
INTRODUCTION
Pedogenic (secondary) calcium carbonate is,

by definition, a product of soil processes (Soil
Survey Staff, 1996). The primary sources of cal-
cium in such deposits are wind-carried particu-
lates, usually in the form of carbonates, and dis-
solved Ca2+ in rain water (Gardner, 1972; Gile
et al., 1979). On the basis of both mass-balance
considerations of calcium and the lack of residual
accumulations of refractory elements (e.g.,Al, Si,
Ti) in parent material, the weathering of calcium
silicates is typically only a minor calcium source
(Gardner, 1972; Bachman and Machette, 1977;
Machette, 1985). In the southwestern United
States, for example, it has been shown that the at-
mosphere is the primary source of calcium for pe-
dogenic calcium carbonate (Gile et al., 1979). In
regard to the source of the carbonate ion, assum-
ing equilibrium with the soil CO2, the decompo-
sition of soil organic matter supplies most of the
carbon; at shallow soil depths and in regions with
low respiration rates, the atmosphere can also di-
rectly supply some of the carbon. Stable isotope
research principally supports the organic matter
pathway, as the δ13C of pedogenic carbonate is
usually offset from the surrounding organic mat-
ter by 14‰–16‰, consistent with the fractiona-
tions within this pathway (Magaritz and Amiel,
1980; Cerling et al., 1989; Quade et al., 1989).

Because pedogenic calcium carbonate is read-
ily soluble, its depth in a soil profile is partially a
function of rainfall. Jenny and Leonard (1934),
the first to quantify this relationship, used mean
annual precipitation (P) and depth to the top of
the carbonate horizon (D) as variables. They es-
tablished and analyzed soil pits at 5–10 km in-
tervals along the 11 °C mean annual temperature

isotherm from eastern Colorado to western Mis-
souri (n = 104). Regression analysis of their data
treating P as the dependent variable yields an r2

value of 0.64 and a standard error (σ) of
109 mm. Treating P as the dependent variable is
necessary for work involving paleosols where P
is unknown. Subsequent work has both refined
(Arkley, 1963; Gile, 1977; Retallack, 1994a) and
applied (Blodgett, 1988; Retallack, 1992, 1994a,
1994b, 1997; Quade and Cerling, 1995; Caudill
et al., 1996) this relationship. In particular, Re-
tallack (1994a) compiled a data set (n = 317)
from 41 sources, including Jenny and Leonard
(1934) and Arkley (1963), reporting an r2 value
of 0.62 and a σ of 141 mm, and then used this re-
lationship to infer paleoprecipitation changes
(range 250–650 mm·yr–1) across the Eocene-
Oligocene boundary in South Dakota. If it is ro-
bust and simple to implement, this relationship
would represent a powerful paleoprecipitation
indicator, because paleopedologists cannot con-
fidently incorporate as many criteria (e.g., soil
age, paleogeomorphic context, paleovegetation,
seasonal distribution of paleoprecipitation, soil
CO2 concentrations) as can modern soil re-
searchers. To test this model, an exhaustive gen-
eralized search of official U.S. soil type localities
(n = 1168) was conducted.

METHODS
The U.S. Natural Resources Conservation Ser-

vice (NRCS) regulates the classification of U.S.
soils. Each soil series, the finest division within the
NRCS classification, is referenced by an intensely
studied official type locality. More than 19000 soil
series exist and are accessible via the World Wide
Web (www.statlab.iastate.edu/soils/osd). 

All soil series containing calcic horizons (des-
ignated as Ak, Bk, Ck) were analyzed. The calcic

horizon is defined by the NRCS as “an illuvial
horizon in which secondary calcium carbonate,
or other carbonates have accumulated to a signif-
icant extent” (Soil Survey Staff, 1996, p. 13–14).
Calcic horizons must be ≥15 cm thick, neither in-
durated nor cemented,≥15% CaCO3 by weight,
and either ≥5% CaCO3 by weight than the under-
lying horizon or ≥5% secondary carbonates by
volume (Soil Survey Staff, 1996).

For all qualifying soils, depth to the top of the
uppermost calcic horizon (D) and associated
mean annual precipitation (P) were recorded. The
NRCS reports both D and P in inch increments;
for type localities where a range of P was given,
means were calculated. Parent material (domi-
nance vs. nondominance of calcium carbonate),
soil texture (dominance by sand, silt, or clay), and
the taxonomic class in which the calcic horizon
was reported (suborder, family, or great group)
were also recorded. Soils with anthropogenically
disturbed epipedons were avoided, as were buried
calcic horizons, which often are influenced by
ground water (Birkeland, 1984). Soils with surfi-
cial calcic horizons (D = 0) showed a large range
in mean annual precipitation (508 mm). Because
equivalent paleosols can be easily avoided in the
field, they were excluded from the data set
(n = 33). Consideration was not given to soil age
(e.g., Holocene, Pleistocene) or geomorphic con-
text (e.g., slope, aspect, elevation, drainage, slope
stability), because such parameters are difficult to
control in paleopedological work.

