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Abstract

Changes in terrigenous-transfer patterns from North America toward the Gulf of Mexico via
the Mississippi River during the Holocene were investigated using mineralogical and
geochemical records from the northern Gulf of Mexico (Pigmy Basin). Clay mineralogy
(smectite/illite+chlorite) and geochemical signatures (K and Ti intensities) indicate
fluctuations in the detrital sedimentation during the Holocene in the Pigmy Basin. They likely
reflect alternations between at least two dominant terrigenous sources: the smectite-rich NW
Mississippi watershed, and the illite- and chlorite-rich Great Lakes province and NE
Mississippi watershed. These recurring and rapid modifications of erosional processes over

this period suggest changes in the hydrological regime via rainfall patterns. Such a
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modification during the Holocene is likely linked with the rapid atmospheric reorganization
following the final collapse of the Laurentide Ice Sheet. Indeed, mineralogical and
geochemical proxies indicate east-to-west migrations of the main detrital source (from the
Great Lakes and northeastern province toward the northwestern province) associated with
Mississippi River megaflood episodes. These modifications of the main detrital sources likely
record migrations of the precipitation belt, which are constrained by atmospheric
configuration (Jet Stream, Bermuda High and Intertropical Convergence Zone position) and
subtropical oceanic hydrological properties (meridional extension of the Atlantic Warm Pool).
In the frame of previously published rainfall patterns over the Caribbean and North America,
our results highlight some marked modifications of moisture transfer throughout the
Holocene. These changes are interpreted as resulting from two atmospheric configurations
that have driven alternately the precipitation distribution over North America for the last 10
ka with an apparent cyclicity of ~2.5 ka. The coherent common cyclicity between the Gulf of
Mexico detrital parameters and Greenland atmospheric proxies over the Holocene suggests
that the initial external forcing was rapidly transferred latitudinally through atmospheric

Pprocesses.

1. Introduction

The Gulf of Mexico (GOM) is ideally located for studying the relationships between
high-latitude climate variability and subtropical hydrology. The hydrological properties of the
GOM, that further impact the Gulf Stream, result from the complex interactions between the
inflow of warm tropical waters originating from the Caribbean Sea through the Loop Current,
and from evaporation—precipitation budget and North American Rivers freshwater supply
(Fig. 1a). The warm waters of the GOM, Caribbean Sea, and western tropical North Atlantic
constituting the so-called Atlantic Warm Pool (AWP) represent the primary moisture source
for North America (Wang and Enfield, 2001). Moisture meridian transfer is constrained by
different atmospheric configurations, resulting from the respective position of the Jet Stream,
the Bermuda High pressure cell and the Intertropical Convergence Zone (ITCZ) (Fig. la;
Forman et al., 1995; Liu and Fearn, 2000; Knox, 2003; Harrison et al., 2003). The position of
the main precipitation belt is therefore likely influenced by both low- and high-latitude
forcing. All these oceanic and atmospheric characteristics are seasonally modulated. In the
western tropical Atlantic Ocean, the AWP reaches its northern position during boreal summer
when the ITCZ is located in its northern position, whereas these tropical waters are restricted

to the southeastern GOM during boreal winter when the ITCZ is situated southward (Wang
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and Enfield, 2001; Poore et al., 2004; Niirnberg et al., 2008; Ziegler et al., 2008).

The hydrological characteristics of the GOM are thus also largely impacted by
freshwater outflow from the Mississippi River. The Mississippi and Missouri River
watersheds and their tributaries collect runoff from almost half the USA and carry suspended
detrital particles that are characteristic of the drained areas. Major Mississippi outflows may
modify the sea-surface salinity and impact to some extent the thermohaline circulation via the
Gulf Stream (Aharon, 2003; Flower et al., 2004). The Holocene climate is characterized by
modifications of both atmospheric and oceanic configurations following the final collapse of
the Laurentide Ice Sheet (LIS) evolution (Shuman et al., 2002). For instance, the Mississippi
River was affected during the late Holocene by megaflood episodes resulting from recurrent
modifications of both moisture transfer and precipitation regimes. During these episodes,
massive erosion of the alluvial plains promoted the remobilization of fine-grained sediments
and their transport toward the GOM via the Mississippi (e.g., Knox, 2000, 2003). These
episodes were likely controlled by the atmospheric configuration, and may have resulted in
changing the main provenance of the detrital supply and thus its mineralogical characteristics.

Recent studies (Sionneau et al., 2008; Montero-Serrano et al., 2009; Sionneau et al.,
2010) suggest that variations of the clay mineral assemblage deposited in the northern GOM
mainly reflect changes in the respective contributions of four main mineralogical provinces on
land (Fig. 1b): (1) the northwestern Mississippi and Missouri rivers watershed is characterized
by high smectite content (SN50%, 1b30%, Kb20%, Cb14%), (2) the northeastern province
mainly delivering illite and chlorite (Sb20%, IN30%, Kb25%, CN12%), (3) the kaolinite-rich
southeastern part of the United States (Sb30%, 1b20%, KN30%, Cb28%), and (4) the Brazos
River and southwestern Mississippi River watersheds is dominated by illite and kaolinite
(Sb40%, IN30%, KN20%, Cb8%). More details on the clay mineral distributions in and
around Mississippi River watershed are discussed by Sionneau et al. (2008). The letters S, I,
C and K denote smectite, illite, chlorite and kaolinite, respectively. The mineralogical and
geochemical characteristics of the detrital fraction of the sediment can thus be used to trace
the modifications of the main detrital source associated with major flooding episodes and to
constrain the main factors triggering such catastrophic events.

