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[1] Guaymas Basin, Gulf of California, is a restricted basin located under the present-day
wet/dry subtropical divide (~27�N) and is ideally circumstanced for detecting variations in
the North Pacific Subtropical High (NPSH)/Trade Wind system. Controlled by climate cell
boundary displacement, NPSH midwinter location was the primary influence on timing and
intensity of upwelling seasons in Guaymas Basin. Analysis of high-resolution X-ray
fluoresence data and sediment fabric log from 75% laminated Core MD02-2517/2515,
western Guaymas Basin, reveals systematic changes in NPSH behavior over the last ~55 kyr
BP. Southward displacement of the wet/dry subtropical divide controlled upwelling-related
diatom productivity, while sea level and regional rainfall controlled terrigenous supply. The
basin was oxic during the glacial, and preservation was ensured by high burial rate due to the
increased deposition of terrigenous sediment. Sediment fabric style (number and/or
thickness of laminae, plus color banding and homogeneous intervals) changes
systematically through the core and gives insights into the number of seasons occurring in
Guaymas Basin, and the occurrence and intensity of the upwelling season. Five
millennial-scale low flux events with close timing to Heinrich events and ten decadal/
centennial-scale low biogenic silica events occurring in the interval ~33–16.5000 years
Before Present (kyr BP) are interpreted as times of extreme aridity. At ~16.5 kyr BP, a
regime shift from terrigenous-dominated oxic to evenly balanced biogenic-terrigenous
dysoxic conditions occurred. Although there was a further extreme arid event at ~11.5 kyr
BP, ~16.5 kyr BP was essentially the beginning of the interglacial.
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1. Introduction

[2] Investigations of the North Pacific’s role in the last
glaciation have focused on the age of water masses, ventila-
tion, productivity, salinity, and sea surface temperatures.
Interestingly, all of the parameters that show significant
glacial-interglacial variation are intimately linked with the
Subtropical High/Trade Wind system.
[3] Guaymas Basin, Gulf of California (Figure 1), a

restricted basin located under the present-day wet/dry
subtropical divide (~27�N), is ideally circumstanced for
detecting variations in the North Pacific Subtropical High
(NPSH)/Trade Wind system. In modern times, the basin
experiences a high seasonal contrast due to the NPSH annual
migration; it has exceptional sedimentation rates, high

productivity, and high preservation potential along the flanks
of the basin where the oxygen minimum zone coincides with
low oxygen Pacific Intermediate Water [Thunell et al., 1993;
1995; Pike and Kemp, 1997; Pride et al., 1999; Keigwin,
2002]. Modern sedimentation is intimately linked to the sea-
sonal cycle, and, as a result, annual varves are preserved
[Calvert, 1966; Baumgartner et al., 1991; Thunell et al.,
1993]. Variations in NPSH behavior have the potential to im-
pact on upwelling (productivity and preservation), rainfall/
runoff (terrigenous flux), and seasonality (sediment fabric).
Glacial to interglacial shifts of the Intertropical Convergence
Zone (ITCZ) in the Pacific have been previously proposed
[Leduc et al., 2009;McClymont et al., 2012], which, by impli-
cation, include reorganization of the NPSH High/Trade Wind
system. In our view, restrictions on the geographical extent of
the NPSH/Trade Wind system would have had a marked
effect on the number, intensity, and duration of seasons in
Guaymas Basin.
[4] In this paper, we report the results of a high-resolution

X-ray fluorescence (XRF) scan and a high-resolution sedi-
ment fabric log of Core MD02-2515 and ~6 m long kasten
Core MD02-2517 from Guaymas Basin (see Figure 1 for
core location). We use the data to construct a systematic

Additional supporting information may be found in the online version of
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overview of climatically significant variations in the migra-
tion of the NPSH, the evolution of regional climate over the
last ~55 kyr BP, and connections with large-scale
climate processes.

2. Background

[5] Guaymas Basin (~27�N, ~112�W) is the largest of a se-
ries of fault-bounded basins within the Gulf of California
(Figure 1). Sill depth to the south is ~1500m, giving open access
to low-oxygen Pacific Intermediate Water (~500–1000 m),
which is imported due to the regional excess of evaporation over
precipitation [Bray, 1988]. Sill depth to the north, bounding the
shallow Upper Gulf, is ~500 m. Nutrient-rich waters are flushed
into Guaymas Basin by the high tidal range in the Upper Gulf
[Lluch-Cota, 2000; Lavin et al., 1998; Kowalewski et al.,
2000], and nutrients are seasonally enhanced by NPSH-driven
upwelling [Dean et al., 2004].
[6] Midwinter NPSH location is ~23�N [Reid et al., 1958].

In early February, it expands and begins a northward migration,
duringwhich its onshore winds drive amoving high-productivity
upwelling cell that reaches ~48�N at midsummer. In July, the
NPSH contracts and begins a southwardmigration, during which
its onshore winds cause water column overturn [Reid et al.,
1958]. To the north of the modern wet/dry subtropical divide,
summers are windy with occasional coastal fog, and winters are
wet. To the south of the divide, winters are dry with strong winds
from late November to late March, while the mostly calm, hot
summers are punctuated by occasional evaporation-forced con-
vective storms. Guaymas Basin is slightly to the south of the
modern divide. Almost all of its rainfall (<80 mm yr�1) occurs
in late summer [Thunell et al., 1996], during which, tidal mixing
provides nutrients for relatively low-level productivity compris-
ing slow-growing large diatoms and coccolithophores, while
high temperatures build water column stratification [Sancetta,

