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s u m m a r y

We report 87Sr/86Sr and ion concentrations of sulfate, chloride, and strontium in the groundwater of the
northern and central Yucatan Peninsula, Mexico. Correlation between these data indicates that ejecta
from the 65.95 m.y. old Chicxulub impact crater have an important effect on hydrogeology, geomorphol-
ogy, and soil development of the region. Ejecta are present at relatively shallow subsurface depths in
north-central Yucatan and at the surface along the Rio Hondo escarpment in southeast Quintana Roo,
where they are referred to as the Albion Formation. Anhydrite/gypsum (and by inference celestite) are
common in impact ejecta clasts and in beds and cements of overlying Paleocene and Lower Eocene rocks
cored around the margin of the crater. The sulfate-rich minerals that are found in rocks immediately
overlying the impact ejecta blanket, may either be partially mobilized from the ejecta layer itself or
may have been deposited after the K/T impact event in an extensive pre-Oligocene shallow sea. These
deposits form a distinctive sedimentary package that can be easily traced by the Eocene–Cretaceous
87Sr/86Sr signal. A distinct Sr isotopic signature and high SO4/Cl ratios are observed in groundwater of
northwestern and north-central Yucatan that interacts with these rocks. Moreover, the distribution of
the gypsum-rich stratigraphic unit provides a solution-enhanced subsurface drainage pathway for a
broad region characterized by dissolution features (poljes) extending from Chetumal, Quintana Roo to
Campeche, Campeche. The presence of gypsum quarries in the area is also consistent with a sulfate-rich
stratigraphic ‘‘package” that includes ejecta.

The distinctive chemistry of groundwater that has been in contact with evaporite/ejecta can be used to
trace flow directions and confirms a groundwater divide in the northern Peninsula. Information about
groundwater flow directions and about deep subsurface zones of high permeability is useful for ground-
water and liquid waste management in the area. Where it discharges at the coast, the unique chemistry of
the groundwater that has interacted with the evaporite/ejecta strata may also have significant geomor-
phologic implications. While groundwater–seawater mixing at the coast has been shown to dissolve and
erode limestone, PHREEQC modeling shows that mixing of water nearly saturated in CaSO4 with seawater
has a less vigorous dissolution effect due to its high Ca content.

� 2009 Elsevier B.V. All rights reserved.

Introduction

The objective of this study is to use groundwater geochemistry
to increase knowledge of the (largely concealed) subsurface stra-
tigraphy of the rocks of the Yucatan Peninsula, Mexico and of the
groundwater flow paths within these karstic rocks. The research
has practical significance because essentially all municipal, agricul-
tural, and industrial water used on the Peninsula is pumped from
the aquifer. Scientific value derives from increased knowledge of

an important karst aquifer system and from increased knowledge
of the nature and extent of the ejecta blanket produced by the ter-
minal Cretaceous Chicxulub bolide impact.

Although soil cover in the area is thin or absent and bedrock
exposure is nearly complete, the stratigraphy of the northern and
east-central Yucatan Peninsula (here denoting the geographic area
encompassed by the states of Yucatan and Quintana Roo) is poorly
known. This is because weathering has caused extensive mineral
dissolution and recrystallization, accompanied by loss of primary
textural detail necessary for microfossil identification. In addition,
exposure of Tertiary formations is highly selective because much
of the region is a nearly flat plain, uninterrupted by stream valleys.
Therefore many persistent rock units, which have dips of only a few
degrees and are almost parallel to the land surface, do not crop out.
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Much of what is known about regional stratigraphy of the Yuca-
tan Peninsula comes from oil exploration (Lopez-Ramos, 1983;
Ward, 1985). Rocks of the northern Peninsula, to depths of more
than 500 m, are dominantly limestone and dolomite of Cretaceous
and younger ages with significant evaporite lenses but rare silici-
clastic units (Fig. 1). Drilling and seismic and magnetic exploration
have revealed the outlines of the K/T Chicxulub impact crater in
the northwestern part of the Peninsula (Rebolledo-Vieyra et al.,
2000 and references therein; Gulick et al., 2008 and references
therein), which has a probable age of 65.96 m.y. (Kuiper et al.,
2008). A polymictic impact breccia that contains clasts of lime-
stone, dolomite, and evaporite, as well as glass (now altered to
clay) represents material that was ejected from that crater and
widely dispersed. Rebolledo-Vieyra et al. (2000), Lefticariu et al.
(2006), and others have used a limited number of drill cores to doc-
ument and describe ejecta in several subsurface localities, all with-
in the state of Yucatan. Others (Ocampo et al., 1996; Kenkmann

and Schönian, 2006 and references therein) have described ejecta
that crop out as the Albion Formation in Quintana Roo and Belize.

Although the relation of impact ejecta to evaporites (and hence
evaporite dissolution) is highly plausible, it cannot be explicitly
confirmed from available data except in drill cores from UNAM
drill sites 5, 6, and 7 and from Yaxcopoil core (Rebolledo-Vieyra
et al., 2000). Carbonate and evaporite are the predominant clast
lithologies found in impact deposits from those localities. In UNAM
6 at Peto (Fig. 1) a Lower Eocene evaporite occurs immediately
above what is interpreted as a collapse breccia formed during
Paleocene subaerial exposure of impact ejecta (Lefticariu et al.,
2006). Nevertheless, neither gypsum nor anhydrite is reported in
outcrops of ejecta in southeast Quintana Roo (Pope et al. (2005),
Schönian et al. (2005); Kenkmann and Schönian (2006)). Given
the high solubility of gypsum and anhydrite, it is not surprising
that these minerals would dissolve and not be found in surface
outcrops. Whatever the precise relation between impact ejecta

Fig. 1. Geology of the northern Yucatan Peninsula. (Base map redrafted from data of Servicio Geológico Mexicano, 2007.) Includes strontium isotope ratios of water from
wells and cenotes reported in this study. Three digit numbers on the map represent the three digits past 0.70 in the 87Sr/86Sr ratios; read 827 as 0.70827. For detailed geology
of the region within the box on this figure please refer to Kenkmann and Schönian (2006, Fig. 6); their map shows the Albion Island Formation (comprised of ejecta from the
Chicxulub impact crater), which is too complex to delineate at the scale of Fig. 1.
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and evaporite, the large area of exposed Icaiché Formation in east-
ern Campeche and southwestern Quintana Roo contains numerous
gypsum quarries along and near Mexico Highway 186 (Fig. 1); and
these coincide with occurrences of impact breccia reported in wells
by Kenkmann and Schönian et al. (2006, Fig. 6).

The Yucatan Peninsula has particular advantages for the appli-
cation of groundwater geochemistry to stratigraphic interpreta-
tion. These include: a lithology dominated by chemical
sedimentary rocks of marine origin (limestone, dolomite, and
evaporite), lack of aquitards, flat-lying beds that are continuous
for long distances, and scarcity of terrigenous clastic rocks.

A key characteristic of calcite, dolomite, gypsum, and celestite is
that all contain significant quantities of strontium derived from
strontium of the seawater in which they formed. This strontium
contains an isotope signature that can be used to determine the
ages of these minerals. The isotopic composition of seawater stron-
tium (McArthur et al., 2001) varied little during sedimentation of
Cretaceous-to-Eocene rocks at the base of the Yucatan aquifer.
However, from the Eocene to the present, the 87Sr/86Sr of seawater
has increased regularly and is well constrained, providing one of
the least ambiguous strontium isotope-versus-age signals in the
geologic record.

The isotopic signatures of rocks of the Yucatan Peninsula may
be imprinted on groundwater interacting with these rocks. A factor
contributing to the quality of this isotopic signal in Yucatan
groundwater is the scarcity of Cenozoic rocks with terrigenous
minerals that contain significant 87Rb, the parent isotope of 87Sr.
Indeed, the near-absence of residual soil in much of the northern
Peninsula is one indication that illite and other rubidium-rich
phases are minor rock constituents. Furthermore, in the silica-rich
ejecta of the Albion Formation, there is little or no correlation be-
tween the 87Sr/86Sr ratio of carbonates and the clay content of the
ejecta deposit (Fouke et al., 2002) consistent with the above
conclusion.

The effectiveness of groundwater geochemistry in elucidating
stratigraphy depends on equilibrium and kinetic interaction of
rock and water. Most groundwater of the northern Yucatan Penin-
sula is in approximate chemical equilibrium with calcite and dolo-
mite of the aquifer and is undersaturated with respect to all other
aquifer minerals, including the sulfate minerals gypsum and celes-
tite. There are important exceptions. (1) Groundwater in two
exploratory wells (UNAM 2 and UNAM 5), drilled to ascertain the
distribution of Chicxulub impact ejecta, is at or near saturation
with respect to both gypsum and celestite at depths of 300 or more
meters. Gypsum-bearing ejecta are present in UNAM 5. Although
no actual ejecta have been encountered in UNAM 2, it was inferred
from geologic observations that ejecta are present nearby. (2) Sur-
face water of Cenote Azul and Lake Chichancanab is also close to
saturation with respect to both gypsum and celestite (Perry
et al., 2002).

