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Abstract

During a previous paleoliquefaction study, we discovered dozens of liquefaction features in
western Puerto Rico that probably formed during at least three large earthquakes since A.D. 1300,
including the A.D. 1918 moment magnitude, M, ~7.5, event, the A.D. 1670 event, which may have
been as large as M 7, and an earlier M > 6.5 earthquake between A.D. 1300 and 1508. During this
study, we resurveyed about 13 km of the Rio Culebrinas in northwestern Puerto Rico and found an
additional fourteen liquefaction features that are consistent with the earlier results. We also
searched about 86 km of rivers in northern and eastern Puerto Rico and found fifteen liquefaction
features, all along the Rio Grande de Manati and Rio de la Plata, on the north-central coast. Along
the Rio Grande de Manati, we found three generations of liquefaction features that probably
formed during the A.D. 1943 M ~7.7 and A.D. 1787 M ~8.0 earthquakes and an earlier event
between 1190-400 B.C. or about 800 B.C. + 400 years. Along the Rio de la Plata, small weathered
sand dikes may have formed during the A.D. 1787 event. The features on the Rio Manati that
formed during the circa 800 B.C. event, including a 22 cm thick sand blow and 40 cm wide sand
dike, are very weathered, larger than the historical features, and associated with vertical ground
displacement and graben formation. The relatively large size of liquefaction features and severity
of ground failure suggest that ground shaking was stronger along the north-central coast during the
800 B.C. earthquake than during the A.D. 1943 and A.D. 1787 earthquakes. This implies that the
800 B.C. earthquake was either larger than the historical earthquakes or located closer to the north-
central coast of Puerto Rico. Also, the paleoliquefaction data suggest that the 800 B.C.-type
earthquake has a recurrence time of more than 2,800 years, considerably longer than that estimated
for M ~8 earthquakes generated by the Puerto Rico subduction zone. The lack of liquefaction
features along rivers in northeastern and eastern Puerto Rico, especially along Rio Blanco where
sedimentary conditions are suitable for the formation of liquefaction features, suggest that this area
may not have been subjected to strong shaking during the past 2,000 years.

Introduction

Puerto Rico is located within a diffuse and complex boundary zone between the North American
and Caribbean tectonic plates (Figure 1). The North American plate is moving west-southwest
relative to the Caribbean plate at a rate of 19.4 mm/yr (Jansma et al., 2000; Lopez, 2006).
Motion along the northern portion of the plate boundary is left-lateral strike-slip, with varying
amounts of transpression and transtension (e.g., Sykes et al., 1982; Mann et al., 1990; Deng and
Sykes, 1995; Mann et al., 2002). Puerto Rico and the Virgin Islands (PRVI) appear to comprise
a microplate that is bounded by the Puerto Rico Trench to the north, the Muertos Trough to the
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south, the Anegada Passage to the east and southeast, and the Mona Passage to the west (Figure
1; e.g., Masson and Scanlon, 1991; Dixon et al., 1998; Lopez et al., 1999). Side-scan sonar
imagery, single-channel seismic data, and GPS geodetic measurements indicate extensive normal
faulting of the carbonate platform in the central and western portion of the Mona Passage,
reflecting differential eastward relative motion of the PRVI and Hispaniola microplates (e.g.,
Van Gestel et al., 1998; Lopez et al., 1999; Jansma et al., 2000).

Puerto Rico, home to about 3.9 million U.S. citizens with about 2.7 million living in San Juan on
the north coast, is densely settled with most of the population and urban development
concentrated in coastal areas. As demonstrated by the record of historical earthquakes, these
coastal areas are subject to tsunami inundation and liquefaction as well as strong ground shaking.
Historical earthquakes include a moment magnitude, M ~7.7 event in 1943 located northwest of
Puerto Rico, a M ~7.5 event in 1918 centered in the Mona Passage, a M ~7.3 event in 1867 in
the Anegada Passage, a M ~8.0 event in 1787 possibly related to rupture of the Puerto Rico
subduction zone, and a M ~6 event in 1670 in western Puerto Rico (e.g., Reid and Taber, 1919;
McCann, 1985; Mueller et al., 2003; Prentice and Mann, 2005; see Figure 1). The 1867
earthquake produced a tsunami that was especially damaging to the U.S. Virgin Islands and
struck southeastern Puerto Rico with 1 to 6 m high waves (Landers et al., 2002). The 1918
earthquake and related tsunami had their greatest impact on the western coast of Puerto Rico,
killing at least 114 persons and causing 4 million dollars in damage (Reid and Taber, 1919).
This earthquake also induced liquefaction in the Rio Anasco valley and near Aguadilla (Figure 2;
Moya and McCann, 1991). The M 8.1 1946 earthquake in northeastern Dominican Republic
also triggered a tsunami that killed ~1700 people in the northern Caribbean and washed ashore in
Aguadilla and was recorded at San Juan (Landers et al., 2002; Grindlay et al., 2005).

Most earthquake sources significant to Puerto Rico are thought to be located offshore. These
sources include the Puerto Rico subduction zone extending southward from the Puerto Rico
trench, North Puerto Rico Slope fault zone (NPRSFZ), South Puerto Rico Slope fault zone
(SPRSFZ), Septentrional fault zone (SFZ), and faults associated with the Mona Passage, Virgin
Islands Trough, and Los Muertos Trough (Figure 1). Major onshore fault zones include the
Great Southern Puerto Rico fault zone (GSPRFZ) and the Great Northern Puerto Rico fault zone
(GNPRFZ) (Figure 2). The GNPRFZ is a major northwest to west-northwest trending, left-lateral
strike-slip fault system that crosses the northern part of the island about 20 km south of San Juan,
with one or more splays approaching the suburbs of the city. The fault zone offsets lower
Cretaceous to Eocene rocks and is overlain by middle Tertiary strata along the north coast (e.g.,
Monroe, 1980). Although small shallow earthquakes are spatially associated with the structure
(McCann, 1985), the fault zone is thought to be inactive at least during the Holocene (Geomatrix,
1988; Williams and Tuttle, 2010).

The GSPRFZ is another major northwest-trending, left-lateral strike-slip fault system that crosses
southern and western Puerto Rico. It is also characterized by dip-slip displacement in the south-
central part of the island (Geomatrix, 1988). Field investigations of the GSPRFZ by the
Department of Geology at the University of Puerto Rico documented two phases of normal
faulting, one phase during the Oligocene and the other after the Oligocene. In the 1970s,
trenching of faults in the system uncovered evidence of Quaternary faulting in the south
(Geomatrix, 1988). More recently, single- and multi-channel seismic data collected across the
offshore extension of the Cerro Godin fault, a member of the GSPRFZ located ~10 km north of






66;’ 00' 65° 30'

18°30' San Juan

GREAT NORTHERN
PUERTO RICO FZ

\ GREAT SOUTHERN
Mayaguez 87 UERTO RICO FZ

18°00' -

0 20 km
Lo bl
NORTH

Figure 2. Map of Puerto Rico showing rivers, Quaternary sediments (stippled pattern), and major
onshore faults (heavy black lines) (e.g., Briggs, 1964; Geomatrix, 1988; Prentice and Mann,
2005).

