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Abstract Subsurface flow constructed wetlands in the
village of Akumal, Quintana Roo, Mexico were surveyed
to determine the general status of the wetland systems and
provide baseline information for long term monitoring and
further study. Twenty subsurface flow wetlands were sur-
veyed and common problems observed in the systems were
overloading, poor plant cover, odor, and no secondary
containment. Bulk mineral composition of aggregate from
two subsurface flow constructed wetlands was determined
to consist solely of calcite using bulk powder X-ray dif-
fraction. Some soil structure is developed in the aggregate
and aggregate levels in wetlands drop at an estimated rate
between 3 and 10 cm/year for overloaded wetlands owing
to dissolution. Mineral composition from fresh aggregate
samples commonly is a mixture of calcite and aragonite.
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Trace amounts of Pb, Zn, Co, and Cr were observed in
fresh aggregate. Coefficients of permeability (k) varied
from 0.006 to 0.027 cm/s with an average values being
0.016 cm/s. Grain size analysis of fresh aggregate samples
indicates there are unimodal and multimodal size distri-
butions in the samples with modes in the coarse and fine
sand being common. Investigations of other geologic
media from the Reforma region indicate that a dolomite
with minor amounts of Fe-oxide and palygorskite is
abundant and may be a better aggregate source that the
current materials used. A Ca-montmorillonite bed was
identified in the Reforma region as well and this unit is
suitable to serve as a clay liner to prevent leaks for new and
existing wetland systems. These newly discovered geologic
resources should aid in the improvement of subsurface flow
constructed wetlands in the region. Although problems do
exist in these wetlands with respect to design, these sys-
tems represent a successful implementation of constructed
wetlands at a community level in developing regions.

Keywords Constructed wetlands - Mineralogy -
Carbonate aggregate - Akumal

Introduction

Domestic wastewater treatment in the eastern Yucatan
Peninsula is a growing concern both for human health
reasons and because of the detrimental effect of untreated
or poorly treated domestic wastewater on the environment
(e.g., Sanchez-Gil et al. 2004; Herrera-Silvera et al. 2004).
Furthermore coral reefs are declining on a global scale and
sewage pollution is a major factor (Pennisi 2002; McKenna
et al. 2001; Hughes and Connell 1999; Richmond
1993). The geologic environment of the eastern Yucatan

@ Springer



710

Environ Geol (2007) 53:709-726

Peninsula is characterized by extensive karst aquifers that
are particularly sensitive to waterborne pollution. These
aquifer systems have extensive connectivity to the coastal
marine environment and thus directly influence marine
water quality impacting the coral reef. This hydrological
relationship is important because the Meso-American reef
is the second largest reef in the world and follows the entire
eastern coast of the Yucatan peninsula. The overall health
of the local Meso-American reef has been declining for
several years (e.g., Shaw 1997) and much of this decline is
attributed to untreated or poorly treated domestic waste-
water effluent which enters the marine environment via
karst aquifers. Wastewater effluent and sewage compo-
nents are a common cause of coral reef deterioration world-
wide (Pandolfi et al. 2005, 2003; Gardener et al. 2003;
Pennisi 2002; McKenna et al., 2001; Hughes and Connell
1999; Richmond 1993). Furthermore human health con-
cerns related to water quality are increasing in the region,
especially for young children and the elderly as the karst
aquifers serve as drinking water sources for populations in
rural areas.

Domestic wastewater treatment options for the eastern
Yucatan are limited and currently there are no large-scale,
integrated wastewater treatment systems for the region.
There are a few modern wastewater treatment plants that
are in and near Cancun, yet most small communities south
of Cancun do not have treatment plants or other wastewater
treatment technologies. Some individual residents in some
communities have septic tanks that function primarily as
settling tanks. These systems do not effectively treat the
sewage, but retain solids and discharge untreated waste-
water into the environment. Solids are periodically
pumped, usually at an expense of the equivalent of several
hundred US dollars, and are commonly disposed of in the
ecologically and hydrologically sensitive jungle.

Subsurface flow constructed wetlands are inexpensive
alternative wastewater treatment technologies that are
being utilized more commonly in developing regions
(Okurut and van Bruggen 2000; Giraldo and Zarate 2000;
Campbell and Ogden 1999; Stott et al. 1999; Nelson 1998;
Panswad and Chavalparit, 1997; Denny 1997; Juwarkar
et al. 1995). These technologies are complex engineered
ecosystems involving hydrologic, biologic, and mineral-
ogic processes to reduce wastewater volume and decrease
or ideally eliminate the polluting components of waste-
water (Wetzel 2001; Reed et al. 1995). Constructed wet-
lands have been in use for decades in North America and
Europe (Kadlec and Knight 1996; Seidel 1976, 1966).
These systems commonly consist of concrete boxes filled
with aggregate and planted with vegetation and may have
one or multiple cells (Kadlec and Knight 1996; Reed et al.
1995). Wastewater is piped into the subsurface of wetland
cells where bacterial processes breakdown organic matter
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in wastewater and reduce BOD levels. The volume of
wastewater introduced into the system is reduced by
evapotranspiration.

Subsurface flow constructed wetlands have become an
important wastewater treatment technology in the tourist-
resort community of Akumal, located on the coast
approximately 100 km south of Cancun (Fig. 1). During
the early 1990s the community noticed a general decline in
the health of the Meso-American reef, the primary eco-
nomic attraction for the village. In the mid-1990s the
Planetary Coral Reef Foundation (PCRF) sponsored the
construction of several subsurface flow constructed wet-
lands (Fig. 2). These were engineered systems that were
designed for specific loads (Nelson 1998) and were gen-
erally successful for their original design loads. This suc-
cess served as an example for other individuals and
businesses to utilize constructed wetlands in Akumal.
Several constructed wetlands were installed since the mid-
1990s. These wetlands were of variable design, and varied
in the extent of engineering protocols followed during
construction.

Only limited work on subsurface flow constructed wet-
lands in Akumal has been done. Whitney et al. (2003)
conducted a preliminary evaluation of CEA wetland 1. This
work examined the bulk properties of the wetland from a
multi-day study. Their study focused on basic hydraulic
characterization and COD analysis on this single wetland
and did not conduct any detailed survey of any other
wetlands in Akumal.

The goals of this investigation include documenting the
general conditions and construction characteristics of the
wetlands in Akumal to provide descriptive information
useful for planning future work by scientists and engineers;
investigating and determining key bulk geotechnical
properties and the geologic nature of aggregate used in
these systems; identifying better geologic resources to use
in the wetland systems and to develop recommendations
for better operating practices.

