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functional groups into their structures, for example phenethyl,
cyclohexenyl, aminopropyl (information regarding zeolite NaY
with tethered cyclohexenylethyl groups is included in Supplemen-
tary information). Additionally, we have demonstrated not only
acid catalysis, but base-catalysed conversions. Finally, the organic
moieties may perform functions other than catalysis, for example,
synthesis of vicinal diols through oxidation of tethered cyclohexenyl
groups could be used as a chelating site for adsorbing metal ions
from solution. We believe that this synthetic method should be a
general method for high-silica molecular sieve syntheses, and
particularly syntheses mediated by F, so long as the SDA is
extractable and there exists sufficient intracrystalline space for
both the organic functional group and the SDA. Thus, organic-
functionalized molecular sieves should provide for new applications
of shape-selectivity. O
Methods

Catalytic reactions. For Table 1. Reactions were conducted in magnetically
stirred glass reactors at 70 °C for 24 h. The reactor was charged with 9 g toluene,
10 mmol of each reactant, and about 10 mg catalyst. Products were identified by
gas chromatography using authentic samples.

For Figure 3. Reactions were conducted in magnetically stirred glass reactors

at 70 °C. The reactor was charged with 10 g toluene, 10 mmol of reactants in the
case of HEX or 3 mmol in the case of PYC, and 13 mg catalyst. Samples were
taken periodically and analysed by GC/MS spectroscopy. Acid content of
catalyst: ~0.14 mmol H g™" catalyst.
Active site density. Beta/PETMS/SO;H (0.21g) was washed with 15ml
saturated NaCl solution at room temperature. The OFMS was removed by
filtration. Several drops of phenolphthalein solution were added to the filtrate
and then this solution was titrated with 0.001 M NaOH to neutrality. The
active-site density obtained from this method agreed well with the total mass of
organic material as determined by TGA, and elemental analysis for sodium.
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Palaeoclimate studies have revealed the general high-frequency
instability of Late Pleistocene climate—for example, the so-called
Dansgaard—Oeschger and Heinrich events—on timescales of a
few millennia, centuries or even decades'''. Here we present
evidence for a general relationship between low-latitude monsoo-
nal climate variability and the rapid temperature fluctuations of
high northern latitudes that are recorded in the Greenland ice
records. Sediment cores from the northeastern Arabian Sea show
laminated, organic-carbon-rich bands, reflecting strong mon-
soon-induced biological productivity, that correlate with the
mild interstadial climate events in the northern North Atlantic
region. In contrast, periods of lowered southwest monsoonal
intensity, indicated by bioturbated, organic-carbon-poor bands,
are associated with intervals of high-latitude atmospheric cooling
and the injection of melt water into the North Atlantic basin. Our
records suggest that Dansgaard—Oeschger and Heinrich events
are strongly expressed in low-latitude (monsoonal) climate vari-
ability, suggesting the importance of common forcing agents such
as atmospheric moisture and other greenhouse gases.

Today, the northern Arabian Sea is characterized by (1) warm and
highly saline near-surface waters originating from the Persian Gulf,
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Figure 1 Location of sediment cores off Pakistan. OMZ, oxygen-minimum zone
impinging on the continental slope between 200 and 1,200 m water depth (w.d.)
with contours in km. Labelled sites and key cores S0O90-88KL and SO90-93KL
(23°35'E, 64°13'E, 1,783 m and 1,802m w.d.), SO90-111KL (23°06’N, 66°29'E,
775 mw.d.), SO90-136KL (23°07' N, 66°30’ E, 568 m w.d.) are discussed in the text.
Inset map showing sites of youngest Toba ash occurrences between Toba
(Sumatra) and the northeastern Arabian Sea. ‘A’ indicates position of main map.
Open circles, localities from the Bay of Bengal, India (K indicates Kukdi) and
southern Malaysia (S indicates Serdang)®*® (H. R. Kudrass, personal commu-
nication); filled circles: Arabian Sea IIOE cores®.
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(2) high fluxes of both wind- and river-transported (Indus) terres-
trial sediment, and (3) high oceanic (monsoonal) surface-water
productivity and biogenic fluxes, leading to (4) a stable, mid-depth
oxygen-minimum zone (OMZ) at 200—1200 m water depth (Fig. 1).
The OMZ prevents bioturbation and favours the accumulation of
organic-carbon-rich, partly laminated or even varved sediments'
(here we will use TOC to denote total organic carbon). These
conditions offer a unique opportunity to study in detail the
variability of the tropical monsoonal circulation and marine
productivity on millennial to annual timescales during the last
glacial-interglacial cycle”. In contrast to the northwestern Arabian
Sea where a seasonal reversal in surface circulation occurs due to the
strong summer southwestern-monsoon winds (July—August) and
(less intense) northeastern winds during winter (December—
February), the seasonal variation of current directions is less distinct
off Pakistan. Although geochemical analyses show that the organic
matter fraction is predominantly of marine origin, the stable oxygen
isotopes of planktonic foraminifera in the surface sediments do not
show a clear upwelling signal of cool subsurface waters. We infer
that the seasonal productivity in the northeastern Arabian Sea is
temporally and spatially linked to the strong coastal and open-ocean
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upwelling cells off Oman by the lateral advection of nutrient-rich
waters from the southwest due to the anticyclonic surface gyre
during the summer months™.