Figure 3. Hazard map of peak ground acceleration (% g) with 2% probability of exceedence in
50 years from all modeled source (from Mueller et al., 2003). Note influence of Lajas fault in
southwestern Puerto Rico on hazard map.



Mayaguez, suggest fault displacements of Pliocene and possibly Holocene sediment (Prentice et
al., 2003a). Although geomorphic features suggest possible late Quaternary right-lateral
displacement, no unequivocal evidence of faulting has been found in excavations across
projected surface traces of the inferred faults (Mann et al., 2005; C. Prentice, pers. comm., 2011).

In southwestern Puerto Rico, an area of shallow seismicity (Asencio, 1980; McCann, 1985), the
South Lajas fault was found to have ruptured the surface twice in the past 7,500 years (Prentice
et al., 2000; Prentice and Mann, 2005). Based on an estimated total fault length of 50 km, these
earthquakes may have been of M 7.0 (LaForge and McCann, 2005). This finding strongly
influences the seismic hazard map for the southwestern part of the island (see Figure 3).

The research reported below was conducted in collaboration with Eugene Schweig of the U.S.
Geological Survey. Dori Bellan, Kathleen Dyer-Williams, Sarah Kroupa, Juan Carlos Moya,
Rafael Prieto, John Sims, and Holly Schroeder assisted with reconnaissance. Dyer-Williams also
compiled and analyzed geotechnical data and Kathy Tucker assisted with mapping. Beta Analytic
Radiocarbon Laboratory performed radiocarbon dating for this project.

Search for Earthquake-Induced Liquefaction Features

During this project, we searched for earthquake-induced liquefaction features along 99 km of
river length including the Rio Culebrinas along the northwest coast, Rio Grande de Arecibo, Rio
Grande de Manati, Rio Cibuco, Rio de La Plata, Rio Canovanas, Rio Espiritu Santo, and Rio
Mameyes along the northern coast, and Rio Fajardo, Rio Blanco, and Rio Maunabo along the
eastern coast (Figure 2; Table 1). It is preferable to survey 10-15 km of river length to evaluate
the presence or absence of liquefaction features. Several of the rivers along the northern and
eastern coasts only had short sections along which Holocene deposits were exposed. For this
reason, we surveyed many rivers in order to evaluate more exposure and to get a broader
regional view. We did not search rivers along the southern coast because there were even fewer
exposures of Holocene deposits. We found and documented earthquake-induced liquefaction
features, including two sand blows and twenty-eight sand dikes, at fourteen liquefaction sites and
collected organic samples at many of those sites for radiocarbon dating (Tables 2 and 3). Beta
Analytic Radiocarbon Laboratory performed dating of selected samples from twelve sites (Table
4). The results of radiocarbon dating and the degree of weathering of sand blows and sand dikes
were used to estimate the ages of the features. In general, we assumed that liquefaction features
that formed during the historical period probably formed as the result of known large historical
earthquakes.

Rio Culebrinas

During a previous project, we found twenty-seven liquefaction features at ten sites along the Rio
Culebrinas. These features include sand dikes up to 23 cm wide and one, possibly two, sand
blow deposits (Tuttle et al., 2005). Many of the features probably formed during the A.D. 1918
or A.D. 1670 earthquakes; but at least one of the sand blows and related sand dikes formed
between A.D. 1300 and 1508, suggesting that a large earthquake caused strong ground shaking
in northwestern Puerto Rico during that time.

For this study, we resurveyed 13.3 km of the Rio Culebrinas from upstream of the Rt. 110 to the

coast hoping to find additional features that might help to constrain the source area and
magnitude of the A.D. 1300-1508 earthquake (Figure 4). Along the upstream third of the river,
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Table 1. Search for Earthquake-Induced Liquefaction Features in Puerto Rico.

2 km west of
Maunabo to
coast

upstream section; poor
downstream

River River Section Section Suitable | River Bank Exposure | Liquefaction
Searched Length (km) | Conditions Features
Culebrinas | From upstream of 13.3 Yes Good to excellent in Yes
the Rt. 110 to many river bends
coast along upper and lower
thirds of river
Grande de | From bridge 16.7 Not ideal | Good to excellent in No
Arecibo about 5 km river bends; occasional
upstream from exposures along
Bajadero to coast straight sections;
otherwise vegetated
Grande de | From dairy farm 22 Yes Excellent exposure in Yes
Manati southwest of frequent river bends;
Manati to coast poor along lower 2 km
Cibuco From Rt. 160 8 Probably | Fair in most bends No
bridge to 0.6 km along upper half of
south of coast river; otherwise
vegetated
de La Plata | From Hwy 2 to 7 Yes Good to excellent Yes
coast along upper two thirds
of river; much poorer
downstream
Canovanas | From Hwy 3 to 3.7 Yes Good to excellent in No
confluence with most river bends
Rio Loiza
Espiritu From Hwy 3 to 3.2 Yes Good in bends along No
Santo police station upper third; otherwise
about 1.7 km poor
south of coast
Mameyes From access 4.5 No Good in bends along No
point on Rt. 191 upper half; otherwise
south of Highway poor
3 to the coast
Fajardo From farm road 5.7 No Good to excellent in No
SE of airport to upstream bends; not as
1.6 km west of good downstream
coast
Blanco From Rt. 31 10 Yes Good to excellent in No
bridge in Rio upstream bends;
Blanco to coast poorer downstream
Maunabo From farm road 4.7 Possibly | Good in bends along No




Figure 4. Google Earth image showing portion of Rio Culebrinas surveyed (red lines) totaling
13.3 km. Site locations indicated by white dots.

most cutbanks were 5-8 m high and exposure was good to excellent in river bends. Typically,
cutbanks exposed reddish silt and sandy silt in which 2-7 paleosols had formed.

Along the middle third of the river, upstream from a dam and pumping station, the banks were
mostly vegetated and there were few exposures. Along the downstream third of the river,
cutbanks were 3-4 m high and there were excellent exposures in river bends. Cutbanks were
composed primarily of reddish silt, with few interbeds of sand, in which multiple paleosols had
formed. At several locations, sand and pebbley sand was observed at the base of the cutbank or
detected with a soil probe up to 0.9 m below the cutbank. Along the lowermost 1 km, the banks
were low and vegetated.

Sediments along the Rio Culebrinas are interpreted as Holocene fluvial deposits of sandy clay

and clayey sand (Monroe, 1969). Sedimentary conditions in the floodplain of silt overlying sand
are suitable for the formation of earthquake-induced liquefaction features. Borehole data
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collected near the Highway 2 crossing of the river indicate that moderately dense sand occurs
below the surface. Liquefaction potential analysis found that a local earthquake (5 km distance)
would have to be of M 6.5 to induce liquefaction in at this site (Tuttle et al., 2005).

During this study, we found an additional fourteen liquefaction features including, one sand blow
and thirteen sand dikes at seven sites (Table 2). These findings on the Rio Culebrinas are
consistent with our earlier findings and suggest that earthquakes induced liquefaction in this area
at least three times during the past 700 years, during the A.D. 1918 and A.D. 1670 earthquakes
and during an earlier event between A.D. 1300 and 1508.