One aspect of these wetlands that has not received much
attention is the nature and behavior of aggregate used in
these systems. Although studies have investigated different
substrates at a bulk level for performance purposes (i.e.,
Manios et al. 2002a, b), the mineralogy of aggregate is a
commonly overlooked parameter in the study and design of
constructed wetlands. Mineralogy of aggregate is often not
investigated even though mineralogy can be a major
influence on the physical and chemical processes operating
in a given wetland. Water—mineral interaction may produce
dissolution of aggregate. Different minerals have different
stabilities and solubilities even if the physical-chemical
conditions of the water have only minor fluctuations in in
Eh and pH. Polymorphs, minerals that have the same
chemistry but different crystal structures such as calcite
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Fig. 1 Generalized geologic

map adapted from Isphording
(1984) of the Yucatan region
with study localities identified
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Fig. 2 a Irregularly shaped
wetland with poor vegetation
cover at La Bahia building. b
One set of cells of the Las
Casitas wetland, the largest in
the area. Ferns are
approximately 2 m in height. ¢
CEA wetland 1 showing a
diversity of plants, including
palm trees, taro, and banana
plants. d Wetland in south
Akumal with abundant taro and
other broad leaf vegetation

(CaCO3) and aragonite (CaCO3) react and respond differ-
ently in the same geochemical environment. Mineralogy of
aggregate may influence sorption behavior of a wetland
system as different minerals have different crystal struc-
tures and have variation in properties of surface chemistry.

Limestone is the common aggregate utilized in all of the
wetlands in the Akumal region. It is to date the only

available aggregate. Bulk chemistry of the aggregate in
some of the PCRF wetlands was characterized by Nelson
(1998), however mineral identification and detailed studies
of the mineralogy of any of the aggregate in the wetland
systems in Akumal have not been performed. Limestone is
a geologic material that can be complex and heterogeneous
with respect to mineralogy. Source rocks for the aggregate
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in the Akumal systems are believed to be Pleistocene or
Tertiary in geologic age and thus there is the potential for
both polymorphs of CaCO3, calcite and aragonite to exist.
Other carbonates that commonly occur in limestones and
thus potentially occur in the wetland aggregates include
high Mg-calcite, and dolomite (Boggs 1995; Tucker and
Wright 1990; Klein and Hurlbut 1985). Calcite, aragonite,
and dolomite have been reported in Pleistocene limestones
in the eastern Yucatan (Ward and Brady 1979; Brady 1974)
and high Mg-calcite is a common mineral found in many
limestones. Non-carbonate minerals that commonly occur
in limestone or are commonly associated with limestone
include sulfate minerals such as gypsum and anhydrite,
oxide minerals such as hematite, and goethite, and phyl-
losilicate minerals such as illite and chlorite (Moore and
Reynolds 1997; Boggs 1995; Tucker and Wright 1990;
Klein and Hurlbut 1985). All of these minerals have the
potential to react with wastewater and thus knowing
whether they are present in the aggregate in the Akumal
subsurface flow constructed wetlands is important for
understanding processes operating in the wetlands.

Materials and methods

A survey was conducted of 20 subsurface flow constructed
wetlands in Akumal during the Fall of 2003. The number of
cells, control boxes, holding tanks, areas, and estimated
plant cover were determined for each system. Volume of
aggregate, and when possible the water level within the
wetlands were determined.

Samples

Aggregate was sampled from two subsurface flow con-
structed wetlands in Akumal, Quintana Roo, Mexico.
Aggregate was taken from a PCRF wetland designated
CEA wetland 1, which has been in operation since 1996,
and has an apparent loss of gravel between 30 and
35 cm. One profile of aggregate from CEA wetland 1
was inspected in detail and measurements of aggregate
were made. Four aggregate samples were also taken from
a wetland constructed in 2001 for Las Casitas residences.
Ten samples of fresh aggregate were collected from
newly dumped piles that were to be used in wetland
systems.

Coefficients of hydraulic conductivity (k) of materials
were determined using a falling head permeameter. For
fresh aggregate changes in permeability were monitored
with time and final permeability measurements were taken
when values stabilized, often after 2—-3 liters of flow had
been introduced. Grain size distribution of samples was
determined using a full set of 8-inch mechanical sieves.
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Alternative geologic media from the Reforma region (N
18°45.866" and W 88°29.488") was also investigated
(Fig. 1). Clay material was obtained from an outcrop in an
unnamed creek where a secondary access road, adjacent to
the main road and bridge, leads to the outcrop in the creek
where the unit is exposed approximately 10-40 cm above
the water level (Fig. 3). Underlying the clay unit is a
dolomitic limestone bed. The contact with this lower unit is
gradational with 3-5 cm of nodular dolomitic limestone
pebbles composing 15-25% of this material. The remain-
ing overlying material is approximately >>95% clay. A
sharp undulating upper contact separates the clay unit from
an overlying dolomitic limestone. A quarry approximately
200 m west of the clay locality contains dolomite unit
(Fig. 3). Samples of exposed units being mined for road
aggregate were obtained.

Five samples of the clay unit were exchanged with 0.1 N
Mg?* solution five times and then washed with deionized
water. The <2 um size fraction (upper 5 cm of suspension
collected after a 2.5 h settling time) was collected and
centrifuged. Clay material was removed and smear mounts
were prepared on zero-background quartz slide mounts.
Slides were analyzed under air-dry, ethylene glycol-ex-
changed, and glycerol-exchanged conditions. X-ray dif-
fraction scans were made using a Seimens D-5000 using Cu
Ko, radiation operated at 40 kV and 25 ma. Step size for
the scans was 0.02° 20 with a count time of 1 s per step. For
transmission electron microscopy (TEM), the <2 pm size
fraction was collected from suspensions that had not been
exchanged with Mg>*, and was diluted with deionized water
for selected samples. Grain mounts were prepared by
placing a drop of the suspension on 3 mm Cu grids with
holey carbon film. Grids were allowed to dry overnight.
TEM investigation was conducted using a JEOL JEM-3010
microscope operated at 300 kV, equipped with a Noran
EDS system and Gatan CCD image capture system.

