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Thickness of Removed Sedimentary Rocks, Paleopore Pressure, and
Paleotemperature, Southwestern Part of Western Canada Basin'

Abstract The thickness of sedimentary rocks re-
moved by erosion in the geologic past can be evaluat-
ed by the use of shale-compaction data, such as the
shale transit-time values recorded by sonic logs. The
pore pressures in shales also can be calculated using
compaction information. Integration of these shale-
compaction data with homogenization temperatures of

. fluid inclusions in quartz inlilling of fractures in sand-

stone, as discussed by Currie and Nwachukwu, makes
possible the estimation of the paleotemperature and
paleogeothermal gradients in a basin.

Such an integrated study in the southwestern part of
the Western Canada basin shows that (1) significant
erosion in the geologic past removed as much as
4,600 ft (1,400 m) of the uppermost part of the sedi-
mentary rocks; (2) significant undercompaction and
overpressure were present in the deeper part of the
Cretaceous section in the past; (3) the Cardium sand-
stone, which has a temperature range of about 140 to
160°F (60 to 71°C) at present, had much higher tem-
peratures of about 300°F (149°C) at the time of maxi-
mum burial (before erosion); and (4) the geothermal
gradient probably has not changed significantly in the
geologic past.

INTRODUCTION

Currie and Nwachukwu (1974) recently de-
scribed a technique to evaluate the subsurface
temperature when incipient fractures were made.
This technique uses the homogenization tempera-
ture of fluid inclusions in quartz infilling of frac-
tures in sandstone. The homogenization tempera-
ture is determined by observing the fluid with a
microscope while heating the thin section until
‘the fluid bubble disappears. Their study area is in
the southwestern part of the Western Canada ba-
sin (Fig. 1).

The basic technique used by Currie and Nwa-
chukwu is unique and is probably of practical use
in petroleum exploration. Unfortunately, the pa-
leotemperatures and paleogeothermal gradients
obtained by them seem to be too low, probably
because of their lower estimates of the thickness
of eroded sedimentary rocks and pore pressures
in the geologic past.

In this paper, an attempt is made to evaluate a
more realistic paleotemperature and paleogeo-
thermal gradient for this area, using the homo-
genization-temperature data, and estimates of
erosion and paleopore pressure derived from
shale-compaction data obtained from wireline
logs. This integrated study may provide useful
concepts with regard to hydrocarbon generation,
maturation, and migration.

KINJI MAGARA2
Calgary, Alberta T2P OS1, Canaca

ESTIMATION OF THICKNESS OF EROSION

Thickness of sedimentary rocks removed by
erosion in the geologic past can be estimated
from shale-compaction data. Such estimates are
possible because shale compaction is related tg
overburden load or burial depth, if pore pressure
is normal or hydrostatic. Hydrostatic pressure
commonly is developed at relatively shallow
depths in most sedimentary basins. Therefore, if a
shale bed at a given depth within the hydrostatic-
pressure zone in an area is compacted signifi-
cantly more than another shale bed at the same
depth in another area where there was no erosion,
the former area is interpreted to have been buried
more deeply in the geologic past and to have lost
some of the uppermost section by erosion. This
method cannot apply if the shales are undercom-
pacted, because shale compaction is not a simple
function of burial depth in an undercompacted
zone.

The level of shale compaction can be de-
termined from the sonic log, because sonic transit
time is a function of porosity in a uniform litholo-
gy (e.g., shale). The relation between the loga-
nithm of the shale transit time (us/ft) and depth in
the relatively shallow interval of many sedimenta-
ry basins, can be approximated by a straight line
(Fig. 2A). The pore pressure in this case is known
to be hydrostatic. This normal compaction trend
extrapolated to the surface, gives a surface transit
time value of At, (Fig. 2A), for a situation where
there was no significant erosion.

Figure 2B shows a schematic example of the
transit time-depth relation where the uppermost
section was removed by erosion. The present sur-
face is indicated by a wavy line. If the normal
compaction trend in the subsurface is extrapolat-
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F1G. 1-—Map of study area.

ed 10 the present surface, the surface transit time
value (At,") will be smaller than the value (At,) for
the case in which no erosion occurred. If the nor-
mal compaction trend is further extrapolated to
i, the original surface of the sedimentary sec-
tion can be determined (Fig. 2B). The distance
beiween the present surface and the level at
which the extrapolated value equals At,, is the ap-
prosimate thickness of sedimentary rocks which
have been removed by erosion.

In this estimate of erosion, it is assumed that
there was no significant rebounding or expansion
of sediments during and after erosion, at least not
t the extent that such an erosion estimate be-
came erroneous. However, even a minor amount
of such sediment expansion may be expected to
have a major effect on reducing pore pressure.

The surface transit time value of At, in the case
of no erosion, can be determined by two methods.
The first method is to determine the normal com-
paction trends of as many wells as possible in the
sedimentary basin in question, and then to extra-
polate these trends to the present surface. The
maximum transit time value (the least compac-
tion value) among these extrapolated values (Aty')
will be the value closest to At, for no erosion.
From extensive studies of the normal compaction
rends of the Cretaceous shales in the Western

Canada basin, the writer has obtained a maxi-_

mum surface transit time of about 200 ps/ft in the
areas on the northeast, i.e., near the Canadian
shield where the amount of erosion is considered
1o have been small.

The second method is based on the empirical
relation between shale porosity and transit time.
This relation (Fig. 3) was derived from a study of
14 wells in the Western Canada basin in which
both sonic and formation-density logs were run.

Lo NI RN AA

Removed Sedimentary Rocks, Western Canada Basin

ATV B IR RRE;

DREDNSE /Yo N/

555

The shale porosity was calculated from the bulk
density, on the basis of shale-grain density of 2.72
gm/cc and water density of 1.02 gm/cc. The po-
rosity-transit time relation for the Cretaceous
shales in this area may be expressed as

¢=0466 x At - 317, m

where ¢ is the shale porosity in percent and At is
the shale transit time in ps/ft (Fig. 3). In the earli-
er paper (Magara, 1973), a different relation was
obtained because a grain density of 2.65 gm/cc
was used to calculate the porosity. The higher

. grain density (2.72 gm/cc) seems to be more real-

istic for shales (Youn, 1974).

The intercept-of the thick line with the vertical
axis in Figure 3 gives a transit time value of about
68 us/f1, corresponding to the value for shale
grains or matrix. This is the transit-time value
where porosity is zero. The line is terminated at
the level of 200 ps/ft in the upper right-hand part
of Figure 3 because the transit-time values of a
clay-water mixture should not exceed the value
for water (200 ps/ft). The porosity value corre-
sponding to this termination point is about 62
percent. The relation for porosity values from 62
to 100 percent is shown graphically as a thick hor-
izontal dashed line.

The preceding porosity-transit time relation
may be explained in the following manner. The
transit time for water, or 100 percent porosity, is
about 200 ps/ft. Addition of a small amount (5-10
percent) of clay sediment to the water will pro-
duce no significant change in transit time, be-
cause the sound essentially will travel through the
water, not the clay. The transit-time value will
stay at almost the same level until the amount of
clay becomes 38 percent of the total bulk volume
(or 62 percent porosity). The transit time decreas-
es after this stage as the amount of clay increases
(or porosity decreases). This observation in shales
is different from that made by Wyllie et al (1956)
for sandstones, in which a linear relation is estab-
lished for the entire range of sandstone porosity
(or 0-100 percent).

Figure 4 shows schematic diagrams of shale po-
rosity-depth and transit time-depth relations in
the subsurface. The porosity of clay. on the sea
floor is known to be 70 to 80 percent. The poros-
ity decreases rapidly during the early stages of
burial. On the basis of Dickinson’s (1933) shale
porosity-depth relation in the Gulf Coast area. a
porosity of 62'percent would be reached at about
100 ft (30 m). Above this critical depth, the transit
time would be about 200 ps/ft as shown in the
upper part of Figure 4B. The critical depth, of
course, probably will vary in different sedimenta-
ry basins. In the interval below this critical depth,
the transit time decreases as the shale porosity
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decreases (Fig. 4A, B). If the normal compaction
trend of transit time established in this deep inter-
val is extrapolated to the surface, we will have a
At, value slightly greater than 200 us/ft. This dif-
ference is dependent on the depth of critical com-
paction (62 percent porosity). From the knowl-
edge of shale compaction in several different
basins, the writer believes that the value At, for
most basins will not exceed 210 ps/ft.

" Therefore, it may be concluded that the value
of 200 us/ft is a good approximation for the sur-
face transit-time value in an area where there was
no significant erosion, However, the estimated
thickness of erosion using this figure (200 ps/ft).
will be the minimum estimate for the reason men-

_tioned previously.

Figures 5-8 show the shale transit time-depth
plots on semilog paper for four wells in the West-

" ern Canada basin. These are the wells and the

adjacent wells in which Currie and Nwachukwu
(1974) studied the incipient fractures of the Car-
dium sandstones. Their results will be discussed
later.

Figure S is a shale transit time-depth plot for
the Pacific Amoco Ricinus 16-29-34-8-W35 well,
showing that the shales above about 3,000 ft (910
m) are compacted normally. The normal trend is

extrapolated to the surface at 116 ps/ft, supees;.
ing a significant amount of erosion in the gesﬁ,g;c
past. The thickness of erosion is estimated 10 be
about 4,600 ft (1,400 m), using the technique .a}.
ready discussed (Fig. 2B). The shales below 3.000
ft are undercompacted. This suggests that whije
the continuous deposition and burial were takin,
place (before the erosion), the deeper section was
undercompacted and overpressured. Most of the
overpressure may have disappeared since, be.
cause uplift and erosion can be expected to de
crease pore pressure. The subsurface temperature
will decrease, and the pore space may expand
slightly during these events, resulting in the de-

cline of the pore pressure. As a matter of fact. the .

pressures measured by drill-stem tests in this well
are not high. Because of the presence of the un-
dercompacted shales in this well, however, it is
evident that there was overpressuring before the
erosion.

Figure 6 is a shale transit time-depth plot for
the Mobil et al Ricinus 3-5-35-8-W5 well. Based
on this plot, 4,200 ft (1,280 m) of erosion is esti-
mated. It was not easy to establish a normal com-
paction trend for this well because of the lack of a
thick shale section at shallow depths. However,
the use of the data between 1,500 and 3,500 fi

SHALE TRANSIT TIME (us/FT)

0 50 100 200 300 400
:
i
! :
-]
‘V
2000 S
&t
&
>
&g
1
& 1,2
& o
§ /0
4000 <
|

DEPTH {FT)
P s ?
\094’4
(4
o

6000

8000

!

i °

1
[l
1
1
I

10000

ATC CARDIUM SANDSTONE
i

|
3
|

i

l

F1G. 6—Shale transit time-depth plot of Mobil et al Ricinus 3-5-35-8-W5 well.

'

t,

L L

Ty g

it o bres S

(60 and 1.0
rend estab
jrem many
able. Shale
grdercompi
heen OVEIPI
The pressu
nme is not
Figure 7
16-3-W5 we
erosion 1s i
compacted
Figure 8
H.B. Caroli
1o the H.B.
WS, one of
Nwachukw
trend was «
edge of sha
ness of eros
erpressure
Cardium sa
m). The pre
is about 501
sure.
Consider
glaciation ¢




J’ ‘<Clion w n
F\{mx of b
;’:ag since, bes
cted 10 de-
lem perature
may cxpand
g in the dee

Br of f2ct. the-

Blnlhu\nﬂ

?eoflbennr-
ever. it i -

Eg before the

;eplh plot for .

well. Based
5 10N is &3u-
jmormal com-
Ethelack of a
ES. However,
?and 3.500 ft

S P INREATEY YEVL b TR T Y TR LI AL R AR

ERS T

Ut 7T 4RI NEp P ity

0k e Qe fmannl

.

i

Ammnm e

Removed Sedimentary Rocks, Western Canada Basin

50 and 1,070 m), and of the slope of the normal
end established in this general area from data
#om many other wells, made this estimation pos-
ble. Shales below about 4,000 ft (1,220 m) are
pdercompacted so they are considered to have
seen overpressured, at least in the geologic past.
The pressure in the deep section at the present
«me 1s not known,

Figure 7 is a plot of the H.B. Garrington 12-8-
:6-5-W5 well in which about 3,300 ft (1,010 m) of
erosion is calculated. The deeper section is under-
compacted only slightly.

Figure 8 shows the plot for the Suptst. Altana
H.B. Caroline 10-26-36-6-W5 well which is close
«o the H.B. Suptst. Ahana Garrington 12-24-36-6-
W3, one of the five wells studied by Currie and
Nwachukwu (1974). The normal compaction
wend wis determined from the regional knowl-
edge of shale compaction. The calculated thick-
aess of erosion is about 1,700 ft (520 m). The ov-
erpressure iS known by a drill-stem test of the
Cardium sandstone at a depth of 7,200 ft (2,200

m). The pressure of 3,610 psi at 7,200 ft (2,200 m)
is about 500 psi in excess of the hydrostanc pres:
sure. .

Consider now the possible effect of continental

559

ice sheet had been added to the sedimentary col-
umn as part of the continuous loading history,
then its weight certainly will have contributed to
additional compaction. If, however, the ice sheet
developed after uplift and erosion, shale compac-
tion will not have been affected because the
shales already had been “overcompacted” with
reference to their depth of burial at that time. The
latter is believed to be the case in this area. The
fact that the density of ice (0.9 gm/cc) is signifi-
cantly lower than that of average sediments (ap-
proximately 2.3 gm/cc) also must be remem-
bered. In other words, the effect of ice on
compactlon is believed to be insignificant and is
ignored in this study.

ESTIMATION OF PALEOPORE PRESSURE

As shown in Figures 5-8, there are undercom-
pacted shales in the study area. Within this gener-
al area the Cardium sandstones are known to be
overpressured at many locations at the present
time. However, the degree of pressuring at pres-
ent is probably less than that in the geologic past.
Significant uplift and erosion which took place in
this area probably caused a significant decline in

glaciation on the shale-compaction process. If the  pore pressure because of the decrease in
i)
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FiG. 8—Shale transit time-depth plot of Suptst. Altana H. B. Caroline
10-26-36-6-W5 well.

temperature and the slight expansion of the pore
spaces.

An estimation of the pore pressure in these un-
dercompacted zones before erosion can be made
on the basis of knowledge of erosion as discussed
previously and on the subsurface transit-time
data.

In the well shown in Figure 5, for example, the
Cardium sandstone is at a depth of about 6,200 ft
(1,890 m). The estimated thickness of erosion is
about 4,600 ft (1,400 m). In other words, the Car-
dium once was buried to a depth of 10,800 ft
(6,200 + 4,600 ft) or 3,290 m (1,890 + 1,400 m)
before erosion. The sliales above and below the
Cardium are undercompacted, having a transit
time value of about 76 us/ft. This level of com-
paction is equivalent to the compaction level at
the present depth of about 3,700 ft (1,130 m) in
the normal compaction zone. The maximum buri-
al depth of this equivalent level is therefore about
8,300 ft (3,700 + 4,600 ft) or 2,530 m (1,130
+ 1,400 m).

From the observations it is possible to make
the following burial-compaction model. There
was normal compaction during the initial burial
from surface to approximately 8,300 ft (2,530 m).

Fluid expulsion during this stage was normal. At
8,300 ft the pore-fluids were locked in completely
so that there was no further compaction to the
maximum burial depth of 10,800 ft (3,290 m). At
a later stage the area was uplifted and the upper-
most section was removed by erosion. The depth
of the Cardium after erosion is about 6,200 ft
(1,890 m). .

One may ask the following question: what
would happen if the generation of these under-
compacted shales was “gradual” rather than
“abrupt” as assumed in such a model of normal
compaction-no compaction? This suggests that
fluid expulsion and compaction of these shales
may have been continuous during burial with
gradual decrease of fluid expulsion and compac-
tion rates with time. The “‘gradual’ model would
be quite realistic in many cases. However, the
“abrupt” model is simpler and more convenient
to use for the estimation of the paleopore pres-
sures. Yet the results obtained by these two differ-
ent methods are not significantly different. There-
fore, the *abrupt” model will be used in this
paper.

The pore- pressures in the Cardium during the
early stages of burial to 8,300 ft (2,530 m) would
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TABLE 1. PALEOPORE PRESSURE, MANIMUM BURIAL DIPTH,AND PALEOPRESSURE/DERTH OF
CARDIUM SANDSTONE AT FOUR LOCATIONS EN WESTERN CANADA

Well Location Paleopore Pressure Maxisua Burial Depth  Paleopressure/Depth
(pst) (fe) (pst/fc)
A 16-29-34-8-%5 (well shown 7,100 10,800 0.66
in Fig. 5)
B 3-5-34-8-W5 (Fig. 6) 10,000 13,000 0.77
[4 12-8~36-5~W5 (Fig. 7) 5,200 10,200 0.51
o 10-26-36-6-W5 (F1g. 8) 5,400 8,900 0.61

have been near normal or hydrostatic because the
compaction was almost normal. This means that
the pore pressure at a depth of 8,300 ft would
have been about 3,600 psi using a hydrostatic
pressure gradient of 0.44 psi/ft. The rate of in-
crease of pore pressure after this critical stage (or
the onset of the restricted fluid expulsion) was
discussed by Magara (1975). If there is no aqua-
thermal pressuring effect during burial, the pore
pressure would increase at the same rate as that
of the overburden pressure, or at about 1 psi/ft.
However, this is not the case in most sedimentary
basins because the temperature also should in-
crease during burial, resulting in a much higher
rate of pressure increase.” Magara (1975), in a
study of the Gulf Coast shales, estimated the rate
of pore-pressure increase since isolation of pore
fluids to be about 1.4 psi/ft. Applying this result
to the shale in the well being studied, an increased
pressure of about 3,500 psi (1.4 x [10,800
- 8,300 psi) above the hydrostatic pressure at
the isolation depth (8,300 ft) can be calculated.
This means that the Cardium would have been
overpressured to about 7,100 psi (3,600 + 3,500
psi) when the maximum burial depth of 10,300 ft
(3.290 m) was reached.

The paleopore pressure, the maximum burial
depth, and the pressure/depth relation of the Car-
dium in these four wells were calculated using the
preceding method. The results (Table 1) indicate
the possible existence of significantly high pres-
sures in the Cardium in the geologic past. The
previously mentioned calculation is based on ac-
tual shale-compaction data in western Canada
and knowledge of aquathermal-pressuring effect
obtained in the Gulf Coast area. The validity of
applying the aquathermal-pressuring effect ob-
served in the Gulf Coast to western Canada may
be a matter for discussion. It is not possible to
study such a phenomenon directly in western
Canada because of the effect of late-stage distur-

bance on pore pressure in this area. We can, how-

ever, examine the possibility of such a phenome-
non on the basis of what is known of the thermal
and compaction histories of the area. The pres-

- Sure generated by the aquathermal effect is a

function of at least two important factors: geo-

thermal gradient, and the retention of generated
pressure.

. Geothermal Gradient

The average geothermal gradient in the Gulf
Coast is about 25°C/km (or 1.37°F/100 [t) ac-
cording to Barker (1972), although it varies wide-
ly within this area. The average gradient in the
Western Canada basin is about 1.7 to 1.8°F/100
ft (31 to 33°C/km), based on data given by Mag-
ara (1973, Fig. 11). This suggests that the aqua-
thermal effect could have been more pronounced
in western Canada than in the Gulf Coast be-
cause of the higher gradient in western Canada.
In other words, applying the results obtained in
the Gulf Coast to western Canada would not, at
least, cause an overestimation of pore pressures.

The difference of the actual subsurface temper-
ature (not the gradient) in these two areas should
not cause a significant difference in generation of
aquathermal pressures. This is because the
aquathermal pressuring mechanism is related to
relative change in temperature since isolation of
pore fluids, rather than to actual temperature.

Retention of Generated Pressure

The composition of shales and the level of
compaction would be important factors in retain-

ing the generated pressure. Because of lack of

data and because both factors probably vary
widely within each area, it is not easy to evaluate
these factors.

It is assumed that there was no significant com-
paction of undercompacted shales during and af-
ter erosion. Therefore, the paleopore pressure can
be calculated from the present compaction data.
However, this may not be true always because the
pore pressures in these shales probably dropped
during and after erosion mainly because of a
cooling effect. The decreasing pore pressure
would have caused the late-stage compaction of
the shales.

In other words, the undercompacted shales at
present are more compacted than those in the
geologic past (especially before erosion). It fol-
lows that the calculated paleopore pressure using
the present compaction data and the estimated
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TABLE 2. RANCES OF HOMOGENIZATION TIMPERATURE OF CARDIUM SANDSTONT
AT FIVE LOCATIONS I8 WESTERN CANADA

Well Locatien

Howogenizatfion Temperature
% (%)
A 16-29-34-8-W5 45~103C (113~226F)
3 3-5-35-8-WS 45-100C (113-212F)
c 12-8-36-5-W5 50-85C (122~185F)
E 12-24=36-6-W5 51-84C (324~183F)
F 10~5-36~5-45 49-88C  (120~190F)

*Deternined by Currie and Nwachuicrm (15974).

amount of erosion may be the possible lowest es-
timate.

Therefore the calculated paleopore pressures in
the Cardium may be lower than the pressures
which actually existed in the geologic past, but
may be quite reasonable estimates with our cur-
rent knowledge of shale compaction. These esti-
mated paleopressures based on shale compaction
data are at least more realistic than those by Cur-
rie and Nwachukwu (1974). They simply assumed
hydrostatic pressures throughout geologic time.

ESTIMATION OF PALEOTEMPERATURE

Currie and Nwachukwu (1974) discussed the
results of their research on the homogenization
temperature of liquid-gas (or vapor) inclusions in
the mineral filling which now occupies some of
the fracture openings in the Cardium sandstone.
Their objective was to determine the temperature
at which fluid inclusions were formed in fracture-
filling material (mainly quartz).

They first made thin sections of these quartz
fillings which contain fluid inclusions. The thin
sections were heated under a petrographic micro-
scope by using a Leitz heating stage, until the
bubble in each inclusion disappeared. The tem-
perature when the bubble disappeared was mea-
sured and was called the “homogenization tem-
perature.”

The same measurement was made for many
samples from a single reservoir to obtain a range
of temperatures. Then this range of homogeniza-
tion temperature was introduced into the pres-
sure-temperature-specific volume diagram for
water to obtain the range of temperature under
subsurface conditions (or under high pressure).
The maximum temperature in this subsurface
range may be assumed to be close to the tempera-
ture when the sedimentary deposits reached the
maximum burial depth. In other words, this tem-
perature seems to indicate the temperature of the
deposits immediately before significant erosion
took place. The minimum temperature in this
range would be close to the present subsurface
temperature. In this discussion, the fractures and

infillings are assumed to have been caused mainly
by the changes of the subsurface stress field asso-
ctated with uplift and unloading.

The ranges of the homogenization tempera-
tures-of the Cardium section determined by Cur-
rie and Nwachukwu (1974) are shown in Table 1.

Wells A, B, and C in Table 2 are the same as
those in Table 1. Well E in Table 2 is only a few
miles away from well D shown in Table 1. Well F
in Table 2 is not far from well C. Because of their
proximity, the latter two sets of wells may be
combined to study the subsurface temperature at
the time of maximum burial.

As mentioned previously, estimation of the pa-
leotemperatures may be made by using the pres-
sure-temperature-specific volume diagram for
water (Fig. 9). The vertical axis shows the pres-

sure in bars and psi, and the horizontal axis .

shows the temperature both in Celsius and Fah-
renheit. The thin diagonal lines indicate the spe-
cific volumes (cc/gm) which are reciprocals of the
densities (gm/cc) of water.

In well A, for example; the maximum homo-
genization temperature was 226°F or 108°C (Ta-
ble 2). This value is shown as A on the bottom
horizontal axis of Figure 9. It is assumed in this
case that the pressure in the inclusion when the
homogenization temperature is determined is zero
psi. The estimated paleopore pressure in the Car-
dium is about 7,100 psi (Table 1). Therefore,
point A on the horizontal axis is moved parallel
with the equal-specific-volume lines to a new
point shown as A’ in Figure 9 corresponding 1o
pressure of 7,100 psi.

The reason for moving point A parallel with
the isospecific volume lines is that the volume of
the fluid inclusion should be unchanged under
subsurface conditions and under the homogeniza-
tion stage under the microscope. The temperature
of point A’ is about 280°F (138°C), which is con-
sidered to be the paleotemperature when the Car-
dium sandstone was buried to the maximum buri-
al depth (10,800 ft, 3,290 m). Assuming that the
surface temperature was about 50°F (10°C) at
that time, a geothermal gradient of about
2.1°F/100 ft (38°C/km) is calculated.
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temperature and pressure under subsurface conditions at five locations in western Canada. Alphabets refer to wells

shown in Tables 1-3.

The minimum homogenization temperature for
this well is marked a on the bottom axis of Figure
9. The point correspoading to the subsurface con-
dition after erosion is labelled a’, which has a
temperature of about 142°F (61°C). This temper-
ature is slightly higher than the present tempera-
ture of this section. The geothermal gradient is
calculated to be about 1.8°F/100 ft (33°C/km)
using the average surface temperature of 32°F
(0°C), which seems to be a reasonable figure. This
gradient is in agreement with the general geother-
mal gradient observed in this general area (Mag-
ara, {973).

The points for the other wells are also shown in
Figure 9 such as indicated by B-8, b-b’ and so
on. In the case of each of the last two wells in
Table 2, a combination of the two wells, as men-
tioned previously, is used for the study, shown as
ED-ED’, ed-ed, etc., in Figure 9. The calculated
temperatures and geothermali gradients are sum-
marized in Table 3.

The results in Table 3 suggest that the Cardium
sandstone reached temperatures as high as 300°F

(149°C) at the time of maximum burial. Its pres-
ent temperatures range from 140 to 160°F (60 to
71°C), which is about one-half of the maximum.
These estimated paleoteraperatures are higher
than those given by Currie and Nwachukwu
(1974). The reason for this difference is that in
their estimate they ignored the importance of the
presence of undercompacted shales in this area.
They assumed that the pore pressure was hydro-
static at the time of maximum burial. Their meth-
od of estimating the thickness of erosion is also
quite interpretive, based on an average denuda-
tion rate (Currie and Nwachukwu, 1974). The val-
ues given in the present paper are believed to be
more realistic.

The estimated geothermal gradient in Table 3
shows that the gradient generaily was higher at
the time of maximum burial than that at present.
In this calculation an average surface tempera-
ture of 50°F (10°C) was used for the time of max-
imum burial. (This suggests that the average tem-
perature of the sediments at the time of
sedimentation was higher than the present surface
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TABLE 3. ESTIMATED TEMPERATURE AND GEOTHERMMI CX
OF MAXIMUM BURIAL AND AT @

Kinji Magara

NT OF CARDIIM SANDSTONE AT TIME

At Maxizuz Burial Depth

well Tenperature OF

Gradtent* °F/100 fr

Sear Present

Tenperature °F  Gredient** °p/100 fe

A 280 2.1
B 293 L.9
4 230 1.8
ED 230 2.0
FC 234 1.8

162
153
154
160
151

- o
~N @&~ o

*Based on the surface temperature of 50°F.

#*Basgd on the present average surface temperature of 2%,

#*xAFor locatlons of wells A, B,

temperature.) If, however, the surface tempera-
ture was higher than 50°F (10°C), the geothermal
gradient must have been lower. The other impor-
tant factors affecting the interpretation of the
geothermal gradient are the estimates of eroded
thickness and the paleopore pressure, discussed
previously. If the thickness of erosion was greater
than estimated, the paleogeothermal gradient
would have been lower than estimated. This is
because the burial depth would have been greater
but yet the paleotemperature would not have
been much higher. However, if the paleopore
pressure was higher than estimated, because of
the possible late-stage compaction of undercom-
pacted shales and the possible underestimation of
aquathermal pressuring effect as discussed previ-
ously, the actual paleotemperature and, therefore,
the paleogeothermal gradient would have been
higher than the writer’s estimate (see Fig. 9).

Although estimates of thickness of erosion and
on paleopressure made in this paper are believed
to be more accurate than those made by Currie
and Nwachukwu, the estimated geothermal gra-
dients at the time of maximum burial shown in
Table 3 may include both positive and negative
errors. In any case, there seem to be more factors
possibly causing positive errors on the paleo-
geothermal gradient than factors causing negative
errors. Thus, it appears that the actual paleo-
geothermal gradient would have been lower than
the preceding current estimates.

From these observations and interpretation, it
appears that the geothermal gradient probably
did not change very much in the geologic past.
Currie and Nwachukwu's estimate showed the
changes of the gradient from 1.9 (maximum buri-
al) to 1.1 (near present) °F/100 ft (35 to
20°C/km) in some wells (sce their Fig. 6). These
differences are probably caused by their lower es-
timation of erosion and pore-pressure. Their in-
terpreted near present geothermal gradient of
1.1°F/100 ft (20°C/km) is considerably different
from the present geothermal gradient of 1.7 to
1.8°F/100 ft (31 to 33°C/km) in this area (Mag-

...P, refer to Tables 1 azd 2.

ara, 1973). This lower value (1.1°F/100 ft) seems »

to have resulted from the use of the high surface
temperature value of about 59°F (15°C). The
present surface temperature extrapolated from
the subsurface data in this area is approximately
32°F or 0°C (see Magara, 1973, Fig. 11). In their
Figure 6, Currie and Nwachukwu indicated the
geothermal gradient lines to be straight lines, on
the assumption that the pore pressure has been
hydrostatic (or that pore pressure is a linear func-
tion of depth). If the pore pressure was abnormal
and its abnormality varied in the geologic past,
the geothermal gradient lines must be curved
rather than straight lines.

ConcLusions AND COMMENTS

1. The maximum burial depth of a section can
be estimated by using shale-compaction data. In
this paper, sonic logs were used for this study.

2. The difference between the estimated maxi-
mum burial depth and the present burial depth of
a section gives the thickness of erosion which oc-
curred in the geologic past. The calculated thick-
ness of eroded sediments in the current study area
of the Western Canada basin is as much as 4,600
ft (1,400 m).

3. The pore pressure at the time of maximum
burial may be evaluated using the shale-compac-
tion data and the current knowledge of the effect
of aquathermal pressuring. In the deeper section
of the Cretaceous formations in this area, shales
are undercompacted in comparison with the over-
lying normally compacted section. This suggests
that, at least in the geologic past, the deeper sec-
tions were overpressured. The amount of such pa-
leo-overpressure in the shales above and below
the Cardium sandstone is estimated to have-been
as high as 10,000 psi for the maximum burial

depth of 13,000 ft (3,962 m). The corresponding
pressure/depth value, therefore, may have beea
about 0.77 psi/ft.

4. The homogenization temperatures of fluid
inclusions in quartz infillings of Cardium frac-
tures determined by Currie and Nwachukwu
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(1974) are reexamined in this paper to obtain
more realistic paleotemperatures of this sand-
stane by using the data on thickness of erosion
and paleopore pressure. The result suggests that
the temperature of the Cardium was as high as
300°F (149°C) at the'time of maximum burial.
5. The paleogeothermal gradient evaluated
from the previously mentioned information
shows that the gradient at the time of maximum
purial may have been slightly higher than that at
resent. Because most of the possible errors in-
volved in this calculation tend to increase the geo-
thermal gradient of the past, the estimated gra-
dient may be too high. Therefore, it is believed
that the geothermal gradient has been relatively
unchanged. This conclusion is different from that
of Currie and Nwachukwu who interpreted that
the gradient changed significantly in the past.
Their assumption that pore-fluid pressures in the
geologxc past were hydrostatic seems to be unreal-
istic because of the presence of the undercom-
pacted shales in this area. Their estimation of
thickness of eroded sedimentary rocks based on
average denudation rate also may be unrealistic.
6. Evaluation of such factors as the maximum
burial depth, the thickness of erosion, the paleo-

Removed Sedimentary Rocks, Western Canada Basin

pore pressure, and the paleotemperature and pa-
leogeothermal gradient, as discussed in this pa-
per, may provide useful information for petro-
leum exploration because these factors can be
related to generation, maturation, and migration
of hydrocarbons.
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CEOTHERMAL ENERGY: AN UNDEVELOPED CANADIAN RESOURCE? UNIVERSITY oF l.l
; o L RESEARCH INSTIT@?E
B - EARTH SGIENCE LAB. .
G.D. GARLAND

University of Toronto

INTRODUCTION , ' :
|
That the earth itself is a reservoir of thermal energy has been

recognized for centuries, The, increase in temperature with depth, obsérved ;
in mines and boreholes, is evidence of an 1nterna1 heat sburce, from which
heat is escaping to the earth's surface, Most of this heat is believed to

be produced by radiocactive elements in. the outer part of the earth, but a
portion may represent residual original heat, However, while the total rate
of energy loss- is very large: 3,2 x 107 megawatts, much greater than the
rate of energy expended in earthquakes, the density of the thermal flux is,
except in unusual regions, very small, Through more than 99% of the earth’s
surface, the heat flux is of the order of 1 mictocalorie per em? sec, far

‘too small to be of useé to man, It is only in the rémaining 1% of the area
that unusual conditions combine to give a much higher flux. These areas of
higher density of geothermal énergy have been utilized for many years in
Iceland and Italy, and in more recent times in ‘New Zealand, the United States
and other countries, There has not yet been a commercial development of geo=-
thermal sources in Canada, except, of course, for mediC1na1 hqt—water baths,

The purpose of this paper is to assess the possible importance of
geothermal sources upon the Canadian energy situation, Even if geothermal
énergy is not urilized in this country for some years, the extension of
¢ developments in the western United States and Mexico will change the conti-
§ nental energy balance, with 1mpllcat10ns for this couhtry. In order td show
ﬁ the natural condltions that are required to produce a geothermal field, and
i the installations that are involved in harmessing it, brief descrlptlonb of
g fields in Italy, New Zealand and Iceland will be given and the p0551b111ty
4 of similar conditions existing in Canada will be discussed, A descrlptlon
§ will also be given of a newly-proposed process, which involves the artificial
%

i
§
|

circulation of water into areas that are not natural Beothermal fields.

