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Hydrology, Water Quality, and Potential Alternatives for Water-
Resources Development in the Rio Majada and Rio Lapa Basins
Near the Albergue Olimpico, Southern Puerto Rico

By Orlando Ramos-Ginés

Abstract

A water-resources investigation was conducted during
1988 to 1989 in the Rio Majada and Rio Lapa basins in
southern Puerto Rico, to define the occurrence, availability,
and quality of the water resources, and to describe alterna-
tives for additional water supply. These basins provide
surface and ground-water flows to the Salinas alluvial fan,
one of the major parts of the south coast alluvial aquifer
system. The climate of these basins is characterized by
extensive dry periods and high evaporation rates. Rainfall
differences between dry and wet seasons substantially alter
streamflow and ground-water levels.

Streamflow varied seasonally in response to rainfall in the
basins during the study period. The average daily flow
recession for both streams at gaging stations was 0.01 cubic
feet per second per day from January to August 1989 (dry
season). Streamflow increased from September to October,
when most of the rainfall occurred in the basins. Diversion of
surface water to areas outside the study area prevents about
40 percent of the streamflow from recharging the aquifer.

Inflows and outflows of both surface water and ground
water in the alluvial area of the basins were estimated to be
7,530 acre-feet in 1989. Streamflow was the greatest inflow
component of the overall hydrologic budget and accounted
for 77 percent (5,790 acre-feet) of the total inflow to the Rio
Majada and Rio Lapa alluvial valleys. Streamflow out of the
study area (3,900 acre-feet per year, or 52 percent of total
outflow) and evapotranspiration (2,370 acre-feet per year, or
31 percent) were the largest outflow components of the
overall hydrologic budget.

The water budget of the ground-water system in the study
area was estimated to be 2,760 acre-feet in 1989. Aquifer
recharge from streamflow seepage (2,240 acre-feet per
year) was the greatest inflow component of the ground-water
budget, and accounted for 81 percent of the total inflow to
the study area. Evapotranspiration from ground water was

the greatest outflow component, accounting for 54 percent
(1,500 acre-feet per year) of the ground- water budget.
Ground-water withdrawals totaled about 330 acre-feet (12
percent) during 1989.

Chemical analyses of surface-water samples collected at
monthly intervals during 1989 at gaging stations indicate that
the water is predominantly a calcium-bicarbonate type.
Dissolved-solids concentrations in surface-water samples
ranged from 305 to 457 milligrams per liter, and fecal
bacteria concentrations ranged from 23 to 7,200 colonies per
100 milliliters. Analyses of ground-water samples coliected at
monthly intervals during 1989 indicate that the water is
predominantly a calcium-bicarbonate type. Dissolved-solids
concentrations in ground-water samples ranged from 352 to
516 milligrams per liter, and fecal bacteria concentrations
ranged from less than 1 to 704 colonies per 100 milliliters.
The concentration of fecal bacteria increased during the dry
season from 23 to about 4,700 colonies per 100 milliliters in
the surface water and from less than 1 to 704 colonies per
100 milliliters in the ground water. The concentration of fecal
bacterias in the surface water on October 16, 1989 (wet
season) was at 2,670 and 7,200 colonies per 100 milliliters,
for the Rio Majada and Rio Lapa, respectively, which
exceeded the recommended fecal bacteria concentration for
natural waters.

Existing water resources could be developed to meet the
projected demands of 110 acre-feet in 1995, unless there is
a major drought or unless there is a need to continue
releasing surface-water flow, or a need to continue allowing
ground-water flow to the Salinas alluvial fan. Storage of
surface-water runoff during the wet season may be used,
after treatment, to supply the expected water demand in the
study area. Alternatively, the stored water could be gradually
released to the study area to provide additional aquifer
recharge to offset reduced ground-water levels during the dry
season or may be used to supplement the ground-water flow
to the Salinas alluvial fan.

Abstract 1



INTRODUCTION

An increasing demand for water and a limited supply of
both ground water and surface water are common problems on
the south coast of Puerto Rico. Low rainfall during the extended
dry period, which is common in southern Puerto Rico, results in
reduced water availability. Flow in the few perennial streams.
which discharge to the coalesced alluvial fans that form the
South Coastal Plain, is an important source of recharge to the
alluvial aquifer during the dry season. Water-resources investi-
gations have shown that the annual dry periods from January to
August caused serious shortages in both surface and ground
water (Diaz, 1974a, b; Giusti, 1968, 1971a, b). Streamflow may
decrease annually by at least 80 percent and ground-water
levels may decline by about 10 ft, because of the decrease in
aquifer recharge by rainfall and streamflow seepage during the
January to August dry season.

The Rio Majada and Rio Lapa basins are at the headwaters
of the Salinas alluvial fan (fig. 1), which is a major part of the
south coast alluvial aquifer system. Streamflow from these
basins is an important source of water for the Salinas alluvial
fan, both as surface water and as recharge to the aquifer during
the annual wet season, and as ground-water flow throughout the
year.

In the southern part of the Rio Majada and Rio Lapa basins,
ground-water withdrawals have increased since 1986 to meet
the water-supply needs of the Albergue Olimpico (fig. 1), a
facility used for training athletes and for public recreation. Prior
to 1986, the average ground-water withdrawal rate was 0.13
Mgal/d, but by 1989, withdrawals had increased to 0.29 Mgal/d.
Water-supply demands at the new facilities are expected to
increase an additional 0.10 Mgal/d by 1995 (J. Cruz-Vilez.
Albergue Olimpico, oral commun.. 1990). The development of
the water resources to supply the expected water demand may
affect both surface- and ground-water flow to the Salinas
alluvial fan.

