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Heat Flow Measurements in the Inlets of Southwestern British Columbia

R. D. HynpMmaN!

Department of Oceanography, Dalhousie University, Halifax, Nova Scotia, Canada

The geothermal heat flux has been measured at 15 sites in the inlets of southwestern British Columbia
by using the ocean probe technique. Corrections have been applied for variations in bottom water
temperature, sedimentation, thermal refraction by the sediment prism, topography, warm-rim effect,
Pleistocene thermal history, uplift, and erosion. The accuracy of the values is about £0.3 pcal cm~ 257!
{£13 mW m~?). The relative accuracy between the values is about half of this range. The data indicate a
pattern of low heat flow from the coast inland about 200 km to the heads of the inlets (13 values average
0.9 zcal em~2 57 or 37 mW m™?). Stations at the heads of two inlets (1.5 ucal cm~? 57! or 63 mW m~?)
mark the transition to high heat flow further inland (about 2.0 gcal cm 257! or 84 mW m~2). From west
to east the heat flow transition coincides with the first occurrence of recent volcanic centers and hot
springs, the transition from high to low Bouguer gravity, and the transition to low deep crustal and upper
mantle electrical resistivity and to recent regional uplift. The coast low heat flow is explained partly by low
crustal radioactive heat production and in part by the heat sink effect of the cold oceanic Juan de Fuca
plate being subducted along the continental margin. The high inland heat flow probably is produced by
the upward canvective transport of heat by magma and thinning of the lithosphere that occurs when the
sinking plate reaches a depth where temperatures are sufficient for partial melting. Low mantle
temperature and thus high density in both the continental lithosphere and the underlying subducted
oceanic lithosphere under the coast zone explain the high Bouguer gravity and thick crust in this region
compared with the low gravity and thin crust inland. To the north of about 51°N where at present there is
transform fault motion along the continental margin, there probably was subduction prior to about 10
m.y. ago. The gravity and crustal thickness data suggest that the high density in the subducted oceanic
lithosphere has disappeared but that upwelling and a hot thin continental lithosphere persist inland of 200
km from the continental edge.

northern triple point is essential for an underst
recent tectonic development of the scuthern i
coast region [e.g., Stacey, 1974]. Heat flow dat
provide this information. Heat flow measurements also
best way to obtain estimates of crustal and upper m
temperatures which are essential for interpreting and
standing other geophysical and geological data.
Sinking trench and island arc continental margins are
characterized by a band of low heat flow just on the continen-
tal side of the trench, with much higher heat fiow inland. The
low zone may be produced by the cold sinking plate actinz as a
heat sink, absorbing heat that otherwise would reach the sur-
face, until the plate reaches a depth of several hundred
kilometers. The high heat flow inland is more difficuit 10 ex-
plain. Probably at depths greater than several hundred
kilometers the plate begins to partially melt, and magma up-
welling occurs which results in high heat flow inland [Langseth
et al., 1966; McKenzie, 1969, 1970; Hasebe et al., 1970; Minear
and Toksdz, 1970]. The pattern is well-established for the west
Pacific arcs [e.g., McKenzie and Sclater, 1968; Uyeda and
Horai, 1964; Hasebe et al., 1970]. The pattern also is apparent
in the northwestern United States [Blackwell, 1969, 1971]. A
continuation of the subduction zone heat flow pattern north of
49°N would substantiate the conclusion of a present or recent
subduction zone off southwestern British Columbia. How
pronounced the low is will depend on the sinking history.
Rapid sinking of the cold oceanic plate should produce a
marked low zone, while slow sinking will produce a less
pronounced low heat flow zone. The commencement or
speeding up of subduction will be evident in the surface heat

INTRODUCTION

A region of lithospheric plate convergence or subduction ex-
s along the west coast of North America between triple
ints off northern Vancouver Island and northern California.
> the north and south of this zone there is strike slip trans-
rm fault motion along the Queen Charlotte and San
ndreas fault systems. The subduction can be deduced from
ishore geophysical data on plate motions [e.g., Morgan,
68; Tobin and Sykes, 1968; Silver, 1969, 1971, 1972; Atwater,
10; McManus et al., 1972; Tiffin et al., 1972; Srivastava,
13; Barr, 1974; Barr and Chase, 1974] and from recent
shore vulcanism [e.g., McBirney, 1968; Dickinson, 1970;
uther, 1970]. There is no deep Benioff seismic zone, but deep
rthquakes are not to be expected for a slowly sinking plate
acks et al., 1968] particularly if the ridge that produces the
e is close to the trench so that the plate has not cooled
mpletely before reaching the trench [McKenzie, 1969;
water, 1970). One moderately deep earthquake has been
orded, and seismic ray tracing studies indicate a dipping
te beneath the continental margin [McKenzie and Julian,
'1]. The rate of sinking probably is decreasing and actually
¥ have stopped very recently [Crosson, 1972], as the small
in de Fuca plate is beginning to move more parallel to the
7th American plate and is becoming coupled to if. The
nch extended further to the south in the past, but the-mo-
% of the northern limit is uncertain, Barr and Chase [1974]
¢ suggested that within the past 0.7 m.y. the Explorer
cading center has been cut off by an extension of the Queen
«rlotie fault to the south as far as the northern end of the
% de Fuca ridge. A knowledge of the motion of the
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flow only after several million years, and if underthrusting
stops, the thermal anomaly will disappear only after some tens
of millions of years, the thermal time constant of the sinking
lithosphere slab. The persistence of the low heat flow zone as-
sociated with subduction has been used to locate old now ex-
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tinct subduction zones, in good agreement with data from sur-
face volcanics [Blackwell, 1971; Lipman et al., 1971; Hyndman,
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bottom currents and because of the large and uncerts-
sedimentation correction.

1.Q721

A-small-strip-chart recorder was-used-to-record-the out =

YLy
Active subduction involves compression, deformation, and

andesitic vulcanism along a coast. Initially there may be sub-
sidence along the margin as the low-temperature coastal zone
develops and uplift inland where crustal and upper mantle
temperatures become high causing thermal expansion. Recent
motions that may be caused by such changes and the pattern
of recent volcanic activity have been discussed by Souther
[1970], Culbert [1971, 1972], and Stacey [1974].

