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mean ratio value of 0.0025 found here (Garrels and Macken-

zie, 1971). Strong evidence has been presented (Chafetz and
Folk, 1984; Love and Chafetz, this volume; Pentecost, this
volume) that algae play apart in precipitating some travertine
and marl. Garrels and Mackenzie (1971), however, report a
range of 7 to 25 mole percent MgCO, for carbonate minerals
fixed by calcareous algae; this is a much greater magnesium
content than that found in the present study.

Table 1. Analysis of calcite in soil.

Weight percent Molar Molar

Hole No. Horizon calcite Mg/Ca St/Ca
A 17.24 0.0087 0.00016
3 B 50.04 0.0020 0.00015
upper C 67.34 0.0020 0.00012
lower C 66.45 0.0017 0.00009
A 43.13 0.0020 0.00009
upper B 75.11 0.0017 0.00008
8 lower B 73.55 0.0013 0.00009
upper C 73.22 0.0013 0.00008
lower C 79.30 0.0021 0.00009

The mean Mg/Ca value of 0.0025 for the soil calcite at
Mount Crawford also appears to be significantly lower than
that reported by other investigators in Virginia. Calculated
Mg/Ca ratios from the CaCO, and MgCO, percentages re-
ported by Shubert (circa 1921, as reported in Hubbard and
others, 1985) and by Edmundson (1958) for five freshwater
marls from western Virginia range from 0.0104 to 0.0505.
The lowest ratio in this group is approximately four times the
average value found at Mount Crawford.

A mean S1/Ca ratio of 0.00011 indicates that a low con-
centration of Sr?* is present in the analyzed samples. Calcu-
lation of Sr/Ca ratios from Sr?* and Ca?* concentration data
from Turekian and Wedepohl (1961) and Conner and Shack-
lette (1975) resulted in a mean of 0.00091 and a range from
0.00015 to 0.00148. Holland and others (1964) found a
relatively low mean molar Sr/Ca ratio in pure calcite cave
deposits of 0.00019, a value very near that found in the study
area.

NONCARBONATE MATERIAL

Data on the noncarbonate material in the Massanetta
Variant Series and related deposits are summarized in Table
2. Samples from the Ap and B-C horizons exposed in the pit,
a sample of the clayey residuum underlying the marl deposit,
and a sample of recently deposited alluvium from the flood
plain of the nearby North River were included in this part of
the study.

Silt and clay predominate over sand in the noncarbonate

material in both the Ap and B-C horizons (Table 2). The
ratios of silt-clay to sand are approximately 17 to 1 for the Ap
horizon and 12 to 1 for the B-C horizons. The underlying
clayey residuum has a silt-clay to sand ratio of 134 to 1.
Conversely, North River alluvium is predominantly a loamy
sand, with little silt and only a trace of clay.

Microscopic examination of the sand fractions of each of
the four samples yielded further evidence related to the origin
of the deposit. Sand grains from both Massanetta Variant
Series samples and from the clayey residuum are similar and
consist predominantly of fine, clear, angular quartz grains.
Conversely, sand grains from the North River alluvium are
coarse, well-rounded, frosted, and have ubiquitous iron stains.

The above evidence points to an origin of the noncarbon-
ate material in the soil that essentially is unrelated to that of
the North River alluvium. The high ratio of silt-clay to sand
and the size and shape of the grains in the sand fraction of the
soil both indicate a fine-grained clastic or carbonate-rock
residuum as the logical source. The noncarbonate material in
the soil probably represents a combination of sediment de-
posited during flood events by the small stream and collu-
vium from surrounding slopes. Although the area under
study has the appearance of a river terrace, this evidence
precludes the possibility that it is a terrace of the North River.

Table 2. Textural comparisons of the noncarbonate materials
in the Ap and B-C horizons of the Massanetta Variant Series
with the underlying residuum and recently deposited North
River alluvium.

Sample Noncarbonate Noncarbonate

Material (wt %) Material (wt %)
silt-clay sand

Ap horizon 61.06 57.70 3.36

B-C horizon 17.92 16.50 142

underlying

clayey residuum 100.00 99.26 0.74

recent North

River alluvium 100.00 1596  84.04

ORIGIN OF THE MASSANETTA VARIANT SOIL
SERIES

RELATION OF SOIL CALCITE TO
STREAM-WATER CHEMISTRY

Table 3 summarized field pH determinations and labora-
tory analyses for the 10 stream-water samples collected in the
study area. A comparison with selected published analyses
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indicates that the concentrations found here are typical of
similar spring-fed streams draining faulted carbonate rock.
Because the stream samples were collected during base-flow
conditions and because the stream is probably fed by ground-
water discharged at the fault, the concentrations of cations in
shallow groundwater are likely to be similar to those in the
stream,

Table 3. Stream-sample analyses. Concentrations given in
mg/L; meq/L values reported in parentheses.

Station Molar Molar
No. pH Ca?* Mg S Mg/Ca Sr/Ca

89 120(6.0) 45.8(3.77) 0.8(0.02) 0.63  0.0033
7.8 150 (7.5) 63.6(5.23) 1.2(0.03) 0.70  0.0040
82 170(8.5) 56.0(4.60) 08(0.02) 054 0.0024
8.0 150(7.5) 48.4(3.98) 08(0.02) 053 0.0027
79 150(75) 42.8(3.52) 0.8(0.02) 047 0.0027
82 150(75) 44.0(3.62) 0.8(0.02) 044 0.0027
83 150(75 44.4(3.65) 0.8(0.02) 049 0.0027
83 150(75) 40.4(3.32) 08(0.02) 044 0.0027
84 170(8.5) 49.4(4.06) 08(0.02) 048 0.0024
83 120(6.0) 37.4(3.08) 0.8(0.02) 052 0.0033
Mean 82 150(7.5) 472 (3.88) 0.8(0.02) 053  0.0027

SV A W=

The mean concentration of Ca?* in Table 3 of 150 mg/L
is similar to Ca* concentrations found in other surface water
that deposits travertine in Virginia. One analysis of Falling
Spring Creek, in which extensive travertine deposits are
found, yielded a Ca** concentration of 127 mg/L (U.S.
Geological Survey, 1968). Other water analyses for traver-
tine-depositing springs in Virginia (Collins and others, 1930)
list Ca?* on the order of 100 mg/L.. The highest value for Ca?*
concentration found by Holland and others (1964) for Luray
Caverns was 103.2 mg/L.

Because bicarbonate analyses were not performed in this
study, it is not possible to make a definitive statement regard-
ing the degree of saturation with respect to carbonate miner-
als represented by the Ca?* concentration data. According to
Hem (1985), a CO, partial pressure of approximately
10 atm would be required to attain equilibrium with calcite
and water at 148 mg/L Ca® under standard conditions.
Because atmospheric concentration of CO, is much lower, a
substantial level of supersaturation with respect to calcite
may exist in the stream water,

Calcite supersaturation in natural water has been re-
ported by other investigators (Thrailkill, 1968; Jacobson and
Langmuir, 1970; Jacobson and Usdowski, 1975; Dandurand
and others, 1982; Chafetz and Folk, 1984; Hubbard and
others, 1985; Hoffer-French and Herman, this volume; Kirby
and Rimstidt, this volume; Lorah and Herman, this volume).
Volatilization of dissolved carbon dioxide gas from emerging
groundwater upon contact with the atmosphere may occur

more rapidly than precipitation of calcium carbonate, result-
ing in supersaturation with respect to CaCO, (Thrailkill,
1968). Hubbard and others (1985) suggested this mechanism
may be a major factor in the formation of extensive travertine
deposits in Virginia streams, where groundwater high in
dissolved calcium carbonate has been discharged from faulted
carbonate rocks. The conditions for the high Ca?* concentra-
tions found in this study appear to be similar to those de-
scribed by Hubbard and his coworkers.

The mean concentration of Mg** of 47.2 mg/L (Table 3)
and the mean molar Mg/Ca ratio of 0.53 are relatively high.
Falling Spring Creek is reported to have 29 mg/L of Mg? and
a Mg/Ca molar ratio of 0.38 (U.S. Geological Survey, 1968).
Although a Mg/Ca ratio of 0.15 is reported for a spring
draining limestone in the eastern United States (Hem, 1985),
a higher value of 0.89 is reported for a spring draining
dolomite. Additionally, Holland and others (1964) show
several Mg/Ca values slightly exceeding unity for water
collected in caves formed in dolomite. Analyses of ground-
water from Rockingham County, Virginia (Hinkle and Ster-
rett, 1976), show Mg/Ca values range from about 0.08 to 0.20
for water from limestone aquifers but are about 0.70 from
dolomite aquifers. The presence of dolomite in the Bur-
ketown klippe could account for the relatively high mean
molar Mg/Ca of 0.53 found in this study.

The mean concentration of Sr** of 0.8 mg/L (Table 3) and
the mean molar Sr/Ca ratio of 0.0027 are also relatively high.
Holland and others (1964) found a range of Sr?* concentra-
tions of 0.023 to 0.182 mg/L in cave water at Luray Caverns.
Although this is lower than the value at Mount Crawford, the
bedrock at Luray Caverns is predominantly dolomite, with a
relatively low mean Sr?* content of 65 ppm. Turekian and
Wedepohl (1961) found a mean of 610 ppm Sr?* for carbonate
rock in general, indicating that limestone has a significantly
greater Sr** content than the dolomite sampled by Holland
and others (1964). Because limestone is present at the Mount
Crawford site, the Sr?* concentration is higher in the stream
water than in water samples from Luray Cavemns.

Both Mg/Ca and Sr/Ca ratios are in excess of one order
of magnitude greater in the stream water than in the soil
calcite. The molar Mg/Caratio for the water is 212 times that
analyzed for the soil calcite. A high degree of partitioning
also is evident at Luray Caverns, where low-magnesian
calcite was found to be precipitating from water in which the
Mg/Ca mole ratios exceeded unity (Holland and others,
1964). Partitioning of this magnitude may be greater than
that taking place at some other locations in Virginia, where
Mg/Caratios in marls have been found tobe higher than those
atMount Crawford (Shubert, circa 1921, reported in Hubbard
and others, 1985; Edmundson, 1958).

The molar Sr/Ca ratio for the water is 25 times that
analyzed for the soil calcite. This partitioning is about one
order of magnitude less than that for the Mg/Caratio. Stron-
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tium partitioning was described by Holland and others (1964)
in the expression

concentration Sr?*

(calcite) =

concentration Sr2*

concentration Ca?*

(solution) (1)

S N
" concentration Ca?

where K = 0.14 +0.02 for calcite in equilibrium with dilute
solutions in the laboratory, and K for precipitated calcite in
Luray Caverns ranged from 0.13 + 0.06 10 0.22 £ 0.06. The
K, calculated from the data in Table 3 is less than 0.04,
indicating greater partitioning of Sr** than that found by
Holland and his coworkers.

FORMATION OF THE SOIL

Two modes for the origin of calcite associated with the
Massanetta Variant Series at Mount Crawford are possible.
The first mode involves the gradual aggradation of marl by
precipitation of calcite from the small stream now draining
the deposit, followed by formation of the present Mollisol
when climatic or other conditions changed. The second mode
involves the formation of secondary calcite on or within the
soil by the evaporation of an upward-moving concentrated
solution of dissolved calcium carbonate. Prevailingevidence
indicates that most of the soil calcite at the study site was
deposited by primary precipitation. Secondary precipitation
may take place, but apparently on a considerably smaller
scale.

Perhaps the strongest line of evidence favoring the
preexistence of marl at the site prior to soil formation is the
very high percentages of calcite, atrelatively shallow depths,
found in the auger samples. Soil samples analyzed from eight
of the nine auger stations showed calcite contents of between
57.5 and 80.0 percent at depths of less than 1 m. Secondary
precipitation of this much calcite, within a preexisting non-
carbonate or low-carbonate mineral soil, presents a formi-
dable space problem. A mechanism would be required to
remove the noncarbonate material that would have occupied
this volume prior to calcite precipitation.

The possibility of secondary precipitation of calcite
within a preexisting alluvial terrace of the North River was
further discounted by examination of the texture of the
noncarbonate material in the Massanetta Variant Series. The
noncarbonate material in the soil is significantly finer-grained
than flood plain alluvium from the nearby North River.
Nearby residuum is clay-rich material formed from calcare-
ous slate bedrock and closely resembles the noncarbonate
materialin the soil. Inaddition, examination of the individual
sand grains found in the noncarbonate material, revealed the
same fine size, clarity, and angular morphology as sand
grains in nearby residuum. These sand grains are different

from the coarse, iron-stained, frosted, and well-rounded sand
grains deposited by the North River. It would appear that, as
the marl formed, small amounts of residual soil were moved
by gravity from the surrounding hills, or carried in as sedi-
ment by the small stream, and became incorporated into the
accreting marl.

