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Eight holes in southwestern Virginia. provided a heat flow value at Cripple Creek (36°49'N, 
81006'W) of 1.03 .± 0.15 .u<:al/cm' sec and a. value of 1.7 ± 0.34 ~cal/cm' sec near Grundy 
(37020'N, 820W). The value of 1.03 ILcal/cm' sec agrees with low values to the northeast 
reported by Diment. The p055ibility of low heat flow due to nonequilibrium gradients resulting 
from late Paleozoic overthnrs ting was investigated. It was concluded that any reasonable 
model would be close to equilibrium in less than 80 m.y. The low heat flow value at Cripple 
Creek is probably the result of erosion of the upper crust before deposition of late Precambrian 
and Paleozoic sediments. Heat production ,studies of surface rocks near Alberta, Virginia, 
support the high heat now of 1.4 ~cal/cm2 seC obtained there by Diment and Werre (1964). 

Temperatures were measured in Hve holes in 
the Valley and Ridge prGvince in s(tuthw~ern 
Yirgin ia near t he c0wn of Crippie Creek 
(3fl049 'N, 81 c06'W) . T he hoies, drlled by the 
American ZiI1C Company in to dolomite of Cam
brian age, have depths from 335 to :384 meters. 
These holes provide the first heat flow values 
in the Valley and Ridge prov-ince in Virginia. 
The only other heat flow determination in the 
Yalley and Ridge province in the southeastern 
rnited States is in Tennessee [Diment and 
Robertson, 1963]. 

Three holes near Grundy, Virginia, in the 
A'ppalachian Plateau province in southwestern 
Yirginia also provided a reliable heat flow deter
mination. The holes were drilled by the Island 
Creek Coal Company into sediments of Lower 
I'ennsylvanian age to maximum depths of 533 
meters. 

MEASUREMENT OF TEMPERATURE 

Temperature measurements were made by 
platinum resistance thermometers manufactured 
by Rosemount Engineering Company and Ge
nesco, Inc. Several probes having nominal re
sistances at O°C of 1000, 2000, and 5000 ohms 
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were eventually used. The probe housings were 
vulcanized onto a Vector R3CWL-4-250 four
lead cable. At regular inten'al:;; the entire mea
suring system was calibrated at the ice point by 
a Rosemount model 911 ice b3th. The ice point 
was usually reproducible to ±0.005°C. Two 
different probes used to measure the deepest 
hole (900 meters) showed an increase of about 
0.020C at the ice point, probably as a result of 

. accumulated mechanical shock. Two holes were 
remeasured with different probes down parts of 
their depths, and, except for zones where water 
was circulating in the hole, absolute tempera
tures were reproducible to within ±0.04°C. 
Absolute temperatures reported here are con
sidered accurate to within ±0,05°C. Tempera
ture differences O\'er interyals of 40 meters were 
reproducible to \'tithin ±0.01°C. Gradients were 
reproducible to \vithin 2% for depth intervals 
over \vhich groundwater disturbances were not 

noticeable. 
The probe resistance was measured with a 

Honeywell Mueller bridge, model 1551-E, and a 
Honeywell electronic null detector, model 3972. 
Resistance was balanced out by Electroscien
tific model SRI standard re~ istors, accurate to 
±0.001 %, and Rubicon decades in the resist-

:wce bridge. 
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MEASURE:\lENT OF THERMAL CONDUCTIVITY th V I C," . e a. pey OlpoiatlOn. These dIsks were th 

.All thermal conductivity values were deter- s~me size as the rock specimens prepared fran 
mm~d from core ' samples. Disks 2.96 or 3.62 core. f:om the Grundy holes. The thermal can 
cm III diameter and 1.27 or 2.54 em (thick > te ;1 ~dU.Ctl':ItY, de\f)rmined for the natllral quartz b· 
machined from core samples from, th~ Cripple (. ~USIllg fuse~ . quartz reference disks was 15.: 
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Creek holes . Disks 2.54 cm thick and 4.76 cm' in ,;ncal/cm sec °C at 17°C, in good ao-reemen 
diameter ,~ere machined from core \a~p ~s ,with t~e value of Birch and Clark [1940, p 
from holes m the Grundy area. The disks were 557, FIgure 8]. The thermal conductivity 0 

