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Abstract Reconstructing past changes in the spatial structure of tropical Pacific hydroclimate requires
archives of past moisture balance across spatial gradients of predipitation. To date, only one, 600-year,
terrestrial record of hydroclimate is available for the central tropical Pacific (CTP) from Washington Lake,
Washington Island, limiting the ability to test the hypotheses regarding the location of the CTP Intertropical
Convergence Zone (ITCZ) in the last millennium. A new lake sediment record from Lake 30, Kiritimati,
Republic of Kirbati, 3° south of Washington Island, provides additional constraints on past CTP ITCZ position.
Lake 30 geochemical and sedimentological data indicate an episode of increased microbial mat
development and gypsum precipitation from 900 to 1200 CE, coincident with the Medieval Climate Anomaly
(MCA). We infer drier conditions during the MCA at Kiritimati as the Washington Lake proxy record indicates
wetter conditions, suggesting that the CTP ITCZ was displaced northward during the MCA relative to its
position today. At the transition between the MCA and the Little Ice Age (LIA), Lake 30 sediment becomes
predominantly carbonate, suggesting a transition to wetter conditions and a southward shift of the [TCZ
relative to its MCA position. However, a tropical Pacific synthesis of hydrodimate-sensitive proxy records does
not point to a consistent spatial or temporal pattern of variability in the MCA and LIA, suggesting multiple
influences on centennial-scale tropical Pacific hydroclimate during the last millennium.

1. Introduction

Tropical Pacific climate plays a critical role in shaping global climate variability (Trenberth, 2002). The most
salient aspects of ocean-atmosphere drculation in this region, which alter large-scale rainfall patterns, include
the seasonal, meridional movement of the Intertropical Convergence Zone (ITCZ), the Pacific Walker
Circulation (PWC), and the interannual El Nino-Southern Oscillation (EN50). Understanding the response of
these systems to past changes in forcing, as well as their internal variability, is vital to inform the nature of
future climate change in this region, which hosts a growing population vulnerable to limited water resources
(Holding etal, 2016; United Nations, 2017). However, the location of the [TCZ, strength of the PWC, and ENSO
variability during past periods with different background climate states remains uncertain,

There are varied hypotheses regarding drivers of centennial-scale hydrodimate variability in the tropical
Pacific during the last millennium. A strengthened PWC has been suggested during the Medieval Climate
Anomaly (MCA), from ~900 to 1300 CE (Graham et al,, 2007). However, other records and syntheses purport
the opposite (Yan, Sun, Oppo, et al,, 2011). At the onset of the Little lce Age (LIA; 1400 CE), a southward shift of
the ITCZ is inferred from many hydroclimatic proxies across the tropics (Haug et al., 2007; Newton et al, 2006;
Richey & Sachs, 2016; Sachs et al, 2009). In contrast, a contraction, rather than a southward shift, may have
occurred in the western tropical Pacific at this time (Denniston et al, 2016; Konecky et al. 2013; Yan et al,,
2015). Variability in the strength of the PWC may have also influenced tropical Padific hydroclimate during
the LIA. For example, western Pacific records indicate a wetter and fresher Indo-Pacific Warm Pool during
the LA, concomitant with some records from the eastern tropical Pacific suggesting relative dryness during
the LIA—a spatial signature that is representative of the zonal PWC and is distinct from meridional ITCZ
migration (Griffiths et al, 2016 Yan, Sun, Oppo, et al, 2011).

Disentangling the correct patterns and, subsequently, the mechanisms behind the last millennium hydrodi-
mate variability in the tropical Pacific requires development of more paleoclimate records, especially in
regions characterized by strong moisture gradients (e.g, Denniston et al, 2016). The Northern Line Islands
in the central tropical Pacific (CTP), spanning 2° to 6°N, are an ideal location to develop such records, as
the position of the ITCZ creates a sharp meridional rainfall gradient. Modern rainfall on Kiritimati (1.9°N,
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Figure 1. Mean annual precipitation (mm/day) across the tropical Pacific Ocean (1979-2010 CE: Adler et al., 2003). Circled nurmbers are referenced proxy locations. (1)
% Ti, marine sediment, Cariaco Basin (Haug et al, 2001). Eastern Pacific: (2) Speleothem &80, Chilibrillo Cave {Lachniet, 2004); (3) red color intensity, lake sediment,
Laguna Pallcacocha (Moy et al, 2002); (4) %slithic concentration, marine sediment, Peruvian shelf (Rein et al, 2004); (5) Ca-cps, scanning micro-XRF, Genovesa Crater
Lake (Conroy et al, 2014); (6) PC1, scanning micra-XRF, Bainbridge Crater Lake (Thompson et al, 2007Y; (7) 80,,ater reconstruction from 60¢zs0q and diatom
assermnblages, lake sediment, Poza de las Diablas, Galapagos (Nelson & Sachs, 2016). From El Junco, Galapagos, lake sediment: (8a) %hsand (Conroy et al, 2008); (Bb) ratio
of tychoplanktonic to epiphytic diatomns (T/E; Conroy et al,, 2009); (8¢) 80hmryococcene (S5achs et al, 2009); (8d) 80 ginasrerml, (Atwood & Sachs, 2014). Central Pacific:
(3) A0 total lipid extracts, lake sediment, Washington Island (Sachs et al,, 2009); (10) Lake 30, this study. Western Pacific: (11) Mean grain size, Cattle Pond, Dongdao
lsland (fan, 5un, Oppo, et al, 2011); (12) 80 gnaseemi Spooky Lake, Falau (Sachs et al, 2009); (13) 80 4incsmeras Clear Lake, Palaw Richey & Sachs, 2006); (14) 80ypa¢ waw
marine sediment, Makassar Strait (Tiemey et al, 2000); (15) 5% speleothem, Liang Luar Cave, Flores Island (Griffiths et al, 200 6). From East Java, Indonesia: (16) 60..¢
wax Lake Lading (Konecky et al, 2013); (17) %TIC from Lake Logung (Rodysill et al., 2012} (18) speleothem 580, KNI-51, northwest Australia (Denniston et al, 2016).