The sediment cores taken from OMZ water depths along the
continental margin off Pakistan (Fig. 1) reveal a consistent pattern
of dark, TOC-rich, partly laminated intervals alternating with light-
coloured, TOC-poor, pteropod-rich, bioturbated intervals (Fig. 2).
TOC concentrations in the hemipelagic sediments of cores SO90-
88/93KL from the Murray ridge below the present OMZ are
generally much lower, and show significant variability only on the
longer-term, orbitally induced timescales. However, these cores also
document nearly identical high-frequency variability, seen in dis-
tinct peaks of pteropod debris and increased biogenic sand content
corresponding to the bioturbated, pteropod-rich and TOC-poor
intervals in the OMZ cores. Here we use the record of sonic velocity
(V) reflecting the bulk compositional changes in the sediment.
Based on geochemical and micropalaeontological investigations
and on the spatial distribution of laminated sediments from box
core tops from this area"’, we suggest that the multiple facies
changes in our cores reflect fluctuations in the intensity of
summer monsoonal productivity. Apparently, the oxygenation of
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Figure 2 Correlation of high-frequency climate variability for the past 65,000 years
between ice-core and marine-sediment-core records. a, Greenland GISP2 §'®0se
record’; b and ¢, two high-resolution (average sample resolution ~100yr) marine
TOC-records of cores SO90-111KL and SO90-136KL off Pakistan, based on a 1:1 fit
using the GISP2 chronology. Following the generalized lithology shown in d,
profiles from the centre of the OMZ are characterized by conspicuous alterna-
tions between dark-coloured, distinctly to indistinctly laminated, TOC-rich (black
in d) and light-coloured, bioturbated pteropod-rich and TOC-poor intervals (white
in d), indicating millennial- to centennial-scale variability of monsoonal surface
water productivity and bottom-water oxygenation. Numbers indicate Greenland
interstadials IS1-18, and equivalent Arabian Sea monsoonal events 1-18; H1-H6
indicate northern North Atlantic Heinrich meltwater events, coinciding with the
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deposition of bioturbated intervals in the Arabian Sea record. YD, Younger Dryas;
triangles in b and ¢ show AMS ™C dates. Total organic carbon (TOC, as
percentage of dry weight) contents were calculated from sediment colour
(grey-scale) measurements. Based on 138 and 136 paired samples, polynomial
regression equations revealed r? = 0.93 and s =0.35% for cores 111KL and
136KL/137KA™, respectively. For AMS dating, monospecific samples of planktic
foraminiferal species were mostly taken from the laminated sections where
biases due to bioturbational mixing can be ruled out. Radiocarbon ages were
calibrated to a calendar timescale® (except for the youngest sample™®), after a
correction of —-640yr for the local marine reservoir effect determined from varved
surface sediments. These data are available; see Supplementary information.
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bottom waters is directly influenced by these fluctuations resulting
in strong variations of the intensity of the OMZ during the last
glacial period.