1995]. In November, northwesterly NPSH winds cause thermo-
cline breakdown, and diatom frustules produced over summer
are deposited [Thunell, 1998;Dean et al., 2004]. The subsequent
nutrient overturn causes a diatom bloom of mixed species
[Sancetta, 1995]. The strongest winds over Guaymas Basin are
experienced February-March [Pares-Sierra et al., 2003], when
upwelling occurs in eastern Guaymas Basin and nutrients are
transported in surface waters across to western Guaymas Basin
[Hammann et al., 1988]. High productivity resulting from this
comprises fast-growing upwelling diatom species [Sancetta,
1995]. Nutrients are recycled in surface waters, and deposition
of diatom frustules begins when upwelling ceases in March.
[7] Guaymas Basin sediment trap data [Thunell et al.,

1993, 1994; Sancetta, 1995; Thunell, 1998] reveal that
organic carbon is suspended in the water column until July-
August when it adheres to clay particles [Thunell, 1998] that
originate from desert dust lofted during convective storms
[Baba et al., 1991] and is deposited. Colorado River sedi-
ment is trapped in the Upper Gulf (on average less than 300
m deep; Figure 1) [Lavin et al., 1998; Alvarez et al., 2009],
and very little modern terrigenous sediment reaches
Guaymas Basin via this route. However, Dean et al. [2004]
have shown that during the latest Holocene, northern
Guaymas Basin received a small proportion of its terrigenous
sediment flux via the Colorado River.

3. Materials and Methods

3.1. Core MD02-2517/2515

[8] In 2002, ~63 m-long Marion Dufresne continuous
piston core, MD02-2515 (27�29.100N, 112�04.460W; 888 m
water depth; Figure 1), and companion ~6 m long kasten
core, MD02-2517 (27�29.010N, 112�04.640W; 881 m water
depth), were retrieved on the MONA expedition (IMAGES
VIII) [Beaufort et al., 2002]. The composite core is ~75%
laminated, making it ideal for high-resolution geochemical
and sediment fabric analyses.
[9] Overlapping 20 cm images were taken using an over-

head fixed camera [Schaaf and Thurow, 1994; Beaufort
et al., 2002]. Gas-expansion gaps in Core MD02-2515 were
measured using ImageJ software (http://rsb.info.nih.gov/ij/)
and subtracted from the shipboard depth-scale to establish a
void-corrected depth-scale; there are no gaps in Core
MD02-2517, the top of which is the sediment-
water interface.

3.2. Geochemical Analyses

[10] The split core sections were scanned using a
CORTEX XRF scanner (at the University of Bremen,
2003). The method integrates the results under the incident
X-ray beam (in this study, 1 cm2) and produces semiquanti-
tative elemental intensities in counts per second [Jansen
et al., 1998; Röhl and Abrams, 2000].
[11] Three samples were taken downcore every 50 cm and

were used for quantitative discrete XRF analysis (at the
University of Oldenburg) [Tertian and Claisse, 1982], and
measurement of biogenic silica and total organic carbon
(TOC) content (at the Wolfson Laboratory, University
College London). XRF scan data were plotted against
discrete XRF data; linear regressions were used to calculate
the calibration equations converting the element intensities
to concentration data (wt%). Diagenetic and biological

32°N

28°

24°

116° 112°

200 km

108°120°W

Colorado River

Santa Barbara

100

>2000

Bathymetry (m)

1000

ODP
Site 893

GGC-55/JPC-56

M  E  X  I  C  O

U  S  A

MD02-2517/15

500

U
PPER G

U
LF

Gila River

Guaymas Basin 

Figure 1. Guaymas Basin and location of Site MD02-2517/
2515. The 100 m bathymetric contour reveals the shallow-
ness of the Upper Gulf of California and how much further
south the Colorado River delta would have been during the
glacial.
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processes have the least affect on Al, a major component of
clay minerals and terrigenous flux [Brumsack, 2006];
therefore, element/Al ratios were used to determine sample
content relative to standard shale composition [Taylor and
McLennan, 1985]. The method used for biogenic silica
analysis was Na2CO3 extraction with 2 h heating to dissolve
only diatom frustules [USGS Open-File Report 02–371] and
molybdate-blue spectrophotometry (absorption peak at 812
nm; precision �0.1% at 1s level) [Shapiro and Brannock,
1962]. For TOC analysis, samples were treated with a 10%
solution of hydrochloric acid and combusted in a LECO
induction furnace (analytical/internal precision is �3.1% at
1s level).
[12] Geochemical concentration data (wt%) were

converted to accumulation rates (g/cm2/yr), by multiplying
dry bulk density (calculated from wet bulk density data
[Beaufort et al., 2002]) and linear sedimentation rate
[Gardner et al., 1997].
[13] The modern parameters of biogenic, authigenic, and

terrigenous flux in Guaymas Basin are well known from sed-
iment trap and core top data [Thunell et al., 1993, 1994;
Sancetta, 1995; Dean, 2006], and fluctuations in their ratios
are diagnostic of departures from the modern climate regime
(e.g., El Niño-Southern Oscillation (ENSO) events) [Thunell
et al., 1996]. In this study, biogenic silica, CaCO3, and TOC
represent productivity, with the ratio between the first two
signifying upwelling or nonupwelling conditions. The
authigenic proxies used were MnO/Fe2O3—Fe oxides readily
precipitate in slightly oxic conditions, while Mn oxides only
precipitate in significantly oxic conditions [Broecker and
Peng, 1982]; vanadium, which precipitates in the same eH
conditions as denitrification [Piper, 1994]; and molybdenum,
which, with the assumption that productivity increases bacterial
demand for oxygen, coprecipitates with organic matter in
dysoxic water columns [Sageman and Lyons, 2003; Dean,
2006]. Terrigenous flux comprises Al2O3, detrital silica
(aluminosilicates and very fine-grained quartz silt; its flux was
calculated by subtracting biogenic silica from discrete XRF total
silica), and Ti2O3.