A third line of evidence favoring preexistence of the marl
involves recent archaeological findings. In other Virginia
deposits similar to those at Mount Crawford, prehistoric ar-
chaeological artifacts have been found beneath the Mollisols
and within the marl deposits (Hubbard and others, 1985;
Gardner, this volume; Giannini, this volume), indicating a
relatively recent origin for the deposits. This young age
would virtually preclude calcite precipitation within a much
older river terrace at the existing elevation above the present
river channel. Although artifacts have not been reported at
Mount Crawford, their existence cannot be ruled out.

Evidence favoring a secondary origin for atleast some of
the soil calcite centers around the morphology and distribu-
tion of semicontinuous layers of calcite found in the soil
(Figures 6 and 7). Although the layers are, in some respects,
similar to algal travertine deposits described by Chafetz and
Folk (1984), the Mg?* content of the soil calcite is much lower
than that reported for algal-carbonate material (Garrels and
MacKenzie, 1971).

The semicontinuous layers of calcite at Mount Crawford
are composed mainly of minute tubes cemented together.
Many of the tubes contain small roots and fine rootlets. Asan
alternative to algal precipitation, low-magnesian calcite may
have precipitated inorganically to form tubes around present
or pre-existing roots. The tops of the layers are rough and
irregular, and the bottoms are smooth and thinly laminated.
These laminated surfaces appear to have accreted after the
layer had formed.

The tubes and laminations may have been formed by
secondary precipitation, either during or after formation of
the marl deposit. During formation of the marl, some non-
accreting areas might have developed grasses or other small
vegetation. Transpiration and evaporation could have re-
sulted in precipitation of caliche-like layers, enclosing many
of the plant roots at and near the surface. Subsequently,
transpiration and evaporation could have resulted in a net
upward movement of groundwater through the marl, and
continued precipitation of laminated calcite on the underside
of the tubes.

Alternatively, the tubes and laminations may have been
formed in the soil after formation of the marl deposit. The
Massanetta Variant Series, because of its relatively low
topographic position, is frequently saturated. Clay and or-
ganic matter in the solum could increase surface tension of the
interstitial water, creating an upward movement through
capillary action of groundwater with a high concentration of
dissolved calcium carbonate. Brown (1956) states that ground-
water rising from an aquifer by capillary action to deposit
calcium carbonate would do so largely in topographically
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low areas and not on high areas. Transpiration and evapora-
tion from the soil surface could then remove the water from
the upper levels of the profile, resulting in a continued upward
flow during periods of low rainfall. Upon evaporation, the
dissolved calcium carbonate would precipitate in the soil as
calcite. The possible presence of Ca?* at cation-exchange
sites on the surfaces of roots and transpiration by the plants
may induce the calcite to precipitate on the roots rather than
on some other surface. With continued upward flow and
calcite precipitation, the resulting tubes would grow larger
and coalesce until flow was blocked by the deposit. Precipi-
tation would then continue on the underside of the deposit to
form the smooth, laminated surface,

SUMMARY AND CONCLUSIONS

An area occupied by the Massanetta Variant Soil Series
and related marl near Mount Crawford, Virginia, was chosen
forstudy. The distribution, mineralogy, and geochemistry of
the carbonate material in the soil and the texture and sand-
grain morphology of the noncarbonate material in the soil
were examined. Water samples from a small stream draining
the deposit were analyzed for Ca?*, Mg?*, Sr?*, and pH.

Based on these investigations, the following conclusions
on the soil constituents and its origin are offered:

1. The weight percentage of carbonate material in the soil
increases with depth, ranging from trace amounts at the
surface to near 80 percent at depths of less than 1 m at some
sampling stations.

2. All of the soil-carbonate material analyzed was calcite.
The Mg? and Sr** contents of the calcite decrease with depth
atone of the two stations selected for analysis but are constant
with depth at the other station. Mean molar Mg/Ca and Sr/Ca
ratios of 0.0025 and 0.00011 are low relative to published
data for similar deposits elsewhere in Virginia.

3. Stream water draining faulted carbonate rock contains
relatively high concentrations of Ca?*, Mg?*, and Sr?*. The
mean concentration of 150 mg/L Ca?" in the stream is compa-
rable to that of other springs and streams in Virginia which are
actively precipitating calcium carbonate.

4. Molarratios of Mg/Ca and Sr/Ca in stream water are 219
times and 25 times higher, respectively, than in soil calcite.
Other studies indicate that this type of partitioning may be
common in caves and other situations where inorganic calcite
is precipitating,

5. Examination of the noncarbonate material in the Mas-
sanetta Variant Series revealed high percentages of silt and
clay, with a prevalence of fine, clear, angular quartz grains in

the sand fraction. These characteristics are similar to those of
local residuum but different from flood plain alluvium re-
cently deposited by the nearby North River. This evidence
precludes a river-terrace origin for the deposit.

6. Available evidence appears to favor a two-part mecha-
nism for the origin of calcite in the Massanetta Variant Soil
Series at Mount Crawford. This mechanism consists of: 1)
initial formation of a marl deposit by precipitation from the
stream and groundwater draining the Burketown klippe; and
2) secondary formation of some indurated calcite at or near
the marl surface during pauses in active marl formation or,
subsequently, within the profile of soil developed on the marl
by evaporation of shallow groundwater moving upward by
capillary action.
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INFLUENCE OF CaCO, DISSOLUTION AND DEPOSITION ON
FLOOD PLAIN SOILS IN THE VALLEY AND RIDGE PROVINCE
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ABSTRACT

Soils influenced by CaCoO, dissolution and deposition
have formed in Holocene alluvium deposited by streams that
have carbonate rock in their drainage basins. In Virginia,
soilsdeveloped on the flood plains of the Bullpasture, Calfpas-
ture, Cowpasture, Holston, Jackson, James, Maury, New,
Potomac, Roanoke, and Shenandoah rivers and their tributar-
ies have been influenced primarily by CaCQ, dissolution and
secondarily by CaCO, deposition. Soils associated with the
confluence of Shenandoah River and Spout Run in Clarke
County were characterized and classified as bein g examples
of the influence that CaCQ, dissolution and deposition have
on the properties and classification of soils.

Soils influenced by CaCO, dissolution have high pH and
exchangeable Ca? levels as the result of their interaction with
water high in Ca® and alkalinity. They do not effervesce with
dilute HCL. Surface layers are generally thick and dark as a
result of arelatively high organic matter content. Structure is
moderately to strongly developed. These soils are members
of the great group of Hapludolis. Soils with mollic epipedons
less than 60 cm thick and irregular decreases in organic matter
with depth, as the result of rapid burial of surface horizons by
sediment deposition, are members of the subgroup Fluventic
Hapludolls. Where the sedimentation rate is slow enough for
additional sediments to be incorporated into the epipedon,
mollic epipedons are greater than 60 cm thick, and the soils
are members of the subgroup Cumulic Hapludolls.

Soils influenced by CaCO, deposition have pH levels
between 7.4 and 8.7, have high Ca?* levels, and effervesce
with dilute HCL. Micronutrient cations of Cu, Fe, Mn, and Zn
are relatively unavailable to plants because of high pH and
occlusion by CaCO, Phosphorus levels are generally inade-
quate for normal plant growth because of the formation of
highly insoluble calcium phosphates. Soil particles occluded
by CaCO, are limited in their influence on the physical and
chemical behavior of soil. The laboratory method used to
estimate base saturations of Mollisols and Inceptisols that
contain CaCO, gave values greater than 100 percent because
nonexchangeable Ca?* was dissolved from CaCoO, as the pH
of the soil and extracting solution equilibrated. Soils with
CaCoO, equivalents greater than 40 percent located immedi-

ately below the mollic epipedon are members of the suborder
Rendolls. Soils with cambic horizons are members of the
subgroup Eutrochreptic Rendolls.

INTRODUCTION

Travertine-marl deposits form as carbonates precipi-
tated from freshwater streams and springs (Hubbard and
others, 1985). Concurrent with and subsequent to deposition,
upper layers of these deposits are altered by organisms and
climate over a period of time to form soils. Soil Survey Staff
(1988) defines marl as a material that has a moist-color value
(Munsell Color, 1975) of 5 or more that reacts with dilute HCI
to liberate CO,. Marl, according to this definition, can
constitute a portion of a mollic epipedon or of a cambic,
argillic, or C horizon. Marl, defined as a primary, porous,
carbonate deposit that contains impressions of leaves, sticks,
and other objects, can be designated as a C horizon of a soil.
Buried paleosols are present in most travertine-marl deposits
observed by the writers (Edmonds, 1970). Therefore, the
differentiation of travertine-marl in the strictest geologic
sense from soil is confounded by the transitional and overlap-
ping nature of the two concepts. In order to avoid this
distinction, the influence of CaCO, dissolution and deposi-
tion on soil will be used in the remainder of this chapter.

Levels of dissolved Ca** and alkalinity necessary for the
deposition of travertine-marl are considerably higher than
levels required to influence soil chemical and physical prop-
erties and to determine classification. Travertine-marl depo-
sition is generally confined to flood plains of streams that
have a large amount of carbonate rock in their drainage
basins. When compared to the extent of carbonate rock in the
Valley and Ridge province, travertine-marl deposits are a
secondary source of dissolved Ca?* and alkalinity in stream
waters. Consequently, the extent of soils influenced by car-
bonate rock is considerably greater than those influenced by
travertine-marl. Soils on flood plains of streams with a small
amount of carbonate rock in their drainage basins have been
influenced by the dissolution of CaCO,. In Virginia, soils
developed in Holocene alluviam on flood plains of the
Bullpasture, Calfpasture, Cowpasture, Holston, Jackson,




PUBLICATION 101 165

N N
© O
) )
< <
N 3 05 o ~gP—lo |
L
<.
68/
CALMES NECK
3
56 ' X
Q‘&T—"\ 1R Legend
N2 10 Soil Symbol Y
2 Ol Sample Site
e X Marl Borrow
‘fx 10
>
0] 05 I km
L | )
Scale

Figure 1. Sample sites and soil map for soils derived from Holocene alluvium at the confluence of the Shenandoah River and
Spout Run in Clarke County.  Soil symbols are those used by Edmonds and Stiegler (1982). Soil symbol: 4 = Buckton soils;
10 = Chagrin soils; 52 = Udipsamments, O to 8 percent slopes; and 56 = Weaver silt loam.

James, Maury, New, Potomac, Roanoke, and Shenandoah
rivers and their tributaries have been influenced primarily by
CaCQ, dissolution and secondarily by travertine-marl depo-
sition.

Soils at the confluence of the Shenandoah River and
Spout Run (Figure 1) in Clarke County, Virginia, Boyce
quadrangle, were characterized and classified in order to ex-
emplify the influence that CaCO, dissolution and deposition
have on the properties and classification of soils.

LITERATURE REVIEW

CHEMICAL PROPERTIES

One of the earliest scientific studies of the influence of
CaCoO, on soil in the United States was conducted by Ruffin
(1832). He used a procedure outlined by Sir Humphrey
Davey to analyze for CaCO, in the upland soil on his farm
near Petersburg, Virginia, and in upland soil derived from
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carbonate rock in the Shenandoah Valley (Thomas, 1977).
His results indicated that none of the soils contained CaCO,,
but soil derived from limestone contained acid-soluble Ca?*
whereas soil on his farm did not. To remedy this problem,
Ruffin applied partly decomposed oyster shells to his soil and
kept careful records of the amount of shells applied and of
resulting crop yields before and after “marling.” Therefore,
“he was the first man to lime for the right reason: To
neutralize acidity” (Thomas, 1977, p. 231). Ruffin (1832)
described perfectly the symptoms of Zn deficiency in corn
(Zea mays L.) that result from overliming. Because of this
work, Ruffin has been called “The father of soil chemistry in
America,” (Truog, 1938, p. 973). Ruffin was not the first to
use lime. Lime has been used as a soil amendment to
counteract acidity since ancient times (Tisdale and Nelson,
1975).