All wetland aggregate samples used for X-ray diffrac-
tion analysis were obtained from approximately 10 cm
below water level. X-ray diffraction was conducted on
crushed powders of all aggregate samples. Samples were
scanned from 20 to 55° 26 at 0.02° steps using a count time
of 1 s, or similar ranges. Aragonite was identified based on
PDF #00-041-1475. The (111) reflection is most intense for
aragonite and d(;;;) = ~0.338 nm. Calcite was identified
using PDF# 00-047-1743. The (104) reflection is most in-
tense for calcite and d 04y = ~0.303 nm. Mineral identifi-
cations were confirmed with the computer program Jade
6.0. Dolomite was identified using PDF#36-0426. The
(104) reflection is most intense for dolomite and
d(104) = ~0.288 nm.

SEM investigation was obtained using a LEO 1430VP
Scanning Electron Microscope using a standard tungsten
filament. Energy dispersive spectroscopy (EDS) analyses
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Fig. 3 Field photographs and
stratigraphic column of
Reforma materials. a shows an
image of a bed of dolomite
currently mined for road
aggregate. b shows the Clay unit
investigated. The stratigraphic
column is a composite of the
clay unit exposure in the stream

were obtained using an Oxford, Inc., light element energy
dispersive spectrometer in conjunction with the SEM.
Element analyses and presentation utilized ‘‘INCA’’ soft-
ware, a product of Oxford, Inc.

Results

Setting and construction characteristics of constructed
wetlands

Survey of the subsurface flow constructed wetlands in
Akumal reveals a range in size and condition. Represen-
tative photographs of some of wetland systems in Akumal
are presented in Fig. 2 and survey data are summarized in
Table 1.

The physical status of the constructed wetlands in
Akumal were generally good. Most of the constructed
wetlands were built using concrete block and mortar. One
wetland was constructed using fossil coral and mortar. All
of the wetlands are structurally sound based on visual
inspections. In no instance was cracking or spalling pres-
ent. However, the status of the bottom of the wetland
systems remains undetermined. No apparent secondary
containment features such as geotextile or other low per-
meability linings were observed in any wetland system in
Akumal.

The number of cells per system and the geometry of
cells in the constructed wetlands in Akumal is variable, but
is dominated by rectangular layouts which are used in 70%
of the systems. The remaining 30% of the systems have
irregular shapes, with two ‘‘L-shaped’ wetlands, one
rhombohedral, one circular-polygonal, and one figure-
eight-shaped wetland. Wetland systems in Akumal consist
of single and multiple cell systems with 65% being single
cell systems and the remaining 35% being multiple cell
systems. Commonly both cells in two cell systems have

/7 | Dolomitic
/7 £7| Limestone

Clay
Unit

Dolomitic
Limestone
Clasts

v Base Level

approximately the same dimensions and gravel and water
levels are commonly 5-20 cm offset between cells. All of
the multiple cell systems are two cell systems with the
exception of the Las Casitas system that has a total of four
cells but has two tandem wetlands. Areas of single cell
wetlands vary between 4.00 and 41.97 m* with an average
area of 16.19 m” and areas of multiple cell systems vary
from 2141 to 351.81 m®> with an average area of
100.74 m?. The largest wetland is the multiple cell system
at Las Casitas.

Control boxes, piping, and cleanouts are an integral
part of constructed wetland systems because they allow
regular maintenance, allow access for sampling and in
some instances may permit retrofit modifications. Control
boxes are in 65% of the wetlands and some systems have
multiple control boxes. Not all control boxes are readily
accessible as some are overgrown or placed in unusual
positions within the wetlands. Cleanouts have been
placed in 45% of the wetlands. All visible piping in the
systems is 4 in. white PVC. Piping where exposed is in
good condition and most clean outs are easily accessible.
Clean outs are particularly important for these wetlands
because non-degradable debris occasionally enters these
systems. One common problem that occurs is the intro-
duction of various plastic bags into the systems. These
are occasionally flushed down toilets and accumulate to
block portions of the systems, particularly the spreader
pipes.

Water levels were observed near the surface and also
occasionally above the aggregate levels of the wetlands in
35% of the surveyed systems. Water levels may be above
that of the stand-pipe control owing to pore occlusion. This
is most commonly observed where there is small angular
aggregate (<1 cm) high organic matter, or rapid increases
or pulses of flow associated with high use periods.
Wastewater near the surface of the aggregates can con-
tribute to odor and can promote fungal growth.
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Odor is a common problem in 45% of the wetlands and
may be a qualitative indicator of poor performance. Weak
and moderate odor occurs in eight wetlands and strong
odor occurs in one wetland. Odor is most common in
systems that are overloaded, or have a degraded control
box seal, and systems that have water levels very near the
surface of the aggregate. The CEA wetland 1 system is
very much overloaded and has a very strong odor. One
feature of a wetland that reduces odor is mulching. No
wetlands are purposely mulched, however three systems
are self-mulched from accumulation of dead vegetation.

Most wetlands have moderate plant cover that varies
from 15 to 100% with an average cover of 74%. This plant
cover consists of trees, shrubs, ferns, and leafy plants.
Trees are commonly palms and are present in 55% of the
wetlands

Investigations of existing aggregate

All of the constructed wetlands in Akumal have limestone
aggregate. This aggregate is angular to sub-angular crushed
limestone and most commonly is 2-3 cm in diameter.
Some aggregate is smaller, for example the Las Casitas
wetlands have very angular aggregate that is commonly
<1 cm in diameter. Much of the aggregate in the wetlands
show apparent corrosion that indicates dissolution is

Unit A (0-10 cm)

occurring in most systems. Further evidence of dissolution
is that aggregate levels are commonly several centimeters
to as much as 60 cm below their supposed original fill
levels, being even with the walls.

Aggregate levels in some of the wetlands of Akumal
were at lower levels than the bounding walls indicating that
aggregate levels had dropped. Interviews with persons in-
volved in the construction of both PCRF and other wet-
lands indicated that most wetlands were filled with
aggregate to levels at or very near the tops of the walls.
Levels of aggregate in older wetlands were several centi-
meters lower than the tops of walls commonly between 15
and 35 cm lower, and in one instance 60 cm lower whereas
younger wetlands seemed to have minimal lowering of
aggregate levels commonly only 5 cm lower. Levels of
aggregate in PCRF supported wetlands have lowered 15—
60 cm over the past 6 years owing to mineral dissolution.

