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ABSTRACT

Water quality was evaluated at sites of the Jose Antonio Alzate Dam, the rivers Lerma, Tejalpa and Temoaya in the
State of Mexico, Mexico. The variables measured included pH, conductivity, temperature, dissolved oxygen (DO),
ammonia, nitrates, sulfates, sulfides and metal concentrations (Cu and Pb). Chemical speciation for dissolved metals in
the aqueous phase was obtained using measured concentrations and the software MINEQL+ (4.5); metal partition coef-
ficients was also obtained using dissolved and particulate concentrations of metals. Hydraulic behavior of the studied
water bodies was investigated and the fate of Cu and Pb ions was simulated. The simulation results indicate that the
Lerma River provides the majority of organic matter and metal contaminants as a result of a poor oxygen saturation
velocity, and showed a slight improvement when the Lerma River is subjected to its tributaries Tejalapa and Temoaya
Rivers. Under the reducing conditions predominating along the dam and from the results of aqueous phase chemical
speciation, it was found that sulfide metal-associated species are the ones that predominate. It was demonstrated that in
general, the rivers Tejalapa and Temoaya presented the best water quality. The Lerma River oxygen saturation im-
proves after the rainy season, but it worsens during the dry season. Due to irregular topography, the small slope pre-
vailing in the Lerma River, and the almost nonexisting water flow, zones with different characteristics are formed
within the dam. The sedimentation contributes in the generation of local eddies causing the existence of a small diffu-
sive flow. The order of partition coefficient was Pb > Cu. Cu presented the highest risk levels in the dissolved phase.
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1. Introduction tween the State of Mexico and Federal governments
signed in 1971, whereby more water volumes were al-
lowed, during 1971 the flow rate permitted was 13 - 14
m?/s, whereas during 1974, 14.6 m*/s were extracted [3].
Since 1978, a decline of water volumes extracted from
the lagoon was observed due to the start of the hydric
Cutzamala System (that supplies most of the water con-
sumed by nearby Mexico City). During the next years,
the flow rates extracted from the lagoon continued de-
clining until it was stabilized at 4 - 5 m%s during the
1990s [4].

The health status of the ecosystem of this Basin be-
comes a more complex problem when drinking water
supply is done to the population and to industries of the
Toluca Valley by means of groundwater exploitation.
Consequently, the 4.3 m¥/s of clean water that was ex-
*Corresponding author. pected to be dumped into the Lerma River from the

The southern part of Toluca Valley is a lacustrine zone
typical of highly elevated regions of Mesoamerica. Its
systematic study started about a decade ago after the
disappearance of the aquatic deposit contained within its
central area. The cienega or Lerma Lagoon, is one of the
most important lacustrine water bodies of State of Mex-
ico which was dry between 1942 and 1951 due to the
construction of an aqueduct that supplied water from the
Alto Lerma Basin to Mexico City [1,2]. By the end of
1950’s, it was already known that this lagoon was pass-
ing through a desiccation process, and it was expected
that this process will be more drastic as more and more
water was extracted. A second factor influencing the
desiccation process, was the agreement established be-
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Chignahuapan Lagoon, are substituted by 20 m%s of
wastewater that are dumped at the original start of the
Lerma River through the dicharges of town Almoloya del
Rio. As the Lerma River path moves northward, more
inputs are located from sanitary and industrial origin
from the populations of Almoloya del Rio, Tultepec,
Santiago Tiangistenco, Calimaya, Metepec, San Mateo
Atenco, and San Antonio la Isla, as well as agricultural
runoffs from the creeks Tejalpa and Temoaya [5]. Finally,
when the Lerma River enters Jose Antonio Alzate Dam,
this last one becomes not only a useless ecosystem but it
also acquires sanitary conditions with whith high expo-
sure potential risks [6]. From the water quality point of
view, the dilution factor decreases significantly during
the months of May through August due to the low water
volumes of the dam and the contaminant concentrations
can increase [7], despite the fact that keeping the water
levels close to the operational minimum during four
consecutive months is not justifiable due to the poor wa-
ter quality used for agricultural purposes. Eutrophication
phenomenon, caused by the elevated volumes of organic
matter, phosphates and nitrogen derivatives contained in
the discharges received by the dam, considerably affects
this water body and favors the growth of aquatic shrubs
[8].

