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Abstract Finely laminated sediments within Bainbridge Crater Lake, Galápagos, provide a record of El
Niño–Southern Oscillation (ENSO) events over the Holocene. Despite the importance of this sediment
record, hypotheses for how climate variability is preserved in the lake sediments have not been tested. Here
we present results of long-term monitoring of the local climate and limnology and a revised interpretation
of the sediment record. Brown-green, organic-rich, siliciclastic laminae reflect warm, wet conditions typical of
El Niño events, whereas carbonate and gypsum precipitate during cool, dry La Niña events and persistent dry
periods, respectively. Applying this new interpretation, we find that ENSO events of both phases were
generally less frequent during the mid-Holocene (~6100–4000 calendar years B.P.) relative to the last
~1500 calendar years. Abundant carbonate laminations between 3500 and 3000 calendar years B.P. imply
that conditions in the Galápagos region were cool and dry during this period when the tropical Pacific E-W
sea surface temperature (SST) gradient likely strengthened. The frequency of El Niño and La Niña events then
intensified dramatically around 1750–2000 calendar years B.P., consistent with a weaker SST gradient and
an increased frequency of ENSO events in other regional records. This strong interannual variability persisted
until ~700 calendar years B.P., when ENSO-related variability at the lake decreased as the SST gradient
strengthened. Persistent, dry conditions then dominated between 300 and 50 calendar years B.P. (A.D.
1650–1900, ± ~100 years), whereas wetter conditions and frequent El Niño events dominated in the most
recent century.

Plain Language Summary Sediments accumulating at the bottom of Bainbridge Crater Lake have
provided a record of Galápagos climate and the frequency of El Niño events over the past ~6000 years.
Motivated by the importance of this lake for our understanding of climate in the tropical Pacific Ocean, we
have been monitoring the link between climate, lake conditions, and the physical and chemical properties of
the lake sediments since 2009. Based on this long-term monitoring, we find that the Bainbridge sediment
record preserves both El Niño and La Niña events. This makes Bainbridge a particularly valuable archive of
past climate, as most sediment-based records typically preserve only one or the other key phase of tropical
Pacific climate.

1. Introduction

Global climate patterns are strongly impacted by tropical Pacific Ocean sea surface temperatures (SSTs),
particularly in response to departures associated with El Niño–Southern Oscillation (ENSO) events.
However, observations and models disagree regarding recent temperature trends in the tropical Pacific
[Vecchi et al., 2008; Deser et al., 2010a, 2010b; Thompson et al., 2011; Yeh et al., 2012; DiNezio et al., 2013;
Stocker et al., 2013; Jha et al., 2014; Sandeep et al., 2014], and global climate models differ in their projections
of tropical Pacific mean state and ENSO variance under increased greenhouse gas concentrations [Guilyardi
et al., 2012; Kim and Yu, 2012; Watanabe et al., 2012; An and Choi, 2015]. The discrepancy is particularly
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apparent among temperature records from the eastern Pacific, where local in situ SST measurements near
Isla Santa Cruz, Galápagos, show no significant trend [Trueman and d’Ozouville, 2010;Wolff, 2010] and instru-
mental data indicate either a warming or slight cooling trend for the twentieth century over a broader region
[Vecchi et al., 2008; Deser et al., 2010a]. The sign of the trend within these data sets also differs by season
[Karnauskas et al., 2009;Wolff, 2010] and time period [Liu et al., 2005] analyzed. Understanding recent climate
variability in the eastern Pacific is critical because this region is strongly affected by ENSO anomalies that
affect much of the globe, and the trend in upwelling in this region may be key to understanding oceanic
responses to radiative forcing [Clement et al., 1996; Karnauskas et al., 2009].

Paleoclimate records extend the instrumental record and improve our understanding of tropical climate
variability under both natural and anthropogenic forcing. For example, paleoclimate reconstructions provide
evidence for an intensification of ENSO variability (i.e., stronger and more frequent ENSO events) in the east-
ern Pacific in the late Holocene [Moy et al., 2002; Riedinger et al., 2002; Koutavas et al., 2006; Conroy et al., 2008;
Donders et al., 2008]. Records from the central Pacific on the other hand display no significant change in ENSO
variability from the middle to late Holocene [Cobb et al., 2013; McGregor et al., 2013], suggesting that ENSO’s
spatial pattern may have been altered by the background state and increased Northern Hemisphere summer
insolation associated with the mid-Holocene orbital configuration [Karamperidou et al., 2015]. However, very
few paleoclimate records from the tropical Pacific have a sufficiently high temporal resolution to separate
interannual to decadal variability from changes in background state of the basin, while being long enough
to study century-scale climate trends. Given that ENSO variability itself likely contributes to the discrepancy
among observed and simulated trends in the tropical Pacific [e.g., Solomon and Newman, 2012; Sandeep et al.,
2014], it is critical to separate high-frequency variability from long-term trends to assess the impact of natural
and anthropogenic forcing on the tropical Pacific. High-resolution lake sediment records provide constraints
on seasonal to millennial tropical climate variability, but uncertainties remain in the climatic interpretation of
many of these records. Much of this uncertainty stems from a lack of modern observations with which to cali-
brate the lake sediment variables.

Sediments from Bainbridge Crater Lake, Galápagos (0°210S, 90°340W), are thought to be sensitive archives of
past changes in tropical Pacific climate [Riedinger et al., 2002]. Bainbridge climate mirrors that of the broader
Galápagos archipelago and has two distinct seasons: a warm/wet season from January to May and a cool/dry
season from June to December [Mitchell et al., 1992; Trueman and d’Ozouville, 2010]. These seasons are driven
by changes in upwelling [Mitchell et al., 1992] and precipitation associated with the strength of the southeast
trade winds during the migration of the Intertropical Convergence Zone (ITCZ) between ~10°N in September
and ~3°N in February–March [e.g., Gruber, 1972;Waliser and Gautier, 1993]. The SE trade winds and upwelling
weaken as the ITCZ migrates south, bringing precipitation both north and south of the equator in the eastern
equatorial Pacific during the boreal spring [Gu et al., 2005]. However, there is large interannual variability in
the strength of wet season rainfall associated with the phase of the El Niño–Southern Oscillation. Heavy
wet season rains occur during El Niño events when the trade winds and upwelling weaken, precipitation
shifts eastward, and the ITCZ is pulled equatorward. In contrast, little rainfall occurs during normal or La
Niña conditions, when the trade winds and upwelling are strong (as reviewed by Kessler [2006] and Wang
and Fiedler [2006]). These anomalous El Niño-related rains are readily recorded in the well-mixed and hyper-
saline Bainbridge Crater Lake, located in the dry lowlands where interannual precipitation variability has a
particularly pronounced impact.

Laminations preserved within the Bainbridge stratigraphy may record the frequency of moderate and strong
El Niño events during the late Holocene [Riedinger et al., 2002]. Riedinger et al., [2002] proposed that rainfall
(and/or influx of seawater) associated with El Niño events leads to the deposition of distinct carbonate or sili-
ciclastic laminae, depending on event intensity. They proposed that siliciclastic laminae form from erosion of
the crater walls during intense rainfall events, whereas carbonate laminae form during events of moderate
intensity. Carbonate laminae were thought to form when rainfall is strong enough to promote lake stratifica-
tion and carbonate precipitation but not erosion of the crater walls. In 2009, we began monitoring the local
climate and limnology of Bainbridge Crater Lake to explore these hypotheses for laminae formation and to
test how seasonal to interannual climate variability is recorded in the sediment record.

We present monitoring results from December 2009 to October 2012 (Figure 1), a period that covers more
than two full seasonal cycles and a range of ENSO conditions. Based on SST anomalies in the eastern
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tropical Pacific Niño 1 + 2 region (0–10°S, 90°W–80°W) [Reynolds et al., 2002], the interval includes a weak El
Niño (April 2010; daily mean Niño 1 + 2 anomaly of 0.7°C), a moderate El Niño (February–July 2012; Niño
1 + 2 = +1.4°C), and sustained La Niña conditions from July 2010 to December 2011 (Niño 1 + 2 = �1.6°C).
From these monitoring results, we propose a new hypothesis for laminae formation within the Bainbridge
sediment record. Applying this new climate interpretation to the sediment record, we compare our
reconstruction with published reconstructions of eastern Pacific ENSO variability [Moy et al., 2002; Rein
et al., 2005; Conroy et al., 2008; Makou et al., 2010] and tropical Pacific SSTs [Koutavas et al., 2002; Stott
et al., 2004; Rein et al., 2005; Oppo et al., 2009] and discuss the implications for tropical climate variability
over the past 6000 years.

