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A-I. Lead Isotope Analysis 
 

Introduction 
 
As a followup to the main results reported at the April 2010 meeting, it was decided to carry out 
Pb isotope analyses on a sample subset.  Samples were selected from the A1 soil horizon at both 
Cigar and McClean Lake sites, because this horizon had produced the most useful and reliable 
results, as discussed in the main report.  An aqua regia digestion was used, partly because this 
had given as good results as the partial leaches for several key elements, but also  because the 
Pb levels were greater in the near total digestion than in the partial leaches (usually by a factor 
of about 3), giving more material for isotope analysis and therefore better precision. 
 
Analyses were carried out by ACME laboratories. 
 
The objective was to examine whether Pb isotope ratios show patterns in soils that can be re-
lated to the locations of surface traces of known ore pods. Several authors have suggested that 
Pb isotopes can be used as tracers of fluids migrating away from unconformity related uranium 
deposits (e.g. Cigar Lake and other deposits, Holk et al, 2003; Quirt, 2009). In particular, low Pb 
207/206 values (where U values are high enough), and elevated Pb 206/204 values and  have 
been suggested as vectors to U deposits in the Athabasca sandstones. The question is: can Pb 
isotopes in soils overlying Quaternary deposits and sandstones at Cigar Lake and McClean Lake 
also be used as vectors to deposits? 
 
Data 
 
Figures A-1 and A2 show the locations of reanalyzed samples from Cigar Lake and McClean 
Lake, respectively.  
 
Excel files with Pb 206, Pb 207, Pb 208, and various ratios for both Cigar and McClean accom-
pany the report. The selected samples are shown along with the full chemical results from the 
main survey, to make comparisons easier. Note that too few samples were used to give the spa-
tial coverage seen in the original sampling, but sites were selected for isotope analyses that were 
both on and off the anomalies found in Co, U and other elements in the original survey. It was 
felt that the reanalyzed samples would provide enough data to determine if isotopes would be 
helpful for exploration in this medium. 
 
Results 
 
The total amount of Pb in the A1 soil samples is about the same at both Cigar and McClean 
sites, with median values of 15.1 and 12.5 ppm respectively, and two samples from each area 
with levels greater than 30 ppm (Fig. A-3).  Figure A-4 shows Pb 206: Pb 204 ratios, and values 
at McClean are consistently greater than those at Cigar. Values range from 17 to 26. Superim-
posed on this plot are levels reported by Holk et al (2003, table 1) from Athabasca sandstones at 
two cores distal and proximal to the  Cigar lake deposit.  The proximal values are greater than 
100, whereas the distal values are about 20. Only one soil value at Cigar is greater than 20, 

(Continued on page 4) 
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whereas about a dozen samples at McClean exceed values greater than 20, the majority being in 
peat (larger red dots on the figure). Peat did not occur at the Cigar site. 
 
A dot plot and gridded map (using the same methodology described in main report) of Pb 
206:204 ratio values is shown in Fig. A-5. Note that the single large ratio value of 24 noticed in 
the normal score plot (Fig.  A-4) is right over the pod trace, where an intersection with a NE-
SW fault occurs. Besides this particularly anomalous value, the image in Fig A-5 shows a pat-
tern with  greater values close to the pod and showing an alignment with the fault trace. This 
pattern was particularly well defined on the Co map based on all the original samples (Fig. A-6, 
and main report, for comparison). 
 
The maps for Pb 206: 204 at McClean also show a strong coincidence with the surface trace of 
ore pods (Fig A-7). For comparison, the U residual plot (for all samples) is shown in Fig A-8 
(and main report). In both plots, the elevated values over the northerly pod are mostly peat sam-
ples. However, the scavenging effect of peat is unlikely to be the cause of the elevated ratio val-
ues, because both isotopes would be expected to be affected by scavenging equally, and the ratio 
will nullify the scavenging effect. The isotope ratios are therefore very useful here, because they 
get around the potential for peat scavenging.  
 
