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Abstract

Tropical Pacific trade-wind behavior is linked to the El Niño-Southern Oscillation and Pacific Decadal Variability, which
modulate the rate of climate change. Despite their importance, high-resolution trade-wind observations span only the past 30–
40 years and are too sparse to assess decadal wind variability and long-term trends. Previous work demonstrated that reef-
building corals growing at the tropical Pacific island of Tarawa (2�N, 165�E) exhibit spikes in the manganese-to-calcium ratio
(Mn/Ca) of their skeleton in response to a reversal of trade winds (i.e., westerly winds). Records of Mn/Ca from long-lived
corals therefore hold great promise as indicators of past trade-wind variability. However, at other nearby islands with west-
facing lagoons, there is a lag between westerly winds and coral Mn/Ca spikes and a significant difference in the magnitude of
spikes between corals. To address uncertainties in how winds are recorded by coral Mn/Ca, we assess the reservoirs of Mn in
the sediment, sediment pore spaces (porewater), and water column of Kiritimati’s lagoon and inland lakes (1.9�N, 157.5�W).
We find that insoluble dustborne Mn, once buried in lagoon sediments, becomes reduced and more soluble, leading to its
accumulation in the sediment porewater. This Mn reservoir is then released into the water column when strong westerly wind
events cause sufficient water-column mixing to reach lagoonal sediments. While this mechanism is consistent with what was
previously proposed at Tarawa, the concentration of dissolved porewater Mn at Tarawa is nearly 20 times greater than at
Kiritimati. We attribute this difference to the water depth of the sediment core from which porewater was sampled and
the time elapsed between the most recent westerly wind event and core sampling, which both influence the ‘‘recharge time”
of the porewater Mn reservoir. As such, lagoon bathymetry and morphology modulate lagoon water and sediment porewater
Mn concentrations, which impact how westerly winds imprint their signal onto coral Mn/Ca. Armed with an improved under-
standing of the mechanism behind this coral Mn/Ca-trade wind relationship, we can better assess the reliability of this coral
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proxy through space and time and identify optimal sites for Mn/Ca-based wind reconstructions, paving the way for critical
new insights into the role of winds in future climate change.
� 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Tropical Pacific trade-wind behavior controls global cli-
mate by modulating sea-surface warming and subsurface
ocean heat uptake on decadal and interannual timescales
(England et al., 2014; Thompson et al., 2015). Interannual
warming patterns in the Pacific can be attributed to El
Niño-Southern Oscillation (ENSO), with wind behavior
playing the key role of initiating anomalous sea-surface
warming during El Niño events. The weakening of easterly
trade winds allow intermittent bursts of westerly wind
associated with Madden-Julian oscillation (MJO), the
40–50 day cycle of intraseasonal variability in atmospheric
convection, to travel eastward as a trade-wind reversal
event (Madden and Julian, 1971; Madden, 1986). Such
abrupt, short-lived westerly wind events (WWEs) trigger a
series of downwelling Kelvin waves that carry warm water
eastward as they propagate across the equatorial Pacific
(Kessler et al., 1995). WWEs are a fundamental component
of the onset and maintenance of anomalous atmosphere
and ocean conditions in the equatorial Pacific that are asso-
ciated with an El Niño event, and are also thought to con-
tribute to the classification of El Niño diversity (Vecchi and
Harrison, 2000; Eisenman et al., 2005; Chen et al., 2015;
Fedorov et al., 2015). This strong connection between
trade-wind behavior and ENSO is also evident in global,
atmosphere–ocean coupled climate models, where their skill
in reproducing ENSO is contingent upon their ability to
represent MJO and WWEs over the western Pacific (Shi
et al., 2009; Seiki et al., 2011). In this way, there is much evi-
dence for the inextricable link between trade-wind behavior
and Pacific climate variability.

With uncertainty surrounding future El Niño behavior
associated with global climate change, historical wind pat-
terns that shed light on past El Niño behavior are key for
understanding future climate variability. However, a con-
tinuous record of reliable historical wind observations in
the tropical Pacific region only began in 1985, which is
insufficient for the analysis of interannual, let alone deca-
dal, variability (Chiodi and Harrison, 2017). Further,
daily-resolved observational wind records do not capture
the transient (sometimes on the order of hours) nature of
westerly winds. Daily wind reanalysis data extend back to
1850 (i.e., 20th century reanalysis), simulated from sea-
surface observations (e.g., sea level and temperature) using
numerical weather prediction. However, these reanalysis
products are still limited by the very few observations that
exist prior to 1985 in this critical region. We must supple-
ment these sparse wind observations with other reliable
wind records to improve predictions of future climate
change.
Corals act as high-resolution archives of surface ocean
conditions due to their ability to grow quickly and contin-
uously (e.g., 1–2 cm/year for massive Porites sp.). They
exhibit sub-annual growth variability over centuries, with
each added layer containing the geochemical signature of
their surrounding environment, which allows for sub-
annual climate reconstructions (Knutson et al., 1972;
Lough, 2010; Saha et al., 2019). This is possible because
of corals’ tendency to incorporate certain isotopes, radionu-
clides, and trace metals into their skeletons as they grow,
whose skeletal concentrations covary with changes in cli-
mate parameters (Shen, 1993; Thompson, 2022). By track-
ing the variability of these concentrations, it is possible to
identify certain natural and anthropogenically-driven per-
turbations (e.g., Shen and Boyle, 1988).

One such trace metal is manganese (Mn), whose ratio to
calcium (Mn/Ca) within the coral skeleton has diverse
applications as an indicator of climate conditions. Histori-
cally, coral Mn/Ca has had site-specific applications as an
indicator of vertical mixing (Shen and Sanford, 1990;
Shen et al., 1991) and sediment loading from land-use
change (Inoue et al., 2014) and riverine flood events
(Lewis et al., 2018). Corals that live near the mouth of con-
tinental rivers are exposed to and incorporate dissolved
metals (e.g., Mn) that have been released from fine-
grained sediments in estuarine environments and trans-
ported via river flood plumes (Landing and Bruland,
1980; Shen et al., 1991). Other corals that live in coastal
upwelling zones are subject to a flow of deep, nutrient-
enriched and Mn-depleted waters, and thus have a
Mn/Ca signature that reflects changes in upwelling inten-
sity, with higher Mn associated with reduced upwelling
(Shen and Sanford, 1990; Shen et al., 1991, 1992). More
recently, coral Mn/Ca has shown promise as a new indica-
tor of tropical Pacific trade-wind behavior in reef-building
corals at the remote, equatorial Pacific atolls of Tarawa,
Kiritimati, and Butaritari (Shen et al., 1992; Thompson
et al., 2015; Sayani et al., 2021) (Fig. 1). Specifically, Mn/
Ca spikes measured in corals that grow near west-facing
lagoons correspond to WWEs that precede El Niño events.
At such a distance from the continents, neither terrestrial
runoff nor coastal upwelling are expected to contribute sig-
nificantly to this coral Mn/Ca signal. While some remote
equatorial islands are proximal to the zone of equatorial
upwelling, weakened Walker circulation that accompanies
El Niño events serves to dampen upwelling intensity and
may thereby further increase surface Mn concentration
when Mn/Ca spikes are observed in corals.

The proposed mechanism of this coral-based wind indi-
cator at sites with large west-facing lagoons consists of five
reservoirs of Mn: 1. dust, 2. sediment, 3. porewater, 4.



Fig. 2. Schematic of the coral Mn/Ca-based trade-wind proxy mechanism at Kiritimati atoll, adapted from the mechanism originally
proposed at Tarawa atoll (Shen et al., 1992). This cross-section of Kiritimati is linked to transect A-B in Fig. 1. Steps 1-5 trace the Mn signal
as it is transferred from the wind as dust (1), through the water column to the sediment (2), to the sediment porewater space (3), back into the
water column (4) due to WWE-driven mixing, and to the coral (5).