In both CEA wetland 1 and the Las Casitas wetlands
there is crude soil structure developed in the aggregates.
Three horizons can be identified in these wetlands and
commonly in other wetlands in the Akumal region. A rep-
resentative section of aggregate from CEA wetland 1 was
taken and described (Fig. 4). The upper horizon A (0—
10 cm depth) has apparent oxide coatings, a great deal of
organic material and has well developed root material. The
underlying horizon B (10-20 cm depth) commonly has less
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Fig. 4 Illustration showing three horizons within the aggregate of
CEA wetland 1. Units A and B are approximately 10 cm thick and
unit C is 20+ cm thick. Water level at time of sampling is labeled.
Unit B has an accumulation of small clasts in the upper 4—6 cm that
have been translocated from unit A. Adjacent column shows
histograms of the three units shown graphically in drawing. Unit B

3
Maximium Dimension (cm)

is enriched in fine clasts derived from unit A. Far right column shows
plots of maximum length versus minimum length of the three units
shown graphically in drawing. Diagram shows there is large variation
in shape, but all clasts plot to the right of the 1:1 ratio and are elongate
in shape. This is likely an artifact of crushing
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oxide coatings and less organic material than that of horizon
A. Smaller aggregate clasts (<1 cm) have been translocated
to horizon B from horizon A, mimicking natural soil
forming processes. Horizon C (20+ cm depth) is parent
material aggregate which has organic material dispersed
both on clast surfaces and in pore space. All but the upper
5 cm of the section was saturated with wastewater. One
hundred clasts from each horizon were measured to deter-
mine size characteristics (Fig. 4). Histograms of clast size
show that clasts have a unimodal distribution and vary in
size from 6 to 37 mm. Histograms of horizon B show that
finer clasts have accumulated in this unit. Plots of minimum
and maximum dimensions of clasts show a range of vari-
ability and show that clasts are elongated in shape (Fig. 4).

Aggregate from the Las Casitas constructed wetland is
angular to sub-rounded, and frequently shows evidence for
dissolution in the surface textures of clasts. Control aggre-
gate samples are commonly angular, and are approximately
2-3 cm in average diameter. Samples of quarry limestone
are poorly to moderately cemented, friable, and have an
estimated porosity of 10-15% in hand samples.

Powder X-ray diffraction indicates that the mineralogy
of all four aggregate samples from the Las Casitas con-
structed wetland was composed of calcite only and all ten
aggregate samples from the CEA constructed wetland were
also composed of calcite only (Fig. 5). No measurable
quantities of aragonite or other minerals were detected in
either set of wetland aggregate samples.

Investigations of fresh aggregate

The finer gravel used in the Las Casitas wetland and found
in dump piles was determined to be likely more suitable for

use in wetlands than the coarse gravel owing to lower
permeability expected of the materials. Accordingly we
investigated ten samples in detail.

X-ray diffraction on fresh aggregate samples indicated
that calcite and aragonite are the dominant minerals present
(Fig. 6). Five samples (AKS4, AKSS5, AKS6, AKSS,
AKS9) had appreciable amounts of aragonite where the
other samples (AKS1, AKS2, AKS3, AKS7, AKSI10)
consisted of calcite. Estimates of the percentage of arago-
nite when present in the samples varies from approximately
10 to 60% based on simple peak comparison of area.

SEM investigation of selected samples of fresh aggre-
gate indicates a wide spectrum of shapes and sizes of
calcium carbonate particles (Fig. 7). Particles commonly
vary from 0.5 to 9 pm in diameter. Pores are commonly
irregular in shape and compose approximately 5-15% of
the rock. Little textural variation was observed between
samples.

Grain size analysis indicates there are unimodal and
multimodal size distributions in the samples (Fig. 8).
Five samples had unimodal distributions with common
modes being at 3.35 or 4.00 mm. Multimodal samples
were bimodal or trimodal with common modes being at
3.35 mm, 2.80 mm, 2.36 mm, 1.41 mm, 600 pm, 250 um
and 125 pm.

Coefficients of permeability (k) were measured for fresh
aggregate samples and varied from 0.006 to 0.027 cm/s
with an average values being 0.016 cm/s (Table 2). Ob-
served values were compared to three methods for esti-
mating k based on grain size distribution. The method of
Alyamani and Sen (1993) was used because this method
considers both grain size and sorting. The traditional
methods of Hazen (1911) and the method of Sheperd

Fig. 5 X-ray diffraction P
patterns from CEA wetland 1 500 CEA wetland 1 Las Casitas
and Las Casitas wetlands
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Fig. 6 X-ray diffraction patterns from fresh aggregate samples
AKS1-AKS10 with major peaks of respective minerals labeled

(1989) were used. All units were converted to cm/s. The
method of Sheperd (1989) was the closest to the observed
values using parameters for immature sediments where

K=Cd

and C =100, d = average grain size, and j = 1.5. This
method still overestimated K by approximately 0.02 cm/s,
over twice the average value observed. The Hazen (1911)
method however overestimated K by approximately two
orders of magnitude and the method of Alyamani and Sen
(1993) overestimated K by approximately one order of
magnitude.

Bulk XRF investigation of minor and trace metal con-
centrations in the fresh aggregate samples indicates that

Fig. 7 SEM images. a and b
are representative images of
fresh aggregate samples
showing irregular grain and
pore shape. ¢ and d are
representative images of the
dolomite from Reforma
showing uniform size
distribution and euhedral
crystals

some heavy metals are present at ppm concentrations
(Table 3). These are Pb (3—4 ppm), Zn (3—4 ppm), Co (1-
11 ppm) and Cr (2-7 ppm). Concentrations of Mo, Cu, and
Ni are all below detection limits (<1 ppm). V (b.d—
56 ppm) and Ti (0.003-0.035 wt% TiO,) are also present.
Minor elements commonly incorporated into marine bio-
genic calcium carbonate polymorphs are present in con-
centrations consistent with Plesitocene or Holocene
limestones and are Ba (4-15 ppm), Sr (541-4,004 ppm), U
(0.13-1.37 ppm) and Th (b.d.—1.1 ppm). Elements com-
monly associated with igneous, metamorphic or siliciclas-
tic rocks show low concentrations as expected and are Nb
(1.0-2.1 ppm), Zr (~36 ppm), and Y(8-10 ppm).

Investigation of geomatierals found in the Reforma
region

Clay unit

Powder X-ray diffraction patterns of oriented samples
indicate that smectite is the dominant mineral in the clay
unit (Fig. 9). Small ~0.715 and ~0.35 nm peaks occur in all
samples and these peaks are interpreted as kaolinite. Mg-air
dried treatment shows a d-spacing for (001) reflections that
varies between 1.50 and 1.60 nm. Mg-ethlyene glycol
treatment shows d-spacings for (001) between 1.70 and
1.73 nm. Mg-glycerol exchange shows d-spacings for
(001) to be slightly larger than those for Mg-ethlyene
glycol treatment being between 1.78 and 1.88 nm. The
expansion of (001) from approximately 1.50-1.60 nm in
the Mg-air dried treatment to 1.70-1.73 nm in the Mg-
ethlyene glycol treatment along with the Mg-glycerol
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Fig. 8 Grain size distributions
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shown in histogram form for 1200 2
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fresh aggregate samples AKS1-
AKSI10. Histograms show
variation in the modes present
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spacings of between 1.78 and 1.88 nm identifies the min-
eral as a smectite.

