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a b s t r a c t

The causes of Neanderthal extinction and the transition with the modern man in Europe and Near East
remain largely uncertain. The two main factors currently proposed are the arrival of a modern human
competitor and/or the aptitude of the Neanderthals to survive rapidly changing climatic conditions. None
of these hypotheses is fully satisfactory because the Neanderthals experienced other large climatic
changes and the duration of overlap of the two populations remains largely unknown and even
uncertain. No special attention has been given to the geomagnetic excursions of Laschamp and Mono
Lake which are synchroneous with the extinction and were the most dramatic events encountered by the
Neanderthals over the past 250 thousand years of their existence. During this period the geomagnetic
field strength was considerably reduced and the shielding efficiency of the magnetosphere lowered,
leaving energetic particles reach latitudes as low as 30�. The enhanced flux of high-energy protons
(linked to solar activity) into the atmosphere yielded significant ozone depletion down to latitudes of 40
e45�. A direct consequence was an increase of the UV-B radiations at the surface which might have
reached at least 15e20% in Europe with significant impacts on health of human populations. We suggest
that these conditions, added to some other factors, contributed to the demise of Neanderthal population.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction - the current hypotheses for extinction of
Neanderthal

The causes of Neanderthal demise remain debated in the
absence of fully convincing scenario. The role of modern humans is
currently considered as a key parameter in Neanderthal extinction.
After a long existence the disappearance of the Neanderthals more
or less coincides with the onset of expansion of modern humans
(Stringer, 2002) in western Eurasia (Mellars, 2006) at about
40 cal ka BP. It seems difficult to envisage that the Neanderthals
have been exterminated by the modern population since indica-
tions of violence have never been found. Neanderthals and modern
humans were similar in many aspects, but advances in technology
as well as a more complex social organization could have given the
modern men some advantages in the competition for survival.
Another factor under consideration is that the daily energetic
requirements of Neanderthals were higher than for the modern
humans for many reasons and particularly their body mass
(Verpoorte, 2006; Roebroeks, 2008). Higher energetic
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requirements and higher travel costs would have constrained them
to shorter foraging distance. Another suggested cause is that
a larger variety of diets would have given themodernman selective
advantages such as a more efficient reproduction and a lower
mortality. Some authors refer to differences in demography
between the two populations. Neanderthal would have been
genetically weakened after being isolated for at least 250 kyr in
Europe. Mixing and progressive dilution of Neanderthal’s genes
within a much larger population of modern men could be another
cause. In this scenario, the Neanderthal gene pool would have been
assimilated rather than replaced. According to recent studies the
Neanderthal and the reference human genome sequences shared
a common ancestor w706,000 years ago, and the human and
Neanderthal ancestral populations splitted w370,000 years ago
(Noonan et al., 2006). The DNA analyses (Grings et al., 1997) per-
formed so far indicate that only a few percent of the genomes of
present-day people outside Africa are derived from Neanderthals
and thus the latter only had a minor role in the genetic ancestry of
present-day humans (Green et al., 2010).

More recent views that should not be disconnected from the
previous considerations involve the climatic context. The period of
Neanderthal extinction is characterized by a rapid succession of
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climatic events, particularly a short warming episode preceding
the cooling which accompanies the Heinrich event H4
(39.3e38.9 cal ky BP) (Roche et al., 2004) and then a longer warm
interval (38.5e36.2 cal ky BP). It is not certain that the climatic
fluctuations were instrumental in the demise of the Neanderthals
since these extreme temperatures were not exceptional compared
with the pattern of climatic fluctuations that the Neanderthals had
been surviving for at least 250 kyr in Europe (Bar Yosef, 1993;
Hublin, 1998; Tzedakis et al., 2007; Roebroeks, 2008).

