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Abstract  
The El Niño Southern Oscillation (ENSO) is an interannual ocean-atmosphere cycle associated 
with upwelling in the Eastern Equatorial Pacific (EEP), which has strong effects on local and 
global climate. While the modern ENSO is well-studied, its historic variability is poorly known 
during the Little Ice Age (LIA; 1400-1800 CE), when NH temperatures were 2-3°C cooler 
(Mann et al., 2009). To address the issue of ENSO variability in the LIA, we reconstructed past 
sea surface temperatures (SST) in the EEP by generating a multivariate geochemical record from 
a fossil Galápagos coral that lived during the LIA. The coral specimen was collected in Urvina 
Bay on Isla Isabela in the western Galápagos archipelago (1°S, 91°W). Here, the Galápagos 
platform sits directly in the path of the Equatorial Undercurrent, and strong upwelling affects 
SST. Based on a bottom U/Th date of 1571 CE ±7 yr, we used annual Sr/Ca cycles to establish 
that the core spans 55 years with monthly to bi-monthly resolution, terminating in 1626. We 
measured Sr/Ca ratios (a proxy for SST) and Ba/Ca ratios (a proxy for upwelling) along the full 
core length. Our data show an average annual temperature range of approximately 4ºC. 
Measured Sr/Ca suggest temperatures 0.5 ºC lower than 20th century coral records. Annual SST 
maxima (Sr/Ca minima) are highly variable, and demonstrate intermittent loss of cold season 
SST, showing the occurrence of El Niño. The seasonal cycles in the Ba/Ca record suggest a link 
to seasonal upwelling. The correlation of Sr/Ca and Ba/Ca suggest that upwelling could 
contribute to seasonal and interannual SST change and reflect ENSO variability. As the oldest 
seasonally resolved SST record from the region, this record is an important contribution to the 
body of published data for the eastern tropical Pacific.  
 
 

1. Introduction 
The eastern equatorial Pacific (EEP) is an extremely important region of the Pacific Ocean, due 
to extreme temperature anomalies from the El Niño-Southern Oscillation (ENSO) that can 
further influence climate and weather both locally and globally (Wang et al., 2007). We know 
very little about the long-term variability of ENSO. Paleoclimate reconstructions from corals are 
important for understanding and interpreting past climate in the context of future uncertainties. 
The tropical Pacific Ocean features some of the best locations for collecting these coral records, 
and this wide-scale geographic distribution of coral allows for a comprehensive view of tropical 
Pacific climate dynamics and teleconnections to global climate (Druffel et al., 2014).  

 
The Little Ice Age lasted approximately from 1400 CE to 1850 CE. Most of the information 

we have about the LIA comes from written historical records from Europe, describing frozen 
rivers and canals every year, drought and famine, and reduced temperatures. These records are 
supplemented by records from the Northern Hemisphere (Wanner et al., 1995), as well as 
measurements of the historical reaches of ice sheets and glaciers with further extent due to the 
cold (Grove and Switsur 1994). Additionally, there are records from the Southern Hemisphere, 
indicating the global reach of this event: speleothem records from South Africa (Salinger et al., 



1995) and dendroclimate records from Tasmania (Cook et al., 2000) have been used to 
demonstrate the global extent of the LIA.  
 

Very little work has focused on the EEP during the Little Ice Age (LIA; 1400-1800 CE), but 
the knowledge that the LIA was a globally distributed event provides motivation for 
understanding what was occurring in this region of the world that drives so much of global 
climate. Understanding the SST in this key tropical region, as well as interannual climate 
variability due to ENSO, can provide insight into the global oceanic and atmospheric 
teleconnections that regulate and change climate worldwide. Additionally, it remains contentious 
as to whether the EEP was in an extended El Niño-like state or a La Niña-like state at this time 
(Mann et al., 2009; Rustic et al., 2013; Cobb et al., 2013).  Using a coral from this region, we 
present a 55 year paleo-SST record that provides insight into the LIA. 