Based on visual inspection using TEM imaging, smec-
tite constitutes approximately 90% of the sample volume.
Approximately 95% of the particles of smectite have a
poorly formed platy to lamellar aggregate texture, similar
to that described in Giiven (1988). Diameters of these
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discrete particles of smectite are commonly between 0.1
and 5 pm in length (Fig. 10). The remaining 5% consists of
a folded lamella texture. EDS analyses of the smectite
(Table 4) are consistent with a Ca-rich montmorillonite,
with minor amounts of Fe (assuming Fe®*) and Mg. Both
textures have very similar chemical compositions. Some
particles have appreciable K content (0.28-0.78 wt% K,0).
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Table 2 Measured coefficients of permeability (K) of fresh aggregate and representative permeability estimations based on grain size distri-

bution

K value SD Sheperd Hazen Alyamani and Sen

observed - - -

1989 Overestimated 1911 Overestimated 1993 Overestimated

AKS1 0.020 0.004 0.039 0.019 2916 2.896 0.235 0.215
AKS2 0.016 0.002 0.040 0.024 4.356 4.340 0.279 0.263
AKS3 0.025 0.002 0.041 0.016 3.600 3.575 0.396 0.371
AKS4 0.003 0.001 0.031 0.028 0.676 0.673 0.034 0.031
AKSS5 0.006 0.002 0.032 0.026 0.576 0.570 0.032 0.026
AKS6 0.027 0.001 0.032 0.005 0.676 0.649 0.035 0.008
AKS7 0.018 0.002 0.041 0.023 0.900 0.882 0.448 0.430
AKSS 0.017 0.004 0.033 0.017 0.900 0.883 0.049 0.032
AKS9 0.009 0.003 0.033 0.023 1.024 1.015 0.039 0.029
AKS10 0.023 0.002 0.042 0.020 3.600 3.577 0.661 0.639
Average 0.016 0.036 1.922 0.221

Equations used for each estimation are: K = 100d"> for Sheperd (1989), K = 40d3, for Hazen (1911), K = 1300[I, + 0.025(dso — d;0)]* for

Alyamani and Sen (1993). All values have been converted to cm/s

Table 3 XRF analyses minor and trace elements of fresh aggregate samples and dolomite samples

Sample Ba Mo Nb Zr Y Sr U Rb
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Th Pb Zn Cu Ni Co Cr v TiO,

(ppm) (ppm) (ppm) (%)

AKS 1 4 bd. 1.4 38 10 603 0.71 b.d.
AKS 2 13 bd. 2.1 34 9 541  0.13  bd.
AKS 3 8 bd. 1.6 34 9 542 0.66 b.d.
AKS 4 6 bd. 13 intf 8 4004 1.84 bd.
AKS 5 7 bd. 14 intf 9 1524 0.63 b.d.
AKS 6 6 bd. 1.0 intf 8 3633 0.60 b.d.
AKS 7 6 bd. 13 38 8 619 0.80 b.d.
AKS 8 9 bd. 1.2 intf 8 3724 136 bd.
AKS 9 15 bd. 1.7 intft 8 1470 0.55 b.d.
AKS 10 14 bd. 1.2 36 9 601 137 bd.
Average 9 bd. 1 36 9 1726 1 b.d.
REF 1 sl bd. 09 18 8 168 0.03 bd.
REF 2 32 bd. 15 17 7 150  0.71 bd.
REF 3 17 bd. 1.5 18 8 171 124 bd.
REF 4 39 bd. 22 17 8 176 ~ 2.77 b.d.
REF 5 56 bd. 1.6 18 7 182 151 bd.
Average 39 bd. 2 17 8 169 1 b.d.

0.7 4 4 bd. bd 7 6 bd. 0.035
1.3 3 3 bd. bd. 11 6 b.d.  0.009
bd. 3 3 bd. bd 4 5 50 0.004
1.0 3 4 bd. bd. 5 5 b.d.  0.003
0.7 4 4 bd. bd 3 4 41 0.003
0.9 4 3 bd. bd 1 2 56 0.006
1.1 3 3 bd. bd. 3 3 48 0.009
bd. 4 4 bd. bd. 11 7 b.d.  0.006
bd. 3 4 bd. bd 3 6 bd.  0.003
0.7 4 3 bd. bd 2 5 b.d.  0.006
1 3 4 bd. bd 5 5 49 0

0.7 5 4 bd. bd 3 18 69 0.0055
0.6 4 4 bd. bd 6 16 90 0.0022
0.3 4 4 bd. bd 4 15 71 0.0045
1.1 5 5 bd. bd 4 14 72 0.0049
0.3 6 4 bd. bd. 5 17 76 0.0038
1 5 4 bd. bd 4 16 76 0

Some K,O contents of platy to lamellar aggregates are
consistent with a RO (Reichweite, R = 0) interstratified il-
lite—smectite

Kaolinite constitutes approximately 10% of the clay unit
volume based on visual estimation from TEM imaging.
The texture of kaolinite particles vary from rounded to
nearly euhedral (Fig. 10). Diameters of the kaolinite par-
ticles vary between 0.80 and 0.01 um. EDS analyses are
consistent with most kaolinites, however, minor amounts of

Fe,05 (assuming Fe*) are present. Imaging indicates that
the Fe is a component of kaolinite and not the result of fine-
grained Fe-oxide inclusions.

Ti-oxide minerals occur in three textures and compose
<1% of the sample volume (Fig. 11). Of these minerals
approximately 35% occur as isolated single crystals that
are commonly 30-200 nm in diameter and approximately
90% of these grains are euhedral and the remaining 10%
are sub-rounded to well-rounded. Another texture that
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Fig. 9 X-ray diffraction patterns of samples from Mg-exchanged
ethylene glycol experiments. Smectite (Ca-montmorillonite) is the
dominant mineral as indicated by the large (001) peak. Minor
amounts of kaolinite are indicated by the (001) peak

comprises roughly 60% of Ti-oxides is that of larger
aggregates that are commonly 0.1-1.0 pm in diameter.
Crystals forming these larger aggregates are randomly in-
tergrown, commonly 30-50 nm in diameter, and are eu-
hedral. EDS analyses for both of these textures (Table 4)
show that these minerals have some Fe (assuming Fe®*)
that varies from 1.90 to 8.75 wt% Fe,O3 and also some Zr
that varies from 1.79 to 3.05 wt% ZrO,. The remaining 5%
of the Ti-oxide minerals are rectangular laths or prisms
which are approximately 0.2 ym wide and 0.5-1.0 pm
long. These particles have minor Fe content <2% Fe,03
and no Zr content.

