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ABSTRACT

The Pacific coast of Costa Rica lies within
the Central American forearc and magmatic-
arc region that was created by northeastward
subduction of the Cocos plate beneath the
Caribbean plate at the Middle America
Trench. From the Peninsula de Nicoya south-
eastward toward the Peninsula de Osa and
the Peninsula de Burica on the Panamanian
border, the Middle America Trench loses its
physiographic expression where it intersects
the aseismic Cocos Ridge. Interaction be-
tween subduction of the buoyant, aseismic
Cocos Ridge and the overriding Caribbean
plate is invoked to explain the variation in
rates of vertical crustal uplift along a coastal
transect from Nicoya to Burica. The Pliocene
and Pleistocene stratigraphic record and
Holocene marine terraces and beach ridge
complexes indicate that maximum rates of
crustal uplift have occurred on the Peninsula
de Osa, immediately landward of the aseismic
Cocos Ridge. Crustal uplift rates decrease
northwest toward the Peninsula de Nicoya,
and to a lesser extent southwest toward the
Peninsula de Burica.

The late Quaternary stratigraphy on the
Peninsula de Osa is subdivided into two
major chronostratigraphic sequences from
groupings of radiocarbon dates. Crustal uplift
rates calculated from these sequences system-
atically decrease from 6.5 to 2.1 m/ka north-
east across the peninsula. Deformation of the
peninsula is modeled as uplifted and down-to-
the-northeast-tilted fault blocks with an an-
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gular rotation rate of 0.03° to 0.06° per
thousand years. Although less well con-
strained, crustal uplift rates on the Peninsula
de Nicoya, 200 km to the northwest of the
Peninsula de Osa, vary from <1 m/ka for
Pliocene and Pleistocene sediments to 2.5
m/ka for Holocene marine terraces. In the
Quepos region, 100 km to the northwest of
the Peninsula de Osa, calculated uplift rates
derived from incision of late Quaternary flu-
vial terraces range from 0.5 to 3.0 m/ka. On
the Peninsula de Burica, only 60 km to the
southwest of the Peninsula de Osa, calculated
uplift rates range from 4.7 m/ka for a late
Holocene marine terrace to 1.2 m/ka for
post-late Pliocene deep-sea sediments.

The variations in calculated uplift rates on
the Peninsula de Osa constrain a dynamic
model for subduction of the Cocos Ridge and
the resulting uplift of the overriding Carib-
bean plate. Deflection of the Caribbean plate
is modeled using various effective elastic
thicknesses as the response of an elastic plate
to the buoyant force of the subducted Cocos
Ridge. Because the shape of the subducted
end of the Cocos Ridge is unknown, two sce-
narios are evaluated: (1) a radially symmetric
ridge with a slope similar to the slope of the
flanks of the ridge and (2) a ridge where the
subducted end was truncated by the Panama
fracture zone. The best-fit model utilizes a
truncated ridge that has been subducted dur-
ing the past 0.5 m.y. ~50 km beneath the
overriding Caribbean plate, which has an ef-
fective elastic thickness of 5 km. The model
predicts that the highest uplift rate should be
~3.7 m/ka and occur on the southwest coast
of the Peninsula de Osa. The rate of uplift
slows considerably to the northeast and indi-
cates that the Peninsula de Osa is tilting to the
northeast, which agrees with observations in
that region. The predicted uplift rate attrib-
uted to aseismic ridge subduction also de-
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creases along the coast both north and south
of the Peninsula de Osa, resulting in little up-
lift that can be attributed to Cocos Ridge sub-
duction in the northwestern portions of the
Peninsula de Nicoya.

INTRODUCTION

The Pacific coast of Costa Rica is part of the
Central American forearc and magmatic-arc re-
gion created by northeastward subduction of the
Cocos plate beneath the Caribbean plate at the
Middle America Trench. Subduction of oceanic
lithosphere is often cited as the driving force for
deformation in arc and forearc regions (Molnar
and Atwater, 1978; Jordan and others, 1983).
Although the deformational processes are
known in general (Cross and Pilger, 1982;
Stockmal, 1983; Wang and Shi, 1984), compli-
cations arise from subduction of anomalous
bathymetric features in the form of oceanic
plateaus, fracture-zone ridges, or in the case of
southeastern Costa Rica (Fig. 1), an aseismic
ridge. The more noticeable complications from
subduction of anomalous bathymetric features
include relative seismic quiescence or gaps (Vogt
and others, 1976; Kelleher and McCann, 1976;
Astiz and Kanamori, 1984; Montero, 1986;
Adamek and others, 1987), volcanic-arc seg-
mentation and/or quiescence (Stoiber and Carr,
1973; McGeary and others, 1985; Gardner and
others, 1987), and rapid crustal uplift of the
overriding plate (Chung and Kanamori, 1978;
Alt and others, 1980; Taylor and others, 1980;
Corrigan and Mann, 1986; Hsii and others,
1986; Heil and Silver, 1987; Pinter and others,
1987; Gardner and others, 1987; Bullard and
others, 1988; Verdonck and Furlong, 1988;
Wells and others, 1988).

Our goal is to better understand one specific
case among these phenomena—the vertical
motions of the overriding Caribbean plate in
response to subduction of oceanic lithosphere
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containing the aseismic Cocos Ridge. We first
document this uplift by using the magnitudes,
rates, and locations of vertical crustal deforma-
tion along the Pacific coast of Costa Rica ob-
tained from uplifted Quaternary marine terraces,
fluvial terraces, and marine sedimentary se-
quences. We then develop a dynamic model
constrained by the observed Quaternary uplift.
The study arca is located along the Pacific
coast of Costa Rica (Fig. 1) where subduction of
the aseismic Cocos Ridge is hypothesized to be
causing uplift of the overriding Caribbean platc
(Vogt and others, 1976; Gardner and others,
1987; Wells and others, 1988; Corrigan and
others, 1990). The Pacific coast of Costa Rica
provides an appropriate site for such a study for
several reasons. First, normal subduction charac-
terized by a well-defined Benioff zone (Fig. 2) is
occurring along the northwest Pacific coast sea-
ward of the Peninsula de Nicoya (Matumoto
and others, 1977; Lundberg, 1983; Burbach and
others, 1984; Bourgois and others, 1984; Shipley
and Moores, 1986) and active arc volcanism is
occurring inland. Second, Cocos Ridge subduc-
tion is occurring seaward of the Peninsula de
Osa (van Andel and others, 1971; Vogt and oth-
ers, 1976; Hey, 1977; Lonsdale and Klitgord,
1978; Okaya and Ben-Avraham, 1987). Shal-
low, diffuse, seismic activity beneath the Penin-
sula de Osa indicates underthrusting (Adamek
and others, 1987), but without a well-defined
Benioff zone (Fig. 2). Thus, we can document
the change in uplift rate with distance from the
Cocos Ridge along a coastal transect from the

