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If inicrocracks indeed catalyze the reac- 
tion, then lasers, anlong other techniques, 
could be used to scribe fine patterns and 
microcircuits on the surface that would be 
preferentially filled a-it11 the B-group ele- 
ment. If scratched a b o ~ e  the melting point of 
Ga. scratches immediately fill up with molten 
Ga. Once patterned, the B-group ele~nents 
could then be doped to forin semiconductor- 
based devices. For example, Ga could be 
nitrided to form GaN and hence GaN-based 
devices. Finally, the results of this work fur- 
ther reinforce the notion that the B-group 
element is relatively weakly bound in the 
structure (3-5) and hence easily chemically 

displaceable. Consequently. it is not unrea- 
sonable to assume that this replaceinent-dis- 
placeineilt reaction could also be carried out 
electrocl~emically. It is thus anticipated that a 
majority, if not all. of the 312's and 211's 
could potentially be useful intercalation 
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A peat core from a bog in northwest Spain provides a record of the net 
accumulation of atmospheric mercury since 4000 radiocarbon years before the 
present. It was found that cold climates promoted an enhanced accumulation 
and the preservation of mercury with low thermal stability, and warm climates 
were characterized by a lower accumulation and the predominance of mercury 
with moderate to high thermal stability. This record can be separated into 
natural and anthropogenic components. The substantial anthropogenic mer- 
cury component began -2500 radiocarbon years before the present, which is 
near the time of the onset of mercury mining in Spain. Anthropogenic mercury 
has dominated the deposition record since the Islamic period (8th to  11th 
centuries A.D.). The results shown here have implications for the global mercury 
cycle and also imply that the thermal lability of the accumulated mercury can 
be used not only to quantify the effects of human activity, but also as a new 
tool for quantitative paleotemperature reconstruction. 

Mercury is an iinpo~-tant trace inetal in the 
en~ironment because of its conlplex behavior 
and the high potential toxicity of its methyl- 
ated species. Gaseous elemental Hg has a 
long atmospheric residence time (1 year), 
~ v l ~ i c h  favors long-range transport and ho- 
mogenization on a hemispherical scale. Glob- 
al mercuiy einissions haye increased substan- 
tially at least during the past I00 to 150 years. 
and they have accumulated in various ecosys- 
tems (1). Although local decreases have been 
seen in some locatioils (mainly because of the 
reduction of emissions of regional sources); 
in general. Hg burdens h a ~ e  not declined. 
These obseivations suggest that atmospheric 
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Hg emissions are complicated and that it call 
be difficult to separate natural and anthropo- 
genic Hg einissions (1, 2). E~aluating the 
impact of anthropogenic e~nissions requires a 
knowledge of the nattlral background values 
and cycling processes (2). As a liquid at rooin 
temperature (melting point, 234.28 K) with a 
low enthalpy of vaporization = 59.15 
kJIinol). physical transformations of Hg 
(such as volatilization, condensation, and so 
foi-tl~) may have beell impoi-tant in pre-an- 
thropogenic times because of the dra~natic 
climate (especially temperature) changes that 
characterize the Holocene (3). 

Here, we present a record of Hg depositioil 
in the peat bog of Penido Vello (PVO); \vl~ich 
extends to 4000 radiocarbon years before the 
present ('" yr B.P.). Cadmiuin, Zn, and Pb 
were pre~iously analyzed (4) in a core from this 
bog. \vhich is situated in Galicia, north~vest 
Spain (43'32'N, 7'34'W). This site is 600 knl 
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to Roman times and perhaps even earlier. In 
addition, the bog is o~nbrokopl~ic (4), meaning 
that ele~nents such as Hg were supplied to the 
peat exclusively by atnlospheric deposition. 

A core of 2.5 in was sampled at intervals 
of 2 cm In the upper 1 m and at in te i~als  of 5 
cm below that depth Total Hg concentrations 
were measured in wet sainples (HgT) and in 
sainples that were dried for 2 weeks at 30°C 
(Hg3,,.) and 105°C (HglG5") (5). 