3.3. Sediment Fabric Analysis

[14] With the aim of establishing variations in seasonality,
a sediment fabric index was developed for core MD02-2517/
2515. Its rationale was based on the studies of Holocene
varve structure derived from the Back Scattered Electron
Imagery (BSEI) study of Core JPC-56 [Pike and Kemp,
1996, 1997, 1999] and the whole core tabulation of the
degree of bioturbation of Ocean Drilling Program (ODP)
Site 893 [Behl and Kennett, 1996] (Figure 1).
[15] In terms of logging sediment fabrics, simple visual

inspection provides too little detail, while scanning electron
microscopy (SEM) slide preparation is costly, time consum-
ing, and provides a superfluity of detail. Digital images are a
cheap and relatively quick whole-core method; color, contrast,
and magnification can be enhanced, and one image comprises
a section of core equal to five to six overlapping SEM slides.
[16] Eight sediment fabric types were identified, and every

centimeter of the core was assigned to one of the eight cate-
gories. Where there were two or more sediment fabric types
within 1 cm, it was assigned to the most numerous occurring
type. However, there still remain a few centimeter-sections
where either the numbers were evenly balanced or the

sediment fabric was transitional between two types. In these
instances, the sediment types in the centimeters above and
below were taken into consideration. Because experience is
the critical factor in obtaining consistent results [Lotter and
Lemcke, 1999], logging was repeated three times.
[17] After the agemodel was established (section 3.5, below),

a frequency distribution of sediment fabric types was calculated
in order to assess the relative abundance of each type through
time. The core was divided into two hundred and twenty 250
year time-slices. Since every centimeter of the core had been
assigned to one of the sediment fabric types, the number
of “occurrences” of a sediment fabric type in a time-slice
could be summed and the dominant type determined.

3.4. Accelerator Mass Spectrometry
Radiocarbon Analysis

[18] Here we use the 28 Accelerator mass spectrometry
(AMS) 14C dates and age model of Pichevin et al. [2012]
produced on 26 marine organic matter samples and two forami-
nifera samples (Table 1) The analyses were carried out at the
Natural Environment Research Council Radiocarbon Facility
(Environment), Scottish Universities Environmental Research
Centre (SUERC) radiocarbon facility, East Kilbride, Scotland.
[19] Typical precision of SUERC measurements on

samples of Holocene age is 30–35 years at 1s; samples
beyond four half-lives are increasingly less precise due to
increasingly smaller amounts of carbon-14 remaining in the
sample. MARINE04 software (http://calib.qub.ac.uk/calib)
[Reimer et al., 2004] was applied to achieve calibration to
calendar ages BP for ages prior to 21 kyr, while for older
ages, the equation of Bard et al. [2004] was used. Total
reservoir ages of 600 years were applied (Berger et al.,
1966; Ganeshram et al., 1995].

3.5. Age Model

[20] Sedimentation rates for the laminated intervals in Core
MD02-2517 were established by measuring varve thick-
nesses with ImageJ software after the sediment fabric type
had been determined. Where possible, three varves per
centimeter were measured, and an average thickness for each
centimeter was calculated. The number of years per centime-
ter was calculated by dividing each centimeter by its average
varve thickness. Subsequently, sedimentation rate was
calculated by dividing each centimeter by the number of
years it comprised. Interpolations were made across brief
nonlaminated intervals by averaging the rates immediately
below and above. This established a “floating” varve
chronology for the continuously laminated lower 5 m of core
MD02-2517 and the top ~2 m of core MD02-2515.
[21] Upper and lower ages for Core MD02-2515 were

established using the AMS radiocarbon dates (Table 1),
together with the “floating” chronology for the top 2 m, and
linear interpolation between the dated samples.

4. Results

4.1. Age of Core MD02-2517/2515

[22] Calculation of the number of varves in each centimeter
of Core MD02-2517, based on the average varve thickness
for each centimeter, yielded ~3000 varve-years for the whole
core. The AMS radiocarbon dates for core MD02-2515,
varve chronology, and linear interpolation gave an age range
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of ~5800–54,600 yr BP. The discrepancy between the ages of
the cores indicates a gap of ~2800 years between the top of
core MD02-2515 and the bottom of core MD02-2517.
Using the average sedimentation rates 50 cm above and be-
low, this represents ~5 m of missing sediment, possibly indi-
cating a recent slump, or that penetration of the sediment
began whilst the piston was still blocked at the corer end
and hence failed to sample the uppermost layers [Széréméta
et al., 2004]. The age-depth relationship and the sedimenta-
tion rate are shown in Figure 2. There are two intervals in
the core (~35–38 m and ~66.5–69 m depth) that have
subhorizontal laminae. If these represent slumps that brought
in extraneous material, this may have implications for the
AMS radiocarbon samples taken at these depths.