The use of the ocean probe technique in inlets permits a
large number of continental heat flow values to be collected at
moderate cost, although the accuracy of individual values will
be lower than that for borehole or mine measurements. Quite
large corrections are required for the recent thermal history of
the bottom water, the Pleistocene thermal history of the area,
uphift and erosion, the sediment deposition, the thermal refrac-
tion of heat away from the low thermal conductivity sedi-
ments, the difference in temperature between the land and the
bottom of the inlet, and for the steep topography. Large bot-
tom water temperature fluctuations usually make shallow
water heat flow measurements impractical, but the bottom
temperature variations in the deep inlets are generally less than
0.5°C, and det:;iief* water temperature records for up to 20
lable for many of the British Columbia inlets.
differences are to be expected in this tec-
a, so that values with even quite low ac-
eful information. Measurements using
t2ch i" ue in lakes and inlets of other areas

about £20% [Law et al., 1965; Steinhart
imora and Shelyagin, 1966; Reitzel, 1966;
wier, 1967, Steinhart et al., 1968; Sclater
. Rankin and Hyndman, 1971; Lee and

LrIen ar l“ ¥ an

5 have been obtained in this study, 17
ts and two in Powell Lake, a former inlet recently cut off
from the sea by regional uplift, Four additional measurements
were made in Knight Inlet and in Sechelt Inlet (off Jervis
Inlet). but the gradients were nonlinear and there were not
adequate bottom water temperature data to make satisfactory
corrections. The inlet measurements were obtained on two
cruises of the research vessel C.S.S. Vector, March 6-10 and
May [-5, 1972. The two measurements in Powell Lake were
from a chartered 6-m outboard launch. The station locations
and depths in the inlets were obtained by ship’s radar and
depth sounder and should be within £0.15 km and +10 m.
The depths of the inlets ranged from 217 to 685 m. The loca-
tions of the measurements are shown in Figure 1.

ini

MEASUREMENTS

Gradient. The temperature gradients were measured with a
4.5-m-long, 2.8-cm-diameter solid Bullard type probe having
four sensors and with a 2.5-m-long, !.3-cm-diameter solid
probe with three sensors. Water temperature and instrument
tilt were recorded at most stations. Complete or nearly com-
plete and vertical penetration was obtained at all of the succéss-
ful stations. However, little or no penetration could be ob-
tained at a number of stations attempted in parts of Bute,
Toba, and Knight Inlets where glacially fed streams bring
down coarse sediments, These sites are unsuitable for accurate
‘measurements in any case, because of the uncertainties in bot-
tom water temperature variations arising from sediment-laden

- required to give the regional heat flux. They commonly ha::

balance voltage of a Wheatstone bridge in which a wy-
temperature thermistor located just above the instrumer
package is compared to the probe thermistors successivel;
The accuracy is from =2 to =10 m°C (about 2-10% error -
gradient) primarily depending on the temperature differen;.
sensitivity used. The zero gradient reference was obtained -
the inlets by holding the probe stationary near the botto~
where water temperature profiles have shown the temperatur
gradients to be very small. Powell Lake has a large gradient -
the water column near the bottom, and so the zero gradie--
reference was found in a constant temperature laboratory tary
in which the probe and electronics were kept at ihe
temperature of the bottom water. The probes were left in t:
sediment for from 20 to 40 min, a duration which requires -
small extrapolation to equilibrium temperatures following th.
frictional heating of penetration [Bullard, 1954]. At three st~ &
the probe was lowered twice because the initial sensitivity wz
too low for good accuracy or so high that the deepest sensc- 3
was off scale.

Conductivity. Sediment cores were taken at each static:
for conductivity measurement, in most instances with :
plastic-lined 4-m-long, 6-cm-diameter gravity corer. A few 3.%
cm-diameter cores also were used. The core lengths were fror
1.5 to 2.5 m, considerably less than the depths of penetratiez
of most of the gradient measurements. but no systematic variz-
tion of conductivity with depth was observed. Thermal cos-
ductivities were measured at about five places along each cox
by using the transient needle probe technique {Von Herzenarz
Maxwell, 1959] while the core remained encased in the plasi:
liner. Most of the measurements were completed within 2+
hours of the coring and all within 3 days. The values were cor
rected by —4% after Rarcliffe {1960} for the difference betwes-
in situ and measurement temperatures. Fused silica was use
as a conductivity reference [Rarcliffe, 1959]. Sediments froz
Saanich Inlet and from Powell Lake were chemically reduciz:z
and expelled gas when they reached the surface. Most of iz
gas will have escaped before the conductivity measurement
but that remaining will have resulted in values that are slight:
too low. To some extent this effect is offset by the consolid=
tion and compaction that occur during coring and handlizz
this gelatinous kind of sediment. The maximum estimated -
ror in the harmonic mean conductivity used for each station
+10%, most values being within =35%.

"Heat FLow CORRECTIONS

Six major corrections to the measured thermal gradients 2=

magnitudes up to 30% and in a few instances range up to 607
They have been treated separately to obtain the final et
flows. They are not stricily independent, but it is exceeding’
difficult to solve the complete problem. By applying the corr<
tions in order from the smallest to the largest dimension scaiz
and from the shortest to the longest characteristic time scale
the error is minimized. The corrections were applied in i
order given in the text and in Table 1. The corrected heat flo*
are given in Table 2 )

Recent thermal history of bottom warer. The inlets aré -
very deep and are connected to the sea by shallow sills, so the
there are virtually no annual variations in bottom Wi
temperature, However, irregular changes of up to 2.0°C do &
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Fig. 1. Heat flow measurements in British Columbia inlets. The line of Recent and Pleistocene volcanic activity and hot
Springs wl}ich coincides with Culbert’s [1971] axial fracture is shown marking the transition from low to high heat flow. It
also coincides with the transition from high to low gravity and with the heads of most of the large inlets, to suggest recent

subsidence 1o the west and uplift to the east.

