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Abstract  
 

Late Holocene Climate Change on Isla Isabela, Gulf of California 
 

by 
 

Amy Cathryn Englebrecht  
 

Doctor of Philosophy in Earth and Planetary Science 
  

University of California, Berkeley  
 

Professor B. Lynn Ingram, Chair  
 
 
 

Sediments from the crater lake on Isla Isabela, in the southern Gulf of California, were used to 
investigate precipitation and evaporation changes in this region over the past 6,000 years.  Stable 
isotopes of oxygen and carbon provided a proxy record of Pacific climate variability on 
timescales ranging from decadal to millennial.  Strength in the dominant periodicities of the 
Pacific Decadal Oscillation appears to have been intermittent over the past two millennia, 
suggesting changes in Pacific forcing not previously recognized.  In addition, productivity in the 
lake varies on timescales that suggests a link between increased productivity and solar maxima.  
Although the precise role of solar activity on climate variations remains unclear, this data 
represents a convergence of model output with empirical evidence over the past millennium.  
Over the late Holocene, it appears that there have been a number of pronounced dry periods that 
generally coincide with cold sea surface temperatures in the eastern Pacific, and generally dry 
conditions across western North America. 
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INTRODUCTION 
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1.1 Introduction 
 

Located at the northern edge of the tropics, the Gulf of California is a region of 
competing atmospheric, oceanographic, and geographic effects.  The climate is monsoonal, with 
marked seasonal changes in wind direction and precipitation (Douglas et al., 1993; Adams and 
Comrie, 1997; Higgins et al., 1998).  The region is also an area of water mass transition, between 
the north equatorial system and the North Pacific gyre.  Two surface currents impact this region, 
the California Current and the Costa Rica Current, and both vary significantly through the annual 
cycle in response to insolation-driven changes in wind systems (Baumgartner and Christensen, 
1985).  The geography of the Gulf is also critical to its climate.  As a deep, narrow, northwest to 
southeast trending sea, it is bounded by the arid Baja California peninsula to the west and the 
Sonoran Desert to the east.  The dry surroundings constrain its evaporative continental climate, 
in contrast with the more temperate marine climate commonly associated with the California 
Current. 

The North American Monsoon is characterized by strong seasonal variations in the 
winds, sea surface temperature (SST) and rainfall (Bordoni et al., 2004), and has basically two 
modes, winter (cool and dry) and summer (wet and warm).  Seasonal changes in the latitudinal 
position and strength of the North Pacific High (NPH) pressure system, control the seasonally 
reversing winds along the Gulf (Badan-Dangon et al., 1991).   

The winter (November to March) mode is dominated by strong northwesterly winds and 
lowered SSTs.  The winds intensify in the fall as the NPH and the Intertropical Convergence 
Zone (ITCZ) retreat equatorward (Pares-Sierra et al., 2003; Bordoni et al., 2004), and the winds 
from the anticyclonic flow around the NPH are channeled down the axis of the Gulf by the high 
topography on both sides.  The winter winds lower SSTs and generate upper ocean mixing and 
enhanced Ekman transport along the eastern margin of the Gulf (Alvarez-Borrego and Lara-Lara, 
1991; Thunnell et al., 1996). 

In contrast, the summer (April to October) mode introduces higher SSTs, higher humidity 
and rainfall.  Northwesterly winds diminish as the NPH and the ITCZ shift northward, and are 
replaced by irregular southerly winds (Bordoni et al., 2004).  These southerly winds are 
modulated by "Gulf surges" that originate in cyclonic disturbances over the east Pacific warm 
pool off Central America and propagate northward into the subtropics.  In the core of the 
summer monsoon (June to August), a combination of high elevation (mid-troposphere) winds, 
convective storms and Gulf surges transport moisture-laden tropical air into the Gulf and 
produce 60-80% of the annual rainfall (Bordoni and Stevens, 2005), with the majority of the rain 
concentrated along the western flank of the Sierra Madre Occidental and extending into the U.S. 
desert southwest (Douglas et al., 1993).  The introduction of eastern tropical Pacific surface 
water by the Costa Rica Current, typically beginning in April-May (Castro et al., 2000) and the 
northward shift of the 28°C isotherm governs this northward propagation of convective storms 
and rainfall (Mitchell et al., 2002).  By mid-summer, a thick layer (up to 150 m) of warm 
(>28°C) water covers the southern and central Gulf (Bray, 1988).  During this time, wind-driven 
upwelling is weak and limited to the western side of the Gulf (Alvarez-Borrego and Lara-Lara, 
1991; Bray and Robles, 1991).  

Although the annual climate cycle of the region is generally a seesaw between the two 
monsoon modes, the duration and relative strength of each mode varies in response to insolation 
forcing on several timescales, from seasonal and interannual to centennial and millennial (e.g., 
Douglas et al., 2002, 2007; Barron et al., 2003, 2004; Herguera et al., 2003).  Modeling studies 
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(Liu et al., 2003; Clement et al., 1999) and the sediment record (Barron et al., 2004) both suggest 
that the winter mode dominated from 3-5 ky BP as the mean position of the ITCZ moved south 
in the late Holocene.  In the earlier Holocene, seasonality was greater and the summer mode was 
more dominant (Douglas et al., 2007; Liu et al., 2003). 
 
 
1.2 Goals of Thesis 
 

Sediment cores from the crater lake on Isla Isabela, in the southern Gulf of California, 
were used to investigate precipitation and evaporation changes in this region over the past 6,000 
years.  These sediments represent a unique archive of climate changes in the region, providing a 
continuous, high-resolution record spanning several thousand years—a resolution and duration 
that has not been achieved in this area before.  The topics addressed in the following chapters 
are: 

 
Pacific Decadal Oscillation variability over the past 2,000 years (Chapter 2) 
 
Linking solar activity and Pacific climate variability (Chapter 3) 
 
Long-term patterns in drought recurrence (Chapter 4) 
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CHAPTER 2 
 
 
 
 

VARVED RECORD OF PACIFIC DECADAL OSCILLATION VARIABILITY  
OVER THE PAST 2,000 YEARS 

 



 7 

Abstract 
 

Although the Pacific Decadal Oscillation (PDO) is commonly considered a North Pacific 
phenomenon, atmospheric feedbacks result in decadal precipitation and temperature variability 
across the Pacific Basin.  But key questions remain of the past behavior of the PDO.  A 2,000-
year record of the PDO reconstructed from the oxygen isotope composition of a continuous 
varved sequence from Isla Isabela provides some answers to these questions.  The PDO appears 
to have been in positive phase during most of the Medieval Climate Anomaly (MCA; AD 800 to 
1100), and in a prolonged negative phase prior to the MCA, from about AD 550 to 750.  
However, strength in the dominant periodicities of the PDO appears to have been intermittent 
over the past two millennia, suggesting changes in Pacific forcing not previously recognized. 
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2.1 Introduction 
 

The Pacific Decadal Oscillation (PDO) is a recognized aspect of ocean-atmosphere 
variability that impacts water resource management, fisheries management, and global climate 
projections (Barlow et al., 2001; Gedalof and Smith, 2001; Chavez et al., 2003; Clement et al., 
2009).  Positive phases of the PDO are characterized by anomalously cold sea surface 
temperatures (SST) in the central North Pacific and warm SST anomalies in the subtropical 
Northeast Pacific and along the northwestern coast of North America.  Positive PDO phases have 
a similar dipole effect on the North American landmass, with above normal winter precipitation 
in the southwest United States and northwest Mexico, and below normal winter precipitation, 
snowpack and streamflow in the northwest United States and Canadian Great Plains.  During 
negative phases these teleconnection patterns reverse.  Alternating phases of the PDO can last for 
two to three decades, and the transitions from positive to negative phases (regime shifts) can 
have drastic effects on ecosystems and communities (Francis and Hare, 1994; Mantua et al., 
1997; Finney et al., 2002).  

Although the PDO was first recognized in 20th century instrumental SST data from the 
North Pacific (Mantua et al., 1997), the history of the phenomenon over the past several 
centuries has since been reconstructed from tree rings and coral records at many sites around the 
Pacific Basin (Linsley et al., 2000; Biondi et al., 2001; D’Arrigo et al., 2001; Gedalof et al., 
2004; MacDonald and Case, 2005).  These records have shown decadal changes in both 
temperature and precipitation associated with the PDO, but lack continuity beyond a few 
centuries, with the longest composite tree ring record of the PDO from western Canada and 
southern California dating to AD 993 (MacDonald and Case, 2005).  In some cases, these time 
series also exhibit significant heterogeneity (Gershunov and Barnett, 1998; Gedalof et al., 2002).  
Key questions remain about long-term variability in the PDO as well as extrapolation between 
regionally restricted proxy-data records.  

Here, we present a 2,000-year record from varved lake sediments from Isla Isabela, an 
island in the southern Gulf of California (Figure 2.1).  Seasonal changes in the latitudinal 
position and strength of the North Pacific High control the seasonally reversing winds along the 
Gulf of California and lead to the formation of a strong annual cycle in SST and precipitation 
that basically has two modes, winter (cool and dry) and summer (wet and warm).  Due to the 
strong annual cycle in rainfall, climate records from this region are very sensitive to changes in 
moisture balance (Biondi et al., 2001). 
 
 
2.2 Material and methods 
 

The core was collected from Isabela Crater Lake in December 2006.  The anoxic bottom 
waters and high sedimentation rate (average 2 mm/y over the past 2,000 years) minimize post-
depositional alteration associated with bioturbation, making the site optimal for monitoring long-
term changes in moisture balance.  The sediment displays alternating light and dark laminations 
with episodic layers of macroscopic calcium carbonate.  The light laminations are composed of 
carbonates, organic material from algae and bacteria, ostracod shells and varying amounts of 
clastic material.  The dark laminations are composed of organic material, principally from algae 
and bacteria.  The macroscopic calcium carbonate is largely biogenic in origin, indicated by 
aragonite mineralogy and morphologies (microspheres and dumbbells) observed in thin section.  



Figure 2.1. Palmer Drought Severity Index (PDSI) for winter (JFM) precipitation 
during a positive PDO phase (1977-1998).  Cool colors (positive index) generally 
indicate wetter conditions and warm colors (negative index) indicate drier 
conditions.  During the negative phase of PDO, the north-south dipole reverses, so 
that the southwest United States and northwest Mexico are generally drier and the 
northwest US and Canadian Great Plains are generally wetter.  Location of study 
site (22°N, 106°W) is shown by black diamond.  Image provided by the NOAA-
ESRL Physical Sciences Division, Boulder, CO from web site at 
http://www.esrl.noaa.gov/psd/ (Kalnay et al., 1996).  
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Diatoms present in the sediments are always of the same species (Amphora cf. coffeaeformis), 
and alternate within the same year with cyanobacteria and heterotrophic and sulfate reducing 
bacteria, which occur at different water depths in the modern water column.  Mean varve 
thickness during the past 2,000 years is 2.1 mm, and varies between ~ 1-7 mm.  