4.2. Geochemistry

[23] Figure 3 presents the geochemical results as weight
percentages (wt%) and accumulation rates together with a
summary of the physical appearance of core MD02-2517/
2515.
[24] Between ~55 and ~46 kyr BP rates of accumulation

across all components were moderate relative to the rest of
the core with the exception of a peak of biogenic silica at
~46.5 kyr BP (Figure 3). Highs of calcareous accumulation
coincidewith lows of biosiliceous accumulation and oxic condi-
tions (notably at ~51 and ~47.5 kyr BP). Accumulation rates of
all components fell to their lowest of the whole core between
~46 and ~33 kyr BP. The percentage data show that biogenic
components formed the bulk of the sediment ~45–40 kyr BP
and terrigenous components predominated ~40–33 kyr BP.
From ~38.5 to 35.5 kyr BP, there was low total flux and a trend
toward dysoxic conditions. From ~32.5 to 31 kyr BP, there was

Table 1. Radiocarbon 14C Dates and Calibrated Ages for Core MD02-2515 [Pichevin et al., 2012]

Material MD02-2515 (m bsf) MD02-2517/15 (m bsf) AMS 14C Ages Error (1 s, years) Calendar Age (yr BP)

Organic carbon 1.92 13.23 6571 45 6840
Organic carbon 4.26 15.57 7990 37 8256
Organic carbon 6.31 17.62 9438 40 10,077
Organic carbon 8.46 19.77 10,517 42 11,293
Organic carbon 11.19 22.51 12,589 97 13,854
Organic carbon 14.45 25.76 14,767 62 16,894
Organic carbon 20.06 31.38 16,306 164 18,932
Organic carbon 25.20 36.52a 18,397 60 21,007
Foraminifera 25.20 36.52a 18,383 60 20,988
Organic carbon 27.53 38.84 19,471 67 22,391
Organic carbon 29.74 41.06 20,972 78 24,365
Organic carbon 30.71 42.03 22,219 88 25,553
Organic carbon 30.99 42.31 21,994 86 25,303
Foraminifera 36.66 47.97 25,254 121 28,866
Organic carbon 36.66 47.97 25,943 133 29,602
Organic carbon 39.01 50.33 27,425 290 31,165
Organic carbon 43.18 54.51 28,556 335 32,339
Organic carbon 43.46 54.78 29,400 372 33,205
Organic carbon 46.74 58.05 31,519 503 35,669
Organic carbon 47.21 58.52 34,018 662 37,784
Organic carbon 47.93 59.24 35,736 820 39,419
Organic carbon 49.27 60.58 37,484 1023 41,045
Organic carbon 49.82 61.12 38,371 1140 41,855
Organic carbon 50.17 61.49 40,140 1422 43,442
Organic carbon 51.38 62.69 43,584 2184 46,418
Organic carbon 55.06 66.37a 43,940 >3000 49,000
Organic carbon 60.45 71.76 43,940 >3000 52,500
Organic carbon 61.91 73.22 43,905 >3000 54,000

aSubhorizontal laminae.
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an interval of very high accumulation rates across all compo-
nents. There were abrupt millennial-scale events at ~31 kyr
BP comprising low biogenic silica and CaCO3, with high
terrigenous flux and a trend toward dysoxia and at ~25 kyr BP
with low total flux with a trend toward dysoxia. There were
decadal/centennial-scale events at ~26, ~20, and ~18.5 kyr BP
comprising low biogenic silica and terrigenous flux with high
calcareous flux, and decadal/centennial-scale events at ~27,
~21, ~19.3, and 17.9 kyr BP comprising low biogenic silica flux
with high terrigenous and calcareous flux. Beginning at ~17 kyr
BP, all components fell abruptly and by ~16.5 kyr BP were at
their second lowest flux rates of the entire core. Centered on
~16.5 kyr BP, there was a millennial-scale event comprising
low total flux with strongly oxic conditions. A millennial-scale
event centered on ~11.5 kyr BP was characterized by low
biogenic silica accumulation and high terrigenous and CaCO3

accumulation with oxic conditions. Although the accumulation
rates of all components were relatively low from this point to the
top of the core, the percentage data reveal that biogenic silica
was the dominant feature.
[25] Broader glacial to interglacial trends show that

from ~54.6 to ~16.5 kyr BP, the ratio of average concentra-
tion of biogenic to terrigenous components was close to

2:3; from ~16.5 to 0 kyr BP, the ratio was close to 1:1
(Table S1 in supporting information). After ~16.5 kyr BP,
the average accumulation of all terrigenous components
fell, and, while biogenic silica accumulated at the same rate,
TOC accumulation rose and CaCO3 accumulation fell. The
average concentration of authigenic proxies, MnO/Fe2O3

and Mo/Al, was virtually unchanged from glacial to
interglacial, whilst that of V/Al rose after ~16.5 kyr BP.
The average accumulation rates show that MnO/Fe2O3

was unchanged glacial-to-interglacial, while the rates of
Mo/Al and V/Al fell slightly.

4.3. Sediment Fabric

[26] The sediment fabric of Core MD02-2517/2515 has
three basic states: laminated and color banded; color banded
without lamination; and homogeneous (Figure 4). There is
large variation within laminated sections, with frequent
switching between varved sediment types, all of which may
be affected by microbioturbation. A color-banded couplet
(light/dark olive-green) is typically 2.5–3 cm thick in the
laminated intervals and 4–5 cm thick in the unlaminated
color-banded intervals. There are rare instances of burrows.
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[27] The ordering of the sediment fabric types reflects the
degree of seasonality: low numbers for high seasonality, high
numbers for low seasonality. Sediment fabric Type 1 (up to
~0.19 cm thick) comprises two laminae of equal thickness.
Type 2 (~0.2–0.7 cm thick) consists of two laminae, with
the light one thicker than the dark one. Type 3 (up to ~0.19
cm thick) comprises four laminae, three of equal thickness
(one dark silt rich and two light diatom rich) separated by a
thinner silt-rich lamina. Type 4 consists of alternating light
and dark laminae that are too diffuse to assign to any of
the laminated sediment types. The assumption was made
that poor preservation, rather than low seasonal contrast,
was the cause of the diffuse appearance. This may not
be the case for all laminae assigned to Type 4; however,
there are occasional patches of discontinuous or wavy
laminae, and the thicker laminae included in this cate-
gory probably correspond to low seasonality. Type 5
(~0.2–0.7 cm thick) comprises four laminae, three of
equal thickness (one dark silt rich and two light diatom
rich) separated by a thinner silt-rich lamina; type 5 lam-
inae are ~20% thicker than those of the similar type 3.
Type 6 (~0.2–0.7 cm thick) is a quasi two-lamina varve:
a relatively thin dark lamina and a very thick lighter