-2 part from storm-driven surges. At several stations the
srtbince 10 the gradient exceeds the corrected or regional
| ‘\Th ere are two sets of data that can be used to correct for
> disturbance: the records of bottom water temperatures
% physical oceanographic measurements and the sediment
;:‘tmlure-depth profiles from the thermal gradient probe.
r“i"ds O.f bottom water temperatures since 1952 are available

funy inlets, acquired by the University of British Colum-

bia Institute of Oceanography and by several government

departments [University of British Columbia, 1952-1972;
Pickard, 1961; Herlinveaux, 1962; Gilmartin, 1962].
Sediment temperature-depth profiles, linear to within the es-
timated measurement accuracy, were obtained at 11 of the 135
inlet stations. The gradient corrections at these stations from
the recorded bottom water thermal history were quite small
except for the station in Saanich Inlet where the probe penetra-
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TABLE |. Thermal Gradient Corrections

: Gradient Thermal Topography
: Un- Corrected-for Refraction and Pleistocene Uplift :
corrected  Bottom Water  Sedimentation  of Sediment Warm Thermal and Correcn,
Station Gradient Variation Correction Prism Rim History Erosion Gradies 5
Bute Inlet
B24-B25 40 +6.8 +10.8 —15.0 +5.7 -9.5 I3
Desolation Sound
B31 54 54* +59 +11.0 —18.0 +9.2 -12.2 50
Powell Luke .
Cl . 46 46* +2.8 +32.6 =37.2 +11.7 -11.0 45
C2 44 44* +2.8 +31.3 -35.7 +I11.7 —-10.7 43
Jervis Inlet
A27 77 79 +17.4 +26.4 =404 +8.1 —-17.8 n
A23 52 64 +4.5 +14.1 —28.2 +8.7 -124 51
A22 54 60 +9.0 +19.7 —38.5 +8.5 —116 47
. A20 53 54 +9.2 +18.0 -30.5 +8.0 —~11.6 47
¢ A30-A8 55 61 +14.6 +14.8 —-24.2 +9.5 -14.9 61
; Hotham Sound :
§ A4 50 60 +2.4 +17.0 —38.9 +8.7 -9.7 40
i Als 52 59 +3.0 +15.9 -319 +9.5 —10.9 43 N
Howe Sound -
{ 36 36 +6.1 +9.7 —6.7 +7.8 -10.4 43
{ S -
d A39 96 +11.5 +30.6 ~55.0 +8.3 -18.0 7
A4G 7t +7.1 +31.5 ~55.7 +8.3 -123 50 -
Saanich Inist i T
Ab-AT 43 24 +2.4 +838 -9.0 +9.8 ~7.1 2 T

No

*Ne 1 water temperature variation correction made.

tion was i, a b :
mined. T 2ur fiznt provides a fair assurance that re-
cens 3 ¢ re changes can be neglected.
! histories that would result in a
still give a linear gradient.

, »ith the exception of Desolation
nt temperatures were corrected by

r seciment temperature-depth profiles were measured at the stations of Bute Inlet, Howe Sound, and Indian Arm.

using the thermal history of the bottom water. No bouer
water temperature records were available for Desolati-
Sound but the temperature-depth profile in the sedimen

linear and the penetration into the sediment was over 6 m,:=
deepest achieved; so the uncorrected gradient probably

reliable. At the other stations the corrected gradient was =
cepted only if it was linear. Several stations with limited b=

TABLE 2. Heat Flow Data

Location

Corrected  Deepest Numberof Numberof Harmonic
North West Elevation, Gradient, Sensor, Temperature Conductivity Mean Heat Estima=
Station Latitude Longitude m m°C m~! m Points Values  Conductivity* Fluxt  Error

Bute Inlet )

B24-B25 50°49.8 124°53.5 —360 39 35 4 5 296 1.1 04
Desolation Sound

B31 50°05.5 124°48.8’ ~527 50 6.0 3 5 1.84 0.9 03
Powell Lake

Ci 49°56.3' 124°32.0' —350 45 25 3 5 1.45 0.7 04

C2 49°56.1' 124°32.0/ -350 43 25 3 5 1.45 0.6 04
Jervis Inlet )

A7 50°09.¢/ 123°51.0' —360 73 4.0 4 6 2.09 L5 0.3

A25 50°04.1 123°48.1 —540 51 5.0 4 5 1.95 1.0 03

A22 50°00.6’ 123°56.% ~ 547 47 35 3 5 2.00 0.9 0.3

A20 49°59,2' 123°59.1 —561 47 30 3 5 2,12 1.0 03

A30-A8 49°47.7" 124°02.1 —685 61 35 6 5 1.79 It 0z

Hotham Sound

A34 49°53.0' 124°03.7 —505 40 4.0 3 ! 3 1.96 0.8 03

A35 49°52.1"  124°02.%’ -560 45 35 3 5 ® 1.79 0.8 0.3
Howe Sound :

B33-B36 49°25.0 123°24. 1 —249 43 4.5 5 6 2.17 0.9 04

Indian Arm :

A39 49°24.7 122°52.2 —220 73 4.5 4 5 2,04 1.5 03

A40 49°23.5' 122°52.5' -217 50 4.5 4 5 2.05 1.0 03
Saanich Inlet

A6-A7 48°35.5’ 123°29.8' —228 29 2.5 6 6 1.73 0.5 03

*Given in mecal cm™ 57! °C~' (0.419 W m~! °C~1).
tGiven in geal cm™? 87! (41.9 mW m~%).
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Tater records—did-not-meet-thisconditton: Bottom water
_ nerature records are available for locations within 5 km of

q heat flow station. The records show gquite uniform
;nerature over much of each inlet; so the error introduced
,i ;is distance should be negligible. The temperature changes
ez assumed to occur as steps half way between the
—nerature-time points. The theory is given by Carslaw and
cer [1959, p. 63]. The bottom water temperature data for
cts that have been used are given in Figure 2, and the un-
1ed and corrected sediment temperature-depth profiles
- rieure 3. Subjective estimates of the errors in the corrected
,,; from this source range from less than 5% for the linear
m probe measurements such as Jervis Inlet to-about £20%

T

- 1he very nonlinear sites of Indian Arm and Howe Sound.