[

'Exmnuzs OF"GEOTHERMAL AREAS

larderello, Italy  Natural steam wells were kaown in this area, south of
Volterra, at least as early as the eighteenth century, In 1777 the wells ‘
vere developed for their boric acid content, and borax was extracted, The

§ lirst usé of the thermal .energy came .in 190& when a stéeam-driven generator

§ producing 40 h,p, was installed, Today, about 160 wells aré drilled into

the: field, to a maximum depth of 1600 m,, and thesé produce stéam at the

rate of nlmnnt 3,000, 000 ky. per ‘hour (Burgassi 1964), A most important
beatnre ol the Lurdurcliu [ield 1s that the steam is dry, many wells producing
superheated gsteam at temperatures of the order of 200°C, The steam is used

Lo drive the turbines of generators, producing electric power at the rate of
5 380,000 kw;
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Fig.1. Developed geothermal areas of the world (crosses) in relation
to plate boundaries and hot spots (circles). -
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Geologically, the area is one generally associated with young
volcanism, although volcanic rocks are not exposed in the immediate vicinity
of Larderello, The field itself is located on a upfaulted block within a
sedimentary basin, This basin contains a thick sequence of permeable anhy-
drite overlain by an impermeable clay, and it is believed that this combina-
tion is of great importance in determining the nature of the field,

Wairakei, New Zealand The Wairakei field is located within a zone of active
volcanoes, which extends for 300 km, across North Island., (Healy, 1964).
Development of the field began in 1950, and about 100 wells have now been
drilled, Electric power is in production at the rate of about 150,000 kw.,
to be increased eventually-to 250,000 kw.

Geologically, the field is located on a local upfaulted block
within an area of subsidence, The aquifer is a pumice breccia, capped by a
relatively impervious mudstone, which is itself overlain by young volcanic
rocks, One deep well has passed through the aquifer into underlying young
volcanic rock, which is believed to be related to the source of heat,

The most striking difference between the Larderello and Wairakei
ficlds is that while the former produces superheated, dry steam, the Wairakei
wells produce fluids of varying thermal quality, ranging from hot water to
saturated steam, This property is belicved to be related to the lateral
extent of the porous reservoir rock, which, in the case of the Wairakei
field, allows cold ground water to mix with the steam in various proportions,

Iceland Iceland is an island formed entirely of volcanic rock, lying on
the axis of the mid-Atlantic Ridge. Hot water springs and natural outlcts
of steam have been known for many yecars, and have been utilized for domestic
heating for decades, Application of geothermal energy for power production
began with the design of a 15,000 kw, generating station in the Hengill area
near Reykjavik.

Heat sources in Iceland are divided into low temperature and high
temperature types (Bodvarsson 1964), Low temperature sources are character-
istically hot-water springs, producing water at a temperature of 100°C, and
often arranged in linear patterns, suggestive of structural control along
faults, High tempcrature sources, which produce steam, are restricied Lo
the nco-volcanic zone of most recent volcanic activity, There is cvidence,
from the isotopic content of the water, that it is of surfacc origin,
rather than juvenile water released in the volcanic process. In this regard,
the ficlds are similar to others, and a reservoir, capable of permitting
fluid circulation, must be present, As sedimentary rocks are not present,
the reservoir porosity must be provided by fractures in the volcanic rocks,

Bodvarsson has estimated the total potential of the Icelandic
thermal areas at 300 megawatts, The present utilization of geothermal energy
for heating is equivalent to 60,000 tons of coal per year,

Descriptions of other geothermal areas of the world may be found in
Ruiz Elizondo (1964) and McNitt (1965),
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PHYSICS OF GEOTHERMAL AREAS

1

The above examples have shown some common features, which are
typical of all geothermal areas: proximity to geologically young volcanism,
transport of heat to the surface by hot water or steam produced from surface
water, the presence of a porous aquifer to permit the circulation of the
water and to provide the reservoir,

The global distribution of regions of young volcanism is now rather’
well understood in terms of plate tectonics (Fig.l)., Most volcanic areas
occur near the boundaries of the rigid plates, into which the outer part of
the earth appears to be divided, Very often, these regions are also areas
of high seismic activity., Plate motion is believed to be controlled by some
system of convection in the mantle of the earth, the currents rising and
spreading under oceanic ridges, and drawing. the plates down under subduction
zones, Recently, however, it has been proposed (Wilson and Burke 1972) that
the convection system is complicated by the presence of plumes, which carry
heat and material to the surface, and whose relation to a general convection
system is not yet understood, Plumes may be recognized by the outpouring of
unusual volumes of volcanic rock, as in the case of Iceland, a plume on a
ridge, or Hawaii, the result of a plume beneath the interior of a single
plate. Potential geothermal areas are therefore to be expected either near
plate boundaries, or in conjunction with plumes beneath the interiors of
plates, '

The suyrface expression of these areas varies greatly in intensity,
from springs of moderately hot water, to outpourings of steam, White et al
(1971) have discussed the mechanics of geothermal reservoirs with the aim of
clarifying the distinction between vapour-dominated (i,e, steam):and fluid
dominated fields, Figure 2 shows their model of a vapour-dominated system,
Heat 18 carried upward from hot rock by a water convection system, Closer
to the surface, the reduction in pressure permits water to boil, This depth
forms the lower margin of the main body of the reservoir, In the main reser-
voir, steam and water coexist, Closer to the surface, steam condenses and
heat is carried by both water and steam, Steam may escape to the surface
along major channels, If the supply of surface or ground water is too great,
the large vapour-dominated region of the reservoir may not develop, The
difference in type of field is therefore determined by the effectiveness of
the cap rock, and the extent of porosity in the reservoir. In fields such
as Larderello, and also the Geysers, California, the inflow of water relative
to the heat supply is controlled, so that steam predominates,

An alternative representation of a geothermal reservoir is by means
of a "pipe model”, in which the cross-sectional areas and velocities are
indicated, Figure 3, adapted from Elder (1965) shows such a model for
Wairakei, A notable feature is the range of times involved in the recharge
and recirculation systems, While the figures shown represent estimates only,
there is evidence from isotopic studies on the time required for water to
circulate (Hulston 1964), Measurements on Wairakel water show that 92% of
the water from the field is meteoric, and the tritium content of this water
{8 80 low that the time it has spent in the earth must be considerably
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greater than one half-life of tritium (125 years),

of the Wairakei field would be provided by only 5% of the present annual
rainfall in the catchment area of the field,

The total volume output

EXPLORATION AND PROVING

While the distribution of young volcanic rocks gives a broad guide
to the regions in which to explore for geothermal fields, it is necessary to
have methods to localize the search, Fortunately, a number of the methods
of geophysical prospecting are immediately adaptable, since the reservoirs
are nothing more than regions of anomalous physical properties
of the electrical conductivity of the crustal rocks, which can be made from
the earth's surface, from a powerful exploration tool. The conductivity of
rocks increases with temperature, so that the elevated temperaturec of a geo-
thermal area can be detected directly, Early experiments were conducted in
Iceland (Bodvarsson 1964), and electrical methods of exploration are now

-widely employed., In some regions, there is a correlation between minor
seismic activity and geothermal areas, The monitoring of seismic noise by
networks of portable seismographs will, in those cases, indicate the most
promising locations. In the United States about $50 million per year are
currently spent on the geophysical search for geothermal areas,

However, as in the search for oil and minerals, the location of a
geothermal anomaly does not mean that a commercial resource is present, It
is necessary to evaluate the total rate of output of heat from the area,
also to consider the thermal quality of the fluids (temperature of water,
and energy content per unit mass, or enthalpy, of the steam), Within the
bounds of a potential field, heat is discharged by conduction through the
soil, by convection from water surfaces, in steam from steam vents
(fumaroles), in hot water from springs, and by seepage to streams, Methods
have been developed, particularly in New Zealand (Dawson 1964) for assessing
the importance of each of these, using only shallow augur holes, The poten-

tial of a new arca may be estimated before more expensive drxlllng is under-
taken,

and

THE HARNESSING AND ECONOMICS OF GEOTHERMAL PCWER

Electrical production at the major fields is by mecans of steam-
driven turbines. In the case of a dry-steam field such as Larderello, the
design of suitable generators is- relatively straightfaward.
situation is that typified by Wairakei (Armstead 1964), wherce different wells
in the field produce steam at different pressures and of different degrees
of saturation, or simply hot water, In these cases, the generating plant
must be carefully designed to optimize the utilization of the different
fluids, At Wairakei, hot water is only used if, when its pressure is reduced
to an intermediate level it boils ("flashes') to produce steam, The plant

(Fig, &) has been de31gned to handle natural steam at two pressures, or the
steam produced by flashing.,

The more common

’

In considering the economics of geothermal power generation
number of factors, not encountered in other systems,

a
must be considered,

Measurements
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These include the estimated lifetimes of the field, and of individual wells,
the deterioration of the fluid-handling system by dissolved substances, the
cost of disposal of waste hot water, and the possible income to be derived
by separation of valuable dissolved substances,

Geothermal fields, like all exploitable sources of resources, must
have finite lifetimes, but because all known fields are still in production,
there is very little cvidence on the time scale, There is ecvidence, from
Maori legends (Healy 1962) that no gross changes in temperature have occured
at Wairakei in one thousand years, and the geological evidence would support
the existence of hydrothermal activity there for the past million years,
Much more serious is the finite lifetime of individual wells, since the
drilling of new wells constitutes a recurring charge in the exploitation of
a given field. Decrease in the productivity of a well is believed to result
from a decrease in the porosity of the surrounding rocks, provoked by the
deposition of dissolved substances in the pores, The experience at
Larderello’ (Chierici 1964) has been that the flow of a well decreases as an
inverse power of time; for the average well, the production is reduced to
10% of the initial value in 20 years, Taking this rate of decrease, and
estimating the cost of re-drilling, Chierici gave the costs of geothermal
power production in Italy as follows (30 megawatt geothermal plant; 300
megawatt fuelled plant; 1960 prices).

’ Geothermal Fuelled Electrical
Installation per kw $130, - $150. $110. -~ $120.
Operation per kwh, 0.12 - 0.13 ¢ 0.06 - 0.07 ¢
Fuel or steam " "o 0.08 - 0.09 ¢ 0.50 - 0.55¢

i

While initial installation and operation costs are higher, the
freedom from fuel costs makes the geothermal operation very attractive, in
this case, Similar figures are available for the Geysers arca in California,
where the installation this year will reach 412 mw, (two-thirds of the
requirements of San Francisco) and thereby surpass Larderello, Installation
costs are quoted as $110/kwJ and total operation, including steam, as
0.35¢/kwh, The installation at the Geysers is projected to be increascd
to 1300 mw, by 1980, It must be emphasized that both installation and opera-
tion costs would be higher for the '"wet' type of field, as at Wairakei, In
Iceland, the cost of energy for domestic -heating has been given as 0,35 cents
per kwh, (Bodvarsson and Zolga 1964),

It will be seen that the experience of those countries advanced in
the use of geothermal power shows that installations in the range of 60 -220
megawatts are effective and efficient, The required production rate of stcam
or hot water to provide the energy for this is indeed impressive. For
example, the experience at Lardercllo shows that 9 kg, of steam arc utilized
to produce 1 kwh of electrical energy, The required production rate for a
100 mv, installation is thus 1 x 10° kg, per hour of steam equivalent to
24000 tons per day, For a field producing hot water (at 200°C) instead of

steam, approximately three txmes as much water would be required, because of
its lower enthalpy.

™ T hyfz‘{\\-n ‘ju.‘ 5 “",-““ Qg St R

225




P
o
JR)
’
PRI
.
.
‘.
o'
.
.
.
.
|
I
‘-
ooy
1
b,
.
.
+

B
RO
g
oy
'

226

'
T

r
L) e RS gaaary A

PPN
ERNE

o

r

et

PP

Ve



N A IR BB S LI RTR B SN G R TR e PR

R e e

i A TR

ETEQEDS S JTIRCC P N

- s - . . . +
S i Saa b @ Tt e b Vb e e it S

The output mentioned for the Larderello plants corresponds to an
overall efficiency of about 16%, in terms of the energy content of the steam,
It is interesting to note that this is just about one half of the efficiency

of an ideal engine operating between the input and exhaust temperatures of
250°C and 80°C respectively, f

To date, the disposal of waste hot water has probably not been a
ma jor factor of expense, but with increasing consciousness of the problems
of thermal pollution, it could well be a factor in the future, Obviously,
large volumes of hot water, often heavily charged with dissolved substances,
cannot be discharged into fish-bearing streams, Geothermal plants are, of
course, free of other forms of pollution.

A PROPOSED SYSTEM USING ARTIFICTAL RECHARGE

It i1s evident from the descriptions of natural geothermal areas
that special, and fortuitous, combinations of circumstances are required:
a source of heat near the earth's surface, and the correct combination of
porosity and impervious cap rock to provide a reservoir, The utilization of
geothermal energy would be much more widespread if the earth's heat could be
extracted from other regions, where these conditions do not all exist, For
example, there are numerous areas in western North America, where the outflow
of heat is greater than the worldwide average, presumably because of recent
igneous activity, but the reservoir conditions do not exist, A recent
proposal (Robinson et al 1971) is based on the idea of producing an artifi-
cial reservoir system in such areas, Imagine a large-diameter (40 cm.) hole
bored into a region of relatively hot rock, at a depth of perhaps 5 km.
(Fig. 5). The average geothermal gradient is about 30°C per km,, but in
regions where the heat flow is twice normal, temperatures of the order of
300°C would be reached at this depth. Water at high pressure (1500 psi) is
forced into this hole, to produce, according to preliminary experiments, a
thin, circular crack lying in a vertical plane. A second large-diameter hole
is drilled to reach the crack at a higher level, and water is circulated
hetween the deep and shallower hole. Calculations show that heat could be
extracted at the rate of approximately 90 megawatts for 20 years, before
cooling of the rock rendered the sourcc inefficient, However, during this
time cooling of the rock could well produce subsidiary fractures, which would
increase the area of contact between water and rock, actually rendering the
system more efficient with time, Energy could be extracted at the rate of
90 megawatts by the circulation of 2 million gallons of water per day, assum-
ing an input temperature of 50°C and an output temperature of 250°C, Once
circulation is begun, it is expected to continue, requiring only the pressure
resulting from the different densities of hot and cold columns, The hot

water would return to the surface at a pressure above atmospherlc and could
be flashed to produce steam,

The possibility of achieving such an artificial recharge system
depends principally on two critical factors: the development of economic
systems for the drilling of deep, large-diameter holes, and the effectiveness
of the pressure-induced cracking process, There is hope for the first, in
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the form of a nuclear-powered electric melting drill, While the second
problem has been studied on the laboratory scale it appears impossible to
be certain of the outcome in the real carth before deep holes arc drilled,
and the technique tried, Further thecoretical studies (Harlow and Pracht
1972) support the validity of the assumptions, in particular the importance ,
of secondary thermal fracturing of the rock. .

If the system is feasible, Robinson et al propose that the hot
water be flashed, to produce steam for a generator of 10 megawatts (Fig. 6).
The remaining water could be used for domestic heating, and possibly cven

’ -

to power vehicles driven by steam - turbine engines, (The flow of hot water ‘;.

shown in Fig. 6 for Transport is that required: to power 10,000 vehicles for
30 miles per day). The complete installation, from the two wells, could
provide the energy requirements for a community.of 10,000 people,

THE PROSPECTS IN CANADA : "

The experience from other countries shows that active geothermal
areas are invariably associated with geologically recent volcanism, As we
have noted, the latter activity is usually related to plate boundaries, or
to intra-plate plumes, In Canada, young volcanism is characteristic of the o
western Cordillera, near the western limit of the Americas plate (Fig. 1). ' o
Isolated plumes have not yet been recognized in this country, Before turning
to the Canadian possibilities in detail, let us note again that future geco-
thermal developments along the western margin of the Americas plate, are
almost certain to have an impact on the continental energy resource picture,
and there an indirect effect on the Canadian situation,

In the Canadian Cordillera the volcanism has been discussed by
Souther (1970). Of great 'significance to possible sources of geothermal
energy is his recognition of belts of Quaternary (i.e., younger than approxi-
mately one million years) volcanoes (Fig, 7), Most of these volcanoes are
small cinder cones, whose active lifec was apparently short, The youth of
some of them is remarkable, A flow and cone at Aiyansh, B.C, west of '
Hazetton, has been dated at 220 t 130 years, while Mt. Edziza, southeast of
Telegraph Creek;lis known to have erupted at least three times in the past »
1800 ycars. The structure in the vicinity of Mt, Edziza suggests that a
situation favourable to a geothermal field may exist, with faults and frac-
tures providing the porosity, According to Souther, the region is onc which
was first subject to compressive stresses, producing thrust faults, A
change in the stress system led to a condition of tension, permitting the
formation of a downfaulted block, on which the volcanic cone is situated,

Measurcements of hcat flow in the Canadian Cordillera are in
progress, by the Earth Physics Branch, Department of Energy Mines and
Resources,  Jessop and Judge (1971) have reported the relatively high value
ol 1,86 x 10-0cal/cm?scc for Penticton in southern British Columbia. The
extension of heat [low measurements into the neo-volcanic zones will be most
important, Even if natural geothermal fields are not located, the outlining
of regions of high heat flow (approximately 2 x 10-6 cal/cmZsec or greater) .
will indicate the possible locations of future artificial-recharge instal- x
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lations, if that technique becomes a reality. More detailed geophysical
investigations of other types, including electrical conductivity and micro
earthquake studies also appear to be called for in the neo-volcanic belts.
It is known that the western Cordillera is a general region of high
electrical conductivity (Caner, Auld, Dragert -and Camfield 1971), but the
detailed mapping of the conductivity 1in the vicinity of the young volcanoes
will require many more measurements.

The occurrence of hot springst is, of course, evidence of some
source of geothermal energy. Harrison Hot Springs, and the springs near
Terrace, both occur close to the neo-volcanic belts, and would appear worthy
of detailed study. In contrast, the hot springs of the Rocky Mountains
(Warren 1927, Pickering 1954) hold little promise for geothermal énergy
production. The water temperature is low: on the average. about 115°F, and
there is no nearby source of volcanic heat. The explanation given by Warren
for the Banff springs appears correct, that surface water circulates to
depth, along fractures, in a region of normal geothermal gradient. If this

is the case, there is no possibility of obtaining steam, or water sufficiently

hot to flash to steam.

Throughout most of the remainder of Canada, evidence of geothermal

sources, and of high heat flow (Jessop 1968) is lacking. Geothermal possibili-

ties appear limited to British Columbia and the Yukon. As has been shown,
steam fields certainly can produce electrical power at competitive costs to
other types of generation, and hot water fields, if of sufficient thermal
quality,probably can. The method compares favourably, in its impact on the
environment, with either large hydro-electric installations, and with plants
using' fossil fuels. Furthermore, the seismicity of the western Cordillera
may well argue against hydro-electric dams in certain areas. The search for

geothermal fields would therefore appear to be well worthwhile, although, until

the development of the artificial recharge system, the necessity of proving
substantial flows of thermal fluids, as discussed above must always be kept
in mind. : ’
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River dans le Nord de ' Alberta.

Uranium and thorium in the Precambrian basement of western Canada.
I. Abundance and distribution

R. A, BURWASH
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Department of Physics, University of Alberta, Edinonton, Albeérta T6G 2El
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Delayed neutron activation analyses:of 182 caré samples from the basement of the western
Canada sedamentary ‘busin give.mean values of 4.13 ppm U.and 21.1 ppm Th. These values are

almost twice the published values for the Shield as a whole. Replicate analyses of a composite

sample of all cores indicates an: analytical precision of + 125 for uraniom and 7% for tharium, _
Histograms of number ‘of sainplesvs. Uand Th values indicate a negatively skewed frequency
distribution. Analysis of composite samples prepared from:a lafge numbei of hand specimens

may tend (o conceal this skewed nature. Mean abundance values.will-also be influenced by the.

form of the U and Th ffequency distfibutions.
Trend surface analysis, with: smoothing to reduce the effect of high or low singl& sample values,
md:cates two “Highs' -¢ommon 1o both U and Th. The helium: producing area around Swift

Current Saskatchewan is associated with a-high U=Th plutohic cumplex A linear belt trending.

northeast from Edmam{m appearstobe a Hudmman mc:amnrphlc bell in whlch U and Th have

northera. Albena_

Des analyses par activation neutronique retardée de 182 échantillons de forage’ provenant. du
socke ‘du bassin sédimentaire de "Quest: C"madlcn dcnnem des valeurs moyennes de 4.13 ppm

pour P'uranium et de 21.1 ppm pouf le tharium. Ces valélits sont presque lc ‘double des valeurs,
publiées pour I'ensemble du Bouclier. Des analyses répétées d'un échantillon compmlte de tous

les forages indiguert que la précision analytique est de £ 1% pour P'uranium-et de = 7% pour le
thorium.

Dans' des- hl:.togrammes ol nous avons représenté le nombre d'échantilions en fonction des
teneursen Weet Th, on obtient une courbe dé frequcnce dsymelruque négative.

L'analyse d’ Lchanullons composucq prep.;res -3 partir de plusieurs échantillons macroscopi-
ques tenda masquer cetté asymétrie, Lesteneurs moyennes serontaussi influencées par la forme
des distsibutions de’ frequence

L'analyse de la surface de courbure adoucie pour réduire I'effct causé par des échamillons
ayarit des valenrs exirémes, montre deux _maximums communs 4 I'U et ap Th. La région

productrice d'hélium aux environs.de Swift Current, en Saskafcheéwan, ést assaciée d un Eon-

plexe plutonigue 4 haule terieur en U et Th. Une celnture llm.'ure de direction nord-est i partir
d’Edmonton semble &ire une ceinture méiamorphique Hudsonignne danslaguelle I'U etle Thont
£1é concentrés. Plusizurs concentrations locales-de U et Th sont situées dans I'arche de Peace

{Traduit par le journal]

Introduction

The search for areas of uranivm mineralization
in the Canadian Shield has been greatly expe-
dited by the development during the past ten years
of readily portable highily sensitive’ ganima-tay
detectors for use in prospecting and ground sur-
veys. In the last 6 years, airborne gaimma spec-
trometers have been used to define ‘areas a few
miiles to a few tens of miles wide and up to several

Can. ). Earth'Sci., 13, 284-293.01976)

hundred miles long with above average uranium
and thorium contents (Darnley eral, 1971), The
geometry of these belts suggests that they are re
tiled to regional zones of folding,; shearing, and
metamorphism. If such belts are widespread v
the Canadian Shield, it is possible that ithey ma¥
also be recognized-in the Precambrian basement
underlying the western Canada sedlmcntdf‘
b'lsm Neither ground nor airborne gamma-ray

détectorn
buried b
uranium
on coreg

A coll
fram be
forniity,
400 00t):
been the
chemica
1970 13
that less
sent thi
secmed 4

-uranium

degree
sislent w
wis dely
From
it was h
nivm an
crust: {2
within 1}
tion and
low ury
trend sy
diflicult
and tho
and petr
will be e
|
|
The m
¥sis dese
Cummin
Mol sty
Iving the
aur worl
{rom b
major cl
were soi
irradates
cadmiun
Twenty-l
actor, the
period w
The uw
vithated
prepured
Granium
Granitin
Composy




2.

uranium
171). The
1y are re-
ring, and
pread in
‘hey may
yasement
imentary
Tma-ray

BURWASH AND CUMMING 285

detectors have proved useful for crystalliné rock
buried below a sedimentary cover, For basement
pranium ‘and ‘thorivm values, we-must thus rely
on cores from deep drill holes.

A collection af dill cores of unweathered rock

from below the Precambrian-Paleozoic uncon-
- formity, covermg an area of approximately
400 000 sq. mi (1000000 sq. kin) has already
‘been the subject of detailed petrologic-and geo-
chemncal studies (Burwash and Krupléka 1969,

1970; Burwash et af, 1973). In view of the fact

that less.than 200. samples are availablg to repre-
sent this large area of Precambrian crust; it
seemed desirable to use a method of analysis for
uranium and thorium that would give the highest
degree of analytical precision and accuracy con-
sistent with réasonable.cost. The method chosen
was delayed neutron activation analysis,

From the analyses carried out in this program
it was hoped to determine: (1) the average ura-
nium and thorium content of this area of the
crust; (2) the nature of the frequency distribution
within the sample population; and (3) the loca-
tion and extent of areas of anomalously high and
low uranium and thotium values, as défined by

trend surface analysis of our data. The more

difficult question of the relationship of uranivm
and thorium concentrations to other chemical

and petrologic variables in this suite of samples:

will be considered in.a subsequent papér.

Method
The method of delayed neutron activationanal-

ysis described by Gale (1967) was adapted by

Cumming (1974) for use with ithe facilities of the
McMaster Nuglear. Reactor, The theory under-
lymg the method is given in these two papérs. In
our work, 5.000 g aliquots of powdered samples
from basementgores previously analyzed for all
major elements by X-ray fluorescence analysis,
were sealed in: polythene vials. Each vial ‘was
irradated fof two 30 s intervals; once without
cadmium shielding and gnce. with shielding..
Twenty-five seconds after ejection from the re-

actor, the neutrons emittéd during.a 64 s counting:

period ‘were recorded.

The uranium and thorium contents were cal-
culated by comparison with standard samples
prepared: by addition of known weights of pure
uranium or thorium salts to an inert matrix. The
uranium-’ salt was -checked for normal isotopic
composition by H. Baadsgaard. The standard

samples were usually run several-times each day

to detect changes in neutron flux within the reac-
tor as control rods were inserted or withdrawn,

For most of the- determinations, the reactor was

operatmg at a power of 5.0 MW. However, dur-
ing one work session in August 1973, excessive

-afmospheric temperatyre and humidity caused -

dally changes between 5.0 and 4.75 MW, re-
quiring calibration of standards: at both power

Jevels. The content of uranium-and thorium in

each rock sample was calculated using the for-

‘mulas given by Cumming (1974). A singiestan-
‘dard urdnium sample prepared in 1970 was used

in this program until June 1974, when it was
found, by comparison with a new set of replicate
standards, to give fesults Systematically high by
397, All values quoted in this paper have been
recalculated to conform to the 1974 standards.
The pretision and accuracy of otir method was
tested. by making réplicate analyses of two ali-
quots of a powder prepared from core from

Mobil Oil Woodley Sinclair Cantuar 2-21. The:

aliquots were‘taken from a 25 g'split of material,
analyzed 5 times by Rosholt er al. (1970), using
the- isotope dilution technique. Since delayed
neutron activation analysis'is nondestructive, the
same two samples were run a-total of 15 times
during the course of 3 workinig sessions at the
reactor (over-a period of 18 months). The. results
of these replicate analyses are given in Table 1,
The 959, confidence ‘intervals for U and Th as
determined for the two methods of analysis over-
lap and hence, the mean values are not signifi-
cantly different at the"95% confidence level,

Resulis

ThHe results of the individual dralyses of 182
cores from the Precambrian basement of the
western Canada sed:mentary basin are given in
Table. 3 (Addendum). Means are 4.13 ppm
uranium and 2{.1 ppm thoritm. Replicate anai-
yses (7 = 13) ofthie composite sample of all base«
ment cofes (Birwash and Krupzcka 1969, p.
1382) gave.4.16 + 0.04 ppm uranium (957 con-

fidence interval).and 20.91 + 1.50 ppm thorium

(9570 confidence ifiterval), in excellent agreement

with the means of the individual analyses. These

values are compared with those of Shaw (1967)
and Eade-and Fahrig (1971) in Table 2, Our data
suggests that the mean utanium and thorium
content of the western Canadian basement is

approximately twice the average of the Canadian
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TaBLE 1. Ninety-five percent confidence intervals for delayed neutron acfiva-
tion analyses and isatope dilution analyses of standard sample 36337

Uranium (ppm)  Thorium {ppm)

Delayed neutron activationi analysis
Burwash and. Cumming (thls work)
(N = 15)

Isolope dilution
Rosholt 7 al, (1970)
(N = 35)

23.4640.20 81.55+5.51

23.36+0.48 81.9742.29

*Uof A Sample No. 3633; Mobil Oil Woodley Sinclair Cantuar 2-21, Lsd! 2-88c. 21- TwD

16- Rge. 17-.W._°3; Depth 7305 F1(2226.6 m),

TasLe 2. Uraniam and thorium content of Canadian Shield areas

U ppm Th ppm.
Western Canada-Basement {(mean of 182 .
determinations, this paper) ' 4.13 21,1
Canadian Shield, mean (Shaw 1967) 2.45 10.3
Canadian Shicld, average weighted according
10.size of structural province 2.1 13.0
Bear Province 8.1 35.7
Slave Province 1.7 8.4
Churchill Province 2.6 15.5
- Superior Province (Eade and Fahrig 1971) 1.2 97

Shield-as-a whole. In terms of the regional aver-
ages given by Eade and Fahrig (EQ'H) our values,
are intermediate between those of the Churchill
and Bear provinces. A§ will be shown later, our
maximum concentrations can be spatially re-
lated to features lying within the southwestward
extension of the Churchill province.

Rigorous statistical comparisons of our data
with previously published averages are probably
unwarranted, due to: (l)dlﬁeren:cmena for col-
lection of samples, (2) different criteria for selec-
tion of samples to be analyzed, and (3) single
rock as opposed to composite sample analysis.

Animportant differencé between our work and.
that of Shaw (1967) and Eade and Fahne (1971)
is that our [82 analyses are on individual rrock
samples. Only one composite of all core samples
was prepared for replicate analysis to assess pre-
cision of our nigthods. Shaw (1967) used 32
compos;tes prepared from 330 individual rock
speciniens. Eade and-Fahrig (1971}, in amattempt
to exténd coverage of the Shield as widely as
possible, used several thousand hand specimens
from. 26 areas to yield 78 composites. The pre-
paration of composites has the dlde\"lnI’iEC that
high and fow-values from individual specimens
aresuppressed, and the analytical values reported
tend to cluster-toward.the mean.

A histogram. of numbeér of samples vs. uranium
content in parts per miillion (Fig. 1) shows a
skewed frequency distribution, with a bias to;

ward values less than 1 ppm. The histogram of

number of samples ¥s. thorium ¢ontent (Fig. 2).
has the same $hape as’that for uranium. The
slightly irregular profile of the histogram for
thorium valués <.[2 ppm may reflect in part the
lower aceuracy of the.method of delayed neutron
activation analysis for low thorium contents,
probably no'better than + 10 for concentration
less than 10 ppm on-assingle determination.
Comparison, of Figs. 1 and 2 with the histo-
grams of uranium and thorium content of silicic
igneous rocks pubhshed by Clark er al. {1966,
figs, 24-8 and 24-9) indicdte that. a complex
metamorphic terrain has beth a greater range
and a more highly skewed disttibution than an
entirely 1gneous populanon This result should

" he anticipated in view of the diverse sedimentary

as well a§ metamorphic processes acting on some
of the rock units sampled in our study.
Uraninm Distribution
The résults of applying a surface-smoothing
procedure to the.areal distribution. pattern of U

are shown.in. Fig. 3. The ‘procedure involves ob-
taining grid valués for contouring by interpola-
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tion from samples in the vicinity of ca‘ch_‘grid-

square. Thistechnique reduces influence of indi-
vidual high values in areas with a reasonable
coverage of sample locations. An additional rou-

tine was used to assure‘the: continuity of ridges
and valléys in the contours. Further discussion-ef
the methods used is given in Burwash and Cul-
bert (1976) In areas of sparse well control (i.e.,

less than one well per dcgrec of latitude and"

longitude), a single-high uranium value will still
produce -a recognizable anomaly on the trend
surface. The overall .distribution of analyzed
basement core saniples is shown by-dots on Figs.
Jand 4.

Since the purpose of the trend surface mapping
wa$ to locate wiranium concentrations related to
tegional igneous and metdmorphic processes at
moderate depths, rather than supracrustal, ac-
cumulations, we' deleted from the data base
sedimentary and low-grade metasedimentary
rocks, volcanic rocks, and hypabyssal.dike recks
(diabase). To the Canadian locations we added
three wells from North Dakota close to the In-
ternational Boundary (Table 3 (Addendum),
nos. 184, 185, and 186). The use of ail analyses
given in Table 3 would probably modify the con-
lnur_; shown in Fig. 3.

(n = 182).