Water pollution by metals is mainly associated to wa-
ter discharges from industrial processes ending up into
the Lerma River and into the Jose Antonio Alzate Dam.
These metals alter the aquatic systems where they remain
trapped and are accumulated due to sedimentation [9].
The uncontrolled wastewaters discharges from municipal
and industrial activities, as well as from agricultural run-
offs [10], untreated or partially treated; induce contami-
nation of water sources, risking more and more its com-
plete use.

In this work, a study is presented about the water qual-
ity of Lerma River, two of its tributaries (Tejalapa and
Temoaya Rivers) and some sites of the Jose Antonio Al-
zate Dam. In addition, copper and lead concentrations
evolution with respect to the time based on previous
works [11,12] in which point evaluation was insufficient
to establish the water quality of the dam, is presented.
Given the actual septic conditions of the dam, it was re-
quired to establish recovery zones so that simulation of
metals transport could be performed. In fact, it has been
reported that the water quality variables were related to
the kinematics of water quality (BODs and DO) [13]. In
their study, a mathematical model was complemented by
including advection and dispersion processes and result-
ing into two simultaneous partial differential equations
which were solved, in the case of real water bodies using
numerical methods establishing initial and boundary
conditions.

Copyright © 2012 SciRes.

2. Materials and Methods

Figure 1 shows the sampled sites along the Lerma River
and Jose Antonio Alzate dam along with their corre-
sponding keys (Table 1). This figure includes the sites
selected within the dam to conduct chemical speciation
and evaluation of the partition coefficients. pH, tempera-
ture, and conductivity were measured in situ using a
Corning instrument (calibrated according to method
120.1 de EPA-600/4-79-020) [14]; dissolved oxygen
(DO), was measured with a digital oxymeter YSI model
58. Water samples were collected from each site from the
water column at 20 cm deep (considered as surface sam-
pled to avoid contact with atmosphere) and from the
bottom using a vanDorn instrument; avoiding remove
sediment when sample was collected [8]. Water samples
were collected in five polyethylene bottles of one liter
with HNO;3 acid (1 mL, suprapur) added to preserve
samples for analysis of total metal, dissolved metals (fil-
tered to 0.45 micron pore) and suspended solids at each
site, where the results were used to calculate the partition
coefficients.

Table 1. Keys for water sample collection sites from Lerma
Basin.

SITE KEY
Almoloya bridge P1
Mezapa bridge P2
México-Toluca bridge P3
Totoltepec bridge P4
Toluca-Naucalpan bridge P5
Villa Cuauhtémoc bridge P6
Temoaya bridge P7
Alzate dam (zone B) P8
Dam outlet (wall) P9
Lerma River S1
Tejalpa River S2
Temoaya River S3
Junction Lerma-Tejalpa Rivers S4
Junction Lerma-Tejalpa-Temoaya Rivers S5
Rio Lerma inlet to dam S6
Lerma River midpoint of dam (1) S7
Lerma River midpoint (2) of dam S8
Dam wall S9

Zone E S10
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Figure 1. Sampling sites along the Alto Lerma Basin.

For the dissolved chemical speciation (cations) were
collected without preservative in polyethylene bottles a
total of three liters each site.

All the samples were maintained at 4°C until analyzed.
In the case of anion analysis, samples were collected also
in two polyethylene bottles in acid-free of one liter and
maintained at 4°C until analyzed. Anion analysis fol-
lowed protocols from Standard Methods [15]; HPLC
measurements were conducted using a Modular Shima-
dzu instrument; sulfides were measured using a comer-
cial kit (Hatch); organic carbon was measured using an
Analytik Jena multi CN 3000 instrument. All studies
were conducted in two sampling campaigns per year
during periods of dry season during the years 2008 and
20009.