Soil pH

Soil pH is defined as the negative logarithm of the
hydronium (H,0") ion activity in soil solution. Well-aerated
soils buffered by the CaCO,-H,0-CO, system with Pco,
levels of 102 to 10352 atm have pH levels between 7.4 and 8.3
(Jackson, 1979). The pH is about 7.7 for soil buffered by this
system with a PCo, of 10**® atm (Jenny, 1980) and represents
the approximate boundary of CaCO, deposition and dissolu-
tion (Garrels and Christ, 1965).

From left to right the reactions

CaCO,(s) + H,CO, == Ca® + 2 HCO,” 1)

HCO; + H,0 — H,CO, + OH- Q)

represent the dissolution of CaCO, and result in an alkaline
solution. In reaction (1), the H,CO, that forms as CO,
dissolves in H,O reacts with CaCO, to form dissolved Ca?*
and HCO;". The amount of CO, that dissolves in H,0 and of
H,CO, that forms are proportional to the Pco,. The two
reactions are coupled because the H,CO, formed in reaction
(2) is consumed in reaction (1).

Where the s0il pH is low, growth of some plants may be
restricted. The need to neutralize H,O* in soil to ensure
normal plant growth has been recognized for centuries (Tis-
dale and Nelson, 1975). When CaCO, is applied to soil, the
pH increases as H,O* is neutralized by the OH- formed in
reaction (2).

Stability of Calcium Carbonate in Soil

Calcium carbonate forms when the soil solution be-

comes supersaturated with respect to CaCO, Supersatura-
tion occurs when reaction (1) moves to the leftas H,0, CO,,
or both are removed from the soil solution (Buo! and others,
1980). Evaporation and transpiration are responsible for the
removal of water. Carbon dioxide is removed as the PCO,of
the soil atmosphere is decreased by a decrease in biological
production, by an increase in diffusion from the soil atmos-
phere, and by movement of the soil solution to lower depths
(Buol and others, 1980; Jenny, 1980).

Calcium carbonate dissolves when reaction (1) is dis-
placed to the right. Reaction (1) moves to the right when the
soil-atmospheric Pco, is high enough to form sufficient
H,CO, to react with CaCO, to produce Ca* and HCO," ions
(Buol and others, 1980). Neutralization of OH- formed in
reaction (2) by H,O* in the soil solution also causes dissolu-
tion of CaCO,. The H,O* ions that participate in the neutrali-
zation reaction dissociate into the soil solution from various
soil buffer systems.

Copper, Iron, Manganese, and Zinc Availabilities

Micronutrient cations of Cu, Fe, Mn, and Zn are specifi-
cally adsorbed by carbonates, hydrous oxides, organic mat-
ter, and phyllosilicates (Udo and others, 1970; Schnitzer,
1978; Kabata-Pendias and Pendias, 1985). These cations are
occluded by the precipitation of CaCO, or hydrous oxides of
Al,Fe,or Mn. Occluded ions are no longer in contact with the
soil solution and are unavailable to plants. The availability of
soil Cu, Fe, Mn, and Zn to plants decreases with an increase
in soil pH (Kabata-Pendias and Pendias, 1985). This de-
creased availability reflects specific adsorption by organic
matter and by the deposition of carbonates and hydrous
oxides. As observed by Ruffin (1832), deficiencies of these
micronutrients may occur in soil as a result of overliming or
through the influence of CaCO, dissolution or deposition.

Calcium, Magnesium, Potassium, and Phosphorus
Availabilites

On a mass balance basis, most of the Ca, Mg, and K
present in soil occupy structural positions in primary and
secondary minerals and are, thus, non-exchangeable (Buol
and others, 1980; Bohn and others, 1985). Potassium, unlike
Ca and Mg, exists in the interlayers of clay-size micas and
vermiculite and in wedge sites located in these minerals and
is, thus, exchangeable (Sparks and Huang, 1985). Potassium
availability to plants increases with a decrease in pH because
of its displacement from wedge sites by H,O*. Low Ca and
Mg availabilities commonly occur when these cations are
leached from soil and replaced on exchange sites by either
AP** or hydroxy-Al polymers.
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Plant-available P is highest in the pH range of 6.010 6.5.
Soil P is present as insoluble calcium phosphates at pH and
Ca?* levels associated with the deposition of CaCO,. A
decrease in soil pH increases P availability by dissolving
calcium phosphates (Lindsay and Moreno, 1960; Marion and
Babcock, 1977).

PHYSICAL PROPERTIES

Pettry and Rich (1971) observed that the formation of
CaCO, in soils alters their physical properties. They reported
substanual decreases in confined swelling pressures, liquid
limits, and plasticity indices as the result of treating soils with
Ca(OH),. They ascribed these decreases to formation of
CaCO, intergranular bridges along pressure faces and chan-
nels and to CaCO, linings of interior walls of soil voids. A
drastic reduction in the intensity of characteristic X-ray
reflections of phyllosilicate minerals was attributed to soil
particles becoming occluded as CaCO, formed in the soil
fabric. Treatment with 1 N HCl restored characteristic X-ray
reflections of the phyllosilicates to original levels. Based on
these results, we assume that CaCO, deposition under natural
conditions would produce similar reductions in confined
swelling pressures, liquid limits, and plasticity indices.

MATERIALS AND METHODS
STUDY AREA

Spout Run and its tributaries, Westbrook and Roseville
runs and Page Brook, drain an area underlain primarily by
carbonate rock of the Rockdale Run, Stonehenge, Conococh-
eague, and Elbrook formations and secondarily by the Lin-
colnshire, New Market, Oranda, Edinburg, and Rome forma-
tions (Edmundson and Nunan, 1973). High levels of dis-
solved Ca?* in the water of numerous springs, €.g., the spring
at Carter Hall, rising from the carbonate rock have resulted in
the deposition of travertine-marl along Spout Run (Edmund-
son and Nunan, 1973). Weaver soils (soil symbol 56, Figure
1) have developed in the upper layers of these deposits
(Edmonds and Stiegler, 1982).

Holocene alluvium encompassed by the arearepresented
by the Boyce quadrangle was described by Edmundson and
Nunan (1973, Plate 2) as, “Dark gray sandy clay, silt,and clay
containing gravel; calcareous with massive beds of travertine
along many tributary streams.” Soils derived from this
alluvium are described and classified by Edmonds and St-
iegler (1982) using 1981 criteria (Soil Survey Staff, 1975 and
1981).

LABORATORY METHODS

Five soil profiles along the west bank of the Shenandoah
River and one along Spout Run (Figure 1) were describedand
sampled for characterization. Exchangeable Ca**,Mg?,and
K* were extracted with NH,* from a 1 N NH,OAc solution
buffered at pH 7 and with NH,* from an unbuffered 1 N
NH,Cl solution and were quantlﬁed using atomic absorption
spectrophotometry (Soil Conservation Service, 1982). The
CaCO, equivalent was estimated by the acid-neutralization
method (Allison and Moodie, 1965). Exchangeable alumi-
num (AP**) was extracted with a 1 N KClI solution and
quantified by titration (McLean, 1965). Exchange acidity
(H*) was determined by the BaCL-TEA, pH 8 method (Peech,
1965). The pH of 1-to-1 soil-to-water mixtures was deter-
mined using a glass electrode. Organic-matter content was
determined by the Walkley-Black method (Allison, 1965).
The cation-exchange capacity (CEC) was estimated by four
procedures: 1) by the sum of NHOAc extract bases
(BASOAC) plus H* (CECS); 2) by BASOAC plus AP*
(CECE); 3) by NH,* saturation with a 1 N NH,OAc, pH7
solution, displacement, and distillation method (Chapman,
1965) (CECOAC); and 4) by a modification of the method
given by Chapman (1965) which substituted a 1 NNH,C1, pH
5.4 solution as the source of NH,* (CECCL). Ions of Al, Ca,
Cu,Fe, K, Mg, Mn, P, and Zn were extracted with the Mehlich
I solution, which consists of 0.05 N HCl and 0.025 N H,SO,
(Olsen and Sommer, 1982), and were quantified by induc-
tively coupled plasma-emission spectrophotometry (Donohue
and Friedericks, 1984). Subsamples for mineralogical analy-
sis were treated with citrate-dithionite-bicarbonate toremove
oxide coatings (Kunze and Dixon, 1986). The sand fraction
was scparated by wet sieving. Concentrations (g/kg) of
minerals in the 0.05- to 0.5-mm fraction were estimated by
grain counts using a Zeiss Universal M petrographic micro-
scope. Particle-size analyses were completed by the pipette
method (Day, 1965).

STATISTICAL METHODS

The Kolmogorov-Smimov, Moses (Hollanderand Wolfe,
1973), and Randles (Randles and others, 1980) procedures
were used to test for normality, equal marginal dispersion,
and symmetry of differences between laboratory procedures,
respectively. The distribution-free Fisher sign test (Hol-
lander and Wolfe, 1973) was used to test for significant
median differences. Median differences between laboratory
procedures were estimated by a method associated with the
Fisher sign test (Hollander and Wolfe, 1973). Confidence
limits for median differences were calculated by the distribu-
tion-free Thompson, Savur procedure (Hollander and Wolfe,
1973). Statistical calculations were performed on the Vir-
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ginia Polytechnic Institute and State University’s IBM 3090
mainframe computer using the Virginia Tech Nonparametric
Statistics Package (Pirie, 1983).

RESULTS AND DISCUSSIONS

SOIL PROPERTIES

Estimates of Base Saturation

Nonnormal and asymmetric distributions and unequal
marginal dispersions of most sample differences were indi-
cated (p = 0.05) by the Kolmogorov-Smirnov, Randles, and
Moses tests, respectively (Table 1). These distributions and
dispersions are the result of differences between soils that
contain CaCO, and soils that lack CaCO,. Consequently,
parametric and nonparametric statistical procedures that
assume normality, symmetry, and equal dispersion would
give unreliable oc-levels. Therefore, the Fisher sign test,
which assumes an appropriate model, independent observa-
tions, and continuous distributions, was used to compare
median differences in bases extracted and in CECs for these
soils.

Median values for BASOAC and the sum of bases
extracted by NH,C1 (BASCL) were significantly different ]
= 0.05, Table 2), the positive value for 0 indicates that
BASCL was greater. BASCL was considerably greater for
soils that contained CaCO, (Tables 3 and 5). The difference
between BASCOAC and BASCL could result from different
PH levels of the extracting solutions. The NH,Cl solution
probably dissolved more Ca?* as the pH of the soils and
extracting solutions equilibrated.

Table 1. Evaluation of sample distributions.

Methods

Compared o(DNS) TS  o(US)

BASCL-BASOAC  0.025>a(DNS)>0.01 0.03394  0.00079
CECOAC-BASOAC  <«0.01 0.50000 <0.00001

CECCL-BASCL <0.01 0.07206 0.00071
CECCL-CECOAC <0.01 0.23260  0.90837
CECS-CECOAC <0.01 0.23220  0.00608
CECE-CECOAC <0.01 0.35750 <0.00001
CECS-CECE >0.15 0.03394 0.76952

*a-levels associated with the Kolmogorov-Smirnov DNS sta-
tistic.

®a-levels associated with the Moses TS statistic.

‘o-levels associated with the Randles US statistic.

Median values for CECOAC and CECCL were signifi-
cantly lower (p=0.05) than median values for BASOAC and

BASCL, respectively (Table 2). Lower values for CEC
indicate a source of bases other than the exchange complex.
In these soils, additional Ca** was probably dissolved from
CaCoO, as the pH of the soils and extracting solutions equili-
brated. Lower values for CECs than for bases extracted result
in estimates of BSCL and BSOAC greater than 100 percent
(Tables 3 and 4) for soils that contain CaCO,. BSOAC is used
to define limits of taxa in Mollisols and Inceptisols (Soil
Survey Staff, 1988). Conversely, base saturation estimated
by BASOAC divided by CECS times 100 (BSS, Table 5) and
by BASOAC divided by CECE times 100 (BSE, Table 4)
used to distinquish taxa in the Alfisol and Ultisol orders
cannot be greater than 100 percent, regardless of the amount
of CaCO, dissolved by the extracting solutions.

Table 2. Comparisons of laboratory methods.

