.

different geometry from that described by Wat-
son and Crick (Fig. 1a, b). Similarly, an alterna-
tive base-pairing geometry can occur for G«C
pairs. Hoogsteen pointed out that if the alterna-
tive hydrogen-bonding patterns were present
in DNA, then the double helix would have to
assumea quite different shape. Hoogsteen base
pairs are, however, rarely observed.

Nikolova and colleagues’ key finding' is
that, in some DNA sequences, especially CA
and TA dinucleotides, Hoogsteen base pairs
exist as transient entities that are present in
thermal equilibrium with standard Watson-
Crick base pairs. The detection of the transient
species required the use of NMR techniques
that have only recently been applied to
macromolecules®.

Why is this finding important? Hoog-
steen base pairs have, after all, previously
been observed in protein-DNA complexes’™
(Fig. 1c). But it has notbeen possible to deter-
mine whether Hoogsteen base pairs are pre-
sent in free DNA. Nikolova and colleagues’
study’ reveals that the ability to flip between
Watson-Crick and Hoogsteen base pairing
in free DNA is an intrinsic property of indi-
vidual sequences. This implies that some
proteins have evolved to recognize only one
base-pair type, and use intermolecular interac-
tions to shift the equilibrium between the two
geometries’.

DNA has many features that allow its
sequence-specific recognition by proteins.
This recognition was originally thought to
primarily involve specific hydrogen-bonding
interactions between amino-acid side chains
and bases. But it soon became clear that there
was no identifiable one-to-one correspond-
ence — that is, there was no simple code to
be read. Part of the problem is that DNA can
undergo conformational changes that distort
the classical double helix. The resulting varia-
tions in the way that DNA bases are presented
to proteins can thus affect the recognition
mechanism.

More significantly, it has become evident
that distortions in the double helix are them-
selves dependent on base sequence. This
enables proteins to recognize DNA shape in
a manner reminiscent of the way that they
recognize other proteins and small ligand
molecules. For example, stretches of A and
T bases can narrow the minor groove of
DNA (the narrower of the two grooves in the
double helix}, thus enhancing local negative
electrostatic potentials and creating bind-
ing sites for appropriately placed, positively
charged arginine amino-acid residues’.

Nikolova and colleagues’ discovery' that
DNA base pairs can so easily leave their
favoured Watson-Crick conformation comes
as a surprise. But viewed in another way, the
phenomenon is not so different from protein
side chains undergoing a conformational
change so as to optimize binding with another
protein. The real surprise where DNA is

concerned is that the constraints of the double
helix don't preclude this possibility. The pres-
ence of Hoogsteen base pairs in detectable
amounts — even in free DNA — therefore
provides a notable example of the remark-
able plasticity of the canonical double helix. It
also implies that, if DNA bases are regarded as
letters, each letter potentially has two mean-
ings that determine both hydrogen-bonding
patterns and structural variations in the double
helix.

Structural biologists have long recognized
that there is no second code in which certain
amino acids recognize complementary DNA
bases in protein-DNA interactions. Never-
theless, protein-DNA binding is still com-
monly thought of purely in terms of codes and
sequence motifs, rather than as the binding
of two large macromolecules that have com-
plex shapes and considerable conformational
flexibility'". Nikolova and colleagues’ discov-
ery reminds us that DNA offers proteins not
only an enticing linear alphabet, but also a set
of conformations that can be recognized in a
sequence-dependent way. Understanding how
the linear sequence of bases in DNA is recog-
nized by proteins is therefore a problem that
must be solved in three dimensions. This will
require structural, biochemical, genomic and
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computational studies on both naked double
helices and protein-DNA complexes.m
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old roughts in
New Mexico

Along climate record reveals abrupt hydrological variations during past
interglacials in southwestern North America. These data set a natural benchmark
for detecting human effects on regional climates. SEE LETTER P.518

JOHN WILLIAMS

dry place, and is likely to get drier this
century because of anthropogenic
climate warming. On page 518 of this issue',
Fawcett et al. provide a climate record from
deep in the past that will help in assessing the
future hydrological regime for the area.
Climate models consistently project
declines in winter precipitation for the
southwest, in response to rising greenhouse
gases as the subtropical dry zones expand
polewards®*. This precipitation decline,
combined with expected increases in evapo-
ration rates and reduced snowpack, would
severely strain the region’s capacity to adapt
to climate change. Moreover, the southwest is
historically prone to droughts, with six multi-
year droughts in the nineteenth and twenti-
eth centuries, including the infamous 1930s