2. Bainbridge Crater Lake

Bainbridge Crater Lake lies at sea level in the largest of the Rocas Bainbridge volcanic islands along the south-
eastern coast of Isla Santiago, Galápagos. The lake is small and shallow (~0.2 km in diameter and <3.3 m
deep) and is nearly surrounded by moderately steep crater walls (Figure 1). The crater walls taper along
the south side of the island to a low point ~2–3 m above sea level. The lake is hypersaline, with an average
salinity ~3 times that of seawater (around 100 practical salinity units, psu). It is connected to the ocean
through fissures in the basalt, wave action, sea spray, and storm surge over the lip of the crater wall. The vege-
tation on the island is dominated by the salt-tolerant Sesuvium portulacastrum (L.) L. and Batis maritima L.

Figure 1. Geographic and temporal coverage of the Bainbridge Crater Lake monitoring data set. (a) Google Earth map (Map data: Google, Bluesky) of study region
showing location of Bainbridge Crater Lake and the sites from which data were obtained for this study: meteorological stations at Bainbridge (this study) and Puerto
Ayora [Charles Darwin Foundation, 2012] and the Tropical Atmosphere Ocean (TAO) array moored buoy at 0°N95°W. A schematic of the major surface (solid) and
subsurface (dotted) currents is also included [after Kessler, 2006]: South Equatorial Current (SEC), Equatorial Undercurrent (EUC), Peru-Chile Undercurrent (PUC).
(b) Aerial photo of Bainbridge showing the location of the weather station (W) and the deepest portion of the lake (~3.3 meters, S) where sondes and sediment
traps were deployed and where sediment cores were collected in 2009 and 2012 (Photograph by S. Hlohowskyj). (c) Bathymetric map of the lake with 0.5
meter contour lines. (d) Oceanic Niño Index (ONI, °C), defined as 3 month running mean of ERSST.v4 SST anomalies in the Niño 3.4 region (5°N–5°S, 120°–170°W)
[Huang et al., 2015] between January 2009 and July 2012. The sediment trap monitoring periods are denoted for comparison.
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plants, with Croton scouleri (Hook.f.) bushes lining the crater rim. American flamingos (Phoenicopterus ruber,
Linnaeus, 1758) wade and forage in the shallow northern shore of the lake, but the sediments in the deeper
sections of the lake (sampled here) are undisturbed.

3. Materials and Methods
3.1. Environmental Monitoring
3.1.1. Climate and Limnology
In December 2009, we deployed a weather station and two lake sondes to monitor the environmental con-
ditions in and around the lake. A HOBO weather station recorded precipitation, air temperature, solar radia-
tion, wind speed, and wind direction at 15min intervals from 17 December 2009 to 6 June 2010 and at 30min
intervals from 6 June 2010 to 3 October 2012. To monitor the effect of local climate variability on lake condi-
tions, we also deployed AquaTroll 100 sondes to measure temperature, electrical conductivity (EC), specific
electrical conductivity, salinity, total dissolved solids, and density over the same sampling intervals.
Throughout this manuscript, we report specific electrical conductivity, the electrical conductance at a stan-
dard reference temperature of 25°C, to assess changes in conductivity independent of changes in tempera-
ture of the lake and to facilitate comparison among conductivity measurements. As temperature and
conductivity display a linear relationship over the monitoring period (with higher conductivity at higher tem-
peratures), specific electrical conductivity was calculated from EC using a linear temperature compensation,
with a temperature coefficient of variation at 25°C (αθ,25) of 1.91. Continuous transects back and forth across
the lake using a Garmin GPS sounding device were used to identify the deepest section of the lake and to
create a bathymetric map (Figure 1c). Sondes were deployed at approximately 1 and 2 m depth on an anchor
line near the deepest section of the lake (~3.1 m depth). All instruments were cleaned with freshwater and
mild detergent, calibrated, and relaunched on subsequent trips in June 2010 and October 2012.

Nearly continuous daily data for the climate and limnology of Bainbridge Crater Lake were collected from
December 2009 to October 2012. Daily average meteorological and limnological conditions were calculated
as the average of the 15 or 30 min data between midnight and 23:45, and daily total rainfall and solar radia-
tion were calculated as the sum over this same interval. Local meteorological data were also compared with
data collected from the Charles Darwin Research Station in Puerto Ayora, Isla Santa Cruz [Charles Darwin
Foundation, 2012] and from the nearby Tropical Atmosphere Ocean (TAO) moored buoy at 0°N, 95°W
[Hayes et al., 1991; McPhaden, 1993] (Figure 1). We used the energy budget equation [after Shanahan et al.,
2007, equation 9; Shuttleworth, 1993, equation 4.2.30] to calculate evaporation at the lake surface in mm/d
from local air temperature, lake surface water temperature, solar radiation, and wind speed along with rela-
tive humidity from Puerto Ayora.

The first sampling period (2 December 2009 to 5 June 2010) covered one warm season and weak El Niño
event, whereas the second sampling period (6 June 2010 to 2 October 2012) covered two cool seasons
and two warm seasons, including an 18 month long La Niña event and a 6 month long moderate El Niño
event (Figure 1). The median and distribution of daily meteorological and limnological conditions were com-
pared between the two sediment trap sampling periods in 2010 (2 December 2009 to 5 June 2010) and 2012
(6 June 2010 to 2 October 2012), between seasons (supporting information), and among the three warm sea-
sons (supporting information). Spearman’s rank correlations were used to assess the association between the
meteorological and limnological conditions at the lake. We used a linear mixed effects model to assess the
relationship between meteorological and limnological conditions and sampling period and season using
the lme4 package [Bates et al., 2015] in R [Team, 2014], with sampling year as a random effect to account
for repeated measurements. The mixed effects model was applied to rank transform data, as this provides
greater statistical power than the Friedman test for nonnormal data sets [Zimmerman and Zumbo, 1993;
Baguley, 2012]. A low correlation between season and sampling period (Spearman’s rank correlation;
ρ = 0.35) indicates minimal impact of colinearity on these results. A likelihood ratio test (χ2, d.f. = 1,
N = 1020 for meteorological data and N = 939 for limnological data) was used to assess the impact of season
and sample period, and the interaction between the two, on each climate and limnology variable.
3.1.2. Physical and Chemical Profiles
In addition to the long-term monitoring of the lake, we collected physical and chemical profiles through the
water column in December 2009, June 2010, and October 2012. A hand-held YSI (Yellow Springs Instrument
Company) 85 was used to collect profiles of temperature, dissolved oxygen, salinity, and conductivity, which
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were also used to confirm that the sondes were deployed at depths that were representative of the lake sur-
face and bottom. A van Dorn sampler was used to collect water samples every meter throughout the water
column in the deepest portion of the lake. Water samples were collected without headspace and refrigerated
until analysis. The stable oxygen isotope ratio (δ18O, ‰ Vienna Standard Mean Ocean Water, VSMOW) in
these water samples was determined using the Thermo Delta XP plus, Gas Bench II, Isotope Ratio Mass
Spectrometer at the University of Arizona (UA) (σ = 0.08). Hydrogen isotope ratios (δD,‰ VSMOW) and repli-
cate δ18O analyses were also determined on a Finnigan Delta S gas source isotope ratio mass spectrometer in
the UA Environmental Isotope Laboratory (σδ18O = 0.08, σδD = 0.9) and on a Los Gatos Research, DLT-100 (V1)
instrument in the UA Department of Hydrology and Atmospheric Sciences (HAS) (σδ18O = 0.2, σδD = 0.6).
Oxygen isotopic composition of the lake was compared to that of precipitation (1995–2008 average from
Bellavista, Galápagos, in the Global Network of Isotopes in Precipitation, IAEA/WMO 2015) and local seawater
collected during a cruise in May/June 2010. The concentrations of major and minor cations and anions were
measured using an inductively coupled plasma-atomic emission spectrometer (Leeman Labs PlasmaSpec III,
±2% for major elements and ±5% for minor elements) and ion chromatography (Dionex 4000I series and
AS14 column, ±1%), respectively. Alkalinity was measured by Gran-alkalinity titration [Gieskes and Rogers,
1973] in HAS at UA. Charge balance error (CBE) was calculated from the sum of anions (Cl, SO4, Br, and
HCO3) and cations (Ca, Mg, Na, and K) following the standard method (100 × [cation � anion] /
[cation + anion]) [Freeze and Cherry, 1979; American Public Health Association et al., 1998]. Finally, specific elec-
trical conductivity (EC, mS/cm) of the water samples was measured to check for instrumental drift in the
sondes deployed in the lake.
3.1.3. Basin Mineralogy and Sedimentation
To monitor lake sedimentation, sediment traps were deployed on 2 December 2009 and 6 June 2012 to
collect organic and inorganic matter settling to the lake bottom. Particles were funneled into a 50 mL semi-
transparent polypropylene collection tube using a small plastic funnel with a collection diameter of ~10 cm
(Figure S1). The openings of the sediment trap funnels were oriented vertically and deployed at 1 and 2 m
depth along the sonde anchor line (~3.1 m depth). These depths were selected to avoid disturbance of the
sediment traps by turbulence and resuspension at the surface and bottom of the lake. A rock mooring on
the lake bottom and buoy on the lake surface kept the anchor line taught throughout the sampling period.
In both collection periods, sediments overfilled the 50 mL collection tube into the overlying funnel. As a
result, it was not possible to estimate the sedimentation rate from the sediment trap samples. Sediment trap
samples from 2010 and 2012 were rinsed eight times with ultrapure (type 1 or Milli-Q with a resistivity of
>18 MΩ/cm) water to remove salts and freeze dried prior to analysis. The rinsing process was performed
quickly to minimize potential dissolution of gypsum in the samples.

