























Sedimentation Survey of Lago Dos Bocas,

Puerto Rico, August 1994

By Richard M.T. Webb and Fernando Gémez-Gomez

ABSTRACT

Sedimentation has reduced the storage
capacity of Lago Dos Bocas by approximately 43
percent over the last 52 years from 37.5 million
cubic meters in 1942 to 21.3 million cubic meters
in 1994. If the calculated long-term sedimentation
rate of 311,000 cubic meters per year remains
unchanged, the water-supply storage capacity of
the reservoir will be exhausted by the year 2062.
Sedimentation in the reservoir has not been
uniform. Three tributaries flow into the lake: the
Rio Grande de Arecibo, the Rio Caonillas, and the
Rio Lim6n. The Rio Grande de Arecibo has the
largest drainage basin and was determined to
deliver more sediment to the reservoir than the
other two tributaries combined. Only minor
amounts of sediment have deposited in the Rio
Caonillas branch of the reservoir indicating that
Lago Caonillas, located immediately upstream,
could be the major sediment repository along the
Rio Caonillas tributary. Excluding the Lago
Caonillas drainage basin, the long-term sediment
yield of the Rio Grande de Arecibo drainage basin
is approximately one million kilograms per
square kilometer per year.

INTRODUCTION

The Puerto Rico Aqueduct and Sewer Authority
(PRASA) is evaluating options to improve
infrastructure for the island’s public water supply.
These options include 1) increasing available reservoir
storage by either dredging or raising normal pool
elevations at existing reservoirs; 2) constructing new

run-of-the-river intakes or reservoir projects;

3) improving conservation practices; 4) increasing
ground-water withdrawals; and 5) constructing
aqueducts to reservoirs not presently used for water-
supply purposes (such as irrigation, flood control, and
hydroelectric power generation). The PRASA is now
evaluating the possibility of building an aqueduct from
the Lago Dos Bocas reservoir, originally designed for
hydroelectric power generation, to the San Juan

metropolitan area.

During 1994, the U.S. Geological Survey
(USGS), in cooperation with the PRASA, conducted a
study to determine the current storage capacity of
Lago Dos Bocas, determine rates of storage-capacity
loss, and identify the areas of greatest sediment
deposition within the reservoir. These data will be
useful in evaluating the feasibility of using Lago Dos
Bocas as a public water supply. To accomplish these
objectives, a bathymetric survey of Lago Dos Bocas
was conducted in August 1994. Data of position and
water depths were simultaneously acquired with a
Differential Global Positioning System (DGPS) and a
depth sounder and then directly stored in digital form.
The digitized data were transferred into a Geographic
Information System (GIS) for processing and analysis.
The GIS was then used to calculate storage volumes
and sediment accumulation by comparing the 1994
bathymetric contour map with a previous bathymetric
survey conducted by the USGS in 1977.

Introduction
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DAM AND RESERVOIR
CHARACTERISTICS

Lago Dos Bocas reservoir was completed in
1942. The dam is located about 9 kilometers northeast
of the town of Utuado immediately downstream of the
original confluence of the Rio Grande de Arecibo and
the Rio Caonillas (fig. 1). North of the dam the Rio
Grande de Arecibo meanders approximately 16
kilometers through karst terrain and the coastal plain,
and discharges into the Atlantic Ocean. The original
capacity of the reservoir was 37.5 million cubic meters
at a spillway elevation of 89.92 meters (Sheda and
Legas, 1968). The principal characteristics of Lago
Dos Bocas and structures are presented in table 1.

