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Abstract

Lithostratigrahic and mineralogic analyses of sediments from hypersaline Bainbridge Crater Lake, Galapagos Is-
lands, provide evidence of past El Nifio frequency and intensity. Laminated sediments indicate that at least 435
moderate to very strong El Nifio events have occurred since 6100 *C yr BP (~7130 cal yr BP), and that frequency
and intensity of events increased at about 3000 “C yr BP (~3100 cal yr BP). El Nifio activity was present between
6100 and 4000 “C yr BP (~4600 cal yr BP) but infrequent. The Bainbridge record indicates that there has been
considerable millennial-scale variability in El Nifio since the middle Holocene.

Introduction

Our understanding of Holocene climate variability in
the tropics is constrained by the limited number of high-
resolution climate records from this region that extend
back beyond the last few centuries (Thompson et al.,
1992; Dunbar et al., 1994; Rodbell et al., 1999). Within
the neotropics, long-term records are crucial for exam-
ining historical changes in the linked oceanic-atmos-
pheric processes that regulate the El Nifio/Southern
Oscillation (ENSO) phenomenon and impact global cli-
mate. Since the 1982—1983 El Nifio event, a wealth of
biological, geological, and archacological data has been
used to document historical ENSO activity (Thompson
et al., 1984; DeVries, 1987; Wells, 1987; Cook, 1992;
Martin et al., 1993; Sandweiss et al., 1996). The vary-
ing nature and resolution of these diverse records have
generated much debate regarding the timing of onset
and Holocene periodicity of ENSO (Ortlieb et al., 1993;

DeVries etal., 1997; Wells & Noller, 1997; Sandweiss
etal., 1998). Acommon shortcoming of some data sets
is that the postulated ENSO signal might result from
both ENSO and non-ENSO events, and a clear cause-
and-effect relationship to ENSO activity is not estab-
lished. This becomes more problematic for records
derived from outside the core region of ENSO activ-
ity in the equatorial Pacific, or from areas subject to
considerable environmental or climatic fluctuations.
The Galapagos Islands, located within the core ENSO
region, consistently experience positive precipitation and
sea surface temperature (SST) anomalies during El Nifio
events, and possess a number of hypersaline lakes that
experience reduced salinity during these periods (Tupiza,
1985). Galapagos lake sediment deposits archive the
history of salinity fluctuations, and thus provide a record
of ENSO activity. We present here a ~6100 “C yr high-
resolution record of El Nifio frequency and intensity
based on lithostratigraphic and mineralogic analyses of



a laminated core from hypersaline Bainbridge Crater
Lake, in central Galapagos. We compare our record to
other paleoclimate data sets, primarily from mainland
South America, that document ENSO variability.

Study site

Bainbridge Crater Lake is located on the largest islet
(<0.2km?) in the Bainbridge Rocks (Figure 1), a series
of small islands produced by phreatic and littoral erup-
tions that lie along the southeastern coast of Santiago
Island. The lake is ~200 m in diameter, shallow (Z_ =
3.3 m), and just above sea level. During our Decem-
ber 1991 field season, the lake was hypersaline (~100%o
TDS), conductivity was 145 mS/cm, pH was 8.1, and
ionic composition was dominated by Na* (2.25 m; 4.7
x 10*mg L") and Cl (1.43 m; 4.6 x 10 mg L"). The
lake was not chemically stratified and was only weakly
thermally stratified at the time of sampling.

Materials and methods

A ~4.2 m-long sediment core was collected in Decem-
ber, 1991 using a modified Livingstone piston sampler
(Livingstone, 1955). The core sections were returned
intact to the laboratory and stored at 4°C. Core sec-

tions were split longitudinally, described, and photo-
graphed (visible and x-radiography). Bulk mineralogy,
detailed carbonate and evaporite mineralogy, moisture,
organic matter content, and total carbonate contents
were analyzed on subsamples taken at 2-cm intervals
using standard x-ray diffraction and ignition tech-
niques (Heiri et al., 2001; Last, 2001). Radiocarbon
dates were obtained on the organic fraction of 49 sub-
samples following pretreatment with HCL. Forty-eight
dates were obtained by AMS (National Ocean Sci-
ences AMS Facility, Woods Hole Oceanographic In-
stitution & The University of Arizona AMS Facility)
and one date was obtained by standard count (Beta
Analytic, Miami, Florida). Radiocarbon ages were
calibrated using the program CALIB 4.0 and apply-
ing the Southern Hemisphere correction (Stuiver &
Reimer, 1993). A short core obtained to document El
Nifio events within the last century failed to yield
measurable 2'°Pb activity.