Southwestern North America is a pretty

24 FEBRUARY 2011

Dust Bowl*. These droughts are linked to
yearly-to-decadal variations in sea surface
temperatures in the tropical Pacific, enhanced
by local soil-moisture feedbacks®. Further
understanding of the mechanisms of hydro-
logical variability, together with efforts to
limit societal vulnerability to climate change,
are priorities in global-change research®.
Palaeoclimatic studies have made an essen-
tial, if not particularly reassuring, contribu-
tion to this effort, by providing insight into
the natural behaviour of hydrological sys-
tems and a longer-term context for histori-
cal and projected changes. Tree-ring records
offer sobering evidence of widespread and
decades-long ‘megadroughts’ in the western
United States over the past several millennia
that dwarfed recorded historical droughts®.
Records spanning the past 11,000 years
(the Holocene interglacial) demonstrate
long-term shifts in southwestern monsoon
VOL 470
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Figurel | An aerial view of Valles Caldera, site of the lake sediments from which Fawcett et al.!
extracted their climate record.

intensity’. Fawcett et al.' now present a
beautifully detailed record of climatic vari-
ability between 370,000 and 550,000 years ago
from lake sediments at Valles Caldera, New
Mexico (Fig. 1). This time interval spans two
earlier interglacial periods, known as Marine
Isotope Stage (MIS) 11 and 13,

Among palaeoclimatic aficionados, MIS 11
is of great interest, because Earth’s orbital con-
figuration, and hence the insolation regime
(amount of solar radiation reaching Earth),
closely resembles that during the Holocene®.
Usually, interglacial periods are short, lasting
half of one precessional cycle (about 10,000
years), and end when summer cooling in the
Northern Hemisphere triggers a new round
of continental glaciations. However, during
MIS 11, Earth's orbit was nearly circular for
an unusually long time, dampening the effect
of precessional variations on seasonal insola-
tion and causing MIS 11 to last 50,000 years.
(MIS 13 is comparably long and hence also
of interest.) The similar orbital configura-
tion today raises the fascinating possibility
that, even without rising greenhouse gases,
the current interglacial might have another
40,000 years to go’. Thus, palaeoclimatic
records from MIS 11 offer unique insights
into the potential trajectory for the con-
temporary climate system, in the absence of
humanity’s effects.

Unfortunately, most MIS 11 records are
from Antarctic ice cores or marine sediments;
terrestrial records are scarce. The Valles Cal-
dera record is remarkable for the wealth of
palaeoclimatic proxy data collected by Fawcett
and colleagues'. The proxies include both new
geochemical indicators of past temperatures
and tried-and-true proxies for terrestrial
vegetation (pollen and §”°C [°C/**C]), lake
productivity (silica/titanium ratios) and

474 | NATURE | VOL

lake hydrology (total organic carbon and
calcium concentrations). The age model is well
constrained by a basal, radiometrically dated
ash layer and by palacomagnetic reversals
of known age, and the temporal resolution
is fine enough to resolve millennial-scale
climate variations.

The Valles Caldera record reveals three
warm and two cool stages within MIS 11,
with a 2 °C difference between stages. Warm
peaks probably correspond to peaks in
summer insolation,

The first warm stage (MIS 11e) is the
counterpart to the past 11,000 years, and its
trajectory is documented in exquisite detail.
MIS 11e began with a rapid 8°C warming,
increased abundances of vegetation such
as oak and juniper that prefer warm condi-
tions, and increased lake productivity. A few
thousand years later, abundances of grasses
with the C, photosynthetic system increased,
suggesting warm and at least seasonally wet
conditions. Simultaneously, however, the
Valles Caldera lake became hydrologically
closed (there were no outflowing streams), a
signal of negative water balance. This some-
what paradoxical result can be explained
by differing seasonal precipitation signals,
with the C, grasses responding to continued
summer precipitation and lake hydrology
responding to reduced winter precipita-
tion. Summer and winter precipitation
also diverged during the early Holocene,
probably due to the effects of insolation on
southwestern monsoon intensity'’.

The next phase within MIS 11e is the most
striking: abrupt shifts in §'*C and lowered
total organic carbon suggest a rapid collapse
of C, grasses and oxidation of lake sediments;
mud cracks in the sediments show that the
lake dried out. This arid episode lasted several

470 | 24 FEBRUARY 2011

thousand years, and apparently began and
ended abruptly. At least two other multi-
millennial dry periods occurred during
MIS 11, and higher-frequency variations in
total organic carbon and §"C hint at sub-
millennial hydrological variability during the
warm stages of MIS 11.