In this article we present a mineralogical and geochemical record of Holocene climate
variability for the last 10 ka from core MD02-2553 (27°11.01"N, 91°25.00"W, water depth
2259 m) recovered in the Pigmy Basin. This basin, situated on the Louisiana continental slope
around 250 km southwest of the present-day Mississippi Delta, is suitably located to record

both the terrigenous input from the North American continent and the tropical oceanic
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influences via the Loop Current (Fig. 1a). The basin is approximately 20 km-long, 7 km-wide,
and trends northeast to southwest (Fig. 1b). Thus, using proxies of terrigenous supply in the
Pigmy Basin during the Holocene, the main objectives are: (1) to determine changes in the
North American sedimentary provenance throughout the Holocene, (2) to document the main
changes in rainfall distribution over North America, and (3) to constrain the links between
modifications of both high-latitude and subtropical domains, in order to infer possible
synoptic scenarios or configurations of the atmosphere—ocean—continent interactions during
the Holocene, and to further constrain the Holocene variations in summer moisture transfers

across North America.

2. Materials and methods
2.1. Samples and chronology

The samples were taken from the 10.3 m long core MD02-2553 (Calypso Square)
collected on the center of the Pigmy Basin during the 2002 PAGE (Paleoceanography of the
Atlantic and Geochemistry) cruise of the research vessel Marion Dufresne, as part of the
International Marine Past Global Changes Study (IMAGES) program (Fig. 1b). The sediment
is mainly composed of massive or faintly laminated silty to clayey mud (Fig. 1c). Black
shading related to accumulation of organic material is recurrent throughout the core. The
uppermost 155 cm of the core is composed of sandy to silty clay with foraminifers and
coccoliths, whereas the lower part contains clays with foraminifers that become scarce below
400 cm. One distinct upward grading, foraminifer-rich, sandy layers interpreted as small
turbidites occurring in the core at 298-300 cm depth has been removed from the record, as it
corresponds to local sedimentological processes rather than fluvial discharge.

The chronology for the upper 359 cm of core MD02-2553 is based on sixteen
accelerator mass spectrometry (AMS) 14C radiocarbon dates from mixed planktic
foraminifers published by Poore et al. (in press) (Table 1, Fig. 1c). All ages were converted
into calendar years with the CALIB software (Stuiver and Reimer, 1993, version 5.0.2;
http://calib. qub.ac.uk/calib), using the calibration curve Marine04 (Hughen et al., 2004). All
AMSI14C ages were corrected using a constant reservoir age of 400 yr (AR=0) because it
provides consistency with both modern values (Bard, 1988) and with previous
paleoceanographic studies from the GOM (e.g., Flower et al., 2004; Meckler et al, 2008;
Niirnberg et al., 2008; Montero-Serrano et al., 2009). Calibrated ages were plotted against
core depth (Fig. 2), and a least squares regression (r2=0.996) indicates a linear sedimentation

rate of 35.9 cm/ka (within the errors of the calibrated dates; 1 ka=1000 cal yr BP) and a core-
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top age of 0 yr BP.

2.2. Analytical methods

The Holocene section of the core MD02-2553 (the upper 359 cm) was studied at high
resolution (average sample resolution of ~47 yr) for clay mineralogy and grain size. Inorganic
geochemistry was studied for some major elements (K and Ti) at 1 cm resolution (average
sample resolution of ~28 yr) using the XRF core scanner. Complementarily, trace and rare
earth element (REE) concentrations were determined at lower resolutions, with average

sample resolution of 555 yr.

2.2.1. Clay mineral analysis

Clay mineral associations were studied using X-ray diffraction following the protocol
of Bout-Roumazeilles et al. (1999). The analyses were run from 2.49°0 to 32.49°20 on a
Philips PW 1749 diffractometer (copper anode; 40 kV; 25 mA intensity and 1°26/minute
speed). Three X-ray diagrams were performed, after air-dried sample, ethylene glycol vapour
saturation for 12 h and heating at 490 °C during 2 h. Semi-quantitative estimation of clay
mineral abundances (smectite, illite, chlorite and kaolinite), based on peak areas, was
performed using the Macintosh MacDiff® 4.2.5 software (Petschick, 2000). The error on the
reproducibility of measurements is estimated to be 5% for each clay mineral, as checked by

analysis of replicate samples.

2.2.2. Grain-size distribution

Grain-size analyses were carried out on the carbonate-free fraction of the sediment, in
order to focus on the detrital fraction, using a Malvern Mastersizer 2000 laser diffractometer.
Sample preparation and optical settings for the Mastersizer 2000 followed the method
described by Montero-Serrano et al. (2009). The main grain-size parameter reported here is
the mode (um, most frequent grain size). The precision was ~4%, expressed as the coefficient

of variation of replicate determinations.

2.2.3. Elemental geochemistry

K and Ti abundances were obtained on the U-channels of the core using the Avaatech
XRF core scanner at the Université Bordeaux 1 (EPOC, UMR-CNRS 5805). The U-channels
used were designed and developed at the Paleomagnetism and Environmental Magnetism

laboratory of the LSCE (Gif-sur-Yvette, France). The U-channels surface was cleaned and
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covered with Ultralene® X-ray transmission foil to avoid desiccation of the sediment and
contamination of the measurement unit. To obtain statistically significant data we used a 30 s
count time, a 10 kV X-ray voltage and a current of 400 mA. Acquired XRF spectra were
processed with the WinAxil and WinBatch software packages. The resulting data are
expressed as element intensities in counts per second (cps). Precisions were better than 2%, as
checked by international standards powder samples. For further technical details on the XRF
scanning technique see Richter et al. (2006).