It can be argued that Pb 207:206 is a better ratio to use than 206:204 because 206 and 207 are 
both radiogenic daughter products of U decay (and the orebodies are rich in U), whereas Pb 204 
is the stable isotope of Pb (and Pb 208 is the radiogenic daughter product from decay of Th).  
With Pb 207:206, values are expected to decrease with increasing proximity to the orebody. In 
Fig. A-9 a normal score plot of Pb 207:206 compares the results from Cigar and McClean Lake. 
Superimposed are some values reported by Holk, Kyser et al, 2003, table 1, for sandstones in 
cores proximal and distal to Cigar Lake deposit. Notice that ratio values of about 0.8 occur in 
sandstones distal to the Cigar deposit, whereas values of about 0.16 occur proximally. Quirt 
(2009) suggests that values of 207:206 less than  0.75 can be regarded as ‘weakly anoma-
lous’ (Kyser, pers. comm. prefers to call them ‘very interesting’). Notice that the McClean A1 
soils have in general lower 207:206 ratios than at Cigar. There are 9 values at McClean (red 
dots) less than 0.75, and only one green dot (Cigar) satisfying this criterion. The inverse rela-
tionship between total U and Pb 207:206 can be seen in Fig A-10. All except one McClean sam-
ple less than 0.75 Pb 207:206 value is in peat. However, again, one would expect both Pb 207 
and 206 to behave similarly as far as scavenging by organics goes, so the ratio should eliminate 
scavenging as an explanation of enrichment. 
 
Because the colour scheme and classification used for mapping assumes here that the larger 
symbols and the red colours are related to more anomalous values, the maps were made of Pb 
206:207 instead of Pb 207:206.  The criterion less than 0.75 Pb 207: 206 now becomes greater 
than  1/0.75=1.33 Pb 206:207.  
 
At Cigar Fig A-11 shows that the Pb 206:207 pattern is similar to the Pb 206:204 pattern (Fig 
A-7), with the most anomalous sample again being over the pod at the intersection of the NE-
SW fault. For ease of comparison, the Co anomaly from the full dataset is again shown below in 
Fig A-12. Without isotope values for the full dataset, one cannot with confidence say that the 
206:207 ratio corresponds well with the Co anomaly, but the isotope results show the same gen-

4 



eral pattern. 
 
At McClean, the Pb 206:207 (Fig A-13) values are in general high over and close to the pods, 
decreasing elsewhere.  The residual U pattern for the whole dataset is shown beneath Fig A-13 
in Fig A-14, again showing a similar pattern to the Pb 206:207 pattern. 
 
Conclusions 
 
Pb 206:204 and Pb 206:207 patterns at both Cigar and McClean appear to be very good predic-
tors of the ore pods. There is more U in A1 soils at McClean than at Cigar, possibly related to 
the greater depth of the orebodies at Cigar than at McClean. The  206:204 and 206:207 levels 
are both higher at McClean than at Cigar, possibly for the same reason.  
 
The fact that the isotope anomalies at McClean are almost exclusively in peat samples suggests 
that there may be a spatial relationship, at least at this location, between peat and ore pods. Per-
haps the peat occupies topographic lows that result from faulting and dissolution in the underly-
ing sandstones—faults that acted as pathways for rising fluids enriched in elements from the 
orebodies, or from perched mineralization. 
 
These results suggest that in areas covered partially by peat, isotope ratios will overcome the 
problem of combining peat and non-peat results. 
 
This study did not examine Pb isotope values in B or C horizon soils, or from partial leaches. 
Given the results obtained from the A1 horizon, it would be interesting to see if isotope ratios in 
B and C horizon soils showed anomalous patterns related to mineralization.  It would also be 
interesting to see if Pb isotope patterns were enhanced by selective leaches, even if the Pb levels 
in partial extractions are lower than in those from the near total extraction of aqua regia. 
 
Recommendation 
 
Pb isotope analyses should be run on all A1 soil samples using an aqua regia digestion. From 
this study, it is unknown whether isotope values from a sodium pyrophosphate leach would give 
similar results.  They could be better because of the selective enhancement of mobile ions, or 
worse due to greater uncertainty resulting from lower metal concentrations.  
 
Pb isotope measurements show particular value in areas where the humus soil horizon is peaty, 
because isotope ratios get around the potential problem of artefacts caused by organic scaveng-
ing. Humus soil surveys in areas both peaty and not peaty may be plagued by differential scav-
enging artefacts in the interpretation of metal patterns. Pb isotope ratios are probably a better 
way of overcoming this problem, compared to levelling and other methods that involve assump-
tions that may be weakly justified.  

