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Investigaciones geofísicas e hidrogeológicas en el noroeste 
de la Península de Yucatán, México 

Birgil Steinich 

Abstract 

The pre.se.nt in.ve.stigation focuses on the aquifer of the Penitisula o.f Yucatan; 
southeast Mexico. The study arca consists of the region between 88":30/ and 
90').45' \-vt-st, and :19"30' and 21"751  north. Th.e Peninsula of Yucatan is a lime-stone 
platforin housing a 'T'ataire karst systen-i. The•ground water 	is detertnined by 
secornkuy porosii.y present in the form of interconnected fractures, channels and 
cavities. Permeabi blies are high and hydraulic gradients are low. The m'ujier 
consists of a fres!" \vater lens underlain by salt \valer, The aquifer is unconfined 
ci,xcept for a narrow hand parailel to the coast, A circular alignment of sinkholes, 
the RitIg 	(-.,!enotes, crosses the study arca. 
The interpre,tation of clect rica! surveys shows that variotis segments ol•the iting 
of 	have increase4 perrueabilities with respect. to their surroundings. Nev. 
ertheless, á, low perrneability zone was identified•iti 	southern -párt of the ring. 
Vluiations ofile \valer level near tris zon.e show that the e¿istern and the . vvestern 
supliera., with respect to this zone, are•disconneeted h.ydraulically..•Comparison 
(.)1.  diese r(•.,sults with geochernical data, stigge.st ..that tito . kw 	 zoné 
1•e15resents a ground water divide in the aquifer -system...The thicknesS of the..fres- 11. - -
water lens varees 	ween 18 m - near the e:011st .up to .1.10 Pi in the- southeastern 
part . of the study asea. The'tiliper part of the litneStone rocks contáining the• 
m'U' for is electrically anisotropic as. a consequence:of one - or :several.systerns.  of' • 
áligned fractures. cauSing an anisotropy•of the pernieability,... 

• . 	 • 	•• 
The arca casa, 	pertnéability zone is characterized I y 'a . high .variability.in.  
its mate,. levels and equipotential lenes as a function.orsurfac e •reCharge variations. • 
l'hose oscilations ca.use charigeá of the. ground water flow-  directión, even ra, reVersal 
of the regional orientation,.. which is fi orn soutlicast to northwest, to a• southeast 

northwest, dirtwtiOn. The northWest -  pártion. of the affected zone'reaches..th(:,. 
sonthern part oí the 	of Meridá. The - contkunination risk for..extended rural 
arel-1.s southeast, uf the C.ity ls increased by contaridilants•which in ay reach the 
aqui -fer frórn the 	of Mérida. 
The distri.bution ancl size of the 1<arst sil:11(101es in the study arca are .itot •ho- 
1 nogeneous, 	&Tent aligntnents • and c us ters .of sin klioles.  Can. be .obset 	the.: 
1.)eS1 st:alclu cl Oxampie.of diese is the Ring of Cenotes. TWO topographic ¡kat forms. 
can be dist inguished in the study arca. • These.are-s. úpallited. by the  .sierrita.,.. de  

Ticni. a .stnali landstep that crosses the st udy arca in a northWest• •to soittheast 



direction 	hit mies on the lower platform, which sur round the upper platform. 
vary between 	near the coast to 20 o/ near the Sierrita de Ticul. The up- 
per plat (brin has altitudes in the order of 50 n/, to 100 171 and is located in the 
sout hern-central pa.rt of the study arca. Two remarkable local tectonic structures 
eNist rvit hin the study arca: a transform fault, which is related to the opening of 
he Gulf oí Mexico. and the Chicxulub Crat er. 13ot h structures were sedimentary 

basins in the past • Different compaction rates of these sedi 'netas wit h respect to 
the surroundings may have caused fracture systems along the former walls of the 
basins. Tliese Fractures represent favorable ínitial conditioull for the karstification 
process. 1-1ydrattlic gachetas, climatic conditions, type of vegetation and others 
may he the selection factors for the fractures that, \ven.,  later oponed by the karst 
corrosion. As long,  as cavities forme(' during Chis process are subrnerged, the wa-
ter gives the necessary houyant support t o prevent l, h total collapse of the cavity 
roofs. In arcas were the water talle is nol able to support the cave roofs, thesc 
are likeIy to collapse and big Bolines can be observed al the surface, Based on 
the (lose relationship of local tectonics with the distribution of the permeabil-
ity of the aquifer, a division of the laiter into 'hydrotectonic domains' has leen 
proponed, the Ring oí Cenotes being otee example. 

Dr. Luis E. Marín 
Director de Tesis 



INDICE 

Resumen 

I. Introducción 

II. Investigaciones hidrogeológicas en el noroeste de Yu- 
catán, México, utilizando registros de resistividad. 
Ilydrogeological invest,igations in northwesi úrn 	Nlex- 

using resistivity surveys). 

111. 	Determinación de las características de flujo en el 
acuífero del noroeste de la Península de Yucatán, 
México. (Determination oí flow characteristics in the Aquifer 
of the Nort hwestern Peninsula oí Yucatan, Mexi(o). 	 29 

IV. Localización del parteaguas en el acuífero cárstico de 
Yucatán, México, combinando datos geoquírnicos e 
hidrogeológicos. (fletermination of the ground water divide 
in the karst aquifer of Yucatan,11/1exico combining geochemical 
and hydrogeological data). 

V. El papel de la tectónica local en el desarrollo del carst y 
la hidrogeologia en Yucatán, México (The role of lócal 
te( tonics oil talle karst (levelopment and the hydrogeology 
Ylicatan, Mexico). 	 70 

VI. Conclusiones 	 91 



Resumen 

En este trabajo se estudió el a‹.....uí-ftl.(•.) de ia. Península, de Yucatirin en. el sureste (l(' 

'Nfléxico. La zona de (studio 	comprendida entre las longitudes 88"30' y 90 ,1-5' 

oeste y la.s 	191.10 y 21"75' norte. La Península de 'Vi:ie.:1)1án consiste en Ulla 

platafortna de rocas calcáreas altamente carstificadas. 114.1,1 flujo d.ei agua subterránea 

es determina..dc.) por la porosidad secundaria prese u tt! eji fOr 1n111.. de rt.' ae (.; 	t U ta-A(..!s 

y cavern.as interconectadas. La perrneabilid.ad es alta y los gradie tes hidráulicos 

bajos. El acuífero 	u iste en un lente. de agua dulce el cual flota sobre a..gua salada. 

El acuífero es libre excepto por Lula estrecha .franja a• lo largo -de la costa. Existe un 

marcado alitleamietito circular de (101 lilas, el 'Anillo de Cenotes'. 

La interpretación. de registros eléctricos i.nuestra, que varios segiulsIttos de este anillo 

tienen perrneabilidades altas respecto a los alrededores. Sin embargo, existe una zona, 

de reducida perrneabilidad en la parte s.u.r del anillo. Variacion.es  del nivel del. agua., 

observadas cerca de esta, zona muestran que esta última •desconecta bidráttlica,tuente 

las partes del anillo al 0(.....cidente de las que se en.citentran al Oriente dé ella Lacom:L 

paración de estos resultados con datos geoquinnCos sugiere. que dicha zona representa 

Un un pa,rteagua.s en el acuífero (le ).7.ticatán.. El lente de agua d•tilée:tiene es- i?esores.que 

varían entre 18 m . cerca, de la costa, hasta 1113 w en la par te sureste de •ta, 'zona •estu-

diada . El subsuelo .es electricarnente-anisotrópico-lb-  cual es la 'consectiencia de .uno O 

• varios sistema.s de fracturas -alineadas que . generan. una, anisótropia, 	pert.nc..!abili-• 

dad. 

El área  -al. Oriente  .del parteaguas .se caracteriza por su alta 'variabilidad. de . lo', niveles. .. • 

de agua y del régimen.. de las líneas equi pot (I1( Id 	corito respuesta a- cambios de. la 

recarga superficial.. 1.-)R has Os( ilacioes• causan variaciones .e.rt la • dirección del flujo.  • 

sübterráneo; pósiblemente basta, und. inversión. de un.a.direcl....,ión •Stureste7noroest e (lo 

cual corresponde a, la, orientación del . flujo 	 -noroeste-sureSte. -La Zonit. 

afectada alca.nza en su Porción noroeste la.parte'sur de la (..'iudad..de.klérida, Existe •..• 

el peligro. de contanlinación provenitsmitx.... de la(. ...i..udad de una extetisa zona rural• al 



ficsuint 

:ilirt.'ste de ella. 

1.4a. distribución y (1 tamaño (..le las ((orinas ciltrsticas en la, zona de estudio no son 

V..,xisten dif(Tentes ¿dineatnientos y agrupamientos de dolinas siendo 

el Altillo de Cenotes el mejor (..!studiado. En la zona, de estudio se pueden distin-

guir dos platafortuas, el límit(.'. entre amibas es la. Sierra. de Ticul que atraviesa la. 

zona (le noroeste a sureste. Las alturas del terreno vILrían erttn:, O in y 2() Di en la 

plataforma baja que rodea., la, plataforma alta. Esta últitna tiene alturas entre 50 In 

y .1..00 To, y ocupa el 	central-sur de la. zona (le estu.dio. 1)os estructuras de la., 

tectónica local. destacan ej i. el lí,rea: una falla t ransfortn(,, rela.cionada con la apertura 

del C.i()1lb de 	y el (.1,1liter de (1...11iicx.rilub. La' dos estructuras formaron ~ricas 

sedimentación (11 SU tiernpo. Se propone que debido a diferentes grados de la 

cotrwactación de estos sedinientos respecto al área 'fuera de las cuencas se creó un 

sish.m.na  de fract 1.1 ras a lo la,rgo (le las an.tiguas paredes de las cuencas. EstAs fracturas 

representaron condiciones .favoral?les para el in ido del proceso de la carsti.ficación: 

Un proceso de selección el .cual. depende de factores como el gradiente .hidráulico, 

las condici()nes clirnatológica.s (1 tipo d.e. vegetación entre otros, (lecide, si la' frac-

turas se abren finalmente por disol.uci(5n, Mientras que las cavernas así•.fe)rnia,da,s se 

en( uentran sumergidas, el agua da 	..apoyo sulicien.te.par:a evitar (A co41,Pso • de., la 	. • 

totalida..d de sus techos. Donde la, profunclidad al nivel del • agua esdernasiado grande.  

pa,ra, ya, .tto ctunplir td con.dición, seHcolaysanlos techos.. lo •cnal.Se-ManifieSta eón. 

dolinas (le •.mayor tarnaño. Con base a, la, estrecha relación enii e Li tectónica local .y 

la distribu.ción de la permeabilidad en el acuífero, se .pi oPone dividirlo en 'dominios 

hidrotectónicos', sien.dó el . Anillo de Cenotes.  uno (le ellos.. 



Abstracta 

present investigation tontses ott the aquiter oí the Península oí* Yucatan, sout li(!ast 

klexico. The study arca coi sists of the region between 88":...301  and 901 5west 

19'301  and 2.1."7,51  ?toril. The Peninsullt: of Yucatan is alimestotte 12111110pm housing 

a mai; u re karst systern. 1711e. ground water How is deterinined by secondary porosity 

present in the roan of interconnected fractures, channels and cavities. 

are high and hydraulic gradients are - low. The aquifer consists of a fresh water lens 

un.derlain by salt wat et.. The agilite'. is uncontined except For í-1. luvrrow harte!. parallel 

Lo the coast. A circular aligninent of si nkholes, the Ring oí Cenotes, crosscs the, stu.dy 

arca. 

1.'he interpretation of eledrical surveys shows that varlous segnients oí' t.h.e Ring oí 

Cenotes have increased pernleabilities with reved Lo th.eir surroundings. Neverthe-

I.C8S1  alow pern.wability zone was klentified in the southern part of the ring. Variatiorts 

of the water leve! near this zone show that ti te eastern a..nd the 'N7é,i1-,erri segrt tent, with 

respect Lo this zone, are disconnected Itydraulically. (11.',011-1.parison of diese results with 

gcocheinica.1 data. suggests that; the low perrneability zone represeuts a grOund .water - 

divide in the al:1.1liter system. l'he thi-ckness.  of the Tresh. water. lens .varies between. • 

18 in near the coast up to. 110 m, i u th.e southeastern .part Of the study arca...The. 

upper part of the lirnestone rocks Containing the aquiter is ek 13 ftdlly anisotropic as 

a consequenCe of orle or sevemt systems of aligned fractures causing an anisOtropy of • 

the pertneability. 

1.1.e area eaSt or the low permeabilit y zone is citar acterized by a  high variabintr iii 

its water leVels dfld equipótent ial fines as t tunction of surface reeharge •variat ion5. 

om:ilation.s cause changes; of the ground \vate'. flow •direction, eve.n. a .reversal - 

.of the regiot tal orientation, •which is trola sontheasttó 1101 (1 t\Ve't, Lo asout.heast Lo 

northwest tu ¡ C( 11011 tIIie northwest pot 1 IOfl of the atfeded .zone reach.eS Lite Southern„ 

- por t. 01.* Lite City oí. Nlerida. '.Phe c„ontamination tisk .tor extdn.ded- rural arcas Soittileast 

of are CIty Ib increased by contanlinants vliu It may reach the aquiferfrórn.the  



'lbs! vacl 	 iv 

of Niericia. 

The distribution an(1 size of i he karst sinkholes in the study area are noi, homogeneons. 

f)ilferent alignMents and clusters oí' 11k botes can be oi)served, the bes() studied exa,m- 

pie of diese is the Ring of Cenol 	Two íopographic platforms can be distinguished 

iii the study ;n 'ea. 'Viles(' are separaled by (he Sierrit a de Ticul, a, small lamiste') that 

erosses  the s t udy atea in a hort  hwest to sout heast  dkeet i oh.  Altit udes on t h e  loy. \,,er  

plat 111-1 WhiCh SULTO U 1.1 (.1 the 11 f) per 	O r 111 Val' y bet411  Cell O 111. Ele ar iii c C,011,SL Lo 

2O 	near the Sierrita (.l(' Tictd. 	upper platform has altitudes in the. order (A.  

50 111. to 1.00 M. altd is located in the southerit -central part of t he study aren.. TWO 

remarkable local tectonic structn.res exist with.in. the study arca: a transibrm. faul.t, 

which is rela,ted to t he opening Of t he Gulf of Mexico, and t Ite Chi cx ul.ub Crater. 13ot h 

St ructures svt.we sedimentary basins in the past. Different compa,ction. mates of these 

sedirneuts with respt.',ct Lo 1 he su rroundi. ngs ni ay have caused fact tire systents aláng 

th.e former sva.11s oí` the basins. These fractures represent favorable initial Con.ditiorts 

for the karstiticl.ttion process..1.1. ydraulic gradients, clinlatic. Coriditions,•type of vege- 

La 	and others n' ay be the selection fac tol for the fractures.that \vere I.ater °pared 

by tl ie  karst corros jon, As  long as cavjtks 	duri Lis tbis .pro(:ess• are  su  bmerged, 

the \va ter gi ves the ttecessary bomfant su.ppOrt 	.-prevent the - tota,Lcolla,pse. o.f the 

cavity roJ', lii areas \\fere  the water table is n.ót able Lo supporti the.  Cave roofs, tlese 

a.re likely Lo coliapse ancl big dolines 'can . be ol)served -al; Lite s u.rface. Based- on.-111.(1 

close relationSilip of local tectonics with the distribution of the per.meability of the 

a,qui.fer, a division Oí* 1; he !atter hito 'hydrotectonic dorrains' has been propdsed, the' 

oí. Cenotes •being one example. 



I. Introducción 

El área de estudio está. comprendida, entre las longitudes 8830' 	90'151  oeste y las 

latitudes 19"30' y 211)(5 norte, lo cual corresponde a la parte noroeste de la Peniuisula 

de Yucatán en el sureste de -México, 

El chula de la zona de est udio es tropical h timedo. I,as temperaturas medias tri en.su ales 

varia.n. entre 23,9°C en enero y 29.7°C en rnayo.  (valores pi onledios de 32 anos para la, 

estación meteorológica de Telchaquillo, Yucatán) (Anónmo, -.1994). La .ternporada de 

lluvias abarca los meses de junio a octubre con valores máximos de predpitación en 

10S 1.11e.SeS julio a septiembre (Attónimo, 199). I„,a precipitación pluvial media anual 

varía desde 501) mm cerca de la costa tioroestc. hasta, 1300 mm en la, parte sur-central 

del. área. de estudio (Anónimo, 1988), 

La Península es utta, platalo.rma de rocas calcáreas. 1.-11,11 el...área de estudio afloran . 

formaciones del .1.1(Tciario y del Onatemario. En un.a .franja...cercána -  a • la linea de • la 

costa aflora el (1,!4.1aternatio, seguido tiei ra ad.entro por Capas del l'hocen°, Oligoceno 

en la parte occidente y .1.,„‘ócerto cm la, parte ork.mt el y 1.-4_,loceno • Medio; - A lo largo de la,. 

Sierrita de /lett] afloran capas del. P.aleoceno (Ánóiuino, 1988). • . 

La Península de 't nc atan es un terreno .con topogralia plana. El único desnivel tu 

tante representa la Sierri ta. de Tit. nl , que atraviesa el .área - deestudio.en una,dirección' • 

noroeste-sureste. Al. norte. de la, Sierrita de Ticul; las alturas del 'terreno 'Varían cutre

m en.• la, costa a., aproxiniadamente.20 rn sobre el nivel Medio delmar (N/1\1M) al pie.. 

de la misina.- 1.1a-Sierrita de Ticul rePresenta el 1.imiteiiorte:de una •platafornlaligera-• 

mente,eleVada Con: altnr as entre 50 ni y. 1.00 m. (Anónimo, 1984). -Corn.o•cons- ecuen.Cia 

de la•Carstificación, el terreno tiene.  tin aspecto Ondulado CII diferentes. zonas. del 1,:irea • 

de estudio con diferenc.ias-  de altera del orden de metros a, decenas de nletrOs. 
• 

•'En.. la .parte .noroeste (le la Península de Yucatán; no •existen ari...oyos ni ríoS.. Todo el 

agua :está, presente en forrna, de agua subterrállea,.. La, roca tiene. una alta perineabil..i- • 

dad,•• la capa de suelo VaTí4 entre unos pocós.centnnetroslasta iitexistentic: en inuchas • 

partes del área de .estudio .- El nivel. ti eático 05 sonlero en la parte norte •deli•área,.. (le • 



1. Inlroduceirio 

eSttidk) 1 Va.01:C8 (le 	DI en la costa a 30 ni, al pie (le la Sk....rrita de 

1111.1.11. Al sur 	la. Sierrita de Ticul, estos valores (.. stalt (11 el rango (le 30 Tu a .1.40 Trr. 

( An6nitno, 1988),  

El acuífero es libre ex.cepto por una estrecha, franja a lo la.i.go de la costa, (Perry ('t 

al., 1989). El acuífero fl cárstico, el (lujo del agua subterránea está determitut( 10 

por la,1)01051dad secundaria, presetti,;(..,  en lorilla de fract uras, (Jinetes y ca,verna.s inter-

conectados. 1,a. recarga del a.cuiTero se efectúa durante la ternporada 1 lluvias qui(., 

co.mprernle los meses de nlayo a octubre. El flujo su.blen..lineo regional es (le surest(.. a 

noroeste, sin einlmrgo, el [lujo local puede diferir considerablemente de esta dirc.i,cción. 

e p.ropuso que el Anillo de (.1.',enot es intercepta el flujo.  del .agua, subterránea,, funge 

corno río subterráneo, descargando su agua, en los (los pulutos de intercepción coi' la 

línea costera cerca de 1:)zilarn..de BraVO ('U la costa :norte y de Cetestlin en. la costa  

occ.iden.tal (1\larin, 1.91)0). La descarga, (lel a.cuiferó al mar se realiza, a través de - frac-

turas, túneles y cavernas al.)iertos hada el mar a lo largo de Ioda ia linea costera, 

sin ernbart..):,o, niodelos•dél. acuíícros sugieren que Umt buena parte (le la descarga se 

concentra e.n. los pluttos de inte.rsécción del A fl 110 de Cenotes con la costa (Marín, 

1.990; Perry el, al., .1.99,5). 