Figure 1. Location of
the Cocos Ridge and ma-
jor crustal features within
the Panama Basin. Ba-
thymetry contours from
Lonsdale and Klitgord
(1978). Modern plate mo-
tions for the eastern equa-
torial Pacific are based on
the RM2 plate motion
model of Minster and
Jordan (1978). Cocos
Ridge is outlined by the
1,750 m bathymetry con-
tour. O, Peninsula de
Osa; B, Peninsula de Bur-
ica; N, Peninsula de Ni-
coya. Bathymetry cross
sections a through e are
shown in Figure 11.
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northwest (Peninsula de Nicoya) to the south-
east (Peninsula de Osa and Peninsula de Bur-
ica, Fig. 1). Third, the late Neogene and
Quaternary history of Cocos Ridge subduction
(Fig. 3) is reasonably well constrained by recon-
structed plate motions (van Andel and others,
1971; Hey, 1977; Lonsdale and Klitgord, 1978;
Gardner and others, 1987). At approximately
8 Ma when the Panama fracturc zone is hypothe-
sized to have propagated through to the Middle
America Trench, the Panama triple junction was
located offshore of the Peninsula de Nicoya in
northwestern Costa Rica (Fig. 3). At that time,
subduction in the vicinity of the Peninsula de
Osa in southwestern Costa Rica was oblique
and slower. Subsequent, southeast migration of
the Panama triple junction along the Middle
America Trench at an approximate rate of 35
m/ka gradually re-established subduction be-
tween the Cocos and Caribbean plates. At about
1 Ma, the Cocos Ridge began to be subducted in
the vicinity of the Peninsula de Osa. It is the
subduction of the Cocos Ridge that we hypothe-
size to be causing the observed uplift in the
overriding Caribbean plate.

We first present the late Quaternary stratig-
raphy for the Peninsula de Osa landward of the
Cocos Ridge, from which we derive depths of
deposition. We then calculate an uplift from the
paleodepositional depths, radiocarbon ages, and
a local sea-level curve and compare uplift rates
among locations along the Middle America
Trench from the Peninsula de Nicoya to the
Peninsula de Burica. Finally, we develop a dy-
namic model that is constrained by the uplift
rates on the Peninsula de Osa. We use the elastic
model of Moretti and Ngokwey (1985) wherein
the overriding lithosphere is assumed to behave
as a perfectly elastic plate that is deflected up-
ward due to the buoyancy of the subducting
ridge.

STRATIGRAPHY OF THE
PENINSULA DE OSA

Stratigraphic Framework
The Peninsula de Osa (Fig. 4) is 400 km? in

area and consists of a narrow coastal piedmont
surrounding a mountainous core that exceeds
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700 m in elevation. The general stratigraphic
framework of the peninsula is reasonably well
known and consists of three units. The basement
sequence, Nicoya Complex of Santonian to
Lutetian age (Tournon, 1984), is composed of
basaltic lavas, intrusive dolerites, and gabbros
with interbedded pelagic limestones, argillites,
and cherts (Barritt and Berrangé, 1987) that are
exposed along incised valleys within the moun-
tainous core of the peninsula and along the
southern coast (Lew, 1983; Barritt and Ber-
rangé, 1987). The basement is overlain uncon-
formably by a Pliocene to Holocene sequence of
shallowing-upward, locally derived, conglomer-
ates, sandstones, siltstones, and claystones (Lew,
1983; Barrett and Berrangé, 1987) that record
the progressive uplift of the peninsula. This se-
quence has been formally subdivided into the
Charco Azul and Armuelles Formations (Man-
ual de Geologia de Costa Rica, 1984). It is the
late Quaternary (post-40 ka) shallow-marine,
beach ridge, and estuarine portion of this record
that is the focus of this study.

Late Quaternary Stratigraphy

Late Quaternary deposits crop out extensively
in stream banks in the foothills, piedmont, and
coastal plain along the eastern portion of the
peninsula (Fig. 4). Fifteen stratigraphic sections
(Figs. 5 and 6) illustrate the geometries, facies
associations, and radiocarbon ages of the late
Quaternary stratigraphy on the Peninsula de
Osa. The strata are subdivided into two chrono-
stratigraphic sequences (Fig. 7), using radiomet-
ric ages (Table 1, column 3). Chronostrati-
graphic sequence I consists of middle to late
Holocene (0 to 7150 yr B.P.) relatively uncon-
solidated, sub-horizontal sands and gravels.

Distance (km)

0 50 100 150 200 250 300

0 S50 100 150 200 250 300
Distance (km)

Figure 2. Benioff zone seismicity beneath Costa Rica. (A) Location map for profiles
A-A’ and B-B’, (B) location of earthquake depths along profile A-A’ for the period
1964-1980 (modified from Burbach and others, 1984), and (C) location of earthquake

7 (mb > 5.1) depths along profile B-B’ for the period 1964-1985 (modified from Adamek

and others, 1987).

Chronostratigraphic sequence II consists of late
Pleistocene (20,140 to greater than 36,000 yr
B.P.) semi-lithified, jointed and tilted, interstrati-
fied, mudstones and silty sandstones, pebbly
mudstones, and conglomerates. Chronostrati-
graphic sequence II can be divided into three
subunits, A, B, and C, on the basis of clusterings

of radiocarbon ages between 20,140 and 26,770
yr B.P., between 29,780 and 35,290 yr B.P., and
older than 36,000 yr B.P., respectively. Two of
these age groups correspond to global glacio-
eustatic phases: falling sea level to the late Pleis-
tocene minimum (subunit A), and rising sea
level between the late Pleistocene local min-

Figure 3. Plate tectonics of
the eastern equatorial Pacific
at 8 Ma, 5 Ma, 1 Ma, and
Present, showing the move-
ments of the Panama ftriple
junction (PTJ), Cocos Ridge,

8Ma

MALPELO
RIDGE

5Ma

and Panama fracture zone
(PFZ). Also shown are the
Middle America Trench
(MAT) and the Coiba and
Malpelo Ridges, which are
believed to have been con-
nected to the Cocos Ridge
(modified after Gardner and
others, 1987).

1 Ma

Present
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Figure 4. Eastern portion of the Peninsula de Osa as viewed from a two-point perspective block diagram, looking toward the west. Tick
marks along edge of block are in kilometers. Numbered solid dots denote sample sites (Table 1) and corresponding stratigraphic columns in
Figure 5. Line A gives location of surveyed, topographic profile in Figure 5a. Line B gives general location of Figure 7. Line C-C’ (inset and
block diagram) gives location of x axis for uplift rates in Figure 9. Line D gives approximate location and orientation of fault zone in Figure 9.
Solid triangle indicates mean sea level.
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Figure 5. (a) Topographic cross section and related stratigraphic columns for line A (Fig. 4), illustrating the beach ridge morphology and
longitudinal stream profile along Quebrada Ciénega. See Figure 6 for facies descriptions. (b) Longitudinal profile along the Rio Tigre (Fig. 4)
and related stratigraphic columns. Sites 10, 13, 14, and 15 are projected along strike from the Rio Agujas to the Rio Tigre. (c) Stratigraphic
columns for isolated outcrops along the eastern portion of the Peninsula de Osa (Fig. 4). Sites 1 and 2, part of the late Holocene beach ridge
sequence that constitutes chronostratigraphic sequence I, can be traced laterally along individual beach ridge crests into the late Holocene
beach ridge complex of Figure 5a, site 3. Sites 6 and 8 can be projected along strike into the late Pleistocene chronostratigraphic sequence I, of
Figure 5a, sites 5 and 7. Site 12 can be projected along strike into the late Pleistocene chronostratigraphic sequence Iy of Figure 5b, sites 9, 10,
11, and 13.
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CODE

SYMBOIL.

