
Proc. IODP | Volume 344

Harris, R.N., Sakaguchi, A., Petronotis, K., and the Expedition 344 Scientists
Proceedings of the Integrated Ocean Drilling Program, Volume 344

Data report: Rb and Cs concentration analyses 
of pore fluids from offshore Osa Peninsula, 

Costa Rica, IODP Expedition 3441

Miriam Kastner2

Chapter contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Drill sites  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Analytical methods . . . . . . . . . . . . . . . . . . . . . . 2

Results and discussion. . . . . . . . . . . . . . . . . . . . 3

Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . 4

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Tables. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1Kastner, M., 2017. Data report: Rb and Cs 
concentration analyses of pore fluids from offshore 
Osa Peninsula, Costa Rica, IODP Expedition 344. In 
Harris, R.N., Sakaguchi, A., Petronotis, K., and the 
Expedition 344 Scientists, Proceedings of the 
Integrated Ocean Drilling Program, 344: College 
Station, TX (Integrated Ocean Drilling Program). 
doi:10.2204/iodp.proc.344.207.2017
2Scripps Institution of Oceanography, La Jolla, CA 
92037, USA. 
mkastner@ucsd.edu
Abstract
The Rb and Cs concentrations of pore fluids recovered during In-
tegrated Ocean Drilling Program (IODP) Costa Rica Seismogenesis
Project Expedition 344 are reported. Five sites were drilled during
IODP Expedition 344, three in the overriding plate (Sites U1380,
U1413, U1412) and two on the incoming Cocos plate (Sites
U1381, U1414). One of the sites drilled in the overriding plate,
Site U1380, is a complementary site to the adjacent Site U1378
drilled during expedition 334.

The Rb and Cs systematics were analyzed to unravel the behavior
of the highly incompatible alkali metal elements at the different
sites in order to better understand the fractionation between
them and K during fluid-rock reactions at greater depths in
forearc basins.

The pore fluids at the sites drilled on the upper plate suggest an
important role of ash (or tephra) alteration for K concentrations;
however, this role is less apparent for Rb and particularly for Cs
concentrations. At the three overriding plate sites drilled, com-
munication with a deeper Cs-enriched fluid is observed, suggest-
ing that the most incompatible alkali metal element, Cs, is not in-
volved in the overriding plate sediment diagenetic reactions and
hence is expelled into the fluid phase that is circulating at great
depths. Some of the Rb is, however, involved in certain clay and
possibly zeolite diagenetic reactions but not in carbonate or silica
recrystallization reactions. At the two incoming plate sites cored
during this expedition, Sites U1381 and U1414, the pore fluids are
enriched in both Rb and Cs, as discussed below.

Introduction
The study region of the Costa Rica Seismogenesis Project (CRISP),
located offshore the Osa Peninsula, is part of an extensive ero-
sional subduction zone, spanning from Guatemala to Costa Rica
(Ranero and von Huene, 2000; Ranero et al., 2000; Vannucchi et
al., 2004). The CRISP drilling project was aimed at understanding
the processes that control fault zone behavior during earthquake
nucleation and rupture propagation at erosional subduction
zones. This region is characterized by low sediment supply, fast
convergence rate, abundant seismicity, and change in subducting
plate relief along strike (see the Expedition 344 summary chap-
ter [Harris et al., 2013a]). Arcward of the trench, the lower slope
 doi:10.2204/iodp.proc.344.207.2017
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consists of a 10–12 km wide frontal prism, where a
modern sediment apron overlies older sediment that
may have been deposited in a forearc basin setting
(Ross et al., 2015). Five sites were drilled, three on
the overriding and two on the incoming plates (Fig.
F1).

Pore fluids were subsampled and analyzed for Cl, K,
Rb, and Cs concentrations at the five sites drilled
during Expedition 344, and the results are reported
below (Table T1; Figs. F2, F3, F4, F5, F6).

Drill sites
Two of the sites that were drilled on the overriding
plate sampled the upper and middle slope regions,
and at Site U1412 the prism toe was drilled; the
other two sites were drilled on the incoming Cocos
plate (Fig. F1). (For complete descriptions of the drill-
ing results see the Expedition 344 summary chapter
[Harris et al., 2013a]).

