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ABSTRACT

In the northwestern part of Virginia and adjacent parts of West
Virginia there are 90 or more springs that have temperatures ranging
from those slightly in excess of the mean annual air temperature to a
temperature of 105' F. Most of these springs yield waters which are
predominantly calcium carbonate in character. With the exception that
the warmest springs have a slightly higher mineral content and are
relatively richer in sulphates than most of the cold springs, the warm
springs are very similar in mineral composition to the cold springs"
The gases issuing from the warm springs are composed almost entirely
of atmospheric gases, carbon dioxide being in greater percentage of
the volume than in air. Nearly all the warm springs issue from
the Oriskany sandstone, the Lowville limestone, and the Elbrook lime-
stone, where these formations rise to the sur{ace from considerable
depths as a result of anticlinical folding. They invariably issue only
at the lowest exposures of these rocks in the different anticlines, and are
therefore commonly found in the valleys of the major streams where the
streams have cut water gaps through anticlinal ridges. They are com-
monly found only in those anticlines in which the water-bearing forma-
tions are exposed at lower elevations than in adjacent anticlines.

The hypothesis as to the source of the heat and water supply of
these warm springs that is most consistent with the facts of their
chemical composition and geologic occurrence is that they are due to
the artesian circulation of meteoric water through permeable beds, the
water being taken in at a relatively high outcrop of the permeable bed
in an anticline and discharged where the same bed is exposed at a
lower level in an adjacent anticline. The temperature of the springs-
is an expression of the normal earth temperatufes in the synclinal basins
through which the water moves, as through great inverted siphons.

The condition for the occurrence of a warm spring having such an
origin is a highly folded terrane with considerable relief, containing
beds sufficiently permeable to act as aquifers, the continuity of which
is not broken by faults. The unusual number of warm springs in the
region under consideration and their absence or scarcity to the north-
east and southwest may in part be due to the scarcity of thrust faults
in this part of the Appalachian region.
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INTRODUCTION

lrATuRE oF Tr{E tNvnsrlcettolt2

The investigation on which this report is based is one of the units
in a comprehensive investigation of the springs, especially the thermal
springs, o{ Virginia. The project was initiated in December,1927,by
Wilbur A. Nelson, as State Geologist. The entire investigation of the
springs has been carried on in cooperation between the State Com-
mission on Conservation and Development, participating through the
Virginia Geological Survey and the Division of Water Resources and
Power, and the United States Geological Survey, participating through
the geologic and topographic branches and the surface water, ground
water, and quality of water divisions of the water resources. branch.
The Virginia Hot Springs Company has given material aid to the in-
vestigation.

On December 2 and 3, 1927, a visit to Hot Springs and a recon-
naissance of the principal thermal springs in that vicinity were made
by O. E. Meinzer and W. D. Collins, of the United States Geological
Survey, in company with Mr. Nelson. Subsequently work of four
kinds was begun: (1) Detailed topographic rnapping of the Hot
Springs area,3 which includes the principal thermal springs of the
State; (2) detailed study and mapping of the geology of the same area;
(3) intensive investigation of the springs of the area, consisting chiefly
of obtaining, during a period of years, accurate records of the discharge,
temperature, chemical composition, gas content, and radioactivity of the
springs; and (4) a survey of the springs of a much larger region, with
special reference to correlating the springs, especially the thermal
springs, with the rock structure. The investigation is still in progress,
but two units of work have been completed and reports thereon have

-;'rhi" ;*ort was prepared in cooperation with the united states Geological survey
and -is. 

published with the permission of the Diretor of that Survey.zAt the.time the project was started the water resourcs invetigations of Virginiawere mnducted, under the direction of J. J. Dirzulaitis, a diBtrict engineer in the u;itedstates Geological Survev, by the Gmlogical Survey bweau of the state commission on
consemation and Development. rn 1928 ttre surfacewater wirrk wm transferred to the
newly - created bureau of water Resources and Power of the stste comission on con-
aervation. a-nd Developmeqt, with Mr. Dirzulaitis as chief engineer.

.8 Photolithographed advance sheets of the ?%-minute Falling Spring, Mountain Grove,ano. warm SpritgB ltun quadrangles have been issued on a scale of 1:24,000 and with acontour intervar of 20 fet. Field work on the r{ealings springi quaaianite has bencom'leted' 
t3l
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INrnooucrroN

been prepared. The first of these units is the general report on springs
of Virginia;a the second is the present report.

FIELD AND LABORATORY WORK

During February, March, and April, 1928, the writer made a field
study of the principal springs in the region containing the Virginia
warm springs, in order to acquire information as to the source of the
heat and water of these springs. About 400 springs were visited in
the counties of Alleghany, Augusta, Bath, Botetourt, Craig, Rockbridge,
and Rockingham in Virginia, and in the adjacent counties of Greenbrier,
Monroe, Pendleton, and Pocahontas in West Virginia. Observations
were made as to the temperature, discharge, and geologic occurrence
of these springs. Temperatures were taken with a maximum thermom-
eter placed at the intake of the spring. The discharge was deter-
mined in various ways but chiefly by gaging the flow from the springs
or by emptying the spring basin, measuring its capacity, and then deter-
mining the rate at which it filled. Samples of water were collected from
many of the springs and analyzed by Margaret D. Foster in the water
resources laboratory of the United States Geological Survey. Samples
of the gases that bubble up in some of the springs were also collected
and were analyz€d by the United States Bureau of Mines. During the
early part of September, L928, many of the springs were revisited and
their temperature again observed, for the purpose of determining to
what extent the springs had been warmed during the summer. In
November, another week of field work was given to geologic mapping
in areas hitherto unmapped.

These field studies have furnished'a satisfactory solution of the
problem of the origin of the warm springs and have also yielded con-
siderable information as to the occurrence, annual range in tempera-
ture, and chemical composition of the warm and ordinary springs of
the region.

a Collins, W. D., Foster, M. D., Reeves, Frank, and Meacham, R. P,, Springs of Vir-ginia-a report on the discharge, temperature, and chemiel character of springs in the
southern part of the Great Valley: Virginia Commission on Conservation and Develop-
ment, Water Resource and Power Div., Bull. 1, 1930.
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GEOGRAPHIC DISTRIBUTION

The hottest and most widely known of the warm springs of the
region are in Warm Springs Valley, Bath and Alleghany counties, in
the northwestern part of Virginia. In this beautiful mountain valley
(Pl. 4), which is ibout 18 miles long and 1 to 2 miles wide, there are
four groups of springs, known as the Warm Springs, Hot Springs,
Healing Springs, and Falling Springs. Warm Springs and Falling
Springs are located, respectively, in the northeastern and southwestern
extremities of the valley and Hot and Healing Springs in its middle
part. (See Pl. 1.) Each group consists of three or more separate
springs issuing from the ground in close proximity. The Warm Springs
comprise four springs, three of which issue within less than 100 feet
of one another, and the fourth is 800 feet to the southwest. At Hot
Springs there are eight warm springs somewhat irregularly spaced in
an area of about 1 acre. The Healing Springs consist of three separate
springs less than 10 feet apart. Each of these groups of springs, except
Falling Springs, is the site of a hotel. The Homestead Hotel, at Hirt
Springs, has long been a famous health.and pleasure resort. The Fall-
ing Springs comprise a number of flows and seepages, into a large arti-
ficial pond. They have a much lower temperature than the other warm
springs of the valley but are notable for their large discharge, which is
far greater than that of any other warm spring in the region.

There are many other springs of slightly lower temperature in
the region. Among the warmest of these in Virginia are Bragg and
Bolar Springs (Pl. 1 and Table 7, Nos. 76 and 78"), at Bolar, High-
land County; Layton Spring (No. 142), on Jackson River,2 miles
south of Falling Spring P. O. (formerly Barber), Alleghany County;
the Sweet Chalybeate Springs (No. 177), at Sweet Chalybeate, A1,
leghany County; Lithia Spring (No.301), on Mill Creek,3.2 miles
east of Gala, Botetourt County; Lithia and Magnesia Springs (Nos.
267 and 268), at Rockbridge Baths, Rockbridge County; Panther Gap
Springs (Nos. 252 and253), in Panther Gap, L.6 miles west of Goshen,
Rockbridge County; Fitzgerald Spring (No. 202), on Middle River,
2.2 miles southwest of Fort Defiance, Augusta County; Dices Spring
(No. 195), 1mile southeast of Burketown, Augusta County; and Warm
Springs (No. 189), 1 mile south of Bridgewater, Rockingham County.
In the adjacent counties of West Virginia there are the Pritchard
Spring (No. 2), near Dunmore, Minnehaha Springs (No. 6), at Minne-
haha, and Curry Spring (No. 7), at Huntersville, all in Pocahontas
County; Reed Springs (Nos. 13 and l4),2 miles north of White
Sulphur Springs; White Sulphur Spring (No. 17), at the Greenbrier

-lEi--t""" of springs refer to Plate 1, showing the location, and to Table ?, giving
the name and other data.
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Hotel, White Sulphur Springs, Greenbrier County; and the Old Sweet
Springs (Nos. 20 and 2I), at Sweet Springs, Monroe County. Many
of these springs are or have been the sites of hotels, such as the Green-
brier Hotel, at White Sulphur Springs, W. Va.