Table 2. Liquefaction Sites along the Northwestern Coast of Puerto Rico.

Site Name

Latitude
(Decimal
Degrees)

Longitude
(Decimal
Degrees)

Thickness
of Sand
Blows (cm)

Width of
Sand
Dikes (cm)

Strike and Dip
of Largest
Sand Dikes

Preliminary
Age Estimate
of Features

Rio
Culebrinas

RC 11

18.39923

67.15766

18,12,6,3

N87°W, 86°SW
N24°E, 85°NW

Since A.D.
1530; probably
A.D. 1670 event

RC 12

18.39938

67.15775

7,4,2.5

Similar to 11

Since A.D.
1530; probably
A.D. 1670 event

RC 13

18.40017

67.16224

12

8,1

N48°E, 80°NW
N72°W, 76°NE

Since A.D.
1670; probably
A.D. 1918 event

RC 100

18.37604

67.11758

N37°E, 80°SE

Possibly A.D.
1300-1508 and
A.D. 1670
events

RC 101

18.38203

67.12594

12

N22°W, 88°SW

Since A.D.
1160; possibly
A.D. 1300-1508
and A.D. 1670
events

RC 102

18.38832

67.13261

N42°W, 84°SW

Possibly A.D.
1300-1508 and
A.D. 1670
events

RC 103

18.39019

67.14146

N19°W, 74°NE

Possibly A.D.
1300-1508 and
A.D. 1670
events

At sites RC 11 and nearby site RC 12, we documented seven sand dikes, the largest one being 18
cm wide. A sample of charred material collected 3 cm below the tip of one of the dikes at RC 11
yielded a calibrated date of A.D. 1530-1560, 1630-1680, 1740-1800, and 1930-1950, suggesting
that the dikes formed since A.D. 1530 (Table 4). In addition, the sand dikes at the two sites were
iron-stained and exhibited accumulated fines, suggesting that they formed more than one
hundred years ago, and therefore, probably during the A.D. 1670 earthquake.

At site RC 13, we documented a 12 cm thick sand blow and two sand dikes. A sample of
charred material collected 12 cm below sand blow yielded a calibrated date of A.D. 1670-1770,
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1800-1940, and 1950, suggesting that the dikes formed since A.D. 1670 (Table 4). A sample of
charred material collected 22 cm above the sand blow gave a similar result. Some iron staining
but no fines accumulation was noted for the dikes. Therefore, these dikes more likely formed
during the A.D. 1918 earthquake than the A.D. 1670 event.

At site RC 100, we documented an 8 cm wide sand dike (Figure 5). The sand dike was
composed of two phases of sand suggesting two episodes of formation. The sand in the dike was
iron-stained. At site RC 101, we found a 12 cm wide dike that, like the dike at RC 100, was
composed of two phases of sand and was iron-stained. A sample of charred material collected
20 cm below the tip of dike yielded a date of A.D. 1160-1270, suggesting that the dikes formed
since A.D. 1160. Given the degree of weathering, the sand dikes probably formed more than one
hundred years ago. Although not required, the two-phase dikes may have formed during two
earthquakes, the A.D. 1300-1508 and A.D. 1670 events.

Figure 5. Sand dike at site RC 100 crosscuts reddish silts and mottled light brown paleosol near
top of exposure. Iron staining of dike suggests it formed prior to the A.D. 1918 earthquake.

At sites RC 102 and RC 103, we documented a 3 cm wide dike and a 2 cm wide dike,
respectively. Both dikes were iron-stained for most if not all of their exposed heights, suggesting



that they probably formed prior to the A.D. 1918 earthquake during either the A.D. 1300-1508 or
A.D. 1670 events.

At site RC 104 about 1.3 km from the coast, we found an unusual sandy layer containing shells
and lithic fragments that might be a tsunami deposit. Two samples of charred material collected
from the possible tsunami sand layer and from a paleosol on which it was deposited yielded
similar radiocarbon dates, A.D. 1660-1950, indicating that the layer was deposited since A.D.
1660. Tsunamis generated by the 1918 earthquake in Mona Canyon and the 1946 earthquake in
northeastern Dominican Republic are known to have struck the northwestern coast, affecting
communities near the mouth of Rio Culebrinas.

Rio Grande de Arecibo

Figure 6. Google Earth image showing portion of Rio Grande de Arecibo surveyed (red line)
totaling 16.7 km. Site locations indicated by white dots.
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We surveyed 16.7 km of the Rio Grande de Arecibo from a bridge crossing about 5 km upstream
from Bajadero to the coast. Along the upstream half of the river, cutbanks were 3-6 m high and
exposure was good to excellent in infrequent river bends. Exposed in the cutbanks, light brown
silt with lenses of sand overlies sand, pebbles, and cobbles, and even boulders along the
uppermost 2.5 km of the river. One to two paleosols had formed in the silt.

Along the downstream half of the river, cutbanks were 2-4 m high and exposure was good in
more frequent river bends. Similar to the upstream section, light brown silt characterized by
paleosols and lenses of sand overlies sand, pebbles, and cobbles. In a few locations, there were
two fining upward sequences of sand and silt. In general, there was more sand and fewer
boulders exposed along the downstream section, indicating that the deposits fine away from the
mountains. However, pebbles and cobbles were commonly exposed at the base of the cutbank or
detected with a soil probe within 0.5 m below the cutbank. Along the lowermost 0.5 km, the
banks were low and vegetated.

Sediments along the Rio Grande de Arecibo are interpreted as Holocene floodplain alluvium
including sand, silt, and clay and coarse channel deposits (Briggs, 1968). We found no
earthquake-induced liquefaction features along the river but this may be due to the high
percentage of pebbles, cobbles, and boulders in the coarse fraction of the alluvium. These coarse
materials would be exceedingly difficult to liquefy.

Rio Grande de Manati

We surveyed 22 km of the Rio Grande de Manati from a dairy farm about 3 km southwest of the
town of Manati to the coast (Figure 7). Along the upstream third of the river close to the
mountains, cutbanks were 5-7 m high and exposure was excellent in frequent river bends.
Exposed in the cutbanks, reddish silt and interbedded sand overlie pebbles and cobbles. Multiple
paleosols had formed in the silt. Along the middle third, cutbanks were 4-6 m high and exposure
was excellent in frequent river bends. Reddish silt and clayey silt, in which as many as six
paleosols had formed, were exposed in the cutbanks. At several locations silty sand and sand
were exposed at the base of the cutbank or detected with a soil probe within 1 m below the
cutbank. Along the lower third of the river, cutbanks were 1-4 m high and exposures became
increasingly low and rare as the coast was approached. Along this section, reddish silt and
clayey silt, in which two to four paleosols had formed, overlie silty sand and sand. As
determined with a soil probe, sandy sediment often extended at least 1 m below the cutbank.

Sediments along the Rio Grande de Manati are interpreted as Holocene alluvium including sand,
silt, clay, and pebbles beneath the coastal plain (Briggs, 1965) and sand, silt, clay, and cobbles
near the mountains (Monroe, 1971). Near the mountains, the high percentage of pebbles,
cobbles in the coarse fraction of the alluvium reduced the liquefaction susceptibility of the
sediments. However, beneath the coastal plain and away from the mountains, the sedimentary
conditions are suitable for the formation of liquefaction features and to record strong ground
shaking for the past 5,000 years. Borehole data collected along Highway 2 and along Rt. 140
near Barceloneta indicate that very loose to moderately dense sand occurs 3-10 m below the
surface.