Esta investigación. está. (livi(la en cuatro partes, cada, cualr epresentada por una. .pu- - 

blicación. En lo siguiente se dan lós objetivos•rreSult;úlos máSituportantes de ellas. 

Investigaciones hidrogeológicas en el noroeste de Yucatán, México, uti-

lizando registros de resistividad 

Estudios geoeléctricos eón firman que la, permeabilidad (Id subSuelo aunienta, acercán-

dose al Anillo (le (Jenotes, sin ernI)argo, existen variaciónes de lalwrrneablidad a lo 

largo de este (Steinicb and Marín, en prensa(d)). Los misinús 11.1.11;0iCS 10 .entifiCáron 

una zona, de reducida, permeabilidad en el trullo del anillo al sur. de la eindad de 

Mérida, cerca, de la, ¡m'ilación de AbahL Debido a la presencia de fractUras alineadas 

se cuenta con un medio anisótrópico respecto a su permeal?ilidad (Steinicb. y Alarin; 



Intro(Iucel4n. 	 3 

en prensa(n)). 1 I acuífero de Vncatan consiste en un lente de agua dulce el cual flota 

sobre agua salada (Marín, 1990). Se tiene evidencia (((l inferías( hasta más de 90 

de la costa, (1()Ii(k alcanza una profundidad de 110 in. aproximadamente (Steinich y 

Marín, en pr(nsa(a)). 

Determinación de las características de flujo en el acuífero del noroeste de 

la Península de Yucatán, México 

La respuesta del ac,uffero a las prCei tación se realiza en (.4 orden (le días. Escasez en 

la recarga stl•perficial 	(..,ausar luta disrninu.ción (Id iiivel. rreático por rugís  de un  

inetro lo cual representa tu  lis del 50% del valor inicial. La pat...te con m.ayores varia-

ciones (1el. nivel ot)..s(••:.•rvadas se encuentra al este de la zona de reducida permeabilidad. 

E.I. rápido drenaje de esta 'zorra, (le alGt, Variabilidad' se debe a, un alinearnie.-mtó de los 

conductos y al hecho que est,as estén paralelos a la dirección del flujo (Steinich and 

M ar.íi.i., cii pren.sa(b)). La diferencia de, la velocidad (le drenaje en el acuífero causa 

cambios .irnportantesen el regi men del .flujo.súbterráneo hasta generar una, inversión 

de carácter tentporal de la dirección de flujo de su:reste-noroeste (-flujo •17egiónal) a • 

• • n.oroeSt e-sureste. La, zona 11e( Lacia se extiende basta.  los alrededores de la Ci Lidad de 

IVI,¿Tida lo cual inwlica, un peligro (le contatitinación • (le arnplias -áreas turales en la 

parte central de la zona de estudio proveniente de la 

Localización del parteaguas en el acuífero cáustico de Yucatán, México, 

combinando datos geoquímicos e hidrogeológicos 

La hipótesis de (itte el Anillo de (ienotes funciona como río subterráneo (Marín, 1990) 

con dos puntos de descarga en los puntos de intersección (Oil la línea, coStem (-Perry 

et al., :1.995) requiere la, existencia de un pa,rteagua,s en el acuífero de Yucatán. Datos 

geoquímicós coinciden en un parteaguas ubicado 	I.a parte sur del 

./\.nillo de 	es (Steinic..,11 et al., a( eptado). La zona de reducida, perr.neabilidad 
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descrita por Steinich 	a rín (en prensa(a)) juega LEn. papel importante en la ubi- 

cación del parteaguas, Se propone que representa ol límite occidental de este (i 1t' 

desconectando hidráulicamente los segmentos del Anillo de Cenotes al oriente y al 

occidente de ella. (Steinich et al.. aceptado). 

El papel de la tectónica local en el desarrollo del carst y la hidrogeología 

en Yucatán, México 

El proceso de carstiticación (pie formó el carst yucateco 	d(-E!sarrollÓ de nna "llanera 

lieterogé,ma, lo cual se refleja.,- entre otras Cosas, en - la, haerogeneidad (le la distribución 

espacial y el ta. nano de las dolinas. U na de las rnani.festaciones n-nis interesantes 

es el Anillo de (.1.m.iot,(•:% que representa tin alinean-tiento circular de dolinas, Otros 

alinea.Mientos y agrupa,tnientos se i'meden identificar en la zona de estudio (Steinicit 

y 11/larín, en arbitraje). Resultados ol)tx.midos por los mismos autores iinplican que 

las estruCturas de la tectónica local.genera„ron un diseiro de fracturas que - di(?) las 

condiciones necesarias para el inicio del proceso de la carstificación.-  Otros fenómenos 

(clima, vegetación, profundidadal nivel del agua, etc..) resultan detenniTiantes..para 

la Selección de las fracturas abiertas por la cai'siifica.ción y para•la•nianifesta,ción•de 

l causa. as cavernas en. la superficie a 	del colapso de sus lechos.  (Steinich y Nilarín, 

en arbitr(1je). A base de esto' resultados se propone definir diferentes 'dominios 

hidroteciónicos', siendo el Anillo de Cenotes el mejor estudiado.. . 
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Abstract 

Light Schlumberger soundings a.nd. l'out \-iVenner 	isotropy trreaSurements ‘'vere con 

dticted in the northwestern section. of the Yucatan PeninSida 1orh.ydrogeologicalin7  

vestigations (-).0 a; karst aquifer. This systerrr is influenced by a circular high per- 

rneal)ility 	 of Ce.notes) probabjy relate(I_to the. ChiCxulni) 'Impact Crater.. 

Schitirnfierger soundings iLrlcl \Vennér.anisotropy rneasurc.-3ments.Show. thai •the•karst.. 

aquifer Can be ruoClelCxl. as dU electrically anisotropic trtediurn. Arlisot,ropy is retal-e(1. 1m 

prefereutial Perriteability. direction.s channeling gróund. water 11.6zr. Within. .the aquifer. 

Directions. maximum.permeability viere deterMined USing Wenner al isotrópyr .tu.ea-

Surements. Electrical sotmdings were con.dtCted at difFerent SiteS near tilo 'ling. of.  

Cenotes. .Resistivity values decrease toldar d the Ring of Cenotes ,sttpporting thely-

pothesis that selected. segmcmts of "le ifing haVe.high- permeability-. Several. s6undings 

were condt.tcted in ()".cier -Lo study lateral permeability -Var.iations i,lollg the Ring.. A 

.high.perrneability sec...tion can be idenfified. 1.)y 1ow resistivity 1110(1015 

a..zone oí' high cenote densily. A. lO\V per.rneability section. 61' the Ring wa.s.'foluld. 

showirig high reSistivity inociel.s. This .zone -werlaps: with am. areao-fl..dw 	den-• 



1/. 	inf't sliyací011(--•' hidroquoidg leas „, 	 _ • 

si l'. Deetrical sonndings vvel (.. used to determine the depth or Llie frc.sli water len.s; 

the interfa.re \vas dele(i..ted al.ong t\V() proffles pt.wpendicidar and p¿•tralle1 lo the 11..ing 

of Celiotes restaing in a, (.Iepth that ran1;ed froin 18 in. rica l. die  coa.st ti í  lo 11..0 rn. 

the. 5011.t1ie1Steril part Of the study arca. l'h( v)r(...clicted (!(.1)ths of the interface using 

electrical methods sltowed i good x....orrelation with. Gityben-llerz1)(1.g an(.1 rru...asured 

interface depths at, some si Les Discrepamies between. calcidah..!(.1 ¿u id interp.reted in.- 

terface depths 	SI Les un ay by ex plained by 1101.1zontal-to-vertical. perrneability 

lutisotropr. 

Introduction 

un e study arca is the nort.hwc.stern section ():1 the )lu(.....atan Peninsula located in south-

eastern -Mexico (Fig. 1). The hydrogeology of the Yucatari Peninsula . con.sists .01' a 

thin k.Tis 	fres.," svater u nderlain by a, 8;111 water intrnsion that .penetrales niore lhan 

40 km. itiland. This lens has an approxin.late thickaess 	m at-  .Merida and is less. 

(han 120 ni. (Alia within the study fffil. Tite rocks in, 1 he upper huncired . n.leters 

consist primarily of lirnestone. Stnall chert .fragnlents liave al.so leen foi.tnd (Marín, 

1.991). Dissolution of t he carbonate rocks lave resulled in a lack of -acluitards.. 

aquifer consists of a tuature karstic ine..dlurn with. a, \vell . deVeloped. sYstenl-of inter- .• 

connected caverns and concluits.It is•un_e0.11fined except for a, narrdw 

the coast (Perry et, 	 Th.e . aquifer has á low hydraulic.gradient, oU ihe order 

of 7 	.1) 	suggesting \lery high. perrneabilities 	1.990).. Idirrilted da La 

stiggest that 111.e Cdiyben-1-1(.1.71.).erg relation holds for-nort hwestern.  YUCata,n•.exCePt • 

near the coa.st .(Marín., .1..990; -Mat ín. 	al., in review), 

1.t has recently been proposed that Yucatan is the si te of an extraterrestrlal itupact. 

evera th.at struck the P.1,ai th. 	 years ago (1-Iiklebrand el al., 11.99)., Sta 

al., 1.992).. 	 known as the (...1,hicxuluib linpact C.:!rater,..has.beeri proposed 

lo llave a diarnet(1.,  of .approxitnately 301) km. . A. steep gravity:gradic.,,int accorcling . 

Lo tht . geophysical mode', occurs al an approxisnate clia,meter oí 1.80 km,-.1.0.ealion.-: 
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ihat coincides \vith that oí the Ring O) c('notes (sharpton 	1► I.. 1993). II, has been 

reporte(' by 1)ope (4 al. (1991). Marín (1990) and Marín (bt al. (1990) that the Ring 

ol Cenotes has ¿i cenot,e spacing varying From dite(' cenotes per kilolueter to 1ess than 

orle, cenote per kilometer forming a 5 -- 20 km wide hand. Marín (1990) and Marín 

et al. (111 review) have prop()sed that the Ring d'auneis ground. ‘vater caed nets as a 

llo\v comba. 

22°00' 

NORTHWESTERN YUCATAN PENINSULA 

Fig. 	Overview map of the study aren, showing e ectrical survey location 

and profile 

Hydrogeological data supportiug the hypothesis that, the Ring has tiit,ll. permeability 

include: ..1) the localized abundance of cenotes, which elsewhere repreSent partially 

collapsed cavern systems; 2) ¿momaiously high discharge oí grouud water where the 

Ring intercepts the coast; 3) water leve' rueasurements that; drop as they cross the 
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iling (141 ig. 2), ¿inci 1) brolwn sand bars nt i he t\vo iniers('etions (ir 1.11( 	‘vit 	th(,  

(.)ast (Nlarin 	11)1)0; Nlarín ('t al., in revie‘v; 1)(vr,4,  cal ni., P11)5). 

Distance from north coast [km] 

Fig. 2 Cross-section of t;h.e north-south profile on tire 
	li ne  A 411. 5  

(.1.1 ig.1). 	Arrows Show gro-un.d water How dii.cetion. 

Objectives 

The objectiVes oí this.study were; 1) Lo <leterrn.ine whether.  the Hin oí' Cenotes is 

a higli permeabillt y turre; 2) 1;0 	electrical surveys to determine ritajor directions.• 

permeability anisotropy irr tire .  Yucatan karst aquif(.:w; 	to.deterin.ine the depth 

oí' t,lrc grourid water lens 	two prollies . paralle.tand perpendicular .to tl..re Ring of 

Cenotes. 
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Methodology 

Twelvecleci,rica1 meastireinelas \vere cotiducUed iii Julle 1993 lising hvo difrerent, types 

arrays: eigh t Schlumberger soundings al severa] locations are shown 111Vigure 1 

niarked as SI lo SS, Spacings :1/3/2  ranged between 160 ni. lo 290 In; four Wenner 

anisotropy measualuents ¿tre show!) as A I lo Al, having spacings oi a = .10 m (A .1). 

= 11 in (A2) and a = 20 ni (A3, Al). Ali measurements \\Fere  ;mide with ai.i A13.141,1\1 

Terralneter 30013. The field data ‘vere interprete(' nsing a PC)1-(Til A N code written by 

the senior author, based on digit¿d linear lilter theory as clescribed in koefoed (1979), 

Results and discussion 

1. Permeability characteristics of the Ring of Cenotes 

The rocks in tlw uppe,r hundred rneters consist o! karstic Urnes ton e. In sud. a Inedi u m 

electrical conductivity takes place through water-tilled voids. In general;  horizontal_ 

chantes of the •resistivity nlagnitude is a .ffinction . 01 intercnnn.ected vol cl volUrne a,nd • 

t.hu.s 	perineabi 	 1981). The linesenc,e ofday•lenses Can•be con.sidered....• 

as• art C\( eplion 1 o this i ule Clay lenses can be pi esent in karst ic ..l.huestoileS as 

infillin.g material of dissolutiOn cavities (iermirigs, .1985), 	was.(. )bse.r.ved'hicoreS 

of.various wells drilled ni llie Península ofY.'ucatm.i•(Mariti, 1994). '• 

\fertical (.....hanges iii resistivity can be catts-..',d by •both phenomena.rnentioned aboye us 

\ven a,s •a function•of salinity of the ground ‘:Vater (Mila,novié,• 1951.). 

Mar in (1990) and Marin. et, al, (in review) suggested t hat -  the Ring of...(2.'ienotes IS a• 

zone til Iiigh•perrneability. Their•results diC based Oil h.ydrogeologiCal data. • Studying 

11 íe superiicial evidence,-  it can be observed. (anonymou.s, 198/),111U cenote-density .  • 

is liighest along a circtilar line, the Ring.  or( enotes,. and ti decreliSes ra,pidly with 

distance..from 	 1.), 

A local scale study shows, howevér, ti ati t; Ii e (..•:enótie-density varies -also álong-the :Ring 
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of Cenotes. Ilectrical soundings can help to determine whether ti(, variations oí' 

Ceno 	denity is nolated lo 	ra ii()li Iii subsunface penmeability. 

In orden Lo investigate the hypothesis concerning the high penmeability zone, severa! 

Schlumbergen soundings \N'ere made tu observe vaniations oí the resislivity in a. zone 

containing Ihe Ring oí Cenotes. 
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liglire 3 con .res the, interpreten models oí thr(-:•.e Schlutuberger soundings iealizrd 

aL three, dilkwent sites on a line perpendicular to tite Ri ng. S3 is a  si te Oil Lite tUng 

wItere cenote density is high. S,•1 is a proíile approximately 12 km, south oí the Ring, 

ontsick. of tlic! Ring, and S2 wa.s 	 inside the fling, about 8 Ion to the 

nort h 

1.-t'or S3, the best-tit mode! indicates that there is an increasing resistivity trend in the 

upper .1.5 trtc..1;(1.s wit 1 a maxiin.urn value of 1.10 ain. Underneath, a resistivity ch.atige 

lo the relátively low valué of.1.(i SI», \vas observed. 	resistivity \flanes are in the 

range of rocks satu.red with .fresh water, liowev(1., Lite lower the valué, th.c! higher the 

perrneability. This in.dicates a., thick, high permeability layer ranging fronl —5 ni to 

55. ni. Another sud den .resistivity dec:rease can be observen al; a clept h of —55 ni 

\V hi cli i.s it11019 raed Lo he t he freshisalt water interface. 

1.17.11e, sonnding S4, located south ()I the. 1-ling, also shows fresli water typical 

values down Lo .a, depth of 68 m, being in the rauge from 27 am to 70 1?7n. In the 

depth interval froin --5 ni to —55 ni, where the modal of S3 has its Iligirpermeability 

layer,11.e model S4 has a high.er resistivityril.an 

This implies that •1; he perrn.eabilitY &creases froin the•Iting Lo the south Lo. it, 

Thesour u:ling S2, located n.orth.of the Ring sliovirs a loW7resisti vi ty layer wit 	0.1/111 

froin 	Lo —30.m. Additional in.forrnation; (water•level tneasurernents-a,nd 

cation of th.e Ghyben-llerzberg -forttlula) -predicts alt inter fa.ce depth oí a,pproxinlately •.• 

—65 

 

ni (cornpare With Fig 8) thus we 1.)elieve that this. 	 is a, .•• 

clay lens. Apart frorn. this postulated clay.lens, resistivity . :NiailléS uf the. S2 pr(ifile 

aré higher ti111...n Glose of the S3 Inodel., whicli. again indi.,;.:ales decre;ü5ing popmeability 

inoving away from. Lite Ring of Cenotes; 
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14lig • /1 1.4ateral resistivity d'auges in t 	Ring.of 	otes.. 

fi'igure 4 compares the models oí t hree soundings, x.1.1 conducted in the Ring of Cenotes. 

S3, deseribed aboye. and 56 he in a zone of higli cenote density, S7 in a region where 

there are o111y yery few cenotes reporte(' (Fig. 1). 

Interprete(' models show important resistivity changes aiong the ling. S6 has resis-

tivity values in the range of S SZni to 50 SIn in almosl, the whole column aboye the 

salt/fresh water interface, with the exception of iwo high resistivity layers near the 
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surface. 

In n \vide depth range. resistivit,y valses are therefore comparable lo iloso oí S3. Sí, 

however, shows high resistivities in the majo!' pari, oí' the colunin 	values  ranging 

from 300 lho tu 150 •Qm. 

In tertns of pertneability that ineans ti i aL the permeability al S7 is signilicantly iower 

than that al S3 and S6. The liigh pera 	layer present al S:1 and Si, (iisapj)ears 

at S7, This a bsence uf high permea bilit y occurs in a zone oí low cenote-density which 

supports the hypol hesis of Lii e itarrow relationship between the cenote-density and 

the permeabiiity. 

Suinniarizing 11l( restas ii, can 1.)e seen, that, in the studied trea, the Ring oí Cenotes is 

a high permeability zone with respecte tu its surroundings only on a selected segment. 

TI e aboye discussion leads Lo the conclusion, IhaL Lhe ineditnn is highly permeable 

in the subsurface on1y M'ere the surface cenote density is also high. It can therefore 

be concluded 	the high permeability zone, post ulated by Marín (1990) is Emt, 

con tinuous ¡don the whole Ring of Cenotes. 

2. Permeability anisotropy 

2.1 Theoretical mode" 

Ground water How in a karst mediurn takes place rnainly ti rough dissolution vc)ids.  

such..as fracitires, chanuels an d cavernS val; her that] throng11.• Gte.. niatri'x•-(Gordon, 

1.986). 	Ring  o f Genoles is 1:y11 alignment úf fractures .a.n.0,..voidS ci ue lo íncreased -. 	• 

(lissólution .and colla,pse of t helimestone - (Pope:et 	19)1.). Stich a th.ediuin. can be 

desc.ribed by the. thcoretical tywdel. sh.own in Fign.r(.., 5. 
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1-4"ig. 5 1.bnet ical iiioci Loí the electrically anisotropli:, medium. 

A. fractured mcdi i..i u k electrically anisotropie (TE tZ.i and.  An.dol.sek,1.992).„ i. e. rc 

sisti yit les in any of the duce orthogonal. direction.s can be-  dilTerent frdri the. other. • 

(Av°. Resistivity nieasurerilents nuide above such a nediuru. would recórd t he apparent.  

resis vi ties • (.i. e. . M tzer and Welx..,w, .I. 985 
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: apparellt reSiStil'it y 	trallSVerSe direCtiOn 

app;Iretit resistivily iii 1(nigitinlin;11 (Iirection 

: appar('Itt resistivitN,  in vertical dir<,ction 

1*()r the transverse 1 tnd loilgitudinal 	directions with respect lo the main fracture 

plane and in the vertical 	direction, respedively. 11 he apparent resistivity in one 

direction is Citen (letertnined by Lhe real resistivities in the other two directions (Car-

penter el; al., 1990), Eh is is called the 'paradox of anisotropy" (1\'.eller el al., 1966). 