In addition to the generally limited water supply. contami-
nants from rapidly expanding poultry farms and suburban
development pose potential water-quality problems in both the
Rio Majada-Rio Lapa basins and the Salinas alluvial fan.
Concentrations of inorganic and organic constituents and fecal
bacteria content may increase as surface- and ground-water
resources are depleted. Little is known about the effects of dry
periods on the water quality in mountain basins that discharge
to the South Coastal Plain of Puerto Rico.

Public agencies are concerned about water availability to
meet the growing demand, the potential effects of dry periods
on the water quality, and the potential effects of the water-
resources development in the Rio Majada and Rio Lapa basins

on the inflow of water to the Salinas alluvial fan. In response to
these concerns. the U.S. Geological Survey entered into a
cooperative study in 1988 with the Puerto Rico Environmental
Quality Board and the Center for Sport Health and Exercise
Science of the Albergue Olimpico. the later of which is admin-
istered by the University of Puerto Rico, Medical Science
Campus.

Purpose and Scope

The purpose of this report is to present the results of an
investigation to define the occurrence, availability, and quality
of the water resources in the southern part of the Rio Majada
and Rio Lapa basins: and to describe potential alternatives for
additional water supply. The investigation was designed to
provide an .nderstanding of the hydrology of the Rio Majada
and Rio Lapa basins. with emphasis on the alluvial valleys area
near the Albergue Olimpico. as a basis for water-resources
management. As part of this investigation. hydrologic budget
was developed from data collected during monthly synoptic
surveys conducted in the alluvial valleys. The effects of
extended dry periods on the hydrology and water quality of
both surface and ground water during 1989, and the potential
effects of water use and water quality in the study area on the
water resources of the Salinas alluvial fan were determined.

Throughout this report, the term “basins” will refer to the
entire watersheds of both the Rio Majada and the Rio Lapa. The
term “study area” will refer to the alluvial Rio Majada and Rio
Lapa valleys from which surface water and ground water flow
to the Salinas alluvial fan.

Description of Study Area and Climate

The Rio Majada and Rio Lapa basins are located in the
south coast of Puerto Rico. 5 mi north-northeast of Salinas (fig.
1), and comprise a total area of about 36 mi*. The study area is
the 1.5 mi- of alluvial fill in the lower part of the basins. The
study area is bounded by the alluvium-bedrock contact along
the valley edges and at the southwestern edge of the Albergue
Olimpico field. Two streams, the Rio Majada and the Rio Lapa,
flow into the alluvial valleys from volcanic rocks to the north
and northeast. The Rio Lapa joins the Rio Majada 1.7 mi below
the head of the alluvium in the Rio Majada Valley. The streams,
which drain part of the high-rainfall Cordillera Central, are
perennial upstream ot the study area at sites 1. 2, and 3 (fig. 1),
but are ephemeral within the study area. The land surface of the
study area has an average slope of 40 ft/mi.

Diversion canals from the Rio Majada and the Rio Lapa
have supplied water for irrigation to several farms outside the

2 Hydrology, Water Quality, and Potential Alternatives for Water-Resources Development in the Etc.













































Table 4. Aquifer hydraulic-conductivity values as estimated from slug-injection and specific-capacity tests

[---, no data is available]

Site Hydraulic conductivity determined by:

number Slug-injection Specific-capacity

(figure 1) (feet per day) (feet per day) Well screened in:
13 94 Alluvium and highly weathered rocks
15 7 Highly weathered rocks.
18 96 Alluvium and highly weathered rocks.
20 140 Alluvium and highly weathered rocks.
22 14 Highly weathered rocks.
25 18 Alluvium and highly weathered rocks.
29 9 Highly weathered rocks.
36 13 Alluvium.
37 18 19 Alluvium.

The total ground-water volume depleted by evapotranspi-
ration, pumpage, and ground-water flow out of the study area
was estimated to be 380 Mgal (1,200 acre-ft) from January
through August, 1989. The estimated value was computed by
multiplying the average ground-water level decline in selected
sub-areas by an assumed specific yield of 0.15. This specific
yield was used because the decline in ground-water levels
occurred within the alluvial deposits.

The aquifer recovered to January 1989 water levels in
response to higher streamflow seepage and rainfall infiltration
during the wet season (September to October 1989). Each
observation well showed a peak and then leveling of the water
level during the wet season (fig. 11). This indicates an essen-
tially full aquifer, probably as a result of high stream stage
during that period. Because of the complete recovery of ground-
water levels, there was no net loss or gain of water from aquifer
storage during 1989.

Aquifer recharge during the year occurs from streamflow
seepage, seepage from adjacent weathered rocks along the
study area, and from rainfall infiltration. Streamflow seepage is
the major source of aquifer recharge (81 percent), and was
estimated by subtracting the streamflow at site 6 from the total
streamflow entering the study area (sites 2 plus 3 minus 4)
during 1989. Aquifer recharge by ground-water flow from
adjacent rocks is probably no greater than 3 percent of the
rainfall. The 3 percent of rainfall was obtained in a hydrologic-
budget analysis for small drainage basins in Saint Thomas, U.S.
Virgin Islands (Jordan and Cosner, 1973), and may be applied
to southern Puerto Rico, which has a similar hydrogeologic
setting. The rainfall within bedrock units having drainage (14
mi?) toward the study area was assumed equal to the measured
rainfall of 16.5 in. in 1989. This ground-water flow component
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Figure 11. Ground-water level fluctuations at recording
wells in the study area.
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contributes about 14 percent of the total aquifer recharge in the
study area. Aquifer recharge by rainfall infiltration contributes
about 5 percent of the total aquifer recharge and was estimated
to be 10 percent of the total rainfall in the study area. This
percentage of rainfall infiltration was estimated for other
alluvial aquifers in southern Puerto Rico (Giusti, 1971a, b), and
is assumed to occur in the study area.