5 



References 
 
Holk, G.J., Kyser, T.K., Chipley, D., Hiatt, E.E., Marlatt, J., 2003, Mobile Pb-isotopes in Pro-
terozoic sedimentary basins as guides for exploration of uranium depsoits, J. Geochem. Explora-
tion 80, 297-320. 
 
Quirt, D., 2009, Applying Pb isotopes in unconformity-type exploration, Extended Abstract, 
24th International Applied Geochemistry Symposium, June 1-4, 2009, University of New 
Brunswick, Fredericton, N.B., 4p. 
 
Acknowledgements 
 
Thanks to Prof Kurt Keyser for discussion of Pb isotope data, and for supplying data from Cigar 
Lake cores (slides used in powerpoint presentation). Also thanks to Dave Quirt for comments on 
an early draft of presentation.  
 
 

6 



Fig. A-1 
 
Location map showing 
samples selected for Pb 
isotope analysis at Ci-
gar Lake. 
 
Numbering of sample 
lines from E, 1 to 5. 
No samples selected on 
Line 5. The 2 gleysol 
samples (+ signs) were 
not resampled. 

Fig A-2 
 
Location map at 
McLean Lake. 
 
Most of selected sam-
ples are on Line 3, with 
five on Line 4. 

7 



Normal score plot cf Cigar, McClean

Lead—A-horizon—aqua regia, ppm

Cigar

McClean

Fig. A-3.  Comparison of total Pb levels in A1 soils at Cigar and McClean  
in the reanalyzed datasets. Aqua regia digestion. 
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Fig. A-4. Pb 206:Pb 204 ratios at Cigar and McClean lake sites in A1 soils.  
Larger red dots at McClean are samples in peat. Distal and proximal  values are 

from coarse Athabasca sandstones overlying unconformity at Cigar Lake. 

Distal, coarse

Proximal, 131

Cigar

McClean

Proximal and distal values from Cigar cores (Holk, Kyser et al, 2003, table 1)



Fig A-5.  Map of Pb 206:204 at Cigar Lake in A1 soils. Largest value occurs over 
pod trace at intersection with  NE-SW fault. 

Fig A-6. Co levels in A1 soils at Cigar Lake. (all samples) to compare position of 
anomaly with the 206:204 anomaly in Fig A-5. 
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Fig A-7. Pb 206:204 plot at McClean Lake. Elevated values over and close to ore pods. 

Fig. A-8. Residual U plot for all samples showing anomalous values over pods for comparison. 
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Fig A-9. Pb 207:206 values at Cigar and McClean lake in A1 soils. Distal and proximal values from Holk et 
al, 2003, table 1. Values decrease close to ore body. Values less than 0.75 described by Quirt (2003) as 
‘weakly anomalous’ and by Kyser (pers. comm.) as ‘very interesting’. Larger red dots are peats at McClean. 

Fig. A-10. Pb 207:206 plotted against total U.  The weakly anomalous red dots are mostly peat samples at 
McClean. The one Cigar sample  with 207:206 less than 0.75 has a relatively low U value, but still more U 
than the other Cigar A1 soils. 

Distal

Proximal=0.18

“very 
interesting”,
Kyser, 
Pers.comm.)

Cigar

McClean

Proximal, distal values from Cigar cores (Holk, Kyser et al, 2003)

Cigar

McClean

“very interesting”,              
(Kyser, pers.comm)

Large dots are peat samples (McClean only)

Distal, coarse

Proximal, 0.16
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      Fig A-11. Pb 206: 207 at Cigar Lake. Similar pattern to Pb 206:204.  

Fig A-12. Co pattern for all samples for comparison. 
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Fig A-13. Pb 206 : 207 pattern at McClean Lake, highlighting the ore 
pods. 

Fig A-14. U residual pattern at McClean for comparison with 
206:207 pattern. 
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 A-II. Interpretation of Principal Component Results 
 

 
Here we used a novel method to help in the spatial interpretation of geochemical elements fol-
lowing a principal components analysis. It was used to remove the effects of geochemical proc-
esses that were believed to be unrelated to mineralization. It was particularly helpful for the 
McClean A1 horizon soils.  I have not seen it published anywhere. 
 