In order lo apply ihis mode! tu \Tucatan, sve made Lite Collo‘ving assuniptions based 

un the orientation siwwn in Figure 5: 

1. / is the direction oí' lowest pernteability. 

2. / is the direction oí highest perrneability. 

3. ver tical resi sti v i ty c h auges can  be  due Lo  vaniations Ji   permeabili ty or  in water  

Furtherniore it can be assumed front Pope et al. (1.991) that the inclination of the 

iractures is predominantly vertical. This was contirmed by cores of varions ‘vells 

drilled in the studied aren (Mar(n, [994). So the clirection of ihe 6..),-axes can be 

assumed Lo be withili the fracture planes. (.,()nsidering the three points, the thoretical 

niodel w()uld have the fbilowing characteristics, kvhere the lerms where cleflued itt 

Figure 5 and equation (1). 

(2)  

hence: 

   

    

Qat 	 L)(11 =\719 Q:J 

Qa 	44L,11 > al =Qz 
(3)  



11. linTstifincioncs hidrogrológicas 	 .17 

The t\v(.) appareni, resistivit ies lhat ar(' measure(I in a \Vonner anisotr()py survey are 

íjai  and ),/. It f()Ilow:-4 from equation (3) I hal, the directit)n ()f initximum perineability 

is imaked by the directi()t ()I' the maximum apparent resistivily measured. 

Paranivier 	(11unttiry anis)i.ropy is (1(1iiwd by: 

A = 

2.2 Wenner anisotropy nieasurerneuts 

order to investígale: 111(:-, anisotropic characteristics oí the a,quifer, .fo1.1.1 Wenner 

anisotropic uneasurernents were [nade in Ole Nvestern section of the study area,. Fol.-

lowing the th.eoretical Itiodel for t he meditan, the form of the dala, curve as a funetion 

of the din:TI-Ion is relaled to the .hydraulic characteristics. Based on thc diseussion_in 

section (2.1), real resistivity is .highest in the 1-directir.)n and lowest in the i-directjon. 

flowever, t.he a,nisotropy pa,radox stat es that the -highest appárent resistivity is 111C11-

sured in the 1-direction and the lowest apparent resistivity in the .1-clirection. 

real resistivit y is rela,ted to high density óf int ercórmected:  fractures luid thérefore. td 

Lite dire,ction oí higliest pe.rateability. 

1.1.1e data curve of 4 Wetater anisotropy measurement i i anisotropic.rnedium is sup7  

p(jseci to be a., circle, that of in anisotropic rnedinr.n.is  supposed to be. an•elliptie.,type ' • - 

o.ne. Figure 6 shows the Original data of t.he four experitnent; cites labeled Al, Lo A4. 
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Fig. 6 Original chita úf bu r anisotropy measurements. 

2\ 11 anisotrop,y measurement,s realized in the western section of the study ara; have 

elliptical t y pe data clirves ;ind therefore Pont lo anisotropic rnedi tira. Their respective 

a,nisotropy coellicients are 2.21 (A I ), 1.31 (A2), 1.61 (A3), and L.26 (AA). Figure 7 

shows interpreted maximum perineal. ility directions. 



200  00' 
-91° 00' 

20° 30' 

21° 00' 

21° 30' 

-90° 30' -90° 00' -89° 30' 

DIRECTIONS OF 

MAXIMUM PERMEABILITY 

o 

e 

Al Mezida 
e 

Ring of 
Cenotes 

O. 

NT 

blvesliyaciolic,s hidroricoir;flicas 	 - 	9 

Fig. 7 Interpreted directions of maximum permeability usiug the anisotro-

pic measurernents. 

ernwability anisotropy is unost pronounced al t11(7.,. (Alf)-site.. The direction..of tnax- • 

imum perineability coincides in Chis case with the shortest direction to the colist. ás • 

is the  case for the (A4) site. (A.1) and (A4)•are 	ed .  relaIively .fay from.  •the Ring • 

of Cenotes. •Based on Figure 2 anca on resnits •from••Illarín . (1990)• ve knOw..that'at • 

the (Al.).:sitc.:1;. he aquifer discha•rge is tosvards the.cóást..En this case thi:•.! interpreted. 
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(Urce( ion oí maximum permeabilily coincide. vi1h the discharge direct ion, 1 he same 

Si Oil may be true also for the (A.1)-sitel  1WWeVer, libere are no aquifer data 

available for tliiS egion. 

1)irection of maximum permeability al; (A2) is obligue 1.o the Ring oí Cenotes. 1, igure 

7 shows that the (i\2) is a transition location between zones oí high and low cenote 

densities. We know from the diseussion in sect ion .1 that the high pernwability Ring 

of Cenotes is interrupted 1.11: some places. Change 	cenote (tensity 1 mp1ies  tha t 

t he (A2)-site is another example for this. We think that the observe(' directi(m of 

maximum permeability al, Chis si te in ay be that of a system of fractures orientated 

obliquely lo the Ring direction. 1)issolution could have !icen acting along this fracture 

systeni, ami resulting in the abrupt cutolf of t.he high permeability zone that extends 

soutlieast of (A2). ln the same arca the Ring of Cenotes is con-iposed oF two  ares, 

8 kin apart (Perry el al., 1995), (Fig. 7). The direction of maxinlum perrneability of 

(A3) is oriente(' towards the second are. \Ve think that (A2) and (A3) may be t be 

manifestatioD of a local fracture system responsible for the interruption of t he mayor 

are of the Ring oí Cenotes and relate(' with the formation of the. seeond are segment 

reported by l'erry el al. (1995). 

2.3 Depth uf anisotropy 

11.1.-w,tri cal. anisotropy can. also be observed.in an ex.periment COLIlposed of two Schlttrn-

berger soundings t li al llave the same center point, bid are •orlen tated. Krpendien lar 

Lo each othe.r. 
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$ .0.rig nal data points and interpreted inodéls oí' two soundings per- 

pen 	t:o each other. S5 and S6: 

.Pigure 8 shows t lie field data amd.. die mode' curves oí two-perpe.ndicula.r:sówndingS., 

laheled S5 and S6. .13oth útu ves show signilicant difteren.ces (yr appareliti' 

for ./t./3/2 -spacings.  up LO 10 	T.  i 	TI.i is diS.cr(..Tancy cart.• •fie.x¡dainéd. a.ssinifiing. 

pertnea,bility anisotropie niedium. as discusSed.'.in section 2.1.: • 
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Fig. 9 Anisolropic coefficient 	for .the 	 "Fig.. 8. 

Igure 9 shows t he \mines of the anisoti'opy coellicient 	calculated with t he resistivity 

values 	two:modek O( S5 a11(-1 S6. Permeability anisotrópy can be assimied 

sile rol: the upper 19 7n of the subsurface mediuni. 

3. Depth of the freshisalt water interface 

Electrical soundings were used 10 estimate the depth of the freshisalt water interface. 

Two proliles were studied, one in a north-south direction that is perpendicular lo the,  

nortli coast oí' the Península and perpendicular to the southwestern part of lile Ring 

of Genotes (Fi g. 10). The second profile líes in a sv(..!st-east direction and is parallel 

to the southwestern 1art of the 1,ing oí' C,enot es (Hg. 11). The pl'ofiles cross al, polla 

A. 

1 

O 	20 	40 	60 	80 	100 	120 	140 	160 
Depth [m] 
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S:3 al, the IZing (-)f Cenotes (Fig. I). 

North-South-Profile 
SI 	 S2 S3 

	
S4 

10 	20 • 	. 30 	• 40 	50 	60 • 	70 - 

Pistai. ice.  from C. oas. 	• . 

Interprete.xl. freshisalt vate.r interket.: on the.  North-Sonth-Profile. 

In 	rpreted IR ter l'are .(tepIt1S fi:mil electri cal sonndings are pjotted together•with. 1- 

u 1)10 	and calctilated interface depths. The In(asnred 'interface depthsi.,tre 

taken :from Mar in et al. (19)0) and . :Marin• et al (in re"view). Interface •depths ,were 

caktilate0. \N"rith. the G hy ben.:- [ler zber g .Forninla fu om.  two sets of Water . 1.e.yel rneasalt e-.. 

rnents realized 111 3 une and October 1994.. Variatións of water.  1.etels •resulted •in a • 

variation of cl.,.11.cniated interface depth. of approximately 10 Tn, • 
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• Fig. 11 int erpreted freshisalt water interface on the .West-East-Profile. 

Nil.00re el; al. (1992) su ówed that the discrepancy behÁ7een nleasnred interface d.ept h 

and LILL one calculateci by the Ghyben.--Iilerzl)erg Forrntila can be irriportant ni coastal 

regions. This \vas attributed to the fa SI; salt water flow contradicting 	'static-sea-7 

Ivater-Condit ion fiar thc.,, Ghyben-tlerzberg moda 

Nevertheless, we calculated the inttmface depths with. the Ghyben4lerzberg forinula, 

assurning its validity in. 01 11 case due to the distance of the studied region frorn the: 

coast. We also assurne that the interface is sharp. TIin is su.ppOrted by results 

from 1Vloore (.1; al. (1992), Marín (4990 and Marín el al.: Cut review). .ftesults are 

surranarized in Figures .10 and 11, showing depth values in the north-sonth prdile 

miel in the kvest-east protile, respectively. 

Interface dept h could be intei preted. from 1 he electrical data in all but one point iii the 

S8 	 S3 
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north-sont h profilp al  55 kin  rroin  the. coaNt.  A t, this sito  (s2) a  lowl.,.... sisi:rvity  layer ls 

f0t1 nd 1)t.4ween a 12 meters asid 29 tili:ters below the surfa(w. .Due to the interference 

of tite lo\v resistivity iayer, it was not possiHe lo predict where the fresh/salt, \valer 

interface is. Taking hito account, the inter fae‹... (:lept h variat ions due Lo the water leve' 

chames and considering aii interval of :115 m for the d(q,(11n.i.nation of the interface 

depth froin the elect rica' tneasuretnents, results of calculated attd interprete(' dept hs 

can be considere(' cottsistent for nearly 	llowever, t.his is not t he case for the 

si les S6 and 57 ( 1g. 	Daerences between calcula,ted luld interprete(' depths are 

as high as 25 m. 

an ('Aectrically anisot ropic medium depths are overestimated if anisotroi...)y is due Lo 

horizontal layering (Uoelbed, 1979). In this case, layering coul(1 stand ft-.)r variations 

of permeability in the vedical direction. For hoth soundings (S6 a,nd 57), a,n average 

coeflicient (.1 anisotropy on .1,he order oí 1.2 can (:.x-plain. the high dilference bt=1.-;weeitt 

the calculated and interpreted interface de-pths, 

'1,111( restás suggest that the salí; water int rusion .penetrates more 1; han 70 km. irt.ialid 

ata' perhaps as much, as 90 km. On both profiles the interface shows. a clear trend .• 

of' increasing depth with distatn-T frorn. the coast, resulting lii a ground . kvat,<- i• iens 

thickness of about 15 meter nein.. the. coast, np to 110 inetets - 90 km inland. A 

question presently being addressed is whether ate sali• water p.re(.licted Lo befonnd 

in Ibis uca is inatine iii origin or Whellerit is a reSult of dissolutión of evapOrites' as 

Perry et al. (1995) haVe sUggested., 

Conclusions 

The interpretation.•of eight Sch.i.u.nlerger electrical surveys reanze(1 ir" northwestern. 

Yttcalan have shown. that 'the Ring of CelmteS is a high.penneabilitrzone on:selected.: 

segments, characterized al t he sur..fac(. by 	high. density of -.cenotes. It was .also 

•showii. that, th.ere are .significant resistivity clranges..along the IIirtg which ..suplidrts. • 

the cmn.clusion that 1he .highly .perrneable Ring i not cOntinticrns.: .The pla 's of 
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d iSC.01 ti MI it.V 	1.n. relate(' 1,- 0 thedi SC011 ¡MI ty Of 	Ote dell Si ty. 

\\i) ner anisotrom,  surveys hav(p.. sh)wn (,hit 111(2. 11pp(.1. part 	Yucatan Aquifer 

can be describ(1 a.s ¿in dectrically ;•inisotropic inediurn. 	anisotropic clutracter- 

istics mil' be chic.' lo preferential permeability directions. The \Venner surveys \\Fere  

used 	deiermi II( di redions of maximum pürrneabi 	at; 	sil,(:. Schlumbe.rger 

soundings perpendicular Lo) each other liad differing apparent resistivit.r vaInes. The  

interpretation of this data required an anisotropic motel For thc-, first 1_9 TIT. 

Vi iifll 1 y. th.e, 	 fresh¡salt water 	WaS be de te r 	ned along t\vo 

profi.les perpendicular and parallel Lo the l'ting of cenotes. The int(w.fa..ce \vas dr.4ecte.d 

with electrical sounditigs up Lo 90 km froni the coast and coinpared with calculated 

and nieasured interface depths. Depth of fresh water lens va ried iii the study arca 

•froln 1_8 meters near the coast Lo 110 tnet(I.s in the sout heastern par!; of this 
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III. Determinación de las características de flujo en el 
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Abstract 

How characteristics were sLudied iir the Nortimestern Peninsula oí Yucatan,. Mexico. 

TI-te Yucatan acíuifer is a rnature karst system, influenced by the Ring.br Cenotes 

(sinkholes).. This zone 	aligned sinkholes is d high permeability• y,One wtth respect 

Lo ii,s surrou.ndings,•• Tire aquifer is imeonfined within the study arca. Water level • 

measurements at 118 locations viere mitre iu ittne •and Octoberi 0.('1.994. •NVaterlevels• 

viere rneasured up.to tour times in (.)ctober. • Water .1eVets. in limited..group-of.wells• 

showed variations 1.1p Lo 60 % during Pct.;01)er.194 5,Hvh(,,reasotherS had Yariations oil. • 

ilie. order o! 5..70 in the sarne[Wriod, 'By..studyinglhe resma ing.equipotential regtmes, 

a highly variable zutie (HVZ) was identifted.l . Drain:characteristiés.are•significantly. 

• different frorn. the Fest oí' the stu(1.Y. área 	 to the .hypotheSis•that the HVZ 

represents. 	indepenclent sitbsystern. of•iitterconneeteci fractures. .1.n arder tau de- 

türtnine• directions oí' high pernieability within the studv área., a.zirnuthal .résistivity 

sur veys were 	 at 22 locations. Itesistivity. curVes . partittilarly. in the. ILV.Z 	• 

show. tWo or rnore 	elich iudicating a direction of .1-411. pertneability. 1)irections 

Oí' high permeability are interprete(' t'o be preferen.tial•- directioris•of align(1•1"raéttn....es. • 
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Compulso]) with the hvo differviit, equipolential n'Omes iii ()ctober '91 shows that 

in the majority oil he cases time direct 1011 of the hydratmlic gradient eoineides \Va1) the 

direction dono fracture system. The hydraulic gradiem camm 1)e considered lo be the 

major control in the dissolution p' 	i: I 'casi in the IIVZ, resuiting in the selective 

opening of the fractures. l'eaks in the resistivity curves are of the same order oí' 

magnitude, Tiis shows that both regimes of equiimtential lines and the correspond-

ing changos of the h y draulic gradients are sufliciently frc.'queni, t;o be ahie Lo c reate 

different fracture systems with a comparable fracture density. 	varialions of,  1. he 

equipotential regime in tinte i....1 ay have severe consequences in terms of the risk ()1' 

aquifer contamination in the highly variable zone. Ciontaminants, generale(' mainly 

in the City oí' Merida, are generally believed Lo How towards the north c.oast of t be 

However, reversals in the hydraulic gra(lient may alioNv contaminarás Lo 

110W to‘vards t he southeast oí the City, aL least Ion 	periods in the year. 

1. introduction 

Tite aquifer in the Peninsula of N'tu.:atan consisis 01 a rriature karstic system. 'Pile 

upper Imndreds 01 meters consist of almost pirre rl'ertiary and Quaternar)1 carbonate 

sequen( es with no n'a:J(11. tectonic defor.rriation (Morán Z., 1.985). A review of the 

stratigraphic colurnn fúr north.western Vi-reatan is presente(' in Sharp-ton el al (in 

press). There is solhe evidence for clay lenSes (Steinich 	"Nlarin, iri press; Marin, 

1994), but they tend lo be local in extciii rrd timerefore (1011 '1 act as significará 

aquitards (.Perry et al„ .1995). When dissolved, the carbonate roCks leave ahhost 

no residue (Mar (n k, Perry, J.99/1). The aquifer is unconfined, except fúr a.. narrow 

hand parallel 10 111‹.. cDast (Perry et al., 1989). 'l'he porosity ranges hctwecn 7% and 

41% ((i'llonzá,lez llerrera, 1984). All types Oí dissolution voids are descrii)ed with sizes 

frorn the onler of centimeters l'atril(' in severa' ores of wells :drilled iii 

study arca (Mar(n, .1991) up Lo averns ;vid] diameters in the orden of tens or meterS. 

M.a,ny oí the 'atter can be easily visited in. runnerons places ano! (living :.tra.s rilacle, in. 
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s()nn,  oF Chem (Nlarín k. Perry, unpn1)1ishe(I). The presenc( ()I 1h( (Hssolution vo'uls ()1' 

n.)nsi(1(,ra)le size imply liiat gunnul ‘vater (1()\\? is pred(llninantly cletermine(1 1.)y ibis 

secc)ndary p()r()sity. 

1. {)verView ¡iiap sh.owing the . study area.. 

The ¿iquifer is in general terms characterized by high i.->ermeabilities and a veiy low 

hYdrattlic gradient (Mar(n, 1_990). The aquifer is a coastal aquifer. Tidal 

however, could not he observed in the study area, cine Lo its considerable disiance 

from the coast line. nese observations are supported h\ Re(kve Sz Perry C.I.990). 
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The hydroge.ologi(..al characteristics oí th.e liquiP.T are infinenced by the. Ring oí 

C.lenotes. This cir(.....tilar a.ligniienl O sinklioles is probably related 

luí) 	crater underlying the \/neatan aquifer iL (leptlis ranging from 300 l; 1.000 

nwiers approximately (Perry et al., 1995). Marin (.1 990) has postulat,ed that, t he Ring 

oí. Ckliotes itirrns a subsurface. river sysleni, W ti L h wat( r draining towards i.1 a,nd 

discharging into the sea, a1 its intersection points with the coast fine. Marín (199(J) 

suggested lb al the Ring represents a no floks,  barrier except in Lite southeastern seg-

rnent oí' 1 he .R,ing where ground \valer flow is probably crossing the. Ring. Steinich KY, 

Marín (in press) round a lo‘v perineability zone in the westerti edge Of th.e sanie seg.-

rnen1. 11.1.te regkin itself is characterized by a wider spacing oí 1; he sinkliole locations, 

which is in. strong contrast lo the remaining Ivesterli segrnent or the Ring (Anony-

"nous, 1981 luid IJg 1) Thee circulnstances indka,te that the southeastern part oE 

die Y.ucatan aq ti i lcr is oí' special II) t.CISt ui orden Lo understa,nd th.e influenee uf time 

Ring oí' Ceriotes 011 	ground water flow reginw. The irresh water is yiresent as a, thin 

lens havin.g thickn.esses of 15 TI?, .licair the coast, 45ni aL Me,rida,. and aptiroiniately 

1.20 in 90 km - from the ccia.st(114arin, 1990; St(:•:!inic.h k•Marin, in press). 1:4',xceptfór die 

• t'arroz,  comentation hand along the coast, there is no layer that pi otects the groun(1

water from. direct intiltration of contarnin.ants. •There•is soine evidetice fo-r the exis- 

tence 	cla,y lenseS (Mar.in, .1139/1). Nevertheless,.this Clay repr esent s 	 • 

rnaterial and can 1101 be considered to be p•resent as d coi. ..11411911s layer..or• to•act..a.s. 

clii Itquitard (Steinkh & Marin, 	press). The .aquiifer is.th.erelbre .h.ighly .  vulnerable 

lo contaminador' (Marín &i.,• Perry'', 1.994). '1.1 i1(..City oí Metida •is . the inost irrip().rtarit 

Ccm.i.centration oí' population •an(1 industry in the 1)(..minsula, 	.Yucatalt Nlóst Of•the 	• . 

