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concentration observed in individual stratospheric IDPs 
(1.7 x 10-s cm3 STP g- 1, ref. 6), the most 3He-rich GPC-3 sedi
ment (1,138-1,143 cm) carries -7 p.p.m. by weight of IDPs 
small enough to retain helium. The He-bearing fraction corre
sponds to -1% of the total IDP flux 17 , so the total IDP compo
nent in this interval is -700 p.p.m. Assuming a chondritic Ir 
concentration of 481 p.p.m. (ref. 18), this 700 p.p.m. of IDPs 
contributes just 0.3 p.p.b. of Ir to the bulk sediment. A concen
tration of 0.3 p.p.b. amounts to only -15% of the total Ir 
observed in the interval (-2 p.p.b., ref. 4) and is within the 
uncertainty of the Ir measurements4 • This calculation demon
strates that 3He is much more sensitive to the influx of extrater
restrial dust than is Ir. 

Interplanetary dust reaching the Earth's atmosphere is 
thought to derive from both asteroidal and cometary debris in 
the Zodiacal Cloud 19•6 • Although it is likely that gravitational 
effects favour both greater capture 19 and lower degrees of 
heating20 and He outgassing6 of asteroidal particles, both sources 
are thought to contribute to the present-day helium flux6 • The 
observed 3He flux variations are most simply attributed to 
changes in the abundance of dust in the Zodiacal Cloud associ
ated with asteroidal breakup events and the passage of comets 
through the inner Solar System. In addition, changes in the solar 
output of energetic 3He ions implanted into IDPs may modulate 
the average 3He concentration in the infalling dust. 

One of the most dramatic features in the implied flux record 
occurs near the end of the Eocene epoch. Between 37.6 and 
36.3 Myr the implied flux nearly triples, a rise which is essentially 
indistinguishable from a step-function given bioturbation effects 
in the core. Within the age uncertainty of samples, this rise 
is synchronous with the occurrence of several tektite horizons 
observed around the world21 • This correlation provides strong 
evidence for multiple terrestrial impact events associated with 
dust-bearing objects, possibly a comet shower. Evidence has also 
been presented for an unusually high abundance of impact crat
ers in the Quaternary22, another period in which the implied 3He 
flux is high. Further study of well-dated Cenozoic sediments is 
required to determine the origin of the 3He flux variations and 
to evaluate the relationship between the 3He record and known 
terrestrial impact events22 . In particular a more detailed record 
of the rise and fall rates of the 3He flux, and their temporal 
relation to evidence for impacts, would be very useful. 

It has previously been suggested that subduction of !DP-bear
ing deep-sea sediments may account for the 3He emitted by 
volcanoes23 , but this has been disputed both because helium can 
diffuse from IDPs during subduction 11 and because the absolute 
abundance of extraterrestrial helium in sediment seems 
insufficient24•25 . Although the GPC-3 data demonstrate that high 
3He/He ratios persist in deep-sea sediments for many millions 
of years, the flux of 3He is actually lower than previously 
assumed23 . The GPC-3 results demonstrate that, throughout the 
Cenozoic era, the flux of IDP 3He has been insufficient to supply 
the current emission from the mantle24 even if all of the helium 
were subducted, and provides no new support for the idea that 
extraterrestrial helium plays a role in mantle geochemistry. D 
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IN the current debate on the magnitude of modern-day climate 
change, there is a growing appreciation of the importance of long, 
high-resolution proxies of past climate'-3• Such records provide an 
indication of natural (pre-anthropogenic) climate variability, either 
singly at specific geographical locations or in combination on con
tinental and perhaps even hemispheric scales4 • There are, however, 
relatively few records that are well dated, of high resolution and 
of verifiable fidelity in terms of climate response, and conspicuously 
few that extend over a thousand years or more5• Here we report 
a tree-ring-based reconstruction of mean summer temperatures 
over the northern Urals since AD 914. This record shows that the 
mean temperature of the twentieth century (1901-90) is higher 
than during any similar period since AD 914. 