Overriding plate sites
Site U1380 is a complementary site to the adjacent
Site U1378, drilled during Expedition 334 to ~480
meters below seafloor (mbsf) and abandoned be-
cause of hole instability. The hole was washed to
~450 mbsf and drilled to ~800 mbsf; however, pore fluids
were only recovered between ~450 and ~600 mbsf. At
greater depths the sediments were cemented and no pore-
fluids were recovered. Site U1380 was drilled to investi-
gate the deeper portions of the upper slope sequence
and underlying wedge sediments. The sedimentary
succession recovered from the wedge consists of al-
ternating terrestrial turbiditic upper slope to shelf se-
quences, with some deltaic-derived sediment.

Site U1413 was also drilled in the middle slope re-
gion along a 3-D seismic line (Bangs et al., 2013).
Three lithostratigraphic units were distinguished in
the sediment section of Site U1413 (see the Upper
slope Site U1413 chapter [Harris et al., 2013e]).

The frontal sedimentary prism at the base of the
slope was drilled at Site U1412. The primary goal at
this site was to penetrate the décollement and to in-
vestigate the fluid flow regime within the under-
thrust sediments as well as within the oceanic crust.
Three units were distinguished in the sedimentary
section; unfortunately, due to hole instability, the
décollement, underthrust sediment, and basement
were not sampled at this site.

Incoming plate sites
Two sites were drilled on the subducting aseismic
Cocos Ridge in order to understand seismogenic pro-
cesses in subduction zones. The incoming sediment

thickness at Site U1381 is just <100 m, and the site is
located higher on the Cocos Ridge. The upper 50 m
at this site consists of predominantly monotonous
sequences of silty clay to clay underlain by a more
pelagic sequence with abundant biogenic sediment.
The contact between the basement and the overly-
ing sediment was recovered at ~95 mbsf in Hole
U1381B and at ~104 mbsf in Hole U1381C.

The sediment thickness at Site U1414 is ~380 m; the
sediment section consists of pelagic/hemipelagic
silty clay to clay in the upper section with increasing
nannofossil-rich calcareous ooze at greater depth
plus interspersed tephra layers, mostly missing at
Site U1381. Below ~345 mbsf the sediments were too
indurated for pore fluid extraction (see the Input
Site U1414 chapter [Harris et al., 2013b]).

Analytical methods
Pore fluid was collected from whole-round cores that
were cut on the catwalk immediately after recovery,
capped, and taken to the laboratory for processing
using a titanium squeezer (Manheim and Sayles,
1974). Gauge pressures up to 30 MPa were applied
using a hydraulic press to extract pore fluids. The ex-
tracted pore fluid was passed through a prewashed
Whatman No. 1 filter fitted above a titanium screen,
filtered through a 0.2 µm Gelman polysulfone dis-
posable filter, and subsequently extruded into a pre-
cleaned (10% HCl), 60 mL plastic syringe attached to
the bottom of the squeezer assembly. Details of this
procedure are given in the Methods chapter (Harris
et al., 2013d).

High-precision chloride concentrations were ac-
quired on board using a Metrohm 785 DMP auto-
titrator and silver nitrate (AgNO3). International As-
sociation for the Physical Sciences of the Oceans
(IAPSO) seawater was used as the standard (see the
Methods chapter [Harris et al., 2013d]). The Cl con-
centrations were reanalyzed on shore at Scripps Insti-
tution of Oceanography by titration with AgNO3

(1% precision).

Rubidium and cesium concentrations in the pore flu-
ids were analyzed using a Thermo Scientific iCAP Q
inductively coupled plasma–mass spectrometer (ICP-
MS) in the Scripps Isotope Geochemistry Lab (SIGL)
at Scripps Institute of Oceanography. Concentrations
were determined using a calibration curve methodol-
ogy.