(Iritiking wa,teri is •Ileeded there but i nosl 01 11w contarninadl-m is gerierated. th.ére. as 

• well (Méndez . R 1993) Tite fresh water lens is the Only source oF di inkirig water in ., 

Peninsida so there is an urgent rieed for inforpution.. c,oncerning.the hydrdgeology oF „ 

• (lis region. • 
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2. Objectives 

FI te obj(Tti ves oí this stmly wer('; 1) to unap the water tal)le iii the region south oí 

the (Jity 	Metida., 2) to (1(..n4cribe water Cable variations and their conse(.juences for 

grounfl vvater rnoveinclit; 3) to find tite relationship 1)etween the hydraul ic gra.dient 

and fracture ori(mtation; and .1) to estintate the risk of (...ontamination in Lile Stild y 

11,S a COnSeq ne 1 1 Ce Of \-Vat(.11' labi e \'il.l'iiLiOI1 S . 

3. Methodology 

‘Vater leve1 measureinents vere made iu !8 ve lis distributed in the study arca as 

shown by numbered small rectangles in Lite nmp oí 1 ignre 5. Observation wells are 

in the majority of' the cases hand-driven water supply wells in villages and some 

waterAilled caverns (cenotes in the local language). A first-order topographic survey 

conducted by INEG1 exisis for the arca. Wells were tied Lo tI. is network using a level 

and stadia. \N'as were selected so that the nearest benclunark \vas no!; more than 

300 m away, for most wells however, Chis distance was much smaller. Elevation of the 

wells were determined \villt a maximum error of 0.2 cm. Water leve' was measurecl 

with respect to the leveled reference point •with a maximum error of 1 cm. Water 

levels in 21 of LI te observation wells were measured in 3une and in ()<,-..tober oí 1994. 

The oLlicu 21 wells were tneasured only in October of 1991. In order Lo observe short 

time scale va.riations oí' the water levels, some of the ‘Nrells were visiteci up to four 

times uring October '94. Water level data were gridded using a l' 	grid and Lite 

water table surface \vas calculated by dii interpolation algorithin as used by Wessel 

& Smith (1992). 

Twenty-two electrical 	veys were coltducted wi Ihuju die st udy arca, The array choseit 

was that, of azimut hal resistivity surveys itt order to determine the orientation oí 

fra,ctures. Azimuthal resistivity surveys are ‘Venner type arrays, conducted with the 

same center point for different ¡Ingles with respect 	the 1101th direction. Within an 
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isotropic medium. measured resist ivity is the same for all directions. The presence 

oí fractures. however. imply anisoiropy in the electrical charílcierlsties 	rock-s, 

lIesistivity \Tatues vary ¿1.5 a function oí 	¿ingle with respect to the north direction 

relate(' to the orientation oí the fractures. 	his mal:es azinnáltal resistivity snrveys 

a useful method for the delermination of direclions (..)f enhanced permeability as a 

consequence of the presence ot fracture systems (Taylor & 1.1eming, 1. 988; Steinich 

Mar(n, iii press). 

Por the azinnálial surveys in (lis •study, spacings A 13/3  equal to 20 ni. (eight cases), 

21 ni (duce cases), 25 ni. (one case), 26 ni (two cases) and 30 In (eight, cases) were 

chosen, ilectrical surveys were conducted using a Syskal 111 lesistivityr meter. 

4. Study Arca 

The study arca is located in. tire Peninstda of Yucáan, southeastern Mexico. It is 

consposed of t he 	between. 90"00' asid. 88'51' west, 200 .1.51  asid 	north, 

rile Ring of Cenotes crosses thiS arca from WCS1:. to northea,st (Fig.1). Cenote density 

Within 11lW I mgis variable (SteiniCh &. Marín, in Press; 'Perry et al., 1995; Mar(n. 

°t'al., 1.990). . The ring is best developed iR its western segment \vi:1101...1S ...Collowed• 

. eastward by (1 zone of 1ow cenote denSity.. • A re.markable segirren.t is the one southwest • 

0.r Kantu.nil, cliara.cler ized by a .wider spacing itt 'enote locationS(Fig. :1). .• • • 

The study area, is characterized by a very heterogeneoirs distribution'. 	population. 

a,nd industrial piarás.: 11;s major conc,entration is in• the•northwest.-part. 'of, Lite study • 

arca, représented by Llie ti sities • of Menda asid U man , • the .former herng ale.. lar gest 

iii the. PeninSula and that \vid] the best developed. infrastrueture. • Another'regional• • 

• • certt(Tr is 	k)Cated. in the south. 'The south.eastern parí of tire 'afea has onlY salan 

TIttI density of observation .wells varies within tle:stitdy m'ea. Namelyin a zoue.. 

souilwest of Kantunil. t.here a,re very 'rew- f.vel.ls-a,va,ilable flor s:vater levelirreasuiremerits... 

due to the lack of berichMarks. «Azirnutind reSistivity surveys tveremade tu • the whole • 
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study are with a. concentration in 	zone solithsv(st oí' Kantuni1. This Ivas Lo shidy 

in mon,. 	this alea el enhanced 

Restdts and Diseussiou 

5. Water Cable maps 

IlaSed 011 1 110 \Valer tall10 111e1S111'01110111S 111 t,110 :18 obscry¿dion 	water table !Haps 

were !nade for duce dilferent times , Juno oí 1994, beginning of Ociolier (10'1g. 2) 

and 011 (.1 of Oclober uf 1. 994 (Fig. 3). The configuration oi the equipotential fines 

in „lune 91 is nearly identical Lo that al the end oí October '91 so we oinitted the 

.1une '91 mai) l'ere. Figure la shows precipitation curves ror tw() meteorological 

stations, Telchaquillo and liolca (Fig. 1). Precipitation \Tatues are nionthly average 

values ()V0 1' a period of 32 years (reichaqui1lo) and 12 years (11o1ca) (Anonynious, 

1.994). The rainy sea son in the study area is rroin June fo September, v.i tl.i 1,11e 

highest precipitation in Septernber. The water Labio oí Juno corresponds thererore 

Lo the period al the beginning of the rainy season, the water tal) le maps of OctDber 

represent tWO ‘valer 	conligurations in the trausition period from the rainy Lo the 

dry season. rVhis transition period is characterized by a lower monthiy precipitation 

(Fig. la) as \ven as 1)y a ("cercase of the numbcr of rainy clays in a month (Fig. 4b) „15,t 

the climatological station oí Holca, only seven days \vith pi O( 	ivhere observerl 

in October oí 1994 and 60 % oí the total tnonthly precipitation was registered oil 

only one day (October 
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2  P14.quipotential hnes at t1i b(..sinning oí' October '94, 1,e, (luring the 

iow \valer 1(..we1 1)c,..rioc.1 iii uneters al)()ve. 	Sea ICVCI. 

iii spi te oí' the signiticarit variations oí' (he water .1(:.,.AN:ls 	 be discussed lat.er, the 

\vater table configurations show some similarities. 111 the center lert parí-, or tiie 

study arca there i a remarkable iterad max.innun. This higli coi.uckles iii space s,viti.1 

zom..., of lo\v cc.motc.:.
! density (Hg. 1.). Study oí* prec4)itation and evaporation data 

show no indication (o i, 
 an 1ncr(mse‹..1 recharge lo the. a.qui.fer in this zoi ie. 1-1.o\ve\rer, 

Fon-11er investigalions usiiig (.qec.trical. resIstivily surveys showed that Chis is avone 
of 

lo\v pernwabnit y (Steinich 	Nlarin, in pr(....ss), This nlay account for the 

1.11axi1lintu in this zone. Iit the western part of 11.1e. study area, equipotential 
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are perpendicular lo 11 	litu; ()f.  ( el ()les \\ lid' 	t hal, 	k no grouffil \vate'. 

11()\t,  crul*4ing t he 	as predieted by Marín ( 1 )9()). 1)iscliarge (Iirect ion in this 	iu. 

is l()\vards l lit svesi, cuasi, oí' the 'eninsula (Hg. 1). 

21°00' 

20° 50' 

20° 40' 

20° 30' 

20° 20' 

-90° 00' 	-89° 50' 	-89° 40' 	-89° 30' 	-89° 20' 	-89° 10' 	-89° 00' 

Fig. 3 Lquipotential 1ines at the end or Ckt,ober 	i.e. after recuperation 

Lo the Ingit water leveis 	meters aboye mean sea level. 
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6. Water taJ)le variatimis 

During the obs(rvation period 	water leve! variations occured in soine 

Table sho‘vs some ex am pies oF the water ievels measn red in difrerent wells al, di ír(1.(-111, 

tin. R..s. With respect lo measurements lii Jume 91, water levels were low in the p(Tiod 

oí ()cimbel. 9th to 	th and return(Id t() vídues sii,n.lar to those oí June '91 after 

Oet()1..)er 19th. 

Water level at different times in meters aboye sea level 

Jun.94 10-09-94 10-10-94 10-11-94 10-19-94 1 10-20-94 

wel114  2.19 1.97 2.01 

well 1 i 2.35 2.42 2.30 

well 17 1.95 0.84 0.85 1.88 1.87 

well 23 2.23 1.06 2.42 

mit 16 2.00 0.91 1.96 

we1124 2.52 1.40 2.41 

well 2i 2.34 1.26 2.29 

weil 20 2.18 1.07 2.11 

wel122 2.28 1.18 2.23 

Tal), 	Examples 01". the wItter level.s measured.in (1ifferent wells'at.dibrent 

times in :l une aud ()(...,tober 	 nuinbers refer to Figure 5. 

A.ccording to the magnitudf.,:. oí' variation, wel.ls can be divided.  into t-,wo grouPs. 1.) 

Wells that show srnall water leve! - variations in the orcler of 5% - with . respect lo the 

une '94 values, and 2) kvells that show v(--wy high:variation.s .u.p. to 60%. 'Wells of the 

secorld group are located in. southeaStern part óf he.study arca, wli.i di xviii be referred • .• • • 
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to) as the 'highly variable z()ne (l.1\/Z}' (Hg. 

Fi 	Ifighly Variable Zone (1-1VZ). Nmubers indicate observation 

The rec Iperation from the low leve.! at the beginning of ()ctober to the high levet 

°cauce' inone week or less. 	¿lb shows that, a heavy rain occured on..()ctober 

whereas the first L clays of this rnonth were almost dry. The amount.of surficial. 

rec.harge. Lo the agnifer vas 	during these 	days which is thoub.iiht to be the 

reason for the low water levels measured at the beginning o! October alible :1 and 

2). The draining process caused by Ills•lack of recharge', affected. different arcas 

in di.ferent manners. This irnplies ti at . di.frerent independen.t .fracture systerns 

which have..Verysrnahl. or no connection bet‘vden each other. Water Jable oscillations 

in sud. independent systems can he yery different to.(..!ach other 	 :1981; 
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llona,.cci, 1995). \Valer in 1.11(i, 11.\'Z drained very quickly kviiile the 	in the 1.1.:',st 

of the Study arca, wa.s rehdivelySI I1 1 	Vas( drainage as observed in the 1-1\./Z is 

typical for un empiying process of large caverns and chalmels (Milanovié, 1..981). il'he 

surroundings of the 11V'/ 	ially die reported low 1)ermeability zone west oí it 

(Steinic.,11 	Mn íii ni press) may be representative of a diffuse How one a.s describe(' 

1.)y i3e('..k (1986). 

The illst drai nage of the IIVZ causes the. Imild 	oi a, high hydrattlic gradient towards 

the low perineability zone Ivest of .i 1;, A steep gradient in karst, however, is not 

necessarily relate(' 1,o a. real How (Thrailkill, 1.986). This may be especially true when 

nearby \\rens  penetra te difierent subsystems of the a.qui.fe,r. Wc propose that t he two 

di fierent gronps of wells h.0 1 í1i Lh is cond ilion. This would lead Lo the conclusion that in 

si:a° of the observed steep hyd rau he gradient there is none or very slow .flow between 

11w l.1.VZ and the nearby iow pertneability zone. 

1.11 ie heavy raid obse.rved on. October 1.41.1 (.1:4'ig. 41)) stopped the drain.age process and 

caused a.tiiiicrea.sc  of the water levels of the kvells in the 	‘vithin. a few clays. 

A.s a conclusion we postul.ate that th.e HVZ is an indepe.n.dent subsystern of intercon 

nected fractures, chartnels and caverns which is characterized by a high permeability 

with respect lo its surroundings. This zone has t:neferrecl routes ibr grou.nd water 

circulation. facilitating very quick draining and recuperation 

7. Ground water flow direction 

The observe(' water levet variations in the•HVZ cause the iMportant changes in the 

conliguration of th.e.equipotential Fines in the study área presented n Figures 2 and,{1. 

As 

 

d consecluence, g.round water .11ow direction W0IlJd therefore change substantially 

.between the .beginning and the cud of October 	Th.ere•a,re exaniples repOrted tu 

• theliterature that show that water talle Variations can. actually cause.....such a cl.ange 

Ri direction of the ground water circulation (Mihmovié, 1981).. • 

Figure shows that t 1.1( general.  ground water flow al; t he en d. of October., 	.s ifrom. 
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southeast lo nortliwest, i.e. towards the north 	kVeSt COaSi of the ) •j1111.tilia, The 

same situation wa,s round 11.1 hl-R!. 94. Th.e equipotential liiies in the (...a.stern parí; 

of the study area show the tendency lo 	e¿rst. This int plies that ílow is towards 

the. nortir coast of the Peninsula. 	 mor(: data, arc.%, nc..,,eded III tlis zone to 

con.firm this trend. How in 1. he .11-VZ is oricmdated 11.(..-%rly perpendicular lo the Ring 

of Cenoles, crossing it frour southeast Lo northwest along the. entire segrnent casi of 

the rnentioned head unaximum. 

A significant in crease iii t he water level was observed i u the wells of 1 he ft VZ aL th.e end 

of October '94. A consequence of . these oscillations is a quite diíferent configuration 

oí equipotential linos in ncarly the wholc study area (Fig. 2). The How (.1irection ni 

the 	is from casi; Lo \\Test , 	parall.e.I lo 1 he Iling of Cenotes rather tiran. from 

soti t;iieasi Lo nortlINVCSI as al ti ie. end of October 1994. In the center par!; of the st udy 

aren a depression zone was formed as a consequence of the lack of surticial. recharge 

and the quicker drainage of t he. HVZ with respecta 	its sürrounding. The d.epression 

zone may be explained by the presence of karst conduits with high transtnission 

capacities locat;ed below the afected zorre (111ilanovié, 1981). This is in accordance 

with the statententmade aboye that, grotaul Water How is. niairily déterrriined by karst 

secondary.  porosity. This depression reversos 	 ‘vaterllow •direction 	an 

extended arealtround it. A change of itshydrogeological. situation from dischargin.g 

- water in Juno.' and at Lite enci of October '94 to•rech.arging water. -at.. the beginin.g. of 

October '9'1 can. be observed in Lite FI \/Z. 

8. Azimuthal resistivity surveys and fracture orientation 

The .water levet trieasurements described so.  lar were used Lo determine Lite direction • 

of hydraulic gradientS. The ruearyground water .Ilow.direCtion is supposcd Lo folló* •• 

the hydraulic gradient. On t he other batid, real groimd watet—inovement ni Lu st is 

mainly lb ough diSsolution voids such as fractures, .channels and caverns (Got don, 

and•these (011(11111 'i are not .necessarily.paridlellso thc h.ydranlic gradient. As • 
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shown by (...lroves 	floward (1991), hydraulic gradietit is only one oí the paTameters 

that control sohltional enlargement. habil fracturc. width ca n canse 	en i argemen t 

oí fissures in a direction other than the hydraulic gradients. 

Niuca,tan karstic aquifer is in gent!ral a maturc‘, system, Fracture openings Oil the 

order of centimeters 	frequendy found 1 II ('Ores of varions \V(1 15 &Med in the study 

arca (kiar(n, 1.991.). 14low in fractures oí this size can be assuined t o be t'u...1)1110U. 

Dissolution processes in the. Yucatan Karst aquifer lave hect] actiVC al; least for t he 

last .125,000 yearS (Marín, 1.990). fl'ollowing a simulation si; ud.y made 1)y Howard 

Gro\res (1995), II is time period is sullicient for the fonnation of a rnaze How system. 

The domin.ant, How regidlo is probably conduit flovsr although there may be zones 

where diffuse flow prevails. 

A zim tui ial resistivi 	surveys can 1)e. used lo deterrnine directions of high . permeability 

i.e. preferential. directions of dissolution oí the linlestone (Steinich kr. Marín, in press; 

lfitzi & Andolsek, 	rl'aylor 	leming, 1988). Azinnithal resistivity surveys 

(.....onducted for this study liad spaci 1 igs between. 20 in and ::0 Tn. Statements abOut 

interpreted directions of high permeability are valle( for lengths within Chis order of 

nlagnitud.e. Azirnuthal surveys were conducted al 22 locations in the the study area, 

14 of' them: within the \7  Z. Figure 6 shows 'l'out. examples of the surveyS. A. circular • 

curve would 1)0 expected in a, terrain without •a preferential direction_of disSolution. 

Onbr orle of the 22 data curves shows a circular sh.ape and is presented in Figure 6a. 

Tiie otlier 21 azinmthal surveys differ from a circular curve. En. twó data curves, one 

direction for high perrneability can be identitied, in the othe.r.19 ..'caSes ., two or more 

direütions of enhanced perrneability can be round. Eaéh .peak can be interpreted . as 

representing the direction. 1br . 0fiC sol oí' enlarged -fractarres,•inaked•in .the exarnple• in 

Figure (1) by. two arrows. 

The thrm si les with .11-ss Iban two fracture directions are outsidc of th(-....1.1VZ. Ali 1.4 • - 

sitos in the VIVZ Itave LN.1. 0 or more interpreted fracture directions. Frequent •change • 

of hydraulic gradient as observed in 	11.17 Z tnay therefore be related Lo active 

enlargernent of lissures and the fQrrnatioli oía col 	conduit sYsttm.n.. as - observed 	••• • 
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Ill 1h(` 1-1\74. 

6 a. 	 6 b. 

6 d. 

r. Ga-d 4 .Exava¡.-Yles of.the 22 azi.muthal reSistiVity surveys condud;ed itl the. 

study afea, Ga is from tll(' Southwestpart of the study - area,..6b and .  

a:Sr in the- [IVZ, Gd is from the..northeasterit part: of the studrarea. • 

6a, shows a nearty Circular• curve., typical -for 	isotroRic 

61) shows th.e two interprete(' directions of enlarged fractures. eaCh. 

.marked by ¿in. ar.row. • 
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9, Relationship between hydranlic gradients and fracture orienl;ations 

Vigure 7 shows tle interprete(' itigh pertneabilit,y directions in the sttii.Iy arca, where 

each oí tiwse directions is represento' h an arrow. As iu section S, u.  frac t ure set is  

assigned ti) each direction oí high permeability. 

-90° 00' 
	-89° 50' 
	-89° 40' 	-89° 30' 	-89° 20' 	-89° 10' 	-89° 00' 

7 Interpreted directiOns of high .perineability usin.g 22 A.ziniuthal . Re-

sistivity Sur veys in the Study Aren-, • Each arrOW represents one 

directión of high .  twrineability. Arrows.Start aL its• respective resis-

tivity survey's tocation. 