In addition to XRF core scanner, trace and rare earth element (REE) concentrations
were determined by inductively coupled plasma optical emission spectrometry (ICP-OES)
and inductively coupled plasma mass spectrometry (ICP-MS), at Activation Laboratories Ltd.
(Ancaster, Canada). Samples were mixed with a flux of lithium induction furnace. Molten
sample was immediately poured into a solution of 5% nitric acid (HNO3) containing an
internal standard, and mixed continuously until completely dissolved. The analytical accuracy
and precision were found to be better than 5-10% for trace element and 5% for REE, as
checked by international standards and analysis of replicate samples.

Trace-metal (TM) concentrations are expressed in terms of enrichment factors
(EFTM) where the Al-normalized metal concentration is compared to the average shale
values of Wedepohl (1971, 1991): EFtM=TM/Alsampie: TM/Alaverage shate- EFT-N1 suggests
enrichment relative to average shale but authigenic enrichments can be considered when EFy
exceeds 5 (Tribovillard et al., 2006). NASC values by Gromet et al. (1984) are used for
normalization of the REE.

In this study, K and Ti intensities are used as proxies of the detrital sediment sources,
complementary to clay mineral proxies. In addition, the REE abundance patterns provide
fingerprints associated with detrital fraction of the sediment which in turn represents the bulk

composition (e.g., Montero-Serrano et al., 2009).

2.3. Spectral analyses

We performed time series analysis in order to evidence any cyclicity in the Pigmy
basin clay mineral variations and to investigate their correlation with high-latitude climatic
records, using the software package AnalySeries 2.0.4 (Paillard et al., 1996; http:/
www.lsce.ipsl.fr/logiciels/index.php). We used two different spectral analysis methods a non-
parametric Multi-Taper method, which provides high spectral resolution even for short time
series (Thompson, 1982) and the high confidence Blackman—Tukey method (Blackman and

Tukey, 1958) in order to improve accuracy and to prevent any bias due to methodological
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artefact. All time series were evenly resampled with a 0.045-ka interval and linear trends were
removed prior to spectral analysis. The sample interval results in an average time resolution
of 0.045 ka. Thus the lowest theoretical period (Nyquist period) that could be resolved is
always below 0.167 ka (two times maximum sampling period). Spectral analyses were
calculated for the b5.88 ka (1/0.17 ka) high-pass filtered data, according to the studied
window 9.99 ka. The multi-taper method (MTM; Ghil et al., 2002) was performed using two
tapers and a bandwidth resolution of 0.3 ka. The Blackman—Tukey cross-spectral analysis
(Paillard et al., 1996) was performed using a Bartlett-type window, high resolution (50% of
the series length) with a resulting 0.30 ka—1 bandwidth. Results of the spectral analysis are
presented as spectral density. Each frequency band is reported taking as center the observed
maximum spectral density for specific band. The mean Blackman—Tukey coherency and
phase were calculated by cross-spectral analysis between the clay mineral distribution
[S/(I+C)] in the Pigmy Basin and GISP2 sea-salt Na record (O'Brien et al., 1995; Mayewski et
al., 2004). Coherency is considered significant (at the 95% level) if larger than 0.67.
Averaged coherency is calculated on the 0.30 ka bandwidth centered on S/(I+C) maximum
power spectrum. Phases are reported only for the more significant bands (highest spectral
density and significant coherency). Phases in radians were converted to kiloyears (one
period=360°=2Pi radian) for each of the frequency bands.

All analytical data presented are available through the World Data Center-A for

Paleoclimatology.'

3. Results
3.1. Clay mineralogy and sediment grain size

The clay mineral fraction is composed of 56—84% smectite, 7-20% illite, 3—14%
chlorite and 3—13% kaolinite (Fig. 3). In general, smectite distribution is inversely correlated
to illite and chlorite. The clay mineral composition displays some characteristic oscillations
between smectite-rich intervals (for example between 2.9 and 1.6 ka) and illite+ chlorite-rich
intervals (for example between 3.8 and 2.9 ka).

All samples are characterized by a unimodal grain-size distribution. The sediments are

mainly composed of cohesive-silt (3.5 pm <mode> 5.1 pm). The grain-size mode (um) shows

"1 Supporting data are available electronically at Wold Data Center (WDC Paleo online
archive; e-mail: paleo@mail.ngdc.noaa.gov, URL: ftp://ftp.ncdc.noaa.gov/pub/

data/paleo/contributions by author/montero-serrano2010/montero-serrano2010.xIs.
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a steady and rather constant distribution throughout the Holocene (Fig. 4a). The important
point is that the rather smooth distribution in the grain-size mode suggests that the
mineralogical and elemental variations within the studied core are not due to the sorting of the

sediment (e.g., Fig. 4b—d).

3.2. Geochemical composition of the sediment

The XRF core scanner provides a record of the main geochemical variations
characterizing the sediments from the Pigmy Basin. K and Ti records display similar trends,
(Fig. 4c,d consistent with the observed clay mineral oscillations, i.e., K and Ti intensities are
maximum over the illite+chlorite-rich intervals (Fig. 4b—d)). Fig. 4 also shows the opposed
relationship between K and Ti and the smectite proportion within the sediment. Elemental
intensities are thus interpreted to reflect changes in the clay mineral assemblage of the
terrigenous fraction. Trace-metal enrichment factors do not show any significant variations
(0.5 to 2.2) (Fig. 5a). NASC-normalized REE patterns do not show any striking features (Fig.
5b), except for a general slight enrichment in light REE (LREE: La-Nd) over heavy REE
(HREE: Tb—Lu).