ToRT U

-.. statistical errors from the linearity of the corrected
ats are much less.

bottom water temperature of Powell Lake is strongly
zized by a relict bottom saltwater layer {Williamis et al.,
3= W, H. Mathews, unpublished report, 1962; T. Osborne,
somal communication, 1972] so that significant temperature
~;-z2s should not occur. This conclusion is substantiated by
sear and identical gradients measured by Reitzel [1966;
:blished report, 1966] in 1963 and by ourselves in 1972.
imentation. Part of the geothermal flux from the bot-
.= of the inlets goes into establishing a temperature gradient
-2 sediment which is suddenly or continuously deposited.
¢ sedimentation histories in the inlets are poorly known.
*ivord and Giovando [1960] estimated a recent rate of 35 cm
20 vears for lower Jervis Inlet. Seismic profiles in several
s {MacDonald, 1970; St. John, 1972] indicate a thin layer
weat sediment up to 50 m thick overlying more compacted
ats up to 250 m thick. The latter will have originated as
=4 till and glacial outwash during the Pleistocene ice ad-
cs. There appear to be terminal moraines in the upper
27w of the inlets from the most recent ice advance (Sumas
%222, 11,000-8000 years ago), and most of the sediment
#rezably was deposited during and immediately following the
e extensive earlier ice advances (e.g., Vashon Stade,
~443-13.500 years ago or Salmon Springs glaciation, prior to
"LV vears ago [4 rmstrong et al., 1965)). The correction has
== computed by assuming rapid deposition of the estimated
*=tzent thickness 20,000 years ago. This time is poorly deter-
=l The slow deposition of recent sediments will have only

24

<eTTection probably has been underestimated for stations
=¢ heads of the inlets where much of the deposition was
=cent,
: flmple theory of the sedimentation correction for a
Y <! of constant thermal properties has been given by Von
;" "‘.‘*"j"d Uyeda {1963], Jaeger [1965}, and Lachenbruch and
=2 [1966]. The situation in the inlets is complicated by
7 =-ament layer overlying rock of quite different thermal
s. Since the thermal time constant of the sediment

he

** 1555 than the time since major deposition, the develop-
< the thermal field depends primarily on the diffusivity
s 7otk (0.01 em? s~'). An approximation of sufficient ac-
... “loassume a diffusivity equal to the rock but sediment
. 2%qual to that of an equivalent layer of rock, i.e.. the
wn.. 3tCapacity per unit area. The heat capacity per unit
r\ G{’lhe sediment is about the same as that of the rock
© thermal conductivity and low density of the sediment

3 Le

““<tbalanced by the high heat capacity of the water pres-

ent). Thusa sediment thickness simply equal to that observed
(see next section) was used in the computation. The correction
ranges from +4 to +24%. The correction would be similar for
continuous deposition of the sediment layer from about 50,000
to 8000 years ago.

Thermal refraction by bottom sediments. There is a major
contrast between the low thermal conductivity bottom sedi-
ments and the surrounding rock which refracts heat away from
the bottoms of the inlets. The mean conductivity of the sedi-
ments will be higher than that measured in the cores, since the
deeper sediments will be compacted and most of the valley
bottom fill is glacial outwash and glacial till from the
Pleistocene ice advances. The mean sediment thermal conduct-
ivity has been estimated to be 3.0 mcalem~!s7? °C~* (1.26 W
m~t °C~') for all of the sites except for those in Saanich
Inlet and Powell Lake. In the latter two locations the measured
conductivities are very low, and probably there is much less
glacial outwash fill and glacial till than in the other inlets: so a
sediment conductivity of 2.0 mcal cm~* s~ °C~* (0.84 W m™!
°C~') has been used for them. The bedrock conductivity has
been taken to be 6.0 mcal cm™* s7! °C~* (2.5] W m~1 °C™1)
(quartz diorite) for a contrast of a factor of 2 for all of the sites
except for Saanich Inlet and Powell Lake where the contrast
assumed is a factor of 3. Seismic profiles of the sediment cross
sections were available for a few sites [MacDonald, 1%
Toombs, 1956; Gucheur and Gress, 19641, but for
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Fig. 2. The bottom water temperature records used for correcting
the measured temperature gradients in the bottom sediments. The
dashed lines are the mean temperatures used for the times before the
recorded water temperature data.
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Fig. 3. The sediment temperature-depth profiles for the inlets. The open circles are values uncorrected. and the solid cir-
cles are values corrected for variations in bottom water temperature.
by extrapolating the sediment free sides of the inlets. This prism the results are similar for the two approaches. The®
process is very subjective. A two-dimensional model is suffi- rection is positive and has 2 magnitude of from 15 to 63"
cient for all of the inlets. Yon Herzen and Uyeda [1963] and  tends to balance the negative effects of the topography ané-
Lachenbruch and Marshall [1966] have given the solution for the warm rim. »
two-dimensional hemiellipsoidal bodies which has been used Topography and warm-rim effect. The narrow, deep &5
for the corrections. Numerical solutions could be used to ob-  valleys necessitate large corrections for topography. B>
tain higher accuracy, but the cross sections and station loca- flows away from topographic highs toward the valley botie~
tions are not well enough known to warrant this approach.  which involve a shorter thermal path. The mean temperé-";
Lachenbruch and Marshall [1966] and Rankin and Hyndman  of the land also is different from that of the inlet bottoms- -
[1971] have shown that in the central part of the sediment land is usually warmer causing heat to flow preferentialiy g
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ke inlets, and thus the designation ‘warm-rim effect’ is given.
The topography has developed very recently, so that the effect
of lack of thermal equilibrium also should be considered.
There are two main approaches to the topographic correc-
sion [Jaeger, 1963} (1) approximate solutions to (potentially)
cxact representations of the topography and (2) exact solu-
sions to analytic approximations of the topography. In the first
«cchnique the topography is represented numerically to
whatever accuracy is desired or to which information is
svailable. Usually, contour maps are partitioned by a grid of
polar coordinates and the effect of each element computed
effreys, 1940; Bullard, 1940). Birch [1950] showed how the
colution of the topography could be included in the correc-
«ion. Three-dimensional topography can be treated by this
method. The accuracy may be poor for very steep slopes [e.g.,
Lachenbruch, 1969]. In the second technique the topography
mwst be approximated by two-dimensional profiles for which
znalytical solutions to the thermal field are available, for ex-
zmple, Lees type hills [Jaeger and Sass, 1963] or inclined
cines [Lachenbruch, 1969), or else Laplace’s equation may be
soived numerically for a two-dimensional profile, The ap-
sroach of Jeffreys [1940] has been used in this study because it
zan be used on all types of three-dimensional topography and
necause it can readily incorporate the warm-rim effect. -
Topographic contour maps of scale 1:50,000 were available
for the areas of most of the inlets and 1:250,000 for the
remainder. The inlet bathymetries have been included in the
nolar grid representations of the topography, using the
mdrographic charts and a few of our own and others’
saunding profiles. The mean annual bottom water tempera-
wies were estimated from the physical oceanographic data
far the segments covering the inlets so that the correction
wiludes the warm-rim effect [e.g., Johnson and Likens, 1967].
Tre'ground surface temperatures are from the mean annual air
emperatures from the nearest weather stations [Government of
Conada, 1970] (Figure 4) on the assumptions that the ex-
trapolated ground surface temperatures are 2.0°C higher and
%2t the mean air temperature decreases by 10°C/km of eleva-
son. The latter is the atmospheric lapse rate [Berry et al., 1945]
274 is substantiated by local weather station data (Figure 4).
the uncertainties in the inlet bathymetry for the segments
tcarest the measurement stations and in the mean annual land
tzmperatures are the major sources of error in this correction,
$:ace the stations are all at the bottoms of valleys, the correc-
’iwns will be overestimated. Fortunately, the bottoms of the in-
=1 are quite flat; so the inherent error for this method applied
t steep topography is not too serious for these stations. Some
xrrected heat flows may be up 10 0.10 gcal cm™2 s (4 mW m~?%)
2 low from this source. The total corrections range from 15