A study of precipitation from Hurricane Isadore, of September,
2002 (Pedersen et al., 2005) established that a lens of hurricane
water (identified by its hydrogen and oxygen isotope composition)
had remained largely unmixed at the top of the Yucatan aquifer
two years after Isadore. That water also remained undersaturated
with respect to celestite, strontianite, calcite, and dolomite. In stark
contrast, slightly deeper (hence older) water had reached satura-
tion equilibrium with calcite and dolomite and had an 87Sr/86Sr
appropriate for rocks of the aquifer. The 87Sr/86Sr ratio of the
groundwater lens dominated by young hurricane precipitation
was closer to that of the modern ocean than to signatures of local
rocks (Table 1). The above observations suggest that although
groundwater may establish strontium isotopic equilibrium with lo-
cal carbonate rocks on a timescale of several years-to-decades,
water moving through channels, such as the Ring of Cenotes
(aligned sinkholes; Fig. 1; Sources of ions in Yucatan groundwater),

is probably moving fast enough so that interaction between water
and carbonate rock of the aquifer is of minor importance. Thus, the
two types of water (slow-moving and fast flow) can be distin-
guished by their chemistry (degree of interaction and equilibrium
with aquifer rocks) and specifically by their Sr isotopic
composition.

Our geochemical data focus on an area comprising much of the
states of Yucatan and northern Quintana Roo, characterized by low
relief and homogeneous, permeable, nearly flat-lying beds and an
aquifer containing a fresh water lens floating on a pervasive saline
intrusion. Groundwater movement in this regional aquifer is slow
except near the coast (Stoessell et al., 2002; Beddows et al., 2007)
and along certain flow channels that follow faults or other struc-
tural features, notably the Holbox Fracture Zone (Southworth,
1985; Tulaczyk et al., 1993), the Ticul Fault, and the Ring of Cenotes
(Perry et al., 1995, 2002 and references therein). In the region as a
whole, slow-moving groundwater derives its ion chemistry from
relatively soluble gypsum, calcite, dolomite and accessory minerals
such as celestite (SrSO4) of local aquifer rock, whereas water intro-
duced into fast-moving flow systems like the Ring of Cenotes tends
to retain the chemical features of its source region (Perry et al.,
2002). Accordingly, groundwater flow direction and general flow
rates can be determined from chemical characteristics. In addition,
groundwater chemistry is useful in identifying the presence of
evaporite whose initial abundance in near-surface rocks may be
significantly underestimated because of the high solubility and
thus low preservation of evaporite minerals in outcrops in north-
ern Yucatan.

The established relationships between groundwater geochemis-
try and known stratigraphy in the northern Peninsula can thus be
extended to less well-studied areas in the central and southern
Peninsula. Of particular interest are (1) a region in southern Quin-
tana Roo, near the Belize border where Chicxulub impact ejecta
crop out at the surface and (2) an adjacent and much more exten-
sive area in south-central Campeche and Quintana Roo where re-
cent mapping (Fig. 1) has confirmed the presence of a major
subsurface drainage system spatially related to extensive expo-
sures of gypsum-bearing limestone of the Paleocene Icaiché For-
mation. In this study we use groundwater ion geochemistry to
show that the numerous large poljes and related geomorphic fea-
tures of these regions are closely linked to selective dissolution
of gypsum. This gypsum may also occur within a sedimentary
package that includes an impact ejecta layer reported by Schönian
et al. (2005) and Kenkmann and Schönian (2006) to form a sedi-
mentary blanket that overlies a Late Cretaceous karst surface in
this area.

A saline intrusion composed of seawater, modified by exposure
to carbonate and evaporite rocks of the aquifer system, underlies
much of the northern Peninsula. This intrusion influences the
chemistry of the overlying fresh water lens. Knowledge of the ex-
tent of and circulation patterns within the seawater intrusion are
important to groundwater management strategies (Back et al.,
1979; Beddows et al., 2007; Marín et al., 2000; Perry et al., 1989,
2002; Stoessell et al., 1989). Studies of groundwater geochemistry,
including the data and interpretations contained in this report, can
help define the extent and comportment of the intrusion, indicate
horizontal as well as vertical zones of high permeability, and refine
our knowledge of groundwater flow patterns. It may also help eval-
uate processes of chemical weathering and the effect these pro-
cesses have on regional landforms.

Sample collection and analysis

The interpretations and conclusions of this study are based pri-
marily on ion and strontium isotope chemistry, including both data
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reported here for the first time and data that have previously been
published as part of studies with a different emphasis; these data
sources are indicated in the appropriate tables. Except for four

rocks listed in Table 1, all samples in this report are of groundwater
or surface water. A majority of the ion concentration measure-
ments of these waters were made on samples collected and filtered

Table 1
Strontium isotope composition and Cl and Sr ion composition of water and rock (R) of the Yucatan Peninsula.

Location Lat. Long. Sr (Mm/kg)b Cl (Mm/kg)b 87Sr/86Sra Age Source

Big Calica 20.59 87.18 0.059 548.00 0.70915 Late Miocene 3 b
Dzilam 2C 8 m 21.22 88.93 0.002 1.70 0.70899 1 c
Xpu-ha 20.53 87.22 0.70897 2
Dzilam 2A 10 m 21.35 88.90 0.007 4.36 0.70895 1 c
Baldeocera 20.88 90.36 0.100 489.70 0.70889 4 a
Telchac 1A 5.5 m 21.30 89.26 0.012 3.88 0.70882 1 c
Telchac 1C 20 m 21.17 89.28 0.045 16.32 0.70876 1 c
Lake Sayaucil 20.67 88.73 0.305 0.70876 2
Telchac 1B 15 m 21.23 89.28 0.053 16.93 0.70872 1 c
Telchac 1C 25 m 21.17 89.28 0.091 32.37 0.70871 1 c
L. Yalsihon 21.44 88.63 0.70870 2
Telchac 1A 10 m 21.30 89.26 0.013 3.82 0.70868 1 c
Sisal 10m 21.12 90.00 0.011 7.63 0.70867 1 c
Telchac 1C 11 m 21.17 89.28 0.011 3.69 0.70865 1 c
Telchac 1B 7 m 21.23 89.28 0.012 3.94 0.70865 1 c
Sabak-Ha76 20.58 89.59 0.180 592.00 0.70861 3 b
UNAM2 300 m 20.60 89.28 0.260 612.00 0.70860 4 a
Cen Sta Rosa 30 m 20.85 90.24 0.106 273.00 0.70857 3 b
CenoteNoc-Ac 21.15 89.68 0.70854 2
Chumkopo 30 m 20.16 87.55 0.138 551.00 0.70852 3 b
Chumkopo 67 m 20.16 87.55 0.155 548.00 0.70848 3 b
Lake Coba 20.52 87.65 0.70848 2
Dzibilchaltun 21.09 89.60 0.70848 2
Xcolak 91 m 20.91 88.87 0.253 417.00 0.70844 3 b
Izamal 20.93 89.02 0.005 2.51 0.70844 4 a
Rio Lagartos 21.56 88.18 0.70842 2
Cenote Cristal 20.20 87.50 0.70840 2
Xcolak 61 m 20.91 88.87 0.104 132.00 0.70840 3 b
Chumkopo 15 m 20.16 87.55 0.012 15.00 0.70834 3 b
Chumkopo 10 m 20.16 87.55 0.011 14.70 0.70834 3 b
UNAM5 20.33 89.66 0.366 577.00 0.70833 4 a
Chunchucmil 6 m 20.64 90.21 0.013 7.72 0.70832 1 c
Ucil 91 m 20.99 88.60 0.219 371.00 0.70832 3 b
Aktun Ha 20.27 87.49 0.70831 2
Xcolak 46 m 20.91 88.87 0.010 5.25 0.70831 3 b
Xcolak 15 m 20.91 88.87 0.010 5.11 0.70830 Early Miocene 3 b
Estero Pozo 20.86 90.38 0.035 37.24 0.70829 1 a
Cenotillo 20.96 88.60 0.010 6.70 0.70829 4 a
Ucil 79 m 20.99 88.60 0.164 258.00 0.70828 3 b
Xocchel 20.83 89.19 0.010 5.59 0.70827 4 a
Chunchucmil 25 m 20.64 90.21 0.091 100.16 0.70827 1 c
Ucil 46 m 20.99 88.60 0.010 8.10 0.70827 3 b
Quintana Roo (town) 20.87 88.63 0.010 5.60 0.70817 Oligocene 4 a
Camp Hidalgo 20.64 87.56 0.70816 2
Punta Laguna 20.65 87.65 0.70813 2
El Remate 20.55 90.43 0.025 20.62 0.70813 1 a
Xtojil 20.66 88.80 0.70812 2
Lake Coba 20.52 87.65 30.48 0.70810 2
Lake Yalahau 20.70 89.36 0.70807 2
Cenote Ik Kil 20.66 88.55 0.70807 2
Peten Tucha 21.57 88.07 0.70805 2
CelestunWW (avg) 20.85 90.28 0.030 18.50 0.70804 1 a
Celestun 10 m 20.85 90.28 0.032 19.21 0.70798 Eocene–Paleocene 1 c
Chen Ha 20.59 90.02 0.70793 2
Breccia, UNAM5 (R) 20.33 89.66 0.70787 4 a
Tzucacab 20.07 89.05 0.045 11.82 0.70786 1 a
Peto 20.13 88.92 0.060 7.27 0.70782 1 a
Albion Island (R) 18.14 88.68 0.70781 5
L. Chichenkanab 19.88 88.77 0.37 7.43 0.70778 1 a
L. Esmeralda 19.78 88.74 0.127 3.76 0.70776 3 b
Lake Chichancanab 19.88 88.77 0.180 7.43 0.70776 2
Albion Island (R) 18.14 88.68 0.70769 5
L. Milagros 18.63 88.46 0.70768 2
L. Bacalar 18.69 88.38 0.70767 2
Cenote Azul 18.69 88.38 0.70764 2
Cenote Azul 10 m 18.65 88.41 0.095 1.29 0.70764 3 b
Cenote Azul 23 m 18.65 88.41 0.095 1.25 0.70764 3 b