The use of calcic horizons as the parameter
for calculating the depth to carbonate horizon is
reasonable (Birkeland, 1984). Nodules are con-
sidered the most robust form of secondary cal-
cium carbonate, because they typically are not
influenced by parent material, ground water,
soil age, or diagenesis (Birkeland, 1984; Ma-
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chette, 1985; Retallack, 1985, 1994a). About
94% of the NRCS data used here show strong
evidence for secondary carbonate accumula-
tion; most are described as containing carbonate
masses, nodules, accretions, flakes, or weakly
cemented grains. This strong correlation is not
surprising, because the definition for calcic
horizons selects for the translocation and pre-
cipitation of calcium carbonate.

Because the database of Retallack (1994a)
includes Jenny and Leonard’s (1934) data, “Re-
tallack + Jenny” hereafter refers to the com-
plete data set of Retallack (1994a), and “Retal-
lack” excludes the data of Jenny and Leonard
(1934) (Table 1).

RESULTS AND DISCUSSION
Analysis of NRCS data (n = 1168) yields an r2

value of 0.03, a σ of 143 mm, and a regression
equation of P = 1.187D + 297.2 (Table 1; Ap-
pendix 11). Previous work suggests that parent
material and soil texture influence D (Arkley,
1963; Gile, 1977; Birkeland, 1984; McFadden
and Tinsley, 1985); however, in this data set,
both the single (e.g., removing all soils with a
calcium carbonate-dominated parent material)
and interactive (e.g., removing all soils with a
calcium carbonate-dominated parent material
and sandy texture) effects of parent material, tex-
ture, and taxonomic class fail to raise r2 above
0.07. The addition of the Jenny and Leonard
(1934) data (“NRCS + Jenny”) increases r2 to
0.25 (n = 1272; σ = 151 mm; P = 2.602D +
263.8) (Table 1). Incorporation of the remainder
of Retallack’s (1994a) data set (NRCS + Retal-
lack + Jenny) marginally increases r2 to 0.31
(n = 1481; σ = 150 mm; P = 2.775D + 257.8)
(Fig. 1; Table 1).

The data of Jenny and Leonard (1934) clearly
anchor the regression shown in Figure 1. The ad-
dition of their data to the NRCS + Retallack da-
tabase almost doubles the r2 from 0.18 to 0.31
with a < 8% increase in sample size (Table 1). If
the Jenny and Leonard (1934) data with a D >
100 cm are removed (n = 35) from Retallack’s
(1994a) complete data set,r2 drops to 0.44 (data
not shown) and is closer in character to the
NRCS + Retallack + Jenny results. Thus Jenny
and Leonard’s (1934) data have a great influence
on the regressions, particularly their deep-to-car-
bonate-horizon soils (D > 100 cm).

If a random subset of NRCS data (n = 213) is
analyzed with Jenny and Leonard’s (1934) data
for a combined sample size of 317, the same size
as Retallack’s (1994a) data set,r2 jumps to 0.53
and is comparable to the r2 of Jenny and Leonard

(1934), Arkley (1963), and Retallack (1994a)
(Table 1). This strongly suggests that previous
data sets did not have sufficient sample sizes.

The NRCS data set contains few soils with a
D > 100 cm (n = 7), which likely suppresses its r2

(see previous discussion). This finding is surpris-
ing, given that NRCS protocol calls for analysis
down to at least 200 cm in soil depth (Soil Survey
Staff, 1996). Three possible explanations are dis-
cussed here. First, some previous studies do not
base their depth measurements (D) on the pres-
ence of secondary carbonates. In cases where the
concretion zone was not discernible, Jenny and
Leonard (1934, p. 367–368) measured the “zone
nearest the surface which exhibited the strongest
effervescence with dilute HCl” (n≤ 104 sam-
ples). Furthermore, Jenny and Leonard (1934)
noticed large concretions and channels of CaCO3
abnormally deep in profiles with a P > 914 mm
and cast doubt on their worth as precipitation in-
dicators (Fig. 1). Of their soils with a D > 100 cm,
29% fit this precipitation pattern, and therefore
should be considered carefully. In light of this ob-
servation, the regression in Figure 1 is extended
only to a P of 914 mm (D = 236 cm). Ruhe
(1984) measured CaCO3 concentrations in the
laboratory by gravimetric loss of CO2 (n = 9 sam-
ples), whereas Arkley (1963) did not report a
methodology (n = 26 samples). These same stud-
ies account for > 65% of soils with a D > 100 cm
in the combined data set (NRCS + Jenny + Retal-
lack), and thus the robustness of these deep-to-
carbonate-horizon soils is questionable. This
conclusion concurs with the observations of
Shantz (1923), who measured the “lime zone”
across the Great Plains (as far east as eastern
Kansas) and reported a maximum depth of
122 cm for a P between 762 mm and 1016 mm.

