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are transported from the tip to the substrate. 
Although the experiments performed on 
Au(ll1)imica provide important infonnation 
about the chemical identity of the transported 
species in these experiments, Au(l1 l)/mica is a 
poor substrate for DPN. The deep valleys 
around the small Au(111) facets make it diffi- 
cult to draw long (micrometer) contiguous lines 
with nanometer widths. 

Although the nonannealed Au substrates are 
relatively rough (the root mean square rough- 
ness is 2 nm), we could deposit 30-nm lines 
with DPN; this distance is the average Au grain 
diameter of our thin film substrates and repre- 
sents the resolution limit of DPN on this type of 
substrate (Fig. 2C). The 30-nm molecule-based 
line prepared on this type of substrate is discon- 
tinuous and follows the grain edges of the Au. 
Smoother and more contiguous lines can be 
drawn by increasing the line width to 100 nm 
(Fig. 2D) or presumably by using a smoother 
Au substrate. The width of the line depends on 
tip scan speed and the rate of transpolt of the 
alkanethiol from the tip to the substrate (relative 
humidity can change the transport rate). Faster 
scan speeds and a smaller number of traces give 
narrower lines. 

We also used DPN to prepare molecular dot 
features to demonstrate the difhsion properties 
of the "iuk" (Fig. 3; A and B). The ODT-coated 
tip was brought into contact (set point = 1 nN) 
with the Au substrate for a set peiiod of time. 
For example; ODT dots 0.66 ym, 0.88 ym; and 
1.6 ym in diameter were generated by holding 
the tip in contact with the surface for 2, 4; and 
16 min, respectively (Fig. 3A, left to right). The 
unifoiln appearance of the dots probably re- 
flects an even flow of ODT in all directions 
from the tip to the surface. Opposite contrast 
images were obtained by depositing dots of an 
alkanethiol derivative, 1 h-inercaptohexade- 
canoic acid, in an analogous fashion (Fig. 3B). 
This not only provides additional evidence that 
the molecules are being transported from the tip 
to the surface but also demonstrates the molec- 
ular generality of DPN. 

We could generate arrays and grids in addi- 
tion to individual lines and dots. An array of 25 
ODT dots 0.46 y m  in diameter, spaced 0.54 
yin apart (Fig. 3C), was generated by holding 
an ODT-coated tip in contact with the suface 
(1 nN) for 20 s at 45% relative humidity with- 
out lateral movement to form each dot. A grid 
consisting of eight intersecting lines 2 y m  in 
length and 100 nm wide (Fig. 3D) was gener- 
ated by sweeping the ODT-coated tip on a Au 
suiface at a 4-yids scan speed with a 1-nN 
force for 1 5 min to form each line 

The resolution of DPN depends on several 
parameters, and its ultimate resolution is not yet 
clear. First. the grain size of the substrate affects 
DPN resolution much as the texture of paper 
controls the resolution of conventional writing. 
Second, chemisorption and self assembly can 
be used to limit the diffusion of the molecules 

after deposition. The ODT patterns are stable 
whereas water forms metastable patterns (23). 
Third, the tip-substrate contact time and thus 
the scan speed influence DPN resolution. 
Fourth, relative humidity seems to affect the 
resolution of the lithographic process by 
controlling the rate of ODT transport from 
the tip to the substrate. The size of the 
water meniscus that bridges the tip and 
substrate depends on relative humidity 
(23). For example, the 30-nm-wide line 
(Fig. 1C) required 5 min to generate in a 
34% relative humidity environment, where- 
as the 100-nm line (Fig. 1D) required 1.5 
min to generate in a 42% relative humidity 
environment. 

