From these observations we conclude the
following. First, unmyelinated afferent fi-
bers of the somatic nerves follow general
rules for central termination that also apply
to myelinated fibers. (i) The termination of
the functionally defined kinds of sensory
unit appears in a specific region of the spinal
gray matter; (ii) the termination pattern of
each functionally defined kind of C-fiber
sensory unit appears to be characteristic,
although regional differences in spinal cord
organization, such as those distinguishing
cervical from lumbar levels, can influence
the pattern. Second, the superficial layers of
the spinal dorsal horn—particularly lamina
II, the substantia gelatinosa—appear to be
the main projection zone for unmyelinated
primary afferent fibers from the skin.
(Whether this area is also a termination zone
for C-afferent units from visceral and other
subcutaneous tissues is unknown.) This re-
sult is consistent with deductions based on
indirect evidence from classical morphologi-
cal analyses and correlations between func-
tional properties and dendritic arborization
of spinal neurons (8, 11). Third, a given

unmyelinated primary afferent fiber in a
central termination zone can have signifi-
cantly different size enlargements appearing
along its course. The size variation may be in
the en passant enlargements themselves or
between the terminal bouton and the en
passant varicosities, a point noted in the past
for one type of myelinated sensory axon (9).
Some en passant enlargements along a col-
lateral were noted to be 0.5 um in diameter
while others were over 2 um in diameter.
Not all branches of an arborization showed
such variation in enlargement size. The lat-
ter observation suggests that different kinds
of synaptic contacts may be made by a given
fiber.
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The Little Ice Age as Recorded in the
Stratigraphy of the Tropical Quelccaya Ice Cap

L. G. THoMPSON, E. MOSLEY-THOMPSON, W. DANSGAARD,

P. M. GROOTES

The analyses of two ice cores from a southern tropical ice cap provide a record of
climatic conditions over 1000 years for a region where other proxy records are nearly
absent. Annual variations in visible dust layers, oxygen isotopes, microparticle concen-
trations, conductivity, and identification of the historical (A.D. 1600) Huaynaputina
ash permit accurate dating and time-scale verification. The fact that the Little Ice Age
(about A.D. 1500 to 1900) stands out as a significant climatic event in the oxygen
isotope and electrical conductivity records confirms the worldwide character of this

event.

N 1983 TWO ICE CORES, ONE 154.8-M

summit core containing a record of

1350 years and another 163.6-m core
(core 1) containing a record of 1500 years,
were recovered from the Quelccaya ice cap
(13°56'S, 70°50'W) with a solar-powered
drilling system. About 6000 samples, cut
from pits, shallow cores, and the two deep
cores were melted in closed containers by
passive solar heating in a laboratory tent,
placed in polyethylene bottles, sealed with
wax, and shipped to Ohio State University.
Samples were divided so that microparticle
concentrations, size distributions, conduc-
tivity, and oxygen isotope (3'30) measure-
ments could be made on identical samples.
Total B radioactivity and pollen and chemi-
cal analyses were conducted for 1500 sam-
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ples. The microparticle and conductivity
measurements were made under class 100
clean-room conditions at the Ohio State
University, and 8'0 analyses on the sum-
mit core were conducted at the University of
Copenhagen and on core 1 at the University
of Washington. We discuss the 1000-year
record, since A.D. 1000, of microparticle
concentrations, conductivities, and oxygen
isotopes (1-3).

Dating of the ice cap cores was accom-
plished by using several stratigraphic fea-
tures that exhibit seasonal variability. The
initial age for the bottom of the ice cap was
estimated from flow-model calculations (4)
that depend heavily on initial assumptions
and boundary conditions. Alternative strati-
graphic dating of the core was made possible

in the field by examination of visible annual
dust layers (Fig. 1) (I). The thickness of the
annual layers ranged from 1.24 m (ice
equivalent) at the surface to 0.01 m at the
base. In both cores, the visible stratigraphy
was complemented by the preservation of
annual variations in microparticle concentra-
tions, conductivity, and oxygen isotope ra-
tios (Fig. 1). The combination of ice core
parameters exhibiting seasonal cycles allows
clarification of ambiguous features and re-
sults in the most reliable time scale. Further
time scale refinement results when the two
core records are compared.