(Jomparison. of t11e tWO difr(:,..rent equipoteritial rcgii.nes (J4'ig. • 2 and.: 3) with the equipo-.  

tential Unes an.d. interpreted high pernleability directions•(1 ig. .7) sii.ow. that. the re 	• 

gional•hydráulic .gradient coincides with á high permeability direction in 1.5. ca,ses„ • • 
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WilerellS 111 th(.' Odler SeVCI1 Cases, 110 COrrelat1011 can be found. 1.11is observation 

p1.1('.S that Én (le tilaiOrity 	SÉLeS, diere ÉS a direct relationship between hydraulic 

gradient and fracture oriental ion . Ground \\Tater  llow 111 diese cases can be assumed 

to 	parallel Lo the hydraulic gradient, which 	the other kut d implies favorable 

conditions for furt1.4er solution enlargement of the existing conduits. 

In Lile cases \\There  t,Ilere 15 110 COrrelati01.1 betWeet1 the hydraulic gradient and the 

fracture orientation, local ground water llow differs from the regional direction 	hy- 

draulic gradient. Ilalf of the sites outsi(1e the L1VZ are represen tati ve oí this situation 

1)1.tt Oil 	one out oí five sites inside the ITVZ. Individual conduit ségrnents may Len.d 

to be \ven aligned inside the 1.1.VZ while Lending to tneander oulside. Tortuosity of Llie 

flowpaths n'ay tlierefore tend to be lower inside Iban outside the II VZ. rrhis im.plies 

(J'al radial distances covered by the water are high. in the ITVZ within á specific tirne 

interval and Ibis could favor a more rapicl spreading of contaminants in the .1.IVZ with 

respect to its surroundings. 

Taylor <<T Plerning (1988) shoWed tliat the magnitude 	peaks of the resistivity 

curves can be related lo time density oí 	fracture subsystems. • Densi ties of tl-te saute 

arder of magnitude result in peaks of comparable size. Tire peaks oí the resistiVity 

curves are generally of conwarable •magnitude (Fig.. 6b-d), .whiclusuggests •that the 

different fract tire systems..areallwell develóped.. 

11 can. be Concluded frOrr1 the alignment of the •directions of the.  ..fracture systeins and.. 

hydraulic .gradieut tIint the hydraulic gradiént is a deterrninant •factor in: the..enlarge-

rnent of fractures by diSsolution, especially, in the .11VZ Th.e existence . of different;.. 

equally developed fr actUre systems itnplies that changes of thelydraulic gradient aré 

frequeát in •the HVZ so that neitlier of the observed .equipotential regiines can be 

assurned Lo 1.-)e asir - exceptional situation.. 
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Consequences of .the reversals in hydibaulic gradieiits with respect to 

the contamination risk 

1.1“s! conclusions concerning die frequeney of either of the two equipotential reginies 

ilitArC Se Ve re CO SC(1 1 ICUICeS í01' the C011 Laal .1 1 1111.10B 	of diff(.-Tent zones of the study 

arca. The (...laty of Nilerida has the main at.....cunittlation. (:)f i:mpulatioti and in(..histry 

111 nortlwestern Yucal: an. The. actual (..xtension. oí t 	(1 y 	rnark(xl. in Figure 5, 

This makes the 	of Merida the main soure(:: of contarnination in the PenitIsula 

of Yucatan. Ground water llow 	the Mc.!rida aren, is asstun.(1 to be from son.theast 

to ttorthwest (Méndez, 1993; Mat:..ín, j.990). 	configuration is sulworted by the 

equipotential reginles round in .)une - '94 and end oí' October '971. Contaminaras th.at 

dissolve in or kat on water flow towards ti:te !toril coast of the Península.. 111.1e 

e(pti•potential regim(•!, as -round at the beginning of October '94 revc.rses the ltydratilic 

gradients towards the soiit;heast. The regio]] al- Feel-m(1 by this variation is the IIVZ. As 

shows in Figure 5, 1;11e arca of the City of . Merida is loeated oil the ríni of the IIVZ. 

The -presence of the industrial zone, which is .tocated further to t he soiltll of •tlie 

increaSes tle tisk of bri nging con.taminants to the. extended arel, souitheast of the Ci l;y. 

_Furtlermore, is llas 1..)eett .reported that a lar.ge .well Iield is 10cated. to the..sontheast 

ExtensiVe ptunping of this field has cansed .a cone of depression Lo l'orín.-

the gradient has proba.bly leen reversed oil the solitheasterá• outskirts of. the • 

city (Escolero, pers.: cortunun., :1994). Low • tortuosit y .of the pathways• contrilmte .  

sig.nificantly 	tnagnitudeof:this risk. 

This • risk Should not be underestimated.. 	une. considers- • that:. th.ere are nó.state. 

owned - treattnent piaras in. th.e•Peninsula an.d . neither is there: a. •riatural elimination: • 

of conta.ruinants -froin the waste water before it rea ches the ground • water. iteactiori. 

of water rnovernent to .variations of the hydraulic gradient is •fast and .movetnent of 

arty con.ta.rninated.Wat( r that enters int o the aquifer rnust be assurrie- 4 - to spread out 

1'apidli5 (Milanovié 1981;.  Felton 	(F4urrenS, 1994). Low tortuosity.-of the•pathWays. 

may aggravate• Chis sil t'alioli. 



111, Dc(url117.11aci(n1 (1c las curar...turísticas dc flujo ... 	 /18 

.1.:1. Conclusions 

rr h re eSetS Oí W ate r lewel nleasurements were made 111. t he shuly arca. in !lune '91 and. at, 

the 1)eginniug and end oí ()etober '9,1. Water ievels in a selected gronp of observation 

wells showed variations up to 	% with r(ispeci., 	die JL.uilC levels, whereas the 

variations in die other \\rens  kw..m.e in the order oí' 	%. Base(' 011 the svater level 

.measu remetils two different equi potenti al regí mes were founfl. Major variations occur 

only in a ]iiiiitcd zone tui (-le southeast portioti of 	study arta, which was referrKI 

as the !light),  variable zone (11VZ). The 1.1.\/Z shows varying drainage characteristics 

with respect to its surroundings, namely drain velocities 	Lo be 

post ulate that the VIVZ represents a wide.ly independerit, Subsystem of interconriecteci 

fractures. 

1.1 wenty-two azimut:hal. resistivity surveys svc:.re conducted in the st udy anea .  Lo study 

preferential directions o.f high perineability. .Namely in. the IIV f zone, resiStivity 

curves show two 01' more peaks, generan)/ bcing o.f the same•order of mágnitude.. A • 

direction. of high permeability has leed suggested Lo be a consequence of th.eexistence 

of ítligned .interconnected fractures. ECU Ii peak of a. r1.•:sistivity curve mar represent 

therefore one systeni. of.such aligned fractures. • .aire(..tions of (lioso .al.igned fractures. 

could be relate(' to directions of the laydraulic gradient in the ala jor,ity pf the cases ni 

the way that -for each hydratilic'gradie,nt tllere 	Córresponding parallet system 

of 	•fractures. This dose•relationship.between. bYdraulic gradient : and . fractitre' 

systems show that the 1.1.ydr atine gradient playcd a..ina,jor• rolé in tire developMent of the • 

fracture sySten-is especial"),  in the ITU, The l'act that peaks iil. thc reáistivii), curves .ztre 

of the sanle orden of rnagnit ude.shows that different -fracture.sYst ems are equally 

developed. .Both . equipOtetitial. regimés•rnust therefore be (.xttally frequent, otherWise • 

orle of 	fraCture-  systems would exceed...the oller in.  im.portari.ce.- • :1 -leSe résults 

show that.  azirmithal r<-,sistivity_siirveys have a .1.ot o.f potential for the.  in..Vestiga•tion. 

agilifers iii fract ttred media, especially NOW"). Combined with hydratilic.data, 

The. variabilit y o" the equipotential. .regime rnay have severo consegnences tbr the • 



UT, 1...)dcrininación. 	caraelcrístieas r r flujo ... 	 49 - 

vulnerability of the aquirer 	contamination. The majo!. source 	contaminants 

is the City 	 located al t1 	north\vestern rim of the higldy varial)le zone. 

Ground water flote in Chis arca is different in the two equipotential regimes. In the 

case oí .J une. '91 as well as (Il(1 oí October oí '94, ground water flote is from southeast 

to north\vest. This is (.onsidered as the normal ground water flow direction, lit 

the beginning OE ()ctober 	however, the southern part oí' the City is located Oil 

a plateau 	the equipotential surface aL 1,11(' riel Or 	\/Z. Water could ',hen also 

flo‘v towards the southeast (>1 the City. This can also 	Lite case for contaminants 

reaching the aquirer in the southern part of the (."ity, namely for those contaminants 

that dissolve in O1 ha!, oh the water. 
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IV. Localización del parteaguas en el acuífero cáustico de 
Yucatán, México, combinando datos geoquímicos e hidro- 
geológicos. 

Determination of 1;he ground water divide in the 

karst aquifer of Yncatan, Mexico, conibining 

geochernical and hydrogeological data 
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Resumen 

.E1 acuífero de la, Penin.sula de -Yucatán es un. acttifero cíl,tsti(O, el. cual se caracteriza 

1)or su. alta, pertrieabilidad. Huellas del proceso de l.a carátificaCión, como los túneles 

y las cavernas (cenotes) subterráneos, se, pueden apreciar en toda la .Penín.sula. Sin 

embargo hay una l'icumulación de los ruismos a lo .largo de un.a.línea 

de.Cenotes....E1. anillo está relacionado: con el erát, er. de Chicxulnb, una estructura,- d.e 

itnpaCto enterrada que data del límite del. Cretáckofferciario. El Anillo de• Cenotes. . 

representa, 	vaxios de sus segmentos, una, zotia.de alta perrneabilidad y se ha prop-.-. 

• tiesto que actúa, como. un. río subterráneo,•el cual concentra. el .agua subterránea. y.  

la  coriduce hacia sus puntos de i.ntersectioncon la línea costera cerca, de Celestán y 

• Dzilain de ..131 avo. Basarlo en. datos hidrogeológicoS, se describe una zona que separa, 

hidil-iulicarnente dos segmentos del 	Se usó la relación f90,1 /C1 como trazador . 
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naturat para determinar direcciones de (lujo en el area (te est udio. 1,a combinación de 

los resultados permite ia identificación (i(1 parteagitas del sistema del río subterrlineo 

y su ubicación en la par te sur  del írea 	estudio Cruzando el Anillo  de  (!enotes cerca  

de la población de Aballi, 

Palabras clave: Acuífero Cárst u o de Yucataat, Anillo de (.."."enotes, Parteaguas 

Abstract 

The aquifer of the Península of )'ucatan is a karstic aquifer characterized by as high 

permeability. Karsi features such as underground channeis and colhrpsed caverns 

(cenotes) are widely preseát throughout t he \vh.ole Peninsula. ilowever, there is an 

accurnulatión oí cenotes along a circular line, the Ring of Cenotes. The ring is related 

to the Crater of Chiexulub, a buried 'Impact structure that dates .from. th.e K/T-L 

boundary. The Ring of Cenotes represeras on several seguidas a high permeabibty 

zone and is assumed LO act as an underground river t:hat collécts.ground water and 

bri.ngs it to ut two inter section points with the coast line near Celestain and :Dzilam de 

13ravo..13ased on hydrogeological data, a, dividingzone is.described that hydraulicallv.  

separates two segments .of th(..?r Ring. • .Using the ,$0,1 [Cli ratio .as 	nattiral tracer, 

ground water llow directions in the study mea - are describKI.. Combining the r esülts, 

the locatiun. uf the ground wáter divide of the underground riversysteniis proposed 

to be located •at the southei n. part of .the study :area, croSsing the Ring 'oí Cenotes .  

near the. villáge of•Abala. 

Key words: Karstic Aquifer of YUCCILIM, Ring of Cenotes, Ground Water Divide 

1. Introduction 

TI e aquifer oí' (le Península of Yucatan is a coas 	karstic aquifer. ft, is unconfined, 
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except for a narrow band parallel Lo t he coas 1; (Perry et, al., 1989). The Yucal an plat-

(brin consists 01 a mature karst system. ‘vith corresponding high permeabilities and 

hydraulic gradients (Hack and Ilailshaw, 1970; Marín, 1990; Marín et 	[987). 

The regional grOt d \Val, Cr ti OW is from southeast lo northwest (Steinidi & Marín, 

in press(b)). llowever„ there are severa! phenomena which cause di a IlgeS  i n  the  ilow 

regime of the aquifer, altering locally the regional southeast to northwest El ONV direc-

t'ion. 1) 'l' he Ring of Cenotes (sinkholes) is a circular zone of high cenote density, 

'l'he permeability along severa' segments oí Lb is ring is enhanced, intercepting the 

regional ground water flow and causing a concentrated discharge al its intersection 

points with the coast near Celest un al the west coast and near Dzilam de Ilravo at 

the north coast 01. the Peninsula (Marín, 1090; Perry el, al., 1995; Pope and 

1989; Pope et, al., 1993;). The Ring of Cenotes is related Lo the Chicxulub Crater 

(Ilildebrand et al., 1995; Perry et al., 1995; Pope el al., 1993), a buried inwact struc-

ture that dates from the K/T-boundary (ilildebrand el al., 1991; Sharpton et al., 

1992; Swisher et, al., 1992). (2) The aquifer's permeability is domínate(' by secondary 

porosity, present as fractures, underground channels and caverns. Steinich & Marín 

pres(a)) and Stcinidi & Marín (in press(b)) describe(' a. zone of decreased perme- 

ability in the southern part of the ring of cenotes nem Abala (Fig. 	neighboring a, 

zone with good int erconnection of voids and typically low tortuosity oí the flow path. 

The chemistry of the ground water is controlled by water-rock interactions in-

cluding mixing of the freshisalt water, dissolution oí' the carbonate rocks, evap-

oration/precipitation (essentialiy loss or gain of pure water) and redox rea( tions 

(Velázquez Olimán, 1995; Perry et al., in review), as ivell as dissolution of an evapor-

itic body round in the southern section of the study arca. Wrrutia-Fu( ugauchi et al., 

in press). 
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Fig. 1 Study area in the northwesterri part of. the Península. of Yucatan, . 

Biack points are cenotes that were.digitiz ed by the senior 

author from topographic•maps (.Anorryinous, 1981'1). • 

2. Objectives .  

The objectives oí this study are: to investígate local ilow directions ‘vith 	hydrogeo- 

logicalwid 	geochernical data,, and 3) to integrate the results in order to determine 

the local:ion of the ground wa,ter divide in the aquifer of northwestern Yucatan. 
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3. Study Aren 

This study mis conducted in the western secdon of the Peninsula or Yucatan, Nlexico, 

st u dy arca consists oí the region between 88":I0' anca 90"30' test and 20'00' a,nd 

21 301  north (Fig. 1). TI e Ring of Cenotes trayerses the study arca.. from west, 

(near 	 northeast (ruiar 1)zilam (le .1-• -..3ravo) (14.);, 1). t.1.111( study anea is 

characterized by a.flflt topography \\Thiel] is cut by die Sierrita de Ticul (Fig. 1.), a 

small land step elevating levels from typically -15 meters aboye mean sea levet (MSL) 

nora] oí it, to leyels in th.(.! range of 50 Lo .100 irwters in the sota!" (A non'rnous, 1.984). 

4. Methodology 

Water levet rneasureinents were ma,de in. 11 i11(: observation• wells 	th.e central 

part of the study arca. ililost Of these \volts are harld-driven water supply wells and 

sorne are cenotes (water filled sinkhnies). A lirst-order topograpliic survey conducted 

by the Instituto .Nacional de Estadistica, Geografía e Informática (INIi.M.1..) exists for 

the arca. Distances from the \Yds to the nearest •benchmark are lesS than 300.1w, 

\ven elevations were determine(' using a levet and stadia, with a Maxirrium. error of 

0..2. cm. Water 'm'eh were measured with respect to 1; he leveled reference point witli .  

a max.-lir-1nm error of 1 cm. Data wa.s taken iii ()ctober of 1994 -Measurernents tu the 

observador]. wells Were repeated up. to 'forir Limes.  within •a, tuvo Weeks.period 1fl órder • 

to compare the .OsCillations of the Water levelS. 

Twenty-one water sarnples were- collected from actively pumpingMunicipal wells. I a, • • 

rameters meas-  ured in Lite ficid viere temperature, pl.'', conditctiVity,dissolved•oxygen, • 

and• redox .potential •using a DataSonde 3. 1.1.1.1ree.sain.ples . were. tallen aL each.si le 

• for the deterrnination of al Lah ti ity anions, .and cations- 	Alkatinity .wa,sdeterrnirted 

within 2'l. hpurs by Gran titration (Stumm. &,:i\florgari, 198.0 using a 1 1a u 1dt and • 

1 O N 112 SO4 .. Sarnples for anions and cations - were..collected.• in •125.1-iii. pi.astic bot-.• • 

tles previously waShed in dilate 10% 1.1 N: 03  a' id NVIder. samples Nvere filtered using- 
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a 0.2 ¡.irte, pore diatneler. Samples were storcd in a cooler and previous to analysis 

were stored in a dar': refrigerator at 1° C. Anions were analyzed using 	chro- 

watograph with a Dionex ion suppressor and a conductivity cell. The cations were 

analyzed using a Wel:1111111 V DCP hl S lila. The laboratory amlysis were conducte(l 

at the Geology 1)epartnient at Nortliern Illinois University. Allsamples liad 	wass 

balance error Iess than 	(\/elázquez 	l995). The pll-meter vas calibrated 

using 1,0 and 7.0 buffers. The electrodes for redor were calibrated using quinhydrone. 

A flow-through device \Val.; U Sed for the field pararneters. lleadings were taken once 

the samples 	stabilized. 

Results and discussion 

5. Hydrogeological Data 

Marín. (:I.990) and. Marín el al. (1989) have propOsed that the.:Ring•of Cenotes is a 

high. permeability zoilo that acts as an nnderground river intersecting.grotind water • 

How • as it ..flows from sonth lo north. • Groutid water is intercepted by•th.(. Ring, and it 

disch.arges at either of two intersectionS. with the . sea. 

Sine ground..water is discharging al both endsj someWhere 	 Itinginust 

exiSt a ground Wáter divide. ThiS hypothesiS. is supported by tlifeeliries 	evidence... 

1.)•on two north-Sonth transects, water •level.W.ith. 	 sea Joyel first .in-- • 

creases with dist anee away fromthe• sea, arta. tlien..decreases, havin.g lcica,l niinirria. 

Wat,the intersection with the •Ring.• 2).  A Irigher density• oí siilmnarine springs is oh-• 

se Ved using Theinatic Nitapper images . at:Dzilain (le 113ravo,. the intersectioti.of 

eastern p( rClon of the.. 'Ring with. the Sea (Marín•et 	I.989).. 3) Sana • bars al the 

two i. nterseCtions, Celestun and:Dzilarn de13ravo„; (Fig. :I) remain .open..Csand trans-..-

port occurs from .East to Wcst along the•cOast) . (114.arin, 1990).• The .Saine - author.. 

iiientions 	ground water llow is probably cróssing the Ring in its southernpart.. 



2.4 — 
[m] — 

2.2 — 

2.0 — 

1.8 

1.6 

1.4 — 

1.2 -- 

LO — 

0.8 I 

0.6--

0.4 

0.2- 

H
ea

d 
ab

oy
e  

M
S

L
 

117. Localización dcl part(::ayiuts 	ci trcuffcro 	 59 - 

	1 	1 	. 1 	1 	1 	1 	1 	1 	1 	1.. 	I 	•1 	1 	1. 