DPN is a simple but powerful method for 
transporting molecules from AFM tips to 
substrates at resolutions comparable to those 
achieved with much more expensive and so- 
phisticated competitive lithographic methods, 
such as electron-beam lithography. It should 
be especially useful for the detailed function- 
alization of nanoscale devices prepared by 
more conventional lithographic methods (30, 
31). 
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Visible Quantum Cutting in 
L~G~F, :Eu~+ Through 

Downconversion 
Renk T. Wegh, Harry Donker, Koenraad D. Oskam, 

Andries Meijerink* 

For mercury-free fluorescent lamps and plasma display panels, alternative 
luminescent materials are required for the efficient conversion of vacuum 
ultraviolet radiation to visible light. Quantum cutting involving the emission of 
two visible photons for each vacuum ultraviolet photon absorbed is demon- 
strated in Eu3+-doped LiGdF, with the concept of downconversion. Upon 
excitation of Gd3+ with a high-energy photon, two visible photons can be 
emitted by Eu3+ through an efficient two-step energy transfer from Gd3+ to 
Eu3+, with a quantum efficiency that approaches 200 percent. 

Luminescent materials with lanthanides are on the luminescence properties of lanthanide 
found in fluorescent tubes, color televisions, ions (sharp lines and high efficiency). In flu- 
x-ray photography; lasers, infrared (IR) to orescent lamps, phosphors on the inside wall 
visible light upconversion materials; and fi- of the glass tube convert the ultraviolet (UV) 
ber amplifiers (1-3). Such applications rely radiation (mainly with a wavelength A of 254 
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Fig. 1 (left). Energy level diagrams for two (hypothetical) types of lan- 
thanide ions (I and II), showing the concept of downconversion. Type I is an 
ion for which emission from a high energy level can occur. Type I I  is an ion 
to which energy transfer takes place. (A) Quantum cutting on a single ion I 
by the sequential emission of two visible photons. (B) The possibility of 
quantum cutting by a two-step energy transfer. In the first step (indicated by 
O), a part of the excitation energy is transferred from ion I to ion I I  by 
cross-relaxation. Ion I I  returns to the ground state by emitting one photon of 
visible light. Ion I is still in an excited state and can transfer the remaining 
energy to a second ion of type I I  (indicated by a), which also emits a photon 

nm) that is generated in the Hg discharge to 
blue, green, and red light, yielding white 
light. The quantum efficiency of the lan- 
thanide-based lamp phosphors is high 
(-90%) (1): For every 100 UV photons that 
are absorbed, 90 photons in the visible spec- 
tral region are emitted. 

A challenge in the field of luminescence 
of lanthanide ions is the research in the vac- 
uum ultraviolet ( W V )  (A < 200 nm) spectral 
region. Recently, this field has become im- 
portant because of the need for phosphors for 
VUV excitation (1, 3-5). For example, Hg- 
free fluorescent lamps can be made by replac- 
ing Hg with a noble gas, such as Xe, as the 
discharge medium. A Xe discharge offers the 
advantage of immediate start-up: There is no 
delay in the emission of light (as is the case in 
conventional fluorescent lamps, where Hg 
must first evaporate). Immediate start-up is 
important in special applications (for exam- 
ple, for lamps in facsimile and copying ma- 
chines and for car brake lights. In plasma 
display panels, a Xe discharge is also used to 
generate W V  radiation. In each pixel, the 
VUV radiation is converted to blue, green, or 
red light by a phosphor (4). For the conver- 
sion of the W V  radiation of a Xe discharge 
(X = 172 nm) to visible light, alternative 
phosphors are needed. Three aspects are im- 
portant in the development of new W V  
phosphors: a higher efficiency, a higher sta- 
bility, and a higher VUV absorption (5). 

Although the generation efficiency of 
VUV radiation is high in a Xe discharge 
(higher than in other noble gas discharges), 
the light output (in lumens per watt) of Xe- 

Debye Institute, Utrecht University, Post Office Box 
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in the visible spectral region, giving a quantum efficiency of 200%. (C and D) 
The remaining two possibilities involve only one energy transfer step from 
ion I to ion II. This is sufficient to obtain visible quantum cutting if one of the 
two visible photons can be emitted by ion I. Fig. 2 (right). Energy level 
diagram of the Cd3+-Eu3+ system, showing the possibility of visible quan- 
tum cutting by a two-step energy transfer from Cd3+ to Eu3+. 