Ring-width measurements from living and subfossil siberian 
larch (Larix sibirica) trees have previously been used to produce 
a continuous series representing interannual growth variability 
in a region centred on about 66° 50' N, 65° 15' E on the eastern 
side of the northern Urals, near Salekhard6 . This mean ring
width chronology, running from AD 961 to AD 1969, formed the 
basis of a high-summer (June-July) season temperature 
reconstruction 7• However, this reconstruction is of limited value 
in understanding 100-year timescale fluctuations, because of the 
way individual tree measurements were detrended to remove 
age-related sample bias in the mean chronology8'9 (a process 
known as 'standardization' in dendroclimatology9· 10 ). We have 
now resampled these trees, and analysed both living and sub
fossil material using wood densitometry to yield both ring-width 
and maximum-latewood-density time series 11 spanning the years 
from AD 914 to AD 1990, The density data were standardized 
so as to preserve variance at both short (internannual-to
decadal) and long(> 100 years) timescales 12, The ring-width data 
were standardized using flexible smoothing splines, producing 
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TABLE 1 Relationships between tree growth and regional temperatures in the northern Urals 

(a) Tree-growth temperature correlations 

Previous year 

s 0 N 

Density 
1882-1935 0.08 0.01 0.17 
1936-1990 -0.14 0.23 0.01 

Ring width 
1882-1935 0.24 0.07 0.11 
1936-1990 -0.03 0.25 0.11 

D 

0.02 
0.08 

0.29* 
-0.10 

(b) May-September mean temperature regressions 
Calibration period 
Verification period 
Calibration 

Variance explained 
Verification 

Variance explained 
Reduction of error 
Coefficient of efficiency 
First difference sign 

Correct 
Incorrect 

Product mean t 
Regression weights 

Max. density year t 
year t+ 1 

Ring width year t 
year t+ 1 

F M 

0.11 0.07 0.05 
0.12 0.37t -0.04 

0.22 -0.14 -0.06 
0.13 0.35 -0.10 

1882-1935 
1936-1990 

0.70 

0.65 
0.67 
0.65 

46 
8 
5.4 

1.10 
-0.11 
-0.48 

0.20 

Year of tree growth 

A M 

0.15 0.44t 
0.17 0.35* 

0.08 0.02 
-0.07 0.18 

1936-1990 
1882-1935 

0.66 

0.69 
0.70 
0.68 

44 
9 
3.9 

1.10 
-0.14 
-0.56 

0.34 

0.68t 0.59t 
0.64t 0.67t 

0.43t 0.55t 
0.38t 0.49t 

1882-1990 

0.68 

1.11 
-0.14 
-0.54 

0.27 

A s 0 Al A2 

0.27* 0.32* 0.02 0.15 0.20 
0.39t 0.36t -0.07 0.15 0.27* 

-0.10 0.19 0.14 0.29* 0.40t 
0.17 0.09 0.03 0.45t 0.26 

The density chronology was constructed by averaging measured values for all individual trees expressed as anomalies from a common empirically defined linear 
expression of declining density as a function of age. This straight-line reference was calculated as a least-squares fit to the observed average densities of all samples 
after aligning them with respect to their cambial age, regardless of their calendrical year of growth. The resulting indices, subsequently averaged across correct calendrical 
years, provide a chronology in which long-timescale variability is preserved and sample-age bias is largely eliminated12• Separate standardizing equations were calculated 
for the modern and subfossil density data to explore the possibility of a systematic difference in the density /age relationship that might arise due to a slight elevational 
difference in these data sources (the subfossil samples being up to 80 m higher than the living trees). Such a difference might introduce a bias between the early and 
recent sections of the chronology. The similarity of the density/age equations derived from the separate subfossil (914-1744) and modern (1631-1990) samples argue 
against any long-term sample-related bias in the density chronology, although this does not preclude the possibility that changes in the average altitude of the samples 
through time might introduce some shorter-timescale bias where the replication is relatively low28. The width chronology is the average of series for each tree after low
frequency variance, associated with a smoothing spline fit to the original measurements, has been removed. The frequency responses of the splines are tailored to the 
length of each series so that most of the variance on timescales longer than two-thirds the series length is removed. This produces a final ring-width chronology with 
low error variance, but with a spectrum that is truncated at low frequencies (that is. periods >50-100 years)29 . Individual monthly mean temperature correlations are 
shown with each of the maximum-latewood-density and ring-width chronologies. Also shown are the results of multiple regressions in which both the density and ring
width chronologies are used as predictors of mean May-September temperature. The results of verification tests10·30 are all highly statistically significant. Al and A2 
are the 1-year and 2-year lag autocorrelation coefficients. 