There are some indications of Mousterian occupations attrib-
uted to Neanderthals in South Spain at ca 35 cal ka (d’Errico and
Sanchez-Goni, 2003) and several authors plead for a delayed
extinction of the population in this region e the most recent
“climatic” scenario (Sepulchre et al., 2007) put forward that a large
aridification of Central and Southern Iberia would have delayed the
Aurignacian progression (linked to themodernman) towards south
and thus the competition between the two populations. In this
region the earliest unambiguous Aurignacian material has a 14C age
Fig. 1. Density of sites (red areas) occupied by Neanderthal at successive ages (redrawn from
with an�100yr uncertainty have been converted in calendar ages using CALIB-online (Stuiver
from eastern Europe were not incorporated in the Bocquet-Appel and Demars compilation bu
interpretation of the references to color in this figure legend, the reader is referred to the w
of about 36 ka (d’Errico and Sanchez-Goni, 2003; Zilhao and
d’Errico, 1999), but there is no skeletal evidence that allows to
consider that the Aurignacians really were modern men. In fact it is
not firmly established that the Neanderthal and the modern man
indeed coexisted as there is no interstratification of Mousterian and
Aurignacian layers.

This very brief overview of possible causes for the extinction of
Neanderthal demonstrates the importance of establishing the
detailed chronology of the events before one can assess whether
there is a causal relation between each factor and the extinction.

2. Ages and timing of Neanderthal demise and Laschamp
event

2.1. Evolution of Neanderthal demography

The chronology for the decrease of the Neanderthal population
is constrained by the number of dated sites with evidence for
Bocquet-Appel and Demars, 2000). The 14C ages given by these authors for each panel
and Reimer, 2010; www.calib.org). Thus they do not represent actual time periods. Data
t the recent studies (Adler et al., 2008) are in phase with the evolution shown here. (For
eb version of this article).
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occupation or even better with human remains. One of the most
complete compilation summarizing the evolution of the population
between ca 45 ka and 25 ka has been proposed by Bocquet-Appel
and Demars (2000). The ages used in this work rely on uncali-
brated radiocarbon dates since the calibration curve accounting for
changes in 14C production between 25 and 50 ka has just been
published (Reimer et al., 2009). Consequently, the absence of cali-
brated ages for this period is problematic for establishing the exact
chronology of the Neanderthal demise. The geomagnetic field was
weakened between 42 and 32 kyr ago. Therefore, the 14C produc-
tion was high and thus all 14C measurements have minored the
ages. Another important factor is the effect of contamination by
modern carbon (Mellars, 2006; Blockley et al., 2008) which
increases with the age of the samples, e.g., 1% of modern carbon
yields ca 3 kyr (resp. ca 7 kyr) too young an age at 30 ka (resp.
40 ka). Although Bocquet-Appel and Demars (2000) attempted to
eliminate this problem, they are aware that some results can have
been biased towards younger ages. In the present paper, we have
taken the new calibration data into account by computing the
calendar ages (cal) corresponding to the different periods consid-
ered by these authors in their Fig. 2. The results (Fig. 1) indicate that
contraction of Neanderthal population began 40 kyr ago and that at
35 cal ka BP the population was restrained to very few sites. Note
however that the occupation in southern Iberia relies on very few
data and that the period remains controversial in the absence of
radiocarbon ages. In any case, it is clear that no site was occupied
anymore 32 kyr ago. Thus, all indications converge to conclude that
the Neanderthal population became practically extinct between 40
and 35 cal ka BP and that Europewas progressively inhabited by the
modern man.
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2.2. Stratigraphy and dating of the Laschamp event

