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Abstract

Subducted sediments play an important role in the magmatism at subduction zones and the formation of mantle
heterogeneity,  making them an important  tracer  for  shallow crustal  processes and deep mantle  processes.
Therefore, ascertaining the chemical compositions of different subduction end-members is a prerequisite for
using subducted sediments to trace key geological processes. We reports here the comprehensive major and trace
element analyses of 52 samples from two holes (U1414A and U1381C) drilled on the subducting Cocos Ridge
segment at the Southern Central American (SCA) subduction zone during Integrated Ocean Drilling Program
(IODP) Expedition 344. The results show that the SCA subducting sediments contain 51% (wt%) CaCO3, 27%
(wt%) terrigenous material, 16% (wt%) opal, and 6% (wt%) mineral-bound H2O+. Compared to the global trenches
subducting sediment, the SCA subducting sediments are enriched in biogenic elements (Ba, Sr, and Ca), and
depleted in high field strength elements (Nb, Ta, Zr, Hf, and Ti) and alkali elements (K, Rb, and Cs). Meanwhile,
the sediments in this area were affected by the carbonate crash event, which could have been caused by a ~800 m
rise in the carbonate compensation depth at 11 Ma in the Guatemala Basin. The reason for the sedimentary hiatus
at Hole U1381C may be the closure of the Panama Isthmus and the collision between the Cocos Ridge and the
Middle America Trench. In addition, the sediments from the subducting Cocos Ridge segment have influenced
the petrogenesis of volcanic lavas erupted in the SCA.
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1  Introduction
The Cocos Plate is subducting beneath the Caribbean Plate

along the Middle American Trench (MAT), forming an import-
ant part of the trench–arc system of the Central American sub-
duction zone (Fig. 1a), which is an important focus area for in-
vestigations of the complex subduction processes (Carr, 1984;
Carr et al., 1990, 2003; Feigenson and Carr, 1993; Hoernle et al.,
2000, 2008; Saginor et al., 2013; Walker and Gazel, 2014). The
subducting oceanic crusts outboard of the MAT are geochemic-
ally heterogeneous, while the subduction of oceanic crust from
the Guatemala to northern Costa Rica (the Northern Central
American (NCA) subduction zone (Walker and Gazel, 2014)) is
associated with the formation and evolution of the East Pacific
Rise, and the geochemical composition is similar to those of nor-
mal mid-ocean ridge basalts (MORB) (Carr et al., 1990; Patino et al.,

2000). However, from central Costa Rica to Panama (the South-
ern Central American (SCA) subduction zone (Walker and Gazel,
2014)), the subducting oceanic crust is covered by the Cocos
Ridge and seamount province which is the Galapagos hotspot
tracks. The aseismic Cocos Ridge is subducting under southern
Costa Rica while the numerous seamounts flanked northward of
Cocos Ridge are subducting under central Costa Rica (Dzierma et
al., 2011; Morell, 2016; Vannucchi et al., 2016). Both of these dif-
ferent subduction components are recognized in the lavas erup-
ted along the strike of volcanic front (Gazel et al., 2009, 2011;
Saginor et al., 2013). Therefore, the SCA subduction zone is an
ideal area to study the material relationship between subduction
input and arc output. A prerequisite for the subduction material
cycle study is to determine the subduction input compositions
and their variations along the trench (Plank and Langmuir, 1998;  
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Plank et al., 2007; Zhao et al., 2020). Along the NCA and SCA sub-
duction zones, the variations of composition and topography of
the subducted oceanic crust are significant. For instance, the
subducting crust under the NCA subduction zone is MORB-like
normal oceanic crust, while the crust subducted under the SCA
subduction zone including the Cocos Ridge and seamounts,
which have a positive topography and have been affected by the
Galapagos hotspot. However, so far, almost all the previous stud-
ies were used to choose the sediment materials from a single
Deep Sea Drilling Program (DSDP) Site 495 on the Cocos Plate off
Guatemala as the end-member compositions of subducting sedi-
ments for the entire MAT (Carr et al., 1990; Gazel et al., 2011;
Patino et al., 2000). Therefore, thus far, a comprehensive chemic-
al analysis data for the sediments from the subducting Cocos
Ridge segment was lacking, which hinder us to understand the
chemical composition characteristics of the subducting sedi-
ments at the SCA subduction zone and their impacts on the gen-
esis of the SCA arc volcanoes.

