
SN-I CP-MS          
Element LA1 HNO3

2 t r i-acid3 I C4 Literature5

Na 49.3 ± 24.5 77.649 175.005 88.280 84.030
Mg 63.5 ± 41.6 102.855 121.427 50.020 37.920
Al 253.8 ± 172.5 163.689 441.318 - 270.000
K 89.8 ± 60.4 16.746 122.272 10.560 17.050
Fe 196.0 ± 128.8 137.271 253.550 - -
Zn 2.2 ± 1.7 16.282 20.196 - 0.563
Cd 0.054 ± 0.036 0.126 0.137 - 0.003
Pb 0.317 ± 0.217 0.946 1.170 - 0.151
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17OH 103Rh 208Pb 24Mg

Z	[ \(]�^(_
Signal of 10 µgkg -1 "daily perform ance" ice 

standard at  different  m asses. 17OH is used as 
internal standard.
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The experim ental setup is shown in � � �x��� .  To 
enable direct  analysis of solid ice sam ples at  a 
tem perature of -45°C a cryogenic laserablat ion 
cham ber (CRYOLACTM,  Germ an patent  applicat ion)  
was constructed.  The cham ber has a large volum e 
( �  5¡5¢ £�� )  to enable the m easurem ent  of ice core 
sam ples cut  as discs or segm ents with one or m ore 
annual layers depending on the depth of the ice 
or igin. The inner  part  of the cham ber consists of 
high pur ity copper and contains a cooling canal for 
the cooling liquid (silicon oil) . The outer shell 
consists of teflon and enables a good insulat ion 
against  the copper block. A com puter controls the 
sam ple stage of the laserablat ion cham ber  in xyz-
or ientat ion as well as the laser system . 

¤¦¥b�G� §b���G� ¥¨�©���«ª­¬®¥«��� �

The direct  determ inat ion of elem ent  signatures in 
polar ice core sam ples from  Greenland by laser 
ablat ion ICP-MS has been invest igated. I ce core 
studies enable a highly resolved reconstruct ion of 
Earth clim ate back to about  500,000 years. The 
analysis of t race elem ent  signatures and dust  
hor izons along annual layers y ields inform at ion 
about  the st rength of sources and t ransport  
m echanism s for aerosols in the paleoatm osphere as 
well as about  the paleovolcanism . Annual layers and 
t ransit ions from  cold to warm  per iods are detectable 
due to changes in concentrat ion of m ineral dust  and 
seasalt .
Up to now elem ent  analyses in ice cores are only  
possible with m olten ice sam ples.  Drawbacks are:

• High sam ple consum pt ion
• Low spat ial and tem poral resolut ion
• Lost  of valuable sam ple m ater ial

The aim  of this work was to achieve a m ult ielem ent  
determ inat ion of elem ent  signatures in ice cores 
with a h igher  spat ial resolut ion especially in thin 
annual layers (<  0.5 cm )  of old deep- ice.                  
Laser ablat ion ICP-MS is the f irst  analyt ical 
technique which fulfils the detect ion of elem ents at  
ult ra t race level in thuch thin layers with the 
required resolut ion. Advantages are:

• Spat ial resolut ion +  detect ion lim its
• Low sam ple uptake
• Analysis direct ly from  solid sam ple¯

Minim um  sam ple preparat ion ¯
Low r isk of contam inat ion

In this study the elem ent  determ inat ion in real ice 
sam ple m ater ial is focused to following com ponents:

°  7±"²l�b³«´5£* rµ� 5¢ � � ¶  *·�£5¶¸ ¢ ±"¹(£7±"º"»3»¼³�²j� ½3£5¶  5¢7¾x¿*µ�� � ¶  *·(£5¶À ¡7±1Á1¾3±1Â1½�³ ¸ ½7�	Ã5¶ Ä1Å*Ä3�5£5½5� ·l� ¶  *·(£5¶

Æ ������ÇÈ�x���G� ¥¨���j�G�«ª�� �b�

• For calibrat ion, ice standards were perform ed in a 
stepwise procedure from  com ercially available 
standard solut ions. 
• The signal of É Ê ËÍÌ com ing from  the ice was found to 
be m ost  suit able to use as an � ½7� £5¶ ½* 5¢*µ��  5½*¾1 5¶ ¾ .  
• A study of 17OH, 24Mg, 103Rh and 208Pb signal 
progressions ( laser  ablat ion line scan m ode)  is 
dem onstrated in ¹*� �x�5Î .
• Norm alizing the analyt ic signal to 17OH intensit ies, 
standard dev iat ions could be reduced by a factor of 2. 
º1´xÏ µbÄ*�fÐ3Ñ Ò�Ó could be achieved for all m easured 
m asses. 
• Á1 5¢ � ¡5¶  7� � Äx½Ô�x¶  5Å5Ã*µ for  Na (sea salt  t racer) , Al 
(m ineral dust  t racer)  Zn and Pb (anthropogenic or 
contam inat ion t racer)  are exem plar ily shown in ¹*� �x�
Ð .  Linear ity  could be found for  m any elem ents over 
the whole calibrat ion range. 
• Ï £7� £*·�� � Äx½¼¢ � Õ�� � µ :  Pb ⇒ 0.001 µg kg -1 