colored lamina containing many very thin silt
sublaminae. Type 7 is color banded but not laminated.
Type 8 is homogeneous and occurs only four times
throughout the entire core. The circumstances of its
occurrence at ~27–26.5 kyr BP are ambiguous, and this
interval may in fact be an artefact of the coring process.
[28] Figure 5 shows the frequency-250year distribution for

each sediment fabric type. There is a clear tendency for
combinations of sediment types to characterize different in-
tervals. Types 4, 6, and 7 were the most common fabrics
~54–47 kyr BP; types 4, 5, and 6, with minor amounts of 7,
characterize ~35–29 kyr BP; between ~24 and 17 kyr BP,
types 4 and 5 dominated, with minor amounts of 6 and 7;
from ~15 to 6 kyr BP type 3 was the major fabric, with minor
amounts of 4 and 1; during the late Holocene, ~3–2.5 kyr BP
types 1 and 5 were most common with minor occurrences of
2 and 3. The Latest Holocene was typified by type 7 to ~1 kyr
BP. Above this, the sediment is waterlogged and was
arbitrarily assigned to type 4 on the assumption that the fabric
would be laminated when sufficiently compressed.
[29] During the events at ~51 and ~47.5 kyr BP identified

in the geochemical results, the sediment types were 7 and 6, re-
spectively. Across the low flux oxic interval ~38.5–35.5 kyr BP,
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the sediment fabric was type 8. Sediment fabric 6 with minor
amounts of 4 and 7 occurred during the high flux interval
~32.5–31 kyr BP. Types 4 and 7 dominated the millennial-scale
oxic event centered on 29.5 kyr BP, while type 5 characterized
the dysoxic event at ~25 kyr BP. The decadal/centennial events
at ~29 were typified by sediment fabric type 6, while those at
~26, ~20, and ~18.5 kyr BP were typified by types 4, 5, and
6. Type 7 occurred during the decadal/centennial event at ~27
kyr BP, those at ~21, and ~19.3 kyr BP occurred with types 4
and 5, and the one at ~17.9 kyr BP was dominated by type 4.
The millennial-scale low flux oxic event centered on ~16.5
kyr BP was characterized by types 8 and 7, while the low bio-
genic silica/high terrigenous and high CaCO3 oxic event cen-
tered on 11.5 kyr BP was dominated by type 8 with minor
amounts of type 7.

5. Discussion

5.1. Interpretation of the Sediment Fabric Types

[30] The structure of modern varves—a mm-scale light/
dark lamina couplet of equal thicknesses—was revealed by
an SEM BSEI study of ~300 mid-Holocene varves from
nearby Core JPC-56 (Figure 1) [Pike and Kemp, 1996;
1997; 1999]. The light half-couplet consists of two to three
diatom-dominated laminae, reflecting the productivity of
different species during spring upwelling, summer stratifica-
tion, and autumn overturn. The dark half-couplet is silt and
organic carbon rich.
[31] Although dysoxic bottom waters resulting from high

productivity and the inhibition of bioturbation are widely
regarded as prerequisites for the preservation of laminated
sediment, investigation of Core GGC-55/JPC-56 (Figure 1)
showed that during the Late Glacial, preservation of laminae
was not wholly dependent on either productivity or dysoxia.
There were times when a high productivity signal was not
accompanied by dysoxic conditions; conversely, dysoxia
occurred with low preservation of biogenic proxies [Dean,
2006]. Pike and Kemp [1999] suggest that the deposition of
“diatom mats” composed of colonial species is a mechanism
for varve preservation because their closely packed texture
prevents bioturbation.
[32] Despite the subtleties revealed by the ultra-high

resolution BSEI study, overall, the modern varve reflects
deposition during a high-contrast, two-season annual cycle.
Varves with more than two laminae, such as sediment fabric
types 3 and 5, are taken to represent an annual cycle with
more than two seasons, which is consistent with an equator-
ward shift of the Hadley climate cell boundary and the impo-
sition of temperate climate over Guaymas Basin. The second
silt-rich lamina in sediment fabric types 3 and 5 is an expres-
sion of the southward displacement of the NPSH. In modern
times, NPSH proximity during winter maintains the wet/dry
subtropical divide at ~27�N, but a more southerly location
would delay the onset of the upwelling season. Sediment
trap data from Santa Barbara Basin [Thunell et al., 1995],
located north of the modern wet/dry subtropical divide,
show that the upwelling season there in occurs in late
spring-summer and that during the fall-winter period there
is high lithogenic and low biogenic flux. For the most part,
Santa Barbara Basin sediment was not laminated during the
last glacial [Hendy and Kennett, 1999] supporting the

hypothesis that the NPSH did not migrate to that latitude.
We hypothesize that during the glacial, the NPSH
approached Guaymas Basin in late spring-early summer,
initiating upwelling; moved past, bringing a spell of low
productivity; and then productivity was briefly reinitiated
by overturn as it returned on its southward migration to
its winter location.
[33] The occurrence of color banding throughout the core