Results

Bainbridge basal sediments date to 6170 + 55 '“C BP
(7130 +45/-216 cal yr BP; AA-9074), and most of the
49 dates are in stratigraphic order. The sedimentation
rate has been relatively constant for much of the past 6
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Figure 1. Location of Bainbridge Crater Lake, Bainbridge Rocks, Galapagos Islands. San Cristobal, site of El Junco Lake, also is shown.



u_-||.|||I TTT |||-I||- |||-||| I||.|||I|||' TT |||-l|| ||||-|||_|||_
I S, ]
L L4 2nd-ORDER BEST FIT LINE |
L - (99% CONFIDENCE LEVEL) |
100 — Y = -58.27 + 014X - (1.07x10 )X° -
'é“ 200
& B 4
= L |
'—- - |
o
w
O 300 |
400 —
500_-..i-... AETENTETE SR NI AT NN STWNE SRS SN A .I..-.I-...I....:..._

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
1000 "*C YEARS BP

Figure 2. Depth versus time plot for the Bainbridge Crater Lake sediment core. Forty-eight AMS radiocarbon and 1 standard date were used
to establish the core chronology. The increased sedimentation in the upper ~200 cm of the core most likely reflects increased catchment ero-
sion and corresponds to the interval containing the majority of the siliciclastic and more than half of the carbonate laminae in the record.

millennia, but increases somewhat in the upper 200 cm
of the core (Figure 2).

The stratigraphic sequence consists almost entirely
of poorly indurated, massive to finely laminated, or-
ganic-rich endogenic and authigenic salts, with only
minor siliciclastic detritus. Overall, halite and sulfate
salts dominate the sequence, with carbonate minerals
comprising generally less than 20% of the inorganic
fraction. The sulfate minerals are mainly gypsum, al-
though various Mg and Na sulfates, such as bloedite
and thenardite, occur throughout the core. Carbonate
mineral composition is considerably more diverse.
Aragonite, dolomite and Mg-calcite dominate the car-
bonate fraction, but huntite, kutnohorite, northupite,
hydromagnesite, monohydrocalcite, calcite and nah-
colite also occur. The phosphate mineral brushite is com-
mon, and pyrite is found in relatively high abundance
in the upper half of the core. In contrast to the complex
endogenic and authigenic mineral assemblage, the mi-
nor amount of allogenic sediment is composed of a
relatively simple mixture of feldspar minerals (mainly
potassic feldspars), quartz, and clay minerals.

Organic content averages 25% and exhibits no sys-
tematic variation with depth. Sediment deposited prior
to 4200 "C yr BP (~4800 cal yr BP) is characterized
by relatively high siliciclastic and carbonate mineral
contents. Laminated aragonite dominates the carbon-
ate fraction. Sharply overlying this is about a meter
of organic-rich gypsite characterized by very low car-
bonate, halite, and siliciclastic contents. A sharp con-
tact at ~2400 '“C yr BP (~2300 cal yr BP) separates this
gypsite from the overlying pyrite-rich, halite-domi-
nated laminated muds deposited during the last sev-
eral millennia.