157 4°W) averages 2 mm/day, as the island is south of the ITCZ (Figure 1). Further north, precipitation rapidly
increases to =6 mm/day at Washington Island (4.7°N, 160.4°W), which lies underneath the ITCZ.

In the semiarid conditions at Kiritimati, precipitation minus evaporation (P — E) influences the water and
sediment chemistry of the numerous lakes found across on the island, which range from brackish to hypersa-
line (Saenger et al, 2006). Sediment records from closed basin, saline lakes can archive variability in hydrodi-
mate through changes in mineralegy and sediment geochemistry (e.g., Dix et al, 1999). Minerals precipitated
in saline lakes reflect the lonic composition of the lake water, making saline lakes sensitive recorders of envir-
onmental conditions (Eugster & Hardie, 1978). In fact, such “chemical® sediments have been considered one
of the most sensitive proxies for climate (Schnurrenberger et al, 2003). According to the brine evelution path-
ways of Eugster and Hardie (1978), as a brine becomes enriched due to loss of water, typical authigenic
precipitates initially include low-magnesium calcite, high-magnesium caldite, and aragonite, followed by
other minerals such as gypsum and halite, dictated by lake water ionic composition and concentration.
Thus, mineral predipitates preserved in lake sediments reflect the evolution of the saline lake water chemistry,
which is frequently driven by water balance and P — E in closed basin lakes.

This study presents the first well-dated lake sediment record from Kiritimati. We use this record of past
changes in sediment mineralogy and geochemistry to assess island hydroclimate variability over the last
millennium. To substantiate that the sediment record reflects the hydroclimate, we model evaporation-
influenced mineralogy trends and compare sediment mineralogy and geochemistry with surface sediments
and lake waters in modern Kiritimati lakes. We then compare our new record with the record from
Washington Island, along with other hydroclimate proxy records from across the tropical Pacific, to describe
the observed pattern of change in the tropical Pacific hydroclimate over the last millennium.,

2. Materials and Methods
2.1. Surface Water Chemistry

In July 2014 we collected surface water and surface sediment samples from 26 lakes, 1 spring, the main
lagoon, and the seawater from the northwestern shore of Kiritimati to measure the properties of water
and sediment end members around the island. Water samples for cation analysis were filtered in the field
with 0.22-um filters and stored refrigerated in the dark in pre-acidified amber plastic bottles, unopened, until
analysis. Water samples from Lake 30, the ocean, and lagoon were also analyzed for anions, The concentra-
tion of major cations was measured using inductively coupled plasma optical emission spectrometer (Perkin-
Elmer, Optima 5300 DV; £3%) at the University of Arizona. The concentration of major anions was measured
with Dionex ICS 3000 gas chromatograph (4% for €I, 50,7 ; +2% for Br; £2% F ). A ¥5| Professional Plus
multiparameter datasonde was used to collect temperature (£0.2 °C), conductivity (£0.5% of measurement in
pSfom), pH (0,01 units), and dissolved oxygen (£ 2%). Salinity in parts per thousand was calculated from these
data using the Gibbs Sea Water Oceanographic Toolbox (McDougall & Barker, 2011). Alkalinity was measured
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Figure L. Location of Kiritimati 1sland and Lake 30 (B). (A) Aerial photograph of Kiritimati Island (Google Earth, 2017).
(B} Lake 30 (1.873°N, 157 355"W) and surrounding landscape (Google Earth, 2017) with core sites (black dots).

onsite using a Hach Company alkalinity test kit. All chemistry data can be found in the supporting
information, Table 51,