Fig. 1. Google satellite imagery of (a) Butaritari, (b) Tarawa, and (c) Kiritimati atolls, with (d) a map of the equatorial Pacific Ocean for
context. Sites of previously analyzed coral (sediment) cores are indicated by black circles (triangles). Numbers correspond to studies: 1. Shen
et al. (1992); 2. Thompson et al. (2015); 3. Sayani et al. (2021); 4. this study. Lagoon (blue; LAG20-C02) and lake (green; C22A, C22B)
sediment cores analyzed in this study are marked by colored triangles, with colors corresponding to sediment and porewater Mn records in
Fig. 5. The site from which lagoon water was collected weekly from December 2018 to April 2019 is indicated by a white star. Transect A-B is
linked to the cross-section schematic in Fig. 2. Map data: GoogleMaps and Terrametrics (2020).
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seawater, and 5. coral (Fig. 2). Active dust deposition is
considered the main source of Mn to remote islands such
as Tarawa, Kiritimati, and Butaritari (Shen et al., 1992).
For example, asymmetric lake basin profiles on Kiritimati
provide evidence of significant dust deposition and accumu-
lation at this site (Valencia, 1977). This Mn-laden dust
releases particulate Mn oxides and oxyhydroxides (i.e.,
Mn(IV) form) within minutes after coming into contact
with seawater (Statham and Chester, 1988), which then set-
tle through the water column and are rapidly removed
(scavenged) by advection and/or adsorption onto sinking
particles (Statham et al., 1998). Over time, this particulate
Mn(IV) is buried in lagoon sediments and diagenetically
reduced to Mn(II) (i.e., the dissolved form favorable for
coral uptake). The west-facing orientation of the lagoon
shelters its waters from mixing by easterly trade winds, thus
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allowing dissolved Mn(II) to accumulate in the interstitial
porewater of the lagoon sediments. However, intermittent,
strong bursts of westerly winds preceding El Niño events
mechanically mix the west-facing lagoon’s waters, remobi-
lizing the dissolved Mn(II) stored in porewater below the
sediment–water interface. This resuspended plume of Mn
(II)-enriched water advects out over nearby corals and is
subsequently incorporated into coral skeletons (in place
of Ca(II)), leading to an increase in coral Mn/Ca (Fig. 2).
This mechanism is specific to Mn and is contingent upon
the unique combination of the following qualities, which
are not possessed by any other trace metal: similar ionic
radius to Ca(II) leading to lattice-bound incorporation into
the coral skeleton, redox sensitivity, tendency to dissolve
and migrate upwards in sediment porewater, and the ability
to remain in a reduced state even after being reintroduced
to the water column (Table S1).

This relationship between coral Mn/Ca, WWEs, and El
Niño events has been reproduced at atolls with west-facing
lagoons on either side of the date line, where WWEs occur
prior to and during El Niño events. The link between
Mn/Ca and WWEs was first discovered by Shen et al.
(1992) at Tarawa atoll, an island in the Gilbert Island chain
in the equatorial Pacific (1.5�N, 173�E, Fig. 1b), where
WWEs tend to form early in the El Niño development
stage. This study was further replicated and extended by
Thompson et al. (2015) at Tarawa to reconstruct a
century-long wind record, linking Mn/Ca-based wind vari-
ability to patterns of global warming. More recently, the
Mn/Ca-WWE link was reproduced by Sayani et al. (2021)
at two additional equatorial Pacific islands: Butaritari
(3�N, 173�E) and Kiritimati (1.9�N, 157.5�W) (Fig. 1a,c).

Despite the reproducibility of this coral Mn/Ca-wind
relationship at different islands, there are still a few key
uncertainties that must be addressed before it can be
applied more widely to coral records from other sites. First,
while WWEs and coral Mn/Ca spikes are concurrent at
Tarawa, there is a lag of approximately 1 year between
them in the corals sampled at Butaritari and Kiritimati
(Sayani et al., 2021). In addition, there is a difference in
the magnitude of the spike between islands. These discrep-
ancies merit an investigation of the various reservoirs of
Mn in atoll systems that link coral Mn/Ca to WWEs.

To date, the proposed mechanism linking winds to coral
Mn/Ca has not been tested beyond Tarawa (Shen et al.,
1992). By analyzing the geochemistry of water, sediment,
and porewater from the lagoon and lakes of Kiritimati
atoll, we trace the step-wise transformation of Mn as it
migrates between seawater, sediment, porewater, and coral.
Our key objectives of this study are to:

1. Compare the Mn reservoirs that link coral Mn/Ca to
westerly wind activity (i.e., lagoon sediments, porewater
and seawater) at Kiritimati and Tarawa atoll.

2. Deconstruct the mechanism of Mn(II) accumulation in
sediment porewater by analyzing the geochemistry of a
Kiritimati lake as a case study.

3. Examine the spatiotemporal variability of lagoon and
lake water Mn(II).
2. KIRITIMATI ATOLL: THE IDEAL TEST BED

Located in the central equatorial Pacific, Kiritimati has
a unique set of properties that makes it the ideal place for
investigating the mechanism of the coral Mn/Ca-based
trade-wind indicator. Kiritimati has the greatest land area
of any coral atoll on Earth (Morrison and Woodroffe,
2009), and an extensive network of interconnected, shallow
lakes on the eastern side (Fig. 1). Finally, while the atoll
experiences nearly constant 4 m/s southeast trade winds
throughout the year (Valencia, 1977; Anderson et al.,
2000), its large, west-facing lagoon (190 km2) is subject to
westerly wind-driven mixing during El Niño events.

Today, Kiritimati has a semi-arid environment due to its
position about 400 km south of the average position of the
Intertropical Convergence Zone (ITCZ), the zonal band of
globally elevated precipitation (Anderson et al., 2000;
Saenger et al., 2006; Higley et al., 2018; Wyman et al.,
2021). Despite seasonal shifts in the ITCZ’s meridional
position that lead to an annual rainfall maximum of 4–
6 mm per day in March-April (McGregor et al., 2013), Kir-
itimati receives an annual average of only 2 mm rainfall per
day (Higley et al., 2018; Wyman et al., 2021), with an aver-
age precipitation-evaporation (P-E) balance of �2 mm/day
(Schoonmaker et al., 1985). Nevertheless, local precipita-
tion and sea level varies in accordance with ENSO cycles,
with an increase in P-E balance and sea level of + 7 mm/day
and 0.5 m, respectively, during an El Niño event
(Schoonmaker et al., 1985; Woodroffe and McLean, 1998).

Kiritimati’s lakes cover about one fourth of the island’s
land extent (Valencia, 1977) and range in area from 0.01 to
15 km2 (Higley and Conroy, 2019). While human activity
has altered the flow between certain lakes, some are natu-
rally isolated from the lagoon, and others are connected
via a complex system of tidal channels. Kiritimati experi-
ences mixed, semidiurnal tides with a maximum range of
1.12 m, leading to changes in the water level and salinity
of the lakes connected to the lagoon. Therefore, lake water
levels are influenced by tidal fluctuations and the island’s
geomorphology. The lakes’ variable degrees of connectivity
with the lagoon results in their large salinity range, from
brackish (15 ppt) and marine (35 ppt) around the perimeter
of the island, to hypersaline (200 + ppt) in the island’s inte-
rior (Saenger et al., 2006). This layout is a remnant of the
mid-Holocene, when sea level was up to 0.25 m higher
(Woodroffe et al., 2012); the hypersalinity of some interior
lakes is a product of continuous evaporation of trapped
seawater from this time (Saenger et al., 2006) (Fig. 6). Most
lakes also contain a thick, benthic layer of finely-laminated
microbial mats that generate heat through respiration,
resulting in an inverse thermal stratification (warmer water
at depth) in these lakes (Saenger et al., 2006; Schmitt et al.,
2019; Chen et al., 2021). The juxtaposition of Kiritimati’s
lagoon and lakes is advantageous for tracking the Mn sig-
nal as it moves between reservoirs. Though not directly
involved in the coral Mn/Ca-wind mechanism, the lakes
play an important role in understanding the mechanism
by allowing the isolation of certain steps. For example,
the lakes receive the same Mn-laden dust input as the
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lagoon; however, the lakes are not as readily mixed by
WWEs compared to the lagoon due to their smaller fetch.
The lakes are therefore treated as a case study, with the
Mn behavior of their water, sediments, and porewater pro-
viding insight into the link between the lagoon’s counter-
part reservoirs. Together, Kiritimati’s location in the
trade-wind belt, its large west-facing lagoon, and its many
lakes make it an ideal test bed for this in-depth examination
of the coral Mn/Ca-wind mechanism.

3. MATERIALS AND METHODS

3.1. Sample collection and preparation

We collected water samples and sediment cores from the
main lagoon and lakes of Kiritimati throughout the day
over the course of a 2-week period from November 30 to
December 11, 2018. The analysis of these samples not only
helps us understand the behavior of Mn as it moves
through the island’s various reservoirs, but also demon-
strates how the island system has changed over time when
compared against samples collected over the past decades
(Table S2).

3.1.1. Water sampling

We targeted specific lakes for water sampling based on
previously-collected salinity data (Saenger et al., 2006),
accessibility of roads, and potential for resampling during
future field seasons. The selected lakes, which range from
brackish to hypersaline, provide an even representation of
the salinity spectrum of these lakes (Fig. 6). Due to the shal-
low nature of many lakes, we sampled subsurface water at
up to 0.5 m depth.

We collected subsurface seawater samples throughout
the lagoon as well to examine the spatial variability of
lagoon water chemistry. We determined sampling sites in
the main lagoon based on accessibility via boat; many areas
of the lagoon were too shallow to be accessed without caus-
ing damage to existing coral reefs. We collected seawater
samples at 1 m depth below the surface with a Van Dorn
Water Sampler and measured bathymetry concurrently.
At the deepest part of the lagoon (near the mouth), we col-
lected samples at 2 m, 4 m, and 8 m depths to generate a
chemical depth profile.