Mud cracks and low total organic carbon
also characterize much of MIS 13, implying
that this interglacial was similarly marked by
recurring episodes of high temperatures and
aridity. Interestingly, MIS 13 seems to have
been warmer and drier than MIS 11, despite
lower concentrations of atmospheric carbon
dioxide and methane during MIS 13 (refs 11,
12). This suggests that the larger variations in
insolation during MIS 13 strongly regulated
southwestern aridity.

What lessons can we draw from the Valles
Caldera record? First, in southwestern North
America, hydrological variability seems to
be the rule rather than the exception during
interglacial periods. Second, on timescales of
10’ to 10* years, orbital precession strongly
influences southwestern monsoon intensity
and seasonal precipitation. Third, insofar as
MIS 11 isa good analogue for the Holocene, we
should now be at a time roughly equivalent to
the transition between warm MIS 11e and cool
MIS 11d. If so, southwestern climates might
naturally be trending towards a somewhat
cooler and wetter stage — except that other

factors (us) are affecting climate. Knowing the

likely natural trends thus helps us to diagnose
the causes of twenty-first-century hydro-
logical trends. And perhaps, just perhaps,
these natural trends will partially mitigate
the projected drying in the southwest. m
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Extended megadroughts in the southwestern United
States during Pleistocene interglacials

Peter ], Fawcett’, Josef P. Werne?*® R. Scott Anderson®’, Jeffrey M. Heikoop®, Erik T. Brown®, Melissa A. Berke®, Susan J. Smith’,
Fraser Goff', Linda Donohoo-Hurley', Luz M. Cisneros-Dozal®, Stefan Schouten?, Jaap S. Sinninghe Damsté®, Yongsong Huang'’,
Jaime Toney®, Julianna Fessenden®, Giday WoldeGabriel®, Viorel Atudorei', John W. Geissman’ & Craig D. Allen"

The potential for increased drought frequency and severity linked
to anthropogenic climate change in the semi-arid regions of the
southwestern United States (US) is a serious concern'. Multi-year
droughts during the instrumental period® and decadal-length
droughts of the past two millennia'~ were shorter and climatically
different from the future permanent, ‘dust-bowl-like’ mega-
drought conditions, lasting decades to a century, that are predicted
as a consequence of warming®. So far, it has been unclear whether
or not such megadroughts occurred in the southwestern US, and, if
so, with what regularity and intensity. Here we show that periods of
aridity lasting centuries to millennia occurred in the southwestern
US during mid-Pleistocene interglacials. Using molecular palaeo-
temperature proxies® to reconstruct the mean annual temperature
(MAT) in mid-Pleistocene lacustrine sediment from the Valles
Caldera, New Mexico, we found that the driest conditions occurred
during the warmest phases of interglacials, when the MAT was
comparable to or higher than the modern MAT. A collapse of
drought-tolerant C; plant communities during these warm, dry
intervals indicates a significant reduction in summer precipitation,
possibly in response to a poleward migration of the subtropical dry
zone. Three MAT cycles ~2 °C in amplitude occurred within
Marine Isotope Stage (MIS) 11 and seem to correspond to the
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muted precessional cycles within this interglacial. In comparison
with MIS 11, MIS 13 experienced higher precessional-cycle ampli-
tudes, larger variations in MAT (4-6 °C) and a longer period of
extended warmth, suggesting that local insolation variations were
important to interglacial climatic variability in the southwestern
US. Comparison of the early MIS 11 climate record with the
Holocene record shows many similarities and implies that, in the
absence of anthropogenic forcing, the region should be entering a
cooler and wetter phase.

The hydroclimatology of the southwestern US shows significant
natural variability including major historical droughts'. Models of
climate response to anthropogenic warming predict future dust-
bowl-like conditions that will last much longer than historical
droughts and have a different underlying cause, a poleward expansion
of the subtropical dry zones®. At present, no palaeoclimatic analogues
are available to assess the potential duration of aridity under a warmer
climate or to evaluate its effect on the seasonality of precipitation.