Monthly stream-discharge measurements indicated that the
aquifer is recharged by streams most of the year. Stream
reaches that gain water from the aquifer were not observed
during the study, but probably occurred for a short time after the
peak in water level that each recording well showed during the
wet season (fig. 11). The estimated total aquifer recharge, by
streams was about 190 Mgal (580 acre-ft), and recharge from
rainfall was about 19 Mgal (60 acre-ft) during January to
August 1989. Throughout 1989, the aquifer recharge by streams
was estimated to be 730 Mgal (2,240 acre-ft) and recharge from
rainfall was estimated to be 44 Mgal (140 acre-ft) during 1989.
Aquifer recharge by seepage from weathered bedrock along the
valley edges was estimated to be 120 Mgal (380 acre-ft) in
1989.

Ground-water outflow at the southern-most part of the study
area to the Salinas alluvial fan was estimated to be 300 Mgal/yr
(930 acre-ft/yr) in 1989 and varied seasonally from 0.58 to 1.10
Mgal/d (1.8 to 3.4 acre-ft/d) (fig. 12). The lowest outflow
occurred during August, and the highest outflows occurred
during October and November 1989. The outflow values were
determined by multiplying the estimated average aquifer
hydraulic conductivity near the southern-most boundary (110
ft/d) by the average width of the aquifer (3,500 ft), the average
hydraulic gradient (50 ft/mi), and the aquifer saturated
thickness (19 to 39 ft) during the ground-water level surveys.
The values were estimated with the assumption that the hydro-
logic conditions observed during the ground-water level and
seepage surveys prevailed during the month in which they were
conducted and that the system was at steady state (Darcy,
1856).

Hydrologic Budget

The hydrologic budget, which defines the balance between
water gains and losses over a given period of time, is a useful
tool for general management decisions, and is normally defined
on a yearly basis. The water balance determined for the study
area can be considered a generalized approximation of the
overall water availability because the net change in aquifer
storage is negligible. The hydrologic budget (table 5) was deter-
mined from monthly reconnaissances and from the estimated
parameters discussed in the previous sections. The hydrologic

budget is limited in use because of the uncertainty of some of
the estimates: (1) the recharge from rainfall infiltration in the
study area was assumed to be 10 percent of the total rain; (2) the
ground-water flow from weathered rocks of surrounding areas
into the alluviated area was assumed to be 3 percent of the
rainfall that occurred within the areas that have drainage toward
the study area; (3) the evapotranspiration loss was estimated to
be the residual of the water balance, which may incorporate the
possible errors of the other estimated values. The evapotranspi-
ration in the Rio Majada and Rio Lapa alluvial aquifers is
probably only occurring near the stream, where the water table
is close to land surface; (4) the long-term yearly average was
not represented by 1989, which was an abnormally dry year;
(5) steady-state conditions were assumed to prevail during the
months when the ground-water level and seepage surveys were
conducted; and (6) the hydrologic budget does not consider the
possible amount of return flows from non-consumptive use of
water (septic-tank effluents). Water-resources plans that use the
water budget estimates given here should recognize these
limitations.

The water budget that comprises both surface- and ground-
water resources shows inflows and outflows estimated to be
7,530 acre-ft (table 5) within the study area for 1989.
Streamflow was the greatest inflow component of the overall
hydrologic budget (surface- and ground-water resources) and
accounted for 77 percent (5,790 acre-ft) of the total inflow to
the alluvial valleys. Streamflow out of the study area (3,900
acre-ft/yr, 52 percent) and evapotranspiration (2,370 acre-ft/yr,
31 percent) were the two greatest outflow components of the
overall water balance.

AQUIFER DISCHARGE, IN MILLION GALLONS PER DAY

JAN FEB MAR APR MAY JUNE JULY AUG SEPT OCT NOV DEC
DATE

Figure 12. Estimated monthly aquifer discharge to the
Salinas alluvial fan, 1989.
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The water budget of the ground-water system in the study
area was estimated to be 2,760 acre-ft (table 5) for 1989.
Streamflow seepage (2,240 acre-ft/yr) was the greatest inflow
component to the aquifer recharge and accounted for 81 percent
of the total inflows to the valleys. Evapotranspiration from
ground water (1,500 acre-ft) was the greatest outflow
component and accounted for 54 percent of the ground-water
system budget. Total ground-water withdrawals in the study
area were about 330 acre-ft which is 12 percent of the estimated
total water balance for the ground-water system for 1989.
Ground-water outflow from the study area to the Salinas
alluvial fan aquifer was estimated to be 930 acre-ft for 1989.
Most of the surface-water runoff during 1989 at site 6 (fig. 1),
which was estimated to be 3,600 acre-ft, probably contributed
to the aquifer recharge of the Salinas alluvial fan.

WATER QUALITY

Ground-water and surface-water samples were collected on
a monthly basis (except for September) during 1989 for

analyses of common ions, fecal coliform and fecal streptococci
bacteria, and VOC at two stream sites (site 1 and 2, fig. 1) and
four production wells (sites 20, 30 40, and 45, fig.1). Water-
quality analyses are listed in the appendix. The samples were
collected to define the general quality and to define the effect of
the dry season on the quality of the water resources. The
potential effects of the water quality in the study area on the
quality of the water resources in the Salinas alluvial fan is
discussed.