In addition to the springs mentioned above, which have a tem-
perature of 60o F. or more, there are in the region many slightly cooler
springs which, though not commonly regardid as *arm, rightfully
belong in the class of warm springs. outside of the lirnits of the distriit
here described there are few warm springs in the Appalachian region.
In Virginia south of the area shown in Plate 1, not more than half a
dozen warm springs have been poted, and these are only moderately
warm, having temperatures of 55o to 65o F. South of Virginia, Wat-
son5 reports four warm. springs: Hot Springs, Mad.ison County, and

lV,arm Springs, Meriwether County, N.-C.,-and Thundering Spring,
Pike County, and Lifsey Spring, Upson County, Ga. The temperatures
of these springs are 104o, g/",76, and 77" F., respectively.

North of the area under consideration in Virginia and West Vir-
ginia, the only springs known to the writer thai have temperatures
above 609 F. are the Fristoe and Davis springs, at Overall, in Fage
and Warren counties, Va., having summer temperatures of 61o and
q5' F., respectively; the Capon Springs, at Capon Springs, Hampshire
!_ounty, W. Va.,6 with a temp€rature of.64" F., and thi Berkley Springs,
Morgan County, W. Va.,z with a temperature of.74o F.

- 
tWlt*, !.-^Lr,-th914al sprihgs of the southeast Adantic Statc; Jour. Geology, vol.32, no. 6, pD. 8?3-384. 1924.
e_Tilton, J. L., and others, Ilampshire and Hardy counties: West Virginia Geol. Sur-vey, lcounty reports], pp. 96-88, 192t.?U. S. Gol. Survey Geol. Atlas, Pawpaw-Hancock folio (No. 1?9), pp. ZS-Z4, ].9].1.
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TEMPERATURE

All springs the mean annual temperature of which exceeds ap-
preciably the mean annual temperature of the air at the mouth of the
springs may be regarded as warm springs. The mean annual air tem-
perature in this part of northwestern Virginia varies with the latitude
and altitude of the surface above sea-level, ranging between 4Bo and
54o F. As specific information on the mean annual temperature at
each spring is not at hand, it is notpossible to draw a hard and fast line
between the warm and cold springs, but it has been assumed that all
springs in the area under consideratibn that have a mean annual tem-
perature of 55o F. or more are warm springs. The total number of
such springs noted by the writer in the area shown on Plate 1 is 85.
Two of these have temperatures above 100o F., namely, the Spout and
Boiler springs, at Hot Springs, Bath County, Va., which have maximum
temperatures of approximately 105" F. Four other springs at Hot
Springs and four at Warm Springs, have temperatures of 91o to
98.6". Two springs at Healing Springs, 3 miles southwest of Hot
Springs, have summer temperatures of about 85' F. The other warm
springs have temperatures of less than B0o F. The range in temperature
of all the warm springs, as well as of the cold springs, visited by the
writer is presented in Table 1. The temperatures used in the grouping
are those obtained late in winter, when the temperatures were somewhat
below the mean annual temperatures. If all the springs had been re-
visited during late summer, so that their mean annual temperatures could
have been determined, several of the cold springs as listed would have
fallen into the group of slightly warm springs. Inasmuch as the group-
ing is based upon late winter temperatures, there can be no uncertainty
as to the source of the heat in the springs that are classed as warm.

Tenr,n l.-Slrings of the Virginia thermal sfrings area grouped according to
their temperature

Warm springs:
100 

-105.8" F.
90 - 98.6
77.2- 86
60 -7555 - 59.5

Cold springs:
50 - 54.9" F.
35 - 49.5

Number
2
8
3

27
.+J

__- 120
116

SEASONAL FLUCTUATION IN GROUND TEMPERATURE

The seasonal fluctuation in temperature of springs is related partly
to the seasonal fluctuations in ground temperature. The discussion of
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the annual range in temperature of the springs is therefore prefaced
by some of the data pertaining to seasonal changes in ground tem-
perature. The accompanying graph (Fig. 2) prepared by W. D.
Collins and based upon observations of ground temperature by Oishis
at Tokyo, Forbese and Heathlo at Edinburgh, Rambautll at Oxford,
and Spencelz at the University of North Dakota, shows the annual range
in ground temperature in the upper 20 feet of the earth's crust in the
temperate zone. At the surface the range is evidently closely equiv-
alent to the mean annual range in air temperature and therefore varies
widely in the different localities, being greatest at the University of
North Dakota, where it is 110" F., and least at Edinburgh, where it is
30' F. From the surface downward the annual range decreases rapidly,
being between 6o and 16" F. at a depth of 10 feet, and slightly less
than 2" F. at a depth of 20 feet. The curves indicate that at a depth
of about 30 feet earth temperatures are approximately constant through-
out the year.

SEASONAL CTIANGES IN TEMPERATURE OF SPRINGS

In view of the data given above, it is to be expected that springs
fed by water circulating in the upper 30 feet of the earth's crust will
reflect to some degree the seasonal fluctuation in earth temperature that
exists in this part of the crust and that the springs fed by shallow cir-
culating waters will show the greatest annual variation in temperature.
Springs fed by waters issuing from depths below 30 feet will presum-
ably also show some change in temperature throughout the year, because
the water, in order to reach the surface, must flow upward through the
shallow part of the crust which is afiected by seasonal changes in tem-
perature. The extent that the temperature of the water of a deep spring
is modified during its flow through the shallow part of the crust depends
largely upon its volume of discharge and the character of the channel
of flow. The greatest modification is possible where the discharge is
small and the channel of flow is such that much of the water comes into
contact with the rocks.

The question next arises as to when the springs will reach their
lowest and highest annual temperatures. Springs fed by waters that
have remained in the ground for any length of time will not attain their
Iowest and highest temperatures in midsummer and midwinter, for the

-t Ol"fti W., Observations of earth temperatures in Japan : Monthly Weather Review,
vol.. 33, no. ?, p. 300, 1905.

e Forbes, J, D., Account of some experiments on the temperature of the earth at dif-
ferent depths and in difisent soils near Edinburgh: Royal Soc. Edinburgh T:ans., vol.
16, pp. 189-236, 1849.

1oHeath, Thomas, Observations of the Edinbugh rock thermometers: Royal Soc. Edin-
burgh Trans., vol. 40, pp. 157-186, 1906.n Rambaut, A. A., Underground temperatures at Oxford in the year 1899 as deter-
mined by five platinum-resistance thermometers: Royal Philos. Sm. London Trans., vol
196, pp. 235-258, 1900.

uSpence, B. J., Underground temperatures at the University of North Dakota: North
Dakota Univ. Quart. Jou., vol, 8, pp. 233-238, 1918.
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reason that the earth heats up and cools off very slowly. Information
as to the lag in earth temperature as recorded by Oishils at Tokyo is
given in Table 2.

Trstn Z,-Seasonal lag in ground' tern|erature

EIGHEST TEMPERATIIRE LOWTST TEMPERATURE
DEPTE
(I'EEr)

ANNUAL
RANGE

('F.)

0

1.0
3.9
s.8

16.4
22.9

50.7
40.8
33.6
25.2
9.4
2.3
0.7

January
Janury
Janury
February
Mav
July
October

None
5 tiays
8 days

35 days
100 dayg
188 days
280 <lays

23
28
31
27

30
30

From these data and those obtained by other observers in the tem-
perate zone in other parts of the world, it is recognized that at a depth
of 10 feet maximum and minimum earth temperatures are attained
about three months after the maximum and minimum air temperatures,
and that at a depth of 16 feet the lag is about six months. As a result
of this lag, the effect of ground temperature in modifying the tempera-
ture of spring waters rising to the surface is somewhat neutralized.
Inasmuch as the temperature changes are not of great magnitude below
a depth of 10 feet the modifying effects of earth temperature below this
depth are probably not sumciently great to offset to any extent. the tem-
perature changes in the shallow zone. Even in this zone, however, the
effects are not concordant. An examination of the graph prepared by
Spencela (Fig. 3) leads to the conclusion that the greatest temperature
effects will be attained in the early part of September, when practically
the entire upper 10 feet of the earth is still warming up, and that shortly
after this period the upper part begins to cool off and to neutralize the
continued slight rise in temperature at lower depths. The graph also
indicates that the minimum temoerature efiects will be attained in late
February and early March. It is reasonable, therefore, to assume that
springs fed by waters whose source is 10 feet or more beneath the
surface will attain their maximum and rninimum temperatu.res about the
first of September and the first of March, respectively. Shallower
springs, of which there are few, will attain their maximum and minimum
temperatures in July and February, respectively. Springs of very small
discharge will probably be warmest and coolest nearer the period of
maximum and minimum air temperatures, for the temperature variations
of these springs are due more to the direct effect of air temperature than
to earth temperature. Springs that are fed by streams which have been

r Oishi, W', Qbservations of earth temperatures in Japan : Monthly Weather Review,
vol. 33, no. 7, p, 300, 1905.

