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A STUDY OF SALINITY IN EFFLUENT LARES, PUERTO PENASCO, SONORA, MEXICO

Alison L. Dunn
Department of Hydrology and Water Resources

University of Arizona, Tucson, AZ 85721

Abstract

An investigation of salt build -up in two saline discharge lakes was conducted dur-
ing 1979 in Puerto Peñasco, Mexico. Salt water was discharged to the smaller, deeper
Lake I from a shrimp aquaculture prototype at an average rate of 70 liters per second.
Water flowed to Lake II through a short channel, and exited the system through either
evaporation or infiltration into the underlying sandy soil. In an attempt to differ-
entiate between the evaporation and infiltration terms in the water budget, salt- budget
equations have been derived for the two -lake system. These equations have been approx-
imated in a series of monthly time steps, using averages of weekly salinity and water
level measurements. Due to imprecision in the data, meaningful results have been ob-
tained only for Lake II. The average calculated infiltration rate is 0.015 meters per
day, and calculated evaporation rates show good correspondence with pan evaporation
records for a station 2 kilometers away from the lakes. Examination of the salt budget
equations shows that, under steady -state conditions, the ultimate salinity is finite.
Thus, the maximum expected salinity of a lake may be calculated from worst -case
(summertime) values of lake volume, inflow, evaporation, and salinity of incoming water.

Introduction

There are many coastal industries which rely on seawater either as a coolant or in
the industrial process. For economic, ecological, or esthetic reasons, land disposal
of the saline effluent may be chosen over direct discharge to the sea, and the problem
of leakage to the ground -water system then arises. Those industries which obtain their
seawater from near -shore wells may actually run the risk of contaminating their own
supply.

This is the problem which was encountered in an area just east of Puerto Peñasco,
Sonora, Mexico, where two effluent lakes appeared to be affecting, through ground -water
recharge, the flow from the supply wells for a shrimp aquaculture prototype. Although
there were no toxic substances in the lake water, salts were being concentrated in the
effluent by high evaporation rates in the area, and salinity itself is thought to
affect growth rate in shrimp.

Between June 1978 and June 1980, the aquaculture facility was operated jointly by
the University of Sonora and the Environmental Research Laboratory at the University of
Arizona. During the summer of 1979, a study was begun to develop a water budget for
the overall hydrologic system. Although much of the flowrate data needed for an accu-
rate quantification were lacking, a good set of bi- weekly measurements of salinity in
the lakes was gathered during the summer and fall of 1979. In order to use these data,
salt budget equations were developed for the two lakes, and used to calculate the miss-
ing components in the water budget. Based on a simple mass -transport model of the
system, these equations yield a reasonable simulation of actual conditions, and provide
a useful tool for predicting seasonal fluctuations in lake water salinity under a
variety of climatic and management conditions.

Physical Setting

The study area is located approximately two kilometers east of Puerto Peñasco,
Sonora (see Fig. 1). Despite its proximity to the Gulf of California, the region has
an arid climate, with an average annual rainfall of only 9.3 centimeters, and an aver-
age annual air temperature of 20 °C (Water -Supply Study Team, 1979). Measurements from
a Class A pan in the town of Puerto Peñasco, provided by the Secretaría de Recursos
Hidráulicos (1979), indicate that total pan evaporation between June and December, 1979
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equaled 152 centimeters; this corresponds to an annual evaporation of about 250 centi-
meters, twenty -five times the annual precipitation. Physiographically, the study area
is located on the coastal border of a vast alluvial plain, extending 50 kilometers in-
land. Surface sediments consist of beach sand, dune sand, playa silt, and an outcrop
of consolidated coquina beachrock in the intertidal zone which strikes parallel to the
beach and has a limited inland extent. The salinity of inland groundwater ranges from
that of seawater (36 parts per thousand) to over 80 parts per thousand (ppt).

In 1979, the local hydrologic system (see Fig. 2) consisted of three pumping wells
(PW5, PW6, and PW7) which supplied the aquaculture prototype. From the prototype,
effluent was discharged to Lake I at approximately the same rate that it was being
pumped. Effluent flowed from Lake I to Lake II through a connecting channel. A por-
tion of the prototype discharge was diverted daily to irrigate the halophyte plot north
of Lake I.