The lowest Hg, concenkations of the PVO 
core is 22 ng g-' at 170 to 175 cm, and the 
n~axiinuin is 436 ng g-' in the uppelmost peat 
sample. These values exceed the concenkation 
in bedrock (1.52 ng g-') by 14 to 290 times and 
imply that the rock was not an iinpoi-tailt source 
of Hg to the overlyiilg layers. High Hg concen- 
hatioils are fomld at the surface and at depths of 
17 c ~ n  (191 ng g-'); 41 cin (65 ng p l ) ,  and 97 
cin (45 ng g-I) (Fig. 1, A and B). The concen- 
uatioils ill the deeper layers are far from con- 
stant (Fig. 1B). I11 general, there is an increase 
in HgT from 70 cm to the top of the core, but 
there are also higher values behv-een 195 and 
250 cm; follo~ved by other local nlaxima (of 
-40 to 45 ng g-I). These deeper Hg, pealcs are 
not related to the ash content or bullc den- 
sity of the peat. these properties being al- 
inost constant throughout the profile. They 
can oil11 be partial11 explained by the 111s- 
tory of mimng and inetallurgy in Xlmaden 
(6). The peak at 17 cm, dated bet\veen 600 
and 200 years ago, callnot be fully ex- 
plained by ininiilg or metallurgy activities 
as there is no agreeinent bet\veen Hg pro- 
duction and the higher concentrations for 
those times and because the re la t i~ely high- 
er values below 190 cnl, in samples older 
than 2800 14C yr B.P., predate by centuries 
any knolvn mining activities in Spain. 

A comparison of the Hg, profile with those 
of dried samples shows that some Hg was lost 
d~lli~lg heatmg For exa~nple, the peak at 17 c ~ n  
and the higher ~ a l u e s  of the deeper section of 
the core are represented entirely by Hg that 
~olatilizes at the lowest telllperahlre (30°C). 

* T ~  whom correspondence should be addressed, E-  nortl~\vest of Ahladen, the site of the largest Hg Behv-een 15 to 25 and 190 to 250 cin, peat 
mail: edantxon@usc.es mine in the world. Mining activity here extends layers contain Hg that has low tl~ermal stability: 
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these layers lost large propostions of Hg, and 
almost all Hg was lost at 30°C. In contrast, the 
ceiitral section of the core (50 to 180 cm) is 
mainly represented by layers with moderate to 
high thermal stability; these layers lost relative- 
ly small proportions of Hg (some less than 
20%). and most of the Hg was lost at temper- 
atures greater than 30°C. This thermal behavior 
is not related to any of the investigated mor- 
phological or physicochemical properties of the 
peat and is also independent of the Hg concen- 
tration of the samples. 

To quantify these losses, we define the 
proportion of Hg lostiretained at various tem- 
peratures as the following stability classes: 

L,,, iZf,,, and H,, represent the proportions of 
low, moderate, and high thermal stability Hg; 
respectively. On the basis of the results of py- 
rolysis studies on Hg desorption (7 ) ;  LHg is 
likely to be represented exclusively by elemen- 
tal Hg (HgO). ~vhereas is represented main- 
ly by HgO and small proportions of Hg chlo- 
rides, and H,, is represented by Hg chlorides 
and Hg bound to organic compounds. 

A comparison of Hg, concentrations and 
the relative abundance of the thermal stability 
classes with paleoclimatic evolution for this 
part of Europe generally indicates that Hg ac- 
cumulation was promoted during cold climate 
phases and hindered during warm periods and 
that the nature of Hg deposited also vaned The 

0 20 40 60 sb I 0 0  
Percentage of Hg, 

Fig. 1. (A) Mercury concentrations in the peat bog of PVO in wet (Hg,) and dried samples (Hg,,, 
and Hg,,,,). (B) Magnified section of the core with Hg concentrations for peat samples below 25 
cm. (C) Thermal lability of Hg: LHg, percentage of Hg lost at 30°C; MHg, percentage of Hg lost 
between 30" and 105°C; HHg,  percentage of Hg retained by the peat after drying at 105OC. 
Radiocarbon and calibrated ages are also shown. Calibrated ages were calculated using CALlB REV, 
version 3.03 (29), and are reported here as intercepts (without standard deviations). 

Fig. 2. Total Hg (Hg,) 
and the natural compo- 
nent of Hg accumula- 
tion (Hg,,,, black area) 
in PVO. The anthropo- 
genic component of 
accumulation (HgANT, 
shaded area) is estl- 
mated as the differ- 
ence between total Hg 
and the natural com- 
ponent (Hg,,, = Hg, 
- Hg,,,). The maln 
prehistor~c and histor- 
ic phases of the Hg ex- 
ploitation in Spain are 
indicated. 