A 5-m-long composite section was constructed using nine overlapping core sections.  The 
chronology is based on varve counts supported by ten 210Pb dates in the core top and six AMS-
14C dates downcore.  For oxygen isotope (δ18O) analysis, sediment samples were taken at 1-3 cm 
intervals, averaging ~ 3-5 y of deposition.  Sediments were sieved to separate the fine fraction 
(63-125 µm), and aliquots of sediment containing 0.1-0.5 mg carbonate were reacted with 
phosphoric acid to produce CO2 (McCrea, 1950).  Oxygen isotope measurements were made on 
a GV Instruments JB Series Isoprime mass spectrometer with a dual inlet multiprep system 
optimized for analysis of small carbonate samples.  Oxygen isotope data are reported in the δ 
notation relative to the Pee Dee Belemnite (PDB) standard. The internal precision of the δ18O 
measurements is ±0.05‰, and repeated measurements had a standard deviation of 0.5‰. 

The radiocarbon ages were determined using ~1 mg samples of bulk acid insoluble 
organic matter.  Sediment samples were acidified at 90°C using 1N HCl, rinsed with distilled 
water to neutral pH, and dried overnight.  Following combustion to CO2, samples were reduced 
to graphite using iron as a catalyst, after Vogel et al. (1984).  A standard coal blank was treated 
simultaneously with the samples and used for background subtraction.  Radiocarbon content was 
measured at the Center for Accelerator Mass Spectrometry (CAMS), at Lawrence Livermore 
National Laboratory.  Radiocarbon ages are reported using the Libby half-life of 5568 yr, 
following standard conventions (Stuiver and Polach, 1977), and includes a δ13C correction of  
-23‰.  For calibration, a ΔR of 360 yr was applied to correct for a local pre-aged carbon effect, 
and calibrated ages were determined using CALIB 6.0 (Reimer et al., 2009).  An age model was 
constructed using the ARAND software program (Howell et al., 2006).  Radiocarbon dates and 
calibrated ages are listed in Table 2.1. 
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Table 2.1. Raw radiocarbon and calibrated ages of the acid insoluble fraction of bulk sediments. 
 

CAMS # Depth 14C age ± 1σ  cal age 
range 

2σ  cal age 
range 

Median 
probability 

age 
 (cm) (14C yr BP)  (cal BP) (cal BP) (cal BP) 

136255 12 360 35 - - - 
140535 78 580 35 149-186 138-223 182 
140536 178 1105 35 661-693 652-730 680 
140537 278 1445 35 934-987 930-1018 982 
140538 280 1450 35 953-1000 932-1056 988 
140539 380 2105 35 1605-1700 1549-1718 1645 
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2.3 Results and Discussion 
 

The oxygen isotope ratio of carbonate in sediments is a proxy long recognized for its 
potential to provide high-resolution information about rapid climate changes (Talbot and Kelts, 
1990; McKenzie and Hollander, 1993).  In order to calibrate the hydrologic variations at this site, 
we compared the δ18O in the core top to the observed PDO index (Figure 2.2).  Shifts toward 
more elevated δ18O correspond to negative phases of the PDO, suggesting that these periods are 
characterized by increased evaporation relative to precipitation at Isabela Crater Lake, and vice 
versa.  The δ18O variations generally reflect changes in moisture balance; temperature effects, 
which influence both the isotopic composition of the rainfall and fractionation during CaCO3 
precipitation, are of secondary importance in subtropical closed basin lakes, being generally 
masked by evaporative- and residence-related effects (Stuiver, 1970).   

Over the entire record, the largest isotopic fluctuations and lowest δ18O values occur AD 
1250 to 1350, with a range of approximately 5‰ and a minimum value of -5‰ (Figure 2.3; 
Appendix A).  The highest δ18O values, suggesting drier conditions, occur AD 550 to 750 and 
1850 to 1900. The most prominent feature of our oxygen isotope record is δ18O values of -2‰ 
from AD 800 to 1100, suggesting wetter than average conditions during the time that is broadly 
coincident with the Medieval Climate Anomaly (MCA).  Also, an increase in δ18O values from -
2 to 1‰ suggests a general drying trend from AD 1600 to 1900.  These observations generally 
coincide with variations recorded in other proxies from around the Pacific Basin.  Drier 
conditions in British Columbia and the Canadian subarctic AD 800-1000 (Bennett, 1999; Pienitz 
et al., 2000) fit the general teleconnection patterns of a positive PDO phase, with drier conditions 
in northwest North America and wetter conditions in northwest Mexico and southwest US 
(Figure 1).  Other proxy records show increased productivity in the Santa Barbara basin (Kennett 
and Ingram, 1995) and Gulf of California (Juillet-Leclerc and Schraer, 1987) during this time 
period.  In addition, tree ring evidence for a negative PDO from AD 1600 to 1800 (MacDonald 
and Case, 2005) coincides with our observation of general drying from AD 1600 to 1900. 

The recurrence period of the PDO has remained a pressing question (Benson et al., 2003; 
MacDonald and Case, 2005).  Periodicities of 15- to 25- years (Minobe, 1997) and 50- to 70- 
years (Minobe, 1999) have been identified for the PDO, but records have shown that the periods 
of variability have not been consistently present (MacDonald and Case, 2005).  In order to 
examine the variability in the PDO periodicities, the oxygen isotope record was detrended and 
interpolated (15-year resolution), then subjected to wavelet analysis (Torrence and Compo, 
1998).  The significance of peaks in the wavelet power spectrum was tested against an 
autoregressive red noise background spectrum.  Strength in the PDO periodicities is intermittent 
over the past two millennia (Figure 2.4).  The greatest strength in the multidecadal PDO bands 
appears from AD 1100 to 1350, 1500 to 1600, and 1800 to 1900.  But the strength at the PDO 
periodicities is largely absent outside of these time ranges.  Strength in the bidecadal band from 
AD 1100 to 1300 corresponds to the lowest measured δ18O values of the entire record, 
suggesting wet conditions at the conclusion of the MCA.  The MCA has been previously 
recognized as a time of general instability, when the modes of feedbacks between ocean-
atmospheric circulation and northern Pacific ecosystems appeared to have changed (Finney et al., 
2002). 

While the PDO is predominantly thought of as representing shifts in SST in the North 
Pacific, these changes are accompanied by corollary changes in wind strength and precipitation 
patterns as a result of feedbacks as tropical and subtropical atmospheric circulation adjusts to the 



-3 

3 -4.0 

4.0 
1975 1980 1985 1990 1995 2000 

P
D

O
 In

de
x 

 -x
- 

δ1
8 O

 (‰
)  

-o
- 

Year (AD) 

Figure 2.2. Oxygen isotopic composition (d18O) from 
individual varves (circles) compared to observed 
annual PDO (crosses).  Note reversed d18O scale, with 
wetter conditions up and drier conditions down.  PDO 
data provided by JISAO from web site at http://
jisao.washington.edu/pdo/PDO.latest (Mantua et al., 
1997).  

13 



-6.00 

4.00 

0 500 1000 1500 2000 

δ1
8 O

 (‰
) 

Year (AD) 
1 

Figure 2.3. Individual measurements (crosses) and five-
point running mean of sediment δ18O.  

14 



P
er

io
d 

(y
ea

r)
 16 

32 
64 

128 
256 
512 

1024 

Figure 2.4. Climate records and wavelet analysis (Torrence and Compo, 1998), 
counterclockwise from top left: detrended and 15-yr interpolated δ18O; wavelength power 
spectrum of δ18O showing significant periodicities (p ≤ 0.05) outlined in black; global 
wavelet profile, with significant periodicities extending to or beyond dashed curve.  Cross-
hatching indicates the cone of influence, where edge effects may be important.  

0.0      0.46    2.4       7.3       18 

                     Power (units)2 

0.1       1        10       102 

 Variance (units)2 

(+) 

(-) 

PDO 

-6 

4 

0 500 1000 1500 2000 

δ1
8 O

 (‰
) 

Year (AD) 

1 

15 



 16 

new pattern of heating (Hare and Mantua, 2000; MacDonald and Case, 2005; Clement et al., 
2009).  The pattern of the SST anomalies of the PDO has led to its description as persistent 
phases of ENSO (Zhang et al., 1997).  While the spatial pattern is similar to that associated with 
ENSO (warm anomalies in the tropics and cool anomalies in the high latitudes during the warm 
phase, and the converse during the cool phase) the PDO exhibits lower amplitudes of SST 
variability in the tropics and higher amplitude outside of the tropics (Zhang et al., 1997).  Recent 
work has shown that when SSTs are warm (cold) in the Northeast Pacific, the SLP pattern 
comprises a weaker (stronger) Walker circulation in the equatorial region, as well as weaker 
(stronger) subsidence and lower (higher) tropospheric stability in the eastern Pacific (Clement et 
al., 2009).  But how the low frequency PDO feeds back on the higher frequency ENSO 
variability is not clear.  Evaluation of ENSO indices and the PDO have shown a correspondence, 
with ENSO appearing to be modulated by the background state of the climate system and the 
PDO.  This does not mean that the PDO physically controls ENSO, rather that the resulting 
climate patterns interact with each other, and the climate background state and PDO are 
important components of how ENSO is expressed.   

High-resolution paleoproxy records may fill a crucial gap in answering this question.  In 
addition, modern instrumental data show that winter precipitation in the southwestern USA and 
Mexico are positively correlated with winter temperatures in Alaska and the Pacific Northwest 
(Mantua et al., 1997; Hare and Mantua, 2000).  The signs of both sets of correlations are 
consistent with the positive relationships found between the PDO and tree-ring data from these 
areas (Biondi et al., 2001; D’Arrigo et al., 2001; MacDonald and Case, 2005).  These linkages 
suggest that both centers of activity may require representation in paleoclimatic reconstructions 
of the PDO (Clement et al., 2009).  
 