Methods

A survey was conducted to develop stage- area -volume relationships for the two
lakes, and staff gages installed to monitor water level fluctuations. Total discharge
from the prototype was estimated from total blowdown, or water circulated through the
prototype raceways. An average flowrate to the halophyte fields of 3400 cubic meters
per week was obtained by timing daily irrigation periods. A weir was installed between
the lakes to measure flow, and was in place until the end of October. Pan evaporation
rates measured in Puerto Peñasco were taken as the upper limits of evaporation from
the lake surfaces.

Salinity measurements were made twice a week at seven sampling stations in the
lakes (see Fig. 2). The instrument used was a temperature- compensated pocket refrac-
tometer, which had an accuracy of about 1 ppt.

The most complete set of flowrate and salinity data available covers the period
from August through October, 1979. These data have been summarized as monthly averages
in Tables 1 and 2. In Table 2, salinities are given in both parts per thousand and
kilograms per cubic meter, a more convenient measure of concentration for use in mass -
transport equations. Specific gravities for seawater from the Gulf of Mexico, reported
in Weast (1971) were used in the conversion.

Table 1. Average Monthly Data for Water Budget Calculations.

August September October
1979 1979 1979

1. Total Prototype Discharge, Qp, in m3 /wk 46356 44830 47119

2. Flowrate into Lake I, QI ( =Qp - 3400 m3 /wk), 42956 41430 43719
in m3 /wk

3. Flowrate into Lake II, QII, in m3 /wk 30522 33002 33956

4. Lake I Area, AI, in m2 43500 44000 43700

5. Lake I Volume, VI, in m3 25000 26000 25800

6. Lake II Area, A11, in m2 178000 190000 199000

7. Lake II Volume, VII, in m3 54000 66000 79000

8. Pan Evaporation, in m /week 0.059 0.046 0.047
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Table 2. Summary of Monthly Salinity Data.

August
1979

September
1979

October
1979

1. Average monthly salinity of prototype water, 40.0 39.7 39.1
Ci,, in ppt

2. Average monthly salinity of prototype water, 41.2 40.9 40.3
CF, in kg /m

3. Average monthly salinity in Lake I, CI, in ppt 40.5 40.0 39.7

4. Average monthly salinity in Lake I, CI, 41.8
in kg /m3

41.2 40.9

5. Initial monthly salinity in Lake I, C1(0), 41.0
in ppt

40.0 40.0

6. Initial monthly salinity in Lake I, C1(0), 42.3
in kg /m3

65.07. Average monthly salinity in Lake II, C11,
in ppt

68.28. Average monthly salinity in Lake II, C11,
in kg /m3

41.2

60.1

62.9

41.2

57.0

59.5

9. Initial monthly salinity in Lake II, C11(0), 73.0
in ppt

61.1 58.6

10. Initial monthly salinity in Lake II, C11(0), 76.8
in kg /m3

64.0 61.2

Mathematical Analysis

A schematic flow diagram for the two -lake system is given
definition of all symbols used is provided in the appendix.
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Figure 3. Schematic Diagram of Flow System. -- C = Concentration (M /L3)
Q = Flowrate (L3 /T)
E = Evaporation Rate (L3 /T)
F = Infiltration Rate (L3 /T)

Assuming that the salinity of water represents the total concentration of solids
in that water, the mass of solids in a given volume of water is that volume times its
concentration. Therefore, the conservation of mass equation whereby

mass in - mass out = change in mass

may be used to obtain a salt budget for a body of water in the form:
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dV dC
QinCin - Qout Cout dt - C dt + V

dt

where V = volume of body of water, Qin = flowrate in to body of water, Qout = flowrate
out of body of water, Cin = concentration of incoming water, Cont = concentration of
outgoing water, C = concentration in body of water. An equation of this form has been
derived for each of the effluent lakes in the study area, and a solution obtained. The
full derivations are given in Dunn (1980b), and only the solutions, with their associ-
ated assumptions and implications, are presented here.

Assumptions

The major assumption underlying the use of the conservation of mass equation in
this study is the absence of any chemical or biochemical processes in the discharge
lakes which might affect salinity. Salt concentrations in the lakes are assumed to
result solely from the mechanical mixing of solutions of varying concentrations.

Additional assumptions made in the use of this mass transport model are:

(1) flowrates Q1, QII, Fl, F11, E1 and EII are considered constant across the time
step chosen;

(2) variations in lake volume are considered to be uniformly distributed across the
time step;

(3) the concentration of incoming water is constant, and initial concentrations are
known at the beginning of each time step;

(4) fluctuation in the salinity of incoming water is small during each step, so that
a reasonable average concentration may be calculated, and assumed constant
throughout a time step;

(5) the concentration of water lost to evaporation is zero, and the concentration of
both infiltrated water and surface outflow is equal to the concentration in the
lake;

(6) rainfall (minimal in the area) has been assumed equal to zero for lack of data;

(7) the lakes act as single mixing cells: mixing is instantaneous, and is uniform
across the lakes and with depth; there are no concentration gradients within
either lake at any time.