400 Modem Period - ,, 2nd and 3rd Hg metalluro~wl revolutons) 

m 1 

Islamic Period 

Years B.P. 

basal section of the core conesponds to the 
Neoglacial Period (NP), a time of globally cool 
climate (8): here, LHg (the fraction of Hg lost at 
30°C) represents a large proportion of Hg, (up 
to 50%) (Fig. 1C). After this phase, tempera- 
tures increased, culminating in the Roman 
Warm Period (IiU'P) (2100 to 1500 '"C yr 
B.P.) (9): in this section of the core; HHg (pro- 
portion of Hg retained by the peat after heating 
at 105°C) dominates. but iZfH, (fraction of Hg 
lost between 30" and 105°C) also attains sub- 
stantial proportions. Similarly, Hg amounts of 
high and moderate stability are the dominant 
fractions in peats co~responding to the Medi- 
eval Warm Period (MRT). In peats corre- 
sponding to the Little Ice Age (LIA) (the cold- 
est period of the late Holocene), which started 
at -1400 A.D. (9, 10); LHg is dominant (up to 
60%) (Fig. 1C). In summary, during cold to 
very cold climatic periods. a large proportion of 
the accumulated Hg is in the form of thermally 
unstable Hg, and vice versa (11). During warm 
and wet climates, both HHg and :WHg are abun- 
dant (12). This variation; if it holds regionally, 
may thus provide a proxy of environmental 
conditions at the time of atmospheric deposi- 
tion. However, a full demonstration that these 
indicators are a robust proxy will require corn- 
parable analyses at several sites. This notion is 
consistent with data on modem Hg accwnula- 
tion patterns in remote northern areas (13) and 
with predictive models of the fate of atrnospher- 
ic Hg in response to temperature (14). It is also 
consistent with data on Hg accumulation in 
Antarctica over the past 34,000 years (15). In 
Dome C (Antarctica), Hg concentrations are 
high during the Last Glacial Maximum (LGM) 
(18,000 years ago), between 5 and 12 times 
those of the Holocene (up to 2.2 pg g1 during 
the LGM, compared with -0.4 pg g' during , 

the Holocene). Although this finding was sug- 
gested to be related to increased Hg emissions 
due to enhanced oceanic productivity (1.5) in 
cold periods, a simple temperamre control is 
also worth considering. 

For peat samples older than 2200 14C yr 
B.P., a multiple regression function that in- 
cludes the climatic signal contained in the Hg 
lability classes explains 95% of the variation 
of Hg, (16) 

Hg,,, = 4.0,bfH, + 38.2(LH,.iHH,) 

- 1 .5  (1ZfH,'LH,) 

- 198.6(lZfH,.iHH,)+l1.5 (4) 

Here, L,JH,,, LbfHgiL,g, and 1WHdHHg are the 
ratios L,, to H,,, 1ZfHg to LHg, and lWHg to HHg, 
respectively. Because these are pre-anthropo- 
genic concentrations of Hg,, the function pre- 
dicts the natural component of the accumulated 
Hg (Hg,,,), and it can be used as a model to 
reconstruct the concentration of Hg of natural 
origin for the whole PVO core (Fig. 2). The 
data (Fig. 2) show that until -2500 14C yr B.P., 
the Hg concentrations can be considered to be 
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the result of natural emissions. For these pre- 
anthropogenic times, net Hg flux varied be- 
hl-een 1.5 and 8.0 p.g i1ir2 year1, wit11 an 
average of 3.3 i. 1.1 kg  m-2 year1 (1 7). 

Samples of cold to very cold climate phas- 
es have Hg,,, concentrations of 37 to 50 ng 
g-', except for the coldest episode of tlie LIA, 
which lias a concentration of 65 ng g-' . Sam- 
ples of waim and wet climate phases ha\-e 
Hg,,, concentrations betnreeii 15 arid 37 ng 
g-'. and samples of warm and dry phases 
ha\-e concentrations of 13 to 33 ng g-I. Very 
warm periods are those with the lowest con- 
centrations of Hg,,,, and \-el7 cold periods 
are those with higher Hg,,, concentrations. 
Thus, the natural variation between cold and 
very waim periods is as great as 50 rig g-I; 
and accumulatioii during the coldest episode 
was five times that of the wannest episode. 
These results indicate that. at least at our site. 
Hg accumulation is mainly coiitrolled by 
teinperature variations; and huniidity (tliat is. 
net surface moisture) is a secondan factor. It 
also lias to be considered that cliiliatic effects 
might influence Hg accumulation in an indi- 
rect way by affecting peat growth and decom- 
position rates, suggesting a certain degree of 
site dependency on tlie Hg record and tlie 
need for fuitlier extensive work to establish 
tlie limits of this methodology. Nevertheless, 
ratios between Hg species. as we used them 
here, are not likely to be affected by changes 
in peat growth: decomposition. or degradation. 