Suppose that there are j=1,2,…,M geochemical variables under study. Assume that a principal 
components analysis has been carried out (preferably robust PC, with outliers being down-
weighted). The principal components may then be mapped as new variables, PCk, k=1,2,…,K, 
where K is less than M. The principal components are linear combinations of the original geo-
chemical variables, ordered by their relative importance. PC maps often can lead to spatial inter-
pretation of geochemical processes. 
 
Sometimes in geochemical data analysis, the first component (or first few components)  repre-
sent(s) geochemical processes that are not of interest for the application under study. For exam-
ple, the first components in a soil study may represent mixing of metals derived from glacial 
sediments, rather than processes that result from transport of metals from an orebody to the sur-
face. 
 
Although examination of component loadings may help in understanding which combinations of 
elements are responsible for the behaviour of the main principal components, it is also useful to 
see what ‘is left’ after removing the effect of one or more principal components from a single 
variable as a residual map. In particular, it is useful to look at spatial patterns of residuals after 
removing one or more principal components. 
 
Suppose that we have U as a variable amongst many other elemental variables, and that a PC 
analysis has been carried out. We can do a simple regression of U against  PC1, that attempts to 
fit PC1 to U values and obtain a set predicted  U values and residual U values. 
 
Upred = a + b PC1. Then 
Uresid = Uobs-U pred = Uobs -(a+b PC1) 
 
where a and b are coefficients determined by least squares fitting (preferably also by a robust 
method). 
 
U residual values can now be mapped to see if the residual pattern can be explained after remov-
ing PC1. 
 
If we wish to remove the first two PCs, then we need to do multiple regression: 
 
Upred = a + b PC1 +  c PC2 
Uresid = Uobs-U pred = Uobs - (a + aPC1 + c PC2) 
 
where a, b and c are again coefficients determined by least squares fitting. The pattern of       
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residuals can again be mapped and compared to the original U maps, and the first U residual 
map. 
 
This process can be repeated with more than 2 PCs, as far as seems useful. In some cases, re-
moval of several PCs may be justified. This can lead to several residual maps that can be com-
pared with one another, and with the original variable, to see how the patterns change with suc-
cessive removal of PCs: 
 
U, Ures1, Ures2, Ures3, Ures4 etc. 
 
In this study, we found for some elements, for example, that the residual maps often were not 
much different than the original map. This suggests that the geochemical processes represented 
by the first few PCs did not change the spatial pattern of those elements. Whereas, for other ele-
ments, changing patterns emerged after the first PCs were removed, in some cases clarifying a 
pattern that may be due to buried mineralization (eg. the U residual plot from McClean). 
 
Software such as Systat, SPSS, Statgraphics, S-Plus etc, can  be used to do these calculations. 
With geochemical data (often positively skewed) robust fitting is preferred, if available. In this 
study, some custom code was written in S-Plus that automatically generated up to 5 residual 
variables (successively and cumulatively removing the effects of PC1 to PC5). These residual 
variables were then gridded in ioGAS and the interesting ones displayed in ArcGIS with point 
symbols as well as the gridded background and other features. 
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A-III.  Soil horizons and sampling 
 

 
The descriptions below are taken from the Canadian System of Soil Classification found at 
http://sis.agr.gc.ca/cansis/taxa/cssc3/index.html 
 
The system is actually quite complicated for the non-soil scientist so only brief extracts are pro-
vided here; go to the site for much more information.  
 
A soil ‘horizon’ is a layer of mineral or organic soil material approximately parallel to the land 
surface that has characteristics altered by processes of soil formation. It differs from adjacent 
horizons in properties such as color, structure, texture, and consistence and in chemical, biologi-
cal, or mineralogical composition. The other layers are either non-soil layers such as rock and 
water or layers of unconsolidated material considered to be unaffected by soil-forming proc-
esses. For the sake of brevity these other layers are referred to simply as ‘layers’ but it is recog-
nized that soil horizons are also layers in themselves. 
 