The map of uranium distribption. shows two
main positive anomalies. In southwestern Saskat-
chewan, a roughly equidimensiona} anomaly in-
cludes an area of uranium-rich epizonal plutons
belonging:to the c]osmg phases of the Hudsonian
orogeny, Two core samples (20 .and 22, Table 3)
strongly influence the trend surface. The com-
mercial accumulatlon of helium in Lower Paleo-
zoic-strata of this area has been linked to base-
ment petrology and topography (Burwash and
Cumming 1974).

A linear anomaly frending nértheastward: from
Edmonton toward the western margin of the

exposed Shield coritains the highest values on the

trend surface (>24 ppm U). Four core samples
(nos. 42, 34, 56, and 60) in a linear array are
prlmarliy responsible. for this anomaly. It is
‘probably significant that the strike of-the anom-
aly-corresponds closely to the regional structural
fabric of ‘the Churchill geologic province in
northern Saskatchewan. It also lies very close
to the southern limit of strong post-crystailine
deformation in the Athabasca mobile zone (Bur-
wash and Krupicka 1969). The Kasba Lake-
Edmonton gravity low, chosen by Burwash and
Culbert (1976) as one of the major structural
boundaries in the western Canadian basement, is
parallel to and slightly north of the uranium
anomaly. If some of the major lithologic units
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Fi6. 3. Smoothed trend surface for uranium in. the Precambrian Basernent of the Westérn Canada
Basin. Coatour interval 2 pprn. Depréssions'shown by Hachures, A few data points used by the com-

putér lie outside the contoured area.

exposed in the Virgin River belt in horthern Sas-
katchewan (Wallls 1970) extend southwestward
into the subsurface, the uranium concentrations
may be present in highly metamorphosed sedi-
mentary rocks or in igneous rock bodies in which
‘these were assimilated.

Four ¢ore samples from northern Alberta
(nos. 85,132, 138, and 155) with uranium con-
tents. > 15 ppm. hc within thé major concentra-
tion of basemieni wells penetrating the Peace
River Arch (Burwash and Krupicka 1970, figs.
1.and 7). The smoothed trend surface shows only
a broad pesitive uranium feature for this area,
with values between 4 and 8 ppm U. In a very
general fashion, the 4-ppm contour conforms to
the shape of the Peace River Arch.

Near the northern and southérn limits of the
area of study, several comtours-have shapes
suggesting regional trends. However, with the
limited sample coverage in these areas, the

confidence level of these contours is low and no

firm judgeient can be made of their significance.

Thorium Distribution

The trend surface map, for thorium (Eig. 4}
shows several of the same general trends-as the
uranium map. In southwestern Saskatchewan,

high uranium and thorium are associated with-a

late Hudsonian. igneous-event. The, equidimen-
sional anomaly on the thgrium map is associated
with the same two drill cores as-is the uranium
anomaly.

The well defined linear anomaly trending
northeast from Edmonton, shown in Fig. 3, is
present but less well defined on Fig, 4. 1t is prob-
ably assdciated with three values in the range 40
to 60 ppm Th (samples 54, 56, and 64). An iso-
latéd anomaly’in north- central Alberta is due 10
a singlé sample (no. 59) with 128 ppm Th. In the
vicinity of the Red Earth oil field, approximately
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F1G. 4. Smoothed trend surface for thorium in the Precambrian Basemeént of the Western Canada
Basin. Contour interval 10 ppm. Depressions shown by hachures:

220 mi (350 km) north-northwest of Edmoriton,
acluster of data points contains 5 samiples [nos.
t16, 120, 121, (22, and 124) with thorium values
greater than 60 ppm. On the trend surface map,

this area is represented by an elliptical 40 ppm

Th contéur.

The areas on Fig. 4 with low thorium values
are also areas of sparse sample control. The low
values found in southeastern Saskatchewan and
Southwestern Manitdba correspond to the in-
ferred subsurface extension of the Supefior
Province. The fow thorium values-associated with
the west half of centraf and southern Alberta are
at present unexplained,

" Conclusion

The mean concenirations of wranium and
thotium of the western Canadian basément, ds
determined from delayed neutron dctivation anal-
¥sis of core samples from deep drill holes, are
higher than the average values for the whole

Shield published by Shaw (1967)-and Eade and
Fahrig (1971). In terms of the regional averages
given by Eade and Fahrig (1971), our area con-

forms most-closely to the pattern of other areas

of the Canadian Shield last affécted by the Hud-

sonian orogeny (the Churchill and Bear Prov-

inces).

The frequency distribution of 'both U and Th
in our sample population.is definitely not a dis-
tribution §ymmetrical about the mean, but - is
highly skewed toward lower values, as is,shown
by the separation of the mean and the median. In
this circumstance, a few- high values greatly alter
the mean. In establishing a regional sampling
program, a carcful selection of a limited number
of samplingsites for single rock analysis will pro-
vide a better clue to anomalous areas than com-
posites from multiple rock specimens.

Tread surface analysis of uranium and thorium
content, when combined with petrographic cri-
teria for recognition of rocks of plutonic igneous
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or metamorphic origin, can aid in the interpreta-
tion of regional crustal units. Anomalously high
uranium and thorium values may identify dis-
crete areas of plutonic activity (essentially equi-
dimensional) or linear belts of probable meta-
morphic origin. Examples of uranium and thor-
ium enrichment in both ignecus and metamor-
phic settings are shown on our maps.
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Addendum

TABLE 3. Precambrian Basement core sample locations, depths, and uranium-thorium analyses (ppm)

Lcation
Index Elevation Total Pe Sample U Th
No. Lsd. Sec. Twp. Rge. Mer. (feet asl) depth (ft) depth (ft)  depth (ft) (ppm) (ppm)
1 — 29— 12— 2— El 800 1009 708 1009 0.93 5.0
2 3— 1— 5 2— w1 787 1150 1042 1150 0.75 12.0
3 3— i— 8— 18— Wi 1364 3826 38i6 3825 0.94 6.8
4 9— 1— 31— 28— W] 1186 2047 2035 2045 0.18 0.9
5 16— 4— 3— 32— 9wl 1617 8329 8315 8328 7.97 249
6 33— 27— 8— 8— w2 2058 8834 8680 8830 0.37 2.0
7 2— 11— 15— 26— w2 1937 7740 7682 7738 2.0 41.8
8 1— 15— 48— 17— w2 1425 2595 2543 2594 8.84 17.7
9 — 3— 50— 18— w2 1370 3501 — 3056 0.28 0.4
10 12— 3— 50— 18— w2 1423 3269 — 2170 0.32 0.8
n 12— 3— 50— 18— w2 1423 3269 - 3170 0.29 1.5
12 8— 9— 50— 18— w2 1433 2437 2393 2378 1.77 11.4
13 13— 18— 52— 13— w2 1215 1619 1586 1615 3.91 11.5
14 12— 15— 52— 14— W2 1210 1790 1704 1785 3.19 17.2
15 2— 5—  6l— 24— W2 1721 1825 1763 1820 1.0t 4.5
16 4— 31— 3— 26— w3 3072 7339 7240 7335 0.47 29
17 9— 32— 6— 22— W3 3458 8858 8808 8820 11.76 48.5
18 2— 4— 10— 19— w3 3051 8777 8510 8774 3.3 6.8
19 9— 20~ 12 2— W3 2421 7785 7779 7785 4.60 23.7
20 2— 21— 16— 17— w3 2411 7312 7281 7305 23.46 82.3
21 1— 9— 17— 14— w3 2387 6755 6706 6755 4.80 21.0
22 15— 33— 17— 18— w3 2440 7260 7246 7260 15.25 46.4
23 — 31—~ 18— 28— w3 2521 7440 7420 7440 0.12 0.5
24 4— 16— 37— I— w3 1833 5415 5383 5410 1.28 26.3
25 8— 15— 52— 2— w3 1771 3297 3250 3290 0.54 1.9
26 T— 14— 56— 17— w3 2351 4333 4325 4332 0.33 40.2
27 13— 21— 61— 15— w3 1543 2773 2755 2767 0.28 6.4
28 8— 1H— 62— 22— w3 1708 3461 3452 3460 3.38 34.5
29 1— 36— 63— 5— w3 1830 1923 1915 192t 0.44 2.2
30 9— 21— 63— 8— w3 1722 2061 2035 2061 1.43 5.2
31 8— 8§— 64— 2— W3 2085 2028 2003 2009 0.41 1.8
32 8— 8— 64— 2— W3 2085 2028 2003 2026 1.97 8.6
33 8— 30— 64— 15— W3 1564 2435 2399 2435 1.45 3.7
34 12— 14— 12— 12— w4 2488 6981 6930 6975 4.58 21.9
35 4— 12— 15— 27— w4 3309 11836 11793 11815 0.50 17.5
36 5— 1— 17— 14— w4 2466 7281 7270 7276 0.15 0.3
37 13— 22— 20— 12— W4 2442 6155 6147 6147 nd. n.d.
38 6— 9 33— 1— w4 2409 7189 7168 7174 5.44 19.0
39 13— 36— 35— 2— w4 2667 723t 7229 7229 0.74 2.0
40 1— 6— 38— 15— w4 2746 8373 8345 8370 1.33 3.1
41 16— 17— 48— 20— w4 2479 8266 8105 8150 3.64 14.5
42 8— 17— 50— 26— w4 23713 8995 8984 8985 17.70 3s5.1
43 8— 17— 50— 26— w4 2373 8995 8984 8990 0.40 3.0
44 14— 29— 52— 2— w4 2089 5502 5468 5485 1.52 15.8

6- .

ndex

No. Lsd. Sec.
P
35 f— B B
% 88— 17—
47 14— 14—
48 7— 14—
49 T— 14—
50 6— 36—
st 9— 29—
$2 10— 13—
83 1— 27—
[ 16— 19—
(3] 13— 17—
56 4— 3—
51 7— 24—
58 T— 24—
59 6— 10—
[ 12— 27—
6l 14— 9—
62 7— 28—
63 7— 1H—
64 5— 32—
66 8— 36—
66 8— 20—
67 10— 14—
68 9— 34—
69 12—~ 23—
70 5— 29—
" 10— 20—
n S— . 35—
n 6— 36—
74 5— 31—
75 9— 20—
6 9— 20—
n 16— 12—
78 8— 1i—
79 33— 5—
80 11— 18—
81 11— 11—
82 6— 6—
83 12— 16—
84 15— 16—
85 14— 15—
86 5— —
87 12— 33—
88 15— 21—
89 12— 11—
90 16— 9—
91 1— 12—
92 1— 16—
93 10— 20—
94 2— 25—
95 16— 25—
96 14— -
97 8— 17—
98 13— 18—
9 5— 3—
100 10—

101 T 5—
102 16— 13— .
103 13— 24—
104 6— t—
103 6—- - .
106 2— 15—
107 1— 22—
108 3—

-

e
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Leation
Index - Elevation Total B Sample . U Th
No. Lsd, Sec. Twp. Rge. Mer, ‘(fécrasly “depth(ft)  depth (fty  depth(TD) (ppm) (ppm}
45 I— 1—  s3— 12— w4 2282 6437 6435 6437 7.57 7.1
- 8—  — 53— 15— W4 2380 7801 7790 7800 3.61 4.2
g 4= 14— 55— 15— W4 2078 6534 6430 6513 J1.03 3.3
48 T— = 57— — W4 1984. 5212 5307 5210 4.06 39.2
£ 7— 4= 5— 6~ W4 1924 5312 5207 5210 0.96 9.9
50 6— 36— 53— 21— W4 2074. 1357 7162 7334, 0.85 2.1
5t 9— 29— 59—  U— W4 2063 7527 7340 7527 0.07 0.7
52 10— 13— 60— 4— w4 1573 4714 4700 4714 0.19 0.7
53 I— 21— 60— 26— Wd 2133 7519 7507 7518. 7.59 1.9
4 16— 15— 62— 19— W4 2323 6604 6590 6604 16,88 57.1
% 13— 17— 61— 23— W4 2066 6406 6390 6405 2.7 5.1
56 4— — 69— 10— W4 2515 5033 5019 5024. 22,52 50.5
57 T— 24— 6— 18— W4 2054 4641 4628 4633 0.67 15.6
58 - M Te— 18— W4 2054 4541 4628 4639 0.97 9.4
59 6~ 10— T— 25— W4 ‘7616 6120 6103, £120 3.15 121.7
® 12— 77— 78— 4-- W4 1857 2570 2557 2567 15.75 53.8
6l 14— 5— 86— T— W4 1622 1793 1773 1792 1.27 22.3
82 7— 28— 87— 12— W4 1540 2304 2259 2302 2.47 43.9
63 7— 1l— 87— 17— w4 1445 2863 2850 2860 0.55 15.9
64 S— 31— 88— B— w4 10 789 785, 789 11.20 45.1
66 $— 36—  BB— B— W4 831 936 506 929 0.68 21.4
6 8— 20— 89— 99— W4 792 1142 1125 1141 1.75 4.9
67 10— 14— 91— H— W4 1560 2414 2408 2414 1.14 g.1
63 9— M- 94—  4— W4 1379 2000 1991 2000. 2.55 179.5
6 12— 23— 98— 21— W4 2259 3840 3836 3840 0.85 24.0
n 5= - 62— i— WS 2086 7375 7505 7575 0.63 2.1
7t 10— 20— 62— — . W5 2548 9545 9112 132, 1.06 0.4
g} 5. 35— 62— 18— WS 2878 11320 11310 11314 0.23 0.8
73 6— — 63— 12— WS 3708 10710 10668 10709 5.20 7.6
™ 5— e 65— — W5 2615 8422 8330 84008418 0.31 2.0
) ) . » o ) Composite
5 9— 20— 65— 13— W5 3644 10624 10612 10614, 4,81 16.0
16 5— 20— 65— 13— WS 3644 10624 10562 10624 1.2 4.6
n 16— 12— 66— 13— WS 3830 10524 10507 10511 1.20 7.6
8 8— 1l— 68— 10— W5 3183 8988 8565, 8983 7.55 36.7
[ 3 5~ 68— 22— @ Ws 2297 10736 10707 10730 1.27 14.2
80 1— 18— 22— 17— WS 2350 8538 8522 B552 4.85 15.8
8i n— 11— 7= 13— W5 2219 7406 7403 7406 0.28 1.3
82 6— 6— 15— 5—  Ws 277 7397 7075 7372 2.18 8.1
83 12— 16— 75— 15— W5 1914 7197 7180 7154 2.70 15.7
. B4 15— 16— 75— 19— W5 2093 857 7844 7852 4.74 25.5
85 14— 15— 73— 22— W3 1885 3418 8400 8418, 15.29 34.2
86 5— 1— 71— 20— W5 - 2065 7838 7837 7837 9.60 1.0 -
87 12— 33— — 21— WS 1915 7740 7730 7740 5.36 18.1
88 15— 21— 78— 20— Wws 2064 7644 7625 7644. 1.93. 1.
4 12— — 78— 22— W5 1500 7827 7818 7830 6.35 48.1
%0 16— 9— T 22— W5 1905 627 7619 7625 4.46 i1.4
#1 1— 12— 79— 22— WS 1926 7847 7840 7847 1.52 5.1
n I— 16— M- 22— WS 1906 7424, 7420 7424 9.48 12.9
93 10— 20— P— 22— W5 1880 7658 7630 7652 2.64 6.2
M 2— - B— 17— WS 2442, 6808, 782 6808 3.13 19.8
95 16— 25— 80— 17— W5 239t 6790 6754 6769 511 29.9
9% 14— 34— 80— 17— WS 2476, €877 6864 6875 646 43.0
97 B— 17— 80— 21— W5 2089 7170 7738 7770 6.34 22.7
9% 13— 18— 80— 23— W5 1936 7598 7580 7598 6.48 0.2
59 5— I—  Bl— 17 WS L 2446, 6129 6684 §727 7.47 37.9
too 10— — 82—  I— WS 1908 5009 - 5004 5007 1.12. © 0
! p - 5~  B2— 18— WS 2114 7296 271 7250 3.12 1.6
12 16— 13— 83— " ¥— WS 21 46 7105 M4 10.05 10.9
103 13— 24— 84— 2— WS 207 5010 5001 5009 4.87 19.6
(o4 6— Jl— B4—  5—. W5 2118 5357 5340 5348’ 2.59 20.3
103 6— 33— 84— T— W5 1987 5293 5283 5788 0.73 9.9
6. 2 15~ 84— 16— WS 2384 5912 5895 5912 13.59 45.2
to7 = 22— 84— 17— W5 2227 6096 - 6090 6095 1.45 i.8
8 n— -3 85— 12— W5 1858 5156 5109 5152, 1.32 25.7
-__'———_ . .
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TasLe 3 (Continued)

Leation
Location Index
Index Elevation Total PC Sample U Th No. Lsd. Sec. Twp. |
No. Lsd. Sec. Twp. Rge. Mer. (fectasl) depth (ft)  depth (ft)  depth (ft) (ppm) (ppm)
115 - ST4TN 120014 W
109 16— 23— 85— 19— W5 2012 6106 6090 6106 1.35 6.5 176 805N 1254 W
110 8— 22— 86— 9— WS 1820 4981 4980 4981 4.88 12.6 771 SEI6N 120°51° W
m 6— 27— 86— 9— WS 1770 4860 4849 4853 0.60 16.7 178 60°09°N  121°08' W
112 12— 32— 86— 9— w5 1732 4791 4764 4780 0.85 39.8 179 60°51’ N 114°24° W
13 16— 25— 86— 20— W5 1707 6077 6010 6076 1.29 5.8 180 60°55'N  118°50° W
114 S— 21— 86— 22— W5 2039 6589 6589 6589 0.53 1.0 18l 619N 118%40° W
115 22— 25— 86— 26— . W5 2278 6698 6685 6696 2.34 16.0 182 61°20'N  122°30' W
116 12— 30— 87— 1— WS 2031 5030 5023 5028 5.7 70.0 183 622N 119°00' W
117 8&— 11— 87— 88— WS 1974 4663 4658 4660 2.38 23.4 "
18 16— 11— 81— B— W5 1986 4647 4628 4646 3.37 33.6  North Dakota localities
119 12— 14— 81— 88— WS 1935 5050 4993 5050 1.18 196 184 2— 155N—
120 4— 16— 81— 8~ WS 1893 4838 4742 4799 5.01 89.8 185 28— 15N—
121 12— 16— 87— 88— WS 1879 4875 4836 4870 6.10 69.3 186 I—  159N—
122 12— 17— 87— 8— W5 1811 4797 4778 4797 5.85 66.9 Where two samples are listed for one
123 2— 19— 87— 8§— WS 1796 4837 4825 4828 11.62 58.7 pPC—Depth to Palcozoic/Precambrian
124 11— 21— 87— 8— WS 1868 4800 4798 4800 6.27 66.9 .
125 10— 3— 89— 10— WS 1733 4m 4749.5 4751 0.40 2.4
126 14— 17— 88— 6— wS§ 2229 5059 5037 5059 31.56 49.2 BurwAsH, R. A. and CuLBerT:R
- 127 4— 20— 88— T— w5 2061 5044 5020 5030 2.47 2.6 geochemical and mineral patten
128 2— 4— 88— 8— w5 1839 4835 4814 4817 11.95 39.4 basement of western Canada. Ci
123 10— 19— 87— 8— WS 1786 4810 4768 4780 2.44 26.5 18
13 2— 2 88— 88— WS 1855 4926 4910 4910 1.52 1.4 :
ISR SO Sl S BT B S RS s Sty ol chaots S
132 4— 29— 88— B— WS 1126 4653 4644 4651 2.1 30.2 source-rack in oo
133 2— 17— 88— T— WS 1912 4172 4742 4751 5.43 54.4 Petrol. Geol. 22, pp. 405-412.
14 6~ 20— 88— 19— W5 1830 5905 5890 5905 2.07 112 Burwash,R. A. and Krupi¢ka.J
135 15— 24— 90— 15— WS 2431 5819 5807 5810 2.10 23.7 vation in the Precambrian bascn
136 15— 24— 90— 15— w5 2431 5819 5807 5819 0.49 8.6 I. Deformation and chemistry. C
137 9— 35— 91— 66— WS 1981 4705 4686 4703 1.66 16.3 1381-1396.
133 ]g: 2;_—_ 93— 18— W5 1871 5705 5670 5705 14.90 14.5 1970. Cratonic reactivatia
13 99— 13— W5 2256 5636 $627 5635 0.61 21.6 anada.
40 1S— 24— 19— 17— W5 o0iS 4467 4465 4461 5.28 119 f’s‘”:)ssi:':ymcﬁ e o
141 15— 32— 19— 19— WS 1092 4871 4868 4871 4.72 25.6 Burwash R A KRUPIEKA. J
142 6— 24— 11— 22— W5 2391 6391 6383 6385 1.17 11.5 ASH, R. A., RRUPI o
143 — 22— 16— 22— WS 114’ 5077 4968 5072 1.01 7.8 1973. Cratonic reactivauon in (3¢
144 7— 10— 19— 20— WS 1067 4528 4525 4528 1.47 8.4 of western Canada, [ll. Crustat e
145 9— 71— 24— 18— WS 1003 3731 3725 3731 5.42 12.5 Sci. 10, pp. 283-291.
46 16— 18— 126— 14— WS 1022 3148 3145 3148 0.54 5.1 CLARK, S. P. Jr., PETERMAN. Z.
147 16— 25— 72— 5— W6 2446 11710 11695 11700 1.35 8.6 1966. Abundances of uranium. t
148 2— 2~ T—  1— W6 223 10195 10132 10195 5.29 61.4 In: Handbook of Physical Cons
149 13— 20— 75— 2— W6 2117 9612 9593 9612 4.00 19.4 Mem. 97, pp. 521-541.
150 12— 20— 71—  3— W6 2419 9347 9337 9347 6.69 20.1 CuMMING. G. L. 1974. Determir
151 — 36— 17— 9— W6 3031 11705 11645 11700 7.75 29.6 thorium in meteorites by the de
152 4— 20— 78— 1— W6 1896 8264 8256 8264 5.88 27.8 Chem. Geol 13. op. 267-267
153 12— 20— 78— 6— W6 2287 9847 9775 9818 10.92 22.1 em. Geol. 13, pp. 25/-26/-
154 4— 29— 81— 1— W6 2000 - 7255 7243 7255 4.32 10.1
155 2— 14— 82—  2— W6 2188 7492 7480 7492 14.63 67.2
156 2—  5— 83— 2— W6 2334 7977 7930 7977 4.45 1.6 1
157 14— 31— 84— 2— W6 2325 8227 7840 8225 0.52 1.4 . .
158 16— 12— 84— 8- W6 2116 8014 8010 8014 2.99 20.7 i
159 4— 27— 85— 22— W6 2569 8758 8750 8750 0.86 9.9 | .
160 14— 10— 88— 2— W6 2355 6962 6958 6962 4.38 20.1 - ,
161 83— 16— 88— 2— W6 2401 6915 6882 6910 4.33 274 |
162 6— 11— 10i— 4— W6 1963 7320 7300 7320 6.49 200
163 11— 17— 12— 2— W6 1562 6838 6835 6838 3.14 14.2 . .
164 2— 16— 10— 6— W6 1755 6960 6920 6957 4.70 4.1 .
165 16— 18— 10— 6— W6 1774 7365 7315 7360 3.42 ny -
166 10— 27— 109— 9— W6 1769 1329 7308 1329 3.04 n2
167 15— 22— 115— 10— W6 1350 6512 6362 6470 2.50 11.2 1
168 9— 26— 120— 11— W6 2062 7005 6980 7005 6.37 14.4
169 9— 26— 120— 11— W6 2062 7005 6980 7005 4.21 31.2 i
170 2—  7— 124~ 22— W6 2182 6121 6115 6121 1.53 3.2 :
a7 12— 30— 15—  2— W6 2447 5992 5965 3992 2.30 14.7 ; -'
172 12— 34— 18— M— W6 2433 12040 11892 12038 5.13 21.2 A :
173 6— 29— 8l— I5— W6 2382 11619 11614 11618 2.34 l‘l)-g { '
0.15 83

174 1— 26— 86— 16— Wé 2415 10913 10906 10909

A —
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Tanie 3 (Concluded)

Leation )

index - Elevation Total Pe Sample u ~ Th
No. Lsd. Sec. Twp. Rge. Mer. ({feetas)) depth {ft)  depth (f) depth (I’t} {ppm) ‘(ppm)
175 STATN  120°18° W n7n 10034 9800 10029 i0.33 42.3
{76, S8°03'N 12154 W 1920 9930 9925 9925 3.17. 10.8
177 58°16" N 20"51 W 1434 8439 8439 8437 0.68 6.0
178 60°09° N 12[”03’ 2288 8231 8210 24230 '6.06 116.6
1m 60°51" N 114°24" W 724 ‘1181 1171 1173 0.83 5.8
180 60°35' N 118°50" W 1083 2910 2898 2000 0.55 3.5
181 611N 118%40'W 497 2230 2192 2230 11.30 20.0
182 SI20° N 122°30° W 622 2237 1310 2085 0.97 34
183 62°20" N 119°00° W 2438 3229 3147 3225 1.53 2.2
North Dakota localities . .

184 2—  I55N—  96W 2316 13615 13592 13603 2.35 10.6
185. 28— 159N— 63W 1562 3408 3404 3408 0.31 2.2
186 . 1= 19N— 95w —_ — - 15128 1.07 4.4
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Where two samples-are listad for oné well, two dlstlnctiy different.lithologies. were encauntered in'the coce.

PE—Depth to Pal:ozoncJFrccambrmn unconfarmlty, in frer.

Burwast, R..A. and CuLBerT, R. R. 1976. Multivariate
geochemlcal and mineral patterns :n ihe Precambrian
basement f westérn Canada. Can. J. Earth §ci. 13, pp.
1-18:

BurwasH, R. A. and Cumsming, G. L. 1974, Helium

source-rock in southwestern Saskatchewan. Bull. Can..

Petrol. Geol. 22, pp. 405-'1!2

BURWASH R. A. dnd Kruei€ka, J. 1969 Cratonic reacti-
vation in the Precambrian, basement of western Canada,
I. Defermation and chemistry, Can. I. Earth Sei. 6. pp.
1381~ 1356,

1970 Cratonic reactivation in. the Precambrian

basement of western Canada, 1. Metasomatism and.

_ tsostasy, Can. ]. Earth S¢i. 7, pp. 1275-1294.

BurwasH, R. .A., KruPicka, J», and CyLBERT, R. R.
1973, Cratenic rcactwatlon in the Précambrian. basemem
ofwes[ernCanada [11. Crustal.€volution. Can. |. Earth
Sci. 10, pp. 283~ %],

Ciakg, §. P. Jr., Peveaman, Z. E., and Hegg; K. S,
1966, Abundances.of uranium, Ihorzum and potassium,
in: Handbook of Physical Canstants Geol. Soc. Am.
Mem. 97, pp 521-541..

Cumming, G. L. [974. Determination of uranium_and
thorium in meieﬂmes by the:delayed neutren méthod.
Chem. Geol. 13, pp.-257-267.

Darnvey; A. G., GrasTy, R. L., and ChARBONNEAU, B,
W. 1971. A radiometric’profile across part of the Cana-
dian Shield. Geol: Surv. Can. Pap, 70-46, 42 p.

Eape, K. E. and FaumiG, W. F. 1971. Geachemical
“evolutionary trends-of continental plates—a preliminary
study of the Canadian Shigld. Geol. Surv. Can. Bull. 179,
Slp

GALE,N H. 1967, Development of delayed reutron teéh-
rigue as rapid and precise method for détermination of
uranium and thorium:at trace levels in rocks and miner-
-ais, with application to isotope geochmnology in:
Radloactwe dating and methods of Iow level counting..
Vienna, [nt. Atomic Energy Agency, pp. 431452

RosuoLt, J. N., PeterMan,-Z, E., and BarTec, A. I
1970. U-Th-Fb and Rb-5r ages in granite reéférence
sample-frem southwestern Saskatchéwan, Can. J. Earth
Sci. 7, pp. 184-187.

SHaw, D. M. 1967. U, Thand K in the Canadian Précam-
brian Shield and possible mantle compositions, Geo-
chim. Cosmachim. Acta, 31, pp. L111-1213.

WarLrs, R. H. 1970, A geologicdl interpretation ofgrawly
and magneétic daia, northwest Saskatchewan: Can. J.
.Earth Sci. 7, pp. 858.-868.
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Uranium and thoriwm in the Precambrian basement of western Canada.
1. Abundance and distribution

R. A. BUuRwWASH
Department of Geology, University of Alberta, Edmonton, Alberta T6G 2E]

AND

G. L. CUMMING
Department of Physics, University of Alberta, Edmonton, Alberta T6G 2E]
Reccived 29 July 1975
Revision accepied for publication 23 October 1975

Delayed neutron activation analyscs of 182 core samples from the basement of the western
Canada sedimentary basin give mean values of 4.13 ppm U and 21.1 ppm Th. These values are
almast twice the published values for the Shield as a whole. Replicate analyses of a composite
sample of all cores indicates an analytical precision of =1% for uranium and £7% for thorium.

Histograms of number of samples vs. U and Th values indicate a ncgatively skewed frequency
distribution. Amalysis of composite samples preparcd from a large number of hand specimens

- may tend to conceal this skewced natre. Mean abundance values will also be influenced by the
form of the U and Th frequency distributions.

Trend surface analysis, with smoothing to reduce the effect of high or low single sample values,
indicates two ‘highs' common to both U and Th. The helium-producing area around Swift
Current, Saskatciewan is associated with a high U~Th'nlutonic coraplex. A linear belt trending
northeast from Edmonton appears to be a Hudsonian metamorphic helt in which U iind Th have
been concentrated. Several local concentratiogs of U or Th are found in the Peace River Arch of
northern Alberta.

Des analyses par activation neutroniquz retardée de 182 échantillons de forage provenant du
socle du bassin sédimentuire de I'Ouest Canadien. donnent des valeurs moyennes de 4.13 ppm
pour luranium et de 21.1 ppm pour le thorium. Ces valcurs sont presque le double des valeurs
publi¢es pour V'ensemble du Bouclier. Des analyses répétées d'un dchantiflon composite de tous
les forages indiquent que la précision analytique est de = 19 pour Puranium et de = 7% pour le
thorium.

Dins des histogrammes ot nous avons représcnté le nombre d*échantillons en fonction des
tencurs en U et Th, on obtient une courbe de fréquence nsymétrique négative.,

L analyse d'échantilions composites préparés 2 partiv de piusicurs échantilions macroscopi-
ques tend it masquer cetic asymétric. Les teneurs moyennes seront aussi influencées par la forme
des distributions de fréquence.

L analyse de la surfuce de courbure adoucie pour réduire Veffet causé par des échantilions
ayant des valeurs extrémes, montre deux maximuams communs & ' et av Th. La région
productrice d'hétium aux environs de Swift Current, en Saskatchewan, est associée i un com-
plexc plutonigue it haute teneur en U et Th. Une ceintire linéaire de direction nord-est i partir
d’Edmonton semble étre une ceinture métamorphigue Hudsonlenne dans laquelle I'U etle Thont
é1é concenirds, Plusicurs concentrations focales de U et Th sont situées dans Varche de Peuce
River dans le Nord de I'Alberta.

[Traduit par le journal]

Iniroduction hundred miles long with above average uranit?
The search for areas of uranium mineralization  and thorium contents (Darnley er al. 1971). T
in the Canadian Shicld has been greatly expe- geometry of these belts suggests that they mcis
dited by the development during the past tenyears  lated to regional zones of folding, shearing, ¥
of readily portable, highly sensitive gamma-ray metamorphism. !f such belts are widespread
detectors for use in prospecting and ground sur-  the Canadian Shield, it is possible that they -
veys. In the last 6 years, airborne gamma spec-  also be recognized in the Precambrian basem”
trometsrs have been used to define arcas a few  underlying the western Canada sediment!
miles to a few tens of miles wide and up to scveral  basin. Neither ground nor airborne gammi-
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wectors have proved useful for crystalline rock

e below a sedimentary cover. For basement
, saumm and thorium values, we must thus rely
= cores from deep drill holes.

A collection of drill cores of unweathered rock

un below the Precambrian-Palcozoic uncon-
.mity, covering an area of approximately
21000 sg. mi (1 000000 sq. km) has alrcady
«en the subject of detailed petrologic and geo-

catical studies (Burwash and Krupicka 1969,
.'0: Burwash et @l. 1973). In view of the fact
at less than 200 samples are available to repre-
#a1 this large area of Precambrian crust, it
wmed desirable to use a method of analysis for
.ansum and thorium that would give the highest
w2eee of analytical precision and accuracy con-
.uent with reasonable cost. The method chosen
s 3y delayed neutron activation analysis.

f romn the analyses carried out in this program
¢ sas hoped to determine: (1) the average ura-
««m and thorium content of this area of the

unt; (2) the nature of the frequency distribution
+ tun the sample population; and (3) the loca-
-aand extent of arcas of anomalousty high and

« uranium and thorium values, as defined by

*ad surface analysis of our data. The more
*#ult question of the relationship of uranium
-+ thorium concentrations to other chemical
+* 1 pewrologic variables in this suite of samples
¢ +beconsidered in a subsequent paper.