1{ Op. cit., p. 236.

August 11
August 16
Aucffit 2L
September 15
Novmber 6
tr'ebruuy 2
April 30

None
5 days

10 days
35 days
87 days

175 tlays
236 dam
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underground for too short a distance to attain the temperature of the

gro,rni reflect, to a considerable extent, changes in air-temperature' In
ill ,prings, except those of very small dischaige, the -direct 

effect of air

temperat-ute carbe eliminated by taking with a maximum thermometer

the iemperature of the water where it first enters the spriirg basin'

The data obtained on the annual range in temperature- of the springs

under investigation are presented below. It is probable that at the time

the springs wire first viiited, during February and March, most of them

were at 
"about their lowest yearly temperature, and that during the

second visit, in September, ih.y -"t approximdtely at their highest

temperature. T.n. diff"t"tt". in ihe temperature on the two visits there-

fore probably represents with fair accuracy the annual range in the

temperature of tn. springs. The temperature observations are recorded

in 'iable Z, and. the diffirences between the late winter and late sum-

mer temperatures are shown graphically in Plate 2' Of the 106

springs whose temperature *ut obt".n"d during the two periods, all

U"t tiro showed higher temperatures in September than- in late winter.
The two that showed lower temperatures are Nos' 189 and 268, in

which the summer temperatures were, respectively, 0'6o and 0'2" F'
less than the winter temperatures. A study of the diagram reveals, as

was to be expected, that the cold springs, because of their shallow

source, have a greater range in temperature than the warm spring-s'

The average range of the 49 springs having temperatures below 55o

is 5.7o, whlereas lor the 57 springs having tempefatufes above 55o the

range is 2.2". It is evident also that the springs of small discharge,

beciuse of the fact that they are readily affected by air temperatures

generally show a greater range than those of large discharge' The col<1

ipiings of large dlscharge that show a fange distinctly above the aver-

age, such "t Not. 15,79, and 137, are the outlets of streams that have

g6ne underground. The considerable range of spring No' B is at-

iributable to the fact that the water has flowed a mile through pipe

buried a few feet beneath the surface.

The cause of the considerable range in temperature o{ some of the

warm springs of large discharge, such as Nos. 78 and 134, is discussed

in the following paragraphs.

DAILY AND OTHER CHANGES IN TEMPERATURE OF SPRINGS

Although there are not sufficient consecutive records of the tem-
perature oflhe springs to furnish a basis for a thorough discussion of
ih. drily rattge 1t their temperature, it appears probable that only
very small spiings and those fed by underground streams vary much

in iemperature throughout the day, for only such springs could be af-
fected 1o ut y appreciable extent by daily change in air temperature. The
records t""ae by the thermograph installed by W. D. Collins on Spout
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and Boiler springs, at the Homestead Hotel, Hot Springs, Virginia,
show p_ractically no variation in daily temperatufe for Boiler Spling.
Spout Spring, however, declined in temperature 3o to 5o during piriods
when water was pumped from the spring. This was due probibly to
seepages of cold water into the spring resulting {rom the lowering of
head during pumping. Because of other marked changes in the tem-
perature of this spring, the hotel managers have recognized for some
time that cold water was entering this spring. It appears possible,
therefore, to recognize the warm springs thit ari being mixed iith cold
water from shallow depths, for such springs will probably show varia-
tions in temperature that other warm springs do not show. presumably
the temperature of a warm spring of mixed waters will rise during dry
periods and {all during wet periods, or at least as soon thereafter as the
'rainfall is reflected in the discharge of the springs. pronounced fluctua-
tion in the discharge of warm springs is thereJore itself an indication
of the mixed source of the water. From the information at hand it
appears that most warm springs show very slight variation in discharge.
This evidence, together with the fact that the iemperature of practicaily
all the springs in which observations were made was higher in late sum-
mer than in late winter, leads the writer to conclude that few of the
warm springs are being mixed with cold water from shallow sources.
Springs Nos. 78, 126, and 134 of. Table 7, however, show pronounced
variation in- temperature as well as in discharge and are piobably fed
by watdrs of mixed source.
, Another factor which theoretically may result in slight fluctuations
in the temperature of both cold and wirm springs is the rite of evapora-
tion of the water at the outlet of the spring. ihis factor probably has
no 

_effect _except in small springs that issui as diffuse seepages, 
- 

The
cooling effect of evaporation in such seepages may be coniid-erable on
hot, dry, windy days and may be more thinlufficient to offset the heat-
ing effect of the air on such davs.

CHANGES IN TEMPERATURE OF SPRINGS DURING MANY YEARS

The question whether the warm springs are slowly cooring can not
be definitely answered, but the data at hand indicate that there-has been
no marked change during the last 100 years. observations of the tem-
perature of some of the principal warm springs here under consideration
were made by Rogersls in 1834 to 1838 and by watsonl. in 1923.
These observations, together with those made at the same springs by
the writer, are recorded in Table 3. The temperature readings of th!

- R"-*, .W. S., -Or the cometion of thermal springs in Virginia with anticlinal axesand faults: Assoc' Am. Georogists ""a NJt""riLt",--riepo-rt -of lst, 2ar, and Bd meetings,
ifin.tt:-tto, 

1840-42. A reprint . . . ;;6;t;i'trrt'Vtueiniat ppltzi:ssz, l,I&* i;ik,

*r. 'jflll1.t: 
"1. 

j;g, S;.:rl sDrinss of the southeast Ailantic State: Jour. ceology,
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warm springs in Bath County, made by Watson during the summer of
1923, vary but slightly from those made by the writer in the late sum-
mer o{ 1928. Likewise, the temperature observations made by Rogers
nearly 100 years ago show no differences other than those attributable
to seasonabie changes and to the use in the earlier reading of unstandard-
ized thermometers.

r'tzra 3'-Temperatures of wary'!u:i:f:";"pfroil;:ia and, west virsinia obseraed,

NAME ],OCATION

TEMPERATURE ("I")

Su:mer
1923

1928 (Rnnvrs)

7

77,

cury..............

Iithia.............

a Nunbers of springs refer to designation in Table ?.

ot.o

65

62.5

60.5

64-2

63.5

l6
94
vo
96

122
723
724
L25
126
130
131
132
134

777

252

267

71.8

vt.l
96
98.6

104.5
o7

95.9
105.8

83
78
85

74

73.4
68.8
95.3
95.3
96.2
98.6

104.9
98.5
90.o

105
84.2
84.2
86

oo. /

,o.r

66.2

72.1

71.8
66
94
95
95.2
s5.1

104
97.3
95.8

r00
77 .2

71

'96''
97.5

i::
ios''

83
74
6t

62

78

62

70

' 'et''
vo.o
95.9
98.6

104.9
98.6
95.9

105.8
83.3
81.9
86

oo

74.2

oo

71.8
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DISCHARGE

The dischargc of the warm springs ranges from slow seepages of
I to 2 gaTlons a minute to voluminous flows of several thousand gallons
a minute. The group of six springs on the Homestead Hotel grounds
at Hot Springs, which includes the hottest springs in the region, has a
combined flow of approximately 300 gallons a minute. Those at Warm
Springs, in the same valley, which are but slightly lower in temperature.
have a combined flow of 1,000 to 1,200 gallons a minute. Most of the
other warm springs have flows of several hundred gallons a minute, and
many exceed 1,000 gallons a minute. Falling Springs, with a tempera-
ture of 65o-74o, has the largest flow of all the warm springs, its totai
discharge being between 6,000 and 7,OOO gallons a minute. (See Pl.
6.A.) The warm springs having the smallest discharge are those at
Healing Springs, Bath County, Ya., and at White Sulphur Springs,
Greenbrier County, W. Va., the discharge of the individual springs being
but 1 to 2 gallons a minute. The difference in flow of the springs can not
be correlated, as far as the lvriter cou-ld determine, with any visible
features, Such as stratigraphic occurrence or topographic position.

'The relation of miheral content and temperature to discharge of
individual springs can not be determined except by a series of observa-
tions distributed through a period of several months. From the writer's
,observations, made during his iate lvinter and late summer visits to
the springs, he concludes that the discharge of most of the lvarm springs
is fairly constant throughout the year, and this conclusion is corroborated

, by statements of most of the owners of the springs. The only warm
springs showing a marked fluctuation are Bolar and Falling springs.
it is possiblc, of course, that a detaiied study o{ the springs would
reveal at least a slight seasonal variation in their discharge.
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CHEMICAL CHARACTER OF THE SPRING WATERS

The following discussion of the chemical composition of the spring
waters is furnished by Miss M. D. Foster, who analyzed the samples
collected from the springs.