2o

#30%, about half arising from the topography and half from
2 warm-rim effect. :

“P «’t’i-florene thermal history. The temperature at the bottom
“he inlets will have been significantly lower than it is at pres-
< during the periods of ice advances during the Pleistocene.
=2 temperature during the advances will have been between

e
oy

* —0.50°C, the pressure melting point for 700 m of ice
““’:1 964] when the glacial ice was in contact with the floors
y ‘ht‘? Inlets, and about 4°C, the temperature of maximum
“"‘?‘“.\' of freshwater when the ice was floating. An average
"*f of 2.0°C has been used for the periods of advance and
;: Present average temperature of 8.0°C for the interglacial
"=iods, giving a difference of 6.0°C. The times of advance
X,;}hl{"nnstrang et al. [1965] have been used: Sumas Stade

11,000 years ago; Vashon Stade 13,500-25,000; Salmon

Springs glaciation 36,000 to about 50,000 (assumed). The
time constant of the sediment prisms is much less than 8000
years; so the thermal parameters of the underlying rock rather
than of the sediment must be used. The rock diffusivity has
been taken as 0.01 cm? s7', and the conductivity as 6.0 mcal
cm™!s™H °C-1 (2.5 W m~! °C~'). The correction increases the
heat flow by 0.17 pcal cm=2 57! (7.1 W m~?). The correction is
8.5 m°C m~! for an average sediment conductivity of 2.0 mcal
cmts7! °C1 (0.84 W m~! °C~*), This is about 15% of the
measured values. ‘

Uplift and erosion. The area of the inlets has undergone
large uplift and erosion during the past few million years
which have the effect of increasing the surface heat flux. In ad-
dition to the regional uplift and erosion, there has been glacial
scouring to produce or at least deepen the inlets themselves.
The uplift and erosion rates are poorly known; so the
magnitude of the effect has been estimated for the whole
region, and the same correction has been applied to all of the
measured heat fluxes,

Jaeger [1965] has outlined the theory for the gradient distur-
bance arising from uplift and erosion. The effect is equivalent
to that for material from below moving upward toward the
surface at a speed equal to the erosion rate, Changes in
tion of the surface, for example, if erosion does nsg

the surface temperature being determined {r
mospheric lapse rate. Birch [1930] showed how the
uplift and erosion can be incorperated in the Jef

1.

in the region of the inlets to use this method pro
of the uplift of the present coast range ¢ ist
several kilometers took place in the i
Pliocene [e.g., Roddick, 1966; Roddick e al.,
1971] producing dissection of a mig-Tertlary erosic
A reasonable approximation to the history is an uplift of 0.5
km per million years for 5 m.y. In the inlet valieys themseives
erosion must have approximately matched uplifi. T
requires a —20% correction to the measured gradienis fo
rock diffusivity of 0.01 cm? s™*. The great depths !
suggest considerable glacial scouring during the
but as was discussed by Culbert [1971], much of t
arisen through very recent block subsidence and the vallevs
were established much before the Pleistocene glaciation. Thus
the effect of more recent glacial scouring can probabiy be
neglected.
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Fig. 4. The mean annual air temperature versus elevation for
meteorological stations in southwestern British Columbia,
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e Fhe-corrections-for-Pleistocene-thermal-history-and-for-up——corrections-also—

lift and erosion are both poorly determined and are frequently
neglected in heat flow data. The computed values for the inlets
are of similar magnitude and opposite sign; so omitting these
two corrections will not significantly change the final heat flow
value.