 
 

	
2. Background 

	
2.1 Study site 

	
This study utilizes a sub-fossil coral from the Galápagos archipelago in the EEP. The coral 

was used to generate a time series of geochemical proxy data to understand some of the 
conditions in the EEP during the Little Ice Age. The site of coral collection is Urvina Bay on the 
west coast of Isla Isabela in the Galápagos archipelago (Figure 1b). Urvina Bay (UB) is uniquely 
situated to receive much colder upwelling waters than the rest of the Galápagos, and this 
interaction provides intense variability and seasonality in the region (Figure 1a). The Galápagos 
are surrounded by 4 major currents (Figure 2): the Equatorial Undercurrent (EUC), which flows 
west to east along the equator, the Peru Current, which flows north towards the Galápagos, the 
eastward flowing North Equatorial Countercurrent, and the westward flowing South Equatorial 
Current, which are less of an impact on oceanic hydrography near the Galápagos (Spero et al., 
2003; Cabarcos, 2014). The archipelago of the Galápagos is a volcanic platform which creates a 
barrier to the EUC, causing significant upwelling of this cold water to UB and the corals growing 
there. As such, the corals in UB experience reduced temperatures, and record this variable SST 
information in the elemental makeup of their skeleton. Due to the volcanic activity of the 
archipelago, the entire coral bed was uplifted in the 1950s to become subaerially exposed 
(Colgan et al., 1990), providing an age constraint for youngest possible age of subfossil 
specimens from this site.  
 

The Galápagos Islands experience intense seasonal variability and upwelling of the EUC 
(Karnauskas et al., 2015). We use Optimum Interpolation Sea Surface Temperature (OISST) data 
to examine trends present in this region from 1981-2012 (Reynolds et al., 2007). These 
observational data provide SST in daily increments in UB, and give a mean temperature over this 
interval of 23.25°C (Figure 3). These data show an average seasonal cycle of ~7°C per year. 
 
 

2.2 Geochemical proxies for paleoceanography 



 
We examined 3 trace element ratio proxies for the purpose of paleo-environmental 

reconstruction for this project. Coral Sr/Ca ratios are frequently used as a proxy for SST (Schrag 
et al., 1996). With varying temperatures, corals incorporate more or less elemental Sr into their 
skeletal arrangement. Warmer temperatures result in less Sr being incorporated and lower Sr/Ca 
ratios, and increased Sr/Ca ratios at cooler SSTs. One of the initial calibration studies using 
Sr/Ca ratios in corals was conducted on a living specimen from the same location in Urvina Bay 
(Schrag et al., 1999), so we are able to directly compare Sr/Ca ratios.  
 

The Ba/Ca ratio in marine calcifying organisms is directly proportional to the concentration 
of [Ba] in seawater (Lea and Boyle, 1991; Lea and Spero, 1992, 1994; Hönisch et al., 2011). As 
a result, the recorded Ba/Ca is frequently used as a proxy for upwelling water, depending on the 
oceanographic setting (Lea and Spero, 1992). Increased Ba/Ca corresponds with increased 
upwelling of cold, nutrient-rich deep waters. In this study, due to the location of the field site in 
the path of upwelling currents such as the Equatorial Undercurrent, we use Ba/Ca ratios as a 
proxy for upwelling.  
 

Mg/Ca ratios are commonly used as SST proxies for most calcifying marine organisms. This 
proxy has been explored in warm-water corals as a way to reconstruct SST (Mitsuguchi et al., 
1996). However, other studies of warm-water corals (cite) have found traces of adsorptive Mg on 
the skeletal surface, which alters the analysis of the Mg in the primary skeletal material. For this 
reason, we use acquired Mg/Ca ratio data to verify some trends in Sr/Ca, but we do not use 
Mg/Ca as a quantitative paleotemperature proxy. 