 
2.4 Conclusions 
 

Our record demonstrates that over the last two millennia, there has been significant 
variability in the recurrence interval of the PDO, and strength in the PDO periodicities is 
intermittent over the past two millennia.  The PDO appears to have been in positive phase during 
most of the Medieval Climate Anomaly (AD 800 to 1100), and negative phase during much of 
the Little Ice age, AD 1600-1900.  Our data suggests that the greatest strength in PDO 
periodicities occurred from AD 1100 to 1350, 1500 to 1600, and 1800 to 1900.  The persistence 
and recurrence of dominant climate periodicities remains a concern in predicting future 
variations across the Pacific Basin.  Because the mode of variability of the PDO has apparently 
changed several times in the past two millennia, it may be expected to do so again in the future.  
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3.1 Background and Context 
 

Solar variations on both decadal and centennial timescales have been associated with 
climate phenomena (van Loon et al., 2004; Hodell et al., 2001; White et al., 1997), but the 
mechanism remains controversial.  The energy received by the Earth at the peak of the solar 
cycle increases by <0.1%, so the question has remained of how this could be amplified to 
produce an observable climate response.  Recent modeling shows that the response of the Earth’s 
climate system to the 11-year solar cycle may be amplified through stratosphere and ocean 
feedbacks and has the potential to impact climate variability on a number of timescales(Meehl et 
al., 2009).  Here, we report a 1000-year record of changes in the stratigraphy and carbon isotope 
composition of varved lake sediment that shows variations in primary productivity on centennial 
timescales and suggests that solar activity may be an important component of Pacific climate 
variability.  

Our sediment cores were taken from Isabela Crater Lake, (22°N, 106°W) in the 
subtropical northeast Pacific.  We used an established productivity proxy (carbon isotope 
composition; δ13C) of the carbonate fine fraction (63-125 µm) of sediments to evaluate 
variability in primary productivity.  Variations in the δ13C of the CO2 in the lake waters, which is 
recorded in the fine fraction of sediments, reflect the time-averaged primary production taking 
place in the euphotic zone (McKenzie, 1985).  We also examined the stratigraphy of 
macroscopic carbonate layers for which a relation to increased primary productivity is inferred.  
 
 
3.2 Results and Discussion 
 

The carbonate stratigraphy and δ13C values (Figure 3.1; Appendix A) show marked 
centennial oscillations.  The δ13C values oscillate around a mean value of -11‰, ranging from a 
high of -2‰ to a low of -16‰, indicating times of enhanced and reduced productivity, 
respectively.  The most pronounced peaks in productivity occurred around AD 1750, 1575, 1350, 
1175, and a cluster of peaks beginning at 1075.  

The high productivity events in Isabela Crater Lake correspond to maxima in solar 
activity (Figure 3.1).  Sensitivity experiments (Meehl et al., 2009) find that feedbacks between 
the stratosphere and ocean could produce a climate system response of the magnitude as seen in 
our observations.  In their scenario, reduction in cloud cover by 2% during solar maxima acts to 
amplify the solar forcing, producing a slight (0.06°C) warming of ocean surface waters across 
the tropical Pacific, leading to enhanced evaporation and transport of water vapor by the trade 
winds to convergence zones.  Increased precipitation in the convergence zones strengthens the 
Hadley and Walker circulations, with associated increases in trade winds and equatorial 
upwelling, leading to lower sea surface temperatures in the eastern equatorial Pacific (van Loon 
et al., 2004).  Enhanced subsidence produces fewer clouds in the eastern equatorial Pacific and 
expands the subtropical regions, allowing even more solar radiation to reach the surface to 
produce a positive feedback (Pierrehumbert, 1995) that further magnifies the climate response 
(Meehl et al., 2009).   

The proposed coupled response during solar maxima thus acts to keep the eastern 
equatorial Pacific cooler and drier than usual, producing conditions similar to a La Niña event.  
In the region around Isla Isabela, and similar to the relationships shown in Figure 3.1, peak solar 



Figure 3.1. Productivity and solar records, top to bottom: coarse carbonate 
layers as a cluster index (number of layers per 10 cm); solar activity shown 
as 14C/12C ratios from the Intcal09 radiocarbon calibration curve (Reimer et 
al., 2009); individual measurements and three-point running mean of fine 
fraction sediment δ13C.  Dashed lines show correlative depths and ages; 
chronology is based on eight AMS radiocarbon dates (Appendix B).  The 
average interval between δ13C samples is about 5 yr.  Grand solar minima, 
centered on the years in parentheses (Bard et al., 1997) are labeled as 
follows: Oort (O); Wolf (W); Spörer (S); Maunder (M); Dalton (D). The 
20th century is not shown due to the Seuss effect on atmospheric carbon.  
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years were characterized by decreased surface temperatures and suppressed precipitation (Meehl 
et al., 2009).  This response has also been observed in adjacent areas during cold La Niña events 
(Gochis et al., 2007).  

The correspondence between centennial climate variability and solar activity hint at a 
linkage between lake productivity and solar maxima.  Downcore variations in sedimentological 
indices also indicate this possibility.  This new subtropical Pacific record demonstrates that this 
ecosystem varied on centennial timescales over the past millennium, and these peaks in 
productivity correspond to decreased precipitation and maxima in solar activity.  Although the 
role of solar activity in climate variations remains unclear, the convergence of model output and 
empirical evidence suggests the extent and amplitude of local hydrologic fluctuations may be 
more sensitive to solar forcing than was previously thought.  
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Abstract 
 

Sediments from Isabela crater lake, located on Isla Isabela in the southern Gulf of 
California, have been used to reconstruct changes in the precipitation and evaporation balance at 
the site over the past 6000 years.  Using δ18O as a proxy, the sediments record a number of 
pronounced dry periods at the site, indicated here as high δ18O values, that coincide with cold 
SST in the eastern Pacific, and therefore an enhanced North Pacific High and generally dry 
conditions across western North America.  Notable dry periods occur at approximately 5500, 
4200, 3000, and 1200 cal BP, and may be tied to variations in the North Pacific Gyre system. 
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4.1 Introduction 
 

Changing monsoon intensity is of broad regional importance because it is the primary 
source of water in a largely arid region of northwestern Mexico and the southwest US.  In 
particular, the spatial heterogeneity that occurs from south to north as tropical signals propagate 
up the western Mexican coast into northern Mexico and the southwest US is of great concern for 
water resources for both nations.  Changes in the strength and timing of the monsoon are 
frequently associated with floods and droughts, and at the most arid sites in this region, the 
interannual variability of summer climate can be larger than the mean summer rainfall itself 
(Higgins et al. 1998).  Recent studies (e.g., Alcocer et al., 2000) have shown the groundwater 
supplies in parts of this region are dropping, resulting in increased reliance on annual 
precipitation and surface water supplies.  Clearly, as reliance on this rainfall regime increases, so 
too does the importance of understanding the history and variations of the regional monsoon 
system.   

Rainfall assumes critical importance for the Mexican economy.  Both city reservoirs and 
much of Mexican agriculture depend on annual rains (Conde et al., 1997; Velasco, 1999; 
Englehart and Douglas, 2000).  For example, severe drought conditions during the El Niño year 
of 1998 saw some seasonal precipitation totals less than 30% of normal.  This created extreme 
hardships and environmental damage, including depleted reservoirs and extensive wildfires (Bell 
et al., 1999).   

Recently, there was general agreement that the region of Mexico, Caribbean, and Central 
America showed significant drying in climate models estimating the effects of global warming 
on precipitation patterns (IPCC, 2007; Neelin et al., 2006).  In many areas, water allocation 
policies and use are based on these types of models.  Northwestern and central Mexico are 
predominantly agricultural, making them very socially and economically sensitive to changes in 
rainfall.  Due to these immediate impacts, regional climate prediction has been widely identified 
as a key challenge in the next generation of climate models (IPCC, 2007).  Adequate data are 
absolutely necessary to reach this goal, however, spatial and temporal coverage is poor across 
much of this region. 

The North American Monsoon (NAM) is becoming an increasingly studied phenomenon 
(Douglas et al., 1993; Higgins et al., 1998; Leavitt et al., 2010), but the evolution of the NAM 
over long timescales is not well understood.  Historical observations, similar to those conducted 
for the Indian Monsoon, have often been discontinuous, and near-instrumental records often are 
at too coarse resolution.  Efforts are now underway to use tree ring reconstructions to understand 
past monsoon variability (e.g. Leavitt et al., 2010), but aside from tree ring records, resolution 
and chronological control remain a problem for many paleoclimate studies.  In addition, records 
are far scarcer in the southeastern Gulf than other locations in the northern and western basins. 

Lakes records often provide a means to understanding much longer (millennial) 
variability, and often at a resolution that is not possible in marine or terrestrial (middens, 
geomorphology etc.) records.  The development of high resolution lake records on mainland 
Mexico has been accomplished in the Basin of Mexico and the Yucatan (Metcalfe et al., 2000; 
Hodell et al., 1995; 2001), but has been hindered in the core NAM region by dating problems, 
human disturbance, volcanic activity, and the limited number of varved lakes (Metcalfe, 1997; 
Metcalfe and Davies, 2007).  Here we present a high-resolution, continuous record of δ18Ο from 
lake sediments from Isla Isabela, a Pacific island off the coast of western Mexico.  Lake records 
from central Mexico often reflect human disturbance over the past ~3500 years, as populations 
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migrated throughout the region and settled near water sources.  The isolated location of Isla 
Isabela ensures human disturbance is minimal, and the continuous depositional record allows a 
reconstruction of changes in the NAM on decadal to millennial timescales. 
 
 
4.2 Gulf Setting and North American Monsoon 
 

The climate of the Gulf of California is monsoonal, with marked seasonal changes in 
wind direction and precipitation (Douglas et al., 1993; Adams and Comrie, 1997; Higgins et al., 
1998).  As a deep, narrow, northwest to southeast trending sea, the Gulf is bounded by the arid 
Baja California peninsula to the west and the Sonoran Desert to the east.  The dry surroundings 
constrain its evaporative continental climate, in contrast with the more temperate marine climate 
commonly associated with the California Current. 

The NAM is a pronounced increase in precipitation in boreal summer, as intense summer 
heating of the North American landmass results in a thermal low over the Mexican Plateau and 
southwestern US, resulting in a summer reversal of prevailing winds along the Gulf (Badan-
Dangon et al., 1991) and transport of moist marine air on shore.  Geographically, the NAM is 
centered over the Sierra Madre Occidental in northwestern Mexico, with summer rains extending 
into the southwestern United States.  In these areas, monsoon rain accounts for a substantial 
portion of annual precipitation totals.  Although the NAM is not as strong or persistent as its 
counterparts in Asia and Africa, the basic monsoon characteristics are shared, with essentially 
two modes, winter (cool and dry) and summer (wet and warm). 