Individual heat flows and discussion of errors. The heat flux
error limits given in Table 2 are subjective estimates based
primarily on the magnitude of the corrections and on the ac-
curacy with which they could be performed. The errors in
gradient and conductivity measurement are negligible in com-
parison with those introduced by the corrections. About half
of the error limits given are ascribed to systematic errors for all
the stations and half to random errors. As indicated above,
some values may be up to 0.10 pcal cm™2 s7' (4 mW m~?%)
systematically too high because of a bias in the topographic
corrc:iiﬂn Thus differences in heat flows between stations of

r than half the error limits (i.e., about 0.2 ycal cm~257?
}‘v‘v’ m~?) prebably are significant.
he Bute Inlet staticn B24-B25 the most important source
wcertainty in the correction for bottom water
rariations, since there were no data for nearly a
¢ ther *ea:urcfrems The other corrections are quite
termined. The thermal conductivity is un-
the sediment core could have been obtained
gradient measurement, the conductivity
ason perhaps explaining why the
maw nat higher than the average.

{he area.

nd poorly determined correction
rom the low conductivity sedi-
in source of error. In addition, the
- rim corrsction is sufficiently large to be
erestimated by the Jeffreys {1940] technique. The
computed fux may be up 1o 8.10 gcal cm™2 571 (4 mW m~*)
too low from this source,

The Jervis Intet and Hotham Sound sites A27, A25, A22,
A20. A3D-A8, A34, and A35 all have well-determined heat
flows. The lowest heat flows are at the stations with the largest
topographic corrections, a suggestion that this correction
generally has been slightly overestimated as discussed above.

The heat flow at the Howe Sound station B35-B36 is poorly
determined because of the large correction for bottom water
temperature variations with limited temperature records. The
other corrections are quite small and are well-determined.

At the Indian Arm stations A39 and A40 the bottom water
variations are very large, but there are very detailed records.
The sediment prism refraction and the topographic, warm-rim

high value of 1.46 ucal cm™2 s7* (61 mW m~2) at station %~
near the head of Indian Arm appears to be significantly abg,.
that at A40 and the mean of the other stations, but because o
the larger error it is not as clearly distinct as the high valye .-
A27 in upper Jervis Inlet.

The Saanich Inlet station A6-A7 requires a considerap.
correction for bottom water temperature variations which %
pronounced only because of the shallow probe penetratign_
Data are missing for a critical period of time for this correc.
tion, and examination of the record suggests that the cop.
puted heat flow may be too low as a result. The other corrag.
tions are well-determined.

Raproactive HEAT PRoODUCTION

The concentrations of uranium, thorium, and potassium iz
three quartz diorite samples from the region of central Jen:
Inlet were measured using gamma spectrometry by G. K.
Muecke, Dalhousie University. The results along with thox
for the U.S. Geological Survey standard G-2 are given iz
Table 3. The mean heat production is 1.25 X 107" cal em™
sTH(HGU) (or 5.23 X 107" W m~?). The U and Th concentrz-
tions are remarkably low for such rocks. Three samples are na:
sufficient for any firm conclusions, but the results suggest tha:
the low measured heat flows arise in a large part from lox
crustal heat production. This conclusion is confirmed by more
extensive data for which a preliminary report has been give
by Lewis [1975]. He finds heat production values in the coas
range complex ranging from 1.2 HGU (5.0 X 1077 W m~®) for
diorites to 3.1 HGU (13 X 1077 W m~%) for monzonites.

RESULTS AND CONCLUSIONS

Heat flow pattern. The corrected heat flow data for this
study extending from 48°30’N to 51°N have an average of 0.9%
+ 0.07 gcal em™% s (40 £ 3 mW m~2) (Table 2, Figurel}
There is no significant variation northwest-southeast parallel
to the continental margin, but there is an important patters
perpendicular to the coast (Figure 3). The heat flow of
southern British Columbia is low from the edge of the con-
tinental margin inland for 200 km with high values furtherte
the northeast. The two most northeasterly values of this study
{both 1.51 pcal cm~2 57* or 63 mW m~?) are on the transition
zone from low to high heat flow. Excluding these values, the
mean for the coast low zone is 0.88 pcal cm=2 s~ (37 mW
m~?). As discussed above, large errors may be introduced b
the corrections, and there is a probable bias to too low cor
rected heat flows. But the average must be less than 1.0 pedd
em~2s7' (42 mW m~2). In Figure 5 the pattern is emphasized
by the addition of values from Blackwell [1971] in W ashingtot
State to the south and one value from Jessop and Judge {1971

TABLE 3. Radioactive Heat Production

Heut Production.*

Potassium, Uranium, Thorium, 10" cal
Sample % ppm ppm em~3st
WC-GI 3.22 0.44 1.60 1.29
WC-G2 2,10 0.81 1.52 1.4
WC-G3 2.14 0.75 1.60 1.23 .
Average 2.49 0.67 1.57 1.25
Standard G-2 3.77 2.20 258
Recommended 3.74 1.99 25.2

The source for the standard and recommended values was Flanagan [1969]

*Or 4.19 X 1077 W m™.
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Inlet heat flow values plotted as a function of distance from the edge of the continental shelf. The open circles

are from Blackwell [1971] in Washington State to the south and the plus signs from Jessop and Judge [1971] in south central
British Columbia. Smoothed Bouguer gravity from Sracey [1973] and a schematic cross section with illustrative
temperatures beneath the area also are shown,

“ south central British Columbia. Other preliminary values volcanic centers and hot springs [Eee also Bostrom, 1971].
“*m boreholes in southern British Columbia confirm the low  Pleistocene and Recent volcanic activity is common to the east
it flow coast zone and the high heat flow of the central and  of this line, but there is virtually none to the west. There also is
~em Cordillera {Judge, 1975].
» Th_ﬁ transition from low to high heat flow appears to occur  below. The transition in heat flow occurs over a distance of less
“—v‘ihne parallel to the coast running through the head of most  than 100 km; so the origin of the contrast must occur at a
~he major inlets (Figure 1). Culbert [1971] has analyzed the  depth of less than about 100 km. The eastern boundary of the
"?O.‘%faphy of the coast mountains statistically and found that  high heat flow zone probably is in the region of the Rocky
¢ line marks the transition to much greater uplift inland, Mountain trench [e.g., Berry et al., 1971]. The gravity data
f“CC}he termination of the inlets or fjords. He termed the line  also suggest this boundary,