During this study, we found fourteen liquefaction features including, one sand blow and thirteen
sand dikes at six sites (Table 3). These findings suggest that earthquakes induced liquefaction in
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Figure 7. Google Earth image showing portion of Rio Grande de Manati surveyed (red line)
totaling 22 km. Site locations indicated by white dots.

this area at least three times during the past 5,000 years, during the A.D. 1943 and A.D. 1787
earthquakes and during an earlier event between 1190-400 B.C. The relatively large size of the
older liquefaction features and severity of ground failure caused by the circa 800 B.C event
suggest that it was larger than or located closer to the Manati river valley than the historical
earthquakes.

At site RM 1, we documented a sand blow and four sand dikes (Table 3 and Figure 8). The 22
cm thick sand blow was about 4 m below the surface and immediately above the next to lowest
of six paleosols exposed in the cutbank. The sand blow was connected to a 10-20 cm wide sand
dike. A sample of organic sediment collected from the paleosol immediately below the sand
blow yielded a calibrated date of 1190-930 B.C. and a sample of organic sediment collected from
the base of the paleosol overlying the sand blow yielded a calibrated date of 780-400 B.C.
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Figure 8. Photograph of earthquake-induced liquefaction features discovered at sites RM 1 (see
Figure 7 for site location). Sand dike and related sand blow formed soon after 1190-930 B.C. and
before 780-400 B.C. or about 800 B.C. £+ 400 years.

(Table 4). These results suggest that the sand blow and related dike formed between 1190 and
400 B.C. (800 B.C. £400 years) but may be closer in age to 1190 B.C. than to 400 B.C. The
sand blow had experienced soil development. It exhibited blocky structure and root pores. Sand
grains were coated with fines and were stained by iron and manganese. The sand dikes also
exhibited iron and manganese staining and fines accumulation. Also, the site appeared to have
experienced a small amount of vertical displacement (8 cm) across the sand dike.

At site RM 2N, we documented a 40 cm wide sand dike and related overlying graben structure
and three other small sand dikes (Table 3 and Figure 9). The large sand dike was iron-stained,
mottled, and exhibited fines accumulation. The large dike and overlying graben probably
formed at the same time and as a result of lateral spreading. During lateral spreading, a ground
fissure probably formed into which water and entrained sand were injected from below and
overlying silt and soil collapsed. Vertical displacement of paleosols across the large sand dike
and related graben is about 5 cm. The uppermost paleosol disturbed by graben formation marks
the approximate ground surface at the time of the event and provides maximum age constraint of
1430-1120 B.C. for the event. The overlying undisturbed paleosol provides a minimum age
constraint of A.D. 230-540. Therefore, the features formed between 1430 B.C and A.D. 540.
This age estimate has a broader range and overlaps that of the sand blow and related sand dike at
nearby site RM 1. Therefore, all these features probably formed during the same event about
800 B.C. £400 years. Also at RM 2N, a 1.5 cm wide dike crosscut and clearly post-dated the
larger dike. The small dike was also iron-stained and exhibited fine accumulation, suggesting
that it did not form during the A.D. 1943 earthquake but possible during the A.D. 1787
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Figure 9. Photograph of liquefaction features discovered at sites RM 2N. Large very weathered
sand dike (below) and collapse of overlying soils into graben (above) occurred soon after 1430-
1120 B.C. and before A.D. 230-540, probably during same earthquake responsible for
liquefaction features at nearby site RM 1. Large sand dike is crosscut by relatively small
weathered dike. Two other small but unweathered dikes were intruded along the margins of large
dike. For scale, soil probe on right is 1.5 m long.

earthquake. Two other small dikes, 3 and 2.5 cm wide, had intruded along the margins of the
large dike. These dikes were essentially unweathered and may have formed during the A.D.
1943 earthquake.

At RM 28, we found only one small, 1 cm wide, sand dike. The sand filling the dike was loose,
exhibited no iron staining, or accumulation of fines. This feature was clearly young and
probably formed during the A.D. 1943 event.

At RM 4N, we documented two sand dikes, 4 and 1.2 cm wide, that were iron stained and
mottled. A sample of charred material collected 95 cm below the tip of the larger sand dike
yielded a calibrated age of A.D. 1020-1220. Clearly, the dike formed after A.D. 1020. Given
their degree of weathering, the dikes more likely formed during the A.D. 1787 event than the
A.D. 1943 event.
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Figure 10. Sand dike at site RM 5N terminates as sills below layers of clayey silt about 2 m
below the surface of the floodplain. Features appear redder in photograph than in reality.

Figure 11. At site RM 6, unusual fining upward deposit of pebbley shelly sand containing
imbricated clasts of the underlying unit of cemented sandy silt as well as pieces of eolianite and
brick. The imbricate arrangement of the clasts indicates that flow direction was upstream
(towards the left).
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Table 3. Liquefaction Sites along the North-Central Coast of Puerto Rico.

Site Name | Latitude | Longitude | Thickness | Width of | Strike and Dip Preliminary
(Decimal | (Decimal | of Sand Sand of Largest Age Estimate
Degrees) Degrees) | Blows (cm) | Dikes (cm) | Sand Dikes of Features
Rio
Grande de
Manati
RM 1 18.44213 66.52921 |22 34,20,0.5 | NSO°E, 55°NW | 1190 - 400 B.C.
N54°W, 81°SW event
RM 2N 18.44187 66.53231 40, 3,2.5, [N57°W, 90° Probably 1190 -
1.5 N8O°E, 90° 400 B.C. event;
& possibly A.D.
1787 and A.D.
1943 events
RM 28 18.44004 66.53176 1 N45°W, 84°NE | Probably A.D.
1943 event
RM 4N 18.46116 66.53184 4,1.2 N40°E, 77°NW Since A.D.
N23°E, vertical | 1020; possibly
A.D. 1787 event
RM 5N 18.44825 66.53336 14-31 N40°W, 82°NE | Probably A.D.
1943 event
RM 58S 18.44753 66.53462 4 N5°W, 85°SW Probably A.D.
1787 event
Rio de la
Plata
RDLP 10 18.43264 66.25755 1.5,0.5, N10°E, 83°SE | Since A.D. 640;
0.5 probably A.D.
1787 event

At site RM 58S, we found 4 cm wide dike of which the upper 15 cm exhibited iron staining and

fines accumulation. This feature probably formed during the A.D. 1787 event.

At site RM 5N, a sand dike ranges from 14-31 cm wide and terminates as sills below layers of
clayey silt. The sand filling the dike and sills is loose and only slightly iron stained. These
features most likely formed during the A.D. 1943 event.