The winter (November to March) mode is dominated by strong northwesterly winds and 
lowered SSTs.  The winds intensify in the fall as the North Pacific High (NPH) and the 
Intertropical Convergence Zone (ITCZ) retreat equatorward (Pares-Sierra et al., 2003; Bordoni et 
al., 2004), and the winds from the anticyclonic flow around the NPH are channeled down the 
axis of the Gulf by the high topography on both sides.  The winter winds lower SST and generate 
upper ocean mixing and enhanced Ekman transport along the eastern margin of the Gulf 
(Alvarez-Borrego and Lara-Lara, 1991; Thunnell et al., 1996). 

In contrast, the summer (April to October) mode introduces higher SST, higher humidity 
and rainfall.  Northwesterly winds diminish as the NPH and ITCZ shift northward, and are 
replaced by irregular southerly winds (Bordoni et al., 2004).  These southerly winds are 
modulated by "Gulf surges" that originate in cyclonic disturbances over the east Pacific warm 
pool off Central America and propagate northward into the subtropics.  In the core of the 
summer monsoon (June to August), a combination of high elevation (mid-troposphere) winds, 
convective storms and Gulf surges transport moisture-laden tropical air into the Gulf and 
produce 60-80% of the annual rainfall (Bordoni and Stevens, 2005), with the majority of the rain 
concentrated along the western flank of the Sierra Madre Occidental and extending into the U.S. 
desert southwest (Douglas et al., 1993).  The introduction of eastern tropical Pacific surface 
water by the Costa Rica Current, typically beginning in April-May (Castro et al., 2000) and the 
northward shift of the 28°C isotherm governs this northward propagation of convective storms 
and rainfall (Mitchell et al., 2002).  By mid-summer, a layer of warm water (>28°C) up to 150 m 
thick covers the southern and central Gulf (Bray, 1988).  During this time, wind-driven 
upwelling is weak and limited to the western side of the Gulf (Alvarez-Borrego and Lara-Lara, 
1991; Bray and Robles, 1991).  
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Although the annual climate cycle of the region is generally a seesaw between the two 
monsoon modes, the duration and relative strength of each mode varies in response to insolation 
forcing on several timescales, from seasonal and interannual to centennial and millennial (e.g., 
Douglas et al., 2002, 2007; Barron et al., 2003, 2004; Herguera et al., 2003).  Here, we explore 
how precipitation has varied over the past 6,000 years, and show that it has a wide range of 
natural variability, in addition to responding to forcing on multidecadal to millennial timescales. 
 
 
4.3 Study Area 
 

The sediment record presented here is from Lago Crater, on Isla Isabela (Figure 4.1).  Isla 
Isabela is a small volcanic island (~200 ha) that formed during Pliocene rifting in the southern 
Gulf of California (Lyle and Ness, 1991).  The crater lake is filled with a mix of fresh water from 
local precipitation and seawater percolating through the basalt.  There are no other sources of 
water to the lake.  Although weather data are not available for the island, Isla Isabela’s present 
climate can be assumed to be similar to that of nearby San Blas, Nayarit, located approximately 
60 km to the southeast (Figure 4.1).  For the period 1971-2000, mean annual rainfall in San Blas 
was 1,400 mm, 95% of which fell from June to October (Figure 4.2).  Mean monthly 
temperatures ranged from a low of 22ºC in January to a high of 29ºC August.  Potential 
evaporation was highest in the late spring and dropped slightly during the summer; for the year 
as a whole, average evaporation exceeded precipitation by 600 mm (Figure 4.2; Mexico 
Comisión Nacional del Agua, http://smn.cna.gob.mx). Sea surface temperatures (SST) in this 
section of the Gulf range from 23ºC in late winter to 28ºC in late summer (Reynolds and Smith, 
1994).  

Lago Crater has a surface area of 6 ha and a maximum depth of 24 m in the depocenter 
(Kienel et al., 2010; Alcocer et al., 1998).  The limnological surveys of Kienel et al. (2010) and 
Alcocer et al. (1998) have demonstrated that Lago Crater is meromictic, with increasing salinity 
at depth (~60-70‰).  In addition, waters are slightly alkaline throughout (pH = 7.5) and anoxic 
below ~5 m (Kienel et al., 2010; Alcocer et al., 1998).  

Lake sediments consist of alternating light and dark laminations (Figure 4.3).  The light 
laminations are composed of carbonates, organic material from algae and bacteria, ostracod 
shells and varying amounts of clastic material.  The dark laminations are composed of organic 
material, principally from algae and bacteria.  Episodic coarse layers of carbonate also occur.  
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Figure 4.1. Isla Isbela (22°N, 106°W) is located off the coast of Nayarit, Mexico. 
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Figure 4.2. Monthly average precipitation (blue) and evaporation (orange) totals at San Blas, 

Nayarit for the period 1971-2000 (Mexico Comisión Nacional del Agua, http://smn.cna.gob.mx).  
There is a strong seasonality in precipitation in this region, with maximum precipitation from 

July to September, and a pronounced minimum from December to April. 
 
 
 
 
 
 

 
 

Figure 4.3.  Isabela core top, showing mm-scale varves.  Section is approximately 65 cm long. 
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4.4 Methods 
 

Overlapping cores were recovered from Lago Crater in 2004 and 2006, and all cores were 
split, imaged, and sampled at the German Research Centre for Geosciences (GFZ), in Potsdam, 
Germany.  Cores were sampled at 1-3 cm intervals over the entire core length, and mm-scale 
lamina couplets were sampled through the top 12 cm.  In addition, surface water samples were 
collected from the crater lake in November 2006. 

Surface waters were analyzed for oxygen, deuterium, and strontium isotopic 
compositions. For oxygen and deuterium analyses, a 200 mL sample was introduced using an 
AquaPrep automated device attached to a GV IsoPrime isotope ratio mass spectrometer. Oxygen 
and deuterium isotopic data are reported in the d notation relative to Standard Mean Ocean 
Water (SMOW). The precision for each analysis is ±0.05‰ for oxygen and ±1.00‰ for 
deuterium. 

Strontium isotopic measurements were obtained using a VG Sector 54 solid source mass 
spectrometer equipped with 8 faraday cups located at the Center for Isotope Geochemistry at 
University of California, Berkeley. Isotopic ratios were collected using a multi-dynamic 
measurement routine and were corrected for mass fractionation using an exponential correction 
and the accepted 86Sr/88Sr = 0.1194. The long-term mean 87Sr/86Sr for NBS 987 is 0.71029 +/- 
0.00001.  

Strontium concentrations were determined by standard isotope dilution techniques using 
an enriched 84Sr isotopic spike from Oak Ridge National Laboratory. Uncertainty of isotope 
dilution measurements is estimated at 1% based on spike calibrations with well-characterized 
natural rock standards. 

Sediment samples were wet sieved and the 63-125 mm fraction was dried at 40°C 
overnight prior to stable isotope analysis of the bulk inorganic carbonate. Samples were analyzed 
for δ18O on a GV Instruments JB Series Isoprime mass spectrometer with a dual inlet multiprep 
system optimized for analysis of small carbonate samples.  For isotope analysis, 0.1-0.5 mg 
carbonate was reacted with phosphoric acid to produce CO2 following the method of McCrea 
(1950).  Oxygen isotope data are reported in the d notation relative to the Pee Dee Belemnite 
(PDB) standard. The internal precision of the δ18O measurements is ±0.05‰, and repeated 
measurements had a standard deviation of 0.5‰. 

An AMS radiocarbon chronology was established using ~1 mg samples of bulk acid 
insoluble organic matter.  Sediment samples were acidified at 90°C using 1N HCl, rinsed with 
distilled water to neutral pH, and dried overnight.  Following combustion to CO2, samples were 
reduced to graphite using iron as a catalyst, after Vogel et al. (1984).  A standard coal blank was 
treated simultaneously with the samples and used for background subtraction.  Radiocarbon 
content was measured at the Center for Accelerator Mass Spectrometry (CAMS), at Lawrence 
Livermore National Laboratory.  Radiocarbon content is reported following standard 
conventions (Stuiver and Polach, 1977; Reimer et al., 2009), and includes a δ13C correction of  
-23‰.   
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4.5 Results 
 
4.5.1 Water Isotopic Composition 
 

Oxygen, deuterium, and strontium contents of surface water and rain are shown in Table 
4.1. In addition, δ13C of Lago Crater surface water has been reported as -15‰ VPDB (Kienel et 
al., 2010). The composition of Lago Crater surface water does not appear to vary spatially.  
Mean δ18O was 2.47 ± 0.03‰, while mean δD was 0.06 ± 0.4‰. This is in contrast with the 
weighted annual precipitation, reported as -8‰ δ18O and -54‰ δD (IAEA, 2001). The strontium 
isotopic ratio of surface water averaged 0.70908 ± 2E-5, and the mean strontium concentration 
was 11.0 ± 1.5 ppm. 
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Table 4.1. Composition of surface water and rain collected during November 2006 on Isla 
Isabela. Surface water samples were collected from five different locations in Lago Crater. 

Oxygen and deuterium isotopic ratios are reported as per mil VSMOW; strontium isotopic ratios 
are reported with 2σ error; strontium concentrations are reported in parts per million. 

 
δ18O δD [Sr] ± Sample 

(‰ VSMOW) (‰ VSMOW) 
87Sr/86Sr 2σ  

(ppm) (ppm) 
MXIS 1 2.49 -0.43 0.7090900 1.00E-05 9.0 0.1 
MXIS 2 2.45 -0.05 0.7091100 1.00E-05 13.1 0.13 
MXIS 3 2.49 0.56 0.7090450 2.00E-05 10.9 0.1 
MXIS 4 2.45 0.07 0.7090710 3.00E-05 10.4 0.1 
MXIS 5 2.49 0.15 0.7090725 4.70E-05 11.4 0.1 

MXIS Rain -0.24 4.28 * * * * 
*Not analyzed for Sr content     

 
 



 34 

4.5.2 Chronology 
 

We used 14 AMS radiocarbon dates to establish a sediment chronology for the last 6000 
years.  Radiocarbon ages together with their converted calendar year ages are shown in Table 
4.2.  A tephra layer located at 1.6 cm sediment depth corresponds to the 1998-1999 eruption of 
the Colima volcano, confirming that the top core sections accurately captured the sediment-water 
interface.  The radiocarbon ages indicate near-linear sedimentation rates during the last 6000 y, 
with an average rate of 2.6 mm/y.  However, an age of 360±35 14C yr BP was obtained from 
surface sediments, indicating that there is a source of pre-aged carbon in the lake or catchment.  
This age represents a weighted average of organic matter inputs to the lake, and reflects both the 
regional marine carbon reservoir effect (from seabird guano input to the lake; 910±60 14C yr BP, 
Ingram and Southon, 1996), primary productivity and recycling of organic matter within the 
water column, and terrestrial inputs from the catchment.  The ΔR of 360 14C yr BP was assumed 
to be constant over this core section, and calibrated ages were determined using CALIB 6.0 
(Reimer et al., 2009).  The ARAND software program was used to interpolate between calibrated 
radiocarbon ages (Howell, et al., 2006). 
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Table 4.2. Raw radiocarbon and calibrated ages of the acid insoluble fraction of bulk sediments. 
 

