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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 successfi111~- used 
to constrain the tinling of ahnosphere genera- 
tion by mantle degassing ( 1 - j ) .  hut. except for 
helium (6 .  7). they ha\-e been less useful as 
Racers of mantle heterogeneities. largely be- 
cause of coiltamination by atnlospheric rare 
gases (8.  9). Measuring the isotopic composi- 
tion of 11lantle rare gases twpped in mid-ocean 
ridge basalt (MORB) has always nlet the 
difficulty of separating the magmatic gas 
from a n idespread atmospheric component. 
a particular problenl for argon. Additiou of 
atalospheric Ar was long cons~dered to oc- 
cur during eruption on the sea floor. 111- 
deed. the slowly cooled inner parts of sub- 
marine lava ilom~s generally appear nlore 
conta~ninated than the outer layers: 
quenched to glass (8 .  9) .  In step-heating 
degassing on glass samples. argon with 
" '~r~".4r ratios of 300 to 5000 I S  often 
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released in the low-temperature steps (500' 
to 700°C). This gas is confirlnation that 
weakly bound atmospheric argon is present 
in many samples (9-13).  

In higher temperature steps, argon with 
high to vei-y high ' " A S , ' ~ ~ A ~  ratios of 10.000 
to 30.000 is corn~nonly released (9-13). For a 
gixren sample. the maximum \-alue obtained 
in a series of temperature steps is talcen as the 
nlost representative of the tme illag~llatic val- 
ue. at least a minimurn Talue 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 nlantle 
( 4 ,  4. 9, 11 ). or at least of parts of it. 

O~era l l .  ' "AC'~?~T nlaxinla fso111 step-heat- 
ing analyses obtained for numerous 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 assunled that this valiabllity reflects the 
inability of the analysis techniques to separate 
completely magmatlc argon from contaminant 
argon (9. 12. 14-16). If this were the case. 
upper-mantle argon could he isotopicallq uni- 
foim and have a high '0k:36L~ signature. 
Howe\-er. neither step-heating nor step-criish- 
ing of glass samples have ever de~nonstrated 
the existence of this single mantle argon com- 
ponent. In contrast, decades of impro~-ing anal- 
yses have show11 that the variability of 'OAT/ 
"hA ina~inla  fi.0111 step-heating or crushing is 
the rule. Therefore, there is a possibility that 
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this variability may be not nlerely due to con- 
tamination, but is at least partly illherent to 
nlantle argon. .Argon might then bear the record 
of some mantle heterogeneities, in the same 
nay  as Sr. Nd. or Ph. 

To test this possibility. xve analyzed the 
IPGP rare gas laboratoly's large argon isotopic 
database for MORB to determine whether any 
correlatio~l could he foulld between 4"Au,''hA4r 
ratios and Pb isotope data fsom the literature. 
Initially, xve used only step-heating data li here 
inore than one temperahire step was perfonned. 
Samples \vith a "He;'He ratio loner thau 
75.000 (3He;4He higher than 9.5 Ra) xvere not 
used, as they are collsidered to be influenced by 
prinutive plunles from the lower mantle. For 
eveiy sample: the highest " A I I I ~ " . ~ ~  value from 
the different tenlperature steps xvas retained. 
iV11en replicate argon analyses were performed. 
only the highest value was selected. A f en  
sanlples with 40.&r""Ar ratios lower than I000 
were discarded as possibly severely contami- 
nated. Then, one maximum "0,,2r.;3hAr ratio 
fi.om step-cmshing xvas added (and one datum 
fsom 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 " ( ' A T ; ~ ~ A ~  nlostly loner than 1000. gi\-ing 
28 samples (1 7). 

The "As;~'A~ ratio in these samples cor- 
relates with '""Pb '04Pb, 'O'Pb,"""Ph, and 
IOS~b/2i>4 Ph ratios. Sanlples with high "OAF; 

'%r ratios have typical depleted-mantle 
20"Pb,""4Pb ratios: those with low 40A4r,'36 As 
have radiogenic lead (Fig. I) .  The cur\-ah~re 
of these Ar-Pb isotopic conelations is weak. 