discharge lamps is lower than that of Hg- whereas for P?, the main emission occurs 
based fluorescent lamps. An important limi- in the deep violet region (-405 nm), where 
tation in obtaining high energy efficiencies is 
inherent to the conversion of one VUV pho- 
ton (A ;= 172 nm) to one visible photon (A = 

400 to 700 nm). Even if the quantum effi- 
ciency of a phosphor is loo%, in this process, 
-65% of the energy from the VUV photon is 
lost by nonradiative relaxation processes. For 
a Hg discharge (A = 254 nm), the losses are 
lower (-50%). To reduce the higher energy 
losses, a quantum efficiency of more than 
100% is required for phosphors in Xe-dis- 

eye sensitivity is very low. 
An alternative concept for obtaining quan- 

tum efficiencies of more than 100% is based 
on a combination of two lanthanide ions. 
Through partial energy transfer between the 
ions, a high quantum efficiency (close to 
200%) can be obtained. This process is the 
opposite of the process that is known as 
"Addition de Photons par Transfert 
d'EnergieV (APTE) [which was discovered 
by Auzel in 1966 (8)] and also known as 

charge fluorescent lamps. In theory, this is upconversion (1, 2). Because of this analogy, 
possible as the high energy of W V  photons we call the quantum cutting through energy 
that are generated in a noble gas discharge transfer "downconversion." The concept is 
allows the emission of two photons in the illustrated (Fig. 1) with two types of ions, I 
visible spectral region per each VUV photon and 11, with hypothetical energy level 
absorbed. This phenomenon has been studied schemes. Efficient visible quantum cutting by 
for single lanthanide ions like P?+ and Tm3+ a two-photon emission from a high energy 
(6, 7), but for Tm3+, a substantial amount of level for a single lanthanide ion is theoreti- 
light is lost in the IR or W spectral region, cally possible (Fig. lA, red lines). However, 

550 600 650 700 160 200 240 280 
Wavelength (nm) Wavelength (nm) 

Fig. 3. (A) Emission spectra of LiCdF,:Eu3' (0.5 mol%) upon excitation in the 61J levels of Cd3+ 
at 273 nm (violet line) and upon exatation in the 6C, levels of Cd3+ at  202 nm (red line), both 
at 300 K. The spectra are scaled on the 'Dl --* 'FJ emission intensity. (B) Excitation spectra 
of LiCdF,:Eu3* (0.5 mol%) monitoring the 5D1 --, 7F emission of Eu3+ at  554 nm (violet 
line) and the 5D0 + 7F2 emission at  614 nm (red h e ) ,  both at  300 K. The spectra are 
scaled on the 8S7,z -* 61J excitation intensity. 
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competing emissions in the IR and UV rc- 
gions (Fig. 1A. blaclc lincs) can also occur. 

\Th7 abso~ption is ncali-; and thc error in the 
detern~ination of the fraction of the \ IT7  radi- 

cxcitatio~l in the "G, lc\-cls than for excitation in 
thc 'I, levels. The 'DO~'D,.2,3 enlissio~l inten- 
s i y  ratio is 3.4 for excitation ia thc "I, levcls 
(this is the nolu~al branching ratio). Upon cxci- 
tation in the 'G, leiels of GcF+ (or in other 
Gel'. lei els in thc \'W). thc 'D,~'D,,; cmis- 
sion intcnsiy ratio is 7.4. From thcsc intensity 
ratios, the efficiency of the cross-relaxation step 
call bc determinccl with 