At each lake and lagoon site, water sampling consisted
of collecting and filtering sub-surface water samples with
0.45 mm nylon filters into separate bottles (with no head
space) for future analysis of trace metals (cations), anions,
and salinity. To compare water chemistry with physiochem-
ical and environmental conditions, we used a portable Yel-
low Springs Instruments (YSI) Pro Plus Multiparameter
Sonde to measure temperature, dissolved oxygen content,
conductivity, total dissolved solids, salinity, pH, and oxida-
tion reduction potential (ORP), referred to hereafter in our
data as Eh. Measurement uncertainty for salinity is
reported to be 1.0% (YSI Incorporated, 2018). As with sam-
ple collection, we made YSI measurements throughout the
day.

We used the same water sampling scheme (without YSI
measurements) for the 2018–2019 time series: a local
collaborator collected seawater from the lagoon on a
weekly basis for 5 months immediately after the 2018 field
season (i.e., between December 2018 to April 2019;
Fig. 1). These samples were not acidified until shipped back
to the Tropical Climate and Coral Reefs Laboratory at the
University of Arizona in Tucson, AZ, up to 6 months after
the sampling date. We compared this 2018–2019 time series
with an earlier seawater Mn(II) time series spanning
March-August 2016 (i.e., the tail end of the 2015–2016 El
Niño event). This earlier time series consisted of weekly sea-
water samples collected by a local collaborator. While the
sampling location changed week-to-week and the exact
coordinates are unknown, we are confident that these sea-
water samples are from the main lagoon. Due to the uncer-
tainty of sample location, we compare the average Mn(II)
concentration from these samples against the lagoon seawa-
ter Mn(II) concentration from December 2018 to April
2019 (i.e., a period without WWEs). Finally, we resampled
water from a subset of lakes and lagoon sites in January
2020 using the same water sampling scheme.

We brought lake and lagoon water samples back to the
University of Arizona and stored them at 5 �C (40�F) until
analysis. Upon return, we acidified water samples for trace-
metal analysis to pH 2 with ultrapure (Fisher Optima) nitric
acid.

3.1.2. Sediment and porewater sampling

We cored a subset of the lakes from which water was
sampled, and collected duplicate cores at sites with favor-
able conditions; we based these decisions on spatial distri-
bution and accessibility, prioritizing sites that had been
previously cored for sake of comparison (Saenger et al.,
2006; Higley et al., 2018). We cored lagoon and lake sedi-
ments using an Aquatic Research Instruments Universal
Gravity corer with a 50 cm-long polycarbonate core tube
(10 cm diameter). Resulting cores ranged in length from
10 to 50 cm. We collected lake sediment cores from the
deepest section of the lake (�1 m), and the gravity corer
was easily pushed through the soft, gelatinous algal layers.
We collected lagoon sediment cores in 0.5–1.5 m water
depth in areas free of coral rubble and other large pieces
of carbonate. In most cases, the coarse texture of the sedi-
ment required the person coring to use a twisting technique
when using the gravity corer. Core tops were always recog-
nizable and recovered, and we extruded the upper 8–13 cm
(lagoon) and 3–7 cm (lake) of sediment cores at 2–5 mm
resolution within 1–4 h of coring and stored them in
Whirl-Pak bags. The remainder of the cores were preserved
in their coring tubes by inserting floral foam to absorb
excess water. For some lagoon and lake cores, we measured
the redox potential (Eh) and pH of each extruded layer by
inserting a Hach Eh/pH probe into each Whirl-Pak in such
a way that the entirety of the probe’s sensors was sub-
merged in the sediment and porewater slurry. Probe uncer-
tainty is reported as ± 20 mV for Eh, and ± 0.1 for pH
(Hach, 2016). We transported the extruded sediment sam-
ples, as well as the remainder of the cores, back to the
University of Arizona in a liquid nitrogen-charged dewar
and kept them at �80 �C until we prepared them for
porewater extraction. We documented each core
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photographically in the field, and we described the lake
core’s distinct layers as they were extruded. The location
of the sediment cores whose sediment and porewater we
analyzed for this study are shown in Fig. 1.

We extracted porewater from each extruded layer of one
lagoon (LAG20-C02) and 2 lake cores (C22A, C22B,
Fig. 1) in an anoxic glovebox using a Rhizon soil moisture
sampler with 0.12–0.18 mm pore size from Rhizosphere
Research Products (Seeberg-Elverfeldt et al., 2005;
Shotbolt, 2010). We extracted � 2 mL of porewater from
each 2–5 mm extruded depth interval, which is sufficient
for trace element analysis.

We dried the sediment samples remaining after porewa-
ter extraction at 40 �C, then heated to 500 �C for 14 h to
remove all organic matter; the percent weight difference is
thus expressed as the weight percent of organic matter con-
tent contained in each extruded lagoon and lake sediment
sample (Heiri et al., 2001). We estimated the uncertainty
of percent organic matter content in lagoon and lake sedi-
ments (±3.58%; Fig. 4) from the average standard deviation
of corresponding depth intervals from two replicate cores
(LAG20-C01 and LAG20-C02). We then treated these
combusted samples with a multi-step digestion consisting
of hydrofluoric, nitric, and hydrochloric acids (Gordon
et al., 2009) and diluted the remaining liquid to 2%
HNO3. A procedural blank for sediment digestion had a
Mn concentration that was 3.93% of average sediment
Mn concentrations.
Fig. 3. Depth profiles of (a) water, (b) lagoon sediment, and (c) correspon
and Tarawa (dotted line; Shen et al., 1992). Analytical uncertainty of seaw
and ± 0.172 ppb (1r; determined from CASS-5) for Kiritimati sedimen
reported for seawater measurements (± 10%; Shen et al., 1992).
3.2. Trace-metal analysis of water, porewater, and sediment

samples

We diluted water and porewater samples 10-fold, and
digested sediment samples 150-fold before analyzing their
major, minor, and trace element composition via Quadru-
pole Inductively Coupled Plasma-Mass Spectrometer
(ICP-MS; Thermo Fisher Scientific iCAP Q) at Arizona
State University’s Metals, Environmental and Terrestrial
Analytical Laboratory (ASU METAL). We also analyzed
standard reference materials NASS-5 (open ocean),
CASS-5 (near-shore), and SLEW-3 (estuarine) in parallel
with samples for the purpose of quantifying accuracy and
analytical uncertainty of low-level Mn measurements. Over
the course of four different analytical runs, the measured
value of Mn in NASS-5 was 1.196 ± 0.320 ppb (1r,
N = 21), compared to the known value of 0.919 ± 0.057 p
pb (Miller and Wu, 1998). The measured value of Mn in
CASS-5 was 2.599 ± 0.172 ppb (1r, N = 22), compared
to the known value of 2.620 ± 0.200 ppb (National
Research Council of Canada, 2010a). The measured value
of Mn in SLEW-3 was 1.564 ± 0.079 ppb (1r, N = 22),
compared to the known value of 1.610 ± 0.220 ppb
(National Research Council of Canada, 2010b). We calcu-
lated analytical uncertainty by taking the root-sum-square
of both reproducibility (i.e., precision) and bias (i.e., accu-
racy) of all three external standards, after Szpak et al.
(2017) (Table S3). These are therefore conservative
ding sediment porewater Mn concentration at Kiritimati (solid line)
ater Mn at Kiritimati is ± 0.320 ppb (1r; determined from NASS-5)
t and porewater Mn. At Tarawa, analytical uncertainty was only



Fig. 4. Depth profiles of Kiritimati lagoon sediment Mn(IV) concentration (solid black) and percent organic matter content (green), as well as
porewater Mn(II) concentration (dotted black), Eh potential (purple), and pH (maroon) at corresponding depth. Analytical uncertainty for
each field is plotted: ± 3.58% organic matter content, ± 0.172 ppb (1r; determined from CASS-5) sediment and porewater Mn concentration,
± 20 mV for Eh, and ± 0.1 for pH. Due to figure scale, analytical uncertainty of sediment Mn concentration is not visible. The vertical dotted
purple line indicates 0 mV, where Eh potential switches from positive (oxic) to negative (anoxic), and the gray shaded horizontal bar indicates
the depth at which this transition zone occurs in the sediment core.
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estimates of analytical uncertainty. For example, while
reproducibility for NASS-5 (seawater standard with the
lowest Mn concentrations) is comparable to previously
published work, the standard uncertainty is elevated by
the increased bias of these low-concentration samples
(bias = 0.277 ppb; 1r reproducibility = 0.161 ppb). We
report analytical uncertainties for each sample type based
on the external standard whose average Mn concentration
is closest to that of the sample type: NASS-5 for samples
with [Mn] < 1.196 ppb, CASS-5 for samples with
[Mn] � 2.599, and SLEW-3 for samples with [Mn] between
NASS-5 and CASS-5.