3«‘"}1 fracture and pointed out the coincidence of this eleva- Hear flow and heat production. The very limited radioactive
ae dlscominuity with a line of Pleistocene and Recent heat production data of this study and more extensive

a pronounced gravity transition at this line which is discussed

LSS TR




346 « Hynpyan: HEat Frow ix British CoLumsia

prelirﬁinary data of Lewis [1975] along with the data for
Washington of Blackwell [1971] suggest_that the crustal con-

transition in gravity coincides with the proposed ther.
boundary-Thus-there-is-a-clear-difference-in-gravity begi:

e o

tribution to the observed heat flow in the coastal low zone is
very small, Blackwell computes a reduced heat flow (approx-
imately the heat flux from the mantle) of 0.8 pcal cm™2571(33
mW m~?) which is similar to the average heat flow from the in-
lets. It also is comparable with the reduced heat flow for old
stable continental areas [Roy et al., 1968]. The low heat flows
of 0.5-0.6 ucal cni=? 57! (21-27 mW m~?) at Powell Lake and
Saanich Inlet are poorly determined but may represent the
central part of the low zone. A reduced heat flow of about 0.5
is then required, which is similar to that for the Sierra Nevada
Mountains [Lachenbruch, 1968). The low reduced heat flows
require a heat sink arising from the cold subducted
lithosphere,

The heat How and radioactive production data for the high
heat flow region of southern British Columbia [Judge, 1975]
and Washington State [Blackwell, 1971] indicate a reduced or
mantie heat flow of about 1.4 pcal cm™2 57! (59 mW m~?),
comparable with that for the Basin and Range Province. This
higi. value requires @ major heat source in addition to those
presen '_ Lndey the stable continental regions, which probably
m frictional heating, partial melting, and upwelling
suh tucied siab. The normal lithospheric plate
{ about {00 km must be thinned to about 30 km
L 901 ef al., 1972; Sclater and Francheteau,
heat productxon relationship for the
! with the relations for the three main
defined for North America by Roy er al.

i flow with other geophysical data. A
erage Bouguer gravity profile across southern
49° and 51°N from Stacey [1973]is
Bouguer gravxty of’f:hor‘. arises

g
mbial

3 tern zone) the Bouguer gravity is
ro. Further inland there is a rapid decrease to about
mGal over the central Cordillera (eastern zone). The

Basin ond Rapge
2.5 (Cordilleran
Thermal Zone ?)

n Interior
§ B. C.
o 20 = —mm A e
E
© Eastern
S 1.5 United States
o
w
)
=
: 1.0 Slerra
El Nevada
- Inlet A
= 05 \ Inlet Average
S i
T "Saanich Inlet, Powell Lake
o i 1 1 ]
4] 5 0 15 20

Heat Production {1073 cal cm™3 sec™!)

Fig. 6. Heat flow~heat production relations for North America.
showing the position of the new data. Note that the coast low reduced
heat flow is comparable to old stable continental areas. The very low
Saanich Inlet and Powell Lake values require a heat sink, but these
values have very low accuracy. The infand data require a heat source
with respect to the stable continent.

the high and low heat flow areas. There are many dep;-.
models that will fit the gravity data, particularly with the cg;,
plication of a cold high density slab that may exist under -,
area. But as Stacey [1973] has shown, the seismic as well
gravity restraints can easily be satisfied only by having i,
mantle density under the eastern zone. The lower densities .-
doubtedly arise from higher mantle and crustal temperatu;,.
If this correlation between gravity and heat flow is accep:.
the gravity data show that the low heat flow is indeed a b -
parallel to the coast.

The crustal thickness under south central British Colums,
is about 30 km [White et al., 1968], while it may exceed 30~
under Vancouver Island [White and Savage, 1965; Tser;
1968]. The difference is emphasized by the higher mean ele...
tion in the eastern zone. Such a difference can be maintaire
only by much lower mantle (or possibly crustal) densities -
der the eastern zone (unless there are very large deviation
from isostatic equilibrium maintained by the dynamic forcs
of subduction). High temperature under the eastern zone o
plains part of the difference. The formation of the hig-
temperature zone will have thinned the crust by upliftanders
sion. The process is seen in the extensive deep granit: 3
basement exposed in the coast crystalline belt (eastern zore
compared with that in the Vancouver Island or insus
volcanic belt.

A difference in mean temperature of 300°C to a depth of 1.
km (e.g., Figure 5) will result in a gravity difference of abo=
200 mGal, approximately that observed. The temperat:: |
difference also will give about the correct difference in mee
elevation. However, the suggested difference in ecrusiz
thickness (very thick under Vancouver Island) should result:-
a similar gravity difference of opposite sign. Thus in souther
British Columbia, additional anomalously high densi:
material must exist under the western zone in the cold, deni:
subducted oceanic lithosphere. Models for subduction benea
South America by Grow and Bowin [1975] indicate up to 1€
m@Gal positive gravity contribution from the cold, subduce
oceanic lithosphere in the first 200 km inland from the trenc
falling to half, 300 km inland. The density anomaly may beles
in the more slowly sinking lithosphere beneath British Colur-
bia, but it still must be significant.

In distinct contrast to the crust under Vancouver Islandii:
crust is only about 30 km thick to the north under the coastiz-
sular belt of central and northern British Columbia [Forsyihs
al., 1974; Johnson et al., 1972]. With such a thin crust the oz
zone of high gravity in this region can be produced solely by 2

. cold, thick (100 km) high-density continental lithospher

without the presence of a high-density subducted ocean<
lithosphere. A hot thin continental lithosphere still is require
under the eastern low-gravity zone. Probably north of abot
51°N, where there is transform motion along the coast at pres
ent, subduction terminated several tens of millions of yean
ago. The density anomaly in the subducted oceanic lithospher
has disappeared, but upwelling and a thin high temperatutt
lithosphere persist under the inland zone. Monger er al. [197,
suggest that such subduction has taken place.