* Significant at the 5% level. 
t Significant at the 1 % level or better. 

a chronology characterized by variance on shorter timescales 
(generally below 100 years9 ) (see Table I). 

These chronologies were then used in a number of regression 
experiments designed to exploit the well-known dependence of 
tree growth on summer temperature variability at high 
latitudes 13- 16 . This is demonstrated in Table 1, which shows the 
density and ring-width chronologies correlated with monthly 
mean temperatures averaged within a region between 62.5° and 
67.5° N, and 65° to 75° E17. All significant correlations are posi
tive, indicating enhanced width and density associated with 
warmer temperatures. Correlations with ring width are greatest 
in June and July. Density correlations are stronger and manifest 
over a longer (May-September) season. The responses are also 
consistent in different periods. Mean May-September tempera
tures are very highly correlated (r=0.95 over 1881 to 1990) 
with cumulative growing degree days (>5 °C) in this region 18 . 

Regression results in which mean May-September temperatures 
are estimated as a function of density and width data in both the 
concurrent and following years (that is, t and t + I respectively), 
exhibit extremely strong predictive power (Table I). 

The explained variance over the calibration period (that is, 66-
70%) and most importantly the levels explained in independent 
verification of the calculated regression equations ( 65-69% ), and 
also the general levels of statistical significance associated with 
a number of stringent tests of model performance (see Table I), 
all rank among the highest reported in the tree-ring literature. 
Regression based on the density predictors alone also explains 
a high degree of temperature variance (-60%) but consistently 

NATURE · VOL 375 · 13 JULY 1995 

less than that achieved using density and ring widths in 
combination. 

The series (> 1,000 years) of reconstructed summer tempera
tures for the northern Urals shows extended periods of either 
relatively cool or relatively warm summers persisting over I 00-
200 years (Fig. I). Superimposed on this is large variability on 
annual and decadal timescales (Table 2). Despite relatively cool 
summers in the late 1960s and 1970s, the mean summer tempera
ture of the twentieth century (1901-90) appears to be the warm
est of any 90-year period during the last ten centuries (0.13 °C 
warmer than the next warmest period, 1202-91 ). Most of the 
sixteenth and seventeenth centuries were notably cool, particu
larly the 1530s and 40s, the 1580s and 90s, and the 1620s, 30s 
and 40s. The pronounced coolness of the late sixteenth and sev
enteenth centuries and the warmth of the twentieth century is 
shown in other, though shorter, high-latitude summer-respon
sive proxies 19 and in an average of data from 16 selected sites 
in the Northern Hemisphere4 (Fig. 2a). However, the coldest 
bidecadal mean in the northern Urals data, 1531-50, indicates 
an earlier onset of the cold period seen in the mean 'hemisphere' 
data and in a similar millennial-length temperature reconstruc
tion for northern Fennoscandia based on tree-ring data from 
Tornetriisk, northwest Sweden, that were also processed so as 
to preserve long-timescale climate variability12• 

Although summers were predominantly warm in northern 
Fennoscandia in the eleventh and twelfth centuries, they were 
clearly cool in the northern Urals (Fig. 2b). This is further sup
port for the sparse body of high-quality palaeoclimate evidence 