commercially prepared to a surface smoothness five of the samples from two of the Cripplt 
of ±0.0008 cm and a thickness tolerance of Creek holes WaS determined by Reiter ant 
±O.0025 cm. All samples were saturated with Hartman [1971], who used a different stead} 
distilled water before measurement. The Cripple state method. These authors reported gooe 
Creek samples were saturated by soaking in agreement between values obtained on theil 
water for several days or weeks before measure- apparatus and those obt.ained on the divided 
ment. Samples from the Grundy holes were bar apparatus at Virginia Polytechnic Institute 
saturated under a vacuum of 5 !l and then and State University. Copper disks were in. 
soaked ~or a period of 3-14 days. Sen,rru rep- serted betw.een the rock sample and the quartz 
resentatJve samples saturated by soaking were . reference dIsks .. Temperature differences acroSs Fig. 1. Temperature-ciepth profiles of 

lat.er evacuated in the vacuum chfullber before the ref:rence disks and the rock samples were 
berng s.aturated with water and then allowed to determmed from thermocouples inserted into 
soak for several days. The thermal conductivitv the copper disks, and measurements of potentiaftined by the pre:;ence of large 
results were the sa,me to within .3% [R eite~ drops' across the rock disk and the referenc~l ter:..filled zones, which cause a sudden 
1969], The sandstone ::amples from the Gn.:~d; disk, were made with a Leeds a,nd Northrup'i'ase in temperature due to the low t 
holes were also placed, in a pre::sure ceil ille"r K-~ potentiometer. All measurements were madellcluctivity of water. Such zones are 
vacuum saturation and saturated with distiIIed while the rock specimen was under an axial' carbonate rocks and in the Cripple 
water ovemight und~r a pre~ure of 3,'} ba~. pressure of 100 bars . Tight-fitting machined

fC
3. were confirmed by the driller's log. 

Wh,n "p"t m",""ment, of th,nn'\ <ond';:~ high-d,,~ty ,ty"f"m ,pp"xim,t,ly 4 ,m",ontinnity at, n d'pth of about 2DO m,t'" 
tivity were made on t he pressure-sa turat ed th~ck was clamped around the stack to mini_C'-E coincides with a zone or cavitation 
samples, all thermal conductivity values with t he mlze radial heat loss. Conductivity was mea_,o:1thering on the lithologic log for this 
exception of one agreed with the vaCUlli'TI- sured in the direction of the axis of the core Hole CC-E is the deepest hole of the 
"tumt,d v,lu" tn 'rithin -3% ; th, ""ption "mpl' f"m th, hoI" ' :"'k g",~p- Th, hnl' w"' logged on thee, 
was 1.6% higher. ReproduclblItty of the thermal conductivity,:, e occasIons to check the cahbratlOn of 

Thermal conductivity was determined from apparatus was generally better than 2%. Ther_'Hsuring system. The results of the 
measurements made in a- four-stack divided bar mal conductivity measurements made on a few~'erminations are gi"en in Table l. The 
apparatus [Birch, 1950], A temperature differ- samples with temperature gradients of 5° and '.-e gradient in the upper part of CC-E 
ential of approximately lOoC was maintained lOoC across the stack but with about the same";-ts a recent surface disturbance, such 
across the specimen and the fused quartz GE- rock .temperature agreed to within 2%. :lildin

g
, atTecting the upper 200 meters; 

101 reference disks by a Colora model NB C1'lpple Creek, Virginia. The Cripple Creek"''('f, no sHch di5turb:l.TIce could be jU5tified, 

circulating bath . The system was later improved holes are. w~t~in 8 km of the town of Cripple :f~ m03t likely cau~e of t?e ~egati\'e 
foo t h, G"mdy hnl" by ,,,ing t wn L,ud, K2jR C",k, V ugm", ,t 360 49'N, 810 06' W ,nd '" ',om' uok~own fio~- ,"g,m, m t h, ,,,bo 
refngeratlllg Circulating baths , which facilitated d~ll1ed mto the Shady dolomite of Cambrian age, >°tlon that IS permntlllg lateral clrculatl 
m'int'i~;ng the t,mp,,,tn,, nf th' ",k "mpl' F"n" 1 ,hnw, th' t,mp,mtu" pmfll" foe fi" ol" ,.-ator ,t d'pth, of nbont 100-200 
to wIthlll 50C of its in situ temperature. The holes. Low geothermal gradients in the upper '. tim hole. These mten'als were not 
stacks were calibrated by substituting for the p.arts o~ the holes are believed to be caused by' ''',It flow determinations . 
rock sample a fused quartz disk the same size clrculatmg groundwater, an interpretation sup- : Heat flow "alues for the holes at 
as the rork sample. Because some of the core ported by monitoring temperatures at several :l't·ek were determined by multiplying 