The chemical quality of both surface-water and ground-
water resources, in general, is adequate for major uses because
primary standards for drinking water (U.S. Environmental
Protection Agency, 1986) were not exceeded. The bacterio-
logical quality of the surface water is poorer than that of the
ground water. The quality of both surface and ground water was
chemically and bacteriologically affected by seasonal variations
in rainfall. Rainfall significantly alters streamflow and ground-
water levels, and increases the concentrations of chemical
constituents and fecal bacteria when both ground and surface
water resources are depleted. Rock weathering, septic-tank

Table 5. Hydrologic budget of the Rio Majada to the Rio Lapa valleys for 1989

Component Value, in acre feet per year Percentage
OVERALL HYDROLOGIC BUDGET

Inflows 7,530 100
Rainfall 1,360 18
Streamflow 5,790 77
Rio Majada after diversion 2,660 35

Rio Lapa 3,130 42
Ground-water seepage from bedrocks 380 5
Outflows 7,530 100
Evapotranspiration 2,370 31
Streamflow out of study area (site 6, fig.1) 3,900 52
Ground-water seepage at southern boundary 930 12
Pumpage 330 5
Upper Rio Majada Valley 200 3

Lower Rio Majada Valley 50 1

Rio Lapa Valley 80 1

GROUND-WATER SYSTEM BUDGET

Inflows 2,760 100
Rainfall 140 5
Net streamflow seepage 2,240 81
Upper Rio Majada Valley (after diversion) 480 17

Lower Rio Majada Valley 810 30

Rio Lapa Valley 950 34
Ground-water seepage from bedrocks 380 14
Outflows 2,760 100
Evapotranspiration 1,500 54
Ground-water seepage 930 34
Pumpage 330 12
Upper Rio Majada Valley 200 7

Lower Rio Majada Valley 50 2

Rio Lapa Valley 80 3
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effluents, animal wastes, and high evapotranspiration rates may
be considered principle factors affecting the quality of both
ground and surface water.

Surface Water

Analyses of surface-water samples collected at monthly
intervals at gaging stations indicate that the water in the Rio
Majada and in the Rio Lapa are predominantly a calcium-
bicabonate type (fig. 13). The water in the Rio Majada was a
calcium-sulfate type during April, July, and December 1989.
The difference in chemical classification of surface water
during part of the dry season may be the combination of the
effects on water chemistry due to the presence of high fecal
bacteria content, which may use other chemical species than
dissolved oxygen for their metabolism, and to the residence

Ca
Cations

Rio Majada at
La Plena (site 1)
for April, July, and
December 1984

Percentage Reacting Values

time of ground water in the saprolite zone beyond the study area
before reaching the stream channels. The Rio Majada had less
fecal bacteria and dissolved-solids concentrations but had a
higher flow than the Rio Lapa during the dry season.

Dissolved-solids concentrations of both streams ranged
from 305 to 457 mg/L during 1989. Dissolved solids generally
increased during the dry season from 305 to 401 mg/L in the
Rio Majada and from 348 to 457 mg/L in the Rio Lapa
(appendix). After the peak flows, which occurred in September
and October, the dissolved-solids concentrations in the Rio
Majada increased to 418 mg/L in December 1989. The
dissolved-solids concentration in the Rio Lapa also remained
high following the rains of September and October, and only
decreased to 432 mg/L by December 1989. The surface water
flowing to the Salinas alluvial fan during the wet season might
have similar dissolved-solids concentrations.

Cl
Anions

Figure 13. Chemical classification of surface water at stream gaging stations.
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Concentrations of dissolved sulfate, calcium, sodium,
chloride, and magnesium showed noticeable changes during
1989 (fig. 14). The concentrations of these ions generally
increased during 1989 in both streams. Nitrate plus nitrite
(appendix) decreased during the dry season in the Rio Lapa.
Sulfate concentrations in the Rio Majada and chloride and
nitrate plus nitrite concentrations in the Rio Lapa showed the
largest changes in concentration during 1989. Sulfate concen-
trations in the Rio Majada increased from 71 to 140 mg/L from
January to July 1989 and decreased to 78 mg/L during the short
wet season. In the Rio Lapa, chloride concentrations increased
from 47 to 71 nig/L; however, nitrate plus nitrite concentrations
decreased from 1.20 mg/L to below detection limit (0.100
mg/L) from January to July 1989. This decrease in concentra-
tions of nitrate plus nitrite may be the result of consumptive use
of these ions by facultative bacteria, which are bacteria that
grow in environments with or without oxygen, such as fecal
bacteria.
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Figure 14. Dissolved concentrations of selected ions in
streams during 1989.
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Figure 15. Fecal bacteria counts (fecal coliform plus fecal
streptococcus) at Rio Majada and Rio Lapa stream gaging
stations during 1989.

The only VOC detected in the surface-water samples was
toluene. This chemical was detected twice in water samples
from both streams, during January and April 1989, but was
below the standards for drinking water of 5 pug/L (U.S. Environ-
mental Protection Agency, 1986). The concentrations detected
ranged from 0.40 to 1.4 pg/L. Toluene is a common solvent and
is also a constituent in gasoline, however; no point source or
sources of toluene were found in the basins.