Here we present a high-resolution climate record from an 82-m
lacustrine sediment core (VC-3) from the Valles Caldera (Fig. 1) that
spans two mid-Pleistocene glacial cycles from MIS 14 to MIS 10
(552kyr ago to ~368 kyr ago; see Supplementary Information).
MISs 11 and 13 are long interglacials that may have been as warm as

Longitude
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epmpe

35.8055° N

Valles Caldera area

Figure 1| Location map of the Valles Caldera. a, Location in northern New Mexico. b, Digital elevation model of the Valles Caldera showing the location of
South Mountain rhyolite, Valle Grande, the drilling location of core VC-3 (black square) and a photograph of the drilling site.
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the Holocene epoch, and MIS 11 is a good analogue for future natural
climate variability with similar, low-amplitude precessional cycles®’.
We used novel organic geochemical proxies (the cyclization ratio of
branched tetraethers (CBT, related to pH) and the methylation index
of branched tetraethers (MBT, related to temperature and pH>®)) to
reconstruct the annual MAT of the Valles Caldera watershed, and
compared these with proxies of hydrologic balance to evaluate the
relationship between warmth and aridity.

Interglacial MATSs in the VC-3 record range from ~0 to 7 °C, with
the highest temperatures occurring in MIS 13 and early in MIS 11
(Fig. 2). The highest temperatures (5-7 °C) are similar to modern
MATS, of ~5 °C. The glacial stages have multiple millennial-scale tem-
perature oscillations with amplitudes as large as 7 °C; approximately
seven oscillations are preserved in MIS 12 (B1-B7), three in late MIS 14
(C1-C3) and one in early MIS 10 (A1), The frequency of these oscilla-
tions (2-10kyr) is similar to those recorded in contemporaneous
Atlantic Ocean sediment records’. All VC-3 stadials correlate with high
percentages of Picea + Abies pollen, whereas interstadials have lower
Picea + Abies pollen percentages and many correlate with local max-
ima in Juniperus and Quercus (Fig. 2). Increased percentages of
Cyperaceae (sedge) pollen during several interstadials suggest a
shallower lake rimmed by a broad marshy zone, which would have
been minimized during stadials, when the lake was deeper. Interstadial
shallowing probably resulted from increased evaporation and/or a
reduction in the winter precipitation that dominates regional glacial-
stage precipitation'”.

Glacial terminations VIand V in the VC-3 record show temperature
increases of ~7 and ~8°C, respectively, The 8"*C record of TOC
(Fig. 2) shows negative isotopic shifts of 2.5-3.5% at the terminations
that we interpret as biotic responses to global increases in atmospheric
CO,, similar to the Termination I 8'*C response in Lake Baikal''.

We subdivide MIS 11 into five distinct substages, three warm and
two cool, on the basis of MAT estimates, warm (lower-elevation)
versus boreal (higher-elevation) pollen taxa, and variation in aquatic
productivity proxies (Fig. 2). The warm substages (MISs 11a, c and ¢)
are separated by intervals in which the temperature is ~2 °C lower
(MISs 11b and d). Although these small temperature variations are
within the error limits of the MBT/CBT calibration, their timing is
supported by decreases in warm pollen taxa and increases in boreal
pollen taxa (with the exception of MIS 11a). The warmest substage,
MIS 11e, occurs early in the interglacial, and has peak MATs of 6-7 °C
and the highest percentages of Juniperus pollen. After MIS 11e, the
warm substages become progressively cooler.

The preservation of five MIS 11 substages in VC-3 is unusual. Most
published records recognize only three substages, although a weak MIS
11e was noted in the Lake Baikal biogenic silica record' and there are
three distinct (warm) peaks in MIS 11 pollen influx from Greenland
preserved in ODP Site 646 sediments'’, The VC-3 MIS 11a substage is
cooler than the extended warm phases of MIS 11, similar to other mid-
Pleistocene climate records'?, and is defined mainly by elevated lacus-
trine productivity (Si/Tiand TOC), more-positive 5'°C values, slightly
higher temperature estimates and a combination of Quercus, Picea and
Abies pollen that may not have a good modern climatic analogue.
Within the limits of the VC-3 age model and the calibration uncer-
tainty in the MBT/CBT proxies, the warm substages seem to corre-
spond to the three precessional peaks of MIS 11, suggesting that the
temperature response of this region to low-amplitude precessional
cycles is ~2 °C. On the basis of the MIS 11 orbital forcing similarity
with the Holocene, we suggest that in the absence of anthropogenic
forcing future southwestern US climate should see a cooling of ~2 °C
relative to the early Holocene.