"Analyses of more than 150 waters from springs in the Hot
Springs region, made in the water resources laboratory of the United
States Geological Survey, indicate that most of the springs of the regiotl
yield waters in which calcium carbonate predominates, with a low con-
tent of sodium and chloride. The sulphate content is usually low, ai-
though it varies over a wide range. The amount of mineral matter in
solution ranges from less than 25 to more than 2,5N parts per million.
Most of the waters, however, contain less than 300 parts per million.
Only five springs had a mineral content of more than 1,000 parts per
million. The analysis of Seahorn Spring (No. 285), near Collier Creek
post office, Rockbridge County, Va., a typical spring of the region, is
shown graphically in Figure 4.

"As shown in Plate 3, there is no definite relationship between
mineral content:and temperature, although most of the waters that con-
tained more than 300 parts per million of dissolved mineral matter came
from warm springs. A few of the cold spring waters were among the
most highly mineralized of the samples analyzed, but these were un-
usual waters from shale in which sulphate rather than bicarbonate
predominates. fn chemical character the waters of the warm springs are
similar to those of the cold springs, the higher mineral content of some
of the warm springs being due to relatively greater amounts of calcium
bicarbonate and calcium sulphate, which may be attributed to longer
contact with the rocks at higher temperatures because of deeper percola-
tion.

"fn general the waters fiom the Oriskany sandstone are less highly
mineralized than those from limestone or shale, though both limestone
and shale yield some waters of very low mineralization. Some of these
samples may have come from shallow springs and may represent water
that has been in contact with rock materials only a short time and thus
has had little opportunity to take mineral matter into solution. Most
of the shale spring waters analyzed contained less than 25 ,parts per
million of sulphate, but six, all from cold springs of very small flow, con-
tained more than 95 parts per miilion of sulphate with relatively small
amounts of bicarbonate. The waters of high sulphate content from
warm springs were all from limestones and were characterized by high
bicarbonate as well as high sulphate. The high sulphate content of these
springs probably results from the alteration of pyrite to ferr,ous sulphate
by the action of oxygen. On contact with water the ferrous sulphate is
hydrolyzed, with more or less complete precipitation of ferric oxide and
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Figure 4-Analyses of types of springs in the thermal springs region of
Virginia. Numbers refer to springs on P1ate 1 and in Table 7,
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the formation of free sulphuric acid. These acid solutions act strongly
on the other rock constituents with progressive neutralization of the acid
by carbonates, finally producing, if in contact with rock long enough,
an alkaline water of high sulphate content. The sulphates contained
in natural waters are largely derived from this source, a1 least primarily.
All steps in this action were found among the waters analyzed from
this region. Three are shown graphically in Figure 4.

"No.275 is an acid water from Rockbridge Alum Spring, at Rock-
bridge Alum post office, Rockbridge Count!, Ya.

"No. L8 is a water which is practically at the neutral po nt and
represents the Chalybeate Spring at White Sulphur Springs, Green-
brier County, W. Va.

"No. L72 is an alkaline water of high sulphate content from Iron
Hill Spring, near Sweet Chalybeate, Rockbridge County, Va. The first
two of these springs issue from shale; the third from limestone. All
have a very srriall discharge.

- . 
"Analyses of a few of the more important warm and hot springs

of the region are shown in Table 4.'t

Txrl,-e 4.-Atualyses of zaaters from warrn springs in Bath Countl),
Virginiaa

(Margaret D. Foster, Analyst.)

Comomition
(Parts der million) Springs

(No.95)

o Smples collmtod in Julv, 1929.
b Nmbus of springs refei to d*igmtion in Table Z.

Hot Sulphur, Spout, and Magnesia springs, at Hot Springs, Va.,
are similar in cornposition to Boiler Spring. Cold Magnesia Spring is
much lower in mineral content.

The hot springs whose temperatirre is above 80o seem to remain
constant in composition through the year, but those having a tempera-
ture below 80o seem to vary in composition from time to time.

Socla Spring
at Eot
Springs

(No. 127)

at
Plinlijg $p1

at Holi4
SDnms

(No.93-B)

.Falling
Spnug

(No.134)

20

lod
31

7.4
6.5
0

310
261

2.9
.1.7

672

24
.11

118
22

o-D
2.4
0

192
228

2.4
0

525

385

lo
.15

102
,L
4.4
5.1
0

330
90
2.2

.la
423

353

Boiler Spring
at Eot
Sprinss

(No-. 125) b

.30
138
38

7.4
o.o
0

455
131

3.0
.D

586

501

.30
140
38
8.4

0
471
131

3.6
0

596
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GAS CONTENT OF THE SPRING WATERS

In most of the warm springs and many of the cold springs a notice-
able amount of gas escapes from the bottom of the springs, rising to
the surface of the water in large bubbles. Samptres of these gases were
collected from eight springs that showed a wide range in temperature
and were analyzed by the United States Bureau of Mines. The results
of the analyses are given in Table 5. The gases present are those found
in the atmosphere, and although only one sample (No. 195) contains
them in approximately the same proportions as in the atmosphere, the
variation shown is attributable to the different chemical reactions pos-
sible between the gases and the minerals in solution in the water.

Tt:l-n S.-Analyses o! n^" 'fl:::'frf{;#of** sfrinss of Virsinia and

(Bv U. S. Bureau of Mines.)

0.31
10.66
1.82

11.68
.13

10.07
11 .26
22.59

0
0
0
0
0
0
0
0

76.97
87.89
92.00
81.$

88.48
88.38
76.05

2l
a
95

122
l3r
195
252
267

1.45
6.18

r.65
I .45

.36
1.36
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GEOLOGY OF THE THERMAL SPRINGS

TOPOGRAPHY OF THE REGION

The thermal springs under consideration are situated in that part
of the Appalachian Highlands that lies between the Blue Ridge, on the

east, and the Allegheny Front, which has generally been referred to as

the Appalachian Vattey and is now designated by some physiographerslT
the Val'ley and Ridge province. This province where it crosses Virginia
and West Virginia has a northeasterly trend and is 50 to 60 miles wide.
Its eastern part consists of a broad fertile valley, generally referred to
as the Valley of Virginia, which is a valley only in the sense that it lies
2,000 to 3,000 feet below the summits of the Blue Ridge on the east

and of the mountain ridges on the west. Actually it has considerable
relief, and its altitude in most areas is 1,000 to 1,500 feet or more above

sea-level. West of the Valley of Virginia is a series of northeastward-
trending mountain. ridges and narrow val1eys, known as the Valley
Ridges. (See Pl. 4.) The summits of the ridges, which are commonly
3,500 to 4,000 feet above sea-level, make a f.airly uniform sky line and
are regarded as the remnants of a former peneplain surface. (See Pls.
4 and 5.) The surfaces of the intermontane valleys are more irregular
and in most places lie between 2,000 and 2,500 feet above sea-level.18

AREAL AND STRUCTURAL GEOLOGY

The principal features of the areal and structural geology of the
region are shown on the geologic map (P1. 1) which is based upon data

derived from Folios 14 and 61 (Staunton and Monterey quadrangles)
of the Geologic Atlas of the United States, by the United States

Geological Survey, the 1928 edition of the geologic map of Virginia,
by the Virginia Geological Survey, the geologic map of Monroe and
Pocahontas counties, W. Va., by the West Virginia Geological Survey,
reconnaissance mapping in Greenbrier County, West Virginia, by the
writer, and recent unpublished mapping in the Appalachian Valley and
Ridge province in Virginia by Butts. In the eastern part of the region
the rocks that crop out are chiefly dolomite and limestone, which are
less resistant than the other rocks of the region and hence have been

eroded more to form the lowland known as the Valley of Virginia'
These limestones are folded and thrust faulted, as is indicated in a

general way by section A-A' of Plate 1. In the part of the Valley and
Ridge province to the northwest of this valley the surface strata con-

flFennehan, N. M., Physio€traphic divisions of the United States: Annals Assoc. Am'
Geog., vol. 18, no. 4, rp. 274, 296-301, 1928.-ib-Stose, q. W., dtO-l[i""t' II. D., Manganese deposits of western Yirginia: Virginia
Geol. Suryey Bull. 23, pp. 16-24, 1919.

Wright, F. J.'-ih1 physiography of the upper James River basin in Virginia: Vir-
ginia Geol. Survey Bull. 11, 67 pp., 1925.