These correlations cannot reasonably be 
attributed. directly or indirectly. to shallow- 
level contamination by atmospheric argon; 
this would illean that the samples nlost con- 
taminated in argon are the nlost radiogenic in 
Ph. for which there is no obvious reason. In 
the case of mixing between two magmas, it is 
unlilcely that the magnla with the most radio- 
genic lead would also be the nlost degassed 
(hence the most susceptible to contamlna- 
tlon), especially over a span of 20.000 lun 
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along the Mid-Atlantic Ridge. Therefore. the 
simplest interpretation of these correlations is 
that they result from binaly mixing between 
degassed-depleted mantle and another mantle 
component that bears radiogenic lead and low 
"oAr/36Ar ratios (18). Osmium isotopes have 
also been shown to correlate with Pb isotopes 
(and with Sr and Nd), which permitted the 
discarding of interpretations of osmium iso- 
topic variations along ridges as due to con- 
tamination by seawater osmium (19). 

The l o ~ - ~ ' A r / ~ ~ A r ,  high-206Pbi204Pb com- 
ponent either could be brought up by mantle 
plumes or could represent the recycled part of a 
layered mantle. Plumes cannot be considered to 
originate in the lower mantle, as in our analysis 
we did not include samples with low 4Hei3He 
ratios. The component with radiogenic lead and 
a low 40Ar/36Ar ratio must have a recycled 
origin (20). It could be carried by the present 
Azores or Saint Helena mantle plumes, which 
have a similar Pb signature considered to be 
recycled in origin (21, 22). However, the global 
character of the Ar-Pb isotopic co~relations is 
more consistent with a widespread component 
that could be either subducted matter (23) or 
ancient plume material dispersed in the mantle 
(24). 

Variability about the Ar-Pb correlations 
may be attributed to some remaimng Ar con- 
tamination. In addition, this variability may 
also be related to the well-documented pres- 
ence of more than two components in the 
mantle (25), although, because of the respec- 
tive concentrations and isotopic compositions 
of Ar and Pb in the several components, Ar 
and Pb data reflect mixing between only two 
components. 

We further examined other isotopic sys- 
tems. Neon isotopically correlates with Pb. but 
we do not have enough data to draw such a 
conclusion. We found no correlation between 
helium and Pb isotopes. which is not surprising 
for a recycled component because air is vii-tu- 
ally helium-free. Finally, 40Ar/36,,2r. and 87Sri 
86Sr ratios do not correlate with each other for 
Atlantic samples; this is expected for a Saint 
Helena-type component that has a 87Sr/86Sr 
ratio similar to that of depleted mantle. 

Some atmospheric argon should be recy- 
cled to the mantle together with subducted 
mater~al, which may also be enriched in ura- 
nium (relative to Pb) and, to some extent, 
potasslum. This recycled matter will then 
evolve with time as '06Pb forms from decay 
of 23SU, and 40Ar from decay of 40K. It will 
thus develop radiogenic 206Pbi204Pb ratios 
and (depending on its 40K/36Ar ratio) a spe- 
cific 40Ar/36Ar signature. Clearly, large 
amounts of atmospheric argon cannot have 
been recycled to the mantle because mantle- 
derived ~naterial may have high 40Ar/36Ar 
ratios (26). Recent mixing between degassed- 
depleted mantle and recycled components, 
known to occur from isotope geochemistry of 
Sr-Nd-Pb, should then also result in correla- 
tions between Ar and Pb isotopic ratios. 

The 40Ar buildup in subducted material 
can be described as 

Fig. 1. (A) 206Pb/204Pb-40Ar/36Ar diagram for 
Mid-Atlantic Ridge basalt glass samples, where 
Ar data are f rom the IPGP rare gas laboratory, 
and Pb data are f rom the literature for samples 
w i t h  the same label (30-35). Argon data are 
maximum values f rom step-heating degassing 
of each sample (one step-crushing). Samples 
influenced by primit ive plumes are no t  consid- 
ered here (4He/3He ratios are higher than 
75,000). Simple binary mixing systematics are 
seen between degassed-depleted upper mantle 
and a recycled component, which indicates that  
recycled mat ter  carries some amount o f  atmo- 
spheric argon t o  the mantle. Filled circles: 
North Atlantic Ridge; open circles: South Atlan- 
t ic Ridge; open squares: Azores section o f  the 
Mid-Atlantic Ridge. (B) 206Pb1204Pb-208Pbl 
204Pb diagram displaying published data for the 
same Mid-Atlantic Ridge basalt samples as 
above, shown for reference. The main phenom- 
enon seen is binary mixing between depleted 
upper-mantle Pb and a radiogenic Pb end- 
member attr ibuted t o  a recycled mantle com- 
ponent, particularly manifest at Saint Helena 
Island (SH). T-G, Tristan and Cough islands; 
small fil led squares, ultradepleted samples f rom 
the equatorial Mid-Atlantic Ridge (36); other 
symbols as in  (A). 