Here we systematically analyzed major and trace elements of
sediments from two holes (U1381C and U1414A) drilled during
Integrated Ocean Drilling Program (IODP) Expedition 344, which
are located seaward of the deformation front offshore the Osa
Peninsula, SCA. They were drilled at the top and the flank of the
Cocos Ridge. The bulk chemical compositions and lithological
constituents of the sediments subducting at the SCA subduction
zone were determined. Then, we investigated the material com-
ponents of the subducting sediments at the SCA, and the differ-
ences and causes of the differences in the compositions of sub-
ducting sediments between the SCA and global trenches. Mean-
while, we discussed the reason for the sedimentary hiatus on the
Cocos Ridge. Finally, we explored the possible influence of the
subducting sediments on the genesis of the volcanic lavas at the

SCA subduction zone.

2  Geological setting and sample descriptions
The Central American volcanic front extends for 1 100 km

from Guatemala to Panama, which is the best-studied erosive
subduction margin (Carr et al., 1990, 2003; Li et al., 2018; Van-
nucchi et al., 2006, 2013, 2016; Walker and Gazel, 2014; Yan and
Shi, 2014) (Fig. 1a). Along the strike of the MAT, the convergence
rates, crustal thicknesses, subduction angles, and ages of the sub-
ducting crust vary significantly. For instance, from Guatemala to
Costa Rica, the convergence rate between the Cocos Plate and
Caribbean Plate increases from ~60 mm/a to ~90 mm/a (DeMets,
2001). The sub-arc crustal thickness decreases from 48 km in
western Guatemala to 32 km in Nicaragua, and then, it increases
again to 32–40 km in Costa Rica (Carr et al., 1990). The subduc-
tion angle decreases from 65° under Nicaragua to 40° under cent-
ral Costa Rica (Protti et al., 1995), while under southern Costa
Rica the subduction is nearly flat. The variable ages of the sub-
ducting crust range from ~24.0 Ma for the NCA subduction zone
to 13.0–14.5 Ma for the SCA subduction zone (Barckhausen et al.,
2001; Werner et al., 2003). In the SCA subduction zone, the geo-
chemical compositions of volcanic lavas from the Costa Rica
have undergone obvious changes, the calc-alkaline magmatic
activities shut down at ~6 Ma, while the <6 Ma lavas have the iso-
topic and trace element compositions with an ocean island basalt
affinity, which may be caused by subduction of the Cocos Ridge
and seamounts that brought the Galapagos hotspot materials in-
to mantle wedge (Abratis and Worner, 2001; Gazel et al., 2009,
2011). Moreover, based on the isotope geochemistry and seismic
velocity structure, there is trench-parallel flow in the mantle
wedge beneath Costa Rica and Nicaragua (Hoernle et al., 2008).

It is generally accepted that the sediments are completely
subducted at the MAT (Chan and Kastner, 2000; Patino et al.,
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Fig. 1.   Topographic map and main geologic units of the Middle American Trench (a), and the locations of Site U1381 and Site U1414
(b). The yellow solid lines are the boundary of the SCA and NCA subduction zone (Walker and Gazel, 2014), while the yellow dotted
lines are the boundary of centers along strike of the Central American volcanic front (Carr, 1984). EPR represents Eastern Pacific
Rise; CNS, Cocos-Nazca Spreading Center.
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2000; Plank et al., 2002). Previous studies have compared the li-
thologic and chemical compositions of DSDP Site 495 and Ocean
Drilling Program (ODP) Site 1039, and have found that the thick-
ness and lithologic units of the sediments subducting under the
NCA subduction zone are quite similar (Patino et al., 2000; So-
lomon et al., 2006). DSDP Site 495 is the most utilized site, which
is located on a horst 22 km seaward off Guatemala. The 428 m
thick sediment column overlying the basaltic oceanic crust con-
sists of two units. The upper part of the column (177 m) consists
of hemipelagic diatomaceous mud and abyssal clay, while the
lower part of the column consists of chalky carbonate ooze, man-
ganiferous chalk and chert (Aubouin and Von Huene, 1982).