	

4 	6 	8 	10 - 	12 • 	14 

[days] 

9  
Watúr lévei..Nratia,tions in niné.observatión wells 'In the central part 

oí the study arca'. Measurernents are .froni d two week.S periód tu 

•October oí. 1994, day orle is Oct.. 9.. Well locations afe.shown in 

Vigure 3. Wells (a.) ílnd . (1-)) are loc,ated •west and wells (e) Lo (i).east 

of the interprete(' dividing zone. Water levels are •in meterS•above • 

alean sea level. 



20° 15' 

20° 00' 
-90° 00' 	-89° 45' 	-89° 30' 	-89° 15' 	-89' 00' 

200 45' 

20° 30' 

21'1 00' 

vIerida 

Kaniuni1 

Teeoh 

S aealum 
0 

O km 	 20 km 

1 V. tmealiwción. cl  /)(1?I.'(tq u.a' encl ant-11"cro 

Fig. 3 Gry shaded avén, is t;he proposed loc- ation. .for the. di viii ng zone,as 

dedticed -fronl - the hydrog- eológical 	to [i} are the obs-  ervation• 

\vas. • 

Steinich and .1\larín. (in li?ress(a)).described 1.ater¿,11 •pertneability,variations..along.  the • 

U u ng USing:electrical soundings tIicy identifieda..zone of relative,13- / 

.nea,r Ablda, (Fig. - 11.). • Whilé the Ring west oí. Abala is charactérize4 by • a nárrbw. 

ba,nd with high"cenote density, the segment:neai. Tekit (Fig. 1) shows. a brol- vd. band 
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¿Ln(I lower cenote  :eiiole lei1iI\'. Marin (1990) suggest ed that, ground water How (.1)t1 1(1 cross 

the [ling near kantunil. Steinielt and Marín (in press(b)) proposed that. this zone is 

highly variable zone with respect to water levels and flow regime. Iii C 'line \\lens  

monitored are located within 1. he 1 ransition aren, between the low i)ermeability and the 

bighly variable zone. Figure 2 shows the water leve! variations within a time period 

of 	days  itt ()101)er or 1 991, The grapb shows that va ter level d' auges drastically 

itt some wells while the level itt anollier group oí wells stayed iiearly m ulle.  viven  

though the clistance between (bese two groups oí wells is on ¡y severa' kilonieters and 

the karst aquifer is assinned to be highly permeable, during the first three days oí 

the observation period, \valer loss in the losv level wells (c to i in Fig. 2) teas not 

compensate(l by flow from 1 he high level xvells (a and 1) Iii Fig. 2). %sed on diese 

bydrogeological data, it is asstnned that there is a zone that disconnects hydraulically 

the two subsystems within the aiuifer. This dividing zone is characterized by no How 

O I.  Ve ry s 1 ow flo‘v through it Figure 3 slmws its localiot 1 as a gray shaded arca and 

the observation 

G. Geochemical Data 

he foliowing discussion is based on geochemical data pi esented in more detail else-

where (Velázquez Olimán, 1995; PeiTy et al., in review). The geochernistry of the 

giound water in Yucatan is primarily determined by mixing of water in a fresh water 

leas with an underlying salt water intrusion and by the dissolution oí` evaporite and 

callonate rocks. Dissolution of evaporite leads Lo tUi enrichrnent of natural waters in 

sulfate,, so the ratio of SO /C/ can be used as a .natural tracer (Velázquez Olimán, 

.1995,. 	Perry el al., 1995). Values for SO4 , CI and the r¿Itio 804 /0 of twenty-9ne 

observation wells are repúrted in 'rabie 1. 
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Sample sito Sampling date SO4 bnetilli CI 1 meq/11 SO4/C1 x 1000 

Abala [01] 08/25/94 3.75 7.62 	r  492.1 
Chochola [02] 08/22/94 2.76 10.91 253.0 

Homun [03] 1 0.35 3.1.1 112.5 
iItilli [04] 042/93 0.38 3.36 113.1 

Kantnnil [05] 04/25/94 0.46 4.63 99.4 
Kinchil [06] 12/20/93 1.30 9.42 138.0 

Kopoma [07] 09/10/93 7.31 17.25 423.8 
Mama 103] 06/22/93 3.20 5,23 611.9 
Maní [091 06/24/93 4.82 5.76 836.8 

Opinen [10] 08/25/94 7.74 13.11 590,4 
Oxkutzeab [11] 09/10/93 2 45 5.30 462.3 

Socalum [121 08/25/94 585 11.80 495.8 
S.Antonio T. [13] 12/22/93 3,08 12.44 247.6 

S.Iose T. [14] 12/18/93 8.30 14.56 570.1 
Sama [15] 06/22/93 052 3.52 147.7 
Teeoli [161 08/23/94 0.47 4.46 105.4 
Tekax [171 09/10/93 2.45 6.99 350.5 .  

Tekit [18] 09/09/93 0.90 3.57 252.1 
Telchaquillo [191 06/24/93 0.55 3.42 160.8 

'Ficul [20] 12/17/93 3.91 6.99 559.4 
Tzucacab [21] 09/09/93 11.36 10.37 10955 

Sea water* 56.42 545.84 103.4 

'rabie 1 Values oí Sal, (71, and ratio of (804 /C0x1000 for the twenty-one 

	

ground water sa'tnples. Numbers behind the sito 	the first 

coluinn are the same aS lía Uipire 

The ratio (801/C1)3.1000 for sea water is taken frorn Dreyer.  

(1988). 

	

Waters .íron the fresh water lens can be grouped as follows: 	sarnples with. a sulfate 

tv chloride ratio similar Lo that of sea water, 103.1 Wrever, 1988); and 2) samples 

with a ratio of 801/(7/ greater than 300.0. 111 the first group Sal  /CI is controlled 

primarily by mixing oí' the fresh water leas with the salt Water intrusion. l'his group 
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Fig. 4 • (904 /0):i;1000 for 21 grótind. water samples. Sarn.:Ple. site 

are shówn .as small nurni)ered rectangles (runübers referLo 'rabie 1)..- 

Perry et al. (u l. review) presen.t evidence that san) pies oí th(.7 secorld I'()1..1 i.  are m.ainly 

inlluenéed by the contact with and dissobition of evaporites located..in:the southeru... 

• part oí' the st udy area. 	Yalues extend in . a.zonc:.! about 20 km.wide that .11. niOre 
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or less paralld lo the Sierrita de Ticul (Vig. 1). The highest ra.tio oí ,501 /(11 (10).5.5) 

is - found 111 the southeastern part (..)f the. study 1-tre.a i1 Tzucacab (--89.05 ven, 20.08 

north, 	/0. Although \ve. can deduce that th.(-.we is, in this zone, an evaporite 

source of sulfate lying in or aboye the rresh water lens, .frorn. the data. available it 

is not possible. Lo locate more pr1.-..cisely ibis source or sources because. none of diese 

waters is ne;-.1r saturation svith. respect Lo gypsum, Tliere is a gradual (-1e.m-m,s(.. oí' 

301/0 toward ti  he  north. or the, evaporite zone. It is probable that the preferr(41 How 

direction of the sulfate-enticlied \\Tater  frorn Lite evaporite zoite. is towlirds the svest 

coast. As shown by .Perry et al. (1.995) the water froto the. (..ii'el..%•tun \vater works 

(near the east coa.st, Fig. 1.) has a S0.1 /C1 ratio similar lo that al; Koporria. This 

ground water flow direction \vas also proposed by Steinich and Marín (in. press(b)). 

-\Vithin the gra,y sh.aded arca in. Figure 4, houuded -by Abala, Tecoh, Sacaban and 

Manla, the contours of 804 /C/ cross-  the .Ring of Cettotes ni a sharp aligle. iii 

contra.st, the SaL/C/ ratio &creases grad-ually northward 	tlie western .part af the 

study area as .has already been. iu.eiit Oil 

7. Loeation of the ground water divide 

Cornparison of the results of the hydrogeological data (Fig. 3) and the geochernical 

data (Fig. 1 and Table 1) show a, good correspondence between the location of the 

proposed dividing zone and the sharp decrease of the SO /(i/ ratio. We propose 

that this zona dividing Lite How system of the aquifer, which is characterized by Lite 

observed drop in the ground water 80,1 /C/ ratio, is a ground water divide. Thus, we 

euvision that sulfate-enriched water foto t he evaporite zone 'toar Tzucacab 

Ilows Lo the north, but the 110w is then deviated towa,rds the west oh a How path 

betwcen the Sierrita de 'Field and the western segment of the Ring oí C')enotes. This 

sulfate-enriched \water from Tzucacab, therefore does nos cross Lite fling of Cenotes tú 

rcach sises 1ike Tecoh (well 16) and Telchaquillo (weli 19) (Fig. 1, 'rabie 	Based on 

these results, we propuse that Lite ground water divide is I0( t1 	011 a line that, in the 
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north, Hes van of Abata (\ven 01), but  west of  Tecoh aud Teichagunio  (samprint2; sitas 

1, 6 and 19, respodively). It crosses the Ring of Cenotes tvest oí TekiL aMd nondleast 

of Sacalum (sampling silos 18, and 12, respectively) cm its ~diem seel ion. The 

possíble arca of tihe ground water divide location is shown in Figure /1 as a gray 

shaded anea. Varther Lo t1ic east, we 1ack sullicient geocliemical data to trace the 

movenient of the sidiate-enriched plumo, 

8. The low peririeability zone near Aluda 

The only simple nort.h of the Ring of Cenotes having a high 804 1(71 ratio is Abata 

(Fig. 	which is apparendy in cont rast to the ground water divide-hypothesis pro-- 

pose(' ila Section. Seven. Steinich 	Marín. (in press(a)) showed that there is a, zone 

of relatively low permeability ro,ar the village of Ah la. Peak \mines of .water. leve! 

with respect to mean sea le-vel. were -found in the same . asea, (Steinich 	'Marin, in 

press(b)). The crea near Abala scems to be of special interest for the hydrogeology 

of the aquifer. 

There are two possible reasons to ¡Account •for a "high.tracer cite" north of the Ring of 

Cenotes: 1.) the high content of SO1 is elite to sulfate-enriched ground •water flowing 

from south Lo north, or. 2) there is a, source. of 801  near the arca of Abata .. 

SteMich. Sz Marín (in press(b)) sh.owed that ground water may Cross the :Ring from 

southeast 	•northwest through. the segment between the lowperineability zone 

Kantunil.. This •flow is assurned to be focused on a, ti" path along • a system •o.f 

aligned fractures Iravin.g this sanie direct ion (Steinich .& Marín, in press(b)). Based. 

ou. the discussión of Section nye, thisl-low imist occur east of •the d.ividing.zone. 

sulfate enriched ground water reaches the anea near A.bala„.the dividing zone trmst be 

interrupted in son place :and a kvdraArlic gradient from east to west iiiust be. present. 

1\ileasurwl • peak values o•fth.e water levet 'in different periods •of the year (Steinich. 	• 

Marín, in press(b)). sean . to reject Chis hypothesis, although a temporary r(:rversal in 

hydratilic gradlent can noi; be ruled out in. sucia á highly púrtneable karstic 
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9. Conclusions 

Integration of hydrogeolol.lical and geochemica1 data was use(' to identify the ground 

svater divide in the aquifer of northwestern N'IR:atan. This conclusion is based on: 

1) t'estás 	hydrogeological data which made it possible lo identify a zone dividing 

the aquifer 'nao two subzones. Water oí eitfier of the subzones is unlikely tu reach 

the other sub zone, 7.) Geochemical analysis of 21 ground water samples Laken in 

the study arca show that, the ground \\Tater  in the aquifer can be divided into two 

families, one in contad with an evaporite body located in the southern parí, oí the 

study arca and tlierefore subject to enrichment 	suifate and another family which 

is relatively poor in sulfate and can therefore 1.)e assuined not lo be in contad with 

the evaporites. The sulfate-enriched water could be used as a. natural trace'. to 

determination of local Now directions of the ground water and the location of the 

ground \valer divide Nvithin the aquifer. The proposed ground water divide has a 

southeast to northwest direction and is located between Abala ílnd SaGthun on the 

west and Tecoh. and Maula oilthe casi, sido. 
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V. El papel de la tectónica local en el desarrollo del carst y 
la hidrogeología en Yucatán, México. 

The role of local teetonies on the karst development 

and the hydrop;eology in Yucatan, Mexieo 

I3irgit Steinieh" Luis E, Marín" 

"Instituto de Geofísica, Universidad Nacional Autónoma de México, 

(41. Universitaria, Nlexico City, Nlexico, 	R 0/1510 

Water Resources Research, en arbitraje 

Abstract 

The spatial distribution and size oí' n.early 7000. si ukholes of the Yucatan 

WaS studied. The Yucat¿In Pemnsula can 1)e divided topographically. into•an upper 

and a IUWCE platfortn,.both . showing intenSi ve karstificatiou. Siukbole . distribution in • 

both platforms is .uot .homogeneous; sevéral chistiers and aligninents can be kletitified 

throughout the study area. Sinkholes ill 11.e. upper,. older, platforin tend to he larg. er. 

th an thofÁe on. the lower platfor rn. 	( .xplained. as. a Consequence•of the removal 

buoyant support and the subsequent collapse 	•t he cavity• .rdofs on. the uppe.r.  

platforrn dite to greater depth to.  the water talle. Two local •tectonic features are 

relevant for the spat la! disCribution of the sinkholeS, a. transforru. fault,.relatedto the 

ope.ning of the Gni(' of 	 irrwact StrUCO:ire, Lite eralkr. off ChleXt111,1b, 

BOHI. • 141.11C t tire:4 for.rn.ed.se(:limentation basius in the•vélst and ate now buried•beneath 

several hündreds of meters of Tertiary Sedirnents. Sinkhole densitY isHhigh opon 

the ancient mralls ol the seditnentary basins and low upon their:bottorils. and tesis 

Stress. .release . fra.cturing along.t he.  walls as a con.sequence of differential.compactatión 
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rates is propuse(' lo provide initial fracturing and (-rea t e  goen l ¡n 'aja! condjtjons  for  

the karstification process. 13ased on the observe(' close relationship between loca l 

tectonics and distribution of karst, fent tires, difterent 'hydrotectonic domains can be 

identified for the Yucatan karst. l'he must striking example is the Ring of C,enotes, 

a circular alignment uf ni 	identified by Comer studies as a 'lig') permeability 

zone, As a wodel for the formation uf the N/m.1)1,ml I;arst, \ve pro pose that local 

tectonics provide the initial fracturinl.?; lo the limestone, climatic and mixed water 

c.orrosion acl as selection faclors for the opening ()I the existing fractures rasad that 

the variations oí the water level in time .represent the decisive factor for the collapse 

(•)f.  the cavity roofs. Vollowing Chis formation model, the existence of a second circular 

high permeability zone is proposed related Lo Lite Crater of Chicxulub similar to the 

Ring of Cenotes, located ‘vithin the first ring. 

1. introduction 

The study arca is located in the Peninsula of • Yncatart, southeast Mexico (Fig. 1).. 

peninsula of .- \.'ucatan is a nal.  Karst platform with a. sinooth topcigraphy r.anging 

from a H.few meter aboye mean sea leve]. (M1V1S1,) near the coast to a maxiMum of 

• approximately 100 IVIMSL in the southwest et u part.of the study atea [Ationymous, • • 

1984]. l'he Peninsular of \'U atan is characterized. by the presence of burnired.s..of 

sin.kholes. Dtie to llie flatness of the topography anal a sh.allow .water - table, miinerous- • • 

sinkholes ;,t re filled. with . -1.1.(.s11.. wat er,..cálled "cenotes" in the-. local. language-. 	An. 

unknówn: percentage of ILe caverns llave collapsed roofs and are mapped' ás sinall 

circular sales [Anonyrnous, 198/1j. Ile.cenotes represent •a:•- superficial eviderice .of 

a well developed:subsurface karst sYstem. with inte.rconnected. fractures •alld - channels 

which control the h.ydrogeology of the.P(ninsula, of Yucatán je .g.• • Marín i1.999; . Steinich • 

Marin.,4996.; Sten-1kb &I\larín, 	 distril)utiori of -the siukholes 

is n.ot homogeneous throughout .  the Peninsula. - The most striking feattire•is the Ring. . •- 

of Cenotes, a circulai.• alignment of .cenot es.  [An.onYr.nous,-  1984].• Sevei al. authors ha:Ve. • • 
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proposed that th(swe i- t spatial (...oincidence oí Ibis I.Z.ing oí' Cenotes with the (...licxulub 

Crater [e.g Pope, 1991.; Pope el, al., 1993; Perr.,  el al., 1.995], The 	 Crater 

\VaS d.eSeribed 1-)y several authorS as a. meteorite iínpact °vent that occured al the 

hrt-houndary 501110 65 Million years ago [1..)ertlield 	 1981; llildebrand et 

al., 1991; Sharpton el al., 1.992]. 

Fig. 1 Study Arca in the northwestern part oí the Poninsula oí' Yucatan, 

Nlexico Su 1111 black dots are subinerged sinkholes ((. enotes). Dry 

sinkholes are not represented in th.is Figure. 
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Currently, tht..,,re are two schools uí thought regarding the size oí the cral,(..w. harpton 

el. al. [1993] have proposed ti at it is oii the ord(..,T of 30() kIJ 	n dia/tneter, w he reas 

llildebrand el al. [1995] have suggcsted that, it is on the order oí 180 	Only about 

of the structure is local/e(' on-slb)r(7., the remaining part is oír-shore 11.1 tlw (j'u' f 

of 111exico [Sharpton et al., 19921. l I ie vi rl 1.1 al proje.(4,ion of the crater t.i ti o u lo 1 he 

Sil nace interscets Ilwrefore once the w(,:stern. segment and once 1 he northern. 

of the coa.st line. As a consequenc(., 01 niIlious o years of se(lithentation, the structure 

is 11 (.)W buried 1-)etwath a th.iek layer of. T(1 ti 	(...,arbotiate sc.xlitnents ranging from 

220 ni at, 	erater Fi [11 to 1000 lit "leal' elle center [Perry el al., 1995;. 	M.arín, 1.991]. 

rneleorite that created the Chicxulub Crater len ut)on anolber tectonic si/ruct ure 

rdated to the opening of the Gulf of .11/Lexie°. This lectonic prOCCSs corresponds lo a 

rotation of the )71.watah biock wit h respeet to the North American . (,...,tontinent which 

began in the 1,111,:?, Jurassic [e.g. Hall et, al., 1.982; flurke, '1988; •Dunbar & Sa,wyer, 

j19871. An observed gravity low on the Yu.calan block was interpreted as . crustal 

thin.hing or in.eipient rifting associated with the opening Gui f [e.g. Sharpton et al., 

1993]. 

2. Objectives 

Tue ob jecti ves of this stuly are: 1) lo describe the spatial distribulion of the sinkholes 

of the horthwestern Peninsula of Yucatan; 2) Lo identify the relationship between the 

surface karst feat ures, the, Chicx ulula ( rater, and the transform fault; and 3) to de-

termine the role of the Chicxulul) Crater and the ti ansform l'aun, in the hydrogeology 

oí the Peninsnla of Yucatan. 

3. Met lodology 

u sinkhole lo( ations viere obtained by digitizing topographic nlaps ‘vith a, scale 

: 50,000 provided by the instilado Nacional de Estadistica, Geografía e Informática 
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(. .IN114.X1) (.)111,1c.,,xico [Anonymons, 19811 (11.1ravil•y d11a. \vas provide(1 1)y the Lunar miel 

Planeta.ry :Institut(..! in Houston, 	a.s a 0.01."x0.01" gravily unatrix, Interpola-

tion arad graphical representation (s)i the gravity dala was (..•.onducted with the 

Mapping Tool (GMT) sonsmre package [Wessel and. S111111,1992] on a SUN \vorista-

Gnu. (...igomputer prograrns for the interpretat ion of the digitize.d data, were writ ten by 

the senior author. All figures were generale(' \vith 1 lic (.11M1.' )ackage,. 