CAMS # Depth 14C age ± 1σ  cal age 
range 

2σ  cal age 
range 

Median 
probability age 

 (cm) (14C yr BP)  (cal BP) (cal BP) (cal BP) 
136255 12 360 35 - - - 
140535 78 580 35 149-186 138-223 182 
140536 178 1105 35 661-693 652-730 680 
140537 278 1445 35 934-987 930-1018 982 
140538 280 1450 35 953-1000 932-1056 988 
140539 380 2105 35 1605-1700 1549-1718 1645 
140540 481 2445 35 1995-2066 1949-2135 2045 
140541 580 2675 35 2311-2352 2300-2359 2330 
140542 680 3010 35 2743-2774 2721-2798 2760 
140543 780 3500 35 3332-3392 3316-3412 3359 
140545 882 3925 35 3826-3900 3808-3928 3850 
140546 1080 4515 35 4611-4711 4569-4826 4688 
140547 1180 5095 35 5330-5578 5325-5583 5468 
131375 1271 5490 40 5761-5809 5749-5830 5834 
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4.5.3 Sediment δ18O 
 

Individual varves were sampled over the core top (0-12 cm), and the stable oxygen 
isotopes of authigenic carbonate in the fine fraction were analyzed (Figure 4.4).  Over the 30 
years represented by the core section, δ18O values ranged from a low of approximately -2‰, to a 
high of approximately 2‰, with a mean of about 0‰.  Annual precipitation totals over this time 
period ranged from 800 mm in 1994 to 2200 mm in 1998. Over the entire composite core, δ18O 
ranged from a minimum of -6‰ to a maximum of 5‰ (Figure 4.5; Appendix A).  A long-term 
trend of approximately 2‰ occurs, and the highest values occur in the older portion of the 
record, while the lowest values occur in the youngest sediments. 
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Figure 4.4. δ18O (green) of individual varves in the core top correspond to the annual 
precipitation totals (blue) for San Blas, with generally lower δ18O values during years with 
higher precipitation and vice versa.  Precipitation data were provided by the Mexico Comisión 
Nacional del Agua (CONAGUA; http://smn.cna.gob.mx). 
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Figure 4.5. Individual δ18O measurements (crosses) and 9-point running mean (red line) of 
sediments from Isabela crater lake.  
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4.6 Discussion 
 

The highly stratified lake on Isla Isabela exhibits permanent anoxia in the subsurface 
water and confines phytoplankton, dominated by dinoflagellates and diatoms, to the 
oxygenated surface water.  Although the island is volcanic, the strontium composition of 
Lago Crater surface water (0.70908) shows that the water is primarily marine in origin when 
compared to the average seawater strontium isotope ratio of 0.709189 (DePaolo and Ingram, 
1985).  Although the lake water is currently a mix of infiltrating ocean water and freshwater 
precipitation, infiltration is relatively slow and the lake is strongly affected by evaporation, 
as evidenced by the elevated strontium concentration of Lago Crater (11.0 ppm) relative to 
average seawater (8 ppm). 

The pattern of precipitation over the year in San Blas reflects the North American 
Monsoon (Figure 4.2).  There is a strong seasonality in precipitation in this region, with a 
pronounced maximum in precipitation July to September, and a minimum from December to 
April.  Lake carbonates were presumed to precipitate in the euphotic zone during the summer 
(Kienel et al., 2010), and measurements of δ18O in individual varves in the core top correspond 
to annual precipitation totals for San Blas (Figure 4.4).  There are missing data in the San Blas 
precipitation record for 1987 and 1988, however lower δ18O values generally occur during years 
with higher precipitation and higher δ18O values occur during years with lower precipitation.  
There are not observable differences in either the monthly distribution of precipitation or 
monthly temperatures that would indicate that δ18O is responding to regional source or 
temperature effects (CONAGUA, data not shown).  Given these constraints on the δ18O, and the 
fact that there are no surface inputs to or outputs from the lake, we conclude that the δ18O 
primarily reflects the balance between precipitation from the NAM and evaporation.   

Over the past 6000 years, the δ18O shows a range of approximately 11‰, but the range of 
values changes through time, with some periods showing a wider spread between minimum and 
maximum, while other periods are quieter, with a smaller range.  For example, the period from 
3000 to 1000 cal BP appears to have greater scatter and higher frequency variability than the 
period after 1000 cal BP.  This is characteristic of sediment oxygen isotope records in closed 
basin lakes (e.g., Kirby et al., 2004), and reflects changes in the basin hydrology through time.   

One of the most pronounced features of the record is the prolonged maximum in δ18O at 
approximately 5500 cal BP, suggesting prolonged dry conditions lasting about 200 years.  Many 
records have shown that there was a sudden and widespread shift in precipitation 5500 to 5300 
cal BP.  Changes in insolation have been tied to the mid-Holocene drying of Saharan Africa 
(deMenocal et al., 2000), with decreasing insolation resulting in reduced monsoon rainfall, 
leading eventually to the decline of vegetation and transition to desert conditions (Hoelzmann et 
al., 1998).  Reconstructions for the tropical Pacific during the mid-Holocene suggest that tropical 
Pacific SST were generally colder in the eastern part of the basin, consistent with the occurrence 
of weaker and less frequent El Nino events (Koutavas et al., 2006; Barron and Anderson, 2010; 
Marchitto et al., 2010). 

Another prolonged dry period occurs in the Isabela record, beginning around 4200 cal 
BP.  There is evidence for arid and cold conditions around 4200 cal BP at several sites across the 
North Atlantic, northern Africa and southern Asia (e.g., Bond et al., 1997; Bianchi and McCave, 
1999; deMenocal et al., 2000; Cullen et al., 2000).  This period coincides with the collapse of a 
number of major urban civilizations across northern Africa and central Asia (Cullen et al., 2000; 
deMenocal, 2001).  Cullen et al. (2000) show that at about 4025 yr BP and for the subsequent 
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300 years there was a significant increase in the amount of dust reaching the Gulf of Oman, 
suggesting a period of extreme drought across Mesopotamia and the Tigris and Euphrates flood 
plains.  Cooler SST are found during this time period in the eastern equatorial Pacific (Koutavas 
et al., 2006) as well as the Soledad Basin, off of Baja California Sur (Marchitto et al., 2010). 

The period from 3000 to 2700 cal BP also appears to have been drier than today, and is 
followed by a period of relatively variable conditions over the next millennium.  This ends with a 
pronounced dry period during the Medieval Climate Anomaly (MCA), 1200 to 1000 cal BP.  
The MCA and Little Ice Age (LIA) are generally regarded as the largest broad-scale deviations 
of climate change in the last several thousand years.  Although the MCA was anomalously warm 
in the North Atlantic and Europe, there is evidence for a cool eastern Pacific and dry conditions 
over western North America (Mann and Jones, 2003; Graham et al., 2007).  Cook et al. (2004) 
documented widespread dry conditions that extended throughout much of the west between 1100 
and 700 yr BP, and compilations by MacDonald and Case (2005) and Graham et al. (2007) 
support La Nina-like winter Northern Hemisphere circulation patterns during the MCA.  On 
Isabela, the MCA was generally dry, and ended with an abrupt step to wetter conditions at 950 
cal BP.  Although there appears to be a general drying trend over much of the past millenium, no 
clear signature is observed at Isabela during the period assigned to the LIA (~650 to 100 yr BP).   

The relationships between western drought and La Nina-like conditions largely stem 
from the association of anomalously low SST with anomalously high pressure throughout the 
eastern Pacific, extending from the tropical Pacific to the Gulf of Alaska (Herweijer et al., 2006).  
In contrast, El Nino events and positive PDO phases are associated with an enhanced Aleutian 
low and strengthened cyclonic circulation in the North Pacific that result in greater poleward 
transport, and higher SST throughout the eastern Pacific.  Modeling results also point to the cool 
SST-drought relationship: Herweijer et al. (2006) applied an atmospheric GCM to the tree-ring 
database and tropical Pacific coral SST record of Cobb et al. (2003) to argue that severe Western 
droughts of the latter half of the 19th century were linked with anomalously cool tropical Pacific 
SSTs.  Conditions during the LIA further support this relationship: warmer SST in the eastern 
Pacific during the LIA has been linked with increased precipitation in much of western North 
American (Barron and Anderson, 2010; Graham et al., 2007).   

A 1500-year variation during the Holocene was first recognized in North Atlantic cores 
that showed variations in ice-rafted debris (Bond et al. 1997).  But few climate records have 
shown a clear 1500-year period in the Holocene.  Recently, SST minima from a core in the 
midlatitude North Pacific have revealed a correspondence with the Bond events (Isono et al., 
2009).  Further, Barron et al. (2003) observed changes in SST along the California margin at 
ODP Site 1019, that had a periodicity of 1470-1820 years.  Isono and coauthors (2009) suggested 
that changes in the North Pacific gyre system were responsible for the dominant periodicities 
they observed, leading to high coherence between the Japan and California margins.  This would 
also impact Isabela, which is influenced by the latitudinal extent of the California Current.  
During times when the current is further south, drier conditions prevail at Isabela, and vice versa. 
 