The Laschamp event was discovered from reversed and transi-
tional directions of magnetization (Bonhommet and Zähringer,
1969) that have been recorded during the cooling of volcanic
flows at Laschamp, Olby, Louchadière and Royat (Massif central,
France). A large number of ages (based on 14C, K/Ar and Ar/Ar
methods) have been published for these flows over the past 40
years. Successive revisions of radioisotopes decay constants and
production rate of cosmonuclides progressively increased the age
Fig. 2. Summary of the ages recently obtained from lava flows that recorded the
Laschamp event as a function of the latitude of their virtual geomagnetic pole (VGP).
The VGP latitudes between 90�N and 45�N correspond to the “normal” polarity of the
field. VGPs lower than 45� define the transition between the two polarities while those
between 45�S and 90�S correspond to reversed polarity.
of the event, but the determinations obtained for the past 10 years
are consistent with each other. In Fig. 2 are shown the most recent
ages obtained for flows distributed between 20 and 40 ka BP as
a function of the latitude of the geomagnetic pole which indicates
the occurrence of the Laschamp. The most recently obtained AreAr
age of the Laschamp flow (Guillou et al., 2004) is 40.4 � 1.1 ka
(Fig. 2). Two KeAr ages for Olby at 37.0 � 0.65 ka and 39.2 � 5 ka
(Plenier et al., 2007) are equivalent and in conformity with those of
Laschamp (Fig. 2). However the three Royat flows (Fig. 2) indicate
a youngermean KeAr age of 34� 0.7 ka (Plenier et al., 2007). Other
volcanic records with abnomaleous directions from worldwide
localities have been correlated to the Laschamp. The first one was
the Skalamaelifell excursion (Levi et al., 1990) from the Reykjanes
Peninsula (Iceland). Recently, lavas with excursional directions
have been dated at 39.1 � 4.1 ka (AreAr) in the Auckland volcanic
field, New Zealand (Cassata et al., 2008). Interestingly, other
intermediate directions from the same volcanic area fall at
31.6 � 1.8 ka (AreAr), thus closer to the ages obtained at Royat,
which suggests that all these flows (including Royat) would actually
be related to the Mono Lake, a slightly younger event which was
initially discovered in California (Liddicoat and Coe, 1979).

The most recent AreAr age of the Mono Lake is 32.4 � 0.3 ka
(Singer, 2007), thus not significantly different from the two youn-
gest flows at Royat and Auckland. In fact, the most convincing
evidence for the existence of Mono Lake arises from high resolution
records of relative paleointensity from marine sediments
(Thouveny et al., 2004; Lund et al., 2005; Channell, 2006; Laj et al.,
2006) which exhibit two successive dips (Fig. 3a) that are charac-
teristic features of geomagnetic excursions (Guyodo and Valet,
1999) (Fig. 3b). The older pronounced and worldwide intensity
low has been dated at 40 ka using d18O isotopic stratigraphy and is
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Fig. 3. Composite curves of relative paleointensity derived from a) the Napis compi-
lation of North Atlantic records plotted with the Sint-200 global record calibrated by
absolute paleointensities from archaeological and volcanic materials obtained for the
past 40 kyr - b) the composite global curve Sint-800 (Guyodo and Valet, 1999; Valet
et al., 2005). The differences between the Napis and Sint curves is due to their
different resolution (higher for the atlantic records than for Sint-800).
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linked to the Laschamp. The less pronounced second low between
35 and 32 ka is associated with the Mono Lake. Further confirma-
tion of a low field strength during these periods has been given by
the enhanced atmospheric 10Be and 36Cl production which has
been documented in marine sediments and ice cores and results
from an increased penetration of cosmic particles (Carcaillet et al.,
2004; Muscheler et al., 2005; Leduc et al., 2006).

Thus, overall the records indicate that the field intensity reached
very low values between about 42 and 32 kyr ago and likely did not
significantly recover during this period, a process that led to the
occurrence of the Laschamp event first and then to the Mono
Lake. This long period of reduced intensity reinforces the scenario
presented here and goes along with the long decline of the Nean-
derthal population. It is opposed to the brevity of the H4 event
(39.3e38.9 cal ky BP) which occurred during the Laschamp period.