Our records from the OMZ off Pakistan show striking similarities
with the record of 6'*0 from the Greenland GRIP and GISP2 ice
cores that documents extremely rapid fluctuations in air tempera-
ture in the high northern latitudes during the last glacial-inter-
glacial cycle. Generally, the light-coloured, bioturbated intervals
correspond to periods of extremely ‘light’ (**O-depleted) §'°0
values in the GISP2 ice core indicating cool air temperatures over
Greenland and the northern North Atlantic Ocean (Fig. 2). This
applies particularly for the six intervals of bioturbated, CaCO;- and
pteropod-rich sediments in the OMZ cores which can be correlated
to the Younger Dryas cool period at around 12,600 years Bp and to
the Heinrich events HI-H6 of ice-rafted detritus that were asso-
ciated with massive discharges of melt water into the North
Atlantic**. Conversely, the dark-coloured, indistinctly to distinctly
laminated intervals in the Arabian Sea sediments appear as equiva-
lents to all Greenland Dansgaard—Oeschger interstadials IS1 to
IS18. Similar to the Greenland ice record, there is a clear pattern
of two intervals of prominent triple peaks of high organic carbon
content, IS5, 1S6, 1S7, and 1S9, 1S10, IS11. Both triple peaks are
preceded by broader events corresponding to IS8 (Denekamp) and
IS12 (Hengelo). For the early marine oxygen isotope stage 3, stage 4

and the late stage 5 (Figs 2 and 3), bundles of intervals can be
grouped as equivalents to events IS13, IS14 (Glinde), IS15, IS16,
IS17 (Oerel), to 1S21 (Odderade), and to 1522, 1523, 1524 (Brerup)
according to the nomenclature of the northwest European inter-
stadial periods'. The Atlantic-type structure of the Bolling/Allerad
climate interval (IS1, a, ¢, e) consisting of three ‘cool’ and four
‘warm’ episodes' is also recorded.

High-frequency monsoonal variability in the properties of sur-
face waters is also documented in the stable-isotope record of the
near-surface-dwelling foraminiferal species Globigerinoides ruber
(Fig. 3b). The glacial to interglacial '°0 amplitude is ~2%o. The
global ice-volume effects of ~1.3%o leaves up to 0.7%. to be
explained by the local variability of water temperature of the
order of *3-4°C and/or salinity of *1-1.5%.. We observe a
strong long-term fluctuation in our record on the 23,000-year
precessional cycle of solar radiation, forcing the monsoons'®, as
broad 6'®0 maxima are centred around 20,000, 42,000, 64,000 and
87,000 yrsr. For instance, the broad mid-stage-3 maximum at
42,000 yr B is of regional significance and is not seen in the standard
marine 80 record that is used for global chronostratigraphic
correlation". Superimposed, further distinct millennial- to centen-
nial-scale 6'*0 maxima indicate periods of high surface salinity and/
or lowered temperature that are associated with the equivalents of
the Heinrich events seen in the Vj,-record. Conversely, nearly all
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Figure 3 Correlation of high-frequency climate variability for the past 110,000 yr
between ice-core and marine-sediment-core records. a, Greenland GISP2 5'80;..
record; b, the marine 80 stable-isotope record of the planktic foraminifer
Globigerinoides ruber; ¢, the record of sonic velocity (V/,) of sediment cores SO90-
88/93KL. Notation of interstadials IS1-1S24, YD, Heinrich events H1-H7 and
Arabian Sea equivalent events 1-24 follows Fig. 2. Italic numbers 7-5.3 indicate
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standard SPECMAP" oxygen-isotope stages. In cores 88KL and 93KL, shards
derived from the Toba mega-eruption occur at 620-624 and 623-627 cm core
depth, respectively, near the isotope stage 4/5 boundary, that is, between Green-
land interstadials 1IS19 and 1S20 as well as between Arabian Sea equivalents 19
and 20.
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interstadial equivalents seem to be related with minima in the §'*0
record. A series of similar century-scale §'*O-events at the glacial/
interglacial transition is reported from the northwestern Arabian
Sea, suggesting that the onset and intensification of southwest-
monsoonal circulation and surface water productivity occurred at
discrete steps at the end of the last glaciation'®, in phase with the
onset and subsequent events of deglacial warming in the high
latitudes”.