In samples that are more recent tlian -2500 
14C yr B.P., total Hg concentrations in the peats 
(Hg,) exceed tlie value for Hgx,, as deter- 
mined with Eq. 4. There are no obvious addi- 
tional natnral sources of Hg at this time, and tlie 
coincidence of this time with tlie start of Celtic 
mining in Spain at -2400 to 2500 14C yr B.P. 
(IS) suggests tliat tlie difference between 
Hg,,, and Hg, values represeiits antlvopogen- 

ic Hg (Hg,,). Since 1500 14C yr B.P., the 
Hg,, concentrations rose steadily to reach a 
maxlmumi between 300 and 400 14C yr B.P.; 
this was followed by a small decrease, but since 
-200 14C yr B.P., there lias been a fiuther 
pronounced increase. The a\-erage net Hg flux 
for the iiidustiial period is 56.0 ? 25.7 kg m-' 
year1,  with a niaxiiiiuin of 87 kg nl-' year1 in 
the uppelmost san~ples of tlie peat (1 7). 

This evolution is consistent with the liistoiy 
of Hg mining arid metallurgy in Spain. Milling 
in tlie Xlmaden regioii is thought to have begun 
at 430 B.C. in the Celtic period (18). This is 
when Hg,, first became significant: represent- 
ing 10 to 15% of Hg,. A sharp increase to 30% 
of Hg, occui-red during the first phase of tlie 
Roinan exploitation (the Republican period. in 
n~liicli there was no ore refinement); in samples 
that coi~espond to tlie Roinaii Empire, when 
cinnabar refining was introduced (19), values of 
Hg,,, are up to 80% of Hg,. Hg,,, decreased 
~ritli tlie fall of tlie Roman Empire in the fouith 
cenh~ry A.D., increased during the Geimanic 
period; decreased d~~iiiig the Islamic conquest of 
Spain. and increased again after tlie establisli- 
ment of the Islamic lungdoin, when metallurgy 
was first introduced. Since tlie final reconq~iest 
of A1madi.n by tlie Cluistian kingdom; Hg,,, 
lias dominated Hg, and lias steadily increased 
(18-20). Some of these features are shared by 
the Pb accumulation pattern in PVO (4). 

The data above imply that the thelmal labil- 
ity of Hg is a good indicator of paleoclimate 
evolution. To establish a relation. we grouped 
samples in the following classes of cliiiiates in 
Spain (9, 21, 22): \-ery cold to cold, cold to mild 
(described in the literature as irregular cliinatic 
conditions, kansitions from warm to cold peii- 
ods; or tl.ansitioiis from cold to warm periods), 
mild to warn1 and dry: warm and diy: aiid war111 
and li~unid climates. 

We perfoinied a disciiminant analysis using 

Cold-md 
Very cold to co'c a + * *  
0 go  a % o  AA A M  

0 0  0 
A * *  

A * *  2 

'9, 8 
Mild to warm and dry . w .. 

Warm and drv . 
-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 

Function 1 
b 

Cold Mild Warm 

Fig. 3 (Left). Bidimensional projection of the discriminant analysis using 
functions 1 and 2 (F1 of Eq. 5 and F2 of Eq. 6, respectively). Function 1 
shows a variation from negative to positive values associated with 
temperature, and function 2 shows a variation associated with humidity. 

the climate classes as tlie grouping vaiiable and 
tlie Hg stability classes as well as tlie ratios 
between thein as predicting variables (23). 
Three canonical functioiis were needed to ex- 
plain all the \-ariance represented by the climate 
evolution of the past 4000 years, but the first 
two accouiited for 96.5% of tlie total valiance 

L,, and tlie L,,IH,, ratio showed significant 
correlations to ~ 1 . -  whereas l\fi.I,IHH, and 
HHn are correlated with F 2  (23). Considering 
thehat ions  betnreen the Hg tlieimal stability 
classes aiid climate, F1 priinarily represents 
temperahire variations, and F2 mainly repre- 
sents humidity \-ariatioils (Fig. 3).  The liu- 
inidity function was not well defined for cold 
or for inild to cold periods; as tlie dispersion 
in F 2  appears only for climates classified as 
mild or waim (24). 