METHOD OF SURVEY

The survey of Lago Dos Bocas included
planning, data acquisition, and data processing. A
geographic information system, Arc/Info! was used to

plan the survey lines and for analysis of the
bathymetric data. Cross-section locations were made
to correspond with those surveyed by Quifiones and
others (1989). Data were acquired with a Differential
Global Positioning System (DGPS) combined with a
depth sounder. The soundings were subsequently
adjusted to represent depths below the spillway
elevation (datum 89.92 meters above mean sea level).
The corrected depths were then converted to
elevations above mean sea level (NGVD 29). A
bathymetric map of the lake bottom was constructed.
Lake bottom elevation contours were drawn at 5-meter
intervals in steeply sloped areas and at 1- or 2-meter
intervals in gently sloped areas. The contour lines
were then converted into a surface model by creating a
triangulated irregular network (TIN). The TIN
represents the lake bottom as thousands of adjoining
triangles with x, y, and z coordinates assigned to all

1Use of trade names in this report is for identification
purposes only and does not imply endorsement by the U.S.
Government.

Table 1. Principal characteristics of Lago Dos Bocas and structures at time of construction (modified from Sheda and Legas,

1968)

Total length of dam at top (spillway and

TN O R R . £ L e e s B S o s s smnsin R R S R BN D IS L e 401 meters
Eengfivof spollwang seetion: activs. sk i sl art Bl vsassinics et Tt an Ao bR S semi st b b 2 110 meters
Blavation off erastofl SN < e il Bl Sl i Sevinirseimmnsnssessenssssssssesosnssasntsstsesass SnaSe e deReanaanie 89.92 meters
Maximsunrwidiieat bomee, Jo.. o Sl Bt B il .. iienscassasbiotivebittsssssrasisassissashiiassne ssprssninnsssagroseed 47 meters
B tat oG PORBIRRIIST. . il s R A Gt il b s s snsss sn e ns o A ARAAE BB Sag € st g s stbm 2.74 meters
Installed ponpcr-genesnting CaRAOIllh oo iilasireiin it innsensssassosmnannes Briacioressosisfisssdinagsisresanapent 22,500 kilowatts
Maximundood JevcbstoRBge . . csompcalccmn. g u i e (sl e O et 3 61.6 million cubic meters
Design discharge at a head of 8.53 meters

(clevation 98.45 meters above mean Sea leVel)............o.eeeeeeeeeerrseeeesssseosssssssssassssaasanss 5,670 cubic meters per second
SRR e VB RIRIRIR . .o e i s e R N L R s 37.5 million cubic meters
Surchintge stoxage (HIOOA. COMEOLE)..............ciiivismanasimississsiiastasissisiiomssstonssssassssiiossaessinsse 24.1 million cubic meters
T I I ..o s s A AV A e i 440 square kilometers
Biesign floaded area (clevationof 88.F I0SIEEEY. .....coxcs icisrsesssmssisusssssssinsnssssssssssanisissessisonsssssasses 2.57 square kilometers
Maximnm Beight of dim...... ... v i bt i st esos b s oo s b s ia e 57.3 meters
Maximmm original depthr of DOEMAPPOOLL. ... oo iciimanonncscsnsincnsimsiiisiioni Pt ose s ik sia Se b ca i 47.2 meters
Neotnmeney depih QUehee FISERUINCE i s desminsisinas T T ek 7 sty s et ei 25 meters
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vertices. The volume of the lake was then calculated at
incremental pool elevations. Cross sections and
longitudinal sections were produced from the surface
models. These sections were compared with the
bathymetric data to verify that the model sections
accurately reflect the lake bottom. Finally, both the
1977 and 1994 TIN’s were converted into registered
grids and the difference in elevation between the two
surveys for each cell was determined and used to
construct a map showing the amount of sediment
deposition or erosion in different areas of the reservoir
during this 17-year period.

Field Techniques

The bathymetric survey was conducted during
August 15-19, 1994. The bathymetric survey used the
Bathymetric/Land Survey System (BLASS)
developed by Specialty Devices, Inc. The system uses
two Motorola SixGun DGPS units for horizontal
positioning of the survey vessel. The DGPS units were
first used in static survey mode to establish a reference
mark at a site near the reservoir. Satellite information
was recorded simultaneously at a master station
(JOBOS - USGS 1934; 18°19°50.44621"N,
66°41°10.30769”"W) and the desired reference station.
A 45-minute static GPS observation session was used
to establish the reference point “Lookout™ on a hill
overlooking the reservoir (18°20°7.186”N,
66°40°34.166”W). Post-processing, using the program
CentiPoint, indicated an error of less than 10
centimeters for this reference station. As an
independent check, GPS data were recorded for 15
minutes over a previously established Puerto Rico
Highway and Transit Authority (PRHTA) benchmark;
the Puerto Rico State Plane Coordinates calculated by
CentiPoint differed by less than 30 centimeters from
the coordinates established by the PRHTA. An
additional reference station was established in Barrio
Don Alonso, Utuado, to provide positional control for
the Rio Caonillas branch of Lago Dos Bocas.