Methods 89.99%CI
Compared o(BS)* ob for 6°
BASCL-BASOAC 0.00004 1.00 0.40to 1.30
CECOAC-BASOAC 0.04404 -0.50 -4.80 t0 0.50
CECCL-BASCL 0.01650 -0.80 -6.20t0 0
CECCL-CECOAC 0.06681 0 -0.20t0 0
CECS-CECOAC 0.00001  3.30 2.10 t07.50
CECE-CECOAC 0.03028 0.50 -0.50to 4.90
CECS-CECE 0.00053 2.50 1.10 to 2.00

*a-levels associated with Fisher sign test.

*Estimates of the median difference. A positive value for 0
indicates that the method designated by the positive sign had
the greatest median value while a negative value indicated
that the procedure with the negative sign had the greatest
median value.

“Thompson, Savur confidence limit for 6.

Median values for CECCL and CECOAC (Table 2) were
not significantly different (p = 0.05) which indicated a fairly
constant exchange complex between pH levels of 5.4 and 7.
Median values for CECS and CECOAC were significantly
different. The positive value for 8 indicated that CECS was
greater. Differences between CECS and CECOAC were
assumed to be related to pH-dependent charge. Median
values between CECS and CECE were significantly differ-
ent. The positive value for 6 indicated that CECS was greater.
Differences between CECS and CECE were also assumed to
be related to pH-dependent charge. The 1 N KCl solution
used to extract AP* was unbuffered while the BaCL-TEA
solution used to estimate H* was buffered at pH 8. Differ-
ences between CECS and CECE can be used to rank soils
according to the magnitude of their pH-dependent charge.




Table 3. NH,Cl bases, CEC, and BS and CaCO, equivalent.

Depth  Ca* Mg* K* CECCL BSCL* CaCO,Eq.
(cm) (cmol /kg soil) (%)
Profile 1
0-23 6.1 0.7 0.1 89 79 2
23-114 116 10 01 130 97 2
114-173 129 09 0.1 144 96 2
173-183 11.3 09 0.1 130 94 3
Profile 2
0-30 22.6 04 0.1 140 164 60
30-56 21.2 02 0 33 654 85
56-76 19.4 02 0 45 438 88
76-127 20.0 02 0 4.1 496 86
127-183 18.8 02 0 1.1 1064 91
Profile 3
0-38 19.6 0.5 0.1 8.5 238 4
38-79 124 04 01 114 113 3
79-107 10.0 04 0.1 10.1 105 3
Profile 4
0-38 11.0 08 01 122 97 2
38-102 12.5 07 01 124 107 3
102-183 13.5 08 0.1 132 109 2
Profile 5
0-30 13.5 09 0.1 8.3 176 2
30-56 10.5 07 01 110 102 3
56-114 -11.0 05 01 11.0 105 3
114-153 11.5 06 01 114 106 2
Profile 6
0-23 12.5 09 0.1 8.9 151 2
23-58 9.2 08 0.1 101 100 2
58-102 99 06 01 107 97 3
102-183 9.3 04 0.1 9.1 109 2

sBSCL = ((Ca* + Mg?* + K*)/CECCL) x 100.

Extractable Micronutrients

Levels of available micronutrients in soils needed for
maximum biomass production are estimated by concentra-
tions extracted by the Mehlich I solution. This solution
extracts soil Al, Cu, Fe, Mn, and Zn by dissociating cation-
organic matter complexes; by displacing specifically ab-
sorbed cations from carbonates, hydrous oxides, and phyllo-
silicate surfaces; and by releasing occluded and precipitated
cations during partial acid decomposition of minerals (Rap-
paport and others, 1986). The acid also releases octahedrally
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Table 4. Organic matter, pH, AP*, CEC and BS by NH,OAc
bases plus AP* and by NH,OAc method.

Depth OM pH AP+ CECE®* BSE° CEC BS

OAC* OAC
(cm) (%) (%) (%)
Profile 1
0-23 1.6 64 0.1 73 99 89 82

23-114 14 7.0 0.1 11.7 100 13.6 85
114173 1.1 69 01 134 100 13.0 102
173-183 0.8 7.0 0.1 12.5 100 13.0 95

Profile 2

0-30 41 83 01 21.1 100 162 129
30-56 1.8 85 0.1 17.4 100 3.7 472
5676 18 87 0.1 17.0 100 47 360
76-127 20 86 0.1 16.7 100 41 406
127-183 1.1 87 O 15.6 100 1.9 823
Profile 3

0-38 19 84 01 19.0 100 85 223
3879 15 84 0.1 12.5 100 11.6 107
79-107 1.0 83 01 102 100 10,1 101

Profile 4

0-38 1.7 80 01 118 100 105 112
38-102 09 83 01 123 100 11.8 103
102-183 08 81 01 13.8 100 134 102

Profile 5
0-30 22 80 01 14.2 100 9.1 157
30-56 1.0 80 0.1 10.7 100 11.2 94
56-114 0.8 80 0.1 10.5 100 11.4 91
114-135 09 80 0.1 11.3 100 10.7 105

Profile 6
0-23 22 15 01 121 100 89 136
2358 15 72 01 9.6 100 93 103

58-102 1.0 74 01 9.6 100 10.7 90
102-183 05 7.6 0.1 9.5 100 10.1 94

*Expressed as cmol /kg soil.

®CECE = Ca* + Mg® + K* + AP*.

*BSE = ((Ca* + Mg? + K*)/CECE) x 100.
INH,OAc, pH 7 method.

*NH4AC = ((Ca>* Mg? + K*)/CECOAC) x 100.
“BSOAC = ((Ca** + Mg? + K*)/CECOAC) x 100.

coordinated Al, Cu, Fe, Mn, and Zn from phyllosilicates as
surfacesof the mineralsundergo acid decomposition. Amounts
of Al, Cu, Fe, Mn, and Zn released from soil components
increase with an increase in H,0" activity in the soil-Mehlich
I solution mixture.

Concentrations of Al, Cu, Fe, Mn, and Zn extracted by
the Mehlich I solution (Table 6) were lower in Profile 2 and
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Table 5. NH,OAc base H* and CEC and BS by sum of cations.

Depth Ca»* Mg>»* K* H* CECS® BSSP
(cm) (cmol /kg soil) (%)
Profile 1

0-23 65 07 01 33 105 67

23-114 106 09 01 43 160 73
114-173 123 09 01 43 176 75
173-183 114 09 01 27 151 82

Profile 2

0-30 206 03 0.1 1.2 222 94
30-56 172 02 0 06 18.0 97
56-76 167 02 0O 0 16.9 100
76-127 164 02 0 0 16.6 100
127-183 154 01 ¢ 0 15.6 100
Profile 3

0-38 184 04 0.1 0 18.9 100
38-79 120 04 0.1 12 137 91
79-107 96 04 0.1 3.7 138 73
Profile 4

0-38 109 0.7 0.1 21 138 85

38-102 115 07 01 27 149 82
102-183 129 07 01 39 177 78

Profile 5
0-30 131 09 0.2 25 166 35
30-56 99 06 0.1 1.7 123 87

56-114 99 04 0.1 31 135 77
114-135 106 05 0.1 27 139 81

Profile 6
0-23 111 08 01 68 189 64
23-58 87 07 01 31 126 75

58-102 89 06 0.1 0 9.6 100
102-183 90 04 01 25 120 79

*CECS = Ca? + Mg? + K* + H".
*BSS = ((Ca* + Mg?* + K*)/CECS) x 100.

in the surface horizon of Profile 3 than in the other soils. The

PH of soil-Mehlich I solution mixtures would be higher in
these soils because of the neutralization of H,0* ions by
CaCO, shown to be present by strong to violent effervescence
(Appendix A) and by high CaCoO, equivalents (Table 3).
Concentrations of Cu, Fe, Mn, and Zn observed in these soils
indicate that deficiencies of these micronutrients to sensitive
plants would be more likely in soils that contain CaCo,.

Table 6. Selected elements extracted by the Mehlich I
extractant.

Depth Al Ca* Cu Fe K Mg Mn P Zn

(cm) (ng/kg soil)

Profile 1

0-23 245 900 02 25 42 62 75 9 5.1
23-114 324 >1200 02 2.7 14 81 40 3 10
114-173 329 >1200 02 22 15 85 37 8 12
173-183 314 >1200 02 24 14 90 33 8 07
Profile 2

0-30 07 >1200 0 0.1 8 42 12 2 01
30-56 04 >1200 0 01 6 33 22 2 01
56-76 04 >1200 0 01 4 30 32 2 0.1
76-127 04 >1200 0 01 4 30 24 2 0.1
127-183 05 >1200 0 02 4 31 37 2 01
Profile 3

0-38 05 >1200 0 01 11 55 04 2 0.1
38-79 271 >1200 0.1 0.6 14 49 56 3 09
79-107 31.8 >1200 0.1 14 17 44 46 2 05

Profile 4

0-38 249 >1200 0.1 28 26 89 161 14 6.1
38-102 311 >1200 02 16 14 73 48 4 14
102-183 33.5 >1200 02 20 11 75 33 6 09

Profile 5

0-30  29.5 >1200 02 34 20 89 122 11 6.1
30-56  33.7 >1200 02 2.0 20 77 68 3 4.7
56-114 348 >1200 0.2 23 17 54 40 5 12
114-135 363 >1200 02 23 17 57 39 9 1.1

Profile 6 '

0-23 248 >1200 0.2 35 28 81 105 12 6.1
23-58 295 >1200 02 2.7 15 67 6.6 10 40
58-102 34.8 >1200 0.2 3.0 11 62 43 5 1.1
102-183 39.1 >1200 0.2 43 14 54 46 23 1.1

*1200 pg Ca*/kg soil represents a sufficient quantity for
maximum biomass production. Therefore, exact quantities
above 1200 pg are not routinely determined by the Virginia
Tech Soil Testing and Plant Analysis Laboratory.

Extractable Phosphorus

Concentrations of P in the soil solution needed for
maximum biomass production are estimated by extraction
with the Mehlich I solution. Phosphorus is extracted primar-
ily from calcium phosphates by this solution through the
action of H,0* ions (Martens and others, 1969). Concentra-
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tions of P extracted from Profile 2 and from the surface
horizon of Profile 3 (Table 6) reflect neutralization of H,0*
ions by CaCO, and indicate an inadequate supply of P for
normal growth of most agronomic crops.

Soil pH and Calcium

Distributions of soil pH (Table 4) and extractable Ca?*
levels (Tables 3 and 5) can be used to indicate the distribution
of CaCO, and its influence on soils associated with the
confluence of the Shenandoah River and Spout Run. Soil
Profile 1 (Figure 1), upstream from the Spout Run travertine-
marl deposit, has pH levels below the range reported by
Jackson (1979) for well-aerated soils buffered by the CaCO,-
H,0-CO, system. An absence of CaCO, in this soil was
indicated by observed pH levels and lack of effervescence
with dilute HCL. This profile represents soils influenced by
the dissolution of CaCO, through their interaction with flood
waters that contain high levels of dissolved Ca** and alkalin-
ity. Alluvial soils on adjacent terraces not subject to flooding
and upland soils in this area have low exchangeable Ca?* and
pH levels. The pH levels in these terrace and upland soils are
buffered by the Al system (Edmonds, 1970).

Soil Profile 2 (Figure 1), located in the Spout Run
travertine-marl deposit, had pH levels above the range given
by Jackson (1979) for soils buffered by the CaCO,-H,0-CO,
system which indicated a decrease in PCO, with depth. Based
on CaCO, equivalents (Table 3), an average of approximately
1.14 metric tons (mt) of the Bw and C horizons of Profile 2 is
equivalent to 1 mt of pure CaCO,. Because of high CaCO,
equivalents and the presence of impressions of leaves, sticks,
and other objects, we assume that the Bw and C horizons of
this soil would qualify as primary travertine-marl in the
strictest geologic sense. The concurrent and subsequent
influence of organisms on this deposit to form a soil is
indicated by the increase in organic matter in the surface 30
cm and the consequent formation of an A horizon. The
influence of climate on this deposit is indicated by a decrease
in CaCO, equivalent in the A horizon. The CaCO, has
probably been dissolved from the A horizon and precipitated
in lower horizons.

Soil Profiles 3 through 6 (Figure 1) were located at in-
creasing distances along the west bank of the Shenandoah
River below the Spout Run travertine-marl deposit. These
soils had pH levels that decreased from Profile 2 through 6
and represented the entire range given by Jackson (1979) for
well-aerated soils buffered by the CaCO,-H,0-CO, system
with Pco, of 10%° to 1035? atm. These decreasing pH and
Ca? levels indicated a decreasing influence of CaCO, disso-
lution or deposition with increasing distance downstream
from the Spout Run deposit.