In general, visible dust layers, characteris-
tic of the dry season (3), are associated with
high microparticle concentrations, less nega-
tive 8'%0 ratios, and high conductivities.
Increased dry-season particle concentrations
are attributed to (i) receipt of intense radia-
tion accompanied by little accumulation
(minor sublimation, which leaves the insolu-
ble particles concentrated at the surface); (it)
dominant wind direction from the west and
northwest, which transports material from
the high, dry altiplano; and (iii) higher dry-
season wind speeds, which facilitate entrain-
ment and transportation.
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Fig. 1. The stratigraphic parameters used to date the summit core (A) and
core 1 (B), 1775-1825. Annual signals are recorded in microparticle
concentrations (particles from 0.63 to 16.0 pm in diameter per milliliter of
sample), oxygen isotopes, conductivity (summit core only), and visible
stratigraphy. For stratigraphy, a single solid line represents a normal dry-
season dust layer; a single dashed line and a double dashed line represent very
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light and light dust layers, rcspcctivcl}r. Series of x’s symbolize diffuse dry-
season layers. The most negative 3'*0 values measured in both cores
occurred between July 1819 and July 1820 after a series of years when the
wet-season $'%0 values were unusually negative, possibly reflecting a global
perturbation caused by the 1815 eruption of Tambora (17).
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The oxygen isotopic composition exhibits
an annual cycle with least negative values
associated with winter snowfall (5). Sum-
mer snow is isotopically light, although
occasional significant short-term 8'30 varia-
tions within a single year make it difficult to
identify annual cycles in the oxygen isotope
stratigraphy alone (3). This is also true for
the annual variations in microparticle con-
centrations and conductivity. Ambiguities in
identifying the annual signal from a single
parameter are resolved by integrating the
records.

The time scale has been verified by the
identification (in both cores) of an ash at-
tributed to Huaynaputina (16°35’S,
70°52'W), the largest historically recorded
volcanic eruption in southern Peru. During
the eruptive phase, 19 February to 6 March
1600 (6), there was total darkness for 7 days
in Arequipa (16°25’S, 71°32'W), 80 km to
the northwest, and houses collapsed under
the weight of ash accumulating on the roofs
(7). The ash was widely distributed (8) and
may have reached northward 3000 km to
Nicaragua. In the past 1000 years the Quelc-
caya cores record one prominent dust event
(Fig. 2), which is best shown by the major
increase in large (diameter =1.59 pum) insol-
uble particles.

An ash sample collected from an archeo-
logical site, Cerro Trapiche (17°11'S,
70°58'W), near Moquegua is thought to be
from the Huaynaputina eruption. The x-ray
energy-dispersive spectra (Trachor North-
ern) (Fig. 3, A-C) and scanning electron
microscope (Cambridge $4-10) micro-
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graphs (Fig. 3, D-G) show the similarities
between the volcanic ash from the archeo-
logical site (Fig. 3D) and that from both ice
cores (Fig. 3, F and G). Similarly, the
natural background material (Fig. 3E)
found throughout most of the Quelccaya
cores consists of rounded windblown clay
particles derived from the surrounding alti-
plano. In the energy-dispersive spectra (Fig.
3, A—C), the step graphs and dots represent
the archeological ash and ice core particu-

lates, respectively. For both cores, the com-
position of the volcanic material (Fig. 3, B
and C), consisting principally of glassy
shards (Fig. 3, F and G), is similar to the ash
collected at Cerro Trapiche (Fig. 3D),
whereas the spectrum for the background
material (Fig. 3A) is different. Initially from
visual stratigraphy, we dated this peak at
1597, but the final chronology from visible
stratigraphy, 3'%0 values, and microparticle
concentrations places the event at 1600. The

Particles Large particles Conductivity Accumulation 5180
(x 10%) (x 103) (uSem™ (m) (per mil)
0 400 800 1200 0 20 40 60 O 2 4 6 0 05 10 15 -22 -20 -18 —-16
1980 - ) S S i 1 L 5 1 1 1 1 P
1800 A E
|
1600 | ] * 1
5 4
° ,
>
1400
1200 | 1
1000 A 1 i

*Huaynaputina (Peru) eruption of 19 February-6 March 1600

Fig. 2. Decadal variations in microparticle concentrations (total particles =0.63 to 16.0 um and large
particles >1.59 um in diameter, per milliliter of sample), conductivity, oxygen isotopic ratios, and net
accumulation for the past 1000 years. The accumulation record is taken from core 1 (1). The solid line
represents the 1000-year average. The “Little Ice Age” (1500—1900) stands out clearly in the 3'*0 and
conductivity records as a major climatic event in tropical South America.