Method

The method of delayed ncutronactivation anal-
t JCfcrik)cd by Gale (1967) was adaptled by
: ‘;‘-;”j\ng (1974) for use with the facilities of the
‘- aster Nuclear Reactor. The theory under-
“2the method is given in these two papers. In
7 8ark, 5.000 g aliquots of powdered samples
m"f hasement cores, previously analyzed for z}ll
'Ot clements by X-ray fluorescence analysis,
, % tealed in polythene vials. Each vial was
.':ucd for two 30 s intervals, once without
;ﬂ‘\-"{l .shiclding and once with shielding.
ﬂ“it;.l\t‘ seconds qfl*er cjection from the re-
C ¢ Ncutrons emitted during a 64 s counting
oy, VCTC recorded.
.".‘ uranium and thorium contents were cal-
Vare lh)' comparison with standard samples
s by addition of known weights of pure
. ;::.‘-:‘Tlllho_rimn salts to an inert mat?ix. The
B t was checked for normal isotopic
©Hon by H. Baadsgaard. The standard

samples were usually run several times each day
to detect changes in neutron flux within the reac-

tor as conirol rods were inserted or withdrawn. -
For most of the determinations, the reactor was .

operating at a power of 5.0 MW. Howcver, dur-
ing one work session in August 1973, excessive
atmospheric temperature and humidity caused
daily changes between 5.0 and 4.75 MW, re-

.quiring calibration of standards at both power

levels. The content of uranium and thorium in
cach rock sample was calculated using the for-
mulas given by Cumming (1974). A single stan-
dard uranium sample prepared in 1970 was used
in this program until June 1974, when it was
found, by comparison with a new set of replicate
standards, to give results systematically high by
3%. All values quoted in this paper have been
recalculated to conform to the 1974 standards.
The precision and accuracy of our method was
tested by making replicate analyses of two ali-
quots of a powder prepared from core from
Mobil Oil Weodley Sinclair Cantuar 2-21. The
aliquots were taken from a 25 g split of material,
analyzed S times by Rosholt et al. (1970), using
the isotope dilution technique. Since delayed
neutron activation analysis is nondestructive, the
samc two samples were run a total of [5 times
during the course of 3 working sessions at the
rcactor (over a period of 18 months). The results
of thesc replicate analyses are given in Table 1.
The 95%, confidence intervals for U and Th as
determined for the two methods of analysis over-
lap and hence, the mean values are not signifi-
cantly different at the 959, confidence level.

Results

The results of the individual analyses of 182
cores from the Precambrian basement of thc
western Canada sedimentary basin are given in
Table 3 (Addendum). Means are 4.13 ppm
uranium and 21.1 ppm thorium. Replicate anal-
yses (n = 13) of the composite sample of all base-
ment cores (Burwash and Krupi¢ka 1969, p.
1382) gave 4.16 + 0.04 ppm uranium (959, con-
fidence interval) and 20.91 3- 1.50 ppm thorium
(95%, confidence interval), in excellent agreement
with the means of the individual analyses. These
values arc compared with thosc of Shaw (1967)
and Eade and Fahrig (1971) in Table 2. Qur data
suggests that the mecan uranium and thorium
content of the western Canadian basement is
approximatcly twice the average of the Canadian
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TasnLe 1. Nincty-five percent confidence intervals for delayed neutron activa-

tion analyses and isotope ditution analyses of standard sampie 36337

Uraniwm (ppm)

Thorium (ppm)

Delayed ncutron activation analysis 23.46+0.20 81.55+5.51
Burwash and Cumming (this work) .
(N =15) :

23.36+0.48 81.9742.29

Isotope dilution
Rosholt ¢t al. (1970)
(N =5)

*U of A Sampie No, 3633: Mobil Oil Woodley Sinclair Cantuar 2-21, Lsd, 2-Sec. 21- Twp,

16- Rge. 17- W, 3; Depth 7305 1 (2226.6 m).

TasLe 2. Uraniam and thorium content of Canadian Shield arcas

U ppm

Th ppm

Western Canada Basement (mean of 182
determinations, this paper)

Canadian Shield, mean (Shaw 1967) 2.45 10.3

Canadian Shicld, average weighted according
to size of structural province 2
Bear Province . 8.
1
2
1

[
O W o L

Stave Province
Churchill Province
Supcerior Province (Eade and Fahrig 1971)

NV - —

“uuwhrhauo

Shield as a whole. In terms of the regional aver-
ages given by Eade and Fahrig (1971), our values
are intermediate between those of the Churchill
and Bear provinces. As will be shown later, our
maximum concentrations can be spatially re-
lated to features lying within the southwestward
extension of the Churchill province.

Rigorous statistical comparisons of our data
with previously published averages are probably
unwarranted, due to: (1) different criteria for col-
lection of samples, (2) different criteria for selec-
tion of samples to be analyzed, and (3) single
rock as opposed to composite sample analysts.

Animportant difference between our work and
that of Shaw (1967) und Eade and Fahrig (1971)
is that our 182 analyses are on individual rock
samples. Only one composite of all core samples
was prepared for replicate analysis to assess pre-
cision of our methods. Shaw (1967) used 32
composites prepared from 330 individual rock
specimens. Eade and Fahrig (1971), in an attempt
to extend coverage of the Shield as widely as
possible, used several thousand hand specimens
from 26 arcas to yield 78 composites. The pre-
paration of composites has the disadvantage that
high and low values from individual specimens
are suppressed, and the analytical values reported

tend to cluster toward the mean.
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Uranium Distribution

The results of applying a surface-smow
procedure to the areal distribution pattest:
arc shown in Fig. 3. The procedure invol¢
taining grid values for contouring by ini¢fi ~

A histogram of number of samples 5. urany, »
content in parts per million (Fig. 1) show .
skewed frequency distribution, with a bia
ward values less than | ppm. The histograrn
number of samples vs. thorium content (Fi; ~
has the same shape as that for uranium.?
slightly irregular profile of the histogran ~
thorium values < 2 ppm may reflect in pari:”
lower accuracy of the method of delayed newt
activation analysis for low thorium conis
probably no better than - 107, for concenira!
less than 10 ppm on a single determination

Comparison of Figs. | and 2 with the b»
grams of uranium and thorium content of «:
igneous rocks published by Clark er ol U
figs. 24-8 and 24-9) indicatc that a co#”
metamorphic terrain has both a greater
and a more highly skewed distribution th. "
entirely igneous population. This result **
be anticipated in view of the diverse sedin’
as well as metamorphic processes acting ¢
of the rock units sampled in our study.
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. . . n = [82). -
“+ . Histogram of uranium content of Precambrian ( )
T ent core samples from the Western Canada Basin .
IARANE The map of uranium distribution shows two
main positive anomalies. In southwestern Saskat-
< trom samples in the vicinity of each grid chewan, a roughly equidimensional anomaly in-
tv=e. This technique reduces influence of indi-  cludes an arca of uranium-rich epizonal plutons o
-+ high values in areas with a reasonable belonging to the closing phases of the Hudsonian N
--aee of sample locations. An additional rou-  orogeny. Two core samples (20 and 22, Tabie 3)
* +3s used to assure the continuity of ridges  strongly influence the trend surface. The com- .
- «flevsin the contours. Further discussion of  mercial accumulation of helium in Lower Paleo- .
<thods used is given in Burwash and Cul-  zoic strata of this area has been linked to base- R
Ty o H
¥I6). In areas of sparse well control (i.e., ment petrology and topography (Burwash and 3
0 one well per degree of latitude and  Cumming 1974). "
“adle), asingle high uranium value will still A lincar anomaly trending northeastward from .
' ¢ A recognizable anomaly on the trend  Edmonton toward the western margin of the
- & The overall distribution of analyzed exposed Shield contains the highest values on the .
‘a"m core samples is shown by dots on Figs.  trend surface (> 24 ppm U). Four core samples "
S (nos. 42, 54, 56, and 60) in a linear array are |
y

-t the purpose of the trend surface mapping
“eale uranium concentrations related to
* - igneous and metamorphic processes at
“4ie depths, rather than supracrustal ac-
~ihons, we deleted from the data base
Cnl;lr)'
* "\)ICf\x)ic rocks, and hypabyssal dike rocks
42:)' l'o the Canadian locations we added
. “lls from North Dakota close to the In-
’ :;”‘"l Boundary (Table 3 (Addendum),
. ‘:r'xilb: and 186). The use of all analyses
b 3 Would probably modify the con-
shwn n Flg, 3

and low-grade metasedimentary’

primarily responsible for this anomaly. It is
probably significant that the strike of the anom-
aly corresponds closely to the regional structural
fabric of the Churchill geologic province in
northern Saskatchewan. It also lies very close
to the southern limit of strong post-crystalline
deformation in the Athabasca mobile zone (Bur-
wash and Krupi¢ka 1969). The Kasba Lake -
Edmonton gravity low, chosen by Burwash and
Culbert (1976} as onc of the major structural
boundaries in the western Canadian basement, is
parallel to and slightly north of the uranium
anomaly. If some of the major lithologic units
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Fi1G. 3. Smoothed trend surface for uranium in the Precambrian Basement of the Western Canada —
Basin. Contour interval 2 ppm. Depressions shown by hachures. A few data points used by the com- N F1G. 4. Smoothed ;
puter lic outside the contoured area. : Basin. Contour interv

A
Vo
confidence level of these contours is low and* ™ (350 km) north-n;

exposed in the Virgin River belt in northern Sas-
katchewan (Wallis 1970) extend southwestward
into the subsurface, the uranium concentrations
may be present in highly metamorphosed sedi-
mentary rocks or in igneous rock bodies in which
these were assimilated.

Four core samples from northern Alberta
(nos. 85, 132, 138, and 155) with uranium con-
tents > 15 ppm lie within the major concentra-
tion of basement welis penetrating the Peace
River Arch (Burwash and Krupi¢ka 1970, figs.
1 and 7). The smoothed trend surface shows only
a broad positive uranium feature for this area,
with values between 4 and 8 ppm U. In a very
general fashion, the 4-ppm contour conforms to
the shape of the Peace River Arch.

Near the northern and southern limits of the
arca of study, several contours have shapes
suggesting regional trends. However, with the
limited sample coveragc in these areas, the

firm judgement can be imade of their. significans

Thorium Distribution

The trend surface map for thorium (Fi¢ *
shows several of the same general trends as'
uranium map. In southwestern Saskatche®:’
high uranium and thorium are associated »&’
late Hudsonian‘igneous event. The equidir
sional anomaly on the thorium map is assecs
with the same two drill cores as is the urs"-
anomaly.

The well defined lincar anomaly e
northeast from Edmonton, shown in Fit.
present but less well defined on Fig. 4. It r
ably associated with threc values in the rans’
to 60 ppm Th (samples 54, 56, and 64). A*
lated anomaly in north-central Alberta s+
a single sample (no. 59) with 128 ppm Th. "_
vicinity of the Red Earth oil field, approxi”

: J;i\Cr of data points ¢
. -0, 121, 122, and 1;
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0 mi (350 km) north-northwest of Edmonton,
+uster of data points contains 5 samples (nos.

* 120, 121, 122, and 124) with thorium values
s=dier than 60 ppm. On the trend surface map,
‘varea is represented by an elliptical 40 ppm

The areas on Fig. 4 with low thorium values
-+ 3ho areas of sparse sample control. The low
*<es found in southeastern Saskatchewan and
«hwestern Manitoba correspond to the in-
- "l subsurface extension of the Superior
‘ce. The low thorium values associated with
< »esthalf of central and southern Alberta are

*-¢ mean concentrations of uranium and
“Wned from delayed neutron activation anal-

Sf than the average values for the whole

Shield published by Shaw (1967) and Eade and
Fahrig (1971). In terms of the regional averages
given by Eade and Fahrig (1971), our area con-
forms most closely to the pattern of other areas
of the Canadian Shicld last affected by the Hud-
sonian orogeny (the Churchill and Bear Prov-
inces).

The frequency distribution of both U and Th
in our sample population is definitely not a dis-
tribution symmetrical about the mean, but is
highly skewed toward lower values, as is shown
by the separation of the mean and the median. In
this circumstance, a few high values greatly alter
the mecan. In establishing a regional sampling
program, a carcful selection of a limited number
of sampling sites for singic rock analysis will pro-
vide a better clue to anomalous areas than com-
posites from multiple rock specimens.

Trend surface analysis of uranium and thorium
content, when combined with petrographic cri-
teria for recognition of rocks of plutonic igneous
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or metamorphic origin, can aid in the interpreta-
tion of regional crustal units. Anomalously high
uranium and thorium values may identify dis-
crete areas of plutonic activity (essentially equi-
dimensional) or lincar belts of probable meta-
morphic origin. Examples of uranium and thor-
ium enrichment in both igncous and metamor-
phic settings are shown on our maps.
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Addendum

Tapie 3. Precambrian Basement core sample locations, depths, and uranium-thorium analyscs (ppm)

Lcation
Index Elevation Total PE Sample u h
No. Lsd. Sec.  Twp. Rge.  Mer.  (feet asl) depth (ft) depth (ft)  depth (1) (ppm) i
1 7— 29— 12— 2— EI 800 1009 708 1009 0.93 ‘y
2 3— 1— 5— 2— Wi 787 1150 1042 1150 0.75 1
3 3— 1— 8— 18— Wi 1364 3826 3816 3825 0.94 )
4 9— — 37— 28— Wi 1186 2047 2035 2045 0.18 :
5 16— 4— 3— 32— Wi 1617 8329 8315 8328 7.97 K
6 — 27— 8— 83— W2 2058 8834 2680 3830 0.37 :
7 2— H— 15— 26— W2 1937 “7740 7682 7738 2.01 L.
8 I— 15— 48— 17— W2 1425 2595 2543 2594 8.84 N
9 11— 3— 50— 18— w2 1370 3501 — 3056 0.28 B
10 12— 3— 50— 18— W2 1423 3269 — 2170 0.32 ‘e
1 12— 3— 50— 18— W2 1423 3269 — 3170 0.29 :
12 8— 9— 50— 18— W2 1433 2437 2393 2378 1.77 ' -
13 13— 18— 52— 13— W2 1215 1619 1586 1615 3.91 ¥
14 12— 15— 52— 14— W2 1210 1790 1704 1785 319 v
15 2— 5— 6l— 24— W2 1721 1825 1763 1820 1.01 .
16 4— 31— I— 26— W3 3072 7339 7240 7335 0.47 o
17 9— 32— 6— 22— W3 3458 8858 8808 8820 11.76 @
18 2— 4— 10—  J9— W3 3051 8777 8510 8774 3.31 ’
19 9— 20— [2— 22— W3 2421 7785 7179 7785 4.60 :
20 2— 21— 16— 11— W3 2411 7312 7281 7305 23.46 L
21 1— 9— 17— 14— W3 2387 6755 6706 6755 4.80 Do
2 15— 3— 17— 18— W3 2440 7260 7246 7260 15.25 @
23 t— 31— 18— 28— W3 2521 7440 7420 7440 0.12 L
24 4— 16— 37— — W3 1833 5415 5383 5410 1.28 N
25 8— 15— 52— 2— W3 1711 3297 3250 3250 0.54 _
26 7— 14— 56— 17— W3 2351 4333 4325 4332 0.33 ¢
27 13— 21—  6l— 15— W3 1543 21713 2755 2767 0.28 i
28 8— 1l— 62— 22— W3 1708 3461 3452 3460 3.38 ’
29 1— 36— 63— 5— W3 1830 1923 1915 1921 0.44 .
30 9— 21— 63— 8— w3 1722 2061 2035 2061 1.43
31 8— 8— 64— 2— W3 2085 2028 2003 2009 0.41
32 8— 8— 64— 2— W3 2085 2028 2003 2026 1.97 '
33 8— 30— 64— 15— W3 1564 2435 2399 2435 1.45
34 12— l4— 12— 12— W4 2488 6981 6930 6975 4,58 :
35 4— 12— 15— 21— W4~ 3309 11836 11793 11815 0.50 ,
36 5— I— 17— 14— W4 2466 7281 7270 7276 0.15 .
37 13— 22— 20— 12— W4 2442 6155 6147 6147 nd. .
38 6— 9— 31— J— W4 2409 7189 7168 7174 5.44
39 13— 36— 35— 2— W4T 2667 723} 7229 7229 0.74
40 1— 6— 38— 15— W4 2746 8373 8345 8370 1.33
41 16— 17— 48— 20— W4 2479 8266 8105 8150 3.64
4 8— 17— 50— 26— W4 2373 8995 8984 8985 17.70
43 8— 17— S0— 26— W4 2373 8995 8984 8990 0.40
44 14— 29— 52— 22— w4 2089 5502 5468 5485 1.52
A———r-ﬁ"""’ﬁw
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ison.
-4horium analyses (ppm)
Sample u :
depth (fY (ppm) s
1009 0.93 '
1150 0.75 .
3825 0.94 %
2045 0.18 .
8328 7.97 -
8830 0.37
7738 2.0 ¢
2594 §.84 .
3056 0.28 :
2170 0.32 2
3170 0.2%
© 2378 1.77
1615 3.91
1785 3.19
1820 1.01 .
7335 0.47 A
8820 11.76 ¢
8774 331 h
7785 4.60 ,
7305 23.46
6155 4.80 5
7260 15.25
7440 0.12 .
5410 1.23
3290 0.54 .
4332 0.33
2767 0.28
3460 3.38
1921 0.44
2061 1.43
2009 0.41
2026 1.97
2435 1.45
6975 4.58
11815 0.50
7276 0.15
6147 nd.
7174 5.4
1229 0.74
8370 1.33
8150 3.6
8985 17.70
-8990 0.40
5485 1.52
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TarLE 3 (Continued)

o
Lcation .
. Elevation Total ~PC Sample U Th
. Lsd. Sec. Twp. Rge.  Mer. (feet asl) depth (f1) depth (ft1)y  depth (ft) (ppm) - (ppm)
1— 11— 53— 12— W4 2282 6437 6435 6437 7.57 7.1
. 58— 17— 53— 15— w4 2380 7801 7190 7800 3.61 4.2
T 4= W— 55— 15— w4 2078 6534 6430 6533 1.03 3.3
. 1— 14— 57— 6— W4 1984 5212 5207 5210 4.06 39.2
. Jm M= 57— 6— W4 1984 5212 5207 5210 0.96 9.9
. 6— 36— 58— 23— w4 2074 7357 7162 7336 0.85 2.1
: 9— 29— 59— 24— W4 2065 7527 7340 7527 0.07 0.7
06— 13— 60— 4— W4 1973 4714 4700 4714 0.19 0.7
l— 21— 60— 26— W4 2133 7519 7507 7518 7.59 7.9
. e 19— 62— 19— w4 2323 6604 6590 6604 16.88 57.1
.= 17— 67— 23— w4 2066 6406 6390 6405 2.74 5.1
4 3I— 69— 10— w4 . 2515 5033 5019 5024 22.52 50.5
- 71— 24— 76— 18— W4 2054 4641 4628 4633 0.67 15.6
q 71— 24— 76— 18— W4 2054 4641 4628 4639 0.97 9.4
.« 6= 10—  T— 25— Wi 2616 6120 6103 6120 3.15 127.7
¢ 1= 21— 18— 4— W4 1857 2570 2557 2567 15.75 $3.8
14— 9— 86— T—  Wé 1622 1793 1773 1792 1.27 2.3
. T— 28— 87— 12— W4 1540 2304 2299 2302 2.47 41.9
i - 1l— 87— 17— W4 1445 2863 2850 2860 0.55 15.9
» S— 32— 88— 8— W4 810 789 785 789 11.20 45.1
e $— 36— 88— 8— w4 831 936 906 929 0.68. 21.4
& g— 20—  B9— 9— w4 792 1142 1125 1141 1.75 41.9
. 0= 14— 91— 14— w4 1560 2414 2408 2414 1.14 8.1
I 9— 34— 94— 14— W4 1379 2000 1991 2000 2.55 179.5
42— 23— 98— 21— w4 2259 3840 3836 3840 0.85 24.0
oS~ 29— 62— — W§ 2086 1575 7505 7575 0.63 2.1
10— 20— 62— 8— W5 2548 9145 9112 9132 1.06 0.4
S— 35— 62—~ 18— WS 2878 11320 11310 11316 0.23 0.8
© 6~ 36— 63— 12— W5 3708 10710 10668 10709 5.20 7.6
t o S— 33— 65— 6— W5 2615 8422 8350 §400-8418 0.31 2.0
. . Composite
9— 20— 65— 13— WS 3644 10624 10612 10614 4.81 16.0
99— 20— 65— 13— W5 3644 10624 10612 10624 1.29 4.6
. = 12— 66— 13— W5 1830 10521 10507 10511 1.20 7.6
; 8— 11— 68— 10— W5 3183 8988 8965 8983 7.55 36.7
P 5— 68— 22— W5 2297 10736 10707 10730 1.27 14.2
He 18— 72— 17— WS 2350 8558 8522 8552 4.85 15.8
CoU= H— 73— 13— WS 2229 7406 7403 7406 0.28 1.3
6— — 75— 5— W5 2711 7397 7075 7372 2.18 8.1
B 16— 75— 15— WS§ 1914 7197 7180 7194 2.70 15.7
o= 16—~ 75— 19— W5 2093 7857 7844 7852 4.74 25.5
O B— 15— 22— ws 1885 8418 8400 8418 15.29 4.2
o= 1= 77— 20— ws 2065 7838 7837 7837 9.60 1.0
L, B 3B 77— 21— WS 1915 7740 7730 7740 5.36 18.1
L= e W 20— WS 2064 7644 7625 7644 1.93 10.1
e B= = - - ws 1500 7827 7818 7820 6.35 48.1
S =9 79 2 ws 1905 7627 7619 7625 4.46 11.4
I— 12— 79— 22— W5 1929 7847 7840 7847 1.52 8.1
- "- 16— 79— 22— ws 1906 7424 7420 7424 9.48 12.9
W 0= 20— 19— 22— ws 1880 7658 7630 7652 2.64 6.2
- 25— 80— 17— WS 2442 6508 6782 6808 3.13 19.8
oz 25— 80— 17— WS 2391 6750 6754 6769 5.11 29.9
o ¥— B~ 17— WS 2476 6877 6864 6875 6.46 43.0
o 17— 80— 21— WS§ 2089 7770 7738 7770 6.34 22.7
- s‘ 18— 80— 23— WS 1936 7598 7580 7598 6.48 0.2
3 g I— 8Bl— 17— W5 2446 6729 6684 6727 7.47 37.9
) 6— 82— 1— WS 1908 5009 5004 5007 1.12 0.!
' 2“ 5~ 82— 18— W5 2314 7296 7271 7290 3.12 11.6
o B— 8- 24— ws 2101 7116 7105 7114 10.05 10.9
+ 24— g4 2— W5 2077 5010 5001 5009 4.87 19.6
S e H— 84— 5— WS 2118 5357 5340 5348 2.59 20.3
T 3— g4 7— WS . 1987 5203 5283 5288 0.713 9.9
b B— B 16—~ W5 2384 5912 5895 5912 13.59 45.2
Cogn B— 84— 11— ws 2227 6096 600 6095 1.45 1.8
C— 3— 85— 12— WS 1858 5156 5109 5152 1.32 25.7
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TapLE 3 (Continued) H
Location 3 “ Leati
Index Elevation Total P Sample U n ’ :‘ Lsd. Sec Tw
No. Lsd. Sce. Twp. Rge.  Mer. (feet as!) depth (ft)  depth () depth (ft) (ppm) ('r"-‘-‘ _— -
109 16— 23— 85— 19— Ws 2012 6106 6090 6106 1.35 RTINS L
10 8— 22— 86— 9— W5 1820 4981 4980 4981 4.38 T ot M L o
11 6— 21— 86—  9— W5 1770 4860 4849 4853 0.60 0 A S L
12 12— 32— 86— 9— WS 1732 4791 4764 4780 0.85 ¥ TSN laos
13 16— 25— 86— 20— WS 1707 6077 6010 6076 1.29 . LR N e
a4 5— 21— 8- 22— WS 2039 6589 6589 6589 0.53 N N 1Es0rs
s  2— 25— 86— 26— WS 2278 6698 6685 6696 2.34 B dor N oy
116 12— 30— 81— I— WS 2031 5030 5023 5028 5.73 % Yoo N 22y
117 8— 1— 87—  B— W5 1974 4663 4658 4660 2.38 M v 119°00" v
118 16— 11— 87—  8— WS 1986 4647 4628 4646 3.37 Wy et Dakota localities
19 12— 14— 81— 8- W5 1935 5050 4993 5050 1.18 e o M 2—  ISSN.
120 4— 16— 81— 8- WS 1893 4838 4742 4799 5.01 g 0 I 28—  159N-
; 120 12— 16— 81—  8— WS 1879 4875 4836 4870 6.10 g b 1— 159N
122 12— 17— 87— 8~ WS 1811 4797 4718 4797 5.85 e i T .
' 123 2— 19— 87—  8— WS 1796 4837 4825 4828 1.62 I N i o Ao disted for
' 124 11— 20— 81—  8— W5 1868 4800 4798 4800 6.27 wr
, 125 10— 3— 8— 10— W5 1733 41M 4749.5 4751 0.40 ol
126 14— 17— 88— 6~ WS 2229 5059 5037 5059 3.56 B -y .
: 127 4— 20— 88— 1— W5 206l 5044 5020 5030 2.47 0 s R A and Cutsen
. 128 2—  4— 88—  B8— WS 1839 4235 4814 4817 11.95 oy o fevhemical and mineral pa
: 129 10— 19— 87— 8— WS 1786 4810 4768 4780 2.4 B nement of western Canada
& 130 2— 22— 88— 8— W5 1855 4926 4910 4910 1.52 i A
+ 131 2— 23— 88— 88— WS 1918 4877 4860 4866 1.28 e PSR A and Cummg
. 132 4— 29— 88— 8— WS 1726 4653 4644 4651 2.1 % = wwerock in sonthwestern
!, 133 2— 17— 89—  T— W5 1912 41m2 4742 4751 5.43 we  crokl Geol. 22, pp. 405412,
i 134 6— 20— 89— 19— WS 1830 5905 5890 5905 2.07 I C s R, AL and Krupick,
’, 135 15— 24— 90— 15— WS 2431 5819 5807 5810 2.10 Mt ioninthe Precambrian bas
+ 136 15— 24— 90— 15— W5 2431 5819 5807 5819 0.49 b+ - ixformation and chemistry
p 137 9— 35—  9—  6— WS 1981 4705 4686 4703 1.66 i “1-1396 ry
i 138 9— 24— 93— 18— W5 1871 5705 5670 5705 14.90 T - 1970, Cratonic .
4 139 10— 8— 99— 13— WS 2256 5636 5627 5635 0.6! e emont | ratonic reactiv:
i 140 15— 24— 109— 17— WS 1015 4467 4465 4467 5.28 - sement of western Canad:
4 141 15— 32— 19— 19— WS 1092 4871 4868 4371 4.72 : Hasy. Can. J. Earth Sci. 7,
R 142 6— 24— lll— 22— WS 2391 6391 6383 6385 1.17 ! UL R AL KRUPICKA,
B 143 7— 22— 16— 22— WS 114 5077 4968 5072 1.01 X *"L.Cratonic reactivation int
Iy 144 7— 10— 19— 20— WS 1067 4528 4525 4528 7.47 Ve v atviern Canada, [, Crust
‘ 145 9—  T— 124— 18— WS 1003 3731 3725 3731 5.42 ; - 10.pp. 283-291.
" 146 16— 18— 126— 14— WS 1022 3148 3145 3148 0.54 ‘ v S PR, PETERMAN, |
147 16— 25— 12—  5S— W6 2446 11710 11695 11700 1.35 b & Abundances of urarh .
: 148 2— 2= TI—  I— W6 2223 10195 10132 10195 5.29 ' * Handbook of P o
1499 13— 20— 75— 2— W6 2117 9612 9593 9612 4.00 N o 07, gk OF Physical Co
f 150 12— 20— 77—  3— Ws 2419 9347 9337 9347 6.69 : e o3 £~541.
T 151 7— 36—  T— 99— W6 3031 11705 11645 11700 7.75 - poe G- L. 1974, Determ
3 152 4— 20— 78— I— W6 1896 8264 8256 8264 5.88 : __“m in meteorites by the d
A 153 12— 20— 78—  6— W6 2287 9847 9775 9818 10.92 . <7 Geol. 13, pp. 257-267.
154 4— 29— 8l— I— W6 2090 7255 7243 7255 4.32 t
¥ 155 2— 14— 82— 2— W6 2188 7492 7480 7492 14.63 v,
156 2— 5~ 83— 2~ W6 2334 7977 7930 7977 4.45 .
i 157 14— 31— 84—  2— W6 2325 8227 7840 8225 0.52 .
3 158 16— 12— 84—  8— Wé 2116 8014 8010 8014 2.99 X
. 159 4— 27— 85— 2~ W6 2569 8758 8750 8750 0.86 .
: 160 14— 10— 88— 2— W6 2355 6962 6958 6962 4.38 ‘
i 161 8— 16— 88— 2— W6 2401 6915 6882 6910 4.33
{ 162 6— 11— 10l—  4— W6 1963 7320 7300 7320 6.49
1 163 tl— 17— 02— 2— W6 1562 6838 6835 6838 3.14 .
164 2— 16— 107—  6— W6 1755 6960 6920 6957 4.70
! 165 16— 18— 107— 6— Ws 1774 7365 7315 7360 3.42 .
! 166 10— 27— 109—  9— W6 1769 7329 7308 7329 3.04
i 167 15— 22— 15— 10— W6 1350 6512 6362 6470 2.50
; 168 9— 26— 120~ ll— W6 2062 7005 6980 7005 6.3 .
: 169 9— 26— 120~ 1l— W6 2062 7005 6980 7005 4.21
g 170 2— 7— 1246~  2— W6 = 2382 6121 6115 6121 1.53
! 171 12— 30— 125—  2— W6 2447 5992 5965 5992 2.30
! 172 12— 31— 78— 14— W6 2433 12040 11892 12038 5.13
) 173 6— 29— 8l— 15— W6 2382 11619 11614 11618 2.34 .
: 174 I— 26— 86— 16— W6 2415 10913 10906 10909 0.13 ‘
|
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0.40,
.56
2.47
11.95
2.44
1.52
1.28

32,91

5.43
2:07
2.10
0.49
166,
1490
0:6)
5.28
4.72
1.17
1.0
7.47
5.42

(==
rd WA
SV EE

T

Ao L S

oh =

4

L e e e PR D e

SED

S

2.
a;
4.
4.
6.
3
4
3,
3,
2.
6
4
L.
2.
5.
2.
0.

— e L RO
[ P L

l-JCa.b.\oumO\‘\ab.lunw [T MR

. Zo mE Bonw

i
H
iy ¥

[E RN

-
whE e AORIY

T

Y 4

J,.,s} !i__,ta.. A

hiiiie 1

H

!

BURWASH AND CUMMING - 203
TasLe 3 {Concluded)
I

o Lcation’ .

g ———— - - - Elevation Total PE Sarhplé U Th
1:“ Led. Sec. Twp. Rge. Mert  (feet asl) deplh () depth () depth{lt) {ppm) {ppm)
7;-*'-"':__ .o A B - -

ra §7°47" N 120%4° W 2371 16034 9800 10023 10.33 42.8
“ 58°05° N J21°547 W 1920 8930 9425 9925 3.7 10.8
w  SIE W 120°51°W 1434 8439 . 84w §437 068 5.0
o @9’ N 121%08° W 2288 8233 8220 8230 606 116.6
. GPSIY N 114924 W 724 118 1177 171 .83 5.8
e 60ES° NT T118°50° W 1083 2010 2898 2900 D.55 1.5
. P19 N 180T W 457 2230 2192 2230 11.30 21.0
o IR0 N 122°30° W 622 2137 1310 2085 0.97 3.4
g 62°20°N TISR00TW 2438 3229 3147 3235 1.53 2.2
wost Dakora focalities

1 2— 155N--  96W "2316 13615 13592 13603 2535 10.6
e 28—~ ] SQN— G3W 1562 3408 3404 3408 0.31 2.2
ial 1—  I59N— W — — — 15128 §.07 4.4

e (wo Samples-aredisted for:oneowell, Lwo dl:.tI!ICH)" gifferent lithologies were encountered in the cote.

& [mpithio Palegzaic/Précambrian, uucom‘cm:lly, in-Teet.