The Bainbridge core contains two distinct types of
laminae, most concentrated within the last 2400 “C
years of the record (Figure 3). Approximately 325 ir-
regularly-spaced carbonate laminae and thin beds are
present and range in thickness from <1—12 mm. There
are 110 distinct siliciclastic laminae that are also present
and are generally <4 mm thick. These laminae are com-
posed almost entirely of finely-crystalline carbonate
minerals or fine-grained siliciclastics, and they exhibit
no obvious rhythmicity or spacing cyclicity. Carbonate
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Figure 3. The laminae record of El Nifio activity. Siliciclastic laminae (strong/very strong intensity events) are represented by solid lines;
carbonate laminae (moderate intensity events) are indicated by dashed lines. Boundary ages of 10006100 “C yr BP were assigned using
Figure 2. Each column represents a separate drive. Sediment intervals between 60—63.8, 128.6-134.6, 219.5-223.7, and 313.4-319.2 cm
were collected into the cutting shoe used to penetrate the sediments during coring, and disturbed during core recovery. Laminae were not
preserved as a result, and therefore these intervals were omitted from the diagram.

laminae are more prominent at the base of the record
(6100-5000 “C yr BP; 7100-5900 cal yr BP), and from
4000-3000 "“C yr BP (~4600-3100 cal yr BP) and 2000-
1000 C yr BP (~1900-900 cal yr BP). Siliciclastic
laminae are more abundant after 3000 '“C yr BP, though
they occur throughout the core. This sequence has not
yet been subjected to a time-series statistical analysis.

Discussion

We postulate that the preservation of both types of lami-
nae results from a chemically stratified water column
produced during El Nifio activity, and that the laminae
can be used as a measure of El Nifio frequency. The

relatively high abundance of pyrite in the upper half of
the core provides further evidence of stratification for
much of the last 2400 “C years, as its preservation
requires strongly reducing conditions. Chemical strati-
fication, or meromixis, could be generated here by a
number of mechanisms. A ‘fresher’, low salinity sur-
face layer in the water column could result from an
increased influx of rain water within the catchment
basin, which would occur during El Nifo events. Al-
ternately, surface freshening could develop if there is an
influx of sea water into the system. A portion of the cra-
ter wall is ~3 m above sea level, and likely is breached
during the periods of large waves or higher sea levels
(Hayes, 1985) that are characteristic of El Nifio. Ma-
rine diatoms are absent from the diatom record suggest-



ing that, although ocean water occasionally might have
breached the basin wall, it was not the primary cause
of meromixis.

Siliciclastic and carbonate laminae might be the prod-
uct of different El Nifo intensities, and thus might pro-
vide an index of past ENSO strength. We suggest that
the siliciclastic laminae reflect strong to very strong
events, when high levels of rainfall promote erosion of
the crater walls, resulting in significant clastic influx.
The steep sides of the crater are sparsely vegetated with
salt- and drought-tolerant herbs and grasses, and al-
though the increased El Nifo rainfall often induces
luxuriant growth in the arid zones of the archipelago, this
growth might not be adequate to stabilize the slopes. The
more numerous carbonate laminae likely result from
events of moderate intensity, when the El Nifio precipi-
tation is substantial enough to lower lake salinity to a
level that promotes carbonate precipitation, but not
sufficient to generate much catchment erosion (Figure
3). Weak events might not bring sufficient rainfall to
this site to generate meromixis and laminae preserva-
tion, and are likely absent from our record.

Using laminae as an index of both El Nifo frequency
and intensity, the Bainbridge record indicates that there
have been at least 435 moderate to very strong El Nifio
events since ~6100 “C yr BP (Figure 3). Our data sug-
gest that mid-Holocene El Nifio activity was infrequent,
with 23 strong to very strong, and 56 moderate events
occurring between ~6100 and ~4000 '“C yr BP. El Nifio
frequency increased between ~4000 and ~3000 '“C yr
BP (seven strong/very strong and 83 moderate events).
The last 3000 '“C years are characterized by increases
in the frequency (266) and intensity (80 strong/very
strong) of events. El Nifio events of the 1990s are ab-
sent from our record because the Bainbridge core was
collected in 1991.

The lake-level record from El Junco Lake, San Cris-
tobal Island, Galapagos (Colinvaux, 1972) provides
supporting evidence for minimal El Nifio activity in
Galapagos during the middle Holocene and for a late-
Holocene increase in El Nifio frequency and intensity.
Between 6200 and 3000 '“C yr BP, El Junco, which
today is ~6 m deep, was a shallow system with fluctu-
ating lake levels, suggesting dry conditions with little
El Nifo activity. Modern lake levels were established
by 3000 '“C yr BP, indicating that wetter conditions
prevailed during the late Holocene, probably because
of increased El Nifio frequency and/or intensity. High
lake levels between 8000 and 6200 '“C yr BP provide
evidence that El Nifio activity might have occurred in
Galapagos during the early Holocene.