 
 
3. Methods  
 
3.1 Sample collection and preparation 

	
A specimen of sub-fossil Porites spp. coral was collected in 2006 from Urvina Bay, off the 

west coast of Isla Isabela, the largest island of the Galápagos Archipelago. The coral was drilled 
from an uplifted reef, and extracted as an 81 cm core. The 5 cm diameter core was cut lengthwise 
into halves, and a 1 cm thick slab was prepared for sampling and analysis. The slabs were X-
rayed to determine internal structure, and annual density banding was used to optimize transects 
for sampling and analysis (Figure 4).  

 
We examined the coral slabs and X-rays for areas that could potentially have been affected 

by post-mortem diagenesis. We examined the corals using Scanning Electron Microscopy (SEM) 
to assess microstructural physical evidence of diagenetic alteration. First, the slab was cleaned of 
any extraneous powder or contaminants with a pressurized water pick. A total of 5 pucks (~1 cm 
diameter) were drilled. We chose samples at 5 cm, 24 cm, 38 cm, 59 cm and 79 cm from the top 
of the core, selecting some areas that appeared discolored or had external borings that may have 
caused alteration, to target our assessments in areas most likely to be geochemically overprinted 
(Figure 4). Samples were carbon-coated and imaged in a Hitachi 3400N Scanning Electron 
Microscope at the University of Arizona LaserChron facility. We examined each SEM sample 
for indicators of secondary alteration, including dissolution of primary aragonite in the coral 



skeleton, alteration of skeletal aragonite texture, and the presence of secondary cements, 
following the protocols of Sayani et al. (2011).  

Transects were chosen following close examination of the X-rays and the slabs. Each year of 
growth consists of a light and dark band, and to ensure sampling of the primary growth axis, 
each transect was laid out along the apex of a corallite fan. Transects were intentionally 
overlapped by 0.5-3 cm in order to ensure that continuous environmental information was 
obtained from the skeleton. Transects were navigated around boreholes from organisms that had 
damaged the coral prior to collection, in order to avoid the areas with increased likelihood of 
alteration. Each slab was individually vertically mounted to a computer automated tri-axial 
Sherline Micromill with a 1 mm drill bit. Each transect was milled at 1 mm spatial resolution, 
and powdered samples were collected in plastic microcentrifuge vials for storage. Each transect 
was 5 mm wide and sampled 4.5 mm into the coral. 
 
 
3.2 U/Th dating and age model 

	
Using the X-ray images and visual inspection of annual banding in the coral slabs, we 

selected samples from the top and bottom of the core that overlapped with the first and last 
powder samples that would be subsampled. Prior to sampling for radiometric dating, a 1 mm 
layer was powdered and discarded in order to avoid any potentially dirty surficial material. For 
each of these samples, we drilled a 5 mm x 5 mm x 1 mm volume from the face of the coral slab 
using a horizontally mounted micromill. the sample powders were sent to the Edwards U/Th 
laboratory at the University of Minnesota for analysis. 
 

Dates from the Edwards U/Th dating lab at the University of Minnesota yielded an age of 
1571 CE (±7 yrs) for the bottom of the coral. We also dated a sample from the top of the coral, 
but this date obtained from the area of the core where additional geochemical analyses indicated 
alteration. As a result, we built our chronology using a combination of a single U/Th date from 
the base of the core and annual banding. Starting with the reported bottom date of 1571 CE, we 
counted seasonal peaks in Sr/Ca from the bottom, labeling each “warm” peak as March of the 
sequential year from 1571 onwards. Through careful comparison of the peaks and troughs in 
Sr/Ca data and the banding of the skeletal X-rays, we calculated that the coral spans ~55 years of 
growth.  
 