Second, several studies (e.g., Jenny and
Leonard, 1934; Ruhe, 1984) are based on single
transects and therefore do not reflect the spatial
distribution of soil and climatic features. In con-
trast, the NRCS database is designed to reflect
both the ranges of features (like the transect
studies) and distribution of features along those
ranges. Whereas transects simply highlight dif-
ferences, the NRCS data emphasize which
nodes along the transect are significant. Figure 1

illustrates this point well; although the NRCS
and previously published data show similar
ranges, the NRCS data contain a high density
bull’s-eye pattern at shallow depths and low
mean annual precipitations.

Third, the geographical ranges in previous
studies that report deep-to-carbonate-horizon
soils are far more restricted than this study’s
(Table 2). For example, Jenny and Leonard
(1934) only analyzed soils from eastern Colorado
to western Missouri, whereas Ruhe (1984) sam-
pled from western Kansas to eastern Iowa. The
thorough sampling methodology of the NRCS
better represents the distribution of calcic pale-
osols that will be encountered in the field and
thus yields a more robust data set. Furthermore,
the low percentage of carbonate horizon-bearing
soils east of Colorado (Table 2) casts doubt on the
sampling techniques of some previous studies.

Independent of the question of deep-to-car-
bonate-horizon soils, data in all data sets (not
just NRCS) are compressed toward the soil sur-
face (Retallack, 1994a). Even in the combined
data set, 95% of soils have a D < 98 cm and 56%
of soils have a D < 50 cm and P < 400 mm. An
additional important point is that a log-log re-
gression does not improve r2 over a linear fit in
this data set (r2= 0.22). Because most paleopre-
cipitation studies focus on shallow-to-carbonate-
horizon paleosols (they are the most common),
typically <100 cm deep (Retallack, 1992, 1994a,
1994b, 1997; Caudill et al., 1996), statistical
analyses should be based on the behavior of
soils at these same depths. Thus, regardless of
which data set is chosen, correlation at shallow
depths is poor. For example, removing all data
with a D > 100 cm from Retallack’s (1994a)
complete data set reduces r2 to 0.38 (n = 246;
p < 0.001). Conversely, if deep-to-carbonate-
horizon paleosols (D > 100 cm) are found, the
regression is also not improved by restricting the
combined data set to D > 100 cm (n = 72;
r2= 0.24; p < 0.001). Thus correlation is poor at
depth as well.

Only soil texture, parent material, and buried
calcic horizons were controlled. It must be em-
phasized that it is possible to construct a more ro-
bust relationship if stricter criteria are imposed.
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For example, Arkley (1963) analyzed 28 soils of
equal age and distribution of rainfall from Cali-
fornia and Nevada, yielding an r2 value of 0.56. If
the water-holding capacity of the soil was nor-
malized,r2 improved to 0.90. Other potential
confounding factors not incorporated include cli-
mate change during pedogenesis (Birkeland,
1984; Ruhe, 1984; Marion et al., 1985; McFad-
den and Tinsley, 1985), vegetation type (Seme-
niuk and Meagher, 1981), significance of dust in-
puts (Machette, 1985), evapotranspiration (ET),
seasonality of rainfall (e.g., winter precipitation
leaches more effectively owing to lower ET rates;
Arkley, 1963), amount of organic matter (organic
matter aids in CaCO3 translocation; Jenny, 1941),
and soil CO2 concentrations (Mayer et al., 1988).
Coupled with these many vagaries inherent in the

P vs. D relationship are complications associated
with paleosols such as diagenesis, erosion, and
compaction (including differential packing
among horizons). Although some of these factors
can be estimated in paleosols (Retallack, 1994a;
Caudill et al., 1997), they nonetheless further dull
the relationship (Sobecki and Wilding, 1982;
Blodgett, 1988; Mayer et al., 1988; Quade and
Cerling, 1995), particularly in older paleosols
where such estimates typically become increas-
ingly difficult.