3.3. Wind records

We analyzed three observational wind records and two
reanalysis zonal wind data sets with variable spatial and
temporal resolution to compare against coral Mn/Ca and
seawater Mn records at Kiritimati. Wind speed and direc-
tion parameters are recorded at Kiritimati’s Cassidy Inter-
national Airport at 3-hourly resolution and have been
available since 2012 (rp5.ru, 2020). For sake of comparison
against other records, we calculated the daily average of
this 3-hourly wind record for the 2012–2018 interval. We
also compared this 3-hourly wind record to averaged daily
wind at Cassidy Airport over the 1996–2015 period, which
we downloaded from the Biological and Chemical
Oceanography Data Management Office (BCO-DMO).
We calculated the zonal wind component from wind speed
and direction parameters using trigonometry. We also
downloaded daily zonal wind observations from the nearest
Tropical Atmosphere-Ocean/Triangle Trans-Ocean Buoy
Network (TAO/TRITON) buoy (270 km due east of Kiriti-
mati at 2�N, 155�W) from the NOAA Pacific Marine Envi-
ronmental Laboratory Global Tropical Moored Buoy
Array. Finally, we downloaded daily reanalysis zonal wind
data from National Centers for Environmental Prediction-
National Center for Atmospheric Research Climate Data
Assimilation System 1 (NCEP-NCAR CDAS-1; Kalnay
et al. (1996)) for 1�N, 157.5�W and monthly observational
zonal wind data from the International Comprehensive
Ocean-Atmosphere Data Set (ICOADS; Freeman et al.
(2017)) for a 10�x10� region around Kiritimati.

In the interest of comparing wind behavior between Kir-
itimati and Tarawa, we downloaded daily zonal wind
observations from 2015 to 2020 and 1990 to 1995 recorded
at the TAO/TRITON buoys nearest Kiritimati and Tarawa
(2�N, 165�E), respectively. The Kiritimati and Tarawa
TAO/TRITON wind records begin in 1991 and 1990,
respectively; both records contain significant temporal gaps
(Fig. S1).

Almost all working definitions of WWEs (also called
westerly wind bursts, or WWBs, in the literature), were
developed by analyzing zonal wind behavior in the western
equatorial Pacific (Harrison and Giese, 1988; Giese and
Harrison, 1991; Delcroix et al., 1993; Hartten, 1996;
Verbickas, 1998;Eisenman et al., 2005). These definitions
are all slightly different, consisting of some combination
of wind speed, duration, and in some cases regional extent.
The application of these definitions to the westerly winds
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experienced at Kiritimati, however, results in much fewer
WWEs, and most notably, no defined WWEs during the
strong 2015–2016 El Niño event. Harrison and Vecchi
(1997) do not limit their definition of WWEs to the western
equatorial Pacific, but this definition considers zonal wind
anomalies instead of absolute wind speed (as in Harrison
and Giese, 1988; Giese and Harrison, 1991; Verbickas,
1998; Eisenman et al., 2005). Actual westerly winds, not
mere westerly anomalies (e.g., weakening easterly winds)
are required to set off the chain reaction that is at the core
of this coral Mn/Ca-based trade-wind indicator. As such, it
is clear that the existing definitions of WWEs are not suit-
able for the identification of noteworthy westerly winds at
Kiritimati. We propose a new definition for WWEs that
are experienced east of the date line and, more specifically,
at Kiritimati. Westerly winds of a WWE are herein classi-
fied as having speeds at or greater than 2 m/s for a period
of 2 or more days. By applying this definition to the
TAO/TRITON (2�N, 155�W buoy) daily wind observa-
tions from July 1991 to June 2020, we find that Kiritimati
has experienced 15 WWEs since July 1991, with an average
wind speed and duration of 3.6 m/s and 3.4 days, respec-
tively. In addition, according to our new definition, Kiriti-
mati experienced 7 WWEs during the 2015–2016 El Niño
event.

3.4. Calculation of minimum wind speed required for

porewater resuspension

Due to Kiritimati and Tarawa’s lagoon morphology and
the predominant southwesterly winds experienced at both
locales during WWEs, fetch lengths are obstructed by land
on the perimeter of the lagoon and are reduced compared
to what would be expected in an open ocean setting
(Fig. S2). Therefore, we calculated the effective fetch
according to Carper and Bachmann (1984). To calculate
the minimum wind speed necessary for vertical mixing in
the water column to reach the sediment–water interface at
various depths, we related effective fetch to the wave period
and wavelength as in Carper and Bachmann (1984) and
Arfi et al. (1993), while assuming that wind speed stayed
constant over a period of 1 h. Since each WWE has a
unique direction, we calculated the zonal component of
each WWE exceeding the wind speed threshold at Kiriti-
mati and Tarawa and marked them in Fig. S1. While these
calculated minimum wind speeds represent what is neces-
sary for vertical mixing to reach the bottom of the lagoon,
we view them as thresholds for porewater resuspension at
the core sites.

It is worth noting that while this coral Mn/Ca proxy
focuses on WWEs, it is possible that other extreme events
that involve strong winds such as tropical cyclones could
lead to lagoon mixing, porewater remobilization, and ulti-
mately manifest in the coral record as a Mn/Ca spike. How-
ever, such events are exceedingly rare within 5� north and
south of the equator. Between 1981 and 2011, only one
tropical cyclone has formed within 1� latitude of Kiritimati,
and only two events with a maximum intensity of Tropical
Storm has formed within 1� latitude of Tarawa (Arthur and
Woolf, 2013).
3.5. Bathymetry of Kiritimati’s main lagoon

We used a Garmin ECHOMAP Plus 72sv, fixed to the
bottom of the outrigger on a � 4.5 m fishing boat, to make
sonar depth measurements every 20–30 seconds along
tracklines parallel and perpendicular to a line spanning
the mouth of the lagoon. We then corrected these depth
measurements for tidal fluctuations. Depth measurements
were limited due to the lagoon’s shallow nature and were
extended using FIJI software to create additional approxi-
mate tracklines based on satellite image analysis of the
main lagoon (Fig. S3). First, we assigned color scale values
from known lagoon depths (measured in the field) to create
a calibration curve (r 2 = 0.85), including shallowest and
deepest points measured. Then, we drew 16 east–west and
8 north–south transects across the lagoon of the Kiritimati
satellite map. For each transect, we extracted colorscale val-
ues of 15–25 distinct points along the transect and con-
verted to depth values using the calibration curve. The
number of points selected varied depending on how many
color (depth) changes there were to capture along the tran-
sect. We transferred these transect points to Geographic
Information Systems software (QGIS) and, together with
the bathymetric points measured in the field, created a dig-
ital elevation model of the lagoon via the Inverse Distance
Weighting method of interpolation. This method best inter-
polates evenly-distributed points, and gives more weight to
points that are closest when predicting a depth, which is
appropriate for the gradual depth changes in Kiritimati’s
lagoon. For any given point in the lagoon, depth was highly
correlated within a 500 m radius, and more weakly corre-
lated (if at all) at a greater distance. This is because the east-
ern section of the lagoon contains a complex system of
broad tidal flats, shoals, peninsulas, reefs, and islands,
whose transition from the deeper areas is relatively abrupt.
Therefore, we used a radius of 500 m for interpolation so as
not to smooth over these geomorphological characteristics
of the lagoon.

4. RESULTS

4.1. Comparison of Kiritimati and Tarawa Mn reservoirs

Side-by-side comparisons of water, sediment, and pore-
water Mn concentrations at Kiritimati and Tarawa reveal
similarities for all but the porewater Mn(II) reservoir. At
an average of 0.08 ppb, the surface seawater Mn(II) concen-
tration of Kiritimati’s main lagoon is comparable to that of
Tarawa’s main lagoon (Shen et al., 1992) (Fig. 3a). Kiriti-
mati’s lagoon sediment Mn(IV) concentration is also com-
parable to that of Tarawa, with an average of 466 ppb
(Fig. 3b). This sediment Mn(IV) concentration is almost
four orders of magnitude greater than that of seawater at
both Kiritimati and Tarawa. While both locales have
lagoon sediment porewater Mn(II) concentrations less than
that of their sediment counterparts, their individual pore-
water Mn(II) values are very different. With an average of
49 ppb, Tarawa’s porewater Mn(II) concentration is more
than an order of magnitude greater than that of Kiritimati
(2.8 ppb) (Fig. 3c).
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The redox transition depth and organic matter content
of sediments also differ between sites. The transition from
oxic to anoxic environment in Tarawa’s lagoon sediment
core was reported to be within 2 cm of the surface, and
the sediments contained an average of 1% organic matter
(Shen et al., 1992). At Kiritimati, the oxic-anoxic transition
of the sediment core was measured by ORP to be at about
5 cm, and the sediments contained an average of 7.6%
organic matter (Fig. 4). The depth profile of Kiritimati
lagoon sediment shows that porewater Mn(II) concentra-
tion, Eh, and pH are all elevated at less than 5 cm depth
(Fig. 4). Porewater Mn(II) concentration is strongly corre-
lated with Eh and pH (r = 0.86 & 0.88, respectively,
p < 0.05, N = 17), as well as with sediment Mn(IV) concen-
tration and percent organic matter content (r = 0.53 & 0.20,
respectively, p < 0.05, N = 17).