157 



LETTERS TO NATURE 

now challenging the still prevalent, over-simplified concept of a 
globally synchronous, multi-century Mediaeval Warm 
Period5•20 • But after the coolness of the late sixteenth century, 
both the northern Urals and the northern Fennoscandian 
temperature curves show overall warming. Linear trends calcula
ted over 1600-1980 show a 0.67 °C warming in northern 
Fennoscandia, but 1.14 °C over the northern Urals. The two 
series also display qualitatively similar century-scale trends, 
warming to the mid-eighteenth century, slight cooling to the 
end of the nineteenth century, followed by an abrupt rise and 
sustained warmth during the twentieth century. The recent 
warmth in Fennoscandia is not significant in a 1,000-year 
context' 2• The recent warmth in the Urals data is much larger 
(compare Table 2) but because of the century-timescale vari
ability in the reconstruction, assessing its statistical significance 
is not straightforward. A comparison of the mean values for the 
pre- and post-1900 periods, using a t-test which takes account 
of lag-I serial correlation21 in the sample data, indicates that the 
likelihood of the unusual warmth of the twentieth century arising 
by chance is less than I in 1,000. However, an empirically derived 
probability distribution based on multiple artificial series with 
the same persistence structure as the reconstruction (that is, AR3 
rather than ARI) suggests a probability near I in 100. We also 
compared (using a simple t-test) the 1901-90 mean with that of 
the next warmest 90-year period (1202-91, compare Table 2). 
This stringent test indicates that the two periods are significantly 
different with a probability of I in 10. So although the twentieth 
century was certainly unusually warm in the northern Urals, 
determining how unusual it was, in the context of the long 
record, is equivocal. 

These results and the above discussion may be relevant to 
general circulation model (GCM) studies of both 'natural' and 
anthropogenically perturbed climates. Recent coupled ocean-
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FIG. 1 a, Observed and estimated mean summer (May-September) 
temperatures over the northern Urals shown as anomalies (0 C) from the 
1951-70 mean. The smoothed line shows decadally-filtered values. b, 
The extended reconstruction (914-1990) expressed as anomalies from 
the same base. c, A measure of the strength of common growth 'signal' 
within the density chronology, the mean interseries correlation31 (RBAR; 
thin line) calculated between all samples over a moving 30-year window. 
The Expressed Population Signal (EPS; thick line) which is a function 
of RBAR and the series replication shown in d, indicates chronology 
reliability. Values >0.85 are generally considered satisfactory31 . 
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atmosphere GCM experiments with anthropogenic forcing indi
cate that maximum warming is likely in high-latitude and conti
nental regions22•23 _ There is, of course, uncertainty in defining 
this expected anthropogenic pattern. At present, this is best 
viewed as the spatial temperature response of coupled ocean-
atmosphere GCMs forced with gradually changing atmospheric 
compositions24• Attempts to detect this response pattern in 
observational temperature data must take account of natural 
variability of climate on long (>50-100 years) timescales. Also, 
simulated variability from long GCM control runs must be 
checked against long palaeoclimate series such as the one we 
report here. 

Ocean-atmosphere GCMs also suggest that areas bordering 
the North Atlantic will experience reduced warming and even 
localized cooling near regions of deep-water formation22•23 • A 
recent 600-year simulation of climate variability under present
day boundary conditions has revealed significant quasi-period
icity in annual temperatures centred on the northwest Atlantic 
with characteristic timescales of between 40 and 60 years (ref. 
25). Similar variability, explicable in terms of oceanic thermo
haline forcing, has been observed in a number of different 
regional observational records and has the potential to obscure 
anthropogenic warming in the region of the North Atlantic26•27 • 

The northern Fennoscandian summer temperatures show 

TABLE 2 Extreme summer temperatures 

(a) Individual summers 

Warmest Coldest 

Year Anomaly (°C) Year Anomaly (°C) 

1045 2.21 1032 -6.20 
1033 2.11 1548 -4.73 
1257 2.08 1538 -4.15 
1471 1.96 1783 -4.08 
1922 1.85 1816 -4.03 
1464 1.84 1601 -4.01 
1028 1.81 1531 -3.63 
1468 1.70 1453 -3.62 
1370 1.68 1523 -3.62 
1720 1.65 1891 -3.55 

(b) 20-year-mean periods 
Warmest Coldest 

Standard Standard 
Years Anomaly error Years Anomaly error 

1461-1480 0.45 0.27 1531-1550 -1.97 0.27 
1948--1967 0.40 0.16 1623-1642 -1.85 0.26 
1238--1257 0.34 0.17 998--1017 -1.75 0.24 
1919-1938 0.24 0.23 1580-1599 -1.61 0.17 
1355--1374 0.09 0.23 966--985 -1.44 0.29 