Rock samples with varying degrees of visible weathering and a soil sample were collected from the crater rim
for elemental analysis. Rock and soil samples were crushed and homogenized with a mortar and pestle prior
to analysis. To map the distribution of elements in the parent rock and sediment trap samples from 2 m
depth, we utilized a CAMECA SX50 electron microprobe in the Department of Planetary Sciences at the
UA. Four wavelength dispersive spectrometers were run simultaneously (beam: 20 kV, 40 nA, 16 μm, and
8 ms). Samples were mounted on carbon tape and carbon coated prior to analysis. Backscattered electron
images and energy dispersive spectroscopy were utilized to identify the elemental composition of the sam-
ples. An EDAX Eagle III tabletop scanning micro X-ray fluorescence (μ-XRF) analyzer in the Geosciences
Department at the UA was also used to determine the distribution of major and trace elements in rock
and sediment samples. Measurements of elemental count rates were made over a 15 s integration time at
100 μm spacing along two line scans spanning pellets of compressed sample material (keV = 40,
μA = 400). The crystallography of carbonate material within the sediment traps was also assessed through
both microprobe and X-ray diffraction analysis (the latter on a Bruker X8 Apex diffractometer in the
Mineralogy and Crystallography Laboratory at University of Arizona). Finally, the percentage of biogenic silica
in the sediment trap samples was measured by spectrophotometry at Northern Arizona University following
wet alkaline extraction (10% Na2CO3) and molybdate-blue reduction [McKay et al., 2008 after Mortlock and
Froelich, 1989].
3.1.4. Sediment Record
We collected short and long cores from the lake to extend the sediment record from cores collected in
December 1991 [Riedinger et al., 2002]. Three cores were collected in 2007 using a Colinvaux-Vohnout
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piston corer, and four additional short (~77 cm to ~99 cm long, ~4 cm diameter) sediment cores were taken
in December 2009 using an Aquatic Research Instruments Universal Percussion Corer with a 1 m long sam-
pling tube (~7 cm diameter). The sediment cores were collected from the deepest section of the lake in
approximately 3–3.2 m water depth. The sediment-water interface was preserved in each core, and we
extruded the uppermost portion in the field due to their high water content. All cores and sediment trap sam-
ples were stored in a cold room at 2 ± 1°C (36 ± 2°F) prior to analysis.

Samples from the 2009 sediment core were embedded in epoxy resin, and measurements of elemental
count rates were made down seven parallel scans of the sediment core at 100 μm increments with the
μ-XRF over a 15 s integration time (KeV = 40, μA = 400). Elemental count rates were normalized to
potassium (i.e., Si/K, S/K, Cl/K, Ca/K, Ti/K, Fe/K, and Sr/K) to remove variability associated with the thick-
ness of the embedded sediments. Empirical orthogonal function analysis was performed in MATLAB on
the correlation matrix of μ-XRF K-normalized count rates [Weare et al., 1976; Peixoto and Oort, 1992,
Appendix B] to find the dominant mode of elemental variability within the Bainbridge sediment record.
Two gaps in the XRF record occur where unconsolidated gypsum gravel could not be embedded in
epoxy resin.

A GEOTEK core logger at the University of Florida Land Use and Environmental Change Institute generated
high-resolution photographs of the 2007 cores for gray scale analysis. A composite was created from the
images of the two longest cores to obtain a record free of slumping. A record of sediment color changes
was produced from the composite images using Image J v. 1.0 gray scale analysis software [Rasband,
2004]. Samples for pollen analysis were also taken from the longest (~3.6 m) 2007 core during periods of color
and sediment composition transitions (n = 30, 0–170 cm). Samples were treated using standard pollen pre-
paration protocols [Faegri and Iversen, 1989], and each sample was spiked with polysterene microspheres
(5000 for 0.5 cm3 and 10,000 for 1 cm3samples) to calculate pollen concentration [Battarbee and Kneen,
1982]. Due to the restricted flora and very low productivity (average 121 grains/cm3) at Bainbridge, pollen
counts were conducted until 100 pollen grains or 2000 microspheres were counted and converted to pollen
concentration to account for differences in sample volume. Pollen concentrations were grouped into local
(Sesuvium sp. and Croton sp.) and regional (other) sources to separate the local rainfall-driven vegetation
response and the regional wind-driven pollen signal.

All analyses presented were performed on the 360 cm 2007 core and the 92 cm 2009 core, as these cores
were the longest and displayed the most distinct laminations. Results from these new cores were also com-
pared to the 415.8 cm core collected in 1991 [Riedinger et al., 2002]. For clarity, cores will be referred to by
their year of collection throughout the remainder of the paper (i.e., the “1991,” “2007,” and “2009” cores).

3.2. Age Modeling

Dating constraints from 210Pb and 137Cs proved impossible, as their activities were too low to be detected in
these sediments. This same limitation has been reported in dating other lowland Galápagos lakes and likely
stems from the fact that the lowland lakes receive very little rainfall and therefore very little input of atmo-
spheric 210Pb (M. Brenner, personal communication, 2013). In contrast, higher atmospheric deposition via
rainfall and garúa (light rain at 500–1000 m elevation from the formation stratocumulus clouds during the
dry season) permits 210Pb and 137Cs dating of highland lakes (e.g., El Junco) [Conroy et al., 2008].

We established an age model for the sediment record through radiocarbon dating of bulk sediment samples
using accelerator mass spectrometry (AMS) at UA. We obtained 10 bulk sediment radiocarbon dates from the
2009 core and 4 bulk sediment radiocarbon dates from the 2007 core. Dissolved inorganic carbon (DIC) in a
water sample collected in October 2012 from 3 m depth was used to determine the reservoir age of the lake.
An acid-only pretreatment was used for the bulk sediment samples, which were combusted and measured
for radiocarbon content at the National Ocean Sciences AMS Facility (2007 core) and the UA AMS
Laboratory (2009 core).