AWT: grayish
orange; BWT: pale
brown

Palc gray

Light olive gray 10
dark ycllowish
brown

Light olive gray to
dark ycllowish
brown

NAMIE Massive or crudely Cross bedded sandy Planc bedded pebbly | Cross bedded peb- Coarse planc bedded | Fine, planc bedded
bedded sandy congl. congl. sands bly sands (p) or dcformed (d) sands
sands
COLOR

Light olive gray to
dark ycllowish
brown

Light olive gray to
dark ycllowish
brown

GRAIN SIZE

Pebble congl. with
coarse sand

Pebble congl. 10
very coarse sand

Coarse to granule
sand with pebble
stringers

sand

Coarsc o granule

Coarsc to very
coarse sand

Very finc to finc
sand

INTERNAL
BEDEFORDMS

Subharizon. inter-
strat. coarse sand &
pebble congl; Len-
ticular to medium
thick beds (Note 1)

Medium to thick
Iensatic beds.
Matrix supporcd
congl. (Notes 1 &
2)

Low angle latcrally
continuous wedge
scts; medium 1o
thick, concave
upwards

Large scale trough
(1) or planar (p)
cross bedding

Decimeter thick
tabular or wedge
scts; massive or
paralicl Jaminated

Laterally extensive
tabular or wedge-
shaped beds
compriscd of thin to
thick parallcl lam.

NOTES

1. Clasts are intraformational mudballs (black symbols) or
cdnformational rocks (open symbols), the Latter consisting of
chen, vein quantz, olivine basalt, and micritic limestone.

2. G, bed conlinuity ranges from Jess than 1 m to across
outcrop. Lenses subparallel to 2nd order truncation surfaces.
Cross strata arc cither large scale low angle planar (p), or
large scale ("1 m) cut and filled troughs.

imum and maximum (subunit B). Subunit C is
not assigned a sea-level phase, owing to the lack

Figure 6. Symbols and facies description to accompany Figure 5.

of accurate age control.,

Chronostratigraphic sequence I consists of ex-
tensive beach ridges (Figs. 5a and 5b) described

in detail by Madrigal (1977), as well as fluvial
terraces along major streams (Fig. 5b, site 4).

The beach ridges step upward from modern sea

level at the coast to ~10 m above mean sea level
(Fig. 5a). The beach ridge sequence can be sub-

divided into a younger set of ridges with weakly
developed soils (Cox, Bw horizons) and sharp
topographic definition, and an older set with
moderately developed soils (Bt horizons), de-
graded beach ridge morphology, and locations

TABLE 1. COMPILATION OF SAMPLE ATTRIBUTES, PACIFIC COAST, COSTA RICA

Sample Lambert grid Radiometric Deposit Azimuth and dip Modern Eustatic
identification* coordinates age (yr BP) depth (m)** (in degrees) elevation (m) sealevel (m)fT
Chronostratrigraphic sequence I
Peninsula de Osa
1-DIC-3154, Carate 541.8: 266.7 980 = 408, Tt 0:2 430 0
2.BETA-20836, Carate 542.7: 26438 1390 + 608§ 111 042 9 01
3.BETA-20938, Carate 5409: 272.2 2020 = 6085 111 02 469 -z
4a-BETA-24917,, Golfo Dulce  536.7: 278.2 6350 + 70 02 5 8x1
4b-BETA-20841, Golfo Dulce  536.7: 278.2 7150 + 8088 T 0:2 45ne -14:2
Chronostratigraphic sequence Iy
5-BETA-20838, Carate 540.4: 2718 20140 = 140% 02 134%++ -103 £ 10
6-BETA-20837, Carate 5423: 2702 22210 £ 290 9:6 1709NE 12 65+ 12
7-DIC-3362, Carate 540.8: 2719 22730 + 940 - 1060 9:6 135,6NE 100%* 57113
8-BETA-24919,, Carate 541.4: 267.5 26770 = 1130 >15 120,14NE 5 387
Chronostratigraphic sequence Iig
9a-BETA-20941 Golfo Dulee  531.3: 276.5 29780 + 180058 9+6 140,5NE 40 451 10
96-DIC-3153,, Golfo Dulce  531.3: 2765 34530 + 1210 - 1420 916 140,5NE 40 67:8
10-BETA-24918, Golfo Dulee  528.3: 2783 30720 = 740 9+6 50 4816
11-BETA-20840, Golfo Dulee  536.2: 277.9 33070 + 520 0:2 7 616
12-BETA-24914, Gulfo Dulce  538.4: 2739 34880 + 510 9:6 150,4NE 25 684
13-BETA-26780, Gulfo Dulee  524.3; 277.7 35290 = 6208 9:6 140,7NE 40 68+ 4
Chronostratigraphic sequence Il
14-BETA-25344, Gulfo Dulee  526.7: 2775 >34,620 9£6 120,24NE 95
15-BETA-20839, Golfo Dulee  526.4: 277.7 >40,040 9:6 110,28NE 110
Peninsula de Nicoya
N-BETA-20843, Matapalo 33752575 1680 = so¥ 1T 032 274 0:1
Peninsula de Burica
B-BETA-24922, Burics 5879: 2217 830 + so¥.Ht 02 390 0+1

*Example: for identification code 1-DIC-3154,, 1 is site number used in location map (Fig. 4), uplift path (Fig. 8), and uplift rate calculation (Fig, 9). DIC is laboratory code (DIC, Dicarb Radioisotope Co.; BETA, Beta Analytic Inc.); 3154 is
laboratory number; subscript denotes type of material (s, shell; w, wood).
Lambert Grid Costa Rica South Zone coordinates are listed for east-west coordinate, then north-south coordinate. Name listed is for 1:50,000-scale topographic map.

$Error is one standard deviation.

**Depositional depth is

d from facies

in Figure 5.

Hcalculated from ﬁuﬁon 10 in Pinter and Gardner (1989). Error is one standard deviation, Values are rounded to the nearest whole number.