4. Local tectouics 

4.1 The transforrn t'ata 

Tlie tecton.ic history of the Península of N/tic:atan is rclated to that of the opening 

of the (iulf of Mcxi co. 1)iffereu1 authors agree that the Yucatan. block obtained its 

actual position as a result of a rotational rnovernent away .from. th(s.! No.rth American . 

Conti nent, nevertheless, di rferi rvg rnódels oí the type of movernenthave been propósed.. 

Hall et al.. [1982] suggested a 2/1') counterclockwise rotation with a. rotation Cerner 

approximately 90 km Hort heast of Acapulco in Mexico, whule Dunbar and Sa,wy.  er 

[1987] proposed a 450  clock\vise rotation with a, rotation cerner son 1i of•thelFlorida 

Peninsula. 

A linear., slightly curved gravity Iow starting near 89"30 ..west and 19 30' •and cross-

ing the study atea, from. soullil Lo north was observed fe.g.:14.ildebrand .et al„ 1991; 

Sharpton.,et 	 and inter.prel;ed by . Sharptowet al. -  [19931. as .crustaLthinning or • 

incipient rifting related Lo 11w opening of tle•Gulfor MC'KO Thick eVaporite units 

were ifound. [e.g.• . Sharpton e,t .al ..,1993]. in. cores from several wells drilled by PEMEX 

iii this :arca, Suggesting• that •11w possible end of th(:•transfórm fault represented a 

stationa,ry sea basin, 1-iecessary for the .accurruilatioti. uf -such thick evaporite layers 

[Tucker 1985].. T.he gravitY rnap shows. .two additional gravity. lows \,,est - and  east 01 

the main structUre, \vhich rilay be related to the same tedonic process. 
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4.2 The Chiexulub Crater 

A nearly circular anomaly observe(' in gravity and mnetic data on the Peninsula 

oí Yucatan was first interprete(' to be a meteoritic intpact, by Pen ield and Camargo 

{19811 This impact event took place 65 	years ago and is believed 1,0 be 

responsible for t he mass extinction al the Cretaceous-Tertiary boundary [11ildebrand 

et al., 1991]. Sharpton et al. P9931 proposed Lb al the crater resulte(' from an impact 

event that excavated initially to a depth of 17 Lo 20 /in \vitt' a trattsient, crater of up 

to 60 /cm deep. 1'1111, of the material ejected during t he *Impact collapsed back into 

the excavation and partly filled it, up again. TI ese breccia deposits where round in 

several cores from dcep weils chille(' by the Mexicali Petroleum Company (1)KMEX) 

[Sharpton et al., 1992] as well as in cores of two wells drilled rcccntly la the area 

[Marin, 1994]. Camargo kk?.-., Suárez [19943 interpreted a thidc, acoustically transparent 

sequence as the layer of diese breccias deposited short ly arter the inwact, 

The arca inside the crater beca me a depositional basin during the Tertiary. Perry et, al. 

[1995] reported the presence oí Oligocene strata inside the line of the Ring of Cenotes 

but absent outside oF it. The seismic sections presented by Camargo Sz, Suárez {19941 

show the comMete sequence oí Terliary carbonate rocks whith increasing thickness 

towards the center of t he basin. Presently, there is no ma,,jor topographic evidence left 

of this sedimentary basin {Anonymous, 1.9841. Progressive flattening of the seismic 

reflectors can he observed tu the seismic sections of Camargo &TSuárez [199/1] during 

the Tertiary. 

Results and discussion 

5. Spatial distribution of the sinkholes mi the northwestern Peninsula of 

Yucatan 

• The topográphy of the studY arca consists of two inajor, neariy horizontal phltfórins 

which are separated by a. sinali latid. Step, (he Sierrita.(Ie.Ticul (Fig.. 1). .The surface... 
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of the lo\ver phltforni, bet\vcen the !and step and the coast., cuts carbonate 1ayers 

from the Hocen() lo the 1)liocene [(Jersienhauer, 1 )871. The ama 'Inside the Ring oí' 

Cenotes (Fig. 1) NVIIS pr01)0Sed 	a sedimentary basin during the ()1igocene [Perry 

et 	1995] \vhich \vas conclucled from lije absence of the Oligocene outside the [ling 

of Cenotes. 

21° 30' 

21° 00' 

20° 30' 

4P 

'fp 1 
ir 	 • 

	•4 	.1.  

20° 00' 	
• * 	 ,e. 	

• ,,1#171, 

	

ij:::::;01 • 	 w.„1...:, ::. 	• • 	.1. 
;  .- .  

v  , .w.,-::::-1• .,,.,:,  
it, - . 	..,1 	liti 	 51  

. 	• 	',oí 1 e i 	; r. : 	 .„ 	isi• 	. 	ti"-, .., • 	 o 	 "4.. 	
Vil 1. 	4 	le 	 .1 't . 	e , .11 , 	:. 

1 
9 90 .1 

	

. . 	 t  , 	fr,  . 	
49 ..i iilk ... - 	• 

I 	4 ajá 

	

IP • . 	á. • 

1  4 

é•t° 

r 	

.: 	
14 	

• 	
. • • 	 4 

• 	•e• 	4  
A 	 44 Oh ° 

19'30' -----z-2-_---1~~~msivanora 	
. 

	 ;;Iallionam~~7:vaiii. 414 	
......_____A— 	. 	

, 
 

-88° 30' 	-88° 00' 

Fig. 2 Itepresentation oí submerged (cenotes) and, cuy sinkkoles in the 

study area.. Gray shad.ed arcas, labeled (A) Lo. (G), are clusters 

anual alignni.eu.ts of si nkhoies discussed. in the text. 

1 

1 r „ 

.., 

	

•• I 	• . i., , . 
. • 	 I. / 

• . 	• „á, 

.• 	: 	 • _ 	.. 	•.4  ,.. 

• e 	 ' I  : 	.4-. e ,<- 0 I .. . 	 ' 	.10 
, 1 	— • .9, 	. e. 

§ • V , 	11 	' 	 • 	. kii g. 
' 	s' . 

• ./ o 	y 

i 	o 	o 

1  or.11 3/  tie:1 5 .4 Le I ” 	 4 
.. 	1 

. 	
•• 	

„.‹.. J. ,.. 
. P , 1 	r • ., 

. 	. L 	 1:* 	 1 	

• i. 1 

• 

11.0,4  
é 

-90° 30 	-90° 00' 	-89° 30' -89° 00' 



/)U. /)(/ (l c:' 	/urlónica local 	 77 

The formationof 	upper Wat form Was Gateei as 1,:ocolie R;erstenhauer, 3981. no(11 

1)11111'011ns shOW .1111,e1 Si V(. kar8titkal 	Nearly 7000 sinkholes have been mapped ni 

the study area[Anonymons, 198:1j Uld ¿n'e show!' in Figure 2. In the case oí the upper 

platform South oí the 1and step, the kavstification \vas active prior to the entergence 

oí the lower plalform, 	during the upper li.,\ocene, the Miocene and the Pliocene 

[Gerstenhatter, .1.987]. On Lite lower platforin, the same author prolmsed the period 

from the Nliocene to 1,11e Pleistocene íbr Lite karstification process. 

5.1 Sinkholes on the 1. pper platform 

The sinkhole distribution of the, ¡rimer platform has two ch.aracteristh.s. 	An im- 

portant ¡tumbe'. of the sinkholes are large in size (.Fig. 3); 2) levo alignments can be 

observed, one in a southeast to northwest •direction (A in .Fig. 2), •an.d a,nother itt 

east to svest direction (U in 	2). The alignment, (A) is pavone" to the Sier- 

rita de llettl.; sinkhole locations start imtnediately south of the cresta of the land step. 

The second alignment (13), however, shows no obvions vela,tionship 	a,ny topógva,ph.y 

limit. Severa" sinkholes can be observe(' between diese two alignMentS, the sinkholc,, 

density, however, is elearly.lower. Aintost.a11 sitikholes•located on the upper .plat-

forM are dry, because the depth to the \valer table is in. the . ran.ge of 30 m to 140 m. 

[A.nonymbus •1988}, 

5.2 Sinkholes on the lower platforrn 

As on the upper platform, the spatial distribution of the sinkh.oles on the lower 

platfonn is no() uniform. The most striking feature is a cimdar atignment, describe(' 

by variot s authors aS the Ring of Cenotes [e.g. Pope, 1991; Marín, 1990; Perry eta 

a,l. 1995]. The !ling is not continnons, 	consists oí severa' eltisters of sinkholes, 

labeled in Figure 2 as ((W,) 	(1-1‘4, 
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Hiles of equal depth to the water table, mod.ífied alter Anonymous 

[1988]. Labels are depths in meters. 

• The western part• oí' Llie Ring oí Cenotes is Lhe seenent where the align.ment is best, 

developed rujie  segment elosest Lo tiw west coast is accornpanied by a minor,-  second 

• ring, deseribed • by Perry eL al {1995} and. Steirtich and .Nlarin [1996].. rifle Ring.  of.' 

. Cenotes is intemipted on its southern pan; soulleast of the village o-1 Mala (Fig.. 2). 
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he following. westward pari, ()I I he Ring of Cenote is cha racterized by a de( rease 

in sinkhole density 	further eastward by an mercase 1 dispersion of the sinkhole 

locations (zone 1) in ',lig. 2 near 	The westernmost part, oí' the Ring oí Cenotes 

(E in Vig. 2) can be describe(' ;1.s a limit between an extensivo sinkhole field en'-1 of 

the ring and an area ‘vith Iow sinkhole density which corresponds Lo the area diside 

the 1Z,ing oí Cenotes. iii Liiis aren which is claracterized by an extremely low sinkhole 

density, Only a few sinkltoles are mapped near the eity of Merida. The depth Lo the 

water table on Lite lower plat l'orín varios between O n) and :35 07 [Allonymous, 1988; 

Marín, 1990] (Hg. 	In an extensive anea betwecn t he Sierrita de Ticul and the 

coast line, sinkholes are subtnerged and are mapped as small, circula,r lakes (cenotes 

in the local language, Fig. I). 1-1J'specially, the sinkholes of the Ring of Cenotes are 

nearty ah submerged except the short segment labeled (D) in Vigure 2. A local high is 

ma,pped for the del)  111 lo the ground water Labio [Anonyntous, 1988] which coincides 

with the anea (D). Sinkholes in this segtnent are typically bigger than the others along 

the ring. 

6. Distribution of the size of the sinkholes 

The formation of the sin.kh.oles of th.e 'Yu.catan Peninsu.lais described . bY Gersterth.atter 

[1987].- He• proposed d corrosion .process by percolatiún frOrn rainfall during .hi Lrnid.  

P er iods, the su.bseg tient .formation of i resistant crust by reprecipitation of .calei te rt.ear 

the surface dei mg 	periods and the washing out. of Lite eórroded material beneath. 

the cru.st.. • l'he more resistant crust fonns the roofs o-f Lhe avities and. is .partly - • 

collapsed iii . an. Unknown percenta,ge oí the.  "atter. 111110  1 Ui Ita Ltoii oí' the corrosion.H 

Po( ess i.s facilitated by Lite . presence...of niitial verdea". .fraeturesán.(1:bed.(ling plane 

pa,rtings allówing ti te necessary cit erdatión of. th.e ni filtrated. water. [Gerstenhauer,. 

1987,. 	.Sasowsky and \Vhite, .1994]. The heterogencOns diStribution:df the sinkholes.  

in the study arca implies that there a,re W011 ddinedlocation.s whére the conditions 

for Col róion were • especially lavOrable irr• Lite past. This -point is fur the]: diseussed...... 
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111 Section six. Figure 1 shows the depill 	the water table. Comparison with the 

distribution or the size of the sinkholes shows that big sinkholes are relate(' lo large 

values of the depth to the water table. This relationship is obvious for the upper 

platform sonth of the Sierrita de I iettl (Vig. 1). The local high oí the depth 10 the 

water table in the center oflhe study arca nt Y1 	\\Test  and 20'45!  north coincides 

with the sinkholeltrea (1)) in Figure 2. This arca is characterized by larle sinkholes 

\vhich are only temporarily ilooxled [Anonymotts, 19811. The lowering of the \vater 

leve' \vithin a cavity results in a rentoval of buoyant support and in an in crease of 

the effeetive weight oil the span. When the strength is exceeded, the roe of the 

(•avity collapses [Ford and \Villiams, 1989]. These observations iniply that buoyant 

support is a deeísive factor for the actual sine of the collapsed part of 11w roofs. The 

emergence of the upper platform (11.1 ring the 11lio-Pliocene [Cerstenhauer, 1981 may 

llave initiated the coilapse of the major par!; of t he roof of 1 he eavities. The older karst 

features on the upper platform can therefore be assumed lo have a higher collapse 

percentage \vhich is reflecte(' by the large sizes of its sinkholes with respect to the 

sil-11111er enes on the lower platform. The lack of sinkholes on the lower platform in 

arcas where favorable con'osion conditions can he assu i n ed (as discussed itt Section 

six) may he due to the low depth to the water hable which ataintains lite necessary 

buoyant support and impedes IR this way the massive collapse of the roofs, This may 

explain the lack of sinkholes in the central part ()f.  the high gravity gradient area near 

Ihe City oí Metida (Fig. 5). 

7. Relationship bet;ween the surface karst features, the Chicxulub Crater  

and the transform fault 

• r..Phe early tu II tation of the c9rl osion. pi 0(.('111 a carbonate platforrills fas. rored by 

. the existence. ol' vertical fractureS and bedding planes [Groves and .:[1..o\vard, 1994]. "lit .  

• the case of c(Jmpefent 1-.)1111le rock, fracturirtg oceurs when . stress exCeeds.  the rock's 

strengtli [Ford and Williams, 1989] Two tectonic phenomena contribute4g-the 
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igure allowing ra, comparison oí' gravity data and sinkhole location 

in the study crea. Contoured gravity anomaly data niodilied after 

Sharpton et al, [1993], the contour interval is 2 lnGal. Local gravity 

lows are represente(' as dark gray shaded areas, local gravity highs 

tl briglIt gray shaded arcas. 
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distribution. oí th(... stress patterns 	study area, die transform falilt and the 

ChicxtlilII) Crater, described in Sections three and l'out., respectively. Boa] f(....,.atures 

provided spe.cial sedimentado!". errvironmerits (lining certain ti U( period in die form 

of sedirnentation basins [Sharptort et 11,1,1993; Perry el al., .1.995]. Two recent ruodels 

of t he Chicxulub impact basin [(niargo and Suárez, .1994; Sharpto[1 CI al.., iii press} 

show that the thic.kness of tire impact breccia ni die overlayingliertiary carbonate 

sediments vary significantly along a profile perpendicularto the (Tater ríni. These 

models are has(-E(1 on geopilysical data (gravity and seismic data) and t he interpre- 

tat ion of' cores fro m. se-veral boreholeS. The differences in t he t hIckness of 	loose 

material in ay have caused a different (..•,ornpaction. hcii.avior and vate.. The deposition 

of 	sedinients on slopes trray have provoked a shear deforrnation .rather Iban com- 

paction Pones, 19941. Stress release fracturing in relation with. different compaction 

rates and shear deformat ion along steep slopes • rna,y be the most important 'factor 

for -fracture Creation. Sasowsky and White [1.994,1 stressed the iniportance•of stress 

release fracturing for • the distributiort oí karst feat ures along vaiiey-walls. Figuré 5 

shows gravity dat a [Sharpton et al., 1993] together with. the sinkliolds iii the.sttidY .  

a•rea. The 	of the forme" sedimentation•basin •related to• the transform raid() is 

reflected un tiré gravity• data, by the steep•gradientS'around.the north-south.-akis at 

.approximatay 89"3.0/  west. In. the case  .of the..Chicxuhrilyerater.,two , walls are pi o-

1)05Cd by a, receitt model [Sharpton et al., in P'  es] They coincide with 11w two steep 

gravity gradient rings in Figure 5. Sinkhole accumulations can be observed along 

the orto ring, but not along the inner ring of the Crater. Sinkhole rones (19, (U) 

and (11) are also located upon steep gravity gradients (Fig. 5). Peak zones in the 

gravity data., however, coincide with rones of low sinkhole density. Examples of this 

are the axis of the transform •fault, the ni ea between Llie two steep gra,dient.circlesof . 

Lite Chiexulub Crater and various dt h.ergravity rnirtima aud truei,Ñirtra in the eastern.: • 

parl• oí the stardy ai ea. lir the Case of the \'i i1 	karst, we pro, posé tha,t svalls..of 

the -foriner sedimentation basi:ns related lo th.e transfórm rata and the: ChiCxulub.  • 

Crater offered the rnost favorable locations for initial fracturing and the subsequent 
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corrosion processes as a. cons((itunce oí stress releast. fractal." rig rehtted 1.0 di ifer(ntial 

sedirnentaticm rates. 

8. The influenee of the Chicxulub Crater and the transform l'aun; on the 

hyclrogeology 

various tectonic features described so fax played a (leterrninant role for t 

conditions 01 the karstification proc.ess. We propose that variations of' t he compaction 

rates and sl.tear deibrmat ion along the basin ‘sralls gaye the fracture (1esign to the 

)71.1.catan. limestone. This implies rl C OSe Fel a ti ionship between t'u', local tectonics a-nd 

the hydrogeology in the study area, •as a .result, different 1.1ydrotectonic domains' 

[Brown, 1994] can be defined. lite Ring of Cenotes is the Ellos'', obvious hydrotectonic 

dom.ain (11..1)) and 1.5 related to 	steep slope of the transimit cavity or the crater rim 

(depending Oil lile actual sine of the structure). Sinkh.ole-zones (C), (I)). and (E) are 

part of t kis Ilyclrotectonic &main. The Ring' of Cenotes was .proposed to be..a higl..i 

permeability 	acting dS an. under.ground river system [Marín, 1990]. Steinich. and 

Marin [1996] showed 111.at il, lowpermeability zone interrupts this underground ri-Ver 

on its segment southeast of Abála. We 'propose.  that •thiS . decrease iii pernjeabilay 

can. be ex.plairie(I by the decrease of 	fractúre•density Ido:lig-the 	the 

transform fault. Figure shows that the dXIS and" the...crater rimares.nperiMposed . at  • 

thiS location. Velámttiez [1995] and .Steinich et al. • [in 1..eview] propbsed that wIthm 

tllls zone there is a ground water- djvide in the aquifer syste.M.. Steinich and •IVIarin 

reviewl describe(' a, highly variable zone of hydraulic gradient and propósed the 

eXistent e of al 1dast two -fracture systerns •perpendiCular.and 	to the/ Ring of . • 

Cenotes. A.ssuming that the easter 11 wat]. of the tran.siorm fault 1)asin• as \ven. as.  the. 

crater rim contramted .to . the initial fracturing, a nmitidirectional fi acturé. pattern 

may be expected. cut the overlap of the t wo te(tonic-.features and may explain. the 

special ilydraulic con.ditions 	highly .varia,ble zond, • The second, inner•steep 

gra,vity gradient circle (1.-lig.• .)) might .11ave generated ••favo. rable c_onditions .fdr- stress 
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release fracturing egnal to the craler rim. A similar karst feature lile the [ling of 

Cei.lotes may exist and Iii Py' show II j) on the surface as the water level lowers and roof 

collapse reveals the exist ing cavities. Vigiiro 5 shows that the few existing sinkholes 

near the ( 1,ity oí Metida are located on the steep gravity gradient of the inner rings 

of the Chicxulub Crater. Severa) cavities With litleoliapsed roofs have been observed 

by Marín {unpublished observationj in this arca. 

The extensivesinkhole field (G) (Fig. 2) coincides with the transition zone between 

gravity high in the northeastern edge oí the study area and dee') gravity low sout h-

west of it. '11 h is zone can be delined as aiiotlicr hydrotectonic domain, characterized 

I),' especially good recharge conditions for the aquifer. Afeas Eike the alignments (A) 

and ( .11) on the upper platform are other good candidates for hydrotectonic domains, 

liowever, 1 tii.1 1 i i investigation is required lo define their role in the hydrogeology of 

the study area. 