The Bacon package v2.2 in R [Blaauw and Christen, 2011] was used to calibrate the radiocarbon dates and
produce age-depth models for each core. By incorporating prior knowledge of sedimentation rate and
reconstructing the sedimentation rate itself, this method produces improved age-depth models over other
conventional age modeling techniques. We assumed a mean accumulation rate of 20 yr/cm and used the
Marine13 calibration curve [Reimer et al., 2013], the Southern Hemisphere Zone 1–2 postbomb calibration
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Figure 2. Local climate and limnology over entire study period. Time series of daily average (0:00–23:45 h) local climate and
limnology for the study period: 2 December 2009 to 3 October 2012. (a) Sea surface temperatures (SST, °C) from Puerto
Ayora (black dashed) [Charles Darwin Foundation, 2012] and a Tropical Atmosphere Ocean (TAO) array station at 0°N, 95°W
F; gray). (b) Air temperature recorded by the Bainbridge weather station (black) and water temperature at 1 m (blue solid)
and 2 m (blue dashed) depth recorded by AquaTroll 100 sondes. (c) Average daytime solar radiation measured from the
weather station (W/m2). (d) Wind speed recorded by the weather station (black) and by the TAO array at 0°N, 95°W (gray).
(e) Wind direction (ϕvect, degrees) recorded by the weather station (black) and by the TAO array at 0°N, 95°W (gray), where
ϕvect = 0/360 = toward the north or southerly wind (ϕmet, as indicated on the second y axis: southerly, easterly, westerly,
and northerly). (f) Percent humidity recorded at Puerto Ayora. (g) Evaporation at the lake surface in mm/d calculated from
local air temperature, lake temperature, solar radiation, and wind speed along with relative humidity from Puerto Ayora
using the energy budget equation [Shuttleworth, 1993]. (h) Precipitation (mm/d) at Bainbridge (black) and Puerto Ayora
(black dashed) along with (specific) electrical conductivity (mS/cm) of the lake measured at 1 m (blue solid) and 2 m (blue
dashed) depth and in surface water samples (blue stars) collected on 1 December 2009, 6 June 2010, and 3 October 2012.
The two sediment trap periods (2 December 2009 to 6 June 2010 and 6 June 2010 to 2 October 2012) and water collection
dates (1 December 2009, 6 June 2010, and 3 October 2012) are indicated at the bottom of the figure, and the warm seasons
(1 January to 31 May) are highlighted in red.
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curve [Hua et al., 2013], and an offset based on the reservoir age of the lake calculated from the DIC of the
2012 3 m water sample. Calibrated 14C ages and 2σ weighted average standard deviations were reported
in calendar years B.P. (with respect to A.D. 1950) and reported along with corresponding calendar years
since the start of the Common Era (CE). The “best” age models, based on the weighted mean age of
the Markov chain Monte Carlo (MCMC) iterations for each depth, were used to develop the
core chronologies.

3.3. Updated Bainbridge Laminae Record

New sediment core records from Bainbridge were compared with the record of laminae counts from the 1991
core [Riedinger et al., 2002]. For this comparison, we compiled laminae in the 1991 core into 250 and 500 year
bins to assess millennial-scale ENSO variability over the past 6000 years. Following the age-modeling
approach described above, we modified the chronology for the 1991 core using the updated 14C correction
for the reservoir age of the lake.

4. Results
4.1. Physical Monitoring Data

Daily average air temperature reached 26–28°C in the warm/wet season and fell as low as 19°C in the cool/dry
season during our monitoring period (Figures 2, S2, and Table S1). Solar radiation and evaporation were
greater during the warm/wet season, with a daily average of ~450 W/m2 and ~11 mm/d, respectively, com-
pared with ~420 W/m2 and 9.5 mm/d during the cool/dry season. Stronger winds were observed in the
cool/dry season, with a daily average of ~4 m/s and gusts of up to 10 m/s. Precipitation at the lake fell almost
exclusively in the warm/wet season when daily air temperatures rose above 24°C, with an average of ~1mm/d
and a maximum of 80 mm/d during the 2009–2010 El Niño event. Although no precipitation was recorded at
Bainbridge during the 2012 El Niño warm season, an average of ~2.9 mm/d (435 mm total) was recorded at
Puerto Ayora station (Figure 1). As the precipitation data at Bainbridge and Puerto Ayora were correlated dur-
ing the initial logging period (18 December 2009 to 5 June 2010; Spearman’s rank correlation: rs = 0.49,
N = 170, P < 0.001), the absence of precipitation during the moderate 2012 El Niño may be an artifact or a
malfunction of the Bainbridge rain gauge. Nonetheless, as Bainbridge lies on the leeward side of Santa
Cruz, where much of the moisture associated with the SE trade winds is deposited in the highlands
(Figure 1a) [Hamann, 1979; Pryet et al., 2012], it is conceivable that Bainbridge received little if any rainfall dur-
ing this period. We include Puerto Ayora station data in all precipitation analyses as a conservative estimate of
precipitation during this period.

Bainbridge Crater Lake was well mixed by strong southeasterly trade winds blowing throughout the
monitoring period (Figure 1b). Stratification was not observed in either the YSI profiles collected from
the deepest portion of the lake on the afternoon of 6 June 2010 (Table S2) or between the temperature
and conductivity at 1 and 2 m depth (Figure 2). The lake displayed strong seasonality in response to the
local climatology, with strong differences (warm/wet-cool/dry) in temperature, salinity, and density
between seasons (Figures 2, S3, and Table S1). Daily average water temperatures lagged behind air tem-
perature due to the heat capacity of the lake, and the daily average electrical conductivity maximum
lagged water temperature minimum of the cold/dry season by 1 to 2 months in response to changes in
the local precipitation minus evaporation (P � E) balance. Conductivity of the lake was strongly negatively
correlated with both air and water temperature and positively correlated with wind speed over the
monitoring period (Table 1). In contrast, precipitation, evaporation, and the overall P � E budget were
not associated with lake conductivity (Table 1).

Interannual variability associated with ENSO events was observed during the warm seasons (Figures S4, S5,
and Table S3). The warm season of 2010, a weak El Niño year, was wetter than the other two warm seasons
at Bainbridge. A total of 300 mm of rain fell at Bainbridge during the 2010 warm season, compared with
24 mm in the 2011 and 0 mm in the 2012 warm season. Daily average evaporation at the lake was lower,
and the overall P � E budget was more positive during the weak 2010 El Niño than in the other warm sea-
sons (Figure S4). Although daily average salinity and water density were lower in the 2010 warm season
than in the 2011 warm season, the lowest values were observed over the 2012 warm season (Figure S5
and Table S3).
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The two sediment trap sample periods (Figure 2) were characterized by distinctly different climates and lake
conditions (Table S4), as they were composed of different portions of the local wet and dry seasons as well as
different phases of ENSO. The local climate and limnology were more variable during the 2010–2012 (“2012”)
sediment trap period than in the December 2009 to June 2010 (“2010”) sediment trap period (Figure 3).
Nonetheless, the 2010 sediment trap period was warmer and wetter, with higher humidity, weaker winds,
and a more positively skewed P � E budget than the 2012 sediment trap period (Figure 3c and Table S4).
The lake was warmer and less dense during the 2010 sediment trap period than during the 2012 period
(Figure 3 and Table S4). Linear mixed modeling suggests that there was a significant impact of sampling per-
iod on local climate and limnology, with the 2012 sampling period being significantly cooler and drier and
with higher water density and salinity in the lake (Table 2). There was also a significant impact of season
on local climate and limnology and a significant interaction between sampling period and season for
Bainbridge precipitation, solar radiation, evaporation, precipitation-evaporation, EC, density, and salinity
(Table 2).

4.2. Water Chemistry

The oxygen isotopic composition of the lake reflects evaporation at the lake, enriching the lake water
(δ18Omean = 3.37‰) relative to seawater (δ18Omean = 0.059‰) and local precipitation (long-term
δ18Omean = �1.91‰). Chemical analysis of the lake water samples collected on 1 December 2009, 6 June
2010 (bracketing the warm/wet season and a weak El Niño; Figure 2), and 3 October 2012 (cool/dry season
following a prolonged La Niña and moderate El Niño; Figure 2) provided the following evidence of wetter
conditions during the 2010 sediment trap collection period and drier conditions during the 2012 collection
period (Table S5). The 2010 water samples were characterized by lower concentrations of cations and
anions (e.g., Na, Si, Cl, and SO4) at the surface than at depth. Bicarbonate concentration also decreased
throughout the water column in 2010 compared to 2009 and 2012. In contrast, the 2012 water samples
were characterized by high bicarbonate concentrations, a lack of chemical stratification with depth, and
high DIC.

4.3. Composition of Sediments From Sediment Traps

Sediments that accumulated within the sediment traps consisted of both autochthonous (e.g., carbonate and
organic matter) and allochthonous (e.g., terrigenous sediment and pollen) components. The composition
and abundance of trace elements in the sediment trap sediments (Figure S1) differed between sampling per-
iods and from that of the parent rock.