At site RM6 about 2 km from the coast, we found an unusual deposit that might be a tsunami
deposit. It is a fining upward deposit of pebbley, shelly, sand containing imbricated clasts of the
underlying unit of cemented sandy silt as well as pieces of eolinite and brick. The imbricate
arrangement of the clasts indicates that the flow direction was upstream (towards the left). The
upper part of the deposit was cemented and was overlain by a recent and uncemented sandy
deposit. The deposit is likely fairly young and may have formed during the 1918 or 1946
tsunamis. The runup of the 1918 tsunami was reported to be 0.6 m at Arecibo and the 1946
tsunami was recorded at San Juan.

Rio Cibuco

We surveyed 8 km of the Rio Cibuco from the Rt. 160 crossing of the river to 0.6 km south of
the coast (Figure 12). Along the upstream half of the river, cutbanks were 3-4 m high and
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Figure 12. Google Earth image showing portion of Rio Cibuco surveyed (red line) totaling 8 km.
Exposure was fair along the upper half of the river and poor along the lower half. Overall,
exposure was very limited.

exposure was fair in most river bends. Reddish brown silt containing up to three paleosols were
exposed in the cutbanks. Occassionally, sand with few granules and pebbles was interbedded
with the silt or detected with a soil probe about 1 m below the cutbanks. Along the channelized
downstream half of the river, cutbank exposures were less frequent but exposed similar
sediments. The banks along the lowermost 1.5 km were mostly vegetated.

Sediments along the Rio Cibuco are interpreted as Holocene floodplain alluvium including sand,
clay, silt, sand, and pebbles (Monroe, 1963). Swamp deposits occur along the lower part of the
river. Sedimentary conditions are likely to be suitable for the formation of liquefaction features.
However, no liquefaction features were found along the river. This is not surprising given the
limited exposure along the short distance traversed.
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Table 4. Results of Radiocarbon Dating of Samples Collected at Study Sites.

Site - Lab Be/e | MC Age Calibrated | Calibrated Age Sample
Sample No. | No. Ratio | Yr B.P.1 Age Yr B.P.2 A.D./B.C.2 Description
Rio
Culebrinas
RC 11-C3 177892 | -26.7 |240+40 420-390 A.D. 1530-1560 | Charred material
320-270 A.D. 1630-1680 | collected 3 cm below
200-150 A.D. 1740-1800 | top of dike and 2.18 m
20-0 A.D. 1930-1950 | below top of cutbank
RC 13-C2 177893 | -25.3 | 190+40 300-250 A.D. 1650-1700 | Charred material
230-130 A.D. 1720-1820 | collected 22 cm above
110-70 A.D. 1840-1880 | sand blow
30-0 A.D. 1920-1950
RC 13-C3 177894 | -26.8 | 100 +40 280-180 A.D. 1670-1770 | Charred material
150-10 A.D. 1800-1940 | collected 12 cm below
0 A.D. 1950 sand blow and 1.74 m
below top of cutbank
RC 101-C1 | 220013 | -28.3 | 830+40 790-680 A.D. 1160-1270 | Charred material
collected 20 cm below
tip of dike
RC 104-C3 | 220016 | -27.9 | 130+40 290-0 A.D. 1660-1950 | Charred material from
possible tsunami
deposit
RC 104-C2 | 220015 | -23.5 | 130+40 290-0 A.D. 1660-1950 | Charred material from
silty soil and 23 cm
below base of possible
tsunami deposit
Rio Grande
de Manati
RM 1-S2 178003 | -17.5 2450 + 2730-2350 |780-400 B.C. Organic sediment
40 collected 0-3 cm above
sand blow
RM 1-S1 178002 | -18.3 2880 + 3140-2880 [ 1190-930 B.C. | Organic sediment
40 collected 0-3 cm below
sand blow
RM 2N-S1 | 197703 | -18.6 1670 + 1720-1410 | A.D. 230-540 Organic sediment
70 collected 3 m below
surface; uppermost cm
of undisturbed paleosol
above graben
RM 2N-S2 | 197704 | -15.8 3050 + 3380-3017 |[1430-1120 B.C. | Organic sediment
60 collected 3.4 m below

surface; uppermost cm
of paleosol disturbed
by graben

I Conventional radiocarbon ages in years B.P. or before present (1950) determined by Beta Analytic, Inc. Errors
represent | standard deviation statistics or 68% probability.
2 Calibrated age ranges as determined by Beta Analytic, Inc., using the Pretoria procedure (Talma and Vogel, 1993;
Vogel et al., 1993). Ranges represent 2 standard deviation statistics or 95% probability.
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Table 4 Cont’d. Results of Radiocarbon Dating of Samples Collected at Study Sites.

Site - Lab Be/e | MC Age Calibrated | Calibrated Age Sample
Sample No. | No. Ratio | Yr B.P.1 Age Yr B.P.2 A.D./B.C.2 Description
Rio Grande
de Manati
RM 2N-C1 | 197702 | -25.4 4420 + 5270-5170 |3320-3220 B.C. | Charred material
40 5070-4860 |3120-2929 B.C. | collected 5.15 m below
surface from silt in top
of large sand dike
RM 4N-C2 | 197705 | -26.8 | 910+40 930-730 A.D. 1020-1220 | Charred material
collected 95 cm below
sand dike tip
Rio de la
Plata
RDLP 1-C1 | 197698 | -26.9 | 170+40 300-60 A.D. 1650-1890 | Charred material
40-0 A.D. 1910-1950 | collected 20 cm above
possible tsunami
deposit
RDLP 10- 197699 | -25.4 152.1 + Modern Modern Charred material
Cl1 0.6 pMC collected from root cast
through sand dike
RDLP 10- 197700 | -25.5 1340 + 1310-1180 [ A.D. 640-770 Charred material
C2 40 collected from silt 20
cm below sand dike tip
RDLP 12- 220010 | -12.5 153.0 270 A.D. 1680 Charred material
Cl1 1 pMC 210 A.D. 1740 collected 30 cm above
140 A.D. 1800-1810 | possible tsunami
20 A.D. 1930 deposit
0 A.D. 1950
RDLP 12- | 220011 | -25.9 | 190+40 300-250 A.D. 1650-1700 | Charred material
C2 230-130 A.D. 1720-1820 | collected 20 cm below
110-70 A.D. 1840-1880 | possible tsunami
30-0 A.D. 1920-1950 | deposit
RDLP 12- 200928 -5.4 > 41000 Not Not applicable | Coral fragment
CR1 applicable
Rio Espiritu
Santo
RGR 1-W1 | 197701 | -25.3 1570 + 1570-1320 | A.D. 380-620 Charred material from
60 burned log in sandy silt
6.3 m below surface
Rio Blanco
RB 1-Cl 242404 | -27.8 | 70+40 270-210 A.D. 1680-1740 | Wood collected about
140-20 A.D. 1810-1930 | 2.7 m below top of
0 A.D. 1950-1960 | cutbank from sandy silt

I Conventional radiocarbon ages in years B.P. or before present (1950) determined by Beta Analytic, Inc. Errors
represent | standard deviation statistics or 68% probability.
2 Calibrated age ranges as determined by Beta Analytic, Inc., using the Pretoria procedure (Talma and Vogel, 1993;
Vogel et al., 1993). Ranges represent 2 standard deviation statistics or 95% probability.
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Rio de La Plata

We surveyed 7 km of the Rio de La Plata from Highway 3 to the coast (Figure 13). Along the
upstream third of the river, cutbanks were 4-5 m high and exposure was good to excellent in
river bends. Interbedded reddish brown silt, in which 2-3 paleosols had developed, and cross-
bedded sand overlying pebbles and cobble were exposed in the cutbanks. Along the middle third
of the river, cutbanks were 2-4 m high and exposure was excellent. Cutbanks exposed reddish
brown silt and interbedded silt and sand, in which up to 5 paleosols had developed. Silt and silt
over sand and pebbles was detected with a soil probe up to 1.5 m below the cutbanks. Along the
downstream third of the river, cutbanks were 2 m high and there was much less but good
exposure in the few broad river bends. In the cutbanks, silt and interbedded silt and sand were
exposed. Similar deposits were detected with a soil probe up to 1.5 m below the cutbanks.