(c) 50-year-mean periods 
Warmest Coldest 

Standard Standard 
Years Anomaly error Years Anomaly error 

1919-1968 0.23 0.14 1595-1644 -1.64 0.15 
1208--1257 0.03 0.12 1522-1571 -1.55 0.15 
1353-1402 -0.04 0.12 966--1015 -1.39 0.17 
1460-1509 -0.13 0.14 1410-1459 -1.10 0.12 
1261-1310 -0.18 0.13 1808-1857 -0.96 0.15 

(d) 90-year-mean periods 
Warmest Coldest 

Standard Standard 
Years Anomaly error Years Anomaly error 

1901-1990 0.03 0.10 1522-1611 -1.52 0.10 
1202 1291 -0.10 0.11 961-1050 -1.20 0.15 
1301-1390 -0.28 0.10 1612-1701 -1.12 0.11 

Extreme individual summer temperature estimates along with the extreme 
mean values from among all 20-year, 50-year and 90-year periods. Temperatures 
are shown as anomalies with respect to the 1951-70 period. Only values for non
overlapping periods are shown. Of the extreme individual summers, nine are 
reconstructed as cooler, and four warmer, than the reconstructed extremes (1891 
and 1922) during the calibration period. Compared with the instrumental extremes 
(1891 and 1915), 15 summers are reconstructed as cooler but none warmer. 
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FIG. 2 a, The histogram shows 'mean Northern Hemisphere' summer 
temperatures4 constructed as standardized decadal averages of 16 
proxy series, compared with northern Urals temperatures smoothed to 
emphasise decadal variability. Both series are expressed as anomalies 
from the 1860-1959 mean. The data from ref. 4 have been adjusted 
to give a standard deviation of one over the same period. b, Summer 
temperatures in northern Fennoscandia12 and the northern Urals 
smoothed with a 25-year low-pass filter. The vertical axes are anomalies 
from the respective means for 1951-70. The dotted lines show the 
means for 901-1981 (northern Fennoscandia) and 914-1990 (nor
thern Urals). 

marked multi-decadal variance at periods near 33 years and over 
a range from 60 to 70 years (as well as longer periods) which 
may be associated with north Atlantic oceanic forcing12•26• 

Prolonged twentieth-century summer warmth over the Urals, 
and the slower rate of warming in recent centuries in northern 
Fennoscandia, are therefore at least consistent with the pattern 
of anthropogenically induced warming predicted by the models. 
Although the relative warmth through much of the thirteenth 
and fourteenth centuries means that statistical significance of the 
twentieth-century Urals warmth is equivocal, our results indicate 
that in this region no other period of this length has been 
warmer, at least during the past 1,000 years. A very limited 
number of high-resolution records indicate unprecedented recent 
warmth in other high-latitude regions, but this warmth is either 
observed over a shorter recent period or within a shorter overall 
timeframe. D 
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ATTEMPTS to understand the formation and evolution of the sub
continental lithospheric mantle (SCLM) have been hampered by 
the absence of reliable time constraints, reflecting a lack of appro
priate isotopic dating techniques. The most commonly used 
methods, involving strontium, neodymium and lead isotopes, yield 
ambiguous results in mantle rocks, and show no relationship with 
magmatic processes, as the low concentrations of these elements 
make them susceptible to later metasomatic disturbance. Osmium, 
by contrast, is much more abundant in the mantle than in the 
crust1, so that peridotite Os isotope ratios are largely immune 
to recent metasomatic imprints. This provides a way to date the 
magmatic processes that determine mantle major-element 
compositions2• We present here two examples of striking correla
tions between 187Os/188Os and A}zO3 concentration in orogenic 
peridotites, and argue that these can be used to date the differenti
ation of the SCLM. The old a1es obtained agree with associated 
lower-crustal Nd model ages3- , and indicate that-in these post
Archaean terrains as well as in Archaean cratons2'6 '7-SCLM can 
remain isolated from the convecting mantle for more than a billion 
years. 

Orogenic peridotite massifs are slices of upper mantle that 
have been tectonically emplaced into the crust. They contain 
small proportions of mafic veins and layers, but are dominated 
by peridotites, which range in composition from clinopyroxene
rich lherzolites to clinopyroxene-poor harzburgites. The two 
such massifs discussed here are the Ronda Ultramafic Complex 
of southern Spain and the eastern Pyrenean peridotites. Ronda, 
a large contiguous ultramafic massif in the Betic-Rif Cordillera, 
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