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Investigaciones geofisicas e hidrogeoldgicas en el noroeste
de la Peninsula de Yucatan, México

Birgit Steinich
Abstract

The present investigation focuses on the aquiler of the Peninsula of Yucatan,
sontheast Mexico. The study area consists of the region between 83230 and
90°45" west, and 19930" and 21°75' north. The Peninsula of Yucatan is a limestone
platform housing a mature karst system. The ground water How is determined by
secondary porosity present in the form of interconnected fractures, channels and
cavities. Permeabilities are high and hydraulic gradients are low. The aquifer
consists of a fresh water lens underlain by salt water. The aquifer is unconfined
except for a narrow band parallel to the coast. A mrulm alignment of sinkholes,
the Ring of Cenotes, crosses the study area. |
The mterpretation of electrical surveys shows that various segments of the Ring
of Cenotes have increased permeabilities with respect to their surroundings. Nev-
crtheless, a low permeability zone was identified in the southern part of the ring.
Variations of the water level near this zone show lhdt the castern and the western
segment, with respect to this zone, are dlsmunmtocl hydraulically. Comparison
ol these results with !_)L‘()Lll(“ml(dl data suggests that the low permeability zone

represents a ground water divide in the aquiler system. T hc thickness of the fresh

water lens varies between 18 m near the coast up to 110 m in the southeastern
part of the study area. The upper part of the limestone rocks containing the
aquifer is electrically anisotropic as a consequence of one or several systems of

aligned (laclums causing an fmlsotlopy of the p('lrm,a,hlhty 3

The area cast of the low permeability zone is characterized by a high var mblhhy in |
its water levels and r=qmpotcntial lines as a function of surface 10(]mr50 variations.
Those oscilations cause changes of the g glound water flow direction, even a reversal
of the regional orientation, which is from southeast to northwest, to a southeast

- to northwest divection. The northwest portion of the affected zone reaches the

southern part of the City of Merida. The contamination risk for u\fmulml mml
arcas southeast of the City is increased l)y mnt.mnnmnt,s whlcll umy o !(ll 1hv |
aquifer from the City of Merida. ) | |

The chslnl)utmn and size of the karst sinkholes i the study arca are not ho-
mogeneous. Diflerent dllEI]InLllLb and clusters of sinkholes can be observed, the
hest studied example of these is the ng, of Cenotes. T'wo topographic platforms
can he distinguished in the study area. These are separated by the Sierrita d_(-;.
Tienl, a small landstep that crosses the study area in a northwest to southeast



direction. Altitudes an the lower platform, which surround the upper platforn,
vary hetween 0 m near the coast to 20 m ncar the Sierrita de Ticul, The up-
per platform has altitudes in the order of 50 m to 100 m and is located in the
southern-central part of the study area. T'wo remarkable local tectonic structures
exist within the study area: a transform fault, which is related to the opening of
the Gull of Mexico, and the Chicxulub Crater, Both structures were sedimentary
basins in the past, Different compaction rates of these sediments with respect to
the surroundings may have caused [racture systems along the former walls of the
basing. These fractures represent favorable initial conditions for the karstification
process. Hydraulic gradients, climatic conditions, type of vegetation and others
may be the selection factors for the fractures that were later opened by the karst
corrosion. As long as cavities formed during this process are submerged, the wa-
ter gives the necessary bouyant support to prevent the total collapse of the cavity
rools. In arcas were the water table is not able to support the cave roofs, these
are likely to collapse and big dolines can be observed at the surface. Based on
the close relationship of local tectonics with the distribution of the permeabil-
ity of the aquifer, a division of the latter into "hydrotectonic domains’ has been
proposed, the Ring of Cenotes being one example.

- . '
Dr. Luis E. Marin o -
Director de Tesis
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Resumen

lin este trabajo se estudio el acuifero de fa Penfnsula de Yucatan en el sureste de
México. La zona de estudio esta comprendida entre las longitudes 887307 v 90945
oeste y las latitudes 199307 y 21975 norte. La Peninsula de Yucatdn consiste en una
platalorma de rocas caleareas altamente carstificadas. El fujo del agua subterranca
os determinado por la porosidad secundaria presente en forma de {racturas, tuneles
y cavernas interconectadas.  La permeabilidad es alta y los gradientes hidrdulicos
bajos. I acuifero consiste en un lente de agua dulee el cual {lota sobre agua salada.
I3l acuifero es libre excepto por una estrecha franja a lo largo de la costa. Fxiste un
marcado alineamiento circular de dolinas, el *Anillo de Cenotes’.

La interpretacion de registros eléctricos muestra que varios segmentos de este anillo
tienen permeabilidades altas respecto a los érn‘lrc;\.c,l(-zclor(-.js. Sin embargo, existe una zona
de reducida permeabilidad en la parte sur del anillo. Variaciones del nivel del agua
observadas cerca de esta zona muestran que esta dltima 'c_lescoi_‘_l.ecta. hid_ra-i.ulica.n.mr.l be
las partes del anillo al occidente de fas que se encuentran al oriente de ella, Ta com-
paracion de estos resultados con c_la.tos geoquimicos S.llgi(}.i.‘(i.'ql_.l(;‘, dicha zona i'c-_api?c‘)s{f;!n't;.a,
un parteaguas en el ac.uf,('ero de-'Yu_.(:a.t;:«_‘i.n_. il lente de 'ﬂ,gUa, cll'll(‘.k“ri‘i('-'rlc;‘. b%peéotes .’q'ué‘: E

varfan entre 18 m cerca de la costa hasta 110 m en la parte .‘:lllChL(, cl(' la‘ zZona (\.stnw-'

(lld(ld 15l subsuelo es ('lcdncmuvut(‘ (uusolmplco lo uml es la Lo;nsm'ucmm d(, uno o

varios sistemas de fracturas dimcculaza que gvnvmn una amhoimpm en la pmmoalnh—-
dad. |

8] drea al oriente "clr.s] ]'m,lf'l;c,‘.agun.s S cara,ctc-:riza,'1:)01.' s a,li'a. Vf-n*ia;l;)ili(l'ricl' de los i'li’\"(“l(ﬁﬁ |
de agua y dol régimen de las lineas eqmpolommlo.s OO 1vbpuostnm a ((Lmhms de 1 EL‘ .

1.'0'(.(1,15‘_1 super h(,.m,l.. Dichas oscilaciones. callsal variaciones eu la dn'oruon del Hu]o"

aubionanm pomhl(‘nu nte hasta una inversion de una. (lnocuon mnohtf- -noroeste (ln' |

cual (mwhpouclo a la orieutacion del {flujo n*g,lonal) a ;1r)uwsiv-suwstn La, mnd |
afectada alcanza en su poreién noroeste la pditu sur (lo la C m(lm‘l de Mvuda L\: she

el |)(-l|g)m de contaminacién plovouu nie (I(' la ciudad th‘ una (‘\’i(‘llhr\ zona mml dl
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sureste de clla,

La distribucion y el famano de las dolinas cirsticas on la zona de estudio no son
homogéncos.  lixisten diferentes alincamicntos y agrupamientos de dolinas siendo
ol Anillo de Cenotes ol mejor estudiado. in la zona de estudio se pueden distin-
guir dos plataformas, el limite entre ambas es la Sierra de Ticul que atraviesa la
zona ce noroeste a sureste. Las alturas del terreno vartan entre 0 ey 20 m en la
plataforma baja que rodea la plataforma alta, sta tltinma tiene alturas entre 50 m
y 100 m y ocupa el area cenbral-sur de la zovna de estudio. Dos estructuras de la
tectonica local destacan en el drca: una falla transforme relacionada con la apertura
del Golfo de México v el Crater de Chiexulub. Las dos estructuras lormaron ciencas
de sedimentacion en su tiempo.  Se propone que debido a diferentes erados de la
compactacion de estos sedimentos respecto al area fuera de las cnencas se creo m
sistema de fracturas a lo largo de las antiguas paredes de las cuencas. Estas fracturas
representaron condiciones favorables para el inicio del proceso de la carstificacion.
~Un proceso de seleceion el cual depende de factores como el gradiente hidraulico,
las condiciones i;li]:l'lz;l.t‘.()l(’)gi(:a.s_,. el tipo de vegetacion entre obros, '(_I(-:cicl.c st las [rac-
turas se abren finalmente por disolucion. Mientras que las (.‘,.'d'\f(:.l.‘l]as ast .['k)i'l'];.al.(lil,s se
chcuentran sumergidas, el agu& da el apoyo sulicien t;é_:].);u'z-t, evitar el (:()J,a.fpSQ-ck-:_- la
totalidad de sus i‘.(f:(:,h.os. Donde la ]")].'()'[’l_ll'ldii(l'd.(l al nivel del agua, s .c,I_csn:m.sIa.(lo grande
para ya no .c:un‘_tplil_f esa con.clj{:.ién,VS(::-'C()lz;l..|ijs::1.|i1 los techos lt)_ (:u_:»il. Se '.'I“l'i_Elzl.'l.l'.[‘i(::s'tii con
dolinas de mayor tamano. Con base a la estrecha relacion ez,ﬂ;r(.*._'la.._ tecztéh‘ica‘_ Io_(:'.agl,' y
la distribucion de la permeabilidad en ol a‘t,(_:uf['er.o} se propone dividirlo en dominios

hidrotectonicos’, siendo el Anillo de Cenotes uno de ellos.



Abstract

The present investigation {focuses on the aquifer of the Peninsula of Yueatan, southeast
Mexico. The study area consists of the region between 887307 and 90245 west and
19°30" and 21°75 north. The Peninsula of Yucatan is a lmestone platform housing
a mature karst system. The ground water flow is determined by secondary porosity
preseut, in the form of interconmected fractures, channels and cavities. Permeabilitios
are high and hydraulic gradients are low. The aquifer consists of a fresh water lens
underlain by salt water. The aquifer is unconfined except for a narrow band parallel
to the coast. A civeular alignment of sinkholes, the Ring of Cenotes, crosses the study
area.

The interpretation of electrical surveys shows that various segments of the Ring of
Clenotes have increased permeabilities with respect to their surroundings. Neverthe-
less, a low permeability zone was identified in the sou t_héri‘n part of the i'ing. Variations
of the water level near this zone show that the eastern and the western hvgm(‘nt, with
respect to this zone, are disconnected laytlmuhcallv C 'omparison of Llww results with
geochemical data suggests that the low permeability zone 1'(-‘:}_)1'(;3_::4(—311.[:5 a ground waler
divide in the aquifer system. The l‘,l]‘i'(.‘;l{l_l(lSS of the fresh water lens varies between

lS m near the coast up to 110 m in the southeastern part of the study arca. The

upper part ol the limestone rocks containing the a)qui{'(-*.r I8 c'lc'f('.(‘rically nnisol‘ropic' as

a consequence of one or several systems of aligned fractures (a,umng, .m mnsolmpy ol'
the p(—:l*l'lm'ﬂ)ilil'v

The area cash of the low permeability zone is characterize d by a hlg,h % um]nhty in
its water lc:v(;ls and equipotential lines as a (nmil;mn of surlace recharge variations,

Those oscilations cause changes of the ground water flow direction, even a reversal

of the regional orie niaimn. which is from southeast o northwest, to a sout hvast to

northwest direction. The northwest portion ol the alfected zone reaches Llw soulhmn,

part of the City of Merida. The contamination risk for f;:xt;c:l:n:lt:zc,ljruml a,rf:a.s_sc)'l.ltlma:sl;.'

of the City is increased by contaminants which may reach the aquifer from the City
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ol Merida.

The distribution and size of the karst sinkholes in the study arca are not. homogencous.
Different alignments and clusters of sinkholes can be observed, the best studied exan-
ple of these is the Ring of Cenotes. Two topographic platforms can be distinguished
in the study area. These are separated by the Sierrita de 1ienl, a simall landstep that
crosses the study arca in a northwest to southeast direction. Altitudes on the lower
platform, which surround the upper platform, vary between 0 e near the coast to
20 m near the Siereita de Ticul. The upper platform has altitudes in the order o

50 m 1o 100 m and is located in the southern-central part of the study arca. Two
remarkable local tectonic structnures exist within the study area: a (ransform fanlt,
which is related to the opening of the Gull of Mexico, and the Chicxulub Crater. Both
structures were sedimentary basins in the past. Diflerent compaction rates of these
S(cclil_‘llt'zl"li;s with respect to the surroundings may have caused fracture s_yéi;m_‘ns alon g
the former walls of the basins. These {ractures represent favorable initial conditions
lor the karstification process. 'lft]ych‘a,ulic gradients, climatic corn;lii:io_n_s, type of vege-
tation and others may he tl'_l(:z. se_l_ectgiou"fa.(:t;m_‘s for the fractures that \\\-’eife_la.!;_c_ar opened
by the karst corrosion. As long as cavities formed .lul'ing this ]’)I'.()("P‘i‘% are %ubrn(flrgncl

the water gives the necessary bmlyanl, huppml to prevent the tot al (ollap.so of iho |
cavity roofs. In areas were the water l,ahlo s not able to support the cave 100[5 these
are likely to (O”d pse and |)w dolines can be ob.s(.l ved at the s_l.s.r('f_tw. ]345(3([' on _l;lm
close relationship of local tectonies with the dis ‘i'ihili‘i(“)fl ()f l;h(-? permea, 1—)'1111-",2 of the
dqmlm, a division of the latier info hyflml((i(mu (l()llldillh Tas been pmposod the

ng, of Genotes being one exampie.



I. Introducciéon

ISl drea de estudio estd comprendida entre Tas longitudes 88230 v 90745 veste v las
latitudes 199307 v 21275 norte, lo cual corresponde a la parte noroeste de la Peninsula
de Yocatan en el sureste de México,

5l climade la zona de estudio es tropical hiimedo. Las temperaturas medias mensuales
varfan entre 23.9°C en encro y 29.7°C en mayo (valores promedios de 32 anos para la
estacion meteorologica de Telchaguillo, Yucatian) (Andnimo, 1994). La temporada de
Huvias abarca los meses de junio a octubre con valores maximos de precipitacién en
los meses julio a sepliembre (Andnimo, 1994). La precipitacidn pluvial media anual
varia desde 500 mm cerca de la costa noroeste hasta 1300 mum en la parte sur-ceutral
del drea de estudio (Andnimo, 1988). |

La Peninsula es una plataforma de rocas caledreas. . ln ol drea de estudio afloran
formaciones del Terciario y del (:.fl.Ifﬂ,i}(‘;?I‘l‘lajl.‘i{) Iin una ['m.nja...'C(.ircmm a la linea de la
(().sta aflora el C ‘ldl(‘llldilo, seguido tierra adentro por capas del l’hmum Ohgjoc eno
an la pmiv occidente y Foceno on la parte ox‘wntvl y Foceno Me ho. A 10 lar;;;() (le la.
Sierrita de Ticul afloran capas del Palvot_mm (/\noumm. 1988). |
La Peninsula de Yucatan es un terreno con topo&mlm plana. I5l umm (l(:'amvel ll]!])Ol-‘ |
_.Jantv wpmsonta, la Sierrita de Ticul, que atraviesa el drea de estudm er umn thwcuou‘_
noroeste-sureste. ﬂ\l norte de la Sierrita de Ticul, las altmm, (lcl terreno varfan entre
0 m en ld costa a .1pxommaclamnntr‘ 20 m sobre el nivel medio del mar (NMM ) al pw.
'clo la mlsum. La Sierrita de Ticul representa el limite nor te de una platalorma luac‘m—‘ .
m(,nio c‘lovacla con aH uras entre 50 my 100 m (Anunnnu 1984). Como mmm nencia
~de Ja. uumh( d(‘!()l] (l lerreno tiene un aspecto on(luld(lu en dllcu‘ni;os sonas del drea
de estudio con (hlm encias de all ura del orden de mol ros a domnds do metros.