To convert the depth analysis information into ages for paleo-environmental interpretation, 
we employed the Matlab AgeModel package (Ault, 2007). This package converts data as a 
function of depth into data as a function of age. We first establish the bottom age from the U/Th 
analyses, and use peak minima counted in the Sr/Ca ratio record. We assume that each Sr/Ca 
minimum corresponds to March, the warmest month of the year in the Galápagos, and we count 
each minimum and assign a calendar year. AgeModel (Ault, 2007) interpolates the data points to 
a bimonthly resolution with 6 data points per year (from an original resolution of 8-26/yr). This 
removes the effect of variable coral growth rate from the Sr/Ca record and smooths the data 
points. Using the chronology established by the Sr/Ca cyclicity, we applied the AgeModel 
package to other geochemical datasets from the same samples.  
 
3.3 Trace element ratio analyses  



	
For trace element ratio analysis, 450 – 550 µg of each sample was weighed into Nalgene 

vials. Samples were acidified with the addition of 3.5 ml of 5% HNO3 and agitated in a VWR 
Lab Dancer® motorized mixing device to dissolve the powder. Analyses were conducted on a 
Thermo iCAP 7400 Duo Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES). 
 

Element Wavelength (nm) Measurement mode 
Ca 315.887 radial 
Sr 421.552 radial 
Mg 285.213 radial 
Ca 370.603 axial 
Ba 455.403 axial 

Table 1: Wavelengths and acquisition modes for each element analyzed using ICP-OES 
 

Analyses with relative standard deviation (RSD) > 5% were omitted from final data. 
Elemental ratios of Sr/Ca and Mg/Ca (measured in radial mode) were determined by calculating 
the ratio of the Sr or Mg concentration to Ca concentration measured in radial mode.. The 
concentration of Ba, measured in axial mode, was ratioed to Ca measured in axial mode. 
Samples were drift-corrected to bracketing standards, following the protocols of Schrag (1999), 
and matrix-corrected for Ca concentration using a separate set of gravimetric 
standards. Powdered standards JCp-1 (Hathorne et al., 2013) and MCP (in-house standard) were 
measured as unknowns. Final data measured in radial mode were corrected to known values 
of JCp-1 using an additive correction. Data measured in axial mode were corrected using an 
offset stretch factor of 1.3 based on ~100 replicate multiple analyses of a standard monitored 
over ~8 months of analysis. For the stretch factor calculation, we chose JCp-1 because its 
elemental composition has been published in an interlaboratory comparison (Hathorne et al., 
2013). 
 
 
4. Results 
 
4.1 Assessment of data quality 

 
Individual Ba/Ca ratio analyses were screened for signs of external contamination. For 

Samples 1-64 in the top 7 cm of the transect, the mean Ba/Ca ratio is 11 µmol/mol, which is 
offset by ~2 µmol/mol from the mean of 8.7 µmol/mol (±1.1; 1 σ) for the remaining 800 
samples. The core itself appears visibly dirty along the length of this entire transect. 
Additionally, the X-ray shows a discontinuity in annual banding between the top transect which 
we suspect may be contaminated and the adjacent transect, reflecting a disconnect in growth that 
makes samples 1-64 suspect. Based on these combined pieces of evidence, we chose to omit 
these data from our analysis and discussion, and hereafter we refer only to results from samples 
65-777. The SEM sample taken for the top of the core (~20 cm depth) reflects no secondary 
alteration in the skeleton. 
 



From the remaining data, we removed ~15 total data points that were obvious outliers from 
the dataset. These outliers were greater than 2σ from the mean value and the displacement in 
values was represented with only a single point. None of the outlier points removed from the 
data set were defined by multiple contiguous points, suggesting that these particular analyses 
were occasional analytical errors.  
 

Figure 5 shows SEM images from the 5 regions we subsampled. Each of the subsamples 
displayed pristine primary aragonite and textures consistent with the expected skeletal structure. 
In the regions where we expected to see microstructural diagenesis due to external alterations 
(predation, borings, discoloration), the skeleton was clean and smooth (Fig. 5A-E). Only one 
sample (Fig. 5B.2) out of five was found to have any examples of secondary alteration, 
displaying one 600x200 µm pocket of acicular secondary aragonite crystals. This sample came 
from 24 cm depth in the core, in a region in which we did not predict diagenesis because there 
was no other evidence of alteration. The region in which we expected a higher potential for 
alteration (Figure 5D) exhibited only smooth aragonite. We conclude that this core has 
experienced minimal diagenesis, and thus minimal effects on the integrity of subsequent 
geochemical analyses. 
 