Quartz, aluminosilicate, and apatite are trace minerals
identified in the clay. Quartz occurs as sub-rounded to
subangular grains 0.5-0.1 pm in diameter. Aluminosilicate
occurs as euhedral to subangular rectangular grains and is
less common than quartz. Apatite occurs as elongated
irregular grains. The approximate ratio of quartz:apa-
tite:aluminosilicate is 10:3:1.

Dolomite

Powder X-ray diffraction indicates that dolomite from
Reforma is >99% pure dolomite (Fig. 12). Other mineral
phases could not be observed in the diffraction patterns.
The most intense reflection for dolomite is (104) with
d(104) = 0.288 nm.

Bulk XRF investigation of minor and trace metal con-
centrations of dolomite samples indicates that there are
some heavy metals that are present at ppm concentrations
(Table 3). These are Pb (4—6 ppm), Zn (4-5ppm), Co (3—
6 ppm) and Cr (15-18 ppm). Concentrations of Mo, Cu,
and Ni are all below detection limits (<1 ppm). Ti (0.0022-
0.0055 wt% TiO,) and V (69-90 ppm) are also present.

@ Springer

Fig. 10 a TEM image showing particles of kaolinite, smectite, and
Ti-oxides. b TEM image of common textures of aggregates of
smectite particles over a hole in carbon film. Particles are platy to
lamellar in nature. ¢ Example of foliated lamellar texture of smectite
that is less common in the unit

Minor elements commonly incorporated into dolomite are
also present and are Ba (17-56 ppm), Sr (150-182 ppm), U
(0.03-2.77 ppm) and Th (0.3—1.1 ppm). Elements com-
monly associated with igneous, metamorphic or siliciclas-
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Table 4 Representative normalized EDS analyses for Ca-montmorillonite, kaolinite, and Zr-bearing Ti-oxides

Montmorrillonite 1 2 3 4 5 6 7 8

SiO, 60.71 62.20 61.49 66.94 60.25 59.76 59.06 60.59
TiO, 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Al,O4 29.41 28.20 28.48 24.52 28.92 28.80 30.37 28.32
Fe,03 4.94 4.03 5.45 3.75 5.54 5.65 4.80 5.46
MgO 2.80 3.67 2.75 3.18 3.03 3.46 2.84 3.84
MnO 0.16 0.04 0.06 0.02 0.00 0.06 0.02 0.00
CaO 1.20 1.49 1.36 1.25 1.85 1.84 1.10 1.31
K,0 0.78 0.37 0.41 0.33 0.41 0.43 0.28 0.48
Na,O 0.00 0.00 0.00 0.00 0.00 0.00 1.53 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Kaolinite 1 2 3 4 5 6 7 8

SiO, 54.51 55.54 55.43 54.51 53.42 54.52 54.12 51.78
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al,O3 42.34 39.07 39.79 42.34 42.78 42.87 41.98 42.47
Fe,03 1.73 3.53 3.29 1.73 2.46 1.34 2.22 4.68
MgO 0.33 1.11 091 0.83 0.76 0.81 0.98 0.85
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 0.44 0.66 0.47 0.44 0.54 0.38 0.49 0.06
K,O 0.15 0.09 0.11 0.15 0.04 0.08 0.21 0.16
Na,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Ti-oxide 1 2 3 4 5 6 7 8

TiO, 91.93 96.17 91.39 89.69 94.59 91.39 88.20 92.93
ZrO, 2.26 1.93 1.79 2.48 2.73 1.89 3.05 2.99
Fe,03 5.81 1.90 6.82 7.83 2.68 6.72 8.75 4.08
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

tic rocks show low concentrations as expected and are Nb
(0.9-2.2 ppm), Zr (17-18 ppm), and Y(7-8 ppm).

SEM investigation indicates that euhedral rhombohe-
drons which appear to be recrystallized are abundant
(Fig. 7). These crystals are commonly 5-15 pm in diam-
eter. The shapes are uniform throughout samples exam-
ined. Cracks are occasionally observed within individual
crystals. Pores between the crystals compose approxi-
mately 10-15% of the rock.

TEM investigation of the insoluble fraction of the Ref-
orma dolomite indicates that goethite and palygorskite are
the main impurities (Fig. 13). Goethite crystals are acicular
to tabular in morphology. EDS analysis indicate they are
pure end member (FeOOH) goethite and selected area
electron diffraction (SAED) indicates the goethite crystals
are highly crystalline. Size distribution varies from
approximately 0.1 to 0.01 um in length. Palygorskite
occurs as fibers approximately 1-3 pm in length and are
commonly 0.1-0.05 pm in width. SAED on taken along

[hkO] of fibers indicates significant streaking in the b-axis
direction and have abundant defects in stacking. EDS
analysis indicates that chemical compositions of paly-
gorskite fiber are similar to those found in other paly-
gorskite deposits such as those described by Krekeler
(2004) and Krekeler et al. (2004).

Discussion
Setting and construction

Some wetlands such as CEA wetland 1 receive loads that
exceed original design capacities. The reason for over-
loaded wetlands is that after installation they are fed extra
wastewater, as is the case for CEA wetland 1 which now
receives wastewater from a public restroom. Future wet-
lands in the Akumal area should be designed to receive
loads 50% above the current need. By creating a 50%
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Fig. 11 TEM images of Ti
oxide minerals. a Equant
euhedral grain of Ti-oxide
mineral and b crystal of rutile.
EDS analysis both of these
crystals are Ti-rich with minor
Fe. ¢ Representative of common
aggregate of Zr-bearing
Ti-oxide minerals.

d Representative common
single grain of Zr-bearing
Ti-oxide mineral

buffer capacity this safely allows for expansion of use and
may ensure thorough treatment of existing wastewater.
The geometric layouts of the wetland systems in Aku-
mal are variable and some irregularly-shaped systems do
not enhance flow. For example ‘‘L’’ shaped wetlands and
the figure-8 shaped wetland may have regions where water
flow is constricted. These configurations cannot be easily
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Fig. 12 X-ray diffraction patterns from Reforma dolomite samples

REF-O1 through REF-O5. Dolomite is the only mineral that is
observed in powder diffraction
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retrofitted to enhance performance. Future wetland con-
struction should employ simple rectangular designs with
water flow parallel to the long axis of the cells.