En la palio umoosto ({r* la Peninsula de Y ma{dn, o exisben arroyos ni rios. l()(l() el
_(L(gjna c'sm pmsvntv en forma (l(‘* agua sul)i( rrdnea. La roca tiene una alta 1)(‘1!1](’:11)1ll~
(lad Ia ¢ apn de suolo varia enbre unos pou").s ce ni,nm bros hasta me\lstf*nlv (‘ll muchas

partes del drea clv mtnfho I l nivel hoahu) es sotero en fa parte. norte del drea de



1. Introduceion -~

estudio, teniendo valores de entre 0 men la costa a 30 m al pie de la Sierrita de
Ticul. Alsur de ta Sierrita de Tical, estos valores estan en el rango de 30 m a 140 m
(Anonimo, 1988),

Il acuilero es Tibre excepto por una estrecha franja a lo largo de la costa (Perey o,
&I., 1989). Fl acuifero es carstico, el flujo del agua subterrdnea estd determinado
por la porosidad sccundaria, presente en forma de fracturas, tineles y cavernas inter-
conectados. La recarga del acuifero se electia durante la temporada de lluvias que
comprende los meses de mayo a octubre. il flujo subterranco regional es de sureste a
noroeste, sin cimbargo, el flujo local puede diferir (101_lsi.d(-?.ra,l)lenmn.te de esta direccion,
Se propuso que el Anillo de Cenotes intercepta el fhijo del agua su |‘)tt.:1.'1'::11.1.(3;-:1;,.l’tmp;e
como rio subterrineo, descargando su agua en los dos puntos de intercepcién con la
1fuea costera cerca de DZ“FI,I']I de Bravo en la costa norte y de Celestin en la costa
occidental (Marin, 1990). La descarga del acuifero al mar se realiza a Imvo::. de frac-
turas, tineles y cavernas abiertos hacia el mar a lo Imgo de toda la linea mslma
sin embargo, modelos del acuileros sugieren que una lz)ueuu pa‘l.ﬁl;_e de laJ descarga se
concentra en los puntos de interseccion del Anillo de Cenotes con la (::(_)_s.l;a,. (Marin,
1990; Perry et al., 1995). | | | |

[Ista investigacion esta ('livid'a en (':11:-1.'1;1'0 parl{t‘ﬂg cada (ual lt‘])l(‘al]l[d(ld por una pu-'.'

blicacion. In lo siguiente se dan los 01) efivos 1(:&11|L<ulos mas lm )()l(,dntvs de dlns
g

lnvesil;_,'luon s hidrogeoldgicas en el norocste de Yuc 11;.:311, México, uti-

| llzmldo 1'eglstros de resmtlvldad

Lstudios geoeléctricos confirman que la permeabilidad del subsuelo ;_1'1.11,‘}1011 ta acercin-
dose al Anillo de Cenotes, si.nx(:éjinl)iufgd, exisll;c,l’i ""\f‘c‘l;il'i'q‘i:.(j:l'()]:'l(’:.s'.(.1(3-IE*L'_['5(.‘-.1.‘1.’__1'1?33,13”_'l(.LI_'deI__‘d,- lo-
largo de este (Steinich and Marin, en prc»:ns;ai.( a)). Los _|.‘1.;1i51"_1:1()s autores ic:len._t;'i.[i{f:;fx,l.?f)lr'l
una 'mna. t’lu reducida [)'c'.rrrmzihili’détd (‘l‘l:»(“l tramo del au'lil‘ld'n[ sUr de la '(“‘ilidm;l (‘lo'
_M( rida, cerca de la poblacion de f\bala I)vl)ulo a Ia, |)|(‘svuua de lmttmds almmdas_‘

se cuenta con i medio anmo[mpico re spc (,tc) a su per lll(‘dl)lll(lru[ (bh mlch y Maum



1. Introduccion N

en prensa(a)). Bl acuifero de Yucatan consiste en un lente de agna dulee el cual flota
sobre agua salada (Marin, 1990). Sc tiene evidencia del interfase hasta més de 90 km
de la costa, donde alcanza una prolundidad de 11O e aproximadamente (Steinich y

Mariu, en prensa(a)).

Determinacion de las caracteristicas de flujo en el acuifero del noroeste de

la Peninsula de Yucatian, México

La respuesta del acuifero a las precipitacion se realiza en el orden de dias. Bscasez en
la recarga superficial puede cansar una disminucion del nivel fredlico por mas de un
metro lo cual representa mis del 50% del valor inicial. La parte con _l.lmyorc.—ts varia-
ciones del nivel observadas se encuentra al este de la zona de reducida permeabilidad,
5] rapido drenaje de esta zona de alta variabilidad’ se debe a u'n_'c_\;lil_iea.l‘ni(-::n to de los
conductos y al hecho que estas estén paralelos a la direccion del flujo (Steinich and
Marin, en prensa(bh)). La diferencia de la velocidad de drenaje _éu el acuilero causa
cambios importantes en el regimen del flujo subterrineo ]_msm gm]erm' una inversi(’)ﬂ

de cardcter temporal de la direccion de flujo de Slll()ht(‘ noroeste (flujo regional) a

nc)l,'oesi'c-usur(w;l;e La zona ale (t(t(la se extiende hasta loa, alr odulows rlc la C tucla(l de

Mérida lo cual implica un 1)d|g,10 de (oui.:mmmucm de nnplms areas unalos en la

parte ((‘1111‘11 (Io la zona de estudio |)10w‘m(,nle (I(' lrl (lli(lclfl

Loc"tli'z"tci('m del 'p‘arteagtms en el acuf‘["erc)'clrstlco de Yucatdn, MBXILO,

combmando dato.s geoquiimicos e h!drogeologjlcos

La hihé tesis de que el Anillo rlb Cenotes I'unc‘ibtm COIMo :‘1'0 s |‘>t‘errzﬁ‘léo‘.(Marfn 1 Q‘)O)
con dos puntos de (l(:h(dl}.)rl en los puntos de interseccion con la linea costera (Pcuy

eof al,, 1995) lc‘qu:mv la existenci ia de un pcutmgju as cn el a(m[mo do Yucatan l)alc)s .
'lmlmuh(o.s y g.,('oqunm(os (omudon en’ un pmi(ulyuas ubicado en I(L pmlt* mn (lol

Anillo de Cenotes (Steinich et al., _(a,(;trlz)t,adu) L zona de lcﬂdlmcla pmlnmlulldad |



I. Inlrodueccion R

deserita por Steinich y Marin (en prensa(a)) juega un papel importante en la ubi-
cacton del parteaguas. Se propone que representa ol Himite occidental de este dltimo
desconectando hidrdanlicamente los segmentos del Anillo de Cenotes al orienfe y al

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

Il papel de la tectdnica local en el desarrollo del carst v Ia hidrogeologin
| \ geolog

en Yucatan, México

1 proceso de carstilicacion que formo el carst yucateco se desavrolld de una manera
heterogénea, lo cual se refleja, eutre otras cosas, en'la heterogeneidad de la distribucién
espacial v ol tamano de las dolinas. Una de las manifestaciones mids interesantes
es ¢l Anillo de Cenotes gue representa un alineamiento circular de dolinas, Otros
alineamientos y agrupamientos se pueden identificar en la zona de estudio (Steinich
y Marin, en arbitraje). Resultados obtentdos por log mismos atttores implican que
las estructuras de la tectonica local generaron un (liscﬁ_(') de fracturas que dié las
condiciones necesarias para el inicio del prc)(:eso_ de la (.:i:l.l‘SLiI'i(gal/(?i(i’)ll. Otros fendmenos
(clima, vegelacidn, prolundidad al nivel del agua, ete. ) 'ré:suli;_mi .(‘l_c;te_r_r_nii‘la,ntes para
la. seleccion de las fracturas abiertas por la 't.:l.l'st_;iﬁi:a;;:ién y para la manifestacion de
las cavernas en la superlicie a causa del colapso de sus techos (Si:f_-:ini(:h y ._1\_"[21\1'1'11,
en arbitraje). A base de (zs't;o_s- 1{@5(1?]1;21(_1()5 50 propone definir diferentes ’dominios

hidrotectonicos’, siendo el Anillo de Cenotes el mejor estudiado.
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I1. Investigaciones hidrogeoldgicas en el noroeste de Yucatan,
México, utilizando registros de resistividad.

Hydrogeological investigations in northwestern Yucatan,
Mexico, using resistivity surveys

Birgit Steinich”, Luis E. Marin®
Instituto de Geofisica, Universidad Nacional Autdonoma de México, Cd. Universitarta, Mexico City,

Mexico, C.12, 04510

GROUND WATER, 1996, en prensa

Abstract

Fight Schiumberger soundings and four Wenner anisotropy measurements were con-
ducted in the northwestern section of the Yucatan Peninsula for hydrogeological in-

vestigations of a karst aquifer. This system is influenced by a circular high per-

meability zone (Ring of Cenotes) probably related to the Chicxulub Impact Crater.
Schlumberger soundings and Wenner auisotropy measurements show that - the karst

“aquifer can be modeled as an electrically anisotropic medium. Anisotropy is related to

preferential permeability directions channeling ground water flow within the aquiler.

Directions of maxtmum permeability were determined using Wenner anisotropy mea-
: . . . . - 4 . . l LY ;

surements. Electrical soundings were conducted at different sites near the Ring of

Cenotes. Resistivity values decrease toward the Ring of Cenotes supporting the hy- -

yoblhiesis that selected sepments of the Ring have high permeability. Several soundings
| segm gh y. Several sounding;

were conducted in order to study lateral permeability variations along the Ring. A

high permeability section can be identilied by low resistivity odels and is related
to a zone of high cenote density. A low permeability section of the Ring was found

showing high resistivity models. This zone overlaps with an arca of low cenote den-
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sity. Islectrical soundings were used to determine the depth of the fresh water lens;
the interface was detected along two profiles perpendicnlar and parallel to the Ring
of Cenoles resulting in a depth that ranged from 18 i near the coast up to 110 e in
the southeastern part of the study area. The predicted depths of the interface nsing
clectrical methods showed a good correlation with Ghybhen-Herzberg and measured
interface depths at some sites. Discrepancies between caleulated and interpreted in-
terface depths at two sites may by explained by horizontal-to-vertical permeability

anisobropy.
Introduction
The study arca is the northwestern section of the Yucatan Peninsula located in south-

castern Mexico (1. 1), The hydrogeology ol the Yucatan Peninsula consists of a

thin tens ol fresh water underlain by a salt water intrusion that penetrates more than

40 ke inland. This lens has an approximate thickness of 45 m at Merida and is less

than 120 m thick within the study arca. The rocks in the upper hundred meters
consist primarily ol Timestone. Small (,hm( [ragments hd\"(‘ alsu been found (Marin,

1994). Dissolution of the carbonate rocks have resulted in a lack of aqm tards. The

aquiler consists of a mal ure karstic medium wrl‘h a \-vell (l(-‘vc‘.l()pm] eys em ()I inter-

connected caverns and conduits, 1t is unc onfined except for a narrow l)and p(n allel to-

the coast (Perry et al., I%(J) The aquifer has a low h\f’dmulu gjmdl( uL, on the order

of 7 — 10 mm/km, suggesting very high pumodlnhlws (M(mn, I()(Jl)) Lu‘rnl"@cl data

suggest that the G hyben-Herzherg relation holds for nmlhwesl( T \u(d tan except

~near the coast (Marin, 1990; Marin et al., in levuw)

At has '_i'e.(:tzént;]y been proposed that Yucatan is the site of an extrate frr-‘s(;ri:-i.l irnpn,(‘t‘

event that struck the l'unth 65 million years ago ( Hild lebrand et al., 1991, Shar ptou el
al., 1992). This structure, known as the Chic xuluh ]mpm t Crater, lldb l)(*vn [)mposod o
to have a diameter of appto\mmh-ly‘3()() lm. A steep Hrlwly gjlmhout a(((n(]mh |

to the geophysical model, occurs at an approximate diameter of 180 km location
_ 5 ) . : _ . _ yoE
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that coincides with that of the Ring of Cenotes (Sharpton et al., 1993). 1t has heen

reported by Pope et al. (1991), Marin (1990) and Marin et al. (1990) that the Ring

of Cenoles has a cenote spacing varying [rom three cenotes per kilometer to less than

one cenote per kilometer forming a 5 — 20 Ao wide band, Marin (1990) and Marin

et al. (in review) have proposed that the Ring channels ground waler and acts as a

How condnit.
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I'ig. 1 Overview map of the study arca showing electrical survey location

and profile positions.

Hydrogeological data supporting the hypothesis that the Ring has high permeability

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

collapsed cavern systems; 2) anomalously high discharge of ground water where the

Ring intercepts the coast; 3) water level measurements that drop as they cross the
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Ring (1Mig. 2), and 1) broken sand bars at the two intersections of the Ring with the

coast (Mari, 1990; Mavin et al., in veview; Perry et al., 1995).
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IMig. 2 Cross-section of the uorth-south profile on the line A-A’

(Fig.1).  Arrows show ground water flow dircetion.

Objectives

I'he objectives of this study were: 1) to determine whether the Ring of Cenotes is
a high permeability zone; 2) to use electrical surveys to determine major directions
of permeability anisotropy in the Yucatan karst aquifer; 3) to determine the depth

of the ground water lens along two profiles parallel and perpendicular to the Ring of

('enotes.
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Methodology

Twelve electrical measurements were conducted in June 1993 using two diflerent Ly pes
of arrays: cight Schlumberger soundings al several locations are shown in Figare |
marked as S1 to 5SS, Spacings AB/2 vanged hetween 160 1 to 290 my Tour Wenner
anisobropy measurements are shown as Al to A4, having spacings of @« = 10 m (A1),
a = 14 m (A2) and « = 20 m (A3, Ad). Al measurements were made with an ABEM
Terrameter 30013, The field data were interpreted using a FORTRAN code written by

the senior author, based on digital linear lilter theory as described v Koefoed (1979).
Results and discussion
1. Permeability characteristics of the Ring of Cenotes

The rocks in the upper hundred meters consist of karstic limestone. In such a medium

clectrical conductivity takes place through water-filled voids. In general, horizontal

changes of the resistivity magnitude is a function of interconnected void volume and

thus of permeability (Milanovié, 1981). The presence of clay lenses can be considered

as an exception to this rule. _('fi_l-a.y lenses c:zx_n' be present in l_(_a;rsl;i__(:'-_l.i]‘lt}éstoncs as
imfilling material of (:lissolutio_ii ca.'\}il;ics (Jennings, 'lS)SE’).j. Clay WH,S-(")]..)S.C.l.'\_f(;‘-'(lf in cores
of various wells drilled in the Peninsula of Yucatan .-('l\’l'd..l,'lf.lf‘l : 1994). - -

Vertical changes in resistivity can be caused by botl phenomena 1_?1.1(311,4{;iorn_e(.l. ;:1}|;>£')v.f,~.'. as

well as a function ol salinity of the ground water (Milanovié, 1981).

Marin (1990) and Marin et al. (in review) suggested that the Ring of Cenotes is a =

zone of high permeability. Their results are based on hydrogeological data. Studying

the superficial evidence, it can be observed (anonymous, 1984), that cenote-density

is highest along a civenlar line, the Ring of Cenotes, and it decreases rapidly with

distance from this zone (IMig. 1).

A local scale study shows, however, thal the cenote-density varies also along the Ring -
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of Cenotes.  Eleetrical soundings can help to determine whether the variations of
cenote density 18 related to variations in subsurface permeability,

[n order to imvestigate the hypothesis concerning the high permeability zone, several
Schlumberger soundings were made to observe variations of the resistivity in a zone

containing the Ring of Cenotes,
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Fig. 3 Lateral resistivity changes perpendicular to the Ring of Cenotes.



1. Investigaciones hidvogeologicas ... A

IMigure 3 compares the interpreted models of three Schlumberger soundings realized
at three different sites on a line perpendicular to the Ring. 83 is a site on the Ring
where cenote density is high. S4 is a profile approximately 12 km south of the Ring,
e, outside of the Ring, and 52 was conducted inside the Ring, about 8 kne to the
north (1%g. 1),
lFor 53, the best-lit model indicates that there is an increasing resistivity trend in the
upper 15 meters with a maximuwm value of 110 . Underneath, a resistivity change
to the relatively low value of 16 Qm was observed. These resistivity values are in the
range of rocks satured with fresh water, however, the lower the value, the higher the
permeability, This indicates a thick, high permeability layer ranging from —5 m to
=50 1. Anobher sudden resistivity decrease can be observed at a depth of =55 m
which is interpreted to be the fresh/salt water interface.
The sounding 54, loc atm] south of the Ring, also shows [resh water lypl(al resistivity
values down to a de plll of -——()S m, being in the range from 27 Qm to 70 Qm. In the
depth interval from —5 m to =55 m, where the model of §3 has its high |)(1mml)1hi\f
layer, the model S4 has a higher resistivity than 53. |
This implies that the permeability (l(,‘(l(:d&.("w from llm Ring to the south to it
The m‘)t.ul{ilil']g 52, located north of the Rlug, shows a lowwmsf,wliy laym waih 1.0 Qm |
from —12 m to —30 m. Additional information (waler level IH(‘:ISUI(‘HICIIL.‘; and &[)j)ll“
~cation 0[ the G ihyben-Herzberg [ounula) predicts an inter faw (Icpi I ot a pplomnmtc‘l
—65 m (compaw with [ig. 8) thus we believe llmt this low lc'hihi,lv1l,y layo is a
clay les IH. Apart from this postulated clay lens, |(‘slsllvii,y values of Lhu h) |nohlc'
are lllg.)]lt‘i than those ol the S3 model, which again indic ates clm u*.mng, pmmm,lnll{,y

moving away from the ngj of Cenotes.
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Ilig. 4 Lateral resistivity changes in the Ring ol Cenotes.

igure 4 compares the models of three dett‘lc'lillgs; all conducted in the ’If{;i‘ugo‘l" Cenotes. -
S3, clé:rsc.l.'il}(;t([ above, and S6 lie in a zone 0["htigh cenote density, S?" in a 1'égi0n'.W.I‘lé;‘.l"(&:._
there are only very few cenotes reported (Iig. 1). |
_.I.j‘lﬁ{:l-prct_cd ix.'i_(")(‘ltzzr_ls_sh()w important resistivity changes along the Ring, .S(‘i ha% rcéSis?_
tiv_il;y values in the range of 8 Qm to 5(‘)_ m .in.: almost the whole '(ﬁ()lli_i‘]"il._\ above the

sall/[resh water interface, with the exception of two high resistivity layers near the
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surface.

lo a wide depth range, resistivity values are therelore comparable to those of §3. S7.
however, shows high resistivities in the major part of the column with values ranging
from 300 Qan o 450 Q.

I terms of permeabitity that means that the permeability at 87 is signilicantly lower
Chan that at 53 and 56, The high permeability layer pi'(-\.'s(-r.t'n; at 53 and 54, disappears
al S7. This absence of high permeability occurs in a zone of low cenote-density which
supports the hypothesis of the narrow relationship between the cenote-density and
the permeability.