4.2 Time series of geochemical proxies 
 

All geochemical proxies were converted to bimonthly time series based on the age model 
defined by annual Sr/Ca minima (Section 3.2). Summary statistics of time series data for Sr/Ca 
ratios, Ba/Ca ratios, Mg/Ca ratios, δ13C and δ18Ο are presented in Table 2. 
 
Proxy Mean  max min 1σ Corr. 

w/ 
Sr/Ca 

Corr. 
w/ 
Ba/Ca 

Corr. 
w/ 
Mg/Ca 

Sr/Ca 9.599 9.93 9.27 0.122 - 0.009 0.61 
Ba/Ca 8.67 11.49 6.29 1.124 0.009 - 0.06 
Mg/Ca 3.7 4.73 2.9 0.28 0.61 0.06 - 
Table 2: Summary statistics about each geochemical proxy measured, including mean, maximum and 
minimum values, and 1 SD. Correlation coefficients between different geochemical proxies (r2 values), 
measured between bimonthly time-series data, are also shown.  
 
4.3 Temperatures 
Converting the Sr/Ca ratio data directly to SST is challenging because Sr/Ca ratios have not been 
calibrated with instrumental SST values for this field site. Several field sites in the northern 
Galápagos have calibrated conversion factors for Sr/Ca ratios into temperature (Jimenez et al., 
2018, Cheung et al., 2017). The average of these conversion factors in the Galápagos is -0.06 
mmol/mol/°C. Other conversion equations have been calibrated for the central and western 
Pacific (Shen et al., 1996; Nurhati 2011); when applied to the Sr/Ca record from a modern 
Urvina Bay coral, they yield temperatures that are 3° colder than instrumental temperatures 
(Schrag, 1999).  Note that Sr/Ca –SST conversions are highly uncertain when calculating mean 
absolute changes, so to evaluate what our record says about the mean change, we opt to compare 
Sr/Ca records directly rather than as converted to SST. By contrast, the variability within a single 



record can be more easily converted to SST because only the slope, and not the intercept, of the 
calibration is important. 
   
4.4 Variability Analyses 

From the complete time series of the proxy data, we calculate anomaly values to evaluate 
the trends in ENSO variability and intensity over time. To do this, we take the record of Sr/Ca 
ratio data and calculate average Sr/Ca ratio for the entire duration of the core. We then subtract 
the mean annual cycle (at bimonthly resolution) from the analytical values, and find the anomaly. 
To convert this Sr/Ca anomaly into a temperature anomaly, we divide the Sr/Ca ratio anomaly by 
the temperature conversion factor of -0.06 mmol/mol/°C.  
 

To evaluate for ENSO occurrence and frequency, we apply the NOAA definition of an El 
Niño event: a temperature anomaly >0.5°C lasting for 6 continuous months. We can then 
highlight every ENSO-anomaly to see the frequency of occurrence, duration of the event, and 
intensity of the event in terms of the size of the deviation from the mean state.  

 
 
5. Discussion 
 
5.1 Sr/Ca interpretations 

The Sr/Ca data time series (Figure 6) illustrates the long-term trends in this record. There is a 
slight upward trend in the record, indicating a small amount warming in this region. The 
interannual variability of the Galápagos is reflected in the Sr/Ca ratio record, with a variance 
value of approximately 0.4 mmol/mol.  