To elucidate the processes controlling the nucleation and
seismic rupture of large earthquakes, IODP Expeditions 334 and
344 drilled offshore Osa Peninsula of Costa Rica which obtained
sediments from the subducting Cocos Ridge segment and the up-
per plate (Harris et al., 2013; Vannucchi et al., 2012). The Cocos
Ridge is ~1 000 km long, 200–300 km wide, and about 2 km shal-
lower than the adjacent seafloor, which is subducting under the
southern Costa Rica (Ge et al., 2020; Harpp et al., 2005; Walther,
2003; Werner et al., 2003). Site U1381 (8°25.7′N, 84°9.5′W; water
depth of 2 064.9 m) is located on the top of the Cocos Ridge and is
~4.5 km seaward of the deformation front offshore Osa Peninsula
(Fig. 1b). Holes U1381A and U1381B were cored using the IODP
rotary core barrel system, and they recovered highly disturbed
sediments during the Expedition 334 (Vannucchi et al., 2012). In
order to recover pristine sediment samples, Expedition 344 revis-
ited this site and Hole U1381C was cored using the advanced pis-
ton corer system (Harris et al., 2013). Hole U1381C successfully
cored about 103.83 m of sediment, sedimentary rocks, and a
short interval of basaltic breccia in the lowermost part of the core.
In addition, there is a sedimentary hiatus at the contact between
the Unit I and Unit II (Harris et al., 2013). Site U1414 (8°30.2′N,
84°13.5′W, water depth of 2 459 m) is located on the flank of the
Cocos Ridge. The drilling at Site U1414 was conducted using the
advanced piston corer, extended core barrel , and rotary core
barrel system, which cored about 375.25 m of sediment. There-
fore, Site U1414 has a much thicker sedimentary sequence than
Site U1381, and there is no sedimentary hiatus at Site U1414. The
paleontology and biostratigraphy also indicate that the depos-
ition at Hole U1414A was continuous (Harris et al., 2013). The
summary of the sedimentary records from Holes U1381C and
U1414A are shown in Fig. 2, and we found the lithological units
between the NCA and SCA subduction zone are basically identic-
al, but how about their chemical composition. Therefore, in this
study, we selected 11 samples from Hole U1381C for geochemic-
al analysis: 6 samples from Unit I and 5 samples from Unit II.
Then we selected 41 samples from Hole U1414A, including 9
samples from Unit IA, 7 samples from Unit IB, 6 samples from
Unit IIA, 13 samples from Unit IIB, and 6 samples from Unit III
(Table A1).

3  Analytical methods
Because the primary goal of this study was to determine the

bulk chemical compositions of the sedimentary columns being
subducted under the SCA, samples were collected at evenly
spaced intervals downcore, which were representative litholo-
gies of the sediments at the two sites. The samples were freeze-
dried, ground to 200 mesh, and dried again at 105°C for 3 h.
Then, 0.05 g samples were digested using 3 mL of HF-HNO3 (1:1)
at 195°C for 48 h in closed Teflon beakers. The mixture was
placed on a hot plate and dried under a heat lamp, and then,
1 mL of HNO3 was added to the digested samples and evapor-

ated to dryness. After drying, 3 mL of HNO3 solution was added
and 0.5 mL of indium was added as an internal standard. Then,
the mixture was heated at 150°C for 24 h until the sample was
completely digested. Finally, the digested solutions were diluted
to 50 mL with Milli-Q water. The contents of the major elements,
except Si, were determined using inductively coupled plasma-
optical emission spectrometry at the Key Laboratory of Marine
Geology and Metallogeny, Ministry of Natural Resources, China.
The SiO2 contents of the samples were analyzed using X-ray
fluorescence at the Forth Exploration Institute of Geology and
Mineral Resources of Shandong Province, China. The contents of
the trace elements were measured using the inductively coupled
plasma-mass spectrometer at the Key Laboratory of Marine Geo-
logy and Metallogeny, Ministry of Natural Resources, China. The
precisions are (±0.2%)–(±2%) for major elements at contents >1%
(wt%) (Al2O3, MgO, CaO, and TFe2O3), and about (±2%)–(±5%)
for minor elements at contents <1.0% (wt%) (TiO2, MnO, Na2O,
K2O, and P2O5). The precision of the trace elements is within 10%.
The loss on ignition was also measured. The accuracy was
checked by measuring United States Geological Survey chemical
reference standard BHVO-2 with every batch of unknowns. The
measured value is consistent with the recommended value with-
in the error range (Table A1).