4. Interpretation and discussion
4.1. Main characteristics of Holocene sedimentary records in the Pigmy Basin

The calcareous biogenic fraction in the Pigmy Basin sediments is relatively low
(CaCO3b25%; not shown) indicating that the Holocene sedimentation is mostly terrigenous,
with a relatively limited, autochthonous biogenic contribution. In addition, detrital carbonate
contributions in the Pigmy sediments are negligible, as evidenced by the scanning electron
microscopy (SEM) analysis of silt-size particles from the same core (Flocks and Swarzenski,
2007). Furthermore, trace-metal enrichment factors suggest that the authigenic phases in the
Pigmy Basin are negligible (Fig. 5a). The absence of any significant REE fractionation when
normalized to NASC in Pigmy Basin sediments, as observed in other basins from the GOM
(Flocks and Swarzenski, 2007), indicates a smoothed detrital source (Fig. 5b). The similarity
of REE distributions in Pigmy Basin sediments when compared with Mississippi River
suspended loads (Goldstein and Jacobsen, 1988; Elderfield et al., 1990) indicates the
dominant influence of the Mississippi River (Fig. 5b). Our results thus suggest that the Pigmy
Basin is representative of the sedimentation in the offshore part of the GOM in that it mainly
collects land-derived particles delivered by the Mississippi River which receives main

discharges from the Missouri (NW)+Ohio (NE) rivers system (e.g., Sionneau et al., 2008) and
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drains almost half of the conterminous USA (Fig. 1b). In other words, the Pigmy Basin is an
appropriate recorder of the land-to-sea transfer, from North America to the GOM.

Mineralogical and geochemical data both suggest that Holocene detrital sedimentation
mainly results from the contributions of two different sources. The first source is
characterized by its high smectite content whereas the second contributor is enriched in illite
and chlorite with high K and Ti intensities (Figs. 3 and 4). According to recently published
clay mineral distribution maps (Sionneau et al., 2008), the first end-member corresponds to
the northwestern Mississippi and Missouri rivers watershed province and the second, one is
likely the northeastern Great Lakes province.

During the early Holocene, the Mississippi River discharge capacity was significantly
reduced compared with the last deglaciation (Fig. 2), as evidenced in the Pigmy Basin record
by a decrease of the sedimentation rate from about 397-200 during the Meltwater Spike
(Montero-Serrano et al., 2009) to 25-36 cm/ka during the Younger Dryas and Holocene. This
decrease is due to a drastic decrease in the glacial erosional processes linked to the decay of
the Laurentide Ice Sheet or LIS (Montero-Serrano et al., 2009). The modifications of the LIS
extent (e.g., Fig. 8a) played a major role in climate change in the Northern Hemisphere
between 10 and 5 ka, resulting in the rapid warming of the Northern Hemisphere interrupted
by the cold 8.2 ka event (Mayewski et al., 2004). Consequently, the observed variations in the
respective contributions of these two dominant sources (smectite vs. illitet+chlorite) during the
early Holocene may be related to the LIS extent changes.

Any major modification of the dominant terrigenous sources that occurred during the
middle to late Holocene cannot be driven by the LIS that was considerably reduced by this
time. Significant modifications are more likely related to modifications of the continental
drainage patterns on the Mississippi River system in response to migrations of the main
precipitation belt over North America (Knox, 2000, 2003). The mineralogical and
geochemical record of core MDO02- 2553 from the Pigmy Basin will thus be here interpreted

in relation with the Holocene climatic variability.

4.2. The variability of Mississippi River runoff during the Holocene

Successive intervals enriched in smectite [S/(I+C)>4] characterize Holocene Pigmy
Basin records (Fig. 6¢). These intervals at 10-8.9, 8-6.2, 5-3.8, 2.9-1.6, 0.8—0.3 ka coincide
with large Mississippi floods (Fig. 6a) described in the central part of North America (Knox,
2000, 2003). Note that K intensities show a parallel trend when compared with illite and an

opposite trend when compared with smectite, reflecting its affinity for K-bearing illite in
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sediments from Pigmy Basin (Fig. 6b). These observations suggest that the mineralogical
signature is indeed influenced by erosional processes in the NW Mississippi watersheds.

These Holocene flood episodes, occurring as the ice-sheet had almost entirely
vanished, likely resulted from heavy rainfall periods over the central part of North America
(Knox, 2003). Additionally, the smectite-rich interval observed in the Holocene in the Pigmy
Basin was already described in the Orca Basin (Sionneau, 2008) and interpreted as a period of
severe megafloods (Brown et al., 1999). The correlations between continental and marine
records indicate that these megaflood events represent regional-scale changes in the
hydrologic cycle over North America.

We hypothesize that the variability of the Mississippi River regime during the
Holocene (e.g., flood episodes) evidenced by both mineralogical and geochemical records
reflects primarily variations in the migration of the precipitation belt over the North American
continent. According to this scenario, these variations have been controlled by changes in
atmospheric circulation patterns and the associated modifications of the meridian moisture
transfer from the GOM to the North American continent. This moisture transfer and more
generally the hydrological variability directly depend on the evaporation (E)—precipitation (P)
balance over the GOM (Knox, 2000; Harrison et al., 2003) where increased evaporation leads
to enhanced precipitation over the North American continent (e.g., Flannery et al., 2008). As
the E—P balance is linked to insolation, and sensitive to solar irradiance variability (Perry and
Hsu, 2000), we also hypothesize that changes in solar variability may ultimately affect rainfall
patterns over North America through ocean—atmosphere interactions. We will further test this
hypothesis by comparing our records with previously published climate-related records from

the Caribbean, GOM and North America.