 
4.7 Conclusions 
 

This δ18O record from Isabela crater lake reflects changes in precipitation at the site over 
the past 6000 years.  There have been a number of pronounced dry periods at the site, indicated 
here as high δ18O values, that coincide with cold SST in the eastern Pacific, and therefore an 
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enhanced North Pacific High and generally dry conditions across western North America.  
Notable dry periods occur at approximately 5500, 4200, 3000, and 1200 cal BP, and may be tied 
to variations in the North Pacific Gyre system. 
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5.1 Conclusions 
 

Many paleo proxy studies have been employed in both the marine and terrestrial settings 
in and around the Gulf of California.  However, the record from Isla Isabela is unique in its high 
resolution, temporal continuity, and lack of human impact over the late Holocene.  The studies 
comprising this thesis have illustrated that the climate of this region has varied on several 
timescales.  In Chapter 2, the oxygen isotope record showed variability in the Pacific Decadal 
Oscillation over the last two millennia.  This apparent waxing and waning in the strength of the 
PDO has not been recognized previously, and suggests that this mode of variability may be 
nonstationary in time.  This represents an important consideration when comparing proxy 
records to model output for future projections.  In Chapter 3, changes in productivity in the lake 
showed a correspondence with solar activity that hints at a linkage between the two over 
centennial timescales.  This suggests that positive feedbacks in the climate system may result in 
local fluctuations that are highly sensitive to small outside forcing.  Finally, in Chapter 4, the 
attention was shifted back to the oxygen isotope record, showing that there have been a number 
of pronounced dry periods at the site, and these coincide with cold sea surface temperatures in 
the eastern Pacific, an enhanced North Pacific High, and generally dry conditions across western 
North America.  These dry periods occur at a millennial recurrence interval, suggesting a tie with 
other Pacific Basin records through changes in the North Pacific Gyre system. 

These studies represent initial investigation of Isabela crater lake, and the sedimentary 
record demonstrates variability on a range of timescales.  The results suggest that going forward, 
a premium should be placed on combined model output and paleoproxy observations to 
determine mechanistic links in the climate system.  
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Appendix A 
 

Stable isotope content of bulk CaCO3.  Composite depth is listed on left. 

 
Bulk CaCO3 

Core ID Depth (cm) δ13C 
(‰ VPDB) 

δ18O 
(‰ VPDB) 

MXIS 5-1 0 -11.30 -1.02 
MXIS 5-1 1 -10.68 -2.46 
MXIS 5-1 2 -9.19 0.06 
MXIS 5-1 3 -7.52 1.31 

MXIS 5-1 4 -10.18 -3.29 
MXIS 5-1 5 -9.17 -1.77 
MXIS 5-1 6 -7.50 0.10 
MXIS 5-1 7 -7.80 -0.94 
MXIS 5-1 8 -8.43 -1.73 
MXIS 5-1 9 -8.61 -3.14 

MXIS 5-1 10 -7.71 -1.28 
MXIS 5-1 11 -8.04 -1.55 
MXIS 5-1 12 -7.51 -1.84 
MXIS 5-1 13 -9.87 -1.19 
MXIS 5-1 14 -10.21 -1.12 
MXIS 5-1 15 -9.73 -2.47 

MXIS 5-1 16 -9.19 -1.32 
MXIS 5-1 17 -10.80 -2.17 
MXIS 5-1 18 -11.16 -1.03 
MXIS 5-1 19 -11.81 -3.64 
MXIS 5-1 20 -10.09 -2.29 
MXIS 5-1 21 -11.26 -4.01 

MXIS 5-1 22 -9.01 -3.17 
MXIS 5-1 23 -10.89 -3.08 
MXIS 5-1 24 -11.63 -4.03 
MXIS 5-1 25 -11.43 -1.96 
MXIS 5-1 26 -10.75 -2.35 
MXIS 5-1 27 -12.22 -3.39 

MXIS 5-1 28 -9.44 -1.53 
MXIS 5-1 29 -9.73 -2.89 
MXIS 5-1 30 -8.16 -1.77 
MXIS 5-1 31 -8.48 -3.31 
MXIS 5-1 32 -8.96 -1.28 
MXIS 5-1 34 -9.28 -1.86 

MXIS 5-1 35 -9.16 -2.69 
MXIS 5-1 36 -10.73 -2.26 
MXIS 5-1 37 -11.59 -1.58 
MXIS 5-1 38 -11.91 -1.07 
MXIS 5-1 39 -10.94 -1.02 
MXIS 5-1 40 -10.54 -2.92 

MXIS 5-1 41 -11.27 -0.94 
MXIS 5-1 42 -13.17 -0.60 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 
MXIS 5-1 43 -13.36 -0.25 
MXIS 5-1 44 -12.46 -1.39 

MXIS 5-1 45 -12.12 -1.49 
MXIS 5-1 46 -13.11 -0.27 
MXIS 5-1 47 -13.43 0.09 
MXIS 5-1 48 -14.49 -1.54 
MXIS 5-1 49 -14.10 -0.46 
MXIS 5-1 50 -14.58 -2.03 

MXIS 5-1 51 -12.70 -1.49 
MXIS 5-1 52 -12.39 -2.05 
MXIS 5-1 53 -12.80 -2.60 
MXIS 5-1 54 -12.44 -0.91 
MXIS 5-1 55 -12.48 -1.34 
MXIS 5-1 56 -12.42 -2.06 

MXIS 5-1 57 -10.68 -2.05 
MXIS 5-1 58 -7.68 -0.65 
MXIS 5-1 59 -11.03 -0.45 
MXIS 5-1 60 -6.23 -1.03 
MXIS 5-1 61 -8.46 1.17 
MXIS 5-1 62 -11.88 -0.62 

MXIS 5-1 63 -12.91 -1.00 
MXIS 5-1 64 -12.35 0.54 
MXIS 5-1 65 -11.02 0.22 
MXIS 5-1 66 -11.80 -0.82 
MXIS 5-1 67 -13.21 -2.75 
MXIS 5-1 68 -15.11 -0.91 

MXIS 5-1 69 -13.12 -1.39 
MXIS 5-1 70 -14.05 -0.92 
MXIS 5-1 71 -14.84 -1.03 
MXIS 5-1 72 -15.56 -0.64 
MXIS 5-1 73 -15.08 -1.29 
MXIS 5-1 74 -15.47 -0.87 

MXIS 5-1 75 -13.06 -0.56 
MXIS 5-1 76 -13.51 -3.31 
MXIS 5-1 77 -11.21 -2.07 
MXIS 5-1 78 -12.43 -0.76 
MXIS 5-1 79 -12.61 -1.73 
MXIS 5-1 80 -12.87 -2.73 

MXIS 5-1 81 -12.73 -0.83 
MXIS 5-1 82 -13.76 -1.30 
MXIS 5-1 83 -12.18 -2.21 
MXIS 5-1 84 -9.10 -1.35 
MXIS 5-1 85 -10.32 0.48 
MXIS 5-1 86 -10.44 0.07 

MXIS 5-1 87 -10.97 -2.30 
MXIS 5-1 88 -10.02 -1.68 
MXIS 5-1 89 -10.36 -1.03 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 
MXIS 5-1 90 -11.03 0.80 
MXIS 5-1 91 -10.83 0.75 

MXIS 5-1 92 -10.92 -0.10 
MXIS 5-1 93 -11.62 -0.70 
MXIS 5-1 94 -13.02 -1.64 
MXIS 5-1 95 -13.62 -0.99 
MXIS 5-1 96 -14.86 -3.05 
MXIS 5-1 97 -14.69 0.24 

MXIS 5-1 98 -14.74 -0.94 
MXIS 5-1 99 -14.11 -1.19 
MXIS 5-1 108 -12.59 -1.05 
MXIS 5-1 109 -13.82 0.24 
MXIS 5-1 118 -9.52 -1.36 
MXIS 5-1 119 -12.77 -0.47 

MXIS 5-1 120 -12.90 -1.06 
MXIS 5-1 121 -13.54 -2.41 
MXIS 5-1 122 -13.11 -2.54 
MXIS 5-1 124 -4.22 -0.02 
MXIS 5-1 128 -11.06 -1.93 
MXIS 5-1 129 -10.39 -1.89 

MXIS 5-1 130 -11.78 -1.76 
MXIS 5-1 131 -12.31 -2.72 
MXIS 5-1 133 -2.14 -3.69 
MXIS 5-1 137 -11.40 -2.62 
MXIS 5-1 138 -13.44 -1.15 
MXIS 5-1 139 -13.00 0.45 

MXIS 5-1 140 -11.14 0.17 
MXIS 5-1 141 -10.88 -0.51 
MXIS 5-1 142 -11.98 -0.22 
MXIS 5-1 143 -12.34 -1.80 
MXIS 5-1 144 -11.95 -1.13 
MXIS 5-1 145 -11.39 -0.91 

MXIS 5-1 146 -8.47 -0.65 
MXIS 5-1 147 -15.67 -5.74 
MXIS 5-1 148 -13.18 -0.45 
MXIS 5-1 149 -13.45 -0.76 
MXIS 5-1 150 -14.60 -0.51 
MXIS 5-1 151 -13.55 -0.55 

MXIS 5-1 152 -11.90 -0.32 
MXIS 5-1 153 -11.96 -1.36 
MXIS 5-1 154 -14.00 -0.87 
MXIS 5-1 155 -10.72 0.38 
MXIS 5-1 156 -11.15 0.28 
MXIS 5-1 157 -11.37 -0.71 

MXIS 5-1 158 -14.51 -4.03 
MXIS 5-1 159 -12.79 -1.15 
MXIS 5-1 160 -11.90 -1.03 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 
MXIS 5-1 161 -10.86 -2.38 
MXIS 5-1 162 -9.81 -1.45 

MXIS 5-1 163 -11.63 -5.60 
MXIS 5-1 164 -10.84 -1.41 
MXIS 5-1 165 -10.43 -3.31 
MXIS 5-1 166 -8.53 -1.06 
MXIS 5-1 167 -7.95 1.35 
MXIS 5-1 168 -8.40 -0.85 

MXIS 5-1 169 -6.81 -1.98 
MXIS 5-1 170 -10.94 -0.48 
MXIS 5-1 171 -9.12 -1.63 
MXIS 5-1 172 -11.59 -0.01 
MXIS 5-1 173 -11.58 -0.25 
MXIS 5-1 174 -10.51 -1.09 

MXIS 5-1 175 -8.43 -0.64 
MXIS 5-1 176 -6.65 0.60 
MXIS 5-1 177 -9.04 0.26 
MXIS 5-1 178 -7.18 0.28 
MXIS 5-1 179 -10.01 0.68 
MXIS 5-1 180 -12.25 -1.28 

MXIS 5-1 181 -13.51 -1.38 
MXIS 5-1 182 -13.59 -1.46 
MXIS 5-1 183 -13.69 -1.51 
MXIS 5-1 184 -8.68 0.81 
MXIS 5-1 185 -14.98 -1.13 
MXIS 5-1 186 -15.23 -1.32 