SCIENCE, VOL. 234



similarity in morphology and elemental
compositions, in conjunction with the date
of the ice layer containing the ash, leads us
to conclude that Huaynaputina is the source
of the volcanic particles preserved in the
1600 horizon of both ice cores.

Thus, annual variation in microparticles
and oxygen isotopes, along with the known
1600 Huaynaputina eruption, have been
used to refine the visual stratigraphic time
scale. The Quelccaya cores have been dated
back to 1500 with an estimated uncertainty
of +2 years and an absolute date at 1600.
The dating of the lower sections of both
cores is based solely on the visible dust layers
recorded in the field; it has an estimated
uncertainty of +20 years.

The Little Ice Age recorded in the North-
ern Hemisphere earlier in this millennium
was characterized by colder temperatures
and expanded glaciers. Its dates determined
from historical and proxy climate records
vary depending on location and observed
parameter. For example, the following Little
Ice Age intervals have been quoted (9-
11): 1430-1850, 1550-1800, 1550-1850,
1550-1700, and 1500-1800.

An obvious question is how well the

Huaynaputina
volcanic ash in
Quelccaya ice cores

larger-scale events are recorded in these
tropical ice cores. Figure 4A illustrates the
Northern Hemisphere decadal temperature
departures from the 1881-1975 mean (12),
compiled by Groveman and Landsberg (13),
from long temperature series including
Manley’s central England temperature re-
cord back to 1658 and from proxy data
including freeze records and tree rings be-
fore 1658. Therefore, uncertainties in this
record are larger in the earlier years (14).
The 8'80 decadal averages for summit core
and core 1 are shown in Fig. 4, B and C, as
departures from their respective 1880—1980
means. The excellent agreement (slope =
0.89 = 0.04, n = 40) between the two
8'%0 records for 40 decades suggests a lack
of glaciological noise, which implies that
much of the variability represents an atmo-
spheric input signal. In addition, the similar-
ity of the 8'®0 records confirms field obser-
vations of uniform accumulation at these
two sites.

Although inferences about temperature
from 8'%0 records must be made cautiously
(as 8'®0 also reflects changes in both water-
vapor history and snow surface processes),
and, although the average decadal §'*%0

Fig. 3. (A—C) X-ray energy-dispersive spectra. (D—G) Scanning electron microscope micrographs. (D)
Huaynaputina ash from an archeological site. (E) Particulates from 1592, representing a pre-
Huaynaputina horizon in summit core. (F) The 1600 ash layer from the summit core. (G) The 1600 ash
layer from core 1. In all elemental comparisons (A—C) (18), the archeological Huaynaputina ash is
illustrated by the step graph and the material from the ice cores by the dots. These data show (i) the
marked difference in structure and elemental composition between the Huaynaputina ash and the
natural background particulates derived from the surrounding altiplano and (ii) the identical character-
istics of the material collected at the archeological site and that recovered from the 1600 horizon in both

Quelccaya cores.
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Fig. 4. Decadal temperature departures (from the
1881-1975 mean) in the Northern Hemisphere
(13) from 1580 to 1975 compared with decadal
average 3'80 values for both Quelccaya ice cores.
The dashed line is the 1880-1980 mean.

values reflect mainly summer atmospheric
conditions [as more than 80% of the annual
precipitation falls in the wet season (15)],
the Northern Hemisphere mean tempera-
ture dcgartures and the Quelccaya summit
core 30 record are well linearly related
(16). This linear relation is best, as would be
expected, for the latter part of the tempera-
ture record (1770-1980), which is based on
more stations and better-documented obser-
vations (16). This relation is the more re-
markable as the Quelccaya records represent
a single Southern Hemisphere site, whereas
the temperature record is based on a maxi-
mum of nine primarily high latitude North-
ern Hemisphere sites.

Particularly striking (Fig. 4) is the associa-
tion of the very cold period (1800-1820) in
the Northern Hemisphere temperature rec-
ord with the decades of most negative 3'%0
values in the Quelccaya cores, which sug-
gests that this cold period was part of a
global climate anomaly. Similarly, the warm
period between 1920 and 1940 (Fig. 4A) is
accompanied by less negative 3'®0 values
(Fig. 4, B and C).