4.3. Precipitation distribution and atmospheric configuration during the Holocene

The interaction of three main air masses controls the general climatic patterns over the
North American continent: the warm and moist GOM air mass, the dry and mild Pacific air
mass, and the dry, cold Arctic air mass (Knox, 2000). The location of the boundary between
these air masses in North America, and therefore of the main position of the precipitation
front, is controlled by the respective position and extension of the Jet Stream, and of the
Bermuda High pressure and Thermal Low pressure cells (Forman et al., 1995; Liu and Fearn,
2000; Knox, 2003). In the northwestern Mississippi river watershed, where the smectite-rich
intervals are associated with paleo-flooding episodes (Fig. 6), present-day average annual

precipitation ranges between about 498 and 568 mm with about 70% of the annual amount
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falling during the warm season from April to September (boreal summer;
http://www.rssweather.com/climate/).

Here we attempt to use clay mineral record from the Pigmy Basin to retrace the
summer migrations of the precipitation belt over the central part of North America during the
Holocene. The contributions of smectite vs. illite+chlorite [S/(I+C) ratio] from the Pigmy
Basin are used to document the continental-scale shift of the precipitation belt over the central
part of North America. Additionally, we use previously published palynological, isotopic and
geochemical data from both continental and marine series (Hodell et al., 1991; Haug et al.,
2001; Willard et al., 2005; Kennedy et al., 2006; Denniston et al., 2007; Nordt et al., 2008;
Mueller et al., 2009) in order to constrain the two proposed configurations of the Holocene
variations in summer ocean—continent moisture transfer (Forman et al., 1995; Knox, 2000,
2003; Liu and Fearn, 2000).

The signal of Holocene climatic conditions over North America is reconstructed using
different proxies. A shift toward positive values in the A%C4 records of buried soils from the
North American Great Plains (Nordt et al., 2008) and in the §13C records of stalagmites from
the Devil's Icebox Cave (Denniston et al., 2007), is interpreted to indicate increased
abundances of C4 grasses (A%C4) and hence warming and drying conditions; conversely
negative values suggest wetter conditions. Increased aridity is inferred from reconstructed

increases in percent of Quercus pollen from the Chesapeake Bay, (Willard et al., 2005).

4.3.1. Configuration I

The mineralogical and geochemical signatures of the smectite-rich intervals (10-8.9,
8-6.2, 5-3.8, 2.9-1.6, 0.8-0.3 ka; Figs. 6 and 7e) indicate that the major flood events were
derived primarily from northwestern Mississippi and Missouri rivers watersheds. These
results suggest that the precipitation belt was located over the northwestern province and that
the main moisture transfer reached the central part of North America during these periods.
Negative A%C4 excursions from the North American Great Plains (Fig. 7d) also suggest an
enhanced moisture flux from the GOM toward the central part of North America, whereas the
strong increase in the Quercus pollen content from the Chesapeake Bay (Fig. 7b) in the
northeastern region of the North America, indicates the development of drought conditions
along the eastern coast of North America. Furthermore, several northeastern USA lakes also
experienced low level during these intervals implying a widespread drought (e.g., Newby et

al., 2000; Shuman et al., 2002). According to configuration 1, the moisture distribution
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evidenced during these intervals implies that the Jet Stream and the Bermuda High were
located to their northernmost and southwestern most positions, respectively, while the low
pressure was displaced eastward (configuration 1, Fig. 9c) in agreement with configurations
proposed by Forman et al. (1995), Liu and Fearn (2000) and Knox (2000, 2003). At present,
this synoptic pattern promotes transfer of moist air from the GOM and nearby tropical waters

toward the central part of North America (Knox, 2000, 2003).

4.3.2. Configuration 2

The intervals 8.9-8, 6.2-5, 3.8-2.9 and 1.6-0.8 ka are characterized by low S/(I+C)
ratio (Fig. 7e) indicating low precipitation on the smectite-rich northwestern province. This
suggests an eastward transfer of the main moisture pattern, which is consistent with the
relative increase in illite and chlorite. Positive A%C4 and 013C excursions from the North
American Great Plains (Fig. 7d) and the Devil's Icebox Cave, central Missouri (Fig. 7c) also
suggest dry conditions over the central part of North America. On the contrary, the strong
decrease in the Quercus pollen content from the Chesapeake Bay (Fig. 7b) suggests enhanced
moisture abundance in the mid- Atlantic region (Willard et al., 2005). All these observations
enable us to propose a second configuration (configuration 2) of the main moisture transfer
over the successive intervals depleted in smectite (Fig. 9d). Investigations on the regional
hydrologic responses to large-scale atmospheric circulation patterns during the Holocene
(e.g., Forman et al., 1995; Knox, 2000, 2003; Liu and Fearn, 2000; Harrison et al., 2003;
Goman and Leigh, 2004) suggest that the Jet Stream and the Bermuda High were located to
the south and northeast respectively constraining the inflow of moisture along the eastern
coast of North America and a reduced flux toward the central part of North America. The
reconstructed Jet Stream pattern shown in Fig. 9d with a main meridional component and a
noticeable zonal component would likely lead to warm and dry summer conditions in the
central part of North America, while increased precipitation and flooding occurred in the

eastern area (Knox, 2000, 2003).

4.3.3. Configuration modulation

The two proposed configurations are mainly based on GOM and North American
records, i.e. related to the position of the Jet Stream and high- and low-pressure cells. In order
to improve these scenarios, we attempt to take into account the variations of the ITCZ and
AWP that may modulate moisture transfer throughout the Holocene. The ITCZ migration and

the temporal dynamics of the AWP can be monitored using paleoclimate records from the
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circum-Caribbean region and northern GOM (Figs. 1a and 8a—c,f). The relative abundance of
the warm water species G. sacculifer and the seasurface temperature (SSTwg/ca) values in the
GOM are related to the inflow of Caribbean water into the GOM. Maximum transport of
Caribbean surface waters into the GOM, and therefore enhanced moisture transfer toward the
central part of North America (Lovvorn et al., 2001), are associated with both a more
pronounced AWP and a northward migration of the average position of the ITCZ.