Implications

The salt budget equation for Lake I, obtained as a solution to a mass transport
equation of the type shown above, may be written as follows, using symbols defined in
the appendix.

[Q _E / (oV /At)]
QICP QICP vi(0) I I I

CI(t) - + CI(0) Q
I
-E

I
) VI(t)

The concentration equation for Lake II has essentially the same form:

QIICI r QIICI 1IVII(0)
[QII-EII /( VII /At)J

CII(t)
QII -EII +

CII(0)
QII EII / VII (t)

(1)

(2)

In the case where a constant lake volume may be assumed (dVI /dt = 0), equation (1)

becomes:

QICP ¡ QICP ` -[(Q -E )/V ]tCI (t) = + CI (0)
Q

e I I I
Q
I
-E

I I I

(3)

Equation (3) is an exponentially asymptotic equation: it approaches a limiting
value, (QICp) /(QI -EI), as time increases. This implies that, under constant conditions
of inflow, evaporation, infiltration and outflow, the concentration in the lakes would
become essentially constant, never exceeding this limiting value. This limiting, or
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ultimate value, is determined by the ratio of incoming salt- bearing flowrate to out-
going salt- bearing flowrate, and by the salinity of the incoming water. In the long
run, the initial salinity of the lake would have no bearing on its ultimate concentra-
tion.

This result may be explained by noting that, although the rate of salt removal
may approach the rate of salt inflow, it can never exceed it under the conditions
assumed. This explains why Lake I, although it was in existence for five months before
Lake II, consistently displayed a much lower salinity. In the fall, as evaporation de-
creased, so did the ratio of incoming to outgoing salt- bearing flowrates; consequently,
salinities in both lakes fell from their summertime peaks.

An additional remark may be made concerning the rate at which the ultimate salin-
ity is reached, that is the rate at which the second terms in equations (1) through (3)
become insignificant. As the ratio of outgoing salt- bearing flowrate to lake volume
increases, the period necessary to reach ultimate salinity decreases. Using typical
values for the summer of 1979, it was found that this period was less than one month
in Lake I. Since monthly time steps were being used to approximate equation (3), it
was found that this equation could be reduced to its first term alone.

Applications

Ideally, working from a full knowledge of terms in the water budget, the equations
developed could have been used to predict salinities in the lakes over time. But in
this particular case, whereas salinity was easily measured, several terms in the water
budget remained imprecise, particularly the infiltration rates, PI and F11, and the
actual average flowrate into Lake I, Q1. Therefore, the equations have been rearranged
in an inverse approach to calculating these quantities from the available record.
Using the relationship

VII
_E II At

equation (2) may be rewritten as

FII =
QIICI

AVII

At
Q
II

C
I

V
II

(0) [FII /(dVII /At) +1]

CII(t) 1FII +(AVII /At) CII(0) VII(t)

which can be solved by successive approximation.

The evaporation rate from the lake may be calculated as

-
EII QII-FII-(AVII/At)

eII All All

(4)

(5)

(6)

Assuming this evaporation rate may lie transferred to the first lake, it should be pos-
sible to calculate QI from the rearranged form of equation (3):

EI
QI

1 Q C (Q -E )/(V / t)]
CI (t) + (QI_É CI(0)) e I I I

Q
I
-E

I

(7)

Several practical difficulties were encountered, however, in applying this equation to
available data for the period from August through October, 1979. These are discussed
below.

Results and Discussion

Lake II Results

The results obtained for the period of study by approximating equation (5) in

monthly time steps are summarized in Table 3. The calculated rates of infiltration
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Table 3. Results of Lake II Calculations.