, fmm th, Gnmdy hoI" ,o""t,d of ,,,,11- d,pth, ,nd ,ob""ing t,mp,mt"" fiu,,,,"ti,"" ,Hmnl "ndu,tiviti,,' ",'" n depth 
Illdurated arenite with a h'O'h th I \-Vater movmg up or down the hole can lower ' least squares stralght-lme temperature 

, 10 erma con- tl th I d' b' . ' .:. t 1 . 1 G I ductivit
v 

disks 476 . d' Ie geo erma gra lent y tendll1O' to equalJze ,.~n oyer t le ::arne mten·a. ,roune wat 
J , . cm III rameter and t . . 0 . I, • 254 em tl ' k f t I emperatures over the mterval in which water ,:rbances canse apparent low conductn'e 

. IlC 0 na ura qllartz cut perpen-' . S I . . " , . dicular t tl r . ' . IS movmg. uc den ehscontmuities in the tem-' .-,11' oyer much at the depth range 
,Ole op IC aXIs were obtamed from perature profiles (Figure 1) are partially ex- r:ripple Creek holes, as is shown in 
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Fig. 1. Temperature-depth profiles of holes in the Cripple Creek, Virginia, area (Valley and 
, Ridge province). 

plained by the presence of Lrge cavernous 
water-filled zones, which C:.l~jse- a, sudden in-

, crease in temperature due til the low thennal 
fonductiyity of water, 8u('h zones ~re common 
in carbonate rocks and i:; :-he Cripple Creek 
area were confirmed by the driller'" iog. The 
discontinuity at a di~pth of about 200 meters in 
CC-E coincides with a zone of c!i\'itation and 
il'eathering on the lithologic log for this hole. 

Hole CC-E is the deepest hoie of the Cripple 
Creek group. The hole was logged on three sepa
r:lte occasions to check the calibration of the 
measuring system. The results of the gradient 
determinations are given in Table 1. The nega
tive gradient in the upper part of CC-E sug
gests a recent surface disturbance, such as a 
building, affecting the upper 200 meters; how
('\"er, no such disturbance could be justified, and 
the most likely cause of the negatiye gradient 
i5 some unknown flow regime in the carbonate 
:;rction that is permitting lateral circulation of 
('ooler water at depths of about 100-200 meters 
in this hole. These inten"als were not used for 
heat flow determinations. 

Hea t flow ,'alues for the holes at Cripple 
Creek were determined by multiplying average 
; hermal conductivities oyer a depth interval by 
't teast squares straight-line temperature gra
dient owr the ~ame inten'al. Groundwater dis
turbances came apparent low conductive heat 
flow over much of the depth range of the 
Cripple Creek holes, as is shown in Table 1; 

however, the deepest interyals of several of 
these holes give similar results. If the estimated 
heat flow values for the two bottom zones of 
CC-A and the bottom zone of CC-B are aver
aged, the resulting heat flow is 0.92 ± 0.20 
p.cal/cm2 sec. If the lower two intervals in CC-E, 
the lower two intervals in CC-A, and the lowest 
interval in CC-B are averaged, the resulting 
heat flow is 0.97 ± 0.21 [.lcal/em2 sec. 

The gradient in CC-E does not appear to be 
influenced by groundwater moyement below a 
depth of about 610 meters. The gradient in 
CC-E was determined for three different litho
logic intervals. If the gradient for each interval 
is multiplied by the mean conductivity for that 
interval, the intervals give similar heat flow 
values as shown in Table 1 for the depth in
tervals 609-670, 685-746, and 746--898 meters. 
Hole CC-E from 685 to 746 meters penetrated 
limestone; the rest of the hole for the depth 
intervals shown in Table 1 was in dolomite. 
The most reliable heat flow value for the Cripple 
Creek area is 1.03 ± 0.15 [.lsec/cm· sec on the 
basis of the data from CC-E. 

Grundy, Virginia. Three holes in south
western Virginia near Grundy, alliocateci within 
about 15 km of 37°20'X, 82°W, we.re found to 
be suitable for a heat flow determination. The 
holes \\'ere drilled on the Island Creek Coal Com
pany leases to the depth of the Pocohontas 3 
coal seam. Pertinent dnta for the holes are listed 
in Table 1. 



