference is probably
related to varictions in the @ffﬁctivd rigidity of the earth,

If @ were entirely the result ﬂf»ngnmrigidity, then
agcording to Love's {theory (li), the g curves should be
small secale copies of the gc'curves, and the values of ¢
should huve a random distribution about the vulue zero,
OhviWUﬁly'tﬂé @ curves bear only o very genersl resemblance
to the gg curves, .nd the ¢l curves have a pronounced period-
leity, perlods of éiﬂ, twelve, wund twenty-four hours (with
gsome indications of & two hour period) beilng evident. lMNorew
over, the meximum amplitude of the el curves is roughly
0,080 to 0.040 mgl which is between six and elght times the
error in resding the instrument, It is evident therefore
that, whil@¢a part of the residusls ¢l is undoubtedly the
result of rmﬁdwm ArrOrs, W considerable portion must result
from effects omitted in the leust-squares trectment.

The effect mf non-rigidity his been tuken into
account by sssuning a linewr relotion between the tidul
forees und the observed gruvity'#wlma, thot is, @ = kg +d
(oxcept for drift), This assumption is open to vonsiderable
question, since the relation between these two qu.ntities is

by no means & simple one, 48 & result of the non-rigldity
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the surfuace of the e rth woves unier the influence of the
tidal forces, This oroduces two effects on tie force of
gravity, one resulting from the varicution in the uistance
from the point to the center of the earth, «nd the other
resulting from tihe accelerction of the gr.vimeter, Since
the phuse differencc between the g, «nd g, curves is suall,
it seems probable th.t the wcceler.tion is very neurly in
phuse with the tid.l forces, sassuming the two to be in phuse,
then the «cceler«tiocn at any instunt shoul: be proportion..l
to g.. Disreg.rding the effeect of ch.nges in perallex, g,

may be written g, * Ho- kmcosiem - L 005593 (sce page 5),

3
K, kp, «n. Kg being constunts, The displ.cement of the
earth 1is obtiined by integr.ting this expression twice, und
it is obvious th.t tie result will not be proportioncl to
Bes 4lso 1t 1s known that the cuzplitude of the e.rth tide is
about three or four inches (lé} witlch corresponds to 0,08 mgl
{using the freec «ir corrcction). Thus the effect of the
displccenent mey contribute & consi cr.oble wumount to tiie non-
rigidity effect, .nd if there is uppreciuble phise difference
between the displucenent znd accelerition tune vepartures from
the wssumed linesr relation between P and ge Will be even
grecter,

In cddition to ecurth tides, chunges in the b.rometric

pressure .nd ocecn tides affect the force of gr vity, This

effect 1s a result of the .ttr.ction of the m:ss udded or
removed, together with the ucceler.tion .nd ulspl.cement of

the surface of the e.rth resulting from the chionge in mass
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distribution, No data is available which would premit the
calcul.tion of the efrects of acceleration and displacement,
but the approximute value of the maximum attraction in each
case can be estimuted es follows,

In the case of the atmosphere, & first approximation
can be obtained by considering it to be made up of an infinite
number of parallel plane laminase of constant surface density,
the laminae extending to infinity in ;ll directions, Changes
in the barometric pressure cre ecuivalent to the addition or
subtraction of laminge with surface density dm, The attracte-
ion of such a lsmina «t &« given point is 47Ydm, ¥ being the
gravitationcl constanty thus the attraction is indepenient
of the distance between the given point ind the lamina, The
change in attraction resulting from & chenge in barometric
pressure, P, 1is given by of:’?ﬁdm = 47 ¥2P, 4P being in
gm/em®, Multiplyin: by 1.02 to convert AP to millibars, «nd
substituting the value of ¥, the change in gravity is equzl
to 0.000854P mgl, During the course of the experiment the
difference between the highest and lowest burometric pressures
was about 10 mb whieh corresponds to 00,0085 mgl.

The method of calculating the attraction of the ocean
tide is the same zs that used for making topographical cor-
rections; the detalls of the method are givem in APPEN_I1IX C,
The results obtained were 0,000024h mgl at Pasadena and
0,00014h mgl at Mount Wilson, h being the height of the tide
in feet., From tidal data supplied by the United Stites

Coast and Geodetic Survey at Los Angeles, it was found that
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the maximum difference between high and low tide during the
course of the experiment was seven feet, This gives & cor-
rection of 00,0008 mgl at Pusadena and 0.0010 mgl at Mount
¥ilson,

8ince the maximum change in grovity resulting from
these two factors combine. cannot exceed 0,0100 mgl, while
C; changes from about -0.4 mgl to +0.4 mgl, it 1s obvious
that these attructive forees zlone cannot account for c}.

At the same time, it is quite possible that thnese forces,
wlong with the effects of the displacements and accelerations,
may mcke & very comsideruble contribution to the residuals,

In order to show relativwe ‘periods and amplitudes,
ecurves df the barometric pressure, ocean tide at Los Angeles
(approximate only), g , and ¢} have been plotted above one
another (see inside oi back cover),

CONCLUSIORS

The differences in the results obt.ined at the two
locations, particularly with regard to k, may be related to
many factors, for example, the differences in geologic structure

and rock types in the upper layers of the crust, changes in
instrumental drift as a result of moving the instrument, large
varia tions in the order of magnitude of the random error,
perhaps as a result of the higher rate of incidence of micro-
seisms at Mount Wilson, The effects of these various factors
could be minimized or separated by taking simulteneous readings
with more than 6nedns&mmaﬂh preferably a large number, the
readings being taken in areas of different geologic structure,
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and at various distances from the ocean,

Another improvement would be to use the least squares
method to eliminate .as far as possible the effect of the ocean
tides and barcmetric changes,

Finally, a harmonic analysis of the residuals should
throw some light upon their origin, as well as permit an
estimate of the magnitudes of the various components,
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Pasadensa Data

APPTHDIX Ag
&0

Time | 82 gc g guqf Sq. Ci‘
(PDT) t div) | (mgl) (mgl)] (mgl) | (mgl) (mgl)
12,00 0.00 5wl 0.5260 = 0.0266 Ot )53‘ 0.5h53 +0.,0071
12,30 0450 6425 0./319 ~ 0,0174 o /3 067150 + 0,0013
13. 1.50 6450 0.5572 +0,0032 o. 0 0.6..25 - 0,0035
L' 2,0C 5665 0.6723 +0,0225 0 *}:»;G 05550 - 0.0052
15,00 3,00 | 6450 | 0.%976 + 040193 0.AL ;3 066597 - 0,011
15,30 3,50 7.05 07120 + 00,0595 0e%5 070156 —0,0085
16,00 1,00 Telb 07229 40,0570 0.6559 06629 — 00070
16430 e 50 Tal5 07227 +0,0707 0. wf“')o 0637 - 0,0117
1-7000 ;.00 ?cl':': 007’29 ‘1"0.0703 O.D_}{ ") O.,J'.,?BG - 0.,0112
1703() ) 5030 7'10 0071?8 —}-O‘O()h(‘, 04f >)2n 00/3631 - 04,0102
13,00 6,00 7.05 0.7128 +0.0953 0 4,7, 066517 - 0,00L2

|18630 6450 o 0.5976 +0,0419 0.6557 0.5596 ~ 040039
~] 19,00 7.00 675 0.632L +0,0250 0.6566 0.0571 | — 0.0005
419430 750 6455 0,6622 T 0.0055 | 0.,6557 | 060541 |+ 0.0016
5] 20,00 0s00 | Ge35 | 0.6L20 | —0.0132 | 0.5552 | 046511 | +0,0041
120430 8450 420 0.6263 - 0,031 o.uéo’* 0oLl + 340155 -
21,00 9.00 Ced5 0.6015 —~ 0,054h2 0.6557 0.0Uli6 + G,0111
21,30 9450 5480 0.586L —0,0713 oDBTT 046120 +5,0157
22,00 10.00 5605 0.5712 - 0.0061 o.f’=5’?3 0.5397 +,0176
22,30 10450 Ge5 045561 —~ 0,097C 0,6531 | 0.6301 + 5.0150
23.00 11.00 Seltl 045459 ~ 0.1037 0.5L96 0.5372 +¢.012L
23.30 | 11.50 | 5«35 | 0.5L09 —~ 0,1056 o. ShGT | 0.5370 + 040097
124,00 | 12,00 | S.Ly | 0.,5510 [ -0,1028 [ 046536 | 0.,0376 | +0.0162
00.30 12,50 5e50 0561 — 040757 0.6510 0.6359 +0.0129
01.0C 13,00 5eH5 0.5712 —~ 00031 0.55h3 0.6112 + 0,013
01,30 13,50 595 05015 = C.0650 0.5695 0.5130 + 040257

2.00 11,00 Hel5 0.6818 | — 0,500 o.u?lu 05169 +0.,02L2
02430 111,50 Aelt0 0ALTO - 0,029 0.6762.-, 0e050k + 0,0260
C3.00 15,00 £e55 0.6622 — 0,0038 0,° 710 05510 + 040170
03.30 15.50 6,70 0.57T7Th |+ 0.0105 0.5 69 0.6573 + 00095
04,00 16,00 6.35 0e6925 +0,0279 Dub w b 0e7603 + 0,003
04430 | 16,50 | 7.00 | 0,7077 +0,0L32 o.’ 5 | 0.5630 +0,0015
05,00 17.00 7.10 0.7178 + 0,055 0.6521 0.5052 =0 0831
05430 17,50 7425 067330 + 0,063L Q! 6?3 0656656 ~ 040030
06,00 18,00 710 C.7:51 4+ 0,0507 03563 065673 — (0010
06430 3¢5 7.0 0. 7h31 +0,0658 0.6523 0.5673 10,0150
07.00 19.00 7.30 0.7300 + 00,0605 06775 Oe 5000 40,0109
0730 15,50 Tel5 0.7220 + 0.0527 046702 066652 +0,0050
038,00 20,00 7400 0.7077 + 0,017 0,5660 00,5638 + 0,0022
05430 20,50 e TS 6’\3&- +0,0296 0.6523 0,6620 = 0,0092
09,00 21,00 655 <5622 + 0,0160 Qo Blf2 0.5599 —0,0137

F]07e30 [ 21,50 | 6,35 | 0.5h20 +o.-::031 0.5339 | ©.A500 | ~0,0191
4 10.00 22,00 5420 Oa 6_ Je GOT7% C.H3UT 045563 - 0,02156
3] 10.30 27,50 6.10 '0.616? — 00157 0e6334 046550 —0,0215
= 11,00 23,00 405 B,LIAT - 0,021} 0.6331 0.654!; — J,0213
11.30 23.50 6,00 0.,5066 ~ 02112 0.5308 0.5541 ~0,0233
12,00 2,00 6400 0.6066 —0,0227 0.0293 1e 55115 — 00,0252
12,30 211,50 5005 0.6117 — 0,0169 0,5286 0.35' 56 — 0,0270
13.00 25,00 5615 O.6210 - 0.0079 0,529 Y573 -~ 10,0276
13,30 25,50 4435 0.61:20 + 00,0051 0.05359 0.65 —0,0227
1,00 26400 660 0e5673 | + 0,0169 0,650l 0.5617 —0,0113

1,30 26,50 | 6630 | 0.5375 + 0.0306 0.6567 0aH6l1 — 0,007L
15:00 | 27.00 | 7.00 | 0.7077 |-+ o.olu 6633 | 0,6665 | —0,0032
15,30 | 27.50 | 7. 20 | 9% 7279 | +0.0900 o. ’j( 0,6630 | +0,002
15,00 20600 7.h0 .7‘x 311 +0,0057 0450 0.6703 + 3,012