2L
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sist principally of Devonian and Silurian limestones and sandstones, the
underlying Ordovician rocks being exposed only in a few narrow belts.
As illustrated in the cross sections (Pl. 1), the strata in this part of the
province are folded into a series of narrow anticlines and synclines with
a northeasterly trend. On the limbs of the anticlines the strata are tilted
at steep angles, in some localities occupying vertical or overturned posi-
tions on the northwest limbs, and in a few being cut by thrust faults;
(See Pl. 1.) The erosion of these highly tilted strata, which vary
greatly in their resistance to erosion, gives rise to the alternation of
ridges and valleys that is the characteristic physiographic feature of the
province. (See Pl. 5.) Wherever folding of the strata has been suf-
ficient to bring the Ordovician limestones to the level of denudation,
especially in the northwest belts of the Valley Ridges, as in the Warm
Springs anticline, in Alleghany and Bath counties, Va., the crest of the
anticline is a narrow valley flanked by high mountain ridges marking
the outcrop of the resistant Silurian rocks. (See Pl. 4.) In some of
the synclines the downfolding has been sufficient to bring strata of late
Devonian and early Carboniferous age below the level of peneplanation.
Inasmuch as these strata are also relatively resistant to erosion, the
synclines in which they are present also form mountain ridges.

STRATIGRAPHY

Allwztiutn and, calcareows ,tranrl.--The youngest strata in the region
are the alluvial deposits that fill stream bottoms and the warm spring
deposits of calcareous marl. The latter are composed largely of calcium
carbonate precipitated from solution by the warm spring waters. They
have no great extent, being mostly limited to small patches a few feet
wide and possibly several hundred feet long in the valleys of streams
fed by warm springs. Not all the warm springs have formed such marl
deposits. Some are forming them at present, and others are cutting
away the marl formed at an earlier period. The deposits are also not
limited to warm.springs, calcareous marls occurring below springs that
at present are cold; for example, along Falling Spring Creek, about 6
miles northeast of Covington. (See Pl. 6.)

Missi,ssi,pfiotn strata.-'[he bedrock formations of the region are
given in Table 6. With the exception of the alluvium and calcareous
marls, the youngest strata present in the region are of early Mississippian
age. These beds consist of a few hundred feet of sandstone and sandy
shale (Pocono formation) which have been preserved in the synclinal
areas and partly on the summits of knobs in such areas. Small cold
springs issue at the base of some of these sandstones, but their limited
distribution and occurrence at the summits of the mountains prevent
them from being an important source of spring water.
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Te:l-n 6.-Generalised coXumnor section of the bedrock formations in the thermal
spring s re gion, zaest-c entrol Virginia

SYSTEM FORMATION APPROXIMATE
THICKNESS_FEET

Mississippian Pocono sandstone 200-800

Devonian

Catskill formation
Chemung formation
Brallier shale
Romney shale
Oriskany sandstone
Helderberg limestone

3,500-8,000

Silurian
Cayuga limestone
Clinton formation
Tuscarora (Clinch) sandstone

1,000-1,500

Ordovician

adian

Juniata formation
1\4artinsburg shale
Chambersburg limestone
Lowville limeJtone
Athens shale
Stones River limestone
Beekmantown limestone

4,500-6,000

Ozarkian

Cambrian

fCopper Ridee dolomite
\Coirircocheague limestone
Elbrook !imestone
Rome (Watauga) formation
Shady dolomite
Erwin ouartzite
Hamoton shale
Unicoi ouartzite

8,000-10,000

a The Coppgr Ridge dolomite and the Conococheague limestone are probably approxi-
mately equivalent,

Devon'inn strata.--The strata of Devonian age consist of a great
mass of shale, sandy shale, limestone, and sandstone having a thickness
of 6,000 to 8,000 feet in the northeastern part of the region, and 3,500
to 4,800 feet in the southwestern part. The upper two-thirds of the
Devonian consists of sandy shale and hard sandstone (Catskill,
Chemung, and Brallier formations). Below is the black carbonaceous
shale of the Romney formation and underlying this is the Oriskany
sandstone. (See Pl. 6.) In most localities this sandstone is a massive,
coarse-grained, loosely cemented rock 100 to 150 feet thick. In other
places it is much thinner and finer grained. At its most southwesterly
outcrop, in Bath and Alleghany counties, it is reported by Dartonle to
be of greatly reduced thickness and to be probably entirely absent in
places. The Oriskany, being at the top of a considerable thickness of
resistant strata, forms the outer slopes of some of the mountain ridges,

ttDr"t.", N. II., U. S. Gol. Survey Geol. Atlas, Monterey folio (No.61), p.4, f899.
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in which Silurian sandstone forms the mountain summits and the over-
lying shales the bordering valleys. Because of the permeability of the
Oriskany sandstone and its position at the base of the mountain slopes,
numerous cold springs issue from it. It is also the source of several
warm springs. The underlying Helderberg limestone is a light to dark
bluish-gray thinly to thickly bedded, more or less cherty limestone, with
intercalated sandstone strata as much as 100 feet thick in its south-
western development in Alleghany County. Its distribution is about
like that of the Oriskany sandstone. It has a thickness of 300 to 500
feet in the northeastern part of the region, and less than half of this in
the southwestern part. In Monroe County, W. Va., it is commonly
less than 100 feet thick and in some localities is entirely absent. Maty
cold springs and a few warm springs issue at the outcrop of the Helder-
berg limestone. In localities where it is exposed considerably above
stream level solution channels form in it, permitting underground drain-
age and the development of caves. (See Pl. 7.)

Silwrian strata.--:The strata of Silurian age consist of 1,000 to
1,500 feet of hard, fine-grained sandstone and sandy shale, with the
Clinton and Tuscarora (Clinch) formations in the lower part and
the Cayuga limestone, shale, and sandstone above. The lower sandstones
are generally quartzites, which are very resistant to weathering, and as
a consequence their outcrops form mountain ridges. (See Pl. 4.)
Rarely are they sufficiently permeable to yield springs. In the north-
western part of the region and extending southwest as far as Craig
County, 100 feet or more of limestone belonging to the Salina series,
occurs at the top of the Silurian and yields springs from joints and
solution channels.

Ord,ovici,an strata.-The Ordovician svstem consists of 4.500 to
6,000 feet of strata, principally limestone,'dolomite, and shale. The
top formation is the Juniata, consisting of sandstone and sandy shale.
Beneath this is the Martinsburg shale, which consists largely 'of shale
with some fine-grained sandstone in its upper part and limestone and a
bentonite bed, or'locally several bentonite beds, in its lower part The
sequence of the formations below the Martinsburg varies from place to
place, but as a rule it is possible tolrecognize representatives of the
Chambersburg, rlowville, Stones River, and Beekmantown limestones.2o
The limestones and dolomites range from grayish-yellow, irregularly
bedded, argillaceous and cherty limestones and dolomites to well-bedded,
blue to black limestones and gray dolomites. At their outcrop the
limestones and dolomites have a fine-grained crystalline texture, or at
least appear to be too dense to permit water to flow through
them. Inasmuch as numerous springs issue at the base of hills

- s ?he Beekmantown comprises in this region the Nittany dolomite aud youuger beds,all of which are included in the Canadian syetem of Ulrich.-
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A. Falling Spring Creek waterfalls. At the south-
west end of Warm Springs Valley. The c1iff is composed
of travertine. (See pp. 16 and 22. and Table 7.) Photo-
graph by Arthur Bevan.

B. Devonian (Romney) shale in Alleghany County, Virginia. The beds here
dip steeply to the soutl-reast. Photograph by Arthur Bevan.
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A. Falling Spring Creek rvaterfalls. At the south-
west end of Warn Springs Valle1-. The cliff is composed
of travertine. (See pp. 76 ald 22. and Table 7.) Photo-
graph by Arthur Bevan.

B. Devonian (Romrey') shale in Alleghanl- County, Virginia. The beds here
dip steeply to the southeast. Photograph bl- Arthur Bevan.
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A. Helderberg limestone in Bath County, Virginia, showing local horizontal
bedding and numerous joints. (See p. 23.) Photograph by Arthur Bevan.

. 1 Helderberg limestole showing solution channels along joints. At Blow-
ing. Cave, Bath County, Virginia. - (See pp. 24 and, 29.) 

- photograph by
Arthur lJevan.
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A. Helderberg limestone in Bath Count1., Virginia, showing loca1 horizontal
bedding and numerous joints. (See p. 23.) Photograph by Arthur Bevan.

Bj Helderberg limestone showing
ing Cave, Bath Count1., \rirginia.
Arthur Bevan.

solution channels along joints. At Blow-
(See pp. 24 and 29.) Photograph b1'
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underlain by these formations, it is evident that water does flow freely
through them, but this movement possibly takes place chiefly along
joints widened by the solvent action of ground water and is probably
confined largely to levels above the water table. There is also evidence

that some of the formations, especially the Lowville limestone which
yields many warm .springs, contain beds of sufficient permeability to
permit the circulation of water at levels below the water table.