Microprobe mapping of a rock sample collected from the crater rim (Figure S6a) and μ-XRF intensities of
major and minor trace elements in five rock samples and one soil sample support the identification of the

Table 1. Correlations Between Climate and Limnological Dataa

Precip
Bain

Precip
PA

Air
Temp

Wind
Speed

Tot.
Rad. Evap

P � E
Bain

P � E
PA

Water
Temp

Spec.
Cond Salinity Density

Precip Bain 1 0.20*** 0.19*** �.08* 0.17*** �0.09*** 0.28*** 0.18*** 0.16*** 0.12*** 0.13*** 0.08***
Precip PA 1 0.10*** �0.03 �0.16*** �0.20*** 0.23*** 0.56*** 0.11*** 0.04 0.06* 0.01

Air temp 1 �0.42*** 0.38*** 0.34*** �0.29*** �0.14*** 0.93*** �0.24*** �0.20*** �0.39***
Wind speed 1 �0.05 �0.06* 0.04 �0.02 �0.37*** 0.23*** 0.22*** 0.27***
Tot. rad 1 0.70*** �0.63*** �0.59*** 0.29*** 0.10*** 0.12*** 0.05

Evap 1 �0.97*** �0.84*** 0.32*** �0.05 �0.04 �0.10***
P � E Bain 1 0.84*** �0.27*** 0.06* 0.05 0.1***
P � E PA 1 �0.13*** 0.06* 0.06* 0.07**
Water temp 1 �0.28*** �0.23*** �0.44***
Spec. cond 1 1.0*** 0.98***
Salinity 1 0.97***
Density 1

aSpearman’s ρ correlation coefficients between climatic and limnological conditions at Bainbridge Crater Lake.
*Significant at 90% confidence level.
**Significant at 95% confidence level.
***Significant at 99% confidence level.
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Figure 3. Comparison of Bainbridge climate and limnology between 2010 and 2012 sediment trap periods. Histogram of daily average (a) rain, (b) air tempera-
ture, (c) wind speed, (d) evaporation, (e) salinity, (f) water temperature, and (g) density at 1 m depth, along with (h) the distribution of sediment micro X-ray
fluorescence (μ-XRF) calcium intensities (see methods for “Sediment sampling and analyses”) of the 2010 sediment trap sample (2 December 2009 to 5 June 2010,
black with normal font) and the 2012 sediment trap sample (6 June 2010 to 2 October 2012, white with italic font). The median value (Table S4) is listed and
denoted by a dotted line on each histogram (of contrasting color: white dotted for 2009–2010 and black dotted for 2010–2012). Asterisks denote that the linear
mixed effect model indicated that the two sampling periods were different at the 90% (single asterisk), 95% (double asterisks) and 99% (triple asterisks) confi-
dence level, respectively.

Table 2. Linear Mixed Effects Model Resultsa

Season
(Warm/Wet-Cold/Dry)

Sample
(2012–2010)

Interaction
(Season × Sample)

χ2 Δ Rank χ2 Δ Rank χ2 Δ Rank

Air temperature (°C) 818.0*** 403.4 151.9*** �238.3 3.7 106.2
Precipitation (mm/d) Bainbridge 3.3 13.4 68.6*** �95.3 25.4*** 118.3

Puerto Ayora 15.5*** 73.1 0.112 �8.2 0.78 59.8
Puerto Ayora humidity (%) 0.19 9.0 20.1*** �154.4 0.01 10.2
Wind speed (m/s) 65.0*** �166.2 12.2*** 119.8 2.9 176.5
Total solar radiation (W/m2) 49.1*** 119.3 158.9*** �404.3 7.9** 173.0
Evaporation (mm/d) 56.8*** 172.0 2.2 41.9 5.5* 147.9
Precipitation-evaporation (mm/d) Bainbridge 180.9*** �291.1 36.1*** �210.4 19.4*** 400.2

Puerto Ayora 57.7*** �170.6 11.3*** �125.3 12.8*** 325.2
Water temperature (°C) 506.1*** 5.63 6.1*** �0.77 3.2 1.5
Electrical conductivity (mS/cm) 305.8*** 10.4 309.4*** 15.7 9.7** 7.8
Density (g/cm3) 164.8*** 0.0059 282.6*** 0.012 6.6* 0.0052
Salinity (psu) 338.1*** 10.5 309.5*** 14.9 9.9** 7.51

aA linear mixed effects model was used to assess the relationship between rank-transformed meteorological and limnological conditions and both sampling
period and season using the lme4 package [Bates et al., 2015] in R (R Core Team 2016), with sampling year as a random effect to account for repeated measure-
ments. A likelihood ratio test (χ2, d.f. = 1, N = 1020 for meteorological data and N = 939 for limnological data) was used to assess the impact of season and sample
period and the interaction between the two, on each variable. The change in rank between seasons (warm/wet to cool/dry), sampling period (2012 to 2010), and
their interaction is denoted by Δ Rank.
*Significant at 90% confidence level.
**Significant at 95% confidence level.
***Significant at 99% confidence level.
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parent material as Fe, Mg (mafic) scoria basalt [Swanson et al., 1974]. The Bainbridge soil sample was iden-
tified as a torrand, an andisol common to arid climates [Soil Survey Staff, 2010] and observed in other parts
of the Galápagos archipelago [Franz, 1980]. The soil sample and rock samples with visible evidence of
weathering displayed significantly higher Al/Si ratios than in the parent rock (Figure S7; Kruskal Wallis:
H = 216.3, N = 495, P < 0.001; Mann-Whitney U: Usoil-rock = 9.98, N = 168; P < 0.001), consistent with
enriched Si in the lake relative to sea water and confirming greater leaching of Si than Al during chemical
weathering.

The sediment trap samples from 2010 and 2012 were both rich in organic matter, including high abundances
of biogenic silica from diatom frustules. However, Si was more concentrated in 2012 (7.8–9.9%) than in 2010
(4.9%). Counts of major constituents in 0.25 cm3 aliquots of the sediment trap samples under 200–300X
stereoscopic magnification further suggested a higher content of organic matter (algae, Chironomidae sp.,
arthropod remains, and fecal pellets) in 2012 than in 2010 (Table S6 and Figures S8d–S8f).

The 2010 sediment traps displayed high concentrations of Si, K, Na, and Mg (Figure S6b) and low concentra-
tions of Ca. In contrast, Ca was abundant throughout the 2012 sediment trap samples (Figures S6c, S6d, and
S9). The μ-XRF Ca intensities (paired, not normally distributed data) were significantly different between the
two sediment trap periods (2010 and 2012), with a higher median and more positively skewed distribution
in 2012 compared with 2010 (Mann-Whitney U: Z = �3.64, N = 1630, P < 0.001; Figure 3i). Examining the
crystallography of this carbonate material using microprobe and through XRD analysis revealed that the
carbonate precipitating in the lake during the 2012 sediment trap period was primarily composed of
magnesium-rich calcite and aragonite (Figures S8g–S8i and S9). In 2012, a < 1 mm thick layer of plate-like
carbonate (Mg-rich calcite and aragonite) also precipitated on the walls of the sediment traps (Figures S1,
S7d, S8j–S8l, and S9c).

4.4. Age Model

The average sedimentation rate from the resulting radiocarbon age models was between 0.07 and 0.14 cm/
yr, with variability through time (Figures 4 and S10). There was no evidence of a hiatus in the sediment record
from these cores. Radiocarbon dating of the DIC in a water sample collected from 3m depth in 2012 suggests
a reservoir age of 87 ± 35 14C years (Table S7), indicating that both atmospheric and seawater sources con-
tribute to the lake carbon reservoir.

4.5. Lithology

All cores displayed two ~12 cm thick sections of coarse gypsum gravel (grain size of 1–8 mm) starting at
~4–6 cm and ~20–22 cm depths, deposited on top of alternating light (carbonate, Ca/Sr rich) and dark brown
(siliciclastic, Si/Fe rich) laminations (Figures 4a and S11). Sediments between these gypsum layers were com-
posed of a light brown to olive-green organic-rich matrix. Gypsum gravel was rare or absent from the remain-
der of the sediment record. The dominant mode of variability observed in the μ-XRF elemental intensity
correlation matrix (principal component 1, PC1, explaining 32% of the variance) displayed strong positive
loadings for S, Ca, and Sr (eigenvectors: 0.52, 0.61, and 0.41, respectively) and negative loadings for Si and
Fe (eigenvectors: �0.32 and �0.25, respectively). High variability in gray scale values and pollen abundance
and origin co-occurred with these changes in sediment composition (Figure 5), with moderate to high gray
scale values and regional/mainland pollen in the carbonate and gypsum sediments and low gray scale values
and local pollen in the brown-green organic-rich and siliciclastic sediments. We observed no effect of either
sedimentation rate or sample resolution on pollen concentration.