The major mineral horizons are A, B, and C. The major organic horizons are L, F, and H, which 
are mainly forest litter at various stages of decomposition, and O, which is derived mainly from 
wetland vegetation. Subdivisions of horizons are labeled by adding lower-case suffixes to some 
of the major horizon symbols as with Ah or Ae. Well-developed horizons are readily identified 
in the field. However, in cases of weak expression or of borderline properties, as between Ah 
and H, laboratory determinations are necessary before horizons can be designated positively. 
 
 
Organic Horizons 
 
Organic horizons contain > 17% C by weight. 
 
L, F, and H - These organic horizons developed primarily from the accumulation of leaves, 
twigs, and woody materials with or without a minor component of mosses. They are normally 
associated with upland forested soils with imperfect drainage or drier. 

· L - This organic horizon is characterized by an accumulation of organic matter in which 
the original structures are easily discernible. 

· F - This organic horizon is characterized by an accumulation of partly decomposed or-
ganic matter. Some of the original structures are difficult to recognize. The material may 
be partly comminuted by soil fauna as in moder, or it may be a partly decomposed mat 
permeated by fungal hyphae as in mor. 

· H - This organic horizon is characterized by an accumulation of decomposed organic 
matter in which the original structures are indiscernible. This horizon differs from the F 
by having greater humification due chiefly to the action of organisms. It is frequently 
intermixed with mineral grains, especially near the junction with a mineral horizon.  
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The sample medium of choice highlighted in this U project is the rich well-decomposed humus 
material beneath the undecomposed forest litter. It is hard to distinguish this sample, H, from 
the organic-rich mineral soil lying below, Ah. The former would be defined by having an or-
ganic C content > 17% whereas Ah would have an organic content < 17%. In any case, this is 
the target medium for U exploration in the Athabasca (as shown in this study): the thin dark fine 
humus material immediately beneath the decomposing litter and above the Ae eluviated zone or 
B-horizon if the Ae is absent.  
 

Mineral horizons  

 

Mineral horizons contain 17% or less organic C (about 30% organic matter) by weight. 
 
A - This mineral horizon forms at or near the surface in the zone of leaching or eluviation of 
materials in solution or suspension, or of maximum in situ accumulation of organic matter or 
both. The accumulated organic matter is usually expressed morphologically by a darkening of 
the surface soil (Ah). This is the sample medium of choice in our U study; we named it A1 
(=Ah) in our classification. [It is very similar to the H organic-rich horizon described above].  
Conversely, the removal of organic matter is usually expressed by a lightening of the soil color 
usually in the upper part of the solum (Ae). The removal of clay from the upper part of the 
solum (Ae) is expressed by a coarser soil texture relative to the underlying subsoil layers. The 
removal of iron is indicated usually by a paler or less red soil color in the upper part of the 
solum (Ae) relative to the lower part of the subsoil. 
B - This mineral horizon is characterized by enrichment in organic matter, sesquioxides, or clay; 
or by the development of soil structure; or by a change of color denoting hydrolysis, reduction, 
or oxidation. In B horizons, accumulated organic matter (Bh) is evidenced usually by dark col-
ors relative to the C horizon. Clay accumulation is indicated by finer soil textures and by clay 
cutans coating peds and lining pores (Bt). Soil structure developed in B horizons includes pris-
matic or columnar units with coatings or stainings and significant amounts of exchangeable so-
dium (Bn) and other changes of structure (Bm) from that of the parent material. Color changes 
include relatively uniform browning due to oxidation of iron (Bm), and mottling and gleying of 
structurally altered material associated with periodic reduction (Bg). 
C - This mineral horizon is comparatively unaffected by the pedogenic processes operating in A 
and B horizons, except the process of gleying (Cg), and the accumulation of calcium and mag-
nesium carbonates (Cca) and more soluble salts (Cs, Csa). Marl, diatomaceous earth, and rock 
with a hardness ≤3 on Mohs' scale are considered to be C horizons. 
 
The lowercase suffixes, used with the specific horizon alone (e.g. Ah) or in combination (e.g. 
Ahe, meaning an Ah horizon that has undergone some degree of eluvation and is probably 
streaked with gray), are explained in detail on this website. 
 