$5Age adjusted for

C. Stable carbon ratio is calculated relative to PDB-1 international standard. Adjusted age is normatized to ~25 per mill3C,

***Modern elevation (relative to mean sea level) determined from transit survey. All others estimated from 1:50,000-scale topographic map.
HDeadro-corrected after Ralph and Michael (1974).
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Flaser (f) or intcr- Pebbly muds. Muds with Muds

bedded (i) sands and occasional sand

muds stringers

olive gray AWT: modcrate AWT: moderate AWT: moderatc
brown; BWT: gray- brown; BWT: gray- brown: BWT: gray-
ish olive ish olive ish olive

Gravcl in a mud
matrix

Fine sand with
intcrbedded mud

Clay to coarsc silt
with fine sand
Ienses

Clay 10 coarse silt

Small scale
crossbeds with mud
flasers (f) or lam-
inated with mud
layers (i)

Crudcely horizontally
stratified

Sands arc thickly
laminated or wave
rippled

Sands are thickly
laminated or wave
rippled

3. AWT: above the watcr tabic; BWT: below the water table,
root traces; — " crosional
=

Other symbols are; ¥t
contact; P marinc bivalves or gastropods;
wood,

Figure 6. (Continued).

that are landward of and at higher elevations
than the younger set (Bullard and others, 1988).

Deposits from the beach ridges and fluvial
terraces are differentiated on the basis of their
sedimentary facies. The gravel facies (Fig. 5a)
associated with the beach ridges are noticeably
lacking in silt and clay, are well stratified, in
many cases show imbrication, and contain a di-
verse, thick-shelled bivalve and gastropod as-
semblage (T. Aguilar, personal commun.) re-
ported in Pinter, 1988). The limestone clasts are
typically biogenically bored. Gravels of the flu-
vial terraces are less well stratified and contain
more silt and clay, and the limestone clasts are
generally not bored. The sand facies of the beach
ridges are well sorted, in many cases plane-
paraliel laminated, and less volumetrically im-
portant than in the fluvial terraces, where the
sand occurs as ripple cross-stratified lenses.
Muds and clays, rarely observed in the beach
ridge strata (Fig. 5a, site 3), are a characteristic
component of the fluvial terrace (Fig. 5a, site 7;
Fig. 5b, site 4).

Water depth during deposition of the beach
facies is estimated by comparison to modern
environments on the peninsula. The silt-free,
stratified, shelly gravel and sands are similar to
deposits of the present beach ridge—runnel sys-
tem (depth ~2 m), swashface (depth ~0 m), and
berm (depth ~-2 m). Thus, the depth of these
facies during deposition is given in Table 1 as 0
+ 2 m with respect to mean sea level (MSL). Of
course, this assumes that local tidal range has
been relatively constant over time.

Chronostratigraphic sequence Il underlies se-
quence I along the coastal plain (Fig. 7); farther
inland, it underlies the foothills of the moun-

tainous core (Fig. 5b, sites 9, 10, 13, and 15; Fig.
7). The diagnostic facies of chronostratigraphic
sequence Il are interbedded, grayish-olive muds
and brown, silty, medium- to fine-grained sands
(M; and M3 of Fig. 6). These facies are semi-
lithified and jointed, and dip consistently to the
northeast. Dip of beds increases from 4°-14° in
chronostratigraphic sequences 11, and lIg to 28°
in chronostratigraphic sequence IIc. The beds
are in many cases quite fossiliferous, with a mol~

40—
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luscan fauna less diverse and thinner walled than
fauna in the gravel facies of chronostratigraphic
sequence I. Pebbly mudstones are common
(Fig. 5b, site 14), and even the true conglomer-
ates (fig. 5b, site 11) contain more silt and clay
than do their sequence I counterparts.

Most strata of chronostratigraphic sequence 11
are assigned to a shoreface environment, based
upon the wave-rippled sandstone interbeds, low
flow-energy indicators, and less diverse fauna.
Some thicker, sharp-based sand beds that con-
tain soft-sediment deformation structures are in-
terpreted to be tempestites emplaced on the
lower shoreface during storms. On the basis of
the bathymetry of the modern shoreface, we as-
sign a water depth to these deposits of 9 + 6 m
below MSL.

The remaining strata of sequence II, such
as the lower half of site 11 (Fig. 5b), are
interpreted to have been deposited in a low-
energy, mangrove deltaic environment, similar
to the mouths of the modern Rio Agujas and
Rio Tigre (Fig. 4). These beds contain in situ
mangrove roots and stumps and a greater
quantity of silty gravel. We assume a water
depth to these deposits of 0 + 2 m with respect
to MSL. In the next section, the elevation of
these deposits at the time of deposition and their
ages are used to constrain an uplift history.

UPLIFT HISTORY

Uplift rate may be expressed as the positive
change in elevation of the land mass per unit
time. This quantity may be calculated as

uplift rate (m/ka) = [modern elevation (m)
+ depositional depth (m) + )
paleo-sea level (m)]/age (ka).

The parameters were derived as follows and are
compiled in Table 1.

&
Y

3 km 7

Figure 7. Generalized stratigraphic cross section drawn perpendicular to strike of bedding
along the southeastern end of the Peninsula de Osa (Fig. 4, line B), illustrating the relationships

between chronostratigraphic sequences I and I
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(1) Age. The radiocarbon age of samples was
determined by dating of either wood or shells. In
nearly all cases for chronostratigraphic sequence
II, articulated bivalves or complete gastropods
were collected from unweathered interiors of
joint blocks in the mudstones. Radiometric ages
are internally consistent. For one location where
multiple samples were collected (Fig. 5b, site 4),
stratigraphically higher units are radiometrically
younger. Furthermore, at closely spaced strati-
graphic sections, radiometrically younger units
are stratigraphically higher (Fig. 5a, sites 5 and
7). An age reversal occurs at only one location
(Fig. 5b, site 9), indicating possible reworking of
an older log into the stratigraphically younger
unit.

(2) Site elevation. The modern elevation of
sampling sites was determined by transit survey
or from 1:50,000-scale topographic maps.
Transit measurements are accurate to at least the
nearest 0.1 m, whereas topographic-map eleva-
tions are reported to the nearest 1 m for areas
with 10-m contours and to the nearest 5 m for
areas with 20-m contours.

(3) Depositional depth. The depth below sea
level at which the dated material was deposited
was determined by facies analysis and paleoen-
vironmental reconstruction. The reconstructed
environment was assigned a probable depth, ac-
cording to commonly observed depths of such
environments, with associated margins of uncer-
tainty specified.

(4) Paleo-sea level. The height of the eustatic
level of the oceans at the time of deposition of
dated material is crucial to precise determination
of uplift rates. For this purpose, we utilize a
technique of polynomial interpolation (Pinter
and Gardner, 1989) between dated and meas-
ured sea-level extrema from New Guinea
(Bloom and others, 1974). The derived sea-level
curve with error bars is generally quite consist-
ent with a sea-level curve (0-18 ka) recently
calculated for Barbados (Fairbanks, 1990). Im-
portantly, the polynomial interpolation provides
a single technique for estimating paleo-sea level
and accompanying error bars for a sample of a
given radiocarbon age for the entire range of our
radiocarbon dates.