A primary standard of 500 ppb Rb and 5 ppb Cs in
1% HNO3 was diluted to 50%, 25%, 10%, 5%, and
1% concentrations with 1% 15 M ultra-pure (op-
tima) HNO3. For analysis, a 100 uL aliquot of 500
ppb indium standard was added to an empty, acid
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cleaned analysis vial. A 300 uL aliquot of this stan-
dard and 4.7 mL of 1% HNO3 were added to the
analysis vial. Additionally, 150 uL of a 560 mM NaCl
solution was added to the analysis vial to account for
matrix suppression of the plasma ionization effi-
ciency. In total, the standard was diluted to 5.7% of
its original concentration. The 25% standard was di-
luted as above and analyzed after every five samples
throughout the analysis series to determine precision
of the results. A blank solution was analyzed before
and after the sample set was analyzed to determine
residual carryover of any elements throughout the
analysis.

Prior to sample analysis, the ICP-MS was calibrated
using an internal indium (In) standard to maximize
the intensity of the elements to be analyzed. Instru-
mental drift was corrected online by normalization
of the intensity of the analyte with the intensity of
the indium standard. A secondary drift correction
was applied offline on each measured concentration
using a 1.0 ppb indium calibration standard that was
analyzed after every four samples.

Before diluting samples, a 100 uL aliquot of 500 ppb
In standard was added to empty, acid cleaned analy-
sis vials. Then a 300 uL aliquot of the sample and 4.7
mL of 1% HNO3 were added to the analysis vial (di-
luting the sample to 5.7% of its original concentra-
tion) based on previous determination of the detec-
tion limits; previous attempts of 150 uL sample with
4.85 mL 1% HNO3 proved to have low precision.
There were 50 samples tested in total, 12 of which
were duplicates to ensure conformity of results
within samples.

Results and discussion
The data are listed in Table T1. Figures F2, F3, F4, F5,
and F6 show the K, Rb, and Cs concentration-depth
profiles and their cross-element mixing plots.

Overriding plate sites
Site U1380
Site U1380 was drilled to investigate the deeper por-
tions of the upper slope sequence and the underly-
ing wedge sediments. The sedimentary succession re-
covered from the framework wedge consists of
alternating terrestrial upper slope turbidites and
shelf sequence, with some input from deltaic sedi-
ments. As mentioned above, this site is complemen-
tary to the adjacent Site U1378 drilled during expe-
dition 334 to ~480 mbsf; therefore, Site U1380 was
washed to ~450 mbsf and drilled to ~800 mbsf. Be-
cause of cementation at >600 mbsf, pore fluids were
only recovered between ~450 and ~600 mbsf.

Chloride concentrations of the pore fluids are fresher
than modern seawater by 30%–36%, suggesting
communication with a fluid that migrated from a
deeper source where the temperature is >60°C, high
enough to support clay dehydration reactions (e.g.,
Perry and Hower, 1970; Bekins et al., 1994, and refer-
ences therein). The in situ temperature at the depth
range of the Site U1380 pore fluid samples is just
25°–32°C, lower than the required temperature for
the smectite to illite (S/I) transformation reaction. K
concentrations as well decrease with depth but to a
greater extent than the observed Cl dilution (Table
T1), indicating that, in addition to dilution, K is also
involved in fluid-mineral reactions, most likely in
the S/I transformation reaction. The concentration-
depth profile of Rb, normalized to Cl, mimics that of
K concentration (Fig. F2). The Cs concentration pro-
file (also normalized to Cl) is also similar to the K
and Rb profiles to ~540 mbsf; at >540 mbsf, however,
Cs concentration abruptly increases. Based on just
one datum point it is impossible to conclude if this
increase is a sample handling problem or a real da-
tum point that suggests an in situ diagenetic reac-
tion that releases Cs.

Site U1413
Site U1413 was also drilled in the middle slope re-
gion along a 3-D seismic line (Bangs et al., 2013).
The objectives were to determine the nature, compo-
sition, and physical properties of the slope sediment
and to constrain the fluid regime of the slope sedi-
ments. The upper ~150 mbsf is a slump. Three litho-
stratigraphic units were distinguished in the sedi-
ment section. At this site the Cl concentrations
somewhat decrease with depth below the slump,
suggesting minor lateral flow of fresher fluid in the
more sandy horizons at ~500 mbsf. Several tephra
layers were recovered at the top of the section and
between 135 and 180 mbsf.