where A, and A p  are the decay constants for 
electronic capture and p radioactivites of 40K. 
respectively. and At is the time elapsed since 
subduction. To calculate the 4i'Ar/36Ar ratio 
after several thousand million years. we use 
(40Ar/36Ar), = 296. the atmospheric value. 
The 40W36Ar ratio of the recycled component 
is unknown, but the curvature of our Ar-Pb 
isotopic correlations provides some estimate 
of it. Using 40Ar/36Ar = 40,000 and 206Pb/ 
'04Pb = 17.8 for the depleted-degassed com- 
ponent, the curvature of the mixing hyperbola 
fitting the data in Fig. 1 depends on the 
206Pb/204Pb of the recycled end-member. As- 
suming this recycled matter is St. Helena 
plume material, its 206Pbi204Pb is 21 (27) and 
the best curvature is I- = 0.15. We then can 
write 

where D and R denote depleted-degassed and 
recycled, respectively, and is the 23SU~R04Pb 
ratio. 

The KRJ ratio is assumed to be constant at 
12,700 (28), or at least to differ by no more than 
a factor of 2 between normal ridge basalts and 
Saint Helena plume material (29). Using values 
of 11.0 (29) and 22.0 ( 2 n  for F, and p,, 
respectively, we calculate the 40K/36Ar ratio of 
the recycled matter to be -3000, or one-third 
the value for the depleted-degassed mantle 
[10,000 (4)] .  Such a low value is understand- 
able if the recycled matter carries more atmo- 
spheric argon than potassium. 

With this 40W36Ar ratio, Eq. 1 shows that 
the recycled component would develop 40Ar/ 
36Ar ratios of 530, 930, and 1640 after 1000, 
2000, and 3000 million years, respectively. 
Such low values are consistent with the recy- 
cled end-member seen in Fig. 1. 

Using a value of 19.3 (see Fig. 1) for the 
206Pb/204Pb ratio of the recycled compo- 
nent yields a better fit with r = 0.3. In this 
case, keeping the same 238U/204Pb ratio, the 
40K/36Ar ratio is 6000 and the 40Ari36Ar 
ratios become 762, 1570, and 2980 after 
1000, 2000, and 3000 million years, respec- 
tively. This does not change the previous 
conclusion. 

Thus, the isotopic relations between Ar 
and Pb found for the Atlantic Ocean imply 
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that remolral of the atmospheric argon con- 
tanli~la~lt b! the step-heating analysis tech- 
nique is sufficient to r e ~ e a l  that a recycled 
component is present at the scale of the 7%-hole 
ocean basin. Our data imply that atmospheric 
rare gases are rec!;cled to the mantle. al- 
though in amounts \veal< enough not to com- 
promise completely the isotopic signature of 
the degassed mantle conlponent (26). Con- 
versely. our stud) also supports the noti011 
that the radiogenic lead-bearing material 
present in the mantle is rec)-cled 1 2 0 ) .  There- 
fore. argon t ~ u u s  out to be a tracer of subduc- 
tion b]. pro\-iding a quasi-atmospheric signa- 
ture to rec~,cled matter. Other isotopic tracers 
such as Pb or Sr do not retain a clear signa- 
ture oi'their passage at the surface of Earth; 
for example. the buildup of "'Vb in rec),cled 
sedinle~lts staited nell  before subduction. in 
the crust that generated the sedi~llents. Tllese 
results could lead to a way to better quantify 
the amount of material rec: cled to the mantlc 
and thc age of rccycling. 
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Electrical Conductivity in the 
Precambrian Lithosphere of 

Western Canada 
D. E. Bserner,* RR. D. Kuatz, J. A. Craven, C. M. Ross, F, W. Jones, 

W. 8. Davis 

The subcrustal lithosphere underlying the southern Archean Churchill Province 
(ACP) in western Canada is at least one order of magnitude more electrically 
conductive than the lithosphere beneath adjacent Paleoproterozoic crust. The 
measured electrical properties of the lithosphere underlying most of the Pa- 
leoproterozoic crust can be explained by the conductivity of olivine. Mantle 
xenolith and geological mapping evidence indicate that the lithosphere beneath 
the southern ACP was substantially modified as a result of being trapped 
between two nearly synchronous Paleoproterozoic subduction zones. Tecton- 
ically induced metasomatism thus may have enhanced the subcrustal Litho- 
sphere conductivity of the southern ACP. 