Once established, “Lookout” was occupied as
the master station and the other DGPS was installed in
the survey vessel. The DGPS on board the survey
vessel independently calculated a position every
second. Once every 5 seconds the vessel’s DGPS

received a set of pseudo-range corrections to maintain
a positional precision within two meters.

Lake depths were measured using a SI-TEX
LCS-200 echo sounder with a 200 kilohertz transducer
with a 9-degree beam width. The echo sounder
measured the depth to 0.1 meter and was calibrated in
water depths of 3 and 25 meters. The bathymetric
survey software HYPACK received and recorded the
positions and depths once every second while in
survey mode (equivalent to one point every 1.5 meters
along the track line). HYPACK runs on a portable
personal computer and is used both to record data and
for navigation. The helmsman of the survey vessel is
provided with a graphical display showing the
lakeshore, the planned track lines, the actual position
of the vessel while underway, and indicators of speed
and the amount of deviation from the planned track
lines.

Eight kilometers of planned cross-section data
and 20 kilometers of ancillary data were collected on
August 18-19, 1994 (fig. 2). The ancillary data served
several purposes: when leaving the public boat ramp
area (Embarcadero), a loop was navigated around a
nearby drowned chimney to verify positional accuracy
each day; while in transit between survey transects,
data were collected to increase the density of the
soundings and, therefore, the accuracy of the contour
map; and when in a river, data were collected while
the survey vessel was navigating from bank to bank
along the river course to complete a river-channel
survey.

Transient errors in positional data could occur
because of GPS calculation errors; errors in depth data
could occur because of bubbles on the transducer face
or insufficient signal gain. Physical or electronic
problems encountered in the field were corrected as
soon as they were detected. If the amount of missing
or erroneous data occurred for more than 20 meters
along the cross section, that section was rerun. If the
amount of erroneous data occurred for less than 20
meters along the cross section, and the bottom was flat
or exhibited no change in slope before and after the
section in which data were lost, the section was not
rerun but the data file was flagged for later editing.
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Data Reduction

Initial editing with verification of the positional
and depth data was performed within the HYPACK
program. Positions were corrected to eliminate
anomalous spikes and translate data to estimated
positions when the differential correction signal was
lost for a significant time.

Spikes or jumps in the positional data may occur
when a satellite “view” is obstructed by local
topographic features or disrupted by spurious
electromagnetic interference. When this occurs, a
position may be calculated that is several hundred
meters from previous or subsequent point. In these
cases, the positions were interpolated to the midpoints
between the continuous positions.

Elevated land surfaces between the vessel and
the master station may block the correction signal for a
period of time. This occurred in the southwestern
riverine section of the Rio Grande de Arecibo. In
general, uncorrected GPS positions generally wander
slowly (0.2 meter per second) within a 100-meter
radius of the true position. This pseudorandom error is
introduced intentionally (for reasons of national
security) by the U.S. Department of Defense and is
known as Selective Availability. Military and
authorized government GPS units may receive the
uncorrupted signal which decreases the positional
error to less than 16 meters. Since the speed of the
vessel was maintained close to 1.5 meters per second,
the maximum relative error between starting and
ending points across a short section (10 seconds transit
time) was no greater than 2 meters. However, the
entire line may be displaced tens of meters from the
actual site if several minutes have passed since the last
correction was received. Where this appeared to be the
case, the entire section was translated to its presumed
position using references to features present on the
1:20,000 scale topographic map. Reference to the
shoreline features shown in 1:20,000 scale

topographic maps and aerial photos was the standard
locational technique used in the bathymetric survey of
Lago Dos Bocas done in 1977.

