Detection of Caves by Gravimetey
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Worowing inleresl in localing vives — largely woong non-speleobs-
wisks — has develeped within Uhe Tasl decade, avising Trom industrial ov
militivey needs, aneh wss (1) analvang subsorface characlorizstios for
Boililing siles o highwy projects o karst aress: (2] oeating shallow
caves nivler airporl pvwnys constrocted on kavsl Leeeain seversd by
a thin residual sedl and (2 Boding sleategie shellers of tieteul
sterificanee,

As o reaull, weologisls aml geoplvsicists have Lbeen cxpernoenting
with Lhe pozsibilily of applyving slandard geophysical melhods toward
vadd debeclion al shoallow deplhs, Pionecring work along this ling was
aeenmplished Ly the Us Gealogieal Sorvey Military Geology teains
eburing Woarld War T an UHirsawan wiefields, Xieol (195900 reported tint
Lhe rezilinal soil cover ol these runwnys Preguently dicated subsi
denee due to the collupse of Lhe rooves ol caves inoan unlerlving
coralline-limestane formation partially detected by seismic nethods].

o spile of the wide appheation of geaphyzics W exploration, nol
rnnedy bras been published regarding sobsurGioee intberpretalion of gronnd
conuditions within tue nppee 50 feel of the carth's suelnee, Teeenlly,
lroweover, Hombsere (1962) and Colley (LOG2) 0l reporl some coconrag.
it data using e weavily Lechoigue Tor void detection,

This ol to the present field study into the practical weanz of fuw
this complex method can Tie simplifiend, and Loowoose-and-lanitations
appraisal of gravimeleie techogues Tor speleslogie research,

Prineiples and Correetions

The Turclimentuls of geavimetey are based on the Tuet thal naloreal
or artificial voids within the varth's 2ucface — which are filled with an
tneeligible densily) or waler (densily aliout Lgugem®) - have a remark-
able density contrnzt with the surrounding rocks {density 2.0 Lo
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LT oofvw®) miving rise, therefore, Lo geavity-mininome vealoes. The
verfical altraclion of these mazses iz governed by Newton's law of
cravilation and B8 indivectly measorod inooolbzals?) wilb wravimebers
(Figrnee Dy These iosteaments love Pregquently boen ased i loeating
nensges of conlensting densily within the earth’s erust such oz sall
plugs awld zabselaee nneonforaitios (Hillines, B2 i anoller ease,
chiramile depasits (Hamer, NetUebong woed Thasties: 20455 unad still
ancLher, (it sulfide orobodies (Goetz, 19370

The teehnigques and Lhenretical Teeatmenl of geavimeley aree Dully
dedailed v groplvsies Lexthonks (Netlleton, Paais Ileilam ], L#qdis
Frabrein LOGO) Fieore 2 allusteates o eross-seclion of o gravity melep
willu its neain mechanical paets, whicle are held inonstabile equililirinm
aboul a main axis, inzerbed D the Tower secbion of The inslramend,
Yoodnerease of wravitational poll eanges ooslicht connlorelorkwise
rotation ol o welghl-arme clement, connected iy a vertical spring
gwvabein Lo pointer, which can b olzoeved by o badl-mn mieroseogee,
Mimute deformalions due Lo gravity vartabions in he oeder ol T in 100
can b ddivectly rerardsl

I wrcler e Mosteate connparalively the ned differential effecl of e
verlical pull of gravity arizing From o sobsurface void, 1t s assamed
Chat wny eave alow given ploce will bave eithee o leng horizental
exlindrivul or o spherical shape. In o fivst eaze, the geavity pll
exerled by Lh earelh is considered 1o be distribaled along the main
axis, and this poodition can beoguantified Lo simple equation which
gives L valo of geavily o of & buried horizomtal eylinder {Dobrin,
L), o athers) as Follows:

in

BOETT A o

Eimaxi
whire & = alensity vonlrasl,
B ridas of The exvlinder,
2 el Feomn soeface Doocenler of 1he cvlinder,
) maxineao geaviiy valae inooailligals,

For Chis seeomd vase, Lhato s Lhe boaeied splueee (o olber equidimen-
sional cavilyd, Lhe gravity poll acls on its cender and deleemines {he
Folliswing maximmn readalile anomoaly (Diobrio, 10605
LOELE -