a Strontium isotope sources: (1) Paytan et al. (2004); (2) Hodell et al. (2004); (3) Stoessell (2006), http://www.ronstoessell.org/StoesselLYucatan.pdf; (4) Perry et al. (1997),
and (5) Fouke et al., 2002.

b Strontium and chloride analyses: (a) Perry et al. (2002); (b) Stoessell (2006) and (c) Pedersen et al. (2005) and Pedersen (2007).
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in the field through 0.2 lm filters by Northern Illinois University
(NIU) personnel. These samples were transported and stored in
acid-washed high density polyethylene bottles or, in some cases,
in Vacutainers as described by Perry et al. (2002). Analyses were
made in the NIU geochemistry laboratory. Chloride and sulfate
analyses were made by ion exchange chromatography using a Dio-
nex anion suppressor and a conductivity cell. NIU strontium ion
analyses were made with a Beckman V DC plasma spectrometer
on samples acidified with nitric acid. Analytical techniques are de-
scribed in more detail in Perry et al. (2002), and some of the ana-
lytical results are from that publication. The chemistry of an
additional suite of samples analyzed at NIU was collected in
2004 and is reported here for the first time. Those samples are from
a study in which hurricane precipitation was used as a groundwa-
ter tracer (Pedersen et al., 2005).

Additional data on ion chemistry of water from several deep
cenotes (sinkholes) are taken from Stoessell (2006). Water samples
from various depths from one of these cenotes, Xkolac, were ana-
lyzed both by Stoessell and by Pedersen (2007). The two data sets
agree well, and Stoessell’s results are used here to facilitate consis-
tent comparison with his measurements from other cenotes.

Sources of strontium isotope analyses are given in Table 1. Val-
ues have been normalized to isotope ratios reported for US Na-
tional Institute of Standards and Technology (NIST) standard NBS
987, which is assigned an 87Sr/86Sr ratio of 0.71025. Previously
unpublished analyses of samples collected by Perry in 1997 were
analyzed at the University of Texas, Austin, in the laboratory of
Jay Banner, using techniques described by Banner and Kaufman
(1994). Previously unpublished strontium isotope analyses of sam-

ples collected by Pedersen and Perry in 2004 were analyzed by
Paytan in 2004 using an MAT Finnigan 261 mass spectrometer
and analytical techniques described by Mearon et al. (2003).

Results and discussion

Sources of ions in Yucatan groundwater

All available strontium isotope data for water of the northern
Yucatan Peninsula are listed in Table 1 and plotted in Fig. 1. In
addition to our own data, the table includes strontium isotope
analyses published by Hodell et al. (2004) and data published
on-line by Stoessell (2006). A salient feature of strontium data
plotted on the geologic map of the Peninsula (Fig. 1) is that a close
correlation exists between the 87Sr/86Sr ratio of fresh shallow
groundwater (including the upper freshwater lens as sampled in
lakes and cenotes) and the seawater isotope ratio appropriate for
the geologic age in which the carbonate rocks of the local aquifer
were deposited. This correlation provides a framework for inter-
preting deeper and/or less accessible parts of the aquifer system.

Three variables are particularly useful for identification of
groundwater ion sources and flow directions: strontium concen-
tration, strontium isotope composition, and chloride concentra-
tion. Sulfate ions are also important, and SO4/Cl ratios were
discussed extensively by Perry et al. (2002). Chloride is generally
a conservative ion; its presence in groundwater typically indicates
seawater contribution to groundwater chemistry. In samples from
the saline intrusion (in which seawater is an important contributor
to strontium ion concentration) chloride ion can be used to

Fig. 2. Groundwater geochemistry. For reference the strontium isotope vs age curve for seawater (McArthur et al., 2001) is shown at the left of Fig. 2a. Fig. 2a–c illustrate
87Sr/86Sr vs 1/Sr (in mmol/kg) for groundwater and surface water of the Peninsula. (Also plotted on the ordinate are 87Sr/86Sr ratios of four samples of impact ejecta.) 2d–2f
show the relation between 1/Sr and 1000Sr/Cl in units of mmol/kg. Paired illustrations 2a and d demonstrate that water moving northwest from Lake Chichancanab through
the Ticul Fault and Ring of Cenotes mixes with water having a higher 87Sr/86Sr ratio and a lower Sr/Cl. The trend is reversed east of Lake Chichancanab toward Cenote Azul. In
neither direction is the mixing with pure seawater. In paired illustrations 2b and e each tie line connects deep saline water of a cenote with shallow fresh water of the same
cenote. Only for one of the pairs (Big Calica) does the mixing trend tend toward seawater. Fig. 2c and f show tie lines connecting deep and shallow water of observation wells
within about 20 km of the north-central coast of the Peninsula. Here again there is no simple mixing trend for strontium between fresh water and seawater. Each of the trends in
this figure is consistent with addition of strontium having a low 87Sr/86Sr to water of the deep aquifer.
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estimate the percentage of seawater strontium. The relationship
between strontium ion concentration, chloride concentration,
and strontium isotope ratios is illustrated graphically in Fig. 2 as
plots of the reciprocal of molal strontium ion concentration (1/
Sr) vs 87Sr/86Sr ratio and between 1/Sr and the molal ratio of Sr/Cl.

As pointed out in the introduction, the shallow fresh groundwa-
ter lens tends to equilibrate with local exposures of carbonate rock,
which, over much of the northern Peninsula, range in age from Oli-
gocene–Miocene (87Sr/86Sr�0.7081) to Pliocene–Pleistocene
(87Sr/86Sr�0.7090). Because carbonate in these rocks has a rather
low concentration of strontium, the associated water composition
plots on the right side of Fig. 2b and c.

The deep groundwater of the saline intrusion plots in the upper
left quadrant of Fig. 2b. We note that this composition does not
represent present-day seawater, suggesting interaction with aqui-
fer rocks. An important constraint on the source of strontium of the
saline intrusion is that, with one exception, the deep, saline water
of wells and cenotes has a higher strontium ion concentration than
seawater and an 87Sr/86Sr ratio that is similar to or very slightly
higher than the ratio of the local rocks. The exception is Cenote
Big Calica, 55 km south of Cancun and within 5 km of the eastern
(Caribbean) coast, a zone in which extensive seawater penetration
occurs (Smart et al., 2006; Beddows et al., 2007); the strontium in
deep water from Big Calica appears to come entirely from seawa-
ter. Additional water samples with high 87Sr/86Sr and high stron-
tium concentrations are from observation wells near the central
north coast of Yucatan state (Fig. 2c).

Water samples from Cenote Azul, Lake Milagros, and Lake Baca-
lar in southern Quintana Roo and from Lakes Chichancanab and
Esmeralda in southern Yucatan state (Fig. 1) have a Cretaceous–Eo-
cene 87Sr/86Sr ratio and plot in the lowermost left hand corner of
Fig. 2a. These lakes presumably derive their strontium from disso-
lution of minerals either of Chicxulub impact breccia of northern
Belize and southeastern Quintana Roo, mapped as the Albion For-
mation (Fig. 1 [cf. figure 6 of Kenkmann and Schönian, 2006]) or
from overlying early Tertiary evaporite. [Albion Formation
87Sr/86Sr is plotted for comparison in Fig. 2a at an arbitrary 1/Sr va-
lue of one.] Waters from along the Ticul Fault and western part of
the Ring of Cenotes in Yucatan state also plot in the lower left
quadrant of Fig. 2a. The 87Sr/86Sr ratio of these waters increases
and their strontium concentration decreases from southeast to
northwest, and they have distinctive Srontium/chloride ratios.
The Sr/Cl ratios of these waters stem from known and postulated
mixing with the saline intrusion (see below).