Summarizing the vesults it can be seen, that in the studied area, the Ring of Cenotes is
a high permeability zone with respect to its surroundings only on a selected segment.,
The above discussion leads to the conclusion, that the medium is highly permeable
in the subsurface only where the surface cenote density is also high. 1t can therefore
be concluded that the Ligh 1)(-3’1‘1‘1‘1(—:;‘:1:;51il;y zone, postulated by Marin (1990) is not

continuous along the whole Ring of Cenotes.

2, Pe.r.meability anisotropy
2.1 Theoretical model

Ground water flow in a karst medium t;akes place mainly through (:l.issscz)luti_o_n voids
such as fractures, channels and caverns rather than through the |j|_1z-_11;:ri.\:'_' ((3'161.'(,101..1,
Ll.f)S()').' The Ring of Cenotes is an alignment of fractures an d voids due to i_1‘1~(;:.rf-_‘.e:|,s;3'r_'l_._
(:.I.'lssoll.l'l;io;s'l and .(:ol'lzvl,;')so of the limestone (Pope el i»l.l_., 1991). Such a medinm can be

described by the theoretical model shown in Figure 5.
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Fig. 5 Theoretical model of the electrically anisotropic medium,
A fractured medium is clectrically anisotropic (Ritzi and Andolsek, 1992), i. ¢, re-
sisbivities in any of the three orthogonal directions can be diflerent from the other -

two. Resistivity measurements made above such a medium would rvecord the apparent

vesistivities (1.e. Militzer and Weber, 1985):

Qay = \./ 010 | Qup = \/Q!«'E’; Oa; = VOO (l) .

where:
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Oa; * apparent. resistivity in transverse direction
Oy + apparent resistivity in longitudinal direction

On -t apparent resishivity in vertical direction

for the transverse [ and longitudinal 1 divections with respect to the main fracture
plane and in the vertical = direction, respectively. The apparent resistivity in one
divection is then determined by the real resistivitios in the other two divections (Car-
penter et al., 1990). This is called the *paradox of anisotropy’ (Keller el al., 196G).
[n order to apply this model to Yucatan, we made the following assumptions based
on the orientabion shown in Figure 5:

. ¢ is the direction ol lowest permeahility.,

2. [ s the direction of highest permeability.

quality. |
Furthermore it can be assumed from Pope et al. (1991) that the inclination of the
fractures is predominantly vertical. This was conflirmed by cores of varions wells
drilled in the studied area (Marin, 1994). So the direction of the p.-axes can be
assumed to be within the fracture planes. Considering the three points, the theoretical
mocdel would have the following characteristics, where the terms where defined in

Figure 5 and equation (1).
o < Q_f.s@.)f : . : o o _ («) '

Thence:

Bay = 010 > Pal = A P10z - : : : (}) '

Qr.tz = \/b!ié’l > Day :‘\/ér&:’:"
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The two apparent vesistivitios that are measared in a Wenner anisotropy survey are
Oap and pqp. 1t follows from equation (3) that the direction of maximurm permeability
ts marked by the direction of the maxinium apparent vesistivity measured,

A parameter to quantily anisotropy is delined by:

o1
A=) (1)

O

e

2.2 Wenner anisotropy measurements

In order to investigate the anisotropic characteristics of the aquifer, four Wenner
anisobropic measurements were made in the western section of the study area. Tol-
lowing the theoretical model for the medium, the form of the data curve as a function
of the direction is related to the hydraulic characteristics. Based on the discussion in
Section (2.1), real resistivity is hig‘hest; in the t-direction and lowest in the l~(ﬁli.1rc;3citi0n.
However, the anisotropy paradox staif‘:-, that the highest appmmlt whmtlwtv 1S mea-
sured in the (- divection and the lowest appawm, resistivity in the 1- direction. Low
real resistivity is related to high density ol micuonnm bed: lmduwh and 111011 Imc, to
the direction of highest [n rmeability. | |

The data curve of & Wenner anisoty ropy mvaauwmcnl, in an isotropic mmlmm 18 sup-
pow(l to be a ¢ ircle, that of an dms()lropu mediwm is supposed Lo be an (*lhplu ivp({ ‘

one. IYigure 6 shows the original data of the four ox;\)erlmcnl‘, Sli;cs labeled Al to A4,
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Iig. 6 Original data of four anisotropy measurements,

All anisotropy measurements realized in the western section of the study area have
elliptical type data curves and therefore point to anisot ropic medium, Their respective
anisotropy coefficients are 2,21 (A1), 1.31 (A2), | G1 (A3), and 1.26 (A1), Figure 7

shows interpreted maximum permeability directions.
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Ifig. 7 Interpreted directions of maximum permeability using the anisotro-

pic measurements.

Pernieability anisotropy is most pronounced at the (Al)-site. The direction of max-
imum permeability coincides in this case with the shortest direction to the coast as
is the case for the (Ad) site. (A1) and (A4)-are located relatively far from the Ring

of Cenotes. Based on Figure 2 and on results from Marin (1990) we know that at

the (Al)-site the aquifer discharge is towards the coast. In this case the interpreted
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divection of maximum permeability coincides with the discharge diveetion, The same
conclusion may be true also for the (Ad)-site, however, there are no aquifer dafa
available for this region,

Direction of maximum permeability at (A2) is oblique to the Ring of Cenotes. 1Migure
7 shows that the (A2) is a bransition location hetween zones of high and low cenote
densities. We know from the discussion in section | that the high permeability Ring
of Cenotes is interrupted at some places.  Change in cenote density implies that
the (A2)-site is another (.?x,én.,ll‘l_l)_ltpe for this. We think that the observed direction of
maximwn permeability at this site may be that ol a system of fractures orientated
obliquely to the Ring direction. Dissolution could have heen a,c:.(;ing along this fracture
system and resulting in the abru pt cutoff of the high permeability zone that extends
southeast of (A2). In the same area the Ring of Cenotes is écn‘1‘11:n350¢l of fwo arcs,
8 ki apart (Perry of al., 1995), (Fig. 7). The direction of maximum permeability of
(A3) is oriented towards the second are. We think that (A2) and (A3) may be the
manifestation of a local fracture system 1‘{35[}0!]5?]310_["01‘ the mterruption of the m ayor
arc of the Ring ol Cenotes and related with the formation of (;l_l.e-.b"ecoil_cl' arc is(::grn(—:n 3

reported by Perry et al. (1995).

2.3 Depth of anisotropy

lectrical anisotropy can also be observed in an experiment composed of two Schlum-
berger soundings that have the same center point, but are orientated perpendicular

to each other.
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IPigure 8 shows the hcl(l flat,n aml the 1110([(*] curves of two l)(‘l pc'n(lu,ular ,soundlngj.s,

labelod S5 and ‘w(‘)
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Both ¢ urves sh()w slgmh(dnt diflerences of (Lplmwni 1(51%11\«'1“%

b his chs(u‘pamy can be ex )ld,mod assummg, a;_

|)o:111<=al)1hiv anisotropic me dmm as discussed in section ?..l,.f -
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Fig. 9 Anisotropic coeflicient A for the models of I'ig. 8.

Iigure 9 shows the values of the anisotropy coeflicient A, calculated with the vesistivity

values of the two models of 55 and 56. Permeability anisotropy can be assumed at

this site for the upper 19 m of the subsurface medium.

3. ._Depth of the fresh/sziit water interface

Electvical soundings were used to estimate the depth of the fresh/salt water interface.

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

north coast of the Pentnsula and perpendicular to the southwestern part of the Ring

of Cenotes (Fig. 10). The second profile lies in a west-east direction and is parallel

to the southwestern part of the Ring of Cenotes (I'ig. 11). The profiles ¢ross at point
_ _ ing 8 he | b
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Fig. 10 Interpreted fresh/salt water interface on the North-South-Profile.

Interpreted interface depths {rom electrical soundings are plotted topether with avail-
| . g cp 5 ! _

able measured and calculated interface depths. The measured interface depths are

taken from Marin ct al. (1990) and Marin et al. (in review).

calculated with the Ghyben-Herzberg Formula from two scts of water level measure-

ments realized in June and October 1994, Variations of water levels resulted in a

variation of calculated interface depth of approximately 10 m.

Interface depths were
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Moore et al. (1992) showed that the (]iscrc-‘ nney l)(—*i‘&\f@(—*n l‘noaqurod int(-* "f'a("o depth
| |

and the one calculated by lho G hyben llc*ml)mg_, FFormula can be lmpon,ani in c,oastal_ .

regions. This was attributed to the l}lsL 5(1“ water How <011tmdu ting the siaiu ~$Ca-
water- (()uchfmn {or the G llYl)( n- [lvrzbelg modcl

Nevertheless, we calculate d the interface depths with lho ¢ hy])on Hc'mhmgj [mmula |
Cassuming its validity in onr case due to the distance of the studied region from l;l'}c"'
coast. We also assume that the interface is sharp. This _i.S.-.Sl..l.])]_.’)"().l,‘t(_?(l. by results
from Moore et; al. (1992), Marin (ﬁl.?).()(]) and Marin ef al.- (in 1‘(—3\!i<‘-3'W ). Results are |
sunmmn/o(l n l‘lg,mm 10 and 11, showing (l(plh chlu(*s in the 1101”1 suu{,h ])10[1](‘
anrl in the west-cast profile, respectively.

Interface depth (uui(l be inler )wtml [mm thc ('lu (nml data in all lm[ uno wmi m !hv :
| | _



[, Ineestigaeiones hidrogeologicas .. L

north-south profile at 55 k. from the coast. At this site (82) a low resistivity layer is
found between a 12 meters and 29 meters below the surface. Due to the interference
of the low resistivity layer, it was not possible to predict where the fresh /salt water
interface is. Taking into account the interface depth variations due to the water level
changes and considering an interval of &5 m for the determination of the interface
depth from the electrical measurements, results of caleulated and interpreted depths
can be considered consistent for nearly all sites. However, this is not the case for the
sites 56 and 87 (Iig. 11). Dillercnces between ealeulated and interpreted depths are
as high as 25 m.
[n an electrically anisotvopic medium depths are overestimated it anisotropy is due to
horizontal layering (Koeloed, 1979). In this case, layering could stand for variations
of permeability in the vertical direction. For hoth sonndings (S6 and 57), an average
~coellicient of anisotropy on the order of 1.2 can explain the hi gh difference l)r:i;'\\_recn: .
the calculated and interpreted interface depths, | | |
"The results suggest that the salt water intrusion penetrates more than 70 km inland
“and perhaps as much as 90 Jn. On both profiles the interface shows a clear trend
of increasing depth with distance from the coast resulting in a gro_lmd. -\fmt‘.ér lens
~thickness of about 15 meters near the coast up to | 10 ;{’1'.'.1.01}61..‘55 _QU ke il_ftla.n(:l«_.' A
’question presently being addressed is whether the sa—zlt- water j)i.'c:d_i_(‘:i;cazd to be found |
i Lh:ig area 1s marine in origin or whether it is a 1,;(3551.llt;_ of (I.issdlution of cﬁwa.pol,'i:l;(;'.s' as

Perry et al, (1995) have su,gge%i:cl.
Conclusions

The interpretation of e_igl'i_l; Schlumberger electrical surveys realized in '|101'1;_]‘1\-»'(35l;él.‘n
Yucatan have shown that the Ri I g of Cenotes is a high permeanhility zom_-i on _sc:.-.]_e(:l;ecl.. .
segments, characterized at the surface by a high de‘ns.ity of cenotes. 1t was .a\lso._.’
shown that there zu_'d_sigrti'ﬁt:a,rllgrcsisl;ivity »(.:1’1.'21,i.1ges- along the Ring \'\'l'_l;icl‘p Si_lli)j,)i)r'lz_s '-

the conclasion that the highly permeable Ring is not continuous. The places of



1. Investigaciones hidrogeologicas ... - 26 -

discontinuity can be related to the discontinuity ol cenote density.

Wenner anisotropy surveys have shown thal the npper part of the Yucatan Aquiler
can be described as an electrically anisotropic medium. The anisotropic character-
istics may be duce to preferential permeability directions. The Wenner surveys were
used to determine directions of maximum permeability at {our sites. Schlumberger
soundings perpendicular to cach other had differing apparent resistivity values. The
mterpretation of this data required an anisotropic model for the first 19 .

Finally, the depth of the fresh/salt water interface was be determined along two
profiles perpendicular and [.)i'Ll.‘&L”(.!l to the Ring of Cenotes. The interface was detected
with clectrical soundings up to 90 Am from the coast and compared with calculated
and measured interface depths. Depth of fresh water lens varied in the study arca

[rom 18 meters near the coast to 110 meters in the southeastern part of this area.
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acuifero del noroeste de la Peninsula de Yucatan, México.

Determination of flow characteristics in the Aquifer

of the Northwestern Peninsula of Yucatan, Mexico
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A.bst act

[Flow characteristics were studied in the Northwestern Peninsula of Yucatan, Mexico.
The Yucatan aquiler is a mature karst system, influenced by the Ring of Cenotes
(sil_ll{.l'lol_es).'_"l"l'iis zone of aligned sinkholes is a high j_‘)erlnea,bilfty-?:_f_)l’le _vﬁth respect,
to its surroundings. The n..('[uil}:-'r. is“um‘ol'rﬁned within the s'l"'ucly area. \f\f&l’éi‘ level
measurements at 48 locations were made in Juno a,n(l ()(lobvl' of l‘)()/l Wal er lcvo].s._'
were measured up o fonir times. in Oclolw Water ]vvvls n a lnmie(l ;jlcmp of we]ls |
~showed variations up to 60 % dmmg ()d,olml 04 whuoas c)lhcls had variations on
thie order ol b % in the smmf ponod By studylug,, the mbull ng equlpoi onlial lcgnncb
a highly variable zone (HV/Z) wils lt'lenl;rhe(l ~ Drain ("l‘laract;(-*rlqi'l('s‘ are szgmhrantly
cllllmom from the rest of lhe siu(ly area wluch leads 10 he hypotl}('sls Hmt fhe UVA_
"l'(:B]Z)l'OS(;!lli)S an lll(](‘l')(‘l'l(’lm'lt Hu’)‘S‘,’St;("l’E‘I ol*1111‘(\1{:0111‘1(«-@‘(-'d { I'a(t'm'e.s In mdc to de-
termine directions of high permeability within lll(?_btlld\’ .um,, azmmtlml lt‘bthlVIiY.
surveys were um(ln(iv(l al 22 locations. l{oslsilv]t curves p.;uil(,ulmly n Lhc lI\/'/;.
show two or more peaks, cach mdu,atlmh a direction of high pmmmln]l(y l)no( tlons

of high permeability are 11‘11;{;:_1'|)1'ci;(;ad to be ]'.}.I‘(-":'[Cl_‘(;}l}LIE].[ _d.lren::tlons'ol a,ll_gne(.l l_.rnc_tm'_f.-‘,s.-
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Comparison with the two different equipotential regimes in Qctober '94 shows thad
in the majority of the cases the direction of the hydraulic gradient coincides with the
direction of one fractire system. The hydraulic gradient can be considered to be the
major control in the dissolution process at least in the HVZ, resulting in the selective
opening of the [ractures. Peaks in the resistivily curves are ol the same order of
magnitude, This shows thal both regimes of equipotential lines and the correspond-
ing changes of the hydraulic gradients are sufficiently frequent to be able to create
different fracture systems with a comparable fracture density. The variations of the
equipotential regime in time may have severe consequences in terms of the risk of
aquifer contamination in the highly variable zone. Contaminants, generated mainly
in the City of Merida, are generally believed to flow towards the north coast of the
Peninsula. However, reversals in the hydraulic gradient may allow contaminants to

flow towards the southeast of the City, at least for limited periods in the year,

1. Introduction

The aquiler in the Peninsula o[ Yucatan consists ol a mature karstic .syst,om The
upper hundreds of meters consist of almost pure Lertiary and Qualcmal y carbonate
sequences with no major tect ctonic d(*[onna(tou (I\f[c)lfa,n 7., 1985). A review of the

eraiugm,phac column for 1'101'l'.ll.'west(_-:l._'n Yl.[(,‘.'d.l;él‘lfl is presented in Shmrpton (é; al. (-in |
press). There is some evicleuize for clva.y lenses (S mnld & Marin, m press; Marm
1994), but they tend to be local in ,'czk,i;le'il; and i;__l‘i(:l.'_e{bm-d(_)n_’i; act as mgmhca.m;
| a(‘[ui[;.a,.l.‘f_ls (Perry ef al., 1995). Wheun (:l,iSS()l\kid the (:&1'15011::1.&3 .1'::5(:]{5 leave ah’ndst

no residue (l\fla;l_i'{lil. & Perry, J‘)‘M) The aquifer is uu(onhne(l excvpl 101 4 Narrow
band parallel to the coast (Perry et al,, 1989). The porosity 1'&11{.1,'@3 l‘)ei'w ren t(/(ﬂ,n(fl
41% (Gonzalez Herrera, 1984). All types of cllssohltmn voids are descr II)(’(l WILh sizes
'1,"(1L1|.gi:l.lg‘ [rom the order ol' ('('nl nnei;om found in several coves of wel_ls'_clrllled i1l l;h(zf o
study area (_J\/la.z_‘l'n,-. L994) up to caverns with (lmnm ters in the mdu 0[ l(,us o[ meters.