Travertine-marl is eroded from stream beds during floods
(Emig, 1917) and is deposited downstream as clastic carbon-

ate sediments. Soil pH, Ca* levels, and effervescence in
Profile 3 indicated the deposition and incorporation of CaCO,
particles in the surface layers of this soil. Soil pH, Ca* levels,
and lack of effervescence in Profiles 4, 5, and 6 indicated the
influence of soil water rich in Ca®* and HCO," ions derived
from dissolution of the Spout Run deposit or from limestone
that underlies the adjacent uplands.

SOIL CLASSIFICATION

Order

Soils in this study (Appendix I) have mollic epipedons
and are members of the Mollisol order (Soil Survey Staff,
1988). They have BSOAC values greater than 50 percent to
a depth of 1.25 m below the soil surface (Table 4), primarily
as a result of their interaction with water that has high level
of Ca?* and pH (Edmonds, 1970). They contain less than
300 g clay per kg soil in the upper 18 cm (Table 7). Mollisols
have properties that preclude serious plant toxicity from Al
and Mn, and that ensure a reasonable reserve of Ca, Mg, K,
and N. The structure of the mollic epipedon facilitates
movement of water and air. The presence of organic matter
shows that the soils receive sufficient moisture to support fair
to luxuriant plant growth during most years.

Suborder

Soils represented by Profiles 1, 3,4, 5, and 6 are members
of the suborder of Udolls. They: have mean annual soil
temperatures greater than or equal to 8°C (Edmonds, 1970);
are well drained (Appendix I); have a horizon immediately
below the mollic epipedon that has a CaCO, equivalent less
than 40 percent (Table 3); and are not dry for as long as 90
days in most years (have a udic moisture regime).

Soils represented by Profile 2 are members of the subor-
der of Rendolls. They have a horizon immediately below the
mollic epipedon that has a CaCO, equivalent greater than 40
percent (Table 3) as the result of CaCO, deposition.

Great Group

Soilsrepresented by Profiles 1,3,4,5, and 6 are members
of the great group of Hapludolls. They have cambic horizons
with less than 50 percent worm holes, worm casts, and filled
animal burrows.
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Table 7. Particle-size distribution.

Sand

Depth VCC M F VF Total Silt Clay
(cm) (g/kg soil)

Profile 1

0-23 1 10 31 40 37 119 799 82
23-114 0 2 19 137 112 270 440 290
114-173 0 2 43 144 100 290 427 284
173-183 0 371 160 75 310 422 269
Profile 2

0-30 5 19 36 84 74 218 612 170
30-56 5 35 67 120 105 331 546 123
56-76 15 112168 163 125 584 317 100
76-127 14 52 87 189 150 492 411 96
127-183 102 179147 112 83 623 285 91
Profile 3

0-38 8 12 21 107 198 348 506 146
38-79 2 7 18 117 200 344 458 198
79-107 0 11 37 108 142 299 459 243
Profile 4

0-38 1 4 55 252 137 449 362 189
38-102 0 1 24 203 165 394 362 245
102-183 0 2 20 146 159 326 389 285
Profile 5

0-30 5 22 77 209 115 428 352 220
30-56 3 10 56 233 167 469 305 226
56-114 1 10 54 215 143 424 336 240
114-135 10 15 57 190 153 425 319 256
Profile 6

0-23 1 10 81 280 153 525 326 149
23-58 1 7 77 308 195 588 254 157
58-102 0 3 43 274 210 530 270 199
102-183 134 66 41 46 43 329 450 221

Subgroup

Soils represented by Profiles 4, 5, and 6 are members of
the subgroup of Fluventic Hapludolls. They are well drained;
have a mollic epipedon less than 60 cm thick (Appendix I);
have a cambic (Bw) horizon that is free of CaCQ, in the lower
part (Table 3); have an irregular decrease in organic C with
depth or have an organic C content greater than 0.3 percent
(greater than 0.5 percent organic matter) to a depth of 1.25 m
below the soil surface (Table 4); do not have a contact with
bedrock within 50 cm of the soil surface; do not have cracks;
do not have a coefficient of linear extensibility greater than
0.9; and do not contain more than 350 g clay per kg soil in
horizons more than 50 cm thick. Mollic epipedons less than

60 cm thick and irregular decreases in organic C are the result

of soil surface layers being rapidly buried by the deposition
of sediment. Irregular decreases in organic matter are related
to the presence of buried paleosols.

Soils represented by Profiles 1 and 3 are members of the
subgroup of Cumulic Hapludolls. They have a mollic epipe-
don greater than 60 cm thick. Mollic epipedons greater than
60 cm thick develop where the sedimentation rate is slow
enough for the added sediment to be incorporated into the
epipedon.

Soils represented by Profile 2 are members to the sub-
group of Eutrochreptic Rendolls. They are well drained (low
chromain the Bw horizon are assumed toresult from the color
of CaCO,); do not have a contact with bedrock within 50 cm
of the soil surface; do not have cracks; do not have a
coefficient of linear extensibility greater than 0.9; do not
contain more than 350 g clay perkg soil in horizons more than
50 cm thick; and have a cambic (Bw) horizon.

Family

Texture: Soils represented by profiles 1, 3, 4, and 5 are
members of the fine-loamy textural class. They have textures
finer than loamy very fine sand or very fine sand and contain
between 180 and 350 g clay per kg soil between depths of 25
and 100 cm (Table 7). Soil Profiles 2 and 6 are members of
the coarse-loamy textural class. They contain less than
180 g clay per kg soil.

Mineralogy: Soils represented by Profile 1 are members of
the mixed (loamy) mineralogical class. The 25- to 100-cm
section of profile 1 had less than 900 g quartz (855 g) per kg
of the 0.05- to 0.5-mm fraction; greater than 100 g of
weatherable minerals (feldspar, 143 g); and 2 g of heavy
minerals (epidote, tourmaline, and zircon) between depths of
50and 100 cm. Based on mineralogical analysis of other sites
along the Shenandoah River, Profiles 1, 3, 4, 5, 6, and 7 are
assumed to have similar mineral suites.

Soils represented by Profile 2 are members the carbon-
atic mineralogy class. The 25- to 100-cm section of Profile
2 contained about 100 percent calcite as estimated by a
petrographic grain count of the 0.05- to 0.5-mm fraction. An
accurate grain count was not possible, because soil particles
other than calcite were occluded by calcite (Figure 2) and
their optical properties could not be observed. Classification
of this soil was based on the CaCO, equivalent. Soils
represented by Profile 2 have greater than 40 percent by
weight of carbonates between depths of 20 and 100 cm.
Because these soils have particles occluded by calcite, we can
expect them toreact similarly to those observed by Pettry and
Rich (1971).

Temperature: The soils in this study are members of the
mesic temperature class. They are estimated to have tempera-
tures of about 14°C at 50 cm below the soil surface (Edmonds,
1970).




PUBLICATION 101 173

Figure 2. Soil particles from the 0.05- to 0.50-mm fraction of
the Bw horizon of profile 2 occluded by CaCO, (crossed
nicols, 80X).

Series

Identification of series in the soils developed in Holo-
cene alluvium deposited by the Bullpasture, Calfpasture,
Cowpasture, Holston, James, Jackson, Maury, New,
Roanoke, and Shenandoah rivers and their tributaries has
been revised in light of recent research, including an unpub-
lished revision of soil taxonomy by the U.S. Department of
Agriculture, Soil Survey Staff (1988). These soils were
previously conceived to be members of the Inceptisol and
Entisol orders. Detailed characterization revealed that they
are members of the Mollisol order. Series names used in this
study reflect the new concepts and are different from those
used to correlate the Soil Survey of Clarke County (Edmonds
and Stiegler, 1982). The new soil serics names and their clas-
sification are given for each soil profile in Appendix I.

CONCLUSIONS

Soils influenced by the dissolution of CaCO, have rela-
tively thick, dark-colored surface horizons as the result of a
relatively high organic matter content, have moderately to
strongly developed structure, and do not effervesce with
dilute HC1. The exchange complex is saturated with Ca?,
They are members of the great group of Hapludolls. Soils
with mollic epipedons less than 60 cm thick are members of
the subgroup of Fluventic Hapludolls because they have ir-
regular decreases, with depth, in organic matter as the result
of soil surface layers being rapidly buried by sediment depo-
sition. Where the deposition rate is slow enough for added
sediment to be incorporated into the mollic epipedon, it is

greater than 60 cm thick, and the soils are classified as
members of the subgroup of Cumulic Hapludolls.

Soils influenced by CaCO, deposition in Holocene allu-
vium downstream from limestone springs have pH levels
between 7.4 and 8.7 and effervesce with dilute HCI. Micro-
nutrient cations of Cu, Fe, Mn, and Zn are relatively unavail-
able to plants because of high pH levels and occlusion by
CaCO,. Phosphorus is generally inadequate for normal plant
growth because of the formation of highly insoluble calcium
phosphates. Occlusion of soil particles by CaCO, gave
values for base saturation greater than 100 percent because
nonexchangeable Ca?* was dissolved from CaCO, as the pH
of the soil and extracting solution equilibrated. Soils with
CaCO, equivalents greater than 40 percent are members of
the suborder of Rendolls. Soils with cambic horizons are
members of the subgroup of Eutrochreptic Rendolls.
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Figure 2. Soil particles from the 0.05- to 0.50-mm fraction of
the Bw horizon of profile 2 occluded by CaCO, (crossed
nicols, 80X).

Series

Identification of series in the soils developed in Holo-
cene alluvium deposited by the Bullpasture, Calfpasture,
Cowpasture, Holston, James, Jackson, Maury, New,
Roanoke, and Shenandoah rivers and their tributaries has
been revised in light of recent research, including an unpub-
lished revision of soil taxonomy by the U.S. Department of
Agriculture, Soil Survey Staff (1988). These soils were
previously conceived to be members of the Inceptisol and
Entisol orders. Detailed characterization revealed that they
are members of the Mollisol order. Series names used in this
study reflect the new concepts and are different from those
used to correlate the Soil Survey of Clarke County (Edmonds
and Stiegler, 1982). The new soil series names and their clas-
sification are given for each soil profile in Appendix L.

CONCLUSIONS

Soils influenced by the dissolution of CaCO, have rela-
tively thick, dark-colored surface horizons as the result of a
relatively high organic matter content, have moderately to
strongly developed structure, and do not effervesce with
dilute HC1. The exchange complex is saturated with Ca*.
They are members of the great group of Hapludolls. Soils
with mollic epipedons less than 60 cm thick are members of
the subgroup of Fluventic Hapludolls because they have ir-
regular decreases, with depth, in organic matter as the result
of soil surface layers being rapidly buried by sediment depo-
sition. Where the deposition rate is slow enough for added
sediment to be incorporated into the mollic epipedon, it is

greater than 60 cm thick, and the soils are classified as
members of the subgroup of Cumulic Hapludolls.

Soils influenced by CaCO, deposition in Holocene allu-
vium downstream from limestone springs have pH levels
between 7.4 and 8.7 and effervesce with dilute HC1. Micro-
nutrient cations of Cu, Fe, Mn, and Zn are relatively unavail-
able to plants because of high pH levels and occlusion by
CaCO,. Phosphorus is generally inadequate for normal plant
growth because of the formation of highly insoluble calcium
phosphates. Occlusion of soil particles by CaCO, gave
values for base saturation greater than 100 percent because
nonexchangeable Ca?* was dissolved from CaCO, as the pH
of the soil and extracting solution equilibrated. Soils with
CaCO, equivalents greater than 40 percent are members of
the suborder of Rendolls. Soils with cambic horizons are
members of the subgroup of Eutrochreptic Rendolls.
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APPENDIX I:
SOIL DESCRIPTIONS AND DATA

Profile 1 — Speedwell variant’ silt loam?

Location: Above the Spout Run travertine-marl deposit
about 1.6 km southeast (136°) of the junction of State Road
651 and State Road 619 and 0.6 km east-southeast (116°) of
the junction of the Shenandoah River and Spout Run (Figure
1)

Elevation: 128 m

Vegetation: Hay - orchard grass

Slope: 1 percent

Classification: fine-loamy, mixed, mesic Cumulic Hapludolls

Ap — 0 to 23 cm; dark-brown (10YR 3/3) silt loam; brown
(10YR 4/3) dry; moderate medium granular structure; fri-
able, slightly sticky, slightly plastic; many fine roots; slightly
acid; abrupt smooth boundary.