2.2. Sediment Cores

In July 2014 we collected five cores from Lake 30 (1.873°N, 157.355°W), which is approximately 5,800 m>, sits
~3.0 m asl, and is 1.2 kmn from the eastern shoreline of Kiritimati (Figure 2). The area surrounding the lake is a
flat, hardpan surface. A modified Livingstone piston corer was used to collect three overlapping cores, within
a 2-m distance, in the center of the lake (cores C, D, and E, Figure 2). Duplicate intact sediment-water interface
cores were collected using push cores 40 m from the Livingstone coring location (cores A and B, Figure 2).
Due to the unconsolidated nature of the uppermost sediment, the upper 0.5 cm of each surface-water inter-
face core was extruded into Whirl-Pak bags in the field. Livingstone cores were extruded in the hield, and a
Bolivia modification was used on four drives (Wright, 1967). These cores remained in polycarbonate tubing.
The deepest drive does not include the end of the sediment package, which was not collected and is beyond
the scope of the current investigation. Cores were transported to LacCore, the National Lacustrine Core
Facility at the University of Minnesota, where they were split, described, digitally photographed, and scanned
with a Geotek multisensor core logger for the whole core loop sensor and split core point sensor magnetic
susceptibility, gamma density, electrical resistivity, and color spectrophotometry.

2.3. Chronology

The chronology for Lake 30 was constructed for the upper 120 cm of the composite core with seven radio-
carbon dates (Table 1). An age model was created using Bacon 2.2 (Figure 3 and supporting information,
Table 57; Blaauw & Christen, 2011). Samples were pretreated with standard HC-NaOH-HCI for organic sam-
ples and 50% MaClO for the carbonate mud sample, combusted, and graphitized at the lllincis State
Geological Survey, and "C measurements were conducted at the Keck-CCAMS, University of California.
The modern (core top) date was calibrated using the CALIBomb program using the IntCal1 3 prebomb calibra-
tion curve (Reimer et al, 2013) and the NHZ3 postbomb calibration data set, which spatially overlaps our
study area (Hua et al, 2013). A reservoir effect of 58 years was determined with the age of core top organic
matter (Table 1). The reservoir effect was applied to the ages of four desiccated cyanobacterial mats, along
with an uncertainty of £50 years. The carbonate mud sample at the bottom of the studied core interval
(121 cm) is lagoonal, rather than lacustrine, and was thus calibrated using the Marine13 calibration curve
and a Delta R of 10 £ 15 (Zaunbrecher et al, 2010). The remaining ages were calibrated with the IntCal13
curve, and the age-depth relationships were modeled with the Bayesian model Bacon 22 (Blaauw &
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a E Christen, 2011; Reimer et al, 2013). Based on our age model, the sedimentation rate from 0to 14 cm
E % f?_;‘ ,‘Ii S84 23 < is 0.02 cm/year, 14 to ’I’I_l cmis0.12 ‘_:mfyear: anq abruptly changes to 0.01 cm/fyear at the transition
"3 - from the laminated sediment to white authigenic carbonate mud,
; 2.4, X-Ray Fluorescence and Bulk Powder X-Ray Diffraction
E ‘;"'E < 22%-mi3 Sediment elemental abundances were measured with an X-ray fluorescence (XRF) Itrax
E g% Z RRZoE ﬁ, Corescanner (University of Minnesota-Duluth) with a molybdenum tube and 60 s dwell time, XRF
8 data resolution is 1 cm for massive, nonlaminated sections and 1 mm to 500 pm for laminated sec-
- tions, The XRF data are reported in counts per second and are normalized to coherent scatter. X-ray
g2 = e o - diffraction (XRD) on representative samples from the Lake 30 cores and surface sediment collected
5= é 2 a4 § § g 2 § from other lakes provides mineralogical context for interpretation of the XRF elemental data. Wet
= E % samples of sediment were gently crushed with an agate mortar and pestle to break up aggregates
_ and separate microbial material from mineral material. Gentle crushing, decanting, and centrifu-
P %E o ﬁ 2= E ging separated most of the organic microbial gels from the mineral component of the sample.
E EE|T =S98 89 Samples were sieved through 2 mm sieve to separate out biogenic carbonates, but mineral aggre-
gog|8 BBEELR gates larger than 2 mm were crushed and returned to sample, The <2 mm mixture was centrifuged
B A in deionized water for 10 min at 2,800 rpm, three times, to remove soluble salts (Cook et al, 1975;
5 DM o Last & Smol, 2001). Dry samples were ground into a powder with an agate mortar and pestle (Cook
_'g § = _E R E E 4 etal, 1975) and sieved through the 125-um (#120) sieve size. The samples were run on a Siemens-
E - E = ‘ﬁ ‘ﬁ ‘ﬁ EES Bruker D5000 at the Frederick Seitz Materials Research Laboratory at the University of lllinois with
the following settings: incident angle of 5° to 90°, increment of 0.02, and scan speed of 1°min ",
:"" E : E E E E E E Results were analyzed in the Jade XRD software (supporting information, Figure 53).
E o 2.5. Loss on Ignition
AL § ﬁ § E % g E Loss on ignition was performed on the sediment cores as well as on surface samples from regio-
= % nal lakes to obtain the relative abundance of organic matter, carbonate, and the residual (Dean,
T 2u2womc g 1974 last& Smol, 2001). Approximately 0.5-cm® sediment samples were collected at 1-cm reso-
§EsS g g g g g g g i lution. All wet samples were rinsed multiple times with deionized water to remove glutaralde-
= 'E% H HadH44 = hyde (used to fix surface sediment) and pore water containing sulfates, which can confound
C =W 'ﬁ E 2 § ﬁ ﬁ E o estimates of organic matter and carbonate. Sediment was dried at 120 “C overnight. After desic-
s cSccocos | cation, dry sediment was transferred to clean dry crucibles and weighed. Samples were burned
vl Y.z ome & at 550 °C for 2 hr in a muffle fgrnane to remove.organic content. Lids were placed on the.cruci-
% |7 T 5 bles beforehand to prevent flying ash. The crucibles were transferred to a desiccator until cool
- E enough to weigh accurately. Samples were then burned at 1050 °C for 4 hr to remove carbonate,
_ - E E E E g £  They were left in the furnace for a few hours to cool before being transferred to the desiccator
E 3 2o E =T E % ; for complete cooling. Percent organic content, carbonate, and the residual were calculated based
§ 3 g‘* E 'E 'E 'E 'B 3 - on the mass of the combusted material relative to the original, dry mass. See supporting infor-
=2 £££ = E mation for equations used to calculate loss on ignition.
& aaSm E 2.6. Microbial Mat Frequency
p2|d 223805 [ Buried microbial mats occur throughout the top 120 cm of the sediment record. We visually iden-
'-’ = F=d4 442 |8 ffied 12 cohesive, finely laminated microbial mats in the sediment record and established the
2 £2g2¢8¢8 E depth and age of each one. Mats were identified as sections of submillimeter dark and colorful lami-
= | w  nations, high organic content, and a wavy contact with the sediment above and below. We only
g §L E g E counted mats that were continuous across the width of the core with a defined structure and a clear
§ g A zwam== |2 topand bottom. Reported depth indicates the center of the mats. The mean age and 2o error for
My 3 ~ 7 |2 the microbial mats was established in Bacon 2.2 (Blaauw & Christen, 2011) with the function
3 ¢ g i E‘ Bacon.hist (depth).
2 Eeld an 4 2.7. Evaporation Model
g xz Bl Roomew o
E 3 nEoN - E Reaction path models were computed to demonstrate the saturation status of minerals in the
E 2 sog23g | Lake30water over the course of simulated evaporation, as we hypothesize that periods of lower
3 3 g g ﬁ § ﬁ ﬁ § 3 'Ef P — E drove gypsum precipitation in Lake 30. We performed the simulations using The
a9 E g ﬁ ﬁ ﬁ ﬁ o] E Geochemist's Workbench® version 11.0 (Bethke & Yeakel, 2016a, 2016b) with 2014 field data (this
E= 2 =szzzay study) and August 2002 data (Arp et al., 2012) for Lake 30. To compare system end members, we
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Calandar Year B.P.