The saline intrusion of modified seawater underlying much of
the north and northwest Yucatan Peninsula has an important effect
on groundwater chemistry and groundwater circulation. The con-
tribution of seawater strontium to a given groundwater sample
can be estimated from the ratio of strontium to chloride as shown
in Fig. 2d–f. Waters of Cenote Azul and of the companion lakes
Chichancanab and Esmeralda, have values of 1000Sr/Cl that range
from 10 to 100 (designated Group I in Fig. 2d). These waters have
exceptionally low chloride concentrations for the Peninsula. In par-
ticular, the chloride concentration of water from all depths in Cen-
ote Azul is 1.2 mmoles/kg (Perry et al., 2002), indicating little or no
mixing with modern seawater. It is significant that Cenote Azul,
which also has the highest Sr/Cl ratio and the highest SO4/Cl ratio
(Table 2), is the nearest of these surface water bodies to the Carib-
bean coast. Thus, in contrast to the northern Peninsular coastal zone
and the northeastern Caribbean coast, there is no evidence for a sal-
ine intrusion along the southernmost Caribbean coast from some-
where south of Tulum to the Belize border and probably much
farther south (Fig. 1). One likely reason for that is that groundwater
from southern Quintana Roo contains a high content of calcium and
sulfate ions from gypsum dissolution; and, when mixed with sea-
water, the mixture is not capable of dissolving limestone to produce
the exceptionally high cavern permeability and thus seawater infil-
tration inland, which is characteristic of the northeast coast.

A significant number of groundwater samples have 1000Sr/Cl
ratios between 1 and 10 and are conveniently grouped together
and labeled Group II. Most shallow groundwater samples from
the interior of the Peninsula fall within this group. These samples
from the interior are also characterized by relatively low strontium
concentrations (high 1/Sr). For discussion, they are assigned to
Group IIA (Fig. 2e), whereas deeper, saline water with higher stron-
tium content but a similar range of 1000Sr/Cl ratios comprises
Group IIB (Fig. 2f).

Another distinctive group of samples that falls within Group IIB
consists of shallow groundwater lying along the trace of the Ticul
Fault and the western arm of the Ring of Cenotes (Fig. 1). These
waters (Fig. 2d) become systematically more chloride-rich from
southeast to northwest, and, as shown in Fig. 2a, they attain pro-
gressively higher 87Sr/86Sr ratios in the same direction. We attri-
bute this trend to groundwater flow from southeast to northwest
starting at a groundwater divide in the vicinity of Lake
Chichancanab.

Waters that have 1000Sr/Cl ratios less than one are here as-
signed to Group III (Fig. 2e and f). Three of these, Chumkopo 2

Table 2
Sulfate–chloride relations in selected samples (data from Perry et al., 2002).

Lat/Long Location SO4 (meq) Cl (meq) 100 � SO4/CI Times Avg seawater

20.40/89.53 Ticul Avg 3.67 6.87 53.4 5
20.11/88.93 Peto Avg 4.35 7.19 60.3 6
19.14/88.17 Lake Nohbec 1.08 1.13 96.0 9
19.47/88.10 Lake Ocom 4.83 4.96 97.4 9
20.07/89.04 Tzucacab Avg 11.74 11.52 102.5 10
19.95/88.88 Sta.Rosa 3.65 2.6 140.4 14
19.55/88.04 Felipe Carrillo Puerto 10.06 6.9 145.8 14
19.58/88.59 Chunhuhub Pueblo 7.29 4.18 174.4 17
19.90/88.95 Catmis 19.68 10.82 181.9 18
19.90/88.94 Dziuche 7.79 2.27 343.5 33
19.24/88.55 Nuevo Israel 25.06 6.05 414.2 40
19.76/88.71 Esmeralda 28.95 4.02 720.3 70
19.88/88.77 Lake Chichancanab Avg 52.92 7.44 718.3 70
18.66/88.41 Bacalar Lagoon 22.21 2.93 757.2 74
19.49/88.59 Chunhuhub Centro Ag 18.93 2.1 901.4 88
19.40/88.62 El Ramonal 13.24 1.21 1094.2 106
18.65/88.41 CenAzul Super 24.82 1.2 2061.9 200
18.65/88.41 CenAzul 20 m 24.61 1.21 2033.3 197
18.65/88.41 CenAzul 62 m 25.73 1.22 2108.5 205
18.65/88.41 Cenote Azul Avg 25.05 1.21 2068.0 201
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and 15 and Big Calica 8, are shallow samples from east coast cen-
otes. They differ from other shallow water samples only in their
higher chloride content, which indicates greater seawater mixing.
Among the deep, saline water samples, all Group III waters have
relatively high chloride concentrations that, except in the case of
Big Calica 29, are accompanied by strontium concentrations great-
er than seawater. [Seawater is also plotted with this group for ref-
erence.] Strontium-rich Group III waters are all from the saline
intrusion except for Baldeocera, which is a spring of brackish water
in the Celestun Estuary. A noteworthy compositional constraint is
that any saline water with a concentration of strontium higher
than seawater must have dissolved a significant amount of a stron-
tium-rich mineral from the rocks of the aquifer. Known geologic
relations strongly suggest that, in all cases where this has occurred,
the strontium source is impact ejecta and/or immediately overly-
ing evaporite with an indistinguishable (i.e. early Tertiary) 87Sr/86Sr
ratio.

Neither shallow nor deep water of Cenote Big Calica fits the pat-
tern displayed by other samples in Group III. The sample from the
freshwater lens of Big Calica has strontium content typical of shal-
low non-saline groundwater, but it falls in Group III by virtue of its
relatively high chloride content. Deep Big Calica water has both
chloride and strontium concentrations similar to seawater. Thus,
at the level detectable by our chemical data, Big Calica, which is
only about 5 km from the Caribbean coast, appears to have a direct
connection to the ocean but has no apparent connection with im-
pact ejecta or other evaporite-bearing rock.

Strontium from impact ejecta within the saline intrusion

The most saline group of waters analyzed in this study (Fig. 2b
and e, Group III) is from the pervasive saline intrusion and the zone
of dispersion at the top of that intrusion. These deep samples have
1000Sr/Cl values between 0.1 and 1, and 87Sr/86Sr ratios that tend
to be significantly ‘‘younger” (e.g. closer to present-day seawater
composition) than the apparent age of shallow, fresh groundwater
from the same cenote (Fig. 2b: Ucil, Xkolac, Chumkopo). Seawater
itself has the approximate Sr and Cl ion chemistry of Group III.
However, a number of water samples in this group have strontium
concentrations that are several times that of seawater, and the
maximum amount by which the strontium isotope ratio of these
can be modified by direct seawater mixing is constrained by mass
balance considerations. Gmitro (1986) first reported 0.38 mmoles/
kg of strontium (four times the seawater concentration) for a water
sample from 105 m in Cenote Ucil; and Perry et al. (2002) subse-
quently suggested that this strontium comes from ejecta or a dee-
ply buried evaporite. Since then Stoessell (2006) and Pedersen
(2007) have found high strontium concentrations in deep samples
from Cenote Xkolac, and Stoessell (2006) has reported strontium
concentrations in saline bottom water of several other deep cen-
otes (Fig. 2e, Table 1). Except for the 29 m sample from Cenote
‘‘Big Calica” all of these deep cenote waters have higher concentra-
tions of strontium than that of seawater.

Given what is known of Yucatan stratigraphy the most reason-
able mineral source of strontium for deep groundwater is celestite
from either a pervasive K/T ejecta blanket or from an early Tertiary
evaporite immediately overlying that blanket. Other minerals, spe-
cifically aragonite and gypsum, probably contribute strontium to
Yucatan groundwater but, as discussed by Perry et al. (2002), only
celestite (SrSO4) has both the requisite strontium abundance and
the sulfate content required to produce the strontium concentra-
tion and the correlation of strontium with sulfate observed in re-
gional groundwater. Celestite has been found in rocks of the
Yucatan Peninsula (Lefticariu et al., 2006) but is rarely reported.
Nevertheless, the presence of celestite as a source of strontium in
Peninsular groundwater can be inferred from the occurrence of

groundwater and surface water saturated or near-saturation with
respect to both this mineral and gypsum at UNAM 2, UNAM 5, Lake
Chichancanab, and Cenote Azul (Perry et al., 2002). Gypsum, the
most abundant mineral in many evaporates, is not commonly
found in outcrops of the northern Peninsula; thus, it is not surpris-
ing that celestite, an accessory evaporite mineral with nondescript
physical properties, would be overlooked.