Large parts of MIS 13 seem to have been warmer than most of MIS
11, as shown by MATs of up to 7 °C, higher Juniperus pollen percen-
tages and the absence of Picea -+ Abies pollen (Fig. 2). Only MIS 11e
had temperatures approaching the peak warmth of MIS 13. Other
Northern Hemisphere records suggest that MIS 13 was warmer than
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Figure 2 | Multi-proxy profiles of VC-3 plotted versus calendar age. Age
model age-depth tie points are shown as arrows at the top and possible
sedimentary hiatuses are indicated by positions of mud cracks (below). Shading
indicates interglacial periods including odd-numbered MISs 11 and 13 and
substages within MIS 11 (a, c and €). a, June insolation at latitude 30° N (ref. 6).
b, Quercus (warm) pollen percentages. ¢, Juniperus (warm) pollen percentages.
d, MAT estimates from MBT/CBT, with data size marker equivalent to 2°C
(blue). Red line shows the modern MAT, of 4.8 °C, in the Valle Grande. MBT/
CBT temperature estimates have an absolute uncertainty of 5 °C based on
uncertainties in the global calibration (see further discussion in Supplementary
Information). Millennial-scale events within the three glacial periods, defined
by local maxima in MAT and Cyperaceae and local minima in Picea and Abies,
are indicated (A for MIS 10, B for MIS 12 and C for MIS 14). e, Picea + Abies
(boreal) pollen percentages. f, Cyperaceae pollen percentages; mud cracks
indicated with orange diamonds. g, SifTi ratios from core scanning X-ray
fluorescence (XRF). Large peaks in MIS 14 correspond to pumiceous gravels,
h, Total organic carbon (TOC). i, §"*Croc = ((*C/*C)ammpie/
(PCI™Chyuandgara — 1) X 1,000%o, relative to the Vienna PeeDee Belemnite
(VPBD) standard. j, Watershed soil pH estimate from CBT. k, Calcium
concentration in sediments from core scanning XRF,

MIS 11'**, and a smaller Greenland ice sheet'” and a lack of ice rafting
in the North Atlantic® also indicate Northern Hemisphere warmth
during MIS 13, although not necessarily more than during MIS 11.
In contrast, Southern Hemisphere records uniformly show a cooler
MIS 134,

The higher MIS 13 temperatures in the southwestern US occur
despite lower interglacial values of atmospheric CO, and CH, (ref. 17).
However, the amplitude of precessional cycles and, hence, extremes in
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Northern Hemisphere insolation were larger in MIS 13 than MIS 11¢
and may have led to higher continental temperatures during parts of
MIS 13. Temperature variability during MIS 13 was as much as 6 °C,
which is significantly larger than that during MIS 11 (Fig. 2). In com-
bination with the apparent precessional timing of MIS 11 warm sub-
stages, this suggests that the southwestern US responded more strongly
to insolation variations than to interglacial trends in greenhouse gases
or global ice volume.

Mud cracks present in the warmest phases, MIS 11e and MIS 13, are
unambiguous indicators of drier conditions. One 70-cm mud crack
occurs within MIS 11e, and ~3 m of section within the upper portion
of MIS 13 sediments contains multiple, centimetre-scale mud cracks,
making this portion of the VC-3 age model less certain (Fig. 2). Also,
the presence or absence of calcite in VC-3 sediments provides a con-
tinuous indicator of closed-basin or, respectively, open-basin condi-
tions in the lake, No calcite precipitated during freshwater open-basin
conditions, whereas during drier (closed-basin) conditions, evaporative
concentration led to calcite precipitation and preservation. XRF core
scanning results show two intervals with high calcium concentrations
during MISs 11eand MIS 13 (Fig, 2) that correlate with elevated (1-2%)
total inorganic carbon (not shown), whereas core sections with low
calcium concentrations have essentially no total inorganic carbon.
Significant increases in calcium mark the onsets of closed-basin condi-
tions coincident with rapid temperature increases a few thousand years
after Terminations V and VI (Fig. 2). Mud cracks develop later within
these closed-basin periods.