’g also modeled ocean water, a hypersaling lake (Lake 22 from Arp et al,
2012), and groundwater from a village well {Arp et al, 2013). The cutput
of the model, the saturation index (SI) where positive values indicate

s}

E supersaturation and negative values indicate undersaturation, are used
E 5 to interpret the authigenic mineral precipitates observed in Lake 30 core
'; sediments. For model details, settings, and input data, see the support-
g M ing information.
- 3. Results

Modern Kiritimati surface waters range from brackish to hypersaline

2600 000

Dapih (em)

&0

(Table 51). The surface sediment of brackish lakes, such as Lake 30, is
E 100 20 predominantly calcite (CaC0y), aragonite, and high-Mg calcite, whereas
the surface sediments of hypersaline lakes contain these minerals as well

Figure 3. Age model for Lake 30. The age model is based on seven '“C ages @5 gypsum (CaSO4H,0; supporting information, Figure 53) and cohesive,
measured on aguatic material {organics and microbial mats, in blue) and laminated, microbial mats. The core sediments from Lake 30 were
carbonate mud (pink] with reservoir comection, and a terrestrial macrofossil  divided into eight primary units based on sediment lithology (Figure 4
Iseed, green|. The shaded gray areas indicate more likely calendar ages, gray ;4 see supporting information Figure $1). Unit | (0-7 cm) consists of

stippled lines show 95% confidence intervals, and red cunve shows the

weighted mean age for each depth.