Sufficient data are available to model whether the strontium ion
excess observed in the deeper parts of the saline intrusion of Xko-
lac, Ucil, and other cenotes can reasonably have been produced by
dissolution in seawater of impact ejecta and/or Cretaceous–Eocene
evaporite. Necessary constraints are provided by (1) the strontium
ion concentrations of the relevant minerals and seawater (assumed
to be conservative) and (2) the 87Sr/86Sr of both seawater and evap-
orite. For this calculation the saline intrusion is assumed to consist
of seawater with a modern strontium isotope ratio (0.70920)
mixed with some fresh water having a negligibly low concentra-
tion of strontium. Evaporite strontium is assumed to have an
87Sr/86Sr of 0.70787 as expected for marine sediments of the appro-
priate age. We calculate the expected 87Sr/86Sr of the resulting
water and test our assumptions by comparing this value with the
ratio observed in strontium-rich samples. According to our
assumptions, the ratio of the chloride ion concentration of the
groundwater sample to that of seawater, multiplied by the stron-
tium concentration of seawater (ClGwtr/ClSea) is a measure of the
fraction of seawater strontium in the sample. For seawater we
use the ion concentrations given by Stoessell (2006) for seawater
from Akumal, QR: SrSea = 0.079 Mm/kg and ClSea = 576 Mm/kg).

We define mSrE as the calculated ‘‘excess” strontium contributed
to a groundwater sample by dissolving evaporite, expressed as mil-
limoles of evaporite strontium per kg of sample water;
mSrGwtr = millimoles/kg of strontium in the sample; mSrSea = milli-
moles/kg of strontium in seawater: and (ClGwtr/ClSea) = the ratio
of the concentration of chloride in the sample to seawater chloride.
Then the concentration of seawater-derived strontium in any sam-
ple can be calculated as:

ðClGwtr=ClSeaÞ �mSrSea; ð1Þ

and

mSrE ¼ mSrGwtr � ðClGwtr=ClSeaÞ �mSrSea: ð2Þ

Of the four stable isotopes of strontium only the abundance of 87Sr,
the daughter of radioactive 87Rb, varies from one geologic environ-
ment to another, and its abundance is conveniently compared to
86Sr, which is of comparable abundance and has a mole fraction
with respect to all strontium isotopes of 0.0986. Setting
86Sr = 0.098600 for both groundwater and seawater strontium, the
mole fraction of 87Sr in modern seawater, which has an
(87Sr/86Sr)Sea = 0.7092, is:

87SrSea ¼ 0:7092 � ð86SrÞ ¼ 0:069927:

Groundwater strontium (SrGwtr) has two components of inter-
est: 86SrGwtr and 87SrGwtr, and their concentrations are related by
the expression:

mSrGwtr � SrGwtr ¼ mSrGwtr
86SrþmSrGwtr

87SrGwtr: ð3Þ

[Here we consider only the two strontium isotopes of interest, 86Sr
and 87Sr.] If ‘‘excess” strontium in a sample of deep, saline water of
the Yucatan aquifer comes from addition of strontium from a homo-
geneous Cretaceous–Eocene evaporite layer, the abundance of 86Sr
in that sample (mSrgwtr � 86Sr) is:

mSrGwtr � 86Sr ¼ 0:098600 �mSrGwtr ð4Þ

The mSrgwtr � 87SrGwtr contribution can be found by setting
(87Sr/86Sr)Evaporite = 0.70787; then,
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86SrE ¼ 0:098600; 87SrE ¼ 0:06979598;

and, from Eqs. (1) and (2):

mSrgwtr � 87SrGwtr ¼ 0:069796 �mSrE þ ð0:069927� 0:069796Þ
� ðClSam=ClSeaÞ �mSrSea

¼ 0:069796ðmSrGwtrÞ þ ð0:00013114Þ
� ðClGwtr=ClSeaÞ �mSrSea ð5Þ

The calculated 87Sr/86Sr for a given groundwater is obtained from
(4) and (5)

ð87Sr=86SrÞGwtr ¼ mSrgwtr � 87SrGwtr=ðmSrGwtr � 86SrÞ
¼ 0:70787þ 0:00133 � ðClGwtr=ClSeaÞ
� ðmSrSea=mSrGwtrÞ: ð6Þ

For Akumal seawater, with ClSea = 576 Mm/kg and
mSrSea = 0.079, this equation reduces to

ð87Sr=86SrÞGwtr ¼ 0:70787þ 1:824E�7 � ðClGwtr=mSrGwtrÞ: ð7Þ

This equation can be used to test whether Cretaceous–Eocene
evaporite is a reasonable source of excess strontium in deep, saline
Yucatan groundwater.

All waters in our sample suite (Table 1, Figs. 2b and e) having
strontium concentrations higher than seawater and Sr/Cl ratios be-
tween one and four times that of seawater have calculated
87Sr/86Sr ratios that differ from the observed value by 0.0003 or
less. The average of the difference between calculated and mea-
sured ratios for the seven samples having the greatest strontium
excess is 0.00016. [Two samples from greater than 300 m in the
deep wells UNAM2 and UNAM5 have chloride concentrations

greater than seawater. For these, ClGrwtr/ClSea was taken to be 1.
These high chloride values indicate that some chloride in water
passing through Yucatan evaporite may be residual halite released
from the rock as gypsum dissolves, but halite is less likely to re-
main in the rocks enclosing open-flow systems (cenotes and con-
duits) than in closed wells.]

Agreement between modeled and measured isotope ratios is
consistent with derivation of excess strontium from Cretaceous–
Eocene evaporite. The association can be directly observed in
UNAM5. Groundwater from there (Table 1) was sampled at the
depth of the impact breccia layer. We consider that the mass bal-
ance calculation for strontium isotopes provides strong support
for the presence of a strontium-rich layer containing evaporite
minerals of late Cretaceous-early Tertiary age in contact with
water of the saline intrusion over much or all of the northwest
and north-central Yucatan Peninsula outside the Ring of Cenotes.
This large area considerably extends the region of known Chicxu-
lub impact ejecta confirmed by drilling (Rebolledo-Vieyra et al.
(2000). Additional and independent confirmation comes from a
breccia occurrence recently reported near Valladolid by (Urrutia
et al., 2008). The area in which impact ejecta are indicated either
by direct observation obtained by drilling or by strontium isotope
measurement of deep, saline groundwater is indicated in Fig. 3.

A different strontium isotope pattern is present along the east
coast. First, impact ejecta occur at the surface in southeast Quin-
tana Roo. These constitute the Albion Formation, described below.
Second, water from Cenote ‘‘Big Calica”, in east-central Quintana
Roo (Fig. 1) does not have a strontium excess compared to seawa-
ter, and its strontium isotope composition is essentially that of sea-
water (Fig. 2b). There are at least three possible reasons for this: (a)
the deepest water in this cenote is still too shallow to be in contact
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Fig. 3. Relationship between ejecta/evaporite ‘‘package”, water table, structural, and geomorphic features: a first approximation. Two interpretations illustrated in this
diagram are well established: (1) groundwater flow north and west through the Ticul Fault and western arm of the Ring of Cenotes and (2) presence of an ejecta layer and/or
early Tertiary evaporite beneath the saline intrusion of the northwest and north-central Peninsula. Other interpretations require further testing. Whereas the Albion
Formation crops out in southern Quintana Roo and in Belize its northern and western extent remains to be verified. Note that a change in coastal morphology occurs north of
where the Albion Formation disappears; that change may be related to groundwater CaSO4 content. Furthermore, clay content of the Albion Formation may act as an aquitard
influencing drainage patterns in southern Quintana Roo (cf. Kenkmann and Schönian, 2006). Groundwater geochemistry suggests that the influence of a pervasive early
Tertiary gypsum layer in southern Campeche and southeastern Quintana Roo on subsurface erosion and geomorphology depends on whether that layer is above or below the
water table, which is closely controlled by sea level.
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with an evaporite/breccia; (b) no strontium-rich layer was depos-
ited there; or (c) a strontium-rich layer was once present but has
completely dissolved as a result of rapid circulation between the
coast and the Holbox Fracture Zone (Fig. 1) in a region of relatively
high rainfall; thus current groundwater has no strontium-rich stra-
ta to interact with.

Geochemical expression of K-Early Tertiary layer in different
geographic areas

The ‘‘Pockmarked Terrain”

A large region in the central northern part of the Peninsula that is
characterized by an exceptionally high concentration of cenotes and
other dolines, extends eastward from the Ring of Cenotes, and in-
cludes Cenotes Xkolac and Ucil (Fig. 1). Perry et al. (1996, 2002) la-
beled this region the ‘‘Pockmarked Terrain”. They postulated that
development of the unusual and extended karst in that area could
have resulted, in part, from dissolution and collapse of a subsurface
evaporite as well as from dissolution of carbonate rocks. That hypoth-
esis is reinforced by the strontium isotope data presented here, which
indicate the existence of a deep evaporite/ejecta layer beneath Cen-
otes Ucil and Xkolac and by the discovery of evaporite in an observa-
tion well on the outskirts of Valladolid (Urrutia et al., 2008).