¢ o st ROA, and Cunsert, R, R. 1976, Multivariate
ru.hn.IHICﬂI and mineral pam.rna in the Prec.ambn.m
eménl of western Cdnddd Cdﬂ I Fdrih Sci. 13, pp.
I8,
1 wwas, R AL and Cumming; G., L. 1974, Helium
~rce-rpek in southwestern Saskatchewan. Bull. Can.
“eeal. Giool, 22, pp-405-412,
* awagil, RoA and Krumcka, J, 1969. Cralonic reacti-
<asan in the Précambrian basénient of western. Candd'l
- Deformation andchumiquy Can. & Earth Séi. 6, pR-
T i-1396.
- 1970. Cratohic, réactivalidn in, the: Precambrian
sacment of western Canada, il. Metasomalism and
~atasy. Can, 3, Earth Su 7. pp. 1275-1294,
fawdsin, ROAL, KRUPICI\.ﬂL J, and CULBERT. R. R.
i} Cratonigreactivaiion inthe Precambrian hosement
t.umnCanada NI Crustal evalution. Can. ). Eérth-
=¥ 10, pp. 283~ 291,
S, B Jr., PETERMAN, Z. E. ,and Heier, K, 3.
rh \bundances of-uranium, thorilaiund g stassium.
+ Hamdbook of Physical Constants. Geol. 'Soc. Am,
Wom, 7, PR, S21-541,
WUING, G, . 1974, Defermination of uranium and
M in.meteorites by the delayed neutron method.
- wm. Geol, 13, pp. 257-267,

DarnLey, A. G, GrasTy, R. L., and CHARBONNEAU, B.
W, 1971, A mdlometnc r-mf“le acrosé part of the Tana-
dian Shield, Geol. Surv. Can. Pap, 70- 46, 42 p.

Eapk, ‘K. E. and Fauria, W. F. i971. Geachemical
evolutionary trends of continental plates—a preliminary
study of the:Canadian Shield. Ggol. Surv..Cin. Bull. 179,
«q1 n

GaLk, N H. 1967, _Development of.delayed neutron tech-
nlque 45 dei(l and précise. methoyd For determination of
uranium. and tharium:at trace levels in focks and miner-
als, with -apphication to isotope gcochlonology I
Rédioactive ditihg and melhibds of os-leve! counting.
Vienna, Lnt, Atemic Energy Agency, pp. 431-452.

Rosianr, §. N., PETERMAN, Z. E., anil BaRTEL, A. .
{970. U-Th- Pb and Rb-Sr ages in- pranite référence
s'lmpletrum southwestern Saskalchewan. Can. I. Barth
Bei, 7, pp. 184-187. k

SHAw,D. M: 1967. 1, Thaand K in the Canadian Precam-
lrian Shield und possible. marntle compositions, Geo-
Thim, Cosmcchim Acta, 31, pp. 1 LH =113,

WaLLis, R. H. 1970. A peological interpretation of gravity.
and magneti¢ data, ‘morthwest’ SasKalchewain. Can. J,

‘Earth Sci. 7, pp: 858-868.
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The geochemistry of possible metavolcanic rocks and their relationship

to mineralization at Montauban-Les-Mines, Quebec
KAREN STAMATELOPOULOU-SEYMOUR AND WALLACE H. MACLEAN

' Received March 21, 1977
Revision accepted for publication June 13, 1977

Base metal and gold ores in thin calc-silicate and cordierite gneiss units at Montauban-Les-
Mines have historically been described as pyrometasomatic deposits related to granitic intru-
sions. They are stratigraphically overlain by quartzo-feldspathic gneiss and amphibolite, the
uppermost amphibolite unit being a pillowed metabasalt.

Chemical analysis shows all the amphibolites to be derived from basic igneous rocks, probably
basaltic flows or shallow intrusives. Some analyses of quartzo-feldspathic gneisses follow
igneous trends on variation diagrams and plot closely with those of indisputable volcanic rocks
associated with massive sulfide deposits from the Kuroko District, Japan, and Noranda, Quebec.
They appear to be metamorphosed intermediate to acidic volcanic tuffs and associated sedi-
ments, and are thus termed ‘leptites’.

The volcanic environment of the ore deposits, their general conformability to stratification, and
other distinguishing features, strongly suggest they may be exhalite deposits formed in the
overlapping carbonate-sulfide facies.

On a auparavant décrit les minerais de métaux de base et d’or dans de minces unités de gneiss a
silicates calciques et a cordiérite 2 Montauban-les-Mines comme des dép6ts pyrométasomatiques
reliés A des intrusions granitiques. [ls sont recouverts stratigraphiquement par des gneiss
quartzo-feldspathiques et des amphibolites, I'unité supérieure d’amphibolite étant constituée
d’un métabasalte en coussins.

L'analyse chimique démontre que toutes les amphibolites dérivent de roches ignées basiques,
probablement de coulées basaltiques ou d’intrusions a faible profondeur. Quelques analyses de
gneiss quartzo—feldspathiques suivent la tendance des roches ignées sur les diagrammes de
variation et se groupeat prés des roches d’origine indisputablement volcanique associées aux
dépots de sulfures massifs des districts de Kuroko, au Japon, et de Noranda, au Québec. Ces
roches semblent étre des tufs volcaniques métamorphisés de composition intermédiaire a acide et
leurs sédiments associés, et ainsi on les désigne sous le nom de ‘leptites’.

Le milieu volcanique des dépots de minerai, leur concordance générale avec.la stratification, et
d’autres caractéristiques distinctives suggérent fortement que ce sont des dépOts d'exhalites
formés par le recouvrement des facies carbonate-sulfure.

Can. J. Earth Sci., 14, 2440-2452 (1977)

Introduction

Lead-zinc, copper, and gold deposits occur at
Montauban-Les-Mines, Portneuf County, Que-
bec, 84 km west of Quebec City and 200 km
north of Montreal (Fig. 1). They lie within a
calc-silicate and gneiss formation in a series of
quartzo—feldspathic gneisses and amphibolites
in the Grenville Province of the Canadian
Shield.

The sulfide bodies, composed mainly of
coarse-grained sphalerite and galena, and lesser
pyrite, pyrrhotite, and chalcopyrite, form ir-
regular lenses and pods surrounded by equally
coarse-grained calc-silicate and silicate host
rocks. Small lode gold deposits are spatially
associated with sulfide lenses. Mining began in
1913 and continued intermittently until 1955.

[Traduit par le journal]

The area is presently being explored for base
metals and gold (Flanagan and McAdam 1976).

The ores have historically been described as
pyrometasomatic replacement deposits related
to nearby intrusions of granitic and dioritic
rocks (Alcock .1930; Osborne 1939; Wilson
1939; Smith 1956). As the ores are gener y
conformable with their host rocks and h e
many characteristics of volcanogenic sulfide -
posits, as described by Sangster (1972), Ridler
(1971), Ridler and Shilts (1974), Rickard and
Zweifel (1975), and others, an investigation was
made to see if the deposits at Montauban were
compatible with such an origin. In this first re-
port, the petrography and chemistry of the wall-
rocks are studied to determine whether the am-
phibolites and some of the gneisses could be

=
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derived from volcanic rocks. In another paper,
we will report on the ores and their relation to
the wall rocks. Field work was carried out in
September 1972, in the process of collecting data
for an M.Sc. thesis. One of the main traverses
with sampling points is shown in Fig. 3.

The immediate host rocks to the ore are
coarse-grained calc-silicate composed of diop-
side, tremolite, calcite, and dolomite, and cor-
diorite — anthophyllite gneiss with garnet, quartz,
and sillimanite. These are, in turn, surrounded
by hornblende-bearing gneiss, quartzo-feld-
spathic gneiss and amphibolite, all of which be-
long to the Grenville Series. Complex folding
and amphibolite facies metamorphism have
obliterated most primary features. Rocks of the
Grenville Series in this part of the Grenville
Province were generally considered to be of sedi-
mentary origin (Alcock 1930; Osborn 1939,
Pyke 1966), although some amphibolite was
shown by Pyke (1966) to be metabasalt.

Evans and Leake (1960) and Leake (1964)
have designed chemical discrimination tech-
niques to distinguish para- and ortho-amphib-
olites, and we have applied these to the Mon-
tauban amphibolites. These discrimination tech-
niques have been extended by Van de Kamp
(1968) to more siliceous gneisses where the orig-
inal rock may have been sediment or vol-
canogenic material of acidic composition. The
chemical differences here are not as obvious.
Acidic and intermediate volcanic rocks, particu-
larly those close to volcanogenic ore deposits,

are frequently altered by processes involving the
mobility and loss of alkalis and calcium, silicifi-
cation and chloritization (Franklin er al. 1975;
Spitz and Darling 1975; Descarreaux 1973;
Tatsumi and Clark 1972). Superimposed on this
are possible chemical changes due to metamor-
phism. But even with these changes the igneous
nature of the rocks may possibly be established.
Thus, we have used these chemical discrimina-
tion techniques on Montauban gneisses to show
that at least some of them could be derived from
acidic volcanogenic material.

Regional Geology

Pyke (1966) mapped the area at a scale | in. =
I mi (Fig. 2), and assigned all the rocks, except
the intrusive rocks, to his ‘Grenville Series’
(Table 1). The bulk of the Series in the area is
represented by northerly trending quartz-plagio-
clase-biotite-(hornblende) gneisses containing
sillimanite, cordierite, or garnet bearing mem-
bers. These gneisses, referred to here generally
as quartzo-feldspathic gneisses, are intercalated
with amphibolites, minor quartzite, and calc-
silicate units, one of the latter being the host to
the Pb-Zn mineralization. The quartzo-feld-
spathic gneisses have not been extensively mig-
matized and, in the past, were interpreted as
being mainly paragneiss. They are cut by large
intrusive bodies ranging in composition from
granite to gabbro (Table 1). Regional metamor-
phism is in the amphibolite facies.

The lithologies in the vicinity of the mine can
be divided into four rock groups (Fig. 3). (a)
Calc-silicate, carbonate, and cordierite gneiss.
These gneisses range from 30-60 m in thickness
and enclose and host the mineralized zones. (b)
Hornblende and biotite bearing gneiss. These
are dark grey monotonous gneisses that lie
east of the mineralized zone, and were called
‘composite gneiss” by Smith (1956). Garnet
bearing pegmatite dykes are typically abundant
in this unit. (¢) Quartzo-feldspathic gneiss. These
well banded gneisses contain muscovite, biotite,
and hornblende bearing members, and a few
thin layers of amphibolite. They extend west-
ward from the mineralized zone for 1 km. (d)
Amphibolite (pillowed metabasalt (Pyke 1966)).
This rock type forms a ridge 1 km west of the
deposits.

The structure of the rocks in this area, as in
most of the Grenville Province, is complex and
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outlines the area for Fig. 3.

TaBLE I. Table of Precambrian formations (after Pyke
1966)

¢+ Granitic dykes and sills
—Intrusive contact—

Late Tectonic(?)
Granite, quartz monzonite, granodiorite, syenodi-
orite; lesser diorite, gabbro, and related basic rocks;
minor pegmatite, aplite, diabase (?)

—Intrusive contact—

Syntectonic
Quartz monzonite, granodiorite; minor pegmatite
and aplite. Quartz diorite
—Intrusive contact—
Augen and porphyroblastic hornblende and biotite
gneiss

‘Grenville Series’
Biotite gneiss, hornblende gneiss; lesser quartzite,
basic volcanics; minor limestone, calc-silicate

not well understood. Locally the rocks strike
northerly and dip about 40° to the east. The local
structure at the ore zone has been interpreted as
being: (1) the east limb of an overturned syncline
(Smith 1956; Pyke 1966), and (2) the axial trace
of a syncline overturned to the west (O’Neil and
Osborne 1939; Wilson 1939). Pillow structures in
the metabasalt face west indicating the unit is
overturned (Pyke 1966). There is no evidence of
a fold closure or major fault in the rocks between
the pillowed metabasalt and the mine, hence we
assume that all the rocks are overturned and
belong to a continuous stratigraphic sequence.

Petrography and Chemistry

The calc-silicate, quartzo—feldspathic and
other gneisses and various amphibolites were
sampled for petrographic and chemical analyses.
The chemical analyses were used in an attempt
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F1G. 3. Geological map at the Montauban mine area (after Wilson 1939), showing lithologies and

location of one of the sampling traverses.

to distinguish between a sedimentary, volcanic,
or metasomatic derivation of the rocks using
the discrimination techniques outlined by Bastin
(1909), Evans and Leake (1960), Leake (1964),
and Van de Kamp (1968).

Major elements were analyzed by X-ray fluo-
rescence against rock standards BCR-1, AGV-1,
and GA. The data were corrected by computer
for matrix effects and normalized on a volatile-
free basis (Gunn 1967). Precision of analysis for
Na and Mg is + 5%, and that for other elements

is better than 2%. Cr, Co, Ni, and Cu were
analyzed by atomic absorption spectrometry;
the precision of analysis is within + 5% of the
element in the sample.

Amphibolites

Amphibolite rocks are common in the Mon-
tauban area. Osborne (1939) first suggested that
they could be of volcanic origin, and later Pyke
(1966) found pillow structures in the large mass
of amphibolite 1 km west of the mine (Figs. 2, 3).
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TasLE 2. Chemical analyses of Montauban amphibolites: on a volatile-free basis and recalculated to 100%,. A-42, A-44,
A-45, and A-46 are from the ridge west of the mine (Fig. 3). Pyke’s (1966) analysis of pillowed metabasalt from this

ridge is in the last column

Pyke
A-32 A-42 A-44 A-45 A-46 A-48 A-63 A-75 A-105 (1);66)
Si0: 51.38 48.86  49.81 49.13 48.01 50.13 49.57 47.30 51.46  48.98
TiO, 1.03 1.02 1.28 1.18 1.23 0.75 1.37 0.82 0.86 0.99
Al,O; 18.49 17.50 16.71 16.13 16.86 16.90 14.88 15.87 19.71 15.60
Fe,O; 10.62* 2.19 0.88 1.70 1.44 1.32 12.85% 0.87 1.48 1.94
FeO — 7.51 9.86 9.35 9.51 8.07 — 11.12 7.44 9.39
MnO — 0.20 0.19 0.19 0.30 0.17 — 0.21 0.16 0.19
MgO 5.07 4.82 7.63 8.65 6.93 7.67 8.55 8.77 4.90 7.51
CaO 10.16 14 .33 11.80 11.14 12.52 10.60 9.33 12.27 9.39 12.52
Na,0O 2.25 3.02 1.23 2.08 2.42 3.54 2.87 2.23 3.27 2.51
K,O 0.82 0.29 0.39 0.23 0.51 0.62 0.25 0.31 1.15 0.20
P,Os 0.18 0.26 0.22 0.2} 0.26 0.24 0.32 0.22 0.18 0.16
ppm
Cr — 245 144 166 198 310 269 32
Co — 54 52 53 49 53 54 39
Cu — 120 68 49 16 102 92 16
Ni — 151 81 96 79 137 148 44
*Total iron as Fe,0;.
1000 ' . Minor amphibolite units without these primary
features, too thin to be noted on Pyke’s map, are
QL intercalated with quartzo-feldspathic gneisses
. between the mine and the metabasaltic ridge.
- . o * In thin section the amphibolites are composed
e T e * of medium-grained green-brown hornblende,
1004 palites \\ 4 plagioclase (Ansl_qs), biotite, quartz and, in
7 some samples, clinopyroxene, garnet, and
- opaque oxides.
ppm ° Chemical analyses of the amphibolites are
listed in Table 2 along with Pyke’s (1966) analysis
of the pillowed metabasalt. It is readily evident
10 that they are very similar and that the rocks are
1000 . probably closely related. The possibility of a
o common parentage for the amphibolites can be
tested by other means.
| . Leake (1964) emphasized the difference be-
TV ® o tween sedimentary and igneous rocks by using
1004 . N c o ° 4 the variation in the relative amounts of elements
pelites ) rather than their absolute concentration. For
v this purpose Ni and Cr are useful since they
- show positive correlation with Niggli mg in
. — rocks of igneous parentage, “whereas mixtures
J of pelite and dolomite or limestone become
104 v v richer in Cr and Ni with decrease in mg”’ (Leake
0.4 05 0.6 1964). Cr and Ni show a positive correlation
mg with mg for all the Montauban amphibolites

FiG. 4. Ni and Cr vs. Niggli mg for Montauban am-
phibolites. The field for pelites in this and other diagrams
is after Leake (1964). The increase in Ni and Cr with mg
indicates igneous rocks. ’

(Fig. 4) and, thus, may be considered to be de-
rived from igneous rocks.

The average contents of Cu, Cr, Co, and Ni in
the amphibolites (Table 2) also fall within the
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F1G. 5. Plot of Niggli values for the thin intercalated
amphibolites (circles) and thick pillowed metabasalt
(square) from Pyke (1966). The plots cluster in a small
area on the differentiation trend line of Karroo dolerites
(Leake 1964).

range for average basalts as compiled by Prinz
(1967). Turekian (1963) noted the marked covari-
ance of Cr and Ni and the narrow ranges of
Cr/Ni values within a basaltic area and within
the same region, 1.3~1.6 (Turekian 1963), 0.6-3.9
(Prinz 1967). The average Cr/Ni value of 1.7
and the range of 0.7-2.5 for the amphibolites at
Montauban indicate that they may all be of the
same parentage.

The analyses of the Montauban amphibolites
also exhibit a close grouping in the Niggli 100
mg—c—(al-alk) and c-mg plots, used by Leake
(1964), where they coincide with the middle stage
differentiates on the igneous trend of the Karroo
dolerites (Figs. 5, 6). The case for an igneous
parentage is further substantiated in the (a/-alk)-c
diagram (Fig. 7), where the Montauban amphi-
bolites plot closely with the Karroo dolerites
within the igneous field.

On an AFM diagram (Fig. 8) the Montauban
amphibolites plot closely together and mostly
within the tholeiitic field.

From these tests we conclude that the small
amphibolite units are metamorphosed tholeiitic
basalt, probably belonging to the same magma
series as the pillowed metabasalt.

Quartzo-Feldspathic Gneisses
Quartzo-feldspathic gneisses are the most
abundant rocks of the Grenville Series at Mon-

- tauban. A number of the gneisses sampled here

lie between the metavolcanic ridge and the mine
(Fig. 3). They are dark to light grey, fine to me-
dium grained, finely banded, and have a general
northerly strike with a strong foliation com-
monly parallel to the.compositional layering.

Three main varieties of gneiss have been
recognized based on mineralogical criteria: (1)
quartz-biotite-feldspar, (2) quartz-biotite~horn-
blende-feldspar, and (3) quartz-biotite-musco-
vite-sillimanite-(garnet). Their prograde min-
eral assemblages are all compatible with the
almandine-amphibolite facies of metamorphism,
sillimanite subfacies.

‘Grenville paragneiss’ was the name used by
previous investigators for these quartz-rich,
biotite bearing gneisses in the Montauban area,
which were considered to be exclusively of sedi-
mentary origin (Bancroft 1915; Smith 1956). In
the present text the general term quartzo-feld-
spathic gneiss is used instead, as it may include
rocks of volcanic as well as sedimentary origin.
The term ‘leptite’ is used for some of these
gneisses as it denotes rocks of possible acidic
volcanic origin (Sederholm 1935).

Twenty-four samples of quartzo—feldspathic
gneiss at Montauban have been screened for
excess alumina (more than 5% corundum in the
norm), which would indicate a sedimentary rock
(Bastin 1909), or an extremely altered rock. Six-
teen of the samples had less than 59 normative
corundum and were thus selected as possible
nonsediments and have been assigned the term
‘leptites’. Chemical analyses of these rocks are
given in Table 3 and are plotted on variation
diagrams (Leake 1964; Van de Kamp 1968)
together with acidic volcanic rocks from Kuroko
deposits of Japan, the Millenbach Mine,
Noranda, Quebec, and the Hermon Group lep-
tites (Jennings 1969). On mg-c (Fig. 9), (al-
alk)-c (Fig. 10), and (al-alk)-c-100 mg (Fig. 11)
diagrams the Montauban leptites generally plot
with known acidic volcanic rocks, and on Figs.
10 and 1! they systematically follow igneous
differentiation trends. In this way it can be in-
ferred that these quartzo—feldspathic gneisses at
Montauban may comprise highly metamor-
phosed equivalents of intercalated acidic vol-
canic tuffs, silicified tuffs, and associated sedi-
ments.

Calc-silicate '
The main host rock for the massive Pb-Zn
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ores is a calc-silicate unit which has an outcrop
length of approximately 1000 m and varies in
width from | to 60 m (Fig. 3). The rock consists
mainly of medium-grained tremolite, and lesser
pale green diopside which either has a granular
texture or occurs as large euhedral crystals up to
10ecm x 30cm in size. Quartz, calcite, and
dolomite are associated with the silicate min-
erals. Analyses of this unit are given in Table 5.

Other minerals identified are: gahnite, wil-
sonite, white to brown phlogopite, epidote,
garnet, apatite, sphene, brucite, graphite, anor-
thite, and hisingerite. Leuchtenbergite, pen-
ninite, antigorite, tourmaline, and breunnerite

ntauban amphibolites and Karroo dolerites.

have been reported by Wilson (1939). Barite was
detected during the milling of the ore. Ore min-
erals are mainly sphalerite and galena with lesser
pyrite, pyrrhotite, chalcopyrite, cubanite, and
tetrahedrite.

Other calc-silicate and carbonate zones with
associated sulfide or iron oxide mineralization
are present in the Montauban district (Stama-
telopoulou-Seymour 1975; Pyke 1966).

Cordierite Gneiss

Cordierite gneiss is of restricted occurrence in
the Montauban area (Fig. 3), where it is min-
eralized with vienlets and disseminations of

~
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olites (circles) and pillowed metabasalt (square).

chalcopyrite, pyrrhotite, sphalerite, gold, and
minor galena and pyrite, sometimes sufficiently
concentrated to be mined. Overall, this unit is
ch#racterized by its close association with the
calc-silicate unit, its peculiar mineralogy, and its
role as host to sulfide and gold mineralization.
It is grey in colour, generally quartz-rich, and
lies to the north, and partly envelops the north-
ern part of the calc-silicate unit. It is rich in small
red garnets and phlogopite and is conformable
with the quartzo—feldspathic gneisses. The min-
eral assemblage is quartz—cordierite-biotite
(phologopite) - muscovite - garnet-anthophyllite
-plagioclase-(sillimanite). Sillimanite is subor-
dinte and not present with plagioclase. Bands
of anthophyllite in a groundmass of cordierite
are intercalated in the gneiss (Wilson 1939).
Chemical analyses of the gneiss are listed in
Table 4.

Composite Gneiss

This grey, fine to coarsely grained and banded,
hornblende-biotite gneiss, probably over 1 km
thick, lies directly beneath the calc-silicate and
the cordierite gneiss. Pegmatite dykes, up to 30 m
thick, are much more numerous in this gneiss
than in other rocks in the vicinity of the mine.
Only one sample of the gneiss has been analyzed
(Table 4), giving little more than an indication
of its composition. This one analysis falls within
the range of basalts and is unlike most sedimen-
tary rocks.

TaBLE 3. Chemical analyses of leptites: on a volatile-free basis and recalculated to 1007,

A-35  A-123

A-39 A-69 A-70 A-77 A-80 A-84 A-88 A-89 A-90 A-121  A-33 A-34

A-38

A-31

-V N0 — O
OV ETNOMmA
go\O\OGO—-—ﬂOO

=N —
SNAENE TN
202—-‘00#'—0

*Total iron as Fe0;.
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be due to widespread hydrothermal alteration.
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Fi1G. 10. Niggli 100 mg-c—(al-alk) diagram for the
Montauban leptites and other rocks.

Discussion

A knowledge of the types of rock that existed
at Montauban prior to metamorphism is needed
to understand and interpret the possible environ-
ment of deposition of the ores. With severe
structural deformation and amphibolite-grade
metamorphism, decipherable primary sedimen-
tary or volcanic textural features, except those
in a massive metabasalt unit, appear to have been
obliterated. The chemical nature of rocks, how-
ever, provides some basis for distinguishing be-

tween a sedimentary and igneous (volcanic)
origin for the amphibolites and for some of the
gneisses.

The problem of the amphibolites at Mon-
tauban was simplified by the presence of well-
preserved pillow structures in one thick unit
that chemical analyses show to be a basalt (Table
2). Other thin and fairly sparse amphibolite units
between the thick metabasalt and the mine have
no such physical volcanic features, but the close
similarity of their chemical analyses to the pil-
lowed metabasalt (Table 2), and their close
grouping on discrimination diagrams (Figs.
4-8), indicate that they are all basalts and prob-
ably have a common volcanic heritage. The thin
units were probably flows, tuffs, or sills.

The parent rocks for the quartzo-feldspathic
gneisses are more difficult to identify. On the
basis of a simple comparison of the major ele-
ment contents they cannot be distinguished from
some graywackes and arkoses. In our study we
have mainly followed the chemical discrimina-
tion procedures used by Van de Kamp (1968)
to distinguish between sedimentary and volcanic
progenitors in the Haliburton-Madoc area of
Ontario. The scatter of data points on discrimi-
nation diagrams (Figs. 9~11) is greater than for
the amphibolites. Nevertheless, on the (al-
alk)-c (Fig. 11), and other diagrams, they define
an igneous trend and do not appear to be formed
from mixtures of pelite-limestone rocks. They
plot closely with known intermediate and acidic
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TasLe 4. Chemical analyses of cordierite and com-
posite gneisses: on a volatile-free basis and recalcu-
lated to 100%,

Cordierite gneiss  Composite gneiss

A-101 A-133 A-10
SiO, 82.76 70.43 50.23
TiO, 0.17 0.54 0.69
ALLO; 7.18 12.54 17.08
Fe,0, 5.51% 0.70 10.52*
FeO — 4.89 —

MnO — 0.21 —

MgO 3.16 5.68 7.70
CaO 0.29 1.25 9.43
Na,O 0.02 0.32 3.56
K.O 0.87 3.59 0.57
P,0s 0.03 0.25 0.22

*Total iron as Fe;0;.

volcanic rocks from the Kuroko district‘ofjapan
(Tatsumi and Clark 1972), and with volcanic
rocks at the Millenback mine, Noranda, Quebec
(Simmons et al. 1973). For these reasons we
have called them leptites, after the definition
of Sederholm (1935).

Some of the Montauban leptites are very
quartz-rich and may represent silicified volcanic
rocks. On the other hand, there are quartzite
units at Montauban (Pyke 1966) which may
grade into or interfinger with these leptites.

Volcanic rocks near volcanogenic sulfide de-
posits are frequently altered and lose some of
their ‘igneous’ chemical characteristics. Spitz
and Darling (1975) noted a general peraluminous
trend in the acidic volcanic rocks in the Upper
Malartic Group at Val d’Or, Quebec, and re-

TasLE 5. Chemical analyses of calc-silicates:
on a volatile-free basis and recalculated to

100%;

A-27 A-28 A-30

SiO,; 29.94 51.44 55.14
TiO, 0.03 0.09 0.03
Al;O, 3.15 5.01 9.41
. Fe,0,* 0.98 3.57 1.56
MgO 20.99 21.63 13.87
CaO 19.14 12.44 16.20
Na,O 0.17 1.08 0.24
KO 0.06 0.08 0.58
P,0s 0.41 0.14 0.27
CO. 25.13 4.52 2.7

*Total iron as Fc,0,.

lated it to large-scale alkali and CaO depletion
caused by hydrothermal alteration. Descarreaux
(1973) had shown similar chemical features in
this and other parts of the Abitibi greenstone
belt in Quebec. In Japan, Tatsumi and Clark
(1972) noted widespread alteration, including
silification, in the rocks surrounding Kuroko
deposits. These and other studies point out con-
vincingly that intermediate and acidic volcanic
rocks around volcanogenic sulfide deposits are
frequently hydrothermally altered on a district
scale, and that plots of their chemical analyses
may diverge considerably from primary igneous
trends. Such could be the case at Montauban
where the leptites show igneous chemical trends
with considerable scatter of analyses.

Chemical changes may -also have been im-
posed by amphibolite facies metamorphism. It
has not been possible to assess this for the Mon-
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tauban leptites, but it is probably minor as meta-
morphism has apparently had no major effect on
the bulk chemistry of the intercalated basalts
(amphibolites).

The cordierite gneiss, containing vienlet and
disseminated copper and gold mineralization,
lies at the western end of the calc-silicate zone.
Cordierite rocks are known in many metamorphic
terrains and examples can be cited from the Pre-
cambrian of Canada and Scandinavia where
their origin has often been attributed to meta-
somatism, either by igneous or ultrametamorphic
processes (Eskola 1932; MacRae 1973). Cor-
dierite rocks are also frequently associated with
metamorphosed base metal deposits, in partic-
ular massive sulfide deposits (Geijer 1921;
Sangster 1972). The interpretation used here is
that the cordierite bearing rocks at Montauban
represent metamorphosed chloritic alteration
rocks associated with the massive sulfide deposit.
These rocks are quartz-rich, and their similarity
to the leptites suggests they may have been de-
rived from them by chloritization, during which
Mg was added and alkalis and CaO were
leached. During regional metamorphism chlo-
rite may have reacted with quartz or muscovite
to form cordierite-anthophyllite or cordierite-
biotite assemblages, respectively (Tuominen
and Mikkola 1950; Winkler 1974).

At this point it is worthwhile to unfold the

rocks to their original position. According to
Pyke (1966) and Smith (1956} the local structure
is a syncline overturned to the west and plunging
gently to the north, with overturned pillowed
metabasalt occupying the axial part of the syn-
cline. Thus, stratigraphic tops at the mine are to
the west. The unfolded units are shown schemat-
ically in cross section in Fig. 12.

The lowest unit of the sequence (Fig. 12) is
the ‘composite’ gneiss of Smith (1956) which our
one chemical analysis indicates to have a basaltic
composition. This gneiss is overlain by the ore
zone unit consisting of calc-silicate and car-
bonate that host the massive Pb-Zn sulfide ore,
and cordierite gneiss that contains the dissemi-
nated and stringer copper and gold ore. The next
unit is comprised of leptites and associated
metasediments which grade into, or interfinger
with, quartzite, thin amphibolites, basaltic
flows, or sills are interlayered with these felsic
rocks. Pillowed metabasalt, indicating a sub-
aqueous environment of deposition, forms the
highest unit in this structure.

Sequences of volcanic rocks of this type, that
is, interlayered felsic and basic volcanic rocks
deposited in a marine environment, are typical
hosts for volcanogenic sulfide deposits in the
Precambrian of Canada (Sangster 1972), the
Kuroko district of Japan (Matsukuma and
Horikoshi 1970), and elsewhere. The Montauban
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The Guichon Creek batholith, located in south-central British Columbia, is host to numerous
—_ porphyry copper deposits that are considered as being closely related to the pluton. Variations in
major and trace element distribution are consistent with a mode! of crystallization-fractionation
of a K-poor calc-alkaline magma of intermediate composition. Relatively low Rb and Rb/Sr
values, and high K /Rb ratios are consistent with Sr isotopic ratios that suggest a subcrustal source
region for the generation of the magma, probably by partial melting of subducted oceanic crust at
relatively shallow depths. :

Cu, like other femic elements, (Zn, Mn, V, Ni, Co, Ti) generally decreases with increasing .
fractionation, which reflects normal differentiation trends. The apparent lack of positive correla-
. tion between Cu contents of rocks and ore potential of intrusive units may be explicable if
| mineralization is regarded as an independent by-product of magma generation, rather than the
result of differentiation processes. Close relationships between trace metal values and degree of
fractionation emphasize the need for assigning different background values to each intrusive unit,
during geochemical exploration.

Le batholite de Guichon Creek, situé dans le centre sud de la Colombie Britannique, est I'hdte

ipus- de plusieurs gisements de cuivre de type ‘porphyry copper’ qui seraient apparentés au pluton.
\log’y, Les variations dans la distribution des éléments majeurs et des oligoéléments sont en accord avec
hn’s, un modele de cristallisation-fractionnement d'un magma intermédiaire de la série calco-alcaline,
pJ pauvre en K. Des valeurs relativement peu élevées de Rb et Rb/Sr sont en accords avec des
aux rapports isotopiques de Sr qui suggérent que le magma fit généré dans une région-source
1inis- sub-corticale, probablement par fusion partielle a des profondeurs relativement faibles d’une
e re- crolite océanique subsidente.
Le Cu, commes les autres éléments fémiques, (Zn, Mn, V, Ni, Co, Ti), diminue généralement
avec I'augmentation du fractionnement qui montre des courbes normales de différentiation.
s au L'absence apparente de corrélation positive entre la teneur en Cu des roches et le potentiel
.effet minéral des unités intrusives peut étre explicable si on considére la minéralisation comme un
ating o sous-produit de la génération du magma plutdt que le produit de processes de différentiation. Les
ferin , Telations étroites entre les valeurs de métal traceur et le degré de fractionnement montrent
ra de I'importance de I'attribution de différentes valeurs de mouvement propre (background) a chaque
- unité intrusive, lors de I'exploration géochimique.
‘ [Traduit par le journal]
la fin
. 'gz Introduction exceeds 1.8 billion tons of ore, grading approxi-
| The Guichon Creek batholith, located in the mately 0.4 Cu. Because of spatial and temporal

Intermontane Structural Belt of Southern Can- relationships between the batholith and copper
adian Cordillera (Fig. 1), is host to several large mineralization (Northcote 1969), considerable
producing and undeveloped porphyry copper interest has been shown in the evolution and
deposits. Aggregate tonnage of these deposits petrogenesis of the pluton. In response to this
Can. J, Earth Sci., 13, 199-209 (1976)
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interest, several geologic and geophysical inves-
tigations have been undertaken by numerous
workers, notably Carr (1966), Northcote {1969),
McMillan (1972, 1973), Hylands (1972), and
Ager et al. (1973). With the exception of studies
on the distribution of Cu and Zn in rocks of the
Guichon Creek batholith (Brabec and White,
1971), and -Sr isotope at Craigmont mine
(Chrismas et al. 1969), relatively little published
geochemical work of petrogenetic significance
has been undertaken in the batholith.