suggests that it is an expression of the background Pacific
climate. Assuming an average of 10 yr/cm, its ~30 year
cyclicity is similar to that of the modern high-pressure/low-
pressure Pacific Decadal Oscillation (PDO) [Mantua et al.,
1997; Mantua and Hare, 2002; Chavez et al., 2003]. Dean
et al. [2004] found cyclicity at PDO scales in terrigenous
sediment in Guaymas Basin. The occurrence of type 7 (color
banding without lamination) clearly represents times of no
distinct annual seasons.
[34] Low-seasonality sediment fabric type 6 represents

times when summer was the upwelling season: at the
present-day poleward end of the NPSH migration range
(Cape Flattery, WA) [Reid, 1958], midsummer upwelling is
relatively weak and interrupted by rainy spells. Preservation
in this on-off upwelling season could be due to a combination
of the deposition of relatively impervious diatom mats and
high sedimentation rate [Pike and Kemp, 1999].
[35] The thin-varved types 1 and 3 reflect times equivalent

to the modern annual cycle, which is produced by an
energetic NPSH that migrates swiftly past Guaymas Basin.
The thick-varved types 2, 5, and 6 (and occasionally type
4), by analogy, represent times when a less energetic NPSH
passed by more slowly.

5.2. Guaymas Basin Climate During the Last
~55 kyr BP

[36] The event at ~47.5 kyr BP (see Figure 6 for details)
indicates a period when upwelling either did not occur or
was so weak in intensity that diatoms became the subordinate
producers. In modern Guaymas Basin, coccolithophore
productivity is less than that of diatom species except during
ENSO events [Ziveri and Thunell, 2000]. More specifically,
upwelling diatom species decrease, and slow-growing
tropical species increase while overall productivity decreases
[Sancetta, 1995]; annual rainfall and terrigenous flux also
increase [Stapp et al., 1999; Thunell, 1998]. Persistent
ENSO-like conditions during the glacial have also been
reported from the eastern Equatorial Pacific [Koutavas
et al., 2002]. It is likely that the conditions there and in
Guaymas Basin resulted from the southward displacement
of the NPSH/Trade Wind system and the ITCZ due to
expansion of the Polar climate cell. Given the margin of error
on the adjacent C-14 date, the event at ~47.5 kyr BP is almost
coincident with Heinrich event H5. Pichevin et al. [2012],
through analysis of @30Si in a high-resolution record from
Core MD02-2515, interpreted this event as an interval of
decreased upwelling intensity.
[37] Conditions between ~46 and ~33 kyr BP suggest

aridity. During the earlier part of the interval, low levels
of productivity indicate that water column overturn
delivered nutrients to surface waters, while in the latter part,
low accumulation of all components implies intense aridity
and water column stratification. Pichevin et al. [2012]
record a low in biogenic silica at ~38.5 kyr BP, which
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they equate to Heinrich event H4 (Fig. 6), and interpret as in-
terval of decreased upwelling intensity. During the broader,
less well-defined event in our record at ~38–36 kyr BP,
the absence of lamination and color banding suggest that
the NPSH was not migrating as far as Guaymas Basin.
[38] The North American ice sheets began to readvance at

~33 kyr BP [Kleman et al., 2010]. Ice sheet growth implies
falling sea levels, and the Colorado River, cutting down into
the Upper Gulf, would have transported remobilized nutri-
ents and terrigenous sediment into Guaymas Basin, boosting
productivity and preservation. The millennial-scale events at
~29.5 and ~25 kyr BP (Figure 7) are nearly coincident with
Heinrich events H3 and H2. It is possible that the use of linear

interpolation between radiocarbon-dated tiepoints has
oversimplified and distorted the age model. Guaymas Basin
experienced very low seasonality with high runoff during
the first of these events, while aridity and low seasonality
were characteristic of the second.
[39] The low biogenic silica flux in the nine decadal/cen-

tennial events between ~29 and 17.9 kyr BP (Figure 7) sug-
gests a failure of NPSH migration and seasonal upwelling
with concomitant rise in calcareous productivity due to the
lack of competition for nutrients. Low terrigenous flux in
four of the events suggests aridity; events of this nature only
occur during this interval. The ten brief events indicate re-
striction of the NPSH/Trade Wind system to lower latitudes
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combined with high runoff rates in the Gulf of California.
Two of the millennial-scale low biogenic silica events identi-
fied by Pichevin et al. [2012] (~47.5 and ~31 kyr BP) also
feature this sediment component ratio.
[40] Most Northern Hemisphere ice sheets attained maxi-

mum extent at ~30 kyr BP [Clark et al., 2009]. Although
ice retreat began at ~19 kyr BP, the ice sheets on the north-
western continental margins of the Pacific and Atlantic

continued to grow and attained maximum volume at ~16.5
kyr BP [Dyke et al., 2002; Clark et al., 2009; Lambeck
et al., 2010]. The sediment fabric types from ~17 to 16 kyr
BP suggest that, although upwelling occurred, its intensity
was not high and that Guaymas Basin was close to the north-
ward end of NPSH migration range (cf present-day Cape
Flattery, WA). The interval ~17.5–16 kyr BP has been
defined as the “Big Dry” at Lake Estancia in New Mexico
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where it is followed by the “Big Wet,” ~16–14.5 kyr BP,
together making up the “Mystery Interval,” which has been
identified at several other sites [Broecker et al., 2009;
Broecker and Putnam, 2012]. The Great Basin Lakes record
high water levels through the whole interval with the highest
levels attained in the second half [Broecker and Putnam,
2012; Lyle et al., 2012]. There is evidence for aridity and
low productivity ~17–16 kyr BP in Guaymas Basin, but not
for an exceptional wet episode ~16–14.5 kyr BP. The dry
events at Guaymas Basin and Lake Estancia coincide with
Heinrich event 1 (H1, Figure 6). Lyle et al. [2012] interpret
the whole interval in Lake Estancia and the Great Basin
Lakes, ~17–14 kyr BP, as increased summer precipitation
from moist air masses originating from the tropical Pacific;
if this is the case the moisture somehow bypassed the Gulf
of California for the interval ~17–16 kyr BP.
[41] After ~15.5 kyr BP, the sediment fabric types indicate