Although the depth to carbonate horizon is not
sound as a high-resolution paleoprecipitation in-
dicator, in the combined data set (NRCS + Retal-
lack + Jenny), more than 95% of the soils corre-
late with a P < 760 mm. This precipitation value
corresponds with a D of 181 cm. Soils with an as-

sociated P > 760 mm exist (Jenny and Leonard,
1934; Soil Correlation Committee for South
America, 1967; Ruhe, 1984), but based on the
combined data set presented here (which includes
the data from these three references), such soils
comproise < 5% of all carbonate horizon–con-
taining soils. Although ~150 mm less than previ-
ous estimates (Jenny and Leonard, 1934; Retal-
lack, 1994a) because of the factors discussed in
this paper, this correlation is offered here as a sta-
tistically robust (p< 0.05), albeit broad, paleopre-
cipitation indicator.

CONCLUSIONS
Data presented here suggest that the depth to

the top of the carbonate horizon should not be
used as a paleoprecipitation indicator vis-à-vis
Retallack (1992, 1994a, 1994b, 1997) and
Caudill et al. (1996), particularly in data sets in
which data are compressed toward the soil sur-
face and the range of inferred paleoprecipitation
is narrow. At the very least, this indicator should
be combined with other paleoprecipitation indi-
cators such as modern analogues to fossil floral
assemblages (e.g., Hickey, 1977), multivariate
leaf physiognomy (e.g., Wolfe, 1993), leaf area
(e.g., Wilf et al., 1998), and soil mineral content
(e.g., Retallack, 1992).

Alternatively, a significant correlation (p< 0.05)
exists between the presence of carbonate horizons
and a mean annual precipitation of < 760 mm. Al-
though broad, this relationship nevertheless of-
fers an accurate, first-order estimation of paleo-
precipitation.
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gression equation is P = 2.775D + 257.8, where P = mean annual precipitation (mm) and D = depth
to top of carbonate horizon (cm). Regression line only extended to P = 914 mm (see text for de-
tails). NRCS is Natural Resources Conservation Service.



REFERENCES CITED
Arkley, R. J., 1963, Calculation of carbonate and water

movement in soil from climatic data: Soil Sci-
ence, v. 96, p. 239–248.

Bachman, G. O., and Machette, M. N., 1977, Calcic
soils and calcretes in the southwestern United
States: U.S. Geological Survey Open-File Re-
port 77-794, 163 p.

Birkeland, P. W., 1984, Soils and geomorphology: New
York, Oxford University Press, 372 p.

Blodgett, R. H., 1988, Calcareous paleosols in the Tri-
assic Dolores Formation, southwestern Colorado,
in Reinhardt, J., and Sigleo, W. R., eds., Paleosols
and weathering through geologic time: Principles
and applications: Geological Society of America
Special Paper 216, p. 103–121.

Caudill, M. R., Driese, S. G., and Mora, C. I., 1996,
Preservation of a paleo-Vertisol and an estimate
of Late Mississippian paleoprecipitation: Journal
of Sedimentary Research, v. 66, p. 58–70.

Caudill, M. R., Driese, S. G., and Mora, C. I., 1997,
Physical compaction of vertic palaeosols: Impli-
cations for burial genesis and palaeo-precipitation
estimates: Sedimentology, v. 44, p. 673–685.

Cerling, T. E., Quade, J., Wang,Y., and Bowman, J. R.,
1989, Carbon isotopes in soils and palaeosols as
ecology and palaeoecology indicators: Nature,
v. 341, p. 138–139.

Gardner, R. L., 1972, Origin of the Mormon Mesa
caliche, Clark County, Nevada: Geological Soci-
ety of America Bulletin, v. 83, p. 143–156.

Gile, L. H., 1977, Holocene soils and soil-geomorphic
relations in a semiarid region of southern New
Mexico: Quaternary Research, v. 7, p. 112–132.

Gile, L. H., Peterson, F. F., and Grossman, R. B., 1979,
The Desert Project soil monograph: Washington,
D.C., U.S. Soil Conservation Service, 984 p.

Hickey, L. J., 1977, Stratigraphy and paleobotany of the
Golden Valley Formation (early Tertiary) of west-
ern North Dakota: Geological Society of America
Memoir 150, 181 p.

Jenny, H., 1941, Calcium in the soil: III. Pedologic re-
lations: Soil Science Society of America Pro-
ceedings, v. 6, p. 27–35.

Jenny, H., and Leonard, C. D., 1934, Functional rela-
tionships between soil properties and rainfall:
Soil Science, v. 38, p. 363–381.