Cam,bri'an strata.--Jhe Cambrian rocks consist of limestone,
dolomite, shale, and sandstone that have a total thickness of 8,000 to
10,000 feet in the Valley of Virginia. Their thickness in the remain-
der of the Appalachian Valley and Ridge province is not known, because

the Cambrian formations are not exposed there. The geologic sequence
generally recognized in the Valley of Virginia in the area under con-
sideration is, in descending order, Copper Ridge dolomite or Conoco-
cheague limestone,2l Elbrook limestone, Rome (Watauga) shale, Shady
dolomite, Erwin quartzite, Hampton shale, and Unicoi quaitzite. The
limestones and dolomites yield numerous large cold springs, which are
probably fed by water circulating through joints and solution channels
lying above the water table. A few moderately warm springs also issue

from Cambrian {ormations.

Igneous rocks.-A few dikes and one or two small irregularly
shaped masses that may represent volcanic necks occur in the northern
part of the region,22 being known as far south as the central part of
Bath County. The igneous rocks consist principally of basalt and
granite-felsophyre. Two miles west of Harrisonburg, in Rockingham
County, there is a high hill formed by a peridotite. The age of these
intrusive rocks is not definitely known, but they are somewhat similar
to the igneous rocks of Triassic age found in the Piedmont region east
of the Blue Ridge. There is no ividence to indicate that the igneous
rocks are related in any way to the occurrence of the warm springs.

FORMATIONS FROM WHICH THE SPRINGS ISSUE

Numerous cold springs issue at the outcrops of the Oriskany sand-
stone, the Helderberg lirhestone, and the limestone forrnations of
Ordovician and Cambrian age. The springs found at the outcrops of
the other formations are generally small, most of those in shale forma-
tions being simply slight seepages of water relatively high in sulphates.
Practically all the warm springs having temperatures above 60" issue

a The Copper Ridge dolomite of the western belts and the Conococheague limestone of
eastern belts in the Appalachian Valley in Virginia are probably approximately equiYalent.
They reprcent here the Ozarkian system of Utrich.2 Darton, N. II., On dikes of felsophyre and basalt in Palozoic rocks' in central Appa-
lachian Yirginia, with notes on the petrography by Arthur Keith: Am. Jour. Sci., 4th'
ser., vol. 6, pp. 305-315, 1898.

Watson, T. L., and Cline, J. H., Petrology of a series of igneous dikes in central-
western Virginia: Geol. Soc. America Bull., vol. 24, pp. 301-384, 1913.
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at outcrops of the Oriskany sandstone and Helderberg limestone, of
early Devonian age, and of the Lowville limestone, of middle Ordovician
age. The most notable of the warm springs issuing from the Oriskany
sandstone and Helderberg limestone are as follows: The Layton
Sgring (No. 142), on Jackson River; the Panther Gap Springs (Nos.
25I-252); the Lithia Spring (No. 301), on Mill Creek, Botetourt
County; and the warm springs occurring along the flanks of the
Browns Mountain anticline extending between White Sulphur Springs
and Greenbank, W. Va. The principal warm springs that issue from the
Lowville limestone comprise the warm springs of the Bolar Spring
Valley in Highland County, Va., the Warm Springs and Rich Patch
valleys in Bath and Alleghany counties, Va., and probably most of those
in the Old Sweet Spring Valley of Alleghany County, Va., and Monroe
County, W. Va. The only springs with temperatures above 60o F.
that do not issue from the above-mentioned formations are the Rock-
bridge Bath Springs (Nos. 267-269), Rockbridge County, in the
Beekmantown limestone; the warm spring (No. 1S9) near Bridge-
lvater, Rockingham County, in Chambersburg or Athens limestone;
the Dices Spring (No. 195), near Burketown, Augusta County,
in the Copper Ridge dolomite; and the Fitzgerald Spring (No.202),
in Augusta County, in the Elbrook limestone.

OCCURRENCE OF WARM SPRINGS IN RELATION TO GEOLOGIC STRUCTURE

Nearly a century ago W. B. Rogers2s pointed out that the principal
warm springs then known in Virginia were located along anticlinal axes.
This generalization as to the geologic occurrence of the principal warm
springs is corroborated by all the information obtained in the course
of the present study. An inspection of the geologic map (P1. 1) shows
that all the warm springs in the Bolar Springs, \Marm Springs, Rich
Patch, and Old Sweet Springs valleys issue where the Ordovician rocks
are brought to the surface by pronounced anticlinal folding. The
geologic map also indicates clearly that most of the other warm springs
of the Appalachian Valley and Ridge province issue from the Oriskany
sandstone and Helderberg limestone at their outcrops on the limbs of
anticlines. Because of the lack of published detailed geologic mapping
in the Valley of Virginia, the structural positions of the moderately
warm springs in that area are not definitely known, but the data at hand
indicate that most of them issue where Ordovician and Cambrian forma-
tions rise to the surface from considerable depths as the result of anti-
clinal folding. Some of these anticlines are broken by thrust faults,
but there is no positive evidence that any of the warm springs are
along faults. Most of the springs of the region undoubtedly are not

- 
s Rogera, W. 8., On the connection of thermal springs in Virginia with anticlinal axes

and faults: Assoc. Am. Gologists and Naturalists, Rept. of lst, ?d, and Bd meetings, pp.
823-347,1840-42; A reprint . . . . geolosy of the Virginias, pp. S??-89?, New York, 1884.
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so located, and it is probable that few of the springs are fed by waters
rising along fault planes or through fissures bordering fault planes'

TOPOGRAPHIC POSITION OF THE WARM SPRINGS

The warm springs invariably are situated at the lowest outcrop
above sea-level of the spring-bearing formations in the different anti-
clines or overthrust sheets. They therefore generally occur in the valley
bottoms (P1. 4) where the major streams have cut water gaps through
anticlinal ridges. This fact is brought out to some extent by Plate 1,

which shows that all the warm springs are located on the larger streams
that head in or flow across the anticlines. As a rule the springs issue

either in the valley bottoms a few feet above low-water level or in the
stream beds themselves. It is not uncommon to find two or more
springs in an alluvium-filled bottom that have an alignment paralleling
the strike of the underlying rocks.
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SOURCE OF THE HEAT AND WATER SUPPLY OF THE
WARM SPRINGS

HYPOTHESIS HELD BY PREVIOUS OBSERVERS

Most observers who have given attention to the problem of the
origin of the warm springs agree that the spring waters are of meteoric
origin. This is the conclusion reached by Rogers2a arrd Watsonzs and
the one held by the writer. The chief basis for this conclusion is
the similarity in the chemical character of the water from the cold anC
warm springs and the fact that the dissolved gases are principally of
atmospheric origin. No definite agreement as to the source of the heat
of these warm springs has heretofore been reached. Rogers26 held the
view that the temperatures are an expression of the earth temperatures
normal to the depths at which the waters circulate; but his explanation
of the manner in which the circulation was induced is not convincing.
In brief, he assumes that the surface water entering the rocks at their
outcrop in high anticlinal ridges sinks to considerable depths along
joints and fissures until it reaches a permeable bed and then rises along
the dip of this bed to its outcrop in an adjacent valley.

\Matson,27 after discussing the various hypotheses that had been
offered as to the source of the heat. exoressed the view that the final
solution of the problem must await *or. d"t"il.d geologic observation.

HYPOTHESIS SUPPORTED BY PRESENT GEOLOGIC STUDY

The data obtained in the present geologic study of the springs
make it possible, the writer believes, to present a satisfactory explana-
tion of their origin. This explanation is that the springs are produced
by meteoric waters entering a permeable bed along its outcrop at a
relatively high altitude on the crest or limb of one anticline and rising
to the surface where the same bed crops out at a lower altitude in an-
other anticline, the temperature of the waters being an expression of
the normal earth temperature in the deep synclinal basins through which
the water circulates. This hypothesis is somewhat similar to the one
offered by Rogers in that it attributes the temperature of the springs to
normal earth temperature; but it differs from Rogers' hypothesis in that
it predicates movement through permeable beds from one anticline to
another rather than movement through joints and fissures from an anti-
clinal ridge to adjacent valleys.

e Rogers, W. 8., On the connection of thermal springs in Yirginia with anticlinal
axes and faults: Assm. Am. Geologists and Naturalists, Rept. of 1st, 2d, and 3d meetings,p. 333, 1840-42.

5 Watson, T. L., Thermal slrrings of the southeast Atlantic States: Jour. Geology,
vol. 32, no, 6, p. 383, 1924.a op. cit., pp. 346, 347.s Op. cit., p. 384.
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EXTENT TO WHICH FIELD DATA SUPPORT THE HYPOTIIESIS OF

ARTESIAN CIRCULATION

A review of the data pertaining to the geologic occurrence of the

springs indicates to what extent they support the above suggested hypoth-
eiis as to the origin of the warm springs.