3. What did happen during the Laschamp event?

In the absence of one fully convincing scenario we cannot
exclude that several causes have been acting together. Among all
possibilities it is worth pointing out that the geomagnetic excursion
of Laschamp has been the most “dramatic” event coeval with the
period of extinction (Guillou et al., 2004; Plenier et al., 2007).
During this time interval the geomagnetic field was considerably
weakened and was thus not efficiently shielding the earth from
highly energetic particles of cosmic and solar origin. This situation
yielded a substantial increase of dangerous UV radiation at the
surface. Surprisingly, the impact of this event for human pop-
ulations has not been investigated so far.

The geomagnetic field can be compared to a field produced by
a magnet located along the earth’s rotation axis. It is thus mainly
dipolar with a north and a south magnetic poles. Several pole
positions derived from various volcanic (Fig. 4a) (Plenier et al.,
2007) and sedimentary (Channell, 2006; Laj et al., 2006) records
(Fig. 4b) of the Laschamp event reach very southern latitudes
(beyond 60�S). Thus, the Laschampmust be regarded as a complete
field reversal (Valet and Plenier, 2008), more specifically as a period
during which the field was reversed for a short time but failed to
generate a new stable polarity interval and instead came back to its
former polarity. The next question is to know whether the field
preserved a dominant dipolar geometry during this period. If this
was the case any direction measured at the earth’s surface at the
same time would point towards the same pole position. Thus
during the Laschamp, the reversing pole should follow the same
Fig. 4. a) Compilation of the Virtual Geomagnetic Pole (VGP) positions of the Laschamp even
paths recorded from sedimentary sequences in different oceans (redrawn from Laj et al., 2
trajectory when viewed from any location on the globe. The pole
positions derived from the volcanic records corresponding to the
transits from north to south and south to north are scattered in
both hemispheres (Fig. 4a) and thus do not fit this prediction
(Chauvin et al., 1989; Cassata et al., 2008; Valet and Plenier, 2008;
Valet et al., 2008). This dispersion can only be explained if the
field was not dipolar as this is the case during reversals. In contrast,
many paths (but not all) obtained from sedimentary records (Laj
et al., 2006) are more or less similar, which led Leonhardt et al.
(2009) to defend that the dipole was weak but still dominant
during the reversals. However, this interpretation is not unique and
simulations with a dominant non-dipolar field taking into account
the time-averaging effect inherent to the signal of the sediments
(Valet and Plenier, 2008) are consistent with both the volcanic and
sedimentary datasets (Fig. 4b). In any case, we will see below that
the exact field geometry is not so critical for the present matter,
except for the fact that more local effects are expected with a non-
dipolar field.

All records agree on the fact that the total field was considerably
reduced up to one tenth of its present value (Chauvin et al., 1989),
a common feature to all reversals which is actually the most
fundamental constraint for the present study. This decrease
suggests that the dipole, which represents 80e90% of the total field
measured at the earth’s surface, indeed collapsed. Given the rate of
variation of the dipole, the duration of this period was not shorter
than several hundreds years, if not a few thousand of years. To sum
up, the field was reduced over a long time interval which culmi-
nated during the directional change marking the Laschamp event
itself. The Mono Lake event occurred shortly after and can be seen
as an ultimate manifestation of this period of field instability rather
than as a real separate event.