Machette, M. N., 1985, Calcic soils of the southwestern
United States,in Weide, D. L., ed., Soils and Qua-
ternary geology of the southwestern United
States: Geological Society of America Special
Paper 203, p. 1–21.

Magaritz, M., and Amiel, A. J., 1980, Calcium carbon-
ate in a calcareous soil from the Jordan Valley, Is-
rael: Its origin as revealed by the stable carbon
isotope method: Soil Science Society of America
Journal, v. 44, p. 1059–1062.

Marion, G. M., Schlesinger, W. H., and Fonteyn, P. J.,
1985, CALDEP: A regional model for soil for-
mation in southwestern deserts: Soil Science,
v. 139, p. 468–481.

Mayer, L., McFadden, L. D., and Harden, J. W., 1988,
Distribution of calcium carbonate in desert soils:
A model: Geology, v. 16, p. 303–306.

McFadden, L. D., and Tinsley, J. C., 1985, Rate and
depth of pedogenic-carbonate accumulation in
soils: Formulation and testing of a compartment
model,in Weide, D. L., ed., Soils and Quater-
nary geology of the southwestern United States:
Geological Society of America Special Pa-
per 203, p. 23–41.

Quade, J., and Cerling, T. E., 1995, Expansion of C4
grasses in the late Miocene of northern Pakistan:
Evidence from stable isotopes in paleosols:
Palaeogeography, Palaeoclimatology, Palaeoe-
cology, v. 115, p. 91–116.

Quade, J., Cerling, T. E., and Bowman, J. R., 1989, Sys-
tematic variations in the carbon and oxygen iso-
topic composition of pedogenic carbonate along
elevation transects in the southern Great Basin,
United States: Geological Society of America
Bulletin, v. 101, p. 464–475.

Retallack, G. J., 1985, Fossil soils as grounds for inter-
preting the advent of large plants and animals on
land: Royal Society of London Philosophical
Transactions, ser. B, v. 309, p. 105–142.

Retallack, G. J., 1992, Paleosols and changes in climate
and vegetation across the Eocene-Oligocene
boundary,in Prothero, D. R., and Berggren,W. R.,
eds., Eocene-Oligocene climatic and biotic evolu-
tion: Princeton, New Jersey, Princeton University
Press, p. 382–398.

Retallack, G. J., 1994a, The environmental factor ap-
proach to the interpretation of paleosols,in
Amundson, R., et al., eds., Factors of soil forma-
tion: A fiftieth anniversary retrospective: Soil
Science Society of America Special Pub-
lication 33, p. 31–64.

Retallack, G. J., 1994b, Cenozoic dry woodlands with-
out modern analog: Journal of Vertebrate Paleon-
tology, v. 14, supplement, p. 43A.

Retallack, G. J., 1997, Neogene expansion of the North
American prairie: Palaios, v. 12, p. 380–390.

Ruhe, R. V., 1984, Soil-climate system across the
prairies in midwestern U.S.A.: Geoderma, v. 34,
p. 201–219.

Semeniuk, V., and Meagher, T. D., 1981, Calcrete in
Quaternary coastal dunes in southwestern Aus-
tralia: A capillary-rise phenomenon associated
with plants: Journal of Sedimentary Petrology,
v. 51, p. 47–58.

Shantz, H. L., 1923, The natural vegetation of the Great
Plains region: Association of American Geogra-
phers Annals, v. 13, p. 81–107.

Sobecki, T. M., and Wilding, L. P., 1982, Calcic horizon
distribution and soil classification in selected
soils of the Texas Coast Prairie: Soil Science So-
ciety of America Journal, v. 46, p. 1222–1227.

Soil Correlation Committee for South America, 1967,
Report of the meeting of the Soil Correlation
Committee for South America (Soil Resources
Report 30): Rome, U. N. FAO.

Soil Survey Staff, 1996, Keys to soil taxonomy, (sev-
enth edition): Washington, D.C., U.S. Govern-
ment Printing Office, 644 p.

Wilf, P., Wing S. L., Greenwood, D. R., and Green-
wood, C. L., 1998, Using fossil leaves as paleo-
precipitation indicators:An Eocene example: Ge-
ology, v. 26, p. 203–206.

Wolfe, J. A., 1993, A method of obtaining climatic pa-
rameters from leaf assemblages: U.S. Geological
Survey Bulletin 2040, p. 1–71.

Manuscript received April 30, 1999
Revised manuscript received August 18, 1999
Manuscript accepted September 1, 1999

1126 Printed in U.S.A. GEOLOGY, December 1999