Fecal bacteria (fecal coliform plus fecal streptococcus)
concentrations in the streams increased considerably through
the dry season and remained relatively high during the short wet
season. Bacteria counts increased from 23 to 950 col/100 ml in
the Rio Majada and from 146 to 4,700 col/100 ml in the Rio
Lapa from January to July 1989 (fig. 15). Bacteria counts
during October 1989 were 2,670 and 7,200 col/100 ml for the
Rio Majada and the Rio Lapa, respectively. This suggests that
after the recharge events during the wet season, the infiltrated
rainfall was flushing the ground water to the study area from the
weathered zone of the volcanic rocks in the upper part of the
basins. The fecal bacteria content of water samples collected
from July to October 1989 in the Rio Lapa and during October
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and November 1989 in the Rio Majada exceeded the recom-
mended limit for fecal bacteria content for natural waters of
2,000 col/100 ml (U.S. Environmental Protection Agency,
1986). Surface water that had high fecal bacteria concentration
flowed to the Salinas alluvial fan area.

The ratio of fecal coliform to fecal streptococcus bacteria
concentrations (FC/FS) in water from sites 1 and 2 suggest
water contamination from human and animal sources (table 6).
According to the American Public Health Association (1981),
the ratio of fecal coliform to fecal streptococcus (FC/FS) is
useful in determining the sources of these bacteria. Ratios less
than 0.7 are usually indicative of animal sources, and ratios
greater than 4.1 are usually indicative of human sources. Ratios
between 0.7 and 4.1 may indicate a mixture of human and
animal sources. Based on this approach, the bacterial contami-
nation in the Rio Majada during the dry season was predomi-
nantly indicative of a mixture from human and animal sources:

Ca
Cations

Percentage Reacting Values

FC/FS ratios ranged from 2.0 to 2.8 (mixture of sources) during
4 months, from 0.35 to 0.42 (animal sources) during 2 months,
and was a ratio of 15 (human sources) in February. Bacterial
contamination in the Rio Lapa during the same period was
predominantly indicative of animal sources: FC/FS ratios
ranged from 0.06 to 0.7 during 4 months (animal sources), from
0.53 to 3.0 during 2 months (mixture of sources), and was a
ratio of more than 4.1 (human sources) in February.

Ground Water

Analyses of ground-water samples collected at monthly
intervals during 1989 at four active wells (sites 20, 30, 40, and
46; fig. 2) indicate that the water is predominantly a calcium-
bicarbonate type (fig. 16) with dissolved-solids concentrations
that ranged from 352 to 516 mg/L. The higher dissolved-solids
concentrations (366 to 516 mg/L) were collected from the Rio

Figure 16. Chemical classification of ground water at selected sites.
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Table 6. Fecal coliform and fecal streptococcus bacteria concentrations during 1989

[----, value can not be expressed; <, indicates less than; col/100 ml, colony per 100 milliliters; YYMMDD, year/month/day]

Site Sampling Fecal Fecal
number Site date coliform (FC) streptococcus (FS) FC PLUS FS Ratio®
(fig. 1 & 2) name (YYMMDD) (col/100 ml) (col/100 ml) (col/100 ml) (FC/FS)
SURFACE WATER
1 Rio Majada
at La Plena 890124 6 17 23 0.35
890221 580 40 620 15
890320 164 84 248 2.0
890418 720 256 976 2.8
890627 200 480 680 0.42
890724 700 250 950 2.8
890828 500 250 750 2.0
891016 2,400 270 2,670 8.9
891120 3,150 140 3,290 23
891218 140 830 970 0.17
2 Rio Lapa near
Rabo del Buey 890124 8 138 146 0.060
890221 < 1 216 216 w——= P
890320 180 340 520 0.53
890418 608 206 814 3.0
890626 440 860 1,300 0.51
890724 2,000 2,700 4,700 0.74
890828 570 1,310 1,890 0.44
891016 3,700 3,500 7,200 1.1
891120 890 280 1,170 3.2
891218 120 780 900 0.15
GROUND WATER
20 Asphalt~-1 8380125 1 4 5 0.25
890221 < 1 4 4 ——== b
890320 16 35 51 0.46
890418 4 4 8 1.0
890626 < 1 12 12 -——= 5
890724 130 140 270 0.93
890828 < 1 448 448 -———- P
891016 84 240 324 0.35
891120 < 1 2 2 -——= b
891218 < 1 1 ——— ———=
30 Jesus 890125 43 204 247 0.21
890221 50 39 89 1.3
890320 56 80 136 0.70
890418 69 128 197 0.54
890627 170 240 410 0.71
890724 312 392 704 0.80
40 Albergue-3 890124 < 1 1 ———— ————
890221 < 1 2 2 —==- b
890320 < 1 1 ——— ———
890418 < 1 1 ——— —_———-
890626 < 1 2 2 I
890828 4 4 8 1.0
891016 52 6 58 8.7
8391120 < 1 1 ——— ————
891218 < 1 2 2 ———- P
46 Naranjo ¢ 890125 < 1 < 1 ~——= ————
890221 5 6 11 0.83
890320 < 1 1 ——— ——
890414 < 1 1 == ——
890626 < 1 4 4 ———= b
890724 60 40 100 1.5
890828 2 184 186 0.010
891016 106 4 110 27
891120 4 4 8 1.0
8391218 < 1 1 ——— ———

Note: 2 Ratio less than 0.7 is indicative of animal source; greater than 4.1 is indicative of human source; and between 0.7
and 4.1 is indicative of mixture of animal and human sources (American Public Health Association, 1981).
b Ratio is considered to be more than 4.1, fecal-bacteria population is predominantly streptococcus

¢ Chlorinated water sample.
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Lapa Valley (site 46; appendix). Concentrations of dissolved
sulfate, calcium, sodium, chloride, and magnesium showed
noticeable changes at all ground-water sites during 1989 (fig.
17). Concentrations of these ions generally increased at site 40
in the upper part of the Rio Majada Valley and at site 20 in the
lower part of the Rio Majada Valley, but showed little change at
site 46 in the head of alluvium in the Rio Lapa Valley and at site
29 in the upper part of the Rio Majada Valley (appendix).
Nitrate plus nitrite concentration (appendix) increased during
the dry season at sites 20 and 30 (fig. 1), but decreased at well
site 40 and 46. The concentration of nitrate plus nitrite
increased after the wet season at sites 40 and 46 but decreased
at site 20.