4  Results

4.1  Age model and sedimentation rates of Holes U1381C and
U1414A
The age model for Holes U1381C and U1414A is from the res-

ults of Maria et al. (2017), and it is based on shipboard nanno-
fossil data (Harris et al., 2013), the 40Ar/39Ar ages of tephra
(Schindlbeck et al., 2015), tephra correlations (Schindlbeck et al.,
2016a, b), and post-shipboard paleomagnetic analyses (Li et al.,
2015) (Fig. 3a). The mean sedimentation rate was ~80 m/Ma for
the first 0.6 Ma in Hole U1381C, and then, it decreased to ~10 m/Ma
at the Unit I/II boundary (middle late Miocene). The sedimenta-
tion rate for the Unit II was generally within the range of open-
ocean, deep sea marine sediments (~5 m/Ma). At Hole U1414A,
the sedimentation rate was ~150 m/Ma for the first 0.6 Ma, and
then it steadily decreased to ~9 m/Ma at the Unit IIA/IIB bound-
ary. Then, at the late Miocene, the sedimentation rate increased
to ~35 m/Ma (Fig. 3b).

4.2  Geochemical variations in subducted sediments at the SCA
There are large geochemical variations in Holes U1381C and

U1414A from the bottom to the top (Fig. 4). In Hole U1414A, the
variation trends of CaCO3, CaO, and Sr abundances are similar.
Their abundances are high in the Unit III and Unit IIB except that
significant abrupt decrease fluctuation in the 11–9 Ma internal. In
Units IIA and IB, their abundances gradually decreases. In Unit
IA, the change is relatively large due to the high variation of the
loss on ignition. In Fig. 4, the change in SiO2, Al2O3, K2O, and Th
contents are similar, but are opposite to the change in CaO con-
tent. Compared with Sr, the abundance of Ba fluctuated more ob-
viously. From the bottom to about 10 Ma, the Ba content gradu-
ally increases, and then, it decreases until 8 Ma. In the 8–6 Ma in-
terval, the Ba content abruptly increases to a high value and then
decreases to a lower value. In the rest of units, the abundance of
Ba fluctuates at relatively low levels. Because of the sedimentary
hiatus at Hole U1381C (Harris et al., 2013; Li et al., 2015), it is
hard to constrain the geochemical variations in the sediments.
However, as can be seen from Fig. 4, the Unit II of Hole U1381C is
enriched in CaCO3, CaO, and Sr, but the Al2O3, K2O, and Th con-
tents are low. In Unit I, the trends of these elements are reversed.
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In contrast to Hole U1414A, the SiO2 content in Unit II of Hole
U1381C is high, and the Ba content essentially remains un-
changed.

4.3  Calculating the bulk composition of each site
Plank et al. (2007) compared the core analyses and the log-

ging data from ODP Site 1149, and they concluded the deviation
between the two methods was <20% when the sedimentary
column had a high recovery. Therefore, the bulk composition of
two sites can be calculated using the core analyses, due to the re-
coveries of Holes U1381C and U1414A are 105% and 84%, re-
spectively (Harris et al., 2013; Plank and Langmuir, 1998). First,
the sedimentary column was broken into several lithological
units. Second, we analyzed the major and trace elements of sev-
eral samples from each lithological units, and we used the aver-
age value as the bulk composition for each units. Finally, the bulk

compositions of two sites can be calculated from the chemical
compositions and mass proportions of the each unit of site,
where the mass proportions are the product of the dry bulk dens-
ity and the length of the core (Plank and Langmuir, 1998; Plank
et al., 2007). The bulk composition for Hole U1381C (Tables A2
and A3) is based on 11 analyses with complete major and trace
element, and that of Hole U1414A (Tables A2 and A3) is based on
the 41 analyses. The relative standard deviation of each unit was
based on core analyses of each unit, while the relative standard
deviation of bulk composition was based on each analyse of the
site.

Based on the bulk composition calculations, we further nor-
malized the elemental compositions to the average upper contin-
ental crust (UCC) and compared them with the subducting sedi-
ment compositions of each trench. Based on the data from Plank
and Langmuir (1998) and Plank (2014), we further divided the
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Fig. 2.   Sedimentary records from DSDP Site 495, IODP Hole U1414A and IODP Hole U1381C. The red line is the sedimentary hiatus at
Hole U1381C. The lithostratigraphy and age data for Holes U1414A and U1381C are from Harris et al. (2013) and Sandoval et al. (2017).
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global subducting sediment into accretionary margin and nonac-
cretionary (erosion) margin subducting sediment (Fig. 5).