Similar to Cl concentrations K concentrations also
gradually decrease with depth and could be related
to the decrease in the Cl concentration; some of the
decrease in K concentration could as well be caused
by tephra alteration to illite/smectite or to zeolites.

The Rb depth-concentration profile (normalized to
Cl) (Fig. F3) is very similar to that of K; Rb and K may
be involved in the same diagenetic reactions. Cesium
concentrations, however, remain constant with
depth except for an increase at ~500 mbsf, which is
very similar to the increase in Cs observed at Site
U1380 at a similar depth, where some sand layers are
present. The cause of this increase is as yet unclear,
and could be caused by some lateral flow of a fluid
enriched in Cs.
Proc. IODP | Volume 344 3
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Site U1412
At Site U1412, drilled on the prism toe, borehole in-
stability precluded sampling the décollement and re-
covering the underthrust sediment and igneous
basement. Sample recovery was very poor especially
in the deeper parts of the section below the bottom
simulating reflection (BSR) at ~200 mbsf. Neither Cl
nor K concentrations vary significantly with depth
except for the artifact caused by localized gas hydrate
dissociation in some upper section horizons. The Rb
concentration-depth profile and the K/Rb mixing
plot (Fig. F4), although similar above the BSR, indi-
cate some increase in Rb but not in K concentration
at depth; carbonate recrystallization would exclude
Rb but not K. The Cs profile deviates even more from
the K concentration-depth profile—Cs concentra-
tions gradually increase with depth from ~100 mbsf,
suggesting diffusional communication with a deeper
Cs-enriched fluid.

All the above overriding plate sites show communi-
cation with a deeper Cs-enriched fluid, suggesting
that the most incompatible element—Cs—is not in-
volved in any of the most important overriding plate
sediment diagenetic reactions; hence, Cs is being ex-
pelled into the fluid phase that is circulating at
greater depths. At Site U1412, the deepest pore fluid
samples analyzed closest to the décollement, are also
enriched in Rb, possibly suggesting communication
with the underthrust section, which may be en-
riched in both Rb and Cs.

Incoming plate sites
The incoming plate Sites U1381 and U1414 were
cored to characterize the nature of the sediments
and oceanic crust entering the seismogenic zone.

Site U1381
Although cored during Expedition 334, Site U1381
was cored again during Expedition 344 in order to
acquire higher-resolution data on the incoming
plate. No significant variations in the Cl concentra-
tions with depth are observed. The K concentrations,
however, decrease with depth, most likely caused by
ash alteration to clay minerals and possibly to zeo-
lites. Both Rb and Cs concentrations decrease in the
uppermost part of the section (Fig. F5); the ash alter-
ation reactions to clay minerals and particularly pos-
sibly to zeolites could be responsible for the observed
uptake of Rb. The cause of the decrease in Cs concen-
tration is as yet unclear but could be caused by lat-
eral fluid flow.

Several of the geochemical profiles at this site, espe-
cially of Sr and sulfate concentrations acquired ship-

board, suggest that the pore fluids in the deeper sedi-
ment section at this site are influenced by diffusional
communication with a fluid in the igneous base-
ment (see the Input Site U1381 chapter [Harris et
al., 2013c]), altered seawater. This was also observed,
for example, at Sites U1039 and U1253 drilled off-
shore Nicoya Peninsula during ODP Legs 170 and
205, respectively (Silver et al., 2000; Morris, Vil-
linger, Klaus, et al., 2003). Both Rb and Cs concentra-
tions increase at greater depths at Site U1381. This
suggests that the basement fluid is enriched in both
Rb and Cs.

Site U1414
Site U1414 Cl concentrations do not vary with
depth. Similar to Site U1381, K concentrations de-
crease with depth; some of the tephra alteration to
clay minerals (and possibly zeolites) must be respon-
sible for this observation. The Rb and Cs depth-con-
centration profiles (Fig. F6) suggest some uptake in
the uppermost ~100 m; below, however, the concen-
trations increase with depth and show a sharp in-
crease at ~300 mbsf, at the boundary between two
lithologic units (Unit II/III boundary; Harris et al.,
2013). A seismic reflector is observed at this depth,
where carbonate cementation increases abruptly. No
pore fluids could be recovered from the lowermost
~65 m of the sediment section, which is character-
ized by a sequence of lithified, calcareous, and sili-
ceous cemented silt- and sandstone. Large increases
in the concentrations of both Rb and Cs in the deep-
est pore fluids recovered, above the recrystallized
section, indicates that during intense recrystalliza-
tion and cementation of calcareous and siliceous
oozes these two incompatible elements are being ex-
pelled into the fluid phase; hence, they could be
used as a proxy for fluid flow at greater depths in
forearcs.