brown, green, and pink thin-bedded micritic calcite mud with frequent
carbonate sand grains. The topmost (0.5 cm) sediment of Lake 30 was
a brown/green calcite mud with a density similar to the lake water,
Unit I (7-31 crm) is represented by pink and light brown very thin bedded carbonate sand in a matrix
of micritic carbonate mud, including fragmented brown laminated cyancbacterial mats at 13 and 21 cm
(~0.5-2 cm thick). Pink laminated micritic calcite mud with frequent carbonate sand grains comprises
Unit Nl {3141 em), with laminated cyanobacterial mats occurring at 32 and 38 cm (~0.5-2 cm thick).
Unit IV (41-70 cm) consists of white and light brown laminated to very thin-bedded gypsum sand with
calcite and aragonite mud, with laminated brown and green cyanobacterial mats occurring at 50, 53,
58, and 67 cm [~0.5-2 cm thick). Unit V (70-109 ¢m) contains pink, red, and green laminated micritic ara-
gonite mud, with brown, light brown, and green laminated cyanobacterial mats at 77, 84, 100, and 104 cm
{~0.5-2 cm thick). Unit VI (109-120 cm) contains light brown, thin-bedded carbonate sand in a matrix of
carbonate mud. At 120 cm there is a sharp transition to white massive carbonate mud with gastropod and
bivalve shells and fragments, which defines Unit VIl {120-140 cm). Based on our age model, this transition
ocours around 200 CE. Given the possible presence of a hiatus of uncertain duration at this transition zone
and our focus on the last millennium, we only interpret the sediment record above this boundary. A gra-
dual transition occurs between Unit VIl and Unit VIl {140-400 cm), white massive carbonate mud.

Mineralogical differences between the carbonate mud and evaporite sand/mat unit are apparent in XRF
5/Ca data (Figure 5). 5/Ca values are continuously low from 200 to 890 CE, elevated from 890 to 1020,
1030 to 1060, and 1060 to 1200 CE, and low from 1200 to 1600 CE. 5/Ca increases from 1850 CE to present
but never approaches 890-1200 CE values. Where values of 5/Ca are highest, we find gypsum crystals
co-ocourring with carbonate crystals in smear slides, gypsum sand in sediment samples, and gypsum in
XRD. Gypsumn is not detected at intervals above or below 900-1200 CE, where 5/Ca is relatively low.
The LOI % residual closely tracks 5/Ca data (Figures 5 and 6), suggesting it also reflects gypsum abun-
dance. 5r/Ca peaks occur in the sediment record corresponding to white laminations within or adjacent
to microbial mats. Significant 5r/Ca peaks occur most frequently from 900 to 1230 CE corresponding to
white laminations in the core sediment (Figure 6) and aragonite in smear slides (Figure 4), with the last
peaks occurring near 1400 CE (Figure 5). The peaks in 5r/Ca represent an increase in aragonite relative
to calcite due to the enhanced ability of 5% to substitute for Ca™ in aragonite (Kinsman & Holland,
1969). Cohesive laminated microbial mats first appear at ~400 CE and occur most frequently in Unit IV
at multidecadal intervals until from ~650 to ~1200 CE with the last mat occurring at 1490 £ 190 CE
(Figure 5, supporting information, Table 53). Taken together, these results show large changes in sediment
characteristics over the last millennium, especially from 900 to 1200 CE, when the sediment is defined by
microbial mats and coarser, gypsum-rich sediment. The combined 5/Ca, 5r/Ca, and buried mat data indi-
cate a transition period from 1200 to 1400 CE, at which time the sediment takes on characteristics that
continue to the present-day. The sedimentation rate is faster from 900 to 1200 CE, with growing
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Figure 4. Lake 30 composite core lithology, X-ray fluorescence (XRF), loss on ignition (LOI), and mineralogical data. Triangles indicate calibrated radiocarbon ages.
XRF data for 5/Ca (orange) and 5r/Ca (blue) are shown for cores 1A-1F, 2C-11, 2C-2L, 2D-18, ZE-1L, from left to right. LOI data for three cores are indicated with
squares, 1A-1F; circles, 2C-11; and diamonds, 2C-2L. Mineralogy of core material is shown with smear slides observations, X-ray diffraction analysis, and sediment
samples: dashed lines indicate depth of sample in the composite core. Ar= aragonite, An = ankerite, B = brushite, C = caldite, G = gypsum. Cyy = Mg-caldte,

Rt = rhodochrosite, Small case letters comespond to pictures in supporting information, Figure 51. Numbers nesxt to microbial mats correspond to Table 53 in the
supporting information. XRF and LOI data in this figure can be found in the supporting information.
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blue represent overlapping cores with 10-paint running average, from darkest to

lightest cores are 1A-1F, 2C-1L, 20-18, 2C-2L, and 1E-1L; raw data in gray.
Percentage loss on ignition: (c) residual, (d) carbonate, (2) organic. (f) Ages of
miicrobial mats. Location of ' 'C ages +1a plotted at top. The data used to con-

struct this figure can be found in the supporting information, Tables 53, 55, and 56.

microbial mats and coarser particle size taking up more “space” in
comparison to the period from 1200 CE to present, when the
Lake 30 sediment record consists of fine-grained carbonate, with
reduced pore space and fewer or absent microbial mats (Figure 3).
In particular, the microbial mats are thick and hydroscopic and lack
compressibility, compared to the fine carbonate sediment section of
the core.