 
A 1957-1981 coral record from Urvina Bay yields mean Sr/Ca ratio of 9.595 ±0.139 

mmol/mol (Schrag et al., 1996). In comparison, the mean value for our record is 9.598 ±0.122 
mmol/mol. The previously published record and the Sr/Ca ratios in our study show maximum 
and minimum values approximately in the same range, showing that the modern UB and LIA UB 
experienced the same intensity range of events. However, the modern record appears to have 
fewer of these highly varied maxima and minima, with values remaining closer to the mean with 
smaller seasonal cycles/interannual variability. By plotting these datasets together, we can 
determine whether the summers and winters were more intense, thus driving the mean values one 
way or the other, or if the mean value and mean state itself were entirely different. 
  

The lower Sr/Ca ratios during the LIA compared to modern indicates that the LIA was 
cooler than today. To quantify the extent of the cooling, we compare the mean Sr/Ca for both 
records, and we divide the difference in mean Sr/Ca by a generalized Galápagos conversion 
factor of  -0.06 mmol/mol / °C, which provides relative difference in °C. However, due to the 
distribution of SST across the Galápagos with the warmer sites considered for this conversion, 
this factor is likely an underestimate of the temperature at the Urvina Bay site. This difference 
calculation yielded results 0.5°C colder than the modern from 1571-1626 CE, a fundamental 
temperature shift. 
  

The cooler LIA temperatures that we reconstruct are consistent with other paleoclimate work 
in the region. High-resolution paleoclimate reconstructions from foraminiferal records from the 



EEP suggest that prior to the beginning of this coral record, by 1500 CE, SSTs near the 
Galápagos had cooled by ~1 ±0.3°C (Rustic et al., 2015). Our calculation of a mean SST being 
as much as 0.5°C cooler further supports these deep-sea reconstructions; since the 16th and 17th 
centuries were the coldest periods of the LIA, temperatures could also be reduced in the tropical 
Pacific.  
 
5.2 El Niño-Southern Oscillation (ENSO) variability 
 

We performed a series of calculations to understand and quantify the interannual variability 
of this SST record, namely ENSO (Section 4.4). When examining SST mean-state alone, with 
the temperatures significantly reduced from the modern, our data support a more La Niña- like 
state during this interval. Although the mean-state is cooler, we also examine the variability to 
determine if events were more or less frequent.  
 

In addition, we characterize and qualify the type of ENSO events occurring, in terms of their 
frequency and strength over the duration of this record. Coral records from the Central Pacific 
show that other than the 20th century, the mid 17th century was the most intense period of ENSO 
variability across the last millenium (Cobb et al., 2003). Paleoclimate reconstructions from 
planktic foraminifera suggest that ENSO was much more volatile and variable, and occurred up 
to 2.3 times more frequently than in the preceding Medieval Warm Period (Rustic et al., 2015). 
Our data support both of these points.  
 
 
Time Period Years # El Niño 

events 
Avg. # years between 
El Niño events 

El Niños >1 year=rate of 
large ENSOs 

LIA 
1571-1626 

55 15 3.66 5=0.090 (events/year) 

Schrag et al - 20th 
century 
(1957-1981) 

24 6 4 0 

Modern-
Observations  
(1981-2012) 

31 7 4.42 3=0.096 

Table 3: Calculated ENSO variability statistics for our LIA coral record from Urvina Bay, the 20th century 
coral record from Urvina Bay (Schrag, 1999), and modern observational data from Urvina Bay. 
 

For the 55-year duration of our record, we defined 15 El Niño events, with 5 events 
lasting for more than a year. This shows an average of 0.27 El Niños per year, and a more 
frequent cycle of occurrence, about 3.66 years between El Niños (Figure 7). In our record, 11 of 
the 15 events in a 55 year period have temperature anomalies greater than 2°C, classifying them 
as major/severe events, whereas the modern only shows 2/7 events with anomalies greater than 
2°C. The LIA record indicates very few medium El Niño events, and only 1 minor event, 
indicating predominantly high intensity events. 
 