Control boxes and clean outs are important features that
are present in many of the wetlands of Akumal. In addition
to maintenance related use, control boxes and clean outs
may be exploited for enhancing or studying the wetlands.
Aeration by mechanical or chemical applications could be
accomplished via these features of the wetlands. The Las
Casitas wetlands are one of the best examples of this be-
cause there are redundant and easily accessible control
boxes and clean outs in second cells. Retrofitting clean outs
may be possible in some wetlands which currently do not
have any cleanouts. Because all piping is 4 in. PVC, retrofit
technologies may be easily applied and used in multiple
wetland systems.

One of the most noticeable and objectionable effects of
some constructed wetlands in Akumal is odor. Odor is
nuisance but is also a general indication of poor perfor-
mance. This is of particular concern because some wet-
lands, such as CEA wetland 1 are located near two outdoor
restaurants and odors emitted have potential economic
impact for nearby establishments. Odor emission could be
reduced in most wetlands by mulching. Currently no sys-
tems are purposely mulched, and only three systems have
developed a self-mulched layer. Mulching may reduce odor
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Fig. 13 TEM images of insoluble material from the Reforma
Dolomite. a shows aggregates of goethite with size distribution of
particles being approximately 0.1-0.01 pm in length. b shows
palygorskite fibers approximately 1-3 um in length and are com-
monly 0.1-0.05 pm in width

by creating a low permeability seal and providing sorption
surfaces odorous compounds. Sources of mulch are abun-
dant and dead palm tree leaves and other foliage is rou-
tinely collected by municipal workers. Using these
materials as mulch prevents these materials from being
disposed of in local landfills. The use of the Ca-montmo-
rillonite may be a better option because not only will it act
as a odor barrier, it may provide a more natural soil
structure for the plants. A combination of mulching and
using the Ca-montmorillonite may be the best environ-
mental option for odor control.

The observations of plants in the systems have some
environmental implications for management. Currently
there is little strategy or systematic use of plants in the

wetland systems in Akumal. Plant composition in the
wetlands is highly variable with the exception being the
Las Casitas wetlands. Here these systems are dominated by
large ferns that approach 2 m in height and have root
systems that penetrate at least 35 cm into the aggregate.
These plants clearly thrive in open sun and may be suitable
for other wetlands in open sun that currently have poor
plant cover.

In the majority of constructed wetlands, plant selection
is not optimized for reducing nitrogen compound concen-
trations in effluent waters. Flowering plants, particularly
those that produce fruit take up more nitrogen over simple
grasses and non-flowering plants. The use of banana plants
is one plant choice that is used in the CEA wetland 1.

Plant choice in the wetlands may also have direct eco-
nomic impact. Plants grown in wetlands can be used as a
renewable resource. Woody plants and certain grasses may
be useful for construction materials that are in high de-
mand. Flowering plants may be grown and used as deco-
ration in the local large resorts. Income derived from the
sale of these renewable resources could be used to support
and improve the wetland systems.

The constructed wetlands appear to be structurally
sound. Overall construction could be improved by using
geotextile for secondary containment. However, geotextile
is not readily available in the region. Secondary contain-
ment is of concern because the condition of the bottoms of
the wetlands is undetermined and potential exists for cor-
rosion of the bottom. Concrete and mortar that is used in
construction of these structures has no appreciable SiO,
content and the aggregate used is crushed limestone that is
soluble in the domestic wastewater interacting with the
systems. Another concern regarding the structural integrity
of the bottoms of the constructed wetlands is root pene-
tration from trees. Whether or not roots from trees pene-
trate the bottom concrete slab is undetermined but exists as
a potential problem.

Existing aggregate

Aggregate levels in many systems in Akumal have dropped
significantly since the time of their construction. We
attribute this lowering of aggregate to two processes:
compaction and dissolution. Physical inspection of the
aggregate in the Akumal systems indicates that dissolution
and compaction processes are occurring and mimic natural
soil forming processes. Compaction arises from simple
settling and also translocation of smaller clasts as shown in
Fig. 4. Compaction alone however cannot account for the
large volumes of aggregate loss observed in some wet-
lands. Therefore dissolution must be a major process
responsible for the lowering of aggregate levels in these
systems. The dissolution of aggregate over the past 6 years
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in PCRF supported wetlands has produced drops in
aggregate levels from 15 to 60 cm corresponding to rates
of dissolution between approximately 3 and 10 cm per
year. The continued loss of aggregate will significantly
reduce the efficiency of these systems in the near future and
the rate of loss of aggregate indicates that some wetlands
will be effectively depleted of their aggregate in 6—
10 years. This indicates that the effective lifetime of sub-
surface flow constructed wetlands in Akumal may be on
the order of 8 to 10 years before aggregate needs
replacement.

Although aggregate levels are currently being depleted
causing the efficiency of these systems to degenerate, using
limestone as the aggregate in the wetlands may have a
benefit. Acids involved in sewage may be neutralized by
reactions with calcite and aragonite. Calcite and aragonite
are the primary constituents in the limestone of the regional
karst aquifer and are currently undergoing dissolution
naturally (Tulaczyk 1993). The dissolved cations and an-
ions liberated from aggregate in the subsurface flow wet-
lands may have minimal impact on the environment as they
are already naturally occurring. Therefore the carbonate
minerals in the aggregate provide added protection for the
environment.