These four variables can be integrated into a
graph of elevation versus time (Fig. 8), which
includes the interpolated sea-level curve and
points corresponding to all sampling localities
along the eastern Peninsula de Osa (Table 1).
The x coordinate of each point is given by its
radiocarbon age. The y coordinate is given by
the elevation of the ocean at that age, less the
depositional depth for that site. Error regions are
designated as 1 standard deviation for sea level
and age. The environmental range for depth of
deposition is specified from facies reconstruc-
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uplift paths (straight lines) for all dated samples on the Peninsula de Osa. All data are reported
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D U S U NP R "
9 J 2 .
‘] !
£ 7 5 -
é 1
6 B
= 8
é 5 — 6 b
o _ 13 3
w 4 9b r
-
a | 4b
5 3 10 F
9a 12
2 71 ¢ -
" 4a
1 -
T Fault Zone —»
0 — 7
] 2 4 6 8 10
c DISTANCE (km) c

Figure 9. Calculated uplift rates with accompanying error bars for all dated sites on the
Peninsula de Osa. Numbers beside points correspond to site numbers (Table 1, column 1, and
Fig. 4). Orientation and position of x axis are shown in Figure 4 inset, line C-C’. Distance
along x axis is to the northeast along line C-C’. Vertical error bars include error in estimating
age, depositional depth, and paleo-sea level. Position of fault zone is shown in Figure 4, line D.
Linear regression equation is as follows. Uplift rate (m/ka) = 6.09 + -0.86x (r = 0.72), for 0 < x
< 4.2, and uplift rate (m/ka) = 7.03 + -0.62x (r = 0.63), for 4.2 < x < 8.2, where x is distance
along x axis.
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tions. The modern elevation of each site is
plotted on the y axis on the right side of the
graph. Finally, the two points for each sampling
site are connected by a straight line, which may
be interpreted as the path of average uplift for
that site.

The slope of each uplift path is the magnitude
of the average uplift rate for that site over its
postdepositional history. The relationship be-
tween the uplift path and the sea-level curve for
a site is the emergence-submergence history of
that site. Where the uplift path is above the eu-
static curve for a given time interval, the model
predicts that the site was subaerially exposed.
The portion of the uplift path below the curve
implies that the location was subaqueous during
that time interval.

The straight-line uplift path may average
higher uplift rates during short-term coseismic
deformation with lower uplift rates during
longer-term periods of tectonic quiescence. The
straight-line uplift path, however, does represent
a reasonable longer-term average that is sup-
ported by the data. Sites 4a and 4b (Fig. 8) lie
along parallel, but slightly offset, uplift paths
with the vertical separation equal to the thick-
ness of the stratigraphic column between dated
materials (Fig. 5b). The absence of <~10 ka
marine deposits in the stratigraphic columns for
sites 8 and 13, and especially sites 6 and 7 (Fig.
5), suggests that those sites were not extensively
resubmerged during sea-level rise after 18 ka.
Thus, the slopes of those uplift paths (Fig. 8)
could not have been much lower along the older
portion of the path, or they would fall below the

sea-level curve. The uplift path predicts submer-
gence for site 5, but no marine deposits <10 ka
were observed. Several kilometers to the north-
east, however, Holocene beach ridge deposits do
occur at or slightly above the elevation of the
dated sample at site S, indicating that it could
have been submerged in the Holocene as the
uplift path predicts. Given that the dynamic
crustal model (described later) uses a 50,000-yr
time step, the long-term average uplift rates cal-
culated from the slope of the straight-line uplift
path are appropriate.

If uplift rates were uniform both through time
and along the peninsula, then all lines of uplift in
Figure 8 would be parallel. Instead, there is scat-
ter between sites. Because uplift rates calculated
among sites of similar ages vary as widely as
among sites of different ages, it is unlikely that
the assumption of average uniform uplift
through time is the source of the scatter.

The variation in uplift rate may be rational-
ized by orthogonally projecting the location of
each site onto a transect that is perpendicular to
both the trend of the Middle America Trench
(Fig. 1) and the regional northwest strike of
bedding in chronostratigraphic sequence II
(Table 1, column 5). There is a relationship be-
tween geographic position and uplift rate, such
that the highest uplift rates occur closest to the
subduction zone and decrease inland (Fig. 9).
Accordingly, the southwestern portion of the
study area is being uplifted at a rate of ~6 m/ka,
decreasing to 2 m/ka on the northeast coast
along the Gulfo Dulce.

A zone of poorly exposed, northwest-striking,
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subvertical faults (Figs. 4 and 9) that are sub-
parallel to the strike of bedding has been
mapped in isolated outcrops along the foothills
and coastal plain (Bullard and others, 1988).
One high-angle, northeast-side-up fault cuts
>35,900 yr B.P. sediments along the Rio Plata-
nareas southwest of site 5 (Fig. 4). This same
fault apparently controls deposition of late Hol-
ocene beach ridges (Bullard and others, 1988).
Another fault north of site 9 (Fig. 4) along the
Rio Tigre displaces 29,780-34,530 yr B.P. sed-
iments. Observed stratigraphic offset of at least
1-2 m across these faults demonstrates that dif-
ferential movement of discrete blocks does exist,
although the magnitude of offset is less than that
inferred for the fault zone in Figure 9. The sense
of motion across the fault zone is consistent with
a recent interpretation of high-angle, northeast-
dipping, thrust faults along the Peninsula de Osa
(Kriz, 1990). Along the fault zone shown in
Figure 9, however, northeast-side-up motion
would elevate the coastal plain relative to the
foothills, a condition generally not consistent
with the modern topography. This would re-
quire that fluvial, and especially marine, plana-
tion has eroded the poorly consolidated beds on
the upthrown side of the fault, creating the
piedmont and coastal plain along the northeast
side of the peninsula. Thus, deformation of this
portion of the Peninsula de Osa can be approx-
imated as northeast-tilted fault blocks. The im-
plication is that the area is actively being
uplifted, block faulted, and tilted down to the
northeast with an average angular velocity of
~0.03° to 0.06° per thousand years.

Block faulting and regional down-to-the-
northeast tilting of the Peninsula de Osa are con-
sistent with other data on the peninsula. For
example, evidence of uplift on the Peninsula de
Osa has been difficult to reconcile with other
evidence of subsidence only a few kilometers
away in the Golfo Dulce (Lew, 1983). The
model described herein predicts subsidence in
the Gulfo Dulce offshore of the northeast coast
of the peninsula. A study of watershed mor-
phometry of the Peninsula de Osa (Gardner and
others, 1987) demonstrated systematic drainage-
basin asymmetry that suggested down-to-the-
northeast tilting into the Gulfo Dulce. Dips of
beds, especially in chronostratigraphic sequence
I1, are consistent with block faulting and down-
to-the-northeast tilting. Beds consistently strike
northwest-southeast and dip to the northeast,
and dip tends to increase with increasing age
although somewhat inconsistently (Table 1,
column 5). Poorly exposed faults observed in
isolated outcrops in the foothills and coastal
plain may be responsible for some of the locally
steeper dips in chronostratigraphic sequence I1,.
As a first approximation, however, deformation
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of the Peninsula de Osa can be described as
uplifted and down-to-the-northeast-tilted fault
blocks.