Himan) here B Lhe padiug of 1he sphere,

2y Milligal fabibieev i bl mde) = v Lol Lo a gralo gl = aveeloeation
il ure pentinetsr por second poepe socand,
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Although the miven equations represen) Lheoreticul cases of difter-
ential gravity pull of a exlinder o sphere buried ina peelectly spherical
earth mazs, soverid coreevtions must be made (Ropbere, 1905,

For iustance, sinee the pull of gravity varies on the earth suelace in
neverse propartion to the square of the distance o the center of the
earth {shorter at Che poles than on Lhe cquator]. o ehinnge of graviby
wilh Tatitwde sl be talen into aceonnt, Xa latibade coerection iz
weedled, owever, i Lhe seavity ohservalions are performed slong un
casl-west Lraverse: bul for every 400 Teet inoa south-noeth direction
a L0 milheal eoreeelion sl be wdded ot mid-Tatitnde, Thiz figuree
iz sienificant noeave detection becanse anomalies of one oor fwo
willigals are deall with generally, Likewise, bwo coreeetions neesd (o
b pnande Toe altitude differences along 0 gravimelrvie traverses (1) o
correclion decived Prom The fael that geavily becomes progeessively
less as altitode beeomes greater; and (29 0 correction reguired by e
arvital omal atiraction of the reck n fhe laver hetween Lhe datao
sl 1l clevibedd station. Clieee foee, 00000 millieals ozl be gadied {or
subibractod) for every nevense (o deceease) of 00 0-loot elevalion. For
Lhis reason, orvimebeie stalions zhooll e secnestely  suevevod,
vlasing P elevation eloopss witl 500 foot far shallow-aoomaly mazs
ditermminatisns, 11 bas heen found that aliitode perors oflen Jower The
accnrary ol o dieh] soeveys Ju Geld peactice, o simplified clevation
cortd ol e be oblained by usine 2 ligleprecision adtimeler, which
respanle o almosphovic-pressiure changes equivalenl Lo eleyvation
differences a5 amall as 00 Dot {Stepling, Broding, and Wilbern,
1940 oweewer, o transil survey Sor a shorl fraverse 3s more advizable,

The wravitational atlraction of bopographie fealures is nol a prohlom
o Tat suetaces Lk is o sonece af ecrar when The rehief i sienifican! .
tlurner's 19030 Lables muight e gsed fop any groviby Lraverse aeross
i higheorelicl section — e a teoveese o Teone wovalley floor 1o oa
mannlain peak. Gravity corrections doe o tidal elfeels becowe
neglicible when the determinations ave made within a bwo-hour
periody otheewise, tidal tables miving anomaly-linee eelations shanld

IPIRTET
Cave-Deteetion Fiell Work

Tovorder todelermine Che nses and Himdtations of this teehuoguee, Loy
Caverns of Wivginin were selectod ug a test site, The raverns tonsist of o
network of parrew passages conneceled wilth large rooms within a
granulivr rrystalline dolemite Lelongimg to Ue lower Broskmantown
Formation {Farly Oredevician age). The speleo-peolegy has been
doserilicd by several authors, the ot recent. being Hack and Dareloo
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PTHG2), whose map was used for this study, ARer an undergeoumd Tooar
aml peolegie reconnuizsanee, it was decided to set up gravily stalions
art Ll zueface alone o noelh-soulb Leaverse, crossing o najor wnder-
ground roem of the caverns, The stalions were spaced al 200 40 ik,
.‘::':J, TOnr, 140 and dm0 Toet I‘II"S]'I{"I."H‘.'H]I\.' [ a eenbes] stalion .'-”.j||;|-i|]i||:|;r-
wilh the projection of the room oo the suelaee, A Lransit Lraverar wus
aarried oul, therehy providing conteal for clevalion diffeeeiees el
Foe g lalvr correction of weavily valies al each plaee. The instenoent
was costan iy clecked for deilt e re-reading valioes ab g neaehy base
stulion loeated on coperete.

The Loy work, ne well as oosecond greup of field delerminations,
provided sufficient feld Latn for seibing vp some practical conclusions
which are presenled below and which are eelated o the theoretics]
cipralions already prezented, The determining luetor Is based an the
facl thal there is a shapessizeadepth velationship goveening wheller
or e @ eave can be detected with The existing cquipnment ond noemal
prevision of feld work.

Theze values Tora horizontal Lunnel Toried ot varviable depths aee
given in Lohle 1, where Lhe depth of the boried tannel Trom suefaee
ti center iz called S 1 2vmbolizes the toonel molivs: and = H? s
cross-sectional wrea. The lienres detailed in table 1 bave Deen foard
throgh field testing, althougzh theoretically i1 i pogzilile Lo oblain
them by calenlation as Tollis .