It is evidenf that the geologic structure, as shown in Plate 1, and

the topographic relief (Pls. 4 and 5) of the region decidedly favor such

a circulation of ground water. Given permeable beds with such struc-
ture and relief, artesian circulation of the type predicated would be the

natural consequence. Moreover, it can be shown that practically every
geologic feature o{ the springs fulfills the conditions that the hypoth-
isis iequires. These may b" tr-*utized as follows: (1) The
springs are located where permeable beds, or beds whose lithology sug-

gests permeability, rise to the surface from considerable depths on the

u*.r ot flanks oi anticlines ; (2) their position at the lowest outcrop of
these beds in the different anticlines is the position where artesian water
would be discharged; and (3) they are found in anticlines where the

permeable beds crop out at lower altitudes than in adjacent anticlines.

Relati,on to perrueable beds erposed,'i'n anti'clines.-There is no ques-

tion that permeable beds through which ground water could circulate
exist in this region and that some of the springs issue from them. In
the first place, the Oriskany sandstone and Helderberg limestone con-

tain permeable beds. Numerous large cold springs issue from these

formitions and they have yielded copious flows of water where they
have been penetrated in deep wells in the oil fields of 'West Virginia and

Pennsylvania. The Ordovician and Cambrian limestones and dolomites
from which some of the warm springs issue, appear to be too tight-
grained to permit an interstitial movement of water. Presumably they
can act as aquifers only where they possess a system of connecting joints
and fissures. At their outcrops they are undoubtedly mugh jointed,

and it is.largely because of this jointing and the solubility of the rocks

that their outcrops are marked by sink-holes and caves in high land and

cold springs in low land. Possibly they possess connecting joints that
are suffi.ciently open in the deep synclinal basins to furnish continuous
channels for the circulation of ground water. There is also a possibility
that some permeable sandstones now poorly exposed at the surface may
be interbedded with the limestone and dolomite. Whether or not the
presence of permeable beds or deep connecting joints can be established
from surface observation, the other data pertaining to the occurrence
of the springs are so definitely in agreement with the suggested hypoth-
esis, namely, they are due to the artesian circulation of water through
synclinal basins, that the capacity of the rocks {rom which they issue

to transmit water either through their pores or along joints and bedding
planes is fairly definitely established.
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Relat'i,on to elevations of outcrops in eack anticli,ne.---The {act that
the springs are invariably located at the lowest outcrop of the water-
bearing formations in the different anticlines indicates clearly that the
spring waters issue under an artesian head that is sufficient to raise them
only to certain levels and that the channels of circulation are those of a
continuous permeable bed. fn some places it is possible from observa-
tion of the relative altitudes of the spiings in a given anticline to deter-
mine the general direction of the underground movement, the gradient

9f !h9 moving water, and the source of intake. An example is af-
forded by the springs issuing from the Oriskany sandstone and Helder-
berg limestone at their outcrop along the northwest flank of the anti-
cline extending northeastward from White Sulphur Springs to Green
Bank, W. Va. The altitude of these springs frbm noitheast to south-
west is shown graphically on Plate B. They fall practically within a
plane having a southwestward inclination of about 13 feet to the mile,
which intersects the Oriskany sandstone underground throughout
the whole extent of the anticline except at the position of the springs
where streams have cut valleys below t-his plane and tapped the ariesian
water head. On the southeast flank of the anticline there is onlv one
Oriskany warm spring, that at Minnehaha. This spring has an alti-
tude of 2,330 Leet, which is 90 feet above the spring issuing 2l miles
west of it, on the northwest flank of the anticline. It app4rently, there-
fore, is fed by waters subjected to a greater hydrostatiC head ihan the
spring water on the northwest flank of the anticline. But this is not
surprising, inasmuch as there is no underground connection between
the springs on the two flanks of the anticline except around its north-
east and southwest ends.

The data presented above suggest that the movement of artesian
water in the Oriskany sandstone in this area is southwestward, and
that the intake is some'where toward the northeast. Further 

"orrsideru-tion of this possibility is deferred to a later paragraph. The other
Oriskany warm springs issue at, or but slightly above, the level of the
two largest rivers crossing the Appalachian Valley and Ridge j2rovince.
The position of these springs is mostly attributable to the facf that the
waters feeding them are subjected to a hydrostatic head only sufficient
to raise them to about these levels. The distribution is too measer to
furnish any data as to the direction of movement of the undergiound
waters.

The altitude of the springs issuing from the Lowville formation
in the Bolar Springs, Warm Springs, attd Ricfr patch valleys of High-
land, Bath, and Alleghany counties, shows a decline toward the south-
west (P1. 8) of about 10 feet to the mile, indicating a southward
movement of the water. The only springs not conforming to the
gradual decline are those at Healing Springs (Nos. 130-132) and the
Fridley Spring (No. 166). The discordanci shown by Fridley Spring
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may be attributed to the fact that it lies on the southeast flank of an
anticline, whereas all the other springs, with the possible exception of
two or three at Hot Springs, lie on the northwest flanks of anticlines and
are therefore in more direct communicafion with the underground flow
yielding the springs. No explanation can be offered for the low alti-
tude of Healing Spring, or rather of the fact that, in spite of its low
altitude, it has a smaller flow than the other springs on the anticline,
except that the permeability of the spring-bearing formation here may
be less than elsewhere, or that faulting along the west flank of the anti-
cline may interrupt the movement of water from the adjacent synclines.

The springs in Old Sweet Springs Valley are not widely enough
distributed or do not show a sufficient difference in altitude to {urnish
a basis for any statement as to the direction of movement or intake of
the water feeding them. They issue at altitudes of 2,000 to 2,025 f.eet.

The springs so far discussed in connection with the subject of
artesian head comprise most of the springs in the Valley Ridges Section
of the Appalachian Valley and Ridge province. The lack of detailed
geologic and topographic maps makes it impossible to work out a satis-
factory analysis of hydrostatic conditions that yield the springs in the
Valley of Virginia.

Relation to elevati.ons of outcrobs in ad,iacent a,nticlines.---Evidence
that the springs occur in 

"trii"litr"s 
where thl spring-bearing formations

crop out at lower altitudes than in adjacent anticlines is afforded by
the distribution of 'the springs issuing from the Oriskany sandstone in
the Valley Ridges section. The relative altitude of the Oriskany at its
outcrop in the Browns Ulountain anticline and at its nearest exposure
in the next anticline 10 miles southeastward is first considered. North-
east of Naples, in Highland County, Va., the Oriskany sandstone crops
out at an altitude of about 3,200 feet, and it does not fall much below
this for miles to the northeast of the area shown on Plate 1. With this
high intakg and a water table practically as high, the water in the
Oriskany sandstone in the synclinal basin lying west of Naples could
readily be subjected to a hydrostatic pressure sufficient to produce the
artesian flows at warm springs Nos. 2,7, t3, 14, and 17 on the north-
west flank of the Browns Mountain anticline. These springs have
altitudes ol 2,460,2,240, l,B7O, 1,860, and 1,850 feet, respectively.

The only anomalous feature of the occurrence of warm springs in
the Browns Mountain anticline, is warm spring No. 6, at Minnehaha,
the altitude of which is 2,330 Ieet, or 300 to 400 {eet higher than the
lowest exposures of the Oriskany sandstone at its nearest outcrop to the
southeast. The hydrostatic head that causes the discharge of water
here is probably due to the high outcrop of the Oriskany northeast of
Naples, but why the water is discharged here and not at lower points
near Mountain Grove can not be explained, unless the Oriskany at those
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points is too impervious to conduct water. Some evidence that this is
the explanation is furnished by the absence in that area of large cold
springs in the Oriskany and the fact, as reported by Darton,28 that the
formation is uncommonly thin there.

The two warm springs (Nos. l4l and 142) near Falling Spring
(formerly Barber), Alleghany County, Va., issue where the Oriskany
sandstone crops out at lower altitudes than in adjacent anticlines, for
they occur practically in the bed of Jackson River where it cuts across
an anticline, and adjacent outcrops of the Oriskany are not truncated by
the river. The two slightly warm springs (Nos. 151 and 153) along
Jackson River below Covington also issue but a few feet.above river
level. The intake of the water that feeds these springs is probably in
the high ridges north and south of the river. At Clifton Forge, where
conditions are favorable for the occurrence of warm springs, none
were noted by the writer, although, according to W.'B. Rogers,2e there
were warm springs on the southeast flank of this anticline about 100
years ago. The warm spring on Mill Creek (No. 301 ), Botetourt
County, occurs on the nose of an anticline and at the lowest position of
the Oriskany sandstone in that anticline, which is considerably lower
than the outcrop of the Oriskany in the next anticline to the southeast.
Farther northeast along the same anticline, there is another warm
spring (No.255), which is probably fed by water taken in at the out-
crop of the Oriskany in the next anticline to the northwest. The Pan-
ther Gap Springs (Nos. 251-253) occupy a somewhat anomalous posi-
tion, for they do not lie as low as the Oriskany outcrop 2 miles to the
east. Presumably, the Oriskany along its outcrop around the rim of the
intervening syncline is high enough to give a hydrostatic pressure that
causes water to flow from the lowest exposures of the Oriskany
along both margins of the syncline.