Below the level corresponding to ~1500 calendar years B.P., there were generally few carbonate and siliciclas-
tic laminations, with the exception of two carbonate deposits around 6000–5500 (the base of the sediment
record collected) and 3500–3000 years B.P. (Table S8 and Figure 6). Moderate gray scale values and roughly
equal numbers of carbonate and siliciclastic laminae were observed between ~3000 and ~1500 calendar
years B.P. (550 before the Common Era to 450 Common Era (C.E.)). Around ~1500 calendar years B.P.
(450 C.E.), the Bainbridge sediment record displayed an increase in the mean and variability of gray scale
values, an increase in the number of carbonate laminations, and a decrease in the number of siliciclastic
laminations [Riedinger et al., 2002]. This sediment regime, with lighter-colored, more variable sediments
and pollen concentrations and a peak in the number of carbonate laminations, persisted until ~700 calendar
years B.P. (1250 C.E.) [Figure 5] when siliciclastic laminations began to increase, pollen concentration
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decreased, and sediments became darker overall. This interval was punctuated by high PC1 values
(associated with gypsum and carbonate minerals) between ~300 and 50 calendar years B.P. (1650–1900 C.E.).
In contrast, low PC1 values were observed in the Bainbridge sediment record since 50 calendar years B.P.
(1900 C.E.; Figure 5).

5. Discussion

Sediment trap samples from 2010 spanned a weak El Niño event and warm, wet conditions. The 2010
samples consisted primarily of brown-green, organic-rich sediments, with very little carbonate. The sedi-
ments were therefore dominated by the major elements of local rocks and soils (Fe, Si, K, Na, and Mg).
In contrast, organic matter and carbonate were both abundant in sediment trap samples from 2012,
collected during a period that was significantly cooler and drier and had stronger winds. Higher abun-
dances of organic matter in the 2012 samples are consistent with stronger upwelling and higher nutri-
ent availability in the eastern Pacific and the Galápagos during the cool, dry season and La Niña events
[Wyrtki, 1981; Kessler, 2006]. This elevated regional nutrient variability may increase productivity in the
lake as a result of the influx of seawater into the lake, which may be higher during cool, dry periods
when high regional sea level pressure (SLP) increases the pressure gradient and thus seawater influx
into the lake.

Although a number of mechanisms may drive carbonate formation in Bainbridge over the 2012 sedi-
ment trap period, high bicarbonate concentrations and a lack of chemical stratification with depth
are consistent with dry conditions and strong trade wind-driven vertical mixing of the lake. In contrast,
the lower concentrations of bicarbonate, cations, and anions (e.g., Na, Si, Cl, and SO4) at the surface
than at depth are consistent with high precipitation and diatom productivity (depleted Si) in 2010.
Nonetheless, the longer sampling period likely contributed to the higher abundance of carbonate
and organic matter in the 2012 sediment traps, as this sampling period consisted of two full seasonal
cycles, an 18 monthlong La Niña event, and a moderate El Niño event. We found a significant influence
of both season and sampling period on both the climate and limnology, as well as a significant inter-
action between the two for some key variables (Table 2). Therefore, the differences in sedimentation in
the lake between these two sediment trap sampling periods may be attributed to both seasonal and
interannual variability.

Figure 4. Lithology and age model for 2009 Bainbridge Crater Lake core. (a) Schematic of the lithology and radiocarbon age (14C age, years B.P., where the
“postbomb” sample had a fraction modern carbon of 1.1645 ± 0.0049, see Table S7) of the top ~87 cm of the 2009 Bainbridge Lake sediment core from which
the micro X-ray fluorescence (μ-XRF) record was developed (see Figure S11 for photographs of the full sediment record of each core). (b) Bainbridge Bacon [Blaauw
and Christen, 2011] age-depth model for the 2009 core (see Figure S10 for other age models), where blue markers indicate the calibrated14C dates, gray shading
depicts the Markov chainMonte Carlo (MCMC) iterations, darker grays indicate more likely calendar ages, gray stippled lines depict the 95% confidence intervals, and
the red line depicts the best age model based on the weighted mean at each depth.
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Carbonate precipitation in the hypersaline Galápagos crater lakes is controlled by a number of different fac-
tors. First, authigenic carbonate may precipitate as temperatures increase, as CO2 is less soluble at higher
temperatures. The greater abundance of carbonate during the 2012 sediment trap period, when tempera-
tures were significantly cooler overall, suggests that temperature is not the primary driver of carbonate pre-
cipitation in this lake.

Authigenic carbonate precipitation may also occur during dry periods, when strong evaporation relative to
precipitation concentrates ions, including calcium and carbonate, within the lake. In the same way, a reduc-
tion in seawater influx may also contribute to the concentration of ions in the lake. The influx of seawater into
the lake through fissures in the basalt may be regulated by the pressure gradient between the lake and

Figure 5. Comparison of tropical Pacific climate reconstructions over the past 2500 ka. Bainbridge sediment record: (a) The first principal component (PC1) of micro
X-ray fluorescence (μ-XRF) intensity ratios. (b) Gray scale record (where high gray scale values indicate lighter colors). (c) Total, local (Sesuvium sp. and Croton scouleri)
and regional (other) pollen concentration. (d) Carbonate and siliciclastic laminae (as in Riedinger et al. [2002]) counted in 250 year bins (and centered on the bin
midpoint). Carbonate laminations (with high gray scale values) reflect precipitation of autochthonous calcite and/or aragonite due to evaporative forced oversa-
turation of the lake water during cool/dry periods, while siliciclastic laminae (with low gray scale values) reflect brown-green organic-rich sediments characteristic of
warm/wet periods in the lake. High abundances of local pollen reflect warm/wet periods, while regional and mainland pollen indicate strong winds (associated with
cool/dry periods). See text for further discussion. Other regional records are as follows: (e) El Junco percent sand [Conroy et al., 2008], (f) Laguna Pallcacocha red color
intensity (terrestrial runoff) [Moy et al., 2002], (g) Indo-Pacific warm pool (IPWP) δ18Osw reconstruction [Oppo et al., 2009], (h) IPWP δD leaf wax reconstruction of
Indonesian Monsoon (IM) variability [Tierney et al., 2010], (i) μ-XRF calcium counts per second in the Genovesa sediment record [Conroy et al., 2014], and (j) zonal SST
gradient reconstruction [Conroy et al., 2010] between the IPWP [Oppo et al., 2009] and eastern equatorial Pacific [Conroy et al., 2009]. Shading denotes wet (green) and
dry (tan) intervals at Bainbridge discussed in the text.

Paleoceanography 10.1002/2017PA003089

THOMPSON ET AL. A 6000 YEAR RECORD OF ENSO VARIABILITY 915



Figure 6. Comparison of tropical Pacific climate reconstructions over the past 6000 ka. (a) Western tropical Pacific sea sur-
face temperature (SST) derived from foraminiferal Mg/Ca (red [Stott et al., 2004]; light red [Oppo et al., 2009]). (b) Eastern
tropical Pacific SST derived from alkenones (blue [Rein et al., 2005]) and from foraminiferal Mg/Ca (light blue [Koutavas et al.,
2002]). (c) Carbonate and siliciclastic laminae in the Bainbridge sediment record [Riedinger et al., 2002] counted in
500 year bins. (d) Number of El Niño events in100 yr overlapping windows, Laguna Pallcacocha [Moy et al., 2002].
(e) Lithic flux (% of max), Peru margin, with higher lithic flux suggesting more frequent El Niños [Rein et al., 2005];
(f and g) Grain-sized records from lake El Junco (on nearby island of San Cristobal), where increased silt fraction occurs
during warm/wet periods and higher sand fraction documents more frequent El Niños [Conroy et al., 2008]. (h)
Abundance of dinosterol (a dinoflagellate sterol that is sensitive to El Niño events [Makou et al., 2010]). (i) As in Figure 6h
for the abundance of cholesterol (eukaryotic sterol that is sensitive to La Niña events [Makou et al., 2010]). (j) El Junco
tychoplanktonic to epiphytic (T:E) diatom index, a proxy for regional sea surface temperature [Conroy et al., 2009]. Dotted
lines indicate the approximate timing of the dramatic increase in ENSO variability around 2 ka inferred from each record.
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surrounding seawater as a result of regional SLP variability (e.g., associated with ENSO). Such pressure-related
variations in lake level have been recorded at Genovesa Crater Lake, which is similarly weakly connected to
the sea through fissures in the crater walls [Conroy et al., 2014]. This mechanism—authigenic carbonate pre-
cipitation as a result of the concentration of ions in solution—is consistent with significantly cooler, drier, and
windier conditions resulting in cooler, more dense lake water and greater carbonate precipitation during the
2012 sampling period at Bainbridge Crater Lake (Table 2). Cool, dry La Niña conditions during this period
were also associated with carbonate precipitation in Genovesa Crater Lake, another lowland Galápagos crater
lake [Conroy et al., 2014].