T the tnsteurmenl allows voadings of L milligal,

a

11 iy 0257 ﬁ‘—:r';‘

2 abiaimed,

Using 2.7 us Lhe average density Tor limestone, and ineerbange Uhe valie,

[t=
i mlg = 0098 —
£ LR
is ubtained ) consequent by,
t* b
= Lk

Given values for B, the eopresponding £ ovalues van be Tound
and the cross-sectional areea [ound by computation. Likewise, by
using lhe exumple of o spherical cavity in limestone, the following
dlerives:
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e
OEst § o

Hirnas 1 e

o I e
Lleen, i1 mlg ”'“"!'ﬁ

3 RS
:uul:f_:- = 4.3 el

To bl same manner, knowing Lhe value of 1 e valoe of # can e
devived Tor any spheriral Daried cavily which swoold prodeer an
ansaly of O 0 mlg, sinen 1B3A% st egual §28 Teat

Tables T oand 17 arve self-rxplonalory aod indicate Toethoeemaee Thial
any possible enle ol thumb foe 2hallow cave deleetion mosy follvw Lhe
non=linear relalionship betwoen radivs of the caviby, By sod Ulue deptly
frony sueface toils conter, £2 This shoulid ulways be token o aeeannt
during uny leld progeam anoed ol void delection o areas whore small
caverns are suspecled. Foe this reazon, whenever pogsible, the exploeer
shumlil malke an inventory of shope/sizedepth eelation oo ko
cavernz of the area onder prospection i order boeenvisiee what charees
Lo wennled have for locating new caverns by s teclmigue.

Mure speciticallv, by using standard gravity el ees and providing
a ool comleod i fiedid easnrements awd coereclion adjustments, il
vityl b slakend thats (1) Foroa Timestone tunnel BEA wos! e eogoal or
lapgrer Phan 259 Feetd in oeiler that the gravily meter directly above
Phee cavity center show at Teast an 000 molg or lorser anomaly ;) and {2)
For an eipuidinensional covily i Bmestone B3HA% wmst be egual or
Lieguer thian 5.3 feel,

Frroee S someavizes Lhe data obdaimed frome deteetion altempts
eorrieed ool al Leay Coaverns-Maio Tall and the caleadated valie of
i Barger wonds Corve Ads thie deflection caused by the gravily pall of
the Main Hall, and cueve B, the goe calealated Toew larger Lhearelival
void, 10owas Tound That Lhe AG-Lool buried, oldd-shaped 3ain-Hall,
whirh his an approsimabe pading o TT Treb, sives aomadnnem grav-
ity af 05 anle, il a single diveet reading is pecformed alwove it

Sipee 5 wlg cannel be directly rewd by a siogle obsorvation, Lhe
cavity will ot be delectable, nuless several Deials aee made i ordoer
b eedine Lhe eeading slatistically )

BT smallost single peading value of the Worden gravily meter sl is
0,088 mlgs dial divistans, whoelcin e Toewest praclical terms coreesponds 1o
i milligal. Bellee resolution in the oeder of 01 Ly anilligals — with
0025 mlgs, of probodds coror - has been ablained slatistically affer 5 serivs
of roadings were perlarmed on the saome stations [average mean, slandami
deviatien, aond #iandaed vrrar also tound ), and o Gaal adjosted reading wos
calenlated wied plotted by curve-filling technigues.
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Thoe saane Sain Hall would mive anemalics of ks 0000 aned 0003
millignls al dislapees of A0, 80, aned D foel away from S lolon 0 [ Figaree 4.
The devrease of these grvily values hos been calealated baoasing o nuna-
vrain of Selllelon’s textbools (19521,

I the Main all al Lovay Coverns liod seasieed 59 feel jnowidih,
Hhe pravity station aboyve il would have given w 000 milligal seoling
difTeecner o eonparisen wilh slations al the ool of The seavily
Lraverse, Gondiliens such as this = illnstenlod by eorse boon figoee 3 -
e preesenh b Waod ol Caverns (Liberly Bell Hoom), alao visibed by
Lhis writer, and ol ather localitics {aol only in lmestone bot alse in
woleamie rocks — Willires, TS TE shonh] T steessed hers thal the
sige Gl caverns in lmestone daes nob depend e e mock thickness
above e cavern ceiling, Thew conld have almasl any siee as long as
L preevanling gealogic stress of tle soerounding aeea renains constand
el degeer, 16T