Samples for copper and lead measurements were cen-
trifuged at 4500 rpm using a Beckman Coulter, Allegra
T™ 21 Centrifuge for 20 min and then vacuum filtered
using a 0.2 um MFS filter paper. Filtered samples were
acid-digested using suprapur HNO3z; and HF acids in a
CEM Mars-5 microwave oven. Digested samples were
analyzed by Atomic Absorption Spectrometry using a
Thermo Elemental, Solaar M6 model in the flame or
graphite furnace modes, depending of the element ana-
lyzed. Readings were done in triplicate to check for re-
producibility of data.

As shown in Figure 1 at the points marked S was car-
ried sampling campaigns in situ physicochemical and
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physical measurements of water in the Jose Antonio Al-
zate Dam and it influents to determine the existing con-
ditions and to generate data to run and calibrate the
model as well as to do obtain the dissolved speciation
using the software MINEQL V 4.0. It has been observed
that Jose Antonio Alzate Dam does not present the same
behavior throughout the year, but instead it presents sea-
sonally repeated cycles [7,8].

The hydrodynamic mobility of metals was simulated
using the software Surface-Water Modeling System
(SMS) version 8.1. This software requires a digitalized
map of the study zone to generate a net (subroutine
GFGEN). The hydrodynamics of the dam was calculated
using subroutine RMAZ2, which is a subroutine that is
used to calculate the advective transport of contaminant
(subroutine RMA4). Morphology of the dam was ob-
tained from two digital topographic charts [16] and up-
dated using satellite images from Google Earth. Water
velocities were measured in the field using a Vernier
brand flowmeter at intervals of 0 to 4 m/s and resolution
of 0.0012 m/s; the flowmeter was connected to an inter-
face that stores data within a period of 100 s. Directions
of surface flow were obtained using a GPS instrument
Carmin model Etrex with precision of 1 - 5 m and 15 s of
velocity response for both dry and rainy seasons. A net
was generated as a function of the morphology of the
zone by considering that SMS 8.1 has the limitation of
having a maximum of 10,000 nodes and 30,000 elements.
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Once the net was generated, the hydrodynamic modeling
was performed using RMA2. Program RMAZ2 solves
two-dimensional mass and momentum equations and
integrates through the deepness of the dam [17]. The
equations solved are as follows:
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where:

h = depth of the water, m

u, v = velocities of water in the direction x and y, m/s

t=time, s

p = density of the fluid, g/m?

E = Eddy viscosity coefficient

g = acceleration due to gravity, m/s®

a = elevation of bottom, m

n = Manning’s roughness n-value

¢'= Empirical wind shear coefficient

V, = Wind speed, m/s

¥ = Wind direction

Q = Rate of angular rotation of the Earth

@ = local Latitude

Equations (1) through (3) were solved using finite ele-
ments using the Galerkin weighted residuals method.
Form functions are quadratic for velocity and linear for
deepness. Space integration was performed using gaus-
sian integration. Time-derivatives were replaced by non-
linear finite difference approximations. It was assumed
that variables can change on each time interval according
to:

f(t)=f(t)+at+bt° ty<t<t,+Dt @)

Time-derivative is obtained from Equation (4) is trans-
formed to a finite difference; a, b, ¢ are constants [17].
Adjustment of parameters of hydrodynamic model was
done based on physical considerations and by means of
mathematical optimization in a way such that the agree-
ment between the observed data and the model results

Copyright © 2012 SciRes.

was the closest possible. Once the hydrodynamic model
was solved following the SMS scheme, the next step was
to solve, using RMAA4, the transport equation for con-
taminant written in the form [18]:

oc oC oC o0 . oC
a ey T w
X X X
o . oC R(C) ©
-2 D, = -c+kC+——2|=0
oy "oy h

where the new variables are:

C = contaminant concentration

D,, D, = turbulent mixing coefficients (dispersion)

k = first order Kinetic specific constant of contaminant

R(C) = rainy/evaporation rate.

Once the model was verified and adjusted, the hydro-
dynamic mobility and fate of copper and lead were es-
tablished to determine the water quality based upon the
protocols established in Mexican regulations [19,20].