Fresh aggregate

Powder X-ray diffraction investigation of fresh aggregate
indicates that some material has as much as 60% aragonite.
In both wetlands investigated there was only calcite. This
may suggest that if aragonite was present in the wetlands it
dissolved preferentially and aragonite is more soluble with
Ksp = 8.22 for aragonite and Ksp = 8.35 for calcite (values
from Krauskopf 1979). The mineralogy of the fresh
aggregate currently used in the systems explains the high
degree of aggregate drop. If CaCOj; rich aggregate use is
continued, aggregate dominated by calcite should be used
preferentially to slow the decrease in reactive volume.
Fresh aggregate samples have permeability coefficients
less than that predicted by grain size estimate methods of
Hazen (1911), Sheperd (1989), and Alyamani and Sen
(1993). Only the method of Sheperd (1989) was within an
order of magnitude of observed but consistently overesti-
mated by approximately 50%. This may be corrected by a
lower C coefficient of 50 instead of 100, but more exten-
sive investigations on other materials are needed to confirm
such a relationship. Grain size distributions are both uni-
modal and multimodal but no clear relationship exists be-
tween this property and permeability. The angular nature of
the aggregate which arises from crushing combined with
the comparatively broad grain size distributions is inter-
preted as the primary cause for this discrepancy. Intra-
granular porosity may also play a role as porosity of
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limestone materials is commonly 10-15%. The results
suggest that standard grain size distribution estimations of
permeability may be invalid for these particular materials.
XRF investigation reveals the occurrence of Pb, Zn, Co
and Cr in both the fresh aggregate samples and the dolo-
mite from the Reforma area. Based on the range of con-
centrations observed and the rates of aggregate drop an
estimate of approximately 0.9-3.0 kg of heavy metals are
being released by limestone dissolution in the wetlands
studied per year. The fate of these released metals is un-
clear and whether these metals are having a negative effect
on the coral or human health near Akumal is unknown.

Newly discovered geologic resources

The clay unit found in the Reforma region is ideal for a
clay liner for the systems. This investigation indicates that
there are no minerals that may be damaging to the envi-
ronment. The only unusual chemical composition was that
of the Zr-bearing rutile which is highly insoluble in water
at earth surface conditions. The Ca-montmorillonite unit
has many properties that make it an ideal choice. Kolstad
et al. (2004) found permeability of montmorillonite-rich
materials exposed to ionic strengths between 0.05 and
0.5M are not likely greater than 107~ cm/s. Lee and
Schackelford (2005) found that high quality bentonite,
primarily defined as high montmorillonite content of 86%
had low permeability in CaCl, solutions. The Reforma clay
unit is extremely pure (>95%) Ca-montmorillonite and
should behave similarly to montmorillonites investigated
by Lee and Schackelford (2005) and Kolstad et al (2004).
The Ca®*-rich solution of the wetland systems should not
interfere or impede the performance of the clay unit as a
liner.

Dolomite from the Reforma region is likely a better
aggregate choice because it has a lower solubility
(Ksp = 16.54 to 17.09) compared to calcite (Ksp = 8.35)
or aragonite (Ksp =8.22) and has comparatively few
impurities (values from Krauskopf, 1979). The fine grain
size of the material and the comparatively high porosity is
conducive to reacting with wastewater and developing a
sustainable microbiota.

Although of small proportion, the impurity minerals of
goethite and palygorskite are helpful constituents of the
dolomite and are an added benefit compared to the calcite-
aragonite aggregate. Goethite for example absorbs a wide
range of heavy metals such as Cu, Zn, Pb, Cd, Ni owing to
the high proportion of oxygen and the corregated surface
structure of the mineral (e.g., Xu et al. 2006; Buerge-
Weirich et al. 2002; Christophi and Axe 2000). Goethite
has an affinity for sorption of arsenate and phosphate under
fresh water to moderately saline conditions (Gao and
Mucci 2001) and also for ferricyanide (Rennert and
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Mansfeldt 2006). Goethite is the most thermodynamically
stable oxyhydroxide at earth surface conditions with
pKy, =< 44.1 £ 0.2 (Langmuir 1997). Accordingly the
presence of goethite in the wetland systems would likely be
beneficial as the mineral remains in solid form and absorbs
a wide range of potential pollutant metals.

Palygorskite—sepiolite minerals are very reactive and
absorbs a wide range of organic compounds and heavy
metals (e.g., Shariatmadari et al. 1999, Brigatti et al. 1996).
Jones and Galan (1988) proposed three features responsible
for the high sorption capacity of palygorskite and sepiolite:
(1) Oxygen ions associated with tetrahedra on ribbon edges
may attract cations or molecules with dipoles to the min-
eral surface. (2) H,O molecules may be coordinated to
magnesium ions at the edges of structural ribbons. (3)
Silanol groups (—=SiOH) occur along the fiber axis of
crystals with an estimated density of 4.5 SiOH groups per
100 A2 for palygorskite and 2.2 SiOH groups per 100 A?
for sepiolite (Hermosin and Cornejo 1986). Palygorskite is
stable in pH values from approximately 7 to 8.5 (Jones and
Galan 1988) and thus would likely be beneficial as a
component of the wetland system aggregate because it
would absorb numerous pollutants.

The Reforma dolomite has comparable heavy metal
concentrations to the fresh aggregate; however Cr is higher
(14-18 ppm). Heavy metals are likely sorbed onto goethite
particles in the dolomite. Aqueous species of Cr are known
to sorb on to iron oxides (e.g., He and Traina 2005; Laz-
aridis et al. 2005; Mineno and Okazaki. 2004). TEM
investigation revealed no Cr-rich mineral phase and thus Cr
is likely strongly bound to goethite or is mineralized at the
trace element level. The low solubility of pure goethite
suggests that the Cr, if mineralized poses no significant
environmental risk. Cr sorbed to the surface may be re-
tained on goethite in alkaline pH conditions (He and Traina
2005). The Cr that occurs in the dolomite is therefore likely
stable.

Conclusions

The constructed wetlands of Akumal represent, to a large
extent a success story with much room for improvement.
Akumal provides a model where subsurface flow con-
structed wetlands are effectively used at a community le-
vel, however, there are several technical problems with the
existing systems. Some problems such as spatial arrange-
ment cannot be remediated while other problems such as
geomaterials selection and use can be readily corrected.
Future construction of subsurface flow wetlands should
follow engineering and scientific guidelines such as those
set by Kadlec and Knight (1996) and Reed et al. (1995).
By following scientific and engineering guidelines, and

implementing the newly discovered geomaterials of this
investigation, even more effective systems can be designed
and implemented in the future in Akumal and the Eastern
Yucatan as a whole. The implementation of new geoma-
terials may locally improve the health of the Meso-Amer-
ican Reef, and of drinking water resources.

Although subsurface flow constructed wetlands are rel-
atively simple in design, because they rely on natural
processes they are in actuality very complex systems.
Complicating this is the perturbations humans place on
these systems in their regular use. Therefore long term
scientific monitoring is needed to better understand the
constructed wetlands of Akumal and develop strategies to
produce improved wetland systems in the future. Detailed
studies of mineralogy, hydrology, wastewater, plant ecol-
ogy and chemistry are needed to better understand how
wetlands operate efficiently over time.
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