The sediment cemented basal section prevents com-
munication with the basement fluid observed at Site
U1381.
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M. Kastner Data report: Rb and Cs concentration analyses of pore fluids
Figure F1. A. Location map of sites drilled during IODP CRISP program. B. Location of Sites U1381–U1380
drilled during Expedition 344 along the A–A′ transect from the incoming plate to the upper slope. Sites U1381
and U1414 were drilled on the incoming plate. C. Schematic transect showing locations of sites along the A–
A′ transect and indicating projected locations for Sites U1413 and U1414 (Expedition 334 Scientists, 2012). 
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M. Kastner Data report: Rb and Cs concentration analyses of pore fluids
Figure F2. A. Concentration-depth profiles normalized to Cl for K, Rb, and Cs in pore fluids from Site U1380.
B. Mixing diagrams for Site U1380 pore fluids.
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M. Kastner Data report: Rb and Cs concentration analyses of pore fluids
Figure F3. A. Concentration-depth profiles normalized to Cl for K, Rb, and Cs in pore fluids from Site U1413.
B. Mixing diagrams for Site U1413 pore fluids. 
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M. Kastner Data report: Rb and Cs concentration analyses of pore fluids
Figure F4. A. Concentration-depth profiles normalized to Cl for K, Rb, and Cs in pore fluids from Site U1412.
B. Mixing diagrams for Site U1412 pore fluids. 
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M. Kastner Data report: Rb and Cs concentration analyses of pore fluids
Figure F5. A. Concentration-depth profiles normalized to Cl for K, Rb, and Cs in pore fluids from Site U1381.
B. Mixing diagrams for Site U1381 pore fluids. 
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M. Kastner Data report: Rb and Cs concentration analyses of pore fluids
Figure F6. A. Concentration-depth profiles normalized to Cl for K, Rb, and Cs in pore fluids from Site U1414.
B. Mixing diagrams for Site U1414 pore fluids.
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M. Kastner Data report: Rb and Cs concentration analyses of pore fluids
Table T1. Concentrations and Cl-normalized ratios of Cl, K, Rb, and Cs in pore fluid, Expedition 344.

Core, section,
interval (cm)

Depth
(mbsf)

Cl
(mM)

K
(mM) K/Cl

Rb
(µM) Rb/Cl

Cs
(nM) Cs/Cl

344-U1380C-
6R-3, 122–152 481.25 384 5.7 0.0147 0.70 0.0018 1.58 0.0041
9R-1, 102–132 507.22 401 4.9 0.0123 0.58 0.0014 1.23 0.0031
12R-2, 79–113 537.55 386 3.8 0.0097 0.50 0.0013 0.82 0.0021
13R-3, 50–80 548.02 381 3.5 0.0092 0.48 0.0013 1.37 0.0036

344-U1381C-
1H-3, 140–150 4.45 556 12.3 0.0221 1.68 0.0030 14.63 0.0263
2H-6, 140–150 17.05 563 12.2 0.0217 1.54 0.0027 1.86 0.0033
5H-3, 140–150 41.07 567 11.3 0.0199 1.44 0.0025 1.27 0.0022
7H-3, 135–150 60.03 569 11.0 0.0193 1.74 0.0031 3.22 0.0057
9H-3, 135–150 79.03 570 10.6 0.0186 1.69 0.0030 4.36 0.0076
10H-5, 140–150 91.55 563 10.2 0.0181 1.71 0.0030 4.23 0.0075
11H-5, 140–150 101.05 561 9.7 0.0172 1.66 0.0030 2.94 0.0052
11H-6, 140–150 102.55 557 9.8 0.0176 1.73 0.0031 3.82 0.0069