Possibilitics for 1 isible quantum cutting in- 
volving the Itno\r~n energy lcvcls of Ian- 
thaniclcs (up to 50.000 cn l - ' )  have bccn shld- 
iecl nit11 the Judd-Ofelt thcory. but efficient 
visiblc quantu~n cutting by the sequential 

ation that is absorbed is large. This gives a large 
error in thc q~lanturn efficiency calculated. The 
second problenl is related to other processes 
that can influence the q~~an tua l  efficiency cs- 
pecially in a phosphor that has not been opti- 

emission of t \~ .o  1 isible photons on one lan- 
thaniclc ion has not been fou~lcl (3, -). Thc use 
of a second type of lanthanide ion, to ~vhich a 

mized. Ko~xacliati\-e losscs at defects and im- 
purities can lox? er the quanhlm efficiency. and 
e\.en if the hi o-step energy transfer process 
occurs n it11 high cfficiency, a quantum efficien- 
cy that is much lox\ er than 2001!0 is measurccl. 

part of the excitation energy can be trans- 
ferred ancl xvhich subseq~lently elnits a visiblc 
photoa. can prevent losses ia the TR ancl UV 
regions. There arc three possibilities for vis- 
ible q~lantum cutting through cncrgy traasfcr 
(Fig. 1. B through D).  all of ivhich have a 
theoretical quantum efficiency of 200?b. 

.&I optimized phosphor could still have a quan- 
tum efficiicncy close to 200?b. 

It is possible to deter~lline the efficiency of 
the hxo-step energy transfer proccss (enitting 
hiso photons ia thc visiblc spcctral region) rel- 

The e~llission of hvo visiblc photoas per 
each absorbed \LR' photon is possible xvith thc 
G d j - E u 3  couple (Fig. 2). \Vc h a ~ e  obsc~~cc l  
i isible emission from Gd3 at -590 IUII upon 
cxcitation in thc 'G, Ici-cls at -50.000 c~llr '  

ative to the proccss that cnlits only one visiblc 
photoa (direct caergy transfer from the 'GJ 
Icvcl of Gcl* to a Eu' LC\-el at -50.000 
clllrl). 111 the e1llissio11 spectra. thc intensity 
dist~ibution over thc different Eu3+ e~nission 

Here, PrR is the probability for cross-rela~atioi~. 
and PDT is the probability for the direct cncrgy 
transfer fiom Gdjt  to E d p .  R('DO;'DI,2,3) is 
the ratio of the 'Do and the 'Dl,,,, enlission 
intcasities. Thc subscript ('G, or 'I,) i~ldicatcs 

(9): J is the total angular momcntum quanhlm 
n~mlber. The c~llissio~l could be assig~ecl to the 
"G, + "P, transition. The energy of this emis- 
sion matchcs the 'F, + 'D,, excitation encrgy 
on E u 3 ~ . .  Visible quant~!m cutting of the type 

liaes depends on thc cncrgy transfer process. 
The percentage of the G d '  ions that relax 

the excitation level for \r.hich the ratio is ob- 
tained. From thc R('D,:DD,,;) valucs of 3.4 
(for 'I, excitation) ancl 7.4 (for 'GJ excitation). 
thc ratio PcR:(P, ,, + PDT) was calculated to be 
-0.9. showi~lg that 9 of 10 G c l '  ions in thc 

through a hvo-step energy traasfcr to E u 3  can 
be clctcnninecl fio111 changes in thc ratio of the 
iatcnsit) of thc 'D, e~llission and thc other 'D, 

indicated in Fig. 1B call now occur. Upon 
excitation in the "G, levels of Gd3-, encrgl- is 

emissions for different excitation \vai elengths. 
The cnlissioil spcctru~ll (Fig. 3.4. violet linc) 

'GJ excited statc relax through a two-step en- 
ergy tra~lsfcr to E u ' ~ ' ~ .  yielding t ~ v o  visible pho- 
toas. One of 10 G d '  ions in the excitccl %J 
statc transfers all its energy clirectly to a high 
energy levcl of Eu3+; resulting in the cillission 
of only one visiblc photoa. In this nay,  a 1-isiblc 
quanh~m efficiiac). of 19096 can be obtained if 

tmnsfc~~cd in thc first step by cross-relaxation 
bctnccn G d 3  in the 'G, state ancl Eu3+ ill the 
-F,, state. rcsulti11@ in Gd3+ in the "P, state and 
E L I '  in thc 'D,, state. 111 the scco~ld step. thc 
Gcl* ion ia the 'PI state transfers the remain- 