[ eviudent that a nataeslly
v the geavity el bl anless its shapessizedeptl relations 88 oo 1he

cenrring cave winld nob T deteelad

i values already givens T oswoold be o cimbersome and
mpractical task te attempd o Joeale caverns by o grasity-delerin-
witlivn progran inoan aren where limestone outerops are presenl
wilhout knowing in advance theiv pozsilile existence as infereed Trom o
cenlagie anilysis, Caves ave nob Towul evervwliore within limestone,
aned o presseleclion of cave wrens s reguived moeeder Toosbilain no
onlv indivative dala abonl possible caves (by roeans ol sink holes,
drainage pallerns, eled] bob also boodefermone conveniently what
prospecling Lechniques 2loull be owsed, Soelea sorvey should ol il
Phe gealogie Temtore, and in addition, geaphyaical infoemalion
itlready available do the forme of Bouger anomaly maps, Tlase maps
Psthe mide by petealeaorn exploralion teams) depict gravity ano-
mialies (eome withe cantours of L omilligal) pradoced, far example, in
Peany b eaverns within anhwilrite stoeks (Colle, 1),

e secons Ll althongh the gravily-melaer lechnigue s seveeal
nibadions, it offers impertant possibilities for cave loeating under the
proper ronditinns,
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ABSTRACT
For gravimeeteie investigrations, o polueally ocoarring lnseslone cave may
b connpared with o buried empely sphiece ar e lindee, depending an its shape.
The practical it of deteclion Tor o subzurface void, ulilizing availabile
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eouipinent Warden geavily meter] ane stondard field procedure, iz 400 il
ligal. Mozt coreeclons narmally cogquiesd by o geavimebeie metbod may be
neglected in cave delection, bul Lie albibade conleal for the dield Lravers:
msl have an aceuraey of < 00 Fool,

The betectahiliby of o limeslone cave, hased oo field sworks done at Laray
Vi, Virging, el at ather Tocalities, is related Lot shope, Hadios (1),
and distunes Tromn surlaee Lo the vave conter (81, 1L Pellows o pon-linear
eelibionslip.e Deteebalality s possible anly when

k.{l A Bl |H_‘J o Feald
e Lead Bl e i e.n'h [

Fue @ ety raran el o cave passage pespectively,

AURAMMENFASSUNG

Fiir grovonetvische L odersnchungen kann i nolaelich ceseheineade
Feablestetiphdilile il cinner sergrabenen Bogel oler sinem Sxhinder — van der
frestall abhingia — vergbichen worden v prakitische Greenee dee Feslale]-
hunige ciiter Sulwcberilichenlecre, et Denilloane ven viner zore Yoerligmg
stediordiern Avseialone OWerden Bebwerkrallmesser) and vao Ghlickhen Yor-
eber and dem Felede Dt abinlichen Porachngen isboogt Milligal, Doe meisben
lart alor wravinelrischen Melhode ersehieinenden looreekiaren konnen i dler
Iohlenloesching vernaehlissict worden, jedoch muali die HGhenkonteall
S b Chierselnd L des Teldes cine Oenanigheil von 0 001 Fad o aufweisen,

L Foddeckisoekeit einer holksteinboble, anf in den Loeay Hiobile i
Wirgimia vl inandeeen Lancalen dwehgefithete Feldoanteesuchung basieel,
gl san der Forme aly, Badios (B nod Eotlernng dee Qberiliche gum
Sttelpoakl dep Mohle (2 Bie befolgt vin pichi Jineares Verhildtnis Enl
deckharkeil =1 nur mdaghel weon

& It _
I b3 By el v +E0 ali
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Foetalds, sell-powideemd Woeeden geavily meder Doanufacbored by Tesas
Tstrivments) wsed for gravity detection of caveens,
PLAT 15 2!

Diagramabie ervss-sevbum of the geavity moter lustrated o figoaes 1L
see Lex ) for details,

PLATE 200 03)

Citeve A Gravily aocnaly foe Lhe Loray Coverns-Main [Tall with (9,7-
fonl paabins (4 68 [eel.

Cuaeve B Geavity anamaly for o theoredical void with 258.5-Tootb malies
A f€'|'|:l.

PLATE 21 {4)

Somenelulare uzed for codoulaliige gravimetrie anoncalics of lunnels and
risotn-slaped viais,
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TABLE I

TUNMEL SHAPE

{Chico, 4) FLATE 21

lsee text for explonotion)
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lsee test for explanotion)
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