3. Results and Interpretation

Shows the mean of all results, the standard deviation was
between 3% and 8%, to validate the three replicates per
analysis Q test was used with a confidence level of 90%,
in each figure shows the corresponding standard desvia-
tion.

Figure 2 shows the results of the variation in pH and
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Figure 2. pH and conductivity variation in water columns at
different sites.
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conductivity along the Lerma River, its tributaries, the
mixing of these and the water of Alzate Dam. Site P1
(Almoloya River) is the site where Lerma River starts.
The river Lerma presented the more alkaline pH possibly
is due to the addition of detergents. The water of Lerma
river is flowing from the Mezapa site, where initiates a
decrease in pH, stabilizing in in the rest of the sites. Sites
with the lowest conductivities were Almoloya River (P1)
and Mexico-Toluca (P3). For the P1 site the metal con-
tamination is negligible and in P3 there is a strong sedi-
mentation [21].

According to Barcel6 [7,8] the intense photosynthetic
activity of the daylight hours is reflected in the concen-
trations of DO. Depending on the size and depth of the
water body, oxygenated surface layer has a diurnal varia-
tion of DO and can significantly reduce the oxygen at
night, but can also occur that are observed supersatura-
tion of DO concentrations during the day. Aerobic sur-
face layer of a highly eutrophic water body as in the case
of the Lerma River and dam Alzate [21], acts as a barrier
to anaerobic bottom water, containing H,S and CH,. The
products of the anaerobic decomposition of sludge de-
posited on the bottom of the aquatic system and are oxi-
dized in the surface layer of these.

If the aerobic surface layer disappears can present bad
odor, what happens from Mezapa bridge (P2) and in all
sites of the course of the Lerma River becoming more
serious in the Alzate dam, except Tejalpa and Temoaya
rivers whose water is of much better quality and little
pollution as observed in the conductivity. Figure 3
shows the results of dissolved oxygen along the river at
different sites. Significantly, the amount of O, dissolved
in the heart of the Lerma River (Figure 3) is so low in
any season at any depth and at any time, meaning that the
river water is so heavily polluted that local microbe-
ological activity fails to complete the oxidation processes,
on the one hand on the other there is a slow hydrologic
flow taking into account the ratio of water flow velocity
and winds [8]. Organic carbon was measured at each site
varied as shown in Figure 3.

According to Figure 4 the site P1 (Almoloya River)
had the highest oxygenation. Figure 4 shows a trend of
nitrate to decrease as it progresses in the course the
Lerma River increasing the concentration of ammonium
which is closely related to dissolved oxygen; due to the
reducing environment of each site with little oxygen.
Nitrates from agriculture in the region are driven by run-
off to water bodies serve as nutrients to the aquatic weed,
like the lily, causing eutrophication of these water bodies.
The result of the lack of oxygen causes the nitrates are
reduced, Figure 4 shows that the nitrate concentration is
much lower in places with very low oxygen, increasing
the concentration of ammonia.

Copyright © 2012 SciRes.
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Figure 3. Oxygen and organic carbon variation in the water
column at different sites.
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Was determined and compared the concentration of
ammonium with nitrates and sulphates with sulphides,
Figures 4 and 5. In the case of sulphates usually come
from the discharge of detergents and fertilizers, i.e. mu-
nicipal waste and agricultural products. Sulfates goes
hand in hand with sulphides, where dissolved oxygen is
an important parameter of great influence, since in his
absence the sulfate is reduced to sulfide; sites with oxy-
genation problems have decreased levels of sulfates and
increased concentrations of sulfides. It is observed that
P1 and P2 sites with high population the first and high
domestic rural discharges the second have the highest
concentration of sulfates; the other sites were low in sul-
fate. By comparing the graphs in Figure 5 shows the sul-
fides in opposite direction, it is interesting that even from
the P3 site (Highway Mexico-Toluca) exist a dramatic
increase in the concentration of sulfides and one decrease
in sulfates.