UPLIFT HISTORY-PENINSULA DE
NICOYA, QUEPOS, AND
PENINSULA DE BURICA

Calculated uplift rates for other sites along the
Pacific coast in a transect perpendicular to the
Cocos Ridge (Fig. 10) are less well constrained
than for the Peninsula de Osa, but do provide
estimates of uplift rates with distance from the
Cocos Ridge. These data suggest a decrease in
uplift rate with distance from the Cocos Ridge.
Late Quaternary uplift rates are calculated for
two locations on the Peninsula de Nicoya, ~200
km to the northwest of the Cocos Ridge (Fig. 1).
A sample from an elevated beach ridge at Playa
de Tamarindo (Table 1, Peninsula de Nicoya)
on the northwestern portion of the peninsula,
with a radiometric age of 1680 + 60 yr B.P.,
yields an uplift rate of 1.6 + 2.0 m/ka. Bergoe-~
ing (1983) reported a 6620 + 150 yr B.P. age for
a 7-m terrace at Montezuma on the southern tip
of the peninsula. Allowing for a 10-m sea-level
depression at that time (Pinter and Gardner,
1989) yields an uplift rate of ~2.5 m/ka. Recent
work on Holocene beach ridges on the Penin-
sula de Nicoya indicated a regional northeast-
ward tilt of 1.7 m/km along the southwestern
margin of the peninsula (Anderson and others,
1989). Longer-term uplift rates can be estimated
from elevation of the Pliocene (McKee, 1985) to
early Pleistocene (Lundberg, 1982; Baumgartner
and others, 1984; Chinchilla, 1988) Montezuma
Formation exposed along the southeastern tip of
the peninsula. If one assumes a maximum water
depth of 300 m from facies reconstruction
(Lundberg, 1982) and benthic foraminifera
(McKee, 1985), and a modern average elevation
of ~200 m, the average uplift rate is <1 m/ka,
slightly less than the shorter-term, late Quater-
nary uplift rate. All three estimates, however, are
significantly less than the maximum uplift rate
on the Peninsula de Osa. Given the regional
down-to-the-northeast tilting inferred by Ander-
son and others (1989), the sample sites located
on the southwestern coastline of the Peninsula
de Nicoya would tend to be maximum values,
yet still are less than the maximum uplift rates
on the Peninsula de Osa. This further supports
our contention that uplift rates decrease away
from the Cocos Ridge.

Average incision rates of fluvial systems have
been used to calculate late Quaternary uplift rates
(Drake, 1989) in the Quepos region midway
between the Peninsula de Nicoya and the Penin-
sula de Osa (Fig. 10). Elevation above local base
fevel of five post-34,000 yr B.P. terraces yields
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Figure 11. Bathymetric cross section of the Cocos Ridge perpendicular to the strike of the
ridge. The bottom section shows the average elevation of the Cocos Ridge relative to the
adjacent basins. Values shown are elevation relative to the average depth of the adjacent basin.

See Figure 1 for cross-section locations.

uplift rates ranging from 0.5 to 3.0 m/ka. This
range of uplift brackets the uplift rates on the
Peninsula de Nicoya but is less than half the
maximum uplift rates for the same time interval
on the Peninsula de Osa.

A late Quaternary uplift rate of 4.7 + 2.0
m/Ka is estimated for an 830 + 50 yr B.P. wave-
cut platform 3.9 m above mean sea level (Table
1) on the southern tip of the Peninsula de Bur-
ica, ~60 km to the southeast of Osa. This is
within the range for the maximum late Quater-
nary uplift rates at Osa, but significantly above

the longer-term rate of 1.2 m/ka calculated
from uplift of late Pliocene, deep-water sedi-
ments on the Peninsula de Burica (Corrigan and
Mann, 1986).

In the next section, uplift rates for sites on the
Peninsula de Osa are used to constrain a geody-
namic model for the Quaternary subduction of
the aseismic Cocos Ridge and uplift of the over-
riding Caribbean plate. The constrained geody-
namic model is then used to predict uplift rates
along the Pacific coast that can be attributed to
subduction of the Cocos Ridge.
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GEODYNAMIC MODEL
Buoyancy of the Cocos Ridge

Our intention in this section is to use a geo-
dynamic model that is constrained by the
observed uplift rates on the Peninsula de Osa
to explore the fundamental cause of uplift, but
not specific faulting scenarios. We examine two
end-member bathymetric models of the Cocos
Ridge and a range of effective elastic thicknesses
for the overriding Caribbean plate. Here, we
utilize the elastic model of Moretti and Ngok-
wey (1985), where the overriding lithosphere is
assumed to bebave as a perfectly elastic plate
that is deflected upward by the buoyancy of a
subducting ridge. Moretti and Ngokwey (1985)
rejected horizontal compression due to ridge col-
lision as a cause of deformation in the overriding
plate because it required an unrealistic horizon-
tal stress. Therefore, we consider only the verti-
cal stress caused by the buoyancy of the aseismic
Cocos Ridge.

The aseismic Cocos Ridge is a broad shallow
bathymetric feature, ~2,000 m shallower than
the adjacent basin (Fig. 1). Refraction and grav-
ity data indicate that the shallow bathymetry of
the Cocos Ridge is due to a low-velocity, low-
density supracrustal volcanic layer ~2 km thick
that is compensated by a thickened oceanic crust
(Bentley, 1974). The low-density volcanic rock
and thick crustal root make the Cocos Ridge
more buoyant than the adjacent Cocos plate.
Because the rate and direction of convergence
are similar for the Peninsula de Osa, Peninsula
de Nicoya, and Peninsula de Burica regions, the
differences in subduction can be attributed fun-
damentally to the buoyancy of the aseismic
Cocos Ridge. Figure 11 shows five bathymetric
cross sections of the Cocos ridge at 50-km inter-
vals beginning 50 km from the trench. The cross
sections were generated by interpolating (cubic
spline) between unevenly spaced bathymetric
contours (Case and Holcombe, 1980). A mathe-
matical expression for the bathymetry was
calculated as a Gaussian curve that was fit to the
average of the five cross sections (Fig. 11f). The
Gaussian shape was used in the dynamic model.
Because the shape of the subducted end of the
Cocos Ridge is unknown, two bathymetric
models are proposed. (1) The subducted end
of the ridge is radially symmetric (Gaussian
shape) with a slope similar to the slope of
the flanks of the observable portion of the ridge
(Fig. 12, model 1), and (2) the subducted end of
the ridge terminates abruptly where it was
truncated by the Panama fracture zone (Figs. 3
and 12, model 2).