Time = o}
En a LeasT S
(piﬁ)— t div) (fgg]_) (mgl) (mgl 5 imglj mgl
1{7. 3{) 20 . SO 7.“-}-5 007532 + 0.3723 0.{1‘309 '306715 N G.OO‘..)ZS-
17,0C 29,00 TeliS | 0.7532 +0.0742 066790 C.5T720 +C,0070
17,30 29,50 710 0.71:81 +0.0719 05762 0.5T10 +G,00!:
18,00 | 30,00 | 7.30 | 0,730 | 40,0646 | €673 | 6707 |+ 0.0027
13430 30,50 T35 0.7330 | +0.0533 Cah797 Ca6590 + G.0107
19,00 31,00 7.15 0.7229 +0.0301 | C.58L3 0.5667 +G.0131
19,30 31,50 6485 046925 +0,0192 0.5733 CaH6308 + Ca 0095
-={20,00 32,00 5460 05073 - 0,0021 G659 Cu 560l + 00090
20,30 32,50 | 620 0.5268 ~ 0,023 C.5511 05570 — 0.0059
rb): 21,00 33000 SQ?Q 005965 - 000}4?3 066}438 006,:33 - 000095
3[21e30 | 33450 | 5455 | 05712 | = 0.0632 | 04639k | C.68501 | —0.0107
22,00 34, Selis 065510 - 0,0373 046380 0eOhT0 — 0082
22,30 {150 5el5 0.5207 - 0,1029 065235 | 0.6LLT =i (811
23,00 35,00 | 5400 | 0.5055 | —0,115h | 0.6209 | 0.6428 —0.0219
23.30 35650 | he90 | 0.L95L —~0.1220 | 0,617Th | 0.6119 — 0,02L5
24,00 | 36,00 | L85 | 0.4903 [ -0,1235 | 0.6130 | 0.8010 [—0.0280
00630 36450 | he9% 0.500L - 0,1195 | 0.6199 | 0s6h26 | —0,0227
01.00 37.00 5el5 045207 —~ 0,1102 0.6309 0.614:3 — 30,0134
01430 3750 S5ei0 | 00,5459 | = 040971 | 0.6L30 | 06056 | —0.0036
02,00 38,00 570 0e5763 — 0,0797 0,5560 0.6L96 + 0,006}
02,30 [ 33450 | 6,00 | 0.5066 | —0,0593 | 0.5652 | 0.6531 |+ 0.0128
03.00 39,00 5425 0.6319 - 0.0370 045609 06559 + 0.0120
03.30 32,50 6460 0.5673 — 0,013 | 0,6016 0.56608 + 040208
011,00 10,00 5.75 0.682h +0.,0081 | 0.57L3 056l +0.0007
0le30 10,50 5.35 045925 + 0.,0281 0560 0.5601 — 040037
05400 11,00 Tel5 C.T7229 4+ Co0h50 0.6762 0.6712 10,0057
05430 11,50 Te30 Ce73080 + 0,060 | 0.5772 | 0.6736 + 0.0043
04400 12,00 750 0755 + 0.0690 0.6353 05752 + 001111
0530 412,50 7455 07633 + 00712 0.5891 0.5763 +04,0128
(7.00 113,00 7.50 0. 7680 +0,0742 0.651:2 0376 +0,0178
07430 1.3.50. | 7,60 Oe 768l + 0,070 0.6576 0.57560 +0,0216
08,00 1100 7.55 0.7633 + C.06L0 0.5793 0.5751 +0,021:2
0’3035 ?,IL.S‘C' 701‘;0 Cn?hl +G.0532 C.”"}:lﬂ; O-<‘731'@ 7"000215
09,00 | h5.C0 | 7.20 | 0.7270 +0.0409 | 05070 | 0.5716 +0.015L
02430 | L5.50 | 7.05 | 0.7028 | 40,0277 | 0.8k | 0.6596 | +0.0153
10,00 116,00 £.90 05575 +0,0152 0.5821 05577 +0 017
110,30 116650 Be55 0.5723 + 0,000 0eHET" 0.6661 + 0,0015
J11,00 | L7.00 650 | 00572 | —0L0051 | 046623 | 05547 | — 0,002k
11630 | L7.50 | S.1:5 | 00521 [ —0.010L | 0.6625 | C.A640 | ~040015
12,10 | 58416 | 615 | 0.6521 | —0.0125 | 0,668 | 0.6638 |+ 0.0000
12,30 L850 6415 0.6521 —0,0110 0.6531 0.5612 — 0.0011
13,00 | ho.00 5650 | 06572 |~ 0.0003 | 0.5535 | 0.5651 ~ 0,0016
13.30 150 6,450 06572 + 0,002} 0.5548 06067 ~0,0119
14,00 S0.00 6eT0 0.277h 40,0130 Q.50 05565 - 0002
1}.,'..3‘\‘ = 050 [:.85 0.592; +0002j9 00,"”(#‘ O.’)?Od —003{1‘213
1;.00 B'l.OO 7.00 0070?7 +0.G39}- 00”"’):j 6 0-,7:‘2 ~ 0 OG}-"/"
15,30 51,50 7ol0 07178 + 0,050 0.5658 | 0.5755 - 0,02097
16,00 52,00 7.15 0. 7229 + 0.0625 0.5601 0577k ~-Q,0173
16,30 52.50 7.20 0.7279 10,0716 0.5563 0570 - 0,022
17.00 £3.00 25 0e7330 + 0,076l | 0.5565 0579 - 040233
17430 | 53650 | 7.15 | 0e7229 +0.07Th | 0.4h55 | 0.5802 ~ 0,0347
18,00 | 5ke0O | 7.05 | €.7128 +0.0732 | 0.5336 | 0.5797 | —0.0h01
13,30 5 e 50 7.05 067128 T CeDH00 0.5520 0.5778 —~0.0258
119600 | 55,00 | 7.05 | ©l.7228 +0.0516 5012 | 05765 —-0,0153
19,30 55450 Te00 CeTO77 + Co2350 0,572 05739 - 0,0012
2@.“‘3 S'I'Q'Jh' !‘.!'.\)O O.’?_‘S +Oo:\l!il Co“/‘ :;+ Qe ’rﬂf? + 0.0G?.?
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Time 4] g Eg [ P ch
(Po1) | ¢ [ (V)| (meD) | D) | (mgl) | (mgh) | (mel)
20,30 50¢50 6450 DebB72 —0.0000 05560 05071 —0,0011
21,00 ;?O()O 6t25 "-}06319 - 000330 0.65’)}-“*9 006632 + 00001?
21.30 5750 5400 06066 = 0.0576 0.,5642 0,550 +0,00L8
22,00 [ 55,00 [ 5,80 | 0,536k | —=0.,0795 | 046059 | 0,6559 | + 040100
122630 | 58450 | 5.60 | 045662 | —0,0995 | 045657 | 0.6528 | +0,0129
122,00 59,00 5625 0.53056 - 01207 046515 066456 +0,0012
=]23,30 | 59450 | 5410 | 045156 —0,1282 | 0,638 | 0.6L3L | —c.0046
_2h.00 | 40400 | 5405 | 065106 =0.1353 | 0.6L59 | 0,6L7TLh | — 0.0015
01,00 61,00 510 Ce5156 -0,1324 064180 C.Oli52 — 0,0002
01430 61,50 5625 0.5308 —0e123L 04,6542 061198 + 0,001
02.00 42400 Skl 0u 5159 - 0,1071 CeH550 0eH523 +0,0027
02430 62450 5450 Ou5062 —0.0907 045569 0,5555 +0.001
02,00 63,00 400 05066 — 0.,0689 0eHT55 0e592 +0,0163
UB.BG {‘3. 0 {“.25 004319 e D-‘:‘E"SG 0'67?-? Oa ,’)"32 + 0.‘:’1}."5
0l: 00 61,00 650 Ce/iBT2 -—0,0215 0.,5753 05573 +0,0115
C‘gi 30 6!-%0‘,;0 '506'0 Oo{‘{J?B - 0.0022 Oof"{".;l 60671& —Q 0063
0,00 55400 670 05076 + 0,0245 0.5731 GCeDHTH2 — 0,0021
08430 55450 7620 | 07279 + 0,0l:0 0.6839 0.6785 |+ 0.0054
06400 66,00 Te2 0.7330 + 0,0592 0.6733 0,5312 — 0,007k
o|06e30 | 66450 | 7455 | 0.7633 | +0.0702 | 0,6931 | 0.63832 | +0.0099
07«00 67,00 770 0.7735 + 04,0748 0.7C17 OeHSlily +0,0173
10730 67.50 | T«75 | 0a7035 +0.0792 | 0.70L3 | 0a%350 +0,0193
208,00 68,00 | 7475 07335 + 0.0770 07005 06847 +0.,0218
08,30 63,50 Te55 0.773L +0.,0711 | 0.7023 0.083% +0,0154
00,00 59400 7450 | 047583 + 00621 | 0,0962 0.6826 +0,0136
(09,30 6950 7«20 0.,7279 +0.050% 0.6770 0.680% — 00,0039
10,00 70.00 Tel0 07178 +0,0388 06750 0.65791 —~ 0,0001
i0e30 7045C 6485 065925 4+ 00268 06657 00773 —0,0116
11,00 71,00 6,00 | 0.6875 + 00,0158 0.6717 0u/757 — 040040
12,00 72,00 6450 065572 +0,0018 0.6554 05737 —0,0133

Note: Pieess, in the tables on pages 20-24 is the value of 1)
obtained from the least-squares values of k, a, ¢, and d.



Mount Wilson Data

Time t t2 [/ ~ B.rs] ol
kP.0.7) (dléﬁ;') (Egi;)_ (mgfé) gls)| (mgls) HgLS

pov, 15

23,00 0,00 0,00 | L.1¢8 0,1163 | —0,1062 | 0,2225 | 0,165 H0.0571
23,30 | Q.50 0.25 | 0,50 | 0,0505 |—o0,123L |0.1739 | 0.1677 [t+0,0062
21,00 | 1,00 1,00 | 0,0 | 0.0hOL |- 0,135h |0,1758 | 0,1710 [+ 0,0043
00,30 | 1,50 225 | 0,35 | 0,035h |-0,1130 | 0,178L | 0,1753 [+0,0031
01,00 | 2,00 4,00 | 0430 | 0.,0303 |—0,1447 | 0.1750 | 0,1809 |-0,0059
01,30 | 2,30 6625 | 045 | 0,0455 |~0,1408 | 0,1863 | 0,1876 [(-0,0013
02,00 | 3.00 9,00 | 0,60 | 0,0607 |-0,1318 .| 0,1925 | 0.,195Lh |-0,0029