Figure 2 illustrates the decadal averages of
microparticle concentrations, conductivity,
oxygen isotopic ratio, and ash accumulation
for the past 1000 years from the summit
core. As the 8'%0 profile is significantly
correlated with Northern Hemisphere tem-
perature, as long ago as the data reach (Fig.
4), it is reasonable to associate the period of
generally low 3'%0 values between 1530 and
1900 with the Litde Ice Age (Fig. 2).
During most of the Little Ice Age in south-
ern Peru, microparticle concentrations and
conductivity were 20 to 30% above their
respective averages during the 14th, 15th,
and 20th centuries, whereas around 1700
the accumulation changed from above aver-
age to below average (Fig. 2). The initial
increases in the decadal averages for conduc-
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tivity and accumulation began 30 years be-
fore the decrease in the 3'%0 record.

Increases in particulates may have resulted
from increased atmospheric impurities, de-
creased accumulation, or both. The accumu-
lation history from Quelccaya (1) suggests
that the increase in particulates at the onset
of the Little Ice Age must be due to in-
creased atmospheric loading, not decreased
accumulation. The 1500-1720 interval was
the wettest in the 1000-year record, whereas
the 1720-1860 interval was very dry; none-
theless, the dry-period microparticle concen-
tration and conductivity values are similar to
those from the preceding wet period. Pre-
liminary scanning electron and light-micro-
scopic analyses show no significant changes
in the types of particles deposited during the
Little Ice Age. Therefore, the observed in-
crease in particulate deposition is attributed
to increased wind velocities across the high
altiplano of southern Peru.

Ice core data provide a record of several
facets of past variations in the earth’s atmo-
sphere, although that record, like all proxy
climate records, represents a complex inte-
gration of both local and large-scale process-
es. The Quelccaya ice core records provide a
well-dated climatic record of the Little Ice
Age in the tropics of South America and
support the growing body of evidence that
the Little Ice Age was a global event.
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Amino Acid Sequences Common to Rapidly
Degraded Proteins: The PEST Hypothesis

Scotrr ROGERS, RODNEY WELLS, MARTIN RECHSTEINER

The amino acid sequences of ten proteins with intracellular half-lives less than 2 hours
contain one or more regions rich in proline (P), glutamic acid (E), serine (8), and
threonine (T). These PEST regions are generally, but not always, flanked by clusters
containing several positively charged amino acids. Similar inspection of 35 proteins
with intracellular half-lives between 20 and 220 hours revealed that only three contain
a PEST region. On the basis of this information, it was anticipated that caseins, which
contain several PEST sequences, would be rapidly degraded within eukaryotic cells.

This expectation was confirmed by red blood cell-mediated microinjection of

1257

labeled caseins into HeLa cells where they exhibited half-lives of less than 2 hours. The
rapid degradation of injected a- and B-casein as well as the inverse correlation of PEST
regions with intracellular stability indicate that the presence of these regions can result
in the rapid intracellular degradation of the proteins containing them.

NE OF THE GENERALIZATIONS TO
emerge from studies on protein
secretion and organelle biogenesis
is that portions of the amino acid sequence
comprising a protein can specify its ultimate
location within the cell (I-3). Selective deg-
radation of intracellular proteins—the sort-
ing of a protein out of existence—might be
considered the ultimate in targeting. Here
we report an observation that emerged from
a survey of the literature: proteins that are
rapidly degraded within eukaryotic cells
contain regions rich in proline (P), glutamic
acid (E), serine (S), and threonine (T).
Table 1 contains a list of the most rapidly
degraded eukaryotic proteins of known se-
quence, their half-lives, and the amino acid

regions (PEST) whose features are shared
among the members of the set. Common to
all PEST regions are high local concentra-
tions of P, E, S, or T and to a lesser extent
aspartic acid. To identify PEST regions by
computer, we combined specific enrichment
for these amino acids with several other
features in an algorithm, PEST-SCORE, for
ranking stretches of protein sequence (4).
Scores for each PEST region in rapidly
degraded proteins are listed in Table 1.
PEST regions begin and end with posi-
tively charged residues (Fig. 1), but internal
lysine, arginine, and histidine residues are
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