In comparison to ENSO variability in our LIA record, we see 6 El Niño events in the 
modern 24-year coral record, equaling 0.25 events per year with 4 years between events, of 



which 5 have temperature anomalies >2°C, and no events in this record lasted as long as a year 
(Figure 7). The modern UB coral record indicates frequent and intense ENSO events (Schrag et 
al., 1996), but does not show the variability in El Niño duration that the modern UB and LIA UB 
records indicate.  
 

In the modern (1981-2012) OISST product from the latitude and longitude of Urvina 
Bay, there are 7 El Niño events over a 31 year record, totaling 0.22 events per year for the 
modern. This is reduced frequency as compared to LIA data, with an average of 4.42 years 
between events. In the modern record, there are 3 El Niños lasting for a year or longer, as 
compared to the 5 found in the LIA record. These numbers are similar enough to support the 
interpretation that the LIA was highly variable and intense, similar to the 20th century.  
 

These comparisons between 20th century and LIA ENSO variability indicate that ENSO was 
highly variable during the LIA, and potentially 12 to 22% more frequent. The LIA was a time of 
overall reduced sea surface temperature compared to the modern in Galápagos, but with intense 
El Niño events that were extreme in both duration (greater than one year) and SST anomalies 
(greater than 2°C anomaly).  

 
When evaluating variability, it is important to consider that these comparisons could be 

demonstrating small windows into the bigger picture multi-decadal variability patterns for this 
region, due to the different length of each record (Table 3). For example, the 24-yr modern 
record could be highlighting a more or less intense period of natural variability, and not 
necessarily record reduced or enhanced variability on multidecadal timescales. 
 
5.3 Interpreting Ba/Ca ratios  

 
Ba/Ca ratios have been used as a proxy for upwelling of nutrient-rich waters. This is due to 

the fact that the deep, upwelling waters contain biologically respired material that is relatively 
rich in Ba compared to surface water. When the coral is calcifying in these upwelling waters, the 
skeleton incorporates increased amounts of Ba (Alibert et al., 2008). This relationship has also 
been studied extensively in foraminifera (Lea and Boyle, 1991;, Lea and Spero, 1992, 1994).  
 

Due to the robust nature of Ba/Ca ratios as a proxy for upwelling, and the regular and intense 
upwelling located at this site, we expected to see a strong correlation between colder SST, as 
recorded by the Sr/Ca ratios and δ18Ο, and a peak in Ba/Ca ratios. However, the correlation 
coefficients do not demonstrate as strong a relationship as we predicted. Table 2 shows the 
correlation between Ba/Ca and Sr/Ca with r2 = 0.009, indicating no significant correlation 
between the two proxies. Some of the time series data visually appeared offset from one another 
by 1-2 months, so we performed a series of lead-lag correlations. We found that in some 
instances for our bimonthly time-series, a 3-month lag exists between the Sr/Ca ratios and Ba/Ca 
ratios: a peak in Ba/Ca ratios is followed by the corresponding minimum Sr/Ca approximately 3 
months later. A comparison of the Ba/Ca time series with Sr/Ca offset by 3 months increases r2 
values to as much as 0.125. Even accounting for the possibility of a seasonal lag in which the 
Ba/Ca peaks with the peak in upwelling before SSTs are reduced, the correlation between Sr/Ca 
and Ba/Ca ratios is still not as high as we predicted (Figure 6).  
 



The relationship between Ba/Ca ratios and ENSO events show that 10 of the large ENSO 
events correspond with troughs in Ba/Ca ratios, which is to be expected due to the anomalously 
warm waters of surface origin encompassing the Galápagos, effectively suppressing upwelling, 
so that high-Ba waters do not reach UB even during the winter season for the coral to incorporate 
it. There are some anomalous El Niño years which do not directly correspond with a Ba/Ca ratio 
minima. This could be an effect of the seasonal lag and the interplay of upwelling, advection, 
biological uptake and coral growth.  