Long-term changes in watershed hydrology are also reflected in the
CBT-derived soil pH record. Changes in soil pH are assumed to reflect
changes in total precipitation'®; greater soil leaching and acidification
occurs with more precipitation, whereas drier conditions result in
weaker soil acidification. The most alkaline soils occur within the
interglacial mud-cracked facies (Fig. 2) and are more basic for longer
periods in MIS 13. In contrast, soil pH shows a progressive acidifica-
tion through MIS 12, consistent with progressively wetter conditions
through that glacial stage, and possibly also caused by increases in
boreal tree vegetation,

During MIS 11e, Si/Ti (a proxy for diatom productivity) is initially
very high and then declines to average interglacial values, whereas
TOC increases to ~5% in MIS 11e and is also high during earl;r MIS
11d and MISs 11c and 11a. After the glacial termination, " Croc
rapidly increases to ~—20%, indicating an expansion of C, plants
in the watershed and higher lacustrine productivity levels'. Increases
8"Croc also occurs in MISs 11c and 11a, and early in MIS 11d.
Continued high Si/Ti, TOC and more-positive 8"2Croc values during
early stages of closed-basin conditions in MIS 11e and MIS 13 indicate
periods of robust summer precipitation and productivity related to
insolation forcing of monsoon strength, even as reduced winter pre-
cipitation led to less precipitation overall and closed-basin conditions.

Mud-cracked facies in MIS 11e and MIS 13 are characterized by
negative shifts in 8'>Croc of 6-7%0 and dramatic decreases in per-
centage TOC (Fig. 2). Si/Ti ratios, however, remain elevated relative to
glacial values, suggesting that low percentage TOC values are due to
organic degradation in shallow, oxidized sediments rather than lower
aquatic productivity. The large negative shifts in §"*Croc are best
explained by a collapse of the interglacial C; plant community.
Variations in C; and C4 plant communities are a complex function
of temperature, atmospheric CO,, and growing-season precipita-
tion®*?'. These dry intervals include some of the highest MATs in
the VC-3 record that should favour C; plants, and the relatively high
interglacial levels of atmospheric CO, during MISs 11 and 13 vary by
less than 20-30 p.p.m.v. Thus, the best explanation for the decline of
C, plants in the watershed is a significant decrease in summer precipi-
tation. In contrast to the early interglacial closed-basin phases where
significant C; plant growth provided evidence for robust summer
precipitation, we interpret the extended arid periods later in MIS 11e
and MIS 13 to be the result of greatly reduced summer precipitation.
520 | NATURE |

VOL 470 | 24 FEBRUARY 2011

Following the aridity of MIS 11e, the lake expanded during MIS 11d as
shown by well-laminated sediments and open-basin conditions (low
calcium values). Despite this interval being ~2 °C cooler, sufficient
summer rainfall early in MIS 11d allowed renewed C, plant growth.

Northern New Mexico at present receives ~40-50% of its annual
precipitation total during the summer monsoon®. During the warmest
phases of the interglacials, we would expect greater summer precipi-
tation, as the monsoon is primarily driven by land surface heating™.
Indeed, linkages among interglacial warmth, robust summer precipi-
tation and precessional variations are indicated by the presence of C;
plants in early MIS 13, early MIS 11e and MISs 11c and 11a, when
MATSs were similar to or slightly less than modern values, but the
warmest intervals did not have robust summer precipitation. As possible
analogues for interglacial aridity, both historical droughts and pre-
historical megadroughts were characterized by reductions in winter
precipitation as a consequence of more-frequent La Nifa events2***,
with summer precipitation reduced also.

In contrast, the extended arid episodes (centuries to millennia) of
MIS 1le and MIS 13 lasted much longer than pre-historical mega-
droughts. An analogous relationship between peak interglacial warmth
and extended aridity was also noted in a mid-Holocene bog record from
the margin of the Valles Caldera®, Here, ~2 kyr of desiccation occurred
contemporaneously with the highest temperatures of the Holocene in
the southwestern US* and with the northernmost extent of the inter-
tropical convergence zone in the Gulf of Mexico™. The timing of this
dry episode in the Holocene interglacial following the deglaciation is
very similar to that of the arid episode in MIS 11e; subsequent late-
Holocene conditions became wetter in the southwestern US, with
increased winter precipitation® similar in timing to wetter conditions
during MIS 11d in the VC-3 record.