02,30 | 3.50 12,25 | 0,60 | 0,0809 |-0,118% |0,1993 | 0,20h1 |~0.,0043
03,00 4,00 15,00 | 1.0% 0.,1062 |—-0,0996 | 0.,2058 | 0,210 |-0,0082
03.30 450 20.25 | L.Lo 0,115 |—0,0782 | 0,2197 | 0,22l |~0,0047
011200 5+00 25,00 | 1.70 | 00,1719 |~0,05kl; | 0.2263 | 0,2353 |-0,0090
0hs30 He50 30.25 | 2.05 0,2073 |—0,0311 | 0.2387 | 0.2460 |-0.0073
05.00 6.% 35000 an 0. 2}-:-26 e 000061 5 21‘87 0. 2571 -0.008)4
05,30 6450 h2.,25 | 2,50 0,252 + 0,0166 | 042362 | 0,2675 |-0,0313
06,00 7400 49,00 | 2.75 0.,2760 | 10,0369 |0.2411 | 0,277h [-0.0363
06230 | 7.50 56425 | 3,00 | 0.3033 |1 0,053L | 042499 | 0,286 [|-0,0365
07,00 | 8.00 64,00 | 3.25 | 0.3286 [+ 0.0662 |0.262h | 0,296 |-0.,0322
07430 3650 72.25 | 3,10 0.3437 |+ 0,07h3 | 0.269L | 0.3016 |[|-0,0322
08,00 9400 81,00 | 3,50 063538 |+0,0782 |0.2756 | 0.3077 |-0,0321
08430 9e50 90,25 | 3455 0.3559 |+0.,0762 |0,2807 | 0.3128 |-0.,0321
09,00 | 10,00 100.00 | 3.60 | 0.3640 |+0.0738 |0.2902 | 0.3169 |-0,0267
09430 | 10,50 | 110.25 | 3,60 | 0o36L0 |+ 0,0666 |0s297L | 0,3203 |-0,0229
10,00 | 11,00 | 121,00 | 3450 | 0.36L0 |+ 0,057k | 043066 | 0,3232 [-0,0166
10,30 | 11,50 | 13225 | 3,55 | 03589 |+ 0,0k70 |0.3119 | 0,3250 |-0.0139
11,00 | 12,00 00 | 3.60 063640 |+ 0,0363 | 0.3277 | 0,3283 |-0,0006
11,30 | 12,50 156425 | 3.65 063690 | 70,0265 |0,3L25 | 0,3310 [+ 0,0115
12,00 | 13,00 | 169,00 | 3.60 | 0.36L0 |+0,0187 |0.3L53 | 0.33L0 [+0,0113
12,40 | 13,67 | 186487 | 3.65 | 0.3690 |+0,0121 |0,3569 | 0,3388 [+0,01801
13,00 | 14,00 | 196,00 | 3.75 | 0.3791 | +0.0107 |0.368L | 0,315 [|+0,0268
13,30 | 14,50 | 210.25 | 3.80 | 0.30k2 |+0,0118 |0.372L | 0.3k6L [10.,0260
1,00 | 15,00 225,00 | 3,90 0.3%Lh3 | $0,0156 | 0,3787 | 03518 |*+0,0269
11430 | 15,50 | 210,25 | Le05 | 0.1095 | 40,0222 | 063373 | 0,3570 [+0,0295
15,00 | 16,00 | 256,00 | he20 | O h2h6 |+0.0309 |0.3937 | 0u36Lk2 [+0,0295
15,30 | 16,50 272,25 | L0 Oolilii8 | +0,0410 |0.1038 | 0.,3708 |[¥0,0330
16,00 | 17.00 209,00 | 460 | O0.h651 | +0,0519 | 064132 | 0,3776 [|H0.0356
16630 | 17.50 | 300425 | L.75 | 0.h802 | +0.0629 |0.4173 | 0.36Ly [+0.032L
17.00 | 18,00 | 321,00 | Lhe95 | 0e.500L ‘| +0,0712 | O.h292 | 0,390L [#0,0338
17.30 | 18,5 312425 | 5405 | 0.5106 [+0,0773 |0sh333 | 063959 [#0.0374
18,00 | 19,00 | 361,00 | 5,20 | 0,5156 [#0,0801 |0,4355 | 0,007 [+0.03L8
18630 | 19,50 | 380.25 | 5415 | 045207 |*0,0792 |0 Lh15 | 0.kOL6 [+0.0369
19,00 | 20,00 | L0O0,00 | 5.15 0.,5207 | 10,0730 | 0.ili69 | 0.,lOTL |+040395
19,30 | 20,50 | L20.25 | 4,95 | 0.500k |+0,06k1 |0.1:363 | 0.ho92 |+0.0271
20,00 | 21,00 | 441,00 | L.70 0.1752 | 10,0L97 | 0els255 | 01099 [+0,0156
20,30 | 21.50 | U62.25 | Ll.60O 0.11651 | $0,0313 | 0,L4333 | 0.,4098 |+0.0235
21,00 | 22,00 | 18L,00 | he35 | 0.1:398 | #0.010L |0.h29L | 0,4089 [+0,0205
21,30 | 22,50 | 506425 | LelS | 0.L196 |—0,0128 |0.h32L | 0.14075 [$#0.02L9
2,00 | 23,00 | 529,00 | 3.65 063092 |—0,037h | 04266 | 0,4050 |#0,0200
2430 | 23,50 552425 | 3455 043589 |—0,0618 [0.,L4207 | C.LOLO |+0.,0157
23,00 1,00 | 576,00 | 3,25 0.3286 |—0,0848 | O0.L13L | 0,025 |[t0,0109
23,30 | 24,50 | 600425 | 3.00 | 043033 |—0,105L |[0,L0S7 | 0,4015 [*0.0072
21,00 | 25,00 625,00 | 2,70 062730 | —0,1225 | 043955 | 0,012 [—040057
00,30 | 25650 650,25 | 2,55 02570 | —0,1362 | 0.39L0 | 0,1015 |-0,0076
o|01e00 | 26,00 [ 676400 [ 2,50 | 0,2528 [—~0,1437 | 043955 | 0,4033 ~0,0068
301.30 26.50 | 702,25 | 2085 | 0.2576 |—0.148h |o.hok2 | 0.u051 [-0.0019

Nov, 17

02,00 | 27.00 | 729 00 | 2,60 | 062629 |—0,14h1 | 04,4070 | 0.1099 |-04,0029
02630 | 27.50 756625 | 2,70 02730 [—=0e1360 | 0,090 | 04149 [~0.,0059




Time 8o g c 7 Brewts] ¢
(PO | ¢ 12 @) (=B _(r%gls (gl | (mgld | (mgd
03,00 | 28,00 764e00 | 2485 | 042881 [-041235 | 044116 | 0,4209 |-0,0093
03430 | 28450 812,25 | 3,10 04313 [-041071 | 044205 | 0.h:276 |- 0.,0071
013000 29400 Bhlom 3030 Oe 3336 = 0.0861& 00,42% 0.&353 - 000153
04s30 | 29450 070425 | 3455 0s3509 |-0.,0643 | 044232 | 0.1132 |~0.0200
0).00 30400 | 900400 | 3495 | 043993 |~040L06 | 0414399 | 044515 [-0,0116
05630 | 30,50 | 930425 | L,10 Oeli1hi5 [~040171L | 044316 | 01596 |-0.0280
06400 | 31400 | 961400 | lLe35 | 044398 H0,0053 | 0.43LS | 0,575 |~0,0330
06430 | 31450 | 992425 | Le0 | 0.h651 [*04025% | 0139 | 0.L7L8 |-0.03%h
07400 | 32,00 | 1024400 | Le85 | 044903 [t0.0428 | 0.Lli75 | 0.181) [-0,0339
07630 | 32,50 | 1056425 | 5415 | 0.5207 [*040562 | 0,645 | 04871 |-0.0226
00400 | 33,00 | 1089,00 | 5420 045257 [T0,0665 | 0.4592 | 0,4920 [-0,0328
00430 | 33,50 | 1122425 | 5,25 | 045308 [t0,0726 | 01582 | 0.4960 |~0.0378
09400 | 3L.00 | 1156400 | 5625 | 0,5308 [+0.07h3 | 0 k565 | 0,4989 |~0.0L2k
09430 | 3Le50 | 1190425 | 5425 | 045308 [+0.0722 | 0.1:986 | 045010 |=0.042L
10,00 | 35400 | 1225,00 | 530 065350 [Y0,0677 | 0.L681 | 04502 |-0,0343
10430 | 35450 | 1260425 | 5635 | 0,5L09 [¥0.0611 | 0.L798 | 0,5033 |—0.0235
11,00 | 36400 | 1296400 | 5630 | 045358 |40,0528 | 0.4330 | 0.5038 |-0.0208
11.30 3’6050 13320 25 So 25 00 5308 + 000)41#3 Oolﬂi{") Oo Sokz -000177
12,00 | 37,00 | 1369400 | 5425 | 0.5308 [t0.0859 | 04949 | 0,5046 |-0.0097
12,30 | 37,50 | 306,25 | 5,25 0,5308 |t0,02088 | 0,5020 | 0.5052 |—0.0032
13,10 | 30,17 | 156,95 | 525 | 0,5308 (10,0230 | 0,5078 | 0,5068 [+0,0010
13,30 | 38,50 | 482,25 | 5,30 | 0.5358 [$0,0218 | 0,510 | 0,5079 [+0,0061
11,00 | 39,00 | 1521,00 | 5,35 | 0.5409 {t 0,0221 | 0.5188 | 0.5100 [+0,0088
1130 | 39,50 | 1560.25 | S5 | 0.5510 [*0,02L5 | 0.5265 | 0.512% |4 o0.0140
215,00 | L0,00 | 1600,00 | 5.55 0.5611 [t 0,0299 | 0.5312 | 0,5156 |[+0,0156
415,30 | 40,50 | 1640,25 | 5,70 | 0.5763 [t 0,0371 | 0e5392 | 0.5191 |+0.0201
16-00 hl.OO 1681.00 5085 Oe 59114\ u 00011511 Ce 51160 Qs 5229 * 0,0231
16430 | L1,50 | 1722425 | 5,95 | 046015 [t 0.0551 | 0.5h6L | 0.5267 [+:9,0197
17400 | L2,00 | 176Ls00 | 6,10 | 046167 [+ 0,0636 | 0.5531 | 045303 |[*0,0228
17230 | L2,50 | 1806425 | 6420 | 0,6268 [+0,0708 | 0.5560 | 0.5336 [+0.022)
18400 | L3400 | 18L9400 | 6425 | 0,8319 [+ 0.0760 | 045559 | 045363 [+0.0196
18430 | L3+50 | 1898425 | 6415 | 0,6218 [¥0,0785 | 045433 | 0.538L [+0.00ke
19,00 | Lhe00 | 1936,00 6.15 0.6218 [¥0,0769 | 0ua5hl9 | 045396 [+0,0053
19430 | LheS0 | 1980425 [ 6.05 | 046117 [¥0,0718 | 0.5399 | 0,5399 |#0.0000
20,00 | 45,00 | 2025,00 5.90 045965 [10.0622 | 0,5343 | 0.5392 |30.0049
20030 | L5450 | 2070425 | 580 | 0,586L [+0,0L9) | 0.,5370 | 0.5377 |+0.,0007
121400 | L6600 | 2116400 | 5470 | 0.5763 [+0,0325 | 0.5438 | 0.5352 |+0,0086
21,30 | L6.50 | 2162425 | 5450 | 045560 |40.0125 | 0.5435 | 0,5320 [+0.0115
22,15 | L7.75 | 2200406 | Le85 | 0.k903 |—-0,0439 | 0.53h2 | 0.522: |+0,0118
23,00 | 148,00 | 2304.,00 | L1.80 0.4853 [-~0,058L | 0.5L07 | 0.520L4 [|+0,0203
23,30 | 48450 | 2352425 | LuhsS 0.ili99 |—0,0772 | 0.5271 | 0,5166 [+0,0105
21,00 | 49,00 | 2401.00 | LelS | 0,4196 [-0,0975 | 0,5171 | 0,5131 [+0,0040
00.30 h9-50 21&5(3‘ 25 3085 Ce 3892 —'0.1151 0050]-13 Oe 5101 — 0.0053
01,00 | 50,00 | 25Q0600 | 3,80 | 0.308L2 [-0,1281 | 0,5123 | 0.5081 [+ 0,002
01,35 | 50458 | 255843L,| 3460 | 0.3640 [—0.1386 | 0.5026 | 0.5067 |-0.0041
02,00 | 51,00 | 2601,00 | 3.55 043589 |=0,1120 | 0,5009 | 0,5066 [~ 0,0057
02,30 | 51.50 | 2652,25 | 3,45 | 043488 |—0,1408 | 0.,118956 | 0,5076 |-0.0180
0335 | 52450 | 276Le66 | 3475 | 0e3791 [—041225 | 0,5015 | 045130 | 0,01
O10Le00 | 53400 | 2809,00 | L.00 Ouli0l)y |—0,1107 0.515‘1 0.5161 |-0,0010]|
0he35 | 53458 | 2870.82 | Le25 0.1:297 [-0,0%05 «5202 | 0,5211 [|-0,0009
2 05.00 | 5Le00 | 2916,00 | Lehio | 0Lkl [—0.0736 0.538?4 0.,5253 [+ 0,0131
06400 | 55400 | 3025,00 | 5415 | 0,5207 |—0.,0299 | 0,5506 | 0.5357 [+ 0,01k
06630 | 55450 | 3080425 | 5430 | 065358 |—0,0090 | 0,5LL8 | 0,507 [+ 0.00L1
OTol0 | 56467 | 321149 | 5,80 | 0,586k [+0,0339 | 0,5525 | 0.5507 |+ 0,0018
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APPENDIX B
THE THEORY O LEAST SLUARES
The following account of the theory of least squares
is the one given by Jefireys (12)., Jefireys bases his theory
upon & theorem known ws Bayes! principle of inverse probabil-
ity. Using the notation P(g|p) for the probability of the
proposition g given the proposition p, the theorew may be
stated thus: P(qu|p,H) = kP(¢,)H)P(p|qp,H) Where k is the
quantity 1/P(p|H), «nd ¢.is «ny one of the propositions or
sets of datae Q1» 9gs 93 etc, Thus, if 0y represents a set
of data, then P(gu|H) 1s the probubility of these data on a
given set of hypotheses H., Then, if p is a furtiier set of
hypotheses or data, P(p|g,H) is the probubility of p on Gp
and H, and P(qp|p,H), which is the probability of g, given
p end H, is proportioncl to the product of the probubilities
and H,

of g, given H und thet of p given ¢,

The normal lew of errors may be written in the form
P(dx|H) = (1/\/Zx“o~)exp[—(x-p)2/2 G‘Ejdx g

vwhere P(dx|H) is the probability that the messured valuc z of
a quantity whose true value is p will lie between x and x+dx,
o being the stand.rd error, In a least-scu.res problem there
are m unknowns, Xj, and n sets of data to determine the values
of x , n being greater than m, The problem is to determine
the set of values of the xjy's which gives the best solution
of the problem,