4.2. Kiritimati Lagoon and Lake Comparison

The average Mn(II) concentration of water samples col-
lected from 43 of Kiritimati’s lakes is 0.18 ppb, which is
2.25 times greater than that of the lagoon (0.08 ppb). Lake
sediment Mn concentration is comparable to that of the
lagoon, and more than 3 orders of magnitude greater than
the Mn concentration of the overlying water column
(Fig. 5a). The lake sediment core exhibited significant vari-
ability of Mn(IV) concentration downcore, however, with a
range of 500–1100 ppb. With an average of 10.48 ppb, the
porewater Mn(II) concentration of the lake is about 4 times
greater than that of the lagoon (Fig. 5b), and almost 2
orders of magnitude greater than the Mn(II) concentration
of lake water. On average, lake sediments are 31.8% organic
Fig. 5. Depth profiles of (a) sediment Mn(IV) concentration, (b) porewate
two replicate lake cores (solid green = C22A; dotted green = C22B) and
lake and lagoon sediment and porewater sample analyses is ± 0.172 ppb
sediment organic matter content. Due to figure scale, analytical uncertai
matter, which is about 4 times more than lagoon sediments
(7.6%). This discrepancy can be attributed to most of
Kiritimati’s lakes having a thick unit of finely laminated
microbial mats that grows at the sediment–water interface,
unlike the lagoon (Higley et al., 2018; Schmitt et al., 2019).

4.3. Spatial variability of dissolved manganese in Kiritimati’s

lake and lagoon water

Kiritimati’s lagoon and lakes have spatially variable Mn
(II) concentration. Kiritimati’s lakes contain an average of
0.18 ppb of Mn(II) and range from 0.05 to 0.76 ppb,
whereas the main lagoon contains an average of 0.08 ppb
Mn(II) and has a narrower range of 0.01–0.45 ppb
(Fig. 6). In the case of the lakes, the concentration of Mn
(II) is positively correlated with salinity (r = 0.306,
p < 0.05, N = 43) and negatively correlated with pH
(r = �0.168, p < 0.05, N = 43); a negative correlation
between salinity and pH has been demonstrated by previ-
ous work (Saenger et al., 2006). These relationships do
not hold for lagoon waters, where Mn(II) concentration is
only very weakly positively correlated with salinity and
pH (r = 0.005, p < 0.05, N = 24 for both).

The lagoon has variable bathymetry, reaching depths of
up to 10 m, with two main channels on either side of Cook
Island, which lies at the center of the mouth connecting the
lagoon to the open ocean. The Mn(II) that reaches forereef
corals is presumed to pass through these channels. While
the Mn(II) concentration of lagoon water is not correlated
with depth, the greatest concentration of Mn(II) (0.45 ppb)
is found near the southern channel of the lagoon mouth
(Fig. 6).
r Mn(II) concentration, and (c) sediment organic matter content of
a lagoon core (blue; LAG20- C02) from Kiritimati. Uncertainty of
(1r; determined from CASS-5) and ± 3.58% for lagoon and lake

nty of sediment and porewater Mn is not visible.



Fig. 6. Map of Kiritimati with lakes shaded (December 2018, this study) or outlined (July 2005, Saenger et al. (2006)) according to salinity
category (i.e., less than 50 ppt in blue, 50-100 ppt in green, greater than 100 ppt in red). White (black) circles mark locations where water was
sampled from the lakes (lagoon) in December 2018, with sizes corresponding to Mn(II) concentration measured, ranging from 0.01 to 0.8 ppb.
Measurement uncertainty of salinity is ± 1.0% and analytical uncertainty of Mn concentration is ± 0.320 ppb for lagoon water samples (1r;
determined from NASS-5) and ± 0.172 ppb for lake water samples (1r; determined from CASS-5). Small white stars mark the four lakes that
were sampled by this study, Saenger et al. (2006), and Schoonmaker et al. (1985). Bathymetric digital elevation model of the lagoon, developed
by applying the Inverse Distance Weighting method of interpolation to measured and estimated points, shows a range of depth from 0.2-10.5
m. Depths measured in the field by sonar and additional transects and points created for interpolation are detailed in Fig. S3.
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4.4. Westerly wind events at Kiritimati

Due to its location east of the date line (i.e., farther away
from where WWEs originate), Kiritimati experiences west-
erly winds that are weaker and less frequent than those
experienced by equatorial islands located west of the date
line. Furthermore, these westerly winds cannot be identified
in all wind records; the temporal and spatial resolution of
the wind record determines whether or not WWEs,
let alone westerly winds, are captured. For example, west-
erly winds at Kiritimati associated with the strong 2015–
2016 El Niño event were not apparent in monthly ICOADS
data, but were reflected in 3-hourly and daily wind observa-
tions from the island and the nearby TAO/TRITON buoy,
respectively, as well as in daily NCEP-NCAR CDAS-1
reanalysis data (Fig. S4). A further comparison between
the Cassidy International Airport wind observations and
the daily TAO/TRITON buoy wind record reveals a 1–
5 m/s offset between the two records, which demonstrates
that Kiritimati experiences weaker easterlies and stronger
westerlies compared to the buoy located 270 km to the east
(Fig. S4). For this reason, this study utilizes the 3-hourly
(and daily-averaged) wind record from Cassidy Interna-
tional Airport, supplemented by the daily TAO/TRITON
buoy data prior to 2010.

4.5. Temporal variability of dissolved manganese in

Kiritimati’s lagoon

The time series of Mn(II) concentration from weekly-
sampled lagoon water spanning March-August 2016 and
December 2018 to April 2019 reveal different Mn(II) con-
centrations between the two periods. The March-August
2016 record is at the tail end of the 2015–2016 El Niño
event, while the December 2018 to April 2019 record is dur-
ing a period of no WWEs (Fig. 7). With an average of
0.30 ppb, seawater collected during March-August 2016
has a Mn(II) concentration about 7 times greater than sea-
water measured between December 2018 and April 2019
(0.043 ppb) (Fig. 7).



Fig. 7. Time series of lagoon water Mn(II) concentration from March-August 2016 and December 2018 to April 2019 (thick gray line) with
zonal wind data calculated from wind direction and speed recorded at Cassidy International Airport, Kiritimati every 3 hours (thin gray line)
and averaged daily by two separate sources (BCO-DMO in black; rp5.ru in orange). 3-hourly precipitation data (blue bars) were also collected
from Cassidy International Airport. Analytical uncertainty for lagoon water samples is ± 0.320 ppb (1r; determined from NASS-5).
Horizontal dotted gray line indicates 0 m/s zonal winds, and positive (negative) zonal winds are westerly (easterly). Lagoon water collected
between December 2018 and April 2019 was sampled from the site indicated by a white star in Fig. 1.
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5. DISCUSSION

5.1. A mechanistic comparison between Tarawa and

Kiritimati

At Kiritimati, measured coral Mn/Ca background
values are 2–3 times greater than those of Tarawa, and
Mn/Ca spikes are up to 14 times the magnitude of Tarawa’s
(Sayani et al., 2021). This suggests that there is a fundamen-
tal difference in the geochemistry and/or established Mn
transfer pathway between the water, sediment, and porewa-
ter reservoirs of these two islands.

At Kiritimati, the water and sediment Mn reservoirs
demonstrate the same step-wise accumulation that was
observed at Tarawa (Fig. 3). Depth profiles of seawater
Mn(II) concentration at both islands exhibit the behavior
of a scavenged element, which corroborates the particle
reactive nature of Mn in the water column, with its short,
5- to 25-year surface ocean residence time (Klinkhammer
and Bender, 1980; Landing and Bruland, 1980; Chen and
Wu, 2019). The Mn surface maxima at both islands is also
characteristic of remote waters, where the main Mn input is
atmospheric due to the islands’ isolation from the conti-
nents (Shen et al., 1991) (Fig. 3a). This is illustrated in
the surface Mn concentration of 0.085 ppb compared to
up to 0.3 ppb off the California coast (Landing and
Bruland, 1980). The slight difference in Mn(II) concentra-
tion of surface seawater at Tarawa and Kiritimati
(�0.01 ppb; Fig. 3) can most likely be attributed to the dif-
ference in depth and environment where the samples were
taken (i.e., shallow lagoon at Kiritimati vs. open ocean just
off the coast of Tarawa). The similarity between the water
Mn reservoirs of both islands is also reflected in their sedi-
ment Mn concentrations. The comparable Mn concentra-
tion of Tarawa and Kiritimati lagoon sediments is in line
with the fact that both islands are coral atolls and thus have
sediments composed of predominantly calcium carbonate
sand and very little organic matter (Shen et al., 1992)
(Fig. 3b).

The most striking difference between Kiritimati and Tar-
awa is the 18-fold difference in porewater Mn concentration
(Fig. 3c). In the following sections, we evaluate the possible
explanations for this stark contrast, including: the organic
matter content of sediments, the hydraulic and concentra-
tion gradients between sediment porewater and the overly-
ing water column, the timing of sampling of Kiritimati and
Tarawa sediment cores with respect to WWEs, and the
depth at which these cores were taken.