Earthquakes in southern British Columbia are largel
limited to the low heat flow zone along the coast [e.g., Milnet!
al:, 1970). Low crustal temperatures possibly facilitate brit®
fracture. In the high-temperature eastern zone, plastic dzfor 4
mation will occur at very shallow depths. There also may bed 3
concentration of earthquakes in the region of the heat fla®




- _cion where differential vertical motions are to-be ex-
s

{, upper mantle temperatures and a thin lithosphere un-
© . 2 . che castern zone are substantiated by seismic studies [e.g.,
4 giens, 19715 low Pn velocities, White et al., 1968], by high
-cal conductivity in the depth range of 30-70 km [e.g.,
1970, Cochrane and Hyndman, 1970), and by glacial

o | ,:ﬂd studies [Fulton and Walcotr, 1975].
i yensions of the observed heat flow pattern.  The pattern of
,:,-..;\m-wide band of low heat flow extending inland of the
" oemal edge continues to the south into Washington State
i by several borehole measurements [Blackwell, 1969,
i~ L goswell, 19715 Roy et al., 1972]. 1t probably extends south at
< ¢ oo 1o the triple point marking the southern limit of the Juan
s .za plate off northern California. Further to the south. the
=eat flow of the Sierra Mountains and the Peninsular
i near.the coast of southern California [e.g., Roy et al.,
iso may represent the extension of this low zone caused
: thermal sink of the subducted oceanic plate. However,
-1 o 2ose regions the subducted slab recently has been cut ofl: so
isw heat flow remains only because of the long thermal

- constant of the lithosphere.

.. discussed by Berry et al. [1971]}, the high heat flow inland
-hern British Columbia is the northern extension of the
‘eran thermal zone of Blackwell [1969), which includes
jumbia Plateau, the northern Rocky Mountains of the
- -4 Siates, and the Basin and Range geological province.
¢ Txziermination of present or very recent subduction to the
- {wer of about 51PN [e.g., Stacey, 1974 suggests that the pat-
¢~ # w4 vicoast low heat flow and inland high heat flow should no
LT be present. But as discussed above, the pattern
sly persists from earlier subduction. The gravity and
i thickness in the coastal zone can be satisfied without

% However, the crustal thickness and low Bouguer gravity

=i of 200 km from the continental edge in the northern

Haand {Government of Canada, 1974] (Figure 7) requires a thin

% wealinental lithosphere and a high heat flow comparable
o.. 4=z that found in southern British Columbia.

E=rin and development of the heat flow pattern. The low
: ’% Eow for 200 km inland of the British Columbia continen-
14‘ =arzin and the high heat flow inland probably occur in
3 =wmse (o present (or recent) subduction of the oceanic Juan
- 4‘~'~"'zj~’2’plau: under the continent. Island arc subduction zones
T "‘é?%‘ & bound the western Pacific Ocean have been studied in
“#m ¢ciail, and the thermal structure in those areas should
;. "”‘" &‘?::r greatly from that under a continental subduction
= Iﬁf.\' are characterized by a band of low heat flow just on
hd =ounental side of the trench and very high heat flow in-
= =2 Vacguier et al., 1967; McKenzie and Sclater, 1968;
'“‘:'?‘j'eﬂ.ﬂl-. 1970]. The low zone can be produced readily by
. «jw- sinking slab acting as a heat sink absorbing heat that
~*5¢ would reach the surface. Endothermic dehydration
“tiTeactions also could be important in the upper part of
f’“”g slab [Uyeda and Horai, 1964]. In fact, a reduced
"“:;‘ 0l 0.8 ucal em=2 s~ (33 mW m~?) can be produced
.’“31; stable 100-km-thick lithosphere. Minear and
{1970} have computed the surface heat flow distribu-
o8 Humber of theoretical subduction models and found
; %m“‘ simple conduction only, the low zone can be
- -z {although somewhat too narrow) but not the in-
— ‘20ne. Hasebe et al. [1970] [see also Blackwell, 1971;
¥ and Turcotre, 1970] show that the inland high heat

Hitg. o
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Ires first a mechanism of deep heat generation which
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negligible above about 100-km depth, which is reasonable. At
shallow depth, shearing should be along a narrow zone
perhaps lubricated by hydrated rocks such as serpentinite. Sec-
ond, a mechanism for the upward transport of the heat is re-
quired. They suggest that at about the depth where viscous
heating becomes important, the temperatures become suffi-
cient for partial melting to commence in the sinking slab. Heat
then is carried upward convectively by magma. This process is
in agreement with the presence of a sharp boundary on the
trench side of the volcanic arc. The lithosphere over the upwell-
ing thins until most of the increased heat flux can be trans-
ported through it conductively to the surface without the
plate temperature exceeding the solidus (about 50 km for a
mantle heat flow of 1.4 gcal em=2s7! or 59 mW m~?). Most of
the upwelling magma from the sinking slab then reaches only
the base of the lithosphere. Surface volcanism occurs by some
penetration to the surface along fractures and lines of
weakness. A simple schematic diagram of the thermal struc-
ture under southern British Columbia is shown in Figure 5.

The volcanic arc in southwestern British Coiumbia is not
well-defined because of the slow sinking rate or recent termina-
tion of sinking and because the lithosphere is very thin such
that volcanos will not build up to great height [Fegr, 1974].
The. line of large volcanos to the south in the United
probably reflects a thicker lithosphere.

Dickinson {1973] has shown that the lo
arc (or first volcanism) moves ini
about | km per million years prot
gradually cools the surrounding
melting occurs at greater and gr
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Fig. 7. Simplified Bouguer gravity map of southwestern British
Columbia [after Government of Canada, 1974} showing band of high
gravily (hatched lines between —80 and +80 mGal) that probably is
associated with low heat flow.
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~low-heat-flow-zone-is-slowly-widening-to-the-east-The thermal

-cal-abnermalities-in-the-eoast-mountains-of British-Colyjme ¥

contraction of the lithosphere resulting from the declining
temperatures explains the recent subsidence and development
of the mainland inlet or fjord zone. The same process probably
produced the fjords of the west coast of South America. The
present volcanic arc of southwestern British Columbia is
probably represented by the axial fracture line and line of re-
cent volcanic and hot spring activity of Culbert [1971] (Figure 1)
which is in agreement with the gravity data,
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