Na, Mg, Al,  Zn ⇒ 0.1 – 1 µg kg -1

Fe, Ca ⇒ 1 – 10 µg kg- 1

• Ö  5¢ � ¾5 7� � Ä1½rÄ*�GÕr£7� Ã*Ä3¾ by cert ified standard 
reference m ater ials which were prepared as norm al 
ice standards. Na,  Mg, Al, Ca,  Fe,  Zn,  Cd, Pb ⇒¶ £*·�Ä*×3£5¶ Ør 5Å5Å5¶ Ä*Ù1�(Úf�7Û�Ó
• Opt im ized Ä1Å*£5¶  7� � ½*�w·�Äx½*¾x� � � Ä1½*µ are sum m arized 
in �  5¡5¢ £�Î .
• ¹*� �x¿5¶ £ÝÜ1  shows a cryogenic scanning elect ron 
m icroscopy picture of an ice surface (diam eter 300 
µm )  with an Þ�º¨¢  *µ�£5¶Í·7¶  7� £5¶ (50 shots, 300 m J, ∅ =  
300 µm ) .
• Along an area scan the laser  beam  vaporizes sm all 
inclusions of part icles together w ith the sur rounding 
ice. Such part icles are exem plar ily  shown in ¹3� �x�*Üx¡ .  

By m eans of a laser beam  at  a wavelength of 1064 
nm , which was found to be m ost  suitable according 
to the absorpt ion coefficient  of ice, m ater ial from  
the sur face is ablated.  Argon is used as carr ier  gas. 
The gas is precooled to avoid droplets at  the opt ical 
window of the cell.  The ablated sam ple aerosol is 
int roduced to an ICP-MS (ELAN 6000, PerkinElm er) 
for subsequent  ion analysis.  

ß�à�á�â ãlä å
Cell param eter.

Tube length to ICP 50 cm
Cell volum e 730 m L
∅ opt ical window 10 cm
Wash out  t im e 7 m in
Sam ple dim ension 1 cm , 5 cm , 10 cm  (h,w,d)

æ	ç è(é(ä�å
Experim ental setup.
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Opt im ized operat ing condit ions for the 

I CP-MS system  in com binat ion with the IR- laser 
for  t race elem ent  analyses in frozen ice samples.

I CP-MS PerkinElem er/ Sciex 
ELAN 6000

RF power 1300 W
carr ier gas 0.92 L m in -1

auto lens on

isotopes m easured 17OH, 23Na, 24Mg, 27Al 
for opt im isat ion 64Zn, 103Rh, 114Cd, 208Pb
laser Nd: YAG, 1064 nm
pulse m ode Q-swit ched
frequency 10 Hz
laser energy 300 mJ
spot  size 300 µm

æ	ç è(é+*�å
Calibrat ion studies with frozen standard solut ions 

were perform ed with 6 to 11 standards ranging from 10 
ngkg -1 t o 100 µgkg -1.
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A�B C�DFE!G
Cryo-SEM pictures of ice sam ples. 4a:  IR- laser 

crater, 4b:  Part icles in deep- ice (1102 m ;  6209 years old)  
from  Greenland are or ientated at  grain boundaries.
Diam eter of  part icles:  3-20 µm .

H I

A�B C�DKJ�G
Locat ions of ice cor ing 

in Greenland (NGRI P-North 
Greenland I ce Core Project ) .

A�B C�DKL�G
Visible dust  hor izons

in an ice core sam ple.

dust  hor izons

A�B C�D!M!G
Sam pling pattern ( left )  for  elem ent  analyses (area scans)  in ice cores by 

laser ablat ion. The elem ent  signature of Al ( r ight )  is exem plar ily shown by plot t ing 
concent rat ion vs. sam ple length. The signature contains an undulated progression 
(m in/ m ax)  which points to a seasonal var iat ion (winter- ->  high Al conc.,  sum m er-
->  low Al conc.) . The annual layer thickness (distance between two 
m axim a/ m inim a) is about  21.8 m m .
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A�B C�D�N!G
Com parison of average values obtained by LA with the 

m easured part icular m atter in the respect ive geological interval.

OKPKQKR S)TKG
Comparison of m easurem ent values for sam ple NGRI P Last  Glacial 

Maxim um  obtained by different  analyse techniques (values in µgkg -1) .

UWVYX[Z]\ ^FX`_]aYbcbed XgfhZYXiX[d jWa

• Greenland ice core sam ples (posit ion of NGRIP, kml npoq
)  from  different  depths were analysed by LA- ICP-MS.