5.1.1. The role of organic matter in porewater Mn(II)

accumulation

Under low Eh and pH conditions in the anoxic zone of
the Kiritimati lagoon sediment core analyzed in this study
(LAG20-C02, Fig. 4), Mn(II) is more common than man-
ganese oxides and oxyhydroxides (i.e., Mn(IV)) (Burdige,
1993). The production of carbon dioxide within these sedi-
ments is likely responsible for decreases in pH of the pore-
water. As oxygen becomes depleted, however (likely due to
a combination of diffusion and respiration), the sediments
transition to anoxia at about 5 cm in the case of LAG20-
C02 (Fig. 4). Within the anoxic zone, both nitrate and man-
ganese oxides are thermodynamically-favored terminal
electron acceptors, resulting in denitrification and man-
ganese reduction, respectively (Burdige, 1993). By acting
as an oxidant of organic matter, manganese oxides (partic-
ulate Mn(IV)) in sediments are reduced to Mn(II), which
increases their solubility and releases free and/or
organically-complexed ions into the porewater. We suspect
that through this reduction–oxidation cycle, Mn(II) accu-
mulates in lagoon sediment porewater at both Tarawa
and Kiritimati.

The porewater and sediment Mn depth profiles in
LAG20-C02 look very different from ideal profiles pre-
sented in the literature (Froelich et al., 1978; Burdige,
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1993). Based on the thermodynamic ordering of electron
acceptors and diffusion, one would expect a well-
developed solid Mn oxide peak just above the oxic-anoxic
transition in the sediments (i.e., redox boundary) and a lack
of dissolved Mn(II) above this boundary. In theory, any
Mn(II) that diffuses upward– due to a hydraulic gradient,
wave pumping (Rodellas et al., 2020), or because of a con-
centration gradient resulting from an excess of Mn(II) pro-
duction at depth (Boyle, 2001; Froelich et al., 1978) would
oxidize upon contact with oxygen, forming the peak of
solid-phase Mn above the redox boundary. Such a clear
peak is not evident in LAG20-C02. While there is a relative
peak at about 3.5 cm depth, it is not as pronounced as
would be expected from earlier work in pelagic sediments
(Fig. 4 vs. Froelich et al. (1978), Fig. 18)). These idealized
profiles are based on pelagic sediments, however, which
do not experience frequent changes in redox boundary loca-
tion, allowing distinct solid-phase Mn peaks to develop. In
shallow, coastal environments, however, bioturbation
resulting from benthic infaunal activity is more intense
compared to deeper pelagic sediments, which can lead to
a ‘‘mosaic of biogeochemical microenvironments”
(Burdige, 1993) in surficial sediments and a co-occurrence
of both oxic and anoxic processes. In this way, bioturbation
in LAG20-C02 could explain the observed peak in dis-
solved Mn(II) near the sediment–water interface.

While bioturbation could lead to the excavation of dee-
per sediments, placing Mn(II)-rich porewater at a shallower
depth than the measured redox boundary (based on ORP),
it does not explain why Mn(II) does not reoxidize in surfi-
cial sediments and also remains in its reduced form when it
is resuspended into the water column. Despite Mn(II) oxi-
dation being thermodynamically favored at atmospheric
oxygen levels, the activation energy for this oxidation reac-
tion is high, and can be a relatively slow process (Gounot,
1994). Furthermore, by measuring fluxes of dissolved man-
ganese across the sediment–water interface via chamber
incubation experiments, Pakhomova et al. (2007) found
that the rate of Mn(II) oxidation is slower than the rate
of its release from sediments. In addition, sunlight has been
shown to prevent the re-oxidation of Mn(II), and also
induces the reduction of MnO2 by dissolved organic com-
pounds in surface waters, thereby maintaining the reservoir
of Mn(II) that is so vital for phytoplankton survival (Sunda
et al., 1983; Sunda and Huntsman, 1994; Chen and Wu,
2019). These processes make it possible for resuspended (re-
leased) Mn(II) to remain in reduced form under oxic open-
ocean conditions for up to a week (Tebo, 1991). A shallow,
coastal lagoon environment is likely to experience more
bacteria-mediated oxidation than an open-ocean environ-
ment, leading to a comparatively shorter residence time of
dissolved Mn(II) (Tebo, 1991; Pakhomova et al., 2007).
However, this demonstrates that the Mn(II) residence time
in Kiritimati’s sediments and lagoon water is on the order
of days, giving it ample time to reach nearby forereef corals.

The accumulation of Mn(II) in porewater via oxidation
of sedimentary organic matter is reinforced by a compar-
ison between lake and lagoon geochemistry at Kiritimati.
Despite having comparable average sediment Mn concen-
trations, the lake and lagoon (Fig. 1c green and blue
triangles, respectively) have very different sediment porewa-
ter Mn(II) concentration and organic matter content
(Fig. 5). The lake’s porewater Mn concentration is about
4 times greater than that of the lagoon (Fig. 5b), and almost
2 orders of magnitude greater than the Mn concentration of
lake water. While the organic matter percentage varies with
depth, lake sediments contain on average 4 times more
organic matter than lagoon sediments (Fig. 5c). Lake sedi-
ments therefore contain more organic matter to be oxi-
dized, but the same amount of MnO2, which we assume
is the primary oxidant of organic matter after oxygen
(and possibly nitrate) in these sediments. Organic matter
oxidation via manganese reduction does not appear to be
restricted by MnO2, however, since the concentration of
Mn(II) in lake sediment porewater is also elevated com-
pared to the lagoon (Fig. 5b). While the redox potential
of the lake’s porewater was not measured, we hypothesize
that the oxic-anoxic transition in lake sediments would be
much shallower than that of lagoon sediments. Not only
are Kiritimati’s lakes more geographically isolated from
WWE-driven mixing compared to the lagoon, the microbial
mats that cap the lake sediments may prevent oxygen from
penetrating deep into the sediments, and/or require greater
wind strength to disturb sediments and to remobilize a sim-
ilar flux of Mn as in the lagoon. Bubbles of pungent hydro-
gen sulfide released from the sediment–water interface when
disturbed further support a shallow transition to an anoxic
or sulfate-reducing environment (Valencia, 1977; Arp et al.,
2012; Schneider et al., 2013; Schmitt et al., 2019; Chen
et al., 2021). These microbial mats could also serve to trap
dissolved Mn(II) in surficial sediments and promote shal-
low porewater Mn accumulation. Together, the increased
organic matter content, shallow anoxic environment, and
relatively undisturbed nature of the sampled lake sediments
lead to elevated lake porewater Mn(II) concentration com-
pared to lagoon sediments.

While the concentration of Mn(II) accumulated in the
porewater of lake sediments was originally presumed to
reflect that of lagoon sediment porewater prior to WWE-
triggered remobilization, we find that the lakes’ high
organic matter content (i.e., microbial mats) plays a signif-
icant role as well. This precludes the use of the lakes as a
true pre-mixing analog, though this analysis of lake water,
sediments, and porewater has helped clarify the role of
organic matter in porewater Mn(II) production and accu-
mulation, a crucial component of the mechanism linking
coral Mn/Ca and WWE behavior.

Based on our understanding of the role of sedimentary
organic matter in the production of dissolved Mn(II), the
organic matter content of Kiritimati and Tarawa lagoon
sediments could potentially lead to the observed discrep-
ancy in porewater Mn(II) concentration. However, despite
having a greater organic matter content of 7.6%, Kiritimati
lagoon sediments actually have a lower porewater Mn(II)
concentration compared to Tarawa’s lagoon sediments,
which are 1% organic matter (Fig. 3). This suggests that
there is at least one other force at play that is strong enough
to counteract this difference in organic matter content to
produce the 18-fold greater porewater Mn concentration
at Tarawa compared to Kiritimati.
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5.1.2. Tidal pumping

It is worth noting that there are other physical forces
besides wind-driven mixing that can lead to porewater
fluxes. Rodellas et al. (2020) discuss the hydraulic gradient
and wave/tidal pumping as forces that could influence pore-
water fluxes in a lagoon environment. A change in the
hydraulic gradient can control the movement of porewater
and can be brought on by a change in water depth. For
example, a decrease in lagoon water depth may lead to an
increased hydraulic gradient, which could then induce the
upward advection of porewater. Kiritimati and Tarawa
have tidal ranges of 1.12 m and 2.25 m, respectively, which
results in a greater change in lagoon water depth at Tarawa
compared to Kiritimati. Based on Rodellas et al. (2020)’s
findings, this stronger hydraulic gradient at Tarawa com-
pared to Kiritimati would drive greater porewater flux
activity, which contradicts Tarawa’s elevated porewater
Mn(II) concentration. Again, this suggests that there is
yet another force controlling the porewater Mn reservoir,
and that tidal pumping plays a secondary role.