To further the understanding of relationships
between mineralization and major and trace
element geochemistry, and to provide adequate
background geochemical data for mineral ex-
ploration purposes, 61 fresh rock samples (Fig.
2) were analyzed for major elements, 52 of these
for selected trace elements, and 34 for Rb, Sr,

Location and generalized geologic map of Guichon Creek Batholith (Modified after

and S. In addition, results of 10 unpublished
major element analyses compiled by Brabec
(1970) are included in the plots of chemical
variation diagrams.

This paper discusses the geochemical evolution
and petrogenesis of the Guichon Creek batholith
in the light of major and trace element geo-
chemistry.

Geology of Guichon Creek Batholith

Regional Setting

The Triassic Guichon Creek batholith is a
concentrically zoned granitoid pluton, elon-
gated slightly west of north, and underlying an
area of approximately 1300 sq. km. It intrudes
sedimentary and volcanic rocks of the Permian
Cache Creek and Upper Triassic Nicola Groups,

within a tectonic setting that is considered either
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Fic. 2. Map of Guichon Creek batholith, showing
location of analyzed samples.
eugeosynclinal or as an oceanic-island arc couple
(Dercourt 1972; Monger et al. 1972). The batho-
lith is overlain unconformably by Middle Juras-
sic to Tertiary volcanic and sedimentary rocks.

Petrology A

The petrology of Guichon Creek batholith has
been described by numerous workers; notably,
White et al. (1957), Carr (1966), Northcote
(1969), McMillan (1972), and Hylands (1972).
The batholith is composed of nine igneous phases
delineated by variations in texture (Fig. 1). These
phases, which vary in composition from diorite
to quartz monzonite, are grouped into units on
modal similarities and contact relations (North-
cote 1969; Hylands 1972). Modal analyses have
been presented by Northcote (1969).

The Border Unit forms the outer zone of the
batholith, and is composed of hybrid, highly
variable to uniformly fine-grained diorite that is
locally enriched in mafic minerals.

The Highland Valley Unit forms a complete

ring within the Border Unit and comprises the
Guichon and Chataway Phases (Fig. 1). Medium-
grained Guichon quartz diorite is characterized
by anhedral quartz grains and unevenly dis-
tributed mafic minerals, whereas the equigranular
Chataway granodiorite is composed of evenly
distributed, equant grains of hornblende and
biotite, which constitute approximately 12% of
the mode (McMillan 1972).

The Intermediate Unit lies between the High-
land Valley Unit and the core of the batholith
(Fig. 1). It is composed of the Bethlehem and
Skeena granodiorites, and Witches Brook and
Bethlehem Porphyry dikes. The Bethlehem and
Skeena Phases are characterized By randomly
distributed, coarse, poikilitic hornblende, set in a
matrix of medium-grained felsic minerals. How-
ever, the Skeena differs from the Bethlehem
granodiorite in possessing coarse-grained quartz
phenocrysts and interstitial, ragged microperthite.
Rocks of the Witches Brook Phase occur as fine
to medium-grained dikes and stocks of grano-
diorite to granite composition. Dikes of the
Bethlehem Porphyry Phase are closely associated
with the Bethlehem Phase and range in composi-
tion from dacite to quartz latite porphyry.

The Core Unit comprises granodiorites to
quartz monzonites of the Bethsaida Phase and
related porphyry dikes of the Gnawed Mountain
Phase. Rocks of the Bethsaida Phase are coarse
grained, commonly porphyritic, and consist of
subhedral phenocrysts of quartz, and plagioclase,
interstitial microperthite, and coarse biotite
‘books’ (Northcote 1969). Porphyries of the
Gnawed Mountain Phase contain quartz and
less commonly plagioclase phenocrysts set in an
aplitic matrix. Mafic minerals, mainly biotite,
constitute less than 5%, of the mode.

Variations in mineralogical composition with-
in the batholith indicate that hornblende,
accessory minerals, biotite, and anorthite content
of plagioclase all decrease, whereas quartz con-
tent increases from the border to core of the
pluton (Northcote 1969). Pyroxene (mostly
augite) is not found in rocks younger than the
Highland Valley Unit. K-feldspar shows no
systematic variations throughout the batholith,
although dike rocks of the Witches Brook Phase
are noticeably enriched in K-feldspar. Textural
change is manifested by increasing grain size
toward the core. Specific gravity of rocks also
decreases inward (Northcote 1969).
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TABLE 1. Average composition of intrusive units of Guichon Creek batholith
. . Bethichemn Witches .. Gnawed
Hybrid Guichon Chataway Bethichem Porphyry Skeena o Bethsaida Mountdin
. Majr Elements  (wt.%)

ANurder of somples) (8 (7 9) 19) £ (6) m 9) (?)
502 60-02 62-24 64-37 66-04 65-00 621 69-23 69-79 73-14
Alp03 16-91 17-00 %37 15-87 15-85 58] 1554 592 1441

‘F0203 64 5-06 4-64 335 418 296 303 191 117
Lo0 5-78 515 426 405 355 3-84 337 283 2:12
Mg0 316 2-3 1-89 1-31 148 1-02 136 054 024
Noy0 367 406 429 452 473 47 387 483 47
K20 17 1-99 1-92 18 256 173 219 1-96 208
102 0% 0-65 049 037 042 035 039 0-27 0-2
£205 0% 017 o016 o016 014 04 on on 012

Jroce Elernents (p.p.m}

(Number of sarmpies) (6) 4 (6) {7) (s) " 15) (7) 6) (s)
Cv 51 67 45 k) &Q 5 %4 19 [}
Zn 7% 60 45 39 9 33 20 29 20
Mn 692 574 430 415 ne 332 328 370 231
™ k&) 27 20 12 7 8 10 5 5
Co n 12 n 8 5 8 [ 5 4
v a3 49 39 3% 25 26 40 13 15

{Number of sampies)  (3) %) (6) %) 5) 3) 3] (2) (3
s 380 373 39 415 42 334 37 321 375
Ba 500 306 500 560 535 550 600 520 600
Rb 50 50 48 43 61 36 nz 35 35
Sr 460 735 747 693 509 653 491 588 601

Ratios
K[Rb 299 298 404 326 320 376 166 395 450
RiSr 016 0-06 005 0-05 0-06 006 020 005 005
Cofsr 95 59 52 s 36 46 42 32 28

® Jotol Fe os Fe303

Most of the porphyry copper deposits are
Jocalized within rocks of the Bethlehem; Skeena,
Bethsaida, and Gnawed Mountain Phases (Fig.

1.
Geochemistry

Results of partial chemical analyses are pre-
sented as-means for major and trace elements in
Table 1. SiO,, AlL,O,, P,0;, and TiO, were
determined by X-ray fluorescence on fused
sample powders, and Rb, Sr, and S on briquetted
unfused powders. lInstrumental settings “and

techniques are described by Olade (1974). Fe,
Mg, K, Na, Ca, Cu, Zn, Mn, Ag, Pb, Ni, Co, and
Cd were determined by atomic absorption
spectrophotometry, and Mo, Ti, V, Ba, Sn, Bi,
W, and Ga by semi-quantitative emission spec-
troscopy. Analytical procedures have becen pre-
sented elsewhere (Olade 1974). Analytical pre-
cision at the 959, confidence level are as follows:
Rb + 2%, Sr + 1, S + 15%, all major ele-
ments are generally better than 8%, and tracc
elements by atomic absorption are better than
+30%. .
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FiG. 3. Variation diagrams in Guichon Creek rocks
showing major element concentrations (wt, %) versus
Larsen differentiation index.

Major Element Geochemistry

Major element abundances are presented as
functions of the Larsen Differentiation Index
(LDI = 1Si0; + K,0 — (CaO + MgO + Feas
FeO)) in Fig. 3. As shown in Table 1, mean
concentrations of most major elements vary in
accordance with relative ages of the rock units as
deduced from contact relationships (Northcote
1969). Thus, the intrusive units generally become
more felsic from the relatively oldest to the
youngest. Rocks of the Witches Brook Phase
show the greatest variation in element values
which is consistent with their known petrographic
characteristics (Northcote 1969).

Chemical variation diagrams (Fig. 3) show
that SiO, and Na,O concentrations increase with
increasing differentiation, whereas Mg0O, CaO,
total Fe as Fe,0;, TiO,, Al,0,, and P,04 show
a concomitant decrease. K,0O shows no appreci-
able change with LDI, except for dike rocks of
the Witches Brook Phase, which exhibit con-
siderable enrichment. Furthermore, excluding
the aforementioned K-rich rocks, concentrations
of K,0 in the remainder of the batholith range
from 0.21-2.89%, with a mean value of 1.85%.
These values are low compared to the average
value of 3.04%, quoted by Turekian and Wede-
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Fi1G. 5. CaO-Na,0-K,0 variations for rocks of Gui-
chon Creek batholith.

pohl (1961) for high-Ca granites. A conspicuous
lack of K-enrichment in the younger and more
differentiated units is consistent with the rather
uniform K-feldspar content, and decreasing
values of modal biotite with increasing fraction-
ation (Northcote 1969).

On an AFM diagram (Fig. 4), enrichment of
total alkalis relative to MgO and FeO is evident.
This trend is similar to those found in typical
calc-alkaline volcanic-plutonic complexes (Noc-
kolds and Allen 1953). However, on the CaQ
Na,0-K,0 variation diagram (Fig. 5), two
trends are apparent. The first, manifested by dike
rocks of the Witches Brook Phase, shows enrich-
ment in K,O relative to CaO and Na,O (normal
calc-alkaline trend), whereas the other trend is
toward Na,O enrichment. According to Larsen
and Poldervaart (1961) and Taubeneck (1967),
the latter trend is commonly characteristic of
petrochemical differentiation in rocks of trondh-
jemitic affinity. :
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In both the AFM and CaO-Na,0-K,0 dia-
grains, 5 analyses of Nicola volcanic country
rocks plot along the'same ‘liquid line. of descent’
as rocks of the Guichon Creek batholith.

Minor and Trace Element Geachemistry
Abundance data for minor and trace elements
are summarized in Table 1. In describing. the
geochem:cal data, elements are grouped accord-
ing to the classification of Goldschmidt (1954):

chalcophile. elements (Cu and S); siderophile,

elements (Zn, Mn, Ni, Co, and V); and lithophile
elements (Rb, Sr, ‘and. Ba). Concentrations. of
Mo, Ag, Pb, W, Bi, and Sn are generally below
the detection limits- of the analytical methods;
consequently, their results are not discussed
further. -
Chalcophile: Elemeénts ( Cu, S)

With the exception of rocks from the Witches
Brook and Bethlehem Porphyry Phases, mean
Cu contents generally decrease from the relatively

older units at the outer margins, to relatively-

younger 4t the core (Fable ). Brabec and White
(1971) reported a similar distribution for agua-
regia-extractable Cuo in 300 samples from the
batholith. A plot of Cu vatues versus LDI shows
a considerable scatter, although a trend towards,
decreasing Cu .aé LDI increises is evident (Fig.
6).

Geochemical behavior of* Cu in silicate melts
during magmatic fractionation is not well under-
stood (Al-Hashimi and Brownlow 1970). Wager
and Mitchell (1951) in their ¢lassical study of
Skaerpaard intrusion, fourid that, during the
early and main phases of ‘magmatic differenti-
ation, Cu contents of the constitbent minerals
and -whole rock increased, whereas after 90%
solidification (Wager and Brown 1967), most
minerals were suddenly depleted in Cu. Simul-
taneously, whole-rock:S showed a sharp increase,
although whole-rock Cu did not.change appreci-
ably. The redistribution of Cu and incredsé in §
were attributed to a separation ¢f an immiscible
sulphide phase,.which occurred near the end of
the fractionation process. Similar, though léss
extensive studies on the porphyry-copper bearmg
Laramide intrusions of Arizona (Graybeal 1973),
and other differentiated plutonic rocks, broadly
confirm the pattern observed for the Skaerg'tard
(Corawall and Rose, 1957; .McDougall and
Lovering, 1963)

In the Guichon Creek batholith, the tendency
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Fia, 6. Distribution of copper in relatlon to Larsen
dlﬁ"erenttatmn index (legend as for Fig: 5).

for Cu to decrease generally with increasing

fractionation (Fig. 6) parallels the behavior of

Fe and Mg (Fig. 3). Cu shows arelatively weak
‘but significant. correlation with Fe {r = 0.41),
which suggests that-Cu™ ™ (0.72 A) may to some
extent substitute. for Fe** (0.74 A) in silicates
and oxides. However, from theoretica! consider-

ations, Curtis (1964) pointed out that ciystal-field = °

effects could result in the exclusion of Cu from
erystal. structures, in preference. for Fe. Cu is
strongly chalcophile, and generally” combines
with S fo form sulfide grains. These commonly
occur as inclusions in sificates, especially micas.
‘or may even coficentrate as ore deposits: On thiy
basis, Zlobin et al. (1967) concluded that the
positive. correlationis between: Cu and Fe reflect
only similarity in geochemical behavior: rather
than ionic substitution.

S conéentrations range from 247 to 751 ppm
and average 390 ppm forf the whole batholith.
This is similar to the value of 300 ppm cited as
the world average for S in high-Ca granitic
rocks (Tutekian and Wédepoh! 1961). No sigaift-
cant différence is apparent in mean S among the
constituent intrusive units, although rocks of'the
Bethlehem Porphyry Phase contain shightly
hlgher mean S value (Table 1). This -may be
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FiG. 7. Variation diagrams of Guichon Creek rocks,
showing femic trace elements plotted against Larsen
differentiation index.

attributed to the close spatial association of these
porphyries with sulfide mineralization in the
northern part of the batholith. The lack of an
overall significant positive correlation between
S and Cu in the batholith (r = 0.28) suggests
that S might occur in other sulfide forms, such as
pyrite.
Siderophile Elements (Zn, Mn, Ni, Co, V)

Zn levels generally decrease from an average of
74 ppm in the Hybrid Phase to a mean value of
28 ppm in the relatively younger Bethsaida and
Gnawed Mountain Phases. A similar distribution
was reported by Brabec and White (1971) for
aqua-regia-extractable Zn. Although a plot of
Zn versus LDI shows considerable scatter, two
trends with no obvious genetic significance are
evident (Fig. 7). The first trend (A) has a rela-
tively steep slope and includes rocks of the
Hybrid,” Guichon, and Witches Brook Phases.
The second trend (B), which is considered normal,
joins rocks of the other phases. The former trend
is attributed to extensive contamination of the

Hybrid Phase and part of Guichon Phase by
relative Zn-rich volcanic country rocks, and
strong depletion of Zn in the K-rich dike rocks
of the Witches Brook Phase. During magmatic
processes, Zn* * generally substitutes for Fe**
in silicates and oxides because of similarity in
ionic properties. This relationship is demon-
strated by a strong positive correlation between
Zn and Fe (r = 0.89). Comparable results have
been reported for other granitic rocks (Blaxland’
1971). Results of partial extraction techniques
also indicate that Zn, unlike Cu, is principally
associated with the silicate fraction (Brabec
1971; Olade and Fletcher 1974).

Mn distribution shows the same trends as Zn.
Values generally decrease from more than 600
ppm in the more mafic Hybrid and Guichon
Phases, to less than 200 ppm in the Bethsaida
and Gnawed Mountain Phases. Ni, Co, and V
are also characterized by comparably well-
developed trends, and the group as a whole shows
a strong correlation with Fe and Mg (Ni and Fe,
r = 0.78; Ni and Mg, r = 0.73; Co and Fe,
r = 0.84; Co and Mg, r = 0.83).

Lithophile Elements (Ba, Rb, K/Rb, Sr, Ca/Sr,
Rb/Sr)

Ba levels range from 200 to 800 ppm and
average 504 ppm for the batholith. No systematic
variations are apparent among the intrusive .
units, although rocks of the Guichon Phase are
noticeably depleted in Ba (Table 1).

Rb concentrations in 34 samples range from
4 to 132 ppm, and average 50 ppm for the whole
batholith. Compared with the average value of
110 ppm for high-Ca granitic rocks, the Guichon
Creek batholith is impoverished in Rb, although
values are comparable to those reported for
plutons from Mesozoic island arc systems (Kist-
ler et al. 1971). When rock units of the batholith
are compared, there is, surprisingly, no consistent
difference in mean values (Table 1), although the
K-rich rocks of the Witches Brook Phase are
noticeably enriched in Rb. Geochemical be-
havior of Rb is influenced by the abundance of
K (Nockolds and Allen 1953; Goldschmidt
1954), for which Rb substitutes in alkali feldspars
and micas (Heier and Adams 1964). The strong
positive correlation between K and Rb (r = 0.77)
reflects their geochemical coherence. Thus,
absence of appreciable variations in Rb levels
may be closely related to a similar behavior by
K (Fig. 3).
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Fic. 8. Plots of K/Rb and Ca/Sr ratios vs. Larsen differentiation index.

The K/Rb ratio is generally considered as a
reliable index of the degree of fractionation in
most igneous suites (Taubeneck 1965). How-
ever, for the Guichon Creek batholith, K/Rb
ratios show no consistent patterns when plotted
against LDI (Fig. 8). This is attributed to the
relatively low and near-uniform concentrations
of both elements in the intrusive units. Moreover,
K/Rb ratios range from 132 to 1030, and average
368 for the batholith. The majority of these
values lie outside the limit considered normal for
rocks of granitic composition (K/Rb = 150-300)
(Fig. 9), and may suggest a subcrustal origin for
the Guichon Creek batholith.

Sr concentrations range from 249 to 1000 ppm
and average 686 ppm. These values are high,
relative to the average of 440 ppm cited by Ture-
kian and Wedepohl (1961) for high-Ca granitic
rocks. Except for the contaminated Hybrid
Phase, mean Sr values for the constituent units
show a subtle but not significant decrease with
increasing fractionation (Table 1). During mag-
matic processes, Sr tends to substitute for Ca and
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FiG. 9. Plots of K versus Rb and K/Rb ratios in
rocks of Guichon Creek batholith (Normal K/Rb
ratios = 150-300).

K in feldspars. Thus, the apparent decrease of
mean Sr with increasing differentiation might
reflect a corresponding decrease in Ca levels. A
plot of Ca/Sr ratios against LDI indicates 2
decrease with increasing fractionation (Fig. 8)-
This relationship suggests that Sr is enriched
relative to Ca in the more felsic rocks.
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Rb/Sr ratios average 0.05{ for the batholith,.

and most of the values plot in the region of
basalts and andesites (Fig. 10}. Compared with
the ratio of 0.25 for typical continental sial
{Faure and Hurley 1964), the Guichon Creek
batholith has very low Rb/Sr ratios, which
might reflect the nature.of the source materials
of the Guichon Creek magma (Culbert 1972).

Discussion

Petroctiemical trends suggest that zonal and
compdsitional variations éxhibited by rocks of
Guichon -Creek batholith conform with-a model

of fractional erystallization of a magma of~

intermediate composition by progressive frac-
tionation of*hornblende, biotite, and plagioclase.
Hornblende and biotite fractionation tends to
enfich Siand alkali content, and depléte Fe, Mg,
and ‘Ti levels of derivative liquids; wWhereas,
plagioclase fractionation generally depletes Ca

‘content of residual fluids (Smith 1974).

The most striking aspect of the petrochemical
evolution of the batholith is absence of .K,0
enrichmént in the most differentiated and
relalwe}y youngest rocks—the Bethsaida and

- Gnawed Mountain Phases, Low values of K,0

ang Iack of terminal enrichment suggest eithér
that the pluton is not highly differentiated or
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that the parental magma is relatively K-poor.
The latter is probably the case, because field and
petrographic evidence (Northcote 1969) and

‘petrachemical variation diagrams (Figs. 3 and 4)

support magmatic fractionation. This contention
is fiirther buttressed by the tendency for Na,O
to increase with increasing differentiation (Fig.
5). This ‘trondhjemitic ‘trend” is commonly
characteristic- of K-poor magmas (Larsen and
Poldervaart 1961; Taubeneck [963).

The K/Rb ratio is perhaps the most important
and significant element ratic in igneous petro-
genesis, Absolute ‘and refative values are gener-
ally interpreted in relation fo differentiation
history and nature: of source materials (Shaw
1968; Erlank 1968; Hurley 1968; Culbert 1972).
Inrocks of Gutchon Creek batholith, crystalliza-
tion-fractionafion did not result in a decrease of
K/Rb ratios. Thus, K/Rb ratios may not reflect
differentiation processes in K-poer granitoids;

rather, Ca/Sr ratios constitute a niore reliable.

index of differentiation,

The relatively low K, Rb, and Rb/Sr values,
and high K/Rb and Sr levels in rocks of the
Guichon Creek batholith are not:due principally
to miineral fractionation, but, suggest derivation
of the batholith frorm.a seurce region depleted in
alkalis and enriched in St, most probably sub-
ductfed oceanic crust or upper mantle. This
interpretation is consistént with the primitive
initial Sr®7/Sr®® ratio-(0.7037) reported by Chris-
mas et al. (1969), and plate tectonic models
‘proposed for the Canadian Cordillera (Dercourt
1973; Monger et al. 1972; Petod 1974),

Petrochemnical ewdencc suggests that the K-
rich dike rocks of the Witches Brook Phase are.
distinct from the remainder of the batholith.
This may be related o their *high-level’ mode of
emplacement, culminating in the edrichment in
alkalis (Northcote 1969).

Trace element distribution in- igneous rocks is
generally controlled by abundance of major
elements and the ability of trace elements to
enterappropriate latticés. Trace elements c’ap‘abl‘e
of entering the structurés of rock-forming miner-
als can be removed from the magma, and thus
eliminated from any further possibility of con-
centration into ore deposits (Levinson 1974},
‘The behavior of Cu suggests that it ‘does not
readily eniter into crystal lattices of femic silicates
in felsic rocks. Because of its stmng]y chalcophile
nature, Cu fractionates into the resjdual melt to
combine with S (Wager and Brown {967), With
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increasing differentiation and volatile content,
and an adequate supply of S, copper sulfides
might concentrate as ore deposits if the magma
is Cu-rich. However, the enrichment of Cu in
such magmas is generally accompanied by
enhanced levels in whole rocks and constituent
minerals as demonstrated by studies on por-
phyry-Cu-bearing Laramide intrusions in Ariz-
ona (Graybeal 1973), and the Skaergaard (Wager
and Mitchell 1951; Wager and Brown 1967).
Several authors (e.g., Putman and Burnham
1963; Lovering er al. 1970) have also reported
that intrusive units that are associated with cop-
per mineralization are characterized by high Cu
contents in either fresh rocks or mineral fractions,
especially biotites.

The tendency for Cu to decrease with increas-
ing fractionation in the Guichon Creek batholith ’
parallels that of the femic elements (Zn, Ni, Co,
Mn, and V), and represents normal differenti-
ation trends. Thus, the lack of positive correla-
ation between copper mineralization and the Cu
contents of fresh Guichon Creek rocks and
mineral fractions, as earlier noted by Brabec
(1970) and Brabec and White (1971), is probably
explicable if mineralization is regarded as an
independent by-product of magma generation,
rather than the result of differentiation processes
(Noble 1970; Sheraton and Black 1973). This is
consistent with the fact that many of the porphyry
copper deposits in the pluton (e.g., Bethlehem
mines, Krain, Trojan) are not associated with the
most differentiated intrusive units—Bethsaida
and Gnawed Mountain Phases (Hylands 1972).

Zn, Mn, Ni, Co, and V are less chalcophile
than Cu and more readily enter lattices of ferro-
magnesian minerals. Consequently they are
removed from the magma during differentiation.
Low abundances of Mo, Pb, Ag, and Sn in rocks
of the batholith might reflect their initial con-
centrations in the magma.

Conclusions

Geochemical evolution of the Guichon Creek
batholith is consistent with a model of crystalliz-
ation-fractionation of a calc-alkaline dioritic
magma generated by partial melting of sub-
ducted oceanic crust at relatively shallow depths.
The apparent negative correlation between Cu
contents and ore potential of intrusive units in
the Guichon Creek batholith suggests that not all
Cu-bearing plutons need be enriched in Cu.
Close relationships between trace metal values

and degree of fractionation emphasize the need
for assigning different background values to each
intrusive unit during geochemical exploration.

Further research work is, however, required in
establishing the relationship between ore poten-
tial and concentrations of K, Rb, Sr, K/Rb, and
Rb/Sr ratios in Mesozoic calc-alkaline plutonic
rocks in the Intermontane Belt of the Canadian
Cordillera.

Acknowledgments

This paper constitutes part of a Ph.D. thesis
completed at the University of British Columbia
under the supervision of Dr. W. K. Fletcher, to
whom the writer is highly indebted. I thank
D. Marshall, M. Waskett-Myers, A. Dhillon,
and A. Baxter for technical assistance. Financial
support for the project was provided by grants
from the National Research Council of Canada
(PRAI P-7303 and NRC 67-7714), and a Killam
Pre-Doctoral Fellowship, which supported the
writer.

AGeR, C. A., ULrycH, T. J., and McMiLLan, W. 1. 1973,
A gravity model for the Guichon Creck batholith,
south-central British Columbia. Can. J. Earth. Sci. 10,
pp. 920-935.

AL-HasHimt, A, R. K. and BrownrLow, A. H. 1970.
Copper content of biotites from the Boulder batholith.
Montana. Econ. Geol. 65, pp. 985-992.

BLaxLanD, A. B. 1971. Occurrence of Zn in granitic bio-
tites. Mincral. Deposita. 6, pp. 313-320.

Brasec, D. 1970. A geochemical study of the Guichon
Creek batholith, British Columbia. Unpubl. PhD thesis.
Univ. British Columbia, Vancouver, 146 p.

1971. Aqua regia extractable vs. total copper and
zinc content of granitic rocks. Soc. Min. Eng. Trans.
250, pp. 94-97.

BraBEec, D. and WHITE, W. H. 1971. Distribution of cop-
per and zinc in rocks of Guichon Creek batholith. In:
Geochemical Exploration. CIM Spec. Vol. 11, pp.
291-297.

CAaRR, J. M. 1966. Geology of the Bethlehem and Craig-
mont copper deposits. In: Tectonic History and Mineral
Deposits of the Western Cordillera. CIM Spec. Vol. 8,
pp. 321-328.

CHRrismas, L.. BaapsGaarp, H., Forinseee, R. E.,
Fritz. P., KrOUSE, H. R., and Sasaxi, A. 1969. Rb/Sr.
S. and O isotope analyses indicating source and date of
contact metasomatic copper deposits, Craigmont.
British Columbia, Canada. Econ. Geol. 64, pp. 479-488.

Cornwatt, H. R, and Rosg, H. J. 1957. Minor elements
in Keeweenawan lavas, Michigan. Geochim. Cos-
mochim. Acta. 12. pp. 209-224.

CuLBerT. R. R. 1972. Abnormalities in the distribution of
K, Rb and Sr-in the Coast Mountain batholith, British
Columbia. Geochim. Cosmochim. Acta, 36, pp
1091-1100.

CurTis, C. D. 1964. Application of the crystal-field theory
to the inclusion of transition elements in minerals during

——— e

PP

magmaty
Mer N
fhmiv wt,
\eanicy, 4
e 9. pp
ot asa, A\,
etween y
il
fhes, g
Farm, GO,
posibonsg
Appinatg
pe. M-,
Gt psenseg
Aty by
RAVHE O,
cavvhingg
mn Anzong
Hroer, €.}
found m
K119-6120,
Hi e, K.S.
i the alkal
Hewoey, Y
tion ol Rh,,
Acta, 32,04
Hytaxos, J,
Guichon (3
Cong. 4. pp
KISTLER. R,V
Sierrl Nevi
site granitg
REI-N6K,
LArsEN, E. 8,
stdy of §
California. €
LEVINSON, )\
Geochemisty
Lovering, Ty
G. C. 1970,
Southern An
Prof. Pap. 74
McDougaur . |
of Cr. Ni.»
lamprophyie,
Soc. Aust. J.
McMiLLas, W
coppeT distr
pp. 53469,
1973, (¢
Col. Dept. Mi
Moxcer, J. W,
Evolution of
model. Am.J




eed
ach

iin
en-
and
ynic
lian

esis
1bia
, to
ank )
on,
cial
ints
ada
lam
the

973.
lith,
10,

370.
lith,

bio-

hon
:sis,

and
ans.

op- L
In: .

PP.
aig-
1. 8,
E.,
ISr,
e of
ont,

=nls
Jos-

nof >
tish
Pp.

ring

OLADE ... 209

magmatic differentiation. Geochim. Cosmochim. Acta,
28, pp. 389-403.

DERCOURT, J. 1972, The Canadian Cordillera, the Hel-
lenides, and the sea-floor spreading theory. Can. J. Earth
Sci. 9, pp. 709-743.

ERLANK, A.J. 1968. The terrestrial abundance relationship
between potassiuin and rubidium. /n: Origin and Dis-
tribution of the Elements. (X.X. Ahrens, Ed.) Pergamon
Press, Oxford, pp. 871-888.

Faurg, G., and HURLEY, P. M. 1964. The isotopic com-
positions of strontium in oceanic and continental basalts;
Application to the origin of igneous rocks. J. Petrol. 4,
pp. 31-50. '

GoLDsSCHMIDT, V. M. 1954, Geochemistry. Oxford Uni-
versity Press, Cambridge. 750 p.

GrayvBEAL, F. T. 1973. Copper, manganese and zinc in
coexisting mafic minerals from Laramide intrusive rocks
in Arizona. Econ. Geol. 68, pp. 785-798.

Heoce, C. E. 1966. Variations in radiogenic strontium

found in volcanic rocks. J. Geophys. Res. 71, pp.
6119-6126.
Heier, K. S., and Apams, J. A. S. 1964. The geochemistry
of the alkali metals. Phys. Chem. Earth, §, pp. 253-381.
HurLeYy, P. M. 1968. Absolute abundances and distribu-
tion of Rb, K and Srin the earth. Geochim. Cosmochim.
Acta, 32, pp. 273-283.

HyrLaNDs, J. 1972, Porphyry copper deposits of the

Guichon Creek batholith, B.C. Proc. 24th Int. Geol.
Cong. 4, pp. 241-250.

KisTLER, R. W., EVERNDEN, J. F., and SHaw, H. R. 1971.
Sierra Nevada plutonic cycle: Part 1, Origin of compo-
site granitic batholith. Geol. Soc. Am. Bull. 82, pp.
853-868.

LARSEN, E. S. J.. and POLDERVAART. A. 196]. Petrologic
study of Bald Rock batholith, near Baldwell Bar,
California. Geol. Soc. Am. Bull. 72, pp. 69-92.

LEVINSON, A. A. [974. I[ntroduction to Exploration
Geochemistry. Applied Publishing Ltd., Calgary.

LoverING, T. G.. CooPEr. J. R.. DREWES. H., and ConE,
G. C. 1970. Copper in biotites from igneous rocks in
Southern Arizona as an ore indicator. U.S. Geol. Surv.
Prof. Pap. 700B. pp. 1-8.

McDougalt, L. and LOVERING. J. F. 1963. Fractionation
of Cr, Ni, Co and Cu in differentiated dolerite—
lamprophyre sequence at Red Hill, Tasmania. Geol.
Soc. Aust. J. 10, pp. 325-338.

McMiLean, W. J. 1972, The Highland Valley porphyry
copper district. Guidebook 9, 24th Intern. Geol. Cong.,
pp. 53-69.

1973. Geological Map of the Highland Valley. Brit.

* Col. Dept. Mines Rep. (in press).

MONGER, J. W., SOUTHER. J. G.. and GaBRIELSE, H. 1972,
Evolution of the Canadian Cordillera: A plate tectonic
model. Am. J. Sci. 272, pp. 577-602.

NoBLE, J. A. 1970. Metal provinceﬁ of the western United -.

States. Geol. Soc. Amer. Bull. 81, pp. 1607-1624.

NockoLps, S. R. and ALLEN, R. 1953. The geochemistry
©of some igneous rock series. Geochim. Cosmochim.
Acta, 4, pp. 105-142.

NorTHCOTE, K. E. 1969. Geology and geochronology of
the Guichon Creek batholith. B. C. Dep. Mines Bull. 56,
73p.

OLADE, M. A. 1974. Bedrock geochemistry of porphyry
copper deposits, Highland Valley, British Columbia,
Canada. Unpubl. PhD thesis, Univ. British Columbia,
Vancouver, British Columbia. 495 p.

Ocape, M. A. and FLeTcHER, K. 1974. Potassium
chlorate~hydrochloric acid: A sulphide selective leach
for bedrock geochemistry. J. Geochem. Explor. 3, pp.
337-344. .

PeTo, P. 1974. Plutonic evolution of the Canadian Cordil-
lera. Geol. Soc. Am. Bull. 85, pp. 1269-1276.

PutMmanN, G. W., and BurNHAM, S. ). 1963. Trace ele-
ments in igneous rocks, northwestern and central
Arizona. Geochim. Cosmochim. Acta, 27, pp. 53-106.

SHaw, D. M. 1968. A review of K-Rb fractionation trends
by covariance analysis. Geochim. Cosmochim. Acta,
32. pp. 573-601.