TABLE 1. Heat.Flow·Data ..... 
c...:> 
l";;) 
0;, 

Gradient and 
Thermal Conductivity K,b 

Elevation, Depth Interval, N(). (if Standard DeviatJon,a 
Heat Flow," 

Locality Location meters meters TCJllPC l'lll:ures ·C/km mcal/cm sec °c )Jcal/cm2 sec 
•••• •• ____ H. __ .. --._. __ • __ ••• ___ ~ ___ • Cripple Creek, Va. 36°49'N, 81°06'W 

::0 

CC-A 
713 81 to 126 4 3.17 ± 0.13 12.9 ± 1.3 (8) 0.41 

t':I (Feb. 4, 19(9) 
::3 

81 to 126 4 3,36 ± 0.07 12.9 ± 1.3 (8) 0.43 t':I 
:xl (reb. 11, 1969) 
> 

248 to 309 5 5.79 ±. 0,07 11.2 ± 0,8 (10) 0,65 Z (Ft;b. 4, 1969) 
t:> 248 to 309 5 5.72 ± 0.07 11.2 ± 0.8 (10) 0.65 Q 
0 (Feb. 11, 1969) 
(fl 

247 to 309 5 5.74 ± 0.04 11.2 ± 0.8 (10) 0.64 >-3 
;.-(May 11, 1969) 
Z 309 to 378 10 7.11 ± 0.06 10.8 ± 0.5 (9) 0.77 (Feb; 11, 1969) 
~ 

324 to 377 8 7.25 ± 0.13 10.7 ± 0.5 (7) 0.78 t'l ;.-(May 11, 1969) 
>-3 

CC-B 
725 80 to 19.1 16 3.36 ± 0.02 14.6 ± 0.1 (4) 0.49 '"%j (Apr • .10, 1969) 

t"' 
0 

201 to 262 9 5.10 ± 0.06 12.5 ± 2.1 (9) 0.64 :;J (Apr. 10, 1969) 
H 

262 to 315 8 7.02 ± 0.07 12.1 ± 1.0 (7) 0.85 Yo (Apr. 10, 1969) 
W. 
0 

CC-C 
732 .140 to 187 4 5.13 ± 0.04 14.0 ± 0.7 (7) 0.72 ~ 

>-3 
(Mar. 28, 1969) 

::r; 
187 to 285 8 4.15 ± 0.03 12.9 ± 1.3 (11) 0.54 ~ (Mar. 28, 1969) 

t'l 
UJ 

285 to 346 9 5.42 ± 0.04 11.8 ± 0.7 (9) 0.64 >-3 (Mar. 28, 1969) 
M 
::<l 

CC-D 
640 217 to 278 5 3.25 ± 0.07 13.5 ± 0.7 (3) 0.44 Yo (Mar. 21,.1969) .... ....... 

293 to 339 4 5.27 ± 0.16 10.5 ± 1.9 (3) 0.55 ::<1 (Mar. 21, 1969) 
8 354 to 415 5 2.40 ± 0.05 11.6 ± 2.2 (4) 0.28 !t'! 
H (Mar. 21, 1969) .... 

CC-E 
701 609 to 670 5 8.86 ± 0.04 13.2 ± 1.0 (4) 1.17 CMay I, 1969) 609 to 670 5 8.06 ± 0.13 13.2 t 1.0 (4) 1.06 (May 21, 1969) 685 to 746 5 1l.8±0.2 8.45 ± 0.85 (4) 1.00 . (May I, 1969) 685 to 746 5 12.1 ± 0.3 8.45 ± 0.85 (4) 1.02 (May 21, 1969) 

'" I 

TABLE 1. (continued) ~ 
M 
H 
>oj 



TABLE 1. (continued) 

Elevation, Depth InteTval. No .. of' 
GTadient and b 

St.andard Deviation.a .'l11ermnl Conductivity K, 
Locality Location meters meters TeTII\It.!l"atI11"(!S °C/km meal/cm sec °c 

~. ---.-~--~.~,-,~ ... ,,-..,-,~, "~""-' .,~, .. ~-~"" ... -~".,,- .... ~-~, .... ,.-.-.... -.,- "" .. -.-'''---~--~---... -~-.•.. -, -.---

746 to 898 l! 

Grundy, Va. 37°20'N, 82°00'W 
190 

VPF-1 

~Date of measurement in parentheses. 
Number of samples in parentheses. 
~ee text for best heat flow value. 

463.3 

482.5 

152 to 175 3 
175 to 206 5 
183 to 213 5 
206 to 244 6 
229 to 274 '7 
366 to 3% :I 
427 to 465 4 
503 to 533 3 

"197 to 227 3 
242 to 288 4 
273 to 394 8 
395 to 440 5 

Sandstone, interval. See Table 2 for average thermal conductivity used. 
~hale interval. See Table 2 for average thermal conductivity used. 

White sandstone interval. See Table 2 for average thermal conductivity used. 