Let ¢, represent sets of dutz, n in number, so thot

cr = fr()(l,;“:z,.-n-’x'n)’ r = 1,2,....,!1,
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provided there is no rendow error, Reciuse of these errors,
however, this ecucstion must be reploced by the probebility
relation ?(uc |5450,H) = (l/J:ﬁE)erﬂ[- (ep-1, ] Cp
~ssuve that the errors in tue observations are
independent, c=lsc thet tie stencar: error o is known, If #
represents all of the observ. ti.ns, then the probubllity
that the valuc. of the cpts will 105 between ¢y tnd cytdey,
ey anu cgtde,, ete, 1s P(@|xy,o,E) wherc
P(@lxg,7,8) = @/(1'7@“ *] exp Eo(cr*fr) feo ]ucln R (-
vhere S denotes summation with respect to the n observations,
In most precticcl cuses, the function £, is lineer in
the unknewns xj, thit is, f, = g;&irxi = &ai.X; , 8dopting the
convention thiot repetition of & suffix in icetes suumation
with respeet to th.t suffix from 1 to m, '
Let V = 3S(cp - £p)° = 15(ep - agpry)®
= %S(c§ = SegpCpri + Liré jrX4xy)
= 1byjxixy = dixj +-%Sc§ where by = Seypé jp
and dg ® Saqpcpe It con De shown thet there ico « unigue set
of v.lues of the xy's for which ¥ is & wminimum, zn. It is
agsumed that these vulues are thie best value:s of the unknown,
Let ¥y be these values of Xy, 0 thot toe ¥3's «re the roots
of the ecu.tious obtained by differentioting W with respect to
each of the xj's and e.ucting ewch of the expressicus to zero,
These equetions «r@ line.r in xj znd are of the form
bijyj - di = 0,
The e u-tions for Y neve & unioue solution if m<n

and the deterainent bij is not zero, VWrite xy = y;+3; ,



«nd e} = ¢p = Lyp¥y, Where cl is & resi . ual, thet 1is, the
difference between the observed value of ¢, and the value
caleculated from the lecst scu.res vulues of the xi's. W can
be expressed in terms of the zj's &nd the residucls «s
follovws,
W= by gxyxy - dyxg + bsek
= %bijzizg + %bijyiyj + by j24¥g - di(yi-k zq) + %ch
= %bijaizj-+(}bijyiyj - G4¥y +n58c$)7+ zi(bijyj - dy)

%bijzi.cj + E:S(airyi - f.’;r)y; since (biaya - (11) =9

€

2 ﬁbijzizj + %5¢g .

The cuantity bjjziz4 is equ.l to S(airzi)2 and there-
fore is essentially positive, It cun be reduced to « sum of
m scucres in the following wey, Consider the cuse where
i,ji= 1.,2,3. Then, 1if 7 = bijzizj:

F = byyzs +2bypnqeg+ buood 4 £bygzyost Eboyory + bayzh,
This can be written
F - biiof = vaf + 2nagacsg + vagaf
wheve C) = 2y + (byom + byiee)/bly, bly = by - byyby /by
Next tuke (. = z, + (biwz:)/biu. Then

| i o -
F - blﬂi - b w = bawzﬁ s ond
F=b i+h‘-:‘-’+b§,c;?§
v s 2 = ’
where (3 % 2z, and bgj = bi.- n'n!/ml,

v o o(¢ s .1 3, 3
In the Jzcobi:n M &l thie "j--,&cndl

terms ure one, znd all terus to one gide of the di.gonal ure
zero, since 20i/9z; = 0 for i>J. Taus the J.cobian hus
the value one, und dZjuZc....dzy = SXjddgess.dipy con be

replaced by dgldgz....ﬁam.
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If 1t is wszuned that the priori probebilities of
Z1s Zgamesey 2y OTC uniforily distributed, then, when 6 is

known =nd is the s.uwe for ull of the zi's,

1

P(dzq, 2550000, E |G H) e dzidz 4. dzy
Also, ?(C‘.Zl,~.izz,.‘..’izmla‘,ﬁag)°‘ dzlﬂZZ..-odZmP(ﬁlU‘,H) using
1e principle of invers: probobility, Therefore,
P(&zl,dzg, cadzgle 2, H )« o Bexp (*-W,—"G"h)'-.le‘iza. N+
aLO"nEJ{Z; [—(bf{‘}%Sc? ,/i?"ca dzldzg,.dzm
where biis used in place of b‘;_i. This cxpression Lreaks up
into fictors which de:end upon only one of the f{i's, S0
thet for any oue of the (4's
P(aqy) & ,k,0) o {1/W exp (=by4/E e BT

Hence the stunl rd error of (4 is c/fy , end since
= Zpe the stind rd error in zp is 6‘/\(—1:; « LOwWever,
X = ¥t ép, end the true velue of zy is zero, Therefore zp
is equ=l to the sitand rd error iu zp, «nd accordingly,
Xy % ¥ 1 5/[‘51; . Similerly, for .ny x4, ¥4 = yi * S4/by .

If & is uniunown, then (Cf, Jef.reys, pcge 115)

2(c “lee cdigyds] H) o d{1seedlipd s /o

P(ci’x;l. WQlpyus| @ htjex G"“e:{p [—- (bif.‘;;if-ScI‘.;‘ )/';—;ioi‘ﬂijda,_l, Jdipdo /e

Integrating wiin recpect to <11 or the (y's except ¢,
between the liwmits - co Lid+oo,

P(dly,de] #ol) e & T axp [-(bmc__;% +Sep)/ee ] e

Invegr. ting next with respect to o from 0 to oo ,

P(Qn| @, H) ~ (bmf’;;é';-l-Scr'-::';)-(n‘iﬁl)r'"

“dim
k- : N -
o (L+1by,5/8e, ) W utl)/Zaq. |
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Thus G, follows the t distribution with (n-m) degrees of
freedom, Hence, if (n-m) is large, the distribution is
approximately normal with a standard error O,= Sc;ef(n-m)fgg .
SOLUTICHS OF THE LEAST-SQUARES EQUATIOHNS, ‘
Using the dat. tabuluted in APPENDIX A, the follow-

ing values are obtuined,

Pasadens
Sg;= -8,99 sgi= 5668,1857 Sgqty= -565,559
Bg® 22204 sti= £51472,88 Sg4@y= £7,29115
Sg]= 89,843 N = 245 SPIt, = B455,8452

(8 denotes summction with respeet to the N observations; «lso
in order to simplify the calculstions, P has been replsaced
by #* = 10(# - 0.8000) and gy hes been expressed in units of
- 107% ngl. The g4 values are the calculated values denoted in
the praceding puges by 30)'

Mount Wilson
sgy= -113,83 sg{= 6708,2953 Sgyfy= ~24.429575
SPy= 45,7035 st{= 110909 gity® -3051,327500
Sty= 5012,0  ~  St¥= 4610016 Sejtis -185450,228
§ = 110 stf= 04988835 SPity= 1485,748375

spiti= 55856,107169
(g4 is in units of 1072 ngl),

Solution for Pasudena

Assunsing a linear drift (see page 13), the expression
s[#] - (kgy+atyr a)]*

is to be « minimum. Differentiating the above expression



~30~-
with respect to Kk, &, und d in turn and ecucting e-ch result
to zero, the following egu-tions are obtulned,
(se5)k +(sgyty)a +(584)d = SBJEg » « o o » o+ (1)
(Sgity)k + (StDa+(Sty)d = 58Jts v v o v+ (2)
(sgy)k + (Sty)at Rd =88] .o« ()
Substituting the data tubulated on the preceding page,
5668,1857k - 365,559a - 8,994 = 87,29115 , . . (1)
~365,559k +251472.88a +5220,4d ® 3435,8452 . . o (2)
-8,99k + 5220.4a + 145d = 89,843 . , ., (3)

k is eliminated by dividing (1) by 5668,1857, then
multiplying the result by -365,559 and -8,99 in turn, and
subtracting the equatiocnsobtuined from (2) and (3) respective-
ly. This gives the following equations,

251449 t+ 5:19,820d4
5219z + 144,986d

3459 . 47 . - . . . L L (Ea)

89,98 + & o v » » s (B2)

& is eliminated next by multiplyin. ecuation (k&) by
the quentity 5:£19/:51449 and subtrzeting the result from (3a),.
This ];eads to the result

36,6£78d = 15,5818
d = 0,307, bg = 6.6

To obt.in & and b, the original equations are re-
written so that & is the last unknown on the left-hund side
and the equution obtained by diiferentiating with respect to
a 1s the l;st equation, This is accomplisned by inter-
changing the terms involving d and a, and also ecuations (&)
and {3), These equ.tions are solved &s above, «nd the process

repeated & third tie to obtein k and by, The final results



-31-

are listed below,

k = 0,0164 a = 0,008z1 d = 0,507

b= 5670 b, = 63000 b= 36.6

Since ¢1= 10(¢I0.6000), tie lezst sguwres value of 91
is 0.1¢]+0,6000 = 0,1(0.0164g, + 0,00521t, + 0,507) + 0.6000,
Therefore the residuals, ci, are glven by
¢] = @,-0.00164g,-0.0008£1t,-0.6507, g4 in units of 107% mel,

= §;-0,184g;-0,000321t;-0.6507, ¢4 being in mgl,

The values of the residuals were found by substituting
in this‘expression, the values being listed in APPENDIXY i,
"The sum of the squ:.res of the resi uals is 0,0279.

The standard error, 6., is given by (see puge <9)

g?
6 w %c 12/ (Nem)b
s® 2% s
= 0,0002bg
Therefore, k = (164#2)x107%, a = (52148)x107°, 4 = (507%2)x10™°
when g4 18 in units of 10"2 mgl'and #t is used, und
k = (16442)x10™°, a = (821%6)x10~%, d = (6507:2)x10~% vhen g,
is in mgl and @ is used,
Solution for Mount Wilson
For the case of linear drift, solution of the three
'equations by the method outlined in the preceding section
gives the following values (gi being in mgl),
k= 0,841 a = 0,00640 d = 0,244
The values of the stundurd errors were not calculcted,

For the case where the drift is assumed to be of the

form ctffat1+d, the following results were obtuined,



r»r*ﬂiz ‘3
k = (gggo F0 T L o (12084)x1074 ¢ = -(10522)x108

< , ba = 2030 be = 5,290,000
(18926)x107 = 11,6 8e]” = 0,0480

[l
"q
W

APPEHDIX C
Caiculution of %Yopographicai Correttions
The topographical correctioa for ¢ given body may
be calculated by dividing the body up into thin segments
bounded by horizontal planes, The vertical compenent cf
gravity at a point P pro&uced by one of these thin laminae
mnay be caleculated from the foilowing formule
g = [oYhah/fJO/r
where p is the density, 7V the gruvitutional constant, h the
height of the lamine &boﬁe P, ah tho thickness of the
lamina, a9 the angle subtendedlat P by an element of the
curve bounding the laming, and r the duistance from this
element to P, The integral is taken around the entire
curve bounding the segment,
In practice a topographiczl map may be used, the
segnents being defined by the contour lines, The values

of the integral are thben found by numericel integration,
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ABSTRACT

Using a La Coste and Romberg gravimeter, gravity
values were obtained at 65 stations in the vicinity of Menk
Hill, Pasadena., A density value for elevation cerrections
was obtained using a least squares method and data obtained
with a network of 35 statioms in Washingten Park. A tepe-
graphical correction was also made for the San Gabriel Mountains
to the north of the area.

The ceorrected gravity data were used to calculate
elevations of the basement along Howard Street, and the re-
sulting basement profile cempared with one obtained by a

seismograph survey.
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A CRAVITY SURVEY OF THE MONK HILL AREA, PASADENA, CALIFORNIA,
INTRODUCTION

The Raymond Basin is a structural basin, roughly triangular
in shape, and bounded on the north by the San Gabriel Mountains, on
the west and southwest by the San Rafael Hills, on the =ast by the
Monreovia Hills, and on the svuth by low hills and scarps aleng the
Raymond Fault., The topegraphy of the basin is quite irregular, and
in places basement rocks projoct above the surface of the alluvium
which fills most of the basin, Monk liill is formed by one of these

projections, and rises about 200 feet above ihe level of the sur-

rounding alluvium,

Data obtained from numerous wells in the area indicate
that the water table immediately north of Monk Hill is roughly 300
feet higher than the water tabtle just south of the hill, This is a
matter of considerable econcmic importance, and several Investi-
gations have been carried out with the object of determiaing the
causes of this abrupt change in gradient of the water table, Pre-
vious investigations include a geologi: survey by Dr. J. P, Buwalda
of the Division of Geological Seiences, Califsrnia Institute of
Technology, seismic work by tnes Geophysical Engineering Cerporatien,
and an elecirical survey by R, W. Lohman, HNone of the results of
these investigations have been published, but the author had access

to all three reports.