SHERATON, J. W., and Brack. L. P. 1973. Geochemistry
of mineralized granitic rocks of Northeast Queensland.
J. Geochem. Explor. 2, pp. 331-348.

Smiti, T. E. 1974. The geochemistry of the granitic rocks
of Halifax County, Nova Scotia. Can. J. Earth Sci. 11,
pp. 650-656.

TauUBENBECK, W, H. 1965. An apparaisal of some potas-
sium-rubidium ratios in igneous rocks. J. Geophys.
Res. 70, pp. 475-478.

1967. Petrology of Cornucopia Tonalite Unit, Cor-
nucopia stock, Wallowa Mountains, northeastern
Oregon. Geol. Soc. Am. Spec. Pap. 91, 56 p.

TuRrREKIAN, W, H. and WEDEPOHL, K. 1961, Distribution
of the elements in some major units of the Earth’s crust.
Geol. Soc. Am. Bull. 72, pp. 641-664.

WAGER, L. R. and BRown, G. M. 1967. Layered igneous
rocks. Oliver and Boyd, Edinburgh and London, 588 p.

WAGER, L. R., and MITCHELL, R. L. 1951, The distribu-
tion of trace elements during strong fractionation of
basic magma-a further study of the Skaergaard intru-
sion, East Greenland. Geochim. Cosmochim. Acta 1,
pp. 129-208.

WHITE. W. H., THoMmPsoN, R. M., and McTAGGART, K.
C. 1957. The geology and mineral deposits of Highland
Valley, B.C. Can. Inst. Min. Metall. Trans. 60, pp.
273-289.

ZrosiN, B. 1. er al. 1967. Copper in intrusions of the
central part of northern Tian-Shan as related to the prob-
lems of metallogeny. Geol. Rudn. Mestorozd. 1, pp.
45-56 (in Russian).




oy ﬁ\d«
s @{*5‘ A R T S L.t;u..e’i-.:.».;w :
J. Ganguly
P >

stals, and applications to solid solutinng
ds 28, 2225-2237 (1967)

wry. Oxford 1970

iclogites and eclogites: their differences

n aluminum-substittted yttrium iroy
Hf. Acrospace Res. Doc. AFCRL-70-0715
s, 1, Ortho- and Ring-silicates. London:

3 with garnet structures. Acta Cryst. 19,

solid solution 1. Mixing of the alumino-
148 {1974)

eralogist 44, 445-446 (1959)

«cess functions {rom the intracrystalline

-osmochim. Acta 38, 1527-1548 (19745

olland 1967
radite (var-colophonite) and uvarovite,

\ 1, Philips Res. Rep. 5, 333-356 (1950)
(I, Philips Res. Rep. 6, 183-210 (1951)
eochim. Cosmochim. Acta 26, 581-598

logist §7. 300-316 (1972)
rale am Beispicl der Chromfirbungen.

kdown of albite at depths in the Earth.

jarnets. Am. Mineralogist 56, 791-825

1es at low pressures. Am. Mineralogist

Longmans 1954
Mutions. Berlin-Heidelberg-New York:

iides and fluerides. Acta Cryst. B 25,

t group. Am. Mincralogist 41, 428-436

wre

R - g
ERESTE NS 8 DR e

UNIVERS
EgsmncMsf ;
EARTH SCIENCE LAB. -

art

-

Contributions to
Mineralogy and

Petrology
© by Springer-Verlag 1976

Contrib. Mineral. Peirol. 55, 91104 (1976)

The Significance of Garnet and Cordierite
from the Sicux Lookout Region
of the English River Gneiss Belt, Northern Ontario

Nigel B.W. Harris

Department of Geology, University of Toronto, 170 College Street, Toronto, Ontario, Canada

Abstract. Garnet and cordierite bearing Archcan gneisses are a common
rock-type in the English River gneiss belt of the Superior Province, northern
Ontario. Bulk compositions of such gneisscs are found to be depleted in
potassiura with respect to the garnet and/or cordierite-free biotite gneisses.
The mineral assemblages of the garnet and cordierite gneisses indicate that
they have equilibrated at higher metamorphic grades than the garnet andjor
cordierite-free biotite gneisses. These observations suggest that anaiexis has
occurred in the garnetiferous regions of the gneiss belt resulting in a granite
melt which had migrated from the source rocks, thereby depleting the garneti-
ferous restite 1 potassium.

1. Intreduction

The English River gneiss belt is a 650 kilomctre long region of granites and
graniiic gneisses within the Superior Province of the Canadian Shiled. Tt
extends from Lake Winnipeg in the west to the James Bay lowlands in the
cast, and its width varies between 80 and 120 kilometres. 1t is distinguished
from the metavolcanic belts lying 1o the north :ind south by its abundance
of biotite granitic gneisses and paucity of amphibolites, by its low acromagnetic
anomalies and by its peculier crustal structure [1].

The samples discussed in this paper are taken from a 160 by 120 kilometre
area of the gneiss beit, which lies to the northeast of Sioux Lookout, mapped
by Skinner in 1969 [2].

2. General Geology
This region of the gneiss belt is underlain by foliated tonalitic-granodioritic

plutonic rock, massive, cross-cutting granodioritic-granitic plutons. and fine-
grained gneissic metasediments. Amphibolites are rare and underlie less than 5%
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Fig. 1. Location map of analysed samples. x biotite gneiss, + biotite-garnet gneiss, ® biotite-garnet-

cordicrite gneiss, o biotite-cordierite-sillimanite gneiss, v garnet pegmatite

of the region. The plutonic rocks are characterised by quartz, plagioclase, biotite
+ microcline + hornblende. This assemblage is insensitive to significant changes
in metamorphic conditions. However the more pelitic nature of the metasedi-
ments leads to the formation of garnet, cordierite and, rarely, sillimanite, which
provide some information on the metamorphic history of the belt.

The mineralogy of the sedimentary gneisses is represented by biotite (B).
quartz (Q), plagioclase (P), microcline (K), garnet (G), cordierite (C), muscovite
(M) and sillimanite (S). Accessory iron oxides occur in both garnct-bearing
and garpet-frce gneisses. In the few sections which show chloritisation of biotite
and saussuritisation of plagioclase. iron oxides are associated with biotite and
appear to be a retrograde breakdown of an iron-rich biotite.

Cordierite andfor garnct gneisses occur throughout the metasediments of

the region (Fig. 1), although many metasediments contain biotite as the only
ferromagnesian phase. There are five mineral assemblages in which these phases
occur:

() B+C+G+K+M
() B+C+G+M
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(i) B+C+S+K
(iv) B+G+K+M
(v) B+G.

Quartz and plagioclase coexist with all five assemblages. Muscovite can
generally be identified as a retrograde phase which is associated with sericitisa-
tion of feldspar, chloritisation of biotite and pinitisation of cordierite, where
present. .

Electron microprobe analyses of the feldspars from the gneisses indicate
that plagioclase varies in composition from Abgg~Ab,; and microcline from
Orgs-Orgo.

Garnet is also found in pegmatites and granites intruding the garnetiferous
gneisses. Garnet-bearing pegmatites or granites have not been found within
garnet-free gneisses.

PP
———— e

3. Previous Metamorphic Studies in the English River Gneiss Belt

Several previous surveys have estimated the metamorphic grade of assemblages
from the English River gneiss belt. Dwibedi [3] surveyed a locality in the Mani-
toba region of the gneiss belt, and concluded that metamorphism reached the
almandine-amphibolite facies. This conclusion was based on microcline triclini-
city and the presence of sillimanite. Jones [4], from a mectamorphic study of
the same region, concluded that metamorphic grade increased graduaily from
lower amphibolite facies, along the northern and southern margins of the belt,
to sporadic localities of granulite facies around the centre of the belt. This
was based on the anorthite content of plagioclase. A recent helicopter survey
of the region west of Armstrong [5] concludes that diagnostic metamorphic
phases were lacking but a metamorphic grade in the middle to upper amphibolite
facies was suspected. The most detailed metamorphic study made to date [6]
discussed the observed assemblages garnet + sillimanite -+ biotite, and garnet
+ cordierite + sillimanite in the A-F-M ternary system and concludes that
the metamorphic grade various from greenschist up to upper amphibolite (4 kilo-
bars, 700° C) and that metamorphism is of the high temperature —low pressure
Abukuma type. However the phase analysis does not consider the effect of
the potassic component on the system, nor the effects of a liquid or vapour
phase on the mineral assemb}ugcs.

4. Compositions of Ferromagnesian Phases

Electron microprobe analyses were made on garnet cordierite and biotite phases
from the gneisses (Fig. 2), and garnet from the pegmatites.

The garnets analysed contain less than 6% spessartine and less than 3%
grossular, and are essentially part of the almandine-pyrope solid solution series
(Table 1). The almandine component varics between 70-80% and zoning does
not exceed 2%. Cordieritc compositions lie between 64 and 70% of the magne-
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Fig.2. A—~F—M plot for biotite, cordierite, garnet phases. A=(Al,0;-K,0)/(Al,0,-
K,04FeO+MgO), M =MgO/(MgO+FcO). Legend as for Fig. |

stum end-member (Table2). Biotite compositions lie between 48 and 60% of
the magnesium end-member, and their high alumina content indicate that they
fall in the siderophyllite field (Table 3).

In the following phase analysis it is assumed that the observed coexisting
phases are in equilibrium. Three observations support this assumption:

(i) Compositions of ferromagnesian phases are not found to be zoned.

(i1) Evidence of textural disequilibrium has not been observed in the gneisses.

(iii) Tie-lines between composition plots of coexisting phases- (Fig. 2) do
not intersect.

The compositions of coexisting cordierite and garnet have a sufficiently
high Mg/Fe ratio to lie in the ‘Regional assemblage’ field defined by Chinner
[7}. This implies that these assemblages equilibrated under conditions of regional
rather than thermal metamorphism. The distribution coefficient of iron and
magnesium between garnet and biotite (Kp) given by K, =Fe/Mg (Garnet) -
Fe/Mg (biotite), varies between 3.8 and 5.6. More quantitative studies on the
use of iron-magnesium distribution between garnet and cordicrite [8] are applic®
able only to garnet-cordierite-sillimanite assemblages, and these three phases
do not coexist in the assemblages discussed in this paper. Moreover such grade
indicators are also dependent on Py, which is an unknown parameter in these
assemblages..
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Table 1. Garnet analyses

Cord. +Gnt. + Gnt. + Biot. gneiss Gnt.

Biot. gneiss pegmatite

126 393 ] 174 176 199 223
Si0, 36.93 N 37.99 39.55 37.67 38.48 37.14
TiO, 0.03 0.00 0.0 0.07 0.00 0.01 0.2
ALO; 20.34 21.28 21.75 22.68 21.64 21.48 21.90
FeO 36.13 33.80 33.63 3093 3320 . 34.49 35.67
MnO 2.85 1.25 1.86 1.17 1.25 1.43 2.32
MgO 337 5.73 5.21 5.73 5.57 5.23 2.73
CaO 0.32 1.12 , 0.96 1.03 1.14 .11 0.46
K,0 0.00 0.00 0.00 0.01 0.00 0.00 0.02
Na,0 0.02 0.08 0.04 0.03 0.08 0.03 0.02
Total 99.99 100.97 101.45 101.20 100.55 102.26 100.47

Number of ions per formula unit (assuming 12 oxygens)

Si 3.00 297 2.98 2.98 297 2.99 2.92
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.0}
Al 1.94 1.97 2.01 2.02 2.0t 1.97 2.04
Fe 2.45 222 2.24 1.95 2.19 2.25 234
.Mn 0.19 0.08 0.12 0.07 0.09 0.09 0.15
Mg 0.40 0.67 0.63 0.64 0.65 0.61 0.39
Ca 0.02 0.09 0.08 0.08 0.09 0.09 0.05
K .00 0.00 0.00 0.00 0.00 0.00 - 0.00

Na 0.00 0.01 0.01 0.01 0.00 0.00 0.00

Garnet molecule in per cent of end-members

Alm. 80 70 73 71 73 74 80
Pyr. 13 23 20 23 21 20 13
Spess. 6 2 4 3 3 3 5
Gross. 1 3 3 3 3 3 2

5. Bulk Chemical Analyses of Garnet and Cordierite Bearing Assemblages

X~—R—F bulk analyses (Table 4) of cordierite and/or garnet gneisses, biotite
gneisses (garnet-free) and garnet pegmatites have been plotted in the A—K —F
and A—~F~M ternary systems (Figs. 3 and 4). The A~K —F plot of these
analyses indicates that the garnet and/or cordicrite gneisses and the garnet-free
biatite gneisses fall into two distinct fields separated by the biotite-muscovite
or the biotite-sillimanite tie-line. Since none of the garnet-free biotite gneisses
contain sillimanite, and many contain muscovite, it is assumed that it is the
biotite-muscovite tic-linc that controlled the prescnce or absence of the garnet/
cordierite phases. This implies that the formation of garnet or cordieritc is
controlled by low potash in the bulk composition. It can also be seen from
the A—K—F plot (Fig. 3) that within the low potash field the presence of
cordierite is controlled by a high Al/(Fe+ Mg) ratio. If the tie-lines from biotite
10 each of the other phases are constructed then the biotite-muscovite-microcline,
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Table 2. Cordierite analyses

N.B.W. Harris

Cord.+Gnt. + Cord. +Sill. +
Biot. gneiss Biol. gneiss
126 393 225
Sio, 48.45 49.80 49.57
TiO, 0.60 0.02 0.02
AlLO, 32.27 34.19 34.22
FeO 8.26 7.21 8.61
MnO 0.18 0.16 0.36
MgO 8.20 9.33 8.64
CaO 0.03 0.02 0.01
K,O - 0.00 0.00 0.02
Na,0 0.14 0.24 0.06
Total 97.53 100.97 101.51
i Number of ions per formula unit
(assuming 18 oxygens)
Si 504 496 4.95
Ti 0.00 0.00 0.00
Al 3.96 4.02 4.03
Fe 0.7 0.60 0.72
Mn 0.01 0.01 0.03
Mg 1.27 1.38 1.29
. Ca 0.00 0.00 0.00
: K 0.00 0.00 0.00
' Na 0.02 0.02 0.01 4
|
Table 3. Biotite analyses
Gnt. + Biot. gneiss Cord. +Gnt. + Cord. +Sill. +
Biot. gneiss Biot. gneiss
1 174 176 199 126 393 225
SiO, 3579 3682 3570 36.14 3503 37.05 35.69
TiO, 3.07 3.59 4.95 3.54 3.50 2.40 2.24
ALO, 1921 19.18 1716  17.26 18.85  19.96 20.83
FeO 17.43 1438 1676  18.06 18.80 . 16.16 19.51
MnO 0.01 0.10 0.02 0.00 0.02 0.14 0.18
MgO 10.85 12.40 11.14 11.35 9:97 12.72 10.21
CaO 0.03 0.03 0.02 0.03 0.03 0.02 0.01 .
K,0 10.15  10.21 9.80 9.63 9.81 9.67 9.67 ’
Na,0 0.02 0.01 0.06 0.12 0.21 0.34 0.08
Total 96.55 96.72  95.61 96.12 96.22  98.46 98.42
Number of ions per formula unit (assuming 22 oxygens)
Si 5.34 5.34 5.38 5.43 5.29 5.36 5.25
Ti 0.34 0.39 0.56 0.40 0.40 0.26 0.25
Al 3.48 3.26 3.06 3.05 3.36 3.40 3.61
Fe 217 1.73 2N 2.26 2.37 1.95 2.40
Mn 0.00 0.01 0.00 0.00 0.00 0.02 0.02
Mg 2.41 2.66 2.50 2.54 2.24 2.74 2.24
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 1.93 1.87 1.88 1.85 1.89 1.78 1.81
Na 0.00 0.00 0.02 0.03 0.06 0.10 0.02
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e
Table 4. Mean bulk compositions
Biot. + Gnt. Biot. 4+ Gui. + Biot.+Cord.+  Biot. gneiss Gnt.
gneiss - Cord. gneiss Sill. gneiss pegmatite
n=6 n=2 n=1 n=9 n=4
Si0, 63.96 58.72 70.50 69.22 72.96
TiO, 0.65 0.81 0.33 0.35 0.02
Al;0, 16.50 17.98 15.70 16.23 14.94
FeO 5.87 7.55 2.46 2.11 1.00
MnO 0.09 0.12 0.03 0.04 0.04
MgO 2.74 3.82 1.70 1.03 0.33
Ca0O 2.76 1.93 2.27 2.72 0.97
K,0 2.32 3.28 1.26 2.53 - 5.76
Na,0 3.53 2.92 3.57 4.14 2.85
H,0 0.73 1.40 041 0.57 0.37
Total 99.15 98.53 98.23 98.94 99.24
1"
rd. +Gnt. + Cord. +Sill. +
ot. gneiss Biot. gneiss
6 393 225
03 37.05 35.69
.50 2.40 2.24
.85 19.96 20.83
.80 . 16.16 19.51
02 0.14 0.18
.97 12.72 10.21
.03 0.02 0.01
*.81 9.67 9.67
] 5 \ N\
21 0.34 0.08 . % R ) ERTRe F
22 98.46 98.42 Fig. 3. A—K - F plot for bulk chemical compositions, 4 =Al,0;~(K,0 +Na,0+ Ca0), K=K,0,
F=FeO+MgO+MnO. Legend as for Fig. |
1.29 5.36 5.25
)40 0.26 0.25 biotite-sillimani - . L
136 340 361 1otite-sillimanite-cordierite, biotite-cordierite-garnet, and biotite-garnet ficlds
137 1.95 2.40 are appropriately defined with respect to the observed assemblages. However
.00 0.02 0.02 the fields defined by these tie-lines do not account for microcline coexisting
224 274 2.24 with many garnet and cordicrite assemblages.
()'gg ?-32 ?-g? } The A —F—M plot of these analyses (Fig. 4) does not indicate distinct fields
Y06 010 0.0 for garnet-free and garnet andjor cordierite bearing assemblages. However the

. blot does demonstratc that cordicrite bearing assemblages have a higher alumina
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‘ (nll
content than those garnet bearing assemblages which are cordierite-free. The
overlap between the composition fields of garnet-bearing and garnet-free gneisses
in the A—F—M plot, and the difficulty in explaining garnet/cordierite and o
microcline assemblages in the A—K —F diagram imply that the assemblages
should be considered in the A—F—M —K tetrahedron.

It can be seen from Fig. 3 that the muscovite-biotite tie-line effectively separ- _
ates the fields of garnet and cordierite bearing assemblages from ficlds in which m
these phase are absent. Phase relations between microcline muscovite, silli- tie
manite, biotite, garnet and cordierite are indicated in Fig. 5(i), under conditions ey
below the muscovite + quartz breakdown, It can be seen that while the musco- n
vite-biotite tie-line exists the assemblages biotite-garnet-microcline and biotite- b
garnet-microcline-muscovite (assemblage iv) are only stable for a himited rock
composition field, since biotite, garnet, muscovite and microcline are nearly
co-planar in A—F —M —K space at low grades. This observation is inconsistent
with the widespread distribution of assemblages (iv). Moreover, under these wil
conditions, the assemblages biotite, cordierite, sillimanite and microcline a3
(assemblage iii) and the assemblage biotite, cordierite, garnet and microcline il
(assemblages 1) are unstable. '

The effect of increasing grade on the equilibriuny assemblages is now consid- b
ered. It should be noted that grade variation will not only rearrange tie-lincs tha
between coexisting phases, but also change the compositions of solid solution ""‘i .
phases: with increase in grade biotite increases its Mg/Fe ratio, garnct increases e
its magnesium content, and cordierite decreases ils iron content. ulh
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Fig. S. Phasc refations between microcline (K}, muscovite (), biotite (B), cordicrite (C), garnet
(G), sillimanite (S) in the A—K~—M—~F tetrahedron: (i) Below muscovite + quartz reaction:
(ii) Above muscovite + quartz reaction, below biotite + sillimanite reaction: (iii) Above biotite
+ sillimanite reaction

With increase in grade, the following discontinuous reaction will
occur:

(a) Muscovite+ Quartz=Sillimanite + Microcline + H,0.

These conditions are defined by Fig. 5(ii). Now biotite, sillimanite, cordierite,
microcline is a stable assemblages (assemblage iit). Garnet, microcline and biotite
may now coexist, but now with sillimanite rather than muscovite which is
not observed with these phases. Biotite, cordierite and garnet are still unstable
in the presence of microcline. Biotite, garnet and microcline are still only stable
for a limited rock composition field.

With further increase in grade, the reaction

(b) Biotite+ Sillimanite + Quartz=Cordierile + Garnet+ Microcline+ H,O

will occur, resulting in the assemblages defined in Fig. 5(iii). Now the critical
assemblage is cordicrite, garnet and microcline, but biotite remains since silli-
manite was consunied in the last reaction.

Rocks with more Al than garnet-biotite-microcline contain first muscovite,
then sillimanite, then cordierite with increasing grade. 1t is thercfore apparent
that the observed biotite-cordierite-garnet assemblages can be used as general
indicators of metamorphic grade. Assemblage (iii) is indicative of conditions above
the muscovite and quartz breakdown and below the reaction between biotite and
sillimanite. Assemblage (i) is stable above the biotite and sillimanite reaction.
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Assemblage (iv) is stable above the biotite-sillimanite reaction and only stable
below this reaction for a limited rock composition field. The use of the garnet-
biotite-microcline assemblage as an indicator of relatively high grades is supported
by the association in the field between assemblage (iv) with assemblages (j)
and (iii). Furthermore, since microcline is not present in the low grade biotite-
muscovite gneisses, its appearance in the garnet gneisses (which have been shown
to be depleted in potassium with respect to the biotite-muscovite gneisses) implics
that it has been derived from a mica breakdown reaction. Microcline-free
assemblages (ii) and (v) may be stable throughout the metamorphic range of
these reactions and do not help to define the metamorphic grade.

The presence of garnet in pegmatites which contain no biotite implies that
either the pegmatite has crystalliscd under conditions which were unstable for
biotite formation, or that garnet is not in equilibrium with the other phascs.
There is no evidence that a high Fe/Mg ratio has caused the crystallisation
of garnet rather than biotite in the pegmatite (Fig. 4). It is improbable that
granitic pegmatites have crystallised at temperatures too high for biotite stability
since the granite composition and high vapour pressure, characteristic of pegmu-
tites, indicate solidus temperatures around 650-700° C. Even under conditions
defined by the crystallisation of dry granitic magma, grossular-poor garnels
are thought to be unstable, and have been atiributed to refractory remnants
surviving the anatexis of pelitic rocks [9]). Furthermore the microtexture of
some garnet pegmatites indicates that garnet is reacting with microcline to
form biotite and muscovite. Finally the rigorous spatial association between
garnet pegmatites and garnet gneisses, and the similarity of garnet compositions
from these two rock types (Table 1), indicate a common source for the garnets.
It is concluded that the pegmatite garnets are derived from the gneisses, possibly
as restite crystals after the partial melting of the gneisses as discussed in the
following section.

6. Physical Conditions during Metamorphism

1t has been established that the coexistence of garnet or cordierite with microcline
is only possible below the muscovite-quartz and biotite-sillimanite breakdown
reactions for a narrow rock composition field (Fig. 5). The widespread occur-
rence of this association for rocks of varying compositions suggest they have
equilibrated at metamorphic grades above the muscovite-quartz and biotite-
sillimanite breakdown reactions. However the biotite gneisses have not been
subjected to such high grades since muscovite and quartz are frequently observed
to coexist in these gneisses, and since their bulk compositions (Fig. 3) would
imply the stability of sillimanite, or cordierite, or garnet under such metamorphic
conditions. Therefore the garnet and/or cordicrite gneisses have been subject
to higher metamorphic grades than the biotite gneisses. Independent evidence
for the relatively high grade of the garnet gneisscs comes from interbedded
mafic gneisses. In the garnctiferous regions, such gneisses contain varying pro-
portions of ortho and clino pyroxenc, indicating the beginning of the granulitc
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Fig.6. Pressure/temperature fields for reactions between quariz (g), plagioclase (p), microcline
(k). garnet (g), cordierite (c), biotite (), muscovite (m), sillimanite (s), andalusite (a), chlorite
(ch), orthopyroxene (o), liquid (#), vapour (v). Sillimanite/andalusite inversion (/3), Fe-chlorite break-
down (6), Mg-cordierite + microcline reaction (/4), Mg-cordicrite breakdown (/5), other reactions
(12). Dashed lines imply that reactants include vapour phase

facies. Outside the garnetiferous regions, hornblende is stable in the absence
of pyroxene, indicating sub-granulite conditions.

Why have potash-poor gneisses (now cordierite or garnet bearing) been
subject to higher grades than potash-rich biotite gneisses? It is suggested that
it is the higher metamorphic grade which has caused potash-loss and the conse-
quent formation of garnet andfor cordierite. This may be understood by consid-
ering the position of the muscovite-quartz breakdown in P/T space. It is found
to cross the wet granite solidus at about 650° C and 3.5 kb (Fig. 6). Above
this point the réaction would be accompanied by melting of quartz, plagiocaase
and potassium feldspar from the muscovite breakdown. Migration of this grani-
tic liquid would leave behind a restite impoverished in both H,O and potassium.
Hence it is suggested that those gneisses containing garnet and/or cordierite
are in fact restites from semi-pelitic scdiment which have lost potassium and
an aqueous phase to a granitic liquid. Moreover garnet and/or cordierite bearing
gneisses have a significantly higher-mafics/felsics ratio which is consistent with
the theory that felsic phases have been lost by anatexis in the garnetiferous
regions. Lenticular lit-par-lit lcucosomes are observed in the garnet gneisses,

o EETCAPII C 8 b s & (o)

ke

e gy - e~

——

>

A eyt g gy PR T S Aoy %




PRy

JPTews

T

st geet TS e e e

102 N.B.W. Harrj,

-and their conformable contacts, mafic selvedges and granitic compositions in.

cate an anatectic origin [10], and are therefore further evidence of some melting
in the garnet gneisses. )

The second reaction invoked for the garnet gneisses involves biotite ang
sillimanite. Tt is more difficult to place this reaction in P/T space for two
reasons.

(i) Biotite stability is affected by Po,. For example the stability of iron-rich
biotite and garnet is reduced by a high Py, [11].
(i) The reaction is highly dependant on Py q.

The reaction is plotted from Grant {12] and indicates the approximate posi-
tions for the reaction in the presence of vapour and also in the dry system.
It is likely that the system was dry during this stage of metamorphism since
the anatexis resulting from muscovite breakdown would tend to remove available
vapour by solution in the melt. The vapour-absent biotite and sillimanite reaction
would occur at about 100° C above the muscovite and quartz breakdown, assum-
ing Grant’s interpretation of the position of this reaction in P/T space is correct.
It should be noted that although garnet + microcline assemblages are attributed
to conditions above the biotite-sillimanite breakdown this does not preclude
the possibility of some garnet being initially formed at lower temperatures,
for example on the chlorite-quartz breakdown curve.

The maximum grade for the observed assemblages is given by thé reaction:

(c) Biotite+ Garnet + Plagioclase = Microcline 4 Cordierite -+ Pyroxene +
Liquid.

The absence of pyroxene in biotite-garnet gneisses indicates that the grade
was insufficient for this reaction to occur, and infers a maximum temperature
of about 750° C, in the dry system, and 700° C in the wet system.

The upper pressure limit for the assemblages is also vapour dependent.
In the wet system, the breakdown of magnesium cordierite and microcline
would give an upper pressure of about 5.5kb for temperatures up to 750°C
[15). In the dry system magnesium cordierite is stable up to about 6.5kb at
these temperatures [14]. The pressures of both these reactions would be reduced
by the iron content of the cordierite, so the maximum pressure at which the
cordierite assemblages equilibrated is about 6 kb.

7. Conclusions

The garnet or cordierite gneisses which also contain microcline represent regions
of relatively high metamorphic grades within the gneiss belt, and have been
subject to temperature between 650° C and 750° C and pressures between 3.3
and 6.0 kb. Under these conditions some anatexis has occurred, producing
granitic liquid and a garnet and/or cordierite bearing restite. The geothermal
gradient implied is 40-60° Cfkm. ‘

These conditions are similar to those defined by McRitchie [6] from assemb-
lages in the Manitoba region of the belt 250 kilometres to the west; the greater
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grade defined by the present study is a result of considering the possibility
of vapour-absent reactions. The similarity of metamorphic grade between the
Manitoba region and the Sioux Lookout region of the belt is at variance with
Dwibedi’s postulate [3] that metamorphic grade in the gneiss belt increases

from West to East.

The distribution of garnet and cordierite over the region as a whole (Fig. 1)
does not appear significant. However a more detailed study by the author
of the garnet distribution in the Lac Seul areas of the Sioux Lookout region
indicates that garnets are not generally found within ten kilometres of the
southern margin of the gneiss belt (Harris et al., in preparation). This is consis-
tent with the theory that metamorphic grade decreases towards the margins
of the gneiss beit [4], and with the author’s observation that metamorphic
grade falls to the greenschist facies as the soutern limit of the gneiss belt is
approached. The garnetiferous regions in the Lac Seul area are identifiable
on aeromagnetic linear highs (Ontario Department of Mines, acromagnetic maps
1148G, 1139G). If the garnets do represent regions of incipient melting within
the gneiss belt, then it may be possible to identify localities of anatexis from
aeromagnetic studies.
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Stable isotope study. of coexisting metamorphic minerals
from the Esplanade Range, British Columbia

H/INSTITUTE

ABSTRACT

Hydrogen, carbon, and oxygen isotope analyses have been made
of coexisting mincrals from regionally metamorphosed rocks of the
Esplanade Range, British Columbia. Regularities in oxygen and
hydrogen isotope compositions imply attainment of isotopic
equilibrium. Temperatures, determined on the basis of oxygen
isotope fractionations between quartz and ilmenite (magnetite),
range from 460°C (biotite-chioritoid zone) to 540°C (staurolite-
biotite zone) and are in good agreement with temperatures esti-
mated from comparison of experimental phase equilibria with the
mineral assemblages. The isotope data are comparable to results
obtained by other workers studying Barrovian-type inetamorphism
in different areas.

The relatively narrow ranges of 80*® values for quartz and 8D
values of biotite and hornblende from a wide range of protoliths
suggest either that there was good oxygen and hydrogen isotope
communication between these racks or that they exchanged with a
large reservoir having fixed isatope ratios. A single orthoamphibo-
lite, however, has oxygen and hydrogen isotope compositions that
show that it was not in communication with the other rocks.

The carbonates in the Esplanade Range are unusually enriched in
CBrelative to similar metamorphic rocks in other localiries. Values
of 8C* become more positive with increasing grade and range from
—~2.5 to +9.8. Key words: metamorphic petrology, stable isotopes.

INTRODUCTION

Oxygen and hydrogen isotope analyses have been made of sepa-
rates of coexisting metamorphic minerals from seven carefully
selected rocks from a single meramorphic area, the Esplanade
Range in southeastern British Columbia (Fig. 1). Oxygen and car-
bon isotope analyses were made of an addirional six rocks that con-
tained carbonate minerals.

The Esplanade-Range is one of several metamorphic highs along
the Omineca crystalline belt of the eastern Canadian Cordillera
(Wheeler, 1966). The metamorphism occurred in late Mesozoic
time as indicated by radiometric ages. The area is underlain by Pro-
terozoic metasedimentary rocks and minor metabasalt units that
range in metamorphic grade from the biotite-chloritoid zonce to the
staurolite-biotite zone (Barrovian-type facies serics of Hicranen,
1967). Petrologic, geochemical, and structural studies on these
rocks provide a framework within which the results of isotope
analyses can be interpreted {Ghent and others, 1970; De Vries and
others, 1971; Jones and Ghent, 1971; Ghent and De Vries, 1972;
Ghent and E. H. McKee, in prep.; Ghent, in prep.).

Detailed field relationships, locations, petrography, and mineral
assemblages for the sampies employed in the present study are
givcn in Ghent and De Vries (1972) and Ghent {unpub. dara). A

rief summary of the mineral assemblages and references to
electron-microprobe analyses are given in Appendix Table 1. Pre-
vious estimates of P, (load pressure), T (temperature), and’ fluid
composition attending metamorphism were made from experimen-
tal and computed phase equilibria (Ghent and others, 1970; Ghent
and De Vries, 1972; Ghent, in prep.}.

JAMES R. O’NEIL U.S. Geological Survey, 345. Middlcfield Road, Menlo Park, California 94025
EDWARD D. GHENT Department of Geology, University of Calgary, Calgary, Alberta TXN IN4 Canada

ANALYTICAL TECHNIQUES N

Mineral separations were made by standard techniques using
magnetic separation and heavy liquids. In several cases, the final
separates were hand-picked under the microscope. Quartz sepa-
rates were treated with HF ro remove minor impurities. Oxygen
was liberated from silicate minerals by reacrion with BrF;ar 550°C
{Clayton and Mayeda, 1963) and then converted to CO, and
analyzed on a mass spectrometer. CO, for isotopic analysis was
liberated from carbonate samples by reaction with 100 percent
H PO, (McCrea, 1950). For hydrogen isotope analyses, the min-
eral separates were heated in a vacuum at 150°C for at least 2 hr o
remove any extraneous water and then decomposed by induction
heating. Liberated water was then passed over uranium metal at
800°C to produce molecular hydrogen for mass spectrometric
analysis (Bigeleisen and others, 1952).
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Figure 1. Index map of the Esplanade Range showing metamorphic zo-
nation and sample locations.
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SUMMARY

This paper discusses the nature and distribution of Saskatchewan's
metavolcanic belts. A historical outline of mineral developments and
exploration activity is presented with a description of present day explor-
ation activity and the mining potential ;f the metavolcanic belts. An en-

couraging recent case history from a well prospected area is also described.