In this context, the increase abundance of the warm water species G. sacculifer
together with high SSTwg/ca values from the GOM (Fig. 8c,f) and more negative 8180 values
from the Miragoane Lake suggest that during the early Holocene, the AWP reaches its
maximum size and intensity, in phase with a northward most position of the ITCZ, compared
with the late Holocene (Fig. 8c,f). This position led to enhanced precipitation in the circum-
Caribbean region and decreased the transport of precipitable water (E>P) toward the North
American continent (Fig. 9c—d). However, during the late Holocene, a less established AWP,
in combination with a southward position of the ITCZ (based on lower levels of G. sacculifer
and low SSTwmg/ca in the GOM, and more positive #180 values from the Miragoane Lake; Fig.
8b—c) likely promoted drought in the Caribbean region (Figs. 8a and 9e—f), increasing the
availability of precipitable water vapour (E>P) transported toward the North American
continent (Wang et al., 2008). Thus during the past 3 ka, configuration 1b (Fig. 9¢) is thought
to be responsible for the more important flood events and catastrophic hurricanes that affected

the central part of North America (e.g., Knox, 2000, 2003; Liu and Fearn, 2000).

4.4. Clay mineralogy variations during the Glacial-Holocene transition

The Holocene clay mineralogy variability in the Pigmy Basin sediments is similar in
range with the Glacial-Holocene transition variability. There is a slight difference during the
main meltwater discharge episode during the deglaciation (the Meltwater Spike; 15.2— 13 ka)
when the S/(I+C) ratio reached 9 whereas the ratio remains below 8 during the Younger
Dryas and Holocene which is characterized by the lowest S/(I+C) ratio (Fig. 9a). The results
highlight variations in the contribution and nature of terrigenous particles eroded and
transported by the Mississippi River towards the GOM interpreted as changing origin in
response to climate influences through the last 15 ka. Under this frame, the modifications of
provenance were predominantly linked to dynamics and timing of deglacial meltwater
discharge originating from the south margin of the LIS (such as the Meltwater Spike; Fig. 9b)
during the glacial periods (e.g., Licciardi et al., 1999; Flower et al., 2004;Montero-Serrano et

al., 2009; Sionneau et al., 2010) whereas successive migrations of the precipitation belt over
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North America (Fig. 9c—f) resulting from the changing moisture transfer patterns became a
dominant process during ice-free intervals, during the Holocene (e.g., Brown et al., 1999;
Knox, 2000, 2003; Liu and Fearn, 2000).

Complementarily, we observed that the middle to late Holocene trend of the K (and
Ti) intensities is similar to the trend in the abundance of G. sacculifer (Poore et al., in press)
in the same core (Fig. 8e—f). However, during the early Holocene these two records show a
little correspondence. We interpret this lack of correlation as resulting from the impact of the
LIS on continental climatic variability over the early Holocene (Fig. 7a). The ice-sheet
probably filtered and smoothed the influence of the ITCZ and AWP on the main moisture flux
trajectories and migrations of the precipitation belt over North America. As a result,
continental processes probably responded slowly to the initial solar forcing because the LIS
highly impacted regional temperatures at least until 6 ka (e.g., Lovvorn et al., 2001;
Mayewski et al., 2004; Nordt et al., 2008). After the collapse of the LIS (~6 ka), rapid
atmospheric reorganization (Shuman et al., 2002) triggered rapid hydrological changes over
the central part of North America during the middle to late Holocene. The K (and Ti)
variations are synchronous with changes in the abundance of G. sacculifer (Fig. 8e—f) during
this time, suggesting that the influence of southern climate variations (such as ITCZ and
AWP) seems to become dominant over hydrological and erosional processes in the
Mississippi River watershed. These interpretations are in agreement with previous studies
from the GOM and the Caribbean region (e.g., Poore et al., 2003; Richey et al., 2007, 2009;
Wang et al., 2008).

To summarize, the Pigmy Basin sedimentary record suggests that the variations of the
Mississippi River supply are mainly controlled by the glacigenic processes resulting from the
decaying of the southern margin of LIS during the deglaciation and early Holocene, whereas
atmosphere—ocean interactions become the main forcing during middle to late Holocene once

the LIS had collapsed.

4.5. Forcing of the atmosphere—ocean—continent oscillations—teleconnections

The observed link between climatic variability (wet vs. Dry periods), atmospheric
configurations and clay mineral record are further evaluated using spectral analysis (Fig. 10).
The clay mineral assemblage variations, previously attributed to changes in the precipitation
belt over North America, are similar to oscillations evidenced in the Holocene glaciochemical
records from the GISP2 ice core (O'Brien et al., 1995; Mayewski et al., 2004). Clay mineral

(notably, illite+chlorite rich intervals) exhibits variations very similar with maximum sea-salt
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sodium (ssNa) concentrations (Fig. 10a—b). Note that smectite-rich intervals in the Pigmy
Basin are inversely correlated to high GISP2 ssNa concentrations. The ssNa in the GISP2 ice
core is believed to be an indicator of storminess and sea spray in the atmosphere of the high-
latitude region. Thus, the variability of the Mississippi River runoff appears to be correlated
with changes in high-latitude atmospheric circulation. Cross-spectral analysis, using the
Multi-Taper (Ghil et al., 2002) and Blackman— Tukey methods (Paillard et al., 1996) between
the clay mineral distribution [S/(I+C) ratio] in the Pigmy Basin and GISP2 ssNa record
displayed the same periodicity centered around 2.5 ka (Fig. 10c). The S/(I+C) and GISP2
ssNa signals are coherent at 95% confidence level in the 2.5 ka frequency band with an
average phase of 1.05+0.09 ka. The results confirm that precipitations and erosional processes
in the NE Mississippi River watershed have been in phase with periods of intense
atmospheric circulation in Greenland. Consequently, these results suggest a link between
large-scale atmospheric circulation changes in the high-latitude North Atlantic and the
hydrological and erosional changes in the North American continent.