The buoyant load S(x,y) per unit area at any
point can be expressed as the elevation relative

to the basin Ah(x,p), multiplied by the differ-
ence in density of the overlying and underlying
fluids and the gravitational acceleration, g:

S(xp) = Ah(xyXpy - 00)8- 2)

The load applied to the overriding plate is calcu-
lated from equation 2, using the elevation differ-
ences from each of the two bathymetric models,
a mantle density (p,) of 3,300 kg-m=3, and a
density for the overlying fluid of water (p),
1,000 kg-m~3. The maximum buoyant load cor-
responds to the shallowest bathymetry and is
approximately 46 MPa for both bathymetric
models.

Elastic Flexure Model

In the elastic flexure model, we assume that
the lithosphere of the overriding plate at subduc-
tion zones behaves as a continuous, isotropic,
homogeneous elastic plate overlying a fluid
mantle. The lithospheric plate is deformed by
forces associated with an underthrusting buoy-
ant aseismic ridge, similar to the model used by
Moretti and Ngokwey (1985) to describe the
subduction of the Entrecasteaux fracture zone at
the New Hebrides Trench. The deflection, w, of
a perfectly elastic plate embedded in a fluid,
neglecting horizontal forces, is given by

DVéw + (p, - po)gw =F %))
(Walcott, 1970),

where g is the gravitational acceleration; p, and
D, are the densities of the underlying and overly-
ing fluids, respectively; F is the applied vertical
force; and D is the flexural rigidity defined as

D =En3/[12(1 - 02)], 4

where E is Young’s modulus, 4 is the elastic
thickness, and o is Poisson’s ratio. Because the
plate is perfectly elastic, the deflection from in-
dividual point loads can be summed to give the
total deflection. A first-order approximation for
the deflection can be found using an infinite-
plate model (Moretti and Ngokwey, 1985).
Moretti and Ngokwey (1985) applied an
upward load throughout an area of contact be-
tween the subducting and overriding plates,
which extended from the trench to the sub-
ducted end of the ridge. Their model, however,
severely underestimated the uplift near the
trench. To avoid that problem in the present
model, the contact zone was taken to extend
from the subducted end of the ridge seaward to
infinity. This is necessary because the overriding
plate is modeled as an infinite plate that also
extends seaward.
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The analytic solution for equation 3 for an
infinite plate under a point load is

w=F/[(py - po)mga’?] keio(r /2/ar) )
(Moretti and Ngokwey, 1985),

where r is the radial distance from the point
load, kei, is the zero-order Kelvin function, and
a is the flexural parameter defined as

ot =4D/[(py - poE} ©®

The force applied to the overlying plate is
caused by the buoyancy of the aseismic ridge
and can be represented as point loads distributed
throughout an area of contact between the ridge
and the overriding plate. The vertical force, F, is
the vertical stress, S, divided by the number of
points per unit area. The deflection at any point
on the plate due to each point load is calculated
from equation 5. The uplift rate is then calcu-
lated by determining the change in total deflec-
tion with time as the ridge continues to be
subducted.

Flexural Uplift along the Pacific Coast
of Costa Rica

Uplift along the Pacific coast of Costa Rica is
modeled by calculating the deflection of an elas-
tic plate caused by the upward force produced

Model 1

Model 2

Figure 12. Two bathymetric models for the
subducted end of the Cocos Ridge. In model
1, the subducted end of the ridge is radially
symmetric, and in model 2, the subducted end
of the ridge terminates abruptly.
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by the subduction of the buoyant Cocos Ridge.
The deflection is calculated for two extreme
cases (Fig. 12), a radially symmetric ridge
(model 1) and a truncated ridge (model 2). The
overriding Caribbean plate is divided into a 500-
km-square grid with a 5-km grid spacing. The
deflection of each point on the Caribbean plate
is calculated for each point load produced by the
Cocos plate and then summed over all the points
of the Cocos plate to find the total deflection.
The uplift rate along the Pacific coast of Costa
Rica is calculated for a 50,000-yr time period
using a convergence rate of 95 mm-yr~! (Min-
ster and Jordan, 1978). Both bathymetric models
include as assumptions a Poisson’s ratio, o, of
0.25 and Young’s modulus, E, of 80 GPa, based
on a basaltic composition of the elastic plate.

The effective elastic thickness of continental
lithosphere has been estimated to range from >5
to <60 km (Banks and others, 1977; McNutt
and Parker, 1978; Haxby and others, 1976;
Cochran, 1980), with corresponding flexural ri-
gidities ranging from 8 x 1020 to 1.5 x 1024 N-
m~2 and flexural parameters of ~20 to 125 km.
Maximum uplift rates on the Peninsula de Osa,
immediately landward of the Cocos Ridge, are
calculated for several Caribbean plate effective
elastic thicknesses for each bathymetric model
(Table 2). Model 1 predicts that the maximum
uplift rate occurs in an almost circular region
inland of the Peninsula de Osa with absolute
values much less than observed values (Fig. 10)
for all effective elastic thicknesses. For model 2
with an effective elastic thickness of 5 km, the
uplift rate for the Peninsula de Osa region ap-
proaches the range of observed uplift rates on
the Peninsula de Osa (Fig. 10) and occurs in a
narrow region directly above the subducted end
of the ridge. Both models predict that the region
of fastest uplift becomes larger as the effective
elastic thickness increases. The maximum rate,
however, decreases.

The uplift rate is affected by the buoyant
force, the convergent rate, and the effective elas-
tic thickness of the overriding plate. Model 1
would require a stress of at least 200 MPa to
produce maximum uplift rates consistent with
the observed uplift. This is more than 4 times
greater than the buoyant stress indicated by the
bathymetry of the Cocos Ridge. Thus model 1 is
an unlikely situation and is not investigated
further.

Model 2 yields acceptable uplift rates for the
Pacific coast of Costa Rica if the effective elastic
thickness of the Caribbean plate is approxi-
mately 5 km. The total uplift and uplift rate
calculated for an effective elastic thickness of 5
km are shown in Figure 13 for a coastal section
from the Peninsula de Burica to the Peninsula de
Nicoya. The highest uplift rate occurs almost
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directly over the subducted end of the Cocos
Ridge above the Peninsula de Osa. The calcu-
lated values best fit the observed data when the
Cocos Ridge began to be subducted, about 0.5
Ma, or equivalently, when the subducted end of
the Cocos Ridge had penetrated 50 km beneath
the Caribbean plate, about 60% of that estimated
from plate reconstructions. From this model, the
predicted uplift rate perpendicular to the trench
across the Peninsula de Osa (Fig. 14A) best fits
observational data. This yields a pattern of uplift
that would produce a northeast tilting of the
Peninsula de Osa and areas of subsidence north-
east of the Gulfo Dulce that are also consistent
with observations. Figure 14B shows the ob-
served and predicted uplift rate parallel to the
trench along the Costa Rica coastline. The
model predicts a decrease in uplift rate away
from the Cocos Ridge. Model predictions fall
between the range of observed values for Burica
and southernmost Nicoya and allow for the ob-
served northeastward tilt of Holocene beach
ridges along the southeastern coast of the Penin-
sula de Nicoya (Anderson and others, 1989).
Predicted uplift is low, but within the error
range for the northwesternmost Nicoya sample.
Given that the model transect lies seaward of the
Quepos region, the model actually predicts neg-
ligible uplift for that region. The observed uplift

TABLE 2. MAXIMUM UPLIFT RATE FOR THE PENINSULA DE
OSA CALCULATED FOR DIFFERENT EFFECTIVE ELASTIC
THICKNESSES (EET)

Maximum uplift rate (m/ka)

EET (km) Model 1 Model 2
5 09 37
10 081 210
20 069 120
30 054 081

Distance (km)

would therefore result from processes other than
buoyancy of the subducted ridge, possibly sub-
duction of seamounts or the accretionary prism
along the Middle America Trench, or isostatic
rebound in response to denudation.