August September October
1979 1979 1979

1. Average monthly salinity in Lake I, CI
(from Table 1) in kg /m3

2. Initial salinity in Lake II, C11(0)
(from Table 1) in kg /m3

3. Final salinity in Lake II,
(from Table 1) in kg /m3

CII (t)

41.8 41.2 40.9

76.8 64.0 61.2

64.0 61.2 57.8

4. Initial volume in Lake II, V11(0), in m3 41500 59500 74000

5. Final volume in Lake II, V11(t), in m3 59500 74000 84000

6. Change in Lake II volume, AV12 (= VII(t) -V11(0)), 18000 14500 10000
in m3

7. Time step, At, in weeks 4.43 4.29 4.43

8. AVII /At, in m3 /wk 4063 3380 2257

9. Flowrate into Lake II, Oil (from Table 1), 30522 33002 33956
in m3 /wk

10. Average monthly area in Lake II, in m2 178000 190000 199000

11. Volume infiltration rate into Lake II, F11 16657 19151 22257
(from equation (7)) in m3 /wk

12. Infiltration rate per unit area in Lake II, f11 0.0936 0.1007 0.1184
(= FI1 /AI1) in m /wk

13. Volume evaporation rate from Lake II, E11 9802 10471 9442
(= Q11 - FII - (AV11 /At))

are quite consistent, exhibiting only a small deviation from the mean of 0.104 meters
per week (0.062 centimeters per hour). They increase slightly throughout the three -
month period, which is consistent with the rising stage in Lake II during that time.

Average monthly evaporation rates were also calculated for the period of study,
and are compared with measured pan evaporation rates in Table 4. The pan evaporation

Table 4. Calculated Evaporation Rates From Lake II Compared to Pan Evaporation.

Month
Evaporation Per Pan en as Percentage
Unit Surface Area Evaporation of Pan Evaporation
in Lake II, e11 (m /wk) ( %)

(m /wk)

August 0.0551 0.059
September 0.0551 0.046
October 0.0474 0.047

93
120
101

rate for September, 1979 appears to be anomalously low. Discounting the September
result, it appears that the pan coefficient, or conversion factor from pan evaporation
to lake evaporation, is extremely high, on the order of 95%. Such a coefficient is
plausible if one notes that the pan was subject to a different (less humid, but also
less windy) microclimate than the lakes.
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Lake I Results

Lake I calculations were made assuming a constant area and volume in the lake, and
using a value for ei equivalent to 95% of pan evaporation. The results of these calcu-
lations are summarized in the upper portion of Table 5. The value of Q1 calculated for

Table 5. Results of Lake I Calculations.*

August September October
1979 1979 1979

1. Flowrate into Lake I, Q1 (from Table 1) in m3 /wk 42956 41430 43719

2. Volume rate of evaporation, SI 2449 1910 1951
(= pan evaporation x AI x 0.95) in m3

3. Average monthly salinity of prototype 41.2 40.9 40.3
discharge water, Cp (from Table 1) in kg /m

4. Initial salinity in Lake I (from Table 2) 42.3 41.2 41.2
in kg /m3

5. Final salinity in Lake I (from Table 2) in kg /m3 41.2 41.2 40.7

6. Flowrate into Lake I, QI (calculated from ? 262306 198514
equation (7)) in m3 /wk

7. Flowrate into Lake II, QII (from Table 1) 30522 33002 33956
in m3 /wk

8. Volume infiltration from Lake I, F1 9985 6518 7812
(= QI - %I - EI) in m3 /wk, using QI from line 1

9. Infiltration rate per unit area from Lake I, 0.2285 0.1492 0.1788
fI (= FI /AI) in m /wk

10. Final salinity in Lake I (calculated from 43.7 42.9 42.2
equation (3) in kg /m3

11. Actual final salinity in Lake I (from Table 2) 41.2 41.2 40.7
in kg /m3

Volume of Lake I, VI = 25800 m3; area of Lake I, AI = 43700 m2.

August approaches infinity, which is the solution to equation (7) for time steps when
CI(t) = Cp. Both of the other calculated values of Q1 are very large, greatly exceed-
ing the maximum possible inflow of 57,000 cubic meters per week (94 liters per second).
Therefore, these values were ignored, and Q1 was calculated instead as Qp -QH, with QH
taken as constant and equal to 3400 cubic meters per week (5.6 liters per second).
Both infiltration rates and predicted ultimate salinities were calculated using this
very rough, but more reasonable value for Q1, as shown in the lower portion of Table 5.
The predicted final salinities differ from actual values by less than 3 kilograms per
cubic meter, thus showing how sensitive the results of equation (7) are to very small
variations in the salinities used.