that the wet/dry subtropical divide was most probably some-
what to the south of Guaymas Basin and upwelling season
was late spring-summer (cf present-day Santa Barbara
Basin, CA). Globally, during the Bølling-Alleröd intersta-
dial, climate ameliorated and the ice sheets retreated.
Northern Hemisphere insolation rose toward its peak at
~11.5 kyr BP. The contraction of the Polar climate cell
allowed the boundaries of the tropical and temperate cells
to migrate poleward.
[42] The conditions in Guaymas Basin during the

Younger Dryas interval suggest that upwelling and diatom
productivity collapsed whilst coccolithophore productivity
flourished in the absence of competition. The lack of
seasonality strongly suggests the failure of the NPSH to
migrate as far as Guaymas Basin. Studies of nearby Core

GGC/JPC-56 (Figure 1) corroborate these findings and
further suggest that surface water from the Pacific flowed
into the Gulf of California. Diatom assemblage showed a
radical reduction of upwelling species [Sancetta, 1995]
and an increase of open-ocean tropical species [Barron
et al., 2005]; terrigenous, organic and CaCO3 fluxes were
high, while biogenic silica flux was low [Barron et al.,
2004; Dean, 2006]; and the sediment was not laminated
[Keigwin and Jones, 1990; Keigwin, 2002; Barron et al.,
2004; 2005; Dean, 2006].
[43] McClymont et al. [2012], using temperature proxy UK’

37

and TEXH
86 analyses on Core MD02-2515, have shown rapid

stepped temperature increases during the Late Glacial-Early
Holocene in Guaymas Basin with significant rises at ~13,
11.5, and 8.2 kyr BP (Figures 6 and 7). They link these rises
to northward shifts of the ITCZ. These intervals show no
common characteristics in our geochemical record; the sedi-
ment fabric types suggest that the NPSH was energetically
migrating to and beyond Guaymas Basin. The interval at
~8.2 kyr BP in our record shows a dysoxic event with high
terrigenous accumulation.
[44] Further afield, diachronous south-to-north climate

amelioration after ~15 kyr BP reveals the climate cell bound-
aries slowly migrating northward along the Northeast Pacific
Margin. An increase in biogenic flux began off southern
California at ~11 kyr BP, while the equivalent increase at
~38�N began at ~7 kyr BP [Gardner et al., 1997]. Glacial
coastal air temperatures at ~42�N were ~5�C below present,
and they remained low until ~7 kyr BP, while at ~35�N,
where glacial air temperatures >10�C lower than present
had occurred, air temperatures had risen to near-Holocene
values by ~14 kyr BP [Heusser, 1998]. Dysoxia in silled
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marginal basins, ~31–32�N, reached Holocene levels before
the end of MIS 2, while to the north (~32–33�N) silled ba-
sins, experienced enhanced ventilation until ~4.5 kyr BP
[Stott et al., 2000]; Santa Barbara Basin, a strongly restricted
basin at 34�N, was dysoxic by ~14 kyr [Behl and Kennett,
1996]. Denitrification commenced several thousand years
earlier at ~23�N than at ~42�N [Kienast et al., 2002].
[45] The mid- to Late Holocene in Guaymas Basin saw the

establishment of the modern two-season annual cycle,
reflected in the prevalence of high seasonality sediment
fabric types 1 and 2, and the even ratio of biogenic to
terrigenous components.

5.3. Likely Sources of High Terrigenous Flux During
the Glacial

[46] One of the most prominent features of the Guaymas
Basin sedimentary record is the switch over from a
terrigenous-dominated system to an even balance between
terrigenous and biogenic components at ~16.5 kyr BP
(Figure 3; Table S2). The increase of insolation due to
Milankovitch cyclicity initiated catastrophic melting of ice
sheets already destabilized by atmospheric aridity; the
release of water rehydrated the atmosphere, re-energized
the Subtropical Highs, and the Hadley cell boundaries began
to migrate poleward. There are several possible sources for
the increased terrigenous flux during the glacial.
[47] 1. With the southward shift of the ITCZ, the Hadley

cell boundary, and the less energetic NPSH, the wet-dry
subtropical divide was also shifted southward, which brought
wet winters and windy fog-bound summers to the central
Gulf of California; hence, terrigenous flux increased via high
runoff (Figure 8). The southward shift also had the effect of
increasing the number of seasons at Guaymas Basin.
Evidence from further afield supports the equatorward dis-
placement of the wet/dry subtropical divide. In the eastern
North Pacific during MIS 2 and 3, atmospheric reorganiza-
tion resulted in southward displacement of the ocean gyres
[Sabin and Pisias, 1996]. At ~42�N, subarctic open-ocean di-
atom and radiolarian species occupied niches currently
exploited by coastal upwelling species, and primary produc-
tion was halved [Sancetta et al., 1992; Sabin and Pisias,
1996; Ortiz et al., 1997]. Decreased denitrification indicates
reduced upwelling and better ventilation ~42�–23�N
[Kienast et al., 2002]. Sediments beneath the modern
California Current (~42�–23�N) recorded a 40% reduction
in annual flow [Doose et al., 1997; Herbert et al., 2001].
Increased upwelling and higher productivity between ~5�–
3�N and 88�–87�W [Pedersen et al., 1991; Loubere, 2002]
suggest the southward displacement of the Costa Rica
Dome [Romero et al., 2011]. Southward shifts of the gyre
appear to have occurred on a precessional timescale
[Yamamoto et al., 2007].
[48] 2. The Colorado River’s flow and sediment load were