We built a relati\-e scale [teinperah~re index 
(TI)] (Fig. 4) by correcting tlie scores of tlie F1 
filnctioii to tliat of tlie ~~ppemiost saiiiple of the 
peat, ~iialung it tlie reference zero value (25). 
Positive values may represent periods of higher 
teliiperature. and negatix-e \-alues may represent 
periods of temperature lower tlian tlie average 
experienced duiing the past 30 years (25). Pre- 
vious studies have estimated tliat temperature 
relati\-e to the present was as follon~s: between 
l o  and 2°C lower d~u-ing the LIA. 1 .j°C higher 
during tlie hK$P: 2°C higher dulling tlie R W ,  
aiid between l o  and 2OC lower dulkig tlie KP 
(9, 21, 22). For comparison, the a\-erage TI 
values for these same periods are -1.7 for tlie 
LIA. + 1.9 for the I\/m'P. L2.2 for tlie RWP, 
and -1.3 for the NF. Long records at Spanish 

Years B.P. 

-3 - 

-4 

Fig. 4 (right). Evolution of the TI values for the late Holocene in northwest- 
ern Spain. Because of its good agreement with published data, i t  can be 
considered as a record of relative temperature variations for the past 4000 
years in Spain. 

LIA 

I I I I I I 

www.sciencemag.org SCIENCE VOL 284 7 MAY 1999 

0 500 1000 1500 2000 2500 3000 3500 4000 



meteorological stations show a temperature de- Sci. Technol. 31, 233 (1997); H. Biester and H. Zim- 23. Discriminant analysis was performed w i th  the SPSS 
mer, ibid. 32, 2755 (1998)] have demonstrated that  crease of 2" to 3°C fkom the end of the 19th to 
Hgo is the only Hg species that has significant ther- 

software package, version 6.1. After assigning the 
climate class t o  each sample, we ran significance 

the begilming of the 20th centul?. (26). D~lrillg ma1 desorption below 10O0C, whereas HgCI, and H g  tests (F and Wilk's lambda) for the equality o f  class 
the same oeriod. the TI drovs 2.7 units. fioin 2.5 bound t o  humic acids have maximum He  releases a t  means for each variable, which resulted in significant 

in the 19;h cenkiy to -0.5 at the beginning of much higher temperatures (2000 to 300"c). 
- 

differences between climate classes for H,,, L,,, 
8. 8. C. Porter and C. H. Denton, Am. J. Sci. 265, 177 LH,/HH,, and MH,IHH (P < 0.01). Three canonical the 20th centtiiy, and increases - 1 .O unit ftom (1967); L, D, Keigwin, Science 274, 1504 (1996), functions were neede8 t o  explain the variance, w i th  

the beginning of the 20th Celltlll~ (27). This 9. I. Font Tullot, Historia del Clima de Esparia: Cambios the first function (F l )  accounting for 69%, the second 

result is colliistent the climate Rralnling ClimSticosy sus Causas (Instituto ~ a c i b n a l  de Meteo- one (F2) accounting for 27.5%, and the third one (F3) 
rologia, Madrid, 1988); J. C. Garcia Codron, Un Clima accounting for 3.5%. Canonical correlations for these obsenied at a global scale and in Spain (28). para la Historia Una Historia para e l  Clima (Servicio de functions are 0.95, 0.89, and 0.59, respectively; thus, 

The record implies that. for the past 4000 Publicaciones de la Universidad de Cantabria, Leccio- the first t w o  functions account for almost al l  the 

years (Fig 4). the S P  and the LIX \+ere the 
nlost pioininent cooling peiiods and the RVI P 
and the MWP were the most iinpoitant w a1111- 
ing periods The reconstruction also s11on.s 
some regional clinlatic peculiarities, such as 
that froii~ 1500 to 1200 ''C yr B.P.: when it 
Ivas generally cool in Spain except for north- 
western areas. where temperatures recovered 
after an initial cooling (9). In addition, the 
record s11on.s high variability: with intense 
changes occui-ring at different time scales (3). 
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