Many of the latter can be easily visited in numerous places a_ail_c[ dli :_v.l_l.‘.lg-\}va.s made in
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sonte of them (Marin & Perry, unpublished). The presence of the dissolution voids of
considerable size inply that ground water flow is predominantly determined by this

secondary porosity.

21°00' |
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Kantunil |\ ‘
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|~ ‘_HOlhd
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20° 00'

4] kLm . ) o 5()_km
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“900 ' ) 81, 30| | | . e _89' -8 30'

Thg. 1 Overview map almwmgj Llw study area.

lh( aquifer is i g,om*ml terms characterized l)\' high pculunﬂnlﬂnos «md a very low
hydraulic gradient (Marin, l()(){]) The aqmrol is a (o,wlal aqmlu l-nlnl mﬂuencm -
-Ilowovm conld not he observed in the study area, . due to its cousidet dl)]c dlslam @

from the coast line. These ol;)sel.'vzntlom are su HPOL lv(I I) ; R(*wo & l:’(‘n (19 9(3).
. , b
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The hydrogeological characteristics of the aquiler arve inlluenced by the Ring of
Cenotes, This cireular alignment of sinkholes is probably related to the Chicxu-
Lub impact crater underlying the Yocatan aquifer at depths ranging from 300 to 1000
meters El;].)_li)f“()kil[li'l.l,('."l‘)-’ (Perey et al,; 1995). Marin (1990) has postulated that the Ring
of Cenotes forms a subsurlace river system, with the water draining towards it and
discharging tnto the sea at its intersection points with the coast line. Marin (1990)
suggested that the Ring represents a no flow barrier except in the sontheastern sep-
ment of the Ring where ground water flow is probably crossing the Ring. Steinich &
Marin (in press) found a low permeability zone in the western edge of the same seg-
ment. The region itsell is characterized by a wider spacing ol the sinkhole locations,
which is in stroug contrast to the remaining western segment of the Ring (Anony-
mous, 1984 and lig.1). These cireumstances indicate that the southeastern part of
the Yucatan aquiler is of special interest in order to understand the influence of the
Ring ol Cenotes on the ground water flow regime. The {resh water is present as a thin

lens having thicknesses of 15 m near the coast. 45 m at Merida, and approximately

120 12 90 Am from the coast (Marin, 1990; Steinich & Marin, in press). Iixcept, lor the
‘narrow cementation band along the coast, there is no layer that [)_i'()(;céc.l;s' the gro'l_am.;l'
water from direct infiltration of contaminants. There is some tzviclts':nc(:} for the exis-
tence Ol; clay lenses (Marin, 1994). Neveri’,.l'_l_'c:]"(z-:ss,_1_;I:i.is clay represents only cave infilling
material and can not be c:qn_si(fle_mcl'.l‘,:o- he };)‘1.'(:’:3@11 b as a _(,:(')i"li;_ill_ljotls layer or to 'i’L(i:i;_EiS
an aquitard (Steinich & Marin, in ]'n'e.vss). The uqui:l:'eir Js therefore .l'n_igh:ly \?1'1_ljic31_‘§n,|§lca
Lo (I()Iiltﬂl'l".]..l.l'lill;i_()]'l (Marin & Perry, 1994). v’ff.‘vliv(?é-,City of Merida‘ i the most important,
(:té)l]_(:c-.u]tl'z_Ll;i_on of population and iuduét;ry in the Peninsula of Yucatan. Most of the
| (’ll.‘i.fl'lki.l]g water is needed there but most of the contamination is gci“l.'c.ira.tecl there as
well (Méndez R. | 993). ‘T'he fresh water lens is the only source of drin king water in
Peninsula so there is an urgent need for information con (‘:(}if:’ling.t_,he ._ll.},f(hrogc;z()_log;,r 0.[-‘ y

“this region,
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2. Objectives

The objectives of this study were: 1) to map the water table in the region south of
the Clity of Merida; 2) to describe water table variations and their consequences for
ground water movement; 3) to find the rvelationship between the hydraulic gradient
and fracture orientation; and 4) to estimale the risk of contamination in the study

arca as a conscquence of water table variations.

3. Methodology

Water level measurements were made in 48 wells distributed in the study arca as
shown by numbered small rectangles tn the map of IPigure 5. Observation wells are
- the majority of the cases hand-driven water supply wells in villages and some
waler-filled caverns ((:(131'10{;155 i the local lz-‘ngl‘lgt,lage). A first-order topographic survey
conducted by INEGI exists for the area, Wells were tied to this network using a level
and stadia. Wells were selected so thaf the nearest benchmark was not more than
300 e away, for most wells, however, this distance was much smaller. Blevation of the
wells were determined with a maximum error of (.2 em. Water level was measured
with respect to the -l,evc-.létl refercnce point with a maximum ervor Of 1l em. Wai_;(afr |
levels in 24 of the observation wells were measured in June and i.ri'(-)cto_lg)er of 1994.
The other 24 wells were measured only in October of 1994. Tn order to (_).l;}sel:'_ve short
time scale variations of the water levels, some of the wells were visi.i.ecl uj_} 1o four
times during October *94. Water level data were gridded using a 1° .'z:".lfr .gri_d and thé
waler table surface was calculated by an i1’1l.:(—_n'|)0_l;i.i;'10n a!lgo.rit;'l.'J.m as i_lSé(l by \f_\’éﬁ:;s&l.-
& Smith (Il,.()f)‘,Z). | | .‘

'f[‘\'_\}enty» two electrical surveys were conducted within the study arca, rl"“h(;.'.‘_a;rl;ay chosen
was that of azimuthal resistivity surveys in order to dc;‘._tc-.r.minc_z'I‘._l'_l_e ciri(ﬁ:‘[.ll}al‘;i(m_0["
fractures. Azimuthal 1‘(zsisf:;ivit_§f surveys ave Wenner type arvays, (_:omlu_f;'.t(_-zcl__WHJI.’l t;hg'.__'.:

same center point for dilferent angles with respect to the novth divection. Within an
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isotropic medinm, measured resistivity is the same for all directions. The presence
ol fractures, however, imply anigsotropy in the clectrical characteristics of the rocks.
Resistiviby values vary as a function of the angle with respect to the north direction
related to the orientation of the fractures. This makes azimuthal resistivity surveys
a uselul method for the determination of directions of culianced permeability as a
consequence of the presence ol fracture systems (Taylor & Fleming, 19885 Steinich &
Marin, in press).

For the azimuthal surveys in this study, spacings A /3 equal to 20 m (eight cases),
24 m (three cases), 25 m (one case), 26 m (two cases) and 30 m (cight cases) were

chosen. Blectrical snvveys were conducted using a Syskal RI Resistivity meter,

4. Study Area

The study area is located in the Peninsula of Ylu:a,(;zzt,.ri, southeastern Mexico. It is
composed of th(*. region between 90°00° and 88754" west, 20°15" and 21° 00’ north.
The Ring of Clenotes crosses this arca from west to northeast (IMig. 1) Cenote density
within the Ring is \fﬂt'.l;;l..l.:).le (Steinich & L\’lm‘ll'l in press; Al-’e_r.ry' et al., 1995; Marin
et al., 1990). The ring is hest develaped in its western s(gmmt which is followed

castward by a zone of low couol(, dmm(v A remar I\(thv s¢ &,muzt is the one soulhwosf
of Kantunil, characterized by a wider spacing in u‘n()ie locations (1q ig. 1)
The study area is characterized by a very hctomgmwou& (hsmlmtlon 0] population
and industrial planl, [ts um]m CONC ommtmn is i the !l()thW(‘bf part of the st udy. |
arca 1‘0])1.'(*30111'0(1 l)y the cities of Merida and Uman, the former l)emg‘ the lel,t.‘g'esh City
i lhv Peninsula and that with the best dc*vclopocl m[msl,mctnm Anolhm w;,noual-"
center is Ticul, located in the south. T lw sout hc'astem part of tho cum lms (mly small |
vV!“dg(‘h |

The rlmmly of observation wells \fdllt‘h within the: study area. Namvly in a zone
5(>ulhwmi of Kantunil there arve very (ow wolls avmlablo [01 watcl l(lvol m('dsuuﬂnmlt |

due to lhv lack of hench marks. /\mmuLhaI resistivity surveys were matlo in the wholo
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study area with a concentration in the zone southwest of Kantunil, "T'his was o study

m more detatl this area of enhanced interest.,

Results and Discussion

5. Water table maps

Based on the water table measurements in the 48 observation wells, water table maps
were made for three different times | June of 1094, beginning of October (g, 2)
and end of October of 1994 (Iig. 3). The conliguration of the equipotential lines
in June 94 is nearly identical to that at the end of October "94 so we omitted the
June 94 map here. Pigure da shows preciprtation curves lor two meteorological
stations, Telchaquitlo and Holea (FFig. 1). Precipitation values are monthly al,\ftaj';-l,gifa |
values over a period of 32 years (rliel(fl‘lél,(’glli”(‘)) and 12 years (Holca) (Anonymous,
1994). The rainy season in the study area is from June to September, with the

highest precipitation in September. The water table ol June corresponds therelore
to the period at the beginning of the rainy secason, the water table naps of October
represent two water table configurations in the transition period from Lll.e.'ra;iny to the
dry season. This transition period is characterized l)y a lower 1‘11.dn.th]y=p_recipita,ti()n.
(INg. 4a) as well as by a decrease of the number of rainy days in a month (Fig. 4b). At
the climatological station of Holca, only seven days with j_);f(::{.‘..i pitﬂ,l';ion where ()|).S(;"I.‘VC("I
in October of 1994, and 60 % of the Lotal [!,'l()l'v_l_tl]']y ;.)t'ec_ipi.l;n_,.tior_l. was registered on

only one day (October 14th.).
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Mg, 2 Fquipotential fines at the beginning of October 794, i.c. during the

low water level period in melers above mean sca fevel.

In spite of the signilicant variations of the water levels that will be discussed later, the
(hree water table configurations show some similaritios. In the center left part of the
study arca there s a comarkable head maximum. This high coincides in space with
o zone ol low cenote density (g, 1). Siudy of precipitation and evaporation data
show no indication lor an inercased recharge to the aguifer in this zone. However,
(ormer investigations using clectrical rosistivity surveys showed that this is a zone of
relatively low permeability (Steinich & Marin, i press). T'his may account for the

head maximum in this zone. In the western part of the study arca, equipotential lines
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are perpendicular to the Ring of Cenotes which implies that there s no ground water
flow crossing the Ring, as predicted by Marin (1990). Discharge divection in this zone

15 towards the west coast of the Peninsula (Ifig. 1),

21° 00
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20° 30°
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-00° 00’ -89° 50' -89°40'  -89°30" -89°20" . -89° 10 -89° 00’

Fig. 3 lquipotential lines at the end of October "4, i.e. after recuperation

to the high water levels in meters above mean sea level.
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6. Water table variations

During the observation perviod signilicant water level variations occured in some wells,
Table | shows some exantples of the water levels micasured in different wells at different
times. With respect to measurements in June "94, waler levels were low in the period
of October 9th to 11th and retwmed to values similar to those of June 94 after

October 19th.

Water level at different times in meters above sea level

Jun94 | 10-09-94 | 10-10-94 | 10-11-94 | 10-19-94 | 10-20-94
well 14 2.19 1.97 2.0
well 11 2.35 242 2.30
welll7 [ 195 | 084 | 0.85 1.88 | 1.87
well23 | 223 106 | 242
well16 | 2.00 0.91 1.96
well24 | 2.52 1.40 241
well 21 2.34 1.26- 2.29
well20 | 2.18 1.07 211
well22 | 228 1.18 223 ._

Tab. 1 Examples of the water levels measured in different wells at different,

times in June and October ‘94, FFor well numbers refer to Figure 5.
: | s _

According to the magnitude of vartation, wells can be divided into two groups. 1)
Wells that show small water level variations in the order of 5% with respect to the
June '94 values, and 2) wells that show very high variations up to 60%. Wells of the

second group are located in southeastern part of the study arca which will be referved
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Lo as the highly variable zone (HVZ)" (Fig. 5).

21°00'

20° 50'

20° 40'

20° 30’

20° 20

90700 -§9°50' 8940 -89°30°  -89°20°  -89°10° 89700

IPig. 5 Iighly Variable Zone (HVZ). Numbers indicate observation wells.

I'he i‘(:ﬁ(;ll[.i)(-!.l"ifl,(j'l()ll from the low level at the l)egiunilig of October to the high level
“occured in one week or less. Figure 4b shows that a heavy rain ()(:(:m“e‘cl on October
14th, whereas the first 13 days of this month were alinost dry. The amount of surficial
1'(—3&11;14';;,‘@ to the aquifer was low during these 13 days which is !;l_aot,lght to he the
reason {:'(51' the low water levels measured at the beginning of October (* .’?11.)[(3_ I and
'l."‘.‘.ig. 2). The draining process caused by bhis lack of recharge affected different arcas
in different manners. This inplies that different independent fracture sysi;em.s'<‘-:x:is;_l;'
which have very small or no connection between cach other. Water table oscillations

in such independent systems can be very different to each other (Milanovié, 1981;
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Bonacei, 1995). Water in the HVZ drained very quickly while the effect in the rest
of the study area was relatively small. Tast drainage as observed in the HVZ s
Lypical for an emptying process of large caverns and channels (Milanovidé, 1981). The
surroundings of the HVZ, especially the reported low permeability zone west of it
(Steinich & Mari. in press) may be vepresentative of a diffuse How zone as described
by Beck (1986).

The fast drainage of the UVZ causes the build up of a high hiydraulic gradient towards
the low permeability zone west of 1t A steep gradient in karst, however, is not
necessarily related to a veal How (Theailkill, 1986). This may be especially true when
nearby wells penetrate different subsystems of the aquifer, We propose that the two
different gronps of wells fulfill this condition. This wonld lead to the conclusion that in
spite of the observed steep hydraulic gradient there is none or very slow flow hetween
the HV7Z and the ncarby low permeability zone.

The heavy rain observed on October 14th (Iig. 4b) stopped the drainage process and
caused an increase of the water levels of the wells in the IV 7, within a few days.

As a conclusion we postulate that the HVZ is an independent subsysten of intercon-
nected fractures, channels and caverns which is characterized by a high permeability
with respect to its qm'mnndmg‘% This zone has pm[onul routes lor g_,iound water

(ucnlatmn fac lhmllmj very quick (lmmmg and recuperation of the aquor
7. Ground water flow direction

The ohserve d water level variations in the HVZ cause th(‘ important changes in the
mnﬁgm ation of the cquipotential lines in the st udy area pre sented in Pigures 2 and 3,

As a consequence, g,mund water flow (lumi(ou won]d iluf-wicm: (lmng)o substantially
between the beginning and i;hcz end of October "4 ’l hvw are oxrunplv wpmiod in
the literature that show that waler tctl)lf‘ vmmhom can actually cause sm,h ac hcmg.,h
in direction of the ground waler ci 17(;111;.‘1,t10n (Milanovié, 1981).

Pigure 3 shows that the general ground water flow at the end of October 94 is from
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southeast to northwest, L.e. towards the north and west coast of the Peninsula. The
same situation was found i June 94, The equipotential lines in the eastern part
of the study area show the tendency to turn cast. This implies that flow is towards
the north coast of the Penimsula, lHowever, more data are needed in this zone to
conflirm this trend. Mow in the HVZ is orientated nearly perpendicular to the Ring
ol Cenotes, crossing it from southeast to northwest along the entive segment cast of
Lthe mentioned head maximum.

A significant increase in the water level was observed in the wells of the HVZ at the end
of October "94. A consequence ol these oscillations is a quite different; configuration
of equipotential lines in nearly the whole study area (Fig. 2). The flow direction in
the HVZ is [rom east to west, 1.c. parallel Lo the Ring of Cenotes rather than from
southeast to northwest as at the end of October 1994. In the center part of Hw study
arca a depression zone was [ormed as a consequence of the lack of surficial rec h:ug,(,
and the quicker drainage of the HVZ with respect to its sm'mundmb The depression
zone may be explained by the presence of karst conduits with high transmission
capacities located below the afected zone (\’llldnovu, 1981). This is in a(:corclmilce.
with the statement made above tl‘m £ qtom‘lrl water How is mainly determined by karst
secondary porosity. This depression reverses the ground waiu flow direction in an
extended area around it. A change of its llycltogjcologlc,dl situation lmm dm(h‘ugm&
water in J une and ab the end of October ’94 to recharging water ab the beginning of

October 94 can be observed in the HVZ.
8. Azimuthal resistivity surveys and fracture orientation

The water level 1:1'1(3&131.11'(:11’1el‘i ts described so far were used 4o determine the cli:rt:ct.i‘(m .
of hydraulic gradients. The mean ground water flow direction is .su[)po.sul Lo follow -
the hydraulic gradient. On the other hand, real hmuml water movunvn( in [\ﬂlhi; T
mainly through dissolution voids such as itacluwb, (hmmc‘ls an(l caverns ((JO[(IU“:..