Bwl — 23 to 114 cm; dark-brown (10YR 3/3) clay loam;
brown (10YR 4/3) dry; moderate medium subangular blocky
structure; friable, slightly sticky, slightly plastic; common
fine roots; neutral; gradual smooth boundary.

Bw2 — 114 to 173 cm; very dark grayish-brown (10YR 3/2)
clay loam; brown (10YR 4/3) dry; moderate medium suban-
gular blocky structure; friable, slightly sticky, slightly plas-
tic, few fine roots; neutral; gradual smooth boundary.

Bw3 — 173 to 183 cm; dark-brown (10YR 3/3) loam; mod-
erate medium subangular blocky structure; friable, slightly
sticky, slightly plastic; few fine roots; neutral.

Profile 2 — Massanetta variant® silt loam

Location: In the Spout ™  deposit about 1.6 km south
(165°) of the junction of State Road 651 and State Road 619
and 1.1 km south (180°) of the junction of State Road 621 and
State Road 651 (Figure 1)

Elevation: 134 m

Vegetation: Sycamore trees

Slope: 1 percent

Classification: coarse-loamy, carbonatic, mesic Euthro-
chreptic Rendolls

A — 0 to 30 cm; very dark grayish-brown (10YR 3/2) silt
loam; brown (10YR 4/3) dry; moderate fine granular struc-
ture; friable, slightly sticky, slightly plastic, many fine roots;
violently effervescent; moderately alkaline; clear smooth
boundary.

Bwl— 30 to 56 cm; grayish-brown (2.5Y 5/2) silt loam; light

brownish-gray (10YR 6/2) dry; moderate medium subangu-
lar blocky structure; friable, slightly sticky, slightly plastic;
common fine roots; violently effervescent; strongly alkaline;
gradual smooth boundary.

Bw2 — 56 to 76 cm; grayish-brown (2.5Y 5/2) sandy loam;
lightbrownish-gray (10YR 6/2) dry; moderate medium suban-
gular blocky structure; friable, slightly sticky, slightly plas-
tic, few fine roots; violently effervescent; strongly alkaline;
gradual smooth boundary.

Bw3 — 76 to 127 cm; grayish-brown (10YR 5/2) loam; light
brownish-gray (10YR 6/2) dry; moderate medium subangu-
lar blocky structure; friable, slightly sticky, slightly plastic;
violently effervescent; strongly alkaline; clear smooth bound-
ary.

C — 127 to 183 cm; grayish-brown (10YR 5/2) sandy loam;
light brownish-gray (10YR 6/2) dry; massive, friable, slightly
sticky, slightly plastic; 25 percent hard marl fragments;
violently effervescent; strongly alkaline.

Profile 3 — Speedwell variant® silt loam

Location: Below the Spout Run deposit about 0.8 km south-
southeast (154°) of the junction of State Road 619 and State
Road 651 and 0.3 km south (195°) of the junction of State
Road 651 and State Road 621 (Figure 1)

Elevation: 128 m ..

Vegetation: Hay - orchard grass, fescue

Slope: 1 percent. .

Classification: fine-loamy, mixed, mesic Cumulic Hapludolls

Ap — 0 to 38 cm; dark-brown (10YR 3/3) silt loam; brown
(10YR 4/3) dry; moderate medium granular structure; fri-
able, slightly sticky, slightly plastic; many fine roots; strongly
effervescent; moderately alkaline; clear smooth boundary.

Bwl — 38 to 79 cm; dark-brown (10YR 3/3) loam; brown
(10YR 4/3) dry; common medium faint very dark grayish-
brown (10 YR 3/2) mottled; moderate medium subangular
blocky structure; friable, slightly sticky, slightly plastic;
common fine roots; slightly effervescent; moderately alka-
line; gradual smooth boundary.

Bw2 — 79 to 114 ¢m; dark-brown (7.5YR 4/4) loam; mod-
erate medium subangular blocky structure; friable, slightly
sticky, slightly plastic; few fine roots; slightly effervescent;
moderately alkaline. '
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Profile 4 — Speedwell loam

Location: Below the Spout Run deposit about 1.0 km east
(94°) of the junction of State Road 619 and State Road 651
and 0.6 km east-northeast (57°) of the Jjunction of State Road
651 and State Road 621 (Figure 1)

Elevation: 126 m

Vegetation: Hay - orchard grass, fescue

Slope: 1 percent

Classificiation: fine-loamy, mixed, mesic Fluventic
Hapludolls

Ap — 0 to 38 cm; dark-brown (10YR 3/3) loam; brown
(10YR 4/3) dry; moderate medium granular structure; fri-
able, slightly sticky, slightly plastic; many fine roots; moder-
ately alkaline; abrupt smooth boundary.

Bwl-—381t0 102 cm; dark-brown (10YR 4/3) loam; moderate
fine subangular blocky structure; friable, slightly sticky,
slightly plastic; common fine roots; moderately alkaline;
gradual smooth boundary.

Bw2 — 102 to 183 cm; dark-brown (7.5YR 4/4) clay loam;
moderate fine subangular blocky structure; friable, slightly
sticky, slightly plastic; few fine roots; moderately alkaline.,

Profile 5 — Speedwell loam

Location: Below the Spout Run deposit about 0.6 km east
(90°) of the junction of State Road 619 and State Road 651
and 1.4 km east (73°) of the junction of State Road 651 and
State Road 621 (Figure 1)

Elevation: 125 m

Vegetation: Hay - fescue and weeds

Slope: 1 percent

Classification: fine-loamy, mixed mesic Fluventic Hapludolls

Ap — 0 to 30 cm; dark-brown (10YR 3/3) loam; brown
(10YR 4/3) dry; moderate medium granular structure; fri-
able, slightly sticky, slightly plastic; many fine roots; moder-
ately alkaline; clear smooth boundary.

Bw1—30t0 56 cm; dark yellowish-brown (10YR 3/4) loam;
moderate medium subangular blocky structure; friable, slightly
sticky, slightly plastic; common fine roots; moderately alka-
line; gradual smooth boundary.

Bw2 — 56 to 114 cm; dark yellowish-brown (10YR 3/4)
loam; moderate medium subangular blocky structure; fri-
able, slightly sticky, slightly plastic; few fine roots; moder-
ately alkaline; gradual smooth boundary.

Bw3 — 114 t0 135 cm; dark-brown (10YR 3/3) loam;
moderate medium subangular blocky structure; friable, slightly

sticky, slightly plastic; few fine roots; moderately alkaline.

Profile 6 — Combs fine sandy loam

Location: Below the Spout Run deposit about 2.1 km east
(91°) of the junction of State Road 619 and State Road 651
and 0.6 km east (78°) of the junction of State Road 651 and
State Road 621 (Figure 1)

Elevation: 123 m

Vegetation: Small grain

Slope: 1 percent

Classification: coarse-loamy, mixed, mesic Fluventic
Hapludolls

Ap — 0 t0 23 cm; dark-brown (10YR 3/3) fine sandy loam;
brown (10YR 4/3) dry; moderate medium granular structure;
friable, slightly sticky, slightly plastic; many fine roots;
mildly alkaline; abrupt smooth boundary.

Bw1-—231t0 58 cm; dark-brown (10YR 3/3) fine sandy loam;
brown (10YR 4/3) dry; moderate medium subangular blocky
structure; friable, slightly sticky, slighty plastic; common
fine roots; neutral; gradual smooth boundary.

Bw2 — 58 to 102 cm; dark-brown (10YR 4/3) fine sandy
loam; moderate medium subangular blocky structure; fri-
able, slightly sticky, slightly plastic; few fine roots; mildly
alkaline; gradual smooth boundary.

Bw3 — 102 to 183 cm; dark yellowish-brown (10YR 4/4)
loam; moderate medium subangular blocky structure; fri-
able, slightly sticky, slightly plastic; few fine roots; mildly
alkaline.

'The Speedwell series does not allow a mollic epipedon
thicker than 60 cm.

"Described by S. Cromer, W. Edmonds, L. Heidel, B. Legge,
and S.Thomas on May 5, 1987. Colors (Munsell Color, 1975)
are for moist soil, unless stated otherwise.

*The Massanetta series is amember of coarse-loamy, carbon-
atic, mesic family of Fluventic Hapludolls which lack a
calcareous horizon with a CaCO, equivalent greater than 40
percent immediately below the mollic epipedon.

“The Speedwell series allows neither free carbonates nor a
mollic epipedon thicker than 60 cm.,



PUBLICATION 101 177

SPELEOGENESIS IN A TRAVERTINE SCARP: OBSERVATIONS OF SULFIDE
OXIDATION IN THE SUBSURFACE

David A. Hubbard, Jr.!, Janet S. Herman?, and Pamela E. BelP®

CONTENTS
Page
ADSITACK ..o viveenterrereeerresnatesesenstesesteneasessessssestesessaseastasasessasessastesesessesesssssaseassseasessssasssssssensesenaest oot snsssesssnsssesessssesssssssesassnsans 177
INTOAUCHION. . ...eeveeveereiereaer e sestenseresrerersrratessesssssstonesssesssssesssrsstestasasens srsessssesssssstassossasatsntsesassressaressamnstssbesersortosssrsnessese sesnes 177
Sulfuric acid reaction mechaniSm JEETALUIE TEVIEW........c..cccerererrererrererssescrsrsermrsesassesasasssssassssasssesassesassnsssssesssasssssassssenes 178
SHLE AESCTIPLON. .....cceeeerenrreeerereenerrenieresevessessessssesssnesissssessssesmssessassasssessesessessonssssnsssasesassssssssssessssssassnssssssssssssssssenesssseses 179
MEENOUS...c.cermreeecreese et rirecerte et sasstsns et s esesstsbesasss s st ss st sus st sesseantrsansenssssnessssenssssassstsnssnesesnesasasssssensssassssassssnnsassntasssssussusstsans 180
RESUILS.....covinietirirrcerrnnieaneseeesestesstesesmasetesssssasssstasessssnssssssssssesessssasasasensstnssasensssesestnsassatessnssssssssserssassssmessssasossssossses oot sroses 181
DISCUSSION.«.ccueccrrrerreserreestasestrsesnasssrsrasssesnesssssssasasesessssasesassssesesessnsesasensesasesensnsessssnsesasentntsbestasasesessseasessesssasssassessssassss sresseasens 181
CONCIUSIONS. ...courrerrrrerirrnteserrareiesseassecatssssessessssssasesessssessssssssasessssesesessesasesssssssessssntasesessssssssssssensssstesessassssseasssasraassnss sessssasssss 183
ACKNOWIBAZIMENLS.......oueeeeeeeereieeirce st cte e steeteseceaessrsssssssssssssssnssssasssssssssssesesesseresssstessssssssssssesassssassessesns et susessseass snssnssssssses 183
RELEIEIICES CIEA.....coveueeueeieciieerieetieteeeetteesteseeteststetstasessensestesennesessssasessassessasensssassasaasessessssessasessestastssssesssasssssassmesasssssssasses 183
ILLUSTRATIONS
Figure
1. Geology Of the CeSSPOOL CAVE GICA......cccceriiiererersrerereresesssssesesesesssssasasesesesesesssssesenssesssssisssesssssatssssssesesasssarstssssssss srosersses 179
2. Plan vIEW Of CESSPOOL CAVE......ccueueeereeereieeereeereneseaeiesssesssssessessssssesssessssesessnsstssessesssssesssnssessesssssesessasssessesesesess srssasssnsnas 180
TABLES
1. Chemical analySes Of WaLET SAMPIES..........cocovurureeneereiseesiesssesessnsesesnresssssesasessssassssasesesssassssasasesnssssssesssssessssassssssssssssss 182
2. Calculated partial pressure of CO, and saturation indices of the Water SAMPIES..........ccvivvverecrrcsssmmesscssemsessessessenses 183

ABSTRACT

The Sawmill Falls escarpment is one of four stream-
deposited Quaternary travertine-marl complexes along Sweet
Springs Creek in Alleghany County, Virginia. Within this
escarpment, Cesspool Cave has formed by acid dissolution of
the travertine. The sources of acid are H,S hydration and
oxidation and CO, hydration. The calcite-saturated ground-
water contained as much as 7.1 mg/L H,S and had a Pco, as
large as 10717 atm where it enters the cave. Along the flow
path through the cave and at its resurgence, H,S concentra-
tions decreased by a factor of two on one sampling date and
by an order of magnitude on another date. Three genera of

colorless sulfur-oxidizing bacteria, Thiothrix, Beggiatoa,and
Achromatium, were found to be actively oxidizing sulfide
along the flow path. Corrosion of the limestone walls and
calcite speleothems and their gypsum encrustation indicate
the importance of the sulfuric acid reaction mechanism in the
development of this cave.