Since the alluvium in the basin is continuvus and relatively
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permeable, the flow of subsurface water will depend to a large extent
upen the topography of the floor of the basin, For thie reason, it
was felt that a gravity survey of the area should yield important
additional information, Unfortunately, lack of time did not permit
the carrying out of as extensive a survey as had been planned

originally, and tne data are therefore incomplete,

GEOLOGY OF THE RAYMOND BASIN,.

The basin is traverssed by four major faults, the Raymond,
Eagle Rock, Linda Vista, and Sierra Madre Faults., These are reverse
faults dipping steeply towards the north, and trending roughly east-
west, The basin itself is the result of vercical movements along
these faults, the fault blocks having been rotated downwards towards
the north, and to a much lesser exteni downwards towards the east,
Although there is some evidsnce of moiion along these faults in
Quaternary times, mosi of the displacements were probably pre-

Quaternary,

The floor of the bacin is quite irregular with 2 maximum
relief of several hundreds cf feet., Prior tc the depesition of the
alluvium, & drainage system wes established cn bedrock, the principal
valleys bein; those of the cl¢ Arroyc Seco, zlong with its tributsry
velley, the La Canada Valley. These valleys wsre probably located in
roughly the same positions as their present-day counterparts. There
is considerable evidence for the existence of a third valley just east
of Monk Hill, this valley being much shallower than the others and

trending roughly northwest-southeast,
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Surface data as well as the seismic data indicate that a
ridge of bedrock probably extends eastward from the northeast part
of the San Rafael Hills, Monk Hill being a high point on this ridge.
This ridge, if it exists, could account for the sudden change in
gradient of the water table in this vicinity, since a large part
of the subsurface water would be forced to flow throush gorges cut

in the ridsge by the old Arroyo Seco and other ancient streans,

The San Gabriel Kountains to the north and the San Rafael
Hills to the west are composed largely of old crystalline rocks,
mainly metasediments with some intrusions of granite and other types
of igneous rocks (1). Since all the outcrops of the basin floor,
including those on Monk Hill, are of thesc same rock iypes, it is

probable that the entire floor is largely crystalline metz-sediments,

Presunably most of the basin is filled with Quaternary
alluvium derived mainly from the San Gabricl area; however, the
possibility that parts of the basin contain other sediments ecannot
be ruled out since Tertiary sandstones, shales, and conglomerates
outcrop in the southwest portion of the basin, The alluvium ranges
in size from clay to large boulders, sand to gravel sizes being most
common in the central area, The alluvium is largely acidic in com-
position, and was derived mainly from granite, diorite, schist, and
gneiss, OStreams issuing from the San Gabriel Yountains deposited
the alluvium in the form of coalescing fans which slope gently south-
ward, The alluvium is poorly indurated and therefore is quite porous

and permeable relative to the crystalline rocks and Tertiary sediments.
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EXPERIMENTAL PROCEDURE

Gravity values were cbtained at 65 stations in an area of
approximately (.6 square miles around Monk Hill, Four north-south
profiles were run along Reymond, Summit, Marengo, and Garfield
Averues, extending from Montana Street in the north to Mountain
Street in the scuth., Ore ecast-west profile was run along Howard
Street from Fair Caks Avenue in the east to Arrcyo Boulevard in
the west, In addition, three of the stations in the vicinity of
Washington Park wlich were read in the course of the density deter-

mination were plotted con the gravity map,.

The instrument used was a La Coste-Romberg gravineter,
the sensitivity bedng C,1011 milligala pexr seale division, Readings
could be estimated to within 0,2 scale divisions, that is, to within
0,02 milligals, The effects of tidal variati cns and instrumental
drift were reducec to & wirimum by taking check readings at a fixed
station at intervals of thirty or forty minutes. Eack profile was
comnected with a preceding profile by including cne or more stations
of the latter with the forrer, All staticns, excepl those used in
determining the density, were located at bench marks established by
the Engineering Departaent of the City of Pasadena, The locations
of the stations are slhown cn the accompanying map (see inside of

back cover),

To obtain a density value for elevation corrections, a net-
work of 35 evenly distributed stations was set up in Washington Park,
about one-half mile east of Monk Hill. The coordinates and elevations

of these stations were determined by a compass-and-stadia survey, the
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horizontal coordinates being accurate to within about three or four

feet, and the elevations to within Q.2 feet.

In running the profiles, the meter was transported in a car,
since all the bench marks were located on the curbs, In wWashington
Park, however, it was necessary to carry the meter or else use a small
cart, and on several occasions it was found that slight jarring of the
meter resulted in large changes in the drift rate, For this reason,
it was necessary to rsad each station twice, and in scme cases three

times,

DENSITY DETERMINATION

de A, Legge (2) has given the theory of a least-aguares
method of obtaining the density from data obtained with an areal
distribution of stations. Let X4 Yi» 3ys and & be respectively
the two coordinates in a horizontal plane, the elevation above a
given datum plane, and iLhe acceleration of gravity at the ith
station. Then the value of g3 corrected Lo the datum plane is

Gi = 3i+kzit

k being a function of the density and having the same value for all

stations.

it ie assumed furtiiermore that the corrected values Gi can
be expressed as a polynomial of the coordinates xy, ¥;s 8o that

T=m 5=

G, - Zzarsxi}'i .

i Y=0 &=0

I1f the stations are located on & straight line which may be

teken to be the X axis, amd if G; varies linearly, then

Gy = ajtay o
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When the stations are distributed throughout an area,

and if it is assumed that Gi(xi,yi) defines & plane, then

Gi - a°°+alox1+aolyi 8 & 8 & 8 o o & e @ (1)

The following discussion will deal only with this case,
but the results for the linear case can be obtained nmerely by

omitting all terms which involve yj.

G; can be eliminated from (1) by using the relation

Gj = &3t k24 giving the equation

(a°é+al°x{+aolyi) - (g£+kzi) = 0 s 6095 e0(2)
In this eguation there are four unknowns, since Xis Ji» 33, and g4
arz measured Juantiiies, Therefore a unique sclution can be obe
tained if date for {owr stations are known. However, to ootain a
higher degree of acecurxy, more data musi be used; in this case
the resultin; equaztions no longer have a unique solution, and the
method of least squares is used to obtain the valuss of the constants

which give the best fit,

The theory of least squares requires that the guantity

A

jggaod+aloxi+‘olyi) - (gi+kzijz N &)

N being thne nué;;r of stations )be a minimum for variations of 2g00
21gs 2439 ané k. Differentiatin:; the expression with respect to
each of these in turn, and equating the results to zero, four
equations are obtained fram which ths values of the four unknowns
can be found. To simplify the writing of the equations, the con-
vention is adopted that wherever a suffix is repeated, summation

from 1 to N with respect to that suffix is indicated. Thus,
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A 4
X33 = le, Xy¥3 - inyi. The four equations may now be written

=t

Boot T A15%yy boag vy = ke
300541 +-alox§1 t 8o1¥iXs - kejxy Fogyxg
8gov¥ii + 810%¥1 + "olyii - kKzyyy % giyy e @
“800%ii T %10%i%1 T %01¥i%; + szi 8

These ejuations can be eolved by the determinant method,
but it was found from experiences that it was less laborious tc solve
for k by elimination, This has an added advantage in that it
furnishes automatically nart of the data required to obtain a value
of the standard error of k. This is discussed in detail in the re-
port on Periodic Variations of “he Gravitational Force (see the
section on Theory of Least Squares), where it is shown that k and
the standuard error, 6%» ¢an be determined by the following procedure,
Equations (4) are solved by dividing the first eguation by N, and

muitiplying the result hy A4 and =z,. in tumn, then sub-

Viis ii

tracting thesc three equatiors from the second, third and fourth
equations of (4) respectively., Tn this way £9o 1s eliminated; the
same procedure is repeated to eliminste 4190 then 8,12 Sare being
taken te Keep the ecquations in the proper order., The final result
is an equation in k only. Let tre cocfficient of k in this equation
be bs The valuer of Boor 3159 T, are found by the usual methed,
and the values of the four unkncvne substituted in (3). When the
values of x,, Yis 23 8 for each station are substituted in (3), a
quantity, ci, is obtained, Then the stanrdard error in k is given by

the relation €; - (%c;z)/(}t-t}) b-k ® & o » ® 8 o & o e @ (5)



TRLATMENT OF THL DATA
The data used in determining the density are listed in
Tables 1, 2, and 3, Aprendix 3, pages " -27 , The details of the
caleulation of k and bk are ret farth on page 2., imnediately
following the tables. The values obtained for k and bk are
C.680 div/ft or 0.0687 mgl/ft, and 1,27, respectively. The
residuals, ci, were calculated (see Table 3, page 7%, and the sum

.2
of the sguares, é%c{ , was found to ve 4.83, Substituting this

L3

value in Eqn. (5) above, alon; with the values of i and by, S} is
found tc be 0,017 . Using twice the standard error, k = 0,68010,0<4
div/ft, or 0.068720,0024 mgl/ft., vhiers the probability is
approximately one in twenty that if k were redetermined in the same

area a value lyinz ouiside this reoage would be obtained (3),

The elevation facter k is 2 combination of the free-air
and Bouguer corrections, and is egual to (-0.,09406 + C.012760) mgl/ft,
/abeing the densiiy of the surface lzyers, The above value of k

corresponds to 0= 1,98%0.c4 gm/nmj.

The data for the stations in the Monk i{ill areca are listed
in APPINDIX A, pages 12-2Us The zravimeter readings were converted
to millizals by multiplying by the factor 0,101l after which corrections

were applied fur drift, elevation, latitude variation, and topography.

The correction for drift was obtained by plotting the read-
ings taken at the check stetions and reading from the zraph correction:
to be zpplied o each observation. These corrections were adjusted so

that the proper gravity values were obtained for at least one station



occupied in a previous survey.

The elevation 2orreclion was calculated using k = 0,0687
mzl/ft and & datum level of 900 feet above sea level, The slevations

given in APFENDIX A refer to this same datwa plane,

The variation of gravity with latitude was allowed for in
the following manner. From the Internationecl Formula,
g8 = 978.049(1 + 5.2884x10 " 8inP), # being the latitude. Taking the
Y axis in the north direction, tien
dg/dy = (1/R)dg/cg
1.3068 sin 2 mgl/mile.

The area covered by the survey extended fron latitude 3£)lO'N to
BQJIZ'M, hence the average value of the variation is 1,3068 sin
68° 22' = 1,210 mgl/mile. Also, d{dg/dy) = 2.61 ces 2¢d¢ = 0,0005
wgl/mile using o = 2%, Therefore no appreciable error is intro-

duced b;- usin; zn average value over the area,
» & 5

A tecpographical correction for the San Geabriel Hountains to
the north of the area was calculeated in the following manner, A
topographical map with a scale of 1:250,000 and 50C-foot contour
intervals was used to calculate the effect of the mountains at each
of two points 1 the survey area, one point beiny 1.55 miles due north
of the cther. The cdetails of the method of calculation are described
in the report on Periouic Variations of the Gravitational Force, page
27 e The values 3.73 and 2,71 milligals were obtainea for the two

peints wiich correspona to a gradient of (,658 mzl/mile in the northe-

south direction, J3ince the axis of the mountains is roughly east-west



in this rezion, the east-west component of the grauient was neglected,
Moreover, since the surface of the ground is relatively flat in the

vicinity of Honk Hill, no other topographical corrections were made,

Under the above assumptions, the topographical correction
is linear, and depends only upon the northesouth coordinate, Thus,
it can be combined with the latitude correction pgiving a combined
correction coefficient of 0.552 mgl/mile or 0,004 =gl/10C £t (the
correcticns have opposite signs and must be subbracted;, If the
correction is taken {o be zero at a given point, then it will be
negative for stations north of Lhis point and positive {ur stations

south of the »oint.