'H)Sﬁ), and these conduits are not necessarily. paurallcl- to the hydraulic gra.cllen_.t. As
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shown by Groves & Howard (1994), hydraulic gradient is only one of the parameters
that control solutional enlargement. Initial fracture width can canse the enlargement
of fissures in a direction other than the hydraulic gradients,

The Yucatan kavstic aquifer is in general a mature system, Fracture openings on the
order of centimeters are frequently found in cores of various wells drilled in the study
area (Marin, [994). Flow in {ractures ol this size can he assumed to be turbulent.,
Dissolution processes in the Yucatan Karst aquifer have heen active at least for the
Fast 125,000 years (Mn.rf i, 1990). Following a simulation study made by Howard &
Groves (1995), this time period is sulficient for the formation of a maze How system.
The dominant flow vegime is probably condnit flow although there may be zonces
where diffuse flow prevails. |

Azimuthal resistivity surveys can be used to determine divections of high permeability
e, preferential directions ol dissolution of the limestone (Steinich & Marin, in press;
Ritzi & Andolsek, 1992; Taylor & Fleming, 1988).  Azimuthal vesistivity surveys
conducted for this study had spacings between 20 m and 30 m. Statements _ab(')ul;
interpreted directions of high permeability are valid (or lengths within this order of
magnitude. Azimuthal surveys were conducted at 22 locations in the the study area,
14 of them within the HVZ. Figure 6 shows four examples of the surveys. A circular
curve would be expected in a terrain without a preferential d.ircc't;i.on. of dissolution.
Only one of the 22 data curves shows a circular shape and is presented in I° igu.re Ga.
The other 21 azimuthal surveys diﬂ’é._r from a circular curve. In two data curves, orle
direction for high permeability can be identified, in the Qtlxn(nr 19 "(;a.sés,li_;'m') or more
directions of enhanced permeability can be iblll.‘i(l. lsach '_pc:a{k can be ii‘l_ter;_i)l?'et;(—:(..l as
representing the direction for one set of enlarged [ract uré.é5 marked in th_c example in
IMigure 6b by two arrows. - - N
The three sites with less than two fracture divections are outside of i:]j(—‘.';jl}'_I;VZ. Al 14
sites in the HVZ have two or more il‘li‘.erm'cetécl [racture diré:(_:l;idns. Frequent chaﬁg@ |
of I'\lydra.li_li'(; gradient as observed in the HVZ may therelore be l'ela,i;e.('l. fo aclive

enlargement of fissures and the formation of a complex conduit system as observed -
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in the HVZ.
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study area, Ga is from the southwest pai't of the study :«‘Lx"«:.*.a,,' Gh and
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marked by an arvow, -
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9. Relationship between hydraulic gradients and fracture orientations

IFigure 7 shows the interpreted high permeability divections in the study area, where
each of these directions is represented by an arrow. As in section 8, a {racture set is

assigned to cach divection of high permeability.

21700

20° 50'

20040

20° 30°

20° 20"

90700 -89°50'  -89°40°  -89°30°  -89°20°  -89°10'  -89°00"

Fig. 7 Interpreted directions of high permeability using 22 Azimuthal Re-
sistivity Surveys in the Study Area. Iach arrow represents one
direction of high permeability. Arrows start al its respective resis-

tivity survey’s location.

Comparison of the two different equipotential regimes (Fig. 2 and 3) with the equipo-
tential lines and interpreted high permeability directions (Fig. 7) show. that the re- -

rional hvdraulic eradient eoincides with a high permeability dircction in 15 cases,
g . gradic A g cability ases,
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whereas in the other seven cases, no correlation can bhe found, This observation -
plies that in the majority of the sites, there is a direct relationship between hydranlic
gradient and fracture orientation. Ground water flow in these cases can he assumed
to be parallel to the hydraulic gradient, which on the other hand implies favorable
conditions for further solution enlargement of the existing conduits.

In the cases where there is no correlation between the hydraulic gradient and the
fracture orientation, local ground water flow differs from the regional direction of hy-
draulic gradient. Hall of the sites outside the ITVZ are representative of this situalion
but only one out of five sites inside the HVZ, Individual conduit segments may tend
to be well aligned inside the HVZ while tending to meander outside. Tortuosity of the
(lowpaths may therefore tend to be lower inside than outside the HVZ. This implies
that racial distances covered by the water are high in the HVZ within a specific time
interval and this could favor a move rapid spreading ol contaminants in the HV7Z with
respect to its surroundings. | | | |
Taylor & Pleming (1988) showed that the magnitude of the peaks of the resistivity
curves can be related to the density of the fracture subsystems, Densities of the same
‘order of magnitude result in peaks of comparable size. The peaks of the resistivity
curves are generally of comparable magnitude (Fig. 6b-dl), which --sug_gesi;s that the
different fracture systems are all well developed. |

1t can be concluded from the alignment of the directions of _1;hé_-'l"ra,cttufe systems and
hydraulic gradient that the hydraulic gradient is a deferminant factor in the ({:n_la.i'ge—
ment of (ractures by dissolution, (szspe(:ia,lly,}in the HVZ. The existcricc—:"(')'[’ {_li‘[fm'eri_t,
equally (l@.\f(t;?l(i])&(l fractu re sysbems h’l}];)]iés that changes ol the l'13f'd1'&1,111i(: g;if'cidiel‘lt are
frequent in the HVZ so that neither of the ()I)Servecl (_-3(]ui'pojt;c-n.‘l:t_ieil regimes can be

assumed to be an exceptional situation.
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10. Consequences of the reversals in hydraulic gradients with respect to

the contamination risk

T'he conclusions concerning the {requency of either of the two equipotential regimes
have severe consequences for the contamination risk of different zones of the study
area.  The City of Merida has the mamn accumulation of population and industry
in northwestern Yucatan. The actual extension of the City is marked in Figure 5.
This makes the City of Merida the main source of contamination in the Peninsula
of Yucatan. Ground water llow in the Merida area is assumed to be {rom southeast
(o northwest (Méndez, 1993; Marin, 1990). This configuration is supported by the
equipotential regimes found in June '94 and end of October '91. Contaminants that
dissolve in or floal on water flow towards the north coast ol the Peninsula. The
equipotential regime as found at the beginning of October 94 reverses the hydraulic
gradients towards the southeast. The region allecte cI by Hns variation is the HVZ. As
shown in Figure b, the area of the City ol Merida is locat ted on the rim of the HVZ.
The presence of the industrial zone, which is located further to the south of the City,
increases the visk of bringing contaminants to the extended area southeast f_ﬂ" the City.
Furthermore, is has been reported that a Jarge well field is located to f;lle-'soill;l'xcaéxsi;
of Merida. lixtensive pumping of this ﬁ_(::lcl has ca.usec'l..a_. cone of <1c31)'14f:$si<5|1 to form.
Thus, the gradient has 1‘)1‘(}balﬂy been reversed on the southeastern ()u_tskii‘ts' of the
city (Iscolero, pers. commuu., ]'.9.(.-)4-).: Low tortuosity of the pa.ﬂhwayé.-c:oni;-;_'ib.l.lt'f_%t :
significantly to the nmg,nn,udv of this risk. |

"T'his risk should not be undt,lcstmm ed if one (ousulms (Imf Lhuo are no- state-
owned treatment, plants in the Peninsula and neither is there a natural 61_11"1_]11:151,1;__101'1
of contaminants from the waste water before .it‘_l.‘(‘l'ifl..(;h(;;s the gl.'ou.ru:,l”\avz_il;!er.- R,c_ﬁzic_bi.(n‘l"_.
ol water movement to variations of the l_;ml ranlic gradient is ‘I‘zis‘t‘ fl‘.‘I‘}(‘.l“l"jli()\.f'el..ll.(?llf} 0[
any contaminated water that enters into the a uifer must he aSsum(—ﬁd_.' to spread out
capidly (Milanovié, 19815 Telton & Currens, 1994). Low tortuosity '(;)[" the pathways |

may aggravate this situation.
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11. Conclusions

Three sets of water level measurenmients were made in the study area in June *94 and at
the beginning and end of Qctober 94, Water levels in a selected group of observation
wells showed variations up to 60 % with respect to the June levels, whereas the
variations in the other wells were in the order of 5 %. Based on the water level
measurements, bwo diflerent equipotential regimes were found, Major variations occur
only in a limited zone in the southeast portion of the study area, which was referred to
as the highly variable zone (HVZ). "The HV7Z shows varying drainage characteristics
with respect to its survoundings, namely drain velocities seem to be very high. We
postulate that the HVZ represents a widely independent subsystem of interconnected
fractures.

T'wenty-two azimuthal resistivity surveys were conducted in the study area to study
preferential directions of high permeability. Namely in the HV7Z zone, resistivity
curves show two or more peaks, generally being of the same order of magnitude. A
direction of high permeability has been suggest;ed to be a consequence of the existence
of aligned interconnected fractures. Fach pealk of a resistivity curve may represent
therefore one system of such aligned fractures. Dir(-!(:'tion's of these aligned I"ra('i'u res
could be related to directions of the hydraulic gr adl(, 1( in the ll]clj()lltj/ of the cases in
the way that for each hydraulic gradient there is one (onospomhng) peu allol system
of aligned fractures. This close 1oldiloushlp hotweon ]lytlmuhc gr ddiont dncl ilacturc
sysl;en'is show that the hydraulic gra.(;hent played a_ma,.]or rolein thc:_clca\f'(:l._()lgmcn.b of the
fracture sys.i;el_ns especially in the HV7. The fact ﬂmt peals ih'- the rosic;i‘i'v'il'y.("ll'r\.f(-”‘s are
of the same order of i’llalgnitud( shows (hat cllﬂownt fracture systems are c'qudlly woll
’(l(wolopocl Both qull])()fl ntml l(’{.Jln]Oh must therelore be ('qually l”u“qm'n(,, olhm wise
one ol the fracture sys fems won]d exceec[ the other in |1"11p01ft;::l,n;‘g._(:(z;'.. These _1'(—?—:51_1]1;3_'
show that azimutlial i‘(::»‘sistivil,y‘surwﬁzys have a lot of pot;(mi'i‘a.l for the i.l‘l\r'ewstigzmt;iOI'l. of
aquifers in fractured moclm especially when mmbm( d wnh hydr (L‘uli(" data.

lllo variability of the oqmpot,ontml regime may have severe conse que nces lOI 1[10'
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vilnerability of the aquifer to contamiuation. The major source of contaminants
is the City of Merida, located at the northwestern vim of the highly variable zone.
Ground waler flow in this arca is dillerent in the two equipotential regimes. In the
case of June 94 as well as end of October of *94, ground water flow is from southeast
to northwest. This is considered as the normal ground water flow divection. Al
the beginning of October 94, however, the southern part of the City is located on
a platean of the equipotential surface ab the rim of HVZ. Waler could then also
low towards the southeast of the City. This can also be the case for contaminants
reaching the aquiler in the southern part of the City, namely for those contaminants

that dissolve in or Hloat on the water.
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IV. Localizacion del parteaguas en el acuifero carstico de
Yucatan, México, combinando datos geoquimicos e hidro-
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Determination of the ground water divide in the
karst aquifer of Yucatan, Mexico, combining

geochemical and hydrogeological data
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Resumen

Ll acm[om de la Ponmsula de Y uc.a{au es un auu[ow uubh( 0, el uml 5¢ ¢ ma(,t,onm
pot su alta ponneal)llula(l Huellas del pmc(,so de la unstlhmc ién, como lo:s “111(“](35-; |
y las cavernas (cenotes) bul)tcuanoob se pueden aprmun en toda la Pvnmsula .Sm B
embargo, ha,y m_la, acumulacion de los mismos a lo -lurgo' de _un.a..]n.lca, (:nrc.ulm',el A_ nillo
de C senotes. T2l anillo estd relacionado con el Créter de Chic.'x'u.l ub, und'esi"rtu:i;ufa. de
unpd(t,o enterrada que data del lfmite del (xl(‘[rlCl(()/ Terciario. Tl Alll“() de (Jonolo%
l(‘])l‘(’b(‘lli a e v.ums de sus su;?mentos una zona de alta pormmlnhclad y se ha prop-
uesto que actiia como un rio subterrdneo, cl <1m] umwmm el agua .suhtmmum y
la (‘:()I'I(lll(jc hacia sis puntos de intersection m‘n .la, lm(‘-'.ﬂ, ('osterﬂ. cerca (l(f* (A‘*l(“;turl y_
Dzilam (lv Bravo. Basado en datos ha(lwg_,ooloplms, se describe una zona que s,(,p(ua

hldmuhcamv e dos soa,uu,nl,os del anillo. SL S0 Ia 1dauon S O;/( l Como meclo: |
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natural para determinar direcciones de fhujo en el arca de estudio. La combinacion de
los resultados permite Ja tdentificacion del parteaguas del sisteima del rio sublerranco
y su ubicacion en la parte sur del avea de estudio cruzando ef Anillo de Cenotes cerca

de la poblacion de Abala,
Palabras clave: Acuilero Carstico de Yucatan, Anillo de Cenotes, Parteaguas

Abstract

The ;_1qui[.'(:r of the Peninsula of Yucatan is a karstic aguifer characterized by its high
permeability.  WNarst features such as underground channels and collapsed caverns
(cenotes) are widely present throughout the whole Peninsula. [lowever, there is an
accumulation of cenotes along a civcular line, the Ring of Cenotes. The ring is related
to the Crater of Chiexulub, a buried impact structure that dates from the K e
boundary. The Ring of Cenotes represents on several seg_1‘11<;3‘|'1{;5 Q l‘i‘.igl‘l permeability
zone and is assumed to act as an underground viver that collects ground Wate_l_‘ and
brings it to its two intersection points with the coast line i_]_ea.r Celestun and Dzilam de
Bravo. Based on hydrogeological data, a dividing zone is described that lrlydr'mllic_z-\.lly -
separates two segments of the Ring.. Using the S04/C! ratio as a natural tracer,
~ground watér flow directions in the study zirca are described. (ib]'}'.ll)h:iitlg the results,
the location of the ground water divide of i;lié underground rivm‘_sysi;(-mf]_l_is 17)1_‘01)05(3(1
to be located at the southern part of the ".stn.:l(;l_y. area, ctosslng the Ring ol (ff(:ll()l;é_.%'

near the village of Abala.
Key words: Karstic Aquifer of Yucatan, Ring of Cenotes, Ground Water Divide
1. Introduction

The aquifer of the Peninsula of Yucatan is a coastal karstic aquifer. It is unconfined,
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except for a narrow band parallel to the coast, (Perry et al., 1989). The Yucatan plat-
form consists of a mature karst, system, with corresponding high permeabilitios and
low hydraulic gradients {Back and Hanshaw, 1970; Marin, 1990; Marin et al., 1987).
The regional ground waler {low is [rom southeast to northwest (Steinich & Marin,
in press(b)). However, there are several phenomena wlich cause changes in the flow
regime of the aquifer, altering locally the regional southeast to northwest {low direc-
tion. 1) The Ring of Cenotes (sinkholes) is a circular zone of high cenote density:.
The permeability along several segments of this ring is enhanced, intercepting the
regional ground water flow and causing a concentrated discharge at its intersection
points with the coast near Celestun at the west coast and near Dzilam de Bravo af
the north coast ol the Peninsula (Marin, 1990; Perry et al., 1995; Pope and Duller,
1989; Pape et al., 1 993;). The Ring of Cenotes is related to the Chiexulub Crater
(Hildebrand et al., 1995; Perry et al., 1995; Pope et al., 1993), a buried impact struc-
ture that dates from the K/ T-boundary (Hildebrand et al., 1991; Sharpton ct al.,
1992; Swisher et al., 1992). (2) The ;_l,quifér’s permeability is dominated by secondary
porosity, plfesel__lif as {ractures, underground channels and caverns. Sl;einich& Marin
(in press(a)) and Steinich & Mariu (in press(b}) described a zone of decreased perme-
ability in the southern part of the ring of cenotes near Abala (Iig. 1) n_(iigl'l boring a
sone with good interconnection of voids _a.ud l;y_pic;a.l.ly low tortuosity ol the Mow jpath..
The chemistry of the grouncl_ \,v_a,te-r s coi:1tmlled ._l;)y wa_‘t'(-:m.'(.)ck_ interactions -..j'n-
cluding mixing of the [resh/salt water, di;sys'(.)lution._0'[' i;._l':?('f. ca,rbo_r_l_a;t;é rocks, evap-.
oration/precipitation (essentially loss or gain ,o[’vpt.u‘e' w_aiter) and. _1.'(3(1_0){ reactions
(Veldzquez Olimén, 1995; Perry et al., in revview),v"a,-s well as dissolution of an evapor-
itic body found in the soul;hern section of the study a;r(-}a; ( Urrutii-l.-"[*'"l..lcl.lga,l..l.c:lii et:"al..,

in press).
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2. Objectives_
The objectives of this study are: to investigate ](’)(:a,ljf;lc)\v directions with 1) hydrogeo-

qal} PN Wl 1
logical and 2) geochemical data, and 3) to in tegrate the lesu]tb in order to flc.,tmmum

the location of the ground water divide in the aquifer of northwestern Yucatan
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3. Study Area

This study was conducted in the western section of the Peninsida of Yucatan, Mexico,
The study arca consists of the region between 88230 and 902307 west and 20°00" and
20930 north (Fig. 1), The Ring of Cenotes traverses the study area [rom west,
(near Celestun) to northeast (near Dzilam de Bravo) (IFig. 1), The study arvca is
characterized by a [lal topography which is cut by the Sierrita de Ticul (Ig. 1), a
small land step elevating levels from typically 15 meters above mean sea level (MSL)

north of it, to levels in the range of 50 to 100 meters in the south (Anonymous, 1984).