INTRODUCTION

The geochemical, hydrological, and biological proc-
esses thatinfluence cave development have been discussed at
length(Jennings,1971; Moore and Nicholas, 1964; Swecting,

Virginia Division of Mineral Resources, P. O. Box 3667, Charlottesville, VA 22903
Department of Environmental Sciences, Clark Hall, University of Virginia, Charlottesville, VA 22903
3Department of Microbiology, Jordan Hall, University of Virginia, Charlottesville, VA 22908
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1972 and 1981; White, 1988). Common to the origin of all
solutional cavities is the interaction of water with a soluble
bedrock. Most cave development in limestone or dolomite is
due to dissolution by groundwater, and the solubility of
carbonate minerals is enhanced by the presence of dissolved
acids. Chemical reactions that cause the formation of most
caves include the hydration and dissolution of carbon dioxide
gas in water to form carbonic acid which then dissociates to
yield a free proton:

CO,(g) + H,0 == H,CO," == HCO; +H* (1)

The proton then attacks calcite, yielding dissolved ions which,

are carried away by flowing groundwater

H* +CaCO,(s) == Ca*+HCO," @

Reaction (2) is driven to the right by any source of free
protons. B

- Sources of acid, other than carbon dioxide, exist in the
geologic environment. The genesis of some caves is at least
partially due to the action of such acids, most notably sulfuric
acid. Sulfuric acid, astrong acid, does notexist as a molecular
species in aqueous solution at pH values greater than 2.0. It
completely dissociates in water to yield protons and sulfate
ions. The speleological literature contains reports that sulfu-
ric acid is generated by the oxidation of sulfide to sulfate
(Howard, 1960; Jagnow, 1978). It is more accurate to
describe acidity generated in this manner as the sulfuric acid
reaction mechanism.

A sulfuric acid reaction mechanism is actively modify-
ing Cesspool Cave which is developed in a stream-deposited
Quatemary travertine-marl complex in Alleghany County,
Virginia. This paper focuses on elucidating the speleological
processes contributing to the development of Cesspool Cave.

SULFURIC ACID REACTION MECHANISM
LITERATURE REVIEW

The major solution reaction ascribed to the development
of the crevice caves in the dolomitic bedrock of the Towa,
Illinois, and Wisconsin lead-zinc sulfide district (Howard,
1960) and in Level Crevice Cave, Iowa (Morehouse, 1968),
involves a sulfuric acid reaction mechanism. Howard (1960)
hypothesized that pyrite, acommon accessory mineral in the
vein sulfide mineralization of the area, could be oxidized by
oxygen to form ferric hydroxide (Fe(OH),) or limonite
(Fe,0,-nH,0) and sulfuric acid. He suggested that sulfuric
acid could dissolve the dolomite of the bedrock, leading to the
formation of dissolved CO,, SO,*, Ca%, and Mg?, all of
which could be transported by groundwater. Howard (1960)
thought carbonic acid also could be contributing to dolomite
dissolution but that the sulfuric acid reaction mechanism

dominated the system in Crevice Cave. Morehouse (1968)
also describes the dissolution of dolomite by acid generated
by pyrite oxidation, but he added that the reaction can be
catalyzed by iron-oxidizing bacteria.

Acid generation during pyrite oxidation also was hy-
pothesized to be the major control on the development of the
caves in the Guadalupe Mountains of New Mexico (Jagnow,
1978). The disseminated pyrite, common in the formation
overlying the cave-forming unit, was the probable source of
the acid. The abundance of gypsum and other sulfate miner-
als prompted the author to speculate that, as a final step in

. Howard’s (1960) mechanism, water high in Ca?* and SO,>

precipitated gypsum.

Other mechanisms of formation have been proposed for
the caves of the Guadalupe Mountains. Using geomorphic
and hydrologic evidence, Davis (1979) argued that most of
these caves could not have been formed by descending waters
acidified by an overlying pyrite source. Rather, various
solution features are indicative of development by ascending
phreatic water. An altemnative source of acid is the simple
oxidation of the H,S commonly associated with local oil and
natural gas deposits. Acidic phreatic water, resulting from
the mixing of sulfide-charged water with a deeply penetrating
flow of oxygenated surface water, could form the phreatic
pits and other features found in the caves of the Guadalupe
Mountains.

Egemeier (1973) attributed the formation of the Kane
Caves of Wyoming to the oxidation of H,S according to

2H,5(ag) + O,(aq) — 28%s)+2H,0 (3a)

28%s)+2 H,O0+30,4aq) — 2 HSO,~+2H* (3b)
and

H*+HSO, + H,0 + CaCO,(s) —
CaSO,2 H,O(s) + CO,(g) 3c)

In his hypothesis, the ascending sulfide-rich groundwater
was oxidized in the vadose zone and dissolved the limestone
bedrock. Much of the hydrogen sulfide outgassed into the
caveatmosphere from which it dissolved, along with oxygen,
into water droplets on the cave walls and ceiling. The
resulting oxidation reaction products were elemental sulfur
and gypsum that replaced limestone. Large buildups of
gypsum may slough off the walls and ceilings to be dissolved
and removed by the cave stream. This “replacement-solu-
tion” mechanism of cave formation was also proposed for the
origin of caves in the Guadalupe Mountains (Egemeier,
1973).

In detailed studies of Carlsbad Cavern and other caves in
the Guadalupe Mountains, Hill (1981 and 1987) reported
mineralogic and isotopic evidence of a sulfuric acid reaction
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mechanism that agreed with Egemeier’s (1973) and Davis’s
(1979) early hypotheses. The source of reduced sulfur was
H,S from the oil and gas fields in the Delaware basin located
down dip. The H,S in upwelling anoxic groundwater mixed
with downward-moving oxygenated groundwater. The acid
resulting from the oxidation of H,S dissolved the limestone.
Ultimately, gypsum and elemental sulfur formed as reaction
products.

In studies conducted at Cesspool Cave, Virginia (Her-
man and others, 1986; Hubbard and others, 1986), the writers
found that H,S was present in water rising into the cave.
Some of this H,S was undergoing biologically mediated
oxidation along the flow path in the cave. Three genera of
colorless sulfur bacteria, Thiothrix, Beggiatoa, and Achro-
matium, occur in the cave water. Some of the H,S outgassing
from cave water into the cave atmosphere redissolved along
with oxygen into water films on the cave surfaces. Acidity
generated by sulfide oxidation dissolved calcite contempora-
neously with gypsum precipitation, a process first proposed
by Egemeier (1973). The oxidation of H,S by biological and
chemical processes generated the acid instrumental in the
genesis of Cesspool Cave.

SITE DESCRIPTION

Four Quaternary travertine-marl deposits occur along
Sweet Springs Creek in Alleghany County, Virginia (Figure
1). All four deposits occur at, or downstream from, two
thermal carbonate-rich spring inputs, Sweet Springs and
Sweet Chalybeate Springs, to the creck. Sweet Springs, West
Virginia, was developed into a spa after its discovery in 1764.
Early reports indicated that these springs discharged about

76 L/s of 23°C carbonate-rich water (Moorman, 1855; Wal-. .
ton, 1874). Approximately 1.6 km downstream from Sweet - .
Springs, Sweet Chalybeate Springs (this spa was also known -
as Red Sweet Springs) reportedly discharged 16to 51 L/sof -

24 to 26°C carbonate-rich water (Moorman, 1855; Walton,
1874).

One of the travertine buildups occurs at Sweet Chaly-
beate Springs where Sweet Springs Creek crosses the contact
between the Middle Ordovician limestone and the underlying
Lower Ordovician dolomite of the Beekmantown Formation
(Butts, 1933). A second travertine deposit forms Sawmill
Falls. This buildup occurs 2.4 km downstream from the first
deposit and is located at the contact between the Devonian
Needmore Shale and Ridgely Sandstone. These rocks are
part of the overturned east limb of a black-shale-cored syn-
cline in the footwall rocks of the St. Clair fault (Butts, 1933;
T.M. Gathright, I1, 1985, personal communication). A third
buildup, the Cascades, is located 0.6 km farther downstream,
near the contact between the Devonian Brallier and Millboro
shales (Butts, 1933). Beaverdam Falls, a fourth travertine
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Figure 1. Geology of the Cesspool Cave area modified from
Butts (1933) and Reger and Price (1925). Map symbols: Y
cave; T fault, uppersheet; o~ spring, and mmmm travertine
buildup; Dmu  Middle Devonian fms. undivided; Dlu
Lower Devonian fms. undivided; Sk Keefer Ss.; Srh Rose
Hill Fm.; Omb Martinsburg Fm.; Om Moccasin Fm.; Omu
Middle Ordovician Is. undivided; Ob Beekmantown Fm.
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deposit, is at the junction of Sweet Springs Creek and Dunlap
Creek (see cover, bottom left photograph).

The travertine deposits of Sweet Springs Creek were first
described in the literature by Featherstonhaugh (1835), who
noted the presence of caverns, including “some spacious
ones,” in the travertine escarpment at Sawmill Falls. The
largest of these caverns is Cesspool Cave (Figure 2). En-
trance to the cave is by a stream-cut canyon-like passage
approximately 3 m high. The cave is about 20 m long and
consists of two rooms. The entrance room has a maximum
height of 6 m and contains a pool of water that is 10 m in
diameter and as much as 1 m deep. The southern end of the
cave is identified as the terminal room. The two rooms are
separated by a constriction in the cave passage where a gravel
bar separates the pool of the entrance room from a pool in the
terminal room. The gravel is composed of a mixture of
carbonate and noncarbonate clastic pebbles derived as a
sediment wash from the 12-m-long by 3-m-high hemi-dome
of flowstone along the east wall of the cave. The terminal
room pool is approximately 8 m in diameter and about 0.5 m
in depth. A small stream flows from it to the entrance pool.
Cesspool Spring is located at the edge of the terminal pool and
the gravel bar, in the shadow of the flowstone hemi-dome
(Figure 2).

Cesspool Cave is unusual for having been developed in
travertine. Like many other caves developed in older lime-
stone in Virginia’s Valley and Ridge province (Holsinger,
1975), Cesspool Cave contains secondary flowstone and
dripstone deposits composed of calcite. In the entrance room,
both primary travertine and flowstone deposits (speleothems)
are corroded, especially along the west wall. Inactive flow-
stone in the terminal room is encrusted with as much as 1 cm
of gypsum.

The speleothems found in Cesspool Cave postdate the
initial formation of the cave. The period over which this cave
hasbeeninexistence isimportant to the study of the processes
involved in its genesis. Attempts at U-Th series dating of
speleothems from Cesspool Cave proved unsatisfactory. Much
of the thorium was probably chelated and removed by organic
acids. Significant amounts of detrital clastic materials in the
speleothems contained contaminant thorium. Two samples
yielded dates of “probably younger than 5000 and 10,000
years” old (Derek C. Ford, 1985, written communication).

METHODS

Four field trips were made to the Cesspool Cave sites to
obtain samples for chemical and microbiological analyses in
February, April, and July 1985 and April 1986. Sampling
was conducted at the cave spring, the pool near the entrance,
and the stream resurgence outside the cave (Figure 2). In
April 1986, an additional sampling site was established at the
terminal pool. Field measurements included temperature,

pH, conductivity, and alkalinity. Water samples were subse-
quently refrigerated and returned to the laboratory and fil-
tered, split, and acidified. Chemical analyses were performed
by atomic absorption spectroscopy for Ca?**, Mg?*, Na*, and
K*, and by ion chromatography for SO,>, CI-, NO,", and
PO,*. Results of the chemical analyses were entered into a
computerized equilibrium speciation model, WATEQF
(Plummer and others, 1976), for calculation of the saturation
state of the water samples.
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Figure 2. Plan view of Cesspool Cave. Symbols used on map
include a wavy line for flowstone, dot stipple for gravel or
sediment, box shapes for breakdown blocks, and solid and
dashed arrows for observed or inferred water flow directions.
Circled numbers indicate ceiling heights in meters. Symbols
on inset diagram include small triangles at sampling loca-
tions: SP Cesspool Spring; TP terminal pool; EP entrance
pool; S1 surface stream.