Discussion of Flexural Model

Model 2 gives a first-order estimate of the
observed uplift rate and the angular rotation
along the Pacific coast of Costa Rica that can be
attributed to buoyance of the subducting Cocos
Ridge. It is based on the assumptions that the
subducted end of the Cocos Ridge ends abruptly
and that the flexural rigidity of the Caribbean
plate in this region is on the order of 1020
N-m2. McNutt and Parker (1978) have suc-
cessfully modeled the flexure of continental
lithosphere, using a flexural rigidity as low as 2 X
1019 N-m~2, indicating that an effective elastic
thickness of 5 km is reasonable for this region of
Central America. The model could be further
improved by approximating the overriding plate
as a semi-infinite plate and by accounting for the
elastic response of the subducting plate. The as-
sumption concerning the shape of the subducted
end of the Cocos Ridge in model 2 suggests an
extreme case where the original ridge was
orthogonally truncated by the Panama fracture
zone and ends as a vertical wall. As a first ap-
proximation, orthogonal truncation was utilized
to accommodate the grid orientation in the geo-
dynamic model. The Panama fracture zone ac-
tually truncates the Cocos Ridge at an oblique
angle (Fig. 3). Using a diagonally truncated
Cocos Ridge in the geodynamic model would
not significantly affect the magnitude of the total
uplift or uplift rate (Fig. 13), but would tend to
rotate the axes of the ellipses defined by the
uplift rate contours farther inland in the direc-
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tion of the Peninsula de Nicoya. This would
yield model results that are more consistent with
the observed uplift rate in the Quepos region. A
vertical wall may be unrealistic, but we suggest
that the subducted end of the ridge is likely to
have had a much steeper slope than the sides of
the ridge, because it was truncated by the
Panama fracture zone (Fig. 3). A ridge with a
vertical face would most likely push up sedi-
ments in the accretionary wedge during subduc-
tion. Surface uplift caused by deformation

A
10

within such a wedge, however, is much less than
observed uplift on the Peninsula de Osa (Ver-
donck, 1989).

The uplift rate varies significantly along the
Pacific coast of Costa Rica. We submit that this
variation in uplift rate is directly related to the
subduction of the Cocos Ridge in the vicinity of
the Peninsula de Osa. Our model indicates that
the subducted end of the Cocos Ridge likely had
a steep slope and that the crest of this leading
end has penetrated ~50 km beneath the Carib-
bean plate. The buoyancy of the Cocos Ridge
causes it to subduct at a low angle, which is
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Figure 14. Observed (solid symbols from Fig. 10) and predicted (solid line) uplift rate, using
bathymetric model 2 for the Pacific coast of Costa Rica. A-A’, uplift rate perpendicular to the
Middle America Trench across the Peninsula de Osa. B-B’, uplift rate parallel to the Middle
America Trench along the Costa Rica coastline crossing the Peninsula de Burica, Peninsula de
Osa, and Peninsula de Nicoya. See Figure 13 for exact locations. Projection of uplift rate
values to less than zero (not shown) indicates subsidence.
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evident in the lack of deep seismicity beneath
the Peninsula de Osa (Fig. 2c). Although there is
very little seismic activity directly beneath the
Peninsula de Osa, shallow, subduction-related
seismicity is present farther inland (Adamek and
others, 1987). This activity may be associated
with either deformation in the overriding plate
or movement of lithosphere subducted prior to
subduction of the Cocos Ridge.

CONCLUSIONS

The Pacific coast of Costa Rica parallels the
Middle America Trench and lies astride the
aseismic Cocos Ridge. It is ideally situated for an
analysis of crustal uplift that results from sub-
duction of the Cocos Ridge. The Pliocene and
Pleistocene stratigraphic record and Holocene
marine terraces and beach ridges indicate that
the highest, maximum rates of crustal uplift have
occurred on the Peninsula de Osa, immediately
landward of the Cocos Ridge. Although less
well constrained, crustal uplift rates decrease
toward the Peninsula de Nicoya, 200 km to the
northwest, and to a lesser extent toward the
Peninsula de Burica, 60 km to the southeast.

On the Peninsula de Osa, the late Quaternary
stratigraphy is subdivided into two chronostrati-
graphic sequences, based on radiocarbon ages.
Chronostratigraphic sequence I consists of a
middle to late Holocene (<7150 yr B.P.) beach
ridge complex, whereas chronostratigraphic se-
quence II consists of late Pleistocene (20,140 to
>36,000 yr B.P.) shallow-marine to deltaic,
mangrove units. Uplift rates on the Peninsula de
Osa calculated from these sequences vary from a
maximum of 6.5 m/ka in the southwest along
the axis of the peninsula to <2.1 m/ka in the
northeast along the Gulfo Dulce. Deformation
of the Peninsula de Osa is approximated as up-
lifted and down-to-the-northeast—tilted blocks,
with an angular velocity of ~0.03° to 0.06°
per thousand years for at least the past 35 ka.
This deformation style is consistent with ancil-
lary data from strike and dip directions of late
Pleistocene marine units and drainage-basin
asymmetries.

On the Peninsula de Nicoya, uplift rates vary
from 2.5 to 1.6 m/ka for Holocene terraces to
<1 m/ka for the Pliocene and Pleistocene
Montezuma Formation. In the Quepos region,
uplift rates measured from late Quaternary flu-
vial terraces range from 0.5 to 3.0 m/ka. On the
Peninsula de Burica, significantly closer to the
aseismic ridge, calculated uplift rates vary from a
maximum of 4.7 m/ka for the latest Holocene
to 1.2 m/ka for the post-late Pliocene.

A geodynamic model is used to calculate the
vertical deformation of the overlying Caribbean
plate where that plate is assumed to behave as a
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perfectly elastic plate deflected upward owing to
the buoyancy of the subducting Cocos Ridge.
The best-fit bathymetric model utilizes an
abruptly truncated Cocos Ridge that has been
subducted ~50 km beneath the overriding
Caribbean plate. The Caribbean plate has a
flexural rigidity of approximately 1020 N-m~2
and an effective elastic thickness of 5 km. The
model predicts a maximum uplift rate of 3.7
m/ka along the southwest coast of the Peninsula
de Osa, slightly less than the average observed
value. It reproduces the observed northeast tilt-
ing of the peninsula and the decrease in uplift
rates along the coast away from the Cocos
Ridge.
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