The 2.5 ka periodicity also characterized ice rafted debris (IRD) occurrences in North
Atlantic marine sediments (Debret et al., 2007, 2009), the 8'%0 record in GISP2 ice core
(Alley et al., 1997), and solar irradiance cycles (Stuiver et al., 1995). The correspondence
between our mineralogical data and North Atlantic paleoclimate records may be due to

modulation of atmospheric dynamics by solar forcing (Debret et al., 2009).

5. Summary and conclusions

Mineralogical and geochemical records of Holocene sediments from the Pigmy Basin
(GOM) reveal fluctuations of the Mississippi River discharge. They reflect alternations
between two dominant terrigenous sources (smectite vs. illitet+chlorite), which are interpreted
as successive migrations of the main precipitation belt over North America. Holocene
sedimentation in the northern GOM is characterized by recurrent occurrences of smectite-rich
intervals associated with documented flooding episodes of the Mississippi River. Their
mineralogical signatures point out to specific terrigenous supply from the NW Mississippi
river watershed, suggesting enhanced precipitations and moisture influx from the GOM
toward central North America. Instead, repetitive enrichments in illite and chlorite and high K
intensities suggest successive eastward migrations of main precipitation belts, consistent with
documented evidence of increased aridity over central North America and development of
more humid conditions along the Atlantic margin.

These data provide additional information to those previously published on the North
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American continent, Caribbean region and GOM. Their confrontation allows documenting the
variations of the main moisture flux trajectories over North America and of the associated
precipitation belt during the Holocene. Our mineralogical records evidence two main
atmosphere—ocean configurations that successively control moisture transfer and precipitation
distribution over North America throughout the Holocene:

(1) The northern position of the Jet Stream and southwest migration of the Bermuda
High promoted the influx of moisture over the central part of North America which may have
triggered flooding of the Mississippi River about 10-8.9, 8-6.2, 5-3.8, 2.9-1.6 and 0.8-0.3 ka
ago. On the opposite, the northeastern provinces experienced dry conditions.

(2) The southern position of the Jet Stream associated with a northeastward
displacement of the Bermuda High constrained the main moisture flux along the Atlantic
margin about 8.9-8, 6.2-5, 3.8-2.9 and 1.6-0.8 ka ago.

Oscillations of these two configurations promoted the repetitive occurrence of
drought/flooding over the northwestern Mississippi River through the Holocene. These two
configurations correlate with both continental and oceanic records in North America and the
Caribbean, and take into account the mean position of the ITCZ and AWP that modified
moisture balance (E-P) over the GOM and ultimately affected the hydrologic variability over
the North American continent. The previously discussed aspects suggest thus that during the
Holocene the main moisture flux trajectories and migrations of the precipitation belt over
North America were mainly constrained by the respective positions of the Jet Stream and
Bermuda High modulated by displacements of both ITCZ and AWP.

Spectral analysis shows a coherent common cyclicity of 2.5 ka between mineral
proxies from the Pigmy Basin and the Greenland sea-salt sodium record suggesting a tight
chronological connection between atmospheric circulation changes in the high-latitude North
Atlantic and the hydrological and erosional changes in the North American continent. This
synchronism underlines the major role played by the atmosphere compared with the ocean in
the moisture transfers over North America, because processes involving the ocean would have

induced a time lag between the respective records of the high latitudes and GOM settings.
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Fig. 1. (a) Map showing the location of selected localities discussed in this study, generalized
position of the Intertropical Convergence Zone (ITCZ) for Northern Hemisphere (NH) winter
and summer [adapted from Ziegler et al. (2008)], the summer position of the Atlantic Warm
Pool [adapted from Wang and Enfield (2001)], the mean configuration of the Jet Stream
during winter and summer regimes (adapted from Knox, 2000, 2003), and the mean summer
position of the Bermuda High and the Thermal Low relative to North America [adapted from
Forman et al. (1995) and Liu and Fearn (2000)]. (b) The Mississippi River watershed showing
the main continental clay mineral provinces over the United States (Sionneau et al., 2008) and

the Last Glacial Maximum extent of the Laurentide Ice Sheet (Dyke, 2004). The letters S, I, C
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and K (standing for smectite, illite, chlorite and kaolinite, respectively) indicate areas where
the bedrock/soils contain a clay mineral assemblage markedly dominated by one clay species.
Note that the Mississippi River receives main discharges from the Missouri (NW)+Ohio (NE)
rivers system, which drains almost half of the conterminous USA (e.g., Sionneau et al., 2008).
GOM: Gulf of Mexico, LC: Loop Current. Numbers at each site are: (1) Lake Miragoane,
Haiti; (2) Chesapeake Bay, northeastern of the North America; (3) Devil's Icebox Cave,
central Missouri; (4) North American Great Plains, (5) DeSoto Canyon, northeastern GOM;
(6) Pigmy and Oraca Basin, northern GOM; (7) Lake Petén Itza, northern Guatemala; (8)
Cariaco Basin, offshore northern Venezuela; (9) Cordillera Central, Dominican Republic. (c)
Lithological log of core MD02-2553 between 0 and 360 cm showing the sedimentological

