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that remolral of the atmospher~c argon con- 
tanli~la~lt 17) the step-heating analysis tech- 
nique is sufficient to reyea1 that a recycled 
component is present at the scale of the 1%-hole 
ocean basin. Our data imply that atmosphrric 
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 conlponrnt (26). Con- 
versely. our stud) also supports the noti011 
that the radiogenic lead-bearing material 
present in the mantle is rec)-clecl 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 "'"b in rec),clrd 
sedinle~lts started nell  before subduction. in 
the crust that generated the sedi~llents. These 
results could lead to a way to better quantify 
the amount of material reel cled to the mantle 
and the age of recycling. 
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Electrical Conductivity in the 
Precambrian Lithosphere of 

Western Canada 
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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 illa~ltle ( 1 )  that is thought to result 
from depletion (melt e~t rac t ion)  and emich- 
ment (metasomatic) eI.eats ( 3 )  o\.er time. 
Physical samples of these illantie processes 
are sparsel!. and irregularl!~ distributed, ham- 
pering tectonic inte~yretations. Upper nlantle 
sti-ucture i j  nlore systematically ri.lrealed in 
global seisnlic tomography stlidies that sug- 
gest high-1-elocit) keels (3) beneath Archean 
shields that. together vr-it11 petrological data. 
imply an FeO poor, hut o l ~ r  ine and oi-thop~ - 
roxenr rich. minrralogy (4). Hovr- these lteels 
ha\ e influenced. or bee11 ~noditied by. tecton- 
ic actir-it> is an area of acti1.e research. 

Laurrntia is the Precambrian core of 
No1111 Xnlerica and consists of a cluster of 
Archran and Proterozoic probinces sutured 
together by extensi\.e orogenic actix-ity 

conbespent continental plate margins. such as 
fold and thrust belts and magmatic arcs, are 
preserx-ecl \vithin the Protrrozoic orogenic 
belts that surround the Archean Cl~urchill 
Pro\-ince (.4CP) ( 5 ) .  Seismic reflection. geo- 
logical, and geoche~l.iical data suggest that 
this Archean cl-ust \\.\-as uplifted and then re- 
norlted as a result of being trapped between 
two con\rerging Paleoproterozoic orogenies 
(6. 7). .As part of the LITHOPROBE Alberta 
Baselllent Transect. a ~nagnetotelluric survey 
consisting of se\.en profiles mas conducted 
over an area of -550.000 Ian'. covering the 
southrm 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~r  beneath the o\,erly- 
ing veneer of conductive Phanerozoic sedl- 
nlents (Fig. 2. top panel). For periods of 30 to 
3000 s. the EM data are dominated by the 
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These electromagnetic data demonstrate 
near complete decoupling into two indepen- 
dent modes over virtually the entire range of 
recorded periods (8, 10). Such decoupling is 
consistent with a planar EM source field (11) 
and a two-dimensional (2D) crustal conduc- 
tivity distribution, in this case striking ap- 
proximately northeast. We inverted the data 
to construct 2D models of the conductivity 
structure. Data from a 200-km profile in the 
southeast comer of the survey area show no 
azimuthal dependence (lo), allowing undis- 
torted 1D estimates of the lithospheric con- 
ductivity structure beneath the Archean crust 
in this one region. Elsewhere, currents flow- 
ing parallel to geologic strike [the transverse 
electric (TE) mode] are affected by the pres- 
ence of the highly conductive bodies in the 
upper crust. These bodies must be electrically 
thin and elongated because they do not affect 
currents flowing perpendicular to their geo- 
logic strike [the transverse magnetic (TM) 
mode]. As a consequence of the fortuitous 
occurrence of elongated thin conductors, 
these TM mode data offer a rare view of the 
subcontinental mantle unimpeded by the re- 
sponse of crustal structures (compare top and 
bottom panels in Fig. 2). The 2D inversion 
results illustrate the extent of TE and TM 
mode decoupling and the partitioning of the 
crustal conductor response solely into the TE 
mode, and consequently demonstrate the two 

dimensionality of these EM data. Equivalent 
models were obtained from inversions of TM 
mode data from each of five different profiles 
(Fig. 1). Distortion of the observed data by 
the response of 3D conductivity structures 
within the crust is unlikely given the com- 
plete decoupling into 2D modes shown in 
Fig. 2. 