Measurement of total aqueous sulfide (H,S, HS-, $%)
was first conducted on the samples from July 1985. Samples
were collected using glass syringes and were placed into
nitrogen-evacuated serum vials fitted with crimped butyl
rubber stoppers (Fulghum and Worthington, 1977). Samples
were refrigerated until they were analyzed using Cline’s
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(1969) colorimetric method in the laboratory the following
day. Concern about the stability of the aqueous sulfide con-
stituents from the time of sampling until analysis prompted
the use of a different sampling technique on the following
trip. In April 1986, samples were fixed with Cline’s reagent
in the field and analyzed with a spectrophotometer in the
laboratory that evening. We did not further evaluate whether
the collection technique influenced the concentration of H,S
recovered.

Samples for microbiological analysis were collected in
the cave and in the surface stream immediately below the
resurgence outside the cave. Samplesincluded coated pebbles,
leaves coated with white material, filamentous strings and
webs, and milky-colored water samples. Samples were
placed in plastic bags or bottles and refrigerated during
transport to the laboratory where they were examined using
phase-contrast microscopy.

RESULTS

The chemical composition of the Cesspool Cave water is
typical for groundwater in limestone terrane (Table 1). The
dominant cation is Ca?* (153-181 mg/L), and Mg? is an order
of magnitude less concentrated (14.8-18.1 mg/L). The major
anion is HCO;~ (390-489 mg/L), and SO is much less
concentrated (106-127 mg/L). Concentrations of Na*, K*,
Cl,and NO,~ were all low (Table 1). The water temperature
(10.0-13.0°C) is typical for shallow groundwater in the
region and is much lower than the major spring inputs of
thermal water upstream. The pH is slightly below neutral.

A significant decrease in total aqueous sulfide concen-
tration was observed along the flow path for the two instances
on which it was measured, July 1985 and April 1986 (Table
1). InJuly, H,S concentration was 1.7m ¢/L at the spring and
1.5 mg/L in the entrance pool. It decreased to 0.2 mg/L inthe
stream outside the cave. In April 1986, the H,S concentra-
tions were higher overall. We measured 7.1 mg/L H,S atthe
spring in the cave and 5.5 and 2.4 mg/L in the terminal pool
and entrance pool, respectively. In the surface stream, just
outside the cave entrance, H,S was 3.3 mg/L. Differences in
SO, concentration along the flow path were either insignifi-
cant, as in February and July 1985 and April 1986, or showed
a slight increase in concentration, as in April 1985. The con-
centrations of other dissolved constituents were approxi-
mately constant for each sampling trip.

Aqueous speciation calculations (Table 2) demonstrate
that samples from February and April 1985 and April 1986,
collected during conditions of relatively high water flows,
were near equilibrium (-0.05 < SI_< +0.05) or slightly under-
saturated (SI. < -0.05) with respect to calcite. The July
samples, collected during lower flow conditions, were near
equilibrium or slightly supersaturated (S, > +0.05) with
respect to calcite. All samples were significantly undersatu-

rated with respect to gypsum. The calculated PCO, values
were all significantly greater than the normal atmospheric
value of 103 atm.

Three genera of colorless sulfur bacteria were identified
by microscopic morphology (la Riviere and Schmidt, 1981)
from water samples: Thiothrix, Beggiatoa, and Achroma-
tium. All three deposit intracellular elemental sulfur granules
when living in water containing dissolved sulfide and oxy-
gen. Both Thiothrix and Beggiatoa are filamentous gliding
bacteria that range from one to greater than 25 pm in width.
Thiothrix spp. were found attached to travertine in the spring
opening in the dark zone of the cave as well as in the outside
stream. Beggiatoa spp. were found in the water column and
on the surface of substrates in the cave and the outside stream.
Achromatium spp., large ovoid cells measuring from 5 to 100
pm, were found at the bottom of the entrance pool. This
organism also forms intracellular deposits of CaCO,.

DISCUSSION

The major-ion concentration data (Table 1) indicate that
the water from Cesspool Cave and the stream it feeds is
typical of water that arises from carbonate mineral dissolu-
tion by CO,-charged groundwater. The saturation indices
(Table 2) indicate that the water is approximately saturated
with respect to calcite. The PCO, value is above the normal
atmospheric value. Therefore, this water would be expected
to outgas CO, to the atmosphere as it enters the cave and
continues along its flow path. Upon outgassing CO,, the
stream would become supersaturated with respect to calcite,
and ultimately calcite deposition would occur.

A unique component of the water in Cesspool Cave is the
high total aqueous sulfide content. The range in measured
values is 0.2 to 7.1 mg/L. All these concentrations are higher
than are commonly encountered in natural water. Seldom
does groundwater in limestone terrane have a detectable
concentration of sulfide. For groundwater in the Floridan
aquifer, H,S values ranged from 0 to 3.3 mg/L (Rye and
others, 1981). High sulfide values have been reported for the
bad-water zone of the Edwards aquifer, with values up to 65
mg/L (Rye and others, 1981). Inavery different setting noted
for remarkable sulfide levels, values up to 150 mg/L have
been measured at a hydrothermal vent on the Juan de Fuca
Ridge in the east Pacific Ocean (U.S. Geological Survey Juan
de Fuca Study Group, 1986).

The three genera of colorless sulfur bacteria (Thiothrix,
Beggiatoa, and Achromatium) observed in Cesspool Caveall
oxidize hydrogen sulfide with molecular oxygen and deposit
amorphous sulfur intemnally (Larkin and Strohl, 1983).
Granules of S° were observed within the cells. Under condi-
tions of low concentrations of H,S, they can oxidize the stored
sulfur to sulfate resulting in a two-step oxidation (Lackey and
others, 1965; Strohl and Larkin, 1978):
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Table 1. Chemical analyses of water samples. All concentrations are expressed in mg/L.

Sample! T Cond pH Alk? HS Ca Mg Na K Cl SO, NO,
(°C)  (uS/cm)

February 1985

SP 124 6.81 464 179 15.3 5.6 5.1 11.2 123 0.12

EP 11.3 6.75 459 171 14.8 54 5.1 10.8 126 0.15

S1 10.9 6.78 450 181 150 52 50 1.0 127 0.15

April 1985

Sp 130 600 6.78 469 153 154 53 4.0 11.7 106 0.5

EP 110 640 6.84 469 155 159 54 4.0 121 112 0.5

S1 100 630 6.76 469 153 154 5.0 38 116 114 0.5

July 1985

Sp 125 600 6.96 390 1.7 166 16.6 54 4.6 10.3 112 0.5

EP 13.0 6.98 392 1.5 168 16.5 53 4.6 10.7 112 0.5

S1 13.0 550 6.97 391 0.2 166 166 5.7 4.4 105 115 0.5

April 1986

Sp 110 700 6.75 489 7.1 160 179 54 5.0 12.8 122 <0.10

TP 55

EP 100 600 6.79 486 24 158 18.1 52 49 124 117 <0.10

S1 11.0 700 6.70 482 33 169 17.9 53 53 12.8 121  <0.10

!Sample locations: (SP) Cesspool spring; (TP) terminal pool; (EP) entrance pool; (S1) outside stream. Samples are arranged in
order along the flow path from the spring in the cave to the surface stream,
*Total alkalinity (Alk.) was determined and was taken to be entirely due to HCO,~.

2 H,S(aq) + O,(aq) — 2 S%s) + H,0 (4a)

and
28%s)+30,(aq)+2H,0 — 4H*+2S0,> (4b)

Bacterially mediated oxidation of sulfide can occur more
rapidly than chemical oxidation by oxygen. - Beggiatoa has
been shown to oxidize sulfide 100 to 1000 times faster than
the chemical oxidation rate (Jorgensen and Revsbech, 1983).
Along the short flow path we observed in Cesspool Cave,
sulfide was reduced by as much as one order of magnitude,
partially as a result of bacterially mediated oxidation in the
slow-moving stream and its pools. During the February and
April 1985 and April 1986 visits, white filamentous networks
of colorless sulfur bacteria were abundant in the milky-
colored cave pools. The population of these organisms had

declined by the July 1985 visit and consisted mainly of
coatings on leaves and other debris and a slight milky colora-
tion in the pool water. The decline in populations of sulfur-
oxidizing bacteria may account for the increase in sulfide in
the water on that sampling trip. The reason for the large
fluctuations of bacterial populations is notknown, but may be
related to changes in the H,S/O, gradient or changes in the
flow of water and therefore the energy source for the cells.
Few of these bacteria have been isolated in pure culture,
largely because of the technical difficulty of maintaining the
appropriate H,S/0, gradient, and their physiology is not well
understood.

The oxidation of H,S generates acid which increases the
dissolution capacity of the cave water (Equations 3a and 3b).
Because this water is in contact with calcite, no appreciable
decrease in pH is actually observed. The relatively high
levels of sulfide measured in the cave spring indicate a
significant potential for travertine dissolution in Cesspool
Cave.
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Table 2. Calculated partial pressure of CO, and saturation in-
dices of the water samples.

Sample log Pco, SI.! SI;!
February 1985

SP -125  -001 -1.20
EP -1.20 -0.11 -1.20
S1 -124 007 -1.18
April 1985

SP -121 008 -1.31
EP -128 005 -1.28
S1 -120 015 -1.27
July 1985

Sp -147 004 -1.26
EP -1.49 008 -126
S1 -148 006 -1.25
April 1986

SP -1.17 012 -1.24
EP -1.22 -0.10 -1.26
S1 -113 015 -1.23

181 = log [IAP(T)I/K(T), where IAP(T) and K(T) are the ion
activity product and the equilibrium constant, respectively, at
sample temperature. Indices are SI, for calcite and SI; for
gypsum.

H,S outgassing from the cave water may be responsible
for the corroded flowstone in Cesspool Cave. In the terminal
pool room, the extensive crusts of gypsum could have re-
sulted from the dissolution of H,S and O, into water films
forming on the walls and formations during variations in
temperature and humidity. The resultant sulfide oxidation
produces an acidic solution that dissolves calcite. Gypsum
crusts develop when the aqueous film becomes supersatu-
rated with respect to gypsum, a result of increased Ca®
concentration due to calcite dissolution and the increased
SO,> concentration due to H,S oxidation. Alternatively,
supersaturation may result from evaporation of the films of
water (Hubbard and others, 1986). Similar situations of wall
corrosion and formation of gypsum crusts are described by
Egemeier (1973) for caves and in engineering texts (such as
Clark and others, 1977, p. 461) for concrete sewer lines,
whereby the acidity generated by bacterial oxidation of H,S
is quickly neutralized by calcite dissolution.

The source of the H,S in Cesspool Cave is unknown.
Sulfate concentrations are high in the spring inputs (Sweet
Springs, Sweet Chalybeate Springs, and Cesspool Spring) to
Sweet Springs Creek. Sulfate-reducing bacteria could be
actively converting sulfate to H,S within the subsurface
supply of water to Cesspool Spring. The breakdown of

metastable iron sulfide minerals such as mackinawite (FeS)
or greigite (Fe,S,) in the underlying black shales could pro-
duce H,S which could then be transported in the groundwa-
ter. The degradation of organic compounds locally concen-
trated in the black shale units and the Helderberg Limestone
is also a plausible source. Hydrocarbons in the black shales
could be migrating up dip along the synclinal structure and
provide an H,S source.

CONCLUSIONS

The genesis of Cesspool Cave appears to be the com-
bined result of CO, hydration (Equation 1) and H,S hydration
and oxidation (Equations 3a and 3b) causing acid dissolution
of a Quaternary stream-deposited travertine buildup (Equa-
tion 2). Partial pressures of CO, are elevated relative to the
normal atmosphere and are comparable to values in other
groundwaters in limestone where carbonic acid is the primary
calcite dissolution agent. High aqueous sulfide concentra-
tions in the cave waters, decreasing sulfide concentrations
along the flow path, a living population of sulfur-oxidizing
bacteria, and gypsum-encrusted corroded limestone walls
indicate sulfide oxidation and concomitant generation of
acid. The quantitative importance of biologically mediated
sulfide oxidation in the generation of acidity is not known.
Because of the unusual features of limestone corrosion on the
cave walls and the speleothems, we believe that the sulfuric
acid reaction mechanism dominates this system. We suspect
that wherever there is a source of strong acid in a groundwa-
ter, dissolution by that acid will dominate dissolution by
carbonic acid.
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