Petrographic. geochemical. and isotopic data 
indicate chemical heterogeneity in the sub- 
continental nla~ltle ( 1 )  that is thought to rcsult 
from depletion (melt e~t rac t ion)  and emich- 
mcnt (mctasomatic) eI.cats ( 3 )  o\.er time. 
Physical samples of these nlantle processes 
are sparsel!. and irregularl!~ distributed, ham- 
pering tectonic inte~yretations. Upper nlantle 
stmcture i j  nlore systematically ri.vealcd in 
global seisnlic tomography studies that sug- 
gest high-1-elocit) keels (3) be~leatll Archean 
shields that. togethcr vr-it11 petrological data. 
imply an FeO poor, hut o l ~ r  ine and oi-thop~ - 
roxcne rich. mineralogy (4). Hovr- these ltccls 
ha\ e influenced. or been ~lloditied by. tecton- 
ic actir-it> is an area of acti1.c research. 

Laurentia is thc Precambrian core of 
No1111 Xnlerica and consists of a cluster of 
Archean and Protcrozoic pro\inces sutured 
together by e ~ t e n s i \ ~ e  orogenic actix-ity 
around 1900 to 1750 million years ago (hIa)  
(5) (Fig. 1) .  Geologic c\-idcnce of a~lcient 

D. E. Boerner and J .  A. Craven, Geological Survey o f  
Canada. 615  Booth Street, O t tawa .  On ta r io  K I A  OE9. 

con\erpcnt contiacntal platc margins. such as 
fold and thrust belts and magmatic arcs, are 
prcscr~.ccl \vitlliil the Proterozoic orogenic 
belts that surround the Archean Cl~urchill 
Pro\-incc (.4CP) ( 5 ) .  Seisillic reflection. geo- 
logical, and geochc~l.iical data suggest that 
this Archean cl-ust \\.\-as uplifted and then re- 
~ ~ o r l t e d  as a result of being trapped betwecn 
two con\~erging Paleoproterozoic orogenies 
(6. 7). .As part of the LITHOPROBE Alberta 
Baselllcnt Transect. a ~nagnetotelluric survey 
consisting of sc\,en profiles mas conducted 
over an area of -550.000 Ian'. covering the 
southern ACP and adjacent Proterozoic crust 
to the northwest (Fig. 1 ) .  Electromagnetic 
(EM) fields n.cre rccordcd in the period range 
of 1 to 20.000 s to prol~e bcncath thc o\,erly- 
ing veneer of conductive Phanerozoic scdl- 
nlents (Fig. 2. top panel). For periods of 30 to 
3000 s. the EM data are dominated by the 
resl)onsmf a ~lu~l lber  of continuous. subpar- 
allel. clcctrically thi11 yct conductil-c bodies 
bctwccn 3- and 10-lull depth (top panel of 
Fig. 2. near sites 12 and 1 5 ) .  These conduc- 
tors are intcrurctcd (81 to reuresent eusinic 

Canada R D Kurt2 and W, J Davis, Geological Survey sllalcs, originally deposilcd in a Protcroroic 
o f  Canada, 6 0 1  Booth Street, O t tawa ,  On ta r io  K I A  
OE8, Canada, ,-, M, Ross, Geological Survey of  Cans- 

foreland basin (9) anti subsequently imbricat- 

da, 3303  street, NW, calgary, ~ l b ~ ~ ~ ~  j-ZL 2 ~ 7 ,  ed and imetamorpl~osed at - 1850 kIa. The 
Canada. F .  W. Jones. un ivers i ty  b f  Alberta. Depar t -  decpcr conductors seen in the top panel of 
m e n t  o f  Physics, Edmonton,  Alberta T6C Z J l ,  Canada. Fig, 2 are ullsesol\.able as individual bodies 
' T o  w h o m  correspondence should be addressed. and may represent mid-ci-tistal anisotropy. 
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