5  Discussion

5.1  Material components of the sediments subducting in the SCA
According to the core length, plate motion vectors, and the

paleolatitude, during the late Miocene, Holes U1381C and
U1414A were located close to the Galapagos hotspot, near the
equator (Sandoval et al., 2017). But now, they are located near
the trench in the low latitudes of the SCA. Therefore, the sedi-
mentary environments and material components of Holes
U1381C and U1414A might have changed significantly. Owing to
the geochemical variations could be on the centimeter scale at
sediment column, and the sample intervals of Holes U1381C and
U1414A were about 10 m (as in the study of Plank et al. (2007)),
the detailed interpretations for the sedimentation processes are
not the scope of this study. Therefore, we discuss the material
components of the two sites.

The global subducting sediment consists of 76% (wt%) terri-
genous material, 7% (wt%) calcium carbonate, 10% (wt%) opal,
and 7% (wt%) mineral-bound H2O+ , which means the global
subducting sediment is dominated by the terrigenous and bio-
genic components (Plank and Langmuir, 1998; Plank, 2014).
Therefore, we selected several terrigenous and biogenic ele-
ments to represent the material components of the SCA subduct-
ing sediments. The CaO and SiO2 contents of the sediments are
influenced by terrigenous and biogenic phases, while the K2O,
Al2O3 and Th content are strongly linked to terrigenous material
and the extent of dilution by biogenic phases (Plank and Lang-
muir, 1998; Plank, 2014). Ba and Sr are strongly linked to biogen-
ic phases and biological productivity, and in marine sediments,
Sr can substitute for Ca in calcium carbonate.

There is sedimentary hiatus at the Hole U1381C, thus we only
discuss the geochemical temporal variability of Hole U1414A.
From bottom to top, we found that the CaCO3, CaO, and Sr con-

tents decrease in Unit IIA of Hole U1414A (~8 Ma), while K2O,
Al2O3, and SiO2 contents increase. And the CaCO3, CaO, and Sr
content are mainly high in Units IIB and III, but they exhibit a de-
creasing fluctuation in Unit IIB (Fig. 4). However, the CaCO3 and
CaO variations are not synchronous as a result of the analytical
methods. The CaCO3 content was calculated from the total inor-
ganic carbon content that assuming all evolved CO2 was derived
from the dissolution of CaCO3, but a correction was not made for
the presence of other carbonate minerals (Harris et al., 2013).
Therefore, the CaO content may represent the preservation of
carbonate in Hole U1414A. According to the carbonate vari-
ations at Site 495, there was a drastic decrease in CaCO3 at ~11 Ma,
which was largely synchronous with the carbonate crash (Plank
et al., 2002). The carbonate crash event was caused by the clos-
ure of the Central American seaway, and it lifted the carbonate
compensation depth by about 800 m, which apparently preven-
ted the flow of less corrosive Caribbean intermediate and deeper
water into Pacific (Lyle et al., 1995; Newkirk and Martin, 2009).
Therefore, the CaO content of Hole U1414A may also have been
influenced by the crash event, even though the depth is shallow-
er than the carbonate compensation depth (Lyle et al., 1995).

By comparing the contents of key elements in Holes U1381C
and U1414A (Fig. 6), we found that K2O is positively correlated
with Al2O3 and SiO2, but it is negatively correlated with Sr. This
indicates that the sediments from subducting Cocos Ridge seg-
ment at the SCA are composed of biogenic material and terrigen-
ous material. In Fig. 4, the terrigenous material content increases
in Unit IIA of Hole U1414A, while the bottom units (Unit IIB and
III) of Hole U1414A have high contents of biogenic elements.
This suggests that the top units (Units IA, IB and IIA) are mostly
dominated by terrigenous materials, the content of which in-
creased in the late Miocene (~8 Ma), while the underlying units
mainly consisted of biogenic phases (Plank and Langmuir, 1998;
Plank, 2014). In the bottom units, the CaO and Sr contents are
positively correlated, while SiO2 and CaO contents are not signi-
ficantly correlated with Ba content. This indicates that the bio-
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genic phases consisted of both the siliceous and calcareous ma-
terials. As can be seen from Fig. 6, the compositions of the top
units of Holes U1381C and U1414A are closest to the composi-
tion of UCC and accretionary margins. Given the geographic pos-
itions of the holes, the terrigenous source should have been
either from the Central American volcanic arc or from the
Galapagos hotspot. Therefore, we selected the lavas from Costa
Rica to represent the terrigenous component, while chose the
compositions of basaltic rocks from Cocos Ridge and seamount
province to represent the hotspot component as these rocks were
formed by Galapagos hotspot (Harpp et al., 2005; Walther, 2003;
Werner et al., 2003). The rare earth element (REE) (Fig. 7) com-
positions suggest that the terrigenous source is the Oligocene–
middle Miocene lavas in Costa Rica (Schindlbeck et al., 2015).