Two-dimensional conductivity models 
derived from inverting all the TM mode 
data (without static distortion corrections 
(8)) along each traverse show that the litho- 
sphere beneath the Archean surface rocks is 
more conductive than that underlying the 
Proterozoic terranes (Fig. 2, bottom panel). 
This contrast in electrical properties is re- 
solved on all profiles, being constrained by 
observation stations separated by 12 to 15 
km, a distance much smaller than the ob- 
served length scale of mantle conductivity 
variations (>60 km). The inversion process 
intentionally recovers the smoothest model 
that fits the data, in harmony with the 
expected resolution capabilities of diffusive 
EM fields at these periods. Fine geometri- 
cal information about the conductivity dis- 
tribution (for example, contact dips) is, 
therefore, intrinsically unresolvable with 
these data, as is the conductivity deeper 
than 250 km. The trend to increased con- 
ductivity with depth is consistent with ther- 
mally activated solid-state conduction in 

mantle minerals. The modeled conductivity 
of the lithosphere underlying the Protero- 
zoic crust (-0.001 Slm at 150 km) is com- 
parable with that inferred beneath the stable 
shield of the Archean Superior Province 
(12) and with laboratory studies on olivine 
(13). However, the conductivity beneath 
the southern ACP crust (-0.01 Slrn at 150 
krn) is one order of magnitude larger than 
allowed by a dry, olivine-rich mantle. 

The spatial correlation of mantle conduc- 
tivity with crustal age is a first-order con- 
straint that may be used to assess the role of 
tectonic processes in modifying the miner- 
alogy of the mantle. At subsolidus temper- 
atures, the electrical properties of both the 
mineralogy (dominantly ferromagnesian 
olivine) and interconnected phases of mi- 
nor constituents determine mantle conduc- 
tivity. Laboratory measurements on dry 
San Carlos olivine samples at mantle tem- 
peratures indicate that thermally activated 
electric current flows by small polaron hop- 
ping, primarily between holes created by 
the substitution of Fe2+ by Fe3+ (14). If the 
lithosphere is to be chemically buoyant and 
refractory to melting, the implausibly iron- 
rich composition (perhaps Fo,,) required to 
explain the inferred conductivity seems un- 
tenable. Increased oxygen fugacity K2) 
can enhance olivine conductivity by aug- 
menting the Fe3+ concentrations, but is 

mode data inversion - V:H = 1 :1 
(top) and from only o km 500 o hm loo 
TM mode data inver- 
sion (bottom) along line A-A' (Fig. 1). Station numbers appear at the top of each section. Note the difference between the two contour scales. Phlogopite 
stability field is from (30). 

Fig. 1 (Left). Tectonic Archean 
map of western Lau- 

I 

rentia ignoring the E . 
Phanerozoic sedimen- 
tary cover [modified E 
from (S)]. Major Pre- 
cambrian features un- 0.01 i 
der Phanerozoic cover 
are inferred from po- 22 21 83 82 19 17 1615 12 

0.001- S 
7 ? ? ; oo.001 0 

tential field data and 
drill results. Dark lines 
indicate the MT mea- 
surement profiles with 
A-A' indicating the 
position of the profile 
shown in Fig. 2. Po- - 
tassic to ultrapotassic 
suites: BLC, Protero- 
zoic Baker Lake Croup 
(27, 28); MAP, Ceno- 
zoic Montana Alkalic 
Province (22); MF, Pro- 
terozoic Martin Forma- 
tion (23). The area in- 
truded by minette dikes 
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extends at least 250 
km around the indi- RSg Archean 

200 - 
cated BLC. Fig 1 Reworked Archean 

(right). Electrical Con- ? Proterozoic Terranes 
ductivity models de- r7 Proterozoic Continental Magmatic Arcs 
rived from TE+TM f - l  Proterozoic Orcgenic Beks 250 - 

- 0.0003 
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liluited by the restricted range of estimated 
mantle oxidation states (15). It seems un- 
likely that bulk mantle composition, ther- 
modynamic state, or even fluids can ex- 
plain the observed conductivity beneath the 
southern ACP and the spatial correlation 
with the upper crustal provinces. 

An important characteristic of the Wyoming 
and Cl~urchill Provinces lithosphere is the evi- 
dence for mantle metasomatism. Although spa- 
tially and teluporally separated, multiple expo- 
sures of widespread potassic to ultrapotassic 
dykes and extrusive suites having a siluilar 
chemistry are known within the Archean 
Ch~rchill [Baker Lake Group (BLG) and Mar- 
tin Formation (MF)] and Wyoming Provinces 
[Montana Alkalic Province (MAP)] (Fig. 1) 
(1 6-1 8). Ultrapotassic lnagnla petrogenesis is 
thought (19) to depend filndamentally on the 
existence of hydrous mineral veins (for exam- 
ple. phlogopite) \vithin mantle peridotite (20). 
The extreme trace element and isotopic compo- 
sitions of the ultrapotassic magmas require der- 
ivation, at least in part, from metasomatized 
upper mantle that was isolated from mixing 
since at least 1800 Ma (21-24). In this regard, it 
is significant that the conductivity anolualy 
(Fig. 2) falls within the stability field of phlogo- 
pite (25). Direct evidence of hydrous luodal 
metasomatism is found in glinunerite (domi- 
nantly phlogopite veins) in xenoliths recovered 
from Eocene minettes of the MAP just south of 
the EM sun7ey area (1 7, 24). Glimmerite nod- 
ules are also described from Proterozoic dykes 
and extrusive suites in the Keewatin area of the 
Cl~mcl~ill Province (23). Although lninettes ex- 
pose Eocene potassic magmas just south of the 
EM suney area. sedimentary cover and the 
inherent limitations on xenolith exposures re- 
strict our knowledge of the lateral extent of 
metasomatized mantle under the Ch~rchill 
Province. However, the light rare-earth eleluent 
and large-ion lithophile enrichment evidence 
for widespread mantle metasoluatism under the 
Cl~urcl~ill and Wyoming Provinces is unequiv- 
ocal (1 6). 