5.1.3. ‘‘Recharge” time of porewater Mn

Another possible explanation for this discrepancy in
porewater Mn(II) concentration is a difference in WWE
intensity and/or frequency experienced at Kiritimati and
Tarawa, and how these WWEs translate to porewater flux.
Porewater fluxes are significantly higher during windy peri-
ods due to locally-generated wind-driven mixing that drives
the circulation of lagoon waters through surficial sediments
(Rodellas et al., 2020). With 3,300 km between them, it is
expected that Kiritimati and Tarawa would experience dif-
ferent WWEs, and therefore different intensities of wind-
driven mixing. In fact, Kiritimati experiences less frequent
WWEs (4 WWBs from 1991 to 2020) compared to Tarawa
(31 WWBs from 1990 to 2020), when using the Harrison
and Vecchi (1997) definition to analyze wind records from
TAO/TRITON buoys closest to Kiritimati and Tarawa.

While there is a notable discrepancy in overall WWE
activity experienced at the two islands, the precise timing
of WWEs with respect to when the sediment cores were
taken, and the depths at which these cores were taken,
prove to be more significant. First, differences in westerly
wind speeds and effective fetch at the core sampling sites
at Kiritimati (average 4.53 m/s and 4.45 m, respectively)
and Tarawa (average 6.94 m/s and 6.38 m, respectively)
lead to differences in the depth reached by wind-driven mix-
ing (Fig. S2). At Kiritimati, we collected the lagoon sedi-
ment core (LAG20-C02) at a depth of 1 m, which
translates to a minimum wind speed of 2.4 m/s necessary
for mixing to reach the bottom of the lagoon and possibly
resuspend porewater into the water column. At Tarawa,
where the sediment core was taken at 4 m depth (Shen
et al., 1992), southwesterly winds with a speed of at least
6.7 m/s are required to reach the bottom of the lagoon.
Since we calculated minimum wind speeds for southwest-
erly winds and the available wind records are zonal, this
means that WWEs of slightly lesser strength captured in
zonal wind records could still reach the bottom of the
lagoon, due to the trigonometric relationship between true
wind direction and the zonal and meridional components.
Calculating the zonal component yields a minimum west-
erly wind speed of 1.7 m/s at Kiritimati and 4.8 m/s at Tar-
awa. By treating these zonal wind speeds as a threshold for
porewater flux, we can assume that sediment and porewater
samples were collected at both Tarawa and Kiritimati dur-
ing a period of time when winds were not strong enough to
induce porewater resuspension (Fig. S1). The most recent
WWE at Tarawa that led to porewater resuspension was
on November 22, 1990, approximately 8 months before
the sediment core was sampled by Shen et al. (1992) on July
18, 1990. At Kiritimati, a gust of southwesterly wind strong
enough to trigger porewater resuspension took place on
June 19, 2018, which is just less than 6 months prior to
when we sampled LAG20-C02 on December 10, 2018.
Therefore, a possible explanation for Tarawa’s elevated
porewater Mn(II) concentration is that Tarawa’s sediment
porewater had more time (i.e., 2 months longer) to
‘‘recharge” with Mn(II) prior to being resuspended com-
pared to Kiritimati’s sediment porewater.

Nevertheless, it is unlikely that a difference of 2 months
for time elapsed between porewater resuspension and core
sampling could lead to an 18-fold difference in porewater
Mn(II) concentration between the two sites. Another possi-
ble explanation for the greater porewater Mn accumulation
in Tarawa sediments is that at Tarawa, there is a weaker
concentration gradient of Mn(II) between porewater of
the top sediment layer and bottom lagoon water. While
we do not know the Mn concentration of Tarawa lagoon
waters, we can infer that it is greater than Kiritimati’s
lagoon waters due to the higher level of human activity at
Tarawa (Shen et al., 1992). Since the diffusion of Mn(II)
from porewater is controlled by the concentration differ-
ence between porewater and bottom water (Pakhomova
et al., 2007), this weaker concentration gradient at Tarawa
could lead to more Mn(II) trapped in the porewater
reservoir.

In all likelihood, it is a combination of the aforemen-
tioned forces that leads to the elevated porewater Mn con-
centration at Tarawa compared to Kiritimati. While the
organic matter content of sediments and the hydraulic
and concentration gradients between sediment porewater
and the overlying water column all play a role, we conclude
that the main driver of the two islands’ different porewater
Mn(II) concentrations is the amount of time between core
sampling and the most recent porewater resuspension
event, which is based on WWE strength and the vertical
reach of wind-driven mixing (i.e., Kiritimati vs. Tarawa
core depths).

5.2. Temporal variability of Mn(II) in Kiritimati’s lagoon and

lakes

A preliminary time series of lagoon water Mn(II) con-
centration spanning March-August 2016 and December
2018 to April 2019 shows that there is a relationship
between the occurrence of WWEs and the level of lagoon
water Mn concentrations. While there were no WWEs
during the March-August 2016 sampling period, it directly
follows a period of observed WWEs associated with the
2015–2016 El Niño event, whose wind speeds exceeded
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the threshold required for wind-driven mixing to reach sed-
iments and induce porewater flux (Fig. 7, Fig. S1). On the
other hand, the December 2018 to April 2019 sampling per-
iod does not overlap with or follow any WWE occurrences,
which likely explains why the 2016 seawater samples have a
mean Mn(II) concentration that is 7-fold that of the sam-
ples collected in 2018–2019 (Fig. 7). In addition to wind
activity, precipitation patterns could also impact lagoon
water Mn(II) concentration, either through rainwater dilu-
tion or terrestrial runoff-related trace-metal input. How-
ever, the large spikes in lagoon water Mn(II)
concentration observed in 2016 occurred during a period
of little to no precipitation; similarly, the rainfall that Kir-
itimati received during the 2018–2019 sampling period did
not lead to any significant spikes in water Mn(II) concen-
tration. The lack of dilution effect from rainwater may be
explained by the lagoon’s constant seawater exchange with
the open ocean. The lack of trace-metal input from terres-
trial runoff may be attributed to the very low Mn content
of Kiritimati’s soils. With an average of less than 1 mg/kg
(or ppm) (�20 nmol/mol), soils cannot be expected to be
a significant source of soluble Mn to water during large pre-
cipitation events (Morrison and Woodroffe, 2009). We
therefore conclude that WWE activity and resulting pore-
water resuspension is the main driver of the temporal vari-
ability of Mn(II) in Kiritimati’s lagoon. While we do not
have an earlier time series of lagoon water Mn(II) that
spans the WWEs of the 2015–2016 El Niño event, we see
that Mn(II) in the lagoon remains elevated up to a year
after WWEs are experienced by Kiritimati’s lagoon. Per-
haps this sustained state of elevated lagoon water Mn(II)
plays a role in the lag time between coral Mn/Ca spikes
and WWEs as observed by Sayani et al. (2021).

Although lake water samples have not been continu-
ously collected over time, it is likely that lake water Mn
(II) concentration, which is positively correlated with salin-
ity, would exhibit temporal variability that is more respon-
sive to precipitation events. This can be expected due to
Kiritimati’s semi-arid climate, and because the water chem-
istry of its isolated, shallow, hypersaline lakes are known to
be very sensitive to the hydrologic balance of inputs and
outputs, most notably evaporation/precipitation, sea level
variability, and groundwater flow (Saenger et al., 2006;
Higley et al., 2018; Higley and Conroy, 2019). We can piece
together a record of temporal changes in salinity at select
lakes by comparing salinity values measured in early
December 2018 and January 2020 (this study), as well as
measurements made in summer 2005, 1983, and spring/fall
1970 by Saenger et al. (2006), Schoonmaker et al. (1985),
and Valencia (1977), respectively (Table S2). This compar-
ison demonstrates the sensitivity of Kiritimati’s lakes to
precipitation. On November 26, 2018, Kiritimati received
37 mm of rainfall, which was just 4 days before water sam-
ples were collected from lakes. In contrast, there was no sig-
nificant rainfall event in the months prior to the collection
of water samples from the same 20 lakes in early January
2020. This difference in precipitation is reflected in the
lakes’ ionic composition, with 80% of the lakes having up
to 65% greater salinity in 2020 compared to 2018
(Table S4). Of the 28 lakes that were sampled in both
2018 and 2005, 68% had a greater salinity in 2005
(Saenger et al., 2006). While we do not have precipitation
data for 2005, greater salinity during this time suggests that
Kiritimati had not received significant precipitation in the
days to weeks prior to sampling in June-July 2005. To fur-
ther illustrate the diluting effect that precipitation has on
Kiritimati’s lake chemistry, lake water samples collected
during the very strong 1982–1983 El Niño event by
Schoonmaker et al. (1985) had 43–75% lower salinity com-
pared to that of corresponding lakes in 2005 and 2018
(N = 4; marked by stars in Fig. 6). With sea level increasing
by � 0.5 m during this El Niño event, this lake water dilu-
tion could have been from a combination of heavy rainfall
and/or an influx of seawater from the lagoon; in fact, the
two lakes that exhibited the largest change in salinity are
located closer to the lagoon (Fig. 6). Finally, the only lake
that was sampled by all four studies had 157% greater salin-
ity in 1970 compared to 1983, 2005, 2018, and 2020
(Valencia, 1977), which can be explained by the dry condi-
tions experienced at Kiritimati due to the moderate La
Niņa event in 1970 (Fig. 3 of Saenger et al., 2006). Overall,
by using salinity as an analog for lake water Mn(II) concen-
tration (due to their strong correlation), we can infer that
temporal variability in Mn(II) concentration in Kiritimati’s
lakes is linked to precipitation patterns and lagoon water
intrusion from localized sea level rise.