An additional factor associated with the Chicxulub impact that
has possibly contributed to the extensive karstification of the re-
gion is a dense pattern of radial faults that has been documented
offshore in the shallow pre-Tertiary basement near the pock-
marked area (Gulick et al., 2008). These faults, which are perpen-
dicular to the shoreline and project into the land, may have
resulted in exceptional permeability development, opening this
zone to extensive groundwater penetration. The enhanced perme-
ability, of itself, may have been sufficient to produce subsurface
dissolution of both carbonates and evaporites. However, in con-
trast to carbonate dissolution, solubility of gypsum, anhydrite,
and celestite is not directly pH dependent and thus is perhaps
more likely to take place within the saline intrusion, well below
the water table, if deep groundwater circulation occurs. In that
case, expansion accompanying hydration of anhydrite may have
preceded and accelerated dissolution of gypsum associated with
impact ejecta to produce the subsurface erosion that contributed
to collapse features in the area.

Ticul fault and cenote ring

Based primarily on sulfate/chloride ratios, Perry et al. (2002)
hypothesized that water of the region west of the groundwater di-
vide at Lake Chichancanab flows northwest from the lake into and
along the Ticul Fault from whence it enters the western arm of the
Ring of Cenotes. This groundwater eventually flows northward into
the Celestun Estuary (Perry and Velazquez-Oliman, 1996) (Fig. 1).
Remarkably, although the flow path is 200 km long, the water level
in Lake Chichancanab is only 3 m above mean sea level; equivalent
to a gradient of 1.5 cm/km. Additional evidence for extensive
groundwater movement along this flow path comes from chloride
and strontium ion chemistry and from strontium isotope data
introduced here. Samples for ion chemistry were taken from water
of shallow municipal wells and from a piezometer forced into the
silt bottom of Celestun Estuary (Table 2). The data show a progres-
sive decrease in the ratio [SO4/Cl]groundwater/[SO4/Cl]seawater in water
from the following towns along the Ticul fault (listed in order from
southeast to northwest): Dziuche (ratio = 33), Catmis (18), Sta.
Rosa (14), Tzucacab (10), and Ticul (5). (Localities are shown in
Fig. 1.) These ratios may be compared to a ratio of 70 in water of
the presumed source region, Lake Chichancanab. These observa-

tions are consistent with data recently published of these parame-
ters in Celestun lagoon (Young et al., 2008).

Fig. 2a shows that, in going from southeast to northwest, a reg-
ular increase occurs in 87Sr/86Sr of well waters that parallels the
[SO4/Cl]groundwater/[SO4/Cl]seawater decrease. Thus, the 87Sr/86Sr ra-
tios become progressively ‘‘younger” in that direction, which is
consistent with progressive incorporation of modern seawater.
Groundwater strontium concentration also becomes progressively
lower, and chloride becomes progressively higher as water moves
along the flowpath as shown in Fig. 2d (Group IIB). These observa-
tions can be explained by upconing of water of an underlying sal-
ine intrusion accompanied by turbulent mixing of this saline water
with channelized groundwater flowing through the fault system.

Cores show that Lake Chichancanab began to fill about 8200 14C
years ago as worldwide sea level was rising and then proceeded to
fill rapidly (Hodell et al., 1995; Brenner et al., 2003), suggesting
that the lake has responded closely to changing sea level since
the Pleistocene. It is likely that this close hydrodynamic contact
with the ocean has been primarily by flow to the northwest
through fault zones, as indicated by the groundwater chemistry,
rather than by a shorter but more tenuous hydrologic connection
with the Caribbean coast.

Seawater intrusion and fresh water–seawater mixing near the
Caribbean coast

Back et al. (1979) showed that along the Caribbean coast in
east-central Quintana Roo mixing of fresh groundwater with sea-
water produces a solution that aggressively dissolves limestone,
forming bays (caletas) such as the one at Xel Ha. This erosive pro-
cess has been confirmed by Stoessell et al. (1989), Smart et al.
(2006) and by numerous other authors, and the process has a
demonstrable effect on coastal erosion in northeast Quintana Roo.

Groundwater flowing to the southeastern coast of Quintana Roo
near Chetumal is exposed to gypsum along its flow path (Perry
et al., 2002). In consequence, it is qualitatively different from the
groundwater arriving at the northeastern coast, and mixtures of
this water with seawater may not be as erosive to limestone as
the mixed coastal waters of east-central Quintana Roo. Specifically,
calcium is enriched in these waters due to gypsum dissolution.
Using the program PHREEQC (Parkhurst, 1995), Perry et al.
(2002) confirmed that mixtures of seawater with water from Cen-
ote Azul, located near the Caribbean coast in southeastern Quin-
tana Roo (Fig. 1), would not dissolve limestone. Because it is now
evident that high-calcium, high-sulfate water is common in a large
part of the southeastern region, including northeastern Belize
(Marfiaa et al. (2004), it may be worth future investigation to
determine the effect of groundwater type and groundwater mixing
on coastline erosion. A notable coastal transition occurs between
Tulum and Chetumal.

Cenote Azul presents a curious anomaly. Its 64-m deep water
column is homogeneous throughout and is characterized by an
exceptionally high SO4/Cl equivalent ratio of 21 and an 87Sr/86Sr ra-
tio of 0.70764. This chemistry indicates virtually no mixing with
seawater and suggests a strong subterranean outflow to the ocean,
perhaps through Lake Bacalar. Given the present high-calcium,
high-sulfate groundwater geochemistry of southernmost Quintana
Roo, it is hard to understand how Cenote Azul and the associated
deep karst cavern system could form as a result of dissolution of
carbonate in Tertiary groundwater. We suggest instead that the
cavern system that includes Cenote Azul probably predates the
Tertiary. It is likely to have formed at the same time as the Late
Cretaceous karst land surface that Schönian et al. (2005) report
to have been blanketed by evaporite-bearing ejecta following the
Chicxulub impact. The proposed sequence of events is consistent
with limestone dissolution and cavern formation in pre-Tertiary

E. Perry et al. / Journal of Hydrology 367 (2009) 27–40 35



Author's personal copy

water whose ion chemistry was not dominated by calcium sulfate
dissolution.

Southeast Quintana Roo

The presence of Chicxulub impact ejecta at the Albion Island
quarry in Belize was reported by Ocampo et al. (1996) and King
et al. (2002). Pope et al. (2005) have subsequently discussed expo-
sures of the Albion Formation in outcrops on the Ucum-La Union
road, which follows the western (Mexican) escarpment of the Rio
Hondo, and in a quarry in Quintana Roo (Fig. 1). Between these out-
crops of ejecta in the southeast and the better-known rocks of
northwestern Yucatan, there is a unique geomorphic region in
which outcrops are both rare and strongly weathered. Groundwa-
ter geochemistry offers useful insight into the geology of this cov-
ered region.

Pope et al. (2005) reported the presence of shocked quartz in
diamictite, spherule beds and other characteristic lithologies of
the Albion Formation confirming that these are ejecta deposits.
Schönian et al. (2005), Kenkmann and Schönian (2006), and Schö-
nian (written communication, 2007) have examined the Albion
Formation along the Ucum-La Union road and have mapped an
area north and west of Chetumal (marked by a rectangle in
Fig. 1), concluding (Schönian et al., 2005) that ‘‘a ground hugging,
cohesive and highly erosive ejecta flow [overran], eroded and
draped [over] a karstified [Late Cretaceous] land surface on the
SE Yucatán Peninsula”. As a result: ‘‘In the Cenozoic the ejecta
blanket formed a seal that inhibited the development of a subsur-
face drainage system.” Earlier, Perry et al. (2002) had recognized
the distinctive topography and the high-sulfate content of ground-
water in the region east and south of Lake Chichancanab, which
they labeled the Evaporite Region. They postulated that: ‘‘If sulfate
in the Evaporite Region comes predominantly from K/T impact
breccia, lowered permeability of the aquifer there may result from
the presence of a layer of suevite, altered to clay minerals.” Perry
et al. (2002) based this hypothesis in part on the fact that waters
of Lake Chichancanab and Cenote Azul, at the northwest and east-
ern margins respectively of the established part of the area in ques-
tion, are saturated with respect to gypsum (as they are also with
respect to celestite).

A newly available geologic map of the Yucatan Peninsula (Servi-
cio Geológico Mexicano, 2007), on which Fig. 1 is based, both clar-
ifies and complicates the stratigraphic and hydrogeologic
relationships of the area. Complication arises because much of
what has been recognized as impact ejecta by Pope et al. (2005)
and Kenkmann and Schönian (2006) is mapped by Servicio Geoló-
gico Mexicano, 2007) (and shown in Fig. 1) as Holocene alluvium as
can be seen by comparing the rectangle in the lower right of Fig. 1
with the map of ejecta shown in Fig. 6 of Kenkmann and Schönian
(2006). This discrepancy comes about because the ejecta blanket
material is poorly consolidated and can be distinguished conclu-
sively from alluvium only by microscopic examination of the clasts
and/or precise mineral age determination.