In our mineralogy modeling exercises, the output of the evaporation
model is the SI, where positive values indicate supersaturation and
negative values indicate undersaturation. In Lake 30, calcite and ara-
gonite have 5 values >0 and approach 5 = 0 as water is removed.
In contrast, the gypsum S| s lower under initial conditions but
increases toward 5l = 1 with increasing evaporation. This follows the
model of Eugster and Hardie (1978) for evaporation of lake brines,
which results in authigenic precipitates including low-magnesium
calcite, high-magnesium calcite, and aragonite, followed by other
minerals, such as gypsum and halite, dictated by lake water ionic
composition and concentrations. Ocean water behaves similarly to
Lake 30 water under simulated evaporation. In contrast, for the village
well, evaporation has little effect on the saturation indices, until the
last few steps, where gypsum approaches 1 after 90% water remaoval,
All data, metadata, and simulations developed in this study are
located either in the main text or as supporting information,

4. Discussion
4.1. Environmental Information in Lake 30 Sediment Variability

As we only detect microbial mats and gypsum in modern hypersaline
lakes, the presence of microbial mats, gypsum, and increased arago-
nite relative to calcite from 900 to 1200 CE indicates more saline con-
ditions in Lake 30, relative to modern. Today, brackish Lake 30 is an
outcropping of groundwater defined by a freshwater lens overlying

seawater (Arp et al, 2012). Periods of reduced (P — E) should manifest as increasingly saline groundwater,
as the thickness of the freshwater lens decreases (Falkland & Woodroffe, 1997). Thus, we infer that this period,
which falls within the MCA, was more arid on Kiritimati. It is unlikely the MCA was a period of increased lake
salinity due to sea level rise, as estimates of sea level from fossil corals across Kiritimati reveal no significant
sea level change for the last 5,000 years (Woodroffe et al., 2012). Lake 30 is also isolated from lakes connected
to the lagoon. Sediment from lakes in contact with the lagoon (i.e, with a greater contribution from seawater)
often contain more white carbonate precipitate (Saenger et al, 2006). We would expect higher sea level and
surface seawater intrusion to be reflected as fine white sediment rather than increased gypsum and microbial

1130 £70 C.E. 4,

4= towards top of core
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Figure 6. Image of core section K2014-K614-2C-11 with X-ray fluorescence and loss on ignition data superimposed to
match the time series data with a visual of the core matenial (5/Ca, white; Sr/Ca, red; Ssresidual, black). Black dircle indi-
cates depth of gypsum detected in X-ray diffraction. Armows indicate dates interpolated from age model, coresponding to

SriCa peaks.
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Figure 7. The Geochemist’s Workbench® evaporation models based on the chemistry of ground water from a well, brackish
Lake 30, the ocean, and hypersaline lake. Solid lines are data from this study, and dashed lines are data from 2002

(Arp et al, 2012). For the well and hypersaline lake, data are only from 2002, Mineral saturation status is indicated by the
saturation index, where positive values indicate supersaturation and negative values indicate undersaturation.

mats. Comparing the results for 2014 Lake 30 water chemistry versus 2002, a drier peried (supporting infor-
mation, Figure 54), the gypsum 51 = 1 after only 48% water removal, versus 90% in 2014 (Figure 7). Therefore,
not only is evaporation a viable path to precipitate gypsum in Lake 30 but precipitation of gypsum is
enhanced with more saline initial water chemistry after a period of lower rainfall (supporting information,
Table 54),

4.2. Testing the Hypothesis of CTP ITCZ Migration

The inferred centennial pericds of fresher and more saline lake water during the last 2,000 years from Lake 30
improve constraints on the past position of the ITCZ in the CTP. In order to test the hypothesis that the ITCZ
migrated during the last millennium, we compare the only two sediment records available for the CTP, from
Lake 30 and Washington Lake, Washington Island. Located north of Kiritimati, Washington Island currently
sits under the IMCZ. As a result, today Washington Lake is a freshwater lake surrounded by heavy vegetation,
and organic-rich gyttja sediment accumulates at the lake bottom (Saenger et al, 2008). The 9-m sediment
record from Washington Lake consists of modern organic gyttja overlying red microbial mats, ending with
white carbonate mud that extends to bedrock. Hypersalinity during the majority of the last millenniurn is
inferred from the presence of the salt-tolerant microbial communities, and hydrogen isotope ratios from this
same unit indicate drier conditions from 1420 to 1640 CE (Sachs et al, 2009). This period of higher inferred
salinity and aridity is thought to reflect a migration of the ITCZ south of the site during the LIA,