4. Methodology

Water level measurements were made in nine observation wel]s within the central
part, of the study area. Most of these wells are hand-driven water supply wells and

some are cenotes (water filled sinkholes). A lnsl 01(101' topographic survey conduc ted
by the Instituto Nacional de Estadistica, Geogralfa e Informatica (IN lLGl..) exists for
the area. Distances from the wells to the nearest benchmark arve .less than 3(]0-171'
well elevations were determined using a level and stadia with a maximum error of
0.2 cm. Water le volw were II](’EI&»U](‘(' with mspmt to the ]ovc,lo(l reference pom! with
a maximum error of 1 em. Data was taken in ()(,lol)m of 1‘)‘)4 Mcasmmnontb n Hw
()b‘w(’l\’dtl()ll wells were lcpcd,tocl up to four times within a lwo woolw )01 l()(l in order
to compare the oscillations ol the water levels. | | | -

T wc*nly—ong water samples \fvere'('ollecterl ["r()‘inva;('tivnly 'purripil'ig municijfja,l wells. Pa,%_
lalmtus nwasuwd in the fie Id were lmnpu ature, pH, vonduc llwty dissolved (")\:yg.,cn

a.ncl- redox potential using a Datasonde 3. Three munples were | a.l\(,n rxl each site
7 ['().l.': the determination QI"all.,lczl,liltli{;}f, anions, and cations. All\allmty was (lvtummed
“within 24 hours by Gran tibration (Stumm & Morgan, 1 )8]) usmg a Hach lut. aud |
L6 N Hp S0y, Sampl(*s for anions and cations were (ollc*(lvd in-125 ml ])]astlc I)OE—:'

tles pw\flouslv washed in dilute 10% HNOy acid. Water munplcs were hltmcd u%mg
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a 0.2 pom pore diameter, Samples were stored in a cooler and previous to analysis

g |

were stored in a dark refrigerator at 4% C'. Anions were analyzed using an ion chro-
matograph with a Dionex ion suppressor and a conductivity cell. The cations were
analyzed using a Beckman V DO plasma, “The la boratory analysis were conducted
al the Geology Department at Northern Hlinois University. All samnples had a mass
balance error less than 5% (Veldzquez Olimdn, 1995). The pl-meter was calibrated
using 4.0 and 7.0 buffers. The electrodes {or redox were calibrated using quinhydrone,
A ﬂow—t;h.r()l.lgh. device was used for the field parameters. Readings were taken once

the samples had stabilized.

Results and discussion
Hydrogeological Data

Marin (1990) and Marin et al. (1989) have ])101)05(‘(1 that the l{mg7 of (muotca is a
high permeability zone that acts as an undm;,lc)nud river mtelscd,mg glouﬂd water
low as it flows [rom ‘s()ll“l to nori,h Ground water is lnlm(cptod by ihv Rm[j, an(l 1l,_
discharges at b cither of two mlelsu,l]onh \vith th(' sea.

Since gjlonnd water s (h%(hdlg)mb «IL both (_'nds, :smm‘whu(* WJLhm the Rm,g, mus{
(\\’ist a ground water divide. ‘Fhis lly])o h(%lb I suppmivd by lluw lines of c*vnclenu*ﬁ
1) on two north-south transects, water level with respect to mean sea level first in-
creases with distance away ['rom the sea, and then clecreasc-zs, lmviil_gfl(mdl 1’i‘1i'1'iij"1'1.z-1; _'
alb lho mtcrsod lon ‘with the ]{1115 2) A lug.,lm t,lonsliy of sul)mdrmo springs is ob-
served using Thematic l\’[d])])('l mmgoa ab Dzilam (lc Hmvo, ihv intersection of iho.'
c*;tq{;(-*rn porl‘ion (‘)I‘ the Ring with the sea (I\/l;’-l,ma-c't al., l..%f)).- 3) b'.'r.l_,l'l(].‘- bars a’_i; the
two mlel_.sc:u ons, ¢ olc'sttm cmd Dmlam de Bravo, ('['*‘;19;' 1) 1'(—31"1"1.%1iri 'opmi._('siﬁl,ild trans-
port occurs llom Bast to West dlUll{_} the coast) (Marin, l‘)‘)O) The 'Sa,l'h'(-:'a',lii;'l_ior: |

mentions that groun(l water flow is }_)1‘0ba_.bl_y crossing the Ring in it southern part..
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IV, Localizacion del pavteaguas en ol acudfero ... - 60 -

21700

[
L]

'’ . .
Merida

Kanunil o

,FeCOh ’ V. . F IR

20°45'

ht Abala
Ring 01" k.
Cenotes I

, ‘ *”,

20°30' f
“~ Mama

20° 15

~ Tzucacab

" Okm 20 km o ]
20n001 - . : . . e R g ‘ : — _7 . ,.,1_,__.....‘ -
~90° 00' -89° 45" -89° 30 - -89° 15" o --89° 00'

Iig. 3 Gray shaded area is the proposed location for the dividing zone as
deduced from the hydrogeological data. [a] to [i} are the observation

walls.

Steinich and Marfn (in ])l(Jbb‘(d)) do.suih(*d lateral pounmblhtg \muatmus dlong, the
| .H.l.ng,. Using elect rical .snundmgs they ulmmh(‘cl a zone of relatively low pmm('abl]ny
near Abala (flﬁ‘ig. 1). While the Rmb west of /\I)a]a is charact erized hv A narrow

band with hlgh ce nolu density, the .see,mont hear lolu (]*lg ) shows a !)nmd lmml |
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and lower cenote density. Marin (1990) suggested that ground water flow could cross
the Ring near Wantunil. Steinich and Marvin (in press(h)) proposed that this zone is
a highly variable zone with respect to water tevels and flow regime. The nine wells
monitored are located within the transition area between the low permeability and the
highly variable zone. Iigure 2 shows the water level variations within a time period
ol 14 days in October of 1994, The graph shows that water level changes drastically
e some wells while the level in another group ol wells stayed nearly stahle. Sven
though the distance between these two groups ol wells is only several kilometers and
the karst. aquifer is assnimed to be highly permeable, during the first three days of
the observation period, water loss in the low level wells (¢ to 1 in g, 2) was not
compensated by flow from the high level wells (a and b in Fig. 2). Based on these
hydrogeological data, it is assumed that there is a zone that disconnects hydraulically
the two subsystems within the aquifer. This dividing zone is characterized by no flow
or very slow flow through it. Figure 3 shows its location as a gray shaded area and

the observaltion wells.

6. Geochemical Data

The following discussion is based on geochemicial data presented in n‘uﬁi:éi_'l_(f:i;ziil else-
where (Velazquez Oliman, 1.995? Perry et al.; in review). The geoc'hen'lis_try of the
ground water in Yucatan is primarily determined l:))f_'.l‘ti._iﬁcillg of water in a ‘['l_'_es_l_iwai;f.‘...r.
lens with an underlying salt _\'vat{ifVin,i;.m',lsion, a.rvl_(l .I.)_y_tj,h'e. (gl'is.sol.l_l'l;ion ol evapori te and
~carbonate rocks. Dissolution of (%:va.porité, leads to an euriclm‘ient of natural waters i
sulfate, so the ratio of S04/ Gl can be used as a natural tracer (ijlaizn'li.lczz ()]il’l..']_'c‘i.l'l, N
1995; Perry et al., .l..().()ﬁ). Values for SOy, C and the i{altiio S0y /C‘l of i;ivé1:it3rek.)1:1.c3 )

observation wells are reported in Table 1.
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Sample site | Sampling date | SO4 {meq/i] Cl [meq/i] SO4/CLx 1000
Abala [01] 08/25/94 3.75 7.62 492.1
Chochola [02] 08/22/94 2.76 1091 253.0
Homun [03] 06/22/93 0.35 3,11 112.5
Iuhi [04] 06/22/93 0.38 3.36 1131
Kantunil [05] 04/25/94 0.46 4.63 99 4
Kinchil [06] 12/20/93 1.30 942 - 138.0
Kopoma [07] 09/10/93 7.31 17.25 423.8
Mama [08] 06/22/93 3.20 5.23 611.9
Mani [09] 06/24/93 4.82 5.76 836.8
Opichen [10] 08/25/94 7.74 13.11 590.4
Oxkutzeab [11] 09/10/93 2.45 5.30 462.3
Sacalum [12] 08/25/94 5.85 11.80 495.8
S.Antonio T. {13] 12/22/93 3,08 12.44 247.6
S.Jose T. [14] 12/18/93 8.30 14.56 570.1
Sotuta | 15] 06/22/93 0.52 3.52 - 1477
Tecoh [16] 08/23/94 - 047 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.]
Telchaquillo [19] 06/24/93 0.55 342 160.8
Ticul {20] |  12/17/93 3.91 699 559.4
“Tzucacab [21] | 09/09/93 1136 10.37 1095.5
Sea water® 5 56.42 545.84 103.4

Table 1 Values ol S04, €1, and ratio of (SO4/C1)x] (]0(} for the twenty-one
ground Wdi(l samples. Numl)c S l)dnnd the site names in Hl(, fivst
column are the same as in Figure 4,
* The rabio ( (SO4/CH21000 for sea water is’ idl\(ll from  Drever
(1938).

Waters from the {resh water lens can be grouped as folows: 1) samples with a sulfate
to chloride ratio similar to that of sea water, 103. 4 (Drever, 1988); and 2) samples
with a ratio of S04/C1 greater than 300. (] In the first group SO /C s controlled

- prumarily by ml\mg of the fresh water lens with the salt water intrusion, This group
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includes waler from the area circumscribed by the Ring and ground waler southeast,

of the Ring (1"ig 4.).
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Fig. 4 (S04/CH21000 for 21 ground water samples. Sample site locations

are shown as small nnmbered rectangles (numbers refer to Fable 1),

Perry et al, (in review) present evidence that samples of the second group are mainly
influenced by the contact with and dissolution of evaporites located in the southern

- part of the study area. Highest values extend ina zone about 20 ki wide that is more
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or less parallel to the Sierrita de Ticul (Fig. ). The highest vatio of SO4/CT(1095.5)
is found m the southeastern part of the study area at Tzucacab (—-89.05 west, 20.08
north, Fig. ). Although we can deduce that there is, in this zone, an evaporite
source of sulfate lying in or above the fresh water lens, from the data available it
is noft possible to locate more precisely this source or sources becanse none of these
waters is near saturation with respect to gypsum. There is a gradual decrease of
S04 /C toward the north of the evaporite zone. 1§ is probable that the preferred flow
direction of the sulfate-enviched waier from the evaporite zone is towards the west
coast. As shown by Perry et al. (1995) the water from the Celestun water works
(near the east coast, IMig. 1) has a SO4/C ratio similar to that at ICopoma. This
ground water flow direction was also proposed hy Steinich and Marin (in press(h)).

Within the gray shaded area in Figure 4, bounded by Abala, Tecol, Sacalum and
Mama, the contowrs of SO4/CU cross the Ring of Cenotes ab a sharp angle. In
confrast, the SO4/C! ratio decreases gradually northward in the western part of the

study arca as has alrcady been mentioned.
7. Location of the ground water divide

Comparison of the results of the lwclfogeo]d@cal data ( l‘lg 3) and the gGO(I.l'E(_“,}T_linA-I'
data (Fig. 4 and r1“-(1.1..)'10_ 1) show a good coi‘lrt:a’SpO1‘1dt~3r1¢é between the l()_ca.l;i(_)]';_.(j[' the
proposed dividing zone and the sharp decrease of the'}S':().il [C ratio. We propose
that this zone dividing the flow system of the aquifer, which is g:lilél._ra_ctc_érizgfl_ by the
.o.l)ser\"c:_(] drop in the ground water SO, /C1 ratio, is a ground water divide. T litls, we
.f-al,'i.vi.siol'i that sulfate-enviched water from the evaporite zone 1‘1(:’21.;; rli‘zﬂcac;ala | 'i'l'liti'a‘lly
Hows to the north, but the flow is then dcé{riu.l;ecl‘ towards the west on a flow path
lJ_CLWCQll the Sierrita de Ticul and the western segmen t of the Ring of Cenotes. This
sulfate-enriched water from Tzucacah, therefore does 1ot cross the Ring of Cenotes {0
reach sibes like Tecoh (well 16) and .'flf‘cl(;ha,»(:m:il’l().(. well 19) (F‘ig.‘ 4, Table 1). .'_l.fia_l.sé'cl on

these results, we propose that the ground water divide is located on a line that, in the
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north, lies cast of Abala (well 01), but west of Tecoh and Telchaquillo (sampling sites

16 and 19, respectively). Tt crosses the Ring of Cenotes west ol Tekit and northeast

of Sacalum (sampling sites 18, and 12, respectively) on its sonthern section. The
L) . . L] . B ) - * . . .

possible arca of the ground water divide location is shown in IMigure 4 as a gray

shaded arca. Farther to the east, we lack sullicient geochemical data to trace the

movement of the sullate-enriched plume.

8. The low permeability zone near Abala

The only sample north of the Ring of Cenotes having a high SO4/C1 ratio is Abala
(Fig. 4) which is apparently in contrast to the ground water divide-hypothesis pro-
posed in Scction Seven. Steinich & Marin (in press(a)) showed that there is a zone
of velatively low permeability near the village of Abala. Peak values of water level
with vespect to mean sea level were found in the same area (Steinich & Marin, in
press(b)). The arca near Abala seems to be of special interest for the hy(‘lmgeol_ogy

ol the aquifer.

.

There are two possible reasons to account for a “high tracer site” north of the Ring of
Cenotes: 1) the lﬁgh content, of 504 is due to sulf Ei.{}(-l-(;ﬁl'.ll"l(t]'.}.(:.’.('l ground water Howing
from south to north, or 2) there is a source of SOy near the area of Abala.

Steinich & Marin (in press(b)) showed that ground water may cross the Ring from B
southeast to northwest through the segment between the low 1)(3171’_11(;‘..a,bi'lity ﬁo_ﬂe ._;_Ln'd.
Kau'l.i;n.nil_. This flow is assumed to be focused on a llow path a;]o_n.g-_a. system of
aligned fractures having this same direction (Steinich & Marin, in press(b)). Based
on the discussion of Section Iive, this flow must oceur east of the dividing zone. If
sulfate enrichied ground water reaches the area near Abala, the dividing zone must be
interrupted in some place and a hydraulic g;['z@dien.t; from east to west must be present. |
Measured peak values ()fgt'hc water level in di[T(-’fl.‘(;)l_]t periods of the year (Steinich &
Marin, in ])IT(;!SS(I))) seem to reject this hypdl;hbsis, although a temporary reversal in

hydraulic gradient can not he ruled out in such a highly permeable karstic aquifer.
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9. Conclusions

Integration of hydrogeological and geochemical data was used to identily the ground
water divide in the aquiler of northwestern Yucatan. This conclusion is hased on:
1) results of hydrogeological data which made it possible to identify a zone dividing
the aquiler into two subzones. Waler ol either of the subzones is unlikely to reach
the other subzone. 2) Geochemical analysis of 21 ground water samples taken in
the study area show that the ground water in the aquifer can be divided into two
families, one in contact with an evaporite body located in the southern part, of the
study area and therefore subject to envichment with sullate and another f['zi.llzlil)f which
is relatively poor in sullate and can therefore be assunied not to be in contact with
the (:\f;a._]")t)l'il;(;ﬁs. The sulfate-enriched water could be used as a natural tracer to allow |
determination of local Hlow (l‘ir;(:c;tidns ol the gl'ouml_ water and the location of the
ground water divide within the aquifer. The proposed ground water divide has a
southeast to northwest divection and is located between Abala and S;;l,(fz;l.ll.ll'll on the

west and Tecoh and Mama on the east side.
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V. El papel de la tectonica local en el desarrollo del carst y
la hidrogeologia en Yucatin, México.