 
There are several potential mechanisms to explain this decoupling of Ba (and associated 

upwelling) with temperature. There could be analytical errors associated with using the ICP-OES 
technique, since the concentration of Ba in coral aragonite is relatively low, and close to the 
detection limit for ICP-OES. However, we dismiss this as a possibility because the Ba 
concentrations analyzed in this coral were relatively high, and our individual [Ba] measurements 
had RSD <5%, consistent with other studies using ICP-OES to measure Ba/Ca in corals 
(Patterson et al, in prep; Cantarero et al., 2017). There is a possibility that the coral samples have 
been contaminated with dirt or material containing Ba/Ca that would affect the signatures, but 
we believe this to be unlikely due to our careful examination of the coral with SEM. We initially 
assumed that the EUC is the main driver of upwelling water for this site, but the EEP is very 
complex with a number of cold, deep water currents that could have influenced the Ba/Ca ratio 
signature (Figure 2). We suggest that in the EEP, upwelling from the EUC and other currents 
may be more sporadic and less seasonally regular than expected.  
 
 
6. Summary 
 

1. Sr/Ca ratios show a mean value reduced by 0.04 mmol/mol as compared to mean Sr/Ca 
ratios from a modern coral record, indicating a reduced temperature during the Little Ice 
Age of up to 0.5°C cooling. This indicates a relatively stronger La Niña-like state in this 
region of the EEP. 

2. Ba/Ca ratios exhibit high-frequency seasonal variability, but little correlation with the 
annual cycles of the temperature proxies. This is particularly evident during ENSO 
events, during which warm water from the warm pool shuts off the cold current 
upwelling and reduces the concentration of Ba in surface waters. 

3. ENSO was highly variable during the LIA, with increased frequency and intensity 
(strength and duration) of events. This indicates the intense variability of the EEP and 
projects that El Niño events of this variability could have impacts for global climate 
teleconnections. 

4. Future work will investigate and quantify the conversion of coral Sr/Ca ratios to 
temperature for this region to establish a robust temperature estimate for this interval of 
the Little Ice Age. Additionally, we will use measured δ18O values on the same coral to 
further substantiate our temperature record, and investigate the effects of ENSO on 
precipitation as reflected in δ18Osw values. This will be connected with another coral δ18O 
record from Urvina Bay in order to observe changes in stable isotope values and their 
meanings over time in the EEP.  
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9. Figures 
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Figure 1a: Site map showing the location of Urvina Bay (UB) on Isla Isabela, displayed in the 
context of the regional SST (°C); adapted from Karnauskas et al. (2015). 
Figure 1b: Site map showing the location of Urvina Bay (pink star) with bathymetry relief shown 
to illustrate the volcanic platform. 
 

 
Figure 2: The different currents having potential interactions with Urvina Bay and the Galápagos 
(adapted from Cabarcos et al., 2014). EUC=Equatorial Undercurrent, NECC=North Equatorial 
Counter Current, SEC=South Equatorial Current, PC=Peru Current, PUC=Peru Undercurrent, 
PCC=Peru Coastal Current, PCCC=Peru-Chile Countercurrent, CRCC=Costa Rica Coastal 
Current 
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Figure 3: OISST Observational temperature data time series, daily increments of SST 
interpolated from instrumental and satellite data. 
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Figure 4: Location of samples taken for SEM analysis, samples taken for U/Th dating, and the 
arrangement of sampling transects.  
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Figure 5: A-E are examples of primary aragonite skeletal structure and fabric at varying 
magnifications.  
B.2 shows the only example of diagenetic alteration we observed, in the form of bladed acicular 
secondary aragonite crystals in a section of SEM Sample B. 
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Figure 6: Time series of trace element ratio data. Sr/Ca ratio record in green, Ba/Ca ratio record 
in blue.  
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Figure 7: (A) Temperature anomaly time series for the Little Ice Age UB coral record (A) with 
El Niño events highlighted in orange. (B) Temperature anomaly time series for the modern UB 
coral record, with El Niño events highlighted. 
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