Figure 13. Google Earth image showing portion of Rio de la Plata surveyed (red line) totaling 7
km. Sand dikes were found at RDLP 10 and near RDLP 13. Site locations indicated by white
dots.
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Sediments along the Rio de La Plata are interpreted as Holocene floodplain alluvium and include
clay, silt, sand, pebbles, and cobbles (Monroe, 1963). Along the upstream third of the river, the
alluvium contains more pebbles and cobbles that would reduce the liquefaction susceptibility of
sediments. Evenso, a small sand dike was noted along this section. Along the middle third of
the river, sedimentary conditions appear to be suitable for the formation of liquefaction features.
Similar conditions likely occur downstream but the exposure is very limited. Borehole data
collected at Highway 22, Dorado, and Toa Baja indicate that very loose to moderately dense
sand occurs 3-9 m below the surface.

Figure 14. Sand dike crosscuts uppermost paleosol and extends 60 cm upsection. Notice that
graben formed in paleosol, and presumably in overlying silt, during liquefaction event. Sample
RDLP 10-2 was collected 20 cm below tip of sand dike and 40 cm above paleosol. Dating of the
sample indicates that the dike formed since A.D. 640. For scale, scraper is about 32 cm long.

At site RDLP 10, we found three sand dikes, the largest being 1.5 cm wide and extending highest
in the section. The largest dike crosscuts the uppermost paleosol, continues upsection for
another 60 cm and pinches out about 1 m below the surface (Figure 14). The sand dike occurs
along the margin of a small graben that disturbs the paleosol. The two structures probably
formed during the same liquefaction event as the result of a small amount of lateral spreading.
Radiocarbon dating of a sample of charred material collected 20 cm below the tip of the largest
dike yielded a calibrated date of A.D. 640-770, indicating that the dike formed since A.D. 640.
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The upper 65 cm of the sand dike is both iron stained and mottled. Therefore, the sand dikes
probably form during the A.D. 1787 earthquake rather than the 1943 event.

At site RDLP 1 and 12, we found an unusual deposit that might be a tsunami deposit. The
deposit is composed of light brown silty sand containing subangular to subrounded pieces
(largest 20 cm x 15 cm x12 cm) of coral and eolianite. The deposit is 10 cm thick, about 85 cm
below the top of the cutbank, and extends at least 30 m along the bank. The deposit overlies a
reddish light brown paleosol developed in silty sand and is overlain by a light brown very fine
sandy silt in which a 15 cm thick soil had developed. The soil horizon is overlain by a recent
deposit of very fine sandy silt containing plastic. Dating of the sample RDLP 12-C2, charred
material collected 20 cm below possible tsunami deposit, gave a calibrated date of A.D. 1650-
1700, 1720-1820, 1840-1880, and 1920-1950, indicating that it was deposited since A.D. 1650.
A sample collected 30 cm above the possible tsunami deposit gave a slightly younger age. A
piece of coral from the deposit in question yielded a radiocarbon age of greater than 41 k yr, and
therefore, was clearly reworked. Similar material to the possible tsunami deposit, including coral
and eolianite fragments, occurs in the river-mouth bar. Perhaps this material was transported
0.75-1 km inland during a significant onshore flow. Given the results of ragdiocarbon dating and
its stratigraphic position, the possible tsunami deposit probably is not related to either the 1918
or 1946 tsunamis but might be related to the 1755 Lisbon tsunami that is known to have struck
other islands of the northeastern Caribbean. Also, the deposit is similar in age (A.D. 1650-1800)
to an overwash deposit on Anegada, BVI that is likely due to a tsunami (Atwater et al., 2010;
Reinhardt et al., 2010; Tuttle et al., 2011).

Figure 15. Unusual sandy deposit along Rio de la Plata that contains pieces of coral and eolianite
similar to deposit of river-mouth bar. The deposit is probably several hundred years old.
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Rio Canovanas

We surveyed 3.7 km of the Rio Canovanas from Hwy 3 to the confluence with Rio Grande de
Loiza (Figure 16). We did not survey the Rio Grande de Loiza because the river had been
channelized and the banks were heavily vegetated.

Figure 16. Google Earth image showing portion of Rio Canovanas surveyed (red line) totaling
3.7 km. Sedimentary conditions appear to be suitable for the formation of liquefaction features
but none were found along this short river section. Banks of Rio Grande de Loiza were heavily
vegetated.

Along Rio Canovanas, a tributary to Rio Grande de Loiza, cutbanks were 4-6 m high and
exposure was good to excellent in most river bends. Along the upstream portion of the tributary,
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reddish silt was overlying interbedded silt and silty sand. Pebbley sand and pebbles were
exposed at the base of the cutbank or detected with a soil probe within 0.5 m below the cutbank.
Along the downstream portion of the river, reddish brown silt was overlying reddish silt in which
at least one paleosol had formed. Only silt was detected with a probe up to 1.5 m below the
cutbank.

Sediments along the Rio Canovanas are interpreted as Holocene floodplain alluvium including
silt, sand, and pebbley sand (Monroe, 1977). The sedimentary conditions appeared to be suitable
for the formation of liquefaction features. No liquefaction features were found along the river
but this may be due in part to the shortness of the river section that we were able to search. It is
preferable to survey 10-15 km of river length to evaluate the presence or absence of liquefaction
features.

Rio Espiritu Santo

We surveyed 3.2 km of Rio Espiritu Santo from an access point just north of Highway 3 to the
police station about 1.7 km south of the coast (Figure 17). Along the upstream third of the river,
cutbanks were 5-6 m high and exposure was good in river bends. Here, most of the cutbanks
exposed interbedded silt and sandy silt containing paleosols. At one location, a coarse channel
deposit was observed at the base of the cutbank. Elsewhere, silt and sandy silt was detected
below the cutbank with a soil probe. Along the downstream two thirds of the river, the banks
were heavily vegetated and there was almost no exposure. Along the lowermost 0.5 km,
mangroves were growing along the banks. Where sediment was exposed or probed, we found
interbedded silt and sand.

At site RGR 1, we collected sample W1 from a burned log in sandy silt at 6.3 m below surface.
The sample yielded a calibrated date of A.D. 380-620 indicating that the sedimentary section
along this portion of the river represents a depositional history of about 1,600 years.