The role of local tectonics on the karst development

and the hydrogeology in Yucatan, Mexico

Birgit Steinich?, Luis E. Marin®
“UInstituto de Geolisica, Universidad Nacional Autdnoma de México,

Cd. Universitarta, Mexico City, Mexico, C.P, 04510

Water Resources Research, en arbitraje

Abstract

The spatial distribution and size of nearly 7000 sinkholes of the Yucatan karst, Mexico,
was studied. The Yucatan Peninsula can be divided topographically into an upper
~and a lower platform, both 'showing intensive karstification. Sin_l(li(__)lé distribution in
hot }_’)]at,l'ormé is not homogeneous; several clusters and a._liQninerﬂ;s can he _icl_eutiﬁéc_l
throughout the study area. Sinkholes in the iippeir, 0[(_1_(:1';_ _plui;[‘dfrn__{;en'_cl_'i;o_ be ldtger
than those on the lower 1;}1;1h'[b1‘11‘1. This is explained as a tonseqn_mce-0‘[’ the 1.'(3_11‘10‘\_?21]
of buoyant support and the subsequent collapse of the (.‘,a.vii;y-- roofs on the upper
platform due to greater depth to the water table, T'wo local Il;,ect;:()i{ﬁc;'.:l"ca,t‘t_ar_es are
relevant (or the spatial distribution of the sinkholes, a trans{fovm faul, r.c:l.ii.l;ed :t;c‘_:_ the
opening of the Gull of Mexico, and an im }.);‘i.c.l; sty ucture, the (l:'fij'cmt;c)::l'_ of C}}_.‘IL‘.}{.L'll‘ll_l.).
Both structures formed sedimentation basins in the past and are now buried heneath
several hundreds of meters of Tertiary ’:sec_lil'.né.'ni;.s. Sinkhole density is'l’;igh upon
the ancient walls of Ll.l.(:f. sedi_rnelﬂ,m‘y basins and low upon t;hei1'_'._})0[;{;011"18- and (:res_.{,s';' |

Stress release [racturing along the walls as a consequence of ditferential compactation
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rates is proposed to provide mnitial fracturing and create good initial conditions for
the karstification process.  Based on the observed close relationship between local
tectonics and distribution of karst features, different Thydrotectonic domains’ can he
identified for the Yucatan karst. The most striking example is the Ring of Cenotes,
a circular alignment of sinkholes, identified by former studies as a high permeability
sone. As a model for the formation of the Yucatan karst, we propose that local
fectonics provide the initial fracturing to the limestone, climatic and mixed water
corrosion act as selection lactors for the opening ol the existing {ractures and that
the varialions of the water fevel in time represent the decisive lactor lor the collapse
of the cavity rools. Iollowing this formation model, the existence of a sccond circular
high permeability zone is proposed related to the Crater of Chiexululy similar to the

Ring of Cenotes, located within the first ring,.
1. Introduction

The study area is located in the Peninsula of Y ucaban, southeast Mexico (Ifig. 1).
The peninsula of Y ucatan is a flat Karst platform with a smooth topography ranging
(rom a few meters above mean S()iil=‘l(;’!\’,(;:}. (MMSL) near the coast to a maximum of
~approximately 100 MMSL in the southwestern part of the s_(;.ucly area [Anonymous,
1984].  The ]’onmqula of Yucatan is char 1(!011%0(! by Lhc presence of 11111'._1(;.1_.1:6'(}5.._.()f"-
sinkholes. Due to the flatness of the to}')og;'a]:)hy and a shallow Wa,tbi' table, 1’1_1’.1'1'1'1é1'ous
sinkholes are filled with fresh wdi,{:r called “cenotes” in th local ]dl}{j{ld&,(‘ A-n..
unknown p('l(out%c ol ||I(‘ caverns have (()”d])b( . roofs (Lll(l are umppod as small
circular lakes [Anonymous, l‘)\fl} The cenotes represent a ‘-.ll[)(‘l fl(ml ovrdmw OJ"

a well de volol)cd subsurlace karst system with mt,(luonlmgtvcl frac l,mos a,ucl channels

which C()llLlOl the 11}’(110&00]()&)’ 0[ ihe Pt*mnsula of Yucatan [e.g. Marin, |‘~)‘)O, S teinich
& Nla‘rn'l. 19906, Steinich & M zmn, i rcvm\&s] "T'he spaiml distr 1buL10n 0[ Lhe hml\lmlgs_

is not homogeneous t]mmg.,hont 1]1(, Pmmmnla The most siriking feature is the Ring

of Leuot(' , & cire ulm rtljyal]lll( nt of cenotes [Ancmynu)us. I‘)b 4]. Several aut thors have
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proposed that there is a spatial coincidence of this Ring of Cenotes with the Chicxulub
Crater [e.g Pope, 19915 Pope et al, 1993; Perry e al, 1995], The Chiexululy Crrater
was described by several authors as a meteorite impact event that occured at the
K/ T-boundary some 65 Million years ago [Penficld & Camargo, 19815 Hildebrand et

al., 1991: Sharpton et al., 1992},

217 30'
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Tig. L Study Arca in the northwestern part of the Peninsula of Yucatan,
‘Mexico. Small black dots are submerged sinkholes (cenoles). Dry

sinkholes ave not represented in this Figure,
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Currently, there are two schools ol thought regarding the size of the crater. Sharpton
el al. {1993] have |);'uposc('| that it is on the order of 300 km in diameter, whereas
Hildebrand et al. [1995] have suggested that it is on the order of 180 km. Only about
hall of the structure is tocated on-shore, the romaining part is off-shore in the Gulf
of Mexico [Sharpton et al.. 1992]. The virbual projection of the erater vim onto the
surface intersects therefore once the western segment and once the novthemn segment
of the coast line. As a consequence of mithons of years of sedimentation, the structure
is now buried beneath a thick layer of Terfiary carbonate sediments ranging [rom
220 m at the crater rim to 1000 m near the center [Perry et al., 1995; Marin, 1994].
The meteorite Lthat created the Chicxulub Crater fell upon another tectonic structure
related to the opening of the Gulf of Mexico. This tectonic process corresponds Lo a
rotation of the Yucalan block with respect to the North American Continent which
Degan in the Late Jurassic [ez. Hall et al., 1982; Burke, 1988; Dunbar & Sawyer,
Il,,$)87]; An observed gravity low on the Y ucatan block was interpreted as crustal
thinning or incipient rifting associated with the opening Gulf [e.z. Sharpton et al.,

1993).

2. Objectives

The objectives of this study are: 1) to describe the spatial distribution of the Sin_kl'lo'lc;s. |
of the northwestern Peninsula of Yucatan; 2) to identify the relationship l,)ial;\-ircga'l') t]ic_.
surface karst features, the Chicxulub Crater, and the i}l;;a,.r'ts['bt‘llj. fault; and 3) to c:l'e.—.:_-'
termine the role of the Chicxulub Crater and the transform fault in the liy<.lrog;c};:0]0gy |

of the Peninsula of Yucatan.
3. Methodology

The sinkhole locations were obtained by digitizing topographic maps with a scale

1: 50,000 provided by the Instituto Nacional de Estadistica, Geogralia ¢ Informatica
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(INTEGT) of Mexico [Anonymous, 1984]. Gravity data was provided by the Lunar and

700,017 gravity malrix. Interpola-

Planctary Institute in Houston, U.S.A. as a 0.0
tion and graphical representation of the pravity data was conducted with the Generic
Mapping Tool (GMT) software package [Wessel and Smith, 1992] on a SUN worlksta-
tion. Computer programs for the interpretation of the digitized data were written by

the senior author. All ligures were generated with the GMT package,

4, Local tectonics

4.1 The transform fault

The tectonic history of the Peninsula of Yucatan is related to that of the ();‘_)f;:ljl,ing
of the Gulf of Mexico. Dillerent anthors agree that the Yucatan block obtained its
actual p()mlu)n as a result of a rotational movement, away from the North Amr*umu
Continent, nevertheless, dillering modolso[ the type of movement have been proposed.
Hall ot al. [1982] suggested a 24? counterclockwise rotation with a rotation center
nppm\’unntoly 90 A northeast of Acapuleo in Mexico, while Dunbar and Sawyer
[1987] proposed a 459 clockwise rotation with a rotation center south of the Plorida
Peninsula. | | o |

A liilear- slightly curved gmvii'v low qtﬁrting near 89930" west ::1,1'1(1"1.()"3(]"a.ncl Cross-
- ing the study area {rom soulh to north was ol)su vmi le.g. Hildebrand et al., ).)'ﬁlﬂ;.
Sharpton et al., 1993] and mtm preted by Shﬂ[l)tﬂ“ et al. [l‘JC) 3] as ¢ tu%ai (hmmng1 or
e lplult rifting u']a(,ecl to the openmgj ol the (-ull 0[ \fle,x.l( o. Thick ovapfmte 11111{,5
were found [e.g. Sharpton et al., 1993] in cores from several wells d rilled by P]*JMI* ;
in this »'ewba, suggesting that the possible end of the tmns[m:rn fault 1'(-\[)1'(—*%'1‘1i; xd &
stationary sea basin, fecessary for the accumulation of such tln(,k ovaporﬂe laymb'
[Tucker, 1985]. The gravity map shows two additional graviby lows wost aml cast of

the main structure, which may be related to the same tectonic process.
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4,2 The Chicxulub Crater

A nearly circular anomaly observed in gravity and magnetic data on the Peninsula
of Yucatan was first interpreted to he a meteoritic impact by Penlield and Camargo
[1981].  This hupact event took place 65 Million years ago and is believed to be
responsible {or the mass extinction at the Cretaceous-"Tertiary boundary [Hildebrand
et al., 1991]. Sharpton et al. [1993] proposed that the crater resulted from an impact
event that excavated initially to a depth of 17 to 20 L with a transient crater of up
to 60 A deep. Part of the material cjected during the impact collapsed back juto
the excavation and partly filled it up again. These breceia deposits where found in
several cores [rom deep wells drilled by the Mexican Petroleum Company (PEMIEX)
[Sharpton ct al., 1992] as well as in cores of two wells drilled recently in the avea
[Marin, 1994]. Camargo & Sudrez [1994] interpreted a thick, acoustically transparent
sequence as the layer of these breccias deposited shortly after the inpact, | |
The area inside the crater became a depositional basin during the Tertiavy. Pé,xrry el, al.
[1995] reported the presence of Oligocene strata. inside the line of the Rl ng of Cenotes
but absent outside of it. The seismic sections presented by (f?a:riiu‘l.xrgo&:Suairez [].99-’-1]
show the complete sequence of Tertiary carbonate rocks whith increasing thiﬁ:kn_ess_
towards the ccé_nter of the basin. fl'-’resér_ltly, there is no major topographic evidence left
of this sedimentary basin [Anonymous, '].98{1—]. Progressive ﬂa,tl.(;l';ling of the seismic
reflectors can he observed in the seismic sections of ("Jan'_laa'go & Sudrez [1994] during

the Tertiary.
Results and discussion

5. Spatial distribution of the sinkholes on the northwestern Peninsula of
Yucatan
The topography of the study area consists of two major, nearly horizontal platforins

which are separated by a small land step, the Sierrita de Ticul (Iig. 1). The surface



Vo 1 papel de la teetonica local .. - 76 -

of the lower platform, between the land step and the coast, cuts carbonate layers
from the Focene to the Plhocene [Gerstenhauer, 1987]. The area inside the Ring of
Cenotes (Mg, 1) was proposed to he a sedimentary basin during the Oligocene [Perry
et al,, 1995] which was concluded from the absence of the Oligocene outside the Ring

of Cenotes.

21° 30

21° 00" Merida ;
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I"ig. 2 Representation of submerged (cenotes) and dry sinkholes in the
study arca. Gray shaded areas, Jabeled (A) to (G), are clusters

and alignments of sinkholes discussed in the text.
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The lormation of the upper platforn was dated as Focene [Gerstenhaner, 1937]. Both
platforms show intensive karstification. Nearly 7000 sinkholes have been mapped in
the study avea [Anonymous, 1984] and are shown in Figure 2. In the case of the upper
platform south of the land step, the karstification was active prior to the emergence
of the lower platform, e.g. during the upper Eocene, the Miocene and the Pliocene
[Gerstenhauer, 1987]. On the lower platlorm, the same author proposed the period

from the Miocene to the Pleistocene for the karstification process.

5.1 Sinkholes on the upper platform

The sinkhole distribution of the npper platform has two characteristics. 1} An im-
portant number ol the sinkholes are large in size (IMig. 3); 2) two alignments can be
observed, one in a southeast to northwest direction (A in Iig. 2), and another in
an east to west direction (B in Fig. 2). The alignment (A) is parallel to the Sier-
rita de Ticul; sinkhole locations start immediately south of the crest of the land step.
The second alignment (13), 1',:(5\\,(3\,(31.’ shows no obvious relationship to any topography
limit. Several sinkholes can he observed hefween these two alignments, the sinkhole
density, however, is clearly lower. Almost all sinkholes located on the upper ])l;i.t‘.~
[orm are dry, hecause the depth to the water table is in the 'lfil.il_g'(:' fﬁf 2}_30771, to HO_')_n'

[Anonymous, 1988}, (Fig. 4).

5.2 Sinkholes on the lower platform

As on the upper platform, the spatial distribution of the sinkholes on the lower
| platform is not uniform. The most striking '['czsa[ture IS a (:‘if'f(;‘.ulla.r ém‘lig'n‘rnmir(a, desc-ribed'
l.)y' various authors s the Ring of Cenotes [e.g. Pope, 1991; Marin, ].S_).‘)(J; Perry et
al., 1.995]-- The Ring is not contimlous1 but consists of several clusters of Sinl{.h.t)le:i;_

labeled in Figure 2 as (C) to (1),
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Fig. 3 Distribution of the lengths of sinkholes on the upper and the lower

 platform. Sinkhole lengths are hased on digitized data.
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© Pig. 4 Lines of equal depth to the water table, modified after Anonymous

{1988]. Labels are depths in meters,

“The western part of the Ring of Cenotes is the segment where the alignment is best
developed. The segment closest to the west coast is accompanied by a minor, second
ring, described by Perry et al. [1995] and Steinich and Marin [1996]. The Ring of

Cenotes is interrupted on its southern part southeast of the village of Abala (I'ig. 2).
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The following, westward part ol the Ring of Cenote is characterized by a decrease
in sinkhole density and further castward by an increase in dispersion of the sinkhole
locations (zone D in Fig. 2 near Huhi). The westerninost part of the Ring ol Cenotes
(I8 in Fig. 2) can be deseribed as a limit between an extensive sinkhole field east of
the ring and an arca with low sinkhole density which corresponds to the area inside
the Ring of Cenotes. In this area which is characterized by an extremely low sinkhole
density, only a few sinkholes are mapped near the City of Merida. The depth to the
water table on the lower platform varies between 0 m and 35 m [Anonymous, 1988;
Marin, 1990] (Fig. 4). In an extensive arca between the Siervita de Ticul and the
coast line, sinkholes are submerged and are mapped as small, circular lakes (cenotes
in the local language, I"ig. 1). Especially, the sinkholes of the Ring of Cenotes are
nearly all submerged except the short segment labeled (D) in Figure 2. A local high is
mapped for the depth to the ground water table [Anonymous, 1988] which coincides
with the avea (D). Sinkholes in this segment arve typically bigger than the others along

the ring.
6. Distribution of the size of ﬁhe sinkholes

The formation of the sin kholes of the Yucatan Peninsula is descri I;)tacl_l.iy Gerstenhauer
[1987]. He proposed ‘a corrosion process by percolation from m_iri[iﬂ_l during humid
periods, the subsequent form ation of a resistant (:1‘1_15(:' by 1'c3p_re(_:ipi_ta',ti'on of calci te near
the surface d_l.n.'ilslg dry pério(ls and l;he'_wa.s]‘ling out of the corroded material bf_él_].ea..i;h_- B
the crust. The more resistant cruSi; forms i;.he rools of the cf'a;vil;i_e's 'Ia‘if:a.d. is partly
collapsed in an unknown ])(’!\I“(.‘.Ql'lvta,g(i' of the la;t'vt'cr.' The _il.'l.if}i.ﬂ.bi(').lli' of the c.()rrr.JSi_oriﬁ' |
process is fa’icilita.l;éd_ by the 1)1’(35@1‘1(:@ ol initial v‘ert:ica;l fractures and ;‘l;)‘edcling 1_.)131_’1.1',@- |
partings allowing the necessary circulation of the infiltrated w‘al;(:r_[G‘él"s(;eulmfuer,r

1987; Sasowsky ;in_cl White, 1994]. The lmtcrogcm:ous distribution of tlic;'si'n'l.{lml.es:

in the sl;'mly' area implics that there ave well Acilie[‘i.ne_(l locations where the (_:oncl.i tﬁ.io_n_s

[or corrosion were especially favorable in the past. This point is further discussed -
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in Section six. Vigure 4 shows the depth to the water table. Comparison with the
distribution of the size of the sinkholes shows that big sinkholes are related to large
values of the depth to the water table. This relationship is obvious lor the upper
platlorm south of the Sierrita de Ticul (IFig. 1). The local high of the depth to the
waber table in the center of the study area at 89715 west and 20°45" north coincides
with the sinkhole area (D) in Figure 2. This area is chavacterized by large sinkholes
which are only temporarily flooded [f\nonyn_nol.ts, 1984]. The lowering of the water
level within a cavity results in a vemoval of buoyant support and in an increase of
the effective weight on the span. When the strength is exceeded, the rool of the
cavily collapses [lord and Williams, 1989]. These observations imply that huoyant
support is a decisive factor for the actual size of the collapsed part of the roofs. The
emergence of the upper platform during the Mio-Pliocene [Gerstenhauer, 1987] may
have initiated the collapse of the major part of the roof of the cavities. The older karst
features on the upper platform can therefore be assumed to have a higher collapse
percentage which is reflected by the large sizes of its sinkholes wilh respect to the
“smaller ones on the lower platform. The lack of sinkholes on the lowei_' platform in
arcas where [avorable corrosion (l()]‘lf,li{;i()_lflﬁ can be assumed (as discussed in Section
six) may be due to the low depth to the water table which maintains blie necessary
buoyant support and impedes in this way the massive (Ondp‘-a(, 0[ the roofs, l]m may

explain the lack of sinkholes in the central part of the hlgh gravity ymdlcnf area near

the City of Merida (Ifig. 5).