Washin_ton Strect exicnds east-west in this area, and
therefore the south side of the sireet was chosen as a reference
line for the combined latitude~topographical correctivun. Distances
north or south of this line are listed in the tables in AFPRNDIX A

the column headed 'y' (a plus siga is used for stations north of
the reference line 2nd o minus sign for stations south of the line),

The cosbined correction is alsc givea in the sane tables under the

heading 'Late' Ccrre

The gravimeter readings were corrected “or drift, elevation,
latitude variaticn, and topogrophy as described above, the corrected
gravity readings peing listed in APPEVOIX A in the colurn headed '3',
These values were plotted on the map of the area (see inside of back

cover), and contour lines drawn,



-1l] -

INTERPRETATION OF Tin UATA

Since the hasement rocks ave relatively denssr than the
alluvium, the ;ravity contaurs should reflect tlie basezent topography
in s very ieneral way. althoush only a 1limited nucsber of contours
could be dravmn becouse of the siall nuaber of stations, nevertheless
the data are consistent with the zvove statement since the pronounced
hizh about one half block south of the intersection of Howard and
Marensco Avenue coincides slmost exactly with the highest point of

Honl Hill,

A profile was drawn along rdoward street \see inside back
cover), and a rouzh estimate of the depth of the busement obtained

by the followin; procedure,

The vertdeal component of Lhe attraciion of a point mass

is givea by tie expression (refesring Lo I'ige 1) , X
g
o - B . 3 & g
g=® (Ym/r")cos ¢ = (¥u/27)coa’d ; .
= g c053¢
2 m
Flge 1

The rasulting curve for 2z as a function of x has a maximum
at x = 0, g being egual to 3o av this point, and tliere are two points
of inflection symumeurically placed wilh resgect Lo the point x s 0,

the distance vetwealr the two poiats of inflection being equal to z,

This sxpression was used to fictensine « series of peint
masses which would zive a curve similar Lo Jurve A, 3oth positive
and negative masses wWere used, negative masses corresponding to

depressions in tne basement, and therelore to minima on Curve A,
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As a [irst approximation, a single negative point mass with
a g, value of 2 myl was used, the depth being 3000 feet (roughly the
distancz between tl.e points of inflecticn of Curve A)s The values of
g were readily obizined by dividing x by 300C to ootain tan £, then
using a table of natural trigoncmecric funciions to obiain cos @ from
the value of tan @; cubing cos ¥ and multiplving by 2 gives ge It was
found that this point mass gave = very poor fit, and examianation of the

twe curves sugzested using two shillower point nmasses,

after sowe trial and errur calculations, it was found that
one peositive unu oune negative mass, bolh wilh o equel to 1 mgl, gave
a good Tit, The negative mass is under the intersection of howard and
El Sereno zt a depth of 1800 feet {bclow the datuw plane;; the positive
mass is 1200 faet below a point 100 feet sast of the intersection of Howard
and Marengo. Curve B was ootained by subtracting elgebraically the com=-

bined effects of these masses from Curve A,

Curve b ir relatively izt in the cenbtral portion, rises
steacily near Lie wesleln ena, anc hag & shurp oump near the eastern
end, The stecn; rice in the western part ic very likely a result of a
gradual thinnin, of the alluvium near iarroyc Soulevard as shém by
outcrops on the east bank of the Arroyc Seco, This part of the curve
jo neglected in the follewing diccussion, sinee there are insufficient

dala to justily any calceulations regzarding it,

Fulther emoothin, of curve E was accomplishea by assuming two
additional masses, the first with a g value of C.7 mgl and 600 feet
below a point on howard Street midway between Haymond and iMarengo

Avenues, the second with a g value of 0.2 mgl and 400 feet below
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the intersection of Howard Street and Raymond Avenue, Subtracting

the effects of these masses gives Curves C and D, respectively,

The total force of sravity produced by these four point
masses was subtracted from the gsravity contours in the ilonk Hill
area., This was accomplished by drawing concentric circles about
the positions of the various masses, the circles representing
zravity contours in the datum plane at intervals of 0.2 mgl. The
algebraic sums of these contours were found and the values con-
toured. These contoured values were then subtracted from the
orizinal sravity contours, The results are shown on the sravity
map by lisht dashed lines, A considerable area in the vicinity
of Monk Hill is included inside the 19 mzl centour (the maximum
value inside this contour is 19,3 mgl)s. HMoreover the shape of
this contour indicates that further smoothin. could be accomplished
by taking masses to the north or south of Howard Street; however,
the profiles do not extend far enough east and west to permit this
to be done with any degree of accuracy, ard therefore the calcu-

lations have not been carried out.

The positions and sizes of the masses which are assumed
in order to reproduce the observed data are, to a very great extent,
quite arbitrary, and there is an infinite number of distributions
which would satisfy the required conditions, However, it is highly
probable that the particular distribution. chosen above is one of

the simplest and therefore is quite justified,
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This arrangement of point masses naturally does not
correspond to anything in nature, and in order to obtain a more
plausible interpretation, a continuous distribution of matter is

reguired; this can be achieved in the following way,.

It can be shown that the gravitational field outside a
closed surface and resulting from matter within the surface is
identical with the field outside the surface produced by a certain
distribution of matter over the surface., The surface density of
matter at a point Q' on the surface,crg', must satisfy the relation

(3U/an)Q, = -276&' - /{(l/rz)cos ¢6‘st
where U is the potential at Q' resultin; from the mass distribution
inside the surface S, n the nomal to the surface at (', r the dis=-
tance from &' to a variable point Q onr S, @ the anzle between the
line Q'Q and the normal at Q', and the integral is taken over the

entire surface of S,

If the closed surface consists of an infinite plane com=
pleted by another surface at infinity, the integral is zero since
@ is 90° for the infinite plane, and r is infinite for the curved
surface at infinity, Therefore at any point on the plane,

(@U/on) = =g/y = =270

Mathematically, the mass on the plane corresponding to o
is distributed over an infinitely thin surface with a varying
density such that 6‘=IaAh,(vbeing the density and ah the thickness,
However, ah may be taken as a finite thickness h without too much
error, Accordingly, for a point mass, the correspondiny values of

h on a plane at a distance z are
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_Da z'u?n P/d,'ne
17

h =0/p = gf2mKp

A X B
= (1/2ﬂp)(m/zz)c9336 T 9
z 2 a3 & r
(g°/27qﬁ)(zo/z) cos”’© l .
Fig. 2

Since the changes in the measured valuss of gravity are
caused by the difference in density of the basement rocks and the
alluvium, the density ©» should be replaced by the density contrast
Cs No accurate values of this quantity were available, but 0,5
is probably a reasonable value., Using this value, and substituting
Y = 6,67x1078, also expressing 2o in milligals and h in feet, one
Jets - 2 3

h = lSégo(zo/z) cos”8
The quantity 2z may be chosen so that the plane AB is
anywhere between the datum plane and the depth Z e However the
choice is not perfectly arbitrary, since with several point masses
the plane AB must be above the shallowest mass, in the present case,
above a plane 400 feet below the datum plane (i.e., more than 500
feet above sea level), Also, since the basement outcrops on ionk
Hill, h should have a value such that the hizhest point on the
'swept=up! mass corresponds in elevation to the hizhest point on

Honk Hill.

By trial and error it was found that with a density con-
trast of 0.5 the best position of AB was 900 feet above sea level,
Using a density contrast of 0,3 the best position was 80C feet above

sea level, The basement profiles for these two cases, also the curve
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for 6= 0,2, AB 800 feet above sea level, will be found inside
the back cover. For comparison, the ground surface and the
approximate seismic profile are plotted on the same diagram, to=-

gether with the positions of the point masses,

CONCLUSICONS

The curve for 6= 0,5 agrees very well with ground pro-
file and the seismic profile in the vicinity of Monk Hill, but
deviates widely from the latter to the west of this area. As
lower values of the density contrast are used, the curves approach
the seismic profile in the western portion, but give basement
elevations above the ground surface at the east end of the curve]
several curves for various values of o and different elevations of
the plane AB were calculated, but it was found that the curve shown
for 0= 0,5 seenmed to be most consistent with the data available,

both geologzical and gravitational.

An interesting feature of these curves is that while the
seismic profile has a point of inflection approximately midway be-
tween E1 Sereno and Fair Oaks Avenue, all of the gravity profiles
have a point of inflection under Raymond Avenue., ZXach of the curves
mentioned above but not shown on the diagram had a point of in-
flection near this same point, This may indicate that the slope of
the basement in this rezion may be greater than that indicated by the

seismic profile,

Althouzh the discrepancy between the gravity and seiasmic

profiles could be explained by postulatinz a lateral increase in
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density of the basement rocks, the highest density beinz under Monk
Hill, there is no geolozical evidence for such a rapid change in

density, and therefore it is felt that such an explanation is highly

speculative,

The origihal Zravity contours are slizhtly elongated to-
wards the northwest and southe2st, and the elongation becomes much
more pronounced after removal of the effect of the point masses.
This may indicate that Monk Hill, as well as the valley to the west,

have axes parallel to this direction,
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APPENZIX A

1ill Area (cont'd)
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8¢ Le00|174,0117,.09)- 2,76 18,95
B8e| 76,0~ 875 | 3,01 |<17,6|2=,00|- 9,76 J7 17,58
llc| £9.7|-<600 | 3.,09|c48,5|20.1c|~ .77 2,04 <7|17,66
10¢| 35.3|=R080 | 3,14 |c48,0|24,87 = 9.7T| 2.45 10,8817 .45
9e| 56,2 |-1270 | 8,20 |ce8.1|c,18|= 0,78| 3,86 |10,18|17.57
6¢ | 3.8 |17wd 1762~ 9,79(12,21 |-0,08]18,95
8e|168,5 11320 | 1.09]181,5 18,55 |~10,x5|11,58 |-0,14|13,5&
9¢ |166.0 |+ 825 |1.19(184,5|18,64|-10,24|11,40|-0,09(12,70
10e 136,23 |+ 80 o268 (194,4(13,65|-10,54| 9,41|-0,01[18,81
8e 1,321181L,2 18,88 |=-10,24111,581-0,14 116, ,5&
6d |183,2 |11700 | L,40(175.5|17,08 |=10,24 12,59 |-0,18|15,69
1le |102,0 |- 735 | 1.50|804,5|L20,65-10,24| 7.01|+0.,08(17.50
8e 1.581181.,8]18,55 |=10,k5111.58|~0.,14]110,5c
lde| 39,0 |-y | 403 |0 ob |0e8a|=10,87| w08 |1T0,24]18.40
loe| 21,8 |-<800 | £, 15 |ei7,.9|ab,08 |-10,.2 1.50110,27]16,.55
loe| T4d.2|=1318 | cece |2lB,2|cl.86|-10,30] 5.,10(|+0,14(186,80
8e £,50(181,.9]18,39|-10,381111,.58|-0,14]18,5&
1Ze| 80,3 |=1100 | b8 214, 1|l 85 |=10,08c| 552 |1H0,11(|16,86
1e |200,1 | 14170 | 2,48 130,715,508 |[=10.82 |13.75 |=0,.45|16,5«
2e |189,1 [13570 | 253|145, 714,75 |=-10.30 18,99 |-0,87|17,0&
8e G.0L[18:,1118,41[-10,5.]111,.58]-0,14119,5%
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APPENDIX A
Gravity Data for the Monk Kill Area (cont'd)
Stn,| Elev. F Tm Gravimeter. Corrections : g
No. Readinge Drift | Blev, |'Lat.

GIME ) {divs)[(mals) [ (mgls) [(mgls) |(mals)(mels
ST RS T E R [ s '+o!£z&!§!.u TR

le |200,1(+4170 | 2.48(133.7 | 13.52 | =10.32| 13,75 =043 | 16452
2e 18901 +357° 2053 1[0507 1h.73 -10.35 12.99 "'0037 17.02
8e 3.01 18201 180‘0-1 -10.33 11.53 -0.1‘; 19052
8e | . 11,06(202,3 | 20.45 | =12,37 | 11.58 | =0.14 | 19.52
3e |184.2(13220 |11.13|172.5 17.44 | =12,38 12,65 =0s33 [ 17.38
Le |181,2(+2810 [11.17(179.1 | 18,11 | =12,38| 12,45 | =0.29 | 17.89
5e [179.5|+2450 [11,22|186,0 | 18,80 | -12,38| 12,33 | =0,25 | 18,50
Te |171.9 (11730 |11.31|198.7 | 20,09 | «12.,39| 11.81 |-0.18 | 19.33
5% | 83.4|+ 460 |11,38(220,4 | 22,28 | =12,39 | 5.73 (10,05 | 15,67
8. 11.155 20206 m-"s .120150 uosa "001‘6 19052
8a | 96,3|+1730 [12.,00[252,8 | 25.56 | =12,40| 6.61 [=0,18 | 19.59
5b |181,.4 [+ 800 (12,07|209.7 | 21.20 | =12,40 | 10,39 | -0.08 | 19.11
l. 1‘06.5 +1395 12015 207.1 20.9‘& "120101 10006 "0.15 180%
2a (123,3 |[4+1430 [12,20(220.6 | 22,30 | =12,41 | 8.47 [=0.15 [ 18,21
3a |120,9 11500 |12,27(222,1 | 22.45 | =12,41 | 8,31 | =0,16 | 18,19
10. 113.8 +1530 12.31 228.0 23005 -12.h1 7082 -0.16 18030
5a | 98,7 [t1570 | 12.38(239,C | 24,16 | =12,42 | 6.78 | =0.16 | 18.36
B‘ 12.‘.2 253.0 25.58 -12.‘;2 6.61 "'0.18 19.59
6‘ 93.3 +1660 12.‘l8 21&6.0 21}087 .12.‘&2 6.“ ‘00-17 18.69
78 | 944511755 | 12453 (25047 | 25634 | =12.42 | 6449 | =0,18 | 19,23
m 10209 +m° 1.02 266.5 2609‘5 .l2Q‘.3 7007 -0021 21037
13‘ 100.8 +1965 1.08 265.8 26.37 -lzoks 6.93 -0020 21.17
12a | 99.0(11920 | 1.12|263.1 | 26,60 | =12.43 | 6.80 | =0,20 | 20,77
lll 9701 +1875 1.15 261.9 260“ "129103 6067 "0020 20.52
10a | 95,7 11895 | 1.20|259.8 | 26,27 | =12.,43 | 6.58 | =0,20 | 20,22
9a | 964511780 | 1.24(255.6 | 25.84 |=12/43 | 6463 =019 | 19.85
8‘ 1.27 253-1 25.59 "120103 6061 "0018 19059

(5% 48 Stn. 5 in Washington Park - see Table below)
Gravity Data for Certain Washington Park Stations.