The pool elevation during the two days of
surveying (August 18-19) varied less than 0.1 meter
above or below 89.50 meters (0.42 meters below
spillway elevation). Therefore, all depth soundings
were subtracted from 89.50 to calculate elevations
above mean sea level. The datum corrected data are
presented in figure 3.

The edited data were then transferred into the
GIS. Several different software packages were used to
automate the production of contour lines from the field
data. However, none of these programs yielded
satisfactory results because of the coarse spacing
between adjacent section lines (150 to 300 meters).
Instead contour lines of the lake bottom were
produced manually in the GIS using the cross sections
and a map of the soundings.

The contour maps (plates 1 and 2) were used to
create the TIN surface models of the 1977 and 1994
lake bottoms. The base map for the 1977 and 1994
lake boundaries used in the contour maps was
extracted from the 1972, 7 1/2-minute USGS
topographic quadrangle for Utuado, Puerto Rico
(photorevised in 1982 from aerial photographs taken
in 1977). The 1994 lake boundary was then modified
to reflect the shoreline of August 1994 as measured
with the DGPS positional data. Initially the bottom
contours were drawn at intervals of 5 meters;
additional contour lines with finer intervals were
added to present greater detail in areas where changes
were more subtle.

Cross sections and longitudinal sections were
calculated from the TIN surface model. The 1977 and
1994 surface models accurately reproduce the field
data and the contour maps from which they were
generated (compare fig. 3 and fig. 4).
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Figure 6. Comparison of longitudinal sections for 1977 and 1994 along the (A) Arecibo, (B) Caonillas, and (C) Limén
branches of Lago Dos Bocas, Puerto Rico. Areas of sediment deposition are shaded.
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Electric Power Authority. The penstocks leading to
the Dos Bocas Hydroelectric Plant have a crown
elevation of 71.5 meters above mean sea level. Dead
storage (the storage capacity below 71.5 meters) has
decreased from 7.83 million cubic meters when the
dam was constructed in 1942 to 4.01 million cubic
meters in 1977 and 2.16 million cubic meters in 1994.

The greatest amount of sedimentation in Lago
Dos Bocas has occurred in the Rio Grande de Arecibo
branch. The Caonillas reservoir acts as an effective
sediment trap, passing insignificant quantities of
sediment to Lago Dos Bocas. Little or no sediment
has deposited in the Rio Caonillas branch of Lago Dos
Bocas upstream of the Rio Limén (fig 6 and plate 3).
Sediment deposition is only noticeable in the Rio
Caonillas branch of Lago Dos Bocas at and
downstream of the Rio Limén; as much as 3 meters of
sediment has deposited in the Rio Limén branch since
1977. In contrast, the deposition of as much as 12
meters of sediment since 1977 is not uncommon in the
Rio Grande de Arecibo branch. Excluding the
drainage basin upstream of the Caonillas dam (130
square kilometers), the remaining area draining into
Lago Dos Bocas (310 square kilometers) has yielded a
minimum of one million kilograms per square
kilometer per year (assuming a dry bulk density of
reservoir sediment of 1,000 kilograms per cubic
meter). This is a conservative estimate because it
includes only sediment deposited in the reservoir.
However, the Caonillas dam was not completed until
1948 and significant quantities of sediment may have
entered Lago Dos Bocas between 1942 and 1948.

The trap efficiency of a reservoir depends
primarily on the volume of the reservoir and the mean
annual runoff (Brune, 1953). On the basis of the 1994
capacity of 21.31 million cubic meters and a mean

annual runoff of 400 million cubic meters (Quifiones
and others, 1989) the capacity-inflow ratio of Lago
Dos Bocas is 0.053. The trap efficiency using
relationships established by Brune (1953) is about 78
percent. The trap efficiency could be as low as 68
percent if inflowing sediment is colloidal or very-fine-
grained or as high as 88 percent if the inflowing
sediment is mostly silt and sand.
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