By comparing the graphs of oxygen, sulfur and or-
ganic carbon can be observed in P3 and at the following
sites, the methanogenesis occurs; there is a strong loss of
oxygen and there is high organic load, as indicated by
measures of TOC, in the graph of Figure 3. Figure 6
shows the variation of Cu and Pb. Copper present a trend
to grow in their concentration, suggesting that comes
mainly over agriculture. The incorporation of this metal
to the dam J. Alzate is mainly due to the Lerma River. It
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Figure 5. Sulfate and sulfide variation in the water column
at different sites.
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Figure 6. Copper and lead variation in the water column at
different sites.

is an ion that has affinity for organic matter and tends
mainly associated with organic matter and sulfides, as
suggested [7,21-23] in the different studies of this metal
in these water bodies, indicating their presence more in
sediment than in dissolved form, which is reflected in the
relatively low concentration in the aqueous phase. Cop-
per comes from two anthropogenic sources and agricul-
ture industry [21]. Regarding Pb, the P3 site showed the
highest concentration, this is located in the industrial
zone and with constant traffic; this metal de- creases its
concentration along the river course.

For the calculations of the chemical speciation of dis-
solved Cu and Pb were considered average concentration
values of these two cations and different anions. In the
Figure 7 shows the distribution of chemical species of
copper [7,21], was observed that the complex ion Cu
(HS); is the prevailing practically in water throughout
the dam.

Below is the result of hydrodynamic modeling of the
dam Alzate. Taking into account the limitations of
RMA2 and RMA4 programs (a maximum of 10,000
nodes and 30,000 elements) and the bathymetry of the
dam, Figures 8(a) and 8(b), generated a two-dimen-
sional unstructured mesh with the software GFGEN with
the following characteristics: Number of items: 7014,
triangular elements: 3895, quadrilateral elements: 3119
and Number of nodes: 18,337. The arrow in both figures

JEP



884 Water Quality Assessment of Jose Antonio Alzate Dam, the Lerma River and Its Tributaries in the
State of Mexico, Mexico

= Cu-MOD
@ Cu(HS)3
B CuCOgj 4

0.0 || II I II II II II II
S1  s3 s4 S5 s6 S8 S9

o o I
o © [N

Cu (umol/L)

o
w

S10
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(b)

Figure 8. (a) Two-dimensional mesh for the morphology of
the Jose Antonio Alzate dam; (b) Bathymetry of the dam.

indicates the entry point of the River Lerma to Alzate
Dam.

With the mesh generated considering the morphology
of the dam, proceeded to the hydrodynamic modeling

Copyright © 2012 SciRes.

with RMA2 SMS software subroutine 8.1 (Equations
(26), (34) and (35)). This was performed taking the fol-
lowing considerations, the system in steady state, the
morphology of the dam was kept constant, the tributary
(river Lerma) to the Alzate dam is constant with a value
5.44 m%s and the level of water in the shade of the dam
is 5.72 m. The Manning roughness coefficient n = 0.02
was considered. Although RMAZ2 has the option of con-
sidering the Coriolis force and influence of the wind
through the latitude of the site, these options were not
used since it did not require calibration, however the tur-
bulent viscosity coefficient if was adjusted for calibrate
the flow directions [24-27].

The simulation results are shown in Figures 9(a)-(c).
In Figure 9(a) shows the velocity vectors for each node
as the software required for use in RMA4. To better un-
derstand these results were used to map velocity; Figure
9(b) where one can see that the prevailing speed on the
dam is less than 0.03 m/s, which is explained by the
morphology of the dam and the low slope existing there
in.

There are only sites of high speed (sites B and D) but
in these flow is concentric as shown in Figure 9(c). Once
obtained the hydrodynamic simulation, proceeded to the
transport of metals in the dam by the subroutine RMAA4.
The model was calibrated with data from the samples in
the dry season and the period after the rains of 2004.

Figure 10 shows the partition coefficient copper; ex-
pect for the zones of the rivers and its convergences the
presence of hydroxides and carbonates. In the different
sites of the dam the presence of a greater amount of sul-
phides explain the increase in the particulate material.

The maximum copper concentration was reached in
February and March 2009 (Figure 11(c)) and the mini-
mum in December and January 2009 (Figure 11(d)). The
partition coefficient in the Alzate dam was greater than
those obtained in the Lerma river and the confluences of
the rivers Temoaya and Tejalpa which have similar val-
ues, the value of this partition coefficient in the dam may
be mainly due to its low depth and pH conditions where
it is likely the formation of carbonates mainly in dis-
solved form.