There are several possible reasons for the failure of the salt budget equations in
their application to Lake I. In general, these reasons all stem from the paucity and
imprecision of the data, and the resulting coarseness of the approximation used in its
application to a small lake. Because the ratio of salt -bearing outflow to inflow is
high, and the residence time in Lake I is small, only very small differentials develop
between the salinities of the inflow and of the lake water itself. The total annual
range in Lake I salinity fluctuations in 1979 was only 2.7 parts per thousand, and the
instrument used to monitor salinity had a sampling error of 1 part per thousand.
Furthermore, dramatic differences in rate of inflow, which occurred daily in Lake I,
were ignored in the monthly time -step approximation. This variability in Q1 was due
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mainly to the irrigation process, which reduced the inflow to zero during two one -hour-
long periods each day. Salinity in Lake I may actually have been responding hourly to
fluctuations in flowrate, but it was impossible to account for this with the available
data.

Conclusions

Despite certain difficulties in applying the salt- budget equations to the data
for Lake I, it was possible to obtain consistent values for the infiltration rate from
the effluent lakes by using a combination of the salt- and water- budget approaches.
Application of a salt- budget equation to Lake II was particularly useful in distin-
guishing evaporation from infiltration in the total outflow, and in deriving a rough
"pan coefficient" which could be transferred to Lake I. Calculated rates of infiltra-
tion for the two lakes ranged between 0.094 and 0.229 meters per week (0.05 and 0.15
centimeters per hour). These are very low rates, on the order usually associated with
clays (Hillel, 1971), and indicate that considerable clogging of the two lakes occurred
during their first year of operation, due to deposition of fines and /or bacterial
growth in the effluent. From an overall management standpoint, there were both posi-
tive and negative consequences of such low infiltration rates. On the one hand, they
indicated that the total volume of potential ground -water flow back from the lakes to
the supply wells was small. On the other hand, such low infiltration rates implied a
longer residence time at the surface and greater concentration of salts in the efflu-
ent, as well as the need for increased surface storage volume. Had the flowrate
through the prototype continued at the same rate through 1980, additional playa areas
would have had to be flooded to accomodate the effluent.

Comparison of the results obtained by applying salt- budget equations to the two
lakes separately clearly shows up the shortcomings of the finite difference approxima-
tion used in their solution. In the larger Lake II, where a substantial differential
developed between the salinity of incoming water and average lake water salinity, the
salt budget equation, approximated in monthly time steps, was used to great advantage
to calculate infiltration from measured salinities. In the smaller Lake I, where
annual salinity fluctuations were less than 3 parts per thousand and rate of inflow
varied daily by as much as 95 liters per second, the same approximation yielded mean-
ingless results. Clearly, in the long -term application of such equations to a lake
system, the measurement schedule and the time -step used in the approximation should be
tailored to lake volume, to the ratio of average outflow to inflow, and to the fre-
quency of flowrate fluctuations.

An interesting feature of the salt budget equations developed for this study is
their asymptotic character. Under constant conditions of inflow, outflow, and incom-
ing salinity, the salinity of water in a lake will approach a finite value. This has
wide application since, even with only rough estimates of inflow, outflow, evaporation
and infiltration, it is possible to calculate a series of ultimate steady -state salin-
ities, and to obtain bracketing values for the range of expected salinities in a salt
water pond.
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Appendix - Definition of Symbols

AI = Area of Lake I (L2)

A11 = Area of Lake II (L2)

V1 = Volume of Lake I (L3)

VII = Volume of Lake II (L3)

Op = Flowrate out of Prototype (L3 /T)

QH = Time -Averaged Flowrate into Halophyte Field (L3 /T)

Q1 = Time -Averaged Flowrate into Lake I (L3 /T)

QII = Flowrate out of Lake I, into Lake II (L3 /T)

FI = Volume infiltration Rate from Lake I (L3 /T)

F11 = Volume Infiltration Rate from Lake II (L3 /T)

fI = Volume Infiltration Rate per Unit Area from Lake I (L /T)

fII = Volume Infiltration Rate per Unit Area from Lake II (L /T)

el = Volume Evaporation Rate per Unit Area in Lake I (L /T)

EI = Volume Evaporation Rate from Lake I (L3 /T)

e11 = Volume Evaporation Rate per Unit Area in Lake II (L /T)

EII = Volume Evaporation Rate from Lake II (L3 /T)

CP = Salt Concentration in Prototype Discharge

CI = Salt Concentration in Lake I (M /L3)

CII = Salt Concentration in Lake II (M /L3)

The notation (0) appended to any one of the symbols above refers to the value of
that term at the beginning of a time step. The appendix (t) refers to the value of
the term at the end of a time step, which is equal to the initial value for the next
time step. Symbols without appendices refer to average values for the time step.
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