~).74 j !l.OS 10.7 :t 1.4 (10) 
(~by I, 19(9) 

30.03 :t 0.08 6.42 (n d 
16.84 :!: 0.52 10.79 ± 0.22 (8) 
17.87 ± 0.93 10.79 ± 0.22 (8) 
24.47 ± 0.54 6.25 ± 1. 26 (2) 
23.18 ± 0.46 7.06 ± 0.31 (10)e 
21.5\J ± 0.99 7.06 ± 0.31 (10)! 
7.75 ± 0.086 16.12 ± 0.63 (10) 
6.0? ± 0.62 16.12 ± 0.63 (10) 

27.07 ± 2.33 7.06 ± 0.31 (10) 
16.73 ± 1.63 10.79 ± 0.22 (10) 
26.03 ± 0.48 7.06 ± 0.31 (10) 

8.00 ± 0.12 16.12 ± 0.63 (10) 

Heat Flow,a 
\Ical/cm2 sec 

1.04 

1.93 
1.82 
1.93 
1.53 
1.64 
1.52 
1.25 
0.98 
1.69 
1.81 
1.84 
1. 29 
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The holes are in horizontal rocks of Lower 
Pennsylvanian age. Lithologic units from a few 
centimeters to a few meters thick alternate be
twee~ gray arenite and shale. ' There are ~o 
carbonates in the section. The Pocahontas 3 
coal seam, about 1.5 meters thick in this area, 
is i~ the Pocahontas formation, which is trun
cated at a very low angle by the lowest member 
of the Lee formation (T. Gathright, personal 
communication, 19i1). The base of the type'Lee 
formation is a distinctive, well-silicified white 
a'renite ",ith a quartz pebble conglomerate. This 
unit overlies the Pocahontas formation in the 
Grundy area. The base pf the Pennsylvanian 
system in this are-a is taken to 1:>e the redbeds 
at the base of the Pocahontas formation below 
the Poc:lhontas 3 coal :seam. 

Figure 2 shows temperature profiles for holes 
188 and 190 and for Virginia Pocahontas Fed
eral l(VPF -1). The temperatures are plotted 
as a function of depth belmy the surface. If 
the temperatures are plotted against elevation 
above sen. level , all Ibree curves approximately 
coincide with each other, a.nd essentially flat 
isotherms axe indicated. 

The most reliable interpretation for a heat 
flow value is obtained by tEing t he data from 
hole 190 mui "Y'"PF -1. Hole 18S was blocked at 
a depth of about 330 meteiS. No core was avail
able from Y1'F-1, but a y ray density log run 
by Birdwell was made available by the U.S. 

Bureau of Mines. The log was mefuI in estab- ' 
lishing predominantly sandstone or "hale inter
vals. A similar log was not aYailable for hole 
190; however, core was available from this hole, 
and all thermal conductivity determinations 
were made on core from this hole. Hole 190 
therefore provided represel)tati\-e sandstone, 
shale, and white silicified sand"tone core for 
correlation with the gradients in the ' other 
holes. Although hole 190 "las logged for tem- ' ~ 
perature, the lithologic vanatlOns between _. 
sandstone and shale were so frequent that rep- -) 
resentative sampling of sand,tone and shale '::.: 
was difficult. Several of the black shale samples 
br~ke up when they were satur-ated with water .~. 
pri()r to the determination of thermal conduc- ",: 
tivity. All the thermal conductiyity Yalues re- :~. 
ported herein are for shale samples that did not ~ 
disintegrate. The values reported for the black 

f shale may therefore be too high; however, the 
gray sandstone intervals were well ~ampled , and 
these intervals also gave a similar high .... alue ._ 
for the heat flow, as is shown in Table 1. 

Least squares straight-line gradients for litho
logic intervals in the three Gnmdy holes are 
compared in Table 1. The average gradients for ) 
the shale, gray arenite, and silicified white 
arenite intervals are 25.7°,17.1°, and 7.2°C/km, 
respectively. AVE'rage thermal conductidties of ,. 
the shale, sandstone, and white silicified sand
stone determined from representative samples - ~-

REIn 

TABLE 2. Representativ 

Depth of Core 
Sample, 
meters 

179 
194 
202 
221 
234 
316 
324 
369 

171 
209 
225 
301 
308 
347 
377 
385 
400 
537 

438 
446 
452 
453 
461 
476 
508 
514 
522 
529 

1. listed in Table 2 ~re 7. 