However, cooler temperatures contributed significantly to the increased density observed across the 2012
sediment trap period (Table S4). Further, despite only small changes between the sediment trap intervals,
electrical conductivity, salinity, and density displayed high interannual variability, with 2012 being the “fresh-
est” period over the record. This suggests that the carbonate likely precipitated in 2011, when the salinity and
density in the lake peaked. This strong interannual variability in local climate, limnology, and sedimentation
in Bainbridge emphasizes the importance of such long monitoring data sets in the interpretation of the lake
sediment record.

Lake conductivity was only strongly associated with (air and water) temperature and wind speed at the
lake and not the local P � E budget (Table 1). This suggests a complex interplay between local climate
(e.g., rainfall and pCO2), limnology, alkalinity, and carbonate precipitation that may be modulated
through variations in pH, the influx of seawater, and productivity in the lake. In the next stage of this
work, we will use the programs PHREEQC [Parkhurst and Appelo, 2013] and SUPCRT92 [Johnson et al.,
1992] to investigate the carbonate solubility and saturation in response to variations in local climate
and limnology, conductivity, and pH. Our working hypothesis is that the pH varies strongly in response
to the local P � E budget (as rainwater lowers lake pH). pH in turn modulates carbonate precipitation
in the lake, as carbonate saturation increases under more basic pH conditions [e.g., Morse and
Mackenzie, 1990]. However, our results suggest that although pH, pCO2, and productivity play a role in
mediating carbonate precipitation in this lake, they are of secondary importance to that of climatic con-
trols on carbonate precipitation.

Increased primary productivity of calcareous organisms in the lake likely contributes significantly to biologi-
cally mediated carbonate precipitation [e.g., Stabel, 1986] during cool, dry, high-nutrient periods. Organic
matter and biogenic silica content within the sediment traps were also greater during the 2012 sampling
period, suggesting that biogenic and biologically mediated carbonate precipitation might contribute to
higher carbonate precipitation during cool, dry periods. During these periods, we hypothesize that nutrient
availability in the lake may rise as a result of increased regional upwelling of nutrient-rich waters, increased
input of this nutrient-rich seawater to the lake (due to the increased pressure gradient), and increased guano
deposition to the lake in response to increased nutrients, productivity, and marine seabird abundance.
However, Si count rates were not correlated with Ca count rates over the A.D. 1320–1991 period, suggesting
that either organisms driving biologically-mediated carbonate precipitation in the lake are out of phase with
diatom abundance or that other processes besides productivity control carbonate precipitation in
Bainbridge Crater Lake on longer timescales.

Regardless of the exact mechanism-driving carbonate precipitation in the lake, long-term monitoring of
the climate and limnology of the lake over the 2009–2012 period indicate a need for a revised climate
interpretation of the sediment record from Bainbridge. The results suggest that brown-green, organic-rich,
siliciclastic laminae (associated with low PC1 and gray scale values and high local pollen abundance) in
the Bainbridge sediment record reflect warm, wet conditions during wet seasons and/or El Niño events,
when terrigenous material is washed into the lake via surface runoff from the crater walls and salinity
of the lake decreases. In contrast, carbonate laminae and gypsum (associated with high PC1 and gray
scale values and high regional/mainland pollen abundance) form during cool, dry conditions (associated
with extreme dry seasons or La Niñas) when the lake temperature decreases and salinity increases.
Further, we propose that prolonged dry conditions result in SO4-rich water (with low HCO3

� and excess
Ca2+), which favors gypsum precipitation relative to autochthonous carbonate. This proposed solute evo-
lution is expected based on the excess of calcium ions relative to bicarbonate ions in solution in
Bainbridge Lake (Table S5); as a result, bicarbonate ions are depleted as autochthonous carbonate
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precipitates in the lake, leaving excess calcium ions to react with SO4 to form gypsum during prolonged
dry periods [see Jones and Deocampo, 2003]. The absence of a hiatus or change in sedimentation rate in
the Bainbridge sediment record suggests that the lake did not dry up entirely during prolonged dry
periods and that seawater influx into the lake maintained dissolved sulfate concentrations. Although
the length of the monitoring period to date is not sufficient to definitively test this hypothesis for gyp-
sum formation, these preliminary findings are consistent with geochemical analysis of sediment records
from other saline lakes [Mackenzie et al., 1995; Jørgensen and Cohen, 2003; Martín-Puertas et al., 2011].
Finally, we interpret high concentration of nonlocal pollen grains (i.e., pollen from species that do not
exist on Bainbridge that must have been transported by regional winds) to reflect an influx of pollen
from surrounding islands and mainland South America by strong SE trade winds across the
Galápagos Archipelago during La Niña conditions, whereas we interpret a high concentration of locally
derived pollen grains to reflect increased abundance of local vegetation (Sesuvium sp. and Croton sp.)
during wet periods.

Based on these long-term monitoring results, we compare the Bainbridge sediment record with other
reconstructions of eastern Pacific ENSO variability [Moy et al., 2002; Rein et al., 2005; Conroy et al., 2008;
Makou et al., 2010] and tropical Pacific SSTs [Koutavas et al., 2002; Stott et al., 2004; Rein et al., 2005;
Oppo et al., 2009] to assess variability in the eastern tropical Pacific Ocean over the past 6000 years
(Figures 5 and 6). The sensitivity and response to regional precipitation changes are likely to differ
between lowland (Bainbridge and Genovesa) and highland (El Junco, Paul’s Bog) Galápagos lakes.
Therefore, discrepancies between records (where they exist) may be attributed at least in part to differ-
ences in their sensitivity to changes in seasonal versus interannual variability [Koutavas and Joanides,
2012] or lowland (convective) versus highland (garúa) rainfall [Trueman and d’Ozouville, 2010; Wolff,
2010], with lakes heavily influenced by garúa rainfall displaying a lagged response to regional climate
variability relative to the dry lowland lakes. Differences in the local SST response—a result of heteroge-
neous oceanographic circulation and upwelling among the islands—may also be an important factor
[Liu et al., 2013].

The Bainbridge sediment record supports reduced ENSO variability during the mid-Holocene in the eastern
equatorial Pacific (Figure 6f) [Moy et al., 2002; Riedinger et al., 2002; Koutavas et al., 2006; Conroy et al., 2008;
Donders et al., 2008]. With the exception of two periods around 6000–5500 and 3500–3000 calendar years
B.P. few siliciclastic and carbonate laminations are observed in the Bainbridge sediment record between
6000 and ~1500 calendar years B.P. The moderate peak in siliciclastic and carbonate laminations around
6000–5500 calendar years B.P. suggests that ENSO events of both phases characterized this generally
warm/wet interval, as inferred from the high percentage of sand and silt at El Junco Crater Lake [Conroy
et al., 2008] (Figure 6) and increased lake level and mesic plant taxa in Paul’s Bog on Santa Cruz [Collins
et al., 2013]—both highland Galápagos lakes. In contrast, low percentages of sand and silt in the El
Junco sediments and reductions in mesic plant taxa in Paul’s Bog suggest only a moderate number of El
Niño events and generally cool/dry conditions between 3500 and 3000 calendar years B.P. Therefore, the
peak in carbonate laminations in Bainbridge during this period likely resulted from more frequent La
Niña-related dry conditions. Additionally, this dry interval may have been associated with a strengthened
Pacific E-W SST dipole [Stott et al., 2004; Rein et al., 2005]; however, the two eastern Pacific SST reconstruc-
tions [Koutavas et al., 2002; Rein et al., 2005] disagree over this interval (Figures 6a and 6b). Disagreement
among records in the magnitude of mid-Holocene ENSO variability among the eastern (Figure 6f) [Moy
et al., 2002; Riedinger et al., 2002; Koutavas et al., 2006; Conroy et al., 2008; Donders et al., 2008], central
[Cobb et al., 2013; McGregor et al., 2013], and western tropical Pacific [Corrège et al., 2000; Tudhope, 2001;
McGregor, 2004] suggests that mid-Holocene ENSO may have remained active but with a different spatial
fingerprint than today [Karamperidou et al., 2015]. However, the bulk of the evidence from climate recon-
structions across a diverse set of proxies in the eastern equatorial Pacific favors reduced canonical (classic
or eastern Pacific type) ENSO variability during the mid-Holocene, as observed at Bainbridge Crater Lake
[Moy et al., 2002; Riedinger et al., 2002; Koutavas et al., 2006; Conroy et al., 2008; Donders et al., 2008;
Karamperidou et al., 2015].