MXIS 5-1 187 -13.97 -1.86 
MXIS 5-1 188 -15.20 -1.93 
MXIS 5-1 189 -13.36 -2.37 
MXIS 5-1 190 -13.51 -0.63 
MXIS 5-1 191 -12.31 -0.66 
MXIS 5-1 192 -9.13 -1.35 

MXIS 4-1 193 -9.48 -1.29 
MXIS 4-1 194 -11.50 -2.83 
MXIS 4-1 195 -11.01 -0.97 
MXIS 4-1 196 -9.01 -1.96 
MXIS 4-1 197 -7.26 -2.10 
MXIS 4-1 198 -6.16 -1.34 

MXIS 4-1 199 -9.71 -1.10 
MXIS 4-1 200 -10.94 -1.98 
MXIS 4-1 202 -11.65 -1.58 
MXIS 4-1 204 -11.91 -1.12 
MXIS 4-1 206 -12.71 -1.78 
MXIS 4-1 208 -11.19 -1.92 

MXIS 4-1 210 -11.41 -2.13 
MXIS 4-1 212 -12.86 -2.13 
MXIS 4-1 214 -9.01 -0.27 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 
MXIS 4-1 216 -12.13 -0.30 
MXIS 4-1 218 -14.06 -1.90 

MXIS 4-1 220 -8.44 0.05 
MXIS 4-1 222 -12.94 -2.34 
MXIS 4-1 224 -13.79 -2.89 
MXIS 4-1 226 -10.96 -1.52 
MXIS 4-1 228 -14.53 -3.22 
MXIS 4-1 230 -15.31 0.34 

MXIS 4-1 232 -15.34 -2.87 
MXIS 4-1 234 -15.01 -1.16 
MXIS 4-1 236 -15.14 -1.22 
MXIS 4-1 238 -14.87 -1.39 
MXIS 4-1 240 -13.27 -1.81 
MXIS 4-1 242 -15.60 -1.20 

MXIS 4-1 244 -13.00 -1.85 
MXIS 4-1 246 -12.82 -2.38 
MXIS 4-1 248 -14.28 -0.85 
MXIS 4-1 250 -13.04 -0.29 
MXIS 4-1 252 -12.99 -0.18 
MXIS 4-1 254 -11.82 -0.33 

MXIS 4-1 256 -11.72 -0.16 
MXIS 4-1 258 -11.09 -0.04 
MXIS 4-1 260 -12.84 -1.26 
MXIS 4-1 262 -14.52 -1.58 
MXIS 4-1 264 -13.92 -1.81 
MXIS 4-1 266 -13.75 -2.30 

MXIS 4-1 268 -12.97 -1.04 
MXIS 4-1 270 -12.95 -0.47 
MXIS 4-1 272 -12.85 -2.23 
MXIS 4-1 274 -9.17 -1.32 
MXIS 4-1 276 -8.27 -1.60 
MXIS 4-1 278 -7.40 -1.78 

MXIS 4-1 280 -10.99 -1.92 
MXIS 4-1 282 -9.53 1.29 
MXIS 4-1 284 -11.72 -0.12 
MXIS 4-1 286 -11.57 -0.68 
MXIS 4-1 288 -13.73 0.73 
MXIS 4-1 290 -12.75 0.28 

MXIS 4-1 292 -12.58 -0.39 
MXIS 4-1 294 -13.04 -0.66 
MXIS 4-1 296 -13.04 0.11 
MXIS 4-1 298 -13.91 0.34 
MXIS 4-1 300 -13.38 0.15 
MXIS 4-1 302 -12.83 -0.48 

MXIS 4-1 304 -13.25 0.48 
MXIS 4-1 306 -13.62 -0.54 
MXIS 4-1 308 -13.74 -1.41 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 
MXIS 4-1 310 -13.13 0.13 
MXIS 4-1 312 -13.01 -0.26 

MXIS 4-1 314 -12.30 -0.11 
MXIS 4-1 316 -12.60 -0.04 
MXIS 4-1 318 -13.00 -0.24 
MXIS 4-1 320 -12.26 1.02 
MXIS 4-1 321 -13.28 -0.27 
MXIS 4-1 321 -13.10 -0.24 

MXIS 5-2 322 -12.64 -0.24 
MXIS 5-2 324 -12.90 0.07 
MXIS 5-2 326 -13.21 -0.82 
MXIS 5-2 328 -12.74 -0.06 
MXIS 5-2 330 -12.67 0.35 
MXIS 5-2 332 -11.63 0.72 

MXIS 5-2 334 -13.28 0.77 
MXIS 5-2 336 -13.61 1.09 
MXIS 5-2 338 -12.83 0.30 
MXIS 5-2 340 -11.66 0.32 
MXIS 5-2 342 -10.85 0.07 
MXIS 5-2 344 -12.13 0.34 

MXIS 5-2 346 -12.03 -0.23 
MXIS 5-2 348 -12.43 0.52 
MXIS 5-2 350 -12.35 0.65 
MXIS 5-2 352 -11.93 1.08 
MXIS 5-2 370 -8.27 0.99 
MXIS 5-2 372 -12.14 -0.52 

MXIS 5-2 374 -11.57 -0.01 
MXIS 5-2 376 -11.46 -1.92 
MXIS 5-2 378 -4.83 2.10 
MXIS 5-2 378 -9.30 0.61 
MXIS 4-2 380 -5.02 0.85 
MXIS 4-2 384 -4.65 1.93 

MXIS 4-2 386 -9.68 -0.71 
MXIS 4-2 388 -12.62 -0.85 
MXIS 4-2 390 -13.67 -0.61 
MXIS 4-2 392 -9.66 -1.37 
MXIS 4-2 394 -7.41 -0.60 
MXIS 4-2 396 -6.65 0.27 

MXIS 4-2 398 -6.81 1.64 
MXIS 4-2 400 -8.47 1.37 
MXIS 4-2 404 -9.58 -0.30 
MXIS 4-2 408 -7.31 2.42 
MXIS 4-2 412 -10.45 -0.14 
MXIS 4-2 416 -9.52 -2.13 

MXIS 4-2 420 -9.02 0.55 
MXIS 5-3 424 -7.45 -0.34 
MXIS 5-3 428 -2.24 0.31 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 
MXIS 5-3 432 -11.44 -1.09 
MXIS 5-3 436 -13.24 -0.93 

MXIS 5-3 440 -7.18 -2.37 
MXIS 5-3 444 -8.67 -0.94 
MXIS 5-3 448 -10.26 -0.18 
MXIS 5-3 452 -11.15 0.39 
MXIS 5-3 456 -4.23 2.81 
MXIS 5-3 460 -9.02 -1.06 

MXIS 5-3 464 -11.00 -1.18 
MXIS 5-3 468 -10.52 -2.77 
MXIS 5-3 472 -7.63 0.38 
MXIS 5-3 476 -7.36 -1.26 
MXIS 5-3 480 -11.85 -2.51 
MXIS 5-3 484 -10.03 0.07 

MXIS 5-3 488 -9.89 -1.21 
MXIS 5-3 492 -8.85 -0.20 
MXIS 5-3 496 -10.00 -2.97 
MXIS 5-3 499 -12.30 -1.73 

MXIS 5-3 504 -8.94 -2.62 
MXIS 4-2 506 -8.38 -0.02 

MXIS 4-2 507 -2.25 2.18 
MXIS 5-3 512 -5.35 -1.59 
MXIS 5-3 516 -8.18 0.17 
MXIS 5-3 520 -8.89 -1.05 
MXIS 5-3 524 -9.64 -0.32 
MXIS 5-3 528 -8.59 -0.10 

MXIS 5-3 538 -11.39 -0.75 
MXIS 4-3 542 -11.24 -1.98 
MXIS 4-3 546 -9.22 -1.32 
MXIS 4-3 550 -9.14 -2.00 
MXIS 4-3 554 -4.48 0.17 
MXIS 4-3 558 -4.77 1.30 

MXIS 4-3 562 -5.04 2.09 
MXIS 4-3 566 -8.89 -0.23 
MXIS 4-3 570 -9.31 -0.80 
MXIS 4-3 574 -9.23 -0.18 
MXIS 4-3 578 -8.60 -1.99 
MXIS 4-3 582 -9.72 -0.54 
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Bulk CaCO3 

Core ID Depth (cm) δ13C 
(‰ VPDB) 

δ18O 
(‰ VPDB) 

MXIS 4-3 586 -4.32 1.39 
MXIS 4-3 593 -12.35 -0.26 
MXIS 4-3 597 -11.86 -0.03 

MXIS 4-3 601 -7.42 -1.76 
MXIS 4-3 605 -7.82 -1.80 
MXIS 4-3 608 -7.78 -0.77 
MXIS 4-3 610 -12.43 0.01 
MXIS 5-4 614 -6.96 -1.27 
MXIS 5-4 618 -8.29 -0.31 

MXIS 5-4 622 -9.80 -2.33 
MXIS 5-4 626 -13.13 -1.85 
MXIS 5-4 630 -12.63 -1.07 
MXIS 5-4 634 -9.87 -0.51 
MXIS 5-4 636 2.49 3.05 
MXIS 4-3 640 -10.02 -0.27 

MXIS 4-3 644 -10.45 -0.63 
MXIS 4-3 648 -6.43 0.81 
MXIS 4-3 652 -10.26 -0.53 
MXIS 4-3 656 -10.59 -0.32 
MXIS 4-3 660 -10.44 -2.80 
MXIS 4-3 664 -9.36 -1.10 

MXIS 4-3 668 -8.50 -0.80 
MXIS 4-3 672 -3.84 0.50 
MXIS 4-3 676 -11.16 -1.23 
MXIS 4-3 680 -11.40 -0.99 
MXIS 4-3 684 -2.84 0.99 
MXIS 4-3 688 -10.91 -0.69 

MXIS 4-3 692 -9.03 0.22 
MXIS 4-3 696 -9.58 -0.13 
MXIS 4-3 700 -7.74 -0.92 
MXIS 4-3 704 -6.49 0.20 
MXIS 4-3 708 -8.93 0.55 
MXIS 4-3 712 -4.16 1.87 

MXIS 4-3 714 -10.15 1.07 
MXIS 5-4 718 -9.80 -0.36 
MXIS 5-4 722 -9.79 -0.13 
MXIS 5-4 726 -10.62 -0.10 
MXIS 5-4 730 -10.94 -0.54 
MXIS 5-4 734 -5.13 1.39 