Copper having a partition coefficient less considered
in turn with a smaller diffusion coefficient, where the
concentration is affected by changes in the direction of
flow and exchange with the sediment. In the case of lead,
as for copper, according to the results of speciation the
major species are the sulfides (Figure 12) where also the
main transporter is the Lerma River. Temoaya River had
the lowest concentration of this metal and is where the
dissolved fraction was higher. To dam the particulate
fraction tends to increase.

Upon arrival at the curtain (S9) of the dam dissolved
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Figure 9. (a) Velocity vectors for Jose Antonio Alzate dam;
(b) Velocity map of the dam; (c) Lines of flow in the dam.

lead concentration decreases slightly, while reducing the
total lead (dissolved lead more lead interacted with the

Copyright © 2012 SciRes.
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Figure 10. Partition coefficient () vs fraction dissolved (Df)
of Cu.

particulate matter) is higher, so it is assumed that in this
site most of the lead associated with the particulate mat-
ter has already sedimented. Can be seen in Figure 13 that
there are two groups of behavior, one where the dis-
solved fraction is almost equal to the particulate and fi-
nally one where there is a greater fraction dissolved.

The site E (S10) and the courtain (S9) were found in
medium value of partition coefficient, while the rivers
and the confluence showed lower values. Lead and cop-
per both had a low partition coefficient therefore consid-
ered a lower diffusion coefficient where changes in flow
direction did not affect this coefficient. In Figure 14
shows the simulation of lead in different months of the
metal in this case the maximum is reached in May (Fig-
ure 14(b)) and the minimum in March (Figure 14(d)).

4. Conclusions

The conductivity values reflect the high content of dis-
solved ions mainly; in Lerma river and dam Alzate. With
respect to dissolved oxygen, the best sites were Al-
moloya of River and Temoaya and Tejalpa rivers since
practically all the Lerma River lacks oxygen, increases
slightly when it receives water from Tejalpa and Te-
moaya rivers mainly the latter but deteriorates in Alzate
dam. It is noteworthy that after the rainy season improves
oxygenation of the Lerma River but is worse in the dry
season. From the results obtained of organic carbon
mainly Lerma, Tejalpa and Temoaya rivers drag alluvial
material toward dam Alzate, adding municipal discharges
which increases the high organic load of this body of
water that acts as sedimentator. As for Cu and Pb Lerma
River downloading them to Alzate dam, Temoaya and
Tejalpa rivers download nitrates from agriculture to Al-
zate dam due to almost no oxygen in the dam these are
reduced to ammonium, also sulfates are reduced to sul-
fides where the important concentrations were deter-
mined in addition to the typical smell indicating a strong
anaerobic process.

The results of the hydrodynamics led one side that the
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Figure 11. Simulation of copper, (a) April; (b) November; (c) January and (d) December.
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Figure 12. Speciation of lead in the Alzate dam, the chemi-
cals most relevant are shown.

uneven topography of the dam Alzate, the little slope
existing in the river Lerma and minimum flow which
operates the reservoir, creates zones of different charac-
teristics within the same, also the strong sedimentation
contributes to local eddies which allow a diffusive flux
small, which leads that copper present a high dispersion
of partition coefficient values and indicates the possibil-
ity that Cu may be being associated strongly with com-
ponents of the suspended particulate matter and move to
the sediment; situation less strong with lead. The order of
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Figure 13. Partition coefficient (1) vs dissolved fraction (Df)
of Pb.

the partition coefficient was Pb > Cu, plus it was obser-
ved partition coefficient decreased along the dam, re-
flecting changing system conditions; Alzate dam acts as
a metal sequestrant, by phenomena adsorption. Finally
we conclude that the Lerma River is the largest con-
tributor of pollutants to the dam, the rivers Temoaya and
Tejalpa allow dilution of pollution. Section with the best
water quality is the curtain of the dam, while the areas
most affected are the entrance to the dam.
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