T. Relatlonslnp between the surface karst featur es, the (Jlu(,xulub -rf.'e'r

and lhe 11‘ansform fault

The early initiation of the corrosion. process in a carbonate platform is favored by
the existence of vertical fractures and hedding planes [Groves and Howard, 1994], 1
the case of competent brittle rock, fracturing occurs when stress exceeds the rock’s

strength [Ford and Williams, 1989]. T'wo tectonic phenomena contribute to the
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distribution of the stress patterns in the study arca, the transform fault and the
Chicxulub Crater, described in Sections three and four, respectively, Both leatures
provided special sedimentation environments during a certain time period in the form
of sedimentation basins [Sharpton et al, 1993; Perry et al., 1995]. T'wo recent models
of the Chicxulub impact basin [Camargo and Sudrez, 1994; Sharpton et al., in press]
show that the thickness of the impact breccia and the overlaying Tertiary carbonate
sediments vary significantly along a profile perpendicular to the crater rim. These
models are based on geophysical data (gravity and seismic data) and the interpre-
tation of cores from several boreholes. 'The c:lil‘l,'r-n'cn(_:cs in the thickness ol this loose
material may have caused a different compaction hehavior and rate. The deposition
of the sediments on slopes may have provoked a shear deformation rather than com-
paction [Jones, 1994]. Stress release fracturing in relation with different coi‘n‘p;-\.y;:t;io:r:i
rates and shear deformation along st;eep slopes may be the most important factor
for fracture creation. Sasowsky and White [1994] stressed the Jmpmian( e of stress
release fm(luumj for the distribution of karst foatmm along valley walls. P igure 5
shows gra.vity data [Sharpton et al., 1993] together with the sm_l{holes in the study
area. The wall of the former *edi1"1'10111‘&11011’basin related to t';h.e'l“ral‘lfs.form fault is
reflected in the gravity data I)y the steep gradients dl()illld the 11011]1 sout, h axis al
.apprc)\'mmt( ly 89730/ west. ln ilw case of Lhc Chic xulub mim, two walls are plo—
posec d by a recent modcl [blmrpion et al., in pre 5] llmy u)mude with the two steep
gravity gri adient rings in Figure 5. Sml\holc accumulations can be ob‘suvml leong,-_ |

the outer Jlng.” but not along tho inner ring of lho Crate T hmlxlmlc Z0Nes (l*) (G)

and (H) are also located upon stoop gravity g,md:o its (Fi l[_, .)) Peak /oue.s m the

gravity data, howvvv , coincide with zones of low sinkhole (lmmty I3 mmples-o this
are the axis of the transform fault, the arca between the two steep gm_,('lic::n.t_cﬁil'fc.lcas'i'jf N
the Chicxulub ¢ rater and various othergl_‘a,vity‘r.‘;i__i_nima;_'an'(.]. maxima in the t—aaSt_mjli
part ol (;ho.sl;ndy area. In {‘l'u‘-"cas'(a of the Yucatan karst, we 1}10})039 that wa Lll.;iof_'
the former h(‘Lllﬂl(‘llLdllL)ll basins related to the lmnsfovm [ault and the ‘hlcxulub'

Crater offered the most favorable locations for initial fracturing and -l;h.c Sl.ll)sc:(.[uen.l;
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COrTosion processes as a consequence of stress release fracturing related to differential

sedimentation rates.

8. The influence of the Chicxulub Crater and the transform fault on the

hydrogeology

T'he various tectonic leatures described so lar played a determinant role for the initial
conditions ol the karstification process. We propose that variations of the compaction
rates and shear deformation along the basin walls gave the fracture design to the
Yucatan limestone, This implies a close relationship between the local tectonics and
the hydrogeology in the study arca, as a result, diflerent ’hydrotectonic domains’
[Brown, 1994} can be defined. The Ring of Cenotes is the most obvious hydrotectonic
domain (HD) and is related to the steep slope of the transient cavity or the crater rim
(depending on the actual size of the structure). Sinkhole-zones (C), (D) and ( E)‘ arc
part of this hydrotectonic domain. The Ring of Cenotes was proposed to be a high
permeability zone, acting as an underground river system [Marin, 1990]. Steinich and
I\fl'a,rf_li [ﬁl..ﬂ?f)()'] showed that a lo\-\r‘;3)(::1'11“1ea.l)iIil;'{,f zone interrupts this underground river
on its segment southeast of Abala. We “propose that this decrease in pmmmln]}ly
can be explained by the decrease of mliml [rac ture- density along the axis of the
transform fault. Pigure 5 shows that the axis and the crater um fm, wpemnposed al
this location. Velazquez [1995] and Steinich el al. [m I(‘\’l(‘W] plopo.sod that mtlml
this zone there is a ground water (Il\’l(l(‘ in Lhe a,qmlm sybtom Steinich d]ld Mar{n .
"[m wvww] described a highly variable zone of hydraulic gm(hcm aml [)10]30%( d the

existence ()f at least two [racture systems pt l[)Cll(h(,llldl and pmdllol Lo the ng of -

"(Jonotcs /\:::-mmmg7 that the castern wall of the L]dllbl()l m fault basm as woll as the
crater rim (,()nmlmlv(l to the initial hm_tmmgj, a 11111111([110@11011&1 [111(11111"0 paticm
mnay be expected at the ovulap of the two tectonic lmt ares and may ewplam the
special hydr aulic (:on,clitloi'ls of this lnghly variable zone, ‘['l'_l,e_seconcl, inner steep

rravity eradient cirele (M. 5) might have eenerated favorable conditions for stress
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release fracturing equal to the erater rim. A similar karst leature like the Ring of
Cenotes may exist and may show up on the surface as the walter level lowers and rool
collapse reveals the existing cavities. IMigure 5 shows that the few existing sinkholes
near the City of Merida are located on the steep gravity gradient ol the inner rings
of the Chicxuluby Crater. Several cavities with uncollapsed rools have heen observed
by Marin [unpublished observation} in this area,

The extensive sinkhole field (G) (IYig. 2) coincides with the transition zone between a
gravity high in the northeastern edge of the study avea and a deep gravity low south-
west of it. This zone can be delined as another hydrotectonic domain, characterized
by especially good recharge conditions for the aquifer. Areas like the alignments (A)
and (3) oo the upper platform are other good candidates for h yclrol;c-:ctonic domnains,
however, further investigation is required to define their role in the hydrogeology of

the study area.

9. Evidence of other phenomena influencing the distribution of sinkholes

In the lormer section, we stressed mainly two ])henon'lerm that influence the spatial
distribution of sinkholes. 1) The initial [m(_Lme design whu,h 18 dciel mined by the
local tectonic and give the mmd] (,oudll,lona for the (011051011 process. L)_ The influ-
ence of the water Jevel variations that either maint ain or remove buoyant .suppoil
ol the cavity roofs and control the (,Ollct[)':v(‘ rate of the latter. This plu“'umm‘na is
clc(ommmnt al the end slag_,o of the sml\lmlu lustmy c.g2. wholhm the u,\l.stmg cavity
makes its mamlmlatmn at the surlace. However, several other phenom(*na mﬂucn(,vd |
the karstification process. ‘The ’Sierrita de Ticul’ divides the lowu and the upper
platlcnm Bmptying ol the cavities on the upper platf(nm occured | ina phloatu en-
vironment prior to the emergence of the upper platform {Gmsi,onlmuo 1987). The
difference 0_['-(-:l,eva.l;_lm': between the upper and »i;he _lo_w(:n_' [,)Iai_;lo_rl'ns 1s ab least JS .'m._
and a higher water level by this amount would place the coast line to &yl‘nit is now

the Sierrita de Ticul [E. Perry, pers.conumun.]. A narrow band behind the coast line
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hosted then the mixing zone of salt and fresh water. The aligniment (A) (g, 2)
may therefore be explained by mixed water corrosion, A similar accumulation can
be found parallel to the present coast line [Marin et al., 1988] and may be the actual
equivalent to the alignment (A).

In the eastern part of the Peninsula, the climatic conditions provide actually favorable
conditions for the destruction of the more resistant crust [Gerstenhauer, 1987]. Part
of the numerous small dolines in the sinkhole zone (G) may be the result of surface
solution rather than cave roofl collapse [McConnell and Horn, 1972}, The described
phenomena are important factors in the initiation of the karstification process, how-
cver, they have to be classified as sccondary with respect to the tectonic features. A
simulation study by Groves and Howard {I 994] showed that ouly a lew ol the numer-
ous initial fractures and bedding planes are enlarged into cave passages. Following
this model, we propose that in the stody 'ci.l'ezl,, the tectonic features gave the initial
fracture design to the limestone rocks, while the phenomena discussed in th_ié sechion
contributed as the selection factor, which resulted in the opening of existin g fractures
to form the large karst pathways. | | |

[n this model the unexplained s'(r'.con(l’ alignment on I;Iw upper platform (B in F‘iguro
- 2) slnoul(l correspond Lo another l,m,lmuc lmltue wlnt,h ]n()wdocl the initial ['La(,{mcs
o this ahynnmmlt However, fur ther st urly Is necessar y to identify the karst lusLory of

the latter.

10. Conclusions

Size and the location of nearly 7(]00 sinkholes of ‘f:he‘ Y u‘clatafn Karst 1“'.«!(-?1'(-*"‘ 1-1,1'11-113}.'2(3([
“and were divided into various zones d((m(lmg, to tho.s(' pdmnwtmb. llw spd tial (lw
Lllbu tion of the mnkholvs in the study arca was (()mpdlul with hc‘: l(-:a,turc-:s of the
Io_ca_.l_ fectonics, a l‘.l:n.rlsfol_'n‘l fault related to the opening of the (.:01 “of l\_fl:cxi_c'ﬁ(i amcl. an.
ilri[:);-l,.cl; structure, the Chicxulub Crater. 'This comparison showed that the locations

of the sinkholes are related to these tectonic features. We propose that the stress re-
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lease model proposed by Sasowsky and White [1994] apply as well to buried valleys.
We proposed a model lor the influence of the various factors on the formation ol the
Yucatan Karst in which the local tectonic leatures give the initial fracture design to
the Yucatan limestone, while other phenomena like mixed-water corrosion or climatic
conditions, act as selection factor for the opening of part ol the existing initial frac-
tures. Pinally, the variations of the water level tn time vepresents the decisive factor
for the collapse of the cavity rools and determines in this way if the karst features
have a surface expression. In this way, different factors were identified as decisive
[or the karstification process and their influence on different stages of the latter was
stressed.

Diflerent "hydrotectonic domains’ can be identified, The two independent tectonic
features, the transform fault and the Chiexuluby Crater, are in narrow relationship
with the actual hydrogeology of the Yucatan aquifer. This study shows that the
exclusive and isolated discussion of the role of the Ring of ‘(:1(;-31‘10t(-$s is not appropriate
for the understanding of the llyr[l(‘»g)miogy ol lhv Yucatan Peninsula. The existence of
another circular high permeability zone similar to the Ring of (Jenotes WEl.S']_).l‘(')])()S(:l(l

based on the conclusions of this study.
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VI

Conclusiones

lin el presente trabajo se estudiaron aspectos hidrogeoldgicos y geofisicos del noroeste

de la Peninsula de Yucatan, México.

I5l acuifero cirstico de la Peninsula de Yucatan consiste en un lente de agua dulce el

Al
4

cual llota sobre agua salada, lsta caracterizado por su alla permeabilidad. 151 Anillo

de Cenotes es un alincamiento circular de cenotes que posiblemente funge como un

sistema de rio sublerranco en el acuilero, Se ha propuesto su relacion con el Crater

de Chiexulub, una estructura de impacto creada por un meteorito en el Hmite del

Cretdcico-Terciario, I8l presente estudio del acuifero de Yucatan permite obtener las

siguientes conclusiones.

)

I8 espesor del lente de agua dulee varia entre 18 metros cerca de la costa o 110
metros en la parte sureste de la zona estudiada. Istos resultados se obtuvieron

de la interpretacion de datos eléctricos.

La parte superior del acuifero es electricamente anisotrépica. Se propone que

esta anisotropia se debe a la existencia de direcciones preferenciales de la per-

meabilidad.

Il Anillo de Cenotes cs una zona de a.lﬁa. permeabilidad en relacion a sus alrede-
dores. Sin embargo, la in_tcrpretar;fé!’x de datos eléctricos ha demostrado fql_.,le la
pe.:.'n.l(:a,l.)ili_dacl vari if.lf‘ alo largo dévla.:nill,o.x [oxiste una zona de baja, _|')er:r1.].<-3:-rl)ilicla,d
en la parte sur del zj;i'lillo al sureste de la poblacién (‘1(::'1\1:)_:-1‘1'(1 qu( _ii‘it,e_rrum])(}: e.l: .
flujo del agua subterrénea a | o largo del anillo. Segme lil.ﬁ()s de alta | pe rme abilid ad

del anillo se manifiestan en la superficie por una alta densidad de cenotes.

Bl drea al oriente de la zona de Abald, la cual representa la parte central del

Anillo de Cenotes, se caracteriza por su alta variabilidad de los niveles de agua
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y del régimen de las lineas equipotenciales, I5n esta drea se identifican varios
sistemas de [racturas bien conectadas y con diferentes direcciones. La zona de
baja permeabilidad de Abald representa ol Hmite occidental de la zona de alta
variabilidad. Sus caracteristicas permiten una rdpida respuesta a las condiciones
de recarga superficial, cambios importantes de las direcciones de flujo asf como

un drenaje mas rapido respecto a otras drcas del acuifero.

La comparacion de datos eléctricos e hidraulicos en la zona de alta variabilidad
muestra que las direcciones de las [racturas interconectadas corresponden en la
mayor parte del drea a las direcciones del gradiente hidraulico. ilo implica que
este ultimo tuvo un papel determinante en la formacién de las vias de flujo del
agua subterrdnca. Registros cléctricos muestran que los diferentes sistemas de
fracturas son desarrollados de una manera similar por lo que se propone que los
cambios de los gradientes hidraulicos en la zona de alta variabilidad son muy

frecuentes.

Basado en datos geolisicos e hidrdulicos se propone que la zona de Abald des-

~conecta hidraulicamente la zona de alta variabilidad de la parte occidental del

Anillo de Cenotes formando de esta manera dos subsistemas en el acuifero de
Yucatian. Se propone que la zona de Abala funge como parteaguas en el acuifero.

liste resultado esta apoyado por la interpretacion de datos geoquimicos en la

zona.

- Como consecuencia de los cambios en los gradientes hidrdulicos y en las direc-
ciones de flujo se propone que la zona de alta variabilidad tiene una elevada

vulnerabilidad [vente a la contaminacién proveniente de la zona urbana e indus-

trial de la Cludad de Mérida.

Se realizd un estudio de la distribucion y los aspectos de la formacién de las -
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depresiones en el carst de Yucatdan con el fin deidentificar obras posibles zonas de
importancia para la hidrogeologia de fa Peninsula, Se propone gne la formacién
v las caracteristicas de las depresiones estan estrechamente relacionadas con la
tectonica local. Se estudiaron dos elementos tectdnicos: una falla relacionada
con fa apertura del Golfo de México y ol Crater de Chicxulub, Ambas estructuras

representaron e¢n su epoca cuencas de sedimentacion marina.

9) Se propone que lag paredes de las coencas de sedimentacion ofrecteron condi-
ciones favorables para la formacion de {racturas de la voca del acuilero, debido a
la. liberacion de {uerzas de tension que se acumulan por el cambio de los mdices

de compactacion de los sedimentos en la cercania de las paredes de las cuencas.

10) Como modelo para la formacion del carst de Yucatan, se propone que la tecténica
local determing el cliscﬁo'de [racturas iniciales con la zona estudiacda, dando de
esta. manera las condiciones iniciales para el subsiguiente proceso- de carstifi-
cacion. Fendmenos como el gradiente hidraulico, las condiciones climatoldgicas
o la disolucion ]'\)fjl‘ la. mezcla de agua dulce y agua salada _1.‘<V:I|Jre_sen taron los
factores (lctm'minii_,n(;c:ss para la seleccion dc-_:' las fracturas q’r_,li'-.‘, s€. abrieron 1;)0.1.‘ di-
solucion. La profundidad al nivel '(’L‘Gzi,li(:o ha si(‘lo (-‘.l-(é]‘ldl]lcri‘l()"imporfa,m‘é"pm.'a la
llldllll(‘slml(,l()!l de las cavidades cdrsticas en la su]n rlicie, mantenmnclo 0 qtutando_

el apoyc) de los techos de laﬂ, cavernas.

i) Bdsado en este mode 2o, se realizé una (hvmon de las Ll(‘])IC&IOH(Eh carsticas en

varios g)mpos segin su formacion y sus chmcnsmno Se propuso an ulcntlhu -

cacién de diferentes “dominios hidrotectonicos’ que delzemu1'1.21.1‘1‘ el régimen ‘cle.l‘ o

flujo de agua en el acuifero de Yucatan,

A base de los resultados obtenidos en este (‘H(Il(llt) se podra (.,lal)omr Un . nuevo

‘modelo conceptual del fune !()Ildlfll(‘l]i(") lmlmgoolug’l(o del acuifero do \ucaian _]3]1'_
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conocimiento de las profundidades a la interfase permitird estimar los espesores del
lente de agua dulce. La investigacion de las caracteristicas del carst yucateco res-
pecto a la distribucion y tamano de las dolinas asi como la identificacion de zonas
con sistemas de fracturas alineadas permitira definir la permeabilidad en la zona de
estudio con mas detalle espacial y tomando en cuenta aspectos de heterogeneidad y
de anisotropia. Lu division del acuifero en dominios hidrotectdnicos representard una
base para dicha tarea. La observacién de las oscilaciones de los niveles de agua en
algunas partes del acuiferos da nuevos elementos para ol estudio de la vulnerabilidad

del acuifero frente a la contaminacion.
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