The strength and the geometry of the geomagnetic field
impose the shape of the magnetosphere surrounding the planet. It
is usually regarded as a shield which protects us against pene-
tration of galactic and solar energetic particles but the most effi-
cient protection is due to the atmosphere so that most particles
do not reach the surface. Except at the regions surrounding the
poles where particles penetrate deeper in the atmosphere
the level of radiation (about 2.5 msV/year) remains well below
the acceptable dose of 50 msV/year. However the structure of the
magnetosphere becomes more complex during periods of low
geomagnetic field with a magnetopause being closer to the
surface of the planet. Shielding is then less efficient and energetic
particles, particularly those emitted during solar eruptions, can
t recorded from lava flows in Massif Central (France), Iceland and New Zealand. b) VGP
006).
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penetrate into deeper layers of the atmosphere with drastic
consequences on the chemical reactions. Precipitating high ener-
getic particles initiates a chain of chemical reactions which
transfer the chemically inert species N2, H2 and H2O into nitrogen
containing radicals NO and NO2 and hydrogen containing radicals
OH and HO2 in the middle atmosphere (Randall et al., 2001; Vogt
et al., 2007). A direct consequence is the production of nitric oxide
(NO) which is a natural ozone depleting chemical. Since most of
the ozone layer is located in the mid-stratosphere nitric oxide is
more effective for ozone loss than OH which is found in the upper
and lowermost stratosphere. Presently the loss of stratospheric
ozone induced by major solar events does not exceed a few
percents, but the simulations show that in the magnetosphere of
a strongly reduced dipole moment, solar protons of several tens of
MeV access the atmosphere even at midlatitudes (Vogt et al.,
2007, 2009). In the extreme case of a vanishing field leaving the
atmosphere entirely exposed to energetic particles, the simula-
tions (Sinnhuber et al., 2003) show that the total ozone loss
would reach 40% in the northern atmosphere after a typical series
of three solar events.

The situation becomes more complex with a non-dipolar field
geometry (Vogt et al., 2007). With a simple configuration in which
dipolar and quadrupolar terms would have the same contribution
at the surface, basically the whole atmosphere would become
accessible to 256 MeV protons during the reversal. The penetra-
tion is much larger at one of the poles depending on the
respective signs of the two components, but ozone loss can reach
up to 20e40% at latitudes of 45e50� (Fig. 5) and persists several
years after the solar events (Vogt et al., 2007, 2009). Thus, both
the reduced field strength and complex magnetosphere which
prevailed during the Laschamp favoured a significant depletion of
ozone during many episodes of intense solar activity. Note that
a similar distribution of ozone loss is expected (Fig. 5) in the case
of a dominant weak dipole. One thus wonders whether this
Fig. 5. Simulations of changes of total ozone concentration (TOC) at different latitudes
for different mechanisms of reversals as a function of time (redrawn from Vogt et al.,
2007).
period of very low and complex field had consequences for life at
the surface of the planet.
4. Consequences of ozone depletion on human populations

The most obvious consequence of large losses of ozone is
a significant increase of the UV-B radiation in the wavelength
280e315 nm. During solar protons events the increase is larger at
polar latitudes but the surface flux of UV-B increases by more than
20% at latitudes of 45e50� (Winkler et al., 2008). The potential
health effects of UV radiation due to depletion of stratospheric
ozone include skin cancer, tissue damages to eyes and to cellular
immunity (de Gruijl et al., 2003). All these effects have been studied
for the past 30 years and generated a very large amount of literature
(see reviews by de Gruijl et al., 2003 and Norval et al., 2007), most
of them being related to the present ozone hole over Antarctica.

Epidemiological studies have shown that basal cell carcinoma,
squamous cell carcinoma and cutaneous melanoma are related to
UV exposures. A reduction in ozone of 1% leads to increases of up to
3% in some forms of non-melanoma skin cancer. It is more difficult
to quantify a link between ozone loss and malignant melanoma,
which accounts for about 4% of skin cancer cases, but causes about
79% of skin cancer deaths. It has been estimated that a 1% decrease
of ozone increases melanoma mortality by 1e2% (Kripke, 1988).
Epidemiological data substantiate a relationship with solar expo-
sure based on experiments which have shown that UV radiations
enhance the development of tumors (de Gruijl, 1995). Experimental
studies have further demonstrated the important relationship
between high exposure at the sun during childhood and a dramatic
increase of melanoma skin cancer later in life (de Gruijl, 1995).
Although it is not yet possible to produce confident quantitative
estimates of the impact of ozone depletion on incidence of mela-
noma we can consider the impact of the present ozone hole on the
most exposed populations. The town of Punta Arenas, Chile, the
southernmost city in the world (53�S), with a population of
154,000, has regularly seen high levels of UV-B radiation each
spring for the past 20 years, when the Antarctic ozone hole has
moved over the city. An investigation (Abarca and Casiccia, 2002)
performed in year 2002 has established that skin cancer cases have
increased by 66% between 1987 and 2000 and that cutaneous
malignant melanoma accounting for 19% of the cases increased by
56%.