sho\r s that the emission lines correspo~lding to 
transitio~ls kom the QD, ICT el arc the s801lgest. 
but c~llissio~l kom the 'Dl le\els ivas also 
obsc1~-ed. 13-calc cmissio~l lines from the 'D, 
ancl the 'D2 lei cls n ere o b s e ~ ~ c d  but not shonn 

ing excitation energy to a high excited statc of 
a secoacl E u '  ion. Fast rclaxatio~l fiom this 
high excitecl state to the 'D, states occurs. Both 
stcps result in the c~llission of a \ isiblc photon 
due to 'D, 4 'F, transitions on ELI'+. \vhcre 
the e ~ ~ c r g y  transfer fiom G c p  to E u 3 ~ .  IS 111e- 
cliatcd by energy nligratio~l o1.e~ the excited 

(10). The e~llissio~l spectrum is in goocl agree- 
~llcnt nith spectra for Eu3-  in LiYF, and 
LiGclF, ( 11). The ratio of the intensities of the 
9,. 'Dl. 'D2. and 'D; enlissio~l lints (the 
bmnchiag ratio) is the same for excitation ia a 
high E u '  Ici el (aboi e thc 'D3 levcl) or after 
direct encrgy transfer fi.0111 G d '  to E u 3 .  This 

no~xadiativc losscs (for example, losses due to 
cacrgy m i g a t i o ~ ~  and energy tmnsfcr to nonra- 
diativc quenching centers in the lattice) can bc 
prc\-entcd. Expcrieacc with Ia~~thaniclc phos- 
phors has sho\rn that nonradiativc losses can bc 
Ion. if the synthesis proccclure is optimized. 
Th~ls. in an optinlizcd LiGdF,:Eu3 phosphor. 
a quanhlm efficiency closc to 20096 may be 
possible. Losses due to UV emission fi.0111 
Gd' are negligible: in the c~llissio~l spectra; 
only i el? weak Gd' cmission lincs west ob- 
S~IT-ccl. The intensity of these lines was 111t1ch 

states of the G d j -  ions. Energy migation o \ ~ r  
thc Gcl stiblattice in concentrated Gd com- 
pounds is well 1;noaa and alloir s an cfficicnt 
energy transfcr with low Eu concc~~trations. 
because thc E u '  ions act as traps for the 

branching ratio, dctclu~incd by conlpetitio~l be- 
tween rn~~ltiphonon rela~ation and radiative de- 
cay fi.0111 the 'D, le\-els. is callcd the "ao~maf '  
branching ratio. 

up011 excitation in thc 'G, LC! el, quallhllll 
excitation energy migating ox-cr the Gd sublat- 
ticc (1, 2).  

To iavestigatc if ancl m it11 x~hat cfficiency 
thc \-isiblc quanhi~l  cutting in the Gd3+-Eu3~ '~  
systelll occurs. v\ e synthesized po1ycr);stallinc 
pon-dcr samples of LiGdF,:Eu' [0.5 ~llolc 
percent ( m o l o ~ ~ ) ]  (Y). Extrenle care was tal<ca to 

cuttin@ tlxough a tno-step energy traasfer call 
occur. In the first step of this process, only the 
'D,, 1e1,eI of E u '  is excited (Fig. 2). 111 the 
seconcl step. energy is transferred fi.om the "P 
levcl of Gd3+ to a high cacrgy lei,el of ELI' . 
This scco~lcl step yields the aorn~al branching 
ratio for the diffcrcnt 'Dl c~llissio~l lines. As the 

less than 1% of thc total enissioa intcasity. 
i ~ h i c h  sho\r.s that the energy transfer kom 
~ ~ l ?  - to ~~3 -~ tlxough cncrgy migation is 

efficient. 
I11 the excitation spectra of two E u 3  emis- 

sion lines, the relative intensity of G d j p  
excitation lines correspo~ldi~lg to transitions 
in thc VUV is more than a factor of 2 
higher in thc excitation spectrum of thc 'DO 
enlissio~l ((Fig, 3B. red line) than in thc 