0 
0 
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Fig. 2. Temperature-depth profiles of holes in the Grundy, Virginia, area (Appalachian 
Plateau province). 

sec °C, respecti\·ely. 
by multipl~-ing the 
tivities by the awmg 
gray sandstone, and 
are 1.82, 1.85, and 1. 
ti\·ely. The low \-alu 
arenite inten-al is not 
aye rage heat flo\\" yalu 
and gray arenite inten 
ture log run by Alleghe

l was made available 
nearby in the same 
several horizons this 
creases in temperatu 
ch:tnges in the calipe 
in the di:.mete r of th ' 
cm. These· intervals . 
of coal, and the abrup 
and near zero to negati 
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~ ,ABLE 2. Representative Thermal Conductivities of Gray Arenite, Black Shale, and White Arenite 

~ 

I 
I' 

i 
I 

I , 
!. 
t 
I 

I 

Depth of Core 
Sample, 
meters Lithology 

179 Lithic quartz 
194 arenite, gray; 
202 80 to 90% quartz; 
221 2 to 5% rock frag-
234 ments of chert, 
316 schist, slate; 
324 minor muscovite, 
369 feldspar; ce-

menting material 
is qua-:1::. 

171 Black shale 
209 Black shale 
225 Black shale 

301 Black shale 
308 Black shale 
347 Black shale 
377 Black shale 
385 Black shale 
400 Black shale 

537 Black shale 

438 Lit~ic quartz 
446 arer.it.e t 

white; 
452 85 to 95% quartz; 
453 , -~ 2°" rock frag-
461 :'"r"!-n-:s; quartz 
476 ceI;Jen~; very 
508 well indurat:ed .. 

514 
522 
529 

listed in Table 2 are 7.1, 10.8, and 16.1 meal/cm 
sec °C, respectively. Heat flow values obtained 
by multiplying the average thermal conduc
ti"ities by the average gradients in the shale, 
gray sandstone, and white sandstone intervals 
are 1.82, 1.85, and 1.23 veal/cm2 sec, respec
tiwly. The low yulue of 1.23 for the white 
arenite interval is not in agreement with the 
a'-erage heat flow values computed for the shale 
~mcl gray arenite intervals; however, a tempera
ture log run by Allegheny Nuclear Surveys, Inc., 
,ras made available for an unidentified hole 
nr<lrby in the same sedimentary section. At 
:;(,,-eral horizons this log showed abrupt de
(TeaSes in temperature that coincided with 
changes in the caliper log indicating increases 
in the diameter of the hole of up to almost 4 
em, These intervals are probably thin seams 
of roal, and the abrupt changes in temperature 
and near zero to negative temperature gradients 

Thermal 
Conductivity, 

meal/em sec ·C 

10.92 
10.35 
11.21 
10.84 
10.37 
11.71 
10.19 
10.72 

6.42 
4.99 
7.51 
6.51 
7.76 
8.40 
8.20 
6.42 
6.83 
7.53 

15.74 
17 .20 
15.52 
17.69 
16.82 
15.82 
15.38 
15.16 
16.03 
15.87 

Average Thermal 
Conductivity, 

meal/em sec ·C 

10.79 ± 0.22 

7.06 ± 0.31 

16..12 ± 0.63 

near these horizons are suggestive of ground
water circulation. The y ray log in this hole 
correlates well with the y ray log of VPF-l, 
particularly over the thick arenite interval. 'This 
interval is about 33 meters thick on the uniden
tified log, 42 meters thick in hole 188, and 34 
meters thick in VPF-l, as is determined from 
the y ray log of that hole. The temperature log 
of the unidentified hole shows a zero to negative 
gradient directly beneath the white sandstone. 
Such clear indications of groundwater circula
tion here in the same' sedimentary section 
suggest that the gradients in the white arenite 
in VPF-l and IC-190 may be abnormally low 
due to groundwater circulation near this hori
zon and that the heat flow value of 1.23 ,ucal/cm

2 

sec obtained for this inten'al is not regionally 
representative. 

Bullard [1939] suggested a method for deter
mining heat flow in holes where the thermal 
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conductivity is a rapidly changing function of 
depth. The heat flow q is the slope of the 
straight line in the equation 

T. = To + q L: (DJK;) (1) 
; 

. where T. is the temperature at depth z, z = 
2:.D ., K., is the thermal conductivity of the 
ith lithologic unit of thickness D., and To is 
the temperature at the top of the lithologic 
section, which is composed of i lithologic units. 
The method is most reliable where core recovery 
is continuous and continuous temperature pro
files are obtained. Although the sampling of core 
from hole 190 and the temperature log do not 
meet these conditiom, the method was used to 
estimate a heat flow value from hole 190. 
Table 3 lists the temperatures and thermal con
ductivities used in the Bullard approximation. 
Figure 3 is plot of (1). The slope of this line 