An ill-defined region of poorly exposed impact ejecta, partly
covered by Tertiary limestone, extends east to the Caribbean coast
from Lake Chichancanab on the north and continues south for an
indeterminate distance into Belize. On the west, ejecta, where
present, become covered along the highly irregular contact with
the Paleocene Icaiché Formation (Fig. 1).

Available data show that surface water and groundwater from
the area have high SO4/Cl ratios (Table 2). These ratios help evalu-
ate the magnitude of the seawater contribution to the ion chemis-
try in this region as they did for groundwater along the Ticul Fault.
Dilute waters from Lakes Ocom and Nohbec have [SO4/Cl]groundwater

ratios nine times as great as the molal (or equivalent) ratio in sea-
water. The enrichment ratio for Cenote Azul is 200 times seawater;

municipal groundwater sources of various towns and villages are
14–105 times enriched, and Lakes Chichancanab, Esmeralda, and
Bacalar are about 70 times enriched. Furthermore, the ratio varies
widely over distances of a few kilometers. For example, the ratio is
17 for groundwater of Chunhuhub Pueblo and 88 for the Chunhu-
hub Agricultural Station a few kilometers away, suggesting an
inhomogeneous aquifer and/or low permeability. This variability
contrasts sharply with the homogeneous character of the ground-
water in the aquifer west and north of Lake Chichancanab. It may
be useful for establishing the northeastern boundary of the ejecta
blanketed region to note that groundwater from Felipe Carillo
Puerto has an SO4/Cl ratio that is 14 times the seawater ratio,
whereas for Cenote Car Wash, which penetrates the saline intru-
sion and is our nearest source of data to the northeast (Fig. 1),
the ratio within the fresh water lens is only 0.94 (Perry et al.
(2002).

The geochemical distinctiveness of southeastern Quintana Roo
is matched by an obvious and distinctive geomorphology with
important hydrogeologic significance. This is most apparent in a
transition zone that begins at or very near Lake Chichancanab. In
southeastern Quintana Roo, east and south of Lake Chichancanab,
there is a pattern of long sinuous lakes and discontinuous peren-
nial streams. This suggests the presence of a near-surface aquitard
that formerly supported a perched water table that has now been
partially breached. In contrast, west and north of Lake Chichanca-
nab, there is no surface drainage and only a thin soil cover. There,
recharge water moves rapidly downward from the surface through
permeable carbonate rocks to the groundwater table.

An evaluation of the ionic and isotopic composition of ground-
water strontium gives added support for the presence of a wide-
spread ejecta blanket in south and southeast Quintana Roo.
Although the town of Peto lies only a few kilometers west of
the blanketed region, it is well inside the main geomorphic area
of the northwestern Peninsula, lacking aquitards, soil cover, and
surface drainage. At Peto the impact ejecta, overlain by a thin
layer of Lower Tertiary evaporite, is present, but it lies beneath
Tertiary carbonate rock and is about 220 m below the water table
(Lefticariu et al., 2006). Shallow groundwater in municipal wells
of Peto is not saturated with respect to either gypsum or celestite.
Nevertheless, strontium concentration of this water is high
(0.06 mmoles/kg, Perry et al., 2002); and the 87Sr/86Sr ratio is
0.70782, approximately at the upper limit of values from Albion
Formation ejecta. As stated previously, Lake Chichancanab, which
is only 25 km southeast of Peto, lies at the northwest edge of the
proposed blanketed region. Its water is saturated with respect to
both gypsum and celestite and has an 87Sr/86Sr ratio of 0.70776
(within the lower range of values for strontium from impact ejec-
ta of the Albion Formation). Water of Lake Esmeralda, the south-
ern extension of Lake Chichancanab, is near-saturation with
gypsum and celestite and its 87Sr/86Sr ratio is 0.70776. Saturation
of lake water with gypsum indicates that an evaporite formation
is near the land surface.

The eastern shore of Lakes Chichancanab and Esmeralda is a
scarp, about 20 m high, and the conclusion that best synthesizes
available stratigraphic, geomorphic, and geochemical data is that
the shore marks a fault, upthrust to the east, bringing ejecta and
evaporite to the surface. Because the ejecta layer is overlain at Peto
by early Tertiary evaporite, geochemical data leave open the possi-
bility that patches of early Tertiary evaporite are present through-
out southeastern Quintana Roo, much of which was originally
mapped as Eocene (Lopez-Ramos, 1983). Nevertheless, the Albion
Formation, known to have a high content of clay derived from al-
tered glass (Ocampo et al., 1996; Kenkmann and Schönian, 2006)
is the rock unit most likely to form the sparsely-exposed,
weakly-consolidated sedimentary blanket mantling much of
southeastern Quintana Roo.
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In summary, there is evidence for a blanket of clay-rich ejecta
east and south of Lake Chichancanab and no evidence for such a
blanket a few kilometers west and north of the lake. The ejecta
deposits and associated clays of the Albion Formation are the only
rocks of the northern Peninsula known to be capable of acting as
effective aquitards.

Poljes of Campeche and southwestern Quintana Roo

Poljes, also known as bajos, are karst solution features of various
sizes that are abundant in eastern Campeche, southern Quintana
Roo, and Belize (Fig. 1). They are closed basins with flat floors; their
drainage is predominantly internal but may be augmented by sea-
sonal perched surface streams that flow over dense clay layers and
connect adjacent basins. Their floors can be as much as 100 m
above the water table. These basins appear to have responded in
complex ways to past climates, and some probably provided a rich
agricultural resource for indigenous Maya during wet climate re-
gimes (Beach et al., 2008).

Several characteristics of Yucatan poljes may help explain their
origin. Recent mapping (Fig. 1) shows that they tend to be bounded
by the gypsum-bearing Icaiché Formation which elsewhere over-
lies Chicxulub impact ejecta. The numerous gypsum quarries in
this formation that are located along and near Mexican Highway
186 (Fig. 1) are one indication that this mineral is abundant in this
formation, and Kenkmann and Schönian (2006, Fig. 6) report ejecta
in wells of the area. Another significant observation is that where
the interior subterranean drainage reaches the east coast, along
the Rio Hondo escarpment it has very high SO4 and Ca to Cl ratios.
A recent reconnaissance by Perry et al. (2008) along the Mexican
(western) side of the Rio Hondo shows that a large number of
springs debouch into the Rio Hondo with water having a conduc-
tivity of about 1.8 mS (Perry et al., 2008), and observations by Mar-
fiaa et al. (2004) confirm that groundwater in northern Belize has
concentrations of Ca2+ and SO�2

4 in 1:1 proportion indicating prob-
able dissolution of gypsum. Similarly, on the west coast of Campe-
che water analyses by the Mexican National Water Commission
(CNA) give high-sulfate values and sulfate/chloride ratios (written
communication from CNA, 2008). These chemical relations show
that the chemistry of groundwater in the southeastern and south-
western Yucatan Peninsula is essentially the same as that of Lake
Chichancanab, Cenote Azul, and Lake Bacalar. [Sr-isotope measure-
ments are pending.]

We hypothesize that dissolving evaporite at the base of the Ica-
iché Formation has formed a permeable layer that is acting as a
preferential flow path eroding overlying limestone and forming
or contributing to the formation of the many poljes of the region.
[Larger poljes are named in Fig. 1. Smaller ones are identifiable
as patches of Quaternary alluvium bounded by Eocene and Paleo-
cene rocks.] By analogy with the stratigraphic section at Peto, the
outcrops of ejecta along the Rio Hondo, and the relation of these
to adjacent water bodies, it is reasonable that the gypsum-rich unit
in Campeche and southwestern Quintana Roo is part of the ejecta
blanket or, more likely, that it directly overlies the ejecta blanket.
The fact that poljes tend to ‘‘bottom out” at the same stratigraphic
level suggests that this level is marked by an aquitard, very likely
the clay-rich portion of the ejecta blanket.

Applicability

Because there is no surface drainage over most of the area cov-
ered by this study, knowledge of groundwater hydrogeology is
essential for water and liquid waste management. Specifically,
practically all of the drinking water is from groundwater and not
surface water sources. Groundwater studies of the geochemical

parameters elucidated here can help determine the lateral extent
of the saline intrusion, identify zones of low and high permeability,
and trace groundwater movement in a complex karst system.
Groundwater quality in the northern Yucatan Peninsula is being
threatened by factory-style poultry and hog farms in the northwest
and by exponential growth of tourism along the east coast in Quin-
tana Roo. Breaching of a coastal aquitard threatens to reduce the
thickness of the lens of fresh groundwater in northern Yucatan
(Perry et al., 1989; Battllori, 2007). Exponentially increasing num-
bers of tourists who come to experience the impressive reefs along
the Caribbean coast of Quintana Roo contribute pollution that
threatens those same reefs. Chemical tracer studies can identify
risk zones, and provide background information necessary to min-
imize or alleviate many of these problems.