• kml npo[rts�u v!w x y shows the used sam ple pat tern, a 
com binat ion of area scans (20 m m ² , no. of replicates 
=  6)  arranged vert ically  to the core ax is.
• kml npo]rzs�{ l np|!x y shows exem plar ily the v}u v+~�v+�!x� l np�m�!x �+{ v�w �}{���u derived of sam ple m ater ial from  the 
u � � x�npu �m�!l �+u�~��!�}l ~h�+~ (depth:  1,826 m ;  age:  
24,200 yr before present .  Al-concentrat ion (on x-axis)  
is plot ted versus sam ple length. Hor izontal red bars 
give the concentrat ions or iginat ing from  area scans. 
• An undulated progression (m in/ m ax)  is seen within 
the sam ple length which points to a seasonal var iat ion 
with different  deposit ion of part iculate m at ter dur ing 
sum m er and winter t im e. Maxim a in elem ent  
concentrat ion could also or iginated from  dust  hor izons 
due to volcanic erupt ions ( kml npo�� ) . 
• The distance between two m ax/ m in - the annual 
layer thickness - is about  21.8 m m  of sam ple length.  
This is in a good agreem ent  with the value from  the 
literature (21.2 m m yr - 1)  m easured by γ-spect roscopy. 
• The vert ical red line gives the average of area scans 
(253,8 ± 172.5 µgkg- 1) .  The value is in a good 
agreem ent  with the black dot ted line,  the available Al-
concentrat ion (270.0 µgkg-1;  GRIP data)  from  the 
literature obtained by graphite furnace atom ic 
absorpt ion spectroscopy (GFAAS) .

• Generally , a �K�}~h�m�+{ l � �}�[�mw�u �����+u}~hl �!{ �����[l x |)�+�+u ���+���+u � � l � is very difficult . However, to enable a 
com parison with convent ional solut ion (bulk)  analysis, average values for all m easured sam ples were 
calculated. These average values were com pared with data obtained by SN- ICP-MS, IC or literature 
data ( �+�+�+u v�� ) .
• LA of ice sam ples enabled only a �m�+� ~��+�+�+l �mn�~hl �!{ ���+�m�+u � � l � .  Nothing is known about  part icles and 
elem ent  concentrat ion in the third dim ension. However, it  could be found that  the elem ent  
concentrat ion obtained by LA were in the sam e order  of m agnitude as the values obtained from  the 
solut ion after  t r i-acid digest ion.
• kml npoF��� Sea salt  and m ineral dust  t racer  as well as REE in Greenland ice core sam ples have shown 
good correlat ion to part icle content .  I t  is assum ed, that  these elem ents are bonded to part iculate 
m at ter.  No correlat ion was obtained for Zn,  Cd, Pb and Nd m ost  probably due to contam inat ion or  other  
t ransport  processes. 
• Fract ionat ion effects could not  been observed dur ing laser ablat ion. This could be related to the fact , 
that  calibrat ion was per form ed in the sam e m atr ix, however further studies will be carr ied out .

1axial averaged concent rat ions 
obtained by laser ablat ion area 
scans
2fract ion dissolved in HNO3

3total content  after t r i-acid 
digest ion HNO3/ HF/ HClO4

4obtained by ion chromatography 
5comparable values from the GRIP 
ice core obtained by IC or GFAAS
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by LA- ICP-MS. Here:  
2-d m apping of Ti- im plant  abrasion in frozen ham ster t issues. 

® jWaYf[\�Z�X[d jWa�X`_]aYbcjWZY^¬\ j�je¯

• Developm ent of a new m ethod for x { �m��viv+u v}~�v+�!x��+�m�+u � � v � direct ly  from  w { ��°Kv+�hl �Kvi�K�}{ v � �+~h�+u v �
by ±��F� ² ³F´�� µ·¶
• Successfull preparat ion of ice standards and quant itat ive determ inat ion of t race elem ents in real ice 
sam ples
• Low sam ple consum pt ion,  quasi non-destruct ive, sam ples are available for other  analy t ical techniques
• Reduced contam inat ion r isk, low detect ion lim its
• �m� �)~��+�+�+l �mn[�mwF¸�{ vmv+�+u �}�m�[�+vmv+�m� l �Kvi���}{ v (depth:  <  1000 m )  sam ples with high spat ial and hence 
tem poral resolut ion has shown st rong var iat ions in sea salt  and m ineral dust  concentrat ion owing to 
changes in atm ospheric t ransport  processes in sum m er and winter t im e in the Arct ic basin.  Annual layers 
were detected also in deep- ice,  which are im possible to resolve with convent ional solut ion analysis. 
• This applicat ion will be deployed for analysis of elem ent  signatures in w �!x �+{ vg���!x �+{ ��x l �gl ��vi�K�}{ v� x �m�pl v � .
• ¹Fv!�ºw l v}u �)l �[�+l �+�+�m�+u �mx l �K�+um�!|mv+~hl � x { �p� The new developed cryogenic ablat ion cham ber "CRYOLACTM "
enables the �}�m�+u � � l � �mw�w { ��°Kv}� � �mw xFx l �K� �mv � �+~h�+u v � �!�h±��F� ² ³�´�� µ·¶ .  kml npom» shows an exam ple for 2d-
m apping of Titan (com ing from  im plants abrasion)  in frozen ham ster t issues ( -45°C) .  

-

´}�+�+u l �K�!x l �p�}�
Reinhardt  H,  Kriews M, Miller H,  Schrem s O,  Lüdke C, Hoffm ann E,  Skole J (2001)  Fresen J Anal Chem ,  370: 629-636.
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