5.3. Spatial variability of Mn(II) in Kiritimati’s lakes and

lagoon

The significant, positive correlation between salinity and
Mn(II) concentration of Kiritimati’s lakes implies that their
spatial variability is linked as well (Fig. 6). The main hydro-
logic inputs are precipitation and groundwater intrusion,
while evaporation serves to remove water and concentrate
the ions contained in these closed-basin lakes (Valencia,
1977; Higley et al., 2018; Higley and Conroy, 2019). The
most isolated lakes, located inland on the island’s eastern
side, therefore have the greatest salinity and water Mn(II)
concentration. These inland lakes are the most cut off from
hydrologic inputs such as seawater inflow and freshwater
lenses, which would lower salinity and Mn(II) concentra-
tion (Anderson et al., 2000; Saenger et al., 2006). Lakes
located progressively farther away from the interior of the
island and in closer proximity to the lagoon (to the west)
or eastern coast have lower salinity and Mn(II) concentra-
tion. This implies that these lakes are receiving more hydro-
logic input while maintaining the same outputs, thus
diluting both the salinity and Mn(II) concentration of the
lake water.

Unlike Kiritimati’s lakes, the spatial variability of the
lagoon’s water Mn(II) concentration is not significantly
correlated with salinity. Due to its connection to the open
ocean, the lagoon is frequently flushed out and circulated,
making the spatial Mn(II) concentration comparatively
more homogeneous. This relative chemical homogeneity
of the lagoon is reflected by the narrow range in water
Mn(II) concentration compared to that of the lakes, almost
40% narrower, despite the lagoon’s depth variability (up to
10.5 m, Fig. 6). One area of the lagoon whose Mn(II)
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concentration deviates the most from this chemical homo-
geneity is at the mouth of the lagoon, where two channels
north and south of a small island (Cook Island) connect
the lagoon to the open ocean (Fig. 6). In general, sampling
sites near the southern channel of the lagoon mouth have
greater Mn(II) concentration compared to those near the
northern channel (Fig. 6). While it is possible that the chan-
neling of water from inside the shallow lagoon towards the
relatively deep (8–10 m) mouth leads to an accumulation of
Mn(II) in the water column, it does not explain the differ-
ences between north and south channels.

One possible explanation for this behavior is the timing
of water sampling with regard to tides. Sites at the northern
end of the lagoon mouth were sampled during a flood tide
(low to high tide), whereas most sites at the southern end
(including the site with highest Mn(II) concentration) were
sampled during an ebb tide (high to low tide). A flood tide
would carry the relatively Mn-depleted open ocean’s water
into the lagoon, in effect diluting the Mn(II) concentration
of the lagoon, whereas an ebb tide would lead to a channel-
ing effect, bringing the lagoon’s Mn-enriched water together
at the ‘‘bottleneck” of the lagoon mouth. Therefore, sam-
pling near the northern channel during the flood tide and
near the southern channel during the ebb tide could have
led to lower and higher measured Mn(II) concentrations,
respectively.

A second plausible explanation is that the two channels
have different flow rates. The northern channel’s frequent
dredging history led Valencia (1977) to conclude that the
northern channel experiences a faster sedimentation rate
compared to the southern channel. This implies that water
flows more slowly through the northern channel, allowing
more sediment to settle out of the water column. This is
corroborated by the northern channel’s slightly greater
width compared to the southern channel (1.40 km vs.
0.96 km). The relatively faster flow rate through the south-
ern channel implies greater turbulence of the water column,
perhaps leading to further resuspension of Mn-enriched
sediment porewater. This suggests that lagoon morphology
likely plays a role in controlling the Mn(II) concentration
of the water column, and thus how much reaches nearby
coral colonies.

Future work will involve a more thorough investigation
of the effect of lagoon morphology on water and coral Mn
concentrations. Special care must therefore be taken when
analyzing coral Mn/Ca records from different time periods
and climate states when certain sites likely experienced sig-
nificant differences in lagoon morphology and depth. For
example, at inhabited atolls, lagoon bathymetry may have
looked very different prior to the start of active channel
dredging, which could have led to different porewater/sea-
water Mn(II) and thus coral Mn/Ca signatures. Neverthe-
less, with demonstrated sea level stability in this region
over the past 5,000 years (Woodroffe et al., 2012), there is
the exciting potential to expand Mn/Ca-based wind recon-
struction further back in time using the extensive sub-fossil
coral colonies at Kiritimati and other nearby sites (Grothe
et al., 2019), particularly after the impact of diagenesis on
the Mn/Ca proxy is thoroughly investigated.
6. SUMMARY AND CONCLUSIONS

In this study, we examined in detail the coral Mn/
Ca-based trade-wind indicator and the step-wise transfor-
mation of Mn between reservoirs at Kiritimati. As Mn is
transferred among water, sediment, and porewater in this
complex atoll system, it changes its form to one more favor-
able for uptake during coral calcification. Initially, insol-
uble Mn(IV) (from dust) settles through the water column
of the lagoon and is buried in the sediments, where it is
reduced by organic matter oxidation to its dissolved Mn
(II) form. This process, combined with the upward diffusion
of Mn(II) from deeper sediments and ample recharge time,
allows Mn(II) to accumulate in the porewater reservoir.
This Mn(II)-enriched porewater is resuspended into the
overlying water column during WWEs whose strength
and fetch are sufficient to drive mixing that reaches the sed-
iment–water interface, thereby elevating the Mn(II) concen-
tration of the water, and the Mn content of corals. While
the water Mn(II) concentration of Kiritimati’s lakes was
originally thought to play the role of an analog for the
water Mn(II) concentration of the main lagoon prior to
wind-driven mixing, the evaporative nature of the lakes,
paired with the presence of algal mats (high organic matter
content, trapping effect) precludes this comparison. The
geochemical analysis of the lake system’s Mn reservoirs is,
however, instructive for our understanding of the porewa-
ter Mn(II) accumulation and mixing depth (i.e., depth of
redox transition zone). Our analysis of the behavior of
the coral Mn/Ca-wind mechanism’s individual components
at Kiritimati and Tarawa suggests that overall, the mecha-
nism functions in a similar manner at both locales. The dif-
ferences between Mn reservoirs at the two islands can be
attributed to a) differences in lagoon depth, which affect
the reach of wind-driven mixing and b) timing of core col-
lection relative to WWEs, which together determine how
much Mn(II) is available to be tapped from sediment pore-
water. Future work at Kiritimati will involve geochemical
analysis of dust collected in previously-deployed traps so
that we can quantify dust flux, measure manganese concen-
tration, and determine the source region of dust. Knowl-
edge of these dust properties, as well as the relevant dust
mobilization and deposition schemes in the region, will help
us further constrain the spatial extent of where this proxy
can be used to reconstruct trade-wind variability.

While examining Kiritimati’s Mn reservoirs, we also dis-
covered the temporally and spatially variable nature of dis-
solved Mn(II) in lagoon and lake water. Temporal
variability of lagoon Mn(II) demonstrates that precipita-
tion does not have a pronounced affect on lagoon water
chemistry, suggesting that it is the westerly wind behavior,
rather than precipitation, associated with El Niño events
that elevates lagoon Mn(II) content. An in-depth look at
the spatial variability of Mn(II) in lagoon water at Kiriti-
mati suggests that the morphology of the lagoon (funneling
to a narrow mouth) may partially modulate the amount of
Mn(II) that reaches nearby corals. A critical next step in the
investigation of this proxy’s mechanism is therefore to ana-
lyze coral Mn/Ca records from other eligible islands with
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diverse lagoon morphologies and varying depths. Future
work includes analyzing corals from Abaiang atoll, another
island in the Gilbert Islands chain located just 10 km north
of Tarawa atoll, which has a lagoon mouth that consists of
a series of narrow channels connecting the lagoon to the
open ocean, much like Kiritimati.

Armedwith amore detailed understanding of the dynam-
ics of Mn at Kiritimati, our findings suggest that the coral
Mn/Ca-based trade-wind indicator can be applied to corals
from many other sites in the equatorial Pacific to reliably
reconstruct trade-wind behavior in the past. These recon-
structions will extend beyond the current reach of historical
wind records andwill capture keyWWEs that provide insight
on El Niño characteristics. Such a comprehensive wind
record will enable the analysis and prediction of interannual
and decadal climate variability in a warming world.
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