In addition to detection at the surface-water sites 1 and 2,
toluene was detected in the ground-water sampling sites during
January to April 1989, and the concentrations ranged from 0.20
to 0.50 ug/L. Other VOC’s detected in the ground water were
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dichlorobromomethane, 1,2-dichloroethane, chlorodibro-
momethane, and chloroform (appendix); however, these
compounds could be a result of the chlorination of the ground-
water pumped at well sites 40 and 46. The formation of these
VOC’s in the ground-water chlorination process is related to the
presence of humic substances (Wood and others, 1981).
Detected concentrations in the water samples ranged from .20
(sites 40 and 46) to 4.5 pg/L (site 46). Bromoform was also
detected in water samples collected at both sites and ranged
from 0.20 (sites 40 and 46) to 4.1 pg/L (site 40).

Low aquifer recharge by rainfall infiltration and streamflow
seepage, and high evapotranspiration rates from ground water
during the dry season resulted in an increase in dissolved-solids
concentrations at site 46, which exceeded the secondary
drinking water standard of 500 mg/L (U.S. Environmental
Protection Agency, 1986) during four relatively dry months in
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Figure 17. Dissolved concentrations of selected ions in the ground water at selected sites during 1989.
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1989. The water samples of January, July, November, and
December 1989 at site 46 contained dissolved-solids concentra-
tions that ranged from 507 to 516 mg/L. Dissolved-solids
concentrations in the other sampled wells did not exceed the
secondary drinking water standard.

The ground-water flow to the Salinas alluvial fan probably
had dissolved solids concentration as high as 421 mg/L. This
maximum concentration of dissolved solids was obtained from
water samples collected at site 20 which is near the head of the
Salinas alluvial fan. The dissolved-solids concentrations at site
20 ranged from 362 to 421 mg/L during 1989, and during the
dry season increased from 362 mg/L in January to 420 mg/L in
August.

The fecal bacteria (fecal coliform plus fecal streptococcus)
counts in ground water varied from site to site, and increased
during the dry season at each site. Although ground water at
every sampled site contained fecal bacteria during 1989, the
greatest concentrations were observed near the southwestern
boundary of the study area. Well site 20 (fig. 2) showed an
increase in the fecal bacteria from about 5 col/100 ml in January
to 448 col/100 ml in August 1989 (table 6), which indicate that
the ground-water flow to the Salinas alluvial fan probably had
high concentrations of fecal bacteria during the dry season. The
fecal bacteria concentration at well site 30 had increased by
July 1989 to 704 col/100 ml, which was the highest count for
ground water during the investigation.

Fecal bacterial concentration in well site 46 increased from
less than 1 c01/100 ml in January to 186 col/100 ml in August
1989, and a corresponding increase in bacteria counts from 146
to 1,890 col/100 ml was observed in the Rio Lapa during this
period. This suggests that the high concentrations of fecal
bacteria in the Rio Lapa, which completely seeps into the
aquifer most of the year, and in the ground water flowing from
adjacent weathered rocks to the study area increased the amount
of fecal bacteria in the aquifer within the study area. During the
dry season, when the concentration of fecal bacteria increases,
the amount of chlorine used to disinfect pumped water may not
be effective. Studies have shown that raw water treated only
with chlorination methods should have concentrations of
bacteria less than or equal to 50 col/100 ml to consistently meet
the drinking water standard of 1 col/100 ml (Berger and
Argaman, 1983).

The existence of 11 leaching fields of septic tanks near well
sites 38, 39, 40, and 41 pose a potential water-quality problem
to these wells. However, no fecal bacteria in the water samples
could be related to the leaching fields. When water samples
collected from the well at site 40 contained fecal bacteria, the
upstream well (site 30) also contained fecal bacteria.

Ground-water samples had fecal bacterial ratios (FC/FS)
that suggested water contamination from both animal and
human sources (table 6). The potential sources of contamination
are contaminated surface water recharging the alluvial aquifer,
effluent from septic tanks, and animal wastes from farms.
During January to April 1989, the FC/FS ratios were predomi-
nantly indicative of contamination from animal wastes, but no
significant difference in sources were found during the last 4
months (May to August) of the dry season. The FC/FS in two
wells (40 and 46) was indicative of human sources only during
October 1989 (wet season), indicating ground-water contami-
nation from septic-tank effluents.

POTENTIAL ALTERNATIVES FOR WATER-
RESOURCES DEVELOPMENT

The potential alternatives for water-resources development
may be inferred from aspects of the hydrologic system such as
aquifer recharge and ground- and surface-water outflow of the
study area. Water-supply demands at the Albergue Olimpico
are expected to increase (fig. 18) by an additional 36 Mgal/yr
(110 acre-ft/yr) by 1995 (J. Cruz-Valez, Albergue Olimpico,
oral commun., 1990). This additional amount of water can be
provided from existing well fields. The only limitation to
present and future ground-water development would be the
occurrence of a rhajor drought, or the necessity to continue
releasing surface-water flow, or to continue allowing the
ground-water flow to the Salinas alluvial fan.
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Figure 18. Projection of water demand to the year 1995
in the Rio Majada and Rio Lapa alluvial valleys.