The strong correspondence between the warmest temperatures and
extended aridity during at least three interglacials (MIS 13, MIS 11e
and the early Holocene) in the southwestern US suggests a stable
climate state fundamentally different from conventional drought con-
ditions. These periods of aridity are related to lower winter precipita-
tion (as mid-latitude westerlies shifted polewards during warmer
periods), but reductions in summer precipitation seem to be critical
to their development. Unlike the temporary summer blocking high
over the southwestern US thought to partly explain the 1950s
drought®, these longer periods of aridity indicate a more permanent
change in atmospheric circulation. Climate model analysis shows that
the dust-bowl-like conditions predicted for the southwestern US over
the next century in response to anthropogenic warming arise from a
poleward shift of the mid-latitude westerlies and the poleward branch
of the Hadley cell’. This response to warming is not transient and
would result in a more arid southwestern US as long as the underlying
conditions (warming) remained in place. Our palaeoclimate record
shows that extended interglacial aridity is strongly linked to higher-
than-modern temperatures and reduced summer rainfall, and we
suggest that a similar expansion of the subtropical dry zone has
occurred several times in the past in response to natural warming,
even though MIS 11 and MIS 13 had different orbital and atmospheric
CO; forcings. Our results strongly indicate that interglacial climates in
the southwestern US can experience prolonged periods of aridity,
lasting centuries to millennia, with profound effects on water avail-
ability and ecosystem composition. The risk of prolonged aridity is
likely to be heightened by anthropogenic forcing'*.

METHODS SUMMARY

Measurement of fossil branched glycerol dialkyl glycerol tetraether (GDGT) mem-
brane lipids from soil bacteria were conducted at the Royal Netherlands Institute for
Sea Research (NIOZ) and Brown University following procedures outlined in
Supplementary Information. At NIOZ weanalysed GDGTs on an Agilent 1100 series
LC-MSD SL, and at Brown University we analysed GDGTSs onan HP 1200 series LC-
MS. Both labs used an Alltech Prevail Cyano column (2.1 X 150 mm, 3 pm) with the
same solvent elution scheme and instrument operating conditions. GDGTSs were
detected using atmospheric-pressure chemical jonization mass spectrometry. All



liquid chromatography/mass spectrometry runs were integrated at NIOZ by the
same technician to ensure consistency. To evaluate the compatibility between the
Brown and NIOZ measurements, representative samples were analysed on both
machines and the resulting MBT/CBT indices were found to be identical within
analytical uncertainty.

Processing for pollen included suspension in KOH, dilute HCL, hydrofluoric
acid and acetolysis solution. The pollen sum included all terrestrial pollen types;
Cyperaceae percentages were calculated outside the sum, We identified pollen
grains to the lowest taxonomic level using the modern pollen reference collection
at Northern Arizona University. Analysis for organic carbon elemental concen-
trations and §"*Croc included samples being dried, ground and pretreated twice
with 6 N HCL at 60 °C to remove the carbonate fraction, TOC and 8"*Crpe were
analysed using a Costech Elemental Analyser coupled to a Thermo-Finnigan Delta
Plus isotope ratio mass spectrometer. The bulk elemental composition of core VC-
3 sediments was determined using an ITRAX X-ray Fluorescence Scanner (Cox
Analytical Instruments). XRF scanning was conducted at 1-cm resolution with 60-
s scans using a molybdenum X-ray source set to 30kV and 15 mA.
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Seismic tremors and magma wagging during

explosive volcanism

A. Mark Jellinek! & David Bercovici*

Volcanic tremor is a ubiquitous feature of explosive eruptions.
This oscillation persists for minutes to weeks and is characterized
by a remarkably narrow band of frequencies from about 0.5 Hz to
7 Hz (refs 1-4). Before major eruptions, tremor can occur in con-
cert with increased gas flux and related ground deformation®~,
Volcanic tremor is thus of particular value for eruption forecast-
ing®®, Most models for volcanic tremor rely on specific properties
of the geometry, structure and constitution of volcanic conduits as
well as the gas content of the erupting magma. Because neither the
initial structure nor the evolution of the magma-conduit system
will be the same from one volcano to the next, it is surprising that
tremor characteristics are so consistent among different volcanoes.
Indeed, this universality of tremor properties remains a major
enigma. Here we employ the contemporary view that silicic magma
rises in the conduit as a columnar plug surrounded by a highly
vesicular annulus of sheared bubbles”’®, We demonstrate that, for
most geologically relevant conditions, the magma column will
oscillate or ‘wag’ against the restoring ‘gas-spring’ force of the
annulus at observed tremor frequencies. In contrast to previous
models, the magma-wagging oscillation is relatively insensitive to
the conduit structure and geometry, which explains the narrow band
of tremor frequencies observed around the world. Moreover, the
model predicts that as an eruption proceeds there will be an upward
drift in both the maximum frequency and the total signal frequency
bandwidth, the nature of which depends on the explosivity of the
eruption, as is often observed.