prex e11t conta~llination of the sa~llples ivith ox- 
ygen. Tllc lumincsccncc mcasmements n ere 
pcrfo~lllecl 011 set-ups. nrhich are described ia 
detail in ( Y ) .  In clctesmining the efficiency of the 
quantum cutting proccss. it may scan  stmight- 

first encrgy transfer step only gii.es the cmis- 
sion from the 'Do level of E w p .  a substantial 
increase of the rclatii e intensit\. of the 'Do 
emissioa intensiy upon e~ci ta t io i~  in the 'G, 
Ici~cls is cxpectccl, if quantum cutting tlxough a 

excitation spectrum of the 'Dl emission 
(Fig. 3B. violet line). This is in agreement 

fol~vard to measure the quant-~lm efficiency of 
thc phosphor under \L?' e.;citation. This mcth- 
od has hxo dra\\bacl<s. First. it is clifficult to 
clctc~llline thc quantum efficiency of a iveakly 
absorbing phosphor. Because the excitation 
tra~lsitio~ls on thc Gd3+ ion are parit).-forbiddea 
transitions nithin the 4f- configuration. the 

nvo-step cnergy transfcr occurs as indicated ia 
Fig. 2. A comparisoa of the enlission spectra for 
excitation in the ('I, Ici~eIs of G d 3  (273 11111) 
(Fig. 3.4. violet line) and in the "G, lei,els of 
Gd3-  (202 11111) (Fig. 3A. recl line) sholvs that 
the relati1-e intensiy of the 'D,, emission lines is 
i~ldccd more than a factor of 2 stronger for 

with thc obscrvatioas in the cnlissio~l spec- 
trum presented abo\-e. and it confirms the 
prcscnce of quantum cutting through d o \ r ~ -  
con! ersion. The dc~noastration of clown- 
con\-crsion in LiGdF,:Eu3' with a quantum 
efficiency closc to 2009,11 ia the orange or 
red spectral region is an inlporta~lt step in 
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Argon-Lead Isotopic Correlation 
in Mid-Atlantic Ridge Basalts 

Step-heating analyses for Mid-Atlantic Ridge glass samples show that maxi- 
mum 40Ar/36Ar values correlate with 206,207,208Pb/204Pb. These correlations 
hold for the whole Atlantic Ocean and therefore are unlikely to result from 
shallow-level contamination processes. Instead, they are taken as mixing hy- 
perbolae between the degassed-depleted upper mantle and a recycled com- 
ponent characterized by high 206Pb/204Pb ratios (19 to 21) and low 40Ar/36Ar 
ratios (300 to 1000). These relations imply that argon may also be a tracer of 
mantle recycling. 

Rare gas ibotopes have been successfi~llj- used 
to co~lstraill the timi~lg of ahnosphere genera- 
tion by mantle degassing ( l - j ) .  but. except for 
helium (6 .  7). they ha\-e beell less useful as 
tracers of mantle heterogeneities. largely be- 
cause of contamination by atmospheric rare 
gases (8.  9). Measuring the isotopic composi- 
tion of mantle rare gases twpped in mid-ocean 
ridge basalt (MORB) has always met the 
difficulty of separating the magmatic gas 
from a n idespread atmospheric component. 
a particular problem for argon. Addition of 
atalospheric As was long considered to oc- 
cur during eruption on the sea floor. In- 
deed. the slowly cooled iilner parts of sub- 
marille lava ilom~s generally appear more 
contaminated than the outer layers: 
quenched to glass (8 .  9) .  In step-heating 
degassiilg on glass samples. argon with 
" ' ~ r ~ ' ~ . 4 r  ratios of 300 to 5000 is often 
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released in the low-temperature steps (500' 
to 700°C). This gas is confirmatioll that 
weakly bound atmospheric argon is present 
in many samples (9 -13 ) .  