The Bainbridge sediment record suggests an intensification of ENSO variability starting around 2000–
1750 calendar years B.P. (Figure 6). ENSO variability began to slowly increase as early as 5000–4000
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calendar years B.P. in some paleo-ENSO reconstructions, but large, contemporaneous increases in the
number of both El Niño [Moy et al., 2002; Rein et al., 2005; Conroy et al., 2008; Makou et al., 2010] and La
Niña events [Makou et al., 2010] occurred around 2000 calendar years B.P. (although the inferred timing of
this climatic shift varies among records). We estimate the timing of this transition based on the mean (and
associated uncertainty) of the climate shift across reconstructions and find that the marked increase in
ENSO-related variability occurred around 1780 (± 230) calendar years B.P. This timing coincides with a change
in vegetation community stability at El Junco Crater Lake, with more rapid oscillations between wet and dry
conditions and plant community composition after 1800 calendar years B.P. (150 C.E.) [Restrepo et al., 2012].
SST reconstructions from the eastern and western tropical Pacific suggest that these changes in ENSO varia-
bility were coeval with a reduction in the strength of the E-W SST dipole [Stott et al., 2004; Rein et al., 2005;
Conroy et al., 2008].

A peak in the number of carbonate laminations and high variable gray scale values between ~1500 and
700 calendar years B.P. (450 C.E.–1250 C.E.) suggests that frequent El Niño and La Niña events occurred during
this interval. A moderate percentage of sand in El Junco [Conroy et al., 2008] and highly variable red intensity
at Laguna Pallcacocha [Moy et al., 2002] are consistent with strong ENSO-related variability in the eastern
Pacific during this period (Figure 5).

The gray scale and laminae records indicate a shift toward generally darker, less variable sedimentation in the
lake after ~700 calendar years B.P. (~1250 C.E.), suggesting a decrease in the number of La Niña events and a
corresponding decrease in the overall amplitude of ENSO-related variability, which occurred along with a
weakening of the Pacific E-W SST dipole (Figure 6) [Conroy et al., 2010]. The deposition of siliciclastic laminae
and high local pollen concentration around 410–330 calendar years B.P. (~1540–1620 CE) and after 50 calen-
dar years B.P. (1900 CE) suggests that two periods of frequent El Niño-related wet conditions interrupted this
interval of otherwise low ENSO activity (Figure 5).

The deposition of gypsum (Figure 5) and an absence of diatoms (Figure S12) suggest extreme, persistent dry
conditions in the eastern equatorial Pacific between 300 and 50 calendar years B.P. (1650–1900 C.E.), consis-
tent with few El Niño events and generally dry conditions inferred from the El Junco (% sand), Laguna
Pallcacocha, and Genovesa sediment records (Figure 5) [Moy et al., 2002; Conroy et al., 2008, 2014]. Along with
records from the western tropical Pacific, which indicate a stronger Indian monsoon and lower salinity during
this interval [Oppo et al., 2009; Tierney et al., 2010], these hydrologically sensitive proxies suggest that this per-
iod was anomalously dry in the eastern equatorial Pacific and wet in the western Pacific (i.e., strong Pacific E-
W dipole) [Oppo et al., 2009; Tierney et al., 2010; Yan et al., 2011]. These records, however, are in contrast to
reconstructions that suggest a reduced E-W SST dipole (Figure 6) [Cobb et al., 2003; Newton et al., 2006;
Conroy et al., 2009; Oppo et al., 2009; Conroy et al., 2010] and a southward displacement of the intertropical
convergence zone (ITCZ) [Sachs et al., 2009] between 300 and 50 calendar years B.P. (1650–1900 C.E.), which
would produce wetter conditions in the Galápagos. Hydrogen isotopic records from El Junco (1°S), Palau
(7°N), and Washington Lake (5°N) suggest that the ITCZ shifted back northward between ~1550–1600 and
1850 C.E. [Sachs et al., 2009]. El Junco was therefore transitioning toward drier conditions during this interval
when Bainbridge and Genovesa [Conroy et al., 2014] were dry, suggesting that a lagged response of highland
lakes (e.g., El Junco) relative to lowland lakes (e.g., Bainbridge and Genovesa) may reconcile differences in the
timing of the response of Galápagos lakes to changes in the position of the ITCZ (within the uncertainty of the
age models for these records). The contribution of garúa rainfall may dampen or delay the response of high-
land lakes to shifts in the ITCZ and associated changes in wet season rainfall, resulting in a lagged response
relative to lowland lakes. Further, modulations in the magnitude of seawater input to lowland lakes may also
contribute to the observed difference in the sensitivity and timing of these lakes to regional
hydrological variability.

While uncertainty in the sensitivity and interpretation of proxy records may contribute to the discrepancy
among records, the difference between SST [Moy et al., 2002; Cobb et al., 2003; Newton et al., 2006; Conroy
et al., 2009, 2010] and hydrological [Moy et al., 2002; Conroy et al., 2008; Oppo et al., 2009; Tierney et al.,
2010; Conroy et al., 2014] proxy records suggests that the atmospheric and oceanic response to forcing on
centennial timescales may not be as tightly coupled as with ocean-atmosphere feedbacks on interannual
timescales [Tierney et al., 2010; Clement et al., 2011; Yan et al., 2011]. Alternatively, this pattern within the tro-
pical Pacific (reduced SST gradient with wet western-central Pacific and dry eastern Pacific) could have
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resulted from a restriction of El Niño-related precipitation anomalies to the central Pacific as observed during
modern day El Niño Modoki events [Ashok et al., 2007; Weng et al., 2007]. This potential for decoupling
between temperature and hydrological [Bony et al., 1997] variability during the last millennium suggests that
further work is needed to investigate the mechanisms behind centennial-scale climate variability in the
equatorial Pacific.

6. Conclusions

Based on long-term monitoring and additional short cores from Bainbridge Crater Lake, we provide a new
interpretation of the lake sediment record in which carbonate and gypsum laminae reflect cool/dry condi-
tions and siliciclastic laminae reflect warm/wet conditions. Ongoing monitoring at this lake will investigate
the relative contribution of seasonal and interannual climate variability to these sedimentation patterns
and assess the interplay between local climate, seawater influx, lake conductivity, pH, and carbonate
precipitation. Nonetheless, our long-term monitoring results suggest that the laminations within the
Bainbridge sediment record provide a record of ENSO events of both phases over the past 6000 years.
The record supports a broad-scale reduction in ENSO variability in the eastern equatorial Pacific during
the mid-Holocene, which was punctuated by a brief period of relatively high ENSO variability around
6000–5500 calendar years B.P. and a period of frequent La Niña events between 3500 and 3000 calendar
years B.P. The Bainbridge sediment record then suggests an increase in ENSO variability starting around
1750–2000 calendar years B.P., with strong interannual variability of both phases persisting until ~700 calen-
dar years B.P., when overall ENSO-related variability at the lake decreased as the tropical Pacific E-W SST
dipole strengthened. Finally, the Bainbridge sediment core record provides support for dry conditions in
the eastern equatorial Pacific between 1650 and 1900 C.E. and wetter conditions and frequent El Niño
events during the twentieth century.
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