In southern Yucatan state, geochemical modeling of additional
data on strontium, chloride, and sulfate in groundwater north of
the Ticul fault system will help to evaluate the contamination risk
suggested in papers by Steinich et al. (1996), Steinich and Marín
(1997), Marín et al. (2000). These researchers have suggested that
a seasonal change in groundwater flow direction south of Merida
may contaminate the municipal water supply of that city. In the
same general area, groundwater geochemical tracers may help pre-
vent locating large factory-style poultry and hog farms along
groundwater flow paths that could contaminate both the Merida
water supply and the Celestun Estuary.

Injection of municipal liquid waste into the saline intrusion has
long been proposed for Merida (Marín et al., 2000) and has been
tried on a limited basis. Although we do not address the question
of whether this is a desirable approach to waste management, an
extension of the present study may help determine whether/where
permeable strata are present at suitable depths within the saline
intrusion that have adequate permeability to accept fluid waste.
Dissolution of sulfate minerals may have made the ejecta layer a
suitable stratum where it exists: near Valladolid, Tizimin, and
other smaller cities. Ejecta almost certainly are not present be-
neath Merida, and this study provides no evidence for it beneath
the rapidly developing east coast corridor south of Cancun (Fig. 1
and 3).

Conclusions and implications

Our results suggest that large areas of the Yucatan and Quintana
Roo regions are underlain by an ejecta/evaporite complex that has
provided a favorable pathway for groundwater movement and that
the resulting layer of high permeability has produced subsurface
erosion and distinctive surface morphological features. Important
aquifer characteristics elucidated by this study, as well as the evi-
dence for them, and their hydrogeologic consequences are pre-
sented in Table 3. Study of the isotopic composition of
groundwater strontium from Hurricane Isadore indicates that sev-
eral years-to-decades are required for groundwater to equilibrate
chemically with diagenetically stabilized aquifer carbonate miner-
als of the northern Yucatan Peninsula, Mexico. This makes the ratio
87Sr/86Sr useful as a natural tracer for the general age of the
groundwater and the degree to which groundwater has ap-
proached equilibrium with aquifer rocks, especially when used to-
gether with strontium, chloride, and sulfate ion concentrations. By
using strontium isotopic and concentration data it is possible to
distinguish stratigraphic relations in parts of the northern Yucatan
Peninsula where these have hitherto been unknown or poorly de-
fined (Fig. 3). Strontium chemistry outlines a region in Quintana
Roo lying northwest of Lake Bacalar and possibly extending as
far north and east as Lake Chichancanab. This area appears to be
mantled by a blanket of poorly consolidated, clay-rich, celestite-
bearing impact material of the Albion Formation. There is no
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Table 3
Important aquifer characteristics: evidence and consequences.

Region Important feature Consequence Relevant evidence

I. Northern Yucatan
Peninsula east of Ring
of Cenotes

A. Impact ejecta (and perhaps early Tertiary evaporite) within
saline intrusion

(1) Partial dissolution produces a layer of high permeability
within the saline intrusion - a layer possibly useful for liquid
waste discharge

Adds strontium to groundwater of the saline intrusion, resulting
in strontium concentrations greater than seawater.
Calculated87Sr/86Sr of added strontium is 0.7078

(2) Subterranean erosion may be responsible for the cenote/
doline-ridden geomorphology of north-central Yucatan state
(‘‘Pockmarked Terrain”)

II. Ticul Fault and Ring of
Cenotes

A. Presence of saline intrusion beneath freshwater lens Return flow influences ion chemistry in fresh water lens Saline intrusion has been observed in water of a deep Santa
Elena well and also throughout northern Yucatan state

B. Ticul Fault and the western arm of Ring of Cenotes together
form a major subsurface channel for groundwater low

Results in a 200 km subsurface flow path that controls
groundwater movement and water table in much of the
central and northwestern Yucatan Peninsula

(1) Slight but regular increase in 87Sr/86Sr from east to west
along flow path (resulting from progressive incorporation of
seawater Sr with a ratio of 0.7092)
(2) Progressive westward decrease in Sr/Cl and SO4/CI from
mixing of modified seawater of saline intrusion and
consequent chloride addition

III. Southeast Quintana
Roo

A. Terminal Cretaceous impact ejecta (Albion Formation
containing both high clay content [partly or entirely devitrified
glass] and Kt evaporite fragments) exposed near-surface

Clay acts as a ‘‘blanket” or near-surface aquitard preserving
underlying pre- impact karst

(1) Stratigraphy of mapped Albion Formation in SE
Quintana Roo
(2) Surface drainage pattern
(3) Saturation of lake/cenote water in gypsum and celestite
(4) Groundwater with Kt–Eocene 87Sr/86Sr ratio and high Sr/
Cl and SO4/CI

B. Possible outliers of early Tertiary evaporite High and variable TDS in groundwater Drill core from Peto has evaporite overlying impact breccia.
(Observed 87Sr/86Sr ratio is compatible with Kt–Eocene
evaporite.)

C. No saline intrusion No mixing of fresh and saline water (1) Low chloride content even in deep water from Cenote
Azul
(2) High ratios of [SO4/Cl]groundwater/[SO4/Cl]seawater (200 in
water of Cenote Azul)

D. Mixture of area groundwater with seawater is not aggressive to
limestone

Proposed effect on coastal erosion: coast south of Tulum is
different from coast north of Tulum. (Does not form caletas.)

Groundwater modeling (PHREEQC) shows that mixtures of
Cenote Azul water (for example) with seawater would not
dissolve limestone

IV. Campeche-Southeast
Quintana Roo-
Southernmost Yucatan

A. Gypum-bearing Icaiche Fm Gypsum dissolves to form widespread aquifer at base of the
formation. This layer is capable of active erosion where it is
uplifted above sea level

High-sulfate–calcium, low chloride water flowing out along Rio
Hondo escarpment and at Champoton in Campeche. Interior
drainage with occasional streams

B. Poljes at base of gypsiferous Paleocene Icaiche Fm Widespread geomorphic feature. Variably important for
agriculture

Flat, enclosed basins with residual soil and chert nodules

38
E.Perry

et
al./Journal

of
H

ydrology
367

(2009)
27–

40



Author's personal copy

evidence that a seawater intrusion exists within this region, but
studies of Hodell et al. (1995) and Brenner et al. (2003) indicate
to us that Lake Chichancanab, on the northeastern boundary of this
area, does respond directly to sea level fluctuation, probably
through permeable fault zones emptying into the Celestun Estuary
on the northwest coast of Yucatan. A large area in northwest Yuca-
tan appears to be underlain by a layer of K/T ejecta in which celes-
tite is dissolving in water of a very extensive seawater intrusion.
This area encompasses UNAM drill holes 2, 5, 6, and 7, and the Yax-
copoil drill site (Rebolledo-Vieyra et al., 2000), extends to the
northwest coast, and includes the Pockmarked Terrain, but it ex-
cludes the area inside the Ring of Cenotes. The eastern boundary
of this region is not well defined, but it appears not to extend to
the northern Caribbean coast and may be bounded by the Holbox
Fracture Zone. A region exists on the east coast of Quintana Roo
in which the saline intrusion does not interact with impact ejecta.
Establishing the extent of this region, which is defined at present
only by Cenote ‘‘Big Calica”, may be important in planning safe
waste injection.

In addition to stratigraphic relations revealed by strontium
data, 87Sr/86Sr ratios confirm that groundwater with distinctive
chemical composition moves in a northwesterly direction from
the vicinity of Lake Chichancanab, through a permeable fault zone
manifested at the surface by the Sierrita de Ticul, into the western
arm of the Ring of Cenotes, to finally debouch into the Celestun
Estuary.

Our data also show that poljes, which are an important geomor-
phic feature in Campeche, southwest Quintana Roo and southern-
most Yucatan state, appear to form by subterranean erosion
induced by groundwater moving selectively through a sedimen-
tary packet of dissolving evaporite minerals that are either part
of the Chicxulub impact ejecta or an associated early Tertiary sed-
imentary layer. The capacity of this layer to erode limestone by dis-
solving and carrying off ions is greatest where it has been raised
above the water table by the Ticul Fault. Facies changes within
the ejecta blanket, particularly the relative content of evaporite
material to altered silicate glass may also affect its hydrogeologic
behavior.

Data presented here may be useful in determining the detailed
character and extent of material ejected by the Chicxulub bolide
impact. It may also help provide guidance for management of
groundwater and liquid waste injection for a region of increasing
population whose only supply of water is underground. Although
the study is of a unique region, it demonstrates that groundwater
ion and isotopic chemistry may be generally useful as tracers of
groundwater movement and aquifer composition.
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