The warm springs that issue from the Lowville formation in the
Bolar Springs, \Maf,m Springs, and Rich Patch valleys are lower than
the lowest outcrop o{ the Lowville in Crabbottom Valley in western
Highland County, Va. On the southeast side of Crabbottom Valley the
Lowville comes to the surface in a belt that has an altitude of. 2,750 to
3,200 feet and the lowest exposure of the formation in the entire valley
is about 2,500 feet above sea-level. Presumably water is fed into the
Lowville in this valley and, after passing through the intervening syn-
cline, emerges as the warm springs at the outcrop in the Bolar and Warm
Springs anticlines to the south. The relatiw altitudes of the springs
suggest a southward movement of the warm spring waters, and the fact
that most of the springs lie on the northwest limb of the anticline in-

aDarton, N. H,, U. S. Geol. Suvey Geol, Atlas, Monterey folio (No.61), p.4, 1899.a Rogers, W. 8., On the connection of therrol springs in Virginia with anticlinal
u€s aud faults: Assoc. Am. Geologists and Naturalists, Rept. of lst,2d, and 8d meetings,
p. 330, 1840-42.
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dicates that the water is rising out of the syncline that lies northwest

of the anticline.
The warm springs in Sweet Springs Valley evidently have an intake

from one or both of the anticlines in which Ordovician rocks crop out

to the southeast. The springs issue where the Lowville formation has

an altitude of 2,000 to 2,OZi feet, whereas the lowest exposure of the

formation at its outcrop in the next anticline 5 miles to the southeast,

is 2,25O feet.
A discussion of the relative altitude of the formation that yields

warm springs in the Valley of Virginia can not be presented, because

of the tack of detailed geoiogic and topographic maps in that area. It
is evident, however, thai the springs issue at the lowest exposures of the

formation,,for they are invariably located along the major streams'

EFFECT OF EARTH TEMPERA'TUR:*OT#'"R CIRCULATING UNDER

In view of the data presented above, it seems that the hypothesis

that the springs are fed by meteoric water circulating under. artesian

head through synclinal basins can be accepted as a fairly well demon-

strated fact. With such a circulation the simplest and most reasonable

explanation of the temperature of the springs is that it has been

produced by the rocks through which the water circulates. Measure-

ments made by Van Orstrandso in deep wells in West Virginia and

Pennsylvania .ho* an increase of 1o F. for every increase in depth of
60.8 to 7L4 f"eet, and there is no teason to assume that appreciably lower
gradients exist in the area under consideration. In fact, there is a pos-

sibility that in the anticlinal areas the temperature gradient exceeds the

normal gradient o{ the region because of the heating effect of warm
water ascending from considerable depths. In the synclines it may be

slightly less than the average for the region, because of the slight cool-
ing effect of surface water circulating through them. But at any tate,
with a gradient of 1o F. for every 75 f.eet in depth and with a mealr

annual temperature at the surface of 50o F., it is evident that at a
depth of 5,000 feet the earth temperature exceeds that of the hottest
springs in the region

Cross section A-A' of Plate 1 shows that the spring-bearing Low-
ville limestone in the synclinal basin lying between the intake of the
water in Crabbottom Valley and its outlet in Bolar Springs, Warm
Springs, and Rich Patch valleys probably attains a depth of ap-
proximately 5,000 feet. A similar depth between the intake and outlet
is reached by the formation yielding the springs in Old Sweet Springs
Valtey. In fact, most of the spring-bearing formations in the basins

through which the circulation occurs probably carry the water down to

eoYan Orstrand, C. E., On the nature of isogeothermal surfaces: Am' Jour. Sci.,
5th ser,, vol. 15, p. 509, 1928.
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depths where the rocks are several degrees warmer than the spring
waters. The Oriskany sandstone, for example, probably attains a
maximum depth of 5,000 feet in the synclinal trough lying east of the
Browns Mountain anticline, and its depth in synclines adjacent to the
other slightly warm springs in it is 3,000 to 4,000 feet. ?here is, there-
fore, little reasonable doubt that the spring-bearing formations in the
bottoms of the synclines thro'ugh which the water presumably circulates
have a temperature appreciably higher than that of the warm spring
waters. Undoubtedly, water moving slowly through these basins would
attain temperatures approximately equivalent to that of the rocks at
these depths. The chief question is the extent to which the waters
will be cooled as they come into contact with colder rocks in ascending
to the outlet of springs. If the rate of flow from intake to outlet were
constant, the water would probably emerge at about the average terrt-
perature of ordinary springs. But the conditions of intake and outlet
are such that the rate of flow through the trasins is not uniform. Water
is fed into the basins along the whole extent of the outcrop of the spring-
bearing formation, whereas the water escapes at only a few places.
Water entering at the intake, moreover, probably sinks but a few feet
before it reaches the water table, and its downward movement there-
after is very slow, being dependent upon the rate of discharge of the
warm springs and the capacity of the rock reservoir in the basin. The
discharge of water from the basin at the warm spring is probably not
analogous to the overflow of a lake or pond, in which the top waier is
drained off. There is reason to believe that, under the hydrostatic
pressures, the frictional resistance offered to flow, and the buoyant
effect of hot water, with cold water on the intake side of the inverted
siphon and warm water, which has lower specific gravity, on the dis-
charge side, warm springs of appreciable discharge are fed by water
rising directly from deep parts of the syncline. The movemeni toward
the outlet is analogous to the coning action noted in some oil fields
where th.e lowering of pressnre produced by the too rapid discharge
of gas, oii, or water results in the rise of deeo hot waters lnto the well.
\Marm springs often build by deposition impermeable walls, so that the
spring water rises through a defi.nite tube, doubtless at relatively high
velocity. The result is that the discharge of the spring is somewhit
analogous to the discharge of water through a weli thit taps a deep
artesian flow. The conditions suitable for such a discharge undoubtedly
vary directly with the dip of the rocks. where the rocks rise abruptiy
o_ut of a syncline, as.they do at the position of the warm springs in
Warm Springs Valley, there is opportunity for the warm watir in the
deeper part of the basin to reach the surface without being cooled to
any great extent. On the contrary, water rising .out of a basin along
gently dipping rocks, such as are exemplified by the Oriskany sand-
stone at spring No.6 (P1. 1), will doubtless be appreciably cooled be-
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fore it emerges at the surface. The dip of the sttata at the outlet of
the spring is probably one of the most influential factors in determining
the relative temperature of the spring and probably explains why the
warmest springs are most comfilon in the northwest, more steeply dip-
ping flanks of the anticlines. This factor, together with the depth and
width of the synclines, the rate of discharge, and the possibility of
warm spring waters being mixed with cold surface waters, probably
accounts for most of the difference in the temperature of the springs.
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SUMMARY

In the northwestern part of Virginia and adjacent parts of West
Virginia there are 90 or more warm springs that have temperatures
ran$ing from slightly more than the mean annual air temperatures to
105' F. These springs yield waters that are predominantly calcium
carbonate in character. Except that the warmest springs have a slightly
higher mineral content and are relatively richer in sulphates than mosi
of the cold springs, the warm springs are very similar in mineral com-
position to the cold springs. The gases issuing from the warm springs
are composed almost entirely of the atmospheric gases, though COz
occurs in greater volume than in the air. Nearly all the warm springs
issue from the Oriskany sandstone, the Helderberg limestone, and the
Lowville limestone where these formations rise to the surface from
considerable depths as a result of anticlinal folding. They invariably
issue only at the lowest exposures of these rocks in the different anti-
clines and are therefore commonly found where the major streams
have cut water gaps through anticlinal ridges, but only in those anti-
clines in which the water-bearing formations are exposed at lower
levels than in adjacent anticlines.

The hypothesis as to the source of the heat and water supply of
the warm springs that is most consistent with the facts of their chemical
composition and geologic occurrence is that they are due to the artesian
circulation of meteoric water through permeable beds, the water being
taken in at a relatively high outcrop of the permeable bed in an anti-
cline and discharged where the same bed is exposed at a lower level
in an adjacent anticline, the temperature of the springs being an
expression of the normal earth temperature in the synclinal basins
through which the water circulates.

The requisite condition for the occurrence of warm springs hav-
ing such an origin is a highly folded terrane with considerable relief,
containing beds which are sufificiently permeable to act as aqui{ers
and whose continuity is not broken by faulting. The unusual num-
ber of warm springs in the region under consideration and their ab-
sence or scarcity to the northeast and southwest may be due in part
to the scarcit5r of thrust faults in this region.
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