The pericd of higher inferred aridity on Kiritimati from 200 to 1200 CE, followed by a transition period
between 1200 and 1400 CE back to more humid conditions, suggests that the ITCZ must have been posi-
tioned further from Kiritimati during the MCA. Combined with the Washington Lake record, it is likely the
ITCZ was in a more northerly position than today (Figure 8). Our inability to find material to date during
the LIA period precludes our interpretation of this period. The gradual shift between 1200 and 1400 CE to
sediments similar to modern in Lake 30 suggests a southward shift of the ITCZ near the beginning of the
LIA, relative to its more northerly position during the MCA; however, at centennial scales, from 1200 CE to
present, Lake 30 does not display major sedimentological regime changes. Notably, there is no organic gyttja
in the 2,000-year-long Lake 30 sediment record, similar to the sediment accumulating today on Washington
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Island; therefore, it is unlikely that the ITCZ sat directly over Kiritimati for a

prolonged period of time during the last 2,000 years. Neither the dry per-

iod marked at 1420 CE or the current wet period on Washington Island

@ (1800 CE to present) seem to be reflected as coeval centennial hydrocli-
Wk mate anomalies at Kiritimati (Figure 8). We note that seasonal variations
oE in the ITCZ (Dima & Wallace, 2003) could play a role in determining more
« "8 nuanced interpretations of the past location of the ITCZ in the CTP, but

a given the lack of knowledge about specific seasonal biases in most time-
averaged sediment records, including our own, here we focus on the mean

annual position. In sum, despite the lack of clear evidence for the mean

location of the CTP-ITCZ during the LIA, the inferred wet/dry transition at

Washington Island and dry/wet transition at Kiritimati from 1200 to 1400

e T o CE still attests to a hydroclimate shift between the MCA and the transition

HoW N W WM =

Te00 | 800 1000 1200 1400 1800 1800 2000 into the LA in the CTP. In the following sections, we examine the current
vears G, E catalogue of tropical Pacific hydrocdimate records spanning the past two

=

Meaan Anmual Precpilation
{rmruidagy]

millennia to test if the observed CTP spatiotemporal hydroclimate patterns
are consistent across the tropical Pacific.

4.3. Centennial Variations in Tropical Precipitation in the

Last Millennium

Although the migration of the ITCZ can explain the MCA and MCA to LIA
transition in the CTP, it may not be sufficient to explain hydroclimatic pat-
terns across the tropical Pacific. To assess larger, pan-tropical Pacific spatial
patterns of hydroclimate change, we plot the Z scores of 21 hydroclimate-

’ sensitive proxy records, averaged into century-long intervals (Figure 9). In

Lataude the case of papers or records where multiple proxies were measured,

we select a variable that supports the original author's interpretations

Figure 8. (2) Comparison of central tropical Pacific lake records. 5/Caand 5t/ (Table 58). 7 scores were calculated with the 1-2000 CE long-term mean
Ca from Lake 30 overlapping cores (blue lines) and 8D from Washington Lake 50 standard deviation, or the long-term mean and standard deviation

(black line; Sachs et al., 2009). {a) Schematic of mean annual modern
(1979-2016 CE) precipitation (mm/day) averaged from 160°W to 150°W

of the record, if shorter, Taking all the tropical Pacific hydroclimate records

{solid line, Adler et al, 2003). Dashed line indicates the proposed northward 3% centennial-scale resolution as plotted in Figure 9, no consistent pattern
shift of Intertropical Convergence Zone (ITCZ) during the Medieval Climate  of hydrodimatic change emerges during the 400-year averaged MCA and
Anomaly (MCA). K = Kiritimati lsland, TLE = total lipid extracts, LA periods (Figure 10). To further test the main hypotheses proposed for
W = Washington lsland, VSMOW = Vienna Standard Mean Ocean Water, tropical Pacific hydrodimate change during the MCA and LIA, we also

compare observed wet and dry anomalies from Figure 9 for the MCA
and LIA versus expected wet and dry anomalies if the ITCZ had migrated, expanded/contracted, or if PWC
strengthened/weakened during these two periods (supporting information, Tables 58 and 59). These results
are summarized in Table 2, where we show percent agreement as well as the categorical agreement index,
Cohen's x, which, unlike the simpler percent agreement, also accounts for agreement due to chance
(Cohen, 1960). Percent agreement ranges from 35% to 65%, and when also accounting for agreement due
to chance, agreement is more limited, with low & values overall (perfect agreement is represented by a value
of x =1). This may be partly due to oftentimes large differences in the timing of wet and dry anomalies, which
rarely adhere to the typical time spans allocated to the MCA and LIA. This ultimately produces small average 7
scores when a period has both a wet and dry anomaly. Thus, we also calculated agreement indices using only
MCA and LIA averages for those records where average MCA and UA Z scores were >[0.2|. Yet we still find
weak support for all the proposed hypotheses, in both percent agreement (38-64%) and Cohen's x, although
we note that the highest agreement is for an LA ITCZ shift. However, overall, the relatively low values for all
hypotheses lead us to conclude that we are not able to attribute tropical Pacific hydroclimatic variability over
the last millennium to one mechanism.