Sediments along the Rio Espiritu Santo are interpreted as Holocene alluvium including sand, silt,
clay, and coarse channel deposits (Seiders, 1971; Pease and Briggs, 1972). We found no
earthquake-induced liquefaction features along the river but this may be due to the limited
amount of exposure along the river. Also, the depositional record is only about 1,600 years long
and therefore, would not contain evidence of strong ground shaking prior to A.D. 380.
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Figure 17. Google Earth image showing portion of Rio Espiritu Santo surveyed (red line)
totaling 3.2 km. Although sedimentary conditions may be suitable for formation of earthquake-
induced liquefaction features, sediments are fairly young and exposure is limited. Wood sample
from site RGR 1 was selected for dating of exposed sedimentary section.

Rio Mameyes

We surveyed 4.5 km of Rio Mameyes from an access point along Rt. 191 south of Highway 3 to
the coast (Figure 18). Along the upstream half of the river, most cutbanks were 2-3 m high and
exposure was good in river bends. Here, 1-2 m of interbedded pebbley sand and silt containing
paleosols overlie a boulder-cobble deposit. Along the downstream half of the river, the banks
were heavily vegetated and there was almost no exposure. Sediments along the Rio Mameyes
are interpreted as Holocene alluvium including sand, silt, clay, and coarse channel deposits
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(Seiders, 1971; Pease and Briggs, 1972). We found no earthquake-induced liquefaction features
along the Rio Mameyes but this is not surprising given the coarseness (boulder and cobbles) of
the deposit. Due to the high permeability of the coarse deposit, it would be difficult to buildup
pore-water pressure to the point of liquefaction. Also, there was a general lack of exposure along
the lower half of the river. We collected organic samples at site RMS 1 but did not select them
for radiocarbon dating.

Figure 18. Google Earth image showing portion of Rio Mameyes surveyed (red line) totaling 4.5
km. Sedimentary conditions do not appear to be suitable along Rio Mameyes for the formation
of earthquake-induced liquefaction features. We collected organic samples at site RMS 1 but did
not select them for dating.
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Rio Fajardo

We surveyed 5.7 km of Rio Fajardo from a farm road crossing of the river southeast of the
airport to the sewage treatment plant about 1.6 km west of the coast (Figure 19).

Figure 19. Google Earth image showing portion of Rio Fajardo surveyed (red line) totaling 5.7
km. Sedimentary conditions do not appear to be suitable along Rio Fajardo for the formation of
earthquake-induced liquefaction features. Site locations indicated by white dots.

Along the upstream one third of the river, most cutbanks were 7-8 m high and exposure was
good to excellent in river bends. Here, 1-2 m of silt in which paleosols had developed overlies a
matrix-supported pebbley cobble unit containing deformed lenses of silt and clay. In a few
locations, weathered clayey silt was observed below the cobble deposit. Along the downstream
two thirds of the river, cutbanks were 3-4 m high and there were fewer exposures. Here, 2-3 m
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of silt containing paleosols overlies cobbles. Sediments along the Rio Fajardo are interpreted as
Holocene alluvial and debris avalanche deposits (Briggs and Aguilar-Cortes, 1980). We found
no earthquake-induced liquefaction features along the Rio Fajardo but this is not surprising given
the sedimentary conditions and paucity of loose sandy sediment. We collected organic samples
at site RF 2 but did not select any of them for dating.

Rio Blanco

Figure 20. Google Earth image showing portion of Rio Blanco surveyed (red line) totaling 10
km. Sedimentary conditions do appear to be suitable along Rio Blanco for the formation of
earthquake-induced liquefaction features; however, no such features were found. Site locations
indicated by white dots.

28



We surveyed 10 km of Rio Blanco from the Rt. 31 bridge in the town of Rio Blanco southeast
almost to Rt. 3 along the coast (Figure 20). Along the upstream half of the river, most cutbanks
were 3 m high and exposure was good to excellent in river bends (Figure 21). Typically, I m
thick light brown silt overlies reddish silt, or interbedded silt, sandy silt, and fine to medium sand
that contains one or two brown paleosols. The paleosols are characterized by blocky soil
structure, manganese nodules, and root pores. Along the downstream half of the river, cutbanks
were 2 m high and there were fewer exposures. As along the upper half of the river, interbedded
silt and sand overlies a paleosol developed in reddish silt. Along the entire length of the river,
sand and pebbley sand was observed at the base of the cutbank or detected with a soil probe
below the cutbank. Sediments along the Rio Blanco are interpreted as Holocene alluvium and
possibly sandy beach deposits (McGonigle, 1978 and 1979). Despite careful examination of all
available exposures, we found no earthquake-induced liquefaction feature along the Rio Blanco.

Figure 21. Excellent exposure of Late Holocene deposits in upstream portion of river. Note
brown paleosol about 1.5 m below top of cutbank.

Unfortunately, organic samples for dating sediments along the Rio Blanco were found at only
one location. One of the samples, RB 1-C1, was selected for radiocarbon dating. It was a piece
of wood collected 2.7 m below the top of the cutbank and 0.3 m above the water level from an
organic-rich layer of gleyed sandy silt. The sample yielded calibrated dates of A.D. 1680-1740,
1810-1930, 1950-1960 (Table 4). This result indicates that the overlying fluvial sediment was
deposited within the past 270 years. However, there were no paleosols exposed at this particular
site suggesting that the sediment may have been younger here than elsewhere along the river.
Paleosols like those observed along the Rio Blanco, and described for sediments exposed along
other rivers in the region such as the Rio Manati and Rio de la Plata, usually take several
hundreds of years to form. Therefore, sedimentary sections that include paleosols elsewhere
along the Rio Blanco likely represent 1,000-2,000 years of depositional history.

Sedimentary conditions of silt overlying sand are suitable for the formation of earthquake-
induced liquefaction features along the Rio Blanco. Also, borehole data collected at the
Highway 53 crossing of the river indicate that loose sand and gravelly sand susceptible to
liquefaction occur between 2-5 m below the surface. Exposure along the Rio Blanco is
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somewhat limited especially along the lower half of the river. However, the lack of liquefaction
features along the Rio Blanco suggest that this area may not have been subjected to strong
shaking during at least during the past 1,000-2,000 years. A paleoliquefaction study conducted
for the Puerto Rico Acgeuduct and Sewage Agency found no earthquake-induced liquefaction
features in Late Holocene deposits exposed in cutbanks along Rio Humacao, Rio Gurabo, Rio
Loiza, and Rio Valenciano also in eastern Puerto Rico and concluded that the area had not been
subjected to large earthquakes (M > 6) produced by either the Muertos trough or the GNPRFZ
during the past ~3,000 year (Tuttle and Dyer-Williams, 2006 and 2008).

Rio Maunabo

Figure 22. Google Earth image showing portion of Rio Maunabo surveyed (red line) totaling 4.7
km. Holocene alluvium including silt and pebbley sand were exposed in river bends but overall
exposure was poor. No liquefaction features were found along this river.