Confirmed by evidence from seventeen AMS-radiocarbon ages
and high-resolution stable-isotope stratigraphy we suggest that our
sediment cores show for the past 110,000 years a record of low-
latitude monsoonal variability to be correlated to the cool Younger
Dryas and Heinrich events H1-H7, and to the interglacial/
interstadial Holocene, Belling/Allerad and Dansgaard—Oeschger
IS1-1S24 climate intervals, respectively, seen in the Greenland
temperature record.

Our correlations are further supported by the identification of the
youngest Toba ash horizon in the Arabian Sea sediments, also
manifested as a distinct aerosol peak in the Greenland GISP2 ice
core ~71,000 years ago, between interstadials IS19 and 1520%. The
Toba eruption, the largest Quaternary volcanic eruption on Earth,
produced more than 800km® of rhyolitic bubble-wall shards and
pumice which were deposited during a few weeks covering at least
1% of the Earth’s surface with an extensive ash blanket*"*>. Owing to
the prevailing tropospheric jet streams, the youngest Toba ash was
mainly dispersed to the west-northwest. Up to now particles have
been traced from Malaysia to the Bay of Bengal up to western India,
~3,100 km from the source® > (Fig. 1). By careful inspection of our
records from the International Indian Ocean Expedition and off
Pakistan'>'*', the youngest Toba ash was identified in the Arabian
Sea cores IIOE-182KK and —202KK, in SO90-94KL, —100KL and
—104KL from the upper Indus fan, and in cores SO90-88 and
—93KL from the northeastern Murray ridge. These sites
extend the maximum distance of the Toba ash occurrences to
more than 4,000 km from the source and the area of the ash blanket
to >4 X 10°km®.

We investigated the composition of the volcanic particles in
Arabian Sea core SO90-94KL where a disseminated (bioturbated)
ash was found at 520 cm core depth consisting of fresh, transparent
bubble-wall shards and in Bengal fan core SO93-115KL (Fig. 1)
from a discrete 6-cm-thick ash layer (H. R. Kudrass, personal
communication). The chemical composition was determined by
analysing discrete glass shards by electron microprobe. The Arabian
Sea results show very similar major-element contents to the Bengal
fan samples, and correlate well with the composition from the distal
Bengal fan, western India, ODP Site 758 on the outermost Bengal
fan, as well as the most proximal ash at Malaysia. The chemical
results on the youngest Toba ash composition correlated from
Sumatra to the Arabian Sea are available (see Supplementary
Information).

In cores SO90-88/93KL, rhyolithic shards occur at narrow inter-
vals of a few centimetres near the boundary between marine isotope
stages 4 and 5 (Fig. 3), in a similar position to the records from the
Bay of Bengal®. As cores SO90-88/93KL are situated in an isolated
position on the Murray ridge, we can exclude downslope reworking.
We suggest that the glass shards were rapidly deposited as fallout
ash and then slightly disseminated due to bioturbational mixing.
Based on 6'®O stratigraphy we estimate ages of ~72,400 to
74,600 = 5,000 yr sr for the Toba ash in the Arabian Sea cores, in
good agreement with the ages centred at 74,000 = 2,000 yr sp based
on K/Ar, “Ar/”Ar, and fission trackdating of glass shards from
terrestrial outcrops®?*, In contrast, the SO; peak attributed to the
Toba mega-eruption in the GISP2 core from Greenland has been
attributed a slightly younger age of ~71,100 = 5,000 yr sp, using the
correlated age model from the two 8'*0j.-records of GISP2 and
Vostok®. However, the Toba ash as an isochronous stratigraphic
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far beyond the reach of radiocarbon dating (Fig. 3). In the GISP2-
record the Toba signal is placed at the late IS20; in cores SO90-88/
93KL the Toba ash occurs between the equivalent monsoonal events
19 and 20.

Our records from the northwestern Indian Ocean suggest that the
rapid Dansgaard—QOeschger- and Heinrich-style events known from
Greenland and the northern North Atlantic are a significant
component also of low-latitude climate variability during the past
110,000 years, due to millennial to centennial fluctuations in the
intensity of southwest monsoonal circulation. These rapid fluctua-
tions point to large-scale climate elements in the ocean—atmosphere
system interacting rapidly in the high and low latitudes. We suggest
that the record of mild interstadials found in the Greenland ice cores
reflect periods of global warmth, associated with high levels of
tropospheric moisture and other greenhouse gases®**. O
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