This means that the terrigenous material may be from the South
American and/or North American continents.

5.2  Comparison of the SCA bulk sediments to other sediment averages
It is useful to compare the bulk sediment compositions of the

SCA with the bulk sediment compositions of the NCA (Plank
named the bulk sediments of the Central America Trench) and
global subducting sediment (GLOSS-II) (Plank, 2014).

The NCA subducting sediments are mostly based on Site 495
with some tracer elements (U, Th, Pb, REE, Nb, Hf, and Ta) from
the ODP Sites 844 and 845 (Plank, 2014). Figure 5 shows that the
sediments of the SCA are enriched in high field strength ele-
ments (HFSE: Nb, Ta, Zr, Hf, and Ti) and U, and are depleted in
biogenic elements and Mn relative to the sediments from the
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NCA. Because the content of the HFSE is linked to terrigenous
material, while the extent of dilution by biogenic phases, and the
content of U is related to the redox state of the depositional envir-
onment (Plank and Langmuir, 1998; Plank, 2014). Therefore, the
SCA sediments contained more terrigenous material and were
deposited in an oxygenated environment, which may be due to
the positive topography. Then the enrichment of Mn in the NCA
sediments is due to the manganiferous clay within the carbonate
unit (Aubouin and Von Huene, 1982). Thus, the diffences in sub-
ducted sediments between the SCA and NCA could be attributed
to the different sedimentary environments. The GLOSS-II is sim-
ilar to the UCC, which is mainly controlled by terrigenous materi-
als (Plank and Langmuir, 1998; Plank, 2014). In Fig. 5, we found
that nonaccretionary margin subducting sediment is depleted in
alkaline elements and HFSEs, which may be due to the nonaccre-
tionary margin is far from the continent (Plank and Langmuir,
1998; Zhao et al., 2020). As a typical nonaccretionary margin, the
subducted sediments of the SCA also have less content of terri-
genous material, which may be due to the SCA trench is located
at low latitudes where the seafloor is overlain by regions of high
biological productivity (Schindlbeck et al., 2016a). Therefore, in
contrast to other subduction zones, the SCA subduction zone
subducts substantial sedimentary carbon (Plank and Manning,
2019). This observation is consistent with quantitative estimates
of the proportion of calcium carbonate, opal and terrigenous ma-
terials (Table 1). The opal and CaCO3 contents are from ship-
board analyses (Harris et al., 2013). Thus, the sediments in Hole
U1414A contain 51% (wt%) CaCO3, 27% (wt%) terrigenous mater-
ial, 16% (wt%) opal, and 6% (wt%) mineral-bound H2O+.

In conclusion, the subducted crust with positive topography

makes the chemical compositions of subducted sediments diffe-
rent, although they were located at the same trench. Thus, in the
study of re-circulation of material at subduction zone, we should
select the appropriate end-member of subducted sediments.

5.3  Origin of the sedimentary hiatus
Previous studies have concluded that the sedimentary hiatus

does not occur everywhere on the Cocos Plate, but rather it ap-
pears to be restricted to the top of the Cocos Ridge and near the
MAT (Li et al., 2015; Schindlbeck et al., 2016a). However, the
reasons for the formation of this hiatus are on debate. Li et al.
(2015) suggested that the hiatus may be the result of the collision
between the Cocos Ridge and the MAT, which resulted in bot-
tom current erosion or Cocos Ridge buckling. In Fig. 3, we found
that the sedimentation rate of Hole U1414A increased since
~1.3 Ma, the increased sediments could be the erosional materi-
al from Hole U1381C, which was caused by the subduction of the
topographic relief (Li et al., 2015). However, we found that the
sedimention rate of Hole U1414A also increased at ~4 Ma, which
was contemporary with the closure of Panama Isthmus (Reijmer
et al., 2002; Stone, 2013). So some researchers proposed that the
closure of Panama Isthmus caused the strong bottom currents,
which could explain the sedimentary hiatus in top of positive to-
pography (Sandoval et al., 2017; Schindlbeck et al., 2016a). As
mentioned above, both of above events influenced the sediment-
ation processes at Holes U1381C and U1414A, they brought the
sediment components from Hole U1381C to Hole U1414A.
Therefore, both the closure of the Panama Isthmus and the colli-
sion between the Cocos Ridge and the MAT could have caused
the sedimentary hiatus on the top of the Cocos Ridge.
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5.4  Using the SCA sediments to address subduction recycling
We used the bulk composition of the SCA sediments presen-