Long-term damages to the eyes by UV radiation is difficult to
estimate but this aspect is not negligible. Chronic UV exposure
frequently cause an outgrowth on the most superficial cell layer of
the eyeball and a degeneration of the fibrous layer that covers the
lens and thus reduce clarity of vision and even cause blindness
(McCarty et al., 1989; Taylor et al., 1989). Cortical cataracts also
result from UV radiation (Oriowo and Robinson, 1996; West et al.,
2005). Such factors cannot be neglected for a population living
from hunting.

It is well known that UV radiation can suppress immune reac-
tions in humans (Ulrich, 2005; Hanneman et al., 2006). Chronic
exposure to the increased UV-B that would accompany any
persistent ozone loss would also affect the immune system,
although recent studies (Brenner and Hearing, 2008) reveal some
positive effects on the development of autoimmune diseases. In
10e30% of the cases the immunity failure would not be transient.
The consequences for infectious diseases is not really known but
there are indications that the impact could be considerable (Cannell
et al., 2006). There is evidence frommouse studies that UV-induced
immunodeficiency might be a risk factor for the development of
skin tumors (Ulrich, 2002). These problems depend on the char-
acteristics of the population : People who do not tan are 2e3 fold
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more susceptible to immunodeficiency than people who tan
readily.

The conditions for generating significant ozone losses between
the geographic poles and the midlatitudes were met during the
Lachamp and the Mono Lake and likely persisted over a several
thousand years long period of reduced geomagnetic intensity
surrounding these events. They culminated during the reversal
process, so that the ozone layer might have been considerably
reduced over at least several centuries and likely several thousand
years. Interestingly, the most detailed and complete record of the
Laschamp event has been found in France. This testifies that this
part of Europe has been very much, if not primarily concerned. We
speculate that the long-term persistence of such conditions
amplified the incidence of solar ultraviolet radiation with delete-
rious and cumulative effects on Neanderthal health which ulti-
mately contributed to the collapse of the population.

It is now admitted that Neanderthals had clear skin and
a pilosity similar to that of modern man (Patou-Mathis, 2006).
Interestingly, a recent paleogenetic study (Lalueza-Fox et al., 2007)
from two Neanderthal remains suggests that the population varied
in pigmentation levels and that some individuals had reduced
pigmentation similar to the pale skin color and red hair of modern
humans, thus highly sensitive to UV rays. One may thus wonder
why the Laschamp event would have affected the Neanderthal and
not the modern man. One possible explanation that comes to mind
is that the modern man has survived because of his bigger pop-
ulation distributed over larger and different territories from Africa
to eastern Eurasia. It is most likely that these different areas
experienced different penetrations of UV-B.

Following another argument (which actually can be invoked
as well for the climatic scenario) one may wonder why the
Neanderthals survived the previous excursions that occurred
during the 250 kyr of their history. The global curve of field
intensity (Valet et al., 2005) indicates that the Laschamp-Mono
Lake (40e32 ka BP) and the Iceland basin (195 ka BP) events have
been the two most dramatic features with very low field intensity.
However the amplitude and the latitudinal extent of ozone
depletion depend also on field geometry. It is likely that the field
was different during the Iceland basin event and consequently the
ozone loss may have been less pronounced in western Europe.
Moreover the exact distribution of the population at this period is
largely unknown.

To conclude, it is reasonable to consider that all conditions were
met between 40 and 33 kyr BP for causing major health damages to
successive generations of Neanderthal. During this long period
the population became increasingly weakened and ultimately
disappeared. These exceptional geomagnetic changes may have
been associated with other factors, but the synchronism between
this low geomagnetic field period and the Neanderthal demise
should not be seen as purely accidental.
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