characteristics and radiocarbon ages (Poore et al., in press).
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Fig. 2. Sedimentation rates of the Pigmy Basin (cores MD02-2553) in the GOM during the
Glacial-Holocene transition. The Younger Dryas (YD) from 12.9 to 11.6 ka and Belling—
Allered warming (B—A) from 15.4 to 12.9 ka are indicated. Data from 10 to 15.2 ka from
Montero-Serrano et al. (2009). Inset in left shows age model for core MD02-2553 based on
16 AMS 14C dates from mixed planktic foraminifers (Poore et al., in press), converted to
calendar ages (Table 1). Depth in centimeters was converted to calendar age by linear

interpolation (1 ka=1000 cal yr BP).
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indicated in gray bands.
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intervals are indicated in light gray bands.
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as a fraction of the area during the last glacial maximum (LGM), adapted from Shuman et al.
(2005); (b) palynological records from Chesapeake Bay, northeastern USA (Willard et al.,
2005); (c) episodes of late Holocene aridity (based in positive 8"°C excursions) recorded by
stalagmites from Devil's Icebox Cave, central Missouri, USA (Denniston et al., 2007); (d)
isotopic analysis of soil organic carbon (A%C4) in the North American Great Plains (Nordt et
al., 2008). A%C4 is derived from the equation ASCs=8"C4 buricd soi=0 " Cca modern latitudinal
(see Nordt et al., 2008 for procedural details). (e¢) Smectite/(Illite+Chlorite) ratio from the
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Cordillera Central (Dominican Republic; Kennedy et al., 2006) and Cariaco Basin (offshore

northern Venezuela; Haug et al., 2001); (b) oxygen isotope data from Lake Miragoane (Haiti,
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Hodell et al., 1991). Original radiocarbon scale was converted to calendar year scale using
CALIB 5.0.2 (Stuiver and Reimer, 1993); (c) composite records of sea-surface temperature
(SST, °C) from GOM; core MD02-2550 from LoDico et al. (2006), core MD02-275 from
Niirnberg et al. (2008) and core PBBC-1 from Richey et al. (2007); (d—e) mineralogical and
geochemical proxies from the core MD02-2553; (f) relative abundance of the warm water
species G. sacculifer in the northern GOM (core MD02-2553; Poore et al., in press).
Variations in the G. sacculifer abundance in the GOM sediments are related to the influx of
Caribbean surface waters into the GOM (expansion of the Atlantic Warm Pool) and the
average position of the ITCZ (Poore et al., 2004). Based on a simple error propagation, error
on S/(I+C) ratio is about 6%. XRF core scanner analyses have accuracy better than 4%. The

smectite-rich intervals are indicated in gray bands.
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the last deglaciation (~14.7 ka; Dyke, 2004), showing a dominant origin from NW North
America for detrital particles delivered to the GOM via the Mississippi River (Montero
Serrano et al., 2009). (c—f) Generalized reconstructions of regional atmospheric circulation
patterns during the Holocene summer in the middle-latitude North America and their
paleoclimatic implications. (¢ and e) Configurations during the predominant wet periods in
central North America (10-8.9, 8-6.2, 5-3.8, 2.9-1.6, 0.8-0.3 ka). (d and f) Configurations
during predominant dry periods in central North America (8.9-8, 6.2-5, 3.8-2.9 and 1.6-0.8
ka). The Jet Streams denote the approximate boundaries of air masses from the tropical,
pacilc and polar-source regions and locations of the areas with the main moisture transfers
over the North American continent (adapted from Knox, 2000, 2003). The mean summer
position of the Bermuda High and the Thermal Low relative to North America are modified
from Forman et al. (1995) and Liu and Fearn (2000). Note that the mean latitudinal shifts of
the Intertropical Convergence Zone (ITCZ) and meridional extension of the Atlantic Warm
Pool (AWP) through the Holocene are monitored using paleoclimate records from the circum-
Caribbean region and the northern GOM (Fig. 8a—c, f). Red and dark shade represents a more

and less established AWP. Numbers at each site are as in Fig. 1a.
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Fig. 10. (a) Holocene glaciochemical record from the GISP2 ice (O'Brien et al., 1995;
Mayewski et al., 2004) compared with (b) clay mineral distribution [S/(I+C) ratio] from the
Pigmy Basin. Numbers in (a) and (b) represent tentative correlations between the
illite+chlorite-rich intervals of Pigmy sediments and intervals with high concentrations of
GISP2 sea-salt sodium (ssNa; shaded values from O'Brien et al., 1995). NW-NA:
northwestern North America, NE-NA: northeastern North America. Spectral analysis: (c)
Multi-Taper spectral analysis of the S/(I+C) ratio and GISP2 sea-salt sodium (ssNa). (d)
Cross-spectral analysis, based on the Blackman—Tukey method, between the S/(I+C) ratio and
GISP2 ssNa record. Lower panel: coherency spectrum. Upper panel: phase. All periodicities

signi!cant above 95% are labeled.



869  Table 1
870  Radiocarbon ages for core MD02-2553 (Poore et al., in press).

Core  Species T4C AMS '“CError Calibrated age  Calibarted error
depth age (+£yr)  (median, ka BP) (4 yr, 1 sigma)
(cm) (ka)

0 Mixed planktic 0 0 0

55 foraminifers 0605 40 0260 37

295 1360 40 0907 49

485 1.840 40 1370 54

9.5 2370 40 1993 60

1100 3265 40 3.102 7

1505 4020 40 4029 65

1755 4550 40 4765 57

2005 5075 40 5428 50

2100 5155 40 5523 43

2355 5865 40 6284 47

2505 6320 40 6.783 58

2745 6905 50 7420 51

2955 7.790 40 8259 52

3100 8520 40 9157 72

3305 8620 40 9307 65

3505 9170 40 9989 89
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