ted here to investigate the origin of the SCA arc lavas. During sub-
duction, the subducted sediments released fluids, melts, and/or
supercritical fluids, which were incorporated into the arc magma
source and influenced the geochemical compositions of the arc
lavas (Plank, 2014; Spandler and Pirard, 2013; Zhao et al., 2020).
Elements such as large ion lithophile elements (Rb, Sr, Ba and
Cs), B, and Pb migrate with the subduction fluids, while Th and
the light REEs (LREEs) only migrate with the melts (Johnson and
Plank, 2000; Yan et al., 2019). Therefore, Th and the LREEs are
mainly derived from the mantle source and subducted melts. The
HFSEs and high rare earth elements can be regarded as subduc-
tion immobile elements, so the ratios of subduction mobile to
subduction immobile elements can be used to identify the sub-
ducbtion components (Pearce et al., 2005; Pearce and Stern,
2006; Yan et al., 2019; Zhang et al., 2019). To eliminate the influ-
ence of fractional crystallization, we used Pb/Ce and Ba/Th con-
tent ratios to identify the hydrous fluids, Th/Nb and Th/La con-
tent ratios to identify the subduction melts, and Ba/Nb content
ratio to calculate the amount of subduction materials added to
the mantle source (Pearce et al., 2005; Pearce and Stern, 2006;
Plank, 2005; Yan et al., 2019).

We compiled subduction input and arc output data to invest-
igate the subduction recycling process, and the most striking fea-
ture of the output lavas from the SCA is that the relatively recent
origin (late Miocene, ~6 Ma) lavas have similar isotopic and trace
element compositions to the Galapagos-OIB lavas (Gazel et al.,
2009, 2011). Therefore, previous studies have presented several

models to explain these geochemical characteristics. Abratis and
Woner (2001) suggested that there is a slab window in the sub-
ducting Cocos Plate, which allows the OIB-type asthenosphere
mantle into the mantle wedge under the SCA. Feigenson et al.
(2004) proposed that the OIB signature is from residual Galapa-
gos component after the formation of the Caribbean Large Ig-
neous Province (CLIP). Goss and Kay (2006) explained the OIB
signature by subduction erosion, which carried the accreted
Galapagos material (upper plate basement) into the mantle
wedge. Gazel et al. (2011) suggested that slab detachment al-
lowed the hotter asthenosphere flow into the mantle wedge. This
could explain the OIB signature as a result of mixture between
mantle melts and slab melts from the subducting Galapagos
tracks (Cocos Ridge and seamount province). However, the Tl
and Be isotopes for arc lavas from Costa Rica have revealed either
attenuated or limited evidence of the presence of sediments in
their mantle source regions (Nielsen et al., 2017; Tera et al.,
1986). In this study, we discuss whether the sediments from sub-
ducting Cocos Ridge segment have influenced the SCA arc lavas.
Therefore, we compiled data for all of the subduction compon-
ents, including subducted sediments, rocks from Galapagos
tracks (Cocos Ridge and seamount province), and upper plate
basement materials. Owing to the fact that basement rocks have
not been obtained from the sites on the upper plate, we chose the
coarse grain sizes from bottom units of the upper plate sites and
the Costa Rica fore-arc CLIP oceanic complexes to represent the
basement of the upper plate (Gazel et al., 2009; Straub et al.,
2015). In Fig. 8, the high Pb/Ce, Ba/Th, and Ba/Nb content ratios
of arc lavas could be derived from the subducted sediments, be-
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Fig.  6.     Comparision  of  the  contents  of  key  elements  in  Holes  U1381C  and  U1414A.  The  data  for  accretionary  margins  and
nonaccretionary margins are from Plank (2014). The average upper continental crust data are from Rudnick and Gao (2014).
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cause the subducted sediments show higher Pb/Ce, Ba/Th, and
Ba/Nb content ratios than arc lavas among the subduction end-
members. It may indicate that these geochemical variations
could contribute to the mixing of depleted MORB mantle (DMM)
and subducted sediments (Figs 8a and b). Meanwhile, some <6 Ma
lavas with lower Pb/Ce content ratio than DMM were influenced
by the Cocos Ridge and/or upper plate components, which was
caused by the change of subduction style as the model proposed
by the Gazel et al. (2011) or Goss and Kay (2006). We could not
determine which model is right from graphs of element ratios,
which needs some more work to addressed in the future. Besides,
Th/Nb and Th/La content ratios could indicate sediments melt
(Pearce et al., 2005; Plank, 2005; Yan et al., 2019), so the subduc-
ted sediments influenced the arc lavas in the form of melts (Figs
8c and d). It should be noted that the arc lavas have higher
Th/Nb content ratios than that in the subduction components,
which may be due to the variational degree of melting and frac-
tional crystallization. We cannot quantify the addition of subduc-
ted sediments added to the arc magmas, which requires a com-
bination of various indicators (radioactive isotopes and stable
isotopes) and geophysical methods to limit the influence of each
subduction component to the arc lavas of the SCA. It is worth
noting that the NCA subducted sediments may have also influ-
enced the genesis of the SCA arc lavas as shown in Fig. 8.
However, as mentioned above, there are some geochemical dif-
ferences between the NCA and SCA subducted sediments as the
different sedimentary environment, which would not cause the
obvious difference in elements ratios. Therefore, the appropriate
end-member of subducted sediments is important for the sub-
duction recycling process.