9. Evidence of other plienorneria influencin.g the clistribution of sinkholes 

iii the•forrner section, we stressed mainly two phe-i,norhena that • influence the soatial 

distribution of sinkholes. 	The initial fra( ture.  d.esign which 15 détermined b5.7 the. 

• local tectonie and give the iii thai onditions for .the corroSion. process.• 2) rhe 

erice of •the. water levet variations that either ulaintain or rei.Tiove• buoyant suPport.  

oí the cavity roc,Is and control the collapse rate of the !atter. 	.phénomena is 

deterininaut al the end Sta of Lite sinkhole histor y, d.g. \vhether : the - existing cavity.  

makes it' JI id 	ation at the. surface. However,•severatother•phenomena irrfluenced 

t he karstification proeess. • • ine 	(le Tient" divides the 16‘yer and . the u pper 

platform. Einptying ol th.e.eavities oii the upper platform.óccured in.  a ph l.eatic. en, • 

vironment prior lo the e.ulergen.ce of the upper. platforin [Gerstenhauer, 1987]. The • 

ditktcin of •elevation between• the u.pper and the •lower platforrns is al least - 25 m • 

and a, higher water levet by this amount wotild place the coast.  lirie Lo •lvhat i now 

1iie Sierran, de Tient [E. .Perry, pers.conminn.]. A IlarrOW 1?and.behind the coast une 
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hosted filien the mixing zone of sallaand rresh \vater. The alignment (A) (Vig. 2) 

nlity therefore be explained by tnixe(1 ;vate'. corrosion. A shuilar accumulation can 

be found parallel lo the present coast line [Marín et al., 1988] and niay be tite actual 

equivaient to the alignment (A). 

ln the eastern part Of the Peninsula, the climaticconditions provideactually ravorable 

conditions for the destruction of the more resistant crust [Gerstenhauer, 19871. Parta 

of the numerous small colines in the sinkhole zone ((1) may be the result of su rface 

solution rather than cave roo'.  collapse fililcConnell and 1-lorn, 1 . 9721  The describe(' 

phenomena are inlportant factors in the initiation of the karstilication process, how-

ever, they have to be classified as secondluy with respect Lo the tecton ic reatures. A 

simulation study by Groves an(1 Iloward [1991] showed that only a few 

initial fract ures and bedding planes are enlarged hito cave passages. Following 

t;his model, \ve propose that in the study area, the tectonic features gaye the initial 

fracture design to tite  limestone roas, while the phenomena discussed in this sectioti 

contributed as the selection factor, which resulted in Lite opening oí existing fractures 

Lo forrn the large karst pathways. 

In 1W 15 model the unexplained second alignment on the upper platform (13 ni Figure 

2) should correspond Lo another lectonic feature which provided Lite initial fractures 

Lo this alignment. Ilowe\rer, fUrther study is necessary lo identify the karst history of 

the latter. 

10. Cohcluáons. 

Size and the .kwatiorr of nearly 7000 .sinkholes- -of the Yu.catz.1 .Karst. were- 1:tnalyzed 

and we.re divided into variOus zones according to these parameters, The spatial di 

tribution. of t he .sin.kholes. in the study arca \vas cortipared \vi il 	 of the 

local tectonics, a transform fault rC.Aated tó. the Opening oí the Golf of .Mexico an.d. art. 

impact ..strneture, the Chicxultib Crater. 1.11is..(ornparison shOWed - that -the lo cations 

of the sinkholes aré related lo 1 hese tectOnic leal tu es. Wc pi ópose that th(.1.strés. 
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lease 1110(1 el proposcd by Sa.sowsky 011d White [19911 applyas wel lo buried va,11(ys. 

Wc proposed a mode'. 	.1 11 fl1.1 ellee 	the Vario 115 factors on the .rormation oí the 

Yucatan Karst in which the local tedonic reatares give the initial fracture design Lo 

the N'acatan 	 w hile ot her 1  11CIl 010 (. II 0 Ii iC unixed-water corrosion or climatic 

conditions, act os selection. factor for the opening oí part uf the existing initial frac- 

tures. Finally, 	variations of the water level in time represents the decisive factor 

for the collapse of t ti e crutvity roors and ddermines in this way if the karst features 

have a surracc. expression, In this vvay, difrerent factors vere identified as decisive 

for 1 he karstification process and tleir infinence 011 di fferent stages of 1 he 'atter \vas 

stressed. 

Different lydrotectonic dornains.:' can 1..)e identified. r1ill  tWO independent tectonic 

reatares, the transform rault and. the Chicxulub Crater, are in narrow relationship 

with the actual hydrogeology or the Yucatán aquirer. This study shows that th.e 

exclusive and isolated discussion of 1 he role of tiie Ri ng of Cenotes is not appropriate 

For t he understánding of the hydrogeology of the Yucatan•Peniusula. The existence of 

another. circular high permeability zone SI Ui. lar Lo Ole Ring or Cenotes was • proposed 

based on the conclusions of this study. 

Acknowledgments 

Steiniclt thanks . the .Dirc:wción• General de ASuntos del Personal Acidémico • 

(grant IN-:1.07595) for a graduate .fellowshi.p and -PADEPH.fOr i`rinancialsupport .. We . 

tharik V Slii 1 pton ..for .making available th.e. gravity data.. .. 

References 

Anonymous, Cartas Topográficas de Yucatán 1;50000, Instituto Nacional de Estadística, 

Geoyl.afía Infortnólica, Mérida, Yucatáii, 1981. 

Anonymous, Sinopsis Geohidrológica del 1's1 ado de Yucatán, 51 pp., 7 maps, Secretaria 



pa/..)c1 dc la tucto'llica local .,. 

de Agricultura y Recursos _Hidráulicos, 1988. 

13rown 	Fluids itt derorming sediments, ita Thc Grological Duformalion of Scdimcnts, 

edite(' by A. Mal( man, pp. 205 - 237, Chapman kr, Hall, London, 199d. 

Burke, K, Tectonic 1 volution oí the Caribbean, Ano. 11),(9). Earth Plan( Sri,, vol. 16. 

pp. 201-230, .1988. 

(..!amargo, A. ¿In(' G. Suárez, Evidencia Sísmica del Cráter de Chicxulub, Boldín dc la 

Asociación Alexicana dc Gcalísicos dí Exploración, vol. 34(1), pp. 1-28, 1994. 

Dulibar, 	and D.S. Sawyer, rinlilications of Continental Crust ExCension for Piale 

Reconst ruct i on;  A H  Exampl e  fu  ni the Culi' 	Mexico, Tectonics, vol. 6(6), pp. 

739-755, 1987. 

Vord, 1). ami P.W. Williams, Karst Geomorphology and Hydrology, 

London, 601 pp., 1989. 

Gerstenhaner, A., Kalkkrusten atad Karstformenschatz aut.  Yucatán, Niléxico, Erdi,wode, 

vol. 41, pp. 30-37, 1987. 

Groves, C.G. and A.D. Howard, Early developtnent o{ karst systems: .1. Preferential 

How path enlargernent under laminar 	Water licsuar, nes., vol. 30(:1.0), pp. 

2837-2846, 3994. 

Hall, VII, r.1,. D. Cavanaugh, .:I .S, \Vatkins, 1‹.3. 	 Itotational Origin oí' 

the Culi Mexico Based OH Regional Gravity Data, AA PC Stuudics in Continental 

Alargin Geology, Memoria 31 [982. 

Hildebrand, A.R., G.T. Penfield, D.A. Kring, 11/1. Pilkington A. Camargo Z. and S.B. 

Jacobsen, Chicxulub Crater: A posare Cretaceousffertiary boundary impact crater 

on the Yucatán Peninsula, Mexico, Geology, vol. 19, pp. 867-871, 1991, 

Iiildebrand, 	M. Pilkingtott, M. Connors ( Ortíz-Alemán, and R.E. Cltávez, Size 

and structttre o( the Chicxulub crater revealed lyy horizontal gravity gradients and 

cenotes, Naturc, vol. 376, pp. /115-417, 1995. 

!Iones, M., 1\lechanical principies of sediment deformado'', in The Geoiogical Deforma-

tion of Sediments, edited by A. Maltman, pp. :37-71, Chapman k Hall, London, 

1994. 



El papd (I la luel(ínira local  

Marín, 	1.4`ield Investigations and Nnme.rica..1Simulation oí' roundwa.kw H)w in 

karstic A quifer 	Northwestern 	.111éxi(m, Ph. D. Thesis. 183 pp., Northern 

Illinois University, 1990. 

M.arín, 	Informe final sobre las pil.foracion(..,,s en Yu.catán, Ilf.Tort Té.c.nico, Inst 

1, litio de Geofisica - UNA Ni, 1991. 

Marín, L. 	-1:1›. San hoy n A Rfv ve, 	 "s.f.-1', Perry, and NI.. 17i.11asuso, 

Petenc.:..s: A key Lo undt:Tstn11(11II'tlie hydrogeology c>h Yucatan, Mexico (abstntet), 

Symposimn on Hydro/lo/y of Wellands in Sciniarid and ilrid negions, pp. 119-:1. 22, 

Seville, Spain, 1.988. 

11, ami 	 Probabilities oí surface karst, in. Spatial Analysis ira 

Geontorphology, edite(' by B... (.1•iorley, pp. 111-11,33, Mediten, London, :1972. 

Penlield, G., and A. Carilargo, Definition oí a mafic• igneous zone 111 the central Yucata.n 

platform. 	aeroma.gnetic arel gravity (abstract), Abstra.ds ami Biographicies, 

clet.)r of' Econornic Gcologists 51st A.n.nual Meeting, p. 11, 1981. 

.Perry, 11., L, -Marín, 3. 11cClain, and a Velázquez, Ring of Cenotes (sinkholes), north-

west Yucatan, Mexico; its hy( rogeologic chal a.cteristics and posible' association val h 

the Chicxulub inwact crater, Geology, vol. 23(1), pp. 17-20, 1995. 

Pope, K.O., il/texican. site for .1<f17 inipact crater?, Arah.tre,• vol. 351, p. 105,1991. 

Pope, 11<..0,, A.C. ()campo, and (LE. .Duller, Su.rficial Geológy of Une Chicxu1.4 Impact 

('ratee, )'.rucatian, IMexico, Ea,:rth, 	and .Plancds, vol. 63, pp... 93-104, 1993. 

Sasowsky, 1.1). an.d 	White, The role of stress release fracturing in.  the develdpinent 

oí cavernous po.rosit y in carbonato aqvii•fers, -Water 1k, ol.  trixs .11ésear(hi .  vol. - 30(.12), 

Isla. 3523-3530, 1994. 

Sh.arptou, V•L., G.1:3.I)alymple, L.E. 	nyder., 13,C. Sclmraytz,and 3. 'Urrutia-. 

filucugauchi, New fiiuks I3etween.- the Chicxillub Impact Structure and Ile:Cretaceóns.- 

•Tertiary 1:3onnda,ry, NatuPe, Vol. 359, pp: 819-821, 1.992. 

Sharpton, V 1.2, k.. -1.3urke, A. Camargo-Zanoguera,• S.A.. 	 Lee, LE, Marín • 

Stuirez-lleynosó, .3.114..Quezada-Mtifieton. • P.D Spudis, arK1.3. Urrut ia-1-4`ü(Hliganchi, 

Chicxublb 'Multiring 1..m1.)act Basi•n: Size and (.)ther CharacteristicS Derived 'ront 



V, 	papc1 (ir 	ltel4n.lea local .,. 	 - 	90 

Gravit.Y Ai i lysi s. Seiuncc, vol. 261, pp. 156.1-1567, 1993, 

Sharpton, V.  L., 1 1. Marin, C. Carney, S. Lee, G. Ryder, 13.('. Shnraytz, 1). Sil;ora, 

and 1).1). Spudis, A i\lodel of 1he Chicxnlul) Impact Ilasin Based oii Evaluation of 

Geophysical Data, \N'el! Logs iiid Drill ('ore Samples, (icolollical Socicty of /1 ¡U 

Spccial Papo. 307, in press. 

Steinich, B., and 1,. 1(1,. Marín, Ilydrogeological investigations in northwestern Yucatan, 

Mexico, using resistivitv surveys, Ground l'Yak'', iii press 1996. 

Steinich, 13., and 14.11,', Marín, 1)etermiliation of flow characteristies in the Aquifer of t he 

Northwestern Peninsula of Yucatan, Mexico, fournal of itydrology, in review. 

Tucker, M.E., Einriihrung in die Sedimentpetrologie, Ferdinand Enke Verlag, Stuttgart, 

265 pp., 1985. 

Vellízquez 011 in ai i, G., Estudio Geoquímico del Anillo de Cenotes, Yucatán, (Geochern- 

ical study of the Ring oí Cenotes, Yucatan. (spanish), 	 Instituto de 

Geofísica, Universidad Nacional Autónoma de México, 77 pp., 1995. 

Wessel, P. and W.11.141, Smith, The GMT-SYSTEM v. 2.1., Technical Reference 

Cookbook SORS/YS/O, 1992. 



- 	91 

VI. Conclusiones 

lf,n el presente trabajo se estudiitron aspectos bidrogeológicos y geofísicos (lel noroeste 

(le la Península de '1:' tientan. 

El a.cuifero carst ico (le la. Península (le )ittcatan consiste en un 1(11te de agua dulce el 

cual flota sobre agua. sala„(1.a, 1,-,..,̀ sta. caracterizado por su alta pertrwabilida(1. 1..1 Anillo 

de Cenotes es un alineamiento circular de cenotes que posibleinente funge corlo 

sistema (le río subterrátteo en el Ilcuifero. Se ha, propuesto su relación con el Cráter  

(le eillextiklb, una, estructu.ra de illipaCtO Creada por un m(...teoritio en el límite del 

Cretacico-Terciario. El presente estudio del acuífero de NTucatán permite obtener las 

siguientes (.ond.usiones, 

1) El espesor del, lente de agua, dulce varía entre .1.8 metros cerca de la, costa. a 110 • 

metros en la parte sureste de la. zona. estudiad.a. Estos resultados se obt uvieron 

de la interpretación de datos eléctricos. 

2) La parte superior del acuífero es electricamente anisotrópica. Se propone que 

esta anisotropía se debe a la existencia de direcciones preferenciales de la per-

meabilidad. 

3) El. Anillo de Cenotes es una, zona de alta permeabilidad en relación a sus alrede- 

, 	 doreS. Sin emba.rgo, la interpretación de da,t os eléCtricos ha, deniostra,do que la, 

permeabilidad va.ría, a lo largo del anillo. Existe una, zona (le baja, permeabilidad 

en. la, parte sur del anillo al sureste de la población (le Abálli que interrumpe el 

flujo (lel agua stibtrrarnea, a, lo Lugo del anillo. Segrnen.tos de alta pertneabilidad 

cid anillo se Manifiestan en la, stwerficie por una alta densidad de cenotes. 

1) El área al. oriente de la zona., de •Abala,„ la cual, representa la parte central, del. 

.Anillb de Cenotes, se caracteriza, por su alta . variabilidad de los•niveles ..de •agua 
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y- del régimen de las líneas equipotenciales. En esta Iírea, se identifican varios 

siStelllaS de fracturas bien conectadas y con diferentes  di recci ones. La zona  de  

baja permeabilidad (le Abalá representa el límite occidental de la zona de alta 

variabili(lad. Sus características permiten una rápida respuesta a las condiciones 

de recarga superficial, cambios inwortantes de las direcciones de flujo así como 

un drenaje más rápido respecto a otras áreas del acuífero. 

5) La comparación de datos eléctricos e hidráulicos en la zona de alta variabilidad 

nuestra• que las direccioties de las fracturas interconectadas corresponden en la 

mayor parte del área a las direcciones del gradiente hidráulico. Ello implica (lue 

este illtimo tuvo un papel determinante en la fornmción de las vías (le flujo del 

agua subterránea. Registros eléctricos muestran que los diferentes sistemas  de  

fracturas son desarrollados de una manera similar por lo que se propone que los 

cambios de los gradientes hidráulicos en la zona de alta variabilidad son muy 

frecuentes, 

6) Basado en datos geofísicos e hidráulicos se propone .qUe la'.zona de .Abalá des-

cortecta, bid.raulicamente la, zona de alta var.iabilidad de I.a parte occidental del.. 

Anillo de Cenotes formando de esta manera, dos st. i.b-sistemas en. el .acitífero cle 

Yucatán.. Se propone que la zona de Abalá funge como parteaguas.en. el:acirifero.• 

Este resultado está, apoYado por la: hderpretación de datos .gdoquitnicós en la 

zona, 

7). Como consecuencia de los cambios en los gradientes hidráulicos-  y en las direc-

ciones de flujo se propone 40e la zona de alta., variabilidad tiene.  una elevada .• 

17 u.l.nérabilidadTrent.e a la contaminación proveniente de la 'zona urbana e indás•-• 

Urja'. de•la Ciudad de.  Mérida. 

8) Se realizó un estudio c.le la . distribución y los aspectos de la•formación•de las 
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depresiones en el carst de N'ucatán con el fi 1.1 de identificar otras posibles zonas de 

importancia para la, hidrogeología de la Península, Se propone que la formackSu 

y las características de las depresiones están estrechamente rela.cionadas con la 

lecinica local. Se estudiaron dos elementos tectónicos: una falla, relacionada, 

con la apertura del Golfo de México y el Cráter de Chic.xit 1 11 1 ) , A m bas est rwl,tiras  

reinesentaron en su epoca cuencas de sedimentación marina. 

9) Se propone que las paredes de las cuencas (le sedintentación ofrecieron condi-

ciones favorables para la formación de fracturas de la roca del acuífero, debido a. 

la liberación de fuerzas de tensión que se aCtimulan por el cambio de los indices 

de compactación de los sedimentos en la cercanía de las paredes de las cuencas. 

1.0) (lionio modelo paya la, formacióii del carst de Yucatán se propone (I11(  la, tectónica 

local determinó el diseño de fracturas iniciales en la zona estudiada, dando de 

esta manera las condiciones iniciales para el subsiguiente proceso de carstifi 

cación. Fenómenos como el gradiente hidráulico, las condiciones climatológicas 

o la disolución por la mezcla, de agua dulce y agua salada representaron los 

factores determinantes para la selección de las fracturas que se abrieron por di-

solución. La, profundidad al nivel freático ha sido el fenómeno importante para. la 

nianifestación de las ca,vidades cárstkas en la superficie manteniendo o quitando 

el apoyo de los techos de las ( avernas. 

1) .Basa,do en .est e mod.elo„.  se realizó una, división de las -depresion.eS•cársticas en 

.varios grupos según su .fui rnación .y sus diiiiension.es. Se propuso:- tma identifi- • 

c.ación. de diferentes '.dominios.b.idroteCtónicos' que determinan él régimen del 

flujo de agua, en. el acuífero de Yucatán., 

• A 	base • de los resultados obtenidos. en. este est vidio se podrá cia bot ¿u mi unevo 

modelo conceptual :del funcionatniento lidrógeológico del a,culfero.  de :Yucatán'.El 
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conocimiento de las profundidades a, la interfase permitirá estimar los espesores del 

lente de agua. dulce. La investigación de las car¿:ictersticas del carsi yucateco res 

pedo a. la distribudón y tan laño de las dolinas así como la identificación de zonas 

con sistemas de fracturas alineadas permitirá definir la permeabilidad en la, zona de 

estudio con más detalle (-.”.--4pacial y tornando en cuenta aspectos de heterogeneidad y 

de anisotropía. La división del acuífero en dominios hidrotectónicoS representará. una • 

base para dicha tarea,. La, observación de las oscilaciones de los niveles de agua en 

algunas partes del acuíferos da nuevos elementos para el estudio de la vulnerabilidad 

del acuífero fr(),..nte a la contaminación. 
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