Depth, 
meters 

167.64 
171.30 
175.26 
178.90 
182.88 
186.50 
190.50 
194.20 
198.12 
201.80 
205.74 
209.40 
213.36 
221. 30 
228.60 
233.80 
243.84 
264.30 
274.32 
285.60 
289.56 
293.00 
304.80 
323.00 
335.28 
346.60 
350.52 
358.00 
365.76 
373.00 
381.00 
399.9 
411.48 

TABLE 3. Temperatures and The=aI 
Conductivities Used to Determine 

Heat Flo .... in Hole 190 by the 
Bullard ApproXimation 

Temperat.u:re, Tnermal Conductivity, 
=c meal/em sec °c 

16.787 
6.42 

17.014 
10.92 

17.143 
9.15 

17.295 
10.35 

17.400 
11.21 

17.527 
5.00 

17.708 
9.18 

18.117 
10.37 

18.453 
9.66 

19.152 
13.90 

19.417 
10.89 

19.581 
9.82 

20.293 
8.40 

20.669 
12.52 

20.845 
9.46 

21.200 
6.63 

21.9(,>4 

is the heat flow. The least squares heat flow 
with standard deviation is 1.99 ± 0.02 ,ucal/cm2 

sec. This result may be biased toward sandstone 
intervals, however, since core samples of sand
stone were more available. The value is prob
ably too high. If only the data from the depth 
interval 175-213 meters, a predominantly sand
stone interval, are used, the heat flow obtained 
by the Bullard approximation is 1.57 ± 0.07 
p..cal/cm2 sec. The best estimate of the heat flow 
in the Grundy area is 1.70 ± 0.34 p..cal/cma 

sec based on averaging Bullard appro:-.'imations 
and products of average gradient and thermal 
conductivities listed in Table 1. 

Elevations on the Grundy, Virginia, 7%
minute quadrangle sheet vary from 365 to 710 
meters above sea level. Local relief is of the 
order of 100 meters. Steady state corrections to 
the gradient were made by following the method 
described by Birch [1950] for topography 
within a square grid 32 km on a side centered 
over the hole. In all cases the corrections were 
<2%. 

DISCUSSION 

The first heat flow determinations in south
western Virginia show significant differences be
tween the folded Valley and Ridge province and 
the Appalachian Plateau province. Figure 4 
shows the heat flow measurements published to 
date in Virginia. Our values are in agreement 
with those (corrected for Pleistocene climatic 
variations) that Diment et aZ. [1972, Figure 5] 
have predicted for southwestern Virginia; how
ever, we feel that heat flow determinations made 
in carbonate rocks within which the ground
water flow regime is unknown may be subject to 
some uncertainty. More determinations are 
needed to substantiate the low heat flow anom
aly in the southeastern part of the United States 
shown by the data th'us far. 

The Appalachian tectonic province shows a 
pattern of negative isostatic anomalies flanked 
by positive anomalies. A similar anomaly pat
tern in the Alps is associated with change in 
crustal composition and mean values of crustal 
velocity [Woollard, 1972]; however, the crust 
is thickest beneath the Valley and Ridge prov
ince and the southern part of the Blue Ridge 
province [James et al., 1968] where the heat 
flow and the gravity are both low [Diment et 
al., 1972]. Several explanations can be suggested 
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Fig. 3. Temperature yers1l5 2: D,fK, for hole 190, Grundy, Virginia. The slope of this line 
is the heat flow. . 

ior this anomaly. Birch et 01. [1968J found 
:\llomalously low heat flow values associated 
wi,h Precambrian anorthosite~ .. ".5 ,vas sug
ge3T ed by Diment et ol. [19;-2J. if the low values 
in thE folded southern .lppalachians are also 
thE' remIt of anorthosite in the buried Pre
c~rllbr.an, lo\v he-Jt no\V ;"~·olJ.ld probably not 
be continuous oyer b rge regions; however, heat 
flo\\" c.ata are sFuse in the eastern United 
:-utes, with the exception of New England, 
and futher study might well show a series of 
i,olated lows of limited extent. Diment et ol. 
[1972] also suggest a steady state model re
cpiring a thin eroded Precambrian crust in the 
yicinity of the heat flow low where gravity and 
~ei,:,mic data indicate that the crust is thickest. 
There are at least 10 km of Paleozoic sediments 

where the crust is thickest. Diment et al. sug
gest that a radioactive part of the Precambrian 
crust has been eroded and replaced by less 
radioactive carbonate sediments. The dolomite 
in this carbonate section is of high density, and 
such an interpretation in this area might pre
clude the observed large negative gfUyity anom':' 
alies over the southern Appalachians. 