6  Conclusions
In this study, we analyzed 52 samples of two holes (U1381C

and U1414A) from the IODP Expedition 344, which are located
on the subducting Cocos Ridge segment at the SCA subduction
zone. Based on the results, we have reached the following con-
clusions.

The thicknesses and sedimentation rates of the two sites are
different, but they have similar chemical compositions and litho-
logic units. The sediments subducting at the SCA have been the
least affected by the terrigenous material, and they contain 51%
(wt%) CaCO3, 27% (wt%) terrigenous material, 16% (wt%) opal,
and 6% (wt%) mineral-bound H2O+.

The bottom units of the SCA sediments mainly consist of bio-
genic phases, while the top units are dominated by terrigenous
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Fig. 7.   The rare earth element (REE) patterns of each unit in Holes U1381C and U1414A normalized to the chondrite. The data for
chondrite is from Sun and McDonough (1989). a. The shaded region represents the Oligocene–middle Miocene lavas in Costa Rica,
and the data are from Gazel et al. (2009, 2011); b. the shaded region represents the late Miocene–recent lavas in Costa Rica, and the
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Table 1.     The lithological parameters of each sub-unit of Hole
U1414A

Unit IA Unit IB Unit IIA Unit IIB Unit III Bulk

Thickness/m 78.30 67.04 54.67 109.36 65.88 375.25
Wet bulk density/

(g·cm−3)
1.45 1.51 1.68 1.62 1.93 1.63

Water content/% 74 71 61 63 44 63
Dry bulk density/

(g·cm−3)
0.38 0.44 0.66 0.60 1.09 0.62

Mass proportion/% 13 13 16 28 31 100
CaCO3 content/% 5 13 57 67 69 51

Opal content/% 1 1 1 27 24 16
Mineral-bound
H2O+ content/% 19 7 0 4 6 6

Terrigenous
content/%

75 79 42 1 1 27
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material, which increased in the late Miocene. The terrigenous
material may be from the South American and/or North Americ-
an continents. Owing to the differences in the sources of terrigen-
ous materials and the manganiferous clay, the chemical compos-
itions of the SCA and NCA subducting sediments have distinct
HFSE and Mn contents, while the other elements have similar
variation trends. Compared with other global trench subducting
sediment, the sediments subducting at the SCA are enriched in
biogenic elements (Ba, Sr, and Ca) and are depleted in HSFEs
(Nb, Ta, Zr, Hf, and Ti) and alkali elements (K, Rb, and Cs). And
in contrast to other subduction zones, the SCA subducted sedi-
ments contained substantial sedimentary carbon. Therefore, we
should select the appropriate end-members of subducted sedi-
ments, as the chemical compositions of subducted sediments
would be different at same trench.

In addition, the reason for the hiatus at the top of the Cocos
Ridge, which is near the trench, may be the closure of the

Panama Isthmus and/or collision between the Cocos Ridge and
the MAT. The sediments from subducting Cocos Ridge have an
effect on the arc magmas of the SCA. In future research, we need
to combine various indicators to determine the influence of sub-
ducted sediments to the arc magmatism in an erosive conver-
gent margin.
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