Potential Alternatives for Water-Resources Development 25



Because rainfall is the principal factor affecting streamflow
in the study area, historical rainfall trends can be used to assess
the variations in rainfall for future years. During a drought, the
decrease in streamflow will lower ground-water levels and
reduce the availability of ground water.

The 10-year moving average of rainfall, computed from
long-term data (1908 to 1989) obtained from NOAA records
(fig. 19) suggest the occurrence of relatively low rainfall
periods once every 30 years at Jijome Alto raingage (site 9) in
the Rio Majada headwaters, located 5 mi northeast of the study
area, and at Aguirre (site 11), located in Salinas, 5 mi south of
the study area (Gémez-Gémez and Heisel, 1980). The 10-year
moving average shows that at least 10 in. of difference exists
between the average rainfall of dry and that of wet years in the
coastal plain. In the Rio Majada headwaters, the difference
between the average rainfall of dry and wet years may be as
much as 25 in. Comparison of the moving averages indicates
that events such as wet and dry years in areas relatively close
together are not totally comparable.
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Figure 19. Ten-year moving average rainfall pattern at
selected rainfall stations in Puerto Rico (modified from
Gomez-Gémez and Heisel, 1980).

Surface Water

The only additional source of surface water is that from
surface runoff during the wet season (3,900 acre-ft/yr, table 5).
This additional water could be stored in small reservoirs and,
after treatment, used to supply the expected water demand in
the study area. Alternatively, the additional water could be used
to gradually recharge the aquifer during the dry season. This
additional recharge to the aquifer would offset the effects of
increased pumpage on water levels or may be used to
supplement the ground-water flow to the Salinas alluvial fan.

Ground Water

Existing ground-water resources can also be developed to
meet additional water demands by intercepting most of the
ground-water flow to the Salinas alluvial fan. Under present
conditions, the amount of ground-water flow out of the study
area (930 acre-ft/yr, table 5) could be reduced by the
construction of low-capacity wells in selected areas. The most
adequate area is probably the lower Rio Majada Valley where
the ground-water flow from the upper part of the Rio Majada
Valley and from the Rio Lapa Valley could be intercepted.
Interception of ground-water flow would reduce the inflow to
the Salinas alluvial fan and result in lower ground-water levels
in that area.

Higher streamflows than those observed during 1989 could
provide greater recharge to the aquifer. Under average long-
term conditions, the streams may have higher flows than those
found in 1989, because higher rainfall normally occurs in the
headwater areas.

Under drought conditions, the use of low-capacity wells in
the lower part of the Rio Majada Valley to reverse the hydraulic
gradient may reduce the amount of ground-water leaving the
study area, and the water withdrawn can be used to artificially
recharge the aquifer in upgradient areas. The natural hydraulic
gradient of the aquifer allows ground-water to flow from the
upstream areas to the downstream areas. Existing wells that
pump from the aquifer may reduce ground-water flow from the
study area to the Salinas alluvial fan, although a significant
amount of water may still flow out of the pumping area.

SUMMARY AND CONCLUSIONS

Low rainfall during extended dry periods, common in
southern Puerto Rico, results in reduced water availability
during those periods. Streamflow decreases by at least 80
percent during the dry season from January to August, and
ground-water levels may decline by about 10 ft because of the
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decrease in aquifer recharge. In addition to the generally limited
water supply, rapidly expanding poultry farms and suburban
development may represent potential water-quality problems.
Concentrations of inorganic and organic constituents and fecal
bacteria (fecal coliforms and fecal streptococcus) may increase
as surface- and ground-water resources are depleted.

Rainfall in the headwaters upstream of the study area was
35 percent less in 1989 than the 1951-80 annual average of 77.2
inches, and about 3 times greater than rainfall in the study area
during 1989. In the study area, daily rainfall exceeded daily pan
evaporation rates on only 25 of the 335 days monitored.

The Rio Lapa had the greatest flow (3,130 acre-ft) at the
gaging stations, and the flow was about 1.05 times the flow of
the Rio Majada (2,990 acre-ft) in 1989. Most of the flow from
the Rio Majada and the Rio Lapa occurred during the wet
season and flowed out of the study area to the Salinas alluvial
fan (3,900 acre-ft). During the predominantly low-flow periods
of January to August 1989, flow in the Rio Majada (816 acre-ft)
was about 3 times the flow in the Rio Lapa (287 acre-ft) at the
gaging stations. However, about 40 percent of the flow of the
Rio Majada was diverted (330 acre-ft) before reaching the study
area. The diversion reduces the streamflow reaching the alluvial
area and recharging the aquifer.

Streamflow seepage surveys indicated rates of streamflow
loss to the ground-water system as high as 0.60, 1.28, and 2.55
ft*/s per mi for the upper and lower alluvial reaches of the Rio
Majada, and for the alluvial reach of the Rio Lapa, respectively.
At their confluence, both the Rio Majada and the Rio Lapa are
dry most of the year, and streamflow out of the study area in
1989 occurred only during the high flows of September and
October. The 60-day low-flow for the Rio Majada and the Rio
Lapa at the gaging stations may be as low as 0.2 and 0.04 ft*/s
every 10 years, respectively, as estimated from low-flow
frequency analysis.