We surveyed 4.7 km of Rio Maunabo from a farm road crossing of the river about 2 km west of
the town of Maunabo to the coast (Figure 22). Upstream cutbanks were 4-5 m high and exposure
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was good to excellent in the occasional river bends. Typically, interbedded silt and sand overlies
a paleosol developed in reddish clay and pebbley sandy clay. There was essentially no exposure
along the lowermost 0.7 km of the river closest to the coast. These are interpreted as a Holocene
alluvium overlying Pleistocene alluvium (Rogers et al., 1979). The sedimentary conditions may
have been suitable for the formation of liquefaction features. Borehole data would help to assess
the liquefaction susceptibility of sediments. No liquefaction features were found in any of the
exposures.

Liquefaction Potential Analysis

For this project, we evaluated several scenario earthquakes to begin to place constraints on
locations and magnitudes of earthquakes that induced liquefaction along the north-central coast of
Puerto Rico. Using liquefaction potential analysis, we evaluated whether or not M 7.0 and 7.5
earthquakes at distances of 60 and 90 km and M 7.5 earthquakes at distances of 70, 80, 90, and
110 km would be likely, or not, to induce liquefaction along the Rio Manati and the Rio de la
Plata. We employed the cyclic-stress method, also known as the simplified procedure (e.g., Seed
and Idriss, 1982; Youd et al., 2001) and ground motion attenuation relations that seemed
appropriate at the time (Boore et al., 1997; Motazedian and Atkinson, 2005). Blow counts (N, a
measure of soil density) used in the analysis had been compiled previously from geotechnical
reports held at the Puerto Rico Department of Transportation and Public Works.

The analysis suggests that M 7.5 earthquakes up to a distance of 80 km would be likely to induce
liquefaction along the Rio Manati and Rio de la Plata. Similar size earthquakes at a distance of
90 km or more would be much less likely to do so. Since this analysis was performed,
attenuation relations for the region have been revised. Given the sensitivity to these relations,
the analysis should be repeated using the new attenuation relations before using the results to
constrain the location and magnitudes of earthquakes that induced liquefaction in the region.

Conclusions

During this and earlier studies, we searched cutbanks of most major rivers along the western,
northern, and eastern coasts of Puerto Rico for earthquake-induced liquefaction features. We
discovered more than seventy liquefaction features along rivers in western and north-central Puerto
Rico (Figure 2). Also, we found unusual deposits along the Rio Culebrinas and Rio Manati that
might be related to 20" century tsunamis and another deposit along the Rio de la Plata that is
several hundred years ago and might be related to the 1755 Lisbon tsunami. Additional study of
these deposits is necessary to further evaluate their origins.

In western Puerto Rico, we found at least three generations of liquefaction features along Rio
Culebrinas, Rio Grande de Afiasco, and Rio Guanajibo that formed since A.D. 1300 (Tuttle et
al., 2005). Many of the features formed during the 1918 earthquake of M 7.3 and the 1670
earthquake, which may have been as large as M 7 and centered in the Rio Afiasco valley.
Liquefaction features along Rio Culebrinas, and possibly a few along Rio Grande de Afiasco,
appear to have formed in circa A.D. 1300-1508. The source area and magnitude of the A.D.
A.D. 1300-1508 earthquake is, as yet, poorly understood. To induce liquefaction in northwestern
Puerto Rico, however, this earthquake had to be at least M 6.5, even if it were a local event.

We found liquefaction features in north-central Puerto Rico along Rio Grande de Manati and the
Rio de la Plata. We did not find liquefaction features along other rivers in northern and eastern
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Puerto Rico. This may be due in part to sediments being somewhat less susceptible to
liquefaction along several of the rivers, specifically Rio Grande de Arecibo, Rio Mameyes, and
Rio Fajardo. Also, the east coast is farther from many of the major earthquake sources, with the
exception of the source of the A.D. 1867 earthquake in Anegada Passage. Perhaps most
importantly, exposure along eastern and northeastern rivers was fairly poor due to the high rate
of precipitation and heavy vegetation. In the future, another look for liquefaction features in this
area would be warranted if erosion of cutbanks provides significantly improved exposure of
deposits.

Along the Rio Grande de Manati, we found three generations of liquefaction features that
probably formed during the A.D. 1943 M ~7.7 and A.D. 1787 M ~8.0 earthquakes and an earlier
event about 800 B.C. £400 yr. Along the Rio de la Plata, small weathered sand dikes may have
formed during the A.D. 1787 event. The features on the Manati that formed during the 800 B.C.
event, including a 22 cm thick sand blow and 40 cm wide sand dike, are very weathered, larger
than the historical features, and associated with vertical ground displacement and graben
formation. The relatively large size of liquefaction features and severity of ground failures
suggest that ground shaking was stronger along the north-central coast during the 800 B.C.
earthquake than during the A.D. 1943 and A.D. 1787 earthquakes. This implies that the 800
B.C. earthquake was either larger than the historical earthquakes or located closer to the north-
central coast of Puerto Rico. In addition, the paleoliquefaction data suggest that the earthquake
source has a recurrence time of more than 2,400 years, considerably longer than that inferred for
the Puerto Rico subduction zone.

A major concern in seismic hazard assessment of Puerto Rico is the importance of the eastern
Septentrional fault and a possible extension of the fault east of Mona Canyon, possibly as the
South Puerto Rico Slope fault (Mueller et al., 2003). The eastern Septentrional fault apparently
does not offset Mona Canyon and has not produced any major earthquakes during the historic
period. The 350-km length of the eastern Septentrional fault correlates with an earthquake
magnitude of 8.0, and the 160-km length of the South Puerto Rico Slope fault correlates with a
magnitude of 7.6. Estimates of the slip rate for the eastern Septentrional fault and the South
Puerto Rico Slope fault range from 9 mm/yr to 1 mm/yr (e.g., Prentice et al, 2003b; LaForge and
McCann, 2005). Four rupture scenarios derived from the slip rates are used in the 2003 USGS
seismic hazard assessment for Puerto Rico. For the eastern Septentrional fault, a slip rate of 2
mm/yr implies a recurrence time of 3,600 years. For the South Puerto Rico Slope fault, a slip
rate of 1 mm/yr implies a recurrence time of 3,900 years. These rates are consistent with the
paleoliquefaction data gathered along the north-central coast.

One of the strands of the GNPRFZ trends towards the Rio Manati valley where we found the
relatively large, prehistoric liquefaction features. In the earthquake catalog used in the 2003
USGS seismic hazard assessment for Puerto Rico, two of the three shallow (depth < 50 km)
onshore earthquakes of M > 4.5 events appear to be associated with the GNPRFZ. One of these
earthquakes occurred close to the Rio Manati valley. The GNPRFZ is thought to be inactive and
was not included as a seismic source in the seismic hazard assessment for Puerto Rico. If the
GNPRFZ were found to be the source of the 800 B.C. earthquake, however, this would have
significant implications for seismic hazards of the island, in general, and of San Juan and other
northeastern cities, in particular.

Although significant uncertainties remain regarding the earthquake potential and recurrence rates
of onshore and offshore sources, the results of this paleoliquefaction study suggest that an
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earthquake in 800 B.C. + 400 yr produced strong ground shaking along the north-central coast
that exceeded that experienced during historic earthquakes. This finding indicates that there is
an important seismic source in the region that could pose a significant threat to the northern coast
of Puerto Rico, including the metropolitan area of San Juan.
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