The main characteristics of volcanic tremor depend strongly on
whether a volcano is erupting explosively and on the intensity of the
event (Fig. 1). Long before an eruption, tremor is ‘narrow-band’ (about
0.5-2 Hz and sometimes monochromatic or harmonic). On transi-
tions to active volcanism, however, the maximum frequency can climb
to 5-7 Hz (refs 1-4) (Fig, 1c and d). Moreover, whereas tremor related
to low-intensity volcanism remains narrow-band, tremor associated
with intermittent or protracted explosive behaviour is ‘broadband’,
characterized by power distributed over the full ~0.5-7 Hz tremor
bandwidth.

A successful model for volcanic tremor must ultimately explain its
excitation, longevity and restricted frequency bandwidth, as well as its
evolution in spectral character over changes in eruption style (Fig. 1).
Such an endeavour is difficult because the signal can include contribu-
tions from the source region (‘source effects’) and the magma-filled
conduit system through which seismic waves propagate (‘path
effects’)""'""°, Previous modelling efforts suggest that tremor can be
driven and modulated by processes related to time-dependent mech-
anical coupling of ascending magma to the conduit walls'*'*, unsteady
stirring in a gas-rich magma®'*", and the interaction of ascending
magma with irregularities in the conduit diameter and wall structure,
such as constrictions'® and cracks™'®.The initial signal bandwidth and
its upward drift with volcanism might be related to time-varying path
effects, such as the gas content, bubble size distribution and bubble
nucleation depth in the magma, as well as the height and average

diameter of the conduit™!'-'*', Alternatively, time-dependent source
effects—including the location, shape and structure of cracks of vari-
ous class within the conduit walls, which act as ‘resonators™*°, and the
depth of seismicity related to brittle failure in the magma itself’**'**—
may influence the signal at the surface. A challenge for these models is
that the structure and constitution of magma-conduit systems need
not be similar from one volcano to the next before or during an
eruption. Indeed, differences among the styles of conduit erosion***
and magma degassing’ would be predicted to produce large variations
in the tremor signal bandwidth that are not observed (Fig. 1). In
addition, it is not clear why the signal climbs in frequency but remains
almost harmonic for low-energy events whereas it becomes broadband
on transitions to Vulcanian or Plinian eruptive styles (Fig. 1).

Although the magma-conduit system may vary among volcanoes,
for silica-rich magmas characteristic of explosive systems, experiments
and calculation show that the magma—a mixture of very viscous melt,
crystals and bubbles—rises as a stiff columnar plug that is highly
sheared by viscous drag at the conduit walls', In these systems bubbles
and crystals do not move relative to the melt and impart a strain-rate-
dependent rheology to the magma mixture'®. In particular, depending
on the gas content of the magma, shear strains are localized near the
walls as a result of the preferential deformation of essentially inviscid
bubbles, which causes the magma to flow as a plug. The depth H over
which a plug flow is appropriate depends on the crystal content and the
concentration and solubility of volcanic gas (primarily H,O) and is of
the order of a kilometre'®*', A key consequence of this plug flow is that
the zone of sheared bubbles at the conduit wall develops into a thin,
highly vesicular, permeable and compressible ‘annulus’ enveloping a
‘stiff’ central magma plug (Fig. 2)*'°***¢, Textural analyses of pumice
from effusive and explosive eruptions*’** show that the sheared and
elongated bubbles within the annulus form a partially connected tube-
like network with porosity ¢, of 30-90% (Fig, 2). Thus, the annulus is
also permeable”*", so that gas can ascend relative to the magma column
near the conduit wall>*. Indeed, observations of rings of gas rising
around the edges of active volcanic vents® (Fig. 2) suggest the presence
of such a permeable annulus through which gas is transported.

Given the magma column-annulus structure, volcanic tremor
would be a plausible consequence of the magma column rattling or
wagging inside the bubble-rich annulus, In particular, lateral displace-
ments of the column from a resting position in the centre of the
conduit will compress or dilate the annulus, depending on which
way the column is displaced. The annulus is essentially a semi-
permeable springy foam that acts to restore the magma column to
its resting position; however, the column’s inertia causes it to overshoot
that position, in which case an oscillation emerges and the column
‘wags’ back and forth. The corresponding gas-pressure fluctuations in
the annulus are transmitted to the walls, giving rise to the tremor
observed with seismometers and infrasound sensors at the surface.

A theoretical model describing a magma column oscillating within a
compressible annulus is presented in the Supplementary Information.
The essential physics of magma wagging is, however, captured by a
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