[StnJ Elev] yl Lat, g
No, (See 22 Corr,
(£t) | (re)(divs)fgls 8 (5&2)_
5 | 8344 [-460 | 11.1 1,12 T0.05 | 15.67
10 [OLOH 75| 5.8 0,59 «0,01 | 16.49
20 19941+ O] 2,0 0,20 10,00 | 15,80
##* - readings corrected for drift only.
Street Designations.
a = Howard Street b = Raymond Ave.
¢ = Sumit Ave, d - Marengo Ave.

e - Garfield Ave, f - Washington Park



APPENDIX B

Table 1 Survey Data for Stations in Washington Park,

Inst, [StnJDistBearing Vert] nz | ax | Ay X ¥ 2
Loc, Mo, |(ft)| (mag.)| angle (£t)] (£) [ (£t)| (£t (£t) (rt)
J%O** 87 | 500 | 3442
T.P.1#10 101 | NOTAW [ O 00+ 2,7+ 13|=105/100 | 395 | 36.9
4 5| N83E | O 00 4,6 O|T 5(100 [ 400 | 32,3
3 [L06 | S15zE-2 381} 9.7|+ 28|- 97|128 | 298 | 27.2

2 204 | S15E p2 L2tRlL 40+ 53|=192/153 | 203 | 22,5
1 R97 | S15iE-2 43'F18.9|+ 78|=-281|178 |114 | 18,0

5 387 | S155H=2 44'R23,3|+102|=368|202 | 27 | 13.6

11 {213 | S38 EfR3 00'=16,0|1133|-161(233 | 234 | 20.9
12 (33 | S53E p2 39'%-11,0(+106|- 75[206 | 320 | 25.9
8 K36 | N73 E=3 39%-19,7[t227 |+ 71|327 | 466 | 17.2
TePe2¥ 8 138 | NY6LE O 00|+ 4.7|~134[- 33[193 | 433 | 21.9
7 | 89 | N775E=0 OL'= 5,3[+ 86|+ 20({279 | 453 | 16,1

13 |46 | N793B=0 02' 5,7|+ 45|+ 9[238 | 442 | 1642

29 MO0 | S23E Rl 52' 3,0(+ 45|= 93|238 | 340 | 13.9
ToPe38 7 | 66 | K31z O OO 1.9|+ 34|= 56(313 | 397 | 18.0
7 |33 = - 31|- 8282|389 |12.7
6 9 - 47|+ 9|+ &]322 [ 401 |13.3

5 | 69 - + 66|+ 21(379 | 418 | 1345

8 | 64 ~ + 34|= 55|347 | 342 | 125
TePul™18 | 53 i + 51|= 13|398 | 329 | 174
9 6 o - 2(t ©6(396 | 335 | 12.4

1 |45 - - 20|~ 40(378 | 289 | 11.7

95 - - 39(=86(359 | 243 | %.5

TePe5 51 + - 47|= 20(312 | 223 | 15,7
1 4 + 1l|= 4(313 | 219 |i0.0

L8 - 26|+ 39(236 | 262 | 11.4
2 118 T 63]|=100(375 (123 | 7.1
3 [ 1106 |= 33|418 [ 190 | 6,0

80 - 42|= 69|270 | 154 | 13.5
T.P.6 39 + 24|+ 31|294 | 185 | 18.1
L |57 + 15|~ 55(309 | 130 | 10.1
36 | 70 + 49|+ 5L[244 | 106 | 4.6

35 |02 + 96|+ 35(292 | 90 |10.7

5 |27 + Bl= 26|203 | 29 |13.6
7.P.890 |88 +188|= 7|275 | 493 | 36.3
6 |41 - 40|= 11|235 | 482 | 32,2

20 (164 +158 |1 42(433 | 535 | 2945
7 |86 - 50|+ 62|25, | 384 | 5.4
28 - 21(+18[303 | 340 | 2.8

5 |30 + 26(= 15(350 | 307 | 1.9
TLRIORS 106 + 96|~ 45(445 | 252 | 5.7
L0 - 36|+ 18(410 | 280 | 0.8

3 |25 + 6|= 254|452 | 238 | 0,2

85 + 19 (= 83|465 [ 179 | 0.0

75 - 69+ 25(377 | 291 | 11.7

TN 8 [ 2 0|+ 2|327 | 468 | 21.8
: 9 |45 + 43|+ §|370 | 476 |19.8

# Ceeordinates refer to T.P. (Turning Point)

## Coordinates chosen arbitrarily.
All elevations are relative to a datum plane 970* above
sea level, x axis is east-west, y axis nerth-seouth
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APPENDIX B.

Table 2. Gravity Data for Stations in Washington Park
, Meter [Drift | Meter Prift

StnDate Time | Rdg. |Corr. Stn{Dat Rdgz, [Corr,

No. (div) |(div) df?f'ue. (div) (div)[dgFY
1{0cts 910 | 1045 =045/ 20,0|[ 1 |Dec.l0.53 12,1 | =2,1[10.0
2] 26 9422 | 948| =046 9.2| 13| 2 %1.07 15.9 | =2.,0[13,9
3 96256 | 84| =047 7.7|| 8 lhf 1344 | =2,0|11.4
b 9¢31 | 647 | =0.8| 59| 7 11.17 14.8 | =1.9({12,9
l 10!17 noh .-lcli 1000 9 11. 1017 "1.9 808

15 11,32 13,3 | =1.8[11,5
1|0cty 1,48 | 15,0 =5,0(10,0(| 1 1147 11.7 | =1.7| 10,0
11} 27 | 1.57 | 13.3 | ~4e9| 8ok
12 2.02 11.9 .1008 7.1 1 20 1‘401 "‘001 10.0
1 232 | 1he5 | =4e5/10,0|| 18 2420 1765 | =he2|1343
1-7 2.2 19.3 "'h.z 15.1
1 Deel 8038 1007 -007 1000 16 2. 18.6 ‘h.z u.h
:U‘ 2 80"3 1301 "007 12015 30 203 18-‘& '1503 11001
34 8.48 | 14.3 | ~0.8|13.5|| 31 2443 1841 | =Lek| 1347
32 8053 ]Jn5 -’0-8 13.7 1 2- uoh -l}.h 10.0
1 8.58 | 10,8 | -0,8/10,0
5 . 2-55 15.6 -&..5 11.1
1 9029 1202 "202 1000 1 2-5 14.5 ‘lﬁos 10.0
36 9433 | 13.5 | =2.1{11.4
35 9039 11;.7 -2c1 12.6 11 3.03 13.2 ‘\‘bol& 8.8
28 ety | 16,0 | =241 13,9(] 12 3,07 11,6 | =443/10,0
33 90168 1607 -2.1 1&.6 1l 303‘& 1.3-9 ‘3.9 10,0
19 9652 | 13.9 | =-2,0(11,9
3 10.10 | 11.9 | -1.9|10,0|| 6 3eh2 Tel | =349 342
20 345 5.8 | =38 2,0
2 10,18 | 19.5 | =2,0{17.5|| 10 helly 95| =37 5.8
23 10.23 20.‘. —2.0 18.!. 1 A.ZO 13.6 -3.6 10.0
2‘5 10.27 21.2 "2.0 19.2
25 10,32 | 21,9 | =2,0(19.9
26 10,35 | 22,9 | =2,1|20,8
27 lO.hO 22.1 -2.1 20.0
29 10:‘05 1603 -2.1 11&.2
1 10-53 1201 -211 1000
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APPENDIX B,
TABLE 3.

Data for the Least=5Squares Determination of the Density

Station x y z g e}

Number | (feet) | (feet) | (feet) | (div) [(div)
1 178 114 13,0 10,0 | =0,5
2 153 203 22,5 942 0,3
3 128 298 2742 77 Q.
4 100 400 323 59 0.4
5 202 27 13.6 11.1 | «0.9
6 235 432 32.2 362 | =044
7 279 453 16.1 12,9 | =04
8 327 L66 17.2 1l.4 | =0,3
9 370 L76 19.8 8.8 | =0,3
10 87 500 3462 5.8 0.2
11 233 234 2049 8.6 0.0
12 206 320 25.9 Te2 0.5
13 238 L2 16.2 13.9 | =0.1
14 270 154 13.5 12,k 0.4
15 379 418 13,5 1.5 | =1.0
16 322 401 13.3 1l C.7
17 282 389 12,7 15.1 0.3
18 347 342 12.5 13.3 0.2
19 396 335 12,4 11.9 | =0.1
20 433 535 29.5 2,0 0,2
22 465 179 0,0 17.5 0.2
23 L52 238 0.2 13.4 0.3
2 410 280 0.8 19.2 042
25 350 307 1.9 19.9 0.1
26 303 340 2,8 20,8 0.2
27 264 384 Sebs 20,0 | =0,1
28 359 243 9.5 13.9 0.1
29 238 340 13,9 14.2 | =0,2
30 286 262 11.4 14,1 | =0,2
31 313 219 10,0 13.7 | =045
32 315 123 Tl 13.7 | =0.1
33 418 130 640 1.6 0.3
34 309 130 10,1 13.5 0.3
35 292 90 10,7 12,6 | =0,1
36 244, 106 14.6 1l.4 0,1

gx, = 133,871.8 gy = 123,385.1 82 = 4,960.27
x.= 10,243 x% T 3,318,131  xy = 3,041,009
y.2 10,420 ¥ 33,716,608  xz = 128,242.3
2,2 50749 22 = 10,275.69  yz = 169,840.8
8= 43348 N =35 e]? = .88

N
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Least=-sguares Determination of k.

Substituting the data on the preceding page in equations
(4), page 7 , the followin; set of equations js obtained,
353, + 102432, + 104L20a, =  507.9k = 433.8 . . (1)
10243a,, + 3318131&10 1 3041009a , - 128242,3k = 133871.8 + « {(2)
123385.1 « o (3)
~49560427 o o (4)

1042Ca , + 304100931o + 3716608&01 - 16984048k

=507.9a, = 128242438, = 169840.8a ; + 10275.69k
a , is eliminated by dividing Eqns 1 by 35, and multiplying
the result by 10243, 10420, and =507,9 successively, then subtracting
the first equation so obtained from Eqn, (2) above, the second from
(3), and the third from (4). In this way the followinj equations result.
3204hhay, — BUTBag) + 203983k = 691741 0 0 o 0 s o o (22)
847821, + olhh25a ) = 186317k = =5763sh o o o o o o o o (38)
20398.3a14 = 13631.7301'+ 2905434k = 1334479 o o o s o o o o (L)
In the same way . and a , may be eliminated, the following
series of equations bein; obtained,
614201ag) = 18092k = =5580ak o o s o ¢ o o o (3b)
=18092a_, = 1606.86k= 894elT o o o o o « o o (4D)
1073.94k= 73009 o o ¢ o o o o o (4e)
Therefore, k = 0,680, b = 1073,94 = 1074, Substituting
these values in the above equations, the followin; values are obtained
for the remaining unknowns: a,, = 25.3, LY = 0,C109, a0 = ~0.,0214,

The residuals ei are given by the relation

ei = (aog-;‘— a30%s t 2 i) - (gi+ kzi)
S 25,3 = 0.02ll..xi+ 0.0109yi - 0.68025. - gi .