MXIS 5-4 738 -11.70 -0.50 
MXIS 5-4 742 -8.82 -1.40 
MXIS 5-4 746 -3.30 1.59 
MXIS 5-4 750 -12.20 -1.65 
MXIS 5-4 754 -4.06 0.80 
MXIS 5-4 758 -8.73 -0.01 

MXIS 5-4 760 -8.31 -0.36 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 

MXIS 4-4 764 -0.66 2.35 
MXIS 4-4 768 -5.73 0.57 

MXIS 4-4 772 -7.02 0.48 
MXIS 4-4 776 -8.17 -0.67 
MXIS 4-4 780 -8.91 -0.93 
MXIS 4-4 784 -6.33 -1.70 
MXIS 4-4 788 -7.54 -0.73 
MXIS 4-4 792 -7.52 -2.56 

MXIS 4-4 796 -4.02 -0.08 
MXIS 4-4 800 -9.03 -2.28 
MXIS 4-4 804 -8.33 -0.23 
MXIS 5-5 808 -5.67 -0.55 
MXIS 5-5 812 -7.19 -0.86 
MXIS 5-5 816 -0.45 2.39 

MXIS 5-5 844 -8.84 -3.70 
MXIS 5-5 848 -3.13 -0.56 
MXIS 5-5 860 -6.99 1.18 
MXIS 5-5 868 -5.49 0.98 
MXIS 5-5 872 -7.51 -1.90 
MXIS 5-5 876 -4.42 2.73 

MXIS 5-5 884 -7.17 -3.62 
MXIS 5-5 888 -11.62 -1.45 
MXIS 5-5 891 -5.54 0.66 
MXIS 5-5 896 -10.31 -3.03 
MXIS 5-5 900 -6.11 0.80 
MXIS 5-5 904 -4.95 0.21 

MXIS 5-5 908 -9.29 -3.35 
MXIS 5-5 912 -3.91 0.44 
MXIS 5-5 916 -7.91 1.52 
MXIS 5-5 920 -5.67 0.36 
MXIS 5-5 924 -3.75 0.94 
MXIS 5-5 928 -5.35 2.96 

MXIS 5-5 932 -8.72 0.34 
MXIS 5-5 936 -3.88 0.01 
MXIS 5-5 940 -1.36 -0.92 
MXIS 5-5 944 -8.49 0.52 
MXIS 5-5 948 -7.08 0.33 
MXIS 5-5 952 -7.17 -2.17 

MXIS 5-5 956 -5.80 1.04 
MXIS 5-5 960 -5.46 0.06 
MXIS 5-5 964 -5.91 -0.95 
MXIS 5-5 968 -2.01 0.22 
MXIS 5-5 972 -9.35 -1.00 
MXIS 5-5 976 -5.29 1.86 

MXIS 5-5 980 -3.43 0.90 
MXIS 5-5 984 -6.23 -1.16 
MXIS 5-5 988 -1.99 2.98 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 

MXIS 5-5 990 -7.61 -0.25 
MXIS 6-1 998 -6.92 -0.65 

MXIS 6-1 1002 -8.42 -0.72 
MXIS 6-1 1006 -5.99 -0.64 
MXIS 6-1 1010 -5.81 -0.11 
MXIS 6-1 1014 -6.03 -0.58 
MXIS 6-1 1018 -6.19 -0.61 
MXIS 6-1 1022 5.40 4.80 

MXIS 6-1 1026 -8.18 0.60 
MXIS 6-1 1030 -9.83 -0.09 
MXIS 6-1 1034 -1.81 0.71 
MXIS 6-1 1038 -5.15 2.23 
MXIS 6-1 1042 -5.45 0.66 
MXIS 6-1 1046 -6.39 1.21 

MXIS 6-1 1050 -4.90 0.91 
MXIS 6-1 1054 -8.36 0.48 
MXIS 6-1 1058 -10.06 2.54 
MXIS 6-1 1062 -8.05 1.20 
MXIS 6-1 1066 -9.34 1.07 
MXIS 6-1 1070 -7.97 1.85 

MXIS 6-1 1074 -5.70 1.15 
MXIS 5-6 1078 -6.86 0.77 
MXIS 5-6 1082 -6.79 0.55 
MXIS 5-6 1086 -3.64 1.10 
MXIS 5-6 1090 -7.18 1.33 
MXIS 5-6 1094 -7.42 1.35 

MXIS 5-6 1098 -9.36 -0.84 
MXIS 6-1 1102 -5.66 1.70 
MXIS 6-1 1106 -4.79 0.74 
MXIS 6-1 1110 -4.99 1.71 
MXIS 6-1 1111 -2.24 2.08 
MXIS 5-6 1118 -4.48 0.93 

MXIS 5-6 1122 -3.54 1.32 
MXIS 5-6 1126 -4.84 0.97 
MXIS 5-6 1130 -4.32 0.93 
MXIS 5-6 1134 -5.20 0.52 
MXIS 5-6 1138 -6.88 0.19 
MXIS 5-6 1142 -5.99 0.25 

MXIS 5-6 1146 -5.90 0.31 
MXIS 5-6 1150 -6.12 0.39 
MXIS 5-6 1154 -7.27 0.34 
MXIS 5-6 1158 -6.90 0.35 
MXIS 5-6 1162 -6.95 0.64 
MXIS 5-6 1166 -7.36 0.19 

MXIS 5-6 1170 -7.47 0.63 
MXIS 5-6 1186 -5.41 0.78 
MXIS 5-6 1190 -6.01 1.85 
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Bulk CaCO3 
Core ID Depth (cm) δ13C 

(‰ VPDB) 
δ18O 

(‰ VPDB) 

MXIS 5-6 1192 -6.25 0.65 
MXIS 6-2 1196 -7.09 1.06 

MXIS 6-2 1200 -6.19 0.99 
MXIS 6-2 1204 -6.63 0.94 
MXIS 6-2 1208 -7.89 1.12 
MXIS 6-2 1212 -6.83 1.36 
MXIS 6-2 1216 -6.26 0.85 
MXIS 6-2 1220 -5.21 0.83 

MXIS 6-2 1224 -5.89 0.89 
MXIS 6-2 1228 -5.84 0.71 
MXIS 6-2 1232 -4.02 0.72 
MXIS 6-2 1236 -4.84 0.82 
MXIS 6-2 1240 -2.11 1.09 
MXIS 6-2 1244 -2.61 1.56 

MXIS 6-2 1248 -2.76 1.88 
MXIS 6-2 1252 -7.00 0.37 
MXIS 6-2 1256 -5.58 0.78 
MXIS 6-2 1260 -5.59 0.86 
MXIS 6-2 1264 -6.12 0.27 
MXIS 6-2 1268 -0.54 1.55 

MXIS 6-2 1276 2.90 3.70 
MXIS 4-5 1280 5.63 3.97 
MXIS 4-5 1284 4.23 3.59 
MXIS 4-5 1288 4.38 2.49 
MXIS 4-5 1292 5.89 4.35 
MXIS 4-5 1300 -2.44 1.54 

MXIS 4-5 1304 -1.60 1.46 
MXIS 4-5 1308 -3.62 0.05 
MXIS 4-5 1312 -3.75 0.28 
MXIS 6-2 1316 -2.54 0.98 
MXIS 6-2 1320 0.31 1.84 
MXIS 6-2 1324 -4.57 -0.33 

MXIS 6-2 1328 -5.06 0.21 
MXIS 6-2 1332 -2.64 0.01 
MXIS 6-2 1336 -1.03 0.59 
MXIS 6-2 1344 -5.34 -0.20 
MXIS 6-2 1348 -0.39 1.43 
MXIS 6-2 1352 2.21 1.29 

MXIS 6-2 1360 -2.56 -0.03 
MXIS 6-2 1364 -3.20 0.13 
MXIS 6-2 1372 -1.85 1.49 
MXIS 6-2 1376 -3.63 1.15 
MXIS 6-2 1380 -3.68 -0.92 
MXIS 6-2 1384 -2.49 0.29 

MXIS 6-2 1391 2.76 0.06 
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Appendix B 
 

The age model for the record was constructed using eight calendar-corrected radiocarbon 
ages. A tephra layer located at 1.6 cm sediment depth corresponds to the 1998-1999 eruption of 
the Colima volcano, confirming that the top core sections accurately captured the sediment-water 
interface. 

The radiocarbon ages were determined using ~1 mg samples of bulk acid insoluble 
organic matter.  Sediment samples were acidified at 90°C using 1N HCl, rinsed with distilled 
water to neutral pH, and dried overnight.  Following combustion to CO2, samples were reduced 
to graphite using iron as a catalyst, after Vogel et al. (1984).  A standard coal blank was treated 
simultaneously with the samples and used for background subtraction.  Radiocarbon content was 
measured at the Center for Accelerator Mass Spectrometry (CAMS), at Lawrence Livermore 
National Laboratory.  Radiocarbon ages are reported using the Libby half-life of 5568 yr, 
following standard conventions (Stuiver and Polach, 1977), and includes a d13C correction of -
23‰.  

An age of 360±35 14C yr BP was obtained from surface sediments, indicating that there is 
a source of pre-aged carbon in the lake or catchment.  This age represents a weighted average of 
organic matter inputs to the lake, and reflects both the regional marine carbon reservoir effect 
(from seabird guano input to the lake; 910±60 14C yr BP, Ingram and Southon, 1996), primary 
productivity and recycling of organic matter within the water column, and terrestrial inputs from 
the catchment.  The ΔR of 360 14C yr BP was assumed to be constant over this core section, and 
calibrated ages were determined using CALIB 6.0 (Reimer et al., 2009).  The ARAND software 
program was used to interpolate between calibrated radiocarbon ages (Howell, et al., 2006). 
 
 
Table B1. Radiocarbon chronology. 
 

CAMS # Depth fraction ± Δ14C ± 14C Age ± 
 (cm) Modern    (14C yr BP)  

136255 12 0.9563 0.0036 -50.4 3.6 360 35 
136256 15 0.9519 0.0036 -54.7 3.6 395 35 
137056 19 0.9471 0.0038 -59.5 3.8 435 35 
136258 42 0.9367 0.0044 -69.8 4.4 525 40 
136259 55 0.9371 0.0042 -69.5 4.2 520 40 
136260 65 0.9291 0.0035 -77.4 3.5 590 35 
140535 78 0.9305 0.0036 -69.5 3.6 580 35 
140536 178 0.8715 0.0034 -128.5 3.4 1105 35 
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Figure B1.  Age-depth relationship in Isabela crater lake sediments. 
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