Laboratory electrical conductivity mea- 
surements of hydrous minerals under mantle 
conditions are rare. In one study (26), biotite 
gneiss from the KTB drill hole was conduc- 
tive at high temperature, reaching 0.1 Sim at 
1000°C. These data show little pressure de- 
pendence up to 40 MPa but are anisotropic, 
and hence the conductivity was attributed to 
phyllosilicates. More work is required to un- 
derstand the effect of hydrous minerals on 
mantle electrical conductivity (in terms of 
buffering capacity and defect concentra- 
tions). Significantly though, EM data from 
within the Archean Superior Province (re- 
mote from any post-Archean subduction 
zones) indicate upper-mantle conductivities 
in the range observed for dry olivine (12). A 
conductive mantle is thus not characteristic of 
all Archean cratons, supporting the notion 

that enhanced conductivity may be related to 
the Paleoproterozoic enrichment history char- 
acteristic of the southern ACP lithosphere. 

Our preference is to associate electrical 
conductivity with the process of luodal meta- 
somatism, perhaps related to the inward shal- 
low subduction on opposing margins of the 
ACP. Although the exact processes or min- 
eralogy required to produce the conductivity 
anomaly remains uncertain, \ve suggest a 
model of Proterozoic geochemical modifica- 
tion as a consequence of shallow subduction 
perhaps followed by convective or gravita- 
tional removal (or both) of tectonically thick- 
ened litl~osvheric mantle. Evidence for this 
model is found in the peak metamorphism in 
the exposed ACP that occurred from 1815 to 
1796 Ma (6) but somewhat later in the lower 
crust of the southern ACP (27). The soutl~ern 
ACP underwent penetrative deformation dur- 
ing the Proterozoic including crustal-scale 
thrust imbrication and shortening and may 
have behaved as a weak plate trapped be- 
tween two inward-facing subduction zones. 
The age of the oceanic lithosphere and pres- 
ence of buoyant continental crust in the 
Trans-Hudson orogen (7) suggest relatively 
low-angle subduction zones. Thls strongly 
coupled subduction systelu might have thick- 
ened the ACP lithosphere enough to allow a 
portion of it to be removed. gravitationally or 
convectively. Consequent heating would in- 
duce small degrees of partial melting that 
further enriched the overlying lithospheric 
remnants, thereby associating a conductive 
lithosphere with previously thickened Arche- 
an terranes. 

Alternative models for mantle conductiv- 
ity beneath the Archean crust. such as graph- 
ite or exotic olivine composition, cannot be 
excluded on the basis of limited xenolith 
samples. Carbon deposited from carbonatitic 
melts (28) can be irreversibly converted to 
graphite (29). perhaps even as interconnected 
grain boundary films (30). Sout11 African 
graphite-bearing peridotite xenoliths have the 
same tectonic association as diamonds, being 
found in the Archean Kaapvaal craton but 
absent from adjacent Proterozoic belts (31). 
However. the graphite in these rocks occurs 
as dispersed euhedral flakes. suggesting that 
the carbon was deposited during fluid-driven 
crack propagation (31) and not by the wetting 
of grain boundaries necessary to form inter- 
connected (that is, conductive) films. Alter- 
natively. hydrogen diffusion could enhance 
olivine conductivity (321, although a geolog- 
ically plausible mechanism is required to 
confine the process to the southeln ACP. 

The role of hydrous mantle minerals, such 
as veins of phlogopite. in enhancing mantle 
conductivity remains speculative pending 
coinprehensive laboratory studies. However. 
the essential observational evidence remains; 
a well-resolved, enhanced electrical conduc- 

tivity distribution is unequivocally correlated 
with the metasoluatized lithosphere of the 
southeln ACP. The EM data thus add impor- 
tant independent information to the body of 
evidence suggesting that the Churcl~ill Prov- 
ince lithosphere was extensively and perva- 
sively reworked during the Paleoproterozoic. 
If the - 1700 Ma (2 7) metamorphic data from 
the lower crust reflects convective thinning, 
the chemical and geophysical data suggest 
that a significant fraction of the Churchill 
lithosphere remained attached to the crust. 
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