NATURE AND DISTRIBUTION OF THE METAVOLCANIC BELTS

Using principally the Saskatchewan Deparfment of Mineral Resources
geological maps for the Precambrian area, it is possible to divide the meta-
volcanic belts into two groups, on the basis of the percentage of metavolcanic
rocks they contain. Group (A) consists of those parts of the shield contain-
ing more than 50 per cent metavolcanic rocks. Group (B) comprises those areas
with less than 50 per cent. These are approxihate divisions, as are shown in
Figure 1.

Metavolcanic rocks are the metamorphosed derivatives of rhyolites, dacites,
andesites and basalts together with pyroclastic rocks such as tuffs and
agglomerates. Metamorphosed intrusive rocks such as granites, diorites and
gabbros are common to both metasedimentary and metavolcanic belts. Meta-
sedimentary rocks make up the remainder of Group (A) whereas in Group (B),
metasedimentary rocks predominate. |

The three traditional ''greenstone'" belts in the province's Precambrian
area belong to Group (A). These are the Flin Flon-Amisk Lake Belt, the
La Ronge-Reindeer Belt and the Stony Rapids Belt (Figure 1). In the Flin Flon
area the belt has been divided into a predominantly volcanic Amisk Group which

is overlain in part by the predominantly metasedimentary Missi Group.



A much greater area of_the shield may be assigned to Group (B) (Figure 1).
Metavolcanic rocks occur discontinuously from Flin Flon to La Ronge along the
southern edge of the shield. The Stony Rapids metasedimentary-metavolcanic .
belt, which also contains extensive and economically significant norite bodies,
may extend under the Athabasca Sandstone and join the Virgin River Belt. 1In
the latter, however, rocks of definite metavolcanic origin are not common.
Within the Lynn Lake-La Ronge-Flin Flon triangle the total area underlain by
assemblages containing metavolcanic rocks is greater than the total area of

the traditional 'greenstone' belts,

HISTORICAL OUTLINE: PRIOR TO 1964 (Figures 1 and 2).

The earliest discovery in any of the Saskatchewan metavolcanic belts,
which led directly to a producing mine, was that by Tom Creighton and the
.Mosher and Dion brothers in 1914. Opened in 1930, the Hudson Bay Mining and
Smelting Flin Flon Mine (Cu, Zn, Au, Ag) is still the main centre of product-

ion for the area under consideration.

GOLD. Gold was the main exploration target until approximately 1950. This

resulted in a large number of quartz-vein gold showings being found in all

parts of the metavolcanic belts, especially in the traditional greenstone

areas. Quartz-vein gold occurrences may carry free gold, arsenopyrite, pyrite

or ankerite. The small Prince Albert, New Cor and Henning Maloney Mines were

brought into production for short intervals in the pre-~war years in the Amisk

Lake area. At the Studer Mines Sulphide Lake property near La Ronge, reserves v
were estimated, in 1961, at 18,000 tons, grading 0.42 ounces Au per ton,

In the Fond du Lac area, gold was discovered around Thompson Island and Sucker

Bay. On the Ela claims in this region a prospect shaft was sunk in the 1930's
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by Goldfields Uranium. During the '1940's Consolidatéd Mining and Smelting
closely examined five gold properties in the La Ronge-Reindeer Belt but

none of these was brought into production.

URANIUM. Pitchblende occurrences are nét preferentially related to the
metavolcanic gelts, although the favourable "linear belts" distinguished by
Beck (1969) include metasedimentary and metavolcanic rocks.

As far as the metavolcanic belts discussed in this paper are concerned,
showings were first discovered at Black Lake in 1948 and underground develop-
ment took place at the Canadian Nisto Mines property on the Black Lake fault
(Figure 1). About 500 tons of high-grade ore were mined and shipped to
Uranium City.

The only other uranium showings associated with Fhe metasedimentary and’
metavolcanic belts discussed in this paper are radioactive pegmatites.
Numerous uraninite-bearing pegmatites were outlined in the Charlebois Lake
area on the eastern flank of the Stony Rapids Belt and in the Drope Lake-
Nunn Lake area near Lac La Ronge. The Lac La Ronge pegmatites were ex-
tensively explored in the 1950's by airborne surveys, diamond drilling, and
underground development. A small pilot mill was started but gradés proved

too low for economic development of the deposits.

COPPER, ZINC. With regard to base metal development, I have already mentioned

that the Flin Flon Mine was the first producer. Sulphide deposits in the

Flin Flon area have been divided by Byers, Kirkland and Pearson (1965) into
two groups. The.first is a barren group composed of disseminated to massive
pyrite and pyrrhotite with little or no base metal sulphides. The second is

an ore-bearing group composed of bodies of disseminated to massive pyrite and



pyrrhotite containing economic quantities of chalcopyrite and/or sphalerite,
This classification is generally useful in the search for new base metal
bearing orebodies in all parts of Saskatchewan's metavolcanic belts,

In the case of many '"barren" sulphide deposits tested to date, their
barren nature has not been fully appreciated until after a costly drilling
and sampling program has been carried out. Clearly a mineralogical or geo-
chemical method of distinguishing between the two groups would be of great
value and is suggested as a worthwhile and practical research subject.'

J. Brain's FLASH claims first staked in 1949 were developed into two
orebodies. The Birch Lake Mine yielded 300,000 tons of ore averaging 6.2%
Cu, during 1957-1960. The Flexar Mine was put into production in 1970 and
is still in operation. Nearby, the Coronation Mine was discovered by Hudson
Bay Exploration and Development Co. Ltd. in 1952 by a ground electromagnetic
survey, Diamond drilling indicated 545,000 tons of ore to a depth of 600'
grading 0.055 oz/ton Au, 0.23 oz/ton Ag, 5.37% Cu and 0.5% Zn. The mine
was made the subject of comprehensive geological and geochemical studies
(Byers 1968).

In 1914 in the La Ronge area, the Hall brothers discovered what is now
the Anglo-Rouyn Mine. The showings were trenched and drilled in 1929 by
Consolidated Mining and Smelting. In 1956 a shaft was sunk by Anglo-Rouyn
Mines but work was halted. 1In 1957 reserves were estimated at 2,445,000 tons
grading 1.95% Cu. The mine was not finally put into production until 1965.
Records concerning a shaft sunk on the Pitching Lake copper property 50 miles
northeast, by Glenn Uranium, on a large scale northeast plunging syncline have
been dispersed and the on-site drill records were destroyed by a forest fire.

Other interesting copper showings are found on the Tabbernor Fault (Figure 1).
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The 'MacKenzie' Cu-Zn orebody at Brabant Lake was discovered by an Indian
trapper in 1956 and development of this property has indicated 4,330,000 tons,

grading 0.64% Cu and 4.43% Zn.

NICKEL. Considerable exploration has Seen conducted in the La Ronge-Reindeef
and Stony Rapids Belts for nickel and copper-nickel deposits associated with
small basic intrusives. Work on Studer Mines Reef Lake Cu-Ni find is an
example of this. Work on nickel mineralization associated with a large scale
norite intrusive began at Axis Lake in the Stony Rapids Belt in 1929, This
early work gave interesting values of Ni, Cu and Co. Numerous nickel showings,
generally associated with small scale norite bodies, occur in the Reeve-
Tantato-Father Lakes area, north of the main norite body. A pyroxenite plug
with Ni-Cu values at its north contact with granite was found at Nemeiben Lake
near La Ronge and first drilled by ‘Consolidated Mining and Smelting in 1945.

The area was also covered by a magnetometer survey at that time.

THE PROVINCIAL GOVERNMENT. The Saskatchewan Department of Mineral Resources

ran a prospectors school and prospectors assistance plan from 1948 to 1964,
Resident Geologists were first maintained at Uranium City and Prince Albert.
The Prince Albert Office was moved to La Ronge permanently in 1965 with the
completion of the Precambrian Geological Laboratory. Mining records are
maintained at Uranium City and La Ronge. An average of six geological fieid
parties have been sent out each year since 1948 to map 15' quadrangles in
the Precambrian area for publication at the scale of 1 inch to 1 mile.
Aeromagnetic coverage at the scale of 1 inch to 1 mile is now complete for
the whole of the Precambrian area. Selected areas were covered by magnetic
or magnetic and electromagnetic surveys on a scale of 1 inch to % mile in

1957 and 1958,



CURRENT ACTIVITY (1964-1972) (Figures 1-3).

An important aspect of the present situation in mineral exploration 1is
a direct result of a provincial Precambrian Incentive Program. This pro-
vided 50 per cent government participation'on approved programs up to a fixed
amount on a given property. It was run between 1966 and 1969. At first the
program was applied to groups of claims, claim blocks and a few permits.

This resulted in an intensification of exploration work in the-metavolcanic
areas previously outlined. Selco flew a large area in the Flin Flon-La Ronge
area partially covered by Palaeozoic limestones. Favourable anomalies were
detailed on the ground and were drilled. The Scurry-Rainbow Gochager Lake
nickel discovery in 1967-1968 was made under the Precambrian Incentive Program
and although it has so far proved uneconomic it did attract considerable claim
block staking within the La Ronge-Reindeer Belt. This triggered a rapid in-

" crease in the number of airborne and ground follow-up programs. Airborne
programs were also run by Canico and Sherritt Gordon at this time. Canico
have renewed their efforts on the belt again in the past few yéars.

The staking activity resulting from the Scurry-Rainbow find in the La Ronge
area acted as a prelude for the property rush generated by the Gulf Minerals
Rabbit Lake discovery. After the Gulf Minerals discovery, land was taken
out in Mineral Prospecting Permits. In general these were not issued in
areas of heavy mineral claim and claim block staking. Figure 2 shows the
permits issued in the Lynn Lake-La Ronge-Flin Flon triangle during the period
1969-1972. Most of these permits lie in areas where metavolcanic rocks do not
form a high percentage of the shield and they appear to be principally related
to the Tabbernor Lake Fault. One permit has been taken out in an area of

Palaeozoic cover just south of Hanson Lake. Parts of the Precambrian area



covered by these permits were previously flown with magnetic and electro-
magnetic equipment in 1957 by Mansa Exploration. All of the Stony Rapids meta-
volcanic and metasedimentary belt was covered with permits until very recently.

In many instances, permits during the period 1969-1972 were flown with
electromagnetic, magnetic, and four channel radiometric spectrometer equip-
ment. Anomalies were ground-checked on cut grids by magnetic, electromagnetic
and scintillometer surveys. Favourable anomalies were drilled. Geochemical
surveys of overburden, soil, and stream sediments were made on a few permits.
All stages of exploration mentioned were not carried out on every permit,
however. The area around the old Nunn Lake-Lac La Ronge uraninite showing
was re-examined using a 4 channel spectrometer. Emphasis on prospecting for
uranium minerals was marked in the Stony Rapids Belt.

To date these various programs have not resulted in any new mines in the
area under consideration, but much of the work has been on a rather broad scale.

During the period 1965-1972, two base metal mines were closed and one has
depleted ore reserves. These are, Western Nuclear Mines at Hanson Lake, a
Cu-Zn producer which was active from July, 1967 to July, 1969 and Hudson Bay's
Coronation copper mine which operated from 1960 to 1965. Reserves at Anglo-
Rouyn will be exhausted by October, 1972. Promising copper properties of
Uranium Valley Mines Ltd., at Nemeiben Lake and Strauss Exploration at Mokoman
Lake have not yet been developed. Uranium Valley Mines has indicated reserves
of 1.5 million tons grading 1.56% Cu.

Government effort in the north is directed to geological mapping, record-
ing services and the geological laboratory at La Ronge, built in 1965. The
basic purpose of the laboratory is the collection and dissemination of
geological information. Facilities include assessment files for the La Ronge

and Reindeer Districts, a technical library, a core examination laboratory
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and core storage facilities with core selected from intéresting mineralized
zones and stratigraphic sections. The laboratory is also the base for
equipment and supply of the D.M.R. field parties. A prospectors' school and

a new prospectors' assistance plan is to be run starting in 1972,

POTENTIAL OF THE METAVOLCANIC BELTS

In assessing the potential of the metavolcanic rocks, it is relevant
to point out that on a regional basis the La Ronge-Reindeer belt is con-
tinuous with that metavolcanic belt which in Manitoba contains Sherritt
Gordon's Lynn Lake (Ni-Cu-Co) mine, its Fox Lake (Cu-Zn) mine and the new
Ruttan Lake (Cu-Zn) deposit., The Lynn Lake area also contains the Royal
Agassiz Mines Ltd. gold property. The Amisk group of rocks is continuous
with similar rocks in Manitoba which extend to the Snow Lake-Wekusko Lake group
of mines. Apart from volcanic rocks, extensive norite exists in the Stony
Rapids Belt.

Transportation is an important factor when assessing the potential of
regions such as this and it is significant that road access to the southern
greenstone belts in Saskatchewan is much improved. Road connections now exist
between La Ronge, Reindeer Lake and Flin Flon and access is available to
Pelican Narrows,

The potential of the metavolcanic belts is being assessed in a number
of ways.

Firstly "grass-roots'" prospecting is being encouraged. The Provincial
Government intends to reactivate a prospectors' school and a prospectors'
assistance plan. Many of the people attending the school will be of Indian

and Metis ancestry, from remote communities in Northern Saskatchewan.

«



Large scale geochemical prospecting combined with airborne geophysical
surveys on a permit area (36 to 300 square miles) represents a second general
method. This is large budget prospecting and is preferably undertaken in an
area which is not heavily staked in smaller dispositions. Such surveys have
been carried out around the south end of Reindeer Lake and in the southwest
section of the La Ronge-Reindeer Belt.

A third method is to attempt to add to existing tonnages of ore on known
properties by property re-examination and further drilling. Properties
favourable to such an examination would perhaps be the Axis Lake, Nemeiben
Lake, Clam Lake and Brownell Lake Cu-Ni deposits. The Brabant Lake Cu-Zn
and the Dead Lake Pb-Zn prospect might be other targets. National Nickel
have already attempted a program of this kind on the Nemeiben Lake Ni-Cu
orebody. |

In the fourth method, in essence an extension of method (1), the prospect-
or who has located a discovery by his own efforts options it to a larger and
better financed company. A recent discovery by Mr. J. Brain in the Amisk Lake
area, the oldest and best explored section of the province's metavolcanic belts,
is an example of this. I am indebted for my information on the property to
Mr. L. E. W. Hogg, of Northland Exploration Ltd., Regina and it is presented
with his kind permission. The property referred to is basically ML 5055
and ML 5065 held by Mr. Joe Brain on the west side of Missi Island in the
north half of Amisk Lake (Figure 2). The discovery area has been under dis-
position by Mr. Brain for the last 20 years, during which time several mining
companies both large and smail have held options on part or all of the ground.

No significant results were obtained. This had involved five previous

geophysical surveys. These were a vertical loop in 1954, magnetometer and
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frequency domain induced polarization surveys in 1962, Crone and Ronka EM
surveys were also conducted in 1971 by Northland Explorations.

In September, 1971 Joe Brain drilled four holes on his property for
assessment work purposes. Three holes weré drilled to pass beneath a series
of trenches which contain low grade chalcopyrite-molybdenite mineralization.
The third hole drilled under the trenches encountered massive pyrite-
chalcopyrite mineralization across 25', assays of which average 2.5% Cu,
0.108% Mo and 0.10% oz/ton of Ag. The prospector optioned the northern and
southern halves of his property to different companies: to Hudson Bay Mining
and Smelting in the north and Flin Flon Mines in the south. 1In October, 1971
a sixth geophysical survey was conducted by R. G. Agarwal, consulting geo-
physicist in association with Flin Flon Mines Ltd. This was a Time-Domain
induced polarization survey. This survey located the massive sulphides al-
ready discovered in the hole drilled by J. Braiﬂ. The position of the drill
holes with respect to the 1.P. anomalies is shown in Figure 3. It is be-
lieved that the failure of the geophysical instruments except for the Time-
Domain I.P. survey operating at maximum power is due to the highly siliceous
country rocks which produce high resistivities and acted as insulators to the
mineralized zones. The example 1s intended to illustrate that new and sign-
ificant discoveries are not impossible, even in what are generally considered

classical and well worked metavolcanic areas.
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Key to Locations, Figure 1

MINES
Base Metal: 1) Hudson Bay - Flin Flon
2) Hudson Bay - Flexar .

3) Anglo Rouyn - Waden Bay

(closed) 4) .ﬁudson Bay - Birch Lake v
5) Hudson Bay - Coronation
6) Western Nuclear - Hanson Lake

Nickel: (closed) 7) Rottenstone Mines - Rottenstone Lake

Uranium: 8) Eldorado Nuclear - Ace-Fay
9) Eldorado Nuclear - Hab

(under construction) 10) Gulf Minerals - Rabbit Lake

(closed) 11} Gunnar, many others -
Uranium city area

PROSPECTS

Base Metal: 12) Canadian Javelin - Brabant Lake
13). Uranium Valley - Nemeiben Lake
14) Joe Brain - Missi Island
15) Strauss Exploration - Mokoman Lake

Nickel, Copper-Nickel: 16) National Nickel - Nemeiben Lake
17) Scurry Rainbow - Forbes Lake
18) Reef Lake
19) Canadian Nickel - Brownell Lake
20) Reeve - Tanato - Father Lakes
21) 1Inexco - Axis Lake

Uranium: 22) Drope Lake
23) Charlebois Lake
24) Haymac Mines - Nisto Lake

Gold: 25) Sucker Bay
26) Studer Mines - Sulphide Lake 4
27) Waddy Lake
28) Henning Maloney Shaft
29) Prince Albert Mine v
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'GEOTHERMAL MEASUREMENTS IN NORTHERN CANADA

ALAN JUDGE!

- ABSTRACT

. .

Information on underground temperatures and temperature gradients is parti-
cularly important in northern Canada from a practical point of view because of the
presence of permafrost and the problems created thereby. Permafrost thicknesses
and temperatures are important in many phases of the petroleum industry, rang-
ing from geophysical interpretations to the eventual design of a production well.
In the mining industry it is important in slope stability of open pits, in explosive
charge design, in underground ventilation design and drift and stope stability.
Determination of the thermal properties of subsurface rocks penetrated enables
calculation of the terrestrial heat flow which can be used to make permafrost
thickness predictions and is important in an understanding of the geological pro-
cesses which are acting to create the lithosphere of northern Canada.

RESUME

Les problémes causés par le pergélisol rendent particuliérement irmaportantes
les informations sur la température et sur les gradients de température du
sous-sol du Nord canadien. L'industrie pétroliére doit tenir compte de la tem-
pérature et de I'épaisseur du pergélisol, & partir de l'interprétation géophysique
jusqu'a la conception des puits de production. L'industrie miniére doit étudier
l'influence de ces deux facleurs sur la stabilité des pentes des exploitations a
ciel ouvert, sur les types d'explosif a utiliser, sur la ventilation souterraine et
sur la stabilité des galeries et des chantiers d’abatage. La connaissance des
propriétés thermiques des roches du sous-sol permet de calculer leur flux
thermique et ainsi, de prédire l'épaisseur du pergélisol. Elle permet également
une plus grand compréhension des precessus géologiques impliqués dans la
formation de la lithosphére du Nord canadien.

UNIVERSITY OF UTAH
RESEARCH INSTITUTE
EARTH SCIENGE LAB.

3Department of Energy, Mines and Resources, Ottawa.
301



GEOTHERMAL MEASUREMENTS IN NORTHERN CANADA

GECTHERMAL MEASUREMENTS-IN THE ARCTIC ISLANDS

Geothermal research in northern Canada was hampered for many years

by the great expense involved in Gperating .a drill-rig, and the lack of

interest in the nature of the undérground thermal regime other: than for
pure science. In the early fifties Brémner (1955) from the Dominion
Observatory carried out a drilling programme at Resolute Bay on Corn:
wallis Island and subsequently the holes were instrumented with multi-
sensor cables. Misener (1955) was able to determine a heat flow value
for that. locatlon ‘and, the resultmg high value caused Lachenbruch (1957)
to consider theoretically the effect of a shoreline on the underground
thermal regime. However, the difficulties encountered in drilling through
permafrost and the expénsé involved discouraged further work. As a
result, Brown’s (1967) map .of permafrost -distribution in Canada lists
thicknesses for only two sites in the Arctic Islands; the second che. being
the Dome Petroleum wildcat well at Winter Harbour which was pre-
served and instrumented by thé United States Geglogical Survey in 1962.

‘The discovery of the. Mould Bay geéomaghetic anomaly and its suggested
high temperature origin (Whitham 1963) led Law. et al {1965) to design

and construct a thermal .gradiometer to be used in the bottom sediments:
of the shallow straits and ¢hannels around the Mould Bay area. In 1968

this programme was:expanded to ifclude several lakes and fiords on Elles-
mere Island in order-to investigate 4 seéond geomagnetic-anomaly. Plans
were a]so made- to investigate systématically each, of the deeper -water
areas of the archipelago as a means of making reconnajssance studies of
the variation of terrestrial heat. flow. Also involved were long:term
studies of the variation of bottom-water tefnperatures. The latter is the
upper boundary. condition for the heat flow and its possible instability is
of prime ¢oncern, In terms of the thermal regime of the permafrost on
land such heat flow measurements could provide little more than ‘back-
ground information for permafrost thickness predlctlon

A regional study of the sub:surface thermal :regime in northern Can-
ada has becomie feasible in the past few years because of greatly 1ncreased
dnllmg activity associated with the current search for oil and gas and
-gradually increasing mining.activity.

With substantial assistance from industry in the preservation of.bore-
holes and logistic :suppert from the Polar Continental Shelf Project, the
Earth Physics Branch of the Department of Energy, Mines and Resources

has been making temperature measurements to dépths of 300 metres or-

more at 30 sites inh novthern Canada, 17 of them in ‘the Arctic Islands:
These sites are shown in Figure 1. Shallow measuréments in hoIes of 60
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Fig. 1. Heot flow sites in northern Canada.

metres or less have been made in cooperation with the Geological Survey
of Canada along the Mackenzie Valley. In Figure 1 open circles represerit
either sites at which temperature determinations have not yet been made
or sites not suitable for heat flow determination although temperature
measurements have been made.

PRESERVATION OF BOREHOLES

There are many problems involved in obtaining temperature measure-
ments in northern boreholes. Perhaps the most difficult one to overcome
is that of preserving an open hole, or instrumenting it with a multisensor
cable, and yet fulfilling the abandonment requirements of the regulatory
agencies. This is necessary because of the length of time that a borehole
takes to return to equilibrium. Other problems arise from the cost and
difficulty of access to many of the sites. The simplest way to keep open
a borehole is to abandon it below the base of the surface casing and to
displace the drilling mud within the surface casing by diesel fuel. There
are however several disadvantages to this method. Diesel fuel is very
expensive to fly into remote locations. The bore fluid may convect in
large diameter boreholes (24 c¢cm) particularly in formations with a high
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geothermal gradient such as in the Sverdrup Basin and MacKenzie Valley.
Unarmoured multisensor cables installed directly in the drilling mud in
cased boreholes generally do not survive freeze-back. Probably the best
solution, although expensive, would appear to be that of strapping mulri-
sensor cables to the surface casing during its installation. Multisensor
cables instalied directly into small diameter, uncased mining exploration
holes appear to survive the freezing back process. More detailed aspects
of the methods of preserving boreholes are described in Judge (1973b).

MEASUREMENT OF TEMPERATURE

All borehole temperature measurements are made using either ther-
mistors built in to multithermistor cables or a single thermistor on a por-
table cable. The portable cable systern used in open holes has a probe
containing a single thermistor which is lowered in steps to obtain a series
of temperature readings down the hole. The multithermistor cable is
usually lowered into the borehole on completion of the driliing and is left
as a permanent or semipermanent installation. Advantages and disad-
vantages exist with either method, and these have been discussed else-
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Fig. 2. Borehole return to equifibrium —— three northern boreholes.
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where (Judge 1973b, ¢). Thermistor resistance, with either system, is
read using a portable Wheatstone bridge constructed to have a precision
of 0.01°C over a wide range of ambient temperatures. It is capable of dis-
criminating temperature differences of 0.003°C in a single thermistor.

RETURN TO EQUILIBRIUM OF A BOREHOLE

Several authors have discussed the temperature disturbance caused by
the drilling process to the rocks surrounding a borehole. The length of
time necessary to reestablish equilibrium conditions is dependant on the
length of a time of drilling, the volume of drilling fluid circulated, the
difference between drilling fluid and undisturbed formation temperatures
and the fluid loss rate due to formation permeability (Jaeger 1961; Chere-
mensky 1962). The return of sections of the borehole within the perma-
frost may be prolonged over that for a borehole in southern Canada if,
during drilling, the formations surrounding the hole are within the perma-
frost, have a high ice content and that ice is thawed (Jessop 1970; Judge
1973b). Three examples of this return to equilibrium are shown in Figure
2 for northern holes drilled in different lengths of time and in rocks of
differing porosities. All three wells were completed in a similar fashion,
being abandoned below and up to the base of the surface casing and the
mud above displaced with arctic diesel fuel. The figure shows the change
of temperature at a specific depth with time since the completion of the
hole: t, is the drilling time below the depth under consideration and t.
the time interval between a temperature measurement and the time that
a particular depth was reached. The intercept on the vertical axis is the
probable equilibrium temperature.

Both the Winter Harbour and Reindeer wells were drilled to approxi-
mately 3800 metres in 180 to 190 days. Four months after driliing, when
the cable was installed in the Winter Harbour well, the temperatures in
the permafrost section were already below 0°C and the geothermal gradient
partly reestablished. This was not true however of the Reindeer well.
When a cable was installed in this well six months after its completion,
temperatures in the entire section of the hole between 18 metres and 323
metres, i.e. most of the permafrost section, were between -0.1°C and -0.4-C.
The difference between the two wells lies in the high rock porosity in the
Reindeer well. Below the permafrost section the return to equilibrium
in the Reindeer well is similar to that in the entire Winter Harbour well.
Neither well will be within 0.05°C of equilibrium until after the year
2000. Other boreholes in the north which took less time to drill to

shallower depths and in rocks of low porosity have returned to equilibrium

much more rapidly. The North Cath well shown was completed in 43
days to a total depth of 2100 metres through low porosity rocks.
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PERMAFROST THICKNESS AND DISTRIBUTION

Brown (1967) summarised permafrost thicknesses measured in Canada
prior to 1967 and Ferriens (1965) made a similar compilation for Alaska
prior 1o 1965. Figure 3 summarizes, in metres, the new measurements add-
ed to theirs. Some of the previously reported results were based on obser-
vations of the presence of visible ice in recovered samples or on the loss of
drilling fluid rather than temperature alone, on which the new observa-
tions are based. Very few of these measurements are based on observed
equilibrium temperatures but are reasonable estimates based on extra-
polation to equilibrium as mentioned in the previous section.
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Fig. 3. Permafrost thickness in Canado.

At present the thickest permafrost measured in Canada is 530 metres
at Winter Harbour in a well only 1000 metres from the present shoreline.
The maximum observed thickness in North America is 600 metres mea-
sured by Lachenbruch (1972) at Prudhoe Bay in Alaska. Presently
determined onshore thicknesses in the Arctic Islands range from 200
metres within a few tens of metres of a shoreline to 530 metres. Thinner
permafrost, or none, is to be expected beneath the waters of the Arctic
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channels and thicker permafrost, perhaps as high as 1000 metres, on the
Arctic Platform, in view of its low heat flows, low surface temperatures
and high thermal conductivities. It is also apparent that thick perma-
frost is not confined to the Arctic Islands. A thickness of 400 metres is
projected in northern Quebec based on temperatures measured to 260
metres, a thickness of 360 metres measured at two sites on Richards Is-
Jand in the Mackenzie Delta and a thickness of 330 metres at the Muskox
Intrusion south of Coppermine. \
In more southerly areas, such as along the Mackenzie Valley, the dis-
tribution of the thinner permafrost is very complex. Small lateral changes
of surface temperature due to changes in vegetation cover, moisture con-
tent and snow cover cause wide variations in permafrost thickness and
temperatures. This is discussed in more detail in Judge (1973c).

DISTRIBUTION OF TERRESTRIAL HEAT FLOW

Published terrestrial heat flow values in Canada vary from 0.6 to 2.1
ucal cm-? sec-' uncorrected for the effects of the Pleistocene ice-sheets.
Although 33 borchole values have been published for Canada, only 4 of
these are in the north. The published sea-bottom measurements in the
Western Queen Elizabeth Islands augment these measurements, although
assuming the values to be undisturbed is questionable. Judge (1973a) has
shown all these values both uncorrected and corrected for Pleistocene ef-
fects. Corrected values for the Canadian Shield lie between 0.6 and 1.3
with a mean of 1.0+0.2. In contrast with this result, values over the
Great Plains and Cordillera of western Canada vary from 1.6 to 2.0 and
from Maritime Canada from 1.0 to 1.7. Further subdivision of the
published variations reveals very little difference between the exposed
Grenville and Superior provinces of the Shield, with the exception of
northern Quebec where heat flows are low. However, the few measure-
ments from the Churchill province suggest a heat flow 25% higher than
that of the Grenville and Superior provinces. Judge (1972) found no
significant difference between the heat flow on exposed rocks of the
Grenville province .and those covered by 1500 metres of Paleozoic sedi-
mentary rocks, whereas Garland and Lennox {1962) measured a heat flow
near Edmonton, where 3 kilometres of sediments are present above the
basement, some 25% higher than on the exposed hasement.

Polyak and Smirnov (1968) and Roy et al (1968) have suggested heat
flow to be typical of certain regions. Verma and Hamza (1969) have
suggested that a relationship exists between heat flow and the age of
basement rocks. In a crude fashion the divisions of the Shield, both ex-
posed and unexposed, can be transferred to the Arctic Platform, com-
posed of Precambrian rocks either exposed or overlapped by a thin as-
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Fig. 4. Suggested regional heat-flow distribution in northern Canada.

semblage of lower and middle Paleozoic rocks. Similarly, using Thor-
steinsson and Tozer's (1969) description of the tectonic framework of the
north, comparisons may be made with other parits of Canada. The sug-
gested regional heat flow distribution is shown in Figure 4.

The heat flow is expected to be lowest on the Arctic Platform where
the basement has not been reactivated since Precambrian time and highest
in the Sverdrup Basin where there is evidence of Tertiary igneous acti-
vity. Values probably vary from 0.8 to 1.3 on the Arctic Platform, 1.2 to
1.6 along the bounding sedimentary basin, and 1.3 to 2.0 in the Sverdrup
Basin.

TeESTS OF VALIDITY OF PROPOSED HEAT FLOW DISTRIBUTION

Published values of heat flow in the north are 1.3 at Coppermine and
Eldorado on the exposed shield platform, 1.3 at Resolute on the bounding
basin and 2.0 at Norman Wells in the western region. The sea-bottom
values in the vicinity of Mould Bay vary from 0.6 to'1.7 at the boundary
of the Sverdrup Basin and the Central Zone. The low values towards
Banks Island may represent an extension of the Arctic Platform.

Judge (1973a) suggested that, in a simple fashion, knowledge of the
surface temperature, the subsurface lithology and the heat flow at a loca-
tion could be used to predict permafrost thickness and distribution. This
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argument can be turned around and the permafrost thickness, if un-
disturbed by a nearby shoreline, used to determine a local geothermal
gradient. If some knowledge is possessed of the lithology of the forma-
tions penetrated, their thermal properties may be estimated and a rough
heat flow calculated. These arguments are only applicable to regions with
low surface temperatures or thick permafrost. In regions of thin perma-
frost such as the Mackenzie Valley, lateral variations of a few degrees in
surface temperatures and recent changes of climate confuse the picture
considerably. . i

Measurements completed to date suggest that the permafrost thickness
in the Sverdrup Basin is at least 30% less, on average, than that in the
Central Zone. Average thermal conductivities of the carbonates and
sandstones of the Central Zone are probably not greatly different to those
of the frozen clastics in the Sverdrup Basin. Thus the results are con-
sistent with the proposed distribution. Likewise the measured thick-
nesses on the northern Shield and Arctic Platform are consistent with
the proposed distribution.

Recently heat flow measurements have been completed at four sites
on the mainland of north-western Canada. {Judge, in preparation). The
values found were close to 2.0 in the norithern Yukon, the Anderson Plain
and Cape Bathurst east of the Mackenzie Valley. These results reinforce
the suggested general distribution but ailso narrow the Central Zone on
the western mainland.

Further holes are being acquired when possible and the programme of
measuring temperatures and conductivities continued in an attempt not
only to measure the thickness of permafrost but also to understand its
genesis and distribution in relation to heat flow, thermal conductivity and
surface temperature history.
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