344-U1412A-
1H-4, 98–110 5.54 557 11.7 0.0210 1.44 0.0026 1.53 0.0027
2H-7, 106–118 15.38 562 11.4 0.0203 1.23 0.0022 0.74 0.0013
3H-5, 138–150 22.84 562 12.0 0.0214 1.31 0.0023 0.86 0.0015
5H-7, 133–150 40.50 565 12.2 0.0216 1.18 0.0021 1.36 0.0024
9H-6, 136–157 70.54 544 12.4 0.0228 1.26 0.0023 1.41 0.0026
15H-2, 93–115 106.75 563 12.5 0.0222 1.17 0.0021 1.32 0.0023

344-U1412B-
6X-2, 99–125 186.74 556 8.05 0.0145 1.01 0.0018 1.57 0.0028

344–U1412C–
7R-2, 96–112 350.31 560 9.13 0.0163 1.21 0.0022 1.80 0.0032

344-U1412D-
2R-5, 106–131 356.47 552 9.86 0.0179 1.44 0.0026 1.84 0.0033

344-U1413A-
2H-2, 138–150 9.50 552 11.3 0.0205 1.32 0.0024 1.20 0.0022
3H-6, 140–152 24.40 552 10.5 0.0190 1.35 0.0025 2.19 0.0040
8H-5, 136–156 67.90 555 10.2 0.0184 1.25 0.0023 1.61 0.0029
17H-2, 80–102 131.70 558 10.3 0.0185 1.24 0.0022 2.24 0.0040
22X-1, 56–85 170.30 560 8.15 0.0146 0.99 0.0018 1.78 0.0032

344-U1413B-
1H-3, 140–150 4.40 551 11.80 0.0214 1.32 0.0024 1.55 0.0028
3H-2, 144–154 18.20 551 — — 1.39 0.0025 2.00 0.0036

344–U1413C–
2R-5, 53–83 183.90 551 6.46 0.0117 0.75 0.0014 2.01 0.0036
7R-6, 101–131 234.50 544 6.54 0.0120 0.79 0.0014 1.62 0.0030
14R-4, 16–61 299.00 543 6.70 0.0123 0.88 0.0016 2.21 0.0041
22R-4, 89–119 377.40 537 6.61 0.0123 0.75 0.0014 1.21 0.0022
28R-3, 88–123 433.50 530 5.91 0.0112 0.57 0.0011 2.94 0.0055
36R-5, 62–97 514.10 527 5.98 0.0113 0.47 0.0009 6.73 0.0128
38R-4, 117–152 532.90 542 5.29 0.0098 0.51 0.0010 1.45 0.0027

344-U1414A-
2H-1, 131–141 3.26 557 11.9 0.0214 1.47 0.0026 2.32 0.0042
2H-5, 131–141 8.90 553 11.9 0.0215 1.49 0.0027 1.86 0.0034
4H-5, 132–142 27.92 466 11.3 0.0242 1.44 0.0031 1.52 0.0033
7H-2, 140–150 52.35 567 11.4 0.0201 1.24 0.0022 0.99 0.0017
9H-2, 140–150 71.35 571 11.4 0.0200 1.20 0.0021 0.98 0.0017
13H-2, 140–150 109.35 569 11.2 0.0197 1.25 0.0022 1.10 0.0019
16H-2, 110–120 137.55 566 11.9 0.0210 1.61 0.0028 2.03 0.0036
19H-3, 135–150 166.35 566 10.5 0.0186 1.49 0.0026 1.66 0.0029
27X-3, 130–150 242.90 567 11.6 0.0205 1.89 0.0033 4.12 0.0073
29X-2, 72–102 260.17 569 11.1 0.0195 2.07 0.0036 11.24 0.0198
31X-2, 65–100 279.05 567 11.0 0.0194 2.21 0.0039 8.91 0.0157
35X-1, 15–39 307.97 560 7.8 0.0139 1.77 0.0032 11.47 0.0205
36R-2, 67–92 314.01 561 7.8 0.0139 1.64 0.0029 13.27 0.0237
38R-2, 66–102 328.39 557 7.9 0.0142 1.84 0.0033 15.71 0.0282
39R-1, 80–94 336.67 555 7.5 0.0135 1.90 0.0034 16.93 0.0305
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