The values of xy, Yis 2 and 83 for each station were sub-

i’
stituted in this expression, and the values of ci for each station

calculated, These values are listed in Table 3, page "~ .
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ABSTRACT
The properties of verious types of woves set up by
underwoeter explosions is discussed from the viewpoint of
thedr application in loc.ting shot points in seismic work
carried on over wuter, The construction of the szudio
amplifiers und filters used to record these woves is des-
cribed, together with the results of ¢ preliuin ry check of

their performunce,
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»,
INTRODUCTIOR

In c.rrying out seismic explorution on wuter, one
of the problems encountered is the accur. te loc.tion of the
shot points, ..t present tuis is usually wone by me.ns of
sextint observ.ticns of shore t.rgets, the positions of the
t.rgets being determined by & survey crevw on shore,

Eurly in 1048, the United Ceophysicul Coumpany,
Pusi.ieni, pegan development work on &« project «imed at zdapt-
ing the zethoi. of rudio-ucoustic runging to the determin-
ation of shot positions in w.ier work, .nd the .uthor vas
priviledged to ﬂssiﬁt in this work during the spring term
of 1948,

In r.dio-acouspic r.nging, « radio trunsmitter is
mountel on a buoy, the position of which is determimed by «
survey crew on shore, Impulses from the shot e.use the
tr»nsmittér to send out & sign.l which 1s received and
recorded on the recording bout, Bec.use of the high vel-
ocity of the radio w.ve, the time interval between the
firing of the shot and the reception of the r.dio sign.l
represents the tiue re ulred for the ilupulse to trovel from
the shot point to the buoy, illence the distunce between the
shot point a«nd the buoy cun be cazlculoted if the velocity

and r.y p-th «re known, DUy using two or wmore buoys the
position of the shot c¢an be founl,

Tiie orig inul pl.ns for the work .escribeu in this
report c¢.lled for the construction of sulitable .pp.r.tus

w. the testing of the ecui ment under sctuzl fielu condit-



o
ions, Howcver, in June, 13<8, tine United Ceophysicul Company
discontinued the .eveloyment work te.por.rily, .mnd taerefore
this report is necessurily incomplete.

TRAMSMISIION OF SOURZ IN W..TER ~ND 1IN Til BOTTOM L.YHLRS

The eiectricul circuits invelved in rudio-acoustic
rapging do not present wny nev problems, so thot the chief
difficulties which might be encountercd «re those connected
with the tr msmiscion of sound impul.es in weter and in the
uprer loyers of the bottom formuticns., The pulzes zrriving
at ‘the buoy may be cny of the following types: (1) direet
w.ves tr.velling entirely in the w ter without reilection,
(2) wuves tr.velling cll the w.y in the wuter but reflected
ane or ﬁare tlwses <t the surf.ce «nd the bottom, (&) w.ves
which h.ve been refr.cted so th.t p.rt of tueir p.th is
along the interf.ce betweeq the w.ter an. tne bottom, (4)
w.ves siuil.r to (8) but which hove tr.velle. .long the
bounvérics between lower form.tions,

E.ch of the.e wuve types will nove . difierent vel-
ceity, and therefore in order to deteriine the dist.nce the
tronsuitter must be vesigned s0 thet it will be .ctu.ted by
cne type only, or it must operate for . certuain interval
«fter ein; trigiersd by tane first «rriv.l, .nd curing this
Interval it must tr.msmit _11 of the pulses received, In the
latter c.se Jeterwmin tion of the dist.nce involves the ident-
ific.tion of one or worc of the pulses on the reeord, «nd

therefore is essenti.liy « problem in interpret. tion,
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Becuuse of the u1ifierent dispersions in e«ch mediuam,
the frecuency spectra of the v rious wouve types will be
different, ¢nd in principle it shoul. be possible to design
filters so th-ot the r.dlio trunsmitter will be .ctuated by
only one of the w.ve type:z, This would be « desiruble feat-
ure since it woul. eliminate the neces.ity of interpreting
the records at e.ch shot point., Whether or not this will be
possible depends upon the relative frecuencies .nd inten-
sities of the w.ves, .nd therefore . brief summ.ry of the
gener.l churccteristics of e.ch type is given below,

Vauriations of the velocity in w . ter will determine
the puths of the wuves travelling solely in woter, These
vari.tions of the velocity depend upon severcl fuctors, the
most import.nt being ch.nge: in teuper:ture, pressure, «nd
salinity, The velocity is given by the formula V = J/pC
where v 1is the rutic of the specific hﬁatS,.P the density,
znd C the compressibility., Using tids relation «nd mecasured
values of ¥spy «nd C, 1t is found that

dV/aT # 5 meters,/sce/°C .t O C
£ £ meters/sec/°C at &0 C

aV/2s # 1l,o meters, sec/% at O C

1"

1.0 meters,/sec/% at 30°C
W/oh % 0.081 meters/sec/meter,
8 being the s.linity in % , -nd h the depth in meters,
Since the velocity «t 1.°C is approximitely 1500
meters/second, the voriction with depth will be negligible

for depths less thon one or two hun.red meters. Dotae given
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il
by Sverdrup .ni Fleming (1) show thut, for the region off

the coast of Southerm Cu.liforni . during the period Murch-
July, 1987, the sulinity wus between 3<.4 «nd 88,74 in the
top fifty to seventy meters, «fter which it increascd more

or less unifeormly to 34,1 0.<% &t zbout 200 meters. Thus,
over a period of wonths .nd for depths up to 200 meters, the
s:linity chonged by less thon £%. 3 hence the velocity changes
resulting from this f.ctor .re probubly sm.ll in genercl,

The deta given by Sverdrup .nd Fleming showed that
for the suue «rea and for the s.ue period, the temper.ture cof
weter newur shore decrecsed rapidly during the top few meters
from 17-20°C to «bout 10°C _round 50 meters Jepth, then
deerc_zed apprexim tely unifoomly to 7°C at 500 meters, About
twenty miles off shore, the temperuture wus comstint at 14°C
for the first 80 mcters, then dropped very rapidly to 11°C
at ~bout 110 meters, «fter which it decrecsed uniformly to
6°C at 500 meters., Thus temper.ture chunges can be expected
to produce the l.rgest chonges in velocity, purtly because of
the liurge temperature gradients, and p.rtly bec.use of the
relotively hizh rete of chonge of velocity with temperuture,

In generul the velceity will decrease with depth in
the upper 500 meters as . result of the decrease in temper-
ature, _However in the top 100 meters or so the velocity
frecuently increases with depth, somefimes as ¢ result of &
temperature inversion, sometimes as a result of the pressure
increase in «n isothermal luyer,

Variutions in the velocity, whether on & large scale
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as discussedl above or local vuri.tions produced by small
changes in temperature or solinity, bubbles, suspended matter,
etc,, cause the path of the w.ves to be curved, the curvat-
ure being grecter, the gre.ter the rute of ch.nge of velocity,
This curvature, together with @ relatively high attenuation
due to scattering, restricts tue meximum distaence ot which
the direct unreflected wave cun be observed, Thus, Vorzel
and Fwing (2) found that in aa isothermal layer the maximum
distance at which the direct wave could be observed was about
one and one half miles, Oince the distances involved in
selsmic work would usually be greater thun this, the dircct
wave will be absent in most cases, Consecuently the only
wuves which have & path entirely in weter will'be those which
have undcrgone one or more reflections at the surface and
bottomj these will be designoted &s wuter w.oves henccforth,

Worzel cnd Ewing (loc, cit.) huve investigated the
water waves experimentslly, :nd Pekeris (3) has derived a
theory of propagution of explosive impulses in shallow water,
In general, the theoreticul ind experimental results are in
good agreement, The most importunt results mey be summarized
as follows, If the shot is located in shallow wuter, the
waves undergo dispersion, whether the receiver is in shuallow
or deep water, No dispersion occurs if the shot is in deep
weter, The cmount of dispersion is & function of the depth
of water, the distance betiween shot point and receiver, and
the material in the surf.ce luyer of the bottom; the disper-
sion 1is 1ndépenﬂent of the size and depth of the shot, The



e
weter w.ves contuin frecuencies from about 50 eycles/se¢ up
to 10 kilocycles/sec and above, the cttenuution being higher
for the high fre_ uencies, The dispersion follows the relation

(Vo = V)/V = Cfy*
where V is the velocity for the frequency V, V, the velocity
for the highest obscrved frequency, and C & constant which
varies inversely «s the scucre of the depth of water, C is
essentially positive so th.t the velocity increcses with
frequency, =nd conscguently the highest frecuencies crrive
first,

The wuves which travel o«long the interface between
the water and thie bottom or «long deaper interfaces are
called ground waves, Consider.ble informution cbout these
wuves 1s given in the references mentioned above, particularly
in the paper by Pekeris, He shows that the ground waves
precede the water weves for all except very short distances
between shot point and receiver, The dispersion is such that
the low fre.uencies urrive first, For each group of waves
the energy builds up slowly, reuchiding & meximunm within one or
two wive-lengths «fter the first arrival, then dying out
graduslly, Usu.lly tie groundi w.ve h.s considerable energy
even after the arrival of the wuter wave, [iost af.the energy
in the groun. wuve iz concentrated in the frequency range
from 10 to 40 cycles/second, although freguencies as nigh as
100 cycles/second huve me.surable intensity,

Thus, the first crrivuls are ground waves with freg-

uencies in the r.nge 10-:0 cycles/sécong; ti.ese reach tueir
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meximum amplitules «fter .n intervil of one or two periods,
then <ecrexse slowly in intensity, <t the scme time increas-
ing in frecuency, Before the ground wive: huve dled out,
the water wuves wurrive, the high fre. uencies coming first
and building up very r.pidly to muximuwm amplitude., From
tuds point on, the frecuency of the w.ter w.ve decrecses
while thot of the ground wuaves incre:.ces. Eventually the
two coincide at a frecuency which is of the order of 70-80
cycles/seconid, dependiing upon the depth of woter and the
structure of the bottomj; Pekeris calls this the iiry freg-
uency, «nd shows thut «fter 1t has been re.ched, the freq-
uency of the combined waves rem_ins constunt wnile the
amplitude decre.ses,

This swmcry of the properties of the various waves
resulting from an underwater explosion shows thet it should
be possible to design a circuit so thit 1t would be actuated
by the w.ter w.ves only, provided th t the normal nocise level
in the high frequency range 1s low compured with the signal
Intensity in the same runge., The most important udvantages
of using the wuter woves instead of the ground w.ves are: (1)
the initiul amplitude of the water waves builds up much more
rapidly, thereby furnishing s more definite triggering pulse,
() simplified wwplifier and filter design, (3) in genersl
the velocity in water would be more uniform over a conside
erable area th.n the velocity in tae bottom, thus simplify-
ing the deteruinuation of distances,
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CONSTRUCTION OF APPARATUS

The purpose of the experimental work was to construct
app.ratus for recording witer wuves und to test the apparatus
under field conditions, However, luck of time permitted only
the construction of amplifiers and & rough preliminary check
of their churacteristics,

The recording appar.tus consisted of a thirteen-trace
oscillograph, only two of the chunnels being used, Two iden=-
tical four st.ge wudio .mplifiers were constructed with a
variable filter between the first and seeond stage, The amp-
lifier and filter circuits are shown in Fig. 1, page 9, and
the overall amplifier response foi ezch of the three filter
settings is shown in Fig, 2, page 10,

The oscillograph and amplifier, along with & short
wave radio receiver for obt.ining the time break, were mounted
on a trailer, together with the necess.ry batteries and
‘&oeessories. The tests were made on the Dos Pueblos Ranch,
about 19 miles west of Santa Barbura on June 9, 1948,

EXPERIMENTAL PROCEDURE AND RESULTS

Gogolick, Wianco, and Bologna types of hydrophones
were used, A life r . ft was moored 400 feet off shore in about
ten feet of wuter, ant the hydrophones suspended from the
life raft at a depth of eight feet.

Two water p-rties were working between three and ten
miles off shore, and cttempts were mcde to record waves from
shots set off by these purties, However, troubles developed
in the radio receiver and in the timing moter circuit, and as
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wile
e result only scven imperfect records were obtained,

The records were of such poor cuzlity thet no attempt
wus made to analyze them, However it wus evident th.t the
frequeney and amplitude relationships of the ground und wuater
woves agreed in genercl with the description given in the
preceding sections,

CONCLUSICHS

The results obtained were so mecgre und unsatisfact-
ory thuat no conclusions of any value can be drown, Heverthe-
less it is felt that further tests ure desirable and may lead
to worthwhile developments,
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