A late-Holocene increase in El Nifio activity in the
Galapagos Islands is consistent with ENSO records
from western South America. Faunal remains from ar-
chaeological middens in coastal Peru suggest that the
loss of two temperature-sensitive mollusk species and
their replacement by a cosmopolitan species at ~2800
cal yr BP was caused by increased El Nifio frequency
(Sandweiss et al., 2001). Flood deposits in coastal Peru
also indicate a late-Holocene increase, with 13 out of
18 Holocene flood sediments attributed to El Nifio
activity deposited in the last 3200 cal years (Wells, 1990).
Low-resolution vegetation and lake-level records from
Chile and Argentina document significant increases in
moisture during the late Holocene that might reflect
increased El Nino frequency (McGlone et al., 1992).

A considerable body of evidence suggests that the
modern El Nifilo phenomenon was established during
the middle Holocene (Sandweiss et al., 1999). Molluscan
faunal remains from Peruvian archaeological sites north
of 10°S indicate that a shift from tropical to temperate
species occurred at about 5000 “C yr BP, and this shift
has been linked to the onset of El Nifio (Sandweiss et
al., 1996). Pollen records from tropical northern Aus-
tralia document a decrease in effective precipitation and
increased climate variability beginning around 4000
C yr BP that might reflect the development of the
modern ENSO-dominated climate (Shulmeister & Lees,
1995). Laminated sediments from an Andean lake in
southwestern Ecuador suggest that the 2—8.5-yr perio-
dicity of modern El Nifos was established around 5000
cal yr BP (Rodbell et al., 1999). This record provides
evidence that El Niflo events occurred during the late
Pleistocene and early Holocene but at a longer (=15 yr)
periodicity. Our data from Bainbridge Crater Lake
document mid-Holocene El Nifio activity, though at a
lesser frequency and intensity than in the late Holocene.
A similar pattern has been described from sedimentary
deposits in the coastal desert of southern Peru, where
low-energy, organic-rich layers and the absence of high-
energy debris flows during the middle Holocene have
been used as evidence of reduced El Nifio strength and
frequency (Fontugne et al., 1999). Bainbridge and Pe-
ruvian evidence are consistent with recent atmosphere
and coupled atmosphere-ocean general circulation
models for the equatorial Pacific that suggest a preva-
lence of La Nifia rather than El Nifio conditions dur-
ing the middle Holocene (Bush, 1999).

The limited number of high-resolution records has
made it difficult to assess long-term variability in El
Niflo intensity. Flood deposits in Peru since 7000 cal
yr BP suggest that there has been an average of one



strong event every 1000 years (Wells, 1990). Beach-
ridge data from coastal Brazil record seven strong El
Nifio-like events between 5100 and 3900 '“C yr BP, and
three between 2500 “C yr BP and present(Martin et al.,
1993). Historical documents and instrumental records
suggest that at least 44 strong to very strong and ap-
proximately 75 moderate events might have occurred
in the last 450 years (Quinn et al., 1987; Quinn, 1993).
Re-evaluation of some of these references confirms
only 15 strong to very strong events between 1525 and
1891 AD (Ortlieb & Macharé, 1993). The laminae
record from Bainbridge Crater Lake documents eight
strong to very strong events in the last 400 C years
(~500 cal yrs), and a minimum of 110 strong to very
strong and 325 moderate intensity events since 6100
14C yr BP. Our data also demonstrate that there has been
much variability in the occurrence of moderate inten-
sity events, with increased frequency characterizing
6100-5000, 4000—3000, and 2000—1000 "“*C yr BP. The
Bainbridge record shows that although strong to very
strong event frequency has increased during the late
Holocene, there has been considerable millennial-scale
variability in El Nifio activity during the last 6100 “C
years.
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