swollen by higher rainfall and runoff, and, periodically, with
glacial meltwater. Southward shift of the climate cell bound-
aries imposed modern midlatitude wet-temperate climate on
the North American southwest (Figure 8), a large part of
which is drained by the Colorado River (Figure 1). At ~20
kyr BP, there were ~100 pluvial lakes in the Great Basin
and Mojave Desert [Tchakerian and Lancaster, 2002] The
larger lakes boosted local evaporation and rainfall rates,
which in turn drove a positive regional feedback [Hostetler

et al., 1994] through runoff and riverine discharge [van
Devender, 1990a, 1990b; Reheis, 1999; Betancourt et al.,
2001; Holmgren et al., 2003; Oviatt et al., 2003]: there was
~133% rainfall over the Colorado Plateau [Anderson et al.,
2000] and ~200% over the Chihuahua and Sonora deserts
[Lozano-Garcia et al., 2002; Rhode, 2002; Metcalfe et al.,
2002; Menking et al., 2004]. Although Baba et al. [1991]
have shown that during the latest Holocene, the principal
transport agent of Guaymas Basin terrigenous flux was
eolian, during the glacial cooler, moister climate over the
Sonora Desert promoted montane treecover [Lozano-
Garcia et al., 2002; Rhode, 2002; Roy et al., 2012] and desert
greening. It is likely that this resulted in lower-than-present
eolian transport into Guaymas Basin.Dean et al. [2004] have
shown that during the latest Holocene, northern Guaymas
Basin received at least a portion of its terrigenous sediment
flux via the Colorado River. In the Upper Gulf, slow spread-
ing rates over the last ~5 Myr [Lonsdale, 1989] have resulted
in a gentle bathymetric gradient [Lavin et al., 1998; Alvarez
et al., 2009]: a ~100 m sea level drop effectively halves its
area (Figure 1), shifting the Colorado delta southward with
the likelihood of significantly increasing terrigenous deposi-
tion in Guaymas Basin.
[49] 3. An additional source of increased accumulation

could be that, when sea level was actively lowering,
downcutting brought in additional flux via sediment flushing
from the Upper Gulf.

6. Conclusions

[50] Due to its location close to the wet/dry subtropical di-
vide and the combination of circumstances that create and
preserve its annually laminated sediments, Guaymas Basin
gives a very rare, possibly unique, opportunity to examine
on a millimeter-scale glacial to interglacial climate
change—in particular, the behavior of the NPSH at the north-
ern boundary of the Hadley cell. From a human perspective,
interglacial climate is the norm, but on an orbital timescale,
glacial climate is the norm, and the Guaymas Basin sedimen-
tary record shows a clear distinction between the two.
[51] During the glacial and up to the beginning of the Late

Glacial (~16.5 kyr BP), the sediment was dominated by
terrigenous flux, and despite high biogenic accumulation
(mainly biosiliceous productivity), the basin was oxic;
sediment fabrics were predominantly low seasonality lami-
nated and nonlaminated types (mainly Type 7), with minor
amounts of high seasonality laminated types.
[52] During the Late Glacial and interglacial, the sediment

was evenly balanced between terrigenous and biogenic flux
(mainly biosiliceous productivity), and the basin was
dysoxic; high seasonality laminated types (mainly Types 1,
2, and 4), with a minor component of nonlaminated types
dominated the sediment fabric.
[53] The geochemical record further characterizes the low

biogenic silica flux events identified by Pichevin et al.
[2012]. Conditions were not identical during these events,
arguing against a common origin and in favor of those events
that do not exactly coincide with Heinrich events actually
being local to Guaymas Basin, rather than being mismatched
due to inconsistencies in the age model.
[54] The sediment fabric record further characterizes Late

Glacial-Early Holocene stepped warming events identified
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byMcClymont et al. [2012]. High seasonality types were laid
down during these events indicating that the NPSH/Trade
Wind system was fully operational at the latitude of
Core MD02-2517/2515.
[55] The most striking thing about the MD02-2517/2515

Guaymas Basin record is the rapid change at ~16.5 kyr BP.
At this point, the ratio of terrigenous to biogenic components
changed from 3:2 in the glacial to an even balance during the
Late Glacial and the Holocene. It is also the point at which
varve preservation improves. If it can be assumed that
sediment type 4 represents low seasonality, it is also the point
at which distinction between the seasons increases and the
number of seasons occurring in Guaymas Basin begins to
decrease, that is, the wet/dry subtropical divide was
established at its modern location. The prevalence of thin
varved sediment types indicates an energetic NPSH that
moved rapidly past Guaymas Basin and the seasons were
brief, but quite distinct.
[56] The insights that the Guaymas Basin record gives into

shifts of the Hadley cell boundary are particularly relevant at
present. Climate modelling has been used to investigate what
could happen due to poleward expansion of the Hadley cell
boundary during global climate warming [Kang and Lu,
2012]. During the glacial, the southward shifted ITCZ and
the geographical restriction on the NPSH/TradeWind system
meant that the NPSH had further to travel in order to reach
Guaymas Basin, which had the effect of increasing the num-
ber of seasons and/or decreasing seasonal contrasts. Since
our record only covers the latter half of the glacial and the
Holocene, we cannot categorically state that the situation at
~16.5 kyr BP was mirrored going into the glacial in MIS 4,
but it seems likely that it was.
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