The proposed forcing factors behind the changes in the last millennium tropical Pacific hydroclimate include
hemispheric temperature gradients, solar variability, and volcanic forcing. Interhemispheric energy imbal-
ance is thought to play a role in TCZ shifts (Schneider et al, 2014). Such ITCZ movements of the last millen-
nium may be externally forced, via the influence of volcanic aerosol or solar fording amplifying internal
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Figure 9. Comparison of tropical Pacific hydroclimate records over the last 2,000 years. All time series were normalized to
standard £ scores and averaged in century-long intervals, Warm color squares indicate periods inferred to be drier than
long-term mean, and cool colors indicate periods inferred to be wetter than long-term mean (based on author interpre-
tations). Vertical bowes indicate approximate time periods for the Medieval Climate Anomaly (900-1300 CE, yellow) and
Little lce Age (1400-1800 CE, magenta). Squares with no data contain an *x" pattern. Site numbers refer to records in
Figure 1, Lake 30 data are the 5/Ca time series (see Figure 5). Detailed methods for creating this figure are presented in the
supporting information (MATLAR; MathWorks Inc, 2016).

coupled ocean-atmosphere dynamics. A cooler Northern Hemisphere during the LIA as a result sof greater
volcanic forcing (Atwood et al, 2016) may have shifted the mean ITCZ position southward or caused a
contraction from its northern extent in the CTP, whereas a warmer Northern Hemisphere during the MCA,
espedially in the North Atlantic, a result of enhanced solar forcing (Mann et al, 2009), may have shifted the
ITCZ northward. A weaker PWC during the MCA has also been attributed to higher solar irradiance (Yan,
Sun, Wang, et al, 2011), whereas a stronger PWC during the MCA could also be due to higher solar
irradiance, due to the dynamical thermostat mechanism (Clement et al, 1996). Observations from the CTP
do not support any particular forcing possibility; furthermore, it is important to consider that the larger
collection of hydroclimate-sensitive proxy records from across the tropical Pacific show no coherent
spatictemporal pattern of hydroclimatic change during these time periods (Figure 10). We note that while
spatiotemporal evidence from across the Pacific appears stochastic for the MCA and LIA at this time,
unstructured ocean-atmosphere patterns are not the only outcome of unforced climate variability, as
structured spatial patterns could arise from internal variability alone (e.g., Wittenberg, 2009). This result
indicates the null hypotheses—that centennial-scale changes in hydroclimate across the tropical Pacific
are unforced and a result of internal variability (e.q., Ault et al, 2017; PAGES Hydro2k Consortium, 2017)—
requires further attention in future studies of the last millennium tropical Pacific hydroclimate.

5. Conclusions

The Kiritimati Lake 30 sediment record, coupled with the record from Washington Lake, ~3° to the north of
Kiritimati, provides a southern limit to the possible migration of the CTP ITCZ over the last millennium. Our
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Figure 10. Comparison of tropical Pacific hydroclimate records between the Medieval Climate Anomaly (MCA; 200-1300 CE) and the Little lce Age (LA; 1400-1800
CE). All time series were normalized to standard £ scores and averaged in century-long intervals, then averaged again for the MCA and LIA intervals, See Figure 9 for
the range of hydroclimate £ scores within each time period.

record indicates a relatively dry period on Kiritimati Island during the MCA, from 900 to 1200 CE. Evidence of
this dry period, coupled with the record from Washington Lake, is consistent with a more northerly position
of the CTP ITCZ during the MCA. A gradual shift between 1200 and 1400 CE to sediments similar to modem in
Lake 30 and a shift to even drier conditions at Washington Lake at 1420 CE suggest a southward shift of the
ITCZ near the beginning of the LIA, relative to its more northerly position during the MCA. Evidence for ITCZ
migration in the CTP could support either volcanic or solar forcing mechanisms, via amplifying internal

Table 2
Percent Agreement and Cohen's k Agreement Statistics for Eight Hydrochimate Hypotheses Tested With Daia Set in Figure 9
All All >[0.2| =[02|

Hypothesis Percent agreement Cohen's & Percent agreement Cohen's &
MCA ITCZ northward 1 016 0.63 0.4
LIA ITCZ southward 1 0.05 0.64 0.29
MCA PWC stronger 0 0 0.44 0.00
LIA PWC weaker 1 0.01 D45 0.00
MCA PWC weaker 1 0.19 055 0.15
LIA PWC stronger 1 0 055 0.0
MCA [TCZ expansion 0 0 038 0.00
LIA ITCZ contracticn 055 0 055 0.00

Note. Cohen's & values < 0Oare reported as 0. We consider bath all available records (*all”) and records with strong (= 0.2[)
anomalies in the Medieval Climate Anomaly (MCA) and Little lce Age (LIA; =|0.2]). Although the LIA ends in 1850, due to
our century averaging, we average the period 1400-1800 CE. For detailed calculations, see supporting information Data
Set 9, ITCE = Intertropical Convergence Zone, PWC = Padfic Walker Circulation.
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coupled ocean-atmosphere dynamics, but a synthesis of 21 hydroclimate-sensitive proxy records from across
the tropical Pacific suggests that no singular mechanism is capable of producing the temporal evolution of
wet and dry anomalies observed during the MCA and LIA. Mevertheless, as the position and structure of
the ITCZ can vary naturally on centennial timescales in the CTP, future changes, either natural, internal, or
anthropogenic, will have implications for freshwater resources, drought, and flooding and their impact on
the growing population of Kiritimati,
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