In higher temperature steps, argon with 
high to vei-y high 4"Ar,'3hAr ratios of 10.000 
to 30.000 is commonly released (9-13). For a 
gixren sample. the maximum \-alue obtained 
in a series of temperature steps is talcen as the 
  no st representative of the true magmatic val- 
ue. at least a minimum \ d u e  because some 
contaminant argon may still be present. Such 
high 40Ar,'3%r ratios. and similar isotopic 
anomalies for the other rare gases. record the 
highly degassed character of the upper illa~ltle 
( 4 ,  4. 9, 11 ). or at least of parts of it. 

O~era l l .  ' "AC'~?~T nlaxinla fro111 step-heat- 
ing analyses obtained for llumerous mid-ocean 
ridge glass samples from diverse locations 
worldwide display a large range of values. fi.0111 

500 to about 30,000 (3. 9. 12-16). Most authors 
ha\-e assumed that this valiability reflects the 
inability of the analysis techniques to separate 
completely magmatic argon from contaminant 
argon (9. 12. 14-16). If this were the case. 
upper-mantle argon could be isotopicallq uni- 
foim and have a high 40k:36L~ signature. 
Howe\-er. neither step-heating nor step-criish- 
ing of glass sa~llples have ever de~nonstrated 
the existence of this single mantle argon com- 
ponent. In contrast, decades of i~npro~-ing anal- 
yses have shown that the variability of "AT/ 
"hA i na~ ima  fi.0111 step-heating or crushing is 
the rule. Therefore, there is a possibility that 
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this variability may bc not mcrcly clue to con- 
tamination, but is at least partly iilhercnt to 
mantle argon. .Argon might then bear the record 
of some malltlc hcterogeneitics, in thc samc 
nay  as Sr. Nd. or Pb. 

To test this possibility, we analyzed the 
IPGP rare gas laboratol?j's large argon isotopic 
database for MORB to deternline mhetl~er any 
correlation could bc foullcl between '"AT:' ' Ar 
ratios and Pb isotope data fiom the litcmh~rc. 
Initially, wc used only step-heating data ~ ~ h c r e  
more tha11 one temperature step was performed. 
Samples \\.it11 a "He<'He ratio lower than 
75.000 ('Hw4Hc highcr than 9.5 Ra) wcrc not 
used. as they are considered to be illflue~lced by 
primitive plumes from the lower mantle. For 
eve17 sample: the highest " A I I I ~ " . ~ ~  value from 
the different temperature steps xvas retained. 
iV11en replicate argon analyses were performed. 
only the highest value was selected. A f en  
sanlples with ".&r""Ar ratios lower than I000 
were discarded as possibly severely contami- 
nated. Then, one maximum 40,,2r.;3hAr ratio 
fi.om step-cmshing xvas added (and one datum 
fkom total fi~sion). In all. 20 analyses were 
identified for North and South Atlantic Ocean 
samples ha\-ing the same identification in our 
database for As and in the literature for Pb. M;e 
also included recent data for the .kores section 
of the Mid-Atlantic Ridge. with radiogenic lead 
and 4"Ar;3GAr mostly loner than 1000. gi\-ing 
28 samples ( 1 7). 

The "As;~'A~ ratio in these samples cor- 
relates with '""Pb '""b, '0'Pb,""4Pb, and 
IOn~b/2i>.l Pb ratios. Sanlples with high 40Ar; 

'%r ratios have typical depleted-mantle 
20"Pb,"""b ratios: those with low 40A4r,'36 Ar 
have radiogeilic lead (Fig. I ) .  The cur\-ahlre 
of these Ar-Pb isotopic conelations is weak. 

These correlations callnot reaso~lably be 
attributed. directly or indirectly. to shallow- 
level contamination by atmospheric argon; 
this would lllean that the samples most con- 
taminated in argon are the nlost radiogenic in 
Pb. for which there is 110 obvious reason. In 
the case of mixing between two magmas, it is 
unlilcely that the magma with the most radio- 
genic lead would also be the most degassed 
(hence the most susceptible to contamlna- 
tlon), especially over a span of 20.000 lun 
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