Ground water in the study area is under water-table condi-
tions in two distinct, but hydraulically connected, hydrogeo-
logic units: alluvial deposits and highly-weathered volcanic
rocks. Aquifer hydraulic-conductivity values range from 7 to
140 ft/d and generally increase toward the southwestern study-
area boundary. The apparent range of hydraulic conductivity for
the highly weathered part of the volcanic rocks is 7 to 14 ft/d.
Average depths to water range from about 12 ft at upper valley
areas to about 30 ft below land surface in the southernmost part
of the study area. The water table declined about 4 ft in the
upper part of the Rio Majada Valley, 12 ft in the Rio Lapa
Valley, and 9 ft in the lower Rio Majada Valley from January to
August 1989. Water levels in observation wells declined by
0.03 ft/d for the same period at wells in the upper and lower

parts of the Rio Majada Valley. Water levels in the Rio Lapa
Valley declined by 0.05 ft/d for the same period.

Recharge to the ground-water system occurs from three
sources: streamflow seepage from the Rio Majada and the Rio
Lapa, seepage from adjacent weathered bedrocks along the
valley edges, and from rainfall infiltration in the study area.
Streamflow seepage is the major source of aquifer recharge (81
percent; 2,240 acre-ft/yr). Seepage from adjacent weathered
bedrocks contributed about 14 percent (380 acre-ft/yr), and
rainfall infiltration contributed only about 5 percent (140
acre-ft/yr) of the total aquifer recharge in the study area (2,760
acre-ft/yr).

Losses from the ground-water system are from pumpage,
ground-water outflow at the southernmost part of the study
area, and evapotranspiration. The total combined loss was
estimated to be 2,760 acre-ft during 1989.

The quality of the water resources is affected by seasonal
variations in rainfall, which significantly alter streamflow and
ground-water levels. Rock weathering, septic-tank effluents,
animal wastes, and high evapotranspiration rates may be the
principal factors affecting the quality of both surface and
ground water.

Dissolved-solids concentrations increased during the dry
season from 305 to 457 mg/L in the surface water and from 352
to 516 mg/L in the ground water. Water samples from well site
46 had dissolved-solids concentrations that exceeded the
secondary drinking water standard of 500 mg/L during four
relatively dry months. The water samples of January, July,
November, and December 1989 at this well site contained
dissolved-solids concentrations that ranged from 507 to 516

mg/L.

Volatile organic compounds (VOC) were detected in
surface and ground water. Toluene was the only VOC detected
in the surface water, and concentrations detected ranged from
0.20 to 1.4 pg/L, which did not exceeded the standard for
drinking water of 5 pg/L. Toluene was also detected in the
ground water and the concentrations ranged from 0.20 to 0.50
pg/L. Other VOC’s detected in ground water were dichlorobro-
momethane, 1,2-dichloroethane, chlorodibromomethane, and
chloroform. These compounds could be by-products of chlori-
nation of the ground water pumped at well sites 46 and 40.

Fecal bacteria (fecal coliforms plus fecal streptococcus)
concentrations in the streams increased through the dry season
and remained relatively high during the short wet season. Fecal
bacteria counts increased from 23 to 950 col/100 ml in the Rio
Majada and from 146 to 4,700 col/100 ml in the Rio Lapa
during January to July 1989. Fecal bacteria counts during
October 1989 were 2,670 and 7,200 col/100 ml for the Rio
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Majada and the Rio Lapa, respectively. The fecal bacteria
content of water samples collected from July to October 1989 in
the Rio Lapa and during October and November 1989 in the
Rio Majada exceeded the recommended fecal bacteria content
for natural waters of 2,000 col/100 ml.

Although every sampled ground-water site contained fecal
bacteria during 1989, the greatest concentrations were observed
near the southwestern boundary of the study area. The fecal
bacteria concentration at each ground-water site increased
during the dry period. Water samples from a well near this area
(well site 20) showed an increase in the fecal bacteria from
about 5 c0l/100 ml in January to 448 col/100 ml in August
1989. This indicates that the ground water flowing to the
Salinas alluvial fan during the dry season of 1989 had high fecal
bacteria content. The quality of water at well site 46 appears to
be affected by the water quality of the adjacent Rio Lapa. The
fecal bacteria concentrations in well site 46 increased from less
than 1 col/100 ml in January to 186 col/100 ml in August 1989,
and a corresponding increase in bacteria counts from 146 to

1,890 col/100 ml was observed in the Rio Lapa during this same
period.

The water resources in the Rio Majada and Rio Lapa basins
could be developed to supply the expected demand of 110
acre-ft by 1995. The only limitation to the development would
be the occurrence of a major drought, or a need to continue
releasing surface-water flow, or continue allowing flow of
ground water to the Salinas alluvial fan. Surface-water runoff
from the study area (3,900 acre-ft/yr) could be stored in small
reservoirs and after treatment, used to supply the expected
water demand. Alternatively, the additional water could be used
to recharge the aquifer during the dry season. Ground-water
flow out of the study area (930 acre-ft/yr) to the Salinas alluvial
fan could be reduced by increasing ground-water withdrawals
from the downstream part of the Rio Majada Valley where
ground-water flows coming from the upper Rio Majada and Rio
Lapa valleys could be intercepted.
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Appendix. Physical properties and chemical and bacteriological characteristics of water from streams and selected wells--Continued
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Appendix. Physical properties and chemical and bacteriological characteristics of water from streams and selected wells--Continued
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