We investigated a third possibility that the 
large-scale late Paleozoic thrusting found in the 
southern Appalachia~s might have decreased 
the regional geothermal gradient and resulted 
in nonequilibrium heat flow vaiues. Large-scale 
thrusting in the southern Appalachians is well 
accepted [King, 1964; Bryant and Reed, 1962]. 
Only the magnitude of the di5placement is in 
dispute. Various estimates of the displacement 

Fig. 4. Heat flow measurements in Virginia. Values of 1.4 and 1.1 ~calfcm" sec from Diment 
et al. [1965a] and Diment and lV erre [1964], respectively. 
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range from 30 [Rankin, 1970] to 130 kIn 
[Griscom, 1962]. If the low heat flow were asso
ciated with overthrusting, then, south of Roa
no~e, Virginia, where the southern Appalachians 
begin, the low heat flow anomaly should be 
continuous over large areas. If the low heat 
flow is associated with anorthosite intrusions 
in a buried Precambrian basement, one would 
expect a series of isolated lows. \Ve examined 
several one-dimensional models of a repeated 
gradient as a first approximation to an over
thmst block. Constant diffusivities from 0.005 
to 0.02 cm'/;o;fC, initial gradients from 25° to 
40°Cjkm, and constant rl1ermal conductivities 
from 4 to 6 meal/em sec °C were used in a 
finite-difference model of a I.-km plate thrust 
oYer another 1. -km plate. At time zero the 
initial gr::ocEent in the upper piate was repeated 
in the lower one. Tbe boundary condition im
posed at the b:l::e of the lower plate was that· 
of con;o;tanr heat flow equal to the initial heat 
flow bE'frJre thru.~ting. In :ill cases essentially 
equilibrium gmdients were :eached before 100 
m.y. after the thrusting. For a diffusivity of 
0.005 em"/."t't~, a thermal eonductivity of 4 
meal/em 3ec ee, and an equilibrium gradient 
of 4Doe/kill the gradient in the upper part 
of the o\'enhrust plate 1,as about 39°Cjkm 
after SO m.y. It does no:: appear possible to 
attribute the observed lo\y heat flow to non
equilibrium conditions associated with over
thrusting; howe\'er, this explanation may be 
valid in other areas of more recent tectonic 
activity. Longer times to equilibrium might be 
obtained by u5ing a more realistic model with a 
diffusivity that varies with time. The rate of 
diagenesis of sediments might be decreased if 
a former subduction zone with attendant lower 
geothermal gradients were present. It is un
likely that any model would be as much as 
20% from its equilibrium value after about 250 
m.y. Large-seale refraction effects might be 
important in this part of the Appalachians and 
might partially explain both the low value of 
1.03 and the high value of 1.7 /Lcal/cm2 sec. 
Seismic studies now in progress will help to 
define a model to evaluate these effects. 

Further heat flow determinations in the 
southern Appalachians are needed to explain 
the magnitude and distribution of the low heat 
flow anomaly. 011 the basis of the data now 
~vailable we prefer the interpretation that the 

low heat flow at Cripple Creek is the result of 
erosion of the upper cmst and the remm·al of 
heat-producing elements before deposition of 
late Precambrian and Early Cambrian sedi
ments. 

Near Alberta, Virginia, Diment et at. [1965a] 
determined a heat flow value of 1.4 p.cal/cm2 

sec uncorrected for Pleistocene climatic varia
tions and a value of 1.6 /Leal/em' sec corrected 
for climatic variations [Diment et ai., 1972]. 
We have no further heat flow values from this 
part of Virginia; however, facilities for deter
mining the amount of uranium, thorium, and 
p~tassium in rocks using y ray spectroscopy 
have recently been completed at Yirginia Poly
technic Institute and State Uniwrsity. From a 
quarry at Dolphin, 9 km from Alberta, the heat 
production from granitic (Petersburg granite) 
rocks is 11.2 X 10-13 cal/em3 sec. The relation
ship between surface heat flow q and surface 
heat generation A in the eastern l'nited States 
has been given as [Roy et al., 1968] q :;:: 0.79 + 
7.5A. A surface heat generation of 11.2 X 10-13 

cal/em' sec would therefore predict a heat flow 
of 1.6 /Lcal/cm2 sec. The heat generation from 
granite collected from quarries near Trego, 
Virginia, 15 km from Alberta, predicts a surface 
heat flow of 1.4 p.cal/cm2 sec. The results from 
analyses of heat generation in rocks therefore 
substantiate the higher value of 1.4 p.cal/cm' 
sec [Diment et al., 1965a] for this part of the 
Piedmont. Additional results of the surface 
heat generation are in preparation for publica
tion. 
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