The soils in our survey area at Cigar Lake are overwhelmingly podzolic.  A podzol is a soil 
commonly found under coniferous forests. Its main identifying traits comprise a rather poorly 
decomposed organic layer (dark in colour), an eluviated A horizon with a bleached appearance, 
and a rich brown B horizon with illuviated organic matter, aluminum, and iron. Podzols are 
classified into three groups – humic, humo-ferric or ferro-humic - depending on the Fe and hu-
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Ferro-humic Podzols

Ae

LF

H + Ah

B

C

Fig. A-15.  Typical podzol soil horizons. In this study, A1=H+Ah, A2=Ae. B1=top 10 cm of 
B, B2= 10-20 cm of B, C=C. 

In the areas of Cigar and McClean Lakes the organic-rich humus layer may be very thin. Using 
a shovel, cut out a mat of surface organic material, perhaps a foot square, invert it and selec-
tively pick out and collect the dark fine well-decomposed organic matter that has formed under 
the decaying twigs and leaves. You may have to cover an area of a metre diameter if this layer is 
very thin.  
 
Two sites at Cigar Lake were gleysols; that is, they are in poorly drained areas, are frequently 
under water and lack a well-developed mineral-organic surface horizon. Signs of periodic oxida-
tion and reduction are evident. Their chemistry cannot be compared to that of podzols and hence 
should not be included in the same dataset of elemental concentrations. 
 
At McClean Lake, the sampling sites in areas over the projected deposit were often peat and are 
therefore water-saturated. The horizons were not distinct and were dark in colour down the pro-
file. The various horizons of peat, as classified by the Canadian System, are listed below.       
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Decomposition of the fibric material appeared to have occurred fairly quickly with depth (i.e. Of 
and Om horizons were thin) so that the region with the lowest amount of fibre and the highest 
bulk density – Oh - was close to surface (labelled P1 in our study). P2, sampled 10 cm below 
P1, was not visually distinct from P1.  
 
O - This organic horizon is developed mainly from mosses, rushes, and woody materials. It is 
divided into the following subhorizons:  
 
 Of - This O horizon consists largely of fibric materials that are readily identifiable as to bo-
tanical origin. A fibric horizon (Of) has 40% or more of rubbed fibre by volume and a pyro-
phosphate index of 5 or more. If the rubbed fibre volume is 75% or more, the pyrophosphate 
criterion does not apply. Fibre is defined as the organic material retained on a 100-mesh sieve 
(0.15 mm), except for wood fragments that cannot be crushed in the hand and are larger than 2 
cm in the smallest dimension. Rubbed fibre is the fibre that remains after rubbing a sample of 
the layer about 10 times between the thumb and forefinger. Fibric material usually is classified 
on the von Post scale of decomposition as class 1 to class 4. Three kinds of fibric horizons are 
named. Fennic horizons are derived from rushes, reeds, and sedges. Silvic horizons are derived 
from wood, moss with less than 75% of the volume being Sphagnum spp., and other herbaceous 
plants. Sphagnic horizons are derived from sphagnum mosses. 
 
 Om - This O horizon consists of mesic material, which is at a stage of decomposition inter-
mediate between fibric and humic materials. The material is partly altered both physically and 
biochemically. It does not meet the requirements of either a fibric or a humic horizon, has a 
rubbed fibre content ranging from 10% to less than 40%, and has a pyrophosphate index of >3 
and <5. Mesic material usually is classified on the von Post scale of decomposition as class 5 or 
6. 
 
 Oh - This O horizon consists of humic material, which is at an advanced stage of decompo-
sition. The horizon has the lowest amount of fibre, the highest bulk density, and the lowest satu-
rated water-holding capacity of the O horizons. It is very stable and changes little physically or 
chemically with time unless it is drained. The rubbed fibre content is less than 10% by volume 
and the pyrophosphate index is 3 or less. Humic material usually is classified on the von Post 
scale of decomposition as class 7 or higher and rarely as class 6. The methods of determining 
the properties of fibric, mesic, and humic materials are outlined later in this chapter. 
 
     Oco - This material is coprogenous earth, which is a limnic material that occurs in some Or-
ganic soils. It is deposited in water by aquatic organisms such as algae or